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Are all metal-poor stars of second-generation?
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Abstract. Hydrodynamical cosmological simulations predict that the metal-free
Population III (Pop III) stars were likely very massive and, therefore, short-lived. However,
they left their chemical imprint on their descendants, which can also have masses < 0.8M�
and still be alive today. The Milky Way stellar halo is one of the oldest and most metal-poor
component of the Local Group and a peculiar class of stars, the so-called Carbon-Enhanced
Metal-Poor (CEMP-no) stars seem to be directly related to Pop III stars. We aim at revealing
if all metal-poor halo stars are true second-generation stars or if they have also been en-
riched by the subsequent generations of normal (Pop II) stars. For this purpose, we compare
the measured carbon and iron abundances of the metal-poor halo stars with the ones pre-
dicted by our simple parametric model, varying the pollution level from Pop III and normal
stars. We find that only the most C-enhanced and Fe-poor stars enclose in their photospheres
the pure imprint of Pop III stars, while, as the [C/Fe] decreases, the probability of being also
polluted by normal Pop II stars increases.
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1. Introduction

The Milky Way stellar halo is a promising
region to search for the descendants of the
first (Pop III) stars. Here the oldest and most
metal-poor stars have been spotted, suggesting
a link with the chemical elements produced by
Pop III stars. The mass of Pop III stars formed
in state-of-the-art hydro-dynamical simula-
tions cover a wide mass range, 0.1 < mPopIII <
1000M� (e.g Hirano et al. 2014; Greif 2015;
Hirano & Bromm 2017). However, there is
general theoretical consensus supporting the
idea that the first stars were typically more
massive than those forming today, with a char-
acteristic mass ≥ 10M� (e.g. Bromm 2013).

Furthermore, a zero-metallicity star has never
been observed, confirming the massive na-
ture of Pop III stars (e.g. Rossi et al. 2021).
If Pop III stars were typically massive, most
of them would have ended their lives in
less than 100 Myrs, exploding as supernovae
(SNe). Thus, the first SNe polluted the Inter-
Stellar Medium (ISM) with their newly synthe-
sized chemical elements. Consequently, nor-
mal Population II (Pop II) stars were able
to form in this Pop III-enriched ISM (e.g.
Schneider et al. 2012). Among these “second-
generation” stars, those with masses < 0.8M�
can survive until today preserving in their pho-
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tospheres the chemical signatures of Pop III
stars.

The iron-abundance1 of halo stars spans
more than 5 dex. Stars with [Fe/H] < −1 are
called metal-poor and they are separated in
two categories depending on their [C/Fe] val-
ues (see Beers & Christlieb 2005): Carbon-
Enhanced Metal-Poor stars (CEMP) when
[C/Fe] ≥ +0.7, and C-normal otherwise. The
CEMP stars can be further divided into CEMP-
s(/r) and CEMP-no stars depending on whether
[Ba/Fe] is super- or sub-solar, respectively.
Neutron-capture elements from the slow pro-
cess, such as barium, are mainly produced
by Asymptotic Giant Branch (AGB) stars and
their enhancement in the photosphere of a star
is a signature of mass accretion from an AGB
companion. The C-excess in CEMP-s stars is
thus expected to be acquired during its life-
time, via mass transfer from a binary AGB
companion (e.g. Abate et al. 2015). On the
other hand, the C-excess in CEMP-no stars is
expected to be representative of the environ-
ment of formation. This is supported by ob-
servations, showing that CEMP-s stars are al-
most exclusively in binary systems, which is
not the case for CEMP-no stars (e.g. Hansen
et al. 2016; Arentsen et al. 2019).

The fraction of CEMP-no stars increases
towards decreasing [Fe/H], suggesting a di-
rect link between the birth clouds of CEMP-
no stars and the chemical products of Pop III
SNe (e.g. Salvadori et al. 2015; Chiaki et al.
2020). Conversely, the origin of C-normal very
metal-poor stars ([Fe/H] < −2) is still highly
debated: their chemical abundances are in-
deed consistent with either an enrichment from
Pop III SNe only (see Hartwig et al. 2019;
Welsh et al. 2021), or from both Pop III and
normal Pop II SNe (e.g. De Bennassuti et al.
2017; Liu et al. 2021).

In this work, we aim at understanding if
all very metal-poor stars are true descendants
of Pop III stars. To this end we will take ad-
vantage of the high-resolution measurements
of C-enhanced and C-normal metal-poor stars,
and compare those with our theoretical models.

1 [Fe/H]=log
(

NFe
NH

)
−log

(
NFe
NH

)
�
. Solar abundances

are from Asplund et al. (2009).

We refer the reader to Vanni et al. (in prep) for
a comparison with all the chemical abundance
ratios measured in metal-poor star.

2. Sample of metal-poor halo stars

The halo sample, which will be used to com-
pare to our model, includes 132 CEMP-no
and C-normal halo stars with [Fe/H] ≤ −2,
that have been observed with high resolu-
tion spectroscopy (R ≥ 30 000). In particu-
lar, this sample includes the stars presented in
Cayrel et al. (2004) and Yong et al. (2013),
excluding CEMP-s stars, as well as extremely
metal-poor stars, [Fe/H] ≤ −3, from: Christlieb
et al. (2004); Norris et al. (2007); Caffau et al.
(2011); Hansen et al. (2014); Keller et al.
(2014); Frebel & Norris (2015); Bonifacio
et al. (2015); Li et al. (2015); Starkenburg et al.
(2018); Bonifacio et al. (2018); François et al.
(2018); Aguado et al. (2019); Ezzeddine et al.
(2019). These chemical abundances are not
corrected for the non-LTE effects.

The stars of our halo sample cover a
wide iron range, −7.1 < [Fe/H] < −2, and
their metallicity distribution function peaks at
[Fe/H]∼ −3 (see e.g. Placco et al. 2014). In
Fig. 1 we show the average abundance ra-
tios, standard deviation, and maximum range
of the scatter for stars in the halo sample, di-
vided among: CEMP-no stars (red) with [Fe/H]
< −4 (upper panel) and with −4 < [Fe/H]
< −2 (middle), and finally C-normal stars with
[Fe/H] < −2 (gray, lower panel). All the stars
in the sample have carbon (and iron) abun-
dance measurements, while for the other ele-
ments the measurements are sometimes lim-
ited to few stars (e.g. O or Zn, which are not
available for the CEMP-no stars in our sam-
ple with −4 < [Fe/H] < −2). Furthermore,
the majority of the most iron-poor stars only
have upper/lower limits of abundance values.
For this reason, in the top panel of Fig. 1 we in-
clude the mean chemical abundance ratios ob-
tained by both including and excluding the up-
per/lower limits. Furthermore, the upper/lower
limits were used to evaluate the range of the
scatter. For example, for the C-normal stars we
have also used the Caffau et al. (2011) and
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CEM
P-no: [Fe/H] ≤ -4

CEM
P-no: -4 < [Fe/H] ≤ -2

C-norm
al: [Fe/H] ≤ -2

∼22 stars

∼35 stars

∼75 stars

Fig. 1. Chemical abundance pattern of the halo
sample in three categories: CEMP-no stars with
[Fe/H] ≤ −4 (top), CEMP-no with −4 < [Fe/H]
≤ −2 (middle), and C-normal stars with [Fe/H]
≤ −2 (bottom). Filled points with error bars rep-
resent the mean and the standard deviation com-
puted without considering upper/lower limits, while
the empty points (top panel) with arrows including
upper and/or lower limits. Shaded areas show the
range of the measured chemical abundances, includ-
ing also upper/lower limits.

Starkenburg et al. (2018) stars which have, re-
spectively, [C/Fe]< +0.7 and [C/Fe]< +1.0.

In Fig. 1 we first notice that the standard
deviation and scatter in the abundance ratios

are highest for the most Fe-poor CEMP-no
stars (top panel), while they gradually decrease
towards lower panels, being smallest for C-
normal stars (see also Cayrel et al. 2004). The
mean abundance ratios of the light elements
C, N and O, are generally higher for CEMP-
no stars than for C-normal stars, even if we
consider stars in the same [Fe/H] range. On
the other hand, the abundance ratios of the
elements heavier than oxygen are consistent
within the error bars between the different stel-
lar classes.

3. The model

Here we briefly summarize the simple and gen-
eral parametric study presented by Salvadori
et al. (2019) and further implemented by Vanni
et al. (in prep). The model aims to chemically
characterize the descendants of Pop III stars:
long-lived stars formed in environments pre-
dominantly polluted by Pop III SNe, i.e. where
the metals from Pop III SNe account for ≥ 50%
of metals in the ISM.

Following the results of hydrodynamical
cosmological simulations (e.g. Hirano et al.
2014), we assume that a single Pop III star
can form in the primordial star-forming haloes.
Then, we evaluate the chemical enrichment of
the ISM after: (i) the injection of heavy el-
ements by Pop III SNe with different explo-
sion energies and progenitor masses; and (ii)
the subsequent contribution of ”normal” Pop II
stars exploding as core-collapse SNe. We adopt
the yields by Heger & Woosley (2002) for very
massive Pop III stars, m = [140− 260]M�, that
explode as Pair Instability SNe (PISN, ES N =
1052 − 1053 erg) and by Heger & Woosley
(2010) for intermediate mass Pop III stars,
m = [10 − 100]M�, exploding as faint, core-
collapse, high-energy SNe and hypernovae,
whose explosion energy is respectively equal
to ES N = (0.6, 1.2, 3.0, 10.0) × 1051 erg. For
Pop II stars we adopt the yields of Woosley &
Weaver (1995) and Limongi & Chieffi (2018)
and show both results to account for the uncer-
tainty due to the choice of the stellar evolution-
ary model (see e.g. Nomoto et al. 2013).

The main unknowns related to early cosmic
star formation and metal enrichment are en-
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capsulated into the free parameters, which are
varied to obtain the most general model. The
model takes into consideration: the fraction of
gas converted into stars, or the star formation
efficiency, f∗ = [10−4 − 10−1]; metals retained
into the ISM, parameterized with the dilution
factor fdil; and the mass fraction of metals in-
jected into the ISM by Pop III stars with re-
spect to the total, fPopIII = [100−50]%. It turns
out that the iron abundance of the ISM depends
on fPopIII ; the yields of Pop III, Y III(m, ES N),
and Pop II stars, Y II(m,Z); and on the ratio
between the first two free parameters, f∗/ fdil.
Conversely, [C/Fe] is not affected by f∗ nor by
fdil (see Salvadori et al. 2019 for details).

4. Results

In Fig. 2 we compare the predicted [C/Fe] and
[Fe/H] values for the descendants of the first
stars (shaded areas) with the chemical abun-
dances measured in the halo sample (points).
The colours denote different fraction of metals
from Pop III SNe: from the yellow area, where
the descendants are completely imprinted by
Pop III ( fpopIII = 100%), to the purple area,
where they are equally imprinted by Pop III
and Pop II ( fpopIII = 50%) stars. The different
panels show the results for different explosion
energies of Pop III SNe: from the least ener-
getic faint SNe to the most energetic PISNe.

The maximum [C/Fe] that is predicted by
the models (Fig. 2) decreases with: (i) increas-
ing explosion energy of Pop III SNe; and (ii)
increasing contribution of Pop II SNe to the
chemical enrichment. Furthermore, we see that
CEMP-no halo stars with [C/Fe] ≥ +2.5 and
[Fe/H] ≤ −4 can only be reproduced by mod-
els accounting for a 100% enrichment from
Pop III stars, which implies that these objects
are true second-generation stars. Indeed, even
a 10% pollution by Pop II stars is sufficient to
lower the maximum to [C/Fe]< +2.5.

Which kind of Pop III SNe imprinted
these highly C-enhanced ultra iron-poor stars?
Different Pop III SN models are able to en-
rich the ISM with high [C/Fe] and low [Fe/H]:
the lightest PISN progenitors, M ∼ 140 −
150M�, and massive Pop III stars, 40M� ≤
M ≤ 100M�, exploding as faint SNe or core-

collapse SNe. Still, our models show that the
abundance ratios of the other chemical ele-
ments measured in these CEMP-no ultra iron-
poor stars (Fig. 1) are not consistent with a
light PISN enrichment, but rather support a
scenario where these stars have been imprinted
by massive Pop III stars exploding as low-
energy SNe.

We can now try to understand if all metal-
poor stars are truly second-generation objects.
At higher [Fe/H] > −4, the observed proper-
ties of both CEMP-no and C-normal halo stars
can be reproduced by several models (Fig. 2).
At [Fe/H] > −4, only the hypernovae case is
not able to reproduce the [C/Fe] values mea-
sured in CEMP-no stars with or without Pop II
contribution. To disentangle this degeneracy of
different Pop III SN models, we would need to
study the abundance ratios of other chemical
elements. This will be done in a complemen-
tary work, Vanni et al. (in prep).

The probability for a star to be uniquely
(100%) or predominantly (> 50%) imprinted
by the chemical products of Pop III SNe de-
creases as [C/Fe] decreases. Furthermore, an
increasing contribution from Pop II stars re-
duces the scatter in [C/Fe] predicted by differ-
ent models, in agreement to what is observed
(Fig. 1). Indeed, we can see in Fig. 2 that the
scatter in [C/Fe] spans over ∼ 5 dex for pure
Pop III star descendants, and only ∼ 2 dex for
the descendants enriched by Pop III stars at
a 50% level. Thus, the specific chemical fea-
tures of the ISM enriched by different Pop III
SN types are mostly washed out if Pop III
and Pop II stars equally contribute to the ISM
enrichment. This is a strong indication that a
group of stars that show very similar chemical
abundances, i.e. a small star-to-star scatter like
C-normal halo stars, have likely been polluted
by Pop III and normal Pop II stars at the same
level, or even predominantly by Pop II stars.

5. Conclusions

From comparing our model results with data,
we propose simple diagnostics that exploit
measured carbon and iron abundances to iden-
tify which metal-poor halo stars are the descen-
dants of Pop III stars (> 50% of the metals
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[Fe/H] [Fe/H] [Fe/H]

[Fe/H] [Fe/H]

[C
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Faint SN Core-collapse SN High-energy SN

Hypernovae PISN

Fig. 2. Carbon-to-iron ratios of PopIII descendants. Colours show different level of Pop III en-
richment: 100% (yellow), 90% (orange), 70% (pink), 50% (purple). Each panel shows different
explosion energies of Pop III SNe (see labels): from faint SNe (E ∼ 6 × 1050 erg) to hyper-
novae (E ∼ 1052 erg) in the mass range [10 − 100]M�; as well as PISN (E = 1052−53 erg) for
[140− 260]M�. Star symbols show the measured abundances of CEMP-no (filled) and C-normal
stars (open). The dotted line is the threshold for the carbon enhancement, [C/Fe] > +0.7. Note
that the yellow area for the hypernovae progenitor case is hidden behind the other colours.

in their ISM of formation) and to estimate the
level of imprint from normal Pop II SNe. These
are our key findings:

– CEMP-no stars with [C/Fe] ≥ +2.5 are
second-generation stars solely imprinted
by massive first stars exploding with low
to normal energy (ES N ≤ 1.2 × 1051 erg).

– CEMP-no stars with [C/Fe] < +2.5 are
likely Pop III star descendants, which have
been mainly polluted by Pop III SNe with
a non-negligible ∼ (10−30)% contribution
from Pop II stars.

– The majority of C-normal stars have been
enriched by normal Pop II stars at & 50%
level, and hence they do not show strong
chemical features left by Pop III SNe.

Conversely, our models show that Pop III
SNe can also enrich the ISM to low carbon

values. The [C/Fe] values of the pure descen-
dants of Pop III SNe exploding with high-
energy (ES N ≥ 3 × 1051 erg) are mostly lo-
cated at [C/Fe] . 0. Therefore, we expect to
find rare C-normal stars that are direct descen-
dants of these very energetic Pop III SNe, thus
showing peculiar chemical abundance patterns.
This is consistent with the recent discover-
ies of primordial hypernova descendants (see
Skúladóttir et al. 2021; Placco et al. 2021).

Ultimately, our simple and general para-
metric model can be applied to interpret the
chemical abundances measured in both ancient
stars and in high-redshift absorption systems
(see Salvadori et al. in this volume). According
to our predictions, a C-excess measured in
gaseous environments at high redshifts (z > 4)
is a solid proof of chemical enrichment driven
by Pop III stars.
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The observed scatter of chemical abun-
dance ratios is another key diagnostic. Our
model shows a larger scatter with a higher
fraction of Pop III contribution. This is sup-
ported by observations of metal-poor stars in
the Galactic halo (Fig. 1), and we predict that
this is also true in the ISM observed at high
redshifts.

By using a powerful combination of mod-
els and data, we have exploited C and Fe abun-
dances to identify first star descendants and
quantify their Pop III enrichment. However,
using only these two elements is not sufficient
to break degeneracies between different mod-
els of Pop III SNe (mass and energy). In an
upcoming study, we will thus expand the work
presented here to include all the chemical el-
ements available, exploiting to the fullest the
very metal-poor stars to better understand the
first stars in the Universe.
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