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Chemo-Dynamical Evolution of Galaxies

Chiaki Kobayashi * and Philip Taylor

Abstract Stars are fossils that retain the history of their host galaxies. Elements
heavier than helium are created inside stars and are ejected when they die. From the
spatial distribution of elements in galaxies, it is therefore possible to constrain the
physical processes during galaxy formation and evolution. This approach, Galac-
tic archaeology, has been popularly used for our Milky Way Galaxy with a vast
amount of data from Gaia satellite and multi-object spectrographs to understand the
origins of sub-structures of the Milky Way. Thanks to integral field units, this ap-
proach can also be applied to external galaxies from nearby to distant universe with
the James Webb Space Telescope. In order to interpret these observational data, it is
necessary to compare with theoretical predictions, namely chemodynamical simula-
tions of galaxies, which include detailed chemical enrichment into hydrodynamical
simulations from cosmological initial conditions. These simulations can predict the
evolution of internal structures (e.g., metallicity radial gradients) as well as that of
scaling relations (e.g., the mass-metallicity relations). After explaining the formula
and assumptions, we will show some example results, and discuss future prospects.

Introduction

Explaining the origin of the elements is one of the scientific triumphs linking nu-
clear physics with astrophysics. As Fred Hoyle predicted, carbon and heavier ele-
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Fig.1 Schematic view of chemical enrichment in galaxies.

ments (‘metals’ in astrophysics) were not produced during the Big Bang but instead
created inside stars. So-called o elements (O, Ne, Mg, Si, S, Ar, and Ca) are mainly
produced by core-collapse supernovae, while iron-peak elements (Cr, Mn, Fe, and
Ni) are more produced by thermonuclear explosions, observed as Type Ia super-
novae (SNe Ia; Kobayashi et al.|2020al hereafter K20). The production depends on
the mass of white dwarf (WD) progenitors, and a large fraction of SNe Ia should
come from near-Chandrasekhar (Ch) mass explosions (see [Kobayashi et al.[2020b|
for constraining the relative contribution between near-Ch and sub-Ch mass SNe
Ia). Among core-collapse supernovae, hypernovae (> 10°% erg) produce a signifi-
cant amount of Fe as well as Co and Zn, and a significant fraction of massive stars
(>20M) should explode as hypernovae in order to explain the Galactic chemical
evolution (GCE; Kobayashi et al.[2006, hereafter KO6).

Heavier elements are produced by neutron-capture processes. The slow neutron-
capture process (s-process) occurs in asymptotic giant branch (AGB) stars (e.g.,
[Busso et al.|[1999} [Herwig| 2003}, [Cristallo et al|2011}; [Karakas & Lattanzio|[2014),
while the astronomical sites of rapid neutron-capture process (r-process) have been
debated. The possible sites are neutron-star (NS) mergers (NSMs,
[2014; Just et al|[2015), magneto-rotational supernovae (MRSNe,
[2015} [MGsta et al.| 2018} [Reichert et al|[2021), magneto-rotational hypernovae
(MRHNe, [Yong et al|2021), accretion disks/collapsars (Siegel et al|[2019), and

common envelope jets supernovae (Grichener et al.|2021). Light neutron-capture el-
ements (e.g., Sr) are also produced by electron-capture supernovae (ECSNe,

2013)), v-driven winds (Arcones et al|[2007; [Wanajo| 2013)), and rotating-
massive stars (Frischknecht et al.[2016; Limongi & Chieffi|[2018]).
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The cycles of chemical enrichment are schematically shown in Figure |1} where
each cycle produces different elements and isotopes with different timescales. In a
galaxy, not only the total amount of metals, i.e. metallicity Z = X;~p. m;/m, but also
elemental abundance ratios, [X/Fe]= log Nx /Nre/(Nx. o /Nre.o), evolve as a func-
tion of time. Therefore, we can use all of this information as fossils to study the for-
mation and evolutionary histories of the galaxy. This approach is called Galactic ar-
chaeology, and several on-going and future surveys with multi-object spectrographs
(MOS; e.g., APOGEE, HERMES-GALAH, Gaia-ESO, DESI, WEAVE, 4MOST,
MOONS, Subaru Prime Focus Spectrograph (PFS), and Maunakea Spectroscopic
Explorer (MSE)) are producing a vast amount of observational data of elemen-
tal abundances. Moreover, integral field unit (IFU) spectrographs (e.g., SAURON,
SINFONI, CALIFA, SAMI, MaNGA, KMOS, MUSE, HECTOR, and NIRSpec on
JWST) allow us to measure metallicity and some elemental abundance ratios within
galaxies. It is now possible to apply the same approach not only to our own Milky
Way but also to other types of galaxies or distant galaxies. Let us call this extra-
galactic archaeology.

While the evolution of the dark matter in the standard A cold dark matter (CDM)
cosmology is reasonably well understood, how galaxies form and evolve is still
much less certain because of the complexity of the baryon physics such as star for-
mation and feedback. The thermal energy ejected from supernovae to the interstel-
lar medium (ISM) suppresses star formation, while the production of heavy ele-
ments in these supernovae enhances gas cooling. Since these processes affect each
other, galaxy formation and evolution is complicated, and has to be solved con-
sistently with a numerical simulation. Feedback from central super-massive black
holes (SMBHs) is also found to be very important for explaining the observed prop-
erties of galaxies (e.g.,/Croton et al.|2006; |Springel et al.[2005; |[Hopkins et al.[2006];
Dubois et al.|[2012} | Taylor & Kobayashi|2014).

Since the 90’s, the development of high performance computers and computa-
tional techniques has made it possible to simulate the formation and evolutionary
history of galaxies, not only of isolated systems (e.g., Burkert & Hensler|[1987;
Katz| 1992} Steinmetz & Mueller|1994; Mihos & Hernquist|1996; [Kawata & Gibson
2003; [Kobayashi|2004) but also for cosmological simulations of individual galax-
ies (e.g., Navarro & White| 1994) or of the galaxy population as a whole (e.g., Cen
& Ostriker||1999; [Kobayashi et al.[[2007). Thanks to the public release of hydrody-
namical simulation codes such as Gadget (Springel et al.|2001), RAMSES (Teyssier
2002), and AREPO (Springell 2010)), it became easier to run galaxy simulations,
and even simulation data are made public (e.g., EAGLE, Illustris). Needless to say,
the simulation results highly depend on the input baryon physics, namely nuclear
astrophysics, for predicting chemical abundances. In this review we first discuss
how the yields are constrained with observations using a simple chemical evolution
model, and then how chemical enrichment can be calculated in more sophisticated,
chemodynamical simulations of galaxies.
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Galactic chemical evolution

Galactic chemical evolution (GCE) has been calculated analytically and numeri-
cally since 70’s (e.g.,[Tinsley| 1980; Prantzos et al.[|[1993; Timmes et al.[|1995} |Pagel
1997} |Chiappini et al.[1997; Matteucci|2001; |Kobayashi et al.[2000, hereafter KOO)
basically integrating the following equation:

d (Zif g) —E ) )

T = Esw + Esnce + EsNia + Ensm — Zi‘l"" Zi,mﬂomeﬂow —ZiRoufiow (1)
where the mass fraction of each element i in gas-phase (f; denotes the gas frac-
tion, or the gas mass in the system considered with a unit mass) increases via el-
ement ejections from stellar winds (Esw), core-collapse supernovae (Esnec), Type
Ia supernovae (Egsnia), and neutron star mergers (Ensm). It also decreases by star
formation (with a rate ), and can be modified by inflow (with a rate Rjpqow) and
outflow (with a rate Ryfow) Of gas in/from the system considered. It is assumed
that the chemical composition of gas is instantaneously well mixed in the system
(called an one-zone model), but the instantaneous recycling approximation is not
adopted nowadays (Matteucci|2021)). The model with Rjaow = Routiow = 0 is called
a closed-box model, but is not realistic in any observed galaxies. The initial condi-
tions are fy o = 1 (a closed system) or f; o = 0 (an open system) with the chemical
composition (Z; o) from the Big Bang nucleosynthesis (Z; ggn). External enrichment
is often neglected, assuming Z; iniow = Z; BN The first two terms depend only on
nucleosynthesis yields, while the third and fourth terms also depend on modelling of
the progenitor systems, which is uncertain. The last three terms are galactic terms,
and should be determined from galactic dynamics, but are assumed with analytic
formulae in GCE models. The stars formed at a given time ¢ have the initial metal-
licity, which is equal to the metallicity of the ISM from which the stars form, Z(t)ﬂ

The metal ejection terms in GCE

The ejection terms are given by integrating the contributions with various initial
mass () and metallicity (Z) of progenitor stars. Hence, the first assumption is the
initial mass function (IMF), ¢. The IMF is often assumed to have time/metallicity-
invariant mass spectrum normalized to unity at m, < m < m,, as

¢(m) o<m™, @

my
m Ydm=
my —X

(my ™ —m) ™) = 1. (3)

Salpeter| (1955) found the slope of the power-law, x = 1.35, from observation of
nearby stars. See Tinsley| (1980) for a different definition of the slope, o« = x+ 1.

2 Later, integrated metallicity of stellar populations in a galaxy will be described as Z,.
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Kroupa et al.| (1993) updated this result finding three slopes at different mass ranges,
which is summarised as x = —0.7,0.3, and 1.3 for m/M, <0.08,0.08 <m/M, <0.5,
0.05 < m/Mg, <150, respectively (Kroupal[2008). However, the author suggested
that the slope of the massive end should be x =1.7, which has been used in some
GCE works (e.g., [Romano et al.|2010). In most of results in this paper the Kroupa
IMF with x = 1.3 is adopted for a mass range from my = 0.01M, to m, = 120M,,
while (Chabrier|2003))’s IMF is often used in hydrodynamical simulations. Note that
there are a few claims for an IMF variation from observations (e.g., van Dokkum &
Conroy|2010; |Gunawardhana et al.|2011; |Cappellari et al.[|2013).
Then the ejection terms for single stars can be calculated as followsﬂ

my

Esw = (1 —Wm — pz,-m,II)Zi(t - 17m) ll/(t - Tm) ¢(m) dm, 4)

s

EsNee = /mu Pumu W(t — Tn) ¢ (m) dm. 3)

my

The lower mass limit for integrals is the turning off mass m; at t, which is the mass
of the star with the main-sequence lifetime 7,, = ¢. 7,, is a lifetime of a star with m,
and also depends on Z of the star. wy, is the remnant mass fraction, which is the mass
fraction of a WD (for stars with initial masses of m <8My), a NS (for ~ 8 —20M¢)
or a black hole (BH) (for > 20M¢). p;mu denotes the nucleosynthesis yields of
core-collapse supernovae, given as a function of m, Z, and explosion energy.

The additional ejection terms from binary systems are more complicated. Sup-
pose that the event rates are given, the enrichment can be calculated as

Era = mco pzim,la%t,la; (6)

ENSM = MNSMejecta Pzim,NSM %1 NSM - (N

%; x are the rates of SNe Ia and NSMs per unit time per unit stellar mass formed
in a population of stars with a coeval chemical composition and age (simple stellar
population, SSP), and called the delay-time distribution (DTD). For the DTDs, sim-
ple analytic formula were also proposed (Matteucci [2021} and references therein).
However, the functions are significantly different from what are obtained from bi-
nary population synthesis (BPS), ignore metallicity dependences during binary evo-
lution, and do not includes the effects of supernova kicks for NSMs. De Donder &
Vanbeveren| (2004) was the first work that combined BPS to GCE.

All of the matter in the WD (mco) is ejected from SNe Ia (except for a sub-class
called SNe Iax, see Kobayashi et al.[2015); for Ch-mass SNe Ia, mco = 1.38M,. On
the other hand, only a small fraction of matter is ejected from a NSM (mnsmejecta ~
0.01M.,), depending on the mass ratios, the equation of state of the NSs, and the
spin of BHs (Kobayashi et al.||2022). These are provided together with the nucle-
osynthesis yields (pzm,1a and pzm Nsm)-

3 The metals in Eq and Eq are called ‘unprocessed’ and ‘processed’ metals, respectively. Our
supernova yield table contains ‘processed’ metals only, the AGB yield table contains net yields, so
that the mass loss with star particle’s chemical composition should also be included with Eth}
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For SNe Ia from the single-degenerate systems, |Kobayashi et al.|(1998) proposed
another analytic formula based on binary calculation:

Mp.u

1 mq 1
Rt =b —9(m) dm | Lt~ ) alm) dm. (8)

Jmax(my, g,m] M max|mg¢,m;] 1M

The first integral is for the primary star, and the mass range is for the stars that can
produce ~ 1M, of C+O WDs in binaries, which is set to be 3 — 8M, in K20. The
second integral is for the secondary star, and the mass range depends on the optical
thick winds from the WD, which is about ~ 1M, and ~ 3M, for the red-giant+WD
systems and main-sequence+WD systems, respectively, depending on Z.

The metallicity dependence on the SN Ia DTD is very important to reproduce
the observed [a/Fe]-[Fe/H] relation in the solar neighbourhood (see Kobayashi &
Nomoto|[2009), for the detailed parameters and the resultant DTDs). These param-
eters are for Ch-mass explosions. Eq [§] can also be used for SNe Iax and sub-Ch
mass explosion triggered by slow H accretion (see [Kobayashi et al.[|2015| for the
detailed parameters), but not for the double-degenerate systems (which are likely
to cause sub-Ch mass explosions). DTDs of these sub-classes of SNe Ia have been
predicted by various BPS models, but none of these models can reproduce the ob-
servations because the total rate is too low and/or the typical timescale is too short
(see|Kobayashi et al.|2022|, for more details).

For NSMs, K20 used a metallicity-dependent DTD from a BPS (Mennekens &
Vanbeveren| 2014} [2016)). [Kobayashi et al.| (2022) used various BPS models and
also provided new analytic formulae that can reproduce the observed [Eu/(Fe,O)]—
[(Fe,O)/H] relation only with NSMs, without the r-process associated with core-
collapse supernovae. Currently, there is no BPS model that can explain the obser-
vation only with NSMs because the rate is too low and/or the timescale is too long
(see |[Kobayashi et al.|[2022} for more details). Other binary systems such as novae
can also contribute GCE for some elements or isotopes (e.g.,[Romano et al.|[2019)
but the DTDs are very uncertain (see Kemp et al.|[2022, for the nova DTDs from
BPS) and the yield tables are not available.

Nucleosynthesis yields

Nucleosynthesis yields (p,,, x) are integrated over stellar lifetimes of single stars, or
delay time distributions for binaries, depending on Z (Egs. @}{7). It is extremely im-
portant to take account of this metallicity dependence, though it is often ignored in
hydrodynamical simulations. Because of this, it is also not possible to solve chem-
ical evolution as a post-process. Chemical enrichment including all elements must
be followed on-the-fly.

For core-collapse supernovae, our yields were originally calculated in K06, 3
models of which are replaced in [Kobayashi et al.|(2011a) (the identical table was
also used in Nomoto et al.[[2013)), and a new set with failed supernovae is used
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in K20. This is based on the lack of observed progenitors at supernova locations
in the HST data (Smartt|[2009), and on the lack of successful explosion simula-
tions for massive stars (Janka/2012; Burrows & Vartanyan|[2021). This resulted in
a 20% reduction of both the net and oxygen yields (see Table 3 of K20). Super-
nova yields assumed Es; = E/10%'ergs = 1 of explosion energy as observed for
SN1987A, while hypernova yields included the observed mass dependence of the
explosion energy; E5; = 10, 10, 20, 30 for 20, 25, 30, 40M., stars. These super-
nova and hypernova yield tables are provided separately, and it is recommended
to assume gy =50% hypernova fraction for stars with > 20M., (Kobayashi et al.
2006). This fraction is expected to decrease at high metallicities due to smaller an-
gular momentum loss, and was assumed as egn(Z) = 0.5,0.5,0.4,0.01, and 0.01
for Z =0,0.001,0.004,0.02 in Kobayashi & Nakasato|(2011)).

Woosley & Weaver| (1995) provided a yield table as a function of mass and
metallicity, which was tested with a GCE model by |[Timmes et al.|(1995), and has
been widely used in chemical evolution studies. It would be useful to note that stel-
lar mass loss is not included in their presupernova evolution calculations. Another
problem is that their core-collapse supernova models tend to produce more Fe than
observed because of the relatively deep mass cut, which leads to [¢at/Fe]~ O in the
ejecta. Therefore, the theoretical Fe yields were divided by a factor of 2 (Timmes
et al.|[1995; Romano et al.||2010), which is obviously unphysical. This artificial re-
duction could mimic a shallower mass cut, but in that case the yields of other iron
peak elements formed in the same layer as Fe should also be reduced. For the first
problem, Portinari et al.| (1998) obtained C+O core masses from stellar evolution
models with mass loss and adopted to the [Woosley & Weaver| (1995)) supernova
yields, which is not physically accurate either. It is also known that Mg production
in the 40M model with Es; = 1 is unreasonably small compared with that in other
models. This Mg underproduction problem also exists in |Portinari et al.|(1998).

Limongi & Chieffi| (2018) also provided a yield table but as a function of stellar
rotation. See [Kobayashi| (2022a) for the impact of stellar rotation in GCE. Note
that these yields do not reproduce the observed elemental abundances in the solar
neighbourhood, namely iron-peak elements. This is because this yield set does not
have hypernovae, and mixing during explosion is not taken into account either.

There are also pre-supernova yields in the literature that do not include explosive
nucleosynthesis. These are not useful for GCE since during explosions iron-peak
elements are produced and o element yields are also largely modified, although
they can be used for studying isotopic ratios of light elements.

The yields for AGB stars were originally calculated in Karakas| (2010) and
Karakas & Lugaro (2016), but a new set with the s-process is used in K20 with
optimising the mass of the partial mixing zone. In K20, the narrow mass range of
super-AGB stars is also filled with the yields from |Doherty et al.[(2014); stars at the
massive end are likely to become ECSNe, as is believed to have been the case for
the progenitor of the Crab Nebula in 1054. At the low-mass end, off-centre ignition
of C flame moves inward but does not reach the centre, which remains a hybrid
C+O+Ne WD. This might become a sub-class of SNe Ia called SN Iax. The con-
tribution of SN Iax is negligible in the solar neighbourhood, but can be important
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for dwarf spheroidal galaxies (Kobayashi et al.|[2015} |Cescutti & Kobayashi|[2017)).
There are other yields in the literature, see Romano et al.|(2010) and Romano et al.
(2019) for comparison with GCE.

For SNe Ia, the nucleosynthesis yields of near-Ch and sub-Ch mass models are
newly calculated in |[Kobayashi et al.| (2020b)), which used the same 2D code as in
Leung & Nomoto|(2018) and Leung & Nomoto|(2020) but with more realistic, solar-
scaled initial composition. The initial composition gives significantly different (Ni,
Mn)/Fe ratios, compared with the classical W7 model (Nomoto et al.|1997) or more
recent delayed detonation model (Seitenzahl et al.|[2013). When constraining the
progenitors of SNe Ia from the observed Mn abundances in the solar neighborhood,
it is important to use the latest yields of SNe Ia. See Blondin et al.| (2022) for a
complete comparison including many other yields.

The r-process yields are taken from the following references in K20: 8.8M,
model in [Wanajo et al.| (2013] 2D) for electron capture supernovae, 1.2 —2.4M,
models in [Wanajo| (2013) for v-driven winds, 1.3My+1.3M model in Wanajo
et al. (2014, 3D-GR) for neutron star mergers, and 25M “b11tw1.00” model in
Nishimura et al.| (2015} axisymmetric MHD) for magnetorotational supernovae. See
Kobayashi et al| (2022)) for the GCE models including the NSM yields from |[Just
et al.| (2015) with various masses of compact objects. These yields are very uncer-
tain depending on 1) initial conditions (e.g., M, Z, rotation, magnetic fields), 2) the
quality of the base hydrodynamical simulations (3 dimensional general relativity or
not), 3) neutrino physics, and 4) nuclear physics (e.g., reaction rates, fission mod-
elling).

The galactic terms in GCE

Star formation rate is usually modelled as y= Tis /g butoften n = 1 is adopted, and

thus it is proportional to the gas fraction. 7, denotes a timescale of star formation,

and 1/t gives the efficiency of star formation. The inflow rate is often assumed
—t

to be exponential as, Rinfiow= %iexp ’Tf, but occasionally as Ripfow = #exp?i in

Pagel| (1997) and in the solar neighbourhood model of K20. The outﬁow rate is
assumed to be proportional to the star formation rate as Routflow= ?10 fg =y, whichis
reasonable if the outflow is driven by supernova feedback. In addition, star formation
is quenched (y = 0) at a given epoch ¢,,, which corresponds to a galactic wind driven
by the feedback from active galactic nuclei (AGN).

The timescales are determined to match the observed metallicity distribution
function (MDF) of stars in each system modelled. Figures [2] and [3] show the as-
sumed star formation history and the resultant metallicity evolution and metallicity
distribution function. The parameter sets that have very similar MDFs give almost
identical tracks of elemental abundance ratios (Fig. Al of [Kobayashi et al.|[2020b).
This means that, for the given MDF, elemental abundance tracks do not depend
so much on the star formation history. Therefore GCE can be used to constrain
nuclear astrophysics, if the MDF is known, in Galactic archaeology. Without know-
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Fig. 2 Star formation histories (panel a), age-metallicity relations (panel b), and metallicity dis-
tribution functions (panel c) for the solar neighborhood (blue solid lines), halo (green short-dashed
lines), halo with stronger outflow (light-blue dotted lines), bulge (red long-dashed lines), bulge
with outflow (olive dot-short-dashed lines) and thick disk (magenta dot-long-dashed lines). Figure
is taken from |Kobayashi et al.|(2020a), see the reference for the observational data sources and the
model details.

ing the MDFs, star formation histories are unconstrained, and elemental abundance
tracks can vary depending on the star formation histories. Provided that nuclear as-
trophysics is known, elemental abundance measurements can be used to constrain
the star formation histories through GCE, which is the case for extra-galactic ar-
chaeology.

The origin of elements

Using the K20 GCE model for the solar neighbourhood, we summarize the origin
of elements in the form of a periodic table. In each box of Figure ] the contri-
bution from each chemical enrichment source is plotted as a function of time: Big
Bang nucleosynthesis (black), AGB stars (green), core-collapse supernovae includ-
ing SNe II, HNe, ECSNe, and MRSNe (blue), SNe Ia (red), and NSMs (magenta). It
is important to note that the amounts returned via stellar mass loss are also included
for AGB stars and core-collapse supernovae depending on the progenitor star mass
(Eq.@). The x-axis of each box shows time from 7 = 0 (Big Bang) to 13.8 Gyrs,
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Fig. 3 The same as Fig. but for dwarf spheroidal galaxies, Fornax (red solid lines), Sculptor
(green long-dashed lines), Sextans (blue short-dashed lines), and Carina (magenta dotted lines),
and ultra-faint galaxies (cyan dot-dashed lines). Figure is updated from |Kobayashi et al.|(2020b)),
see the reference for the observational data sources and the model details.

while the y-axis shows the linear abundance relative to the Sun, X /X. The dot-
ted lines indicate the observed solar values, i.e., X /X; = 1 and 4.6 Gyr for the age
of the Sun; the solar abundances are taken from |Asplund et al.| (2009), except for
Ag(0) =8.76,A5(Th) = 0.22, and A5 (U) = —0.02 (§2.2 of K20 for the details).
The adopted star formation history is similar to the observed cosmic star formation
rate history, and thus this figure can also be interpreted as the origin of elements in
the universe, which can be summarized as follows:

¢ H and most of He are produced in Big Bang nucleosynthesis. As noted, the green
and blue areas also include the amounts returned to the ISM via stellar mass loss
in addition to He newly synthesized in stars. After tiny production in Big Bang
nucleosynthesis, Be and B are supposed to be produced by cosmic rays (Prantzos
et al.|[1993)), which are not included in the K20 model.

* The Li model is very uncertain because the initial abundance and nucleosynthesis
yields are uncertain. Li is supposed to be produced also by cosmic rays and no-
vae, which are not included in the K20 model. The observed Li abundances show
an increasing trend from very low metallicities to the solar metallicity, which
could be explained by cosmic rays. Then the observation shows a decreasing
trend from the solar metallicities to the super-solar metallicities, which might be
caused by the reduction of the nova rate (Grisoni et al.[2019)); this is also shown
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Fig. 4 The time evolution (in Gyr) of the origin of elements in the periodic table: Big Bang nucle-
osynthesis (black), AGB stars (green), core-collapse supernovae including SNe II, HNe, ECSNe,
and MRSNe (blue), SNe Ia (red), and NSMs (magenta). The amounts returned via stellar mass loss
are also included for AGB stars and core-collapse supernovae depending on the progenitor mass.
The dotted lines indicate the observed solar values. Figure is taken from|Kobayashi et al.| (2020a).

in theoretical calculation with binary population synthesis (Kemp et al.|2022),
where the nova rate becomes higher due to smaller stellar radii and higher rem-
nant masses at low metallicities.

* 49% of C, 51% of F, and 74% of N are produced by AGB starﬂ(att =9.2 Gyr).
For the elements from Ne to Ge, the newly synthesized amounts are very small
for AGB stars, and the small green areas are mostly for mass loss.

e o elements (O, Ne, Mg, Si, S, Ar, and Ca) are mainly produced by core-collapse
supernovae, but 22% of Si, 29% of S, 34% of Ar, and 39% of Ca come from SNe
Ia. These fractions would become higher with sub-Ch-mass SNe Ia (Kobayashi
et al.|2020b) instead of 100% Ch-mass SNe Ia adopted in the K20 model.

* A large fraction of Cr, Mn, Fe, and Ni are produced by SNe Ia. In classical
works, most of Fe was thought to be produced by SNe Ia, but the fraction is only
60% in the K20 model, and the rest is mainly produced by HNe. The inclusion
of HNe is very important as it changes the cooling and star formation histories
of the universe significantly (Kobayashi et al.|2007). Co, Cu, Zn, Ga, and Ge
are largely produced by HNe. In the K20 model, 50% of stars at > 20M,, are
assumed to explode as hypernovae, and the rest of stars at > 30M;, become failed
supernovae.

4 In extra-galactic studies, the N production from AGB stars is referred as “secondary”, which is
confusing, and is a primary production from freshly synthesized '>C. For massive stars, the N yield
depends on the metallicity of progenitor stars for secondary production, and can also be enhanced
by stellar rotation for primary production (Kobayashi et al.|[2011a).
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* Among neutron-capture elements, as predicted from nucleosynthesis yields,
AGB stars are the main enrichment source for the s-process elements at the sec-
ond (Ba) and third (Pb) peaks.

* 32% of Sr, 22% of Y, and 44% of Zr can be produced from ECSNe, which are in-
cluded in the blue areas, even with the adopted conservative mass ranges; we take
the metallicity-dependent mass ranges from the theoretical calculation of super-
AGB stars (Doherty et al.|2015). Combined with the contributions from AGB
stars, it is possible to perfectly reproduce the observed trends, and no extra light
element primary process (LEPP) is needed (but see Prantzos et al.[2018]). The in-
clusion of v-driven winds in GCE simulation results in a strong overproduction
of the abundances of the elements from Sr to Sn with respect to the observations.

* For the heavier neutron-capture elements, contributions from both NS-NS/NS-
BH mergers and MRSNe are necessary, and the latter is included in the blue
areas. Note again that the green areas includes the mass-loss component, i.e., not
newly produced but recycled. Note that Tc and Pm are radioactive.

Since the Sun is slightly more metal-rich than the other stars in the solar neigh-
borhood (see Fig. 2 of K20), the fiducial model in K20 goes through [O/Fe]=[Fe/H]=
0 slightly later compared with the Sun’s age. Thus, a slightly faster star formation
timescale (7; = 4 Gyr instead of 4.7 Gyr) is adopted in this figure. The evolutionary
tracks of [X/Fe] are almost identical. In this model, the O and Fe abundances go
though the cross of the dotted lines, meaning [O/Fe] = [Fe/H] = 0 at 4.6 Gyr ago.
This is also the case for some important elements including N, Ca, Cr, Mn, Ni, Zn,
Eu, and Th. The remaining problems can be summarised as follows:

* The contribution from rotating massive stars is not included in the K20 model,
which can probably explain in the underproduction of C and F (Kobayashi
20224a). A binary effect during stellar evolution may also increase C. These ele-
ments could be enhanced by AGB stars as well, but the observed high F abun-
dance in a distant galaxy strongly supported rapid production of F from Wolf-
Rayet stars (Franco et al.[2021}, at z = 4.4 observed with ALMA).

e Mg is slightly under-produced in the model, although at low metallicity the
model [Mg/Fe] is higher than observed (see Fig.[7). This may be due to a NLTE
effect (Lind et al.[[2022)), or due to a binary effect. Massive stars in binaries tend
to have a smaller CO core with a higher C/O ratios (Brown et al.|2001), which
results in a higher Mg/O ratio. Observed Mg/O ratios suggest that this binary
effect should not be important at low metallicities (<0.1Z5).

* The underproduction of the elements around Ti is a long-standing problem since
Kobayashi et al.[ (2006). It was shown that these elemental abundances can be
enhanced by multi-dimensional effects (Sneden et al.[[2016} see also K15 model
in K20). This is due to the lack of 3D simulations that can capture the production
of these (less abundant) elements. 2D nucleosynthesis calculation showed the
enhancement of these elements (Maeda & Nomoto|2003}; [Tominagal2009).

e The s-process elements are slightly overproduced even with the updated s-
process yields. Notably, Ag is over-produced by a factor of 6, while Au is under-
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Fig. 5 The [O/Fe]-[Fe/H] relations in the solar neighborhood for the models with Ch-mass SNe
Ia only (solid line), 75% Ch plus 25% sub-Ch-mass SNe Ia (dashed line), and sub-Ch-mass SNe
Ia only (dotted line). The observational data (filled circles) are high-resolution non-local thermo-
dynamic equilibrium (NLTE) abundances from|Zhao et al.|(2016)). Figure is taken from|Kobayashi
et al.|(2020b) with modification.

produced by a factor of 5. U is also over-produced. These problems may require
revising nuclear physics modelling (see Kobayashi|2022al for more discussion).

The [X/Fe]-[Fe/H] relations

Although the slopes in Figure ] show the different enrichment timescales of each
element, it is easier to see the differences in the [X/Fe]-[Fe/H] diagramsﬂ Figure
5] shows the [ct/Fe]-[Fe/H] relation, which is probably the most important diagram
in GCE. O is one of the ¢ elements. At the beginning of the universe, the first
stars (Population III stars) form and die, whose properties such as mass and rotation
are uncertain and have been studied using the abundance patterns of the second
generation, extremely metal-poor (EMP) stars. Secondly, core-collapse supernovae
occur, and their yields are imprinted in the abundance patterns of Population II stars
in the Galactic halo. The [a/Fe] ratio is high and stays roughly constantﬁ with a
small scatter. This plateau value does not depend on the star formation history but
does on the IMF. Finally, SNe Ia occur, which produce more Fe than ¢ elements,

5 There were attempts to plot against a different element (e.g., O) to avoid the uncertainty of Fe
yields (e.g.,|Cayrel et al.[2004), but it became rather hard to understand the plots.

6 There was a debated if the [O/Fe] ratio increases toward the lowest metallicity or not. UV OH
line showed such an increase (e.g, |Israelian et al. 1998) reaching [O/Fe] ~ 1 at [Fe/H] ~ —3, which
was later found to be due to 3D effects.



14 Chiaki Kobayashi and Philip Taylor

L e I e B L LA
:'__\
oL
06 - i faster SFH |
0.4 —
o
N
o 0.2 ]_l/ -
=7
[ slower SFH
| more SNIa
O__fff Bulge
Thin disk
[ Fornax
_oz2
[ 1 | P 1 |
-2 -1.5 -1 -0.5 0

Fig. 6 The [O/Fe]-[Fe/H] relations in the Galactic bulge (red long-dashed line), thick disk (green
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(cyan dot-long-dashed line), and ultra faint dwarf galaxies (olive dotted line). The star formation
history of each system is constrained from its MDF in Figs.[2and[3] See Fig.[|for the observational
data source for thin (navy open circles) and thick (maroon filled circles) disk stars.

and thus the [/Fe] ratio decreases toward higher metallicities; this decreasing trend
is seen for the Population I stars in the Galactic disk.

The contribution from SNe Ia depends on the progenitor binary systems, namely,
the mass of the progenitor WDs. Sub-Ch mass explosions produce less Mn and
Ni, and more Si, S, and Ar than near-Ch mass explosions (Seitenzahl et al.|[2013}
Kobayashi et al.|2020b). Figure [5] shows the [O/Fe]-[Fe/H] relations with varying
the fraction of sub-Ch-mass SNe Ia. Including up to 25% sub-Ch mass contribution
to the GCE (dashed line) gives a similar relation as the K20 model (solid line), while
the model with 100% sub-Ch-mass SNe Ia (dotted line) gives too low an [O/Fe] ratio
compared with the observational data. For Ch-mass SNe Ia, the progenitor model
is based on the single-degenerate scenario with the metallicity effect due to opti-
cally thick winds from WDs (Kobayashi et al.|[1998). For sub-Ch-mass SNe Ia, the
observed delay-time distribution is used since the progenitors are the combination
of mergers of two WDs in double degenerate systems and low accretion in single
degenerate systems; Kobayashi et al.| (2015)’s formula are for those in single degen-
erate systems only.

Because of this [a/Fe]-[Fe/H] relation, high-o¢ and low- are often used as a
proxy of old and young ages of stars in galaxies, respectively. Note that, how-
ever, that this relation is not linear but is a plateau and decreasing trend (called a
‘knee’). The location of the ‘knee’ depends on the star formation timescale, with
a higher metallicity for faster star formation history (Matteucci & Brocato|[1990),
e.g., [Fe/H] ~ —0.5,—0.8,—1,—2 for the Galactic bulge, thick disk, thin disk, and
satellite galaxies. Figure [] shows the GCE model results for various environments.
The bulge (with outflow), thick disk, and solar neighborhood (thin disk) models are
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observational data sources.

taken from K20 with 100% Ch-mass SNe Ia, with the star formation histories in Fig.
The models for dwarf spheroidal galaxies are taken from|Kobayashi et al.| (2020Db))
adding 100% sub-Ch mass SNe Ia on top of the 100% of Ch mass SNe Ia, with the
star formation histories in Fig. [3] Recently, similar relations are also shown for M31
using planetary nebulae. Since Fe is not available, Ar is used as a significant fraction
of Ar is produced by SNe Ia. The thin and thick disk dichotomy seems not exactly
the same, probably due to M31 experiencing an accretion of a relatively massive,
gas-rich satellite galaxy (Arnaboldi et al.|2022)).

There are GCE models that try to explain both thin and thick disk observations
with two infalls (Chiappini et al.|1997; [Spitoni et al.|2019)). However, more realistic,
chemodynamical simulations show that a significant number of thick disk stars are
formed in satellite galaxies before they accrete onto the disk, which can be better
approximated with two independent GCE models in this figure (also in|Grisoni et al.
2017).

Figure shows the evolution of elemental abundance ratios [X/Fe] against [Fe/H]
from C to Zn in the solar neighborhood. All ¢ elements (O, Mg, Si, S, and Ca) show
the [at/Fe]-[Fe/H] relations, i.e., the plateau and decreasing trend from [Fe/H] ~ —1
to higher metallicities. The odd-Z elements (Na, Al, and Cu) show an increasing
trends toward higher metallicities due to the metallicity dependence of the core-
collapse supernova yields. See K20 for more detailed discussion on the evolutionary
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trends of each element, and | Kobayashi (2022b) for the discussion with more recent
observations for Cu and Zn. In the following we focus the role of each enrichment
source.

* The contribution to GCE from AGB stars (green dotted lines in Fig.[7) can be
seen mainly for C and N, and only slightly for Na, compared with the model
that includes supernovae only (blue dashed lines). Hence it seems not possible to
explain the O-Na anti-correlation observed in globular cluster stars (e.g., Kraft
et al.[1997) with AGB stars (but see Ventura & D’ Antonal2009). Although AGB
stars produce significant amounts of Mg isotopes, their inclusion does not affect
the [Mg/Fe]-[Fe/H] relation.

e The contribution from super-AGB stars (red solid lines) is very small; with super-
AGB stars, C abundances slightly decrease, while N abundances slightly in-
crease. It would be very difficult to put a constraint on super-AGB stars from
the average evolutionary trends of elemental abundance ratios, but it might be
possible to see some signatures of super-AGB stars in the scatters of elemental
abundance ratios.

* With ECSNe (magenta long-dashed lines), Ni, Cu and Zn are slightly increased.
These yields are in reasonable agreement with the high Ni/Fe ratio in the Crab
Nebula (Nomoto| 1987 Wanajo et al.|2009).

* No difference is seen with/without SNe Iax (cyan dot-dashed lines) in the solar
neighborhood because the progenitors are assumed to be hybrid WDs, which has
a narrow mass range in the adopted super-AGB calculations Doherty et al.[(2015]
AM ~ 0.1M). This mass range depends on convective overshooting, mass-loss,
and reaction rates. Even with the wider mass range in [Kobayashi et al.| (2015|
AM ~ 1Mg), however, the SN Iax contribution is negligible in the solar neigh-
borhood, but it can be important at lower metallicities such as in dwarf spheroidal
galaxies with stochastic chemical enrichment (Cescutti & Kobayashi|2017).

Figure@] shows the evolutions of neutron-capture elements as [X/Fe]-[Fe/H] re-
lations.

* As known, AGB stars can produce the first (Sr, Y, Zr), second (Ba), and third
(Pb) peak s-process elements, but no heaver elements (navy long-dashed lines).
The second-peak elements are under-produced around [Fe/H] ~ —3, which is
eased with chemodynamical simulations, and can also be reproduced better with
rotating massive stars. However, the model with rotating massive stars results in
over-production of the first peak elements (Kobayashi|2022a).

e It is surprising that ECSNe from a narrow mass range (AM ~ 0.15 — 0.2M,,)
can produce enough of the first peak elements; with the combination of AGB
stars, it is possible to reproduce the observational data very well (cyan short-
dashed lines). This means that no other light element primary process (LEPP),
such as rotating massive stars, is required (but see |Cescutti & Chiappini|2014)).
The elements from Mo to Ag seem to be overproduced, which could be tested
with the UV spectrograph proposed for the VLT, CUBES.
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Fig. 8 The [X/Fe]-[Fe/H] relations for neutron capture elements, comparing to the models in the
solar neighborhood, with s-process from AGB stars only (blue long-dashed lines), with s-process
and ECSNe (light-blue short-dashed lines), with s-process, ECSNe, and v-driven winds (green
dotted-long-dashed lines), with s-process, ECSNe, and NS-NS mergers (olive dotted lines), with
s-process, ECSNe, and NS-NS/NS-BH mergers (orange dotted-short-dashed lines), with s-process,
ECSNe, NS-NS/NS-BH mergers, and MRSNe (red solid lines). Figure is updated from|Kobayashi|
with more observational data.

Additional production from v-driven winds leads to further over-production of
these elements in the model (green dot-long-dashed lines), but this should be
studied with more self-consistent calculations of supernova explosions.

Neutron star mergers can produce lanthanides and actinides, but not enough
(olive dotted lines); the rate is too low and the timescale is too long, according to
binary population synthesis. This is not improved enough even if NS-BH merg-
ers are included (orange dot-short-dashed lines). It is very unlikely this problem
will be solved even if the mass-dependence of the nucleosynthesis yields are
included, unless the BH spins are unexpectedly high (Kobayashi et al.|2022).

In the GCE model with MRSNe (magenta solid lines), it is possible to repro-
duce a plateau at low metallicities for Eu, Pt, and Th, relative to Fe. However,
even with including both MRSNe and neutron star mergers, the predicted Au
abundance is more than ten times lower than observed. This underproduction is
seen not only for the solar abundance but also for low metallicity stars although
the observational data are very limited. UV spectroscopy with HST, or NASA’s
future LUVOIR, is needed for investigating this problem further.
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Fig. 9 Evolution of CNO (number) abundances in GCE models for the Milky Way (red solid and
blue long-dashed lines) and for a submillimetre galaxy (green short-dashed and magenta dotted
lines), which are calculated with the original K20 yields (red solid and green short-dashed lines)
or the yields with Wolf-Rayet stars (blue long-dashed and magenta dotted lines; see text for the
model details).

In conclusion, an r-process associated with core-collapse supernovae, such as
MRSNe, is required. The same conclusion is obtained with other GCE models and
more sophisticated chemodynamical simulations (e.g.,[Haynes & Kobayashi|[2019;
van de Voort et al.[2020), as well as from the observational constraints of radioactive
nuclei in the solar system (Wallner et al.|[2021). See more discussion in the next
section.

It seems not to be easy to solve the missing gold problem with astrophysics;
only Au yields should be increased since Pt is already in good agreement with the
current model, and Ag is rather overproduced in the current model. However, there
are uncertainties in nuclear physics, namely in some nuclear reaction rates and in
the modelling of fission, which might be able to increase Au yields only, without
increasing Pt or Ag. It may be hard to predict the only one stable isotope of '°7 Au,
while Pt has several stable isotopes. The predicted Th and U abundances are after
the long-term decay, to be compared with observations of metal-poor stars, and the
current model does not reproduce the Th/U ratio either.

The First Galaxies

The Atacama Large Millimeter/submillimeter Array (ALMA) has opened a new
window to study elemental abundances and isotopic ratios of light elements at very
high redshifts (Zhang et al.|2018} [Franco et al.|2021)), which provide us an inde-
pendent constraint on stellar nucleosynthesis. In the early universe, stellar rotation
may be important at low metallicities because weaker stellar winds result in smaller
angular momentum loss.

The impact of stellar rotation on stellar evolution and nucleosynthesis has been
studied to explain Wolf-Rayet stars (e.g., Meynet & Maeder|[2002; Hirschil|2007;
Limongi & Chieffi2018), and the observed N and '>C abundances at low metallic-
ities have been used to constrain the effect (Chiappini et al. 2006} see also Fig. 13
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of Kobayashi et al.[201 laﬂ As discussed in the previous section, the importance of
jet-like supernova explosion for iron-peak elements (Co and Zn) and r-process ele-
ments (via MRSNe) also indicates the importance of stellar rotation, although how
to transport the angular momentum in stellar envelopes to stellar cores is uncertain.

Figure [0 shows the evolution of CNO abundances in GCE models for two rep-
resentative galaxies with different star formation histories: the solar neighborhood
in the Milky Way, which has continues star formation, and a submillimetre galaxy
(SMG), which underwent a star burst. The red solid lines are the same as in Fig. 8
and Fig. 10 of K20. As discussed, ~ 50% C and ~ 75% N comes from low- and
intermediate-mass AGB stars, respectively, at later times ([O/H] ~ —1 for C). The
rest comes from massive stars, either released before supernova explosions by stellar
winds, or ejected at supernova explosions. The N yield from massive stars increases
while the C yield decreases at higher metallicities. These two effects cause the in-
crease of N/O and C/O, and the decrease of C/N, toward high metallicities.

With rotation, both C and N yields are increased due to the interplay between the
core He-burning and the H-burning shell, triggered by the rotation-induced insta-
bilities (Limongi & Chieffi|2018)). Since Limongi & Chieffi|(2018))’s yields do not
reproduce the observations of iron-peak elements because of their simple descrip-
tion of supernova explosions. Therefore, the C and N yields from|Limongi & Chietfi
(2018)) are combined with the K20 yields in the models with Wolf-Rayet stars. High
abundance of CNO enhances the production of F in He convective shell, which can
explain the high F abundance observed in a submillimetre galaxy at redshift z = 4.4
(Franco et al.|2021).

The evolution of isotopic ratios is also largely affected by stellar rotation. With-
out rotation, *C and 2*Mg are produced from AGB stars (’O might be over-
produced in our AGB models), while other minor isotopes are more produced from
metal-rich massive stars, and thus the radios between major and minor isotopes (e.g.,
12¢/B3¢, 190/17:180) generally decrease as a function of time/metallicity (Figs. 17-
19 of |[Kobayashi et al.|(2011a) and Fig. 31 of K20; see alsoRomano et al.[2019).

With rotation, 3C and !7-'80 are enhanced. The evolution of isotopic ratios and
comparison to observations can be found in Fig.7 of [Kobayashi| (2022al), which
gives consistent results with Romano et al.| (2019)’s GCE models. 2¢/13¢C ratio
became too high, while it is possible to explain the low '3C/!80 ratio observed in
submillimetre galaxies at redshift z ~ 2 — 3 (Zhang et al.|[2018) without changing
IMF.

Stellar rotation also cause the weak-s process that forms s-process elements from
the existing seeds at a much shorter timescale than AGB stars. This may help solving
the underproduction of Ba at [Fe/H] < — 1 (Fig., but cause an overproduction of
light s-process elements such as Sr, Y, and Zr. The impact of stellar rotation on
nucleosynthesis is not well understood yet.

7 However, the N/O—O/H relation can be reproduced by inhomogeneous enrichment in chemody-
namical simulations (Fig.@.



20 Chiaki Kobayashi and Philip Taylor

faint SN 7

L

[X/Fe]

_2.'z.f.ifl....|....|....|....5.|..
CNO Ne Mg Si S Ar Ca ScTi Cr FeCo Zn
F Na Al P C1 K V MnNi Cu

Fig. 10 Elemental abundance pattern of the metal-poor C-rich DLA (filled circles) and peculiar
DLA (open circles). The red solid and green short-dashed lines show the nucleosynthesis yields of
faint core-collapse supernovae from 25M, stars with mixing fallback. The blue dotted line is for
pair-instability supernovae from 170M,, stars. Figure is taken from Kobayashi et al.|(2011b) with
modification.

The first chemical enrichment

Extremely metal-poor (EMP) stars have been an extremely useful relic in the Galac-
tic archaeology. At the beginning of galaxy formation, stars form from a gas cloud
that was enriched only by one or very small number of supernovae (Audouze & Silk
1995)), and hence the elemental abundances of EMP stars can offer observational
evidence of particular types of supernovae in the past. The expectation was that the
first stars were so massive that they exploded as a pair-instability supernova (PISN,
Barkat et al.[1967), which causes high [(Si,S)/O] ratios (e.g., Nomoto et al.[2013)).

However, after a half century of surveys, no star has been found with an elemental
abundance pattern fitted by a PISN in the Milky Way. Instead, it is found that quite
a large fraction of massive stars become faint supernovae (Umeda & Nomoto|2003)
that give a high C/Fe ratio leaving a relatively large black hole (~ 5M.,, Nomoto
et al.|[2013)). If there are C-enhanced low- stars, that would indicate black hole
formation even from 10 —20M, Pop III stars (Kobayashi et al.|2014). From faint
supernovae, the ejected iron mass is very small but the explosion energy can be high;
faint hypernovae also show Zn enhancement (Ishigaki et al.|[2018).

Similar C enhancement might also be found for damped Ly-o system (DLA,
Kobayashi et al.|2011b). Figure[I0]shows the observed abundance pattern of a DLA
at z = 2.34 with [Fe/H] ~ —3, comparing to the nucleosynthesis yields of a faint
supernova (red solid line), a faint hypernova (green dashed line), and a PISN (blue
dotted line). In recent surveys, no DLA is found with an elemental abundance pat-
tern consistent with a PISN either.

A small number of EMP stars show a relatively low o abundance, which does not
necessarily mean that the ISM from which the star formed was already enriched by
SNe Ia. The reasons that could cause low ¢t/Fe ratios were summarised in|Kobayashi
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Fig. 11 The elemental abundance of a extremely metal-poor star SMSS J200322.54-114203.3,
which has [Fe/H]= —3.5, comparing with mono-enrichment from a magneto-rotational hyper-
novae (blue dashed line and squares) and multi-enrichment including a neutron star merger (orange
dot-dashed line and triangles). The lower panel shows the differences, i.e., the observed values mi-
nus model values. Figure is taken from|Yong et al.| (2021).

etal[(2014): (1) SNe Ia, (2) less-massive core-collapse supernovae (<20M), which
become more important with a low star formation rate, (3) hypernovae, although the
majority of hypernovae are expected to give normal [a/Fe] ratios (~ 0.4), and (4)
PISNe, which could be very important in the early universe. Therefore, the [ot/Fe]
ratio is not a perfect clock. It is necessary to also use other elemental abundances
(namely, Mn and neutron-capture elements) or isotopic ratios, with higher resolu-
tion (> 40,000) multi-object spectroscopy on 8m class telescopes (e.g., cancelled
WEFMOS or planned MSE, proposed HRMOS for VLT).

EMP stars with r-process enhancement (called rIl stars), namely those with en-
hancement of the heaviest elements (actinide-boost stars), can offer confirmation of
an r-process site. Recently, from the SkyMapper survey, [Yong et al.| (2021) found
such a star with [Fe/H] = —3.5, the lowest metallicty known for rII stars. The abun-
dance pattern is shown Figure [TT| which shows a clear detection of U and Th, the
universal r-process pattern, normal o enhancement, but unexpectedly showing high
Zn and N abundances ([Zn/Fe]= 0.72, [N/Fe]= 1.07). This abundance pattern can-
not be explained with a model with a neutron star merger (orange dot-dashed line),
but instead strongly supports a magnetorotational hypernova from a >25M¢, Pop 111
star (blue dashed line).

There are a few magneto-hydrodynamical simulations and post-process nucle-
osynthesis that successfully showed enough neutron-rich ejecta to produce the 3rd
peak r-process elements as in the Sun (Winteler et al.|2012; |[Mosta et al.|2018)). The
predicted iron mass is rather small (Nishimura et al.[2015; |Reichert et al.[[2021]),
and the astronomical object may be faint. [Yong et al,| (2021)’s proposal is Fe-
producing, magnetorotational hypernova, which is more luminous. The r-process
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Fig. 12 Schematic view of chemodynamical evolution of galaxies.

elements could also be formed in the accretion disk of a collapsar (Siegel et al.
2019), but the inter ejecta that contains Fe and Zn must be ejected at the explo-
sion as for a hypernova. As it is luminous it might be possible to detect absorption
features of Au and Pt in the spectra of the transient in future.

Chemodynamical evolution of galaxies

Thanks to the development of super computers and numerical techniques, it is now
possible to simulate the formation and evolution of galaxies from cosmological ini-
tial conditions, i.e., initial perturbation based on A cold dark matter (CDM) cosmol-
ogy. Star formation, gas inflow, and outflow in Eq.(I)) are not assumed but are, in
principle, given by dynamics. The baryon cycle is schematically shown in Figure
[12] Due to the limited resolution, star forming regions, supernova ejecta, and active
galactic nuclei (AGN) cannot be resolved in galaxy simulations, and thus it is neces-
sary to model star formation and the subsequent effects — feedback — introducing a
few parameters. Fortunately, there are many observational constraints, from which
it is usually possible to choose a best set of parameters. To ensure this, it is also
necessary to run the simulation until the present-day, z = 0, and reproduce a number
of observed relations at various redshifts.

Although hydrodynamics can be calculated with publicly available codes such
as Gadget, RAMSES, and AREPO, modelling of baryon physics is the key and is
different depending on the simulation teams/runs. These are various simulations of
a cosmological box with periodic boundary conditions, and contain galaxies with a
wide mass range (e.g., 10°~12M,, in stellar mass) at z = 0. In order to study massive



Chemo-Dynamical Evolution of Galaxies 23

primordial gas metal enriched gas
T T T T T T

!
8

— -
- o 21
<] E
o Q
[Saad n
a0 a0
= S
L3 o -22
KA &
NE L
S a4 | &
~N 24 ~
< <
w0 o0
2 [-=
—es |

-24

4

Fig. 13 (left) Cooling functions without photoionization. Included processes are collisional exci-
tation (long-dashed lines) of H° (red) and He* (cyan), collisional ionization (short-dashed lines)
of H° (red), He? (green), and He™ (cyan), standard recombination (short-dash dotted lines) of H™
(yellow), He™ (cyan), and He™™ (blue), dielectric recombination (long-dashed dotted line) of He™
(cyan), and free-free emission (dotted line). (right) Metallicity dependence of the cooling function.
The solid, long-dashed, short dashed, dotted, short-dash dotted, and long-dash dotted lines cor-
respond to [Fe/H] = 0,—1,—2,—-3,—4, and —5, respectively. Figures are taken from |Kobayashi
(2002).

galaxies it is necessary to increase the size of the simulation box (e.g., >100 Mpc),
while in order to study internal structures it is necessary to improve the spacial
resolution (e.g., < 0.5 kpc). The box size and resolution are chosen depending on
available computational resources. On the other hand, zoom-in techniques allow us
to increase the resolution focusing a particular galaxy, but this also requires tuning
the parameters with the same resolution, comparing to a number of observations in
the Milky Way. Needless to say, elemental abundances are the most informative.
There are a few zoom-in simulations for Milky Way-type galaxies (e.g.,|Brook et al.
2012; [Few et al.|[2014; |Grand et al.|[2017} [Buck et al.|2020; [Font et al.[2020), but
in most of the cases the input nuclear astrophysics are too simple to make use of
elemental abundances.

Modelling of baryon physics

For the baryon physics, the first process to calculate is radiative cooling, and photo-
heating usually by a uniform and evolving UV background radiation (Haardt &
Madaul[1996). It would be ideal to simulate radiative feedback self-consistently but
this is computationally very expensive and the available simulations are only for
high-redshifts. The cooling function depends on the chemical composition of gas,
and a metallicity-dependent cooling function computed with the MAPPINGS III
software (Sutherland & Dopital|1993; Kewley et al.[2019) is used in our code, as-
suming the [o/Fe]-[Fe/H] relation of the solar neighborhood (Figure @ Element-
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dependent cooling functions are also available (Wiersma et al.[2009). Usually, the
simulation code finds candidate gas particles (or mesh) that can form stars in a given
timestep, and forms star particles with some certain mass.

Our star formation criteria are:

converging flow, (V-v); <0, ®
rapid cooling, feool < fdyn, (10)
Jeans unstable gas, fqyn < fsound- (11D

This still needs a parameter to define the star formation timescale relative to the
dynamical timescale, as

1
Isf = —Idyn, (12)
Cx

where c, is a star formation timescale parameter. The parameter c. basically deter-
mines when to form stars following cosmological accretion, and has a great impact
on the size-mass relation of galaxies (Figure [I4). Alternatively, a fixed density cri-
terion (e.g., nj; = 0.1 cm~3) can be adopted (Katz1992) although we found that it
is better not to include it.

(13)

More sophisticated analytic formulae are also proposed based on smaller-scale sim-
ulations, including the effects of turbulence and magnetic fields (Federrath et al.
2011).

A fractional part of the mass of the gas particle turns into a new star particle
(see [Kobayashi et al.|2007, for the details). Note that an individual star particle
has a typical mass of ~ 10°~7M,, i.e. it does not represent a single star but an
association of many stars. The masses of the stars associated with each star particle
are distributed according to an IMF. We adopt Kroupa IMF (with x = 1.3), which is
assumed to be independent of time and metallicity, and limit the IMF to the mass
range 0.01Ms < m < 120M.,. This assumption is probably valid for the resolution
down to ~ 10*M.,.

Kobayashi| (2004) introduced a scheme to follow the evolution of the star par-
ticle, as a simple stellar population (SSP), which is defined as a single generation
of coeval and chemically homogeneous stars of various masses, i.e. it consists of a
number of stars with various masses but the same age and chemical composition.
The production of each element i from the star particle (with an initial mass of m?)
is calculated using a very similar equation as Egs.(T):

Ez(t) = mg [ESW + EsNee + EsNia +ENSM] . (14)

With this SSP method, the identical equations for GCE, Eqs. can used for Esw,
EsNce, E1a, and Ensm.
Similarly, the energy production from the star particle is:

E.(t) =m0 [eo swPsw (1) + e snce BsNee (1) + €e snaPsnta (1)) 5 (15)
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Fig. 14 Dependence of the star formation timescale parameter ¢, and the IMF slope x on the
galaxy scaling relations: size—mass (upper panels) and mass—metallicity (lower panels) relations.
A single slope like Salpeter IMF assumed. The points show a set of chemodynamical simulations
of early-type galaxies that undergo various merging histories. The solid and dashed lines indicate
the observed relations. Figure is taken from Kobayashi| (2005) with modification.

where the event rates of SWs (Zsw) and core-collapse supernovae (%sncc) can be
calculated as

my |
<%SW = % W(t - Tm) (P(m) dm’ (16)
min[msNee,usMul ]
HSNee = / —Y(t—T) 9 (m) dm. an
max([mgNee,¢,me] 1M

The lower and upper limits are the same as IMF upper limit for stellar winds (0.01
and 120M), while it is set to be ~ 8M (depending on Z) and 50M, for core-
collapse supernovae. The energy production from SNe Ia is significant, and the
rate is given by Eq.[8] while the energy production from NSMs are negligible. The
energy per event (in erg) for SWs: e, sw = 0.2 x 10°1(Z/Z)%8 for > 8M,; stars,
Type II supernovae: e, snit = 1 x 10°!, hypernovae: e, yn = 10, 10,20, 30 x 10°! for
20,25,30,40M,, stars, respectively, and for SNe Ia: e, snia = 1.3 x 10°! erg.

We distribute this feedback metal mass and energy from a star particle j isotrop-
ically to a fixed number, Ngg, of neighbour gas particles ¢, weighted by the smooth-
ing kernel as:

dt

d(Z,',kng{) Nrp
— :; WiiEz,j(1)/ Z[‘,Wéj (18)
and
du NrB
“E = (1= fian) Y | WiEe j(0)]) Y. Wi (19)
7

J
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Fig. 15 Dependence of the star formation timescale parameter c, and the kinetic feedback frac-
tion fiin on the internal structure of galaxies: surface brightness profile (left panel) and the stellar
metallicity radial gradient (right panel) for a chemodynamical simulation of an early-type galaxy
with the initial perturbation. A single slope with x = 1.1 adopted. Figure is taken from |Kobayashi
(2004) with modification.

where u; denotes the internal energy of a gas particle &, and fi;, denotes the kinetic
energy fraction (Navarro & White|[1993)), i.e., the fraction of energy that is dis-
tributed as a random velocity kick to the gas particle. Note that in the first sum the
number of neighbour star particles is not fixed to Ngg. To calculate these equations,
the feedback neighbour search needs to be done twice in order to ensure proper mass
and energy conservation; first to compute the sum of weights for the normalization,
and a second time for the actual distribution.

The parameter Npg determines the average energy distributed to gas particles;
a large value of Npp leads to inefficient feedback as the ejected energy radiatively
cools away shortly, while a small value of Ngp results in a only small fraction of
matter affected by feedback. Alternatively, with good resolution in zoom-in simula-
tions, feedback neighbors could be chosen within a fixed radius (rgg), which affects
a number of observations including the MDF (Fig. 12 of |Kobayashi & Nakasato
2011). The parameter fyi, has a great impact on surface brightness profiles and ra-
dial metallicity gradients in galaxies, and fi;, = 0, i.e., purely thermal feedback,
gives the best match to the observations (Figure [I5). Note that various feedback
methods are proposed such as the stochastic feedback (Dalla Vecchia & Schaye
2008, used for EAGLE) and the mechanical feedback (Hopkins et al.|2018a, used
for FIRE). Feedback modelling can have an impact on chemical evolution of galax-
ies (D. Ibrahim et al., in prep.).

Figure[I6]shows a test simulation of an isolated disk galaxy with supernova feed-
back. The initial condition is a rotating gas cloud with total mass of 10'°4~ M., and
non-isotropic infall of gas form a dense disc, where stars form. As a result of the
energy input, the low-density hot-gas region expands in a bipolar flow (left panels)
ejecting metals outside the galaxy. In the disk plane, the hot gas region expands and
forms a dense shell where stars keep on forming. The energy from these stars can
quickly propagate to the surrounding low-density region. After the galactic wind
forms (middle panel), the gas density becomes so low at the centre that star forma-
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Fig. 16 Time evolution of the formation of an isolated disk galaxy in a halo of mass of 10"~ M.
The black points show star particles, while the gas particles are colour-coded according to their
temperature. Each panel is 20 kpc on a side. The upper row shows face-on projections, the lower
row gives edge-on views. Figure is taken from Kobayashi et al.|(2007).

tion is terminated for a while. Because of radiative cooling, a part of the ejected,
metal-enhanced gas, however, returns, again settling in the disk where it fuels new
star formation, but this secondary star formation is not as strong as the initial star-
burst. Although some small bubbles are forming in the galaxy in this stage, not much
gas and metals are ejected by them from the disk (right panels).

However, galactic winds become much weaker in more massive galaxies. Figure
shows the fraction of metal loss as a function of galaxy mass in a cosmological
simulation including hypernova feedback. Most of metals are inside the galaxy at
Mo > 10207 M. Eq. gives positive feedback that enhances radiative cool-
ing, while Eq.(I9) gives negative feedback that suppresses star formation. The mass
ejection in Eq.(I8) never becomes zero, while the energy production in Eq.(T9) be-
comes small after ~ 35 Myrs. Therefore, it is not easy to control star formation
histories depending on the mass/size of galaxies within this framework. In particu-
lar, it is not possible to quench star formation in massive galaxies, since low-mass
stars keep returning their envelope mass into the ISM for a long timescale, which
will cool and keep forming stars.

Therefore, in order to reproduce observed properties of massive galaxies, addi-
tional feedback was required, and the discovery of the co-evolution of super-massive
black holes and host galaxies (Magorrian et al.[[1998) provided a solution — AGN
feedback. Modelling of AGN feedback consists of (1) seed formation, (2) growth
by mergers and gas accretion, and (3) thermal and/or kinetic feedback (see Taylor &
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Fig. 17 (Left) Spatial distribution of ISM (blue) and wind (red) particles at z = 0. (Right) Ejected
metal fraction fzw = Mzw/ (szg + Mz + Mz) against total mass. Figures are taken from
Kobayashi et al.{(2007) with modification.

1074 T T T T

107°¢

107¢

dpgu/dt [MeMpc~3yr™']

BH occretion rote
77777 BH growth rate

Fig. 18 Cosmic BH accretion rate density (solid line) and BH growth rate density (including BH
formation, dashed line) with redshift. The difference of these rates shows a BH merger rate. Figure
is taken from Taylor & Kobayashi|(2014).

Kobayashi|2014|for the details). In summary, we introduced a seeding model where
seed black holes originate from the formation of the first stars, which is different
from the ‘standard’ model by [Springel et al.| (2005) and from most large-scale hy-
drodynamical simulations. In our AGN model, seed black holes are generated if the
metallicity of the gas cloud is zero (Z = 0) and the density is higher than a threshold
density (pg > pc). The growth of black holes is roughly the same as in other cos-
mological simulations, and is calculated with Bondi-Hoyle accretion, swallowing
of ambient gas particles, and merging with other black holes. Since we start from
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relatively small seeds, the black hole growth is driven by mergers at z >3 (Figure
[I8). On a very small scale, it is not easy to merge two black holes, and an additional
time-delay is applied in more recent simulations (P. Taylor et al. in prep.).

Proportional to the accretion rate, thermal energy is distributed to the surround-
ing gas, which is also the same as in many other simulations. In more recent simula-
tions, non-isotropic distribution of feedback area is used to mimic the small-scale jet
(e.g., [Mukherjee et al|2018). There are a few parameters in our chemodynamical
simulation code, but Taylor & Kobayashi| (2014) constrained the model parame-
ters from observations, and determined the best parameter set: & = 1, & = 0.25,
Mgeeq = 10°h7 M, and p. = 0.1h%mycm . Our black holes seeds are indeed the
debris of the first stars although we explored a parameter space of 10! A~ 1M .
This is not the only one channel for seeding, and the direct collapse of primordial
gas and/or the collapse of dense stellar clusters (~ 10°M,,, e.g., Madau & Rees
2001; /Woods et al.|2019) are rarer but should be included in larger volume simula-
tions.

Nonetheless, our model can successfully drive large-scale galactic winds from
massive galaxies (Taylor & Kobayashi/[2015a) and can reproduce many observa-
tions of galaxies with stellar masses of ~ 10°~12M, (Taylor & Kobayashi/2015b,
2016, [2017). Metals are ejected from galaxies to circum-galactic and inter-galactic
medium mainly by supernova-driven winds in low-mass galaxies (as in Fig.[T7),
while by AGN-driven winds by massive galaxies (Taylor et al.|[2020). The frac-
tion of metals ejected by AGN is only a few percent of the total produced metals,
and thus it does not affect mass-metallicity relations (Taylor & Kobayashi/2015a).
The movie of our fiducial run is available at https://www.youtube.com/
watch?v=7k5bLrVI8Tw

Various big simulations

There are various large volume simulations available but the input physics is very
different, which can summarised as follows. The differences in modelling of sub-
galactic physics largely affects the predicted galaxy properties, and the parameters
must be calibrated using galaxy scaling relations (e.g., Figure[14) and internal struc-
tures (e.g., Figure [I5) at z = 0, before predicting observables at higher-redshifts
using the simulation outputs. Figure [I9)shows a comparison of some of these simu-
lation to our simulation (Kobayashi & Taylor, in prep.). See also Wang et al.|(2019)
for the discussion on the black hole seed mass.

EAGLE (Schaye et al.|[2015) — Star formation is calculated with a metallicity
and temperature dependent density threshold (nj;(Z) = 0.1 (ﬁ)fo'64 m~—> and
T < 104'4K). Star particle mass is determined from a pressure law, obtained from
the the observed Kennicutt-Schmidt, with two free parameters (A and n). A Chabrier
IMF is adopted. Stochastic feedback from|Dalla Vecchia & Schaye|(2012) assumed.
SMBHs are grown from the seeds of 105M@, and the AGN feedback is thermal,
independent of metallicity. The SN Ia rate decays exponential with a timescale of
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Fig. 19 Cosmic star formation rate history of our 1004~! Mpc simulation, comparing to other
cosmological simulations. See text for the details. The observational data (points) are taken from
Madau & Dickinson|(2014) and|Driver et al.|(2018)). Note that other observations (e.g.,|Chary et al.
2007; Rowan-Robinson et al.[2016) show higher rates at high redshifts.

7 =2 Gyr, with a fixed normalization v. The simulation box size is up to 100 Mpc?,
which has 1.81 x 10°M_, and 0.7 kpc resolution for gas.

HlustrisTNG (Pillepich et al.[[2018) — It is run with a magneto-hydrodynamic
code (Pakmor et al.[2011)). Star formation and pressurization of the multi-phase are
treated following Springel & Hernquist| (2003), which includes a density thresh-
old ng ~ 0.1 cm™3. A Chabrier IMF is adopted. Isotropic, kinetic (wind) feedback
from [Springel & Hernquist| (2003) is assumed (instead of bipolar winds in Illustris).
SMBHs are grown from the seeds of 8 x 10°M,, and kinetic wind is assumed for
AGN feedback in the case of low accretion rates as in Weinberger et al.|(2017). SN
Ia rate is calculated with a “simple DTD” (—1 slope?) with a constant normaliza-
tion Np. The simulation box size is up to 302.6 Mpc?, but a 110.7 Mpc® run has
1.4 x 10°M_, and 0.19 kpc resolution for gas.

SIMBA (Davé et al.2019) — This uses H,-based star formation rate from|Krumholz
& Gnedin| (2011), which is based on the metallicity and local column density, as-
suming the efficiency of &, = 0.02 for the H, density. Stellar feedback is assumed
to be kinetic, with decoupled wind particles, galaxy mass dependent (1 (M.)), and
metal-loaded (dZ = fsnmysnm/max[n, 1]). SMBHs are grown from the seeds of
1 x 10*4~'M,,. AGN feedback is also assumed to be kinetic for both fast and slow
accretion, and purely bipolar. In addition, on-the-fly dust production and destruction
is calculated. SNe Ia have two distinct delay-times, 0 and 0.7 Gyr, with two constant
rates. The simulation box size is up to 1002~! Mpc?, which has 1.82 x 10’M, and
0.5h~! kpc resolution for gas.

HORIZON-AGN (Dubois et al.|2016) — This uses a density threshold of ny ~
0.1 cm™3, thermal energy injection to model stellar feedback, and two modes of
AGN feedback with thermal or bipolar outflow depending on the Eddington ratio.
The simulation box size is 1004~! Mpc3, which has 1 x 107M@, and the grid is
adaptively refined down to 1 proper kpc.
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Fig. 20 V-band luminosity map for the edge-on (left panels) and face-on (right panels) views at
z=01in 30 kpc on a side, of our chemodynamical zoom-in simulation of a Milky Way-type galaxy.

Magneticum (Dolag et al.||2017) — Multiphase model for star formation from
Springel & Hernquist (2003), and isotropic winds with 350 km s~! are adopted. Two
modes of AGN feedback with different efficiencies of energy injection depending
on the Eddington ratio are assumed. The simulation box size is 48h~! Mpc?, which
has 3.7 x 10’h~'M, and 0.7h~" kpc resolution for gas.

Similarly, there are a series of cosmological zoom-in simulations of Milky Way-
type galaxies. Auriga (Grand et al.|[2017)) uses similar code as Illustris but with
n=0.13 cm~3 and #; = 2.2 Gyr, with resolution from 6 x 103 to 4 x 10’ for gas.
FIRE-2 (Hopkins et al.|2018b)) is run with the GIZMO code, which is also used for
SIMBA, but with improved modelling of small-scale physics. AGN feedback is not
included. ARTEMIS (Font et al.[2020)) uses the same code as EAGLE with resolution
of 2 x 10*h~! for gas.

Galactic archaeology

In the Local Group, i.e., in the Milky Way and dwarf spheroidal (dSph) galaxies,
the spatial distribution of detailed elemental abundances can be obtained from high-
resolution spectra of individual low-mass starsﬂ This has been done for more than
half a century, and the average trends of the observations for many elements have
been used to constrain the stellar physics (Iimmes et al.||1995; [Kobayashi et al.
2006; Romano et al.|2010). The recent Galactic archaeology surveys with medium
resolution MOS dramatically increased the sample and made possible to discuss the
distributions of stars along the average trends, which requires more realistic, chemo-
dynamical simulations of galaxies. Meantime, observations with different lines for
each element (e.g., [Israelian et al.[|1998} |[Sneden et al.|2016) revealed NLTE and

8 Ages of stars can also be well estimated with astroseismology recently.
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Fig. 21 (Left panel) Metallicity map of Gaia DR3 released on 13th June 2022, in the range of
[M/H]= —0.3 (blue) to 0.0 (red). (Right panel) The same as the left panel but for [a/Fe]= —0.02
(blue) to 0.12 (red). Figures are taken from |Gaia Collaboration et al.| (2022).

3D effects in the stellar atmosphere. Detailed star-by-star analysis of wide range of
high-resolution spectra (including UV) is still required to obtain absolute values of
elemental abundances (Kobayashi[2022al, for the need of UV spectra).

Figure shows the edge-on and face-on maps of our simulated Milky Way-
type galaxy, where V-band luminosities of star particles are calculated using stel-
lar population synthesis models from [Kodama & Arimoto| (1997) and all detailed
chemical enrichment is included. Although there were simulations of isolated galax-
ies, [Kobayashi & Nakasato| (2011)) was the first chemodynamical simulations that
showed the evolution elements from O to Zn in a Milky Way-type galaxy from cos-
mological initial condition. Our new simulation includes all stable elements, and
a fully cosmological initial condition is applied (Scannapieco et al|[2012). The
spacial and mass resolutions are 0.5 kpc and 3 x 10° M., respectively. The movie
of our fiducial run is available at https://star.herts.ac.uk/~chiaki/
works/Ag-C-5-kro2.mpg

Our simulated galaxy shows very similar maps of metallicity and [/Fe] ratios
as observed. Figure 21| shows the observations in Gaia DR3, which contains a half
billion of stars. The data show too blue outer bulge in the metallicity map, and in the
[o/Fe] map the patterns close to the Ecliptic Poles are artefacts. There are both ver-
tical and radial metallicity gradients; metallicity is high on the plane, and becomes
higher toward galactic centre. On the other hand the [a/Fe] ratios show a strong
vertical gradient but no radial gradient except for the galactic bulge; the majority of
the bulge stars have high [a/Fe] ratios (Kobayashi & Nakasato|[2011)), which may
depend on the feedback from galactic centre. There is no chemodynamical model
that includes feedback from the central SMBH in the Milky Way.

The formation of the basic structure is the same as described in

(2011). The galactic bulge formed by an initial star burst, by the assem-
bly of gas-rich sub-galaxies beyond z = 2. The disk formed with a longer timescale

and has grown inside-out; the disk was small in the past and becomes larger at later
times. In the ACDM cosmology, satellite galaxies keep accreting, which interact
and merge with the main body, but there is no major merger after z = 2. Otherwise,
it is not possible to keep the disk structure as in the Milky Way. These galaxy merg-
ers also make the disk thicker. Approximately one third of thick disk stars already
formed in merging galaxies, which are disrupted by tidal force and accreted onto
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Fig. 22 The [O/Fe]-[Fe/H] relation in the solar neighborhood of our simulated Milky Way-type
galaxy at z = 0. Figure is the same as Fig. 10 of |[Kobayashi & Nakasato| (2011) but with a newer
simulation. The colour indicates the number of stars in logarithmic scale. The observational data
sources are: Bensby et al.|(open and filled triangles, 2004)) for thick and thin disk stars, respectively,
Spite et al.| (open circles, [2005)), |Zhao et al.|(filled circles, [2016),/Amarsi et al.|(crosses, [2019).

the disk plane. In the thin disk, star formation is self-regulated, and chemical en-
richment takes place following cosmological gas accretion, radial flows, and stellar
migrations; these physical processes are analysed in detail in|Vincenzo & Kobayashi
(2020).

Inhomogeneous enrichment in chemodynamical simulations leads to a paradigm
shift on the chemical evolution of galaxies. As in a real galaxy, i) the star forma-
tion history is not a simple function of radius, ii) the ISM is not homogeneous at
any time, and iii) stars migrate, which are fundamentally different from one-zone
or multi-zones GCE models. As a consequence, (1) there is no tight age—metallicity
relation, namely for stars formed in merging galaxies. It is possible to form ex-
tremely metal-poor stars at a later time, from accretion of nearly primordial gas,
or in isolated chemically-primitive regions. (2) Enrichment sources with long time-
delays such as AGB stars, SNe Ia, and NSMs can appear at low metallicities. This
effect can naturally explain the observed N/O—O/H relation (Vincenzo & Kobayashi
2018a), but is not sufficient to explain observed [Eu/(O,Fe)] ratios only with NSMs
(Haynes & Kobayashi|[2019). (3) There is a significant scatter in elemental abun-
dance ratios at a given time/metallicity, as shown in Figs. 16-18 of [Kobayashi &
Nakasato| (2011)).

Figure[22]shows the frequency distribution of [O/Fe] ratios in the solar neighbor-
hood of our simulated galaxy. The same [O/Fe]-[Fe/H] relation as in Fig. E]is seen:
the plateau at [O/Fe] ~ 0.5 caused by core-collapse supernovae, and the decrease
of [O/Fe] from [Fe/H] ~ —1 to ~ 0 due to the delayed enrichment from SNe Ia.
The difference is that this chemodynamical model predicts not a line but a distribu-
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tion (contours). A similar figure was also shown in|Kobayashi & Nakasato| (2011},
which predicted a bimodal distribution of [O/Fe] ratio at a given [Fe/H], concluding
that “this may be because the mixing of heavy elements among gas particles is not
included in our model”. However, with the APOGEE survey (Hayden et al.|[2015)
clearly showed the bimodality of [a/Fe], which was in fact already seen in earlier
works with a much smaller sample but careful analysis (Fuhrmann||1998}; |Bensby
et al.|2003). The advantage of the APOGEE survey was its large dynamic range and
the change of the bimodality depending on the location within the Galaxy is also
clearly shown. Kobayashi|(2016) showed a similar change in the simulated Galaxy,
and [Vincenzo & Kobayashi| (2020) showed a comparison to APOGEE DR16. Our
simulated galaxy predicts this bimodality should exist not only for [a/Fe] ratios
but also for most of elements from He to U; some elements even show trimodality
(Kobayashi|[2022a; Kobayashi in prep.).

At [Fe/H] < —1 Figure E:ﬂ also shows a significant number of stars with low
[o/Fe] ratios, which is caused by local enrichment from SNe Ia. Note that the SN Ia
rate becomes almost zero from the stars below [Fe/H] = —1.1 in the adopted SN Ia
model. Nonetheless, stars formed in less-dense regions can have low [a/Fe] caused
by SNe Ia, or by low-mass Type II supernovae (13 — 15M,); this effect is important
also for dSph galaxies. The number of such low- stars increases with sub-Ch mass
SNe Ia (Kobayashi, in prep.).

The origin of the scatter/bimodality is discussed in|Kobayashi (2014)). In chemo-
dynamical simulations, it is possible to trace back the formation place of star par-
ticles. As a result, stars formed in merging galaxies found to have old age, low
metallicity, high [ot/Fe] ratios, and relatively low [(Na,Al Cu)/Fe] ratios, while stars
formed in-situ show a tighter age-metallicity relation and low [co/Fe] ratios. There is
no age-metallicity relation for the stars that migrated, as expected. In cosmological
zoom-in simulations, stars tend to migrate outwards by a few kpc, which flatten the
metallicity gradient by ~ 0.05 dex/kpc. Radial flows steepen the gradient as chemi-
cally enriched gas moves inwards, but the average velocity is found to be only ~ 0.7
km/s (Vincenzo & Kobayashi[2020).

Figure [23] shows the [Eu/Fe] ratios in the solar neighborhood of our simulated
galaxy but with switching the r-process sites. With only AGB stars (panel a), Eu is
not sufficiently produced. Different from one-zone GCE models, AGB contribution
can be seen with a large scatter at low metallicity. With ECSNe or v-driven winds
(panel b), Eu production is not increased enough. With NSMs (panel c), it is possible
to reproduce the solar Eu/Fe ratios at the solar metallicity, but the scatter is too large
at [Fe/H] <0. Unlike one-zone GCE models, there are a small number of stars that
have high [Eu/Fe] ratios at low metallicities due to the inhomogeneous enrichment.
The scatter can be much reduced with MRSNe (panel d) as they occur at a very short
timescale. Since only a small fraction of core-collapse supernovae produce both Eu
and Fe, the small scatter still remains, consistent with observations.

Very high [Eu/Fe] ratios were reported for ultrafaint dSphs (Ji et al.[2016)), which
might be caused by local enrichment with a NSM with no Fe production (and no Zn
enhancement unlike|Yong et al.|(2021)’s star). The effect of supernova kick in binary
neutron star systems may help (van de Voort et al.|2022)). Although supernova kick
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Fig. 23 Distribution of [Eu/Fe] against [Fe/H] for the star particles in the solar neighbourhood
of our simulated Milky Way-type galaxy at z = 0. The panels in order show: control, ECSNe+v-
driven winds, NSMs, and MRSNe. The observational data sources are: red

squares),[Roederer et al| (2014] orange circles), (2016| green triangles), and
GALAH DR2, cyan contours). The contours show 10, 50, and 100 stars per bin. The colour

bar shows the linear number per bin of simulation data. Figure is taken from Haynes & Kobayashi|

(2019).

is included in the delay-time distributions from BPSs, it is difficult to include it in
the sub-galactic scale. In dSph galaxies, star formation takes place slowly, chemical
enrichment proceeds inefficiently, and thus the inhomogeneous enrichment effect
becomes even more important. Higher resolution of simulations with a new formal-
ism/code will be required.

Extra-galactic archaeology

Elemental abundances and isotopic ratios provide additional constrains on the
timescales of formation and evolution of galaxies. In galaxies beyond the Local
Group, it is not usually possible to resolve stars or HII regions, and metallicites of
stellar populationsﬂ or ISM are estimated from absorption or emission lines in inte-
grated spectra. Thanks to MOS surveys since SDSS the sample is greatly increased,
and thanks to IFU surveys since SAURON the spacial (projected) distributions of
metallicities are also obtained. Note that the methods for obtaining the absolute

values of physical quantities are still debated (Worthey et al|[1992; [Conroy|[2013;
[Maiolino & Mannucci|2019; Kewley et al.[2019). For stellar populations, a./Fe ratios

9 Multiple lines should be used to break the age-metallicity degeneracy.
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Fig. 24 (Left panel) The first NIRCam/JWST image of a cluster of galaxy SMAC(0723 at z =
0.39 but showing much higher redshift galaxies too, released on 11th July 2022. Figure is taken
fromhttps://webbtelescope.orgl (Right panel) Emission lines that can be obtained with
NIRSpec/JWST as a function of wavelength and redshift.

have been used to estimate the formation timescale of early-type galaxies (Thomas
et al. [2005; [Kriek et al.|2016), while Fe is not accessible in star-forming galax-
ies, and instead CNO abundances can be used (Vincenzo & Kobayashi|2018b)). The
James Webb Space Telescope (JWST) will push these observations toward higher
redshifts, and the wavelength coverage of which will allow us to measure CNO
abundance simultaneously (Figure 24)). More elements are available for X-ray hot
gas or quasar absorption line systems, although neutron capture elements are out of
reach. Isotopic ratios of light elements and some light element abundances (e.g., F)
are also estimated with Atacama Large Millimeter Array (ALMA).

Figure[25]shows the evolution of stellar luminosities and metallicities in a cosmo-
logical simulation. More massive galaxies tend to have higher metallicities, which is
called mass—metallicity relations (MZR). As already discussed, the origin of these
relations are mass-dependent galactic winds by supernova feedback (Kobayashi
et al.[[2007; [Taylor et al|[2020). More intense star formation also happens in the
simulated massive galaxies. An IMF variation is also possible (Kobayashi[2010).
Metal-loss by AGN feedback is not significant (Taylor & Kobayashi|2015al).

Various ways are possible to calculate the abundance ratio of the stellar popula-
tion (or ISM) of a galaxy:

logX /Y =log (ZMX/ZMY> ,log <ZMA1;X/ZM> ) (ZMlog Aﬁ?) /ZM7
N N N Y N N Y N
log (Z LAA//;X/; LAA//[IY> ,log (;L%/;L) ,or (;Llog ?\/I/Ii) /;L, (20)

N
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z=10 _

Fig. 25 The time evolution of our cosmological simulation in a periodic box 504~ Mpc on a side.
We show the projected stellar V-luminosity (upper panels) and gas metallicity logZ, /Z, (lower
panels).

where N is the number of stars/star particles (or HII regions/gas particles). The
first three are mass-weighted, but in order to compare with observational data, it
should be weighted by luminosity L (or star formation rate). For stellar populations,
we use V-band luminosity where Mgb line (5143-5206 A) is located, and these
definitions give slightly different results. For the ISM, the star formation rate of
each gas particle can be used for weighting since it correlates with Ho emissions.
This weighting gives very different results as there are many non-star forming gas
particles in galaxies (see Fig. 19 of |Kobayashi et al.|2007). It is not obvious which
is the best definition.

Within galaxies, central parts are more metal-rich than outskirts, which is called
metallicity radial gradients. The origin of these gradients are the inside-out for-
mation, where star formation starts from the centre with a higher efficiency and
more chemical enrichment cycles. The star formation is more intense at the cen-
tre in the simulated galaxies. The star formation duration is not necessarily longer
in the centre if quenching happens also inside-out by AGN feedback. Radial flows
steepen the gradients, while galaxy mergers flatten the gradients (Kobayashi/[2004).
Re-distribution of metals by AGN feedback may be important for gas-phase metal-
licity gradients (Taylor & Kobayashi|2017). Simulations predict a significant scatter
of gradients at a given mass (Kobayashi|2004; Taylor & Kobayashi|2017), while the
average of the gradients become steeper at higher redshifts (Pilkington et al.|2012
Kobayashi & Taylor, in prep.).

The metallicity gradient is defined in a log-scale for stellar populations but in a
linear scale for gas-phase, and their example values are:
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Fig. 26 (Left) Evolution of gas-phase CNO abundance ratios in our simulated disk galaxies with
different star formation timescales, taken from a cosmological simulation. Figure is taken from
[Vincenzo & Kobayashi| (2018b). (Right) Evolution of the gas-phase N/O—O/H relation of our sim-
ulated galaxies in a cosmological simulation. The gray bar indicates the compilation of observa-

tional data. Figure is taken from |Vincenzo et al.|(2019).

AlogZ,./Alogr~0.3 (21)
for nearby early-type galaxies and
AZy/Ar ~0.05 [dex/kpc] (22)

for nearby disks, where r is the projected, galactocentric radius. These definitions
give a good fit to slit observations of nearby galaxies (e.g., [Zaritsky et al.|[1994;
|Kobayash1 & Arimoto that cover a large radius (r < 2re), where re is the ef-
fective radius at which a half of stellar luminosity is enclosed. Often, the central part
(r <1 kpe) is excluded from the fitting because it shows a flattening due to a lim-
ited seeing in observations, or due to a limited spatial resolution in simulations. The
outer part also show a sudden decrease in metallicity, or an increase due to a satellite
galaxies, which is also excluded from the fitting. However, recent analysis of IFU
surveys stellar metallicities are also measured against linear , and it is important to
clarify the definition.

Our cosmological simulations also predict elemental abundances and isotopic
ratios. The left panel of Figure 26]shows theoretical predictions of CNO abundance
ratios for simulated disk galaxies that have different star formation timescales. These
galaxies are chosen from a cosmological simulation, which is run by a Gadget-
3 based code that includes detailed chemical enrichment (Kobayashi et al|2007).
In the simulation, C is mainly produced from low-mass stars (< 4M), N is from
intermediate-mass stars (>4M) as a primary process (IKobayashi et al.||201 lal), and
O is from massive stars (> 13M). C and N are also produced by massive stars;
the N yield depends on the metallicity as a secondary process, and can be greatly
enhanced by stellar rotation (as for F).
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Fig. 27 Stellar [O/Fe] ratios as a function of central velocity dispersion, which is a proxy of galaxy
mass, for our simulated galaxies with (black asterisks) and without (red diamonds) AGN feedback
at z = 0. The arrows indicate the differences in two cosmological simulations from the same initial
conditions. The solid lines indicate the observed relations. Figure is taken from|Taylor & Kobayashi
(2015b).

In the nearby universe, the N/O—O/H relation is known for stellar and ISM abun-
dances, which shows a plateau (N/O ~ —1.6) at low metallicities and a rapid in-
crease toward higher metallicities. This was interpreted as the necessity of rotating
massive stars by (Chiappini et al|(2006). However, this should be studied with hy-
drodynamical simulations including detailed chemical enrichment, and [Kobayashi
(2014) first showed the N/O-O/H relation in a chemodynamical simulation. |Vin-
cenzo & Kobayashi|(2018a)) showed that both the global relation, which is obtained
for average abundances of the entire galaxies, and the local relation, which is ob-
tained for spatially resolved abundances from IFU data, can be reproduced by the in-
homogeneous enrichment from AGB stars. Since N yield increases at higher metal-
licities, the global relation originates from the mass—metallicity relation of galaxies,
while the local relation is caused by radial metallicity gradients within galaxies.
Moreover, the right panel of Figure [26] shows a theoretical prediction on the time
evolution of the N/O-O/H relation, where galaxies evolve along the relation. Re-
cent observation with KMOS on VLT confirmed a near redshift-invariant N/O-O/H
relation (Hayden-Pawson et al.[2021, KLEVER survey).

Figure[27]shows [at/Fe] ratios of stellar populations as a function of galaxy mass
for our simulated galaxies with and without AGN feedback. Without AGN feedback
(red diamonds), since star formation lasts longer in massive galaxies with a deeper
potential well, [ct/Fe] ratios become lower in massive galaxies, which is the opposite
compared with the observations (solid lines). With AGN feedback (black asterisks)
star formation can be suppressed before the SN Ia enrichment becomes dominant in
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massive galaxies, so that [o/Fe] ratios can stay high. However, the scatter of [a/Fe]
ratios at a given galaxy mass is still larger than observed.

[o/Fe] ratios become higher at higher redshifts in the simulations, but not as
much as observed (e.g., Kriek et al.|2016)). Some cosmological simulations claimed
that they could reproduce the observed [o/Fe]-mass relation at z = 0, but with an
ad-hoc SN Ia model. Some even introduced a variation in the IMF or in the binary
fraction. However, the [ot/Fe] problem should be discussed with a chemodynamical
model that is based on nuclear astrophysics and that can reproduce the observed
elemental abundances both in the Milky Way and dSph galaxies. We do not have
such a model yet.

Conclusions and Future Prospects

Thanks to the long-term collaborations between nuclear and astrophysics, we have
good understanding on the origin of elements (except for the elements around Ti
and a few neutron-capture elements such as Au). Inhomogeneous enrichment is ex-
tremely important for interpreting the elemental abundance trends. It can reproduce
the observed N/O-O/H relation only with AGB stars and supernovae (Fig.[26), but
not the observed r-process abundances only with NSMs (Fig.[23); an r-process as-
sociated with core-collapse supernovae such as magneto-rotational hypernovae is
required (Fig.[IT)), although the explosion mechanism is unknown. It is necessary
to run chemodynamical simulations from cosmological initial conditions, including
detailed chemical enrichment based on nuclear astrophysics.

The impact of stellar rotation, binaries, and magnetic fields during stellar evolu-
tion, and the multi-dimensional effects of supernova explosions in nucleosynthesis
should be investigated further. If Wolf-Rayet stars are producing heavy elements
on a very short timescale, it might be hard to find very metal-poor or Population
IIT (and dust-free) galaxies at very high redshifts even with JWST. In that case the
elemental abundances can be quite different in very high redshift galaxies (e.g.,
high (C,N)/O; Fig.[9). Although there is no observational evidence, pair-instability
supernovae could also cause very different abundance pattern (e.g., high (Si,S)/O;
Fig.[10). Finally, some metals are locked in a solid state - it is also important to cal-
culate element-by-element dust formation, growth, and destruction, as well as the
detailed chemical enrichment.

Galactic archaeology is a powerful approach for reconstructing the formation his-
tory of the Milky Way and its satellite galaxies. APOGEE and HERMES-GALAH
surveys have provided homogeneous datasets of many elemental abundances that
can be statistically compared with chemodynamical simulations. Future surveys
with WEAVE and 4MOST will provide more. Having said that, the number of EMP
stars will not be increased so much in these surveys, and a target survey such as
the SkyMapper EMP survey is also needed, in particular for constraining the early
chemical enrichment from the first stars. It is important to increase spectral resolu-
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tion and wavelength coverage (including UV), to obtain more accurate abundances
of more elements (namely neutron-capture elements).

Reflecting the difference in the formation timescale, elemental abundances de-
pend on the location within galaxies. Although this dependence has been explored
toward the Galactic bulge by APOGEE, the dependence at the outer disk is still un-
known, which requires 8m-class telescopes such as the PFS on Subaru telescope.
Despite the limited spectral resolution of the PFS, a/Fe and a small number of ele-
ments will be available. The PFS will also be able to explore the a/Fe bimodality in
M31; it is not yet known if M31 has a similar o/Fe dichotomy or not.

The next step will be to apply the Galactic archaeology approach to external
or distant galaxies. Although it became possible to map metallicity, some elemen-
tal abundances, and kinematics within galaxies with IFU, the sample and/or spa-
cial resolution are still limited even with JWST. Integrated physical quantities over
galaxies, or stacked quantities at a given mass bin, will also be useful, which can
be done with the same MOS developed for Galactic archaeology (although optimal
spectral resolutions and wavelength coverages are different). Spectroscopic surveys
with 8m-class telescopes will be useful, and it is a matter of urgency to establish
the analysis methods to obtain absolute values of metallicities and elemental abun-
dances from the observational data. In addition, ALMA has opened a new win-
dow for elemental abundances and isotopic ratios in high-redshift galaxies. Extra-
galactic archaeology will become popular in coming years.
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