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Abstract. In a recent search for the most metal poor local galaxies, EMPRESS, a pecu-
liar class of objects has been discovered. It consists of a sample of extremely metal-poor
starburst galaxies showing Fe/O ratios that, beginning from an almost solar value, rapidly
decrease at increasing metallicity; in contrast, their N/O ratios are typical of low metal-
licity stars. Here we report on our investigations on which early stellar populations could
be responsible of such surprising trends. We have calculated new models of rotating very
massive stars of Pop III and very low metallicity, up to the beginning of the pair-instability
phase, and have obtained new yields of pair instability supernovae. We show that, by adopt-
ing these yields and a suitable top-heavy initial mass function, is possible to obtain chemical
evolution models that are able to reproduce the observed abundance ratios and the young
ages of such galaxies.

Key words. Stars: abundances — Stars: massive — Stars: rotation — Stars: Population III —

Galaxy: abundances — galaxies: starburst — galaxies: formation

1. Introduction

Extremely metal-poor galaxies (EMPGs)
are defined to have metallicities less than
12+1og(O/H)=7.69 (Izotov et al. 2012; Isobe
et al. 2020). They have low stellar masses
(log(M,/Mg) ~6-9) and high specific star
formation rates (sSSFR~10-100 Gyr™!) (Izotov
& Thuan 1998; Pustilnik et al. 2005; Skillman
et al. 2013; Hirschauer et al. 2016; Hsyu et al.
2017). Their nature is of great interest since
they are considered as local analogs of high
redshift galaxies (Vanzella et al. 2017; Stark

et al. 2017). In a recent survey, EMPRESS
("Extremely  Metal-Poor  Representatives
Explored by the Subaru Survey”), Kojima
et al. (2020) found that EMPGs show neon-
and argon-to-oxygen abundance ratios (Ne/O,
Ar/O) similar to those of known local dwarf
galaxies and that the nitrogen-to-oxygen
abundance ratios (N/O) are lower than 20% of
the solar N/O value, in agreement with the low
oxygen abundance. The iron-to-oxygen (Fe/O)
ratios were found to decrease at increasing
metallicity, as in the star-forming-sample of
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Izotov et al. (2006), but beginning with two
representative EMPGs with exceptionally high
Fe/O values. In Kojima et al. (2020), three
scenarios that might explain the observed
Fe/O ratios of their EMPGs were suggested:
i) the preferential dust depletion of iron, ii)
a mix of metal enrichment and gas dilution
caused by inflow, and iii) the contribution
of super massive stars, beyond 300 My. In
the first scenario the authors assume that
the gas-phase Fe/O abundance ratios of the
EMPGs decrease with metallicity, because
Fe can be depleted into dust more efficiently
than O (Rodriguez & Rubin 2005; Izotov et al.
2006); this depletion becomes important at
higher metallicities, where dust is produced
more efficiently. However, Kojima et al.
(2020) did not find evidence that galaxies
with a larger metallicity have a larger color
excess, i.e. more dust rich. Hence, the Fe/O
decrease of their sample seems not due to
dust depletion. In their second scenario, it is
assumed that these metal-poor galaxies formed
from a metal-enriched gas, having already
solar metallicity and solar Fe/O value. Then,
under a continuous infall of primordial gas, the
metallicity (O/H) will decrease, whereas the
Fe/O ratio will not change. The almost solar
Fe/O ratios, could thus be explained bur one
would expect to find almost solar N/O ratios
as well. Instead, the two peculiar EMPGs
with the higher Fe/O ratios show low N/O
ratios (lower than 20% of the solar value), at
variance with what would have been expected
by this second scenario. Finally, in the third
scenario the authors follow the suggestion
by Ohkubo et al. (2006), who showed that
stars with masses beyond 300 Mycan produce
large amounts of iron during supernova (SN)
explosions. Kojima et al. (2020) suggested
that this contribution of iron could produce
the high Fe/O ratios observed in the two
EMPGs. Furthermore, since explosions of
super massive stars do not change the relative
N and O ejecta, (Iwamoto et al. 1999; Ohkubo
et al. 2006), this model could also explain
the observed N/O ratios. This latter scenario
is quite appealing because very massive stars
are indeed predicted to form in a typical
Population III (Pop III) environment with

primordial composition gas(e.g. Hirano et al.
2014). There is also compelling evidence for
such very massive stars, like the very young
ages obtained from the spectro-photometric
synthesis of the dominant starburst in the
whole local EMPG sample(Kojima et al.
2021). Furthermore, Goswami et al. (2021)
provided new yields of massive and very
massive stars up to 350 M., and tested them
against observations of Galactic thin and thick
disc stars, finding that the latter component
could be better reproduced using ejecta from
pair instability SN (PISN). These models
possess an early phase with a high Fe/O
ratio after which they rapidly evolve into the
domain of the a-enhanced (low Fe/O) thick
disc stars. Based on these findings, we address
here a twofold aim. First, we test whether the
high Fe/O abundance ratios of the EMPGs
can be reproduced by PISN yields. Second,
we investigate the conditions under which the
observed fast decrease of the Fe/O ratio, at
increasing O/H abundance, could be obtained
in galaxies that otherwise have similar low
masses and similar high sSFR. In doing so,
we keep in mind that the models must also
reproduce the observations of the N/O ratios.
To do this, we make use of chemical evolution
models that include new stellar yields from
our rotating very massive stars, that are briefly
discussed in the next section.

2. Chemical evolution with rotating
very massive stars

Goswami et al. (2021) calculated chemical
yields of non rotating low metallicity very
massive stars models computed with PARSEC
(Bressan et al. 2012; Chen et al. 2015). While
these stars may be important producers of Fe,
their contribution to N abundances are negli-
gible. On the contrary, rotating massive stars
show significant N production (Meynet et al.
2006; Limongi & Chieffi 2018) during their
pre-supernova evolution and, if they explode
as PISN, they can also contribute to both O
and Fe Takahashi et al. (2018). To better high-
light the sensitivity of N production to vary-
ing rotational velocity and initial metallicity,
we show in Figure 1, the pre-PISN evolution
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Fig. 1. CNO evolution in 200 M, massive star models at very low metallicity. Surface (central) abundances
are indicated by red, magenta and dark-blue dashed (solid) lines, respectively. The abscissa is time from the
beginning of the PISN instability (I'; < 4/3) and the ordinate is interior mass in solar masses. w represents
the ratio between initial and critical angular velocities. Convective zones (CZ) are indicated by turn-up
(envelopes) and turn-down (cores) arrows; brown hatched regions are intermediate CZ.

of new Pop III models for a star of 200 Mo,
computed with PARSEC (Costa et al. 2022, in
preparation). We easily deduce from the fig-
ure that i) the model without rotation shows
negligible "new” surface N production; ii) N
production increases with rotation; iii) for the
same initial rotation rate, the new N production
is almost independent from the initial metal-
licity, at least for Z; < 0.0004. More details
on the new PARSEC models of massive and
rotating stars stars can be found in Volpato
et al. (2022); Costa et al. (2021); Nguyen et al.
(2022). We now define the possible chemical
evolution models on the basis of the the chem-
ical properties shown by EMPGs, in particu-
lar EMPG 3 and EMPG 10, in Figure 2. They
posses (1) a relatively high 12+log(O/H) at very
young ages, (ii) high Fe/O ratios and (iii) "stan-
dard”, i.e. typical of low metallicity stars, N/O
ratios. The first point indicates a rapid and ef-

ficient enrichment. For this purpose we adopt
chemical evolution models with star formation
efficiency v = 1 Gyr™!' and t;,y = 0.1 Gyr
(Table 1). The second point might be obtained
only by means of a suitable population of PISN
with Fe-reach yields, i.e. with initial masses as
high as M; = 200 My— 300 M. Then we adopt
a bimodal IMF with an early phase IMF of the

form:

dn M, 1.6
——— o M x == |.a
dlog(M) ™ exp ( M, )

This distribution has already been adopted by
Wise et al. (2012) to sample the IMF of Pop I1I
stars, with characteristic masses around M=
40 M. Goswami et al. (2022) tested a mass
distribution of rotating stars with M; between
80 My and 350 My and with M, = 200 My
or Mcpar = 300 My, to maximize Fe production
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by the corresponding PISNs (Woosley et al.
2002). These distributions produce almost the
same results while, for My, <200 M, Fe pro-
duction would be too small.

We also assume that the early phase of very
massive object (VMO) formation continues
until the gas metallicity reaches a threshold
metallicity defined as Z..= Z/Z.. For metallic-
ities larger than Z., we adopt a Kroupa-like
IMF, with an exponent xyp=1.3 and upper
mass limit Myp=40 M, so that VMOs are no
longer produced. We adopt here Z, = 1074,
which is in the range suggested by Salvadori
et al. (2008). The third point requires models
with initial rotation parameters w=Q/Q,,;=0.3
and 0.4, as shown by (Goswami et al. 2022)
who already calculated yields of very massive
stars models of Costa et al. (2022, in prepa-
ration). We note that, since we use explosive
yields from (Woosley et al. 2002), the range
of PISN masses is determined by the He core
mass in the latter models, i.e. 65 My < My,
< 130 M. The relation with the initial mass
depends, beside rotation (Yoon et al. 2012),
on the metallicity, mass-loss rate, nuclear reac-
tions and convective overshooting (Costa et al.
2021). The other parameters of the chemi-
cal evolution models are reported in Table 1.
All the models begin from a metal free gas,
Z=10"'° Model M13 is computed with yields
obtained with PISN models with rotation pa-
rameter w=0.3, while model M14 is com-
puted for a larger rotational velocity w=0.4.
Their metallicity remains flat until the first
PISN explosion, after about ~2.3 Myr. This is
the typical lifetime of a very massive massive
Pop III star. After this age, with the adopted
chemical evolution parameters, the metallic-
ity rises very fast. Model M14 reaches Z.,=
0.0001 almost immediately, challenging fur-
ther formation of VMOs. However, during the
first 2.3 Myr, about 180 VMO stars have al-
ready been formed, out of the total accumu-
lated stellar mass of about M,..= 38000 M.
The models metallicity reaches Z, at an age of
tz. ~2.8 Myr. At this point, the IMF turns to
a Kroupa-like IMF with un upper mass limit
of Mj= 40 M. However, the metallicity en-
richment from the VMO burst is effective un-
til an age of tz. + 2.3 Myr is reached. Thus

the metal enrichment continues up to about
5 Myr and, after this age, further metal enrich-
ment is only due to massive stars with M;< 40
M. The value of the O abundance reached at
Z.=0.0001, shown in Column 4 of Table 1,
is 12+log(O/H)~ 4.5, i.e. about two orders of
magnitude less than that observed in EMPG 3
and EMPG 10. However, further enrichment
by the youngest VMOs pushes the value of
12+1log(O/H) up to that observed in EMPG 3
and EMPG 10, at an age of about 5 Myr (see
also Figure 2). After this age, the metallicity
shows a slight decrease until the enrichment by
less massive stars begins to compensate for the
dilution due to infalling gas. During this phase,
12+1log(O/H) decreases by 0.4 dex. The total
number of VMO stars formed during the early
evolution of the starburst up to Z.;, Nymo, is
indicated in the last three columns of Table 1.
The third to last column refers to the adopted
models, while the last two columns refer to
the numbers of VMOs expected from models
whose total stellar mass equals the observed
galaxy stellar masses, at the corresponding val-
ues of 12+log(O/H). The evolution of Model
M13 is very similar to that of Model M 14. The
evolution of the Fe/O and N/O ratios of the
models is also shown in Figure 2. Models with
an initial rotation parameter w=0.3 are shown
by solid black lines while those with w=0.4 by
dashed black lines. In all plots, the solid black
squares along the models mark ages of 5, 20,
30, 60, 100, 200 Myr, with the latter being the
rightmost point. In the Fe/O vs O/H diagram
the models run almost superimposed and ob-
jects EMPG 3 and EMPG 10 can be well fit-
ted for any rotation value. This is because Fe
and O are mainly produced during the explo-
sive phase and have much less direct depen-
dence on the initial angular rotation rate than
e.g. N. The time-scale of enrichment indicates,
at least for EMPG 10, an age slightly larger
than 5 Myr, which is compatible with the very
young ages derived from spectro-photometry
(Kojima et al. 2021). EMPG 3 could also be
compatible with an even lower Fe/O ratio with
an age that, in this case, would be in bet-
ter agreement with the quoted one. The N/O
ratio of EMPG 10 is marginally fit with the
higher rotation young model. For EMPG 3 we
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Table 1. Chemical evolution parameters and properties of the VMO burst at Z=Z,.

Mepar=200 My Z., =7/Z,=1E-4 k=1 Tint = 0.1 Agsnia=0.04
Name v w tZCr 12+log(O/H) Macc Nvumo

Gyr™! Myr Mg Model | EMPG3“ | EMPGI10*
M13 1 0.3 2.77 4.520 3.814E4 176 194 393
M14 1 0.4 2.78 4.580 3.834E4 177 194 394
M53 5 0.3 2.70 4.692 3.615E5 1672 2122 4526
M54 5 0.4 2.70 4.663 3.596E5 1675 2100 4454

“After re-normalization to the observed stellar mass at the corresponding value of 12+log(O/H).

have only an upper limit on the N/O ratio,
and model M14 fits its position very well in
both Fe/O and N/O diagrams. However, this
model might require two quite different ages
for Fe/O and N/O abundance ratios, respec-
tively. The best solution, for Z.. = 0.0001, is
provided by model M 14 with an age > 30 Myr.
Beside reproducing the observed high Fe/O
and normal N/O ratios of EMPG 3 and 10,
models M13 and M14 show also another in-
teresting feature: their Fe/O rapidly declines at
increasing 12+log(O/H), as a consequence of
the suppression of the VMO formation when
they reach the critical metallicity. However the
suppression of the VMO to PISN channel may
also be due to stellar evolution itself when,
above a critical metallicity, Z. large mass-
loss rates are boosted, challenging the growth
of the He core mass (Kozyreva et al. 2014). In
our models and for an Myp =350 M, the crit-
ical metallicity due to stellar evolution is Zgse
~0.4 (Goswami et al. 2021).

Actually, the EMPGs in Figure 2 are really
suggestive of a declining Fe/O ratio at increas-
ing 12+log(O/H). However this trend cannot
be explained by the models presented in the
upper panels, if we also consider that the ob-
served EMPGs are dominated by starbursts
with ages below 50 Myr. Our oldest models
have an age of 200 Myr and marginally reach
the bulk of the remaining metal poor galaxies
in the upper Fe/O diagram, while they do not
reach them in the corresponding N/O diagram.
We note, however, that many of such EMPGs
show Fe/O and N/O ratios that are even be-
low the bulk of the observed values. While
low values of N/O are expected among non-
rotating models, the observed low Fe/O ratios

could thus challenge standard chemical evolu-
tion models. However, low Fe/O ratio could be
also indicative of an excess of O, produced by
the less massive PISN (Takahashi et al. 2018).
We suggest here that the relatively low Fe/O
ratio of “evolved” young metal poor starburst
galaxies could be explained by a combination
of an early burst of VMO, like the one used
for EMPG 3 and EMPG 10, and a population
of stars that continues to produce O-rich/Fe-
poor ejecta. This model could have the twofold
effect of favoring a fast 12+log(O/H) evolu-
tion and, at the same time, a rapid decline of
the Fe/O ratio. We can obtain such a model
by simply combining an early burst of VMO
stars, like in the case of models M 13, M14 and
a model that includes a top-heavy IMF with
Myp < 200 Mg, even above Z, . To obtain such
a model, we adopt for the VMOs component
the same form of the M13 IMF but, when Z,
= 0.0001 is reached and the IMF turns into a
standard Kroupa-like one, we allow the forma-
tion of a small fraction low mass VMOs by
assuming M; < 150 Myand an exponent xyp
= 0.9. Furthermore, in order to comply with
the fast enrichment required by the age esti-
mates performed by Kojima et al. (2021), we
need to use a relatively higher star formation
rate efficiency of v = 5 Gyr~!. The properties
of these new models, M53 and M54, are shown
in Table 1. The evolution of the Fe/O and N/O
ratios obtained with these models is shown in
the lower panels of Figure 2. Their metallic-
ity 12+log(O/H) rises rapidly up to the value
corresponding to Z, = 0.0001. Beyond this
point, the Fe/O ratios, that initially match those
of EMPG 3 and EMPG 10, begin a rapid de-
crease, reaching the value observed in EMPG
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Fig. 2. Comparison of Fe/O (left panels) and N/O (right panels) ratios of EMPGs with predictions from
chemical evolution models with yields from rotating PISNs. The upper panels refer to models M13 and
M14 while the lower panels refer to models, M53 and M54 of Table 1. Large stars, coloured following
their estimated ages as shown in the top left panel, are EMPGs from Kojima et al. (2021), from 1-9. Object
10 is from Izotov et al. (2018). In the left panels blue and magenta small stars are thin and thick disc stars
respectively (Bensby et al. 2014), while gray small stars are low metallicity stars from Cayrel et al. (2004).
In the right panels, small brown squares are local galaxies from Izotov et al. (2006), and blue squares are
extragalactic H II regions and high-redshift damped Ly-a systems, assembled from Pettini et al. (2002)
Pettini et al. (2008). Solid lines depict the evolution of the abundance ratios of the models in Table 1, in the
directions shown by the arrows. The six small black squares along the tracks of the models mark ages at 5,
20, 30, 60, 100 and 200 Myr, respectively, the latter being larger than the estimated upper limit by Kojima
et al. (2021).

N/O ratio is concerned, only model M54 is able
to fit the observations while model M53 has a
too low N/O ratio.

6. Later, at an age between 20 and 60 Myr,
both models reach the position occupied by the
other EMPRESS galaxies. Only EMPG 5 can-
not be reproduced by these models, maybe re-
quiring selective dust depletion (Rodriguez &
Rubin 2005; Izotov et al. 2006). As far as the
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3. Conclusions

We have analyzed the peculiarly high Fe/O
but normal N/O ratios of very young starburst
dominated EMPGs (Kojima et al. 2021). We
show that, in order to reproduce the observed
high Fe/O ratios observed at 12+log(O/H) ~ 7,
we need to include the effects of PISN from
very massive stars. An IMF favouring the for-
mation of massive stars in regions of bursting
star formation has been already claimed in the
past, and not necessarily in primordial envi-
ronments (Chiosi et al. 1998; Crowther et al.
2010; Marks et al. 2012; Jefabkova et al. 2018;
Zhang et al. 2018; Schneider et al. 2018). We
briefly discuss new models of very massive
Pop IIT and very low metallicty stars and con-
firm that N production from the PISN depends
very strongly on the initial degree of rotation,
while that of Fe is known to depend much
more on the initial mass (Woosley et al. 2002;
Takahashi et al. 2018). In our chemical evolu-
tion model we assume a threshold metallicity
for VMO formation of Z. = 0.0001 and use
new yields derived by combining our own ro-
tating PARSEC models with existing explosive
models. These models, M13 and M14 can fit
the two EMPGs with the highest Fe/O ratio
at the observed metallicity, 12+log(O/H), and
the observed young ages (< 50 Myr). However,
they cannot fit also the other EMPRESS star-
bursting galaxies that are characterized by a
rapid decline of the Fe/O ratio at increasing
12+1log(O/H). In this context, we suggest that
this other peculiarity could be explained by
very high sSFR models producing a fast self-
enrichment that first drive the large Fe and O
production (large PISN masses) but then, al-
low only a high O production (lower PISN
masses). For this purpose we devise the suc-
cessful models M53 and M54 where the late
high O production is due to the formation of
a small fraction of low mass VMOs obtained
by assuming an IMF populated up to M; < 150
Mwith an exponent xyp = 0.9. We remind that
similar upper mass limits and upper tail IMF
exponents have recently observed in the mas-
sive star population in 30 Dor (Schneider et al.
2018). This model could seems quite ad hoc,
especially when compared with simulations of

the effects of metallicity, dust and UV irradia-
tion on the fragmentation properties of the sub-
sequent stellar generations (Matsukoba et al.
2022; Hirano et al. 2015). But we remind that
our goal here is not that of providing a model
for the early star formation process. Instead our
aim is to show that a suitable combination of
PISN can naturally explain both the fast (<50
Myr) and peculiar chemical evolution observed
in EMPGs. We also note that there is a mis-
match between the age sequence of the models
and the observed ages. This could be due to
rejuvenation effects caused by multiple intense
bursts of star formation that are not sampled by
our models. As already discussed in Goswami
et al. (2022), if these PISN arise only in high
sSFR objects with such a fast evolution, their
detection in the local galaxies may be strongly
challenged. Finally, we caution that there still
exist many uncertainties in single and binary
stellar evolution theory that may affect the es-
timate of masses and metallicities of PISN pro-
genitors, and thus of their yields (e.g. Costa
et al. 2021; Di Carlo et al. 2020; Mapelli et al.
2020; Takahashi et al. 2018; Han et al. 2020;
Spera et al. 2019; Stanway & Eldridge 2018;
Hurley et al. 2002). The study of these galax-
ies could also be useful to better constrain such
uncertainties.
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