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A B S T R A C T 

We determine the [O III] λ5007 equi v alent width (EW) distribution of 1 . 700 < z < 2 . 274 rest-frame ultraviolet (UV)-selected 

(M UV 

< −19) star-forming galaxies in the GOODS North and South fields. We make use of deep HDUV broad-band photometry 

catalogues for selection and 3D- HST WFC3/IR grism spectra for measurement of line properties. The [O III] λ5007 EW 

distribution allows us to measure the abundance of extreme emission line galaxies (EELGs) within this population. We model a 
lognormal distribution to the [O III] λ5007 rest-frame EWs of galaxies in our sample, with location parameter μ = 4.24 ± 0.07 

and variance parameter σ = 1.33 ± 0.06. This EW distribution has a mean [O III] λ5007 EW of 168 ± 1 Å. The fractions of 
z ∼ 2 rest-UV-selected galaxies with [O III] λ5007 EWs greater than 500, 750, and 1000 Å are measured to be 6 . 8 

+ 1 . 0 
−0 . 9 per cent , 

3 . 6 

+ 0 . 7 
−0 . 6 per cent , and 2 . 2 

+ 0 . 5 
−0 . 4 per cent , respectively. The EELG fractions do not vary strongly with UV luminosity in the range 

( −21.6 < M UV 

< −19.0) considered in this paper, consistent with findings at higher redshifts. We compare our results to z ∼ 5 

and z ∼ 7 studies, where candidate EELGs hav e been disco v ered through Spitzer /IRAC colours, and we identify rapid evolution 

with redshift in the fraction of star-forming galaxies observed in an extreme emission line phase (a rise by a factor ∼10 between 

z ∼ 2 and z ∼ 7). This evolution is consistent with an increased incidence of strong bursts in the galaxy population of the 
reionization era. While this population makes a sub-dominant contribution of the ionizing emissivity at z � 2, EELGs are likely 

to dominate the ionizing output in the reionization era. 

K ey words: galaxies: e volution – galaxies: high-redshift. 
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 I N T RO D U C T I O N  

ver the last decade, considerable effort has focused on the study
f extreme emission line galaxies (EELGs). These systems are often 
dentified through their large [O III] or H β equi v alent widths (EWs)
nd have been studied in detail at very low redshift (Cardamone et al.
009 ; Amor ́ın, P ́erez-Montero & V ́ılchez 2010 ; Izotov, Guse v a &
huan 2011 ; Brunker et al. 2020 ) and in comparable populations
t redshifts z ∼ 1 − 3 (e.g. Atek et al. 2011 ; van der Wel et al.
011 ; Amor ́ın et al. 2015 ; Maseda et al. 2018 ; Tang et al. 2019 ;
u et al. 2020 ; Onodera et al. 2020 ). Although rare at the current

poch, EELGs are thought to represent a significant fraction of the 
tar-forming galaxy (SFG) population at z > 6 (e.g. Smit et al. 2015 ;
e Barros et al. 2019 ; Endsley et al. 2021 ). They are characterized
y a combination of strong nebular line emission and weak rest-
ptical continuum (i.e. high EW), as expected for a galaxy powered 
y a very young stellar population with moderately low metallicity. 
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hese systems thus provide a signpost of low-mass galaxies as they
o through an upturn or burst of star formation. 
In the last few years, spectroscopic studies at z ∼ 0 − 2 have

hown that EELGs are more efficient ionizing agents than typical 
FGs at these epochs. The production efficiency of ionizing radiation 
ion [the measure of the production rate of ionizing photons per 
nit far -ultra violet (UV) luminosity for a galaxy] increases with
O III] λ5007 EWs, reaching its largest values in the most extreme
ystems within the EELG population (e.g. Che v allard et al. 2018 ;
ang et al. 2019 ; Onodera et al. 2020 ). Many EELGs also show
vidence of large ionizing photon escape fractions, f esc (the fraction 
f HI ionizing photons that reach the inter-galactic medium (IGM), 
.g. Izotov et al. 2016 ; Fletcher et al. 2019 ). Nebular gas under
xtreme ionization conditions has been proposed as a necessary 
ut not sufficient criterion for large f esc (Izotov et al. 2018 ; Jaskot
t al. 2019 ; Nakajima et al. 2020 ). The ionizing conditions are
ommonly parametrized using the O32 index (the flux ratio of 
O III] λλ4959,5007 and [OII] λλ3726,3729), a quantity that will soon
e measurable at z > 6 with JWST . Nakajima et al. ( 2020 ) find
hat O32 > 6 is a necessary condition for large f esc (galaxies with
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 esc > 0.1), and Izotov et al. ( 2016 ) report similar results (although
aidu et al. 2018 , Bassett et al. 2019 , and Ramambason et al.
020 note large scatter in the relation between O32 and f esc ). Such
igh values of O32 are uniquely found in EELGs, in particular
hose systems with [O III] λ5007 EW > 750 Å (e.g. Tang et al. 2019 ;
nodera et al. 2020 ; Sanders et al. 2020 ). At z ∼ 3, Pahl et al.

 2021 ) measure an average f esc for SFGs to be ∼ 6 per cent (Begley
t al. 2022 recently determine a consistent value of 7 ± 2 per cent ).
n contrast, individual EELGs with [O III] λ5007 EW well abo v e
000 Å have been observed to exhibit escape fractions up to an
rder of magnitude greater than these typical systems (Vanzella
t al. 2016 ; Rivera-Thorsen et al. 2017 ; Izotov et al. 2018 ; Fletcher
t al. 2019 ). These observations suggest that when galaxies are in
n EELG (or burst) phase, they are likely to contribute more to the
onizing background than a typical SFG at z � 2 − 3. Ho we ver,
he fraction of EELGs in the star-forming population is not well
onstrained at these redshifts. As a result, it is not clear that these
ystems make a significant contribution to the z � 2 − 3 ionizing
ackground. 
At higher redshifts (z > 5), broad-band spectral energy distribu-

ions (SEDs) suggest that EELGs may be fairly ubiquitous within
he SFG population. This inference comes from the presence of
trong Spitzer /IRAC flux excesses in filters that are contaminated
y [O III] + H β emission lines. (e.g. Labb ́e et al. 2013 ). The flux
xcesses imply substantial EWs, often placing galaxies in the EELG
egime. While for some of these z > 5 galaxies, the flux excess may
lso have a contribution from a Balmer break (e.g. Eyles et al. 2005 ,
007 ; Roberts-Borsani, Ellis & Laporte 2020 ), o v er some redshift
anges (e.g. 6 . 6 < z < 6 . 9, Smit et al. 2014 , 2015 ; Endsley et al.
021 ) the flux excess can unambiguously be linked to rest-optical
mission lines. This has enabled the first glimpse at the [O III] + H β

W distribution in the reionization era. At z > 6, typical [O III] + H β

est-frame EWs are ∼600–700 Å (Labb ́e et al. 2013 ; De Barros et al.
019 ; Endsley et al. 2021 ). Endsley et al. ( 2021 ) find that 20 per cent
f the SFG population at z ∼ 7 exhibits yet more extreme EWs
ith [O III] + H β EW > 1200 Å (see also Smit et al. 2014 , 2015 ;
oberts-Borsani et al. 2016 ; Castellano et al. 2017 ). Like EELGs
t lower redshifts, these large EWs imply the presence of extreme
adiation fields, which is further supported by observations of strong
ine emission from high-ionization rest-UV metal lines, such as
 III] λ1909 Å, C IV λ1549 Å and He II λ1640 Å (Laporte et al. 2017 ;
ainali et al. 2017 ; Schmidt et al. 2017 ; Stark et al. 2017 , 2015a , b ;
ainali et al. 2018 ; Hutchison et al. 2019 ). 
SFGs are expected to contribute the bulk of the ionizing photon

udget during the reionization epoch (e.g. Bunker et al. 2004 , 2010 ;
ouwens et al. 2015b ; Robertson et al. 2015 ; Stanway, Eldridge &
ecker 2016 ; Stark 2016 ; Boylan-Kolchin 2018 ; Naidu et al. 2020 ;
inkelstein et al. 2019 ; c.f., Madau & Haardt 2015 ). With a large
raction of early galaxies exhibiting extreme [O III] + H β EWs, it is
ikely that a significant proportion of the ionizing output responsible
or reionizing the IGM comes from SFGs in an EELG or burst phase.
alaxies may also be very ef fecti ve at producing globular clusters

nd young massive star clusters during these intense star formation
pisodes (Vanzella et al. 2022 , 2020 ; Endsley et al. 2021 ). It is clear
hat EELGs are likely to play an important role in galaxy growth and
eionization. While existing data hint at the EELG phase becoming
ore common towards higher redshifts, we currently do not have

uantitative constraints on how the prevalence of this population
volves with redshift or varies with galaxy luminosity. This not only
inders our ability to track the contribution of galaxies to reionization,
ut it also impedes our understanding of how burstiness may be
hanging in the galaxy population. 
NRAS 513, 4451–4463 (2022) 
In this paper, we seek to provide a robust measurement of the
O III] λ5007 EW distribution in SFGs at z � 2. By selecting our
ystems in the same manner as those at higher redshifts (i.e. UV-
elected dropouts), we aim to provide a baseline measurement which
llows the evolution of the EELG population to be established as
 function of redshift into the epoch of reionization (EOR). We
elect galaxies at z ∼1.7 − 2.3 using the HDUV (Hubble Deep UV)
hotometric catalogues (Oesch et al. 2018 ), and we characterize the
O III] λ5007 emission line properties using 3D- HST slitless spectra
Momche v a et al. 2016 ; described in Section 2 ). In Section 3 ,
e determine whether the fraction of the strongest line emitters

ncreases with redshift by comparing our results at z ∼ 2 with
xisting measurements at higher redshifts. We discuss implications
f our results for reionization in Section 4 . Throughout this paper,
e assume a � -dominated, flat universe with �� 

= 0 . 7, �M 

= 0.3,
nd H 0 = 70 km s −1 Mpc −1 . All EWs are quoted in the rest-frame
nd all magnitudes are given in the AB system (Oke & Gunn 1983 ).

 SAMPLE  SELECTI ON  

.1 A photometric sample of z � 1 . 7 − 2 . 3 galaxies 

ur paper is moti v ated by recent studies z ∼ 7 that have revealed
ntense rest-optical nebular emission (e.g. median [O III] + H β EW

600 − 700 Å, see Labb ́e et al. 2013 ; De Barros et al. 2019 ; Endsley
t al. 2021 ). While examples of such objects have been identified
t lower redshifts (z ∼ 1 − 3 Atek et al. 2010 ; Fumagalli et al.
012 ; Maseda et al. 2018 ), the fraction of SFGs with extreme line
mission at these redshifts is yet to be quantified. In this paper,
e combine the HST /WFC3 G141 grism slitless spectroscopy from
D- HST (Momche v a et al. 2016 ) with the HDUV le gac y surv e y
hotometry (Oesch et al. 2018 ) to measure the EW distribution of
O III] λ5007 of 671 galaxies at redshift ∼ 2 (1 . 700 < z < 2 . 274).

e describe the selection criteria that lead to this sample below. 
To facilitate comparison to higher redshift [O III] + H β EW

istributions (e.g. De Barros et al. 2019 ; Endsley et al. 2021 ), we
elect our parent sample from HDUV catalogues (Oesch et al. 2018 )
sing a rest-UV Lyman break dropout colour selection that is similar
n nature to those used at z > 4. We note that many commonly
sed broad-band photometric catalogues in these fields are publicly
vailable (e.g. Skelton et al. 2014 ; Barro et al. 2019 ; Merlin et al.
021 ), and the characteristic imprint of the Lyman- α spectral break
n the broad-band photometry has been used to successfully identify
alaxies at redshifts typically abo v e z > 3 (see also Bouwens,
llingworth & Oesch 2015a , Finkelstein, Ryan & P apo vich 2015
t high redshift). To obtain a sample of galaxies selected using this
yman break at lower redshifts (z ∼ 2) requires additional broad-
and photometry at shorter wavelengths (in the UV), which has only
ecently been made publicly available in the HDUV catalogue. We
ely upon the HDUV catalogue as opposed to other successful data
ets because of the unique leverage that the UV photometry provides
n co v ering the Lyman break below z < 3 for the purpose of deriving
ood photometric redshifts using the same technique that has been
sed on samples at higher redshift which we will compare against.
he HDUV catalogue adds UV photometry in the HST /WFC3-UVIS
275W and F336W filters o v er ∼100 arcmin 2 of the CANDELS
OODS North and South fields. The addition of UV photometry to

xisting optical and near-infrared (NIR) data in these fields allows
election of z ∼ 2 galaxies using their characteristic Lyman break
Steidel et al. 1996b , a ) providing robust photometric redshifts. The
wo UV filters ha ve a verage 5 σ magnitude depths (in 0 . ′′ 4 diameter
pertures) of 27.4(27.6) and 27.8(28.0) for F275W and F336W across
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OODS North(South) (Oesch et al. 2018 ). These two UV filters are
ombined with the high-quality HST ACS optical and WFC3 NIR 

hotometry, as well as the Spitzer /IRAC and ground-based filters. 
esch et al. ( 2018 ) use this photometry to generate photometric

edshifts for the 30 561 galaxies in the HDUV catalogue using EAZY
Brammer, van Dokkum & Coppi 2008 ; using the same procedures as
escribed in Skelton et al. 2014 ). As we describe below, we construct
ur sample using these photometric redshifts as our initial selection, 
imilar to that often used to identify z > 4 galaxies (e.g. McLure et al.
011 ; Finkelstein et al. 2015 ). At the redshifts, we are interested in
or this analysis, the photometric redshifts are primarily driven by 
he Lyman break probed by the HDUV photometry. For the galaxies 
n our sample, we find that the HDUV photometric redshifts are in
easonable agreement with those from Skelton et al. ( 2014 ; which
id not have access to the U-F275W/UV-F336W HST WFC3-UVIS 

road-band filters) and that the additional UV photometry available in 
he HDUV surv e y impro v es the constraints on photometric redshifts.
or the galaxies in our sample, we find the HDUV photometric 
edshift uncertainties are typically smaller than those determined by 
kelton et al. ( 2014 ) by roughly 21 per cent. 
Since our goal is to characterize the strength of the [O III] λ5007

mission in these galaxies, we must pick objects that have photomet- 
ic redshifts which place the [O III] doublet confidently within the 
141 grism spectral window ( ∼1.0755–1.6999 μm). This translates 

nto a redshift range of 1 . 148 < z < 2 . 395. Ho we ver, there is an
dditional constraint that limits our selection further. Below z 

1.7, the Lyman limit begins to shift blueward of the F275W 

nd F336W filters, making dropout identification somewhat less 
eliable without bluer filters (i.e. F225W). We thus adopt z = 1 . 700
s our lower redshift bound. At the high redshift end, we need
o choose objects that are confidently within the redshift range 
z < 2 . 395), where we can measure the [O III] doublet with the G141
rism. Accounting for the typical photometric redshift uncertainty 
n this sample, we conserv ati vely adopt an upper redshift bound
f z = 2 . 274 for photometric selection, minimizing the inclusion
f sources with true redshifts abo v e the z = 2 . 395 threshold. We
elect all galaxies in the HDUV catalogues with photometric redshifts 
etween 1.700 and 2.274. As we will discuss below, sources in this
edshift range have SEDs that show strong breaks associated with 
GM attenuation, driving the solution of the photometric redshifts 
n HDUV catalogue. This redshift cut results in a sample of 4026
alaxies. 

We next apply a brightness cut on the rest-UV magnitudes of the
hotometric sample. This serves two purposes. First, it ensures con- 
istency with higher redshift dropout samples that are traditionally 
elected in the rest-frame UV. Secondly, the magnitude threshold 
uarantees that our sample is well-matched to the sensitivity of 
he grism spectra, enabling useful constraints (or upper limits) on 
he [O III] λ5007 EW. We adopt a fixed cut on M UV , the absolute

agnitude measured near rest-frame 1500 Å. To calculate M UV for 
ur sample, we adopt the apparent magnitude in the filter closest
o rest-frame 1500 Å. We use either the observed F435W (B-band)
agnitude below a redshift of z = 2 . 2 or the observed F606W (V-

and) magnitude abo v e z = 2 . 2. To convert apparent to absolute
agnitude, we use the grism-based redshift if the [O III] doublet is

etected at S/N > 5 and the photometric redshift otherwise. We will
ho w belo w that the grism redshifts and photometric redshifts are
ighly consistent. We choose M UV = −19 as our magnitude cut, 
nsuring that galaxies are detected at significantly greater than 5 σ
n both F435W and F606W filters. This reduces the sample to 766
alaxies. The exact choice of the M UV threshold is arbitrary and 
oes not significantly change our best-fitting parameters for the EW 
istribution, as discussed further in Section 3.4 . The M UV distribution
or our final sample is shown in Fig. 1 . 

We use the latest grism catalogue (V4.1.5) from 3D- HST (Mom-
he v a et al. 2016 ; Brammer et al. 2012 ). This catalogue contains
pectra extracted for all galaxies within the field with a NIR JH IR 

agnitude (derived from the J 125 + JH 140 + H 160 combined 
etection image; see Momche v a et al. 2016 ) brighter than 26. There
re 28 galaxies within our sample that do not satisfy this NIR
hreshold and hence do not have available spectroscopic data. To 
etain these targets within our sample, we locate each within the grism
litless spectroscopy and inspect their 2D spectrum, determining that 
o emission lines were visible in any of the 28 systems. The lack
f any visible emission lines is confirmed by utilizing an alternative
ine detection procedure (with no requirements on NIR magnitude) 
escribed in Maseda et al. ( 2018 ). We will treat each as a non-
etection in the following analysis. Keeping these targets within our 
ample ensures that the NIR magnitude never directly enters our 
election, which is important owing to the influence that emission 
ines can have on the NIR broad-band flux if EWs are large. 

We make two final cuts to our photometric sample. First, we
emo v e a small number of sources with very red colours. Such objects
re generally excluded from Lyman break selections and would not 
eature in higher redshift samples we wish to compare to. To remo v e
hese objects, we utilize a colour cut of B − V < 0.8 (using the F435W
nd F606W HST ACS filters). This colour threshold is very close to
he Lyman break colour cut used at similar redshifts by Oesch et al.
 2018 ). This specific colour is chosen to correspond to sources with
(B-V) < 0.4, equi v alent to UV slopes with β < -1.0 (where f λ ∝ λβ ).
ere, we have assumed the dust attenuation law derived from typical
 ∼ 2 galaxies from Reddy et al. ( 2015 ). This B-V threshold reveals
our very red sources that we remove from our sample. We note that
dopting a slightly different colour cut does not significantly alter our
esults. We also wish to remo v e sources that may host active galactic
uclei, as our goal is to establish the [O III] λ5007 EW distribution
n SFGs. We cross-match our sample against deep Chandra X-ray 
maging across GOODS-N (Alexander et al. 2003 ; Xue et al. 2016 )
nd GOODS-S (Xue et al. 2011 ; Luo et al. 2017 ), identifying sources
hat match the coordinates of our sample using a 1 . ′′ 0 search radius.
here are 31 targets within our sample that show X-ray counterparts
nd are remo v ed. Together, these two cuts reduce our sample to 731
alaxies. 

Our goal is to establish the [O III] λ5007 EW distribution in this
hotometric sample. To do so, we first need to ensure that we have
emo v ed an y galaxies with grism artefacts from our sample, and
econdly, we need to quantify the scatter between the photometric 
nd grism redshifts. We visually examine the grism spectra of 
ur remaining sample to characterize data quality. We identify 
pectra that have artificial features created by edge effects where the
ispersed light of the galaxy falls partially outside the illuminated 
egion of the detector. These artificial features may be mistaken for
mission lines, while regions of un-illuminated spectra may contain 
enuine features that would be missed. The 3D- HST catalogue 
rovides a flag ‘f cover’ describing the fraction of dispersed light
hat falls within the illuminated region of the detector. We find that
emoving all sources where the f cover parameter is below 0.65
f fecti vely eliminates these incidences in our sample. This removes
1 targets. 
We also identify targets that display a ne gativ e spectrum on

verage, where poor contamination subtraction of the contributed 
ight from o v erlapping spectra has compromised the individual 
xtractions. The 3D- HST catalogue flag ‘f negative’ describes 
he fraction of the spectrum that has a ne gativ e flux and we determine
MNRAS 513, 4451–4463 (2022) 
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hat a cut on the f negative parameter at 0.7 ef fecti v ely remo v es
hese compromised spectra from our sample, eliminating further
our galaxies. We additionally re vie w and remo v e one further system
3D- HST ID S24717) identified to have incorrectly associated grism
mission lines, due to the dispersed light of other galaxies lying
oincident with that of the target. We deem the target spectrum to
e irretrie v able behind the dominant contamination of the neighbour
nd remo v e it from the sample. We also individually review all
argets with SExtractor ‘class star’ value greater than 0.5.
his inspection results in three targets being remo v ed (S20271,
23225, and S29694) after being identified as either stars or for
aving their photometry or slitless spectroscopy compromised by
ying in the wings of stellar diffraction spikes. We also remo v e one
bject (S24312) as it is associated with one component of a larger
alaxy that is already in our sample (S24365). These cuts leave 671
alaxies. 

.2 Photometric redshifts and contaminants 

ow that we have a cleaned sample of grism spectra, we can quantify
he reliability of the photometric redshifts used to select our parent
ample and assess the contamination level among those objects
ithout spectroscopic redshifts. To do so, we take two different

pproaches. First, we identify objects with robust grism redshifts
n our photometric sample. We define these as those with confident
mission line detections ([O III] doublet detected at a greater than
 σ significance) following work in Tang et al. ( 2019 ). There are
93 galaxies that satisfy this emission line cut in our photometric
ample. In this sub-sample, we see that the photometric redshifts
o a very good job of reproducing the grism redshifts. To quantify
his, we define the typical scatter between photometric and grism
edshift using the normalized median absolute deviation, defined
s σNMAD = 1 . 48 × median ( | 
 z − median ( 
 z) | / (1 + z spec )), where
 z = z spec − z phot (e.g. Brammer et al. 2008 ). We find a normalized
edian absolute deviation of σ NMAD = 0.037 for the sub-sample
ith robust grism redshifts, suggesting good agreement between
hotometric and grism redshifts. We will assume this dispersion
etween spectroscopic and photometric redshifts is characteristic of
ur total sample, including those systems lacking grism redshifts.
his latter subset primarily includes objects with slightly lower
W emission lines. The HDUV photometric redshift 68 per cent
onfidence intervals of these sources (median 
 z = 0.063) are
omparable to those objects in our sample with grism redshifts
median 
 z = 0.053), likely reflecting their similar continuum
agnitudes which in turn enable robust characterization of the Lyman

reak (which again is what primarily drives the photometric redshift
olution). The average strength of the Lyman break is consistent
etween the robust grism redshift sub-sample and the sub-sample
ithout significant line detections, both exhibiting a strong F275W-
435W mean break colour of 2.4 mag. Hence, in spite of their lower
mission line EWs, we expect the photometric redshifts of these
ources to be similar in their reliability as those with grism redshifts.

The typical dispersion between photometric and grism redshifts
llows us to calculate the fraction of our sample that is likely to
e in-scattered from redshifts where the G141 grism is not able to
onstrain [O III] emission (z < 1 . 148 or z > 2 . 395). Gi ven the v alue
f σ NMAD , we can perturb the measured photometric redshifts of our
ample to quantify this contamination rate. While the in-scatter rate
rom sources with z < 1 . 148 is expected to be negligible (owing
o the significant buffer provided by our z > 1 . 700 selection), the
ispersion between grism and photometric redshifts suggests that
.4 per cent of our photometric sample will have true redshifts of
NRAS 513, 4451–4463 (2022) 
 > 2 . 395. These sources will not show detections of [O III] even
hough they could have strong nebular line emission. This is easily
ccounted for in the derived EW distribution, as we will discuss in
ection 3 . 
In addition to the typical scatter described abo v e, we e xpect a

mall number of catastrophic outliers, where the derived photometric
edshift is substantially offset from the true redshift of the object.
uch objects are generally not included in the Gaussian distribution
ith σ = σ NMAD , so they must be considered separately. Contam-

nants can be identified in the G141 grism via detection of strong
est-optical lines (H α, [OII], or [O III]) at redshifts well outside
f our selected range (1.700 < z < 2.274) or through the e xtensiv e
round-based spectroscopy that has been conducted in the GOODS
elds. We first consider the latter and focus on the GOODS South
eld where many public redshift surv e ys hav e been conducted (e.g.
e F ̀evre et al. 2005 ; Vanzella et al. 2008 ; Balestra et al. 2010 ;
urk et al. 2013 ; Le F ̀evre et al. 2015 ; Garilli et al. 2021 ; Inami

t al. 2017 ). We cross-match these surv e ys with our GOODS-South
atalogue (317 galaxies), finding 116 unique matches. The spectra in
hese catalogues find only one catastrophic outlier with a confident
edshift identification (3D- HST ID: 19233, matched to Balestra et al.
010 ID: J033227.25-274919.2 with z spec = 0 . 5568), indicating a
atastrophic outlier fraction of 0.96 per cent in the ground-based
pectra and suggesting a fraction of at least 0.3 per cent in our
otal GOODS-S sample. The WFC3/IR grism spectra provide an
ndependent check. The G141 grism is able to detect H α down to
 = 0 . 6, providing a window on low-z interlopers in our sample.
ere, we define a catastrophic outlier as a source with a redshift that

s further than 5 σ NMAD from our lower redshift bound, corresponding
o z = 1 . 2. We identify 10 sources with H α detections, but none
all below z = 1 . 4. These redshifts are consistent with the Gaussian
istribution implied by our calculation of σ NMAD , hence the grism
ample is also suggestive of a low catastrophic outlier rate. In the
ollowing section, we will conservatively assume a catastrophic
utlier rate of 1.3 per cent within our sample. We will add this
atastrophic contamination fraction to that derived for more typical
ource-to-source redshift scatter. The total contamination fraction
3.4 per cent + 1.0 per cent = 4.4 per cent) will be modelled when
eriving the EW distribution. 
To summarize, we are left with a final sample of 671 galaxies,

ith 354 in GOODS North and 317 in GOODS South. The total
hotometric sample includes 293 systems with ≥5 σ detections of the
O III] doublet. The photometric redshift distribution is presented in
ig. 2 with a medium value of z = 2.0. The absolute M UV magnitude
istribution is shown in Fig. 1 and spans −21.6 < M UV < −19.0,
ith 75.6 per cent of targets fainter than M UV = −20.0. These values

re well-matched to those of z � 7 galaxies that have been used to
nfer [O III] + H β EWs via Spitzer /IRAC excesses (De Barros et al.
019 ; Endsley et al. 2021 ). 

 [O  I I I ]  λ5 0 0 7  EQUI VA LENT  W I D T H  

I STRI BU TI ON  AT  z ∼ 2 

n this section, we compute the [O III] λ5007 EW distribution at
 ∼ 2 from our selected sample. We first discuss measurements of
ndividual EWs in Section 3.1 and then describe how we characterize
he functional form of the EW distribution in Section 3.2 . From
his distribution, we measure the fraction of galaxies caught in
n extreme EW phase (the EELG fraction), corresponding to very
arge specific star formation rates (sSFR) expected when galaxies
xperience bursts of star formation. We characterize the redshift and
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Figure 1. Absolute magnitude distribution of the photometric sample we 
use for our [O III] EW distribution, split into those with (blue) and without 
(orange) [O III] doublet detections. We apply an absolute magnitude threshold 
of M UV = −19 to our sample. 

Figure 2. The redshift distribution of the parent sample for our [O III] EW 

distribution, split into spectroscopic redshifts (blue) if the [O III] doublet 
was detected and photometric redshifts (orange) if not. The sample includes 
671 z � 2 galaxies in the combined GOODS North and South fields. All 
the systems are selected to have HDUV photometric redshift in the range 
1 . 700 < z < 2 . 274 (Oesch et al. 2018 ) and absolute magnitude brighter than 
M UV = −19. Scatter between the spectroscopic and photometric redshifts 
means that a small number of galaxies have spectroscopic redshifts, which fall 
slightly outside the photometric-redshift-based range of 1 . 700 < z < 2 . 274. 
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uminosity dependence of the EELG fraction in Sections 3.3 and 3.4 ,
espectively. 

.1 Indi vidual equi v alent width measurements 

he first step in deriving the [O III] λ5007 EW distribution is to
obustly measure the individual EWs for each of the 671 galaxies 
n our final sample. As described in Section 2 , we create a sub-
ample of galaxies with significant [O III] doublet detections ( ≥5 σ )
nd determine their [O III] λ5007 EW. For the remaining sample, we
erive upper limits on the EW. We describe this procedure below. 
Our approach to line measurement is similar to that taken in Tang

t al. ( 2019 ). For galaxies with a ≥5 σ [O III] doublet detection in the
rism spectra of Momche v a et al. ( 2016 ), we use their measured line
ux in determining the EW. We note that the [O III] λ4959, 5007 Å
oublet is unresolved at the spectral resolution of the G141 grism and
he total [O III] doublet flux is reported in Momche v a et al. ( 2016 ).

e correct the total line flux of the doublet to the expected line
ux of [O III] λ5007 alone, assuming the theoretical line flux ratio of
.98 between [O III] λ5007 Å and [O III] λ4959 Å (Storey & Zeippen
000 ). For the estimate of the stellar continuum at the observed
av elength, we deriv e the continuum flux density from the broad-
and photometry rather than using the spectral continuum measured 
rom the grism spectra by Momche v a et al. ( 2016 ). In many objects
n our sample, the continuum is often very low S/N. This approach
llows us to have a uniform method for our entire sample, and as
e show later in this section the two approaches give consistent EW
easurements. To compute the photometric broad-band flux density 

n the filter co v ering the [O III] doublet, we compute the continuum
ux using an aperture that is matched to the grism spectral extraction
perture for each source. The F125W broad-band filter is used to
etermine the continuum for galaxies below z = 1.8, the F140W filter
s used in the range z = 1.8–2 and the F160W filter is used abo v e z =
 (or abo v e z = 1.8 when F140W is unavailable). In determining the
ontinuum flux density from the broad-band photometry, we correct 
he flux within the filter for the contribution of emission lines. We
onsider the contribution from all lines detected in the grism spectra,
eighted by the filter transmission profile at the respective location 
f each line. For the majority of sources in our sample, this is a very
mall correction that does not significantly impact the EW inference. 
e verify that systems with grism non-detections have minimal 

mission line contribution to the broad-band flux ( < 5 per cent). We
nd that three sources in our sample are sufficiently line-dominated 

hat the derived continuum flux density (after line subtraction) lies 
elow the 5 σ flux density limit for that filter. In these cases (S19339,
30532, and N16381), we utilize the average of neighbouring broad- 
and filters without line contamination to measure the continuum flux 
ensity . Finally , we inspect, by-eye, all galaxies where the Skelton
t al. ( 2014 ) half-light radii of the target and a nearby neighbour
 v erlap. Two targets of concern are identified, and we employ Galfit
Peng et al. 2002 ) to model and subtract the contribution from the
eighbour to the continuum flux density. 
In order to compute the [O III] λ5007 EW, we must make a small

orrection to convert the continuum flux density at the ef fecti ve
avelength of the chosen filter (i.e. F125W, F140W, F160W) to that

t the rest-wavelength of [O III] λ5007. Given the small wavelength 
aseline involved, we assume that the continuum is flat in f ν , as is
ppropriate for unreddened stellar populations at the range of ages 
panned by our sample (e.g. van der Wel et al. 2011 ; Maseda et al.
014 ). This correction is no more than 10 per cent, and changes by
ess than 1 per cent if we consider galaxies with more reddening (i.e.
electiv e e xtinction of E(B-V) = 0.2 with a Calzetti reddening curve).
he [O III] λ5007 EW is then taken as the ratio of the line flux to the
ontinuum flux density and corrected to the rest-frame using the 
rism-measured spectroscopic redshift (EW rest = EW obs / (1 + z)). 
For systems lacking [O III] doublet detections with S/N ≥ 5, 

e derive 5 σ upper limits on the [O III] λ5007 EW. For each non-
etection, we adopt the 5 σ grism flux upper limit using the line
ensitivity equation, described in Momcheva et al. ( 2016 ). This is
n empirical parametrization of the flux uncertainties determined 
hrough 2D model fitting of the grism spectra, acting as a function
f the filter transmission throughput at the observed wavelength and 
he aperture size required to span the spatial extent of the galaxy (for
ach object we adopt the broad-band flux radius from Skelton et al.
014 ). The EW 5 σ upper limits are then produced by combining
he line flux upper limit with the broad-band continuum (derived as
MNRAS 513, 4451–4463 (2022) 
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Figure 3. The EW distribution of [O III] λ5007 for SFGs at 1 . 700 < z < 2 . 274. The best-fitting lognormal model (red line) and 2 σ uncertainties (grey), along 
with the EW histogram in 75 Å bins for our M UV selected sample constructed from 5 σ [O III] doublet detections (blue) and 5 σ upper limits (orange), where 
the histogram contribution from each [O III] doublet non-detection is assigned following the best-fitting model below the associated 5 σ [O III] λ5007 EW upper 
limit. 

d  

p
 

d  

r  

s  

w  

[  

s  

l  

t  

w  

i
 

h  

f  

s  

r  

m  

[  

a  

t  

o  

t  

T  

l  

a

3

A  

[  

p  

b  

a  

c  

i  

f  

E  

2
 

o  

e  

m  

m  

f  

p  

v  

d
 

p

P

a  

g

P

W  

u  

s  

1 Equi v alently this is the same as setting a normal distribution in logarithmic 
space with parameters θ = [ μN , σN ]. Both forms have been used in the 
literature and the relation between the normal distribution parameters and 
our lognormal parameters is given by; σN = σLN × log 10 ( e ) and μN = 

( μLN − σ 2 
LN ) × log 10 ( e) and we will provide the best-fitting results from our 

analysis in both formats. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/3/4451/6573888 by U
C

L, London user on 04 August 2022
iscussed abo v e) and corrected to the rest-frame using the HDUV
hotometric redshifts. 
Within our photometric sample, the sources with [O III] doublet

etections in the grism spectra have rest-frame [O III] λ5007 EWs
anging between 40 and 1800 Å with a median of 214 Å. For
ources that are sufficiently bright in the continuum ( JH IR < 23),
e are sensitive to low EWs ( < 50 Å), allowing us to have a broad

O III] λ5007 EW range, but for more typical magnitudes in our
ample, the grism spectra are not sufficiently deep to reach such
ow [O III] λ5007 EWs, and the line is undetected. For these, we find
he median of the 5 σ [O III] λ5007 EW upper limits to be 93 + 6 

−4 Å,
here we have additionally accounted for the effect of the uncertainty

n the photometric redshifts on the EW upper limits. 
The objects within our sample with large [O III] EWs are likely to

ave large specific star formation rates and sit above the SFR-M 

∗ star-
orming main sequence, as has been commonly seen in many EELG
tudies (e.g. Amor ́ın et al. 2015 ; Onodera et al. 2020 ) The dynamic
ange of our sample’s NIR magnitudes means the distribution of EW
easurements and upper limits o v erlap. A histogram of the resultant

O III] λ5007 EWs is shown in Fig. 3 . The detected sources (blue)
re assigned to their appropriate EW bin while the contribution to
he histogram from each EW upper limit source (orange) is spread
 v er the EW parameter space below the 5 σ upper limit, following
he best-fitting lognormal distribution (discussed in Section 3.2 ).
he sum of the probability across all bins below the 5 σ upper

imit equals 1 for an individual galaxy with no [O III] detection
t 5 σ . 

.2 Equi v alent width distribution 

s outlined in the introduction, our primary goal is to derive the
O III] λ5007 EW distribution. In doing so we seek to quantify what
roportion of the z ∼ 2 population is in an extreme EW phase, as is
elieved to be common at z > 7. Equipped with robust measurements
NRAS 513, 4451–4463 (2022) 
nd upper limits for the EW for our described sample, we can now
haracterize the distribution of EWs. We will model our sample,
nclusive of non-detections, with a lognormal EW distribution. This
unctional form has been shown to be a good fit to other rest-optical
W samples (see Lee et al. 2007 , 2012 ; Ly et al. 2011 ; Stark et al.
013 ; Schenker et al. 2014 ; Endsley et al. 2021 ). 
To infer the underlying [O III] λ5007 EW distribution from our

bserved sample, we follow the Bayesian method set out by Schenker
t al. ( 2014 ), which preserves information on each galaxy’s EW
easurement uncertainty, while removing the need to bin the EW
easurements. The EW distribution is modelled as a lognormal

unction θ = [ μLN , σ LN ]. 1 We follow Schenker et al. ( 2014 ) and
lace a flat prior P ( θ ) o v er both the lognormal location μLN and
 ariance σ LN parameters, allo wing the posterior to be determined
irectly as the model likelihood from our observed sample. 
For a set of model parameters [ μmodel , σ model ], the model lognormal

robability distribution is given by 

 ( E W | θ ) model = 

(
2 π σ 2 

model E W 

2 
)− 1 

2 e 
− ( l n ( E W ) −μmodel ) 

2 

2 σ2 
model (1) 

nd the Gaussian measurement uncertainty on the measured EW is
iven by 

 ( EW ) obs i = 

(
2 π σ 2 

obs i 

)− 1 
2 e 

− ( EW−μobs i ) 
2 

2 σ2 
obs i . (2) 

here μobs i and σobs i are the determined EW and observational
ncertainty for the i th system. The likelihood o v er the complete data
et is taken as the product of the individual likelihoods of each galaxy

art/stac1109_f3.eps
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Table 1. Best-fitting model parameters for the rest-frame EW( Å). We show 

the results for the lognormal distribution (LN) and normal distribution in 
logarithmic space (N). 

Number μLN σLN μN σN 

671 4.24 ± 0.07 1.33 ± 0.06 1.08 ± 0.10 0.58 ± 0.03 
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ithin the sample. The individual likelihood for each detected source 
 i ) is defined as 

 ( obs i | θ ) detect = 

∫ ∞ 

0 
P ( EW ) obs i · P ( EW | θ ) model d EW . (3) 

he combination of the true EW distribution model with the Gaussian 
rofile describing the EW measurement within the likelihood integral 
ddresses observational noise to a v oid o v erestimating the number of
ELGs, where noise would preferentially scatter sources from the 
ulk of the distribution (with low EWs) towards extreme EW and 
roaden the observed EW distribution (up-scatter). 
For sources which are undetected, the individual likelihood is 

efined by 

 ( obs i | θ ) non detect = P ( E W < E W 5 σi | θ ) (4) 
+ P ( E W > E W 5 σi | θ ) · C 1 , i + C 2 

here C 1 , i is the proportion of the i th spectra that is un-illuminated due
o its location on the detector. C 2 is the photometric redshift in-scatter
raction, e v aluated in Section 2.2 to be 4.4 per cent . This probability
s determined as the sum of: the likelihood that the galaxy has a EW
elow the 5 σ limit and the likelihood that the galaxy has an EW
bo v e this threshold multiplied by C 1 , i and C 2 . Due to the inclusion
f the in-scatter term ( C 2 ), this probability P ( obs i | θ ) non detect may
xceed 1 and so to a v oid this a maximum value is enforced set equal
o 1. 

A Markov Chain Monte Carlo (MCMC) approach is taken to 
fficiently co v er the parameter space using EMCEE (F oreman-Macke y
t al. 2013 ). The marginalized posterior distributions o v er the
ognormal parameters are used to determine the best-fitting model 
arameters, which are presented in T able 1 . W e o v er-plot the best-
tting model for the sample on the EW distribution in Fig. 3 , with

he 2 σ model uncertainties indicated by the grey shaded region. 
From our best-fitting results in Table 1 , we report a mean (with

tandard error on the mean) and median EW of 168 ± 1 and
0 ± 5 Å, with the EELG population skewing the mean EW higher
han the median. This mean is within the expected [O III] λ5007
W range (80–250 Å) for log 10 ( M 

M 	 ) = 9 − 10 stellar mass galaxies
ased on the z ∼ 2 MOSDEF empirical relation by Reddy et al.
 2018 ). The median is significantly lower than the ∼450 Å median
O III] λ5007 EW inferred for z > 7 samples (Labb ́e et al. 2013 ;
e Barros et al. 2019 ; Endsley et al. 2021 ; when converted from

O III] + H β to [O III] λ5007 EW assuming the assumptions detailed
n Section 3.3 ). We note that the median [O III] λ5007 EW in the sub-
ample where the [O III] doublet is detected ( ≥5 σ ) was 214 Å (see
ection 3.1 ), whereas now by modelling the whole sample including 

hose galaxies with [O III] non-detections through our Bayesian 
nalysis, we determine a best-fitting EW distribution model that has 
 lower median [O III] λ5007 EW of 70 Å. This should be expected
ince intrinsically low EW sources would be more likely to have 
O III] doublet non-detections. 

Through fitting a functional form, the proportion of SFGs with an 
W abo v e a given threshold can be easily calculated and we shall
all this the EELG fraction. For each set of model parameters θ of the
CMC run, the EELG fraction is recorded and the resultant posterior
ensity function (PDF) o v er all models is then used to estimate the
est-fitting o v erall EELG fraction and uncertainty for the population
see Fig. 4 , discussed below). 

Within the literature, there is no set definition for the threshold
O III] λ5007 EW a galaxy must have to be classified as an EELG
nd the quoted threshold varies from author to author. Commonly 
aken threshold values range from [O III] λ5007 EW ∼100–1000 Å.
t low redshift, Amor ́ın et al. ( 2015 ) employ a ≥100 Å threshold to

onstruct an EELG subset from a 0 . 11 < z < 0 . 93 SFG sample, and
n our distribution this EW threshold results in an EELG fraction
f 39 + 2 

−3 per cent at z ∼ 2. At intermediate redshifts, considerable 
ttention has been focused on photometric selection of EELGs, for 
xample, van der Wel et al. ( 2011 ) who identify z ∼ 1.7 galaxies
hrough HST J-band (F125W) flux excess. These selected EELGs 
t z ∼1.7 tend to have [O III] λ5007 EWs abo v e 500 Å, which is
omparable to the typical [O III] λ5007 EW found at z > 7. Adopting
 threshold of 500 Å yields an EELG fraction of 6 . 8 + 1 . 0 

−0 . 9 per cent in
ur EW distribution at z ∼ 2. 
More recently, spectroscopic work at z ∼ 2 exploring the stellar 

opulation and gas properties as a function of [O III] λ5007 EW
e.g. Tang et al. 2019 , 2021a ; Du et al. 2020 ) has focused on the
ost extreme line emitters, those with [O III] λ5007 EWs abo v e

50 or 1000 Å. These are the galaxies at z ∼ 2 found to have the
ighest ξ ion , O32 values, and the potential for large ionizing escape
ractions. In our z ∼ 2 distribution these are rare, accounting for
nly 3 . 6 + 0 . 7 

−0 . 6 per cent abo v e a threshold of 750 Å and 2 . 2 + 0 . 5 
−0 . 4 per cent

bo v e a threshold of 1000 Å. 
In Fig. 4 , we present the EELG fraction PDF for four [O III] λ5007

W thresholds. These correspond to the rough mean [O III] λ5007
W of SFGs at z ∼ 2 (200 Å), the typically EW of SFGs at z > 7

500 Å) and the EW seen in the most extreme line emitters at z ∼ 2
750 and 1000 Å). The 200 Å threshold accounts for roughly a fifth of
FGs at z ∼ 2 with the higher EW thresholds reco v ering diminishing
ractions. The 500 Å threshold highlights that the SFGs common at 
 > 7 are rare at z ∼ 2, with the most extreme candidates ef fecti vely
bsent from the z ∼ 2 population. We present the measured EELG
ractions for each [O III] λ5007 EW threshold in Table 2 . 

.3 Redshift evolution of the EELG fraction 

he [O III] λ5007 EW distribution produced in the previous sec-
ion provides a baseline to probe the redshift evolution of EELGs
rom z ∼ 2 out into the EOR. Our best-fitting distribution for z ∼ 2
FGs produces a mean and a median EW of 168 Å and 70 Å, whereas
ecent work at z > 7 show a median EW of ∼450 Å (Labb ́e et al. 2013 ;
e Barros et al. 2019 ; Endsley et al. 2021 ), suggesting significant

volution in the typical EW in the two billion years between these
wo epochs. This trend likely reflects evolution in the sSFR and
etallicity. In what follows, we seek to use our EW distribution to

uantify the redshift evolution in the fraction of EELGs, using the
arious EW thresholds as discussed in the Section 3.2 . 

We will compare our z ∼ 2 measurements to studies of galaxies at
igher redshift which also select on rest-frame UV luminosity. We 
onsider three higher redshift studies that characterize rest-optical 
W distributions: Stark et al. ( 2013 ) at z ∼ 4 − 5; Rasappu et al.
 2016 ) at z ∼ 5; and Endsley et al. ( 2021 ) at z ∼ 7. These three studies
re all based on Spitzer /IRAC colours of Lyman break galaxies,
here the flux excess between two adjacent filters is attributed to the
resence of strong nebular lines (either [O III] λ4959, 5007 + H β

r H α depending on the redshift and filter) allowing the rest-
ptical nebular EWs to be measured for samples of SFGs. Our
rimary comparison will be to Endsley et al. ( 2021 ) who model
MNRAS 513, 4451–4463 (2022) 
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Figure 4. The fraction of SFGs at z ∼ 2 with extremely large [O III] λ5007 EW. Posterior distributions for four different [O III] λ5007 EW thresholds are shown 
in blue (200 Å, top-left panel), orange (500 Å, top-right panel), green (750 Å, bottom-left panel), and red (1000 Å, bottom-right panel). 

Table 2. The fraction of SFGs in an extreme emission line phase (the EELG fraction) 
with [O III] λ5007 EW abo v e four rest-frame EW thresholds. The EELG fractions are 
presented as a percentage (%) for the full z ∼ 2 UV-selected sample, the sample split into 
two redshift bins and the sample split into two bins of UV luminosity. 

Sample EW ≥ 200 Å EW ≥ 500 Å EW ≥ 750 Å EW ≥ 1000 Å

Full sample 21 . 2 + 1 . 7 −1 . 6 % 6 . 8 + 1 . 0 −0 . 9 % 3 . 6 + 0 . 7 −0 . 6 % 2 . 2 + 0 . 5 −0 . 4 % 

1 . 70 < z < 2 . 01 19 . 7 + 2 . 1 −2 . 1 % 5 . 4 + 1 . 2 −1 . 1 % 2 . 6 + 0 . 8 −0 . 9 % 1 . 5 + 0 . 6 −0 . 4 % 

2 . 01 < z < 2 . 274 22 . 8 + 2 . 6 −2 . 3 % 8 . 2 + 1 . 6 −1 . 5 % 4 . 7 + 1 . 2 −1 . 1 % 3 . 0 + 0 . 9 −0 . 8 % 

−19.5 < M UV < −19 20 . 1 + 2 . 4 −2 . 1 % 6 . 7 + 1 . 4 −1 . 3 % 3 . 6 + 1 . 0 −0 . 9 % 2 . 3 + 0 . 8 −0 . 7 % 

−21.6 < M UV < −19.5 22 . 3 + 2 . 4 −2 . 3 % 7 . 1 + 1 . 5 −1 . 3 % 3 . 7 + 1 . 0 −0 . 8 % 2 . 2 + 0 . 7 −0 . 6 % 
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he [O III] λ4959, 5007 + H β EW distribution from 22 Lyman
reak dropouts at 6 . 63 < z < 6 . 83. To compare against EELG
ractions from Endsley et al. ( 2021 ), we scale the [O III] λ5007
W thresholds into appropriate [O III] λ4959, 5007 + H β thresh-
lds. As described previously, we obtain the [O III] λ4959, 5007
hreshold through a 2.98:1 flux ratio between [O III] λ5007 and
O III] λ4959 (Storey & Zeippen 2000 ). For H β, we infer the
W contribution using an H β:[O III] λ5007 EW empirical re-

ation ( log 10 (H β EW) = 1 . 065 × log 10 ([OIII] λ5007 EW) − 0 . 938 ) 
btained from the Tang et al. ( 2019 ) results for a comparable
ample of 1 . 3 < z < 2 . 4 EELGs co v ering a sufficiently broad
O III] λ5007 EW range ( ∼100–2500 Å). Here, our 500, 750, and
000 Å [O III] λ5007 EW thresholds are equi v alent to 754, 1135, and
516 Å [O III] + H β EW thresholds. Our comparison sample also
ncludes two H α EW studies: Stark et al. ( 2013 ) at 3 . 8 < z < 5;
nd Rasappu et al. ( 2016 ) at 5 . 1 < z < 5 . 4. In order to convert our
NRAS 513, 4451–4463 (2022) 
O III] λ5007 EW thresholds into that appropriate for the H α studies,
e apply a conversion factor from the linear relation found by Tang

t al. ( 2019 ) between H α and [O III] λ5007 EW in EELGs. A scaling
actor EW(H α)/EW([O III] λ5007) = 1.0 for [O III] λ5007 between
50 and 800 Å and 1.1 between 800 and 2500 Å. This mapping
uggests that our 500, 750, and 1000 Å [O III] λ5007 EW thresholds
re roughly equi v alent to 500, 750, and 1100 Å H α EW thresholds.
hese conversions are comparable to what has been used in the

iterature previously (e.g. Labb ́e et al. 2013 ; Rasappu et al. 2016 ). 
To characterize the redshift evolution within our data set, we

ivide our z ∼ 2 sample into two redshift bins, 1 . 70 ≤ z ≤ 2 . 01
nd 2 . 01 < z ≤ 2 . 274 containing 328 and 343 galaxies, respectively
using spectroscopic redshifts for [O III] doublet detections and
hotometric redshifts for non-detections). We report EELG fractions
or the two redshift bins in Table 2 and the full set of best-fitting
arameters for both sub-samples in Table 3 . Fig. 5 shows the EELG
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Figure 5. The evolution of the fraction of SFGs with extremely large [O III] λ5007 EW. The fraction for two [O III] λ5007 EW thresholds shown in circles (left 
plot – 500 Å) and diamonds (right plot – 750 Å) across five redshift epochs shown in blue (1 . 70 < z < 2 . 01), orange (2 . 01 < z < 2 . 274), green (3 . 8 < z < 5 . 0), 
red (5 . 1 < z < 5 . 4), and purple (6 . 63 < z < 6 . 83). Our z ∼ 2 data points are compared to the H α studies at z ∼ 5 and the [O III] + H β study at z ∼7 assuming 
conversions to [O III] λ5007 EW. A fitted power-law slope ∝ (1 + z) P and associated 1 σ uncertainty are shown in light blue. 
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Table 3. Best-fitting model parameters for the rest-frame EW( Å). We show 

the results for the lognormal distribution (LN) and normal distribution in 
logarithmic space (N) for our two redshift sub-samples. 

z-range N μLN σLN μN σN 

1.70 − 2.01 328 4 . 26 + 0 . 09 
−0 . 09 1 . 21 + 0 . 08 

−0 . 07 1 . 21 + 0 . 12 
−0 . 11 0 . 53 + 0 . 03 

−0 . 03 

2.01 − 2.274 343 4 . 26 + 0 . 11 
−0 . 12 1 . 43 + 0 . 11 

−0 . 10 0 . 97 + 0 . 18 
−0 . 18 0 . 62 + 0 . 05 

−0 . 04 

a  

2  

t  

h
t  

b
b  

a
e  

s  

[  

d  

v  

u
p  

w  

c
e  

f

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/3/4451/6573888 by U
C

L, London user on 04 August 2022
ractions calculated at [O III] λ5007 EW thresholds of 500 and 750 Å
nd compares to results in the literature at higher redshift. 

It is clear from Fig. 5 that at higher redshifts a greater proportion
f SFGs are observed in an extreme emission line phase. Not only
re the typical SFGs at z ∼ 7 ([O III] λ5007 EW ∼500 Å) rare
t z ∼ 2, representing 5 . 4 + 1 . 2 

−1 . 1 per cent and 8 . 2 + 1 . 6 
−1 . 5 per cent of the

opulation in our 1 . 70 < z < 2 . 01 and 2 . 01 < z < 2 . 274 bins, but
onversely the SFGs typical of z ∼ 2 ([O III] λ5007 EW ≤200 Å)
re rare at z ∼ 7, making up only ∼ 3 per cent of SFGs at these
igh redshifts (Endsley et al. 2021 ). It has been argued that objects
ith [O III] λ5007 EW abo v e 1000 Å lie abo v e the star-forming
ain sequence (the relation between the SFR of a galaxy and the

tellar mass, see e.g. Speagle et al. 2014 ). Such intense line emitters
ncompass ∼ 20 per cent of the population at z > 7, but at z ∼ 2
hese objects are practically insignificant, with only 1 . 5 + 0 . 6 

−0 . 4 per cent
1 . 70 < z < 2 . 01) and 3 . 0 + 0 . 9 

−0 . 8 per cent (2 . 01 < z < 2 . 274) of SFGs
n such a phase in our two intermediate redshfit bins. We consider
 power-law fit to the redshfit evolution of the EELG fraction 
frac(z) = frac 0 (1 + z) P ) and find z = 0 fraction and power-law slope
arameters (frac 0 = 0.47 + 0 . 12 

−0 . 10 per cent , P = 2.42 + 0 . 18 
−0 . 18 ) for an EW

hreshold of 500 Å and (frac 0 = 0.22 + 0 . 11 
−0 . 07 per cent , P = 2.51 + 0 . 27 

−0 . 32 ) for
n EW thresholds of 750 Å. 

.4 The dependence of the EELG fraction on UV luminosity 

ere, we characterize the luminosity-dependence of the [O III] λ5007 
W distribution in the range sampled by our data set ( −21 . 6 <
 UV < −19). At z � 7, an analysis using Spitzer /IRAC flux excesses

s a probe of rest-optical line strengths found no evidence for
 significant [O III] + H β EW trend with M UV (Endsley et al.
021 ). Given the close connection between [O III] λ5007 EW and
he ionizing efficiency (see discussion in Section 1 ), this result
as implications for the M UV -dependent contribution of galaxies 
o reionization. Physically, we may expect the [O III] λ5007 EW to
e stronger towards lower UV luminosities given the correlation 
etween M UV and stellar mass at z � 2 (e.g. Reddy & Steidel 2009 )
nd the relationship between mass and metallicity (e.g. Sanders 
t al. 2021 ). The larger electron temperature in lower metallicity
ystems can act to boost collisionally excited emission lines such as
O III] λ5007 (Reddy et al. 2018 ). The [O III] λ5007 EW additionally
epends on the sSFR (e.g. Tang et al. 2019 ). This is especially true at
ery large sSFR, where the [O III] λ5007 EW is enhanced by the weak
nderlying rest-optical continuum associated with very young stellar 
opulations. If the large sSFR phase is more common in galaxies
ith lower UV luminosities (as might be expected if bursts are more

ommon in lower luminosity and lower mass systems), we would 
xpect to see larger EELG fractions at the faint end of the luminosity
unction. 
MNRAS 513, 4451–4463 (2022) 
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Table 4. Best-fitting model parameters for the rest-frame EW( Å). We show 

the results for the lognormal distribution (LN) and normal distribution in 
logarithmic space (N) for our two M UV sub-samples. 

M UV N μLN σLN μN σN 

−19.5 to −19.0 335 4 . 13 + 0 . 12 
−0 . 12 1 . 39 + 0 . 12 

−0 . 11 0 . 95 + 0 . 19 
−0 . 18 0 . 60 + 0 . 05 

−0 . 05 

−21.6 to −19.5 336 4 . 31 + 0 . 08 
−0 . 09 1 . 30 + 0 . 08 

−0 . 07 1 . 14 + 0 . 13 
−0 . 12 0 . 57 + 0 . 03 

−0 . 03 
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To investigate whether the [O III] λ5007 EW distribution varies
ith UV luminosity, we first separate our sample into a UV-bright

 −21 . 6 < M UV < −19 . 5, 336 galaxies) and UV-faint sub-sample
 −19 . 5 < M UV < −19, 335 galaxies). We recompute the best-fitting
ognormal parameters for the [O III] λ5007 EW distributions in both

agnitude bins. The results reveal broad consistency in the model
ean and also the median of the two M UV bins: the mean EW values

f the UV-faint and UV-bright samples are 165 . 1 + 2 . 0 
−1 . 5 and 174 + 1 . 4 

−1 . 1 Å,
espectively (where we quote the standard error on the mean), and
he median values are 63 + 8 

−7 and 74 + 7 
−6 Å. The full set of best-fitting

arameters for both sub-samples is presented in Table 4 . As can be
een in the Table, both the average and width of the EW distributions
re consistent within 2 σ . 

We also consider the luminosity-dependence of the EELG pop-
lation, computing the fraction of galaxies that have [O III] λ5007
Ws abo v e four physically moti v ated thresholds (200, 500, 750,
nd 1000 Å , see Table 2 ). The EELG fraction PDFs for both UV
ins are shown in Fig. 6 . For each threshold (each sub-panel in
ig. 6 ) the derived fraction of SFGs with an [O III] λ5007 EW above

he given threshold is consistent between the two luminosity sub-
amples. The fraction of galaxies with an EW abo v e the typical
O III] λ5007 EW at z � 2 (200 Å) is similar in the fainter and brighter
ins (from 20 . 1 + 2 . 4 

−2 . 1 per cent to 22 . 3 + 2 . 4 
−2 . 3 per cent ), and the same is

ound for the relative abundance of the most EELGs (EW ≥1000 Å)
2 . 3 + 0 . 8 

−0 . 7 per cent and 2 . 2 + 0 . 7 
−0 . 6 per cent for the fainter and brighter

ins). The absence of significant variations in the [O III] λ5007 EW
istributions between the UV-bright and UV-faint bins is consistent
ith the findings of Endsley et al. ( 2021 ) at z � 7. A larger dynamic

ange in M UV may be required to find a trend between [O III] λ5007
W and UV luminosity. 

 DISCUSSION  

n this paper, we hav e deriv ed the [O III] λ5007 EW distribution in z
 2 UV-selected galaxies, thereby quantifying the fraction of EELGs

t z � 2. Locally (z ∼ 0) and at intermediate redshifts (1 < z < 3),
ELGs have been shown to be extremely efficient ionizers, both due

o their large ionization production ef ficiencies (Che v allard et al.
018 ; Tang et al. 2019 ; Emami et al. 2020 ; Nakajima et al. 2020 ) and
heir large escape fractions (e.g. Izotov et al. 2016 ; Vanzella et al.
016 ; Fletcher et al. 2019 ; Jaskot et al. 2019 ; Nakajima et al. 2020 ).
o we ver, the rareness of this population suggests they are likely

o make a sub-dominant contribution to the ionizing background
rom SFGs at z � 2. In this section, we estimate the fractional
ontribution from EELGs at z � 2 to the ionizing background,
ombining [O III] λ5007 EW distributions with nominal assumptions
n the ionizing efficiency of the population. 
We first consider the ionizing contribution of EELGs at z � 2,

ocusing on those systems with [O III] λ5007 EW > 750 Å. While this
ubset comprises just 3.6 per cent of the z � 2 population (Table 2 ),
hey are thought to be very efficient ionizers. These objects have
ypical ionizing photon production efficiencies of log 10 ( ξ ion , erg
 

−1 Mpc −3 Hz −1 ) = 25.58 (Tang et al. 2019 ), 3.3 × greater than that
NRAS 513, 4451–4463 (2022) 
n more typical SFGs at z � 2 (Shi v aei et al. 2018 ). While not all
ELGs show ionizing photon leakage, values are often significant

n the population, with systems having the largest [O III] λ5007 EWs
i.e. > 750 Å) often found with estimated escape fractions of up to
0–50 per cent (Vanzella et al. 2016 ; Rivera-Thorsen et al. 2017 ;
zotov et al. 2018 ; Fletcher et al. 2019 ). For the purposes of this
alculation, we will assume that this range of 20 − 50 per cent escape
ractions is exhibited by half of galaxies with [O III] λ5007 EW >

50 Å, with the remaining half leaking no ionizing radiation. While
his f esc distribution is clearly still very uncertain, the values are
roadly consistent with known constraints on LyC escape fractions
nd indirect indicators of leakage in this extreme [O III] emitting
opulation (e.g. Izotov et al. 2018 ; Jaskot et al. 2019 ; Du et al. 2020 ;
ang et al. 2021b ). In what follows, we take these values and calculate

he comoving emissivity of ionizing photons ( ̇n ion , s −1 Mpc −3 ) for
hese intense EELGs, but we caution that impro v ed distributions of
scape fractions in this population are ultimately required for more
onfident inferences. We focus on galaxies in the luminosity range
robed in this paper ( −21.6 < M UV < −19) and assume the Reddy &
teidel ( 2009 ) UV luminosity function. We multiply the far-UV

uminosity density by the fraction of galaxies with [O III] λ5007 EW
 750 Å (3.6 per cent). After accounting for the ionizing production

fficiency and the range of escape fractions, we find that this
opulation injects a comoving ionizing photon emissivity of between
 and 8 × 10 49 s −1 Mpc −3 into the IGM at z � 2 for our assumed
arameters. We can now estimate the fractional contribution these
ELGs make to the total ionizing background produced by z � 2
FGs. To do so, we use population-average estimates of the ionizing
hoton production efficiency and escape fraction. For the escape
raction, we use the recently derived value from Pahl et al. ( 2021 ),
ndicating an average f esc of ∼ 6 per cent for z � 3 UV-selected
alaxies, consistent with the latest determination of 7 ± 2 per cent
rom the VANDELS surv e y Be gle y et al. ( 2022 ). We adopt this
alue of 6 per cent from Pahl et al. ( 2021 ) but we note that there
s variation in the measurements of f esc at z > ∼3 in the literature;
teidel et al. ( 2018 ) report 9 ± 1 per cent, while Grazian et al.
 2017 ) place an upper limit of f esc < 10 per cent for a stack of z

3 galaxies with M UV ≈ −19.7 (close to the median M UV of our
ample in this paper). Here, we assume that z � 2 galaxies have
 similar value. For the ionizing production efficiency, we use the
 alue deri ved for the z � 2 UV-selected population, taking the same
ttenuation law as we assumed for EELGs (Shi v aei et al. 2018 ).
he estimated ionizing emissivity from UV-selected galaxies o v er
ur luminosity range is then ṅ ion = 1 . 5 × 10 50 s −1 Mpc −3 . While
he emissivities quoted abo v e are nominal estimates with significant
ncertainties, they illustrate that EELGs do indeed make a sub-
ominant contribution to ionizing output from galaxies at z � 2
accounting for 20–50 per cent of the ionizing flux from all SFGs).
o we ver if the large escape fractions assumed here for a subset of

he most intense of EELGs are correct, it would indicate that even
t z � 2, this population makes a non-negligible contribution to the
onizing background of SFGs. 

The ionizing contribution from EELGs is likely to increase sub-
tantially as we enter the reionization era. Given current constraints
n the z � 7 [O III] + H β EW distribution from Endsley et al. ( 2021 )
nd nominal assumptions about the relation between [O III] + H β

nd [O III] λ5007 EWs (see Section 3.3 ), the percentage of SFGs
ith [O III] λ5007 EW > 750 Å increases by a factor of 10 between
 � 2 and z � 7, from 3.6 per cent (z � 2) to close to 37 per cent
z � 7). The percentage of those with an [O III] λ5007 EW > 500 Å
lso increases by a factor of 10 between z ∼ 2 − 7, reaching close
o 65 per cent of the population at z � 7 (Endsley et al. 2021 ). So



The [O III] λ5007 EW distribution at z ∼ 2 4461 

Figure 6. The fraction of M UV bright and M UV faint SFGs at z ∼ 2 with extremely large [O III] λ5007 EW. Posterior distributions for the bright −21.6 < M UV 

< −19.5 (solid lines) and faint −19.5 < M UV < −19.0 (dashed lines) shown for four different [O III] λ5007 EW thresholds in blue (200 Å), orange (500 Å), 
green (750 Å), and red (1000 Å). 
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hile the majority of the z ∼ 2 SFG ionizing background comes 
rom more typical modes of star formation than EELGs, during the 
eionization era the bulk of the ionizing photons will likely come 
rom EELGs. Future work is required to test if the ionizing efficiency
f this population evolves with redshift. The first spectra of EELGs
n the reionization era suggest similarly intense radiation fields as 
re often seen at lower redshifts (e.g. Stark et al. 2015a , b , 2017 ;
ainali et al. 2017 ; Schmidt et al. 2017 ; Hutchison et al. 2019 ; Jiang

t al. 2021 ; Topping et al. 2021 ), but JWST will soon allow much-
mpro v ed inv estigation of the ionizing output of reionization-era 
ELGs. 
The rapid evolution in the EELG population is suggestive of a 

hift in the main star-forming mode between z ∼ 2 and z ∼ 7. The
ost intense EELGs are likely in the midst of a burst or recent upturn

n star formation. The increase in this population with redshift may 
uggest that such intense bursts are becoming more common in the 
eionization era. This is perhaps consistent with the observed rise 
n the galaxy merger rate and specific mass accretion rate observed 
etween 1 < z < 6 (Duncan et al. 2019 ), both of which may spark
nd feed more frequent and stronger bursts of star formation. The 
ebular rest-optical line EW distributions (and the related sSFR 

istributions) encode useful information on the star formation history, 
ith the tails of the distribution (both at high and low sSFR)

onstraining the strength and duty cycle of bursts. The evolution 
nd mass-dependence of these distributions will soon be constrained 
n more detail by JWST . Direct comparison of these observations to
imulations and semi-analytic models promises valuable insight into 
he presence of bursts in the earliest galaxies. 
a  
 SUMMARY  

ecent years have seen increased interest in EELGs, owing to their
fficiency as ionizing agents and their apparent ubiquity in the 
eionization era. The [O III] λ5007 EW distribution constrains the 
ercentage of SFGs at a given epoch caught in an extreme emission
ine phase. While efforts have begun to characterize the distribution 
f [O III] + H β line strengths at z � 7 (Labb ́e et al. 2013 ; Smit
t al. 2014 ; De Barros et al. 2019 ; Endsley et al. 2021 ), similar
easurements do not exist at z � 2, impeding efforts to track the

edshift evolution of the EELG population. We establish the best- 
tting lognormal model for the [O III] λ5007 EW distribution in a
est-UV selected sample ( M UV < −19) in the redshift range 1 . 700 <
 < 2 . 274, using the combination of HDUV photometry and the
D- HST grism spectra. With the [O III] λ5007 EW distribution, we
uantify the fraction of z � 2 galaxies with extreme line emission,
roviding the low redshift baseline necessary to characterize the 
volution of this population. The fraction of UV-selected galaxies 
ith an [O III] λ5007 EW abo v e 200 , 500 , 750, and 1000 Å is

ound to be 21 . 2 + 1 . 7 
−1 . 6 per cent , 6 . 8 + 1 . 0 

−0 . 9 per cent , 3 . 76 + 0 . 7 
−0 . 6 per cent , and

 . 2 + 0 . 5 
−0 . 4 per cent , respectively. We find no strong evidence that the

ELG fractions vary with UV luminosity in the range considered in
his paper ( −21.6 < M UV < −19.0), consistent with results at z � 7
Endsley et al. 2021 ). 

Comparison to results at higher redshift (e.g. De Barros et al.
019 ; Endsley et al. 2021 ) reveals rapid redshift evolution, with the
raction of galaxies having [O III] λ5007 EW > 500 Å increasing from
.8 per cent at z � 2 to 65 per cent at z � 7 (for nominal assumptions
bout the H β contribution at z � 7). We find a similar increase
MNRAS 513, 4451–4463 (2022) 
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ith a slightly higher [O III] λ5007 EW threshold ( > 750 Å), with
.6 per cent of the population in this regime at z � 2 and 37 per cent
t z � 7. Even accounting for their enhanced ionizing efficiency,
ELGs are too rare at z ∼ 2 to dominate the ionizing background
roduced by SFGs. Ho we ver, a far greater percentage of galaxies
ill be in an extreme emission line phase at z � 7, providing an

deal population for ionizing the IGM. Future work will soon offer
uch-impro v ed measures of the evolving EELG population, both

n terms of their ionizing efficiency and their mass-dependent
ontribution to the total galaxy population. These studies promise
aluable insights into the contribution of galaxies to reionization and
he redshift and mass-dependence of bursts in early galaxies. 
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