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Abstract
In this manuscript, we present the one-dimensional stellar evolution of two rotating population
III (Pop III) star models, each having a mass of 25M⊙ at the zero-age main-sequence (ZAMS).
The slowly rotating model has an initial angular rotational velocity of 10% of the critical an-
gular rotational velocity. In contrast, the rapidly rotating model has an initial angular rotational
velocity of 70% of the critical angular rotational velocity. As an effect of rotationally enhanced
mixing, we find that the rapidly rotating model suffers an enormous mass loss due to the de-
position of a significant amount of CNO elements toward the surface after the main-sequence
phase. We also display the simulated light curves as these models explode into core-collapse
supernovae (CCSNe).
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1. Introduction
Population III stars refer to the first generation of stars, a captivating and enigmatic class

of astrophysical objects that were thought to be born in the early Universe before the forma-
tion of any other stars. These primordial stars are believed to have formed from initial, pristine
gas composed almost entirely of hydrogen and helium, lacking any heavier elements (Bond,
1981; Cayrel, 1986). Because of their unique composition and lack of any coolant in the early
Universe, Pop III stars are thought to have been much more massive than stars in the later gener-
ations (Hirano et al., 2015). They played a crucial role in shaping the Universe as their intense
radiation ionized the surrounding gas to initiate the process of cosmic reionization (Bromm,
2013). While no Population III stars have been directly observed yet, their existence is sup-
ported by theoretical models (e.g., among many others Nakamura and Umemura, 1999; O’Shea
and Norman, 2007) and indirect evidence (e.g., among many others Chen et al., 2014; Visbal
et al., 2015; Ricotti, 2016; Matsumoto et al., 2016; Mirocha et al., 2018). The studies related
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to these first-ever stellar objects are the key to unveil the mysteries of the early Universe and
are also very important to understand the origins of other Pop II and Pop I stars. There are
multiple studies to understand the possible existence, evolution, and final fates of Pop III stars
(e.g., among many others, Marigo et al., 2003; Ekström et al., 2008; Turk et al., 2009; Yoon
et al., 2012; Hirano et al., 2014; Ishiyama et al., 2016; Windhorst et al., 2018; Murphy et al.,
2021; Aryan et al., 2023). In this work, we investigate the cause of enormous mass loss in
rapidly rotating model as it passes through various stages of its evolution. We also present the
hydrodynamic simulations of synthetic explosions of the models at the onset of core collapse.

We have divided this manuscript into four sections. We present a brief overview of the
literature in Sect. 1. The numerical settings of the models to perform their stellar evolution are
presented in Sect. 2 while the methods to simulate the synthetic explosions are discussed in
Sect. 3. Finally, we present our results and conclusions in Sect. 4.

2. Evolution of the Models up to Pre-SN stage
To perform the stellar evolution of the models, we utilise the modules for experiments in

stellar astrophysics (MESA) with version number mesa-r21.12.1 (Paxton et al., 2011, 2013, 2015,
2018). Here we take two 25M⊙ ZAMS star models with zero metallicity and perform their one-
dimensional stellar evolution until they reach the onset of the core-collapse phase. The models
are marked to have reached the onset of the core-collapse stage if any location within the star
model hits an infall velocity of 500 km s−1. The MESA settings for the calculations presented
here are similar to the ones used in Aryan et al. (2021a, 2022a,b) and closely follow Aryan et al.
(2023). However, we list a few critical changes. We have performed the stellar evolution of
two models with initial rotations (Ω/Ωcrit) of 0.1 and 0.7, respectively. In this work, we have
also investigated the effect of changing the wind scaling factor (η) from 0.5 to 1.0. The models
presented in this work are named so that they contain information on initial ZMAS mass, metal-
licity, scaling factor, and rotation. The slowly rotating model named M25_Z0.00_η1.0_Rot0.1
refers to a star with a ZAMS mass of 25M⊙, zero metallicity, η = 1.0, and an initial rotation of
0.1. Similarly, the rapidly rotating model named M25_Z0.00_η1.0_Rot0.7 refers to a star with
a ZAMS mass of 25M⊙, zero metallicity, η = 1.0, and an initial rotation of 0.7. The left-hand
panel of Fig. 1 shows the variation of the core-temperature (Tcore) vs. core-density (ρcore) curve
as the models evolve from the ZAMS to core-collapse phase. The Pre-SN parameters are men-
tioned in Table 1. The right-hand panel of Fig. 1 shows the Pre-SN radii of the two models. The
rapidly rotating model has undergone significant mass loss, resulting in a very small Pre-SN
radius. In contrast, the slowly rotating model has retained most of its outer hydrogen-envelope.
Another effect evident as a result of increasing η from 0.5 to 1.0 is an increased loss of mass
in the rapidly rotating model considered here. Although the M25_Z0.00_Rot0.8 model from
Aryan et al. (2023) has a greater initial rotation than the M25_Z0.00_η1.0_Rot0.7 model here,
the latter looses much more mass than the previous one due to an increased η . Additionally,
we have found that the rapidly rotating model suffered an enormous mass loss compared to
the slowly rotating model. We have performed a diagnosis to explain this enormous mass loss.
The four panels of Fig. 2 display the mass fractions of several elements after the main-sequence
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Figure 1: (Left) Evolution of the Tcore vs. ρcore as our Pop III mod-
els evolve on the HR diagram. The phases of arrival on ZAMS, the
exhaustion of core–He burning, and the exhaustion of core-C burn-
ing are indicated by hollow stars, squares, and diamonds, respectively.
(Right) Pre-SN radii of the models. The rapidly rotating model seems
to have suffered enormous mass loss and thus possesses a very small
Pre-SN radius.

Table 1: (Top) The Pre-SN properties of the two models using MESA, where MPre−SN

is the mass at the Pre-SN stage, Teff the effective temperature, RPre−SN the radius at the
Pre-SN stage, and log10 LPre−SN/L⊙) the luminosity at the Pre-SN stage. (Bottom) The
corresponding SNEC explosion parameters, where Mc is the excised central remnant
mass, Mej the ejecta mass, Vboost the boosting-velocity of the first two computational
cells in the model profile, and Eexp the explosion energy.

Pre-SN
Model Name MPre−SN Teff RPre−SN log10(LPre−SN/L⊙)

(M⊙) (K) (R⊙)
M25_Z0.00_η1.0_Rot0.1 24.99 16172 60.04 5.345
M25_Z0.00_η1.0_Rot0.7 7.71 167875 0.55 5.340

Explosion
Model Name Mc Mej Vboost Eexp

(M⊙) (M⊙) (109 cm s−1) (1051 erg)
M25_Z0.00_η1.0_Rot0.1 1.60 23.39 4.0 6.58
M25_Z0.00_η1.0_Rot0.7 1.50 6.21 4.0 4.07
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Figure 2: This set of four figures shows the mass fraction of the
rapidly rotating model (M25_Z0.00_η1.0_Rot0.7) at four epochs af-
ter the main-sequence phase. The increased fractions of CNO elements
near the surface dramatically boost the surface metallicity.

phase. As the model progresses on the HR diagram beyond the main-sequence, the fractions
of CNO elements toward the surface increase, dramatically enhancing surface metallicity. The
increased surface metallicity, in turn, enhances mass loss (Hirschi, 2007).

3. Explosion of the Pre-SN Models
Once the models reach the core-collapse stage, we simulate their synthetic explosions util-

ising SNEC (Morozova et al., 2015). Most of the SNEC settings are similar to those in Ouchi and
Maeda (2019); Aryan et al. (2021b, 2022c, 2023). Here, we mention important modifications.
We choose the “Piston_Explosion" option to simulate the synthetic explosion with a set of 700
grid cells using SNEC. For CCSNe, the “Piston_Explosion” might be the more realistic one since
these SNe are thought to be arising due to the shock wave bouncing back from the neutron star.
On the other hand, the “Thermal_Bomb” type is better suited for thermonuclear explosions, like
Type Ia SNe. As we utilise the “Piston_Explosion” in SNEC, the first two computational cells
in our model’s profile are subjected to an outward velocity boost (in cm s−1) provided by the
“piston_vel” control. We choose “piston_vel = 4d9” for both models. The period of velocity
boost lasts for 0.01 s.

For each model considered in this work, we first excise the mass of the final remnant (Mc),
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Figure 3: (Left) Bolometric luminosity light curves of the two models
considered in this work, resulting from the hydrodynamic simulations
of their synthetic explosions utilising SNEC. (Right) Evolution of corre-
sponding photospheric velocities obtained from SNEC.

which is nearly the mass of the inert iron-core. Additionally, we use an amount of 0.05M⊙ of
56Ni synthesised for both the models. This quantity of synthesised 56Ni is distributed between
the excised central remnant mass cut and the preferred mass coordinate, which is in close prox-
imity to the outer surface of the models. The difference between the Pre-SN mass, MPre−SN, and
Mc is the corresponding ejecta mass for each model. We present the detailed explosion parame-
ters in Table 1. The left-hand panel of Fig. 3 shows the bolometric luminosity light curves for the
two models. The slowly rotating model has retained most of its outer hydrogen-envelope; thus,
its explosion results in a hydrogen-rich SN. The bolometric light curve closely resembles the
Type IIP SNe light curves. In contrast, the rapidly rotating model has suffered extensive mass
loss. Thus, it explodes as a hydrogen-stripped SN. The bolometric light curve from the rapidly
rotating model mimics the light curves of hydrogen-deficient Type Ib/c SNe. The right-hand
panel of Fig. 3 displays the corresponding photospheric velocity evolution for the two models.
The slowly rotating model resembles the photospheric velocities shown by Type IIP SNe, while
the very high initial photospheric velocities resemble stripped-envelope SNe.

4. Results and Conclusions
In this manuscript, we modelled the one-dimensional stellar evolution of two rotating

Pop III models until they reached the stage of the onset of core collapse utilising MESA. Fur-
ther, we also performed the hydrodynamic simulations of their synthetic explosions using the
models at the onset of core collapse in appropriate form as input to SNEC. Our main findings are
as follows:

1. We explicitly explored the cause of extensive mass loss in our rapidly rotating model by
investigating the mass fraction plots at different stages after the main-sequence phase.
We find that the increase in mass loss rates can be attributed to the dramatic increase in
surface metallicity.
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2. We found that increasing η from 0.5 to 1.0 also played an essential role in increasing the
mass loss.

3. Unlike Aryan et al. (2023), in this work, we simulated the piston-driven explosion. How-
ever, we hardly see much difference in our results.
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