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The study of the long-dead early generation of massive stars is crucial in order to obtain a complete
picture of the evolution of the Universe. The nature of these stars can be inferred indirectly by in-
vestigating the origin of low-mass metal-poor stars observed in our neighborhood, some of which
are almost as old as the Universe. The material forming these living fossils is thought to have been
inherited from the ejecta of one or very few previous massive stars. After discussing the impact of ro-
tation on nucleosynthesis in low metallicity massive stars, I investigate whether the ejecta of massive
stars with various initial rotation velocities can reproduce the abundance pattern of 128 individual
metal-poor stars with [Fe/H] < —3 and log g > 2 (i.e. not so evolved). A reasonable fit can be found
for ~ 50 % of the sample. The initial velocity distribution of the best massive star models reaches a
maximum for velocities of ~ 500 — 600 km s~'.
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1. Introduction

The long-dead first massive stars are crucial objects to understand the entire history of the Uni-
verse [1, 2]. After their short lives of a few Myr, they released the first metals (elements heavier
than helium) in the interstellar medium (ISM), setting the conditions for the next stellar generations.
The nature of the first massive stars, still largely unknown, can be inferred indirectly by observing
low-mass, extremely metal-poor (EMP) stars (with [Fe/H] < —3) in our neighborhood [3]. EMP stars
likely formed very early in the Universe, with the ejecta of one or a few previous massive stars, here-
after called the source star(s). By determining which kind of source star models are able to account
for the abundance patterns of observed EMP stars, one can constrain the nature (e.g. initial mass,
rotation, kind of explosion) of the first massive stars. EMP stars were found to have a wide variety of
chemical abundance patterns, especially for light elements such as C, N, O or Na for instance [3, 4].
About 40 % of EMP stars are Carbon-Enhanced Metal-Poor stars (CEMP, [5]), generally defined with
[C/Fe] > 0.7. What characteristics the massive source stars should have so as to account for EMP stars
has been and is still intensively discussed. Among them, rotation and explosions with strong fallback
may be important ingredients (e.g. [6 - 10]).

Here I first discuss the possible impact of rotation on nucleosynthesis during the core He-burning
of low metallicity massive stars. Then, I investigate the origin of 128 EMP stars while considering 20
M, source star models with various initial rotation velocities and assuming an explosion with strong
fallback.

0110101 ©2020 The Author(s)

This article is published by the Physical Society of Japan under the terms of the Creative Commons Attribution 4.0 License. Any further distribution of this work
z must maintain attribution to the author(s) and the title of the article, journal citation, and DOI.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.7566%2FJPSCP.31.011010&domain=pdf&date_stamp=2020-03-26

Proceedings of the 15th International Symposium on Origin of Matter and Evolution of Galaxies (OMEG15)
Downloaded from journals.jps.jp by Deutsches Elek Synchrotron on 04/04/20

JPS Conf. Proc. 31, 011010 (2020) 011010-2

2. Nucleosynthesis in the H and He-burning regions of rotating massive source stars

During the core He-burning phase of low/zero-metallicity massive stars, the possibly strong
rotation-induced mixing triggers exchanges of material between the H and He-burning zone [11 -
13]. For instance, the '*C and '®O synthesized in the He-burning core are transported to the H-shell
and boost the CNO cycle, so that extra '*N is formed. Some of the '*N, engulfed by the growing con-
vective He-core, creates extra 22Ne through “N(a, y)lSF(eJrvg)lSO(oz, 7)22Ne. When T, = 220 MK,
the 2*Ne(e, n)*’Mg reaction is efficiently activated and releases neutrons that boost the s-process
(compared to non-rotating models), provided some heavy seeds, like Fe, are present [14 - 17].

Fig. 1 shows the [X/H] ratios in the ejecta (only the layers above the CO core are considered) of
low metallicity 20 Mg models, computed at 3 rotation rates, vipi/verit = 0, 0.4 and 0.7 (vip; being the

2GM
3R

Ry ¢ the polar radius at the critical limit). The differences in Fig. 1 are due to the mixing process men-
tioned previously. With increasing initial rotation, the efficiency of the mixing process is increased,
leading to the overproduction of light (~ C - Al) and heavy (~ Cu - Ba) elements. The ~ Si - Fe
elements are barely affected by this mixing process.

initial equatorial velocity and v = the initial critical velocity with M the stellar mass and
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Fig. 1. [X/H] ratios in the ejecta of 20 M, at metallicity Z = 1072 and with initial rotation rates of Vi /Verir =
0 (black), 0.4 (red) and 0.7 (blue). It corresponds to initial equatorial velocities of 0, 364 and 644 km s~!. The
mass cut is set at the bottom of the He-shell (around a mass coordinate of ~ 4 M,).

3. Comparison to —4 < [Fe/H] < —3 EMP stars

3.1 Source star models and fitting procedure

In what follows, we compare the chemical composition of the ejecta of 20 Mgy models at metal-
licity Z = 1072, computed with 8 initial rotation rates (vini/verie = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and
0.7) with the chemical composition of EMP stars with —4 < [Fe/H] < —3. According to Sect. 2, two
groups of elements (~ C - Al and ~ Cu - Ba) are the most affected by rotation and may therefore be
the most adequate to constrain the initial rotation of the source stars. As a first step, only the light
elements C, N, O, Na, Mg, Al and the 12C/13C ratio were considered. The EMP stars with —4 <
[Fe/H] < —3 and having at least 3 abundances measured among C, N, O, Na, Mg, Al and 2c/B¢
were selected. The most evolved EMP stars, having log g < 2, were excluded. Indeed, such stars may
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have undergone significant modifications of their surface chemical composition because of internal
mixing processes (e.g. dredge-up, thermohaline mixing). If so, this would make more difficult the
link with the EMP star and its source star. The final sample comprises 128 EMP stars.

For a given EMP star and a given source stars model, the best fit model is determined by varying
the mass cut (at the time of the explosion, the mass cut is the mass coordinate delimiting the part of
the source star that is expelled from the part that is locked into the remnant) freely between the stellar
surface and the top of the CO core. It would correspond to explosions with strong fallback. The mass
of added ISM to the source star ejecta is also varied freely between 10> and 10® M. The p-value
associated to the y? of the best fit is used as a weight for the considered source star (better fits give
larger weights). This procedure was done for the 128 EMP stars.

3.2 Results

The left panel of Fig. 2 shows the cumulative y? distribution for the CEMP, C-normal EMP and
entire sample. Overall, reasonable fits ()(2 < 2 — 3) can be found for ~ 50% of the entire EMP star
sample. While ~ 60 % of CEMP stars have )(2 < 2, only ~ 30 % of C-normal EMP stars have )(2 < 2.
This is mainly because many C-normal EMP stars have [Mg/C] > 0, which cannot be reproduced
by the considered source star models (they predict [Mg/C] < 0, Fig. 1). By contrast, CEMP stars
have, by definition, high [C/Fe] ratios and then smaller [Mg/C] ratios, in general. [Mg/C] > 0 may
be obtained in the CO core of the source star (e.g. thanks to C-burning). Considering the ejection of
deeper source star layers could provide solutions for EMP stars with [Mg/C] > 0. It may be that the
assumption of an explosion with strong fallback made here is more suitable to CEMP stars compared
to C-normal EMP stars, that may require more standard explosions.

The right panel of Fig. 2 shows the vin; /v distribution of the best source star models, derived
from the CEMP, C-normal EMP stars and entire sample. The C-normal EMP stars have generally
rather low [X/H] ratios, that can be reproduced by any model, rotating or not. Then, the velocity
distribution derived from C-normal EMP stars is almost flat (green distribution). On the opposite,
the CEMP stars have generally high [X/H] (not only [C/H] but also [N/H], [Na/H]...) that are pref-
erentially obtained if the source star model is rotating (Fig. 1). Hence, it gives a source star velocity
distribution increasing toward high initial velocities (red distribution). The overall distribution is also
increasing toward high initial velocities.
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Fig. 2. Results of the abundance fitting of the 128 EMP stars. Left: cumulative y? distributions for the CEMP
sample, C-normal EMP sample and entire sample. Right: vy /v.rie distributions of the best source stars derived
from the CEMP sample, C-normal EMP sample and entire sample.
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4. Summary and conclusion

The impact of the rotation-induced mixing on the nucleosynthesis in the H and He layers of low
metallicity rotating massive stars was discussed. Because of the exchange of material triggered by
rotation and operating in between the H and He-burning region, during core He-burning, light (~ C -
Al) and heavy (~ Cu - Ba) elements are overproduced. The yields of low metallicity 20 Mg models
with various initial rotation were compared to the abundance pattern (only for C - Al elements) of
128 EMP stars with —4 < [Fe/H] < —3. The source stars were assumed to undergo explosions with
strong fallback. Reasonable solutions can be found for about ~ 50 % of the EMP sample. The best
source star models have preferentially high initial rotation velocities (~ 500—600 km s~!). It suggests
that early massive stars may have been preferentially fast rotators. Also, CEMP stars are significantly
better fitted than C-normal EMP stars. This may suggest that most of the CEMP stars could have
formed from previous rotating massive stars that experienced strong fallback while most of the C-
normal EMP stars may have formed differently (e.g. from more standard explosions)

As a word of caution, we note that the physics of rotational mixing is likely affected by large
uncertainties. It may significantly affect the results of this work. The different prescriptions existing
for modeling the transport of chemicals inside rotating stars can give different chemical yields [18].
Also, asteroseismic observations revealed that an angular momentum transport is likely missing in
small mass stars [19], and therefore, maybe also in massive stars.
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