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A B S T R A C T 

Extreme emission line galaxies (EELGs) exhibit large equi v alent widths (EW) in their rest-optical emission lines ([O III ] λ5007 or 
H α rest-frame EW > 750 Å) which can be tied to a recent upturn in star formation rate (SFR), due to the sensitivity of the nebular 
line emission and the rest-optical continuum to young ( < 10 Myr) and evolved stellar populations, respectively. By studying a 
sample of 85 star-forming galaxies (SFGs), spanning the redshift and magnitude interval 3 < z < 9 . 5 and −16 > M UV 

> −21, 
in the JWST Advanced Deep Extragalactic Surv e y (JADES) with NIRSpec/prism spectroscopy, we determine that SFGs initiate 
an EELG phase when entering a significant burst of star formation, with the highest EWs observed in EELGs with the youngest 
luminosity-weighted ages ( < 5 Myr) and the highest burst intensity (those with the greatest excess between their current and 

long-term average SFR). We spectroscopically confirm that a greater proportion of SFGs are in an EELG phase at high redshift 
in our UV-selected sample (61 ± 4 per cent in our z > 5 . 7 high-redshift bin, compared to 23 

+ 4 
−1 % in our lowest redshift bin 

3 < z < 4 . 1) due to the combined evolution of metallicity, ionization parameter, and star formation histories with redshift. We 
report that the EELGs within our sample exhibit a higher average ionization efficiency ( log 10 ( ξ

HII 
ion / erg 

−1 Hz ) = 25 . 5 ± 0 . 2) than 

the non-EELGs. High-redshift EELGs therefore comprise a population of efficient ionizing photon producers. Additionally, we 
report that 53 per cent (9/17) of EELGs at z > 5 . 7 hav e observ ed Ly α emission, potentially lying within large ionized regions. 
The high detection rate of Ly α emitters in our EELG selection suggests that the physical conditions associated with entering an 

EELG phase also promote the escape of Ly α photons. 

Key words: galaxies: high-redshift – star formation – evolution. 
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 I N T RO D U C T I O N  

xtreme emission line galaxies (EELGs) exhibit significant line
mission relative to their stellar continuum which manifest as
arge emission line equi v alent widths (EWs). These large emission
ine equi v alent widths are most commonly seen in the H α and
O III ] λ5007 lines in the rest-frame optical. The nebular emission
ines are often driven by the ionizing photons produced in massive
nd short-lived O and B stars (or active galactic nuclei), whereas the
urrounding rest-optical continuum includes the contribution from
onger-lived and less massive stars (e.g. Eldridge & Stanway 2022 ).
 E-mail: kit.bo yett@unimelb.edu.au (KB); Andy.Bunk er@physics.ox.ac.uk 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
ence, the EW tells us about the ratio of the very young to the older
tellar population, reflecting any change in star formation over time.
electing EELGs within a galaxy population may identify galaxies
oing through an upturn or burst in star formation (e.g. Endsley et al.
024 ), exhibiting large specific star formation rates (sSFR). 
Over the last decade EELGs have been observed locally (e.g.

he ‘green pea’ population, Cardamone et al. 2009 ; Amor ́ın, P ́erez-
ontero & V ́ılchez 2010 ; Izotov, Guse v a & Thuan 2011 ; Brunker

t al. 2020 ; Kumari et al. 2024 ), at moderate redshifts ( z ∼ 2, Atek
t al. 2011 ; van der Wel et al. 2011 ; Amor ́ın et al. 2015 ; Maseda
t al. 2018 ; Tang et al. 2019 ; Du et al. 2020 ; Onodera et al. 2020 ;
oyett et al. 2022a ) and during the epoch of reionization (EOR; Smit
t al. 2015 ; De Barros et al. 2019 ; Endsley et al. 2021 ; Simmonds
t al. 2023 ). These large EW systems are identified either directly
rom spectroscopy or from a photometric excess of flux between two
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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djacent imaging filters due to the contribution of line emission to one 
f them. We note that there is no set definition for what EW threshold
dentifies an EELG, with adopted thresholds varying between studies 
[O III ] λ5007 EW thresholds ranging from ∼ 100 to 1000 Å, e.g. der

el et al. 2011 ; Amor ́ın et al. 2015 ; Tang et al. 2019 ; Du et al.
020 ; Tang et al. 2021a ). Studies o v er a wide range of redshifts
ave suggested that EELGs are more abundant at higher redshift 
Boyett et al. 2022a ), perhaps due to changes in the characteristic star
ormation histories (SFHs) and other properties such as metallicity 
e.g. Matthee et al. 2023 ). Ho we ver, prior to the JWST , studies of
ELGs at high redshifts ( z > 4) had been limited to photometric
xcess measurements, largely from Spitzer /IRAC, as the rest-optical 
 α and [O III ] λ5007 lines mo v ed out of the wav elength co v erage of

he Hubble Space Telescope ( HST ) and ground-based spectroscopy 
due to atmospheric opacity), and hence these measurements are 
ighly dependent on assumptions of the underlying continuum shape 
nd line ratios. 

The recent launch of JWST enables sensitive near-infrared spec- 
roscopy out to 5.2 μm with NIRSpec (Jakobsen et al. 2022 ) permit-
ing the direct measurement of the EWs of rest-optical emission lines
ut to high redshift (H αz < 7, [O III ] λ5007 z < 9 . 5). This allows the
nambiguous identification of EELGs and characterization of their 
hysical properties. As spectroscopic samples grow, we will be able 
o constrain the fraction of the galaxy population in an EELG phase,
nd any evolution with redshift. 

In the first cycle of JWST observations, studies with a variety 
f instrument modes have been used to identify EELGs at high 
edshifts. Spectroscopic studies in slitless mode using NIRISS 

Willott et al. 2022 ) and NIRCam (Rieke et al. 2023a ) have identified
ELGs (Boyett et al. 2022b ; Kashino et al. 2023 ; Sun et al.
023b ). The use of NIRCam medium-band imaging to measure 
he flux excess between adjacent filters has also enabled EELG 

dentification (Tacchella et al. 2023 ; Withers et al. 2023 ; Endsley
t al. 2024 ). These programmes are beginning to confirm that the
alaxy properties of individual high-redshift EELGs match what 
ad been observed at cosmic noon ( z ∼ 2) where studies have
hown that galaxies with large EWs (rest-frame [O III ] λ5007 EW
 750 Å, for instance) are observed to exhibit lower masses, more

ompact morphologies, younger stellar populations, higher ionizing 
hoton production efficiencies, higher ionization parameters, and 
ower gas-phase oxygen abundances (metallicity) than typical star- 
orming galaxies (SFGs) found at the same epoch (e.g. Tang et al.
019 ). 
These properties make SFGs in an EELG phase ef fecti ve ionizing

hoton producers. Ho we ver, at moderate redshifts, their abundance 
as been measured to be too low to dominate the ionizing output of
he star-forming galaxy population (Boyett et al. 2022a ), with the 

ajority of the ionizing output coming from SFGs in more typical 
odes of star formation. The bursty SFHs expected at higher redshifts 

nd lower masses (Ceverino, Klessen & Glover 2018 ; Faucher- 
igu ̀ere 2018 ; Ma et al. 2018 ; Tacchella, Forbes & Caplar 2020 ),
hich may make EELGs more common than at lower redshifts, 

uggest the potential for high escape fractions of ionizing photons 1 

 f esc ; Katz et al. 2023 ). To understand the nature and significance of
ELGs at high redshift, it is critical to study a large spectroscopic
ample. 
 Although we note that galaxies with near 100 per cent f esc would show 

ery low EWs, since nebular emission lines are powered by the UV-ionizing 
hotons which do not escape into the intergalactic medium (IGM) but are 
eprocessed locally. 

p

2

w

Our sample originates from the JWST Advanced Deep Extragalac- 
ic Surv e y (JADES; Bunker, NIRSPEC Instrument Science Team &
AESs Collaboration 2020 ; Rieke 2020 ; Eisenstein et al. 2023 ),
hich is obtaining spectra of thousands of galaxies between cosmic 
oon to within the EoR. In this paper, we use the JADES first data
elease (Bunker et al. 2023a ; Rieke et al. 2023b ), which targets ∼ 250
alaxies in the Hubble Ultra Deep Field (HUDF) region (Beckwith 
t al. 2006 ) and the surrounding GOODS-South field (Giavalisco 
t al. 2004 ). We use the JADES NIRSpec and NIRCam data to look at
FGs o v er a redshift range 3 < z < 9 . 5 to investigate the evolution of

he abundance of these EELGs with redshift and study their physical
roperties in detail to determine what physical conditions initiate 
n EELG phase. We focus on the [O III ] λ5007 line as this typically
as the highest EW in our spectroscopy, but we also consider cases
here H α (accessible at z � 7) may also have extreme EWs. 
This paper is laid out as follows. We discuss the JADES ob-

ervations and the selection of the parent spectroscopic sample in 
ection 2 . We measure the EWs of emissions lines and identify a
ubsample of galaxies in an EELG phase in Section 3 . In Sections 4 ,
e examine any trends between the EWs of [OIII] λ5007 and galaxy
roperties. Finally, in Section 5, we discuss what initiates an EELG
hase and how the fraction of SFGs in an EELG phase evolves as
 function of redshift. Where applicable, we use a standard � CDM
osmology with parameters H 0 = 70 km s −1 Mpc −1 , �m 

= 0.3, and
∧ = 0.7. All magnitudes are in the AB system (Oke & Gunn 1983 ).
hen quoted, all EWs are in the rest-frame. 

 OBSERVATI ONS  

.1 Spectroscopic and imaging data 

he spectroscopic and photometric imaging data used in this study 
ome from the DEEP tier of the JWST NIRSpec and NIRCam
bservations obtained as part of the JADES surv e y (programme ID
210, 1180 P.I.: D. Eisenstein). The spectroscopic data used here 
ave already been presented in Bunker et al. ( 2023a ) and we refer the
eader to that paper for a detailed description of the target selection,
bservation strategy and data reduction (further reduction details 
ill be provided in Carniani in preparation). The NIRCam imaging 
sed in this paper is described in Rieke et al. ( 2023b ). We also refer
he reader to Eisenstein et al. ( 2023 ) for an o v erview of the JADES
rogramme. 
Briefly, the spectroscopic observations were obtained using NIR- 

pec in the multiobject spectroscopy (MOS) mode (Ferruit et al. 
022 ), with a three shutters nodding sequence. Three microshutter 
ssembly (MSA) configurations were constructed, each with three 
od positions. Targets were assigned to the configurations following 
he prioritization discussed in Bunker et al. ( 2023a ). The highest
riority targets were included in all three MSA configurations and 
eceived the maximum exposure time, while the remaining targets 
ssigned to only one or two configurations received only 1/3 or 2/3 of
he total observing time. This approach maximizes the total number 
f galaxies observed while retaining the maximum exposure time for 
he highest priority sources. The prioritization of targets that were 
elected and allocated may introduce a selection bias to our sample,
hich we discuss further in Section 2.2 . 
The configurations were observed with both the low-dispersion 

rism 

2 (total inte grated e xposure time of 100 ks) and the R ∼
MNRAS 535, 1796–1828 (2024) 

 The prism has an average resolving power �λ
λ

= R ∼ 100, but this varies 
ith wavelength over the range R = 30 –300. 
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Figure 1. Redshift distribution of the JADES targeted galaxies (prism in orange, R1000 grating in green) and our defined full sample (red, z > 3 galaxies with 
multiple emission lines, including [O III ] λ5007, detected at > 5 σ ). Galaxies in our full sample with co v erage in the prism and R1000 gratings are shown in the 
left and right panels, respectively. We have an upper redshift bound to our full sample where [O III ] λ5007 moves out of the wavelength coverage at z ∼ 9 . 5. 
When spectroscopic redshifts could not be determined using NIRSpec for the JADES targeted galaxies, we rely on the photometric redshifts used to selected 
these candidates (see Bunker et al. 2023a ). 
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000 medium resolution 3 G140M/F070LP, G235M/F170LP, and
395M/F290LP gratings (each with a total integrated exposure

ime of 25 ks). The MSA was configured to a v oid o v erlap in the
rism spectra. To a v oid spectra o v erlapping in the medium-resolution
rating (where the dispersed light co v ers a greater pixel range on the
etector) for the highest priority targets, a number of lower priority
argets were remo v ed from the configuration. The spectroscopic data
ere reduced using the pipeline developed by the ESA NIRSpec
cience Operations Team and the NIRSpec GTO Team [Carniani in
reparation, see Bunker et al. ( 2023a ) for specific details]. 
For the imaging in this study, we utilise the JADES (Rieke et al.

023b ) F090W, F115W, F150W, F200W, F277W, F335M, F356W,
410M, and F444W NIRCam observations. Each of these have

nte grated e xposure times between 24.7 and 60.5 ks (see Eisenstein
t al. 2023 ; Rieke et al. 2023b ). The JADES F444W NIRCam imaging
s supplemented with extended F444W imaging from the FRESCO
urv e y (Oesch et al. 2023 ) and co v ers a larger footprint than the other
lters. The JADES imaging o v er the HUDF is complimented by the
WST Extragalactic Medium-band Surv e y (JEMS; Williams et al.
023 ) F182M, F210M, F430M, F460M, and F480M observations.
hese have integrated exposure times between 13.9 and 27.8 ks. We
ote that the footprint in the different filters varies, and a subset of
he galaxies targeted with NIRSpec hav e co v erage only in F444W,
hile the majority are co v ered by all imaging filters. 

.2 Sample selection and selection bias 

cross the three MSA configurations, a total of 252 unique galaxies
ere observed in the prism, with a subset of 197 also observed in
edium-resolution gratings [we refer the reader to Bunker et al.

 2023a ) for a detailed break-down of the spectroscopic surv e y]. 
Of these, a total of 152 galaxies have identifiable redshifts based

n at least one emission line detected at > 5 σ in the prism spectra or
NRAS 535, 1796–1828 (2024) 

 The set of three medium resolution gratings have an average resolving 
ower �λ

λ
= R ∼ 1000, but this varies with wavelength over the range of 

 = 300 –1200. 

4

w
s

ave an identifiable Lyman spectral break. For the grating, 103 out
f 197 galaxies observed had an identifiable redshift. 
In this study, we will focus on the emission line sample at z > 3,

here the H β and [O III ] λ4959 , 5007 emission lines are deblended
t the prism resolution. We define a sample of 86 galaxies which are
etermined to have multiple detected lines at > 5 σ , including [O III ],
n the prism spectra. These galaxies will become our sample for this
tudy (hereafter ‘full sample’). 

In Fig. 1 , we present the redshift distribution for the JADES
argeted galaxies (presenting NIRSpec spectroscopic redshifts when
etermined otherwise photometric redshifts, see Eisenstein et al.
023 ; Bunker et al. 2023a ) and o v erlay the subset of galaxies which
ave multiple > 5 σ emission line detections at z > 3, which form
he full sample in this study. We note that [O III ] λ5007 passes out
f the NIRSpec wavelength coverage at z > 9 . 5, providing an upper
edshift limit on our study. 

This sample was preselected for observation through a target
rioritization strategy (as detailed in Bunker et al. 2023a ). The
election of the highest redshift candidates, which were initially
dentified as dropout candidates from HST imaging at z > 5 . 7 (these
nclude I 775 , Y 105 , and J 125 -band dropouts), used a rest-frame UV

agnitude threshold longwards of the Ly α break (rest-frame UV
etection band AB magnitude � 29) with prioritization based on
heir photometric redshift. Over a subset of the area covered by
he MSA, JWST NIRCam imaging was also available prior to the

SA design and we used this to refine the selection with better
/N at longer wavelengths. 4 We note that, as expected, all the high-
edshift ( z > 5 . 7) EELGs we identify come from targets selected to
e in the photometric redshift range 5 . 7 < z < 8 . 5 [priority classes
, 6.1, and 6.2 in Bunker et al. ( 2023a ) depending on their HST or
WST /NIRCam magnitude] or z > 8 . 5 (priority class 1 in Bunker
t al. 2023a ), and of the galaxies targeted in each of these classes
oughly half pro v ed to be an EELG (see Section 3.1 ). As we are
 Those galaxies in Bunker et al. ( 2023a ) with an 8-digit ID starting with ‘100’ 
ere selected purely from HST imaging, while those with shorter IDs were 

elected from HST and JWST /NIRCam images. 
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ssentially selecting objects on the rest-UV continuum, in a spectral 
egion without strong line emission (filters used for the rest-frame 
V typically do not encompass C III ] λ1909), we are not biasing our
agnitude limited sample towards strong line emitters, although we 

onsider the selection effects due to SFH in Section 4.3.1 . 
At lower redshifts ( z < 5 . 7), priority was given to obtaining a

tellar mass-limited sample, by selecting on the longest wavelength 
road-band filter with good imaging data. In the case of HST 

election this was the F160W HST /WFC3 (AB < 29 mag), but for
 subset of the NIRSpec footprint NIRCam imaging was available 
rior to designing the MSA configuration, enabling selection on the 
est-frame optical F444W (AB < 27 . 5 mag). The majority of our
dentified low-redshift EELG sample comes from targets selected to 
e in classes 7.5, 7.6, and 7.7 in Bunker et al. ( 2023a ) (corresponding
o redshift slices 4 . 5 < z < 5 . 7, 3 . 5 < z < 4 . 5, and 2 . 5 < z < 3 . 5,
espectiv ely), e xcept for one object from class 6.2 (ID: 8113 at
 = 4 . 90) where the spectroscopic redshift was slightly below the
riority class expectation, one object in class 7.2 (ID: 4270, z = 4 . 02,
pweighted for scientific interest), which was selected as a potential 
uiescent galaxy from the photometry SED but we now can see was
riven by line contamination rather than a strong Balmer/4000 Å
reak, and one object below the stated magnitude selection which 
as included as a filler (class 9, ID: 10001916 at z = 4 . 28). From

he class 7.5, 7.6, and 7.7 targeted galaxies, the fraction of EELGs
e detect are 8/23, 6/31, and 3/45 (see Section 3.1 ). 
We note that the selection on the rest-frame optical means that 

 v er specific redshift ranges, the broad-band flux may be boosted
y the contribution from strong line emission (H α, [O III ] + H β)
hich could bias the lower redshift sample towards EELGs at faint 
agnitudes. We will discuss in Section 4.3.1 how we can apply an

pparent rest-UV magnitude cut to this subsample to address this 
election effect. 

We also note that the rest-optical selection (at z < 5 . 7) will include
alaxies with less active star formation, which may account for the 
ower fraction of galaxies with detected emission lines at z < 6, seen
n Fig. 1 . 

 MEA SUREM ENT  O F  STRO NG  LINE  

QUIVA LEN T  W I D T H S  

o determine the EW for emission lines detected in the prism and
1000 grating spectroscopy, we require measurements of the line 
ux and the continuum flux density at the wavelength of the line. 
We use the line fluxes reported in Bunker et al. ( 2023a ) for the

ADES DEEP spectroscopy, which relied on Gaussian modelling 
f the emission lines (with the width tied for blended lines) after
ontinuum subtraction. All lines detected at a > 5 σ significance are 
eported in the publicly available catalogue, 5 and where necessary 
e.g. the line diagnostic diagrams in Section 4 ), we additionally 
ake use of line fluxes below this significance threshold, measured 

he same way. 
The continuum flux density at the wavelength of the lines can be

etermined either directly from the spectroscopy or from aperture 
hotometry of the NIRCam imaging. We choose to measure the 
ontinuum flux density from NIRCam photometry as this provides 
 better constraint on the continuum for faint sources, where the 
ontinuum is often below the sensitivity of the spectroscopy. To 
etermine the continuum flux density from the NIRCam imaging, 
 https:// archive.stsci.edu/ hlsp/ jades 

o  

c
W  

g

e first wish to a v oid requiring a path loss correction (to account
or slit losses associated with the NIRSpec MSA) and hence the
ontinuum flux densities are derived from apodized photometry, 
ith the aperture set to match the placement of the MSA shutter
 v er the target. A point spread function (PSF) correction is then
pplied to account for the difference in PSF between the NIRCam and
IRSpec observations. Bunker et al. ( 2023b ) show the consistency
etween the spectral flux through the microshutter and the apodized 
ultiple filter NIRCam photometry o v er the same wavelength ranges.
he continuum flux density around the wavelength of the emission 

ine is derived assuming a flat in f ν continuum (matching the
ypical observed β slopes in our full sample, see Section 4.3.1 )
fter remo ving an y contribution from spectroscopically detected line 
mission to the broad-band filter, accounting for the wavelength- 
ependent filter transmission. The observed-frame EW for each 
ine is then taken as the ratio of the individual line flux to the
ontinuum flux density ( f λ) at the location of the line. This
s then corrected to the rest-frame EW value by dividing by
1 + z). 

The use of broad-band photometry to determine the continuum 

ux density allows EWs to be determined for faint galaxies where
onstraints cannot be placed directly from spectroscopy. For a subset 
f continuum bright objects, where the continuum is well detected 
n the spectra, we check whether both methods reco v er consistent
W values, and present this work in Appendix A . From this, we
etermine consistent EWs measurements for galaxies with a signal 
o noise per pixel in continuum greater than 3. It is clear that the
ncertainty in the spectrum-derived EW increases as the continuum 

ecomes fainter, and this supports our choice to use the broad-band
hotometry to provide tighter constraints on the EWs. 
When computing the continuum flux density from the broad-band 

hotometry, we use the filter that contains the selected emission line.
o we ver, in a small number of cases, we do not have filter coverage

t the wavelength of investigation. This accounts for 10/86 of our
O III ] λ5007 EW measurements. In these cases, we determine an
stimate of the continuum flux density at the wavelength of the line
sing the nearest available filter. We find that using an adjacent filter
rovides a consistent EW estimate, albeit with a larger scatter driven
y the variation of UV spectral slopes ( β) in our sample. We discuss
his further in Appendix A . 

Finally, we compare the EWs derived using line fluxes deter- 
ined from the two spectral resolution modes (prism and R1000 

rating). We determine good agreement for our EWs for lines 
etected in both the prism and R1000 spectra, with the R1000
roviding higher resolving power for blended emission lines (e.g. 
he [O III ] λ4959 , 5007 doublet becomes blended below z � 5 . 2 in the
rism). Ho we ver, we note a small systematic offset between the two
odes with the R1000 fluxes roughly 8 per cent larger than the prism
uxes. This offset, due to the flux calibration of the spectroscopy,
as been observed previously by Bunker et al. ( 2023b ) who find
hat the prism flux calibration better replicates the broad-band flux 
ensities. Therefore in this study, we will adopt the prism EWs as our
rimary method. We note that because of this choice, we limit our
ample to z > 3 where the H β and [O III ] lines are unblended in the
rism. 
For one target (ID: 7624), two galaxies fell within the NIRSpec
SA shutter (at z = 2 . 7 & z = 4 . 8). Despite observing strong emis-

ion lines at the e xpected wav elengths, the significant contribution
f continuum flux from both systems means the emission line EW
annot be determined from either the spectrum or the photometry. 
e therefore remo v e this source from our full sample (leaving 85

alaxies) and our stacking analysis. 
MNRAS 535, 1796–1828 (2024) 
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M

Figure 2. Distribution of equi v alents widths. Left panel presents the [O III ] λ5007 EW distribution for the whole sample (black) and split into a high redshift 
( z > 5 . 7, blue) and low redshift ( z < 5 . 7, orange) subsamples. Right panel shows the same distributions for the H α EW. In each panel, the vertical dashed line 
represents the EELG threshold of an EW > 750 Å. 
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.1 Identification of extreme emission line galaxies 

here is no set EW threshold (or even specific emission line)
or defining a star-forming galaxy as being in an EELG phase,
ith adopted thresholds varying from study to study. Commonly

aken thresholds can be based on the EW of individual lines (e.g.
O III ] λ5007 or H α) or comple x es (e.g. [O III ] + H β) depending
n the spectroscopic resolution of observations or if relying on
road-band flux-excess. Threshold values for [O III ] λ5007 EW in
iterature have ranged from ∼ 100 – 1000 Å (e.g. der Wel et al.
011 ; Amor ́ın et al. 2015 ; Tang et al. 2019 , 2021a ; Du et al. 
020 ). 
In this paper, we will adopt [O III ] λ5007 EW > 750 Å as our

hreshold, based on work by Boyett et al. ( 2022a ) and Tang et al.
 2019 ). This choice is moti v ated by z ∼ 2 studies which show
ignificantly different interstellar medium (ISM) characteristics (high
onization parameter and ionization efficiency as well as potentially
igh escape fractions of ionizing radiation) abo v e this threshold
ompared to the general SFG population at this epoch (Tang et al.
019 ). 
We identify 35 galaxies that meet this threshold for [O III ] λ5007

n our sample, with one additional galaxy consistent within 1 σ of
he [O III ] λ5007 threshold (ID: 10001892) which also has a H α EW
bo v e 750 Å and hence is an EELG. This makes up 42 per cent
36/85) of our sample of emission line galaxies at z > 3. This
ubsample of 36 galaxies will hereafter be referred to as the EELG
ample. All other galaxies in our full sample below this threshold
ill therefore be referred to as the non-EELG sample (49 galaxies).
he emission line EWs for these EELGs are presented in T able 1 . W e
ote that one EELG, ID: 8083 has an underlying broad component of
 α (Maiolino et al. 2023 ) and likely hosts AGNs. One non-EELG in
ur full sample, ID: 10013704 similarly shows broad H α (Maiolino
t al. 2023 ). In Table 1 , we flag these, and in Figs 12 and 14 we
lot these two with different symbols. However, we retain these
n our sample, since the broad-line contribution to the line fluxes
s small, and the narrow lines and galaxy continuum may well be
ominated by star formation rather than an AGN (Maiolino et al.
023 ). 
NRAS 535, 1796–1828 (2024) 
.2 Distribution of equi v alent widths 

n Fig. 2 , we present the EW distribution of the [O III ] λ5007 and H α

Ws. We split our full sample into two redshift bins, those abo v e and
elo w z = 5 . 7, di viding the EELG sample into two at the end of the
oR. We expect that the galaxies within our sample at high redshift
 z > 5 . 7), which were selected based on the rest-UV, should a v oid
ny selection bias towards high EW galaxies, whereas lower redshift
alaxies within our sample are selected on the rest-optical and hence
ay preferentially include galaxies with large EWs in their rest-

ptical emission lines (see Section 2.2 ). Ho we ver, although there are
ven numbers of EELGs from the high and lower redshift samples,
he lower redshift sample contains a larger total number of galaxies
i.e. the EELG fraction is lower than in the higher redshift sample),
uggesting significant evolution in the EELG fraction with redshift
discussed further in Section 5.3 ). 

The EW distribution of H α and [O III ] λ5007 show similar pro-
les (see Fig. 2 ). The high-redshift sample exhibits a flatter EW
istribution which extends to high EW (EW > 2000 Å), whereas at
ow-redshift the distribution peaks around low EW and while there
s a high-EW tail this represents only a small fraction of the total
opulation. 

 G A L A X Y  PROPERTIES  O F  E E L G S  

n this section, we are now interested in characterizing the physical
roperties of our EELG sample, both individually and averaged
 v er two redshift bins split at z = 5 . 7. We will compare these
haracteristics against our non-EELG sample to examine what
ttributes may be responsible for a galaxy entering an EELG phase.
e will first discuss the combination of several spectra (stacking) in

ection 4.1 , then examine the galaxy properties in Sections 4.2 –4.4 .

.1 Stacked spectra of EELGs 

n this section, we stack the prism spectra for four different subsam-
les of our data set, split by redshift ( z = 5 . 7) and whether a galaxy
eets the threshold to be considered an EELG ([O III ] λ5007 or H α
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Figure 3. Stacks of the galaxy subsamples split by redshift (at z = 5 . 7) and equi v alent width (at [O III ] λ5007 EW = 750 Å). The z > 5 . 7 EELG sample is 
shown in red and the z < 5 . 7 EELG sample in orange. This redshift split naturally separates spectra where the [O III ] doublet is resolved or not. For the lower 
redshift sample, the spectral resolving power of the prism around [O III ] is lower. In blue and green, we show the respective non-EELG samples at high and low 

redshifts. Top panel: The full spectral range. Middle panel: The rest-UV. Bottom panel: The rest-optical. 
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W > 750 Å). There are 17 EELGs in our high-redshift sample and
9 in our low-redshift sample. We additionally have 11 high-redshift
on-EELGs and 38 low-redshift non-EELGs (excluding ID:7624 as
escribed in Section 3 ) that we can use as a control sample, although
e note that these still require at least two emission lines detected at
 5 σ . 
We note that in our low-redshift non-EELG sample there is one

alaxy (ID 4493, z = 3 . 59) with an extremely red UV spectral slope
f β = + 0 . 65 ± 0 . 03, the only galaxy with a positive β, which is an
utlier at � 3 σ from the full sample. We exclude this highly unusual
alaxy from our stack, leaving 37 galaxies in our low-redshift non-
ELG stack. 
NRAS 535, 1796–1828 (2024) 
We de-redshift each individual prism spectrum to the rest-frame
with the redshift determined from the detected [OIII] λ5007 emission
ine), interpolating onto a common wavelength grid of 10 Å pixels,
nd normalize to the integrated 1400–1600 Å flux ( f λ), where
ossible determined from the NIRSpec prism spectrum (if the S/N
s sufficient). For redshifts below z = 4 the NIRSpec spectrum was
ot sensitive to this portion of the rest-frame UV so we instead
sed the rest-UV flux inferred from the broad-band photometry.
t higher redshifts ( z > 4), if the spectroscopic continuum is only
eakly detected in the rest-UV (integrated S/N < 3 in the range
400–1600 Å) we again adopt the M UV inferred from the broad-
and imaging, as described in the Appendix B , this only applied to
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Figure 4. The number of galaxies contributing to each of our four stacks as 
a function of wavelength. The colours match those in Fig. 3 . Each individual 
galaxy has a spectrum that co v ers a unique observ ed wav elength range, due 
to their redshift, the position of the dispersed light on the detector and any 
bad pixels/contamination. Therefore, the number of galaxies contributing to 
each rest-frame wavelength in the stack varies. 
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6 The H γ Balmer line is intrinsically stronger than H δ and hence could provide 
a more sensitive measurement of the dust reddening. However, we do not 
consider the H γ emission line because it is blended in our spectroscopy with 
the [O III ] λ4363 emission line. 
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wo of our galaxies (ID 10009693 and 10009320). We then average 
hese UV normalized spectra; we note that because of the different 
edshifts of each galaxy, we do not have uniform co v erage of all
avelengths (as shown in Fig. 4 ) and this is taken into account in the

veraging. The top panel of Fig. 3 presents the four subsets o v er the
ull wavelength range, and we show individual zooms around the Ly α
nd [O III ] + H β wavelengths in the lower panels. In Appendix C ,
e consider a different stacking where we weight by the rest-frame
V luminosity and find consistent results. 
To measure the emission line fluxes from the stacks, we note 

hat the combination of galaxies at different redshifts, and hence 
t different resolving power, means a Gaussian profile no longer 
rovides an ideal fit. We instead measure the integrated line flux 
ather than attempting to fit a Gaussian profile. We report the galaxy
roperties of the stacks in Table 2 and we will discuss the properties in
he following subsections, along with a discussion of the distribution 
f individual galaxy measurements. 

.2 ISM properties from emission line diagnostics 

n this section, we look at the physical properties of the individual
alaxies (both for EELGs and non-EELGs) in our full sample and 
ur stacked subsamples. In Section 4.2.1 we examine the detected 
ydrogen emission lines and we consider how the dust properties, 
O III ] λ5007/H α flux ratio, H α and H β EWs, and the detection
f Ly α emission vary across our sample. In Section 4.2.2 , we
xamine how the ionization parameter, metallicity and ionizing 
hoton production efficiency change with [O III ] λ5007 EW. 

.2.1 Hydro g en lines and the Balmer decrement 

n many cases in our full sample (61/85), we detect both H α and H β

t S / N > 5, and we will first use these lines to estimate the reddening
f the nebular emission using the Balmer decrement, assuming 
n intrinsic H α/H β = 2 . 86 (Osterbrock & Ferland 2006 with
lectron temperature and density, T e = 10 4 K and n e = 10 2 cm 

−3 ,
espectively). At the highest redshifts ( z > 7 . 1), we lose H α from
ur wavelength coverage and instead we consider the H β/ H δ
ecrement 6 (with an intrinsic value of 3.88, Osterbrock & Ferland 
006 ). This applies to six galaxies in our full sample of which four
re EELGs. For two of these galaxies (both EELG IDs: 1003905 and
0058975), we determine a H β/ H δ decrement consistent with no
ust, but for the other four no other Balmer lines are detected leaving
he dust attenuation in these galaxies unconstrained (hence we will 
xclude these four targets from any dust corrected analysis). 

We use the Balmer decrement to infer the attenuation at other
avelengths, and we adopt the Calzetti et al. ( 2000 ) attenuation

aw (with R v = 4 . 05) assuming that the reddening of the stellar
ontinuum is related to that of the nebular emission lines by
 ( B − V ) stellar = 0 . 44 E ( B − V ) nebular . For the galaxies within our

ull sample where we can constrain the dust reddening, we measure
he mean dust attenuation at 1600 Å to be A 1600 = 0 . 48 ± 0 . 07. The
ELG subsample exhibits a marginally lower level of attenuation 
f A 1600 = 0 . 38 ± 0 . 08. In Section 4.3.1 , we compare our measured
almer decrements with the rest-frame UV spectral slopes, another 
otential indicator of dust attenuation, and we discuss the dust 
roperties of our sample in that section. 
We note that if the reddening of the nebular lines and stellar

ontinuum were identical at the same wavelength, the EW mea- 
urements would not be affected by the dust reddening, unlike the
bserved line ratio diagnostics. Ho we ver, in a scenario in which
ery young stars (preferentially powering nebular line emission) are 
till enshrouded in their birth clouds (e.g. Charlot & Fall 2000 ), the
W would be dependent on the differential reddening where nebular 

ines are attenuated to a greater extent than the surrounding stellar
ontinuum (e.g. in the Calzetti et al. 2000 law). In our sample we do
ot correct the EW for this differential extinction, but we consider
he potential effect of this in Section 4.3.1 . 

We now consider the relative strength of rest-optical emission line 
uxes within our sample. In our sample of EELGs, it is predominantly

he [O III ] λ5007 line which has the highest equi v alent width in these
xtreme systems. H α is usually the second strongest line in our
IRSpec spectroscopy. For the subset of 61 galaxies where both 
 α and H β are detected abo v e 5 σ and a de-reddening correction

an be applied, we plot the ratio of [O III ] λ5007/H α line fluxes
n Fig. 5 . As can be seen, in our sample [O III ] λ5007 is nearly
l w ays stronger than H α, wi th an average flux ratio for the full
ample of f [O III ] λ5007 /f H α = 2 . 01 ± 0 . 07 after correction for dust
eddening. Splitting our full sample into EELGs (coloured blue in 
ig. 5 ) and non-EELGs (coloured orange), we see only a marginally
igher ratio in the EELG subsample with a f [O III ] λ5007 /f H α flux
atio of 2 . 18 ± 0 . 15, compared to 1 . 93 ± 0 . 08 for our non-EELG
ample. 

The high [O III ]/H α flux ratio we observe at z > 3 is in contrast
o work at lower redshifts, where H α is often more luminous than
O III ] λ5007. F or e xample, Dom ́ınguez et al. ( 2013 ) at z = 0 . 75 –1 . 5
nd a [O III ]/H α flux ratios spanning 1 . 3 − 0 . 5, with the ratio
ropping at higher H α luminosities (grey data points in Fig. 5 ).
he significant increase we observe in the [O III ] λ5007/H α flux ratio
t higher redshifts is likely attributable to decreasing metallicity 
nd a higher ionization parameter (e.g. K e wley & Dopita 2002 ).
ndeed, our observed flux ratio is consistent with the rising trend
ith redshift of [O III ]/H β (which we correct to H α using the Case-
 H α/H β = 2.86) at z > 3 predicted in Cullen et al. ( 2016 ), who
MNRAS 535, 1796–1828 (2024) 
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Table 2. Galaxy properties derived for our stacked spectra. Properties marked with asterisk ( ∗) have been corrected 
for dust. Upper limits are given at 3 σ . 

Stack High- z EELG Low- z EELG High- z non-EELG Low- z non-EELG 

N galaxies 17 19 11 37 
[O III ] λ5007 EW 1524 ± 201 1482 ± 123 572 ± 59 221 ± 7 
H α EW 1129 ± 158 956 ± 85 400 ± 45 187 ± 3 
Ly α EW 39 ± 3 21 ±5 < 17 < 29 
H α/H β 2.98 ± 0.11 3.20 ± 0.13 3.00 ±0.32 3.40 ± 0.22 
A1600 0.15 ± 0.14 0.42 ± 0.15 0.18 ±0.41 0.65 ± 0.24 
O32 ∗ 25.8 ± 4.7 19.3 ± 4.1 6.1 ±1.6 6.01 ± 1.11 
R23 ∗ 7.6 ± 0.7 8.3 ± 0.9 9.8 ±2.4 9.47 ± 1.51 
Ne3O2 ∗ 2.9 ± 0.6 1.0 ± 0.3 < 1 . 4 < 0 . 4 

12 + log 10 (O / H) 7 . 53 + 0 . 07 
−0 . 10 7 . 66 ± 0 . 14 7 . 95 + 0 . 32 

−0 . 17 7 . 96 + 0 . 25 
−0 . 19 

log 10 ( ξ
HII 
ion ) 25.49 ±0 . 03 25.66 ± 0 . 04 25.50 + 0 . 08 

−0 . 10 25.37 + 0 . 05 
−0 . 06 

βobs -2.36 ± 0.03 -1.97 ± 0.04 -2.18 ± 0.05 -1.87 ± 0.02 

β∗
int -2.45 ± 0.11 -2.20 ± 0.12 -2.28 ± 0.28 -2.22 ± 0.15 

Figure 5. Dust corrected flux ratio of the [O III ] λ5007/H α line fluxes 
against the H α luminosity. We o v erlay the lower redshift (0 . 75 < z < 1 . 5) 
Dom ́ınguez et al. ( 2013 ) stacks in grey. The EELG subsample ([O III ] λ5007 
EW > 750 Å) is coloured blue, with non-EELGs in orange. We distinguish 
our high- and low-redshift galaxies (split at z = 5 . 7) as diamonds and squares, 
respectively. 

s  

d
 

r  

d  

s  

s  

s  

t  

t  

p

a

W  

[  

H  

t  

t  

M  

E  

E  

g  

d  

e
 

N  

4  

s  

g  

I  

c  

W  

a
d

 

i  

fi  

h  

l  

s  

t  

m  

L
 

a  

(  

s  

I  

E  

n  

w  

n  

b  

s  

o  

f  

l
 

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/2/1796/7840384 by Sarah D
akin user on 25 April 2025
uggest that increasing ISM pressure and ionization parameter is
riving this. 
We can additionally consider how the EW of these strong Balmer

est-optical emission lines varies with [O III ] λ5007 EW. The hy-
rogen and [O III ] nebular emission lines are powered by the same
ources, typically the hot ionizing UV emission from hot massive
tars. Ho we ver, the EW of these lines will also be moderated by the
tellar continuum at their respective rest-frame wavelengths. In the
op two panels of Fig. 6 we present the H α and H β EWs against
he [O III ] λ5007 EWs. The EW of both Balmer lines show a clear
ositive trend with the [O III ] λ5007 EW, with best-fitting relations: 

H α EW/ Å = (0 . 71 ± 0 . 01) [O III ] λ5007 EW/ Å + (42 ± 1) (1) 

nd 

H β EW/ Å = (0 . 15 ± 0 . 01) [O III ] λ5007 EW/ Å + (1 . 1 ± 0 . 9) . (2) 

e additionally find that the EELG stacks (defined as having
O III ] λ5007EW > 750 Å) at high and low redshift exhibit consistent
 α EWs, which are both considerably larger than those exhibited by
NRAS 535, 1796–1828 (2024) 
he non-EELG stacks (see Fig. 6 ). Here, we see that the high sSFRs
hat driv e e xtreme EWs in the hydrogen nebular emission lines (e.g.
 ́armol-Queralt ́o et al. 2016 ) also contribute to the high [O III ] λ5007

Ws in our sample. The high H α and H β EWs exhibited in our
ELG sample likewise reflect that the stellar populations in these
alaxies will likely be young (the EW of these hydrogen lines starts
ecreasing within 10 Myr for an instantaneous burst, e.g. Leitherer
t al. 1999 ). 

Finally, we turn to the Ly α rest-UV emission line, which our
IRSpec prism spectroscopy has sensitiv e co v erage of down to z >
. Although Ly α is known to be resonantly scattered and highly
uppressed in most galaxies, it has been suggested that extreme
alaxies such as EELGs (with potentially high ionization of the
SM, and starburst-dri ven outflo ws) might be able to clear escape
hannels for Ly α photons ( ̈Ostlin et al. 2009 ; Herenz et al. 2017 ).
e now look for any evidence of Ly α emitters (LAEs) in our stacks

nd in individual EELGs, and we report strong evidence that Ly α
oes indeed escape from EELGs at high redshift. 

In the middle panel of Fig. 3 , we zoom in on the rest-frame UV
n the stacked data to study the emergence or otherwise of Ly α. We
rst consider the two EELG stacks. The high-redshift EELG stack
as the strongest Ly α emission (Ly α EW = 39 ± 3 Å), with the
ow-redshift EELG stack also showing Ly α in emission, but at a
lightly weaker level (Ly α EW = 21 ± 5 Å). Ho we ver, we note that
he lower sensitivity of NIRSpec at shorter wavelengths ( < 1 μm)
eans that in our lower redshift stack we are less sensitive to weak
y α emission close to the spectral break (see Jones et al. 2024 ). 
Turning to the non-EELG stacks, there is no Ly α emission

nd both redshift bins have the appearance of a damping wing
Miralda-Escud ́e 1998 ). It is interesting that we observe a similar
oftening of the Lyman-break in both non-EELG redshift stacks.
n our high-redshift stack, where we sample galaxies during the
oR, we may anticipate Lyman-damping due to a high hydrogen
eutral fraction in the IGM, ho we ver, in the low-redshift stack we
ould not expect damping from the IGM because of the near-zero
eutral fraction during this epoch ( z < 5 . 7). Softening of the spectral
reak may instead be due to either damped Ly α from H I in the
urrounding environment [ISM and circumgalactic medium (CGM)]
f the galaxies (e.g. Heintz et al. 2024 ) or be an artefact, resulting
rom the softening of the Lyman-break due to convolution with the
ine spread function of NIRSpec (see Jones et al. 2024 ). 

Individually, we find that out of 17 EELGs at z > 5 . 7, 53 per cent
9/17) have detected Ly α emission, as determined by Jones et al.
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Figure 6. Top panels: Comparison of the measured [O III ] λ5007 EW with the H α EW and H β EW. Bottom panels: Comparison of the measured log 10 [O III ] λ5007 
EW with the log 10 O32. Those with a black boarder are corrected for dust and log 10 Ne3O2 diagnostics when all lines were detected at a > 3 σ significance. 
Both O32 and Ne3O2 are related to the ionization parameter log 10 ( U ) and we provide an additional y -axis in each lower panel to present this, using the Witstok 
et al. ( 2021 ) relations. In each panel, lines undetected at 3 σ are replaced with a 3 σ limit. We include shaded regions to mark the EELG EW threshold of 
[O III ] λ5007 > 750 Å, and the measured quantities for our four stacks are shown in large circles as in the legend in the top-left panel (coloured to match Fig. 3 ). 
In the bottom-right panel, we change the stack symbol to triangles when Ne3O2 is given as a 3 σ upper limit. We distinguish our high- and low-redshift galaxies 
(split at z = 5 . 7) as diamonds and squares, respectively. 
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 2024 ), Witstok et al. ( 2024 ), and Saxena et al. ( 2024 ). This would
uggest that selections based on high [O III ] λ5007 EW galaxies are
lso preferentially selecting LAEs. This LAE fraction is higher than 
mong the high-redshift non-EELGs, where only 18 per cent (2/11) 
ave detected Ly α emission. 7 These two non-EELG Ly α emitters 
how moderate [O III ] λ5007 EWs ( ∼ 300 Å), in both cases the
elative strength of the nebular emission lines (being driven by recent 
 10 Myr star formation) has potentially decreased due to strong

est-optical continuum emission from an older stellar population. 
Below z ∼ 4, where we have four EELGs in our sample, Ly α

oes not lie within the wavelength window where we have sensitive 
pectral co v erage with NIRSpec. Between 4 . 0 < z < 5 . 7 we have
 sample of 15 EELGS with 4 showing Ly α in the NIRSpec
rism spectroscopy. One of these is the potential AGN identified 
 Galaxy IDs 3968 and 18179. These galaxies have measured [O III ] λ5007 
Ws of 295 ± 19 and 241 ± 6 Å, respectively, and Ly α EWs of 57 ± 17 
nd 41 ± 9 Å, respectively. 

h
H  

E  

r  
y Maiolino et al. ( 2023 ) to have a broad component to the H α

mission line (Galaxy ID: 8083). We additionally look at the MUSE
ata release II IFU spectroscopy of the HUDF region (Bacon et al.
023 ) and find one additional EELG galaxy (Galaxy ID 7938,
 = 4 . 815) where MUSE detects Ly α emission which is not visible
n our low dispersion prism spectrum. This leaves us with an LAE
raction of 5/15 (33 per cent) of the EELG galaxies in the redshift
ange 4 . 0 < z < 5 . 7, nominally lower than the fraction at higher
edshifts ( z > 5 . 7) of 53 per cent (9/17), although we note that the
ombination of sensitivity and spectral resolution of the prism means 
hat NIRSpec’s ability to detect Ly α decreases towards the short 
avelength end (affecting the lower redshifts). Hence, the LAE 

raction among our low-redshift EELG sample may be a lower 
imit and the difference in the fractions of LAEs in the low- and
igh-redshift EELG samples may not reflect genuine evolution. 
o we ver, what we can say is that at high redshift, roughly half of
ELGs are Ly α emitters, whereas for the non-EELGs at these high

edshifts only 18 per cent of our sample have Ly α in the NIRSpec
MNRAS 535, 1796–1828 (2024) 
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Figure 7. Top panel: The ionization and excitation conditions of the full 
sample as inferred from the dust corrected O32 and R23 strong line 
diagnostics (when either [O II ] or H β is non-detected we provide a 2 σ limit 
on the diagnostics). Each data point is coloured by the [O III ] λ5007 EW. The 
local SDSS galaxy population is presented in the blue shaded region. Bottom 

panel: The oxygen abundance relation with log 10 ([O III ] λ5007 EW), with 
metallicities taken from Curti et al. ( 2024 ). We mark solar metallicity (8.69 
in these units Asplund et al. 2009 ) as a horizontal dashed line. We exclude 10 
galaxies where only [O III ] and H α were detected as metallicity constraints 
could not be placed using only these lines. We include a shaded region to 
mark the EELG EW threshold of [O III ] λ5007 > 750 Å, and in both panels the 
measured quantities for our four stacks are shown in large circles (coloured 
to match Fig. 3 ). We distinguish our high- and low-redshift galaxies (split at 
z = 5 . 7) as diamonds and squares. 
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pectroscopy. This is a remarkable result which we will discuss
urther in Section 5.2 . 

Finally, we note 2/19 (11 per cent) non-EELGs at 4 < z < 5 . 7
ho w Ly α emission, the lo west LAE fraction in any of our sub-
amples. Like the high- z non-EELG LAEs these two. 8 also show
est-optical continuum emission from an evolved stellar population. 

.2.2 Ionization parameter, excitation state, and metallicity 

o investigate how the ionization state of the ISM changes with
O III ] λ5007 EW within our full sample we employ the O32 9 and
e3O2 10 diagnostics (e.g. see Tang et al. 2019 ), which are sensitive

o the ionization state of the ISM which is shaped by the ionizing
ux and hardness of the ionizing spectrum. O32 provides a flux ratio
etween two different ionization states of the same elements, while
e3O2 provides a flux ratio between two α-elements in different

onization states. The Ne3O2 diagnostic utilizes two lines close in
avelength and is therefore insensitive to the dust attenuation and
oes not require any correction, whereas the large baseline of O32
3727–5007 Å) means we must take into account reddening in our
easurements (as described in Section 4.2.1 ). Although the Ne3O2

atio is sensitive to the Ne/O abundance ratio, these are both α-
lements and this abundance ratio is expected to vary only minimally
e.g. Kobayashi, Karakas & Lugaro 2020 ). Together they provide a
omplimentary estimate of the ionization parameter. 

In the bottom-left panel of Fig. 6 we plot the O32 diagnostic against
he [O III ] λ5007 EW, with galaxies corrected for dust reddening. We
ote that when H α and H β are detected and we can measure the
almer decrement, the average reddening suggests minimal dust
ttenuation between 3727 and 5007 Å. We additionally plot the
e3O2 ratio against the measured [O III ] λ5007 EW of the full sample

n the lower right panel. Both O32 and Ne3O2 are related to the
onization parameter, and in both these Figure panels we additionally
rovide the ionization parameter deri ved follo wing the Witstok et al.
 2021 ) relations. 

We find a clear positive correlation in both O32 and Ne3O2 with
O III ] λ5007 EW, obtaining best-fitting relations: 

log 10 ( O32 ) = (0 . 69 ± 0 . 03) × log 10 ([O III ] λ5007 EW/ Å) 

−(0 . 96 ± 0 . 10) (3) 

nd 

log 10 ( Ne3O2 ) = (0 . 78 ± 0 . 12) × log 10 ([O III ] λ5007 EW/ Å) 

−(2 . 4 ± 0 . 4) (4) 

This correlation suggests that galaxies with greater [O III ] λ5007
W have more highly ionized ISMs. This result is not surprising
onsidering young stellar populations are responsible for the nebular
mission. The youngest stellar populations retain the most massive
tars with the hardest ionizing spectra, and have higher ionizing
hoton fluxes, making the ISM highly ionized. EELGs show the
reatest nebular emission relative to the continuum and therefore are
ikely to be the youngest systems (see Section 4.4 ) 

When we turn to our stacked subsamples in Fig. 6 , the high-redshift
ELG stack has the highest O32 and Ne3O2 ratios, with the low-

edshift EELG stack showing marginally lower values. Both EELG
NRAS 535, 1796–1828 (2024) 

 Galaxy IDs 5759 and 7304. These galaxies have measured [O III ] λ5007 
Ws of 523 ± 13 and 233 ± 21 Å, respectively, and Ly α EWs of 63 ± 10 
nd 34 ± 9 Å, respectively. 
 Line flux ratio between [O III ] λ4959 , 5007 and [O II ] λ3727 , 3729. 
0 Line flux ratio between [Ne III ] λ3869 and [O II ] λ3727 , 3729. 

f  

1

a

tacks show significantly higher values for all quantities in Fig. 6
ompared to the non-EELG stacks. 

To further examine the state of the ISM, we employ the dust-
orrected O32 and R23 11 diagnostic diagram (Fig. 7 ), where galaxies
f different ionization and excitation states occupy distinct regions.
or our full sample, we determine the O32 and R23 emission

ine diagnostics for galaxies, which we correct for reddening (see
ection 3 ). Where individual lines are undetected at 3 σ , they are
epresented as 3 σ limits. These are plotted in Fig. 7 . We find that our
ull sample (3 < z < 9 . 5) lies abo v e the local ( z < 0 . 1) Sloan Digital
1 Line flux ratio between [O III ] λ4959 , 5007 + [O II ] λλ3727 , 3729 and H β, 
 proxy for the oxygen abundance (metallicity). 
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k y Surv e y (SDSS) galaxy locus, 12 to higher O32 and R23 values.
his is the region numerous studies have found local ‘high-redshift 
nalogue’ galaxies to occupy (e.g. Green peas and Blueberries, Yang 
t al. 2017a , b ; Cameron et al. 2023 ). We find a trend that galaxies
ith larger [O III ] λ5007 EWs tend to sit further from the local SDSS
alaxy distribution, and have much higher O32. 

We observe no clear turnover in the R23 diagnostic for the 
ighest EWs, suggesting that while these galaxies are all metal- 
oor (subsolar), they have not entered the extremely metal-poor 
ranch of the R23 diagnostic (Curti et al. 2020 ) where the oxygen
ines lose strength relative to the hydrogen recombination lines due 
o the extremely low range of oxygen abundances. It is therefore 
nsurprising that the R23 diagnostic does not reveal a clear trend with
W as we are probing the turno v er re gion of the R23 diagnostic and
ur resulting measurements of metallicity will be poorly constrained 
y R23. 
More robust oxygen abundance measurements for our full sample 

ave been presented in Curti et al. ( 2024 ). These measurements rely
n multiple strong-line calibrations utilizing the rest-optical emission 
ines, and metallicity estimates from spectral model fitting. For 10 
bjects in our full sample (including 1 EELG, ID 2651) metallicity 
onstraints could not be provided due to too few key lines being
etected (typically only [O III ] and H α were detected in these cases).
he Curti et al. ( 2024 ) metallicities for our EELGs lie in the range
 . 3 < 12 + log 10 ( O / H ) < 8 (where solar metallicity is 8.69 in these
nits, Asplund et al. 2009 ), suggesting that while these systems are all
ubsolar (all < 0 . 2 Z �) none show extremely low metallicity (below
 0 . 04 Z �). The metallicities for our sample are shown in the lower

anel of Fig. 7 against the [O III ] λ5007 EW. 
Within our sample we find that galaxies with higher [O III ] λ5007

Ws have typically lower metallicities, albeit with some degree of 
catter. This trend is additionally seen in the stacked subsamples in 
he lower panel of Fig. 7 , with the metallicity measured to be lower
n the stacks with the highest [O III ] λ5007 EW. 

This trend is expected since [O III ] λ5007 is a collisionally excited
ine and the luminosity increases with the electron temperature, 
elated to the metallicity (due to the limitation of the metal line
ooling mechanism), allowing the EW to increase at subsolar oxygen 
bundance (up to a point when there are too few oxygen atoms – i.e.
e expect monotonic behaviour at very low metallicity where the 
W will decrease). We note that the highest EW EELGs in our
ample have metallicities of ∼ 0 . 1 Z �, with maximum EW found
n galaxies with measured metallicities abo v e and below this value
ever reaching as high. This maximum-EW turnover with metallicity 
s consistent with photoionization models, such as in Tang et al. 
 2021b ), that predict only marginal increase in the [O III ] + H β EW
etween 0.3 and 0.1 Z �, with a turno v er around 0 . 1 Z �, after which
he EW begins to decrease with further decrease in metallicity. This
urno v er may e xplain the few e xtremely metal-poor galaxies with
ow EWs in Fig. 7 . 

.3 UV properties from spectral modelling 

oing beyond the rest-optical emission lines, the rest-frame UV 

roperties of a galaxy are sensitive to recent star formation and the
resence of hot O/B type stars whose emission peaks at shorter
avelengths. The UV continuum is sensitive to star formation on 
2 We use archi v al data from the SDSS (York et al. 2000 ) Data-Release 7 
Abazajian et al. 2009 ). We set a ≥ 5 σ detection requirement on each emission 
ine for inclusion in Fig. 7 and we reject AGN following the method set out 
n Runco et al. ( 2021 ) 

o
r  

1

00 Myr time-scales, whereas nebular lines are sensitive to shorter 
ime-scales of 10Myr (see Fig. 17 ). To examine the non-ionizing UV
ontinuum we model the rest-frame UV spectrum for each target in
ur full sample, using our NIRSpec prism spectra (which have been
orrected for slit losses). 

.3.1 β slopes and M UV 

e determine the absolute magnitude in the rest-frame UV ( M UV 

t 1500 Å) for our sample, which we measure o v er a rest-frame
0 Å-wide boxcar filter centred on 1500 Å in our prism spectra.
n Appendix A , we also consider the photometry from the NIRCam
lter best approximating the rest-UV (uncontaminated by the Lyman- 
reak) using the Kron magnitude to get an indication of the total
ux, and we find in most cases good agreement in M UV . We also
etermine the UV spectral slope ( β, where f λ ∝ λβ ), from our
rism spectra o v er a rest-frame range 1340 to 2400 Å (we mask the
egions contaminated by the C IV λ1550, He II λ1640, [O III ] λ1660,
nd C III ] λ1990 emission lines). We note that, as described in Bunker
t al. ( 2023a ), we have employed wavelength dependent slit loss
orrections, accounting for the differing PSF and placement of 
he galaxy in the MSA shutter, ensuring we are not biasing UV
lope measurements to bluer values with preferentially more flux 
ost at longer wavelengths. The uncertainties on the UV slope are
easured via a Monte Carlo–based approach, whereby the power- 

aw fit is performed 500 times with the uncertainties on each
ixel randomly sampled from a Gaussian distribution. The resulting 
tandard deviation of the UV slope measurement from 500 iterations 
s used as the uncertainty, and we note that this error reflects the
tatistical uncertainty but does not include systematic uncertainty. 
e note that for 24 galaxies in our full sample at z < 4, the

est-frame 1500 Å mo v es to the e xtreme blue end of our spectral
o v erage where the sensitivity reduces. In these cases, we mo v e our

fitting spectral range to slightly longer rest-frame wavelengths 
2000–3500 Å] and use this fit to estimate M UV at 1500 Å. For these
bjects, we additionally measure M UV from the JADES aperture 
hotometry 13 of the le gac y HST /ACS F775W imaging (see Rieke
t al. 2023b ), which co v ers the rest-frame 1500 Å at z ∼ 3 . 5 − 4.
here were two galaxies at z > 4 (ID: 10009693 and 10009320) with
 S/N < 3 in the integrated spectrum over 1400–1600 Å (rest-frame),
nd as in Section 4.1 we use instead the NIRCam photometry in the
lter best approximating 1500 Å (rest) to determine M UV . 
The M UV and β slope measurements for our full sample are 

hown against the [O III ] λ5007 EW in Figs 8 and 9 . Our full sample
o v ers a broad M UV range, between −16 > M UV > −20. As noted
n Section 2.2 , at z > 5 . 7 the HST -Deep spectroscopy is essentially
 rest-UV-based selection (a proxy for star formation rate, hereafter 
FR) with a magnitude cut of AB ∼ 29 mag in the filter co v ering
avelengths just redwards the Ly α break, but uncontaminated by the 
reak. We plot in Fig. 8 the corresponding M UV selection at z > 5 . 7 as
 dashed line, and as can be seen our spectroscopic measurements of
he UV luminosity broadly agree with the range expected from initial
re-selection of spectroscopic targets. Our selection is sensitive to all 
alaxies brighter than M UV = −18 o v er our entire redshift range for
he EELG selection (out to z = 9 . 5), and we are sensitive to galaxies
ith fainter UV luminosities at lower redshifts (as we impose a cut

n apparent magnitude). 
At lower redshifts, the spectroscopic target selection was based 

n redder rest-frame wavelengths (a better proxy for stellar mass 
ather than SFR). This means that the full sample does not have an
MNRAS 535, 1796–1828 (2024) 

3 We adopt the ‘KRON’ Diameter Rieke et al. ( 2023b ) circular apertures 
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M

Figure 8. UV absolute magnitude determined for our full sample. Left panel: M UV plotted against spectroscopic redshift. We o v erlay as a black line the apparent 
m UV = 29 mag used in the selection of the high-redshift targets, plotted as dashed ( z > 5 . 7) and dotted ( z < 5 . 7) lines to indicate the UV selection within our 
full sample. We use galaxies below this line in our redshift comparison to obtain a consistent selection across our sample. The EELG subsample are shown in 
blue and the non-EELGs in orange. Right panel: M UV plotted against the [O III ] λ5007 EW. We additionally o v erlay dashed lines at M UV = −18.0 and −19.5, 
which correspond to the UV absolute magnitude thresholds used in Endsley et al. ( 2024 ). Galaxies in our high-redshift subsample ( z > 5 . 7) are shown in blue, 
while those at lower redshifts are orange. In both panels, galaxies are presented as diamonds when M UV was measured directly from the spectroscopy and as 
squares when M UV was measured from photometry. 

Figure 9. The UV spectral slope ( β, where f λ ∝ λβ ) plotted against the [O III ] λ5007 EW. Left panel: The observed β slope. Centre panel: β slope corrected 
for dust attenuation. Right panel: β slope plotted against [O III ] λ5007 EW, both corrected for dust attenuation (taking into account the differential extinction of 
the nebular line relative to the continuum as in Calzetti et al. 2000 ). In each panel, we mark galaxies as diamonds where the β slope was measured directly from 

the prism spectroscopy with diamonds, and plot as squares those where we rely on the spectrum at a slight longer rest-frame wavelength and photometry for our 
β measurement (typically for those only at z < 4). High- and low-redshift subsamples are identified as blue and orange data points, respectively. In all panels, 
we include a shaded region to mark the EELG EW threshold of [O III ] λ5007 > 750 Å, and the measured quantities for our four stacks are shown in large circles 
(coloured to match Fig. 3 ). In the right panel, we show in bold the individual galaxies where their classification changes from non-EELG to EELG due to the 
dust correction. 
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 UV cut, although in Fig. 8 we show where such a cut would have
allen adopting the same rest-UV apparent magnitude limit as in
he z > 5 . 7 selection (dotted line). About 12 per cent of the z < 5 . 7
ample (7/57) are UV faint ( m UV > 29), and can be excluded to
ak e a f airer comparison with the higher redshifts. We note that

pplying an apparent magnitude UV cut will not reco v er galaxies
ith extremely blue UV spectral slopes β 	 −2, which would have
een selected in a UV selection but may have been lost in our longer-
avelength selection. 
NRAS 535, 1796–1828 (2024) 
We now consider the beta slopes and present these in Fig. 9 .
he full sample co v ers a broad range of β slopes ( −0 . 5 > β >

3). The average observed β slope of the 36 EELGs is β = −2 . 2
ith a standard deviation of σ = 0 . 3, so the average is βEELG =
2 . 2 ± 0 . 1 (where we quote the standard error on the mean). This
V spectral slope is steeper than that for the 49 non-EELGs, which
ave βnonEELG = −1 . 9 ± 0 . 1 (again, quoting the standard error on the
ean from the standard deviation of σ = 0 . 5). Hence, the EELGs

ave marginally more blue UV spectral slopes at the ≈ 3 σ level. 
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Figure 10. The observed Balmer decrement plotted against the observed 
UV slope ( β). Our full sample is split into EELGs (blue) and non-EELGs 
(orange), and are modelled by best-fitting relations shown in the matching 
colours. Both subsamples fa v our an intrinsic UV-slope of β ∼ −2 . 3. When 
the theoretical curve is plotted (black), we find good agreement with the 
EELG subsample and poorer agreement with the non-EELG subsample. The 
measured quantities for our four stacks are shown in large circles (coloured 
to match Fig. 3 ). 
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The UV spectral slope can depend on the level of dust attenuation
nd the SFH. Nebular continuum emission (e.g. Topping et al. 2022 ;
ameron et al. 2024 ) may also affect the measured UV slope,
articularly with the very high EW lines in EELGs, making UV 

lopes redder than expected from very young ionizing stars alone. 
e correct our β slope measurements for dust reddening using the 
easured Balmer decrement (see Section 4.2.1 ). In Appendix D , 
e present a simple relation for the dust correction to the observed
slope as a function of dust attenuation ( A 1600 ). We apply this

elation to our sample to correct the UV slope β for dust and we
ompare the trends with the [O III ] λ5007 EW in the central panel of
ig. 9 . As noted in Section 4.2.1 , we are unable to constrain the dust
ttenuation for four galaxies and these objects are excluded from the 
ust corrected panels in the figure. 
We find the EELG sample occupies a smaller and slightly bluer 

ange of de-reddened β slopes than the non-EELGs. One non- 
ELG (ID:10013704) with a reddening corrected β < −3 . 5 has 
een identified as a potential AGN (Maiolino et al. 2023 ) which may
riv e the observ ed blue slope β = −2 . 14 ± 0 . 01 and large measured
almer decrement. 
Interestingly, we find many objects with very blue slopes ( β < 

2 . 5) that are not classified as EELGs. These objects are also
xpected to host a young stellar population and therefore produce 
opious quantities of ionizing photons; ho we v er, the y show low
O III ] λ5007 EWs ( < 500 Å) and also low EWs of the Balmer lines
 α and H β. In the right panel of Fig. 9 we additionally correct

ur [O III ] λ5007 EWs for dust reddening to understand whether this
opulation of blue β slopes at low EW may be driven by differential
ust attenuation of the emission line relative to the continuum (e.g. 
alzetti et al. 2000 ). We find that while more galaxies exhibit dust
orrected [O III ] λ5007 EWs > 750 Å, there still remains a subsample
f galaxies with blue slopes and low EWs. Galaxies with young 
tellar populations but low EWs have been previously identified at 
igh redshift ( z ∼ 5 –7; e.g. Endsley et al. 2023 ), where the lack
f high EWs has been attributed to either extremely low oxygen 
bundance or a high escape fraction of ionizing radiation. Extremely 
ow metallicities and high f esc can both reduce the luminosity of
he [O III ] λ5007 line. Ho we ver, we do not see strong H α emission
n these galaxies with low [O III ] λ5007 EWs and blue β slopes,
hich disfa v ours the extremely low metallicity scenario. Hence, 

hese particular galaxies may be ‘Lyman Continuum leakers’ with 
on-negligible escape fractions of ionizing photons. 
To further examine the effect of dust and SFH on the observed
slope, we compare the β slope with the Balmer decrement for 

oth the EELG and non-EELG samples in Fig. 10 . We determine
est-fitting relations 

 α/ H β = ( −1 . 3 ± 0 . 3) × β + (5 . 8 ± 0 . 8) (5) 

or the EELG sample and 

 α/ H β = ( −0 . 5 ± 0 . 3) × β + (4 . 1 ± 0 . 6) (6) 

or the non-EELG sample. For the EELG sample (shown in blue in
ig. 10 ), we find an anticorrelation between the observed β slope 
nd the Balmer decrement, which closely tracks that expected for an 
ntrinsic (i.e. de-reddened) UV spectral slope of β = −2 . 3 (Wilkins
t al. 2011 , shown in black in Fig. 10 ). Ho we ver, the non-EELG
opulation displays a higher scatter and typically redder observed 

slopes that do no exhibit such a tight anticorrelation with the 
almer decrement. We find this apparent in the measure Spearman 

ank coefficients for the two subsamples, with the EELG sample 
howing a strong anti-correlation with a Spearman rank coefficient 
f −0.74 ( p -value of 2e −4) while the non-EELG sample correlation
s weaker with a Spearman rank coefficient of only −0.23 ( p -value
f 0.16). This is consistent with the picture where galaxies with
odest emission line EWs have a variety of SFHs leading to a range

f intrinsic beta slopes, whereas to have extreme EWs a galaxy must
e dominated by recent intense star formation leading to a blue
ntrinsic β slope. 

This is seen clearly in the stacks in Fig. 10 , where the high-redshift
ELG stack (shown in red) exhibits the steepest UV spectral slope
f β = −2 . 36 ± 0 . 03 while the shallowest slope is found in the low-
edshift non-EELG stack (in green) with a β = −1 . 87 ± 0 . 02. This
rend reflects the older stellar ages (and/or potentially more dust 
ttenuation) in the lower redshift non-EELG sample. 

In the rest-optical, the non-EELG low-redshift stack is the only 
ne to show evidence for a Balmer break (see Fig. 3 ), with an
xcess of continuum flux above 3645 Å, confirming the change in
alaxy properties between the samples (see also Section 4.4 ). This
s not unexpected as the low-redshift sample comes from a mass-
imited surv e y which will include less activ ely star-forming galaxies.
or this low redshift sample, the Universe is older than the high-
edshift sample, so there has been more opportunity for older stellar
opulations to form and contribute flux at rest-optical wavelengths, 
educing the EW of the emission lines. 

.3.2 Ionization efficiency 

e determine the ionization efficiency ( ξH II 
ion , the hydrogen ionizing 

hoton production rate per unit UV luminosity at 1500 Å, corrected
or dust attenuation) of our full sample using the dust corrected H α

ux and M UV for each galaxy. We follow the method of Tang et al.
 2019 ) to determine ξH II 

ion . Here, we define 

H II 
ion 

[
erg −1 Hz 

] = 

N (H 

0 ) 
[
s −1 

]

L 

H II 
UV 

[
erg s −1 Hz −1 

] , (7) 

here we determine the UV luminosity from the measured M UV , and
etermine the hydrogen ionizing photon production rate N (H 

0 )[s −1 ] 
rom the measured H α luminosity L (H α)[erg s −1 ] using the linear
caling factor (1.36 ×10 −12 erg) from Osterbrock & Ferland ( 2006 ).
e split our sample by redshift ( z = 5 . 7) and plot ionization
MNRAS 535, 1796–1828 (2024) 
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Figur e 11. log 10 ( ξ
HII 
ion / er g −1 Hz ) ionization efficiency (corrected for dust 

attenuation) plotted against the [O III ] λ5007 EW, split between the high- 
redshift (blue, z > 5 . 7) and low-redshift (orange, z < 5 . 7) samples. We 
o v erlaid Tang et al. ( 2019 ) z ∼ 2 best-fitting relation. The shaded region 
marks the EELG EW threshold of [O III ] λ5007 > 750 Å and the measured 
quantities for our four stacks are shown in large circles (coloured to match 
Fig. 3 ). 
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fficiency as a function of [O III ] λ5007 EW, along with the best-fitting
elations, on Fig. 11 . We o v er plot the z ∼ 2 best fit from Tang et al.
 2019 ) and we find a comparable relation with larger ξH II 

ion being found
t higher [O III ] λ5007 EWs. This correlation should not be surprising
s the calculation of ξH II 

ion and EW are closely related quantities: ξH II 
ion 

omes from the ratio of H α flux to the rest-UV continuum and EW is
elated to ratio of the [O III ] λ5007 flux to the rest-optical continuum.

e note that the best-fitting relation for our lower redshift sample
ies at higher ξH II 

ion than our high-redshift sample. If we consider ξH II 
ion 

imply as the total number of photons with energies higher than
3.6 eV, then at higher metallicities, these photons will be absorbed
y many other metals such as C, N, Ne, Ar, etc., in addition to O,
eading to a weaker increase in [O III ] λ5007 EW with increasing
HII 
ion . Likewise, Curti et al. ( 2017 ) find that the [O III ]/H β ratio is
trongly dependent on metallicity. Therefore, evolution of the oxygen
bundance with redshift would mean that the expected [O III ] λ5007
W would vary for the same ξH II 

ion between our two subsamples. We
etermine a best-fitting relation 

log 10 

(
ξH II 

ion / erg −1 Hz 
) = (0 . 59 ± 0 . 03) log 10 ( [O III ] λ5007 EW / Å) 

+ (23 . 6 ± 0 . 1) (8) 

or the high-redshift sample and 

log 10 

(
ξH II 

ion / erg −1 Hz 
) = (0 . 73 ± 0 . 03) log 10 ( [O III ] λ5007 EW / Å) 

+ (23 . 4 ± 0 . 1) (9) 

or the low-redshift sample. 
We find that the average ξH II 

ion in the EELG sample (high- and
ow-redshift combined) is log 10 ( ξ

H II 
ion / erg −1 Hz ) of 25 . 5 ± 0 . 2, which

s higher (although within 1 σ ) than the average of 25 . 2 ± 0 . 3 in
he non-EELG sample, consistent with the harder ionizing spectra
bluer UV spectral slopes) of the EELGs (in line with results from
immonds et al. 2024 using the JADES photometric data set). We
nd this pattern is repeated in Fig. 11 in the stacks of EELGs (both
igh and low redshift) which are either consistent or have higher
onization efficiencies than the non-EELG stacks. 

This result reaffirms that EELGs, including those at high redshift,
re efficient ionizing photon producers, an important characteristic
NRAS 535, 1796–1828 (2024) 

s a potential source of the UV-ionizing background during the EoR. 
.4 Inferred galaxy properties from spectral fitting 

n addition to studying the emission line diagnostics and rest-
V spectral properties, we can also model the full spectrum of

ach galaxy using spectral evolution synthesis codes to infer the
tellar mass and the SFH. In this section we are interested in what
haracteristics of the modelled SFHs can be associated with a galaxy
hat has entered an EELG phase. 

.4.1 BEAGLE SED fitting 

e model the full prism spectrum (0 . 6 � λobs / μm � 5 . 2) for each
alaxy using BEAGLE (version 0.27.10, Che v allard & Charlot 2016 )
o constrain the g alaxies’ ph ysical properties and SFHs. Briefly, for
ach galaxy the modelled redshift is set to the spectroscopic value,
nd the maximum formation redshift is set to z = 30 (corresponding
o an age of the Universe of 100 Myr for the adopted cosmology). We
tilise the photoionization models from Gutkin, Charlot & Bruzual
 2016 ), which are computed with Cloudy (Ferland et al. 2017 ) and
re based on a more recent version of the Bruzual & Charlot ( 2003 )
tellar population synthesis models (for more details, see Che v allard
n preparation). We adopt the Charlot & Fall ( 2000 ) two-component
ust model, fixing to 0.4 the fraction of dust attenuation arising
n stellar birth clouds. The specific allowed ranges for the variable
EAGLE parameters are laid out in Table 3 . 
We employ a two-component SFH model. This choice reflects

hat EELGs may be experiencing an upturn in SFR or a short-lived
tarburst. Our model SFH is comprised of a delayed exponential
omponent 14 and a constant SFR burst of variable duration, where
he two components are truncated, i.e. they are not simultaneous. The
hoice of a recent burst component is related to the nebular emission
roperties (continuum and line), which are powered by massive O-
ype stars which typically mo v e off the main sequence before they
each an age of ∼ 10 Myr, and the disruption time-scale of stellar
irth clouds (Murray, Quataert & Thompson 2010 ; Murray 2011 ).
or the single stellar models used here 15 , more than 99 per cent of

he ionizing flux is emitted by stars younger than 10 Myr. 
The full BEAGLE data products used in this paper will be presented

n Che v allard (in preparation). We note that when observing the rest-
ptical caution should be taken as bright emission from young stars
ay hide an older and fainter/redder stellar population. 
We determine galaxy properties for 84/85 galaxies in our full

ample, with only one galaxy 16 unable to be fit by BEAGLE due
o low signal-to-noise ratio in the continuum. We present the full
ange of SFH property constraints in Table E1 in Appendix E . In
ig. 12 , we present the BEAGLE best-fitting total stellar mass (in-
luding stars and stellar remnants), and the mass-weighted- and
uminosity-weighted ( v -band) ages of the stellar population as a
unction of the [O III ] λ5007 EW. 

We highlight the region identifying EELGs (shaded region in
ig. 12 ) and find that the EELG sample on av erage e xhibits lower
asses (typically � 10 8 M �) and lower ages ( � 5 –10 Myr, weighted

ither by mass or luminosity) than the non-EELG sample. While both
ELG and non-EELG subsamples co v er a broad range of masses and
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Table 3. BEAGLE free parameter variable ranges set for spectral model fitting. Uniform priors are set o v er each range, e xcept 
for the redshift( � ) which follows a Gaussian prior with mean set to z spec and σ = 0 . 01. 

Parameter Range Description 

log 10 ( τ/ yr ) [6, 12] Star formation time-scale of smooth component 
log 10 ( Z ISM 

/ Z �) [-2.2, 0.4] Metallicity, Z � = 0 . 0152 
log 10 ( M ∗/ M �) [6, 12] Mass (integral of SFH) 
log 10 ( t max / yr ) [6, 10.8] Maximum stellar age 
log 10 ( SFR / M � yr −1 ) [-4, 4] Star formation rate of burst 
log 10 ( t burst / yr ) [6, 7.5] Duration of burst component 
z [ z spec , σ = 0 . 01] � Redshift 
z form 

z form 

= 30 Formation redshift 
log 10 ( U ) [-4, -1] Galaxy-wide ionization parameter 
log 10 ( ξd ) [0.1, 0.5] Galaxy-wide dust-to-metal mass ratio 
τv , eff [0, 6] V -band attenuation optical depth 
μ μ = 0 . 4 Relative V -band attenuation from diffuse ISM to total 

Figure 12. Total mass (left panel), mass-weighted age (central panel), and luminosity-weighted age (right panel) against the [O III ] λ5007 EW of our full sample. 
Two potential AGNs are shown in green. The shaded region in each panel marks the EELG EW threshold of [O III ] λ5007 > 750 Å. Here, EELGs show typically 
lower masses, have lower mass-weighted ages and typically luminosity-weighted ages below 5 Myr (marked on the right panel). We distinguish our high- and 
low-redshift galaxies (split at z = 5 . 7) as diamonds and squares, respectively. 
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uminosities, the dynamic range of ages in the EELG subsample is
onsiderably smaller than in the non-EELG sample. 

To consider this further we present in Fig. 13 the sSFR for our
ample as a function of EW, utilizing the SFR av erage o v er the most
ecent 3 Myr. Galaxies with high EWs typically have high sSFR, with
ELGs having sSFR typically abo v e 10–20 Gyr −1 (meaning mass-
oubling times of � 100 Myr). This relation is fundamental as the
igh sSFR is needed in EELGs for the nebular lines to dominate o v er
he rest-optical stellar continuum (to produce a large EW), which in 
urn drives the mass-weighted-age to low values as seen in Fig. 12 . 

On the other hand, the larger dynamic range among non-EELGs 
eflects the greater variety of SFHs in this subsample. Likewise, we 
nd that this pattern is repeated in the luminosity-weighted-ages, 
ith EELGs showing ages below ∼ 5 Myr. 17 Here, the young, 
assive stars necessary to produce the ionizing radiation that 

ower the nebular emission lines outshine the light from older 
7 Only two non-EELGs have luminosity-weighted ages below the 5 Myr 
ividing line; one is the potential AGN ID:10013704 with an [O III ] λ5007 
W = 649 ± 13 Å and the other is ID 10013609 which has a an EW = 637 ±
8. 

t  

s  

t
t  

i  

s

tellar populations in the rest-frame V band, heavily skewing the 
uminosity-weighted ages. We find greater discrimination between 
ELGs and non-EELGs in the luminosity-weighted ages than in 

he mass-weighted figure (due to the high luminosity of the highest
ass and shortest lived O- and B-type stars), and we note that all

ar one non-EELG is consistent within 1 σ with an age > 5 Myr and
ll EELGs are consistent within 1 σ with ages younger than this. 

.4.2 SFH and SFR duty cycle 

e can use the SFH of each galaxy, returned by BEAGLE , to assess
heir duty cycle of star formation (i.e. what fraction of time a galaxy
pends in an active star-forming phase), which is a measure of the
burstiness’ of star formation. We are interested in whether EELGs 
how an upturn or burst in their SFR in the last few million years,
he period corresponding to the short lifetime of the massive O-type
tars which provide the source of the ionizing radiation which power
he nebular emission. Some of this information is encapsulated in 
he sSFR (Fig. 13 ), but we caution that the stellar masses returned
n the fitting may miss very old stellar populations which do not
ignificantly contribute to the observed light. Hence, to analyse 
MNRAS 535, 1796–1828 (2024) 
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Figure 13. The sSFR dependence on the [O III ] λ5007 emission line EW (utilizing the 3 Myr short-term SFR to determine sSFR). The shaded region marks the 
EELG EW threshold of [O III ] λ5007 > 750 Å. Two potential AGNs are shown in green and we distinguish our high- and low-redshift galaxies (split at z = 5 . 7) 
as diamonds and squares, respectively. We additionally split our sample into four equal EW bins and plot the average sSFR for each bin as blue crosses. 
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he recent variability (burstiness) of the star formation, that the
bservations are more sensitive to than the overall stellar mass,
n Fig. 14 we show the ratio of the intensity of the very recent
FR 

18 to the average SFR over a longer time-scale preceding this
extending to 100 Myr 19 ), and compare this with the equi v alent width
f [O III ] λ5007. We adopt a comparison period of 100 Myr because
his is the time-scale o v er which the rest-frame UV continuum can be
sed as an SFR indicator (Section 4.3 ), and hence if star formation
s intrinsically bursty on shorter time-scales than this it will be
evealed through a comparison of SFR 100 to the SFR inferred from the
mission lines (which respond to star formation within < 10 Myr). 

The majority of EELGs have recent SFRs which are more than
wice the longer-term average (over the past ∼100 Myr), with many
howing a factor of 10 increase in SFR, implying that a recent sharp
pturn in the SFH is required to produce an EELG. In these panels
e draw on a horizontal line at the SFR short−term 

/ SFR long −term 

= 2,
his roughly splits the EELG and non-EELG samples albeit with
ome scatter. We remind the reader that the 750 Å [O III ] λ5007 EW is
rbitrary and we do not necessarily expect two fully distinct samples
o emerge (i.e. the population is continuous rather than bimodal). 

As can be seen from Fig. 14 , galaxies with high short-term/long-
erm SFR ratios are typically EELGs, but we now briefly discuss
hose with high ratios and lower EWs. In the lower panels of Fig. 14 ,
e repeat the 3 Myr/3–100 Myr -a verage SFR ratio and colour code
y the total mass (left panel) and the luminosity-weighted age (right
anel) of the galaxies. Here, we notice that the non-EELGs with
FR ratios abo v e our horizontal line are low mass and have young
NRAS 535, 1796–1828 (2024) 

8 For the ‘short-term’ SFR, we consider the instantaneous SFR, as well as 
hat averaged over the most recent 3 or 5 Myr, and for the ‘long-term’ SFR, 
e consider the remaining SFH extending back 100 Myr. 

9 We note that many of our galaxies have luminosity-weighted ages younger 
han 100 Myr (see Table E1 ), but for each galaxy we average the SFR over 
he entire preceding 100 Myr for consistenc y, ev en if the galaxy formed more 
ecently. 
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uminosity-weighted-ages, yet exhibit low EWs. These highly bursty
ut low-EW outliers could be due to unaccounted escape of ionizing
hotons (which is not included in the BEAGLE fits, where f esc is
et to 0), or alternatively we are catching them very shortly after an
ELG phase ( ∼ 10 Myr) when the emission lines are dying away. 
We note considerable scatter around these relations, some of which

esults from the signal-to-noise ratio of the observations but also
otentially the parametric form of the SFH we impose for the BEAGLE

tting which may not be fully appropriate for a more complicated
ctual SFH. The scatter in Fig. 14 indicates that it may not be the
FH alone which go v erns the EW of the rest optical lines, but other
actors such as dust attenuation and metallicity may play a role. 

The high SFR short−term 

/SFR long −term 

ratio we see in our EELG
ample (with a median value of 4.2 compared to 0.8 for non-EELGs
or the 3 Myr short-term time-scale) suggests that we are catching
he EELG galaxies in an ‘on phase’ of active star formation which
s short compared to the ‘off phase’ of less-active star formation
where the galaxy will not be an EELG in this part of the duty cycle).
he high excess of SFR at recent times compared to the long-term
verage suggests we are witnessing a short duration burst in EELGs.
his is supported by the high sSFR we observe in our EELG sample

n Fig. 13 . 
To examine the SFH as a function of EW in our sample, we stack

he SFHs o v er the last 100 Myr of each galaxy into four [O III ] λ5007
W bins. To produce each stack we take the BEAGLE SFH with a
 Myr time-step and normalize each individual SFH so the mass
ormed in the last 100 Myr is equal, then for each EW bin we stack
he subsets performing a median average. We re-normalize the stacks
o have equal mass and present these stacks in Fig. 15 . We find that
he stacks of the higher the EW bins have a greater proportion of star
ormation occurring in the most recent 10Myr, as expected for the
ime period o v er which the nebular emission occurs. For the bins of
ower EW, the stars are on average older with star formation in the last
0 Myr lower compared to activity at earlier times. Interestingly, we
ote that the moderate EW stacks (250 < EW < 500 and 500 <
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Figure 14. Burst fractions against log 10 ([O III ] λ5007EW) for our full sample. Top row, from left to right: The ratio of the average SFR over the most recent 
burst period (instantaneous, 3 Myr, 5 Myr) to the av erage SFR o v er the remaining period that makes up 100 Myr (100 Myr , 97 Myr , 95 Myr). Bottom row, left 
to right: the 3 Myr burst plot now colour coded by total mass and luminosity weighted age. Horizontal lines at an SFR ratio = 2 have been included to indicate 
a rough split between the EELG and non-EELG populations. The shaded region marks the EELG EW threshold of [O III ] λ5007 > 750 Å. We distinguish our 
high- and low-redshift galaxies (split at z = 5 . 7) as diamonds and squares, respectively. 

Figure 15. Median stacks of the BEAGLE SFHs for 4 [O III ] λ5007 EW bins 
( EW < 250 Å, 250 < EW < 500 Å, 500 < EW < 750 Å, EW > 750 Å), 
each stack normalized to have equal mass formed. 
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W < 750) exhibit a peak of star formation just before a lookback
ime of 10Myr. Such a bump in an SFH at this lookback time would
enerate a blue UV spectral slope β yet yield a low EW of nebular
mission lines. This SFH may reflect a scenario where star formation 
as recently been quenched in these galaxies. Alternatively perhaps, 
hese galaxies may be actively star forming at this current epoch but
ay have high escape of ionizing photons and hence have lower EW.
Finally, using our BEAGLE SFHs we can measure a duty cycle for

ach galaxy. Here, we define the duty cycle as the fraction of the
ime (o v er the last 100 Myr) where the SFR of the galaxy exceeds
ur approximate threshold for an EELG (when the measured SFR 

xceeds the long-term average SFR by a factor of 3). The fraction
f the time spent in this ‘active phase’ is shown in Fig. 16 . What is
pparent is that EELGs tend to have short duty cycles, spending an
verage of 5–10 per cent of the last 100 Myr in an active phase. The
on-EELGs show a marginally more extended distribution of duty 
ycles, although we cautionthat the parametric form of the SFH we
dopt (a recent burst, preceded by a delayed exponential) may be
ess appropriate for systems which have undergone a recent down- 
urn in star formation (due perhaps to quenching). Hence, the duty
ycle inferred for the non-EELGs is less reliable. It is likely that a
ubset of non-EELGs in our sample might actually be observed to
e EELG if we were to catch them at the right time in their SFH,
ut the more extended distribution duty cycles might imply there 
ay also be a population there that has a much smoother variation

f SFR (although again we caution that the non-EELG duty cycle
etermination may be subject to uncertainty due to the parametric 
orm of the SFH adopted). Ho we v er, o v erall our results indicate that
tar formation at high redshift has a significant contribution from 

ursty systems. 

.5 EELGs as bursty star formers: a repeating burst model 

he BEAGLE fits we performed involved an ongoing starburst of 
ariable duration following a delayed exponential SFH. At high- 
edshift bursty star formation plays an increasing role (Looser et al.
023 ; Sun et al. 2023a ; Dressler et al. 2024 ) to assess whether EELGs
ould be such bursty galaxies caught in an on-phase we introduce a
oy model for the SFH, whereby there are repeated identical ‘top hat’
ursts of star formation that are regularly spaced in time. We vary the
MNRAS 535, 1796–1828 (2024) 
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Figure 16. Duty cycle, defined as the fraction of time over the last 100 Myr that a galaxy has spent in an ‘active’ phase, when the SFR exceeds three times 
the 100 Myr average. Left: Normalized histogram of the duty cycle for EELGs (blue) and non-EELGs (orange). Right: The distribution of [O III ] λ5007 EW 

as a function of duty cycles, colour coded as the left panel. We distinguish our high- and low-redshift galaxies (split at z = 5 . 7) as diamonds and squares, 
respectively. We remove galaxies from these figure that never exceed the active-phase SFR threshold. 

Figure 17. The evolution of the sSFR (top panel), [O III ] λ5007 EW (Middle panel), and UV luminosity (bottom panel) following a repeating ‘top hat’ SFH 

of burst duration T burst = 10 Myr every T repeat = 40 Myr (shown in black in both panels). Our fiducial model adopts log 10 ( U ) = −2 and 10 per cent solar 
metallicity. The right y -axis in each panel shows the normalized SFR (dashed black line) with the evolving parameter shown in orange following the left y -axis. 
In the central panel, the shaded region marks the EELG EW threshold of [O III ] λ5007 > 750 Å. 
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uration and frequency of these bursts, and consider the equi v alent
idth of the [O III ] λ5007 emission as a function of time, assessing

or each burst duration and frequency the fraction of the time that
ur EELG criterion of EW > 750 Å would be met. 
In Fig. 17 , we show an example of the evolution of the EW([O III ])

or a burst of 10 Myr duration which repeats every 40 Myr (i.e. a star
ormation duty cycle of 25 per cent). We adopt a 10 per cent solar
NRAS 535, 1796–1828 (2024) 
etallicity and log 10 ( U ) = −2 fiducial model (aligning closely to
he properties of our EELG sample, see Section 4.2.2 , the lower
anel of Fig. 7 and the lower left panel of Fig. 6 ). We find that
alaxies following this SFH continue to meet the EELG threshold
ven after several successive bursts. However, the maximum EW
chieved in each successive burst decreases due to the older stellar
opulation starting to build up (as reflected in the sSFR in Fig. 17 ) and
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Figure 18. EELG on-phase as part of a repeated ‘top hat’ burst toy model 
for a grid of burst duration ( T duration ) and frequency (how often bursts repeat, 
T repeat ). Toy model run using our fiducial case (0.1 Z �, log 10 ( U ) = −2). Top: 
The fraction of repeated bursts o v er a 500 Myr period in which a galaxy 
achieves an EELG phase. Bottom: The fraction of time (over a 500 Myr 
period) a galaxies spends in an EELG phase. In both panels dashed diagonals 
present lines of constant star-forming duty cycles (DC = T duration / T repeat ). 
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ignificantly contributing to the continuum around 5007 Å, diluting 
he EW of the [O III ]. 

We consider different burst durations and frequencies up to an age 
f 500 Myr (which is about the age of a galaxy at the median redshift
f our EELG sample, z ≈ 5 . 7, which formed at z ≈ 10), and in the
op panel of Fig. 18 we show the fraction of the repeating bursts up to
00 Myr which reach an EELG phase. The bottom panel of Fig. 18
hows the total fraction of time o v er the 500 Myr of repeating bursts
hat a galaxy would be observed as an EELG. 

For a star-forming duty cycle (DC = T duration / T repeat ) of less than
.1, every burst of star formation results in a short lived EELG phase.
or higher DCs than this, the accumulation of low-mass stars (that 
ontribute to the stellar continuum at 5007 Å but not to the line
mission) prohibits the galaxy from reaching high EW in subsequent 
ursts, meaning that the galaxy no longer can enter an EELG phase
fter several cycles of star formation. 

The region of parameter space in our toy model that delivers the
reatest time spent as an EELG o v er 500 Myr has a DC ∼ 0 . 15.
owards higher DC, the EELG phase is prohibited in later bursts
as a significant older population of stars has built up, diluting the
ine emission), and at lower DC the galaxy spends such little time
n a burst that the total accumulation of time as an EELG is short.
herefore, we are most likely to catch an EELG with a duty cycle of
0–20 per cent (model dependent). 
Although the toy-model of repeating bursts presented here is not 

xactly the same as the SFH adopted for the BEAGLE SED fitting,
oth approaches indicate that star formation duty cycles of ≈ 10 –20
er cent are likely to yield galaxies with an EELG phase. 

Tak en at f ace value, it seems curious that EELGs comprise
2 per cent of our spectroscopic sample (rising to 62 per cent for
he z > 5 . 7 subsample), while from the SFH we infer a short ‘on-
hase’ where a young galaxy will spend only ∼ 10 per cent of its time
s an EELG. This can be reconciled when we consider that our high-
edshift sample is selected in the rest-frame UV. In our toy model,
e assume top hat bursts with zero star formation in the off-phase.
s can be seen from Fig. 17 , after a burst of duration ∼ 10 Myr the
V flux at 1500 Å our preferred model will drop by a factor of 5
 v er the first 10 Myr and by a factor 10 after 20 Myr. With such UV
imming it may not enter our UV-selected sample, as seen in Fig.
 . This implies that galaxies in an EELG phase can be boosted into
ur sample during an on-duty phase, but would be missed during
he off-duty phase. This also explains why the EELGs have lower
tellar masses on average than the non-EELGs (which would be 
etectable in our spectroscopy even if they have much lower sSFRs
han the EELGs). Lower mass galaxies are expected to be much more
umerous (the stellar mass function may be Schechter in shape, e.g.
eibel et al. 2024 ), but only those in a transitory phase of intense

tar formation will be bright enough to appear in our spectroscopic
ample. 

 DI SCUSSI ON  

aving identified a sample of EELGs and examined how their galaxy
roperties (line diagnostics, UV-properties, SFHs) compare to non- 
ELGs, we can now assess what conditions are required for a galaxy

o enter an EELG phase. We will discuss what physical characteristics
rive a galaxy to have extreme equi v alent width line emission in
ection 5.1 . We will then consider these conditions in the context of

he high rate of Ly α emission line detections in our EELG sample in
ection 5.2 . Finally, we will discuss in Section 5.3 how the fraction
f SFGs in an EELG phase changes with redshift and what evolution
n galaxy properties may drive this. 

.1 What causes SFGs to enter an EELG phase? 

rom our sample of EELGs, we have determined consistent charac- 
eristics that all EELGs exhibit, and what observational features are 
istinct from non-EELGs. We determine that galaxies can enter an 
ELG phase if they meet the following conditions: 

(i) They contain a young stellar population, with the highest EWs 
oming from stellar populations caught in the first few Myr . This
nsures the presence of massive, hot O-type stars in the stellar
opulation which drive the rest-UV nebular emission through their 
onizing UV emission. The blue rest-UV spectral slopes ( β) typically
een in EELGs are consistent with this very young stellar population
ominating the light, and the SED fitting also finds very low-mass-
eighted ages (compared with non-EELGs). 
(ii) These young stellar populations must exhibit low levels of 

hemical enrichment and dust. Many EELGs are consistent with 
o dust – we note that differential dust reddening between the 
ebular emission lines (the star-forming regions) and the surrounding 
ontinuum from older stars will decrease the observed EW. In 
erms of metallicity, our EELG sample conforms to the trend 
MNRAS 535, 1796–1828 (2024) 



1816 K. Boyett et al. 

M

t  

o  

T  

l  

a  

c  

o  

h  

t

e  

S  

i  

c  

a
 

r  

f  

l  

b  

o  

o

 

W  

n  

c  

n  

v  

E  

r  

r  

u  

c
 

e  

l  

c  

e  

l  

s  

f  

s

5

A  

L  

E  

d  

C  

w
f  

w  

e  

L  

t  

p
r  

s  

i
e  

e  

w  

o  

E  

f  

w  

a  

m  

e
 

a
e  

t  

t  

t  

T  

s  

l  

n  

n  

s  

h  

S  

w  

2  

e  

(  

e  

c  

t  

y  

p  

g
 

d  

E  

2  

t  

z  

a  

L  

e

5

A  

a  

d  

p  

m
 

f  

l  

s  

r  

b  

i  

z  

f  

a  

2  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/2/1796/7840384 by Sarah D
akin user on 25 April 2025
hat the highest EWs are being produced in galaxies with low
xygen abundance (subsolar, although not extremely metal poor).
his reflects that the collisionally excited [O III ] λ5007 emission line

uminosity increases with the electron temperature, which increases
t lower oxygen abundances due to the restriction in the metal line
ooling mechanisms (in extremely metal-poor environments the lack
f oxygen atoms will reduce the luminosity). The EELGs also exhibit
igh O32 ratios (and correspondingly high ionization parameters),
ypical of low-metallicity galaxies at high redshift. 

(iii) These young stellar populations must be part of a rising SFH –
ither a very recent burst of star formation activity, or a more extended
FH which has recently seen a rapid upturn in SFR. Typically, EELGs

n our full sample exhibit a greatly ele v ated SFR in the recent past
ompared with the long term average. With EELGs typically having
 short-term/long-term SFR ratio > 3. 

(iv) The mass created in the recent burst (in the last 10 Myr and
esponsible for the nebular emission) must make up a significant
raction of the total mass. This is seen in the young mass- and
uminosity-weighted-ages among the EELG subsample which are
elow 10 Myr. These young ages reflect that there is no significant
lder stellar population that would produce continuum in the rest-
ptical strong enough to dilute the EW. 

From our sample, these are all necessary conditions for an EELG.
e note there are galaxies that meet these conditions and yet are

ot EELGs. Hence, these appear to be necessary but not sufficient
onditions for galaxies to be in an EELGs phase. For example, we
ote that galaxies meeting all of these conditions but also exhibiting
ery high escape fractions of ionizing photons will show low
Ws, as the Lyman continuum photons leak out before generating

ecombination and nebular lines. Therefore it is plausible that there
emains a population of ideal ionizing photon producers that are also
ltra-efficient emitters (specifically Lyman-leakers) that will not be
aptured by an EELG selection. 

We note that one EELG in our sample (3 per cent, 1/36, ID: 8083)
xhibits a broad H α emission line and a narrow [O III ] λ5007 emission
ine, suggesting that the emission we are observing is partially
oming from a broad-line region around an AGN (see Maiolino
t al. 2023 ). None of the other EELGs in our sample exhibit a broad
ine component to any recombination line. Therefore in at least one
ystem the ionizing radiation field is not solely generated by star
ormation but may have a contribution from other hard ionizing
ources (e.g. an AGN). 

.2 Connection to LAEs 

s we reported in Section 4.2.1 , the fraction of galaxies with detected
y α emission is higher in our EELG samples than in our non-
ELG samples, with 53 per cent (9/17) of high-redshift EELGs
etermined to also be Ly α emitters. This measurement is inline with
hen et al. ( 2023 ) who determined that 9/24 (38 per cent) galaxies
ith [O III ] + H β EW > 1000 Å (roughly [O III ] λ5007 EW > 750 Å

ollowing the Tang et al. 2019 relations) have Ly α detections,
hich they use to determine that 50 ± 11 per cent of z ∼ 6 galaxies

xhibit high Ly α escape fraction ( f Lyα
esc > 0 . 2). The production of

y α photons may be expected to be higher in EELGs considering
hat within these active star-forming galaxies, the young stellar
opulations will produce ionizing photons which should yield Ly α
ecombination line emission. Ho we ver, typically Ly α photons are
trongly suppressed within the galaxies through resonant scattering
n an optically thick environment. In the case of LAEs where Ly α
mission does escape, our observations are aligned with sight-lines
NRAS 535, 1796–1828 (2024) 
xhibiting a lower column density of neutral hydrogen that exists
ithin these systems and hence allows the Ly α photons to escape in
ur direction. The high LAE fraction (53 per cent) in our high-redshift
ELG sample, suggests that these EELGs have a low co v ering

raction of neutral gas, creating channels of lower column density,
hich may have been generated by a bursty SFH (which may ionise

nd/or expel gas, e.g. Katz et al. 2023 ), although we note that there
ust be some remaining neutral gas in the ISM to produce the line

mission that we observe in our EELGs. 
Furthermore, for the Ly α photons that are produced in a galaxy

nd escape from the ISM and CGM, our observation of any Ly α
mission additionally depends on the transmission of these photons
hrough the local IGM surrounding the galaxy. At high-redshifts
hese LAEs likely lie within large ionized bubbles, either created by
heir own stellar populations or from close proximity neighbours.
he large ionized bubbles allow the transmission of Ly α photons
uch that they can travel unimpeded until they are redshifted to
onger wavelengths before they interact and are scattered by any
eutral hydrogen in the IGM. Although a visual inspection of the
ine high-redshift EELG-LAEs shows that all are compact isolated
ystems, the JADES surv e y and FRESCO data (Oesch et al. 2023 )
av e rev ealed large-scale structures at various redshifts in GOODS-
outh, and several of our EELGs which exhibit Ly α emission lie
ithin known o v erdense re gions at z = 5 . 8 –5 . 9 (Stanway et al. 2004 ,
007 ; Helton et al. 2024 ) and z = 7 . 3 (Helton et al. 2024 ; Endsley
t al. 2024 ), as can been seen in Fig. 1 . As noted by Witstok et al.
 2024 ), these o v erdensities may lead to a highly ionized IGM and
nhanced transmission of Ly α. Ho we ver, not all of our EELG-LAEs
oincide with these known o v erdense re gions and it is unlikely that
hese systems created their own ionized bubbles considering how
oung the stellar populations are. Instead, they may indicate the
resence of previously undetected o v erdense re gions populated by
alaxies below our observational sensitivity. 

In our low-redshift EELG sample the fraction of EELGs with
etected Ly α emission is lower at 33 per cent than the high-redshift
ELG subsample. This is consistent with the findings of (Stark et al.
010 ; Stark, Ellis & Ouchi 2011 ) who determine the fraction of LBGs
hat are Ly α emitters ( X Lyα) increases with redshift from z = 4 to
 = 6 (the end of the EoR). Since the IGM plays an increasing role
s z = 6 is approached (and into the EoR), the evolution of the true
y α emission, after IGM absorption has been corrected for, may
ven be more dramatic. 

.3 Evolution of the EELG fraction 

s we have discussed, galaxies may spend periods of their SFH in
n EELG phase when they meet a set of ideal conditions. We can
etermine the fraction of galaxies in our surv e y which are in an EELG
hase (hereafter, the EELG fraction) and look at how this fraction
ay change with redshift. 
Our full JWST /NIRSpec sample allows us to measure the EELG

raction both in the EoR and at lower redshifts (3 < z < 6). In the
eft panel of Fig. 19 , we show the fraction of galaxies in our full
ample that exhibit an [O III ] λ5007 EW > 750 Å split into three
oughly equal size redshift bins (our high-redshift sample at z > 5 . 7
ecomes one bin, and we divide our low-redshift sample equally
nto two bins at 3 < z < 4 . 1 and 4 . 1 < z < 5 . 7). We note that at
 > 5 . 7 we have a UV selected sample and we create a similar cut
or the two lower redshift bins by removing galaxies fainter than an
pparent UV AB magnitude = 29 (see sample selection in Section
.2 and the M UV distribution of our sample in Fig. 8 ). To compute
he uncertainty on our EELG fractions, we randomly vary the EW of
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Figure 19. The observed fraction of galaxies in an EELG phase ([O III ] λ5007 EW > 750 Å) as a function of redshift. In the left panel, we plot the EELG fraction 
within our full sample (those with spectroscopically confirmed redshift), and in the right panel, we plot the EELG fraction additionally considering JADES 
targets which did not have multiple emission line detections and were excluded from our full sample (under the assumption that the photometric redshift is 
correct and the lack of extreme emission lines means these are not EELGs). In both panels, our full sample is split into three redshift bins of roughly equal size 
(orange diamonds, �). The two lower redshift bins ( z < 5 . 7) are shown before and after an apparent UV magnitude cut at mag = 29 (shown without and with 
a black border, respectively) is applied to match our high-redshift bin. We o v erlay the spectroscopically determined z ∼ 2 EELG fraction from Boyett et al. 
( 2022a ) (red diamonds, �) and combine these with the data points in our work to determine the best-fitting power-law relation and 1 σ uncertainty (blue line and 
shaded region). We additionally overlay in grey EELG fractions determined from photometric surveys. The Endsley et al. ( 2021 ) z ∼ 7 IRAC/ Spitzer EELG 

fraction is shown as a square ( �), with the Boyett et al. ( 2022a ) best-fitting relation using this point shown as the black dashed line. Crosses, stars and triangles 
( � , ‹, � ) present the Endsley et al. ( 2024 ) JADES/NIRCam EELG fractions for their bright, faint and very faint M UV samples. The plus ( � ) shows the Endsley 
et al. ( 2023 ) CEERS/NIRCam EELG fraction. 
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ach individual galaxy according to their measurement uncertainty 
nd determine the fraction that have an EW above our EELG
hreshold, we repeat this n = 1000 times and report the standard
eviation on the resultant EELG fraction distribution as the fraction 
ncertainty. 
To make a fair comparison o v er a range of redshifts, we include

tudies based on a similar UV selection. Prior to JWST , measurements
f the EELG fraction in rest-frame UV selected surv e ys had been
ade at z ∼ 2 using HST /grism spectroscopy (Boyett et al. 2022a , for
 UV < −19 mag) and at z ∼ 7 using Spitzer /IRAC photometric flux

 xcess (Endsle y et al. 2021 ). Comparing these tw o samples, Bo yett
t al. ( 2022a ) determined that the EELG fraction increased with
edshift by a factor of 10, from ∼ 4 per cent at z ∼ 2 to ∼ 40 per cent
t z ∼ 7. We o v erlay the Boyett et al. ( 2022a ) relation for the redshift
volution of the EELG fraction in Fig. 19 . We additionally o v erlay
wo recent photometric [O III ] + H β EW distribution studies by
ndsley et al. ( 2023 , 2024 ) at 6 < z < 9, and here we determine

he EELG fraction adopting the [O III ]-H β EW relation from Tang
t al. ( 2019 ). We note that the z ∼ 6 and z ∼ 8 samples from Endsley
t al. ( 2024 ) have been split into a bright ( M UV < −19 . 5), faint
 −19 . 5 < M UV < −18), and a very faint ( M UV > −18) subsample. 

We find that the EELG fraction in our spectroscopically confirmed 
ample increases with redshift, from 0 . 23 + 0 . 04 

−0 . 01 in our lowest redshift
in (3 < z < 4 . 1) to 0 . 61 ± 0 . 04 in our highest bin ( z > 5 . 7), after
e have applied the UV selection (see left panel in Fig. 19 ). We
easure consistent EELG fractions (within 1 σ ) with and without 

pplying our additional UV selection criteria, for both the lowest 
edshift and intermediate redshift bins. Comparing our results to 
iterature values, the EELG fractions in our full sample exceed the
easurements determined in photometric surv e ys at similar redshifts. 
e fit a power law (1 + z) P relation to the spectroscopic EELG frac-

ions from our full sample and those from Boyett et al. ( 2022a ), and
etermine a best fit P = 2 . 6 ± 0 . 1 and the expected normalization of
he EELG fraction at z = 0 to be 0 . 30 per cent ± 0 . 01 per cent . This
elation means that half of all galaxies in a UV-magnitude selection
uch as ours for which we have spectroscopic redshift are in an EELG
hase at z > 6. 
The larger EELG fraction in our full sample compared to high-

edshift photometric surv e ys may be down to our initial sample
election requirement of multiple detected emission lines in our 
IRSpec spectroscopy. This restriction will remo v e galaxies from 

ur sample that have low EWs, where the corresponding line 
mission is below the sensitivity of our observations. To correct 
or this bias, in the right panel of Fig. 19 , we plot the EELG
raction for the same bins where we now consider the complete
ist of JADES targets for which spectra were obtained. If we make
MNRAS 535, 1796–1828 (2024) 
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he assumption that the 133 galaxies with expected redshifts z > 3
ut without multiple NIRSpec line detections (which were remo v ed
uring our sample selection) have correct photometric redshifts, then
he EELG fractions reduce. In the lowest redshift bin (3 < z < 4 . 1)
he EELG fraction changes from 0 . 23 + 0 . 04 

−0 . 01 using the sample with
obust redshifts from multiple emission lines to 0 . 12 ± 0 . 02 using
he full JADES target list. In the middle redshift bin (4 . 1 < z < 5 . 7)
he change in the fraction is from 0 . 41 ± 0 . 03 to 0 . 31 ± 0 . 03. In
he highest redshift bin (5 . 7 < z < 9 . 5), the fraction changes from
 . 61 ± 0 . 04 based on the robust redshift sample to 0 . 47 ± 0 . 03 using
he entire JADES targets. While this assumption, that the photometric
edshift is correct in the absence of a spectroscopic redshift, may not
e robust, and many targeted galaxies may not have line detections
or reasons beyond low EW (e.g. incorrect photometric redshifts,
lacement within the slit), it does demonstrate that by considering
on-detections the EELG fraction is lower. In our lowest redshift
in there is better agreement with the Boyett et al. ( 2022a ) best
t relation. Ho we ver, in our highest redshift bin, we still have a

arger EELG fraction than expected from the extrapolation of the
oyett et al. ( 2022a ) relation. We also find good agreement with

he z ∼ 6 Endsley et al. ( 2024 ) ‘bright’ sample ( M UV < −19 . 5).
e again determine a best fit power law model, with a measured
 = 2 . 8 ± 0 . 1 and the expected normalization of the EELG fraction
t z = 0 to be 0 . 18 per cent ± 0 . 01 per cent . This initial JADES
pectroscopy from DR1 used for this paper is largely based on a
election from HST imaging, and was by design and necessity (given
he short wavelengths) primarily a rest-frame UV-based selection.
ence, we have compared the EELG fraction in our UV-based

election with comparable selections in the literature, accounting
or the impact on completeness introduced by only a subset of our
pectroscopically targetted galaxies having multiple emission lines
or a robust redshift. JADES spectra taken later in the surv e y benefit
rom a selection based on JADES JWST /NIRCam imaging in the
OODS fields (as well as HST photometry), enabling use to select
 sample based on longer rest-frame wavelengths which are more
ensitive to the underlying stellar mass rather than the recent SFH.
n a future paper we will look at the evolution of the EELG fraction
ith redshift in a stellar-mass limited sample, as well as in a rest-

rame UV sample significantly larger than that used in this paper
which will enable consistent UV absolute magnitude cuts to be used
n many redshift bins while retaining large numbers of galaxies for
obust statistics). 

To consider why the observed EELG fraction within our UV-
elected sample may change with redshift, we revisit the conditions
hat must be satisfied for a galaxy to enter an EELG phase. Many
f the galaxy properties that we have based criteria on are known to
volve with redshift. At fixed stellar mass, simple galaxy models
redict that the sSFR is expected to increase with redshift (e.g.
acchella et al. 2018 ), driving higher EWs. The average metallicity
nd dust content is also lower in the galaxy population at higher
edshift (e.g. Curti et al. 2024 ; Langeroodi et al. 2023 ), further
oosting the [O III ] emission line luminosity. The evolution of these
alaxy properties means the average observed [O III ] EW in the
alaxy population will increase with redshift and hence a greater
roportion of the galaxy population at high redshift will meet the
onditions needed to enter an EELG phase. 

Although harder to constrain through observations, the star for-
ation duty cycle within the galaxy population is also expected to

hange with redshift. Evolution in the galaxy merger rate, galaxy
ynamical time-scale and rate of gas accretion, all affect the fraction
f time a galaxy spends in an active phase of star formation (Kimm
t al. 2015 ; Ceverino et al. 2018 ; Faucher-Gigu ̀ere 2018 ; Furlanetto &
NRAS 535, 1796–1828 (2024) 
irocha 2022 ). These changes may allow galaxies to enter an active
tar-forming phase more frequently at high redshift, again increasing
he fraction of objects observed in an on-phase as EELGs. 

Interestingly, Endsley et al. ( 2024 ) measure a decrease in the EELG
raction for each of their M UV bins between z ∼ 6 and z ∼ 8. This
uggests that the evolution turns o v er at v ery high redshift, which
s not captured by our best fit power law relation. Such a turn o v er
ay be due to a further decrease in the metallicity limiting the [O III ]

mission line luminosity or other changes in the galaxy population
roperties (e.g. f esc ). From this initial DR1 data release, we do not
ave a large enough sample at z ∼ 8 to place statistically significant
onstraints on the EELG fraction to investigate the presence of a
urn-o v er. Ho we ver, the full JADES spectroscopic survey should
ave sufficient size to test this, and this will be the subject of a future
aper. 

Finally, we note that because of the greater fraction of galaxies in
n EELG phase at higher redshift, and the evidence for EELGs being
roductive ionizing photon producers (high ξHII 

ion , see Section 4.3.1 ),
alaxies in an EELG phase therefore have the potential to play an
mportant role in the reionization of the Universe. 

 C O N C L U S I O N S  

hrough a JWST /NIRSpec spectroscopic sample of SFGs o v er
 broad redshift range (3 < z < 9 . 5), we examine what galaxy
roperties cause a galaxy to enter an EELG phase. Out of our sample
f 85 SFGs, 42 per cent (36/85) exhibit [O III ] λ5007 rest-frame
qui v alent widths consistent with being > 750 Å. This subsample
f EELGs shows high EWs in both the [O III ] λ5007 and H α

mission lines. They are characterized by a hard ionizing radiation
eld, observed through the ionization state of the ISM (with O32
 10); a subsolar, although not extremely metal poor, oxygen abun-

ance (7 < log 10 ( O / H ) < 8 . 5); a high ionizing photon production
fficiency (with mean log 10 ( ξ

HII 
ion / erg −1 Hz ) = 25 . 5 ± 0 . 2); and low

evels of dust attenuation (consistent with minimal or no dust, with
 mean A 1600 = 0 . 4 ± 0 . 1). These properties boost the [O III ] λ5007
ine luminosity, and hence the EW. The high ionization state of
he ISM and the high emission line EWs observed in EELGs is
riven by the hot O-type stars in young stellar populations, which
e also observe in the characteristically blue UV spectral slopes

 β) of our EELG sample (with mean observed β = −2 . 2 ± 0 . 1,
here we quote the standard error on the mean). Through SED
odelling of the full prism spectrum using BEAGLE , we constrain

he SFHs of our sample, determining that EELGs typically exhibit a
oung luminosity-weighted ages ( < 5 Myr) and a recent SFR (either
nstantaneous, or av eraged o v er a 3 or 5Myr lookback time) that
xceeds the long-term average (measured out to a lookback time of
00Myr preceding the recent-measurement time frame) by a factor
f 2, with a median excess of 4.3. 
We note that these properties that EELGs exhibit are all necessary,

ut not sufficient conditions for a galaxy to enter an EELG phase,
ith several lower EW ([O III ] λ5007 EW < 500 Å) systems in our

ull sample also exhibiting a subset of these characteristics (e.g. blue
slopes or high short-term/long-term SFR ratios). In these cases

here low EWs are found in galaxies matching part of our EELG
hase criteria, we must consider the roles of dust, metallicity and
he escape fraction of ionizing photons in modulating the equi v alent
idth (as it is the UV-ionizing photons that do not leak from the
alaxy that drive the nebular line emission). 

Stacking the SFHs in bins of [O III ] λ5007 EW we determine that
ELGs produce most of their mass within a lookback of 10 Myr,
hile lower EW stacks fa v our histories where the peak of star
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ormation occurs at greater lookback times with a drop in the SFR
 v er the last 10 Myr (the time period responsible for the ionizing
hoton that drive the nebula line emission). 
The BEAGLE SED-fitting suggests that SFGs only enter an EELG 

hase during short-lived periods of rapid star formation. We deter- 
ine from BEAGLE single-stellar population models 20 that the highest 

robability star-forming duty cycle for an EELG is 10–20 per cent 
for a metallicity and ionization parameter: 0.1Z �, log 10 ( U ) = −2.0),
dopting a top hat duty cycle paramatrization. This optimum duty 
ycle is consistent with the fraction of the last 100 Myr when galaxies
n our sample exhibit a short-term/long-term SFR excess of 3 (a 
hreshold which defines an on-phase from our EELG subsample). 
his suggests that our full spectroscopic sample contains both EELGs 
urrently in an on-phase as well as galaxies with the same duty cycle
ut captured in an off-phase which are not EELGs but are sufficiently
right in the rest-UV to have entered our spectroscopic selection. 
These off-phases make up a greater proportion of the total SFH 

nd are accompanied by a dimming of the UV luminosity. Therefore, 
FGs may be boosted into our UV-selected sample during an on- 
hase as an EELG, confirming why we observe that lower mass
alaxies in our sample typically exhibit higher EWs (as a similar
ass galaxy in an off-phase may not satisfy our UV selection). 
The bursty SFHs in our EELGs may also be responsible for the

igh detection rate of Ly α emission, with 53 per cent (9/17) of high-
edshift ( z > 5 . 7) EELGs confirmed to be Ly α emitters, compared
o only 18 per cent (2/11) of high-redshift non-EELGs. The rate of
AE detection highlights that the conditions required to enter an 
ELG phase also promote the escape of Ly α photons, through the 

onization or removal of neutral gas via outflows along our sight line.
Across our full sample (3 < z < 9 . 5), 42 per cent of our sample

atisfy our [O III ] λ5007 EELG threshold. Splitting our full sample
t z = 5 . 7, we find that the fraction of galaxies in an EELG phase
ncreases with redshift, with 61 ± 4 per cent of our full sample at
 > 5 . 7 in an EELG phase. At these high redshifts, a greater fraction
f galaxies are exhibiting high equi v alent width line emission through
he combination of the redshift evolution in the metallicity and the 
uty cycle, along with the relative youth of the Universe meaning that
lder stellar populations have had less chance to form and contribute 
o the rest-frame optical continuum. 

This combination of the high EELG fraction during the EoR 

nd the high ionization efficiency in EELGs makes these galaxies 
roductive ionizing photon producers. EELGs during the EoR may 
herefore contribute significantly to the ionizing radiation field 
esponsible for reionizing the Universe. 
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Figure A2. Comparison of [O III ] λ5007 EW derived using the continuum 

flux density measured from the line contaminated filter and the prism 

spectrum. Here, we have restricted the full sample to those with continuum 

S/N per pixel above 1. Good agreement is found when a significant continuum 

signal to noise (per pixel) is obtained in the spectroscopy. 
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PPEN D IX  A :  A LT E R NAT I V E  EW  

E A SUREM ENT  ESTIMATES  

hen computing the EW we use the broad-band photometry to 
easure the flux density of the continuum. When possible our 

hoice of filter is the one contaminated by the line in question.
n this appendix, we check the consistency of our EW with three
elated methods: using the measured continuum flux density from 

he spectroscopy, taking the photometry from an adjacent filter –
ncontaminated by the emission line in question; and using the line 
ux from the higher resolution R1000 grating. 

1 Uncontaminated broad-band filter comparison 

hen we do not have NIRCam imaging of the galaxy in the broad-
and filter co v ering the observ ed wav elength of the emission line, we
etermine an estimate of the flux density at the wavelength of the line
sing the nearest (and where possible contamination free) available 
lter. Again, we remo v e an y contribution from spectroscopically 
etected line emission to the selected broad-band filter, accounting 
or the wavelength-dependent filter transmission. In Fig. A1 , we 
resent the comparison of the [O III ] λ5007 EW determined using
he continuum flux density as measured in the contaminated filter 
nd the adjacent filter. We find that using the nearest available filter
rovides good agreement with the measurement made using the line 
ontaminated filter – with a scatter consistent with the variation of β
lopes in our sample. 

For 10/85 galaxies in our full sample, we do not have NIRCam
hotometry that co v ers the observed wavelength of the [O III ] λ5007
mission line. This is typically due to the NIRSpec and NIRCam
ootprints not being in perfect alignment and due to subtly different 
ootprints in the different filter bands (e.g. F444W co v ers a larger
rea than the SW filters, the Medium bands from JEMS co v er a subtly
ifferent footprint to the JADES broad-band filters). 
igure A1. Comparison of [O III ] λ5007 EW derived using the line contam- 
nated filter and the chosen adjacent filter for the continuum measurement. 
ood agreement is found albeit with large scatter due to the variation in 
easured β slope compared to our assumed β = −2. 
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When measuring the EW using an adjacent filter, the quoted errors
resent the statistical uncertainty on the line flux measurement and 
ignal to noise of the photometry. The quoted uncertainty does not
eflect the systematic uncertainty in the β assumption. 

2 Spectroscopic comparison 

e additionally compare the EWs derived from the broad-band 
hotometry with the EWs measured directly from the prism spectrum 

tself. Here, we present the EWs measured using the continuum in the
D spectra in Fig. A2 , where we show all the spectral measurements
here the signal to noise per pixel in the continuum is greater than 1

round the emission line. 
When the spectroscopy does not have a significant detection of 

he continuum, the inferred EW from the spectroscopy is highly 
ncertain (consistent with infinite EW in the limiting case of zero
ontinuum). We therefore adopt the continuum estimate based on the 
road-band photometry, corrected for line contamination using the 
pectroscopic line fluxes, as this provides better constraints on the 
W. 

3 prism and R1000 resolution comparison 

e note that the measured emission line fluxes are a factor of ∼
 . 08 larger in the R1000 resolution spectroscopy compared to the
rism spectroscopy (Bunker et al. 2023b ). We see this effect in the
easured EW in Fig. A3 , with the EW determined using the R1000

pectroscopy larger than those from the prism. We find that the
ntegrated prism spectra best recovers the reported broad-band flux 
ensities, and so we use these measurements as part of our study. 
MNRAS 535, 1796–1828 (2024) 
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M

Figure A3. Comparison of [O III ] λ5007 EWs measured using the line 
fluxes measured from the prism and the R1000 spectroscopy. Top panel: 
Direct comparison reveals a systematic offset with the R1000 spectroscopy 
o v erestimating the EW relative to the prism, seen most prominently at large 
EW. This offset is due to a systematic o v erestimate of the measured line 
flux between the prism and the R1000 spectroscopy, by a factor of 1.08, 
originating from differences in flux calibration during the data reduction (see 
Bunker et al. 2023b for details). Bottom panel: EW comparison after the 
R1000 measured line flux es hav e been corrected for the 1.08 factor. In both 
panels, the dashed line represents the 1:1 line. 
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Figure B1. Comparison of the measured M UV from the direct imaging 
photometry (using a Kron aperture) and from the NIRSpec spectroscopy. 
We split our sample into four redshift bins based on which imaging filter we 
used to measure the rest-frame 1500 Å, these utilize the HST /WFC3 F775W 

and JWST /NIRCam F090W, F115W, F150W filters. 
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PPENDIX  B:  M UV MEASUREMENT  F RO M  

HOTOMETRY  A N D  SPECTROSCOPY  

e want to ensure that the slitloss correction applied to the NIRSpec
rism spectroscopy, which uses the position of the target in the MSA
hutter and assumes a point-like source (see Bunker et al. 2023a
or details), performs a sufficient job at reco v ering the total flux of
ur targets. This is crucial for our estimate of M UV . To check the
 UV determined from the NIRSpec spectra in Section 4.3.1 , we

dditionally measure the rest-UV magnitude from direct imaging in
he filter closest to rest-frame 1500 Å (without including Lyman-
reak). We use the HST /WFC3 F775W filter for galaxies below
 < 4, the JWST /NIRCam F090W filter for galaxies 4 < z < 5 . 6,
he JWST /NIRCam F115W filter for galaxies 5 . 6 < z < 7 . 2 and
NRAS 535, 1796–1828 (2024) 
he JWST /NIRCam F150W filter for any galaxies at z > 7 . 2. The
hotometry for each galaxy in our sample in each filter is publicly
vailable as part of the JADES NIRCam data release 21 (Rieke et al.
023b ). 
A variety of aperture photometry measurements are available

or each target. These include a range of fixed circular aperture
easurements (up to 1 arcsec in diameter), an 80 per cent flux

adius aperture, as well as Kron aperture measurements (see Rieke
t al. 2023b for more details). We find consistent results for the
easured photometry from the Kron and the largest circular apertures

suggesting many of our targets are resolved and are extended). In
ig. B1 , we present the comparison of the M UV measurements from

he photometry and spectroscopy. We find good agreement for the
ajority of bright galaxies ( M UV < −18). Fainter that this, we find
 systematic offset with the UV magnitude being underestimated in
he spectroscopy by ∼ 0 . 5 magnitude compared to the photometric

easurement, although we note that these measurements are still
onsistent within the uncertainties. 

PPENDI X  C :  U V  LUMI NOSI TY-WEI GHTED  

PECTRAL  STAC K  

n Section 4.1 , we combined the spectra of multiple galaxies in stacks
o study the population properties of EELGs and non-EELGs at high
nd low redshift. To create the stacks we normalized each spectrum
o the rest-UV (1500 Å) and then average-combined the galaxies
pectra. This approach provides equal weight to all galaxies, whereas
e could alternatively combine our sample by weighting each

pectrum by the luminosity, ef fecti vely summing the luminosities
f the galaxies in the subsamples to obtain an indication of the total
pectrum produced by EELGs. This alternative approach means UV
uminous galaxies are weighted more strongly in the stacks. 

https://archive.stsci.edu/hlsp/jades


Extreme emission line galaxies from JADES 1823 

Figure C1. Stacks of the galaxy subsamples weighted by UV luminosity and split by redshift (at z = 5 . 7) and equi v alent width (at [O III ] λ5007 EW = 750 Å; 
see Fig. 3 for the non-weighted stacks). Top panel: The full spectral range. Middle panel: The rest-UV. Bottom panel: The rest-optical. 

Table C1. Galaxy properties derived for our UV-weighted stacked spectra, as in Table 2 . Properties marked with ( ∗) 
have been corrected for dust. Upper limits are given at 3 σ . 

Stack High- z EELG Low- z EELG High- z non-EELG Low- z non-EELG 

N galaxies 17 19 11 37 
[OIII] λ5007 EW 1406 ±71 1331 ±34 490 ±25 337 ±5 
H α EW 1102 ±102 971 ±31 434 ±36 273 ±5 
Ly α EW 32 ±2 11 ±3 < 7 < 25 
H α/H β 2.88 ±0.06 3.21 ±0.05 2.98 ±0.15 3.74 ±0.10 
A1600 0.03 ±0.07 0.44 ±0.06 0.15 ±0.19 1.01 ±0.10 
O32 ∗ 34.6 ±3.4 15.3 ±1.1 6.7 ±0.9 5.4 ±0.7 
R23 ∗ 6.9 ±0.3 8.6 ±0.5 7.9 ±0.9 10.2 ±1.2 
Ne3O2 ∗ 3.1 ±0.3 1.0 ±0.1 1.1 ±0.2 0.4 ±0.1 
12 + log 10 (O / H) 7 . 48 + 0 . 06 

−0 . 05 7 . 72 ± 0 . 07 7 . 74 + 0 . 13 
−0 . 12 8 . 03 + 0 . 09 

−0 . 15 
log 10 ( ξ

HII 
ion ) 25 . 48 ± 0 . 02 25 . 68 ± 0 . 02 25 . 36 ± 0 . 04 25 . 20 ± 0 . 04 

βobs -2.41 ±0.01 -2.21 ±0.02 -2.16 ±0.02 -1.89 ±0.01 
β∗

int -2.42 ±0.05 -2.45 ±0.05 -2.24 ±0.12 -2.44 ±0.06 
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Figure D1. The theoretical relation between the dust attenuation ( A 1600 ) for 
a given change in β slope, adopting the Calzetti et al. ( 2000 ) dust law. 
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We repeat the non-weighted stacking in Section 4.1 , now weight-
ng the 1500 Å-normalized spectrum by the UV luminosity. We
resent the resultant stacks in Fig. C1 , which replicates Fig. 3 with
he UV-weighted stacks. As expected these stacks show a higher S/N
ince we prioritize the UV-bright galaxies in the stacks. We find that
he measured emission line and UV-spectral properties are in line
ith those from the non-weighted stacks. In Table C1 , we provide

he spectral properties for this alternative stacking method. We find
onsistent stack properties between the two weighting schemes. 

PPENDIX  D :  DUST  C O R R E C T I O N  TO  U V  β

LOPES  

e correct our measurements of the observed rest-frame UV slope
 βobs , from f λ ∝ λβ ) for the dust attenuation determined from the
easured Balmer decrement, adopting a Calzetti et al. ( 2000 ) dust

aw and R v = 4 . 05. To aid us with this correction we first determine
 simple relation between dust attenuation and the change in β slope.

We create a grid of stellar 22 extinction (0 < A 1600 < 1) and
bserved β slopes ( −1 . 5 > βobs > −3 . 5), and for each grid point we
enerate an observed UV slope and correct each data point obeying
he Calzetti et al. ( 2000 ) law for the given attenuation. We then fit
 new β slope ( f λ ∝ λβ ) to the resultant dust corrected data and
e compare the observed and dust corrected β values. The dust

ttenuation and change in β slope is presented in Fig. D1 . We fit a
elation to A 1600 as a function of �β (given as βobs − βcorr ) and βobs 

 1600 = (2 . 0178 + 0 . 0983 × βobs ) × �β, (D1) 

hich we employ in our data analysis in Section 4.3.1 . 
NRAS 535, 1796–1828 (2024) 

2 The stellar (continuum) and gas-phase (line emission) dust extinction is 
elated via E s ( B − V ) = 0.44 E ( B − V ). 
PPENDI X  E:  SPECTRAL  E N E R G Y  

I STRI BU TI ON  RESULTS  

n Section 4.4 , we modelled the NIRSpec spectroscopy and NIRCam
hotometry using BEAGLE to constrain the SFH of each galaxy. In
able E1 , we present the resultant SFH properties. 
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