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o 1. Introduction

« Galaxies hosting strong events of star formation can provide

= keys for our understanding of early galaxy evolution, since such

L() extreme star-forming objects are expected to be more frequent

< towards the first epochs of the Universe. In this sense, these

highly star-forming galaxies provide useful windows to the high-

z Universe, allowing us to study the photon budget required for

! its re-ionization (e.g. [Stark| 2016} |Dayal & Ferraral[2018). The

<" nature, properties and prevalence of these galaxies at the Epoch
of Reionization (EoR) remain to be fully understood.

< All these galaxies have been named as a class as extreme

(_\! emission line galaxies (EELGs) since their (optical) spectra

= show very strong emission lines with extreme equivalent width

.~ (EW). EELGs host a considerable number of massive young star

>< forming systems producing a substantial amount of photoion-

E ising radiation. This radiation is absorbed by the surrounding

metal-poor gas (e.g., Ravindranath et al|2020). Since the gas

is expected to have a perforated irregular distribution, hard ion-

ising radiation could escape (e.g. [Bergvall et al.|2006; [[zotov

et al.|2016; [Fletcher et al.|[2019; [Pérez-Montero et al.|2020).

It turns these systems into perfect laboratories for the sutdy of

LyC escape. Therefore, the discovery and characterisation of lo-

cal EELG analogs give us a way to gain more insight about first

moments of galaxy evolution when leakage of LyC photons from

EELGs provided a major contribution to the EoR photon bud-
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ABSTRACT

Aims. We apply a methodology to build a sample of extreme emission line galaxies (EELGs) using integral field spectroscopy data. In
this work we follow the spectroscopic criteria corresponding for EELG selection and use the MUSE Hubble Ultra-Deep field survey,

Methods. Objects in the primary (extended) sample were detected requiring a rest-frame equivalent width EWo > 300 A (200A <
EWo < 3001&) in any of the emission lines of [OI1]113726,29, [OIII]115007,4959, or Ha. A detailed closer inspection of the spectra
of the candidates selected has been performed on a one by one basis, in order to confirm their classification. For this sample, the line
fluxes, physical properties and chemical abundances of the EELGs have been derived as well as their spatially resolved structure and

Results. Four (five) of the galaxies in the primary (extended) sample, ~57% (~83%), were spatially resolved. Three (none) of them
present a clear pattern compatible with rotation. We have shown how our entire EELGs sample share the same loci defined by high-
redshift galaxies (z = 6-8) for the mass-metallicity relation, illustrating their role as local analogs.

Key words. galaxies: evolution — galaxies: star formation — galaxies: starbursts

get (e.g. [Erb et al.|[2016; [Yang et al|2017a; |[Naidu et al.|2022;
Matthee et al.|[2022).

EELGs present spectra with very high EW of [OIII] and HB
emission lines, and it has been found that these galaxies use to be
also strong Ly« emitters (Tang et al[2021)). On the other hand,
most typical LyC leakers presenting a very high EW(Lya) are
frequently found among Green Pea galaxies, an outstanding fam-
ily among the prototypes of EELGs (Izotov et al.| 2016l 2018}
Pérez-Montero et al.|2021)).

As of today, observational studies have discovered thousands
of EELGs but most searches have produced a mixed bag of de-
nominations, typically inspired by their compact optical appear-
ance and/or colour in plates; examples of these are Green Peas,
Blue Berries, ELDots/HaDots, or SDSS extreme HII galaxies
and their cohorts, to cite a few (e.g.|Terlevich et al.[1991} |Carda-
mone et al.|2009; |Amorin et al.|[2010} 2012; [Bekki|2015; [Yang
et al.|2017b} [Salzer et al.|[2020), all illustrating how EELG se-
lection can depend on the redshift range explored and the exact
criteria and technique applied. The search for EELGs is some-
what complementing the historical searches for blue galaxies of
very compact morphology that were identified and analyzed in
pioneering works since the middle of the last century (e.g. Haro
1956; |Zwicky| |1966; Markarian| [1967). However, it is impor-
tant to emphasize here that a large majority of EELG searches
performed so far were based on broad-band photometry data,
thus avoiding direct spectroscopic or narrow-band based selec-
tion based on emission lines which still remains scarce (see e.g.
Indahl et al.[2021; Lumbreras-Calle et al.[2022} [Iglesias-Paramo
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et al.2022)). This situation may have somehow supported the per-
sistence of systematics and/or obvious bias in current samples
of EELG, given the typical very faint continua and the strong
emission lines of these galaxies. A clear example are the dif-
ferences in the number and occurrence of these objects. |Paal-
vast et al.| (2018)) explored galaxies with extreme [OIII]/[OII] ra-
tios combining data from several MUSE Guaranteed Time Ob-
serving (GTO) programmes (0.28 < z < 0.85) founding 15 of
these systems in their sample (3.7% of their total sample). |Car-
damone et al.|(2009) imposing conditions on rs pss , redshift, op-
tical colours, and morphology reported a spatial density of Green
Peas of approximately 2 per square degree, a critical bench-
mark in EELG studies. In the local Universe, Yang et al.| (2017a)
found a density of 0.003 EELGs per square degree for ’blue-
berries’ in the local universe (z < 0.05), while [Lumbreras-Calle
et al.|(2022) identified 466 EELGs within 2000 square degrees,
equivalent to a density of about 0.23 per square degree, in the
J-PLUS survey (z < 0.06). Furthermore, Amorin et al.|(2015) re-
ported 165 EELGs in the 1.7 square degree area covered by the
zCOSMOS-bright survey, indicating a density of approximately
97 per square degree in the redshift range 0.11 < z < 0.93. As
Iglesias-Paramo et al|(2022) noted precise comparisons among
different works are prevented by the different selection criteria
and observational limits of each sample.

There is not a clear limit for the rest-frame equivalent width
(EWo) to define a galaxy as an EELG. In this work, we use a
similar definition for EELGs to that used by [Iglesias-Paramo
et al.| (2022), i.e. objects that show at least one emission line
([011]A43726,3729, [Oll]114959,5007 or Ha) with EWo >
300 A.

Nevertheless, we are aware that previous works have as-
sumed different selection limits for EELGs (e.g. |Amorin et al.
2015; |Salzer et al.|[2020j Iglesias-Paramo et al.|2022| and refer-
ences therein); therefore for the sake of consistency with previ-
ous works, we have enlarged our search producing an extended
sample including all sources presenting EWo >200 A. In this
way, we gain consistency in order to compare with literature
work, and could examine the behaviour of the main properties
of EELGs around the adopted EWo limit; an exercise especially
relevant when looking for any possible evolution through red-
shift.

In this work we take advantage of the exceptional depth and
quality of the recent MUSE Hubble Ultra-Deep field survey data
release (HUDFS; [Bacon et al.|[2023) to carry out a purely spec-
troscopic search for EELG with MUSE. EELGs usually show
a compact appearance although some low surface brightness
structure can be seen for some of them (see Appendix A from
Iglesias-Paramo et al.|2022| for examples). Here, we have been
able to spatially resolve the ionization structure and the gaseous
kinematics of this type of objects. This paper is organised as fol-
lows. In the next section we summarise the observations and cri-
teria to select the sample. Section 3|shows the basic properties of
our EELG candidates. The results and discussion are presented
in Section[d] The main conclusions are summarised in Section 3

2. Data and sample
2.1. MUSE Hubble Ultra-Deep Field

The MUSE instrument is a powerful tool for optical
(4750-9350 A) spectroscopic studies thanks to a combination of
a wide field of view (FoV) of 1’x1” with a spatial sampling of
0.2”x 0.2” per spaxel and high resolving power (ranging from
R~ 1800 in the blue to R~4000A in the red). Our study is
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based in the second data release (DR2) of the MUSE Hubble
Ultra-Deep Field surveys (Bacon et al.|2023)), which includes the
deepest spectroscopic survey ever performed. With an achieved
depth of 141 hours and a field of view of 1 arcmin of diameter,
it is a key addition to the previous MUSE spectroscopic survey
data release (Bacon et al.|[2017 Inami et al.[2017; DR1, a 3 X
3 arcmin® mosaic of nine MUSE fields at a 10-hour depth and a
single 1 X 1 arcmin® at 31-hour depth) in the Hubble ultra-deep
field (Beckwith et al.|[2006; HUDF) area. This second data re-
lease (DR2) incorporates the previous ones reprocessed with the
same tools and methodology, providing a homogeneous data set
of deep spectroscopic observations in the HUDF region.

In addition to the calibrated data, the data cubes have an ex-
tension with the propagated variance estimate, which is used in
the line fitting process (see Sect. [3.1). Reduced and calibrated
data cubes, the source catalogues and an interactive browser are
available to the public through the AMUSED web interfacdﬂ

2.2. Sample selection

Our selection process begins by analysing the information of-
fered by the AMUSED interface. The main catalogue gives a
summary of source properties and the final datacubes and asso-
ciated images (e.g. Hubble images) are public for each object.
We follow the criteria in |[glesias-Paramo et al.| (2022) and de-
fine our primary sample of EELG as those objects that show at
least one emission line with EWo > 300 A. We use the EWo mea-
sured by Bacon et al.| (2023) using the python code pyPlateﬁﬂ
Briefly, pyPlatefit is an improved Python-based version of the
PLATEFIT IDL software (Brinchmann et al.|2004) developed
to fit MUSE data. It performs a stellar continuum fitting using
a simple population model (Bruzual & Charlot|2003)) and then
fits the emission lines with gaussian profiles after subtracting the
continuum. To characterise the local continuum, pyPlatefit
masks the emission lines and uses windows of 50 A on the left
and right.

Using these criteria, of the 2221 catalogued objects, we
found a total of 2, 5 and 3 galaxies presenting rest-frame EWo >
300 A in [OI1], [OIII] and He, respectively. One of these objects
presents EWo > 300 A in two lines ([OIII] and Ha). Thus, we
selected 9 candidates (ID 91, 891, 895, 1795, 2478, 2532, 6465,
7373 and 7601) fulfilling the criteria for our primary EELG sam-
ple. A detailed closer inspection of the spectra of these 9 candi-
dates has been performed on a one by one basis. In doing so, we
have found that the spectra of two of the candidates (ID 1795 and
7601) show low signal to noise ratio (SNR) over the entire wave-
length range, giving non realistic lines fitting in the AMUSED
database. Therefore, these two candidates were discarded from
our EELGs primary sample. Table [T| shows the basic properties
of the sample; these include quantities extracted from AMUSED
(MUSE ID, coordinates, redshift, magnitude in the HST F775W
band, stellar mass, star formation rate, line of detection, line flux,
corresponding luminosityﬂ and rest frame EWo), and measure-
ments of this work for line flux and rest frame EWo. All these
relevant spectrophotometric properties will be considered in the
discussion.

Furthermore, as commented before, we have produced also
an extended EELG sample with sources presenting 200 A <

! https://amused.univ-1lyonl.fr/

2 https://pyplatefit.readthedocs.io/en/latest/
tutorial.html

7 Note that this luminosity is not corrected by the extinction of each
galaxy. See Sect.[4.1]
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EWo < 300 A in at least one of the lines considered above
([0OII]A13726,3729, [OI11]114959,5007 or Ha). Using these ex-
tended criteria, we found a total of 3, 8 and 1 galaxies show-
ing 200 A < EWo <300 A in [O11], [OIII] and He, respectively.
One of the objects detected in [OIII] presents a EWo > 300 A
in Ha (ID 7373) and one object shows 200A < EWo < 300 A
in both [OIIl] and Ha (ID 6474). Therefore, giving 10 candi-
dates (ID 1093, 1426, 1561, 1699, 6474, 6865, 1863, 7105, 7985,
8000) for the extended EELG sample. We have performed a de-
tailed closer inspection of the spectra of these 10 candidates, as
done for the primary sample. Following the same criteria, we
end up discarding 4 galaxies (ID 1863, 7105, 7985 and 8000).
The galaxies selected for our extended EELG sample are listed
in Table 2l

Figure E] shows the distribution of redshift, magg775w,
EWo[omﬂ and Lios. These candidates expand the ranges: 0.1

<2<0.9,22 < maggrsw < 28,200 A < EWo < 1200 A and 41.9
< Log(L[om]/¥) < 44.2, respectively. We can see that both,
primary and extended, samples share the same range of basic
properties. Note that the low number of objects in our sample
is totally expected based on reported densities of similar objects
in the literature (e.g. [Iglesias-Paramo et al.|2022)). Furhtermore,
we do not find systems with redshift <0.1 being consistent with
previous works in the local Universe (e.g. |Yang et al|2017b;
Lumbreras-Calle et al.|2022).

3. Properties of the EELG sample
3.1. EELG spectra and line fluxes

Figure 2] shows the spectra of both EELG primary and extended
samples. All the selected objects present characteristic spectra
of strong emission line galaxies, consisting of a faint continuum
and very prominent emission lines.

As we indicated in Sec. [2] our sample selection is based
in the information given by the AMUSED web interface and
the fittings performed by Bacon et al| (2023). The equivalent
width values depend on the continuum level and this can be
difficult to characterise. Therefore, we decide to re-evaluate the
EWo values of our samples to confirm the EELG classification.
Emission-line fitting was performed with pyPlatefit including
improvements with respect the previous fittings. Firstly, we use
the parameter ziter, which allow to a second iteration improv-
ing the fitting. Secondly, we perform 100 Monte Carlo simula-
tions to compute uncertainties following standard procedures in
full spectra fitting techniques (e.g.|del Moral-Castro et al.[2019]
2020; Bittner et al. [2019; [Dominguez-Gomez et al.|2023| and
references there). Briefly, we derive these uncertainties creat-
ing multiple realisations of the original spectrum adding random
noise consistent with the quality of the observed spectrum to the
best fit and running pyPlatefit again. The considered errors
are the standard deviation of the 100 recovered values. Tables
[C.T]and [D.T] presents the fluxes measured for the emission lines
for the primary and extended samples.

Thirdly, three objects (MUSE ID 91, 7373 and 1093) present
a cut in the spectrum (from ~ 5800 to ~5970/°\). Then, to
avoid possible problems with the fitting to the continuum,
we fit the wavelength range from 6000 to 9300 A. As for
the rest of objects, the whole wavelength range was consid-
ered (4750-9300 A). We notice that the object 2478 presents a

4 Note that two galaxies (MUSE ID: 891 and 7373) are included in
the primary sample performing its condition in EWoy,, though their
EWoyoi) are lower than 300 A.

very high EWo([OIII]15007). This value seem to be too high,
since the F([OIII]14959) / ([OII]A5007) is ~ 1/3. Therefore,
EWo([OIII]A5007) should be ~ 3-EWo([OII1]14959). However,
it is ~30. Through an inspection of the line catalogue given
by AMUSED, we found that the continnum associated to the
[OIIT]A5007 emission line is almost an order of magnitude less
than the continnum level of the [OIII]14959 emission line. How-
ever, F ., ([OII]14959) / F, ., ([OII]15007) ~ 1 for the rest of
the objects. Therefore, we decide using the continuum level of
the [OIII]14959 emission line to compute the EWo([OIII]15007)
of MUSE ID 2478.

Finally, we studied the effect of the window width used by
pyPlatefit to characterise the local continuuan] on the EWo
values. We used pyPlatefit changing the internal configura-
tion to use windows of 100 and 200 A confirming the EELG clas-
sification except for the object MUSE ID 7373, where the EWo
values for windows of 100 and 200 A are 102+11 and 106+7, re-
spectively. Therefore, we added a flag of caution for this galaxy
in Table[T]

3.2. Spectroscopic and spatially resolved properties

Figure 3| presents an example of photometric and spectroscopic
properties derived for the galaxy ID 891. The upper row shows
the HST 775W and MUSE white-light images, as well as the
MUSE spectrum with an inset zooming around the Hy and
[OI11]4363 A emission lines. In the bottom row we present the
spatially resolved spectroscopic and kinematic information of
the galaxy which will be discussed in[f.2] Emission-line fitting
was performed using pyPlatefit spaxel by spaxel. The velocity
field shows a clear pattern of rotation similar to those of nearby
disc-galaxies (i.e. Barrera-Ballesteros et al.[[2014} |del Moral-
Castro et al.[2019). Only spaxels with significant line detections
(S/N > 6) are shown. We checked that the results are not contin-
gent upon the choice of the minimum signal to noise ratio S/N
by repeating the analysis with different thresholds (3, 6, and 9).
We prefer to stick to S/N=6 to preserve the best possible spatial
resolution for this analysis combining with a robust selection.
Appendices [A] and [B show similar images for the the EELG pri-
mary and extended samples, respectively.

4. Results and discussion
4.1. Physical properties and chemical abundances

In order to compute the physical properties of the galaxies of
our EELG sampleE] we have followed the expressions in [Pérez-
Montero| (2017). The Balmer decrement was used for the deriva-
tion of the reddening coefficient C(HS) assuming Case B approx-
imation for electron temperature 15000 K and density 100 cm™3
(Storey & Hummer| [1995), and the extinction law by |Cardelli
et al.| (1989) with Ry=3.1. In any case, no relevant change is ex-
pected if the exact electron temperature and density of each ob-
ject are used. Whenever possible, the ratio of the bright Balmer

5 Although, the broad-band Hubble Space Telescope (HST) obser-
vations are deeper than those of MUSE, the filter widths (F606W:
4632.15-7179.43A and F775W: 6801.41-8630.74A, see Fig. 1 from Ba-
con et al.|[2023) are too large to ignore the presence of non-uniform
spectral energy distribution (SED) components and other emission fea-
tures in the characterisation of the local continuum.

6 A closer inspection of all individual line profiles confirmed the pres-
ence of narrow lines in all the sources, discarding AGN contamination.
Furthermore, the BPT diagram was performed for three of them locat-
ing the galaxies in the star formation region.
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Fig. 1. Histograms of the distribution of properties of the sample of EELGs. See the text for details.
Muse ID Ra Dec z magr77sw log Mass log SFR Line LogL Cont EWo F Cont EWo
(AMUSED) (AMUSED) (AMUSED) (AMUSED) (AMUSED) (AMUSED) (AMUSED) (AMUSED) (AMUSED) (AMUSED) | (this work)  (this work) (this work)
(deg) (deg) 10g(’f+’o”) IUg(‘AfT@) (1072025 () (lo’zoﬁ) (A) (1072025 (10’2”;%) (A)
[€)) 2 3) ) 5) (6) (¥ 3) (O] (10) (11) 12) (13) (14) (15)
91 53.1625 277803 0.72 26.18 326 127 [OIII] 15007 4008 1282 11.89 345 4099+6 11892045  345zI3
891 53.1957 -27.7878 0.23 22.21 8.44 -0.54 Hao 67946 44.04 218.37 311 67942+15 218.37+0.46 311+1
895 53.1447 277854 025 247 8.6 -0.64 [OIJAS007 92674 44.17 255.45 363 9267317  25545:1.02 3632
Ha 57498 43.96 173.54 331 5750049  173.54£0.46 331+l
2478 53.1839 277954 0.73 27.85 7.19 211 [OI11]14959 583 4197 1.55 375 58343 1.5540.26 37598
[OII1]A5007 2065 4252 0.18 11478% 20653  155:026 13324224
2532 53.1497 -27.8093 075 27.91 7.44 -1.63 [OII1]A5007 492 419 127 387 49245 1.27+0.37 386+97
6465 53.1942 -27.7854 0.72 26.15 - - [OIII]A5007 668 42.03 1.85 362 668+6 1.85+0.46 362+89
7373 53.1542 -27.7867 0.28 27.89 6.85 -2.43 He 102 41.21 0.33 307% 102+2 0.33+0.11 309+100

Table 1. Basic properties of the EELG primary sample candidates. (1) MUSE source identifier; (2) Right ascension (J2000.0); (3) Declination
(J2000.0); (4) Redshift; (5) Magnitude in HST F775W; (6) Stellar mass; (7) Star formation rate; (8) Detected emission line with > 300 A; )
Flux of the emission feature; (10) Luminosity of the emission feature; (11) Flux of the continuum level; (12) Rest frame equivalent width of the
emission feature (¥ uncertain value); (13) Flux of the emission feature (measured in this work); (14) Flux of the continuum level (measured in this
work); (15) Rest frame equivalent width of the emission feature (measured in this work).

Muse ID Ra Dec z magr7rsw log Mass log SFR Line F LogL Cont EWo F Cont EWo
(AMUSED) (AMUSED) (AMUSED) (AMUSED) (AMUSED) (AMUSED) (AMUSED) (AMUSED) (AMUSED) (AMUSED) | (this work)  (this work)  (this work)
(deg) (deg) log(er) log(¥2) (10202, G Py A | a00E) 00y (A
[e)) )] 3) “ ) ©) (@) ®) [©)) (10) an 12 a3) (14) (5)
1093 53.1763 -27.7809 0.54 24.87 7.92 -0.98 [OIII]A5007 5371 42.93 2279 236 5364+9 22.79+0.38 235+4
1426 53.1473 -27.8008 0.28 26.05 7.07 -2.06 [OI11]A5007 2485 42.6 8.51 292 2485+5 8.51+0.29 292+10
1561 53.153 -27.7937 0.73 26.41 8.1 -1.3 [OI11]45007 1450 4237 5.72 254 1450+6 5.72 £0.40 254+18
1699 53.154 -27.8052 0.67 26.70 7.93 -1.26 [OIIT]A5007 905 42.16 3.98 228 905+5 3.98+0.24 228+14
6474 53.1866 -27.7902 0.12 23.20 - - [O111]A5007 26044 43.62 105.11 248 26044+8  105.11+0.39 248+1
Ha 15343 43.39 73.78 208 15343+7 73.78+0.48 208+1
6865 53.1604 -27.7752 0.83 26.60 [OIIT]A5007 6276 43.00 25.73 244 6276+3 25.73+0.24 243+2

Table 2. Same as Tablefor the EELG extended sample candidates.

lines Ha/HPB has been used. When the flux measurement of Ha
(ID 1426) or HB (ID 6465) is uncertain, or Ha is not observed
(ID 2478). The C(HpB) values for all the EELGs are presented in
Table [3] After inspection of the errors of the flux of the Balmer
lines considered above (see Appendices[Cland[D), a formal 20%
relative error, face value, has been adopted for C(Hp).

For two galaxies (ID 2478, ID 6465) the computed C(HB)
was zero or slightly negative, though consistent to within the
errors with the adopted value of C(HB)=0. A C(HB)=0 was
adopted also for ID 2532 since only one Balmer line, HB, was
measured for this galaxy. In what follows, all the fluxes used
for the derivation of the physical properties and chemical abun-
dances of the selected EELGs have been reddening corrected ac-
cordingly.

Overall, the extinction values derived for our sample of
EELGs are low, typically C(HB) ~ 0.1 (Av =~ 0.22), and the max-
imum around Av ~ 0.45, whereas a good fraction of the sample
shows values consistent with no extinction. This result, -given
the negligible Galactic extinction, (Schlafly & Finkbeiner|2011)-
would translate into a low (or very modest) dust component as-
sociated to our EELGs, somewhat expected for low metallicity
(dwarf) galaxies.
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For seven galaxies the flux in the auroral [OIII]44363 tem-
perature sensitive line has been measured with good signal to
noise, illustrating the high quality of the data. Therefore we
have performed a direct calculation of their electron temperature,
with important implications for the chemical abundance deriva-
tion. We have followed [Pérez-Montero| (2017) for the computa-
tion of the T[OIII] electron temperature using the ([OII]A5007
+[OI11]14959)/[OI11]14363 line ratio. The values of T[OIII] ob-
tained, along with their corresponding errors derived via error
propagation from the measured flux error, are presented in Table
[l The T[OIII] electron temperatures are high, going from 1.3
10* K to over 20 10* K; these temperature values being typically
found in low metallicity star-forming galaxies (e.g./Amorin et al
2015} [Kehrig et al.[2016} Izotov et al.[2019; [Pérez-Montero et al.
2021).

The electron density, N,, has been derived using the line ra-
tios from the [OI1]2123726,3729 and [SII]2116717,6731 doublets
whenever observed (redshift permitting, see Fig. 5] for an ex-
ample), being both line doublets resolved in the MUSE data.
For galaxies ID 91, 6465, 1093, 1426, 1561, 1699, 6865, we
have measurements of the [OII]A13726,3729 doublet; whereas
the [SI1]A46717,6731 doublet is measured for ID 891, 895, 6474.
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For three galaxies, ID 2478, 2532, 7373, we have no information
to derive their electron density. We assume a electron tempera-
ture of 10* K (Sanders et al.|2016; [Harshan et al|2020). After
a close inspection of the measured flux errors, in this work we
have adopted a formal relative error for N, of 20%, face value,
and value of the low density limit for N, < 50 cm™3. The electron
densities derived for our EELG galaxies are shown in Table
These values of electron density indicate that most galaxies of
the sample have a low density, and N, in four of them being con-
sistent with the low density limit. However, for three galaxies,
ID 1699, 6474, 6865, substantially high electron densities are
derived, with N~ 500 to 600 cm™. Interestingly, two of them,
ID 6474 and ID 6865, show the highest electron temperatures
derived.

After obtaining the physical properties of the galaxies above
we have derived their metallicity using the spectroscopic infor-
mation gathered. We have calculated the oxygen chemical abun-
dance of the ionized gas of these EELGs, as a direct measure-
ment of their gas metallicity. To do so we proceed as follows:

1. For those galaxies (ID 91, 1093[1 6865) for which we have
measurements of [OI112113726,3729 and [OII1]115007,4959
flux, together with the electron temperature T[OIII], we can
perform a direct derivation of the ionic O*/H* and O**/H*
abundances, adding them up to derive the total oxygen abun-
dance, expressed 12+log(O/H). For this calculation a two
ionization zones scheme has been adopted following |Pérez-
Montero| (2017), using T[OIII] for the O** zone, and esti-
mating the OF zone temperature, T[OII]. The 12+log(O/H)
of these galaxies, along with their corresponding errors esti-
mated from error propagation of line fluxes and temperature,
are quote in Table[3]

2. For those galaxies (ID 891, 895, 2478, 6474) for which
we have derived the electron temperature, T[OIII], but no
[OI1]A13726,3729 lines are measured, we can not proceed
with the direct method as above. In these cases we rely on
the anti-correlation between the total oxygen abundance of
the ionized gas and its electron temperature, as observed in
Amorin et al.| (2015); a direct, theoretically expected, con-
sequence of the cooling of the ionized gas via oxygen lines.
The values of 12+log(O/H) for these galaxies, along with the
corresponding statistical error +0.08 dex, have been derived
following the expression in|Amorin et al.|(2015), and are pre-
sented in Table [3| For the sake of comparison, we have de-
rived 12+log(O/H) also for the three galaxies treated with the
direct method above, giving a very good agreement within
the errors.

3. For the rest of the galaxies we only have flux measurements
of [OII]A43726,3729 and [OIII]A45007,4959 lines, for ID
6465, 1426, 1561, 1699, or even only [OIII]A25007,4959
for ID 2532, 7373. In this third case, in order to deter-
mine the oxygen abundance we have to rely on an empiri-
cal calibration of abundance based on bright lines. Among
the empirical calibrations, the one based on the Ry3 pa-
rameter, originally defined by [Pagel et al.| (1979) as Ry;
= ([OII]A13726,3729 +[OIl1]215007,4959)/HB stands out
as a useful and robust tool against possible ionization
structure effects (e.g. Relafo et al.| |2010; Kehrig et al.
2016l In this work we have made use of the R,3 calibra-
tion (Izotov et al.|2019) to derive the oxygen abundance
12+1log(O/H). Though, the R,3 calibration is bi-valuated and

7 A second fitting in the rest-frame 4000-5800A was perfomed to fit
the [OI1]A13726,3729 doublet.

additional information is required to choose the appropri-
ate branch, thus we have applied it as in Williams et al.
(2023)), selecting the low metallicity regime taking into ac-
count the high [OIII]115007,4959/[O11]143726,3729 mea-
sured for the EELG galaxies (e.g. [Sanders et al|[2016).
The derived 12+log(O/H) abundances and their correspond-
ing statistical errors of +0.1 dex are presented in Ta-
ble B] We also show the values of Rp; when available,
or 1logO3=[OIII[]145007,4959)/HB when [OII]A13726,3729
lines are not measured.

It has been reported that the ionised interstellar medium in
some extreme emission line galaxies could be experiencing den-
sity bounded conditions (e.g. Jaskot & Oey|2013)). These objects
would show extreme [OIII]A145007, 4959/[OI1]143737,29 flux
ratios (typically > 40) suggestive of the presence of non-standard
conditions which may complicate the applicability of abundance
calibrations. The abundance calibration applied in this work is
selected from Izotov et al.[(2019) and it was specifically derived
for the class of extreme emission line low metallicity galaxies
studied here. All sample galaxies for which the empirical cali-
bration has been applied present moderate to low values of the
[OIII] 245007, 4959/[O11]443737,29 ratio (see Tables C.1, D1),
hence any potential effect associated to density bounded condi-
tions is expected to be minor. The analysis of the oxygen abun-
dances derived for our EELG sample indicates that these galax-
ies are all metal poor, with 7.35 < 12+log(O/H) < 8.05, showing
four of them a metallicity below 0.1 solar. The very low metal-
licities obtained in our search for EELGs have important impli-
cations for their characterization as local analogs of the earliest
star-forming galaxies.

4.2. Kinematical properties, structure and velocity maps

By inspecting the kinematics maps presented in Sec.[3.2] we can
separate our sample in three different classes:

1. Resolved with kinematic patterrﬂ' galaxies spatially resolved
that show a clear pattern of rotation (i.e. presence of a
disc, with the velocity increasing outward). About ~43% of
EELGs in the primary sample are in this class:

— ID 891: The HST F775W continuum image reflects a
non-nuclear shape, with several high-surface brightness
knots connected by a diffuse low-surface brightness com-
ponent. This structure is not shown in the MUSE white
light image (given the lower spatial resolution), which
present a head-tail shape (i.e. a main bright star-forming
clump located at the centre of the image and a low-
surface brightness tail). The SNR map shows its highest
values in the inner galaxy, though peaking slightly south
of the flux maximum likely a consequence of the differ-
ent line profile shapes and the higher velocity dispersion
measured. The ionised gas velocity field presents a clear
rotating disk structure, showing higher values in the re-
gion corresponding to the knots identified in the HST im-
age. Note that these knots could be reminiscent of the
structures seen in tidal dwarf and/or cometary galaxies
(e.g.Lagos et al.|2016} |[Roche et al.[2023)). These galax-
ies are usually considered the result of a tidal process or
interactions of disk galaxies. No apparent companion is
envisaged in this Figure, however further investigation on
its true nature is beyond the scope of this paper.

8 Note that this class presents significantly larger velocity amplitudes.
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ID C(HB) Te([OIII]) Ne logR23 12+1log(O/H) Notes
(10'K)  (em™)  (logO3)

91 0.11 1.65+£0.04 <50 0.89 7.72+0.03[7.75] ()P
891 0.17 1.45+0.02 73 (0.76) 7.93+0.08 (a) P
895 0.18 1.38+0.01 75 (0.82) 7.99+0.08 (a)P
2478 0.00  1.49+0.20 - (0.95) 7.89+0.08 (a)P
25324 0.00 - - 0.77) - (P
6465 0.00 - 90 1.03 7.77+0.10 ©P
7373 0.22 - - (0.14) - (P
1093 0.09 131+£0.12 <50 0.81 7.90+0.10[8.05] (b)E
1426 0.20 - <50 0.75 7.47+0.10 ©E
1561 0.13 - <50 0.83 7.58+0.10 ©E
1699 0.10 - 544 0.77 7.51+0.10 ©E
6474 0.13 1.69+0.06 496 (0.83) 7.72+0.08 (@ E
6865 0.12  2.08+0.05 557 0.76 7.38+0.02[7.37] (b)E

Table 3. Physical properties and chemical abundances.
(x): HB flux measurement uncertain.

(&): Only Hp line flux measured; C(HB)=0 assumed.
Notes (Column 7).-

(a): Oxygen abundance derived from Te([OIII]) following |Amorin et al.| (2015) relation; expected +0.08 dex statistical error.
(b): Oxygen abundance from the direct method; the abundance derived using (a) is also given in [ ] for comparison.

(c): Oxygen abundance from R,; empirical calibration (Izotov et al.[2019;

(d): No oxygen abundance derived; only [OIII] nebular line measured.
P: primary EELG sample; E: extended EELG sample.

— ID 895: The HST image shows a elongated shape, also
reflected by the MUSE white light image. The [OIII]
SNR map shows a nuclear shape while the Ho map also
presents an elongated shape with the highest values peak-
ing slightly south of the flux maximum. Both [OIII] and
He flux maps present a nuclear shape peaking at the cen-
tre of the galaxy. The [OIII] and He velocity field show
clear rotation disk structures.

ID 91: The HST F775W image present a nuclear shape.
This shape is also shown in the MUSE white light, SNR
and flux maps. The [OIII] velocity field show a rotating
pattern.

2. Resolved without kinematic pattern: galaxies spatially re-
solved but, unlike the previous category, do not show a ro-
tation pattern. This class represents ~14% and ~83% of our
EELGs (ID: 2478) and extended samples, respectively (ID:
1093, 1426, 1561, 6474 and 6865). The HST F775W images
reflect a nuclear shape, except for the ID 6474 object, which
present a elongated shape with a low-surface brightness tail.
The nuclear shape is also presented in the MUSE white light,
SNR and flux maps for the six galaxies.

3. Not resolved: galaxies whose structure can not be resolved.
About ~43% and ~17% of both, EELGs primary (ID: 2532,
6465 and 7373) and extended (ID: 1699) samples, respec-
tively, are included in this class.

Note that we applied a similar approach as |Guérou et al.| (2017)
considering a galaxy spatially resolved if the galaxy has at least
an area of 16 MUSE spaxels (i.e. about 1.5 times the PSF
FWHM size of the data cube). We are aware that mergers may
mimic the appearance of rotation patterns in observations of fi-
nite spatial resolution. Therefore, observations with better spatial
resolution (e.g. JWST or MUSE-NFM observations) are neces-
sary to reliably determine the internal structure of these systems.
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Williams et al.|2023); expected +0.10 dex statistical error.

4.3. Global properties and evolution

Figure [] displays the relations among the derived [OIII] lumi-
nosity and velocity dispersion, stellar mass and SFR (both pa-
rameters taken from the AMUSED database, as derived using
the Prospector codeﬂ), for both the primary and extended sam-
ples. Inspection of this figure first reveals that, when compar-
ing the behaviour of both samples, no clear differences can be
found between them, i.e. the EWo limits assumed to select our
EELGs do not seem to introduce a bias in their observed prop-
erties. Overall, all four parameters show good correlations, with
the SFR vs. stellar mass plot delineating a very clear main se-
quence for our sample of EELGs. From the ionized gas, the de-
rived [OIII] line luminosity and o correlate, showing both pa-
rameters some degree of correlation versus stellar mass and SFR
-most notably between stellar mass and [OIII] luminosity-. This
is relevant since we are comparing properties, e.g. [OII] lumi-
nosity and stellar mass, which have been independently derived,
corresponding to gaseous and stellar components of the EELG
galaxies, respectively.

In Figure[6|we present the mass-metallicity relation showing
average loci corresponding to nearby (SDSS) and high redshift
galaxies. Our EELG galaxies{ﬂ sampling the low stellar mass
(Mass,,;, <9.0) and low metallicity (12+log(O/H)<8.0) region of
the plot, are consistent with the mass—metallicity relation derived
for z~2.2 (Sanders et al.|2016)) galaxies. They are also close to
the locus defined by very high-redshift objects (z = 7.7-8-5 and
z = 6.1-6.3), as recently studied by |Schaerer et al.| (2022)) and
Sun et al| (2023) using JWST data. This result illustrates how
the EELGs in our sample can be considered true local analogs
of these high-redshift systems. The next generation of ground-
based 30-meter telescopes, together with additional observations

9 All the details of the derivation of stellar mass and SFR can be found
in|Bacon et al.| (2023)

10 "Only eight of the galaxies in Tablehave stellar mass values in the
AMUSED database
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from space, will allow us to fill this figure with low metallicity
and low massive EELG galaxies at high-redshift and their local
analogs.

5. Summary

During decades, the EELGs searches have been performed on
broad-band photometry data. Recently, thanks to the develop-
ment of new instruments and recent surveys such as SDSS or
J-PAS, direct spectroscopy or narrow-band searches have been
carried out (e.g. |Indahl et al.|2021} Iglesias-Paramo et al.|[2022).
However, the number of EELG searches and analyses performed
to date based on IFU data is (to our knowledge) very scarce.
In fact, this work could be considered among the first EELG
searches performed based on deep IFU data surveys, since pre-
vious works have studied mostly specific objects (e.g. [Lofthouse
et al.[2017} Bosch et al.|2019; |Arroyo-Polonio et al.[2023)).

Taking advantage of the deepest IFU survey to date, we
present spatially resolved kinematic maps for a sample of inter-
mediate redshift EELGs observed from ground. Furthermore, we
confirm that these systems are true local analogs of high-redshift
systems (z=6-8) studied by the JWST. While these cases already
reveal the fantastic potential of the MUSE Ultra Deep Field data
set, our small sample prevents a more detailed study on the basic
properties of EELGs. However, this work can be regarded as a
successful pilot study, demonstrating the power of the presented
methodology to analyse strong emission-line galaxies using IFU
data. Future deep observations with MUSE or on-going instru-
ment such as HARMONI will result in a larger sample in which
to apply the methodology presented here.
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Fig. 2. Spectra for both our primary (top panel) and extended (bottom panel) EELG samples. MUSE ID, data set, redshift and emission line used
for the classification are indicated for each spectra.
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Fig. 3. MUSE ID 891: a) HST F775W image with the spatial coverage of the MUSE data cube; b) MUSE white light image of the galaxy; c)
spectrum of the object with an inset window showing a zoom around the Hy and [OII1]14363 emission lines; maps of d) SNR, e) normalised flux,
f) relative radial velocity, and g) velocity dispersion (o), for the emission line indicated in the figure header.
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fit to the [SII]A16717,6731 doublet in the spectrum of galaxy ID 891.
In each plot, the observed spectrum (blue) and its fit (orange), and the
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results for high-redshift galaxies from JWST data (Schaerer et al.|2022]

Sun et al|2023).
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Appendix A: Spectra and images of the primary
EELG sample candidates

In this appendix, we show both the spectra and the images of the
selected EELG candidates.

Appendix B: Spectra and images of the EELG
extended sample

Here, we present both the spectra and the images of the extended
sample.

Appendix C: Line fluxes of the EELG primary
sample candidates

In this appendix, we show the fluxes and equivalent width mea-
sured with pyPlatefit for our EELG sample. Only lines with SNR
higher than 3 are included in the tables.

Appendix D: Line fluxes of the EELG extended
sample candidates
Here, we present the fluxes and equivalent width measured with

pyPlatefit for our extended sample. Only lines with SNR higher
than 3 are included in the tables.

Article number, page 11 of 20



A&A proofs: manuscript no. aanda

7000
Wavelenght [A]

T T
8000 9000

$

332M34.75 34.65  34.5°
Right Ascension

L —
40 50

o [km/s]

- -

*

MUSE ID: 895
Line: [OIII]15007 and Ha
-27°47'08" §a) b) '; 25000 1
c Na 20000 1 i
g ! i i
5 ’ \ t E 15000 - \ A
= — T T
9 10000
g2 1074 < 5400 545
L 5000 A
) b L
Ll Ll Ll Ll L L W 0__ T T
3032M34.7° 34.65  34.5% 332M34.7° 34.65  34.5° 5000 6000
Right Ascension Right Ascension
27°47'08"{ ) e) f) By
Ly
: . W
= -
£ 5
S
& 10"+ =
|
3032M34.75 34.65  34.5° 332M34.7° 34.65  34.5° 3M32M34.75 34.65  34.5°
Right Ascension Right Ascension Right Ascension
B [ e [ —
10 20 30 -2.0 -1.5 -1.0 -0.5 0.0 -20 0 20
SMR log(Fluxgom / max(Fluxm)) V [km/s]
27°47'08" Y h) i) D =
™}
[=
=
5
m
£ 5
S
& 104 "
3032M34.75 34.65  34.5° 332M34.7° 34.65  34.5° 3M32M34.75 34.65  34.5°
Right Ascension Right Ascension Right Ascension
B [ e [ —
10 15 -2.0 -1.5 -1.0 -0.5 0.0 -20 0 20
SMR log(Fluxpg / max(Fluxyg)) V [kmy/s]

Fig. A.1. Same as Fig‘for the MUSE ID galaxy 895.
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Fig. A.2. Same as Fig.for the MUSE ID galaxy 91.
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Fig. A.3. Same as Fig.for the MUSE ID galaxy 2478.
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Fig. A.4. Same as Fig.for the MUSE ID galaxy 2532.
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Fig. A.5. Same as Fig.for the MUSE ID galaxy 6465.
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MUSE ID: 1699
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Fig. B.4. Same as Fig.for the MUSE ID galaxy 1699.
Galaxy ID \ 91 \ 891 895 \ 2478 \ 2532 \ 6465 \ 7373
Line A F F F F F F F
A) | (107208 | (1072028 | (1072028 ) | (1072028 | (1072028 | (1072028 | (107205
(H 2 3 C)) 5 (6) @) 3 ©
[O11] 3726.03 257 +7 94 +2
[OII] 3728.82 356 +5 125+ 3
H11 3770.63 21 +£5
H10 3797.90 41 + 4
H9 3835.39 52+3 1347 + 34
[NellI] 3868.75 277 £ 8 6342 + 8 135 +4 38+4 54 +2
[Hel] 3888.65 132 +3 4266 + 8 3298 + 28 48 £2
HS 3889.05 134 +5 4213 + 8 3264 + 28 47 +2
[NellI] 3967.46 95+3 3588 + 11 2940 + 9
He 3970.07 98 +6 4016 + 9 3209 = 11 49 +4
Ho 4101.74 196 + 4 5757+ 6 4515 =27 92 +4
Hy 4340.47 354 +5 9956 + 7 8167 + 18 142 £2 62+5
[OIII] 4363.21 91 +5 1609 + 8 1399 + 12 39+4
Hp 4861.33 779 =8 21673 £ 10 | 18180« 16 162¢ 109 +3 102 +9 31+2
[OI11] 495891 1364 + 3 32476 £ 16 | 30788 +5 583 +3 198 +2 158 +7
[OI11] 5006.84 4099 + 6 | 95521 £ 16 | 92673 + 17 | 2065+ 3 492 +3 668 + 6 34 +1
[Hel] 5875.67 2387 + 13 2119+ 6
[O]] 6300.30 851 +7 851 +8
Ha 6562.82 67942 + 15 | 57500 +9 102 +2
[NII] 6583.41 1356 + 8 1404 = 11
[SII] 6716.47 3614 + 8 3302 + 10
[SIT] 6730.85 2638 +9 2463 + 5
[ArIII] 7135.78 1302+ 6 1464 + 10

Table C.1. Observed line fluxes for
Observed line fluxes for ID 891; (5)
(8) Observed line fluxes for ID 6465
¢ Uncertain value.

the primary sample. (1) Emission line; (2) Rest-frame wavelength; (3) Observed line fluxes for ID 91; (4)
Observed line fluxes for ID 895; (6) Observed line fluxes for ID 2478; (7) Observed line fluxes for ID 2532;
; (9) Observed line fluxes for ID 7373.
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Fig. B.5. Same as Fig.for the MUSE ID galaxy 6474.
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MUSE ID: 6865
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Fig. B.6. Same as Fig.for the MUSE ID galaxy 6865.
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Galaxy ID 1093 1426 1561 1699 6474 6865
Line A F F F F F F
(A) (1072028) | (1072025 | (10702%) | (107202%) | (1072°2%) | (10702%))
A 2 ® (6) (N ®)
[Mgll]  2795.53 57T+3
[OII] 3726.03 673+ 6 107 + 4 164 + 4 107 +3 132 +3
[OII] 3728.82 981 +6 274 £ 4 262 +4 102 £3 126 +3
HI11 3770.63 61+3
H10 3797.90 78 +£3
H9 3835.39 102 +2
[Nell] 3868.75 175+ 3 135+4 52+3 382 +2
[Hel] 3888.65 98 +3 214 £ 2
H8 3889.05 112+ 4 63 +4 220+ 2
[Nell] 3967.46 185+ 6 166 + 3
He 3970.07 243 +7 93+4 222 +4
Ho 4101.74 489 + 8 154 + 4 103 +£5 55+4 347 +3
Hy 4340.47 620 + 7 276 £ 4 175+ 5 2260 £ 7 659 + 3
[OHI] 4363.21 75+6 605 + 6 208 +£2
Hp 4861.33 1347+ 9 626 + 4 352+ 6 221 +5 5023 £ 6 1453 £ 3
[OHI] 4958.91 1807 + 7 771 +3 484 + 4 309 +4 8562 + 7 2054 +2
[OIHI] 5006.84 5364 +9 2485 +5 1450 + 6 905 +5 26044 + 8 6276 + 3
[Hel] 5875.67 135+ 7 53+3 543 +7
[O1] 6300.30 156 + 6
Ha 6562.82 15343 +7
[INII] 6583.41 214 £ 6
[SII] 6716.47 588+ 6
[SII] 6730.85 444 + 6
[Arlll]  7135.78 . 293 +7

Table D.1. Same as Tablefor the exten
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ded sample. ¢ Uncertain value.



	Introduction
	Data and sample
	MUSE Hubble Ultra-Deep Field
	Sample selection

	Properties of the EELG sample
	EELG spectra and line fluxes
	Spectroscopic and spatially resolved properties

	Results and discussion
	Physical properties and chemical abundances
	Kinematical properties, structure and velocity maps
	Global properties and evolution

	Summary
	Spectra and images of the primary EELG sample candidates
	Spectra and images of the EELG extended sample
	Line fluxes of the EELG primary sample candidates
	Line fluxes of the EELG extended sample candidates

