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ABSTRACT

Understanding the nature of the first stars is key to understanding the early Universe. With new facilities such as James Webb
Space Telescope (JWST) we may soon have the first observations of the earliest stellar populations, but to understand these
observations we require detailed theoretical models. Here we compute a grid of stellar evolution models using the Geneva code
with the aim to improve our understanding of the evolution of zero-metallicity stars, with particular interest in how rotation
affects surface properties, interior structure, and metal enrichment. We produce a range of models of initial masses (Mi,;) from
1.7 to 120 M , focusing on massive models of 9 < M, < 120M . Our grid includes models with and without rotation, with
rotating models having an initial velocity of 40 per cent of the critical velocity. We find that rotation strongly impacts the evolution
of the first stars, mainly through increased core size and stronger H-burning shells during core He-burning. Without radiative
mass loss, angular momentum builds at the surface in rotating models, thus models of initial masses Min,j = 60 M reach critical
rotation on the main sequence and experience mass loss. We find that rotational mixing strongly affects metal enrichment, but
does not always increase metal production as we see at higher metallicities. This is because rotation leads to an earlier CNO
boost to the H shell during He-burning, which may hinder metal enrichment depending on initial mass and rotational velocity.

Electronic tables of this new grid of Population I11 models are publicly available.
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1 INTRODUCTION

The first stars formed from metal-free primordial gas at a redshift of
z = 20-30, a few hundred million years after the big bang (Bromm
2013). Thisfirst generation of stars contributed significantamounts of
ionizing photons to the reionization of the Universe, and provided the
first heavy elements, fuelling later generations of higher metallicity
stars. The interaction of the first stars with the interstellar medium
impacted the Universe extensively, in particular through ionization
(Barkana & Loeb 2001; Kitayama et al. 2004; Whalen, Abel &
Norman 2004; Alvarez, Bromm & Shapiro 2006; Wyithe & Cen
2007; Whalen et al. 2008a; Wise & Abel 2008), chemical enrichment
(Mackey, Bromm & Hernquist 2003; Kitayama & Yoshida 2005;
Greif et al. 2007, 2010; Whalen et al. 2008b; Heger & Woosley
2010; Joggerst et al. 2010; Kobayashi, Tominaga & Nomoto 2011;
Hartwig et al. 2018a, 2019; Chiaki & Wise 2019; Welsh, Cooke &
Fumagalli 2019; Hicks et al. 2020; Magg et al. 2020), as well as
their explosive deaths as supernovae (SNe; Umeda & Nomoto 2002;
Nozawa et al. 2003; Cayrel et al. 2004; Tominaga, Umeda & Nomoto
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2007). Studying these primordial stars can tell us about the nature of
the earliest explosions in the Universe and allows us to investigate
their progenitors. The nature of these first stars not only impacts
the properties of their SNe, but also the amount of ionizing flux at
high redshift (Schaerer 2002; Wyithe & Loeb 2003), the formation
of supermassive black holes (Sakurai et al. 2015; Haemmerlé et al.
2018, 2020; Regan & Downes 2018; Smith et al. 2018; Woods et al.
2019), and the rates of gravitational wave signals from primordial
neutron star and black hole mergers (Kinugawa et al. 2014, 2016a;
Kinugawa, Nakano & Nakamura 2016b; Kinugawa, Nakamura &
Nakano 2017).

Current stellar evolution models indicate that the evolution of the
first stars and fate of the first explosions at high redshift are mainly
determined by initial mass and processes such as convection, rotation,
and magnetic fields (Marigo et al. 2001; Ekstrom et al. 2008; Yoon,
Dierks & Langer 2012). There is a large uncertainty on all these prop-
erties, and even more so at zero metallicity where we have no direct
observational constraints. The first hydrodynamical simulations (e.g.
Abel, Bryan & Norman 2002) predicted preferential formation of
very massive first stars (=100 M ; Bromm, Coppi & Larson 2002),
which would explode as pair-instability SNe (PISNe). However, more
recent simulations predict significant fragmentation (Stacy, Greif &
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Bromm 2010; Clark et al. 2011), the formation of binaries (Turk,
Abel & O’Shea 2009), and a wide initial mass distribution from tens
to hundreds of solar masses (Hirano et al. 2014, 2015). This implies
that many of them would explode as core-collapse SNe (CCSNe)
and not as PISNe, which is a significant difference, mainly because
CCSNe leave behind a black hole or a neutron star, while PISNe
leave no remnant. No clear signatures of chemical enrichment from
PISNe of extremely metal-poor (EMP) stars have been seen (Umeda
& Nomoto 2002; Nomoto et al. 2006) with Karlsson, Johnson &
Bromm (2008) predicting a number fraction of primordial PISNe
of less than 0.07, suggesting that Population 111 (Pop I11) stars with
masses above 100 M may have been rare.! This is in agreement with
Bromm (2013) who suggests that fragmentation and the formation of
multiple star systems move away from the idea of a predominantly
very massive initial mass function (IMF) as initially predicted in
Bromm et al. (2002). Although there is general agreement on a top-
heavy primordial IMF (Stacy, Bromm & Lee 2016), there is still
little constraint on its exact distribution, so theoretical models must
continue to consider a large range of initial masses.

Several groups have investigated the evolution of the first stars with
numerical stellar evolution codes. Marigo et al. (2001) studied zero-
metallicity, non-rotating stellar evolution models with initial masses
in the range Mi, = 0.7-100M , with subsequent work focusing
on rotating models with Mj,; = 120-1000M (Marigo, Chiosi &
Kudritzki 2003). They were particularly interested in how the lack of
CNO group elements in these models changes their nuclear energy
generation and interior structure. Marigo et al. (2003) also explored
the effect of mass loss for models of higher initial mass, finding that
the radiation pressure in these stars is not an efficient driving force
of mass loss. These authors also discussed that rotation could trigger
mass loss, but the star would then spin-down quickly afterwards.
While Marigo et al. (2003) presented amuch improved understanding
of the effect of rigid rotation on primordial stellar evolution, there was
still a need to investigate the effects of differential rotation. This was
addressed by Ekstrom et al. (2008) where primordial stars of initial
masses Mi,; = 9-200 M were investigated using the Geneva stellar
evolution code (GENEC), and advection was included in the angular
momentum transport, allowing for a more accurate treatment of
rotational mixing. These authors found that, although still impactful,
the effect of rotation on the first stars is smaller than for even EMP
stars. This was believed to result from weak meridional circulation,
and continuous nuclear burning at the end of the main sequence
(MS).

Yoonetal. (2012) included magnetic fields in Pop I11 stellar models
assuming a Taylor—Spruit dynamo, for an initial mass range M, =
10-1000M . This allowed for a different approach to the effects
of rotation in these stars where chemically homogeneous evolution
(CHE) is achieved. Yoon et al. (2012) also predicted the final fates
of these stars in a parameter space spanned by initial mass and initial
rotation (see their fig. 12). It was found that CHE is favoured in
a higher mass star, until at a certain mass when mass loss due to
critical rotation hinders chemical mixing. This is important because
CHE has a significant effect on the final fates of these stars, leading to
more explosive phenomena such as gamma-ray bursts, hypernovae,
and Type Ibc PISNe. This work also showed that slower rotators,
which do not achieve CHE, end their lives either as Type 1l SNe
or by collapsing to a black hole. More recently, Windhorst et al.

IThere are a few candidates for PISNe at high redshift (Gal-Yam et al. 2009;
Cooke et al. 2012), however they are not thought to arise from Pop 111 stars.
Furthermore, their identification as PISNe is disputed (Dessart et al. 2013).
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(2018) produced a grid of Pop 111 models with MESA (Paxton et al.
2011, 2013, 2015) and investigated their detectability through cluster
caustic transits.

Stellar evolution models of He cores were used to investigate the
death of massive Pop 11 stars in Heger & Woosley (2002). Through
studying a range of He cores of masses from 60 to 140 M the
nucleosynthesis yields were determined for stars expected to undergo
pulsational pair instabilities. This was important for determining the
chemical signature of the first stars and their impact on the metallicity
of subsequent stellar populations.

There have been many developments in the field in recent years
creating a need for updated theoretical models of primordial stars.
There has been more research on observations of second generation
(Pop 1) stars and how differences in assumptions of the first stars
would affect these observational signatures. Sarmento, Scannapieco
& COté (2019) varied the IMF and the critical metallicity defining
the boundary between Pop 111 and Pop Il stars investigating the SN
yields from the Pop 11 models with observations of Pop Il stars. They
concluded that the Pop I11 IMF is dominated by stars in the mass range
Mini = 20-120 M that generate SN with carbon-enhanced spectra.
Formation scenarios of EMP stars were presented in Hartwig et al.
(2019), and used to investigate their enrichment from Population 111
stars. There has also been much research on the topic of carbon-
enhanced metal-poor (CEMP) stars (Limongi, Chieffi & Bonifacio
2003; Umeda & Nomoto 2003; Meynet, Ekstrom & Maeder 2006;
Choplin et al. 2016). These are of particular interest in relation to the
early Universe as they shed light on possible constraints for the first
generations of stars (Heger & Woosley 2010; Takahashi, Umeda &
Yoshida 2014; Tominaga, Iwamoto & Nomoto 2014; Choplin et al.
2017a,b, 2018; Choplin & Hirschi 2020), particularly their mixing
processes and rotation. Mixing of the helium and hydrogen layers in
the first generation of stars could reproduce the abundance pattern
of CEMP-no stars (Choplin et al. 2016), i.e. no enhancement from s-
process and r-process elements. Moreover, interactions between He-
rich and H-rich layers in Pop Il stars give rise to different reaction
chains and affect final abundances, with interesting implications for
CEMP-no stars (Clarkson, Herwig & Pignatari 2018; Clarkson &
Herwig 2021). These stars can therefore help us to understand how
the first stars may have influenced the generations that followed them.

Ahead of the launch of the James Webb Space Telescope (JWST)
there is increased research on the observability of Pop Il stars
(Zackrisson et al. 2015; Windhorst et al. 2018) and the likelihood to
observe the first stellar populations. Despite previous and ongoing
surveys a metal-free star is yet to be observed (Beers, Preston &
Shectman 1992; McWilliam et al. 1995; Ryan, Norris & Beers 1996;
Cayrel etal. 2004; Christlieb et al. 2008; Roederer et al. 2014; Howes
et al. 2016; Starkenburg et al. 2017). However, recent studies have
addressed the detectability of SNe and PISNe from the early Universe
(Whalen et al. 2013a,b,c, 2014), suggesting that these events will be
easily observed by the next generation of optical space telescopes up
to a redshift z = 15-30 (de Souza et al. 2013, 2014; Tanaka, Moriya
& Yoshida 2013; Moriya et al. 2019).

In addition, substantial developments have occurred in the area
of gravitational-wave research in recent years, with observations
of black hole mergers and neutron star mergers (LIGO Scientific
Collaboration & Virgo Collaboration 2017; Abbott et al. 2019). This
has created a surge in research related to Pop 111 progenitors of black
holes. Studies such as Latif et al. (2013), Regan et al. (2017), and
Johnson & Aykutalp (2019) modelled the formation of direct collapse
black holes from primordial gas, Hartwig, Agarwal & Regan (2018b)
investigated the merger rates of black holes at high redshifts (z = 15),
and Uchida et al. (2019) computed the gravitational waves that would
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be emitted by the collapse of a 320M Pop |1l star. Furthermore,
recent studies have provided new insights into the nature of Pop I1I
supermassive stars and their role in the formation of the first quasars
(Hosokawa et al. 2013; Umeda et al. 2016; Woods et al. 2017;
Haemmerlé et al. 2018). This work has shown that Pop 11 protostars
can continue to accrete material at rates of =0.01M yr~* towards
masses of =10°M without an increase in ionizing feedback that
would halt accretion, which favours the case for the formation of the
first quasars through direct collapse. The recent discovery of the black
hole merger event GW190521 (The LIGO Scientific Collaboration
et al. 2020a,b) has particularly drawn attention to Pop Il stellar
evolution, given that these stars offer explanation for the mass of this
merger, which falls within the so-called pair-instability mass gap.
Pop I1I stars have been discussed as progenitors for this event in
Kinugawa, Nakamura & Nakano (2021), Farrell et al. (2020b), Liu
& Bromm (2020), and Safarzadeh & Haiman (2020) with Tanikawa
et al. (2020) also proposing that Pop 11 binary black holes may fall
within the mass gap. With renewed interest in the study of these
primordial stars, it is imperative that we have updated and detailed
theoretical models to support this new research.

Since these zero-metallicity stars were studied in Ekstrom et al.
(2008), a new series of papers was started to investigate stellar
evolution with the Geneva code. These publicly available grids
include updated physical ingredients and are suitable for various
metallicities. Ekstrom et al. (2012, hereafter Paper I, Z = 0.014)
investigated solar metallicity models. This was followed by grids at
lower metallicities in Georgy et al. (2013b, hereafter Paper I, Z =
0.002) and Groh et al. (2019, hereafter Paper I11, Z = 0.0004). In this
paper, we present a new grid of Geneva stellar evolution models at Z
= 0. Our paper is organized as follows. We present our new stellar
models in Section 2 and discuss their evolution in the Hertzsprung—
Russell (HR) diagram in Section 3. In Section 4, we discuss the
effects of rotation on Pop IlI stars, while Section 5 investigates the
possibility of mass loss in fast-rotating Pop 11 stars. \We present the
metal yields from our models in Section 6 and discuss the effects
of changing the initial rotation in Section 7. Section 8 presents our
concluding remarks.

2 STELLAR MODELS: PHYSICAL
INGREDIENTS AND ELECTRONIC TABLES

We use the latest version of the Geneva stellar evolution code,
GENEC, to compute zero-metallicity models with a primordial initial
composition of X = 0.7516, Y = 0.2484, and Z = 0. The physical
ingredients of the models presented in this work are consistent with
those described in Papers 1, 11, and 111 of higher metallicities (Ekstrom
et al. 2012; Georgy et al. 2013b; Groh et al. 2019) and we refer the
reader to these papers for full details. This includes the opacities
that are generated using the oPAL tool (based on Iglesias & Rogers
1996) and are complemented at low temperatures by opacities from
Ferguson et al. (2005), and the nuclear reaction rates that are taken
mainly from the NACRE data base (Angulo et al. 1999). Convective
zones are determined using the Schwarzschild criterion, and for the
MS and the He-burning phase the convective core is extended with
an overshoot parameter doyver/Hp = 0.1, where doyer is the distance
of overshooting beyond the Schwarzschild boundary and Hp is the
pressure scale height at the edge of the core. We use a value of
dover/Hp = 0.1 for consistency with Papers I, 11, and I11. It has been
found in recent research, however, that the overshooting parameter
could be higher for massive stars, with doyer/Hp = 0.3-0.5 matching
some observations of massive MS stars (Castro et al. 2014; Higgins
& Vink 2019; Schootemeijer et al. 2019).

Stellar models with rotation: Z=0 2747

Our grid consists of models at zero metallicity in the mass
range 1.7 < M, < 120M . We compute non-rotating and rotating
models, the latter with an initial equatorial rotational velocity of

Uini = 0.4 Ugrit, Where Ugrit = %R;:\"m‘ is the break-up velocity at

critical rotation and Ry, crit iS the polar radius at Ugir. The models
with vjni = 0.4 Ugi are consistent with Papers 1, 11, and 111, and based
on the peak velocity distribution of young solar-metallicity B-type
stars in Huang, Gies & McSwain (2010). We have also produced
models at the slower rotational velocity of i = 0.2 Ui Tor certain
initial masses. This allows us to investigate the impact of a change
of the initial rotation on the results, rather than relying on rotating
models at a single velocity versus non-rotators.

Recent work indicates that extremely low-metallicity stars may
have rotated as fast as Ljj = 0.7V in order to reproduce the abun-
dance pattern of some CEMP stars enriched in s-process elements
(Choplin et al. 2017b; Choplin & Hirschi 2020). Simulations of
Pop Il star formation (Stacy, Bromm & Loeb 2011; Stacy et al.
2013) also indicate that these early stars would have formed with
significant rotation. Since these fast-rotating models are challenging
to compute due to convergence problems, we defer to future work an
extension of our grid to models with higher initial surface rotation.

\We note that we do not consider the effects of magnetic fields in
this work, and so our models are differentially rotating. The treatment
of rotation follows that of Papers I, 11, and I11, having been developed
in a series of papers by the Geneva group (Maeder 1997; Meynet &
Maeder 1997; Maeder & Zahn 1998; Maeder & Meynet 2000). The
diffusion coefficients follow the Zahn (1992) and Maeder (1997)
prescriptions for horizontal and shear diffusion, respectively, and the
treatment of advection follows the Zahn (1992) prescription.

Our models predict that Pop Il stars in the range 9-120 M
are hot stars throughout their lifetimes. Theoretical works suggest
decreasing mass loss with metallicity (e.g. Vink, de Koter & Lamers
2001), with zero or negligible mass loss at Z = 0 (Krticka & Kubat
2006, 2009). Therefore, our models have no mass loss except when
approaching critical rotation. Upon reaching critical velocity the
outer layers of the star become gravitationally unbound (Krticka,
Owocki & Meynet 2011) so it is expected that some mass would be
removed until the star spins down below the critical velocity.

It is numerically difficult to compute the models when the star is
rotating at critical velocity. In general, GENEC calculates the amount
of mass that should be removed in order to bring the model back
below the critical limit (see also Paper Il). This is based on the
amount of angular momentum that must be lost for the star to become
subcritical again, given by

Linec = MmecRé 1y (1)
where My is the amount of mass lost during each time step
in the disc, Rg is the equatorial radius of the star, and 1 is
the angular velocity of the first layer. Using this value, Mpnec, a
mechanical mass-loss rate can be imposed when the star reaches
critical velocity. When using this implementation, the estimated value
for  Mpec brings the model just below the critical limit. However,
unlike models at high metallicity, further mass loss through radiative
winds is inefficient in Pop 111 stars, and our zero-metallicity models
remain close to the critical limit. This causes numerical problems.
To successfully evolve the models, instead of using mechanical mass
loss we assume an averaged mass-loss rate of M =10"5M yrt
upon reaching the critical limit. For computational convenience, the
mass-loss rate is kept at that value until the star is sufficiently far from
the critical limit. Physically, this could correspond to another process
such as pulsational mass loss. We note that this leads to a difference
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Figure 1. Left: evolutionary tracks of models in the mass range 1.7 < Mjn; < 120 M  for non-rotating models (black). Right: comparison between non-rotating
(black) and rotating models with vjni = 0.4 Uit (red). Key evolutionary stages are given in the legend.

in the angular momentum profile depending on which mass-loss
regime is imposed. GENEC’s implementation assumes that material
and angular momentum are lost at the equator that would lead to an
equatorial decretion disc, while our mass-loss regime assumes for
simplicity a spherical distribution of angular momentum loss that
would form circumstellar material (CSM). We encourage further
hydrodynamical studies to explore the behaviour of zero-metallicity
stars near critical rotation.

Similarly to Papers 1, 11, and 111, electronic tables of the models are
publicly available.? For each model, the evolutionary track consists
of 400 selected data points, with each one corresponding to a given
evolutionary stage. Points of different evolutionary tracks with the
same number correspond to similar stages to facilitate interpolation
of the evolutionary tracks. The reader may refer to Paper | for
details on the numbering of these points and their corresponding
evolutionary phases. With this grid publicly available it can be used as
input for computing interpolated tracks, isochrones, and population

2See https://obswww.unige.ch/Research/evol/tables_grids2011/
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synthesis models using the Geneva tools.® A detailed description of
the online tools is presented in Georgy et al. (2014).

3 OVERALL EVOLUTION OF POP 11l STARS
ON THE HR DIAGRAM

The stellar evolution tracks for both non-rotating and rotating models
are shown in Fig. 1. As expected, the effective temperature (Tef) and
luminosities at the zero-age main sequence (ZAMS) increase with
increasing mass for both rotating and non-rotating models. Consid-
ering the non-rotating models in the mass range 9 < M < 120 M

first, models with M, = 30 M show a qualitative evolution during
the MS that resembles that of higher metallicity models (Paper I;
Paper I1; Paper Il1). In these models, the surface properties of the
star during H-burning steadily evolve to higher luminosities and
cooler surface temperatures as the stellar envelope expands. At the
end of H-burning, stars with Mj;; =30M will have cooled to
approximately log(Tesr) = 4.7. As seen in previous works (Ekstrom
etal. 2008), models with M, = 9-20 M spend asignificant fraction

Shttps://www.unige.ch/sciences/astro/evolution/en/database/
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