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Abstract. Massive stars play crucial roles in astrophysical settings across cosmic history, and thus
it is a fundamental problem to understand whether their formation processes are universal or
diverse in various galactic environments. In particular, metallicity is the essential characteristic of
cosmic evolution. Our theoretical studies have suggested some degrees of metallicity dependence
of massive star formation. In the extremely metal-poor case of < 1072 Z, protostellar disks
are significantly unstable, and the photoionization feedback is more efficient. We also execute
an ALMA survey targeting massive protostars in the Large Magellanic Clouds (LMC) with
0.5 Zs. We found that the outflow properties of LMC protostars (mass, momentum, energy)
are consistent with those of Galactic protostars, suggesting the universality of massive star
formation at least in the range of ~ 0.5-1 Z,.
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1. Introduction

Massive stars play pivotal roles in various fields of astrophysics. They are the sources
of UV radiation, turbulent energy, and heavy elements in galaxies. Close binaries of
massive stars are likely progenitors of gravitational wave binaries. Moreover, from a the-
oretical perspective, the first stars formed just after the big bang, known as Population
11T stars, are predicted to be very massive as ~ 10-100 M. Because of the importance of
massive stars across cosmic history, It is fundamental to understand whether their forma-
tion processes are universal or diverse in various environments across galactic evolution.
In particular, metallicity is the key environmental parameter as it increases with cos-
mic time. We conduct theoretical and observational studies to investigate the potential
metallicity dependences in massive star formation near and far.

2. Theoretical modeling

Various dynamical processes control the star formation efficiency (SFE) from the initial
cloud core with ~ 0.1 pc (Rosen et al. 2020). Protostellar feedback and disk fragmentation
are particularly important to determine the initial mass of each newborn star.
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Figure 1. The semi-analytic model of multiple feedback in massive star formation (Tanaka et al.
2017; 2018). left: The schematic picture of the feedback model. We take into account MHD disk
winds, radiation pressure, and photo-ionization, and investigate their metallicity dependences.
right: A typical result from the model calculations, showing the mass fractions of the stars (pink),
outflows (yellow), and photo-ionized gas (blue) in the case started from massive cloud cores of
1000 J\;[@. The photo-ionization feedback becomes dominant feedback at the lower metallicity of
<1077 Zo.

2.1. Multiple feedback processes

In the formation of Galactic low-mass protostars, it is well-known that the
magnetically-driven disk winds is the dominant feedback (Machida & Hosokawa 2013).
Radiation pressure acting on dusty gas was regarded as the crucial feedback in present-
day massive star formation for a long time (Krumholz et al. 2009). In the formation of
Population IIT stars from primordial gas, photo-ionization is suggested to be the main
feedback (McKee & Tan 2008). Classically, these multiple feedback processes were inves-
tigated independently. We developed a semi-analytic model of massive star formation
including multiple feedback processes, i.e., MHD disk winds, radiation pressure, and
photo-ionization, over the wide range of metallicity (left panel of Figure 1, Tanaka et al.
2017; 2018). Our model suggested that, MHD disk wind is the dominant feedback at
solar metallicity, rather than radiation pressure even in the formation of very-massive
stars over 100 Mg . In this sense, in the Galactic environment, massive star formation can
be considered as the scaled-up version of low-mass star formation. On the other hand,
photo-ionization becomes more significant as the metallicity decreases, reducing the SFE
compared to the solar-metallicity case, because photo-ionization is more efficient in the
absence of dust grain (right panel of Figure 1). The same metallicity dependence of radia-
tive feedback was also found in radiative hydrodynamical simulations by Fukushima et al.
(2020). In recent years, multi-feedback have been investigated with radiative MHD sim-
ulations by various groups (e.g., Commercon et al. 2022, Rosen 2022), but the number
of theoretical works that take into account the metallicity is still limitted.

2.2. Disk stability and fragmentation

In our Galaxy, most of massive stars have close companions (Sana et al. 2012). Low-
metallicity massive close-binaries are likely the progenitors of gravitational wave binaries
(Abbott et al. 2019). Such massive close-binaries would form by gravitational fragmen-
tation of unstable disks. We developed an analytic disk model in massive star formation,
and investigated the metallicity dependences of disk stability (left panel of Figure 2,
Tanaka & Omukai 2014). The massive protostellar disk is typically (marginally) unstable
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Figure 2. Metallicity dependence of disk stability in massive star formation. left: The analytic
model of disk stability with various metallicity (Tanaka & Omukai 2014). The disk is predicted
to be significantly unstable at the metallicity range of ~ 10™2-107° Z. right: Radiative hydro-
dynamical simulations of protostellar disks at metallicity of 1 and 107° Z5 (Appendix C of
Matsukoba et al. 2022). As predicted by the analytic model (the right panel), the disk is more
unstable at the low-metallicity case.

with the Toomre’s parameter ) ~ 1 at the solar metallicity. The disk becomes even more
unstable as the metallicity decreases from Zg,, because the disk optical structure changes
from a very optically thick to a thinner (easy-to-cool) regime. The Toomre parameter
Q becomes as small as ~0.1 at ~1072-10% Z,. Such an unstable disk cannot hold
its disk structure, and catastrophic fragmentation could occur and form a small stellar
cluster. The disk is more stable at the extremely metal-poor case of <1075 Z since
the dust cooling does not work effectively. We also conduct radiative hydrodynamical
simulations to investigate dynamical evolution of protostellar disks at various metallic-
ities, which agree well with the analytic prediction, i.e., massive protostellar disks are
more unstable at 1073 Z;, than Zg, (right panel of Figure 2 Matsukoba et al. 2022). This
metallicity dependence of disk stability may explain the higher close-binary fraction at
lower metallicity reported by Moe et al. (2019).

3. ALMA observation

Observational studies of massive star formation have made significant progress in recent
years due to improvements in observational techniques. So far, observational studies
of massive star formation are mostly limited in the Galactic environments of ~ Zg.
However, thanks to the high-resolution and high-sensitivity of ALMA, people start to
detect protostellar outflows with sub-pc scales in the the Large Magellanic Cloud (e.g.,
Fukui et al. 2015, Shimonishi et al. 2016). The Large and Small Magellanic Clouds (LMC
and SMC) are the excellent laboratory to investigate low-metallicity star formation with
~ 0.5 and 0.2 Zg, respectively. Here we conducted a new ALMA survey project, called
“MAGellanic Outflow and chemistry Survey (MAGOS)”, in which we target 40 massive
protostars in the LMC and SMC (K. Tanaka et al., in prep.). As a first science case
with the MAGOS data, we investigated the physical properties of molecular outflows
of 30 LMC protostars (left panel of Figure 3). We found that the masses, momenta,
and energies of LMC outflows are correlated with their protostellar luminosities. These
correlations are basically consistent with the well-known Galactic outflow properties (e.g.,
Beuther et al. 2002, Maud et al. 2015) (see right panel of Figure 3). This similarity could
suggest protostellar outflows, i.e., the guideposts of MHD disk accretion at the small
scale, have relatively universal properties at the metallicity range of ~ 0.5-1 Z,. Further
ALMA studies will observationally examine the universality of massive star formation at
various metallicities.
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Figure 3. Protostellar outflows in the LMC from our MAGOS project (K. Tanaka et al., in
prep.). left: An example of bipolar CO outflows detected. right: The outflow masses versus the
protostellar luminosities of the LMC outflows (orange, MAGOS) and the Galactic outflows (blue,
Maud et al. 2015). The LMC outflow properties are reasonably consistent with the Galactic
counterparts.

4. Summary

Massive stars are important objects in cosmic time, and thus we investigate their
formation at various metallicity from theoretical and observational perspective. Our the-
oretical models show that star formation dynamics could be qualitatively different in
very low-metallicity environments of <1072 Z,. At such a low-metallicity, the proto-
stellar feedback is dominated by photo-ionization, and the protostellar disk becomes
significantly unstable forming a small stellar cluster. We also conduct a new ALMA sur-
vey project called MAGOS, targeting low-metallicity protostars in the LMC and SMC.
The LMC outflow properties (mass, momentum, and energy) are similar to those of
the Galactic counterparts, possibly suggesting the universality of massive star formation
dynamics at the metallicity range of ~ 0.5-1 Zg. Further studies from theoretical and
observational perspectives are required to understand the universality and diversity of
massive star formation.
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