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First stars signatures in high-z absorbers
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Abstract. The first stars were likely more massive than those forming today and thus
rapidly evolved, exploding as supernovae and enriching the surrounding gas with their
chemical products. In the Local Group, the chemical signature of the first stars has been
identified in the so-called Carbon-Enhanced Metal-Poor stars (CEMP-no). On the con-
trary, a similar C-excess was not found in dense neutral gas traced by high-redshift absorp-
tion systems. Here we discuss the recent discovery of three C-enhanced very metal-poor
([Fe/H]< −2) optically thick absorbers at redshift z ≈ 3 − 4, reported by (Saccardi et al.
2023).. We show that these absorbers are extra-galactic tracers of the chemical signatures
of the first stars, analogous to the CEMP-no stars observed in the Galactic halo and ultra-
faint dwarf galaxies. Furthermore, by comparing observations with model predictions we
demonstrate that these systems have most likely been imprinted by first stars exploding as
low-energy supernovae, which provided ≥ 50% of the metals in these absorbers.

1. Introduction

The first (Pop III) stars are predicted to be more
massive than present-day stars, with masses
possibly ranging from some tenth up to thou-
sand times solar (e.g. Hirano et al. 2014;
Susa et al. 2014) and a characteristic mass
> 1 M�(Rossi et al. 2021). Massive first stars
exploded as supernovae (SNe) and thus con-
taminated the surrounding environment with
their chemical elements, whose yields vary
according to the mass of the progenitor star
and the SN explosion energy (e.g. Heger &
Woosley 2010). Low-mass stars, born from

this metal-polluted gas, can survive until to-
day (e.g. Bromm et al. 2001) and retain in their
atmospheres a record of the chemical abun-
dances left by the first stars.

These chemical signatures have been
looked for in ancient metal-poor stars in our
cosmic neighbourhood: mostly the Milky Way
(MW) halo and Local Group dwarf galaxies,
where we can uniquely study individual stars
(e.g. Tolstoy et al. 2009). Very metal-poor stars
([Fe/H] < −2)1, strongly enhanced in carbon
over iron ([C/Fe] > +0.7) and not enriched
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in neutron-capture elements ([Ba/Fe] < 0),
i.e. the so-called “CEMP-no” stars (e.g. Beers
& Christlieb 2005), are the most promising de-
scendants of Pop III stars that exploded as pri-
mordial low-energy supernovae (e.g. see Vanni
et al. 2023, in this volume and Iwamoto et al.
2005 Because of their low explosion energy,
indeed, these SNe are only able to expel a small
fraction of Fe-peak elements from the inner-
most layers, yielding large amounts of carbon
(and other light elements) with respect to iron.

Since stars form out of gas, moving to
higher redshifts, we also expect to find very
metal-poor gaseous environments primarily
enriched by the first stars, thus showing a sim-
ilar excess of carbon. To this aim, the chemical
traces of Pop III stars have been searched for in
quasar absorption lines probing dense neutral
gas with [Fe/H]< −2, i.e. in very metal-poor
Damped Lyman-α systems (DLAs) with neu-
tral hydrogen column density log(NHI/cm−2) >
20.3. The initial claims of such a system
(Cooke et al. 2011) have since been corrected,
and therefore no C-enhanced DLAs have been
discovered so far (Dutta et al. 2014; Carswell
et al. 2012, Pettini private comm.).

Another approach is to investigate whether
the chemical signature of the first stars can
be identified in more diffuse high-z absorp-
tion systems, where star formation was likely
interrupted early on, thus preventing contam-
ination by subsequent generations of normal
stars. To this end, we exploited the XQ-100
quasar legacy survey (López et al. 2016) to
identify sub-DLAs and Lyman Limit Systems
(LLSs) at redshift z ≈ 3 − 4, i.e. absorption
systems with H I column densities in the range
17.2 ≤ log(NHI/cm−2) ≤ 20.3. In Saccardi
et al. (2023), we derived iron, carbon and other
chemical abundances for these systems.

Here we will compare our findings for
gaseous systems with both observations of
very metal-poor stars in the Local Group and
theoretical models for Pop III star enrichment.
We refer the reader to Saccardi et al. (2023) for
an in-depth description of the different chemi-
cal abundances measured in high-z absorbers;
and to Vanni et al. 2023, this volume and sub-
mitted for a careful description of the theoreti-
cal model.

2. CEMP-no stars in the Local Group

In the MW halo and nearby ultra-faint dwarf
galaxies (UFDs), there are many known
CEMP-no stars ([C/Fe] > +0.7, [Ba/Fe] < 0),
and a few have been also discovered in dwarf
spheroidal (dSph) galaxies (e.g. Skúladóttir
et al. 2015). However, not all C-enhanced
stars are CEMP-no, another class exists: the
so called CEMP-s(/r) stars, which also exhibit
an overabundance of neutron-capture elements
([Ba/Fe] > +1). These CEMP-s stars are al-
most exclusively found in binary systems (e.g.
Arentsen et al. 2019), and their surplus of bar-
ium and carbon are expected to be acquired
via an Asymptotic Giant Branch (AGB) com-
panion during their lifetime (e.g. Abate et al.
2015). Conversely, the C-excess of CEMP-no
stars is expected to be a genuine representation
of the environment of formation (e.g. Aguado
et al. 2022), which was likely polluted by the
first stars (e.g. see Vanni et al. 2023, in this vol-
ume).

Ultimately, we need to find CEMP-no stars
to indirectly study the first stellar generations.
But how can we identify these stars with-
out measuring barium? Spite et al. (2013)
first demonstrated that we can discriminate
among CEMP-no and CEMP-s stars on the ba-
sis of their absolute carbon abundance2, A(C).
Indeed, these two different populations dwell
in two well defined regions: CEMP-s stars in
the high-C band, A(C)> 7.4, CEMP-no stars in
the low-C band, A(C)< 7.4 (see also Bonifacio
et al. 2015; Yoon et al. 2016).

In Fig. 1 we report the measured A(C) with
[Fe/H] for stars in the Milky Way halo, UFDs,
and dSph galaxies. The Figure contains data
collected by Salvadori et al. (2015), including
new data in UFDs (Ji et al. 2016; Spite et al.
2018) and newly discovered extremely metal-
poor stars in the Milky Way halo (Starkenburg
et al. 2018; François et al. 2018; Bonifacio
et al. 2018; Aguado et al. 2019; González
Hernández et al. 2020). All carbon values are
corrected to account for internal mixing pro-
cesses (Placco et al. 2014).

It is clear from Fig. 1 that the division be-
tween the low-C and high-C bands is work-

2 A(C) = log(NC/NH) + 12
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Fig. 1. Absolute carbon abundance, A(C), as a
function of [Fe/H] for stars in UFDs (light blue
squares), dSph galaxies (blue squares) and the MW
(grey/black squares). The MW CEMP-no halo stars
are shown as filled black symbols, C-normal halo
stars as grey symbols, and CEMP-s(/r) stars as open
symbols. Typical errors are ∼0.2 dex. The horizon-
tal line separates the low- and high-C bands, and the
dashed line indicates [C/Fe] = +0.7.

ing remarkably well. In particular the low-C
band is almost entirely populated by CEMP-
no stars. Moreover, we note that CEMP-no
stars become more dominant towards lower
[Fe/H]. This is one of the reasons why they are
believed to form in gaseous environment im-
printed by the first stellar generations.

3. CEMP-no absorbers at high-z

To search for the analogues of CEMP-no stars
in high-z gaseous absorbers, we exploited the
XQ-100 quasar legacy survey (López et al.
2016), and selected a sample of 30 LLS and
sub-DLAs at redshift z ≈ 3 − 4, that we stud-
ied in detail (Saccardi et al. 2023). We per-
formed Voigt profile fitting of metal absorption
features and Lyman lines in the quasar spectra
to measure column densities. To derive relative
abundances of different elements, we applied
photoionization-model corrections to the mea-
sured ionic column densities by exploiting the
open-source Cloudy (Ferland et al. 2017).

Fig. 2. Absolute carbon abundance as a function of
[Fe/H] for the 30 sub-DLAs and LLSs of our sam-
ple (coloured circles) and for DLAs/LLSs from lit-
erature (black points, see labels and text for ref.).

Among these 30 absorption systems,
we identified 14 very metal-poor absorbers,
[Fe/H] < −2, thereof three C-enhanced,
[C/Fe] > +0.7. Furthermore, we identified
four C-enhanced systems at higher iron abun-
dances, see Fig. 2. We verified that the very
metal-poor systems are also characterised by
a low total metallicity (Z < 10−2Z�), and that
they are not simply iron-poor because of dust
depletion (Saccardi et al. 2023). Then, we con-
centrate on the three C-enhanced very metal-
poor absorbers for which we can reasonably
neglect the dust depletion (e.g. Vladilo 1998;
Vladilo et al. 2018; De Cia et al. 2018).

To investigate the nature of our three
bonafide CEMP systems, we show in Fig. 2
the absolute carbon abundances with respect to
[Fe/H], which is used as a key diagnostic tool
to identify CEMP-no stars (Sec. 2). It is evident
from Fig. 2 that our three CEMP absorbers (red
points) dwell in the low-C band, i.e. in the re-
gion where CEMP-no stars are typically found
(see Fig. 1). Note that we have only obtained
1 − σ upper limits for [Fe/H] in these systems.
However, a lower iron abundance will only in-
crease their [C/Fe] abundance ratio.
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Fig. 3. Absolute carbon abundance as a function
of [Fe/H] for an ISM imprinted by PopIII stars.
Colours show different level of Pop III enrichment:
100% (yellow), 90% (orange), 50% (magenta), 10%
(gray). The dotted line shows [C/Fe] = +0.7, the
solid one separates the low-C from the high-C band.

In Fig. 2 we also see that the C-normal
very metal-poor absorbers (yellow points) re-
side where C-normal very metal-poor stars
dwell. In this region, but at lower A(C) val-
ues, we can also see the very metal-poor DLAs
from the literature (Cooke et al. 2011, 2012;
Carswell et al. 2012; Dutta et al. 2014; Cooke
et al. 2017). Finally at [Fe/H] > −2, we note
that there are four C-enhanced absorbers (plus
one from Zou et al. 2020) dwelling in the
high-C band where CEMP-s stars are typically
observed. At these metallicities, however, the
dust depletion is no longer negligible, prevent-
ing us from drawing any strong conclusions.

4. Origin of CEMP-no environments

To understand the origin of the newly identi-
fied CEMP-no absorbers, we compare the ob-
servational results of (Saccardi et al. 2023, ,
Sec. 3)) to theoretical predictions. We exploit
the simple and general parametric study by
Salvadori et al. (2019), which is further devel-
oped by Vanni et al. (submitted, and presented
in this volume Vanni et al. 2023. The goal of
the model is to chemically characterize an in-
terstellar medium (ISM) mainly imprinted by
Pop III stars, i.e. where the metals from Pop III
SNe account for ≥ 50% of the total.

The model encodes the main unknowns re-
lated to early cosmic star formation and metal
enrichment into three free parameters: the mass
of gas converted into stars, or the star forma-
tion efficiency; metals retained in the ISM, pa-
rameterized with the dilution factor; and the
mass fraction of PopIII metals with respect to
the total, fPopIII. In Vanni et al. 2023 we demon-
strated that either primordial faint SNe or core-
collapse SNe are required to explain CEMP-no
stars. Hence here we only focus on this class of
low-energy primordial SNe.

In Fig. 3 we compare the predicted A(C)
and [Fe/H] values for an ISM imprinted by
low-energy (E ≤ 1051 erg) Pop III supernovae
with the chemical abundances measured in the
gas of our high-z sub-DLAs and LLSs and in
the stars of the MW halo. The colours denote
different fraction of metals from Pop III SNe:
from the yellow area, where the ISM is com-
pletely imprinted by them (fpopIII = 100%),
to the gray area, where normal Pop II stars
exploding as core-collapse SNe dominate the
ISM enrichment (fpopIII = 10%).

We can see in Fig. 2 that our CEMP-no
absorbers, which have moderately high [C/Fe]
values, are consistent with a ≥ 50% enrichment
from Pop III stars and thus can be considered
gaseous fossils from the early Universe.

5. Conclusions

We have shown that the newly discovered C-
enhanced very metal-poor absorption systems
most likely hold the chemical signature of the
first stars that exploded as low-energy SNe
(E ≤ 1051 erg), and provided ≥ 50% of their
metals. These systems are thus the gaseous z ≈
3−4 analogues of present-day CEMP-no stars.
This is further supported when their full abun-
dance pattern is taken into account (Saccardi
et al. 2023).

The discovery of these gaseous CEMP-no
systems suggests that optically thick, relatively
diffuse absorbers, can preserve the chemical
signatures of the first stellar generations. These
absorbers are likely too diffuse to sustain star
formation, a key requirement to prevent further
chemical pollution and safegard the signature
of the first stars (Salvadori & Ferrara 2012).
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Presently we are limited by the relatively
low resolution and signal-to-noise ratio of
available observations. However, with the ad-
vent of ANDES for ELT (Marconi et al. 2022)
we shall be able to carry out more detailed
studies of these absorbers at higher precision,
detecting key elements like Zn (Salvadori et al.
2019). By exploiting the Pop III star traces left
in both far-away gas and in nearby stars, we
will thus manage to understand the nature of
the first stars and galaxies.
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