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Abstract

Elements heavier than iron are synthesized by neutron capture processes, which can be clas-

sified into s (slow) and r (rapid). For solar metallicity stars, the s-process elements are

synthesized in asymptotic giant branch stars. The origin of r-process elements has not been

identified for a long time, but observations of the electromagnetic counterparts of a neu-

tron star merger event have provided evidence for synthesizing r-process elements. Neutron

capture elements play an essential role in stellar archaeology because the timing of their syn-

thesis is significantly di↵erent from that of magnesium and iron. The elemental abundances

of stars can be measured for objects within the Milky Way’s dark matter halo (200 kpc). The

largest galaxy in this range is the Milky Way, with smaller dwarf galaxies and even smaller

ultra-faint dwarf galaxies (UFDs).

This thesis aims to clarify the origin of neutron-capture elements and use these elements

to probe the formation histories of galaxies. Chemical evolution studies for neutron-capture

elements in the literature mainly focus on the Milky Way and classical dwarf galaxies. How-

ever, the chemical enrichment of UFDs needs to be studied as they are a valuable probe for

the s-process enrichment: it can eliminate contributions from r-process events. In this thesis,

I investigate the s-process enrichment of a UFD. I will show that it elucidates the need for

a non-standard source of the s-process elements. To fully exploit the potential of UFDs as

laboratories for cosmic nucleosynthesis, I need to study and further constrain the formation

end evolution history of a UFD. I will show that the formation scenario of a UFD with an

extended stellar profile can be successfully explained by an early merger. This is the first

work that investigates the connection between the stellar density profile and the formation

history.

While UFDs are useful to discretize contributions from rare events, Milky Way stars

are suitable for studying statistical properties of nucleosynthesis sources, such as delay time

distribution. For metal-poor stars in the Milky Way, a positive correlation is seen between

r-process abundances and overall metallicity. It indicates that the r-process elements are

produced with a significant time delay from progenitor star formation. The existence of

a globular cluster with an internal r-process abundance spread can be explained by the

inhomogeneity in the interstellar medium of a galaxy. It suggests that the number of star

formation epochs in a globular cluster is one, in contrast to the standard formation scenario

of globular clusters. Finally, I study the origin of an absorption feature in the spectrum of a

neutron star merger. Helium is a possible candidate for the feature, which will be helpful as

a probe for the physical condition of neutron star merger ejecta.
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1 Neutron-capture elements in the Universe
1.1 Cosmic elemental abundances
Alpher et al. (1948) proposed that all the elements were synthesized during the Big Bang.
They assumed that the cosmic baryons were initially composed of neutrons, and it captures
another neutron while it keeps decaying into protons. The picture is questioned later: there
are no stable isotopes at the mass numbers 5 and 8. Therefore, any two-body reactions
cannot synthesize heavier nuclei: only the triple-alpha reaction can overcome the gap. The
requirement for the density is high. Therefore, the possibility of the scenario above has been
eliminated. Today, it is well accepted that the elements are synthesized inside stars and
relevant explosive events, where high density allows the three-body reactions and further
nucleosynthesis processes. The pioneering work is Burbidge et al. (1957): I will review the
understanding of cosmic nucleosynthesis in this section.

Elements are a key to solving the cosmological history of matter circulation. This is
because most elements are stable in the interstellar medium: they are not altered by any
processes in the interstellar medium (ISM), except for very rare events of interaction with
high-energy cosmic rays. In addition, as long as the energy is below meson production (∼ 140
MeV), the number of nucleons is constant: only a transformation of a proton to a neutron
and vice versa is allowed via β decays. Otherwise, all the processes are “reshuffling” of
nucleons. Therefore, “cosmic nucleosynthesis” refers to the reshuffling of nucleons that were
originally protons and neutrons. Elements are synthesized in high-energy and high-density
environments such as stellar interiors. The high temperature enhances the possibility of
tunneling, and high density allows the realization of the nucleosynthesis reactions that are
still slow.

Figure 1 shows the solar abundances of elements. The abundances are obtained from
Asplund et al. (2009). They mostly represent the solar photospheric abundances, except
for a few rare elements, for which I use the abundances in meteorites (CI chondrites). A
clear trend is an exponential decrease from the mass number 1 to 100, flat distribution from
100 to 210, and abrupt disappearance of heavier nuclei. Burbidge et al. (1957) has given a
natural interpretation to this trend: the first exponential decrease represents the fact that
the nucleosynthesis process becomes increasingly rare for massive nuclei. On the other hand,
the flat trend after A ∼ 100 suggests that the frequency of the event is roughly constant.
The abrupt drop of abundances with A > 210 is the lack of isotopes with sufficiently long
lifetimes: the only exceptions are 232Th, 235U, and 238U.

The constant abundances for ∼ 100 < A < 200 is a consequence of neutron-capture
processes. Considering the reaction path of neutron-capture and beta decay, at least two
neutron-capture processes are required: s-process and r-process. The s-process is character-
ized by the slow capture of neutrons. β decay occurs when the nucleus becomes unstable.
Therefore, nucleosynthesis proceeds along the path of the stable nuclei. On the other hand,
the existence of neutron-rich nuclei cannot be explained by the addition of a small number
of neutrons to the stable isotopes. It suggests that we need another process: the process
should combine many neutrons at once, and then, β decays stop when the daughter nuclei
are relatively stable to have a long lifetime. That is the r-process.
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Figure 1: Abundance of elements in the Universe. Solar abundance is normalized so that
Hydrogen abundance is 1012.

Figure 2: Decomposition of neutron-capture element abundances into s- and r-processes.
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1.1.1 Elements up to iron
Charged particle processes are responsible for the synthesis of elements up to A ∼ 100. These
elements are mostly synthesized in stars. Since the central temperature of a star depends on
the mass, the terminal point of the fusion reactions also depends on the mass. Stars more
than ∼ 0.08 M! start burning Hydrogen in the core. During the main-sequence phase, a
star burns effectively four protons into an α particle via the pp chain or the CNO cycle.
Once Hydrogen is exhausted in the core, the region of Hydrogen burning goes to a shell. The
shell Hydrogen burning produces a huge luminosity. The envelope of the star bloats, and the
surface temperature decreases while the luminosity increases. The Hydrogen shell-burning
stars are the red giant branch stars.

If the star is sufficiently massive, Helium burning can be ignited in the core after the
core contraction. This Helium burning is the triple α reaction: 3α → 12C and 12C is formed.
Part of the 12C nucleus captures another α particle to become 16O, and then become 20Ne.
Therefore, the core composition after the Helium burning is a mixture of Carbon and Oxygen,
called the “CO core”. Nuclear burning proceeds as Carbon burning:

12C + 12C → 23Mg + n (1)
→ 20Ne + α (2)
→ 23Na + p (3)

Neon burning

220Ne → 16O+24 Mg, (4)

Oxygen burning
16O+ 16O → 31S + n (5)

→ 31P + α (6)
→ 30P + d (7)
→ 28Si + α, (8)

and Silicon burning, which proceeds in a complex manner, and it ends at the nuclear statis-
tical equilibrium, where elements around 56Ni compose the central material. 56Ni is the most
abundant if the numbers of neutrons and protons are the same. The most stable nucleus is
62Ni. The region of the burning gets narrower as it proceeds to later stages: therefore, lighter
elements are left outside, and the star looks like an “onion”. Lighter elements have more
opportunities for formation, therefore, have higher abundances in general (see Figure 1).

1.1.2 Iron-peak elements
The thermonuclear explosion of a white dwarf (WD) is a factory of elements around the iron.
A WD is formed as a remnant of stellar death of a low-to-intermediate mass (! 8M!) star.
Type-Ia supernovae are considered to be such explosions. There are two possible models
for the progenitor: single-degenerate (SD) and double-degenerate (DD) models. In the SD
model, the mass of a WD reaches its Chandrasekhar mass limit; then, the star undergoes
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an explosion. On the other hand, the DD model considers the merger of two WDs causes
thermonuclear detonation. Either way, the burning reaches a very high temperature, and
the composition can be assumed to be a nuclear statistical equilibrium of similar numbers of
neutrons and protons. This results in the synthesis of elements around the iron. The peak
around the mass number A # 60 in Figure 1 shows the significant contribution from this
process.

1.1.3 Neutron-capture processes
Elements heavier than the Fe group are synthesized via neutron-capture processes. The
abrupt change of the abundance trend to a flat distribution after A ∼ 100 in Figure 1 is
the consequence of neutron-capture processes. The abundance is not a decreasing function
because neutrons do not feel the Coulomb barrier for nucleosynthesis. The critical parameter
here is the neutron-capture cross section σ. In an environment with sufficient neutrons, the
abundances of each element will follow σ−1.

Figure 3 shows the lifetimes of each nucleus on the nuclear chart. S-process nucleosyn-
thesis proceeds on the stable region on the chart because neutron captures are slower than
the β decay. Once a resultant nucleus becomes unstable to decay, it quickly decays until the
nucleus stabilizes. On the other hand, the r-process proceeds on the neutron-rich region: the
path shifts to the bottom right of the chart. This is because of the quick neutron captures
compared to the β decay. Nuclei do not care about moderate instability, and further neu-
tron capture progresses. It continues until the decay lifetime becomes comparable to neutron
captures of ∼ ms.

The difference in the path on the chart gives a difference in the abundance pattern between
these processes. Figure 2 shows the elemental abundance pattern for the s and r processes.
In neutron-capture reactions, Many elements accumulate on the neutron magic numbers
N = 50, 82, and 126 because their cross-sections are low. The accumulation appears as a
“peak” on elemental abundances. The peak for N = 50, 82, and 126 is named the first,
second, and third peaks. Nuclei synthesized in the s-process do not decay after the reactions.
The r-process elements, on the other hand, decays after the neutron captures because they
are unstable to β decays. The neutron number decreases in the decay process. Therefore,
r-process peaks slightly shift to the lighter nuclei compared to the s-process peaks.

The following section explains the physical processes and astrophysical objects that con-
tribute to the neutron-capture processes.

1.2 Neutron-capture processes in the astrophysical environments
1.2.1 S-process
The first analysis of the astrophysical s-process was phenomenological: the fundamental
assumption is that a material is irradiated with a constant neutron flux. The evolution of
the abundance for a nucleus A is given by:

dN(A)

dt
= λn(A− 1)Ns(A− 1)− λn(A)Ns(A), (9)

7



Figure 3: Nuclear chart

Figure 4: s-process abundances.
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Figure 5: Schematic figure showing the stellar structure during the first dredge-up (FDU)
and the second dredge-up (SDU).

where λn = Φσ is the neutron capture rate, Φ = nnvT is the neutron flux. Here we have
assumed that β decays do not play a role: all nuclei are considered to be instantly decaying
or stable. This relation holds for all A on the s-process path. If the irradiation time is
sufficiently long and the neutron flux Φ is constant, the left-hand side goes to zero, and
σ(A)Ns(A) is constant.

Figure 4 show the σN values for the s-process contribution (Arlandini et al. 1999). Here,
σ is the neutron-capture cross-section at 30 keV, and N is the abundance in the Universe,
multiplied by the s-process contribution fraction. The cross-section is obtained from (Bao
et al. 2000). The decline at the second neutron magic number N = 82 is a consequence
of multiple neutron irradiations: sometimes, the irradiation is insufficient to overcome the
accumulation point at the magic number. To study the details of the s-process, we need
nucleosynthesis studies together with the stellar evolution models.

1.2.1.1 Stellar evolution of an asymptotic giant branch star A star begins its life
as a main-sequence star: it is composed of about 75 percent of Hydrogen, 25 percent of
Helium, and a trace amount of heavy elements (“metals”). The star emits light using the
energy produced in the Hydrogen nuclear fusion at the core. When the Hydrogen mass
fraction becomes lower than ∼ 10%, it leaves the main sequence: the He core contracts while
the H envelope expands. Stars with a low-temperature envelope are convective. Therefore
material at the bottom of the convective envelope is dredged up to the surface (“first dredge-
up”, FDU: see Figure 5). If the star’s initial mass is more than ∼ 0.5 M!, He is ignited in
the core. The central He burning decreases the luminosity of the star. After the exhaustion
of the core He, it becomes a giant again: He shell burning is ignited, while the CO core
contracts. This is the asymptotic-giant branch (AGB) star.

During the early AGB (E-AGB) phase, the convective envelope progresses from the sur-
face to the interior. If the star’s initial mass is " 3.5M!, the convection digs the region where
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Figure 6: Schematic figure showing the stellar structure during the third dredge-up (TDU).

Hydrogen burning has affected the composition. Therefore, surface composition changes: this
is the “second dredge-up” (SDU: see Figure 5). Note that less massive stars do not experience
the SDU.

The E-AGB phase ends when Hydrogen shell burning is ignited. After this, the energy
production is dominated by the shell Hydrogen burning for most of the time. Throughout
this phase, the structure of the star is intermittently disrupted by thermal instability at
the He shell. This phase is called the thermally-pulsing AGB (TP-AGB) phase. Between
the Hydrogen and Helium shells, there is a radiative He layer: He intershell. The mass of
the intershell grows as the H shell burns. The He sinks toward the center, and it results
in the growth of He density at the inner region of the He shell, and the shell He burning
rate increases. Once He shell burning begins, it produces energy strongly in a short period
of time: it produces a thermal pulse. The pulse interrupts the intershell, and the region
becomes convective. The convection dredges up the material produced in He burning: “third
dredge-up” (TDU, see Figure 6). The star expands as the energy is produced, temperature
decreases, and the burnings at Hydrogen and Helium shells stall. This cycle is repeated 10 –
100 times until the whole Hydrogen envelope is expelled by mass loss.
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1.2.1.2 S-process during AGB evolution TDU is the phase for the s-process synthe-
sis. However, forward modeling of the mixing process at the boundary of the convective enve-
lope and radiative He intershell is difficult. A usual approach is to assume that some amount
(∼ 10−4) of protons in the envelope is mixed into the He intershell. The mixed protons
are captured by 12C: 12C(p, γ)13N(β+ν)13C reactions produce 13C. Although 13C(p, γ)14N is
efficient, 13C remains in large amount if the proton is scarce: therefore, a small region that
contains a lot of 13C remains: “13C pocket”. The 13C(α, n)16O reaction is activated at ∼ 80
MK. The produced neutrons are then captured by heavy nuclei such as Fe, producing the
s-process elements.

Historically, 22Ne(α, n)25Mg reactions are considered. Since their activation temperature
is higher (∼ 300 MK), relatively massive (∼ 5 M!) stars are considered. However, various
problems have been found for this scenario: (i) neutron flux does not match the branching
ratio in solar abundance stars, (ii) luminosity of the stars is overpredicted in stars undergoing
22Ne(α, n)25Mg reactions, to name a few. From these analyses, it is now well accepted that
low-to-intermediate mass stars are the origins of the s-process elements in the Universe.

1.2.1.3 Observational confirmation for the s-process in AGB stars Observation-
ally, Merrill (1952) has observed spectral features of Tc I in the surface of a red giant star
(“S-star”). Tc is also detected in a more evolved C-star (C/O ratio more than unity). Since
the half-life of Tc of 2 × 105 yr is shorter than the typical stellar evolution timescale, it is
clear that Tc is synthesized in S and C stars. This is consistent with the TDU picture during
TP-AGB stars: the pulse period is shorter than the lifetime of Tc. Therefore it remains on
the surface of the star.

1.2.1.4 S-process production in rotating massive stars The stellar rotation has a
crucial effect on the internal evolution of a star. In terms of chemical enrichment, they are
proposed as the origin of “primary” Nitrogen, i.e., Nitrogen that originates from Hydrogen
and Helium inside the star, not from Carbon, in a metal-poor environment (Chiappini et al.
2006). Stellar rotation facilitates the chemical diffusion between different layers inside a star.
During core He burning, Carbon is synthesized due to the triple-alpha process. The Carbon
diffuses to the radiative layer of He core. Also, the proton diffuses to the same layer from the
stellar envelope. When the temperature of the layer becomes sufficiently high, protons are
captured by the Carbon to produce Nitrogen (CNO cycle but with “primary” Carbon). Since
no other processes are proposed to solve the primary Nitrogen problem, this is considered
the solution.

For solar metallicity stars, s-process elements are dominantly produced by the AGB stars.
However, Limongi and Chieffi (2018) and Prantzos et al. (2018) have pointed out that rotating
massive stars contribute significantly to the s-process element production for low-metallicity
stars. They have proposed that both 13C(α, n)16O and 22Ne(α, n)25Mg reactions contribute
to the neutron production: the former reaction is for light neutron-capture (such as Nitrogen
and Fluorine) while the latter is for the heaviest s-process elements. We have seen that
Nitrogen production is enhanced during the core He burning phase. Since the layer with
abundant Nitrogen is the “He” layer, there is a sufficient amount of α particles. Therefore, α
particles are captured by Nitrogen to form 22Ne via 14N(α, γ)18F(β, γ)22Ne reactions. Then,
the 22Ne works as the neutron source for the s-process production.
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Prantzos et al. (2018) study the contribution of rotating massive stars to the chemical
evolution of the Milky Way using a one-zone model. They have calibrated the initial distri-
bution of rotational velocities (“IDROV”) by requiring that (i) the primary behavior of 14N
is explained and (ii) the s-process elements are not overproduced. As a result, ∼ 20% of stars
at [Fe/H] = −3 rotates at 300 km/s, which is about half of the break-up rotation velocity,
while the fraction of fast rotators decrease significantly at [Fe/H] ≥ −2. The remaining
[Fe/H] = −3 stars rotate at 150 km/s. At higher metallicity [Fe/H] > −2, the fraction of
nonrotating stars increases, and at solar metallicity ∼ 70% of stars are nonrotating, while
others are slow (150km/s) rotators.

1.2.2 R-process
1.2.2.1 Conditions for the r-process nucleosynthesis In the r-process, the neutron
capture reactions proceed far from the stable region of the nuclei chart. The condition for
the “neutron capture faster than β-decay” can be written as:

Nn〈σv〉 )
1

τβ
. (10)

For typical neutron-rich nuclei (that are less neutron-rich than the neutron drip line), τβ #
100ms. The astrophysical conditions for the r-process is typically 109 K. Therefore, the
typical thermal velocity of a neutron is v/c # 0.01 or v # 108 cm s−1. The neutron-capture
cross sections for neutron-rich nuclei at the energy of ∼ 105 eV is σ # 10mb = 10−26 cm2.
Therefore, the requirement for the neutron density is Nn ) 1019 [cm−3]. Astrophysical sites
for such an environment have been a crucial question for cosmic nucleosynthesis.

Such extremely high neutron density is obtained in an explosive event. Let us consider
the following situation: initially, a very high-temperature and high-density material exists.
Then, the material suddenly expands, and temperature and density decrease significantly.
The neutron capture reactions occur during this expansion phase. After the density has
dropped sufficiently, only β-decays occur, and the neutron-rich material becomes stable.

Due to the high density and temperature, reaction rates for capturing a nucleon and
the photodisintegration rates are enormous. In such a condition, we can assume that the
reactions are in a chemical equilibrium: nuclear statistical equilibrium (NSE). In this case,
the Saha equilibrium for neutron capture holds:

N(A,Z)Nn

N(A+ 1, Z)
=

G(A,Z)

G(A+ 1, Z)
exp

[
− Qn

kBTn

]
2

(
2πmnkBTn

h

)3/2

(11)

where Qn is a binding energy of a neutron. The same reasoning is valid for a proton capture:

N(A,Z)Nn

N(A+ 1, Z + 1)
=

G(A,Z)

G(A+ 1, Z)
exp

[
− Qp

kBTn

]
2

(
2πmnkBTn

h

)3/2

. (12)

By repeating these relations, we obtain the abundances of any nuclei:

Yi = Y Ni
n Y Zi

p

Gi(T )A
3/2
i

2Ai

(
ρ

mu

)Ai−1( 2π!2
mukT

)3(Ai−1)/2

exp

[
Bi

kT

]
(13)
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where Bi is the nuclear binding energy. The equation shows that the abundance of all the
nuclei can be described by ρ, Ye = Yn/(Yn + Yp), and T .

If the ejecta interacts via weak interactions, we need to consider their effect explicitly.
Therefore, in an astrophysical condition, the three quantities ρ, T, Ye are solved in a time-
dependent manner. In particular, for the case of neutrino-driven wind in a supernova, neu-
trino flux from the proto-neutron star that is forming as the consequence of the core collapse
crucially affects Ye.

1.2.2.2 α process Even if a complete equilibrium is not achieved, the equilibrium may
hold partially (“quasi-statistical equilibrium”, QSE). A prominent example is the α-rich
freeze-out. In this case, the bottleneck reaction is the synthesis of 12C from three α parti-
cles. In an neutron-rich condition, 4He(αn, γ)9Be(α, n)12C is the formation channel for 12C.
This is effectively a four-body reaction because 9Be is not much stable: the first reaction
4He(αn, γ)9Be is tightly balanced in the statistical equilibrium. Since the capture of α par-
ticles occurs between T = 5 × 109 K to 2.5 × 109 K, the ejecta density when it crosses this
temperature region determines whether α particles remain uncaptured. I call the process of
synthesizing heavier nuclei from α particles the α process here.

The fraction of α particles that remain uncaptured can be estimated following the for-
mulation of Hoffman et al. (1997). Here I briefly summarize the equations. At the beginning
of the α process (T9 = 5, where T9 is the temperature in GK), the material is composed of
free neutrons and α particles. The electron fraction determines the ratio between neutrons
and α particles: almost all the protons are captured into α particles. The mass fractions of
α and n are

Xα,0 = 2Ye,i (14)
Xn,0 = 1− 2Ye,i. (15)

The composition of the resulting material should satisfy

1

2
Xα,f +

Z̄

Ā
Xs # Ye,f , (16)

where Ye,f is the electron fraction at T9 = 2.5.
Since 9Be is not much stable, we can assume that the fraction of 9Be is in statistical

equilibrium throughout the α process. Therefore,

Y9 # 8.66× 10−11Y 2
αYnρ

2
5T

−3
9 exp(18.26/T9), (17)

where Y9 is the number fraction for 9Be. In this case, α particles and neutrons decrease only
through the formation of Carbon. Once it passes the bottleneck, the α capture proceeds to
form seed nuclei. Taking F,G as the average number of α particles and neutrons per one
seed nucleon, the time evolution of the α and neutron abundances are:

dYα

dt
# −FYαY9ρNA〈σv〉α,n, (18)

dYn

dt
# −GYαY9ρNA〈σv〉α,n. (19)
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Substituting the Y9 and changing the variable from time to temperature by assuming

T9(T ) = T9(0) exp(−t/τdyn), (20)

we obtain
dYα

dT9
# FY 3

αYng(T9)τdyn, (21)

dYn

dT9
# GY 3

αYng(T9)τdyn, (22)

where
g(T9) # 8.66× 10−6ρ35T

−4
9 exp(18.26/T9)NA〈σv〉αn. (23)

The function g(T9) determines the fraction of α particles that remain after the Helium burn-
ing. In the case of Ye,i < Z̄/Ā, where Z̄/Ā is the average proton-to-nucleon ratio for the
seed nuclei, the final composition favors the presence of neutrons. Since neutrons work as a
catalyst for Carbon synthesis, we can take Yn # Yn,0 during the α process. In this case, the
fraction of α particles that remain in the ejecta is

Y −2
α,f − Y −2

α,0 # 2FYn,0τdyn

∫ 5

2.5

g(T9)dT9. (24)

Here we assume constant entropy during the adiabatic expansion: S # C(T9)T 3
9 /ρ5. Here we

eliminate density term from g(T9):

g(T9) # 8.66× 10−6S−3C(T9)
3T 5

9 exp(18.26/T9)NA〈σv〉αn. (25)

The g(T9) monotonically increases with the temperature. The main contribution to the
integral comes from 4 ! T9 ! 5. Therefore, we approximate C(T9) # 3.33 and obtain

∫ 5

2.5

g(T9)dT9 # 6.4× 108S−3 s−1. (26)

Therefore, entropy is the factor that determines the fraction of α particles that remain
unburned.

1.2.2.3 Normal core-collapse supernova The innermost ejecta of a normal SN after
the core collapse had been considered the astrophysical sites for the r-process (e.g., Qian
and Woosley 1996). However, they are now eliminated from the list of the origin of the
heaviest r-process elements (although weak r-process might occur: see, e.g., Wanajo et al.
2011; 2018). This is because of the weak interactions with neutrinos emitted from the newly
formed proto-neutron star. The neutrino flux regulates the neutron richness via reactions
νe + n # p + e− and ν̄e + p # n + e+. The ejecta is exposed to a strong flux of neutrinos
from the de-leptonizing proto-neutron star. Recent simulations suggest that the equilibrium
is tilted rather proton-rich, and it is unlikely for the ejecta to be sufficiently neutron-rich for
synthesizing the heaviest r-process elements.
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1.2.2.4 Neutron-star mergers A neutron star is composed of neutrons. As the densely
packed neutrons are released to lower densities by a merger, neutron captures occur, and
r-process elements are synthesized. A significant amount of very neutron-rich (Ye ! 0.2)
material is ejected via the tidal deformation and breaking of the neutron star (“dynamical
ejecta”). The neutron richness is sufficient for synthesizing the heaviest r-process elements. In
addition, neutrino wind from the hypermassive neutron star formed as the merger’s remnant
significantly enhances the ejecta’s mass (“wind ejecta”). The high (∼ 10GK) temperature
allows the electron-positron pair production. These particles “protonize” the material via

n+ e+ → p+ ν̄e (27)

reaction. The equilibrium value of the electron fraction Ye could be more than 0.5 (proton-
rich). However, it is often the case that the time duration for the interaction is not sufficient
for the equilibrium. In that case, the ejecta is moderately neutron-rich (Ye # 0.3), synthe-
sizing the first peaks of the r-process elements. The contributions of these two components
could make the r-process abundance pattern in the Universe.

1.2.2.5 Collapsars Collapsars, a collapse of a rotating massive star that produces long
gamma-ray bursts, is proposed as the origin of the r-process elements (Siegel et al. 2019). An
accretion disk is formed around the central black hole during the collapse. The disk becomes
neutron-rich if the density of the accretion disk is sufficiently high. Assuming the material
is (i) transparent to neutrinos and (ii) holds equilibrium for other reactions, Fermi energy
for an electron increases. In that case, a neutron is favored in the reaction n+ νe # p+ e−.
Therefore, the disk becomes neutron-rich. If the disk is expelled and the density decreases
quickly, r-process elements are synthesized.

High density on the disk plane outside the innermost stable circular orbit is the condi-
tion that allows the synthesis of the r-process elements. The density is translated to the
accretion rate by assuming an accretion disk model. Shakura-Sunyaev accretion disk model
(Shakura and Sunyaev 1973) is the standard methodology. Briefly, material needs to lose
angular momentum in order to accrete to the center. This is achieved by transporting an-
gular momentum outward. The transport is mediated by viscosity. They have assumed a
dimensionless viscosity parameter α = ν/(csh) to close the equations. Here, cs and h are
sound speed and the scale height of the disk at the radius we consider, and ν is the kinematic
viscosity (= µ/ρ. Viscosity coefficient µ [dyn cm−2 s] is defined in a Couette flow: it satisfies
τ = µv/h, where τ is the shear stress [dyn cm−2], v is the velocity of the plate, and h is the
width of the flow). The parameter α satisfies 0 < α < 1 and the exact value of α is unknown:
it is treated as a model parameter.

The r-process elements are synthesized if the accretion rate is higher than an ignition
accretion rate:

Ṁign = Kign(a)

(
α

0.01

)5/3

, (28)

where Kign(a) # 10−3 M! s−1 depends on the blackhole spin a.
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2 Introduction to the chemical evolution: what do we
learn from spectroscopic observations?

The elemental abundances of the ISM in a galaxy evolves with time. The initial compositions
are shaped by the Big Bang nucleosynthesis (BBN): 75% is Hydrogen (H), 25% is Helium
(He), and a trace amount of Lithium (Li). The first generation of stars form from the pri-
mordial gas and synthesizes heavy elements. When the stars die, they disperse elements to
the surrounding ISM. The next generation of stars form from the metal-enriched material.
The ISM abundance at each moment is imprinted in a star. Although some stars lose infor-
mation on initial compositions through complex evolution processes, most retain their initial
abundances. Therefore, we can infer the evolution of chemical abundances in the ISM of a
galaxy by spectroscopic observations of stars.

The most natural way to describe the chemical enrichment history is to plot stars on the
age-abundance plane. There are a few ways to infer the age of a star. One is the isochrone
fitting on the color-magnitude diagram. The age estimate for each star is published in recent
surveys such as the GALAH survey (Buder et al. 2018; 2021). The typical error in the age
is ∼ 2 Gyr. This information is helpful for the chemical evolution of the timescale longer
than ∼ Gyr. Another way to infer the stellar age is asteroseismology, which is helpful for
giant stars. Stellar oscillations tell us about their surface gravity. Together with the size of
the star, we can infer the mass. Since we know the relation between the stellar mass and
lifetime, we can estimate the age.

Although these methodologies work to some extent, it is generally impossible to infer a
star’s age. The best proxy is the abundance of iron (Fe). Observers can measure the iron
number fraction over Hydrogen, [Fe/H], via spectroscopy. ISM is metal-free at first, and
then Fe accumulates due to stellar lifecycles. Old stars are Fe-poor compared to new stars.
Plotting two abundance ratios [X/H] and [Fe/H] reveal the accumulation history of element
X. More typical plots take [X/Fe] or [X/Mg] as the y-axis of the plot, as it clearly shows the
relative timescale of the synthesis of the element X compared to Fe or Mg.

The spectroscopic observations first target stars in the Milky Way, and now it expands
to galaxies within ∼ 100 kpc, about halfway to the edge of the Local Group. A few tens of
stellar groups moving together (satellite galaxies) are discovered, and elemental abundances
are measured. Here I summarize chemical abundance studies on various systems in the
literature.

2.1 Chemical evolution of α elements in the Milky-Way and dwarf
galaxies

α elements are synthesized predominantly in massive stars. Therefore, they are helpful as
the standard of comparison because they are synthesized without delay. In contrast, the
production of Fe, the most typically observed element, delays the formation of the progenitor
star. This is because type-Ia supernova, which produces about half of Fe observed in the
Sun, significant delays from the formation of the progenitor stars.

Figure 7 shows the [Mg/Fe]-[Fe/H] plot for stars in dwarf galaxies and the Milky Way.
There is a clear decreasing trend for the Milky Way stars from [Fe/H] ∼ −1: this is a
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Figure 7: [Mg/Fe]-[Fe/H] plot for the Milky Way stars (upper panel) and dwarf galaxies
(lower panel). Typical error is ∼ 0.1 dex. I have ignored data with the [Mg/Fe] error of more
than 0.3 dex. The data is obtained from saga database (Suda et al. 2017).
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consequence of delayed type-Ia contribution. Mg, an α element, is instantly emitted to the
ISM after star formation. On the other hand, half of Fe comes from type-Ia supernova, which
significantly delays from the formation of the progenitor star (Maoz et al. 2012). Therefore,
old, metal-poor stars ([Fe/H] ! −1) are enriched predominantly with massive stars, while
metal-richer stars get more considerable contribution from type-Ia supernovae.

Their typical delay timescale is ∼ 1Gyr. The decline starts when the timescale of chemical
enrichment overcomes that of type-Ia delay. Therefore, the position of the “knee” is a good
indicator for the chemical enrichment timescale: Milky-Way has reached [Fe/H] ∼ −1 after
1Gyr of star formation. Dwarf galaxies show lower [Mg/Fe] at [Fe/H] ∼ −1 compared to
Milky Way stars. This is a consequence of slow enrichment (Frebel and Bromm 2012): when
dwarf galaxies reach [Fe/H] ∼ −1, the typical stellar age in the galaxies is far older than
1Gyr. Therefore, the fraction of type-Ia contribution is larger than the Milky Way, resulting
in lower [Mg/Fe].

2.2 Barium
Barium has strong transitions in 3892, 4131, 4166, 3525, and 5854Å. Ba abundances are avail-
able even for very low quantities in most cases. Together with Eu, it is used to estimate the
neutron-capture process contribution.

Figure 8 shows the evolution of Ba abundance normalized by Mg. Here, Mg is synthesized
in massive stars: the contribution from type-Ia SNe moves points only to the right and not
in the vertical direction. Milky-Way stars of [Fe/H] " −1.0 show an increasing trend: this
is a consequence of AGB star contribution. The effect is twofold: (i) since stars with 1.5–3
M! contribute to the enrichment most efficiently, we expect delays of ∼ Gyr timescale. (ii)
In addition, the s-process nucleosynthesis requires seed nuclei to synthesize heavy elements.
The abundance of seed nuclei is proportional to metallicity [Fe/H]: therefore, an increase of
[Fe/H] results in more efficient s-process production.

Fornax and Sagittarius dwarf galaxies show high [Ba/Mg] compared to stars in the Milky
Way. These galaxies have [Mg/Fe] knees at lower metallicities: therefore, timescales relevant
for the enrichment are more than 1 Gyr. Considering the long timescale and the increasing
trend, it is likely that the origin is the AGB stars. The trend is yet to be explained and
would be an interesting starting point for more detailed modeling.

For solar metallicity stars, Ba is an s-process element. However, the r-process contribution
is known to be more significant in the metal-poor regime. They are often used as the tracer
for the r-process in metal-poor stars. For details, see Section 5.

2.3 Europium
Europium (Eu) is primarily synthesized in the r-process. Eu is most often used as the tracer
for r-process elements as it is ∼ 94% synthesized in the r-process (Arlandini et al. 1999), and
it has transitions at optical wavelength. Most spectroscopic observations use lines at 4129,
4205 Å (e.g. Ji et al. 2016a), and 6645 Å (e.g. Sneden et al. 1997). These lines are not strong,
and it is often impossible to obtain the elemental abundances in low [Eu/H] stars. Therefore,
Eu abundance trends seen in the metal-poor regime are not trustworthy.
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Figure 8: [Ba/Mg]-[Fe/H] plot for the Milky Way stars (upper panel) and dwarf galaxies
(lower panel). Typical error is ∼ 0.2 dex. The data is obtained from saga database (Suda
et al. 2017).
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Figure 9: [Eu/Mg]-[Fe/H] plot for the Milky Way stars (upper panel) and dwarf galaxies
(lower panel). Typical error is ∼ 0.2 dex. The data is obtained from saga database (Suda
et al. 2017).
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In the metal-rich region, the [Eu/Mg] abundance trend is almost flat. This suggests
that the timescale for the r-process enrichment is short, comparable to massive stars. This
evidence is against the neutron star merger model because a long delay is expected from
inefficient binary coalescence. Other scenarios, such as the magneto-rotational supernova
(Nishimura et al. 2015) and the collapsars (Siegel et al. 2019), are considered as the origin of
r-process elements to overcome this problem. Another direction is to consider complex effects
of galactic chemical evolution, such as the natal kick of binary neutron stars (Banerjee et al.
2020a). Also, Schönrich and Weinberg (2019) consider two-phase (hot and cold) interstellar
medium. They assume that neutron-star merger enriches cold medium due to low energy,
while supernova injects elements into the hot medium. The medium in the hot phase requires
an additional delay for cooling before star formation. The abundance trend can be explained
if the gas cooling timescale and merger timescale are comparable. However, the question still
needs to be solved, and the origin of the r-process is still under debate.

Argast et al. (2004) argue that delayed sources such as NSM are not favored from Eu
abundances of low-metallicity stars. The key argument is the r-process abundances of metal-
poor stars: they claim that the long delay of NSM is incompatible with the relatively high
r-process abundances of metal-poor stars. However, the conclusion depends on star formation
history and the minimum delay time. Assuming a lower star formation rate at the earliest
evolution would result in a more r-abundance distribution for metal-poor stars, which is
rather consistent with the observations (See Section 5).

2.4 Strontium
Sr is a first-peak neutron-capture element. It has many strong lines. Therefore, abundances
are available for almost all stars. However, modeling the production of Sr is complicated from
the theory side because many astrophysical objects produce this element. In addition to the
usual r and s processes, the “light-element primary process” are proposed to produce Sr. Since
the required neutron-richness is less extreme, the usual supernova is expected to produce Sr.
Sr-rich while Eu-poor stars observationally confirm the need for such a process compared to
heavier neutron-capture elements (Honda et al. 2004; 2006). An electron-capture supernova
is an interesting event relevant for Sr (see, e.g., Wanajo et al. 2011). Electron capture in the
core reduces the pressure support catastrophically, resulting in an explosion. Mild neutron
richness is expected in the ejecta, which allows the production of Sr in copious amount. For
details, see Section 3.

2.5 Ultrafaint dwarf galaxies
The existence of satellite galaxies smaller than the classical dwarfs has been expected for a
long time. The first detection was in 2005, thanks to the Sloan digital sky survey (SDSS,
Willman et al. 2005a;b). After the first discovery, similar small galaxies have been discovered
in large numbers. Dark energy survey (DES) and Panoramic Survey Telescope & Rapid Re-
sponse System (Pan-STARRS), the two surveys conducted after SDSS, have further increased
the number of ultrafaint dwarf galaxies (UFDs). Today, ∼ 50 UFDs have been identified
around the Milky Way.
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UFDs represent an old stellar population, which makes them crucial for the chemical
study of galaxies. Brown et al. (2014) examined the star formation history of six (Hercules,
Leo IV, UMa I, Boo I, CVn II, and ComBer) UFDs using deep Hubble imaging. They have
concluded that the five UFDs except for UMa I form more than 75% of stars by z # 10. For
UMa I, approximately half of its stars form by z # 3. This observation is consistent with
the theoretical idea that the heating by cosmic reionization has quenched the star forma-
tion (Bullock et al. 2000): the gravitational potential is too shallow for retaining gas after
the heating. The quenching by cosmic reionization was further supported by cosmological
simulations (Jeon et al. 2017; Wheeler et al. 2019; Agertz et al. 2020).

Ji et al. (2016b) have found that Reticulum II, a UFD discovered by DES, is highly
enriched with r-process elements. The abundance ratio [r/Fe] is as high as 2.0, which indicates
that the chemical history is very different from most stars in the Milky Way. The estimated
mass of r-process elements is ∼ 0.01 M!. The most natural interpretation is that a rare and
prolific r-process event has enriched the system at once. The r-process mass is consistent with
the neutron star merger ejecta. The scenario is further supported by later galaxy formation
simulations (Safarzadeh and Scannapieco 2017a; Tarumi et al. 2020b).

From the example above, we see that the other reason UFDs are essential is the dis-
cretization of rare events. Since the stellar mass is small (! 105 M!), the expected number
of events with the occurrence rate of 10−5 M−1

! is less than one. In that case, some UFDs
experience one or more events, while others do not host such events. Therefore, we can see
the difference between enriched and unenriched populations.

2.6 Galaxies outside Local group
We cannot spatially resolve each star for galaxies outside the Local Group. Instead, integrated
light from stellar components or emission lines from the interstellar medium is observed. For
these cases, information on the neutron-capture elements is not available. However, helpful
information is the Nitrogen abundances (see, e.g., Spite et al. 2005; Chiappini et al. 2006).
Nebular emission of Nitrogen is observed from galaxies. At solar metallicity, Nitrogen is
predominantly produced in CNO cycles in stars (converted from Carbon and Oxygen). How-
ever, Nitrogen abundances of low-metallicity galaxies suggest that a “primary” production
mechanism is needed. The only means for the primary Nitrogen production discussed is
rotating massive stars.

2.7 Globular clusters
Globular clusters (GCs) have old stellar populations. Their color and luminosity are well-
fitted by an isochrone on a color-magnitude diagram, indicating that all stars are formed in a
short (! 1 Gyr) period of time. However, a detailed investigation shows a small spread on the
isochrone. Two interpretations are (i) age spread (∼ 500Myr) and (ii) Helium abundance
spread (Bastian and Lardo 2018). In either case, the “older” or “He-rich” population is
referred to as second-generation (SG) stars, whereas those with typical elemental abundances
are called the first-generation (FG) stars.

Interestingly, GCs show an anomaly in the light metal abundances. The SG stars are
enriched with the ashes of Hydrogen burning: i.e., CNO cycle, NeNa-chain, MgAl-chain,
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while its Fe abundance is the same as that of FG stars. To meet these criteria simultaneously
is a difficult task, and no existing models can explain the formation mechanism of this trend
(see Bastian and Lardo 2018 for details). For the study of GCs, see Section 6.

2.8 Aim of this research
This research aims to clarify the origin of neutron-capture elements and use these elements
to probe the formation histories of galaxies. Previous works study MW and classical dwarf
galaxies. Recent spectroscopic observations of UFDs enhance data. UFDs are particularly
important because of their short star formation histories and small stellar masses. The
existence of highly r-process enriched UFDs and the non-detection of Eu in others is fully
consistent with the theoretical expectation that the r-process elements are synthesized in
rare and prolific events. Along with this interpretation, we can cleanly study the production
of the s-process elements with Ba (see Section 3). Furthermore, their stellar distribution
profile is new information that allows us to probe the formation history (see Section 4).

On the other hand, metal-poor stars in the Milky Way tell us more about shorter
timescales (see Section 5). While chemical evolution for the MW is well studied in gen-
eral, the r-process in the metal-poor regime is an exception. The reason is the weakness of
Eu absorption lines. As we have seen in Section 2.3, the Eu abundance at the metal-poor
regime is not reliable. Here, Ba can be used as a tracer for the r-process abundances. Another
caveat is the existence of post-mass transfer systems. We can eliminate their contributions
by imposing a Carbon abundance limit.

Neutron-capture elements are useful tracers for the formation processes of galaxies and
other stellar systems. In Section 6, I study the r-process enrichment of a GC, M15. The
r-process abundance spread has been known for ten years. Previous works explain the abun-
dance spread by invoking an r-process event between FG and SG star formation. However,
the scenario would be inconsistent with the independence of the abundances of Na and Eu.
Therefore, there has yet to be a satisfactory scenario that explains the abundance spread.
Section 6 is the first work that simulates metal mixing around the natal cloud of a GC and
explains the abundance spread as an inhomogeneity in the natal cloud. It suggests that the
number of star formation epochs is one. This work serves as an example of using r-process
elements to constrain the formation channel of a GC.

While metal mixing studies are crucial to interpret spectroscopic observations of stars ap-
propriately, direct observations of nucleosynthesis sites are also critical. Kilonova AT2017gfo
is the unique observation of NSM. An absorption feature at ∼ 8000Å is observed and in-
terpreted as a Sr feature. However, the feature might originate from He with a non-local
thermal equilibrium effect. Section 7 studies the level populations in kilonova ejecta, and
argue that spectral feature can be explained by He. He is a good indicator of ejecta entropy,
which would be useful for probing the mass ejection mechanism of NSM.

Figure 10 illustrates where each Section is placed in a broader context. Sections 3–-6
discuss the enrichment process of the interstellar medium during the stellar lifecycles. The
last Section is devoted to the study that directly probes the environment of nucleosynthesis.
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Figure 10: A schematic figure showing the general overview of the works in this thesis.
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3 S-process elements in ultrafaint dwarf galaxies
As we have seen in the first two sections, the heaviest elements in the Universe are synthesized
in two neutron capture processes, r and s. It is generally accepted that the s-process occurs
mainly in the AGB stage of low-mass stars. However, the existence of additional sources has
not been eliminated. UFDs are useful probe for the s-process nucleosynthesis because of the
small stellar mass: contribution from rare and prolific r-process events can be eliminated.
Similar works with larger systems such as classcal dwarfs and the MW exist in the literature,
but they are suffered from the difficulty in r-process contamination. Here, using Eu-poor
UFDs, we investigate s-process nucleosynthesis at metal-poor ([Fe/H] < −2) environment
for the first time.

3.1 Neutron-capture elements in ultrafaint dwarf galaxies
The main interest in s-process nucleosynthesis is the neutron-producing site in the AGB star.
It is thought that protons in the convective envelope are mixed into the upper layer of the
helium core, triggering the 13C(α, n)16O reaction. This layer is called ‘13C pockets’ (see, e.g
Busso et al. 1999). The efficiency of the s-process with the 13C-pocket depends on the free
parameters but is chosen to reproduce the solar values using the Galactic Chemical Evolution
(GCE) model (Travaglio et al. 2004b; Käppeler et al. 2011). Another place where neutrons
are produced is in the convective shell, driven by the flash of a helium shell, where they are
produced via 22Ne(α, n)25Mg in the intermediate-mass AGB star (Iben 1975). Possibilities
of other sources for the s-process elements have also been explored in the metal-poor stars
of the galactic halo. Suda et al. (2004) discuss that neutrons are produced in the helium
flash convection zone when the convective shell reaches the bottom of the hydrogen-burning
shell for low-mass AGB stars with very low metallicity. This mechanism could explain the
s-process elements in some of carbon-enhanced metal-poor stars. Fast-rotating massive stars
have also been investigated to explain the s-process abundances in such stars (Choplin et al.
2017).

Theoretical models for s-process nucleosynthesis can be tested with observations of bar-
ium (Ba) and strontium (Sr) in stars with low metal content. However, because the main
contributors to the s-process are low-mass, long-lived stars, they contribute to the chemical
evolution of the galaxy with significant delay. This delay is observed in disk stars of Milky
Way (MW), where the abundance of Ba ([Ba/Fe]) increases monotonically as the abundance
of iron ([Fe/H]). For low metallicity environment such as UFDs, it is unclear whether Ba is
produced entirely by the AGB stars. Indeed, theoretical studies have shown that both Ba
and Sr can also be produced by r-process in MW and dwarf galaxies (Cescutti et al. 2006;
Hirai et al. 2019).

Ishimaru et al. (2015) modeled the contribution of neutron star mergers (NSM) to the
r-process enrichment of dwarf galaxies and concluded that the NSM could explain the low-
metallicity behavior. Hirai et al. (2015) simulated the formation and r-process enrichment
of dwarf spherical (dSph) galaxies and concluded that the NSM could explain the r-process
abundance of dSph galaxies. In concordance cosmology, large galaxies like MW gain mass
mainly by merging. Using simulations, Brauer et al. (2019) find that about half of r-II
([Eu/Fe] > 1.0) stars could be explained by stars formed in UFDs that are now disrupted.
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Understanding the chemical enrichment of these small systems therefore provides important
insights into the history of galactic chemical enrichment.

UFDs show several distinct chemical abundances (Simon 2019). The old stellar population
allows us to probe chemical enrichment of short (∼ 100Myr) timescales. Also, the small
stellar mass discretizes the contribution of rare events. For example, europium (Eu), a
typical r-process element, is detected in only three galaxies out of about 20 UFDs with the
attempts of Eu measurement. A natural interpretation on the Eu abundances among UFDs
is that the source of r-process elements are rare and prolific events (Ji et al. 2016a; Hansen
et al. 2020). Since a UFD is usually less chemically evolved, it provides important insights
into early chemical enrichment in the universe. Recently, observers obtain detailed chemical
abundances of metal-poor stars in UFDs (e.g. Frebel et al. 2014; Ishigaki et al. 2014; Chiti
et al. 2018; Ji et al. 2019b). These observations consistently suggest that in the absence of
a clear r-process signature, there is a dearth of neutron-capture elements (including Ba and
Sr) in UFD compared to the MW.

Here, we model the s-process enrichment of UFDs. We model their formation and evo-
lution using cosmological simulations, which is outlined in Section 3.2.1. The characteristic
star-formation history and the small stellar mass of the UFD provide clues to understanding
the history of neutron-capture elements. The simulation results are presented in Section 3.3.
We argue in Section 3.4 that additional source of s-process elements is favored to explain the
abundance of Ba observed in UFD stars.

3.2 Method
3.2.1 Cosmological Simulations
We use arepo, a moving-mesh hydrodynamic cosmological simulation code (Springel 2010;
Pakmor et al. 2016; Weinberger et al. 2019). The cosmological parameters are taken from
Planck 2018 results (Planck Collaboration et al. 2020): H0 = 67.4kms−1Mpc−1, Ωm =
0.315,Ωb = 0.049,σ8 = 0.810, ns = 0.965. Initial conditions for the simulations are generated
by music (Hahn and Abel 2011). The size of the simulation box is 1 comoving h−1 Mpc
on each side. The zoom-in technique is utilized: it resolves small scales of the simulated
galaxies. In the zoom-in region, each dark matter particle has 100M! and the target mass
for each gas cell is 20 M!.

We use the same galaxy samples as in my previous paper (Tarumi et al. 2020b). The
three halos are referred to as ‘L-UFD’, ‘M-UFD’, and ‘S-UFD’ in this work. The smallest
sample galaxy (S-UFD) has the stellar mass of ∼ 100M!, which is insufficient to see the
abundance distribution. Therefore, the results for L-UFD and M-UFD are mainly discussed.
Figure 11 presents the star formation histories of our model galaxies. Their halo and stellar
masses (Mh,M∗), and the radius (R200) at redshift z = 8 are (Mh,M∗, R200) = (1.7×108 M!,
12, 000M!, 1.7 kpc), and (1.0× 108 M!, 4, 100M!, 1.6 kpc). These mass ranges are appro-
priate as UFD progenitors (Safarzadeh et al. 2018). In our final snapshot (z = 6.4), these
galaxies grow to (Mh,M∗, R200) = (2.1 × 108 M!, 12, 900M!, 2.5 kpc), and (2.0 × 108 M!,
3, 800M!, 2.2 kpc).

We use the ISM model that is different from the standard arepo simulations (Springel
and Hernquist 2003). The model computes heating and cooling self-consistently, and apply
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that to obtain the gas temperatures (Inoue and Yoshida 2019). The gas density field is
represented with cells separated by Voronoi mesh. Each gas cell contains physical quantities
such as density, temperature, and chemical abundances. Galaxy formation simulations are
susceptible to numerical fragmentation when it is close to the resolution limit (Truelove et al.
1997). For convergence of the results, Jeans length needs to be resolved at least with seven
cells (Ceverino et al. 2010). The smallest scale for the pressure support is set at 0.2 comoving
pch−1. The star-formation rate (SFR) of each gas cell is computed as

(SFR) = 0.079mg/tSF, (29)

where mg is the mass of the gas cell and tSF = (Gρg)(−1/2) is a timescale for star formation.
To avoid star formation in shocked gas, a temperature condition T < 10000 K is set for star
formation.

Feedback from SNe is modeled by “wind particles”. The wind models gas outflow driven
by explosions of massive stars. Gas cells that satisfy the star formation conditions form stars
stochastically. When a star particle is formed, wind particle is also formed and ejected from
the star forming region. The ratio of numbers between star particles and wind particles are
determined by the energy deposition by SNe. Massive (8 − 100M!) stars are assumed to
explode instantaneously. The energy of 1.7×1051erg is assumed for the computation of wind
particles. The wind particles carry 40% of metal contents of the parent gas particle (Vogels-
berger et al. 2013). The newly formed wind partcles are ejected to random directions, with
the initial velocity of 3.46σDM. The σDM represents the one-dimensional velocity dispersion
of the surrounding dark-matter particles (Springel and Hernquist 2003). The trajectory of
an ejected wind particles is computed purely gravitationally. A wind particle disappears if
it reaches a low-density region (gas cell) of ρg < 0.05ρth, or the time reaches the maximum
lifetime. When a wind particle disappears, it deposits its mass, metals, momentum, and
energy into the gas cell. Energy injection from type-Ia SNe and the winds of AGB stars are
not considered.

3.2.2 Chemical evolution
Each star particle in a galaxy formation simulation represents a star cluster. The Chabrier
initial-mass function (IMF) (Chabrier 2001) is assumed. A star particle enriches the sur-
rounding ISM with metals. The amount of elements distributed to nearby cells is computed
as follows. First, the mass range of stars that ends its lifetime within the next timestep is
computed considering the age and metallicity of the star particle. Then, the mass of ejected
metal in the timestep is computed by integrating the elemental yield over the mass range.
The yield and lifetime of stars is taken from Portinari et al. (1998). Finally, the elements
are distributed to nearby gas cells. The share of elements received by a gas cell is computed
following the smoothed-particle-hydrodynamics (SPH) kernel function. The kernel size is
determined during simulation so that effectively 64 ± 1 cells are involved in the metal en-
richment. This process is performed for each star particle at each timestep. Type-Ia SNe
delays from the formation of the parent stars. The delay time distribution is assumed to be
power-law with the index of −1.12, and 0.0013 type-Ia SNe occur from 40 Myr to 10 Gyr
after the formation of 1 M! of star particles. The yield is obtained from Travaglio et al.
(2004a).
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Figure 11: History of star formation for our simulated galaxies. L-UFD is represented by
the blue curve, which forms stars for ∼ 500 Myr. The stellar mass peaks at ∼ 12, 000 M!
at the cosmic age of ∼ 700Myr. Orange curve is for M-UFD, which forms stars only for
∼ 160 Myr. The peak stellar mass is ∼ 4000 M!. The L-UFD merges with another galaxy
at a cosmic age of ∼ 500Myr at redshift 10. Cosmic reionization is represented by the gray
shaded region, and no or little star formation is expected thereafter.
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The median of the metallicity [Fe/H] for L- and M- UFDs are −2.66 and −2.96. The
values are consistent with observed UFDs (e.g. −2.71 for Segue 1: see Simon 2019 for other
UFDs).

In our high-resolution simulation, the masses of star particles are too small to apply the
single stellar population approximation. Since we are interested in the s-process abundances,
we sample the number of AGB stars stochastically. The s-process yield table is taken from
FRUITY database (Cristallo et al. 2015; 2016). The mass-grid of the table is 1.3, 1.5, 2.0,
2.5, 3.0, 4.0, 5.0, and 6.0 M!. In the simulation, we take mass bins at 1.4, 1.75, 2.25,
2.75, 3.5, 4.5, 5.5, and 6.5 M!. Then, we compute the expected number of stars that fall
within each bin assuming the Chabrier IMF (Chabrier 2001). The energy input is discretized
similarly: the number of SNe from each star particle for each timestep is randomly sampled
and constrained to be an integer value.

Note that Sr is produced only in AGB stars in our fiducial model. In reality, Sr could be
produced via various channels such as electron-capture supernovae (ECSNe, see, e.g., Wanajo
et al. 2011; 2018). Their contribution is uncertain because of the mass range of progenitor
star for ECSNe is not constrained. Therefore, we treat this channel as an additional source,
and discuss their contribution individually. The treatment will be described in the next
subsection.

3.2.3 Rotating massive stars and electron-capture supernovae
Rotating massive stars (RMSs) and ECSNe are considered as additional channels for s-process
production. These sources are included as additional channels, and the effects are discussed
individually. These models are called “RMS model” and “ECSN model” hereafter. Limongi
and Chieffi (2018) argue that rotationally induced mixing allows chemical diffusion between
H shell-burning layer, inert radiative He layer, and the central convective He-burning layer
during He core burning. It enhances the production of neutron via 22Ne(α, n)25Mg reaction.
The rare isotope 22Ne is produced via the following processes. First, 12C synthesized in core
He burning diffuses to shell H burning layer. The H burning is mediated by the CNO cycle.
Therefore, 12C is converted to 14N. The produced 14N goes back to the core, and it captures
α particles to form 18F. 18F decays to 18O and it captures α again to form 22Ne. This
isotope captures α again, producing neutrons. Slow rotators produce lighter neutron-capture
elements such as Sr, whereas fast rotating stars produce heavier s-process elements such
as Ba. We adopt yield from Limongi and Chieffi (2018). The distribution of the rotation
velocities is taken from Prantzos et al. (2018).

Stars with the mass at the lowest end of Fe-core collapse SNe explode as ECSNe (Nomoto
1987; Janka et al. 2008; Wanajo et al. 2018). Weak r-process is expected in the ejecta at the
center, which produce a large amount of Sr. Although the SN 2018zd and the origin of Crab
pulsars are proposed as being ECSNe (Hiramatsu et al. 2020), no SNe are confirmed to be
ECSNe. Therefore, we cannot infer the rate of ECSNe observationally. The precise theoretical
prediction of ECSNe mass range is difficult, and 0 – 1 M! is typically assumed. The yield
is assumed to be 7.9 × 10−5 M! following the e8.8 model of Wanajo et al. (2018). Hirai
et al. (2019) constrained the mass range to be 8.2 – 8.4M! by modeling the Sr enrichment
of classical dwarf galaxies. In this work, we assume that an ECSN occur every 5000 M! of
stars formed. This is 2% of core-collapse supernovae (CCSNe) rate, which is equivalent to
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the mass range of 8.0 – 8.1M!.

3.3 Results
3.3.1 Fiducial model
Figure 12 shows the abundances of s-process elements [Ba/Fe] and [Sr/Fe] as a function of
metallicity [Fe/H] for stars in the MW halo and UFDs. We do not present the results from
S-UFD because the number of datapoints is not sufficient to make a meaningful comparison.
All the results are taken at redshift 6.4.

The simulated Ba abundances are not sufficient. To discuss quantitatively, we define
“Ba-poor” stars here as those with upper limits on [Ba/Fe], or the abundance [Ba/Fe] is less
than −1.5. In observations, the Ba-poor fraction is 45%. On the other hand, the fractions
are 96, 97, and 100% for L-, M-, and S-UFDs. It is also clear from the median lines of each
model. The color of each point represents the formation epoch of the star particle in our
simulations.

UFDs enriched with the r-process behave qualitatively different. The r-rich group is
Reticulum II (Ret II), Tucana III (Tuc III), and Grus II (Gru II)1. Stars in these UFDs
(plotted in green) have higher abundances of Ba and Sr than stars in other UFDs (plotted
in red). Since r-process synthesize Ba and Sr, it is reasonable that their abundances are
systematically higher than those without r-process contribution. Dashed lines show the
median trend along the [Fe/H] of simulated UFDs that have previously experienced a single
r-process event. Ba and Sr abundances are very high due to the r-process contribution, and
we cannot infer the information on the s-process enrichment.

For Eu-undetected UFDs, the s-process abundances show large variations even among
simulated UFDs. Note that these are not contaminated by the r-process. L-UFD show
higher Ba and Sr abundances than M-UFD and S-UFD, even when comparing stars with
similar Fe abundances. The differences reflect the history of star formation. L-UFD forms
stars for 500 Myr, while M-UFD and S-UFD stop star formation within 150 Myr. Longer
star formation duration allows contribution of events with longer delays: the AGB stars.
Therefore, the abundance of s-process elements is higher in L-UFD.

The spread in Ba and Sr abundances within each galaxy could be an interesting piece
of information. Observations of Bootes I (Boo I), Carina II (Car II), and Coma Berenices
(ComBer) show significant scatters, whereas other UFDs show almost homogeneous abun-
dances. Note that the number of datapoints is limited: it is still too early to conclude
whether a UFD have significant abundance spread. Our simulations (L-UFD and M-UFDs)
show large scatters. S-UFD contain too small number of stars and we cannot discuss the
scatter.

Spreads in the formation times and spatial positions both play a role for shaping the
abundance trends in a UFD. The colors of points in Figure 12 show that the abundance
spread in L-UFD originates from time difference, whereas that in M-UFD is from spatial
inhomogeneity. This difference represent the duration of star formation for these galaxies. M-

1Segue 1 contains one star with enhanced Eu and Ba abundances. It is a CH star, and the high neutron-
capture element abundance originate from previous mass transfer from the former AGB star in a binary
system. Therefore, it does not reflect the ISM abundances at its formation.
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Figure 12: Ba and Sr abundances as a function of metallicity ([Fe/H]) for stars in our
model UFDs at z = 6.4, compared with the observational data in literatures (stars and
triangles). The median of [Ba/Fe] and [Sr/Fe] in each [Fe/H] bin for model UFDs is shown
with the red solid lines. The red dashed lines include a “boost” assuming that an r-process
event has enriched the system to [Ba/H] = −1.7 ([Sr/H] = −2.5). The [Fe/H] bin size is
0.25 dex. Panels on the left is for L-UFD and the right is for M-UFD, respectively. The
data points of L- and M-UFDs are indicated with filled circles and squares, respectively.
Observational data are obtained from the SAGA database (Suda et al. 2008; 2017), together
with some latest data added manually. The green symbols represent the stars that show
the characteristic abundance patterns for the r-process (seven stars from Retiuclum II, five
stars from Tucana III, and one star from Grus II). Red star symbols are those without Eu
detections. The list of plotted UFDs are: Bootes I, Bootes II, Canes Venatici II, Carina II,
Carina III, Coma Berenices, Grus I, Hercules, Horologium I, LeoIV, Pisces II, Reticulum II,
Segue 1, Segue 2, Triangulum II, Tucana II, Tucana III, Ursa Major, Ursa Major II, and
Willman I. Open red triangles show stars with only upper limits available.

31



Figure 13: Models with additional contribution to Ba production from RMSs. The yield
is obtained by Limongi and Chieffi (2018). Following the rotation velocity distribution by
Prantzos et al. (2018), we assume that 23 and 2 % of stars are rotating at 300 km s−1

at metallicity Z = −3 and − 2 Z!, and 72 and 48 % of stars are rotating at 150 km/s
at metallicity Z = −3 and − 2 Z!, respectively. The [Ba/Fe] and [Sr/Fe] values of the
observations are reproduced well. On the other hand, some UFDs (e.g. Segue 1) show very
low Ba abundances, suggesting that the source of Ba should be relatively rare stars.

UFD forms stars only for 150 Myr. The duration is too short to mix the ISM and homogenize
the abundance (Tarumi et al. 2020b). L-UFD, on the other hand, form stars for ∼ 500 Myr.
The timescale is sufficient to mix the ISM. However, now the timewise scatter becomes
important: 500 Myr is sufficient to change the ISM abundances significantly.

3.3.2 Rotating massive star model
Figure 13 presents the s-process abundances of simulated stars including RMS contribution.
The observed distribution of s-process element abundances are reproduced well. The differ-
ence from the fiducial model is the flat [Ba/Fe] trend against [Fe/H]. In our fiducial model,
where the origin of Ba is AGB stars, [Ba/Fe] increases as a consequence of time delay and
the metallicity dependence of Ba yield. However, in RMS model, Ba is dominantly produced
by rapid rotators (300 km s−1). The fraction of rapid rotators depends very strongly on
metallicity. Although the yield of Ba from RMS increases with metallicity, the fraction of
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Figure 14: Results of ECSN model. We only show Sr abundances because ECSNe only
affect Sr production. The Sr production is quite efficient and the Sr abundances are clearly
separated between stars that are enriched or not.

fast-rotating stars decreases. These two effects work in the opposite direction and compensate
with each other.

Another difference is the small [Ba/Fe] scatter seen in L-UFD. Since the RMS contributes
to s-process enrichment without much delay, the time-wise inhomogeneity becomes small (see
Figure 13). This effect works for both Ba and Sr. On the other hand, the scatter is still large
in M-UFD: the spatial inhomogeneity exists even in this model.

3.3.3 Electron-capture supernova model
Figure 14 shows the Sr abundances of L- and M-UFDs in ECSN model. The numbers of
ECSNe in L- and M- UFDs are five and one, respectively. The stars in M-UFD has very
low [Sr/Fe]. This is because the ECSN occurred at the last moment of the star formation.
Therefore, almost no stars are formed from the ECSN ejecta. In L-UFD, on the other hand,
there is a gap at [Sr/Fe] ∼ −2 in the distribution. The amount of Sr synthesized in one
ECSN is huge. Therefore, even one ECSN is sufficient to strongly enhance Sr abundances.
Although the median line gradually increases −3 < [Fe/H] < −2, it does not represent
gradual increase of the abundance. The fraction of high [Sr/Fe] group (i.e. formed out of
more than one ECSN ejecta) increases gradually as we look higher [Fe/H].

3.4 Discussion
3.4.1 R-process contribution
The chemical evolution of s-process elements has been studied for a long time (e.g. Cescutti
et al. 2006). We have assumed in our fiducial model that s-process elements are produced
in low-mass stars with M ! 3M!. The long time delay and the metallicity dependence of
s-process yield makes AGB stars less efficient at enriching low-metallicity stars. Chemical
evolution simulations (e.g. Cescutti et al. 2006) suggest that the origin of Ba in MW stars
with −3 < [Fe/H] < −2 is the r-process. This is consistent with the observations: see
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Section 5. Similarly, Hirai et al. (2019) argue that the Sr production in classical dwarf
galaxies mainly occur by the r-process.

For UFDs, however, the argument is different. Due to their small stellar masses, the
r-process contribution is discretized: r-rich UFDs have one or more, whereas other UFDs
have zero. The stochasticity of r-process in each UFD is required to explain the very high
Eu abundances seen in Ret II. This interpretation also naturally explains the moderate
abundances of Tuc III and Gru II, with natal kick of binary neutron stars (Tarumi et al.
2020b), or a larger mass of gas that dilutes the r-rich ejecta (Marshall et al. 2018). The
large Eu abundance spread seen in low metallicity halo stars is also naturally explained by
rare and prolific r-process enrichment. The dashed lines in Figure 12 show that, if the r-
process contributes to a UFD, it will dominate the Ba production. Following this picture,
we exclude the contribution from the “rare and prolific r-process events” to Ba production.
In Section 3.6, we show the expected abundance of Ba for UFD stars, assumeing that Ba is
synthesized in the r-process.

3.4.2 Production of s-process elements in the fiducial model
The median [Ba/Fe] are ∼ −2.5 (L-UFD) and [Ba/Fe] ∼ −4 (M-UFD) for stars with the
metallicity of −3 < [Fe/H] < −2 (see Figure 12). These values correspond to the integrated
yield from a single stellar population (SSP) age of 100 Myr and 25 Myr for L and M-UFDs.
Similar results are obtained if we use [Sr/Fe] instead. Even if we change the Ba yields of
AGB stars, we expect that the typical [Ba/Fe] of stars formed will be that of SSP at 100 (25)
Myr in L- (M-) UFDs. These timescales are too short for low-mass AGB stars to contribute.
Therefore, we argue that another source of Ba is required to explain the Ba abundances of
UFDs. The additional source should contribute to chemical enrichment within ∼ 100Myr.

Since gas heating by reionization in space can effectively quench star formation in these
small galaxies by z ∼ 6, the duration of UFD star formation can be limited to a few hundred
Myrs. Moreover, considering their low halo masses, the onset of star formation in the UFD
is not expected to be early. Indeed, our simulations predict that the star formation begins
when the cosmic age is ∼ 300Myr. Therefore, the period of star formation in UFD is shorter
than ∼ 700Myr. In the simulation, L-UFD shows comparable lengths of star formation.
Therefore, we consider L-UFD as one of the most AGB-enriched UFDs. Even this UFD fails
to reproduce the Ba abundance in the observations. This suggests that the Ba production
in these systems is more efficient in the Universe.

A simple solution to enhance the production of Ba would be to adopt different AGB
yields. A 10–100 times higher yield could resolve the inconsistency. However, due to the
secondary nature (i.e. the yield is proportional to metallicity) of the s-process, such large
values is unlikely. If the yield is enhanced at low metallicity, the same set of stellar parameters
would produce larger amounts of s-process elements with the same enhancement factor. This
produces an excess of Ba abundance at a higher metal content, approximately at [Fe/H] ∼ −1.
A possible solution for AGB stars to account for the s-process abundance in UFDs would
be to introduce a metallicity dependence into the stellar evolution model, increasing Ba
production by a factor of 10 – 100 at [Fe/H] ∼ −2 while keeping Ba production at a higher
metallicity at the current value.

Super-AGB stars is proposed as an additional source of the s-process (Doherty et al.

34



2017). The typical mass of a progenitor star is 6 – 8 M!, therefore they contribute to
chemical enrichment within 100 Myr. To test their possibility, we adopt the s-process yields
from Doherty et al. (2017)2 and recalculated the stellar element abundances. Super-AGB
stars can enrich s-process elements earlier, but the absolute abundance of Ba in the UFD
does not increase much. This is because the mass range of the progenitor stars is too narrow,
which results in the low production efficiency of s-process elements. For super-AGB stars to
become a major source of Ba in UFDs, their yields need to increase significantly, by a factor
of about 10.

Since Sr is lighter than Ba, it is synthesized under less extreme conditions (e.g., ”light
element primary process”, Montes et al. 2007). Such “exclusive” Sr sources is necessary to
explain the presence of Sr-enhanced stars relative to heavier elements such as Ba and Eu
(Honda et al. 2004). Hirai et al. (2019) consider ECSNe and RMSs as additional Sr sources.
They conclude that additional sources of Sr such as these are necessary to reproduce the Sr
abundances in dwarf galaxies.

In our fiducial model, only AGB stars produce Sr. Figure 12 shows the same trend as
Ba: the Sr production is not sufficient. We estimate the Sr mass needed to explain the
observations to be ([Sr/Fe] ∼ −1) is 10−8 M! per 1 M! in the first 100 Myr. Given the large
difference in Sr composition between UFDs, there may be a rare and prolific source of Sr
production.

3.4.3 On additional sources – rotating massive stars
RMSs can synthesize s-process element (Limongi and Chieffi 2018). Fast (300 km/s) rotators
efficiently produce heavy s-process elements such as Ba while slow (150 km/s) rotators mainly
synthesize Sr. The Sr to Ba ratio is [Sr/Ba] ∼ −0.6 and [Sr/Ba] ∼ 0.9 for fast and slow
rotators. Figure 15 shows the [Sr/Ba] ratios of the RMS model for L- and M-UFDs. The
median metallicities are −2.66 and −2.96. Their [Sr/Ba] ratios are close to the IMF-averaged
value at log(Z/Z!) = −3. L-UFD contains a population of stars that are pulled toward the
value for log(Z/Z!) = −2. The difference from [Fe/H] of −3 to −2 is the rotation velocity
distribution. The fraction of fast rotators significantly decrease from log(Z/Z!) = −3 to
log(Z/Z!) = −2, whereas that for slow rotator does not change much. Therefore, at higher
metallicity, [Sr/Ba] gets higher.

From the amount of Ba, we can compute the required fraction of fast rotators at −3 !
[Fe/H] ! −2 because Ba is mostly synthesized in fast rotators. The fraction needs to be
about 10%. This constraint comes from the IMF-averaged Ba production and is therefore
degenerate with the RMS yield. Ba abundances of UFD stars supports that ∼ 1× 10−9 M!
of Ba should be produced for every 1 M! of star formation.

Although [Ba/Fe] and [Sr/Fe] in the UFD can be explained by RMS contribution, there
may be a tension between simulations and observations for the distribution of [Sr/Ba]. The
[Sr/Ba] values of stars observed with UFD appear to be independent of the metallicity [Fe/H].
However, if RMS is the dominant origin of these elements, we would expect [Sr/Ba] to
increase as [Fe/H] as the rotation slows down. The number of stars in each UFD is too
small to sufficiently sample the IMF, but the UFD as a whole has enough mass to detect the
metallicity trend if it exists.

2We obtain the yield from the author personally.
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Figure 15: Plots of [Sr/Ba]-[Fe/H]. The horizontal lines show IMF-averaged values for metal-
licity −3 and −2. Points does not necessarily fit between these lines because the lines are
IMF-averaged values.

Another important test is the measurement of N. Recently, Ji et al. (2020) reported the
measurement of N through molecular line of CN. They detect CN in three stars in a UFD
Carina II (Car II). There seems no correlation between N and Ba or Sr. If RMS is the primary
producer of s-process elements, then these s-enhanced stars should also have enhanced N.
The stellar mass of Car II is about ∼ 104 M! (the same as our L-UFD), which is sufficient to
average the RMS effect to the IMF-average. Currently, it is not possible to discuss in detail
due to the large measurement error (" 0.5 dex) and the limited number of observations, but
it would be very interesting to determine the N abundances of the UFD as a validation of the
RMS scenario. The UFD is particularly important because if RMS exists, they will dominate
the production of neutron capture elements and N.

3.4.4 On additional sources – electron-capture supernovae
ECSNe are very efficient at producing Sr. As Figure 14 shows, the amount from one ECSN
is sufficient to imprint a conspicuously high Sr abundance. The mass range of the progenitor
stars is unconstrained. Theoretical determination of the mass range is almost impossible
because the range is only a small fraction of the stellar mass (e.g. ∼ 0.1 M! of a ∼ 10 M!
star).

Assuming that the synthesized Sr is diluted with a metal-free gas of less than 107 M!,
a single ECSN will enrich the system to [Sr/H] " −4. Small UFDs could have very low Sr
content ([Sr/H] � -4.0) without any contribution from the ECSN: Segue I, Segue II, Triangu-
lum II, Bootes II, and Grus I are likely such UFDs. If Tuc-033 is a foreground contaminant,
then Tuc II would also be such a UFD. Figure 16 illustrates this trend well. The five smallest
UFDs have [Sr/H] < −4. We argue that the very low Sr content of these darker UFDs is due
to the absence of ECSNe in these systems. This does not mean that the heavier UFDs are en-
riched with at least one ECSN. Their [Sr/H] is not sufficiently low to rule out a contribution
from ECSNe.

From the amount of Sr in the UFD, we can determine an upper limit on the rate of
ECSNe. Figure 16 shows that galaxies less bright than 2400 L! do not experience ECSNe.
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Figure 16: [Sr/H] limits plotted against luminosity of UFDs. Stellar markers represent
detections of Sr abundances. We show the highest detection within each UFD. Downward
triangle is the highest upper limits if the constraint is weaker than the highest detection in
the system. The CH star in Segue 1 is removed from the plot as it likely represents the
abundance of the binary companion.
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Here we assume that one ECSN occurs for every 2000 L! of stars. Assuming that the ratio
of stellar mass to luminosity is 1 (but it is not that simple; see Martin et al. 2008, UFDs
generally have mass-luminosity ratios greater than 1), the mass of currently surviving stars
is ∼ 2000M!. Assuming that 40% of the stars survive to the present (in the case of the
Chabrier IMF), the mass of the original stars formed should have been 5000 M!. Therefore,
the incidence of ECSN is constrained to be less than one in every 5000 M! star. This roughly
corresponds to a mass range ∆M of 0.1 M!. For example, assuming that 8.0 – 8.1 M! stars
explode as ECSNe, the rate is 1/5000 M!. If one assumes that one ECSN enriches the
system to [Sr/H] = −3.5 (assuming that the mixing gas mass is 106.5 M!), the luminosity
limit would be 2000 L!, which would limit the fraction to be smaller than 1/12500 M!.

Pieces II, Hercules, and Canes Venatici II are highly Sr-enhanced UFDs. ECSNe could
explain such high abundances of Sr. L-UFD contains some stars with [Sr/Fe] ∼ 0 due to
ECSNe enrichment. Considering the small explosion energy of ECSNe (∼ 1050erg, we can
take the dilution mass to be as small as ∼ 104 M!. In this case, the star would be enriched
to [Sr/H] ∼ −1 with a single ECSN, explaining the Sr-rich stars in François et al. (2016).

3.4.5 Initial mass function variation
The IMF could be different in low-metallicity environments (Kroupa et al. 2013; Gennaro
et al. 2018). Komiya et al. (2009) propose that a log-normal IMF with the center at 3 –
20M!explains well the fraction of s-process enhancements in carbon-enhanced metal-poor
stars in MW halo. Geha et al. (2013) find that a shallower IMF slope explains the color-
magnitude diagram of observed UFDs. Theoretical investigation for the IMF of zero-metal
stars (“population III stars”) predict that it is top-heavy (Hirano et al. 2014). Therefore, the
IMF of stars in UFDs might also be top-heavy. On the other hand, Conroy and van Dokkum
(2012) point out that a bottom-heavy IMF is favored from the spectral features by NaI, CaII,
and FeH.

As a simple test for the IMF variation, we test three non-traditional IMF: top-heavy
(log-flat), Komiya-like (log-normal, with a center of 4 M! and 0.15 dex of the standard
deviation), and bottom-heavy (Salpeter, Salpeter 1955) IMF. Figure 17 shows the results.
The [Ba/Fe] values are smaller in the model with the top-heavy IMF than in our fiducial
model (see Figure 12). The top-heavy IMF enhances the Fe production, while Ba production
is not enhanced. Note that the top-heavy form has a similar [Fe/H] distribution compared to
our model, even though it produces more Fe from unit stellar mass formed. This is because
the total mass of stars in the UFD is reduced due to stronger feedback compared to the
fiducial model, and consequently, the total amount of iron is comparable. The middle panel
shows the results for the bottom-heavy IMF case. For initial masses M " 1M!, the IMFs
are nearly identical because of the expected contribution of chemical enrichment. Therefore,
this result is almost identical to our fiducial run. The figure below shows the results with
a komiya-like IMF. This IMF has a larger fraction of intermediate to massive stars, which
results in more Ba and less Fe production. It better reproduces the observed [Ba/Fe] trend.
Note that in addition to the stars in the log-normal part of the IMF, a low-mass companion
star in the binary system is assumed to have formed and survived to the present day, but
the companion star is not explicitly represented in this simulation.

The Integrated-galaxy IMF theory discuss that the IMF depends on SFR (Kroupa et al.
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2013). In a molecular cloud that forms stars actively, high-mass stars preferentially form,
while in slow star-forming clouds, low-mass star formations are more likely. The star for-
mation period of our UFD sample is about 100 Myr, and the total stellar mass is about
∼ 104 M!, so the star formation rate is 10−4 M! yr−1. This low SFR is expected to suppress
star formation below " 10M! (see Fig. 35 of Kroupa et al. 2013). The suppression of Fe
production while constant Be production may be a natural consequence of the low SFR in
such slowly star-forming system. The important thing is to apply the IMF variation to other
systems with different SFRs in the same framework. Further study is needed to investigate
this effect.

Interestingly, the elemental abundances of second-generation stars in globular clusters
can be explained by the super-AGB stars (e.g. Bastian and Lardo 2018). There are also
implications for other problems, such as the mass-budget problem, where the mass fraction
of second generation stars is inexplicably high (Renzini 2008). The log-normal IMF with
a large mass fraction of super-AGB stars may partially solve the mass budget problem. In
addition, this IMF significantly reduces the Fe production. Therefore, there is no significant
difference in metallicity between first and second generation stars. Since the IMF proposed
by Komiya et al. (2007) is for stars with [Fe/H] ! −2 (Suda et al. 2013; Lee et al. 2014),
we cannot conclude that this is a viable solution to the GC abundance anomaly considering
the metallicity of GCs (many have [Fe/H] > −2). However, interestingly, the enhancement
of super-AGB fraction would solve two problems in completely different contexts.

The Ba abundances inexplicable by AGB stars might be an evidence of another source
of r-process elements. Observations of MW stars clarify that [Ba/Fe] does not increase with
metallicity between −2.0 < [Fe/H] < −1.5. It suggests that the s-process yields from AGB
stars is not the dominant contributors (Matsuno et al. 2020). However, their [Eu/Ba] ratio
is lower than the r-process value. Therefore, both r- and s-process events should have con-
tributed to the enrichment of stars in this metallicity range. An interesting test is to measure
the Eu abundances of UFD stars to clarify which processes have contributed dominantly to
the chemical enrichment.

3.4.6 On ultra-faint dwarfs with internal Ba spreads
A few UFDs (such as Boo I, Car II, and ComBer) show a clear internal spread in [Ba/Fe];
the spread in Ba could be due to temporal or spatial inhomogeneity. If it is temporal (see
Figure 12), then AGB stars are the origin of the spread and star formation in these systems is
long (∼ 300 Myr). The upper left panel of Figure 12 shows that AGB stars can reproduce the
abundance spreads within a galaxy. However, there is a tension in the [Ba/Fe] value. In our
simulations, the [Ba/Fe] is -1.5 even for later forming stars, but some Car II and Boo I stars
have a [Ba/Fe] of -0.5. The difference in [Ba/Fe] values between these observed UFDs and
our simulation UFDs may suggest that, in reality, star formation in these systems is longer
(>1 Gyr) than in our simulation. In the case of spatial inhomogeneity (see Figure 13),
fast-rotating massive stars may be the origin of Ba. These stars produce sufficient amounts
of Ba to produce several stars with [Ba/Fe] of -0.5. The star formation period should be as
short as 200 Myr. However, [Ba/Fe] does not show an increasing trend in this model and
cannot reproduce Boo I. A possible solution would be to change the distribution of rotational
velocities. An important validation of this nonstandard scenario is to look at the correlation
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Figure 17: The results for IMF variation tests. The top panel shows the top-heavy (log-flat)
model. Ba production per stellar mass increases slightly but the Fe increase is way more
significant, lowering the [Ba/Fe]. The middle panel presents bottom-heavy (Salpeter) IMF
results. The difference from Chabrier IMF is only the increase of low-mass stars that do not
contribute to the chemical enrichment: therefore, the prediction is mostly the same as in our
fiducial case. The bottom panel shows the Komiya-like IMF (log-normal, centered at 4 M!
and the standard deviation of 0.15 dex). Since the AGB fraction increases significantly, the
Ba production is enhanced and the Fe production is suppressed at the same time. The [Ba/Fe]
roughly matches the one of UFDs. Same symbols as Figure 12 are used for observational
data.
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between N and Sr or Ba. For RMS to be viable as the origin, the co-production of these
elements must be observationally confirmed; accurate measurement of the abundance ratio
of N would answer this question.

3.4.7 Effects of tidal stripping
Some UFDs show signatures of tidal stripping. The stripping would make a UFD fainter
than its original mass, biasing the interpretation. Our assumption on zero r-process may be
invalid if its original stellar mass is more than (∼ 105 M!). In addition, their potential well
could be deeper than the assumption: therefore, it could keep forming stars after the cosmic
reionization. Boo I and Ursa Major II could be such partially disrupted UFDs (Belokurov
et al. 2006; Zucker et al. 2006). They are relatively metal-rich: some stars show [Ba/Fe] > −1.
Our models fail to reproduce stars with [Ba/Fe] ∼ −0.5. This might indicate that such “Ba-
rich” stars are actually the signature of past tidal disruption history. Note, however, that the
orbits of most UFDs are sufficiently wide to exclude the possibility of past tidal disruption
history (Simon 2018). Also, some UFDs show [Ba/Fe] ∼ −1 while they do not show any
traces of disruption.

3.5 Conclusions
We have studied the production of s-process elements in UFDs. The basic assumption is that
UFDs without Eu enhancements do not experience r-process events in the past. We have
shown that the AGB stars only are not sufficient to reproduce Ba abundances, even though
we have used one of the most up-to-date yields. Our findings are summarized as follows.

1. Ba production should be efficient (∼ 1 × 10−9 M! per 1 M! of stars in the first 100
Myr) even in metal-poor environments such as UFDs. The delay needs to be short.
Super-AGB stars are not efficient at producing Ba.

2. RMSs explains the Ba abundances of UFDs if ∼ 10 % of stars are fast (∼ 300 km
s−1) rotators. An interesting test is the measurement of N. If RMSs are the dominant
contributors to the s-process elements in UFDs, we expect a correlation between N and
s-process elements.

3. ECSNe produce copious amount of Sr. Sr abundance would be more than [Sr/H] " −4
once a UFD experiences one ECSN. Observations show that low-luminosity UFDs show
particularly low Sr abundances. We argue that these UFDs should not experience any
ECSNe. From their luminosities, the rate of ECSNe should be less than 2% of CCSNe,
narrowing the width of the progenitor mass range to ! 0.1 M! at −3 < [Fe/H] < −2.

4. Ba abundances could be explained by introducing an IMF centered around the s-
process producers, i.e., AGB stars. It needs to be top-light in order to suppress the Fe
production. The IMF might be a consequence of low SFRs in UFDs.
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Figure 18: [Eu/H] distribution of UFD stars estimated from their Ba abundances. Blue
markers show stars with Eu detection in Ret II, Tuc III, and Gru II. A CH star in Segue 1
is plotted with red because we know it is from the s-process. For other UFD stars, each
Ba data produces two dots colored with green and red. The assumed Eu to Ba ratio are
[Eu/Ba] = 0.8 (r-process) and −1.2 (s-process, respectively.

3.6 Additional analyses
3.6.1 R-process
Figure 18 shows the expected [Eu/H] abundances of UFD stars estimated from Ba abun-
dances. The blue symbols are stars with Eu detection. The green symbols are the estimates
under the assumption of r-process, and the red symbols are the ones with the s-process. The
values of some green symbols are higher than those of blue symbols, suggesting that if the
origin of Ba is the r-process, it would be detected. For some stars, the possibility of pure r-
process is already eliminated (e.g. Car II, Ji et al. 2020). The upper limits of [Eu/H] ∼ −3.5
is needed to eliminate the possibility for most of UFD stars.

3.6.2 Super-AGB
Figure 19 shows the results of model with super-AGB contributions. Symbols are the same
as in Figure 12. It enhances [Ba/Fe] and [Sr/Fe] at [Fe/H] < −3 but not significantly at
[Fe/H] " −3. Note that the black curve is a bit different from the curve in Figure 12 due to
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Figure 19: Model with contribution from super-AGB stars. The black curves show the model
results without contribution from super-AGB stars. It enhances [Ba/Fe] and [Sr/Fe] but it
is not sufficient to reproduce the observed UFD abundances.

the stochastic nature of our model.
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4 Formation of an extended ultrafaint dwarf galaxy via
early mergers of building-blocks

As we have seen in the previous section, UFDs are useful systems for galactic archaeology
as they discretize contributions from rare events. To fully exploit their potential, we need
information on the star formation history and, ideally, the ages of stars. However, precise
stellar ages have been out of reach due to their old stellar population. This section investigates
the formation process of a UFD with an extended stellar profile. This is the first work
for a UFD that investigates the connection between stars’ kinematic information and their
formation history with numerical simulations.

4.1 Stellar distribution profile in ultra-faint dwarf galaxies
There is a recent claim that an extended structure of a UFD, Tucana II (Tuc II), is observed
(Chiti et al. 2021). Seven out of 19 giant stars are located at the distances larger than 2rh,
where rh is the half-light radius. The farthest star is observed at the distance of more than
1 kpc from the center. The star is unlikely to be a halo interloper because its radial velocity
(−129.1 km s−1) is very different from other background stars, and the metallicity is very
low ([Fe/H] = −2.77) and consistent with other stars in Tuc II.

Considering the fact that other UFDs are all compact, the mechanism for forming such
an extended UFD is interesting. One possibility is the tidal disruption by the potential of
MW halo. A UFD could be disrupted if it comes close (! 20 kpc) to the center of the MW
(Peñarrubia et al. 2008). However, the orbital distance of Tuc II from the MW center is too
far (58 kpc) to be disrupted. The stellar structure of Tuc II appears to also disfavor the tidal
disruption scenario (Chiti et al. 2021). It is interesting to investigate the another mechanism
to reproduce such extended stellar distribution.

Here we propose that an early galaxy-galaxy merger could reproduce such UFD with an
extended stellar profile. A galaxy merger disrupts the stellar density profile. We justify this
scenario using galaxy formation simulations. We follow the formation of UFD that experience
a merger.

4.2 Simulations of early galaxies
4.2.1 Galaxy formation model
The galaxy formation models settings are mostly the same as in Section 3.2.1. We use the
galaxy formation code arepo (Springel 2010; Weinberger et al. 2020). The initial conditions
are generated with music (Hahn and Abel 2011). The cosmological parameters are the
ones in Planck 2018 results (Planck Collaboration et al. 2020): H0 = 67.4 km s−1 Mpc−1,
Ωm = 0.315,Ωb = 0.049,σ8 = 0.810, ns = 0.965.

4.2.2 Final galaxy after the merger
Only one galaxy experiences a merger after the formation of the first star in the galaxy,
among our five sample galaxies. The mass of the dark matter halo (MDM) and the stellar
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Figure 20: Spatial distribution of stars in our main simulation. A region of 2 kpc box is
plotted. The system evolves from top left to bottom right. Four concentric circles show one,
three, five, and ten times the half-light radius of the system. The radius is computed on the
projected plane. The top left panel shows the galaxy before the encounter of the two systems.
The top right panel presents the projection plot of stars after the disruption of the infalling
system. The bottom left panel shows the stellar distribution at ∼ 200Myr after the merger.
An elongated structure develops in the direction of the infall. The bottom right panel shows
that the extended bar-like structure survives even after ∼ 2, 500Myr.
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mass (M∗) of the two building blocks before the merger (at 510 Myr) are (MDM,M∗) =
(8.5× 107 M!, 3, 900 M!) and (5.0× 107 M!, 7, 500M!), respectively. The merger is a major
merger, with the mass ratio of ∼ 1.4. As for metallicity, the median and the quartile deviation
of [Fe/H] in the infalling galaxy are −3.06 and 1.36, while these for the central galaxy are
−2.72 and 0.70.

The merger of two halos (identified by the halo finder) occur when the age of the Universe
is 510 Myr. The close encounter of stellar components are at 700 Myr. During and after
the merger, about 3, 000M! of stars are formed. Compared to the stars formed before
the merger, they have higher metallicites: the median and the quartile deviation are −2.29
and 0.56. At z = 4.5 (when the cosmic age is 1,370 Myr), the merged galaxy has grown
to (MDM,M∗) = (2.5 × 108, M!, 14, 000 M!). The median and the quartile deviation for
the metallicity of the final merged galaxy are [Fe/H] = −2.7 and 0.82. The metallicity
distribution agrees well with that of UFDs in general including Tuc II: [Fe/H] = −2.77. A
bar-like structure is formed as a consequence of the merger. The length is ∼ 1 kpc and it
survives for more than 2.5Gyr after the merger. It is interesting that the two farthest stars
in Tuc II are both located in the direction perpendicular to the one expected if it is from
tidal disruption. This may indicate that the stellar component of Tuc II is formed as a
consequence of a past major merger.

At redshift z = 4.5, we switch off the hydrodynamical calculation. The stellar dynamics
are followed purely gravitationally afterwards. By that time, gas mass in the simulated galaxy
is low: thus, further star formatioin is unlikely. The simulation runs for 1.5 Gyr further, until
the cosmic age of 3 Gyr.

4.3 Properties of our merged galaxy
4.3.1 Stellar distribution
Figure 20 shows the evolution of stellar distribution during and after the merger. The circles
show radii with 1, 3, 5, and 10 times the half-light radius rhalf , where rhalf is determined
as the median of the orbital radius of stars in the plane of projection. Colors represent the
metallicities of the star particle.

The two building blocks are compact before the merger (top left panel). Even the farthest
star is within 3 rhalf and the distributions are almost spherical. The first close encounter
disrupts the infalling galaxy (top right panel). The member stars jump out of the original
galaxy. A bar-like structure develops ∼ 200Myr after the merger (bottom left panel). The
bar is composed of (i) stars from the disrupted galaxy, and (ii) stars formed during the merger.
The length of the bar is ∼ 1 kpc with small fluctuation between snapshots. The structure
survives for ∼ 2, 500Myr after the merger (bottom right panel). Stars upscattered by the
merger still orbit at large distance from the center. Although the structure is extended, the
orbital distance for the farthest star is still smaller than the virial radius, indicating that
these stars are bound to the halo. Dynamical friction and redistribution of orbital energies
do not effectively occur over the ∼ 2Gyr after the merger.

Figure 21 shows the stellar distribution in a typical galaxy that do not experience mergers.
The distribution appears almost spherical and remains compact. Quantitatively, 95% of stars
orbit within < 3 rhalf and only one star (0.3%) is at 5 rhalf . These fractions are consistent
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Figure 21: A projection plot of stars in a typical galaxy. Symbols mean the same as in
Figure 20. Most stars are located within 5 rhalf and there is only one exception. To quantify,
the fraction of stars at > 5 rhalf is 0.3% (see Figure 22).
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with an exponential profile. Most of our simulated samples that do not experience mergers
show such compact structures.

4.3.2 Outer halo stars
We analyze the fraction of stars at large radii (“outer halo stars”). Figure 22 shows the time
evolution of the fraction of stars at > 5 rhalf . Galaxies without merger show f5 ∼ 0, which is
consistent with the fraction expected with an exponential profile (0.2%). Contrastingly, the
fraction for Tuc II is f5 = 2/19 = 10.5%, which is similar to the fraction of the de Vaucouleurs
profile (11.5%).

The behavior of merged galaxy is very different from non-merger galaxies. The faraway
fraction surges at the moment of merger. The fraction decreases slightly as the system
dynamically relaxes, and the fraction f5 settles at ∼ 10 % ∼ 500Myr after the merger. The
difference between the merged galaxy and the other galaxies remains significant even after
2.5 Gyr. The fraction of outer halo stars in our merged sample is consistent with that of
Tuc II (∼ 10%).

4.3.3 Metallicity gradient
Figure 23 compares the iron abundance [Fe/H] between our merged galaxy sample and Tuc II.
The top panel plots all the stars in the simulation. The bottom panel shows only the stars
formed during and after the merger. We find a weak negative radial metallicity gradient by
a linear regression (solid lines). The negative gradient robustly exists in all the snapshots
after the merger, although the slope fluctuates from −0.2 dex kpc−1 to −0.8 dex kpc−1.

The bottom panel of Figure 23 presents the positions of stars formed during and after the
merger. Interestingly, the distribution of stars are even more extended than the top panel.
The metallicity gradient seems to exist on both panels. For the mechanism of the gradient
formation, see the next section.

4.4 Discussion
To show that a major merger can reproduce an extended stellar structure around a UFD, we
have run and analyzed a set of galaxy formation simulations. As a result, a bar-like structure
forms in the direction of the infall. The elongated structure has the length of ∼ 1 kpc and
it survives for at least 2.5Gyr. The surface stellar density profile Σ(R) is crucially changed
by the merger. After the relaxation of the structure, about 7% of stars are located at large
radii of > 5 rhalf . In contrast, galaxies that do not experience merger are compact. Almost
no stars exist at > 5 rhalf . The profile is consistent with an exponential function.

4.4.1 Surface density profile
de Vaucouleurs (1948) propose an empirical relation for the surface brightness profile of
elliptical galaxies:

I(R) ∝ exp

[
−7.669

(
R

Re

)1/4]
. (30)
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Figure 22: The time evolution of the fraction of outer halo stars at > 5 rhalf for each
galaxy (f5). Blue solid line represents the merged galaxy. After t = 1.4Gyr, we switch off
the hydrodynamical calculation and the color is changed to black (see text for discussion).
Dotted lines show results obtained when we only include stars formed prior to the merger in
the analysis. Other galaxy samples are shown with different colors: they are mostly at 0%.
The fraction surges due to the merger. The fraction decreases and settles at 7−10% in a few
hundred Myr. The fraction for Tuc II is 2/19 = 10.5% (black horizontal line) and consistent
with the de Vaucouleur profile (f5 = 11.5%; red dashed line). The fraction for the other,
non-merger galaxies are significantly small. It converge to f5 ∼ 0, which is rather consistent
with an exponential profile.
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Figure 23: The metallicity gradient in the galaxy samples after the merger. Top panel shows
all the stars in the merged galaxy. Red symbols represent stars in Tuc II (observation),
and the other symbols (triangles, crosses, and circles) show star particles in the simulation.
For simulated stars, colors show their formation epochs. Triangles, crosses, and circles are
for stars in the infalling galaxy, in the central galaxy, and those formed during or after the
merger. The blue line represents the result of the linear regression for the simulated star
particles. We exclude stars with [Fe/H] < −4.0 from the regression. The bottom panel only
shows stars formed during or after the merger (i.e., green circles in the top panel). Here the
color depicts stellar formation time. The green line presents the result of the linear regression
only for this sample.
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It is often the case that dwarf spheroidal galaxies show more centrally concentrated profiles,
with the Sérsic indices of ∼ 1 (Muñoz et al. 2018), which is an exponential profile as seen in
most of our galaxy samples. Galaxy merger dynamically heats the system and changes the
stellar density profile from a compact King profile (King 1966) to an extended de Vaucouleurs
profile (Eq. 30) (Aguilar and White 1986). The resulting profile is robust in the sense that
another merger produces a galaxy with de Vaucouleur profile. Our numerical experiments
show that the earliest galaxies follow the same trend: a merger heats the system and elongate
the stellar structure. We expect that galaxies that do not experience mergers will remain
compact. The profile of such a galaxy would be similar to an exponential function.

4.4.2 Origin of the metallicity gradient
A presence of the metallicity gradient is reported for Tuc II (Chiti et al. 2021): the gradient
is −0.87 ± −0.30 dex kpc−1. The gradient is similar to what we find in our post-merger
galaxy sample (see Figure 23). White (1980) discuss the formation of metallicity gradient for
a remnant of a galaxy merger. Population mixing during the merger weakens the gradient
as expected, although not completely eliminating. However, we also need to consider star
formation after the merger: metal-rich stars formed after the merger could help establish a
metallicity gradient.

The metallicity gradient seen in our sample is formed as follows. First, the infalling
galaxy is metal-poorer than the central galaxy by 0.3 dex. The metal-richer central galaxy
remains undisrupted, and stars in that galaxy tend to orbit close to the center of the remnant
galaxy. On the other hand, the infalling galaxy is disrupted by the merger and the stars are
upscattered to large radii.

Here comes another contribution from stars formed during and after the merger. We find
in our analysis that the most stars orbiting at a large distance are formed during the merger
(see the bottom panel in Figure 23). The infalling galaxy contains gas at the time of the
infall, and a fast encounter with the central galaxy spurs the formation of stars. Stars formed
in this starburst are metal-poor and have large orbital energies. Stars still form after the
merger for a few 100 Myr after the merger. These stars are metal-rich, and they remain in
the central region because they form there. The consequence of these events is the metallicity
gradient shown in Figure 23.

The story for the formation of the gradient in our merged sample is similar to the picture
presented in White (1980). A steep gradient is produced in our simulation. The mixing of
population between galaxies is incomplete but is efficient within each galaxy.

There may be an interesting relationship between the mechanism for the metallicity gradi-
ent formation and the observations of classical dwarf spheroidals (dSphs) in the Local Group
with multiple stellar subcomponents (see, e.g., Tolstoy et al. (2004); Walker and Peñarrubia
(2011)). Several dSphs show multiple stellar subcomponents with different metallicity within
each system. In these galaxies, the metal-rich component is centrally concentrated, while the
metal-poor component is more extended. Benítez-Llambay et al. (2016) study the forma-
tion of such multiple stellar components in classical dSphs using cosmological simulations.
Tentative evidence for the anomalously broad stellar distribution and metallicity gradient in
Tuc II may provide clues to the formation mechanism of such multiple stellar populations.
Further observations will be important to determine which stars are present.
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4.4.3 Long-time evolution of an early merged galaxy
We stop the simulation at 2.5 Gyr after the merger. After this, the simulated galaxy is
absorbed by a larger galaxy by a merger. To make a comparison to UFDs such as Tuc II,
we need to consider many processes that would affect the structures of the galaxies. Let us
consider the possibility that a merged galaxy could end up falling into a massive halo like
the Milky Way. We discuss (1) dynamical friction, (2) relaxation, and (3) tidal interactions
with the host halo and other satellite galaxies.

The timescale for the dynamical friction for a UFD of mass M , that orbits in a host halo
with the velocity dispersion of σ is:

tfric =
19Gyr

lnΛ

(
ri

5 kpc

)2 σ

200 km s−1

108 M!

M
, (31)

where ri and lnΛ # 6 are the initial distance from the center and the Coulomb logarithm
(Binney and Tremaine 2008). We obtain the initial radius ri of ∼ 10 kpc that is affected by
the dynamical friction within the cosmic age of 14 billion years. It means that a UFD would
sink to the center if it falls within ∼ 10 kpc from the center. The low value indicates that
the dynamical friction becomes significant only if a UFD comes very close to the center of
the host galaxy.

For the two-body relaxation, we estimate the effect of a non-smooth gravitational field
generated by member stars of the UFD. Assuming N = 104,m = 1M!,M = 108 M!, R =
0.1Rvir, logΛ = 10 is given by trelax = (8N(Gm/R)2v−4 logΛ)−1tcross, the two-body relaxation
timescale is 3 × 1015 yr. This is longer than the age of the Universe, indicating that the
relaxation is not efficient at modifying the stellar structure in a UFD.

Lastly, tidal interaction from the host halo may affect the stellar structure. More specifi-
cally, it may increase the half-light radius and invalidate our analysis. After the infall, a UFD
is affected by the tidal field by the central galaxy. Some UFDs orbit very close to the center
show evidence for past tidal disruption history. An example is Tucana III (not II!), with the
estimated pericentric orbital radius of 3 kpc (Simon et al. 2017; Li et al. 2018). However, in
the same estimate, the pericentric distance for Tuc II is 39 kpc. Another work estimates it to
be 29 kpc (Fritz et al. 2018): the estimate depends on the mass estimate of the MW halo. In
any case, the orbit for Tuc II is not very close to the center (Simon 2018). Peñarrubia et al.
(2008) argue that the stellar component is more resilient to tidal effect compared to the dark
matter halo because they are in smaller radii. Considering the fact that the dark matter
component is still present in Tuc II, we expect that the tidal effect on stellar component has
not been significant.

4.4.4 Chemical enrichment
Tuc II has one outlier in terms of chemical abundance, Tuc II-033 (Chiti et al. 2018). The star
has very high Sr abundance, moderately high Ba abundance, and low α-element abundances.
The abundance pattern is typical for stars affected by delayed contributions from AGB stars
and type-Ia SNe.

Our numerical experiments have shown that a major merger can reproduce a UFD with
an extended stellar profile, that is comparable to the one observed in Tuc II. Star formation

52



in an isolated UFD would be quenched by the cosmic reionization. However, if galaxy merger
happens, gas could be supplied by the infalling galaxy, which allow further star formation.
Stars formed during the merger have higher metallicity and also higher s-process elements
(Tarumi et al. 2020a). The s-process enrichment by AGB stars can be traced with Ba
abundances. The abundance of Tuc II-033 can be explained by the AGB contribution if
the Ba yield in AGB stars was higher by ∼ 0.5 dex. We have already shown that a stellar
population with an overall higher Ba abundance exist in L-UFD, which are formed after the
merger.

The chemical abundances of Tuc II seems to be affected by its early merger. However,
other possibilities for the neutron-capture elements exist. In particular, the high Sr abun-
dance of Tuc II-033 cannot be easily explained only by the AGB contribution. Additional Sr
sources such as electron-capture supernovae (Wanajo et al. 2018) may be required.

We conclude that, assuming that Tuc II-033 is truly a member star, Tuc II is a remnant
galaxy of wet major merger. Additional measurements of neutron-capture element for all
other Tuc II stars, especially in large distances, would help further clarify the formation and
evolution history of chemical abundances as well as Tuc II itself.

4.4.5 Galactic building blocks
UFDs are considered to be surviving early galaxies that serves as the building-blocks for
large galaxies, given their low metallicities and old ages (Frebel and Bromm 2012; Simon
2019). The extended halo of Tuc II, and the fact that the overall structure of Tuc II can
be explained by a past merger of primordial low-metallicity galaxies, casts doubt on Tuc II
and other UFDs as surviving building blocks. However, the simulations suggest that the
detailed structure of the UFD provides information about past merger events and the type of
primitive ancestors that formed the UFD. Future exploration of extended structures around
other UFDs is warranted.

The mass of our merged galaxy sample is 2.5 × 108 M!. Considering the fact that the
current mass of Tuc II is 107 M! at 1 kpc from the center Chiti et al. (2021), Tuc II may
have been more massive in the past. It seems suggestive that our numerical experiments
show that even UFD-sized galaxy could have experienced mergers in the past.

4.4.6 On the fraction of galaxies with extended stellar profiles from early merger
We have seen that the remnant of a major merger of two primordial galaxies could result
in a UFD with an extended stellar profile. To estimate the occurrence rate of such galaxy
mergers, we have conducted a set of numerical experiments. We simulate the formation of
15 galaxy samples, and we find only one system that undergo a major merger. Thus, we give
a rough estimate of the fraction of such an extended stellar halo to be ∼ 10%, although the
fraction should be taken as a lower limit. The fraction might be higher in an over-density
regions such as MW halo. Also, the fact that we only simulate up to z = 4 may lower
the fraction of mergers. Some of our simulated galaxies might develop an extended stellar
structure via the late-time mergers.

Galaxy formation simulations with a larger volume would help answer the question on
the merger rate quantitatively. It needs to resolve star formation in each galaxy. The fraction
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of such early merger galaxies is an important quantity to compare with observations.

4.5 Summary and Conclusion
We have conducted a set of numerical experiments of galaxy formation for primordial galaxies
in the history of the Universe. We have investigated a major merger of two first galaxies.
The merger dynamically heats the system, induces starburst, and, forms an extended stellar
distribution as a consequence. The radial stellar density profile of the remnant galaxy is
similar to a de Vaucouleur profile, whereas that for non-merger galaxies have exponential
profiles. Our simulations reproduce the observed extended profile and the metallicity gradient
of the UFD Tuc II.

We propose that future observations to search for extended profiles around existing UFDs
will allow us to probe the formation history of these systems in the early Universe. If an
observed UFD has a centrally concentrated profile such as an exponential function, the galaxy
did not experience any significant mergers in the past. We can regard such galaxies as
candidates for surviving first galaxies (Frebel and Bromm 2012). On the contrary, if a UFD
has an extended profile like the de Vaucouleur profile, the galaxy may have experienced a
(wet) major merger in the past, as likely the case for Tuc II.

Theoretical studies on the effects of tidal heating and other processes after falling into
the host halo would help uncover the evolution processes of extended galaxies. Exploration
into the variation among UFDs would also be interesting. The population will help us better
understand the formation of early galaxies in a cosmological context. More generally, such
studies will be a stepping stone for uncovering the evolution history of our Milky Way.
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5 R-process elements in the Milky-Way
The MW is a large galaxy. Therefore, it represents the statistical properties of the source,
such as the delay time distribution. Previous works that focus on the chemical evolution of
the MW investigate metal-rich regimes. This work studies the metal-poor regime, where a
thorough study is lacking. Timescale for metal-poor systems is short. Therefore, we expect
that it is sensitive to shorter delay time.

5.1 Enrichment of r-process elements in our galaxy
Kilonova observations that associates the the gravitational event GW170817 have provided
evidence that a large amount of r-process elements are synthesized in NSM (Margutti and
Chornock 2020 for a review). The estimated merger rates and masses of r-process elements
synthesized are in very good agreement with those independently estimated from the r-
process element abundances of stars in the Milky Way and UFDs (Ji et al. 2016a; Beniamini
et al. 2016a; Côté et al. 2018; Hotokezaka et al. 2018), as well as from geological measurements
of radioisotopes (see, e.g., Hotokezaka et al. 2015).

A potential problem for the NSM scenario as the origin of r-process elements is the time
delay between the formation of the progenitor star and coalescence. Chemical evolution
models with a delay time distribution of ∝ ∆t−1 cannot explain the distribution of Eu
abundances in stars at disk metallicity [Fe/H] " −1 (Côté et al. 2019). Although several
effects have been considered to solve this problem (e.g., including natal kick on a neutron star,
steep delay time distributions, and turbulent diffusion (Wehmeyer et al. 2015; Simonetti et al.
2019; Tsujimoto and Baba 2019; Banerjee et al. 2020b; Dvorkin et al. 2020)), no satisfactory
solution has been provided. The lack of evidence for the time delay seen in the chemical
abundances is the main argument supporting other scenarios including magneto-rotating
supernovae (MRSNe, Nishimura et al. 2015; 2017), collapsars (Siegel et al. 2019), peculiar
magnetar formation (Metzger et al. 2008; Thompson and ud-Doula 2018), and common
envelope jet supernovae (Grichener and Soker 2019). These events have no delay from the
formation of the progenitor stars as they are associated with the death of massive stars.

A crucial question regarding the origin of the r-process elements is: is there any obser-
vational evidence for a delay between star formation and nucleosynthesis? Or, do r-process
elements synthesized preferentially in the early universe? Elemental abundance ratios and
the overall metallicities allow us to probe the history of metal enrichment of a galaxy. A
useful plot is the [r/Mg] - [Fe/H] plot. The aim of this work is to infer the time delay of
r-process element production in a model-independent manner and to determine the origin of
the r-process elements.

Previous works include Ishimaru et al. (2004), who used three stars with low Eu abun-
dance in [Fe/H] ∼ −3 and found that the most massive stars are excluded from the candidates
for the origin of the r-process elements. However, this measurement would be consistent if
r-process events were sufficiently rare because the chemical enrichment could be retarded
by diffusion processes. Here we use a larger sample of Ba abundances from stars with very
low metal abundances ([Fe/H] < −2). The larger sample size would allow us to distinguish
the intrinsic time delay in r-process from the delay of diffusion origin. Section 5.2 briefly
describes the astrophysical scenarios suggested in the literature. in Section 5.3, we present
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the observations and discuss their trends. in Section 5.4, we discuss the implications for the
origin of r-processes in the Universe.

5.2 Possible candidates for the r-process elements and their delay
times

We classify the origin of r-process elements into three categories in terms of the time delay
between SFR of a galaxy and the r-process element synthesis. These include (i) a delayed
scenario (NSM model), (ii) a no-delay scenario (Rare SN model), and (iii) a “negative”
delay scenario (Collapsar model: the meaning of the “negative” delay is discussed below).
Any astrophysical scenarios fall into one of these categories. α-elements (including Mg) are
assumed to be predominantly produced in normal CCSNe (without delay). We also assume
that the rate of r-process events are low, about 1/1000 of CCSN rate. We discuss these
scenarios in turn.

5.2.1 The delayed scenario (neutron star merger model)
A NSM delays from the formation of the progenitor star due to the long coalescence time.
Indeed, the only confirmed NSM (GW170817) occurs in a galaxy with little star formation
activity, which suggests a long delay of ∼ 1–10 Gyr for the event (Blanchard et al. 2017;
Levan et al. 2017). Theoretical preidictions for the NSM delay time has a wide distribution
from ∼ 10Myr to longer than the age of the Universe. The distribution of the delay time is
described by a function DTD (delay-time distribution):

Ṅr(t) ∝
∫ t

0

dt′DTD(∆t)SFR(t′), (32)

where Ṅr is the rate of r-process events, ∆t = t − t′ is the time between the merger and
the formation of binary neutron stars (BNS), and SFR is the star formation rate of the
galaxy. The functional form of DTD is ∝ ∆t−1, with minimum delay ∆tmin as another
parameter. Beniamini and Piran (2019) find that a steeper power law of DTD ∝ ∆t−1.3 with
∆tmin ∼ 35Myr is favored from the orbital spacing of the Galactic BNS. Wanderman and
Piran (2015) find that DTD ∝ ∆t−1 with ∆tmin ≈ 20Myr explains the redshift distribution
of short gamma-ray bursts (GRBs) well.

5.2.2 No-delay scenario (rare supernova model)
Peculiar SNe such as MRSNe have been proposed as the candidate for the origin of heavy r-
process elements (Nishimura et al. 2015). We here assume that the ratio of such SNe to usual
CCSNe is constant in time, as it is not constrained by the observations. With this assumption,
we obtain a production rate proportional to that of α elements, i.e., Ṅr(t) ∝ SFR(t).
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5.2.3 A ”negative” delay scenario (collapsar model)
Recently, Siegel et al. (2019) propose that the central engine of a long GRB, i.e., the massive
outflow from a collapsar, may synthesize a copious amount of r-process elements.3 We classify
the collapsar model to a negative delay scenario. The “negative” delay is counterintuitive (it
occurs after birth, of course, not before). We use this in an averaged sense: the rate for the
long-GRBs are higher in galaxies with large specific SFRs and low metallicity (Svensson et al.
2010; Palmerio et al. 2019). The redshift distribution of long GRBs clearly demonstrates the
trend: it peaks at higher redshifts than the SFR of the universe (Wanderman and Piran
2010). We therefore assume that the ratio of r-process events to CCSNe decreases with time:

Ṅr(t) ∝ A(t)SFR(t), (33)

where A(t) is a decreasing function that accounts for the fact that the collapsar event rate
is higher at earlier times. We assume A(t) ∝ t−0.5 to mimic the redshift distribution of long
GRBs and the SFR of the Universe at z ! 3 (Wanderman and Piran 2010). Note that the
rate for long GRB is no contrained in the early universe. We here clarify that the “negative”
delay scenario is not limited to collapsars, but can be applied to other objects that peak at
higher redshift than the Cosmic star formation rate.

5.3 R-process delay inferred from very metal-poor stars
Chemical abundances of metal-poor stars is a crucial tracer for the r-process history. Eu-
ropium (Eu) is the most commonly used tracer because the contribution from the s-process
is minor, and it has relatively strong lines. However, if we are to measure very small amounts
of Eu, their lines are not sufficiently strong. Barium (Ba) is another element synthesized in
r-process. Although the s-process contribution is significant for solar metallicity stars, the
delay of s-process is significant. Ba has been used as the tracer for the r-process (François
et al. 2007; Duggan et al. 2018). Here we study the variation in the abundance of Ba in
the low metallicity region (−4 ! [Fe/H] ! −2). At this metallicity region the r-process
contribution dominates over that of the s-process. Figure 24 shows the ratio of [Eu/Ba] for
Milky-Way metal-poor stars. The r-process ratio is 0.7, and ratio close to this value suggests
that Ba is synthesized dominantly by the r-process. The contribution of the s-process be-
comes significant at [Fe/H] " −2.0 and gradually gets more important. Stars with the lower
metallicity have [Eu/Ba] values consistent with the r-process.4

Figure 25 is a schematic diagram showing the evolution of [Ba/Mg] against [Fe/H]. The
ISM in a galaxy is initially metal-poor, and stars formed out of these are plotted on the left.
For these stars, the number of r-process enrichment event is small. Beniamini and Hotokezaka
(2020) point out that the chemical inhomogeneity of the ISM crucially affect the r-process
abundances in the ISM at a given location, if it originate from a single enrichment even. The
volume fraction of the highly enriched ISM is so small that a typical star (outside the enriched
region) will have a very low [Ba/Mg]. This inhomogeneous effect disappears as soon as the

3The r-process synthesis in collapsars is still under debate (Fujibayashi et al. 2020).
4We have excluded the s-enhanced carbon-enhanced metal-poor (CEMP-s) stars. These stars are enriched

by mass-transfer from companion stars. They do not represent the abundances of the natal cloud and therefore
the abundance evolution of the galaxy.
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Figure 24: The evolution of [Eu/Ba] for very metal-poor stars. Measurements are plotted
with blue and upper limits are in orange triangles. The dotted horizontal line shows the
production ratio in the r-process ([Eu/Ba] = 0.7; Sneden et al. 2008). Carbon-rich stars
([C/Fe] > 0.5) are omitted because they are likely affected by binary mass transfer. For
[Fe/H] < −2 stars, the deviation of [Eu/Ba] from the r-process ratio is only ∼ 0.2 dex, which
suggest that the s-process contribution for the production of Ba is not dominant.
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Figure 25: The model evolution of barium abundances [Ba/Mg] against [Fe/H] in the three
delay time distribution scenario. For all of these, we expect a sharp increase [Ba/Mg] at the
metal-poorest regime as a consequence of the inhomogeneous diffusion. The time duration
when the inhomogeneity is significant is shorter than the mixing time: it is significant only
when the Ba enrichment is dominated by one event at a given location. At the metallicity
of −3.5 ! [Fe/H] ! −2.0, the inhomogeneity effect is already diminished and the [Ba/Mg]
trend represents the true time delay of r-process nucleosynthesis. At higher metallicity
(−2.0 ! [Fe/H]), s-process contribution becomes significant.
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number of events contributing to the enrichment increases, and the [Ba/Mg] track converges
to represent the intrinsic delay in r-process events. In [Fe/H] " −2, the contribution of the
s-process becomes significant. We discuss very metal-poor stars in [Fe/H] ! −2 because we
are interested in studying the enrichment of the r-process.

Figure 26 compares the results of our numerical experiments with the observed metal-
poor stars. Two curves, the “linear mean” and the “median”, are plotted on top of each
other, to discuss quantitatively. The linear mean µ(Ba/Mg) is defined as:

µ(Ba/Mg) =
1

Nstar

Nstar∑

i

10[Ba/Mg]i , (34)

where i runs from 1 to the total number of stars in each [Fe/H] bin. Stars with only upper
limits on Ba abundances are ignored. Ba has a very strong line feature and there are not
many stars only with upper limits. Assuming [Ba/Mg] = -10 for all upper limit stars changes
the curve very little.

We must be careful when we interpret the increasing trend of [Ba/Mg] with [Fe/H]. Time
delay certainly induces the increasing trend as in Figure 25. However, another possibility
exists: the median of the abundances of a rare event could show a pseudo-increase in the
trend because of the inhomogeneity. This is a consequence of a long tail on the high concen-
tration side: if we look at the abundance distribution shortly after the deposition of r-process
elements, very small amount of matter are highly enriched, however unlikely to be included
in the stellar abundances. Such distorted abundance distributions occur naturally in the
concentration of elements in the ISM. If we measure the abundance distribution of r-process
elements in the ISM before complete mixing, the median value is lower than the “one zone”
prediction, which assumes instantaneous mixing.

On the other hand, the linear mean µ([Ba/Mg]) is robust to the inhomogeneity effect.
Appropriate weights are given to both r-rich and r-poor gases. By comparing median to
the observations, deviations occur and the importance of the r-poor gas, which is dominant
in volume, is overestimated. If the Mg and Fe distributions are assumed to be uniform
and the entire system is sampled with sufficient resolution, the linear mean exactly matches
the one-zone model using the instantaneous mixing approximation. We therefore conclude
that the increase in the linear mean µ([Ba/Mg]) is the result of a time delay between the
production of Mg and r-process elements. The remaining question is the validity of the
assumptions. That is, (i) the denominator (Mg) and x-axis (Fe) must be homogeneous,
and (ii) the volume sampling must be sufficient. If these conditions fail, the linear mean
would deviate symmetrically from the one-zone calculation. Therefore, we argue that the
inhomogeneous effect alone would give a clear increasing trend seen in observations.

An independent argument is the gradual increase in the median value of [Ba/Mg]. As
explained above, the median can tend to increase due to inhomogeneity effects. However, the
increase is very rapid in this case, since it occurs exponentially. The range of typical [Fe/H]
increases can be estimated by the volume fraction of the r-rich bubble. Here, assuming a
one-zone value [Ba/Mg]1zone of ∼ −0.5, we estimate the metallicity range (∆[Fe/H]) from
[Ba/Mg] ∼ −2.0 to [Ba/Mg] ∼ −0.5. r-rich bubble (1σ region) volume is ∼ σ3. The median
value of [Ba/Mg] converges to the one-zone value when the volume fraction is ∼ 1.

The volume of each bubble increases as ∝ t3/2, and the number of bubbles as tα+1. Here,
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Figure 26: [Ba/Mg] – [Fe/H] plots for the observations of Milky Way stars and our model
results. Upper left panel shows the observations. The abundance data is taken from JINAbase
(Abohalima and Frebel 2018). Carbon-rich stars ([C/Fe] > 0.5) are eliminated. The other
panels show results for our model. We plot the synthetic observations for each model. Upper
right panel shows the results from the positive delay model. The no-delay model is shown in
the bottom left panel. Bottom right panel shows the negative delay model results. The SFR
is assumed to be ∝ tα, where we take α = 1 for all models. For the positive delay model,
we use the power law function DTD ∝ t−1 and the minimum delay time is taken at 20 Myr,
having NSM in mind. In the no delay model, the r-process enrichment occurs without delay.
In the negative delay model, we assume that the distribution of the r-process enrichment is
proportional to SFR(t)× t−0.5 so that r-process enrichment occurs preferentially at the early
times. We assume that the diffusion coefficient D is D = 0.2kpc2/Gyr in all models. The
curve labeled “1-zone” represents the results of 1-zone modeling, i.e., assuming instantaneous
mixing, D → ∞.
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(SFR density) ∝ tα is assumed. Thus, the total volume fraction Vtot,1σ grows as ∝ tα+5/2.
Since the Fe abundance is proportional to the number density of stars, [Fe/H] increases
logarithmically. Therefore, [Fe/H] ∼ (1+α) log10(t)+ const. The value of [Fe/H] at the time
of [Ba/Mg] one-zone convergence is

[Fe/H] ≈ log10(Vtot,1σ) ·
(α + 1)

(α + 5/2)
+ const. (35)

[Fe/H] when the median value of [Ba/Mg] passes through [Ba/Mg]1zone−1.5 can be derived
by the same procedure, substituting Vtot,3σ = 33 · Vtot,1σ forVtot,1σ

5. Finally, ∆[Fe/H] can be
derived as ∆[Fe/H] ≈ log10(3

3) · (α + 1)/(α + 5/2). This gives 0.56 ! ∆[Fe/H] < 1.4 for
α > 0. However, the observed data show a slower increase of ∆[Fe/H] ∼ 2.0, which cannot
be reproduced by diffusion.

Here we present the results of a Monte Carlo numerical experiment of the chemical en-
richment of the Milky Way in the early stages of its evolution (! 1Gyr). Note that this
model is easily generalizable to model the chemical evolution of other galaxies by modifying
the function of the star formation history. Outflow from galaxies (Emerick et al. 2018) is not
considered in our model, although we believe this is not a crucial problem. Figure 26 shows
results from our model. We prepare a kpc3 box initially filled with hydrogen at a density
≈ 20 cm−3, where the SFR is SFR ∝ tα and normalized so that the average CCSN rate is
103 Myr−1kpc−3. Fe and Mg are randomly injected into space at a rate proportional to the
SFR.

Fe and Mg production from each CCSN is assumed to be mFe = 0.04M! (e.g. Nakar
et al. 2016) and mMg = 0.05M!, and each r-process event produces mBa = 3 · 10−4M!. the
overall fraction of r-process events is fixed at 1/1000 of the CCSNe rate (Beniamini et al.
2016a; Hotokezaka et al. 2018).

The number density of an element X at position *r at time t can be written as:

nX(*r, t) =
∑

tj<t−t∗

NX

Kj(∆tj)
exp

[
− |*r − *rj|2

4D∆tj

]
(36)

where NX is the total number of element X produced in each event, tj,*rj are time and spatial
location of the j-th event, ∆tj = t − tj, Kj(∆tj) = (4πD∆tj)3/2, and D is the diffusion
coefficient6. Following Beniamini and Hotokezaka (2020), the simulation is performed with
D set to 0.2 kpc2/Gyr. We track stars formed at random locations within the box. The
abundance of the star is given by the abundance of the ISM at its birth location and birth
time.

Figure 26 shows the synthetic data obtained with our model. The abundance trends are
also shown, with a one-zone model and the linear averages computed with the same procedure
(Equation 34) as for the real data. As we have expected, the linear mean converges to the

5Assuming the concentration follows a Gaussian distribution, 10−1.5×e−0.5 # e−3.95 = e−7.9/2. Therefore,
the size of the region with [Ba/Mg] value higher than [Ba/Mg]1zone−1.5 is the 3σ region because

√
7.9σ # 3σ.

The volume of a 3σ region is 27 times that of the 1σ region. The total volume fraction of the 3σ regions
becomes 1 when that of 1σ regions is 1/33.

6When Kj gets as large as the boxsize, we fix Kj in order to avoid an artificial leakage of the elements
(Beniamini and Hotokezaka 2020).
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one-zone results for all models; the no-delay and negative delay models overproduce Ba-
rich stars with [Ba/Mg] > 0 compared to the observations. S-process contribution would
not solve the inconsistency. Furthermore, the ratio [Ba/Mg] converges to the one-zone line
within about 0.5 dex of [Fe/H]. Thus, the gradual increase in the observations of [Ba/Mg]
can be attributed to the gradual production of r-process elements compared to the formation
of Mg, i.e., the delay of r-process events from CCSNe. We also perform simulations with
DTD ∝ ∆t−1.3 as proposed by Beniamini and Piran (2019) and obtained similar results.
Finally, we also examined [Eu/Mg] in Figure 29. The plot of stars with Eu detection do not
show a clear increasing trend in [Eu/Mg] as opposed to [Ba/Mg]. However, this is natural
because the data would be biased toward Eu-rich stars. The result is fully consistent if we
also include stars with upper limits on Eu.

Figure 27 shows the distribution of [Ba/Mg] ratio for stars in classical dwarf galaxies.
A similar increasing relation between [Ba/Mg] - [Fe/H] is established also in dwarf galaxies,
despite the possible difference in the star formation timescale, although the number of data
points is small. Such similarity is expected to occur when (1) α, the time dependence of
SFH is similar, (2) the DTD of ∝ ∆t−1 is a good approximation, (3) tmin is shorter than the
chemical enrichment timescale of the galaxy to [Fe/H] ∼ −3, and (4) contributions of the
s-process and type-Ia SNe are not significant. Thus, the fact that a similar trend is estalished
supports the conclusion of a delay in the r-process, and also suggests that a scenario with
a constant delay time is unlikely. Here we ignored the uncertainty in the outflow, which is
expected to be significantly different between galaxies, and can have a large impact on the
chemical abundances Emerick et al. (2018). We stress that the trend is robust even without
accounting for this effect. Note that we omit UFDs here because of the discretization of the
r-process events (Beniamini et al. 2016a). The distribution of r-process abundances do not
represent the delay of population, but is dominated by the timing of one event (Safarzadeh
and Scannapieco 2017b; Beniamini et al. 2018; Tarumi et al. 2020c).

5.4 Conclusions and discussions
Observations of Ba abundances in metal-poor stars in our Galaxy reveal that [Ba/Mg] in-
creases significantly with increasing [Fe/H] at [Fe/H] < −2.0. This increase likely represents
the intrinsic delay of r-process events. The increase in linear mean and the gradual increase
in median values cannot be explained solely by a delay due to diffusion, and they reveal that
the formation of r-process elements requires an intrinsic time delay. Therefore, we conclude
that there is a significant delay in the formation of r-process elements in this metal abun-
dance region, which is naturally expected in the NSM scenario (Figure 26 and see also, e.g.,
Côté et al. 2019). R-process synthesis in the other candidates such as MRSNe and collapsars
do not delay from the formaiton of the progenitor stars. Consequently, even ignoring the
contribution of the s-process, we find that Ba is overproduced at low metallicity. We there-
fore regard such sources as incompatible with the trend in observations. We stress that this
is new evidence in favor of NSM being the source of the r-process elements, at least in the
low metallicity environment [Fe/H] ! −2. A similar analysis for Eu using only the detected
samples would show noisy behavior (see Section 5.6)). By including the upper limit as a
zero-abundance, traces of the increasing trend can be seen, as with Ba.

The [Ba/Mg] ratio of very low metallicity stars in classical dwarf galaxies also support the
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Figure 27: The abundances of Ba and Fe for classical dwarf galaxies. The Ba abundance is
normalized by Mg abundance. Detections and upper limits are shown with circles triangles.
The data is obtained from the SAGA database (Suda et al. 2017). The gray dots in the
background are stars in the MW, and the black dots are mean abundances of globular clusters
in MW halo (Pritzl et al. 2005). The dwarf galaxies are on the same track of the Milky Way
stars, supporting the interpretation that the gradual rise of [Ba/Mg] is caused by the intrinsic
delay of r-process events.
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presence of significant time delay. Although the sample size is small and the dwarf galaxies
might have different star formation histories, most stars follow the same trend as stars in
the Milky Way (Figure 27, see also Reichert et al. 2020). Therefore, this “delay” is likely a
common feature and can be verified in a larger sample of dwarf galaxies with Ba abundances.

Note that Ba is detected in most metal-poor stars, as noted by Roederer (2013). Such a
“floor” of Ba abundances may suggest that we may need additional neutron capture process
that is working. The existence of such an event is also supported by the Ba abundance in
the UFD (Section 3). In this case, the increasing trend in [r/Mg] may actually be steeper
than obtained by the Ba observations. However, our argument on the increase of the mean
is still valid, and stars with such extremely low Ba content do not affect the resulting linear
mean of [Ba/Mg].

Metal-poor stars may have originally formed in disrupted dwarf galaxies. Our argument
remains the same even in that case. As Figure 27 illustrates, each dwarf galaxy shows the
secular evolution of abundances. The ubiquitous increasing trend in dwarf galaxies can be
explained by a time delay in the enrichment of the r-process.

Some GCs including M15 exhibit internal abundance spread of r-process elements. The
short star formation duration makes it difficult for delayed sources to enrich the star-forming
cloud. However, given the small metallicity spread within each GC, the difficulty is shared
by all the candidates. One possible solution is the spreading of Eu in the ISM; the formation
process of GCs is not well understood and it would be interesting to investigate the origin of
such r-process spreading. I will investigate this possibility in Section 6.

Surveys of disk stars (e.g. Buder et al. 2021) show [Eu/Mg] ∼ 0 at high metallicity,
supporting short or no time delays for r-process events. The timescale for [Fe/H] evolution is
different from low metallicity: at relatively high metal abundances of [Fe/H] " −1, the ratio
of [Eu/Mg] ∼ 0 is confirmed. It suggests that the delay should be shorter than 1–10Gyr.
Similar features were found in Sculptor dwarf galaxy, where Skúladóttir et al. (2019) find
[Eu/Mg] ∼ 0. They also show an increase of [Ba/Mg], providing clear evidence of a delayed
contribution from AGB stars. Recently, Matsuno et al. (2021) studied r-process enrichment in
Gaia-Enceladus stars. They find that the r-process abundance normalized by the α elements
is significantly overabundant with [Eu/Mg] ∼ 0.3 and the [Eu/Mg] ratio does not evolve with
metallicity. The r-process delay is observed at [Fe/H] ! −2 but not at [Fe/H] " −1 may
suggest that the time delay of the r-process events is typically on the order of several hundred
Myr. The value is consistent with the estimate from Galactic BNS population (Beniamini
and Piran 2019).

The typical delay times of NSMs are comparable to or longer than those of AGB stars.
The seemingly larger delay of AGB stars is likely due to the metallicity dependence of the
s-process. At the lowest metallicity of [Fe/H] ! −2, the s-process yield is suppressed due
to the scarcity of seed nuclei for s-process nucleosynthesis. Therefore, we naturally expect
that the AGB star contribution comes later than the r-process in the NSM, which is also
consistent with observations.

As noted in Section 5.1, it has recently been suggested that the BNS natal kick plays
an important role in shaping the abundance distribution of the r-process (Banerjee et al.
2020b). For this to be the case, a typical center-of-mass kick of ∆vcm " 100 km s−1 is
required. However, Beniamini and Piran (2016) find that the kicks imparted to the BNS is
rather weak. The kinetics of the Galactic BNS favors ∆vcm < 10 km s−1 and also that the
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Figure 28: The mean [Ba/Mg] trends in model galaxies with various α, the star formation
history. Lines with different color represent different star formation histories. Dashed and
solid lines show results with the collapsar and the NSM model.

inferred kick does not correlate with the observed GW merge time. If the natal kick plays
a crucial role on the MW chemical evolution, it would make the explanation difficult for
the highly r-enriched UFD (see Beniamini et al. 2016b), while the abundances measured in
Reticulum II and classical dwarfs are perfectly consistent with the estimates from the BNS
(Beniamini et al. 2016a). On the other hand, there are some constraints from short GRBs.
Perets and Beniamini (2021) find that the offset distribution of these GRBs relative to the
center is perfectly consistent with the stellar distribution in the host galaxy. These facts
suggest that the kick effect is not dominant in determining the location of the BNS merger.

In summary, we find that a delay of 100 Myr ∼ 1 Gyr is required between star formation
and the formation of r-process elements for a significant increase in [r/Mg] in the lowest
metallicity stars. For objects with no or negative delays, the data are inconsistent with
observations, even accounting for inhomogeneous effects; the NSM naturally introduces a
similar level of delay, making it a promising origin for the r-process in the Universe.

5.5 Star formation history
Figure 28 shows the mean [Ba/Mg] trends with three different assumptions on the star
formation history. The solid and dashed lines represent the results from positive and negative
delay models. The NSM model shows an increasing trend while the collapsar model shows
the opposite trend. As shown in Figure 27, the similar increasing trends for dwarf and white
dwarf galaxies indicate that the NSM is the likely origin of the r-process in both environments.

5.6 Analysis with Eu
Figure 29 shows the analysis with Eu. It does not show the increasing trend seen in Ba
because of the large number of upper limits and the large bias of the observed population.
Including stars only with upper limits at [Fe/H]! −3 shows a weak increasing trend.
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Figure 29: Same as Figure 26 but with Eu. Note that the upper limits are not included for
the mean and median curves.
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6 R-process abundance spread in a globular cluster
Neutron-capture elements are useful for probing the formation process of a system. Here,
we use r-process elements to study the formation process of a globular cluster. A GC with
an internal Eu abundance spread has been known for a long time. However, no scenario has
explained the independence of Na and Eu abundances. Here, for the first time, we explain
the abundance features. The scenario is tested with a numerical simulation, and the event
rate is estimated in the context of galactic-scale metal mixing.

6.1 Abundance anomalies and r-process abundance spread in a
globular cluster

GCs are old stellar clusters. They are very compact and the stellar densities are very high:
the total stellar mass is ∼ 105 M! and the stars are packed within ∼ 10 pc sphere. GCs
are known for a long time. The distribution of stars on the HR diagram is well fitted with
one isochrone, suggesting that all the stars are born at the same time, and the chemical
abundances are uniform. However, detailed investigation into the color-magnitude diagram
(CMD) (see Renzini 2008 and references therein) clarified that there is a spread on CMD.
Today, almost all GCs older than 2 Gyr show detectable spread. The existence of multiple
populations (MPs) seems to be common (Bastian and Lardo 2018).

Spectroscopic observations tell us more interesting information. Abundances of light
elements show significant (∼ 1dex) spread among stars in each GC. More importantly, there
is an anticorrelation between a few pairs of elements: Na and O, C and N, and sometimes
Mg and Al. The sum of C, N, and O are constant among stars. This suggests that hydrogen
burning catalysed by CNO element (that is, CNO cycle) had occurred and influenced the
progenitor gas of a GC. The same argument holds for Ne-Na chain and Mg-Al chain. In
contrast to the variety of light element abundances, Fe abundance is almost constant within
each GC 7. The origin of the peculiar chemical abundances remains a mystery, and will serve
as an essential clue to clarify the formation process of GCs.

Abundances of neutron-capture elements are measured in GCs. Some GCs show abun-
dance spread for s-process elements. Papers report that the increase in the s-process elements
are correlated with (i) the sum of CNO elements and (ii) Fe (Johnson and Pilachowski 2010;
Marino et al. 2011). Although low-mass (! 3M!) AGB stars are the origin of s-process
elements, they cannot deplete Oxygen and reproduce the Na-O anticorrelation. There is no
satisfactory model that explains the s-process abundance spread within a GC. We need to be
cautious because small spread could originate from systematics in the spectral fitting process
(Bastian and Lardo 2018).

For the r-process the situation is slightly clearer. M15 is the only GC with a clear spread
in the abundance of europium (Eu) (Sneden et al. 1997; Otsuki et al. 2006; Sobeck et al. 2011;
Roederer 2011; Cohen 2011; Worley et al. 2013) while most GCs show uniform abundances.
The origin of the spread is not understood. Models try to explain the spread by invoking
an r-process event between the formation of first and second generations of stars (Bekki and

7there are a few exceptions such as ω centauri, which shows internal metallicity spread (e.g. Johnson and
Pilachowski 2010).
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Tsujimoto 2017; Zevin et al. 2019). In this case, only the second generation stars, which are
formed after the event, could be enriched with r-process elements.

This work addresses the problem of the r-process abundance spread. We consider that the
abundance spread was present in the progenitor gas cloud as proposed in Roederer (2011). A
merger of wandering BNS enriches narrow region in the interstellar medium. The r-enriched
region dissolves to surrounding material slowly. A GC with r-process abundance spread is
formed if it is formed before the local r-rich region disappears.

6.2 Method
6.2.1 Formation of globular clusters in cosmological simulation
6.2.1.1 Cosmological simulations We investigate to clarify in which conditions a GC
can have an Eu abundance spread. First, we perform cosmological galaxy formation simula-
tions to identify compact small clusters (GCs). Next, we inject r-process elements into gas
cells around the GC formation site and re-simulate GC formation. We then investigate the
r-process abundances in the stars.

We use arepo as the simulation code (Springel 2010; Pakmor et al. 2016; Weinberger
et al. 2019). We adopt the Planck 2018 results (Planck Collaboration et al. 2020): Ωm =
0.315,Ωb = 0.049,σ8 = 0.810, ns = 0.965, H0 = 67.4 km s−1 Mpc−1 as the cosmological
parameters. Initial conditions are generated with music (Hahn and Abel 2011). We use the
zoom-in technique to simulate sufficiently large galaxy with high resolution. We first run a
low-resolution box simulation with the side length of 10 cMpc h−1. We then identify a dark
matter halo of 2.5× 1011 M! at redshift 4.

We run a zoom-in simulation for the region around the target dark matter halo. The
mass of each dark matter particle in the zoom-in region is 1.0× 105 M! and target gas cell
mass (typical mass of a gas cell) is 1.9× 104 M!. The masses of stars formed are similar to
the target gas cell mass. Therefore, a typical GC with the total stellar mass of 4× 105 M! is
resolved by ∼ 20 star particles. The number if sufficient to see the distribution and spread
of elemental abundances.

6.2.1.2 Star formation and feedback A gas cell is converted to or spawns a star
particle when the hydrogen number density of a gas cell is higher than 104 per 1 cm3. Star
formation is allowed only in cool (T < 10000 K) gas cells. The condition on temperature is
needed to prohibit star formation in dense gas cells shocked by SNe.

A momentum injection method is adopted for SNe feedback. A well-known problem in the
energy feedback scheme is that if the mass resolution is not sufficient, resulting temperature
of SNe-heated ISM would be lower than the reality. At temperatures ∼ 105 K, the cooling
rate is a decreasing function of temperature due to bound-bound transitions: therefore, the
rate is overestimated and cooled quickly. In this case, energy is lost almost instantly and
no net effect appears on the ISM. In reality, high pressure of the heated material pushes
surrounding ISM outward, imparting momentum. The momentum cannot be extracted by
“cooling” because this is a bulk motion.

Momentum-injection feedback models are investigated by many works (Kimm and Cen
2014; Hopkins et al. 2018; Marinacci et al. 2019). We follow their implementation. If the
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mass of a gas particle is more than 1000 M!, momentum is imparted to the gas cell. The
initial momentum PSN =

√
2ESNMSN ais enhanced by a factor of fenhance =

√
1 +Mcell/∆M .

Here, ESN and MSN are energy and ejecta mass of the SN. These parameters are assumed
to be 1051 erg and 15.2 M!. ∆M is the mass imparted to a gas cell. The momentum boost
from each SN is capped (Cioffi et al. 1988; Marinacci et al. 2019):

pterminal = 4.8× 105ESN

(
nH

1 cm−3

)−1/7

f(Z)3/2 M! km s−1, (37)

where f(Z) = min[(Z/Z!)−0.14, 2] is a metallicity factor that affects cooling rate.
Radiation from young massive stars in a newly formed stars is another important feedback

(Stinson et al. 2013). A simple feedback scheme is implemented. To model the strong
radiation from young stars, each star particle injects energy of 2.3 × 1036 erg s−1 per solar
mass of stars for the first 4 Myr after formation. The rate corresponds to the number of UV
photons of 8.0 × 1046 s−1 assuming that the average photon energy is 〈hν〉 = 18 eV (e.g.
Fukushima et al. 2020). During the 4 Myr, we do not allow cooling for the irradiated cells.

The fractions of energy and momentum imparted to a gas cell is determined by a kernel
function. The function is proportional to the solid angle subtended by the cell, i.e.,

wi =
∆Ωi

4π
. (38)

The model computes the kernel function for the closest 64 cells around the star particle.

Figure 30: Left panel: average projected gas density of the target galaxy at the cosmic age
of ∼ 1.6Gyr (redshift 4.0). The GCs are annotated with black points and the target GC we
analyze is with blue. Right panel: Distributions of metallicity and formation times of the
target GC.

6.2.1.3 Identification of GCs GCs are self-bound objects with nearly constant [Fe/H]
which are generally very compact. We identify cluster candidates as follows. First, we find
star particles in extremely high stellar density environments with at least 3 × 105 M! of
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stars within 10 pc. Next, we find compact groups of stars by the k-means clustering. As a
result, we find 19 groups of stellar particles that are sufficiently dense and well separated
from each other. We exclude two most massive (> 108 M!) groups because they contain
stars of various ages and metallicities. They are most likely nuclear clusters that used to
be centers of now-disrupted dwarf galaxies. The other 17 clusters have short star formation
periods (! 10Myr) and homogeneous abundances of Fe. The masses of these clusters are
4.0 × 105 M! – 2.8 × 106 M!. Finally, we consider stars within 89 pc (300 cpc h-1) of the
cluster center to be members of the cluster. We confirm in the final snapshot at z = 4 that
these clusters remain self-bound. Such clusters are observed as ”old” GCs and are likely to
be bound until present. If we change the distance criteria to 5 pc and 20 pc, the number of
GCs identified would be 10 and 21.

Figure 30 shows the projection plot of gas density. We select the one marked by a large
blue circle as the target GC. All of these GCs give similar results, so we use this cluster as
a typical example. Other GC locations are indicated by solid black circles. The right panel
of Figure 30 shows the distribution of the metallicity and formation time of the target GC
stars. At the cosmic age of 861.4 Myr, the first star particle is formed. The star formation
continued up to 5.8 Myr. The average of the formation time is 865.2 Myr (z = 6.5). The
average and the standard deviation of Fe abundance [Fe/H] are −2.59 and 0.04. The target
GC has a total stellar mass of 6.4 × 105 M! at the final snapshot. The small spread of Fe
abundance is fully consistent with that of GC in the observations (∼ 0.06 dex, see Carretta
and Gratton 1997).

6.2.2 Element diffusion
We test the non-uniform mixing of r-process elements by numerical simulations. In the
same approach as in the previous paper, the NSM, an r-process event, is modeled as a point
explosion (Tarumi et al. 2020b). Eu is deposited in and around the target interstellar medium
(ISM) forming the target GC. The diffusion and dilution of Eu into the surrounding ISM is
followed in the simulation. Stars in the target GC are formed after the enrichment by the
r-process elements.

We use 20 snapshots dumped at the time before the formation of the target GC, 3−5Myr
away from the adjacent snapshots. The formation site of the target cluster is determined for
each snapshot. First, we identify the IDs of the gas cells that constitute the natal cloud of
the GC. Then, we then search for the positions of the cells back in time. The “planned site”
for the target GC formation is determined as the median coordinates of all flagged gas cells.
Eu is then deposited in gas cells around the planned site. We also test the cases where NSMs
occur off-centered positions to investigate the relationship between distance and the resulting
Eu abundance spread. Four concentric spheres around the planned site are taken. On each
surface, 26 points of (θ,φ) = (0, 0), (π/4, i), (π/2, i), (3π/4, i), (π, 0) with i running every π/4
from 0 to 7π/4 in spherical polar coordinates are picked. In total, 26 × 4 = 104 points are
considered as explosion points. For the radius of the spheres, let t be the deposition time
before GC formation. For snapshots with (t < 30Myr, 30Myr < t < 60Myr, 60Myr < t),
the radii are (100, 200, 300, 400) pc, (200, 400, 600, 800) pc, and (300, 600, 900, 1200) pc,
respectively.

A scalar component mimicking Eu is injected into the gas cells around the explosion
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points. Eu is injected into a gas cell within the snowplow radius rsp from an explosion. The
radius rsp is computed as follows (Mo et al. 2010): at the end of the self-similar Sedov-Taylor
phase, the blast wave radius is

rsh = 23×
(

n

1cm−3

)−19/45

×
(

E

1051erg

)13/45

pc, (39)

and the velocity is

vsh = 200×
(

n

1cm−3

)2/15

×
(

E

1051erg

)1/45

km s−1, (40)

where n is the number density of the gas cell in a unit of cm−3. It then expands while
conserving momentum (snowplow phase). When the expansion velocity of the shell becomes
comparable to the ISM turbulence velocity (∼ 10km s −1), this is the end of the snowplow
phase and the shell dissolves into the ISM. The shell radius at the dissolution is

rsp = rsh ×
(

vsh
10km s−1

)1/3

. (41)

This approach typically distributes Eu to ∼ 105 M! of gases.
The amount of injected Eu is 5 × 10−5 M!. This is in agreement with the estimates

from kilonova AT2017gfo (Cowperthwaite et al. 2017) and Reticulum II (Ji et al. 2016a).
The amount of Eu injected to each gas cell is set in proportion to the volume of the gas
cell. Otsuki et al. (2006) suggests that more than one event, with different ratios of light
to heavy elements, has contributed to the r-process enrichment of M15. We assume that
there are two types of r-process events, lanthanide poor and rich, as the observations require.
The birth cloud is rich in both events and has an averaged abundance of [Eu/H] = −2.1.
This value is motivated by the abundances of Milky Way halo stars: [Fe/H] ∼ −2.4 stars in
the halo show the Eu abundances of [Eu/Fe] ∼ 0.3. This constant ”pre-enrichment” allows
direct comparisons between our simulation results and M15 observations, although its origin
is not clear. Further discussion will be given on the origin of the light r-process elements and
lanthanides in Section 6.4.3.

6.3 Results
6.3.1 Eu abundance distribution
Figure 31 shows the distributions of Eu abundance for four snapshots. The red line in the fig-
ure represents the Eu abundance distribution of stars in M15 (Worley et al. 2013), smoothed
with the kernel density estimation. The blue histogram is the results of our numerical sim-
ulation. The top left panel shows the best model results: Eu deposition is 19.0 Myr before
GC formation. The explosion point is 100 pc away from the formation point. The observed
abundance distribution of Eu is well reproduced. In the other implementation where ∆t =
19.0 Myr and R = 100 pc in the same model parameters, similar abundance distributions
of Eu were obtained, although the distributions were slightly different. The figure at the
top right shows another model: the parameters are ∆t = 30.7 Myr and R = 100 pc. The
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Figure 31: Histograms of Europium abundance ([Eu/H]) for our simulated GC in models
compared to the observed abundances of M15 stars. The red line shows the observed distri-
bution smoothed with the kernel density estimation (KDE) Worley et al. (2013). The blue
histograms and lines show the distributions in the numerical experiments. The bandwidth
is 0.1 dex. The top two panels show models with (19.0 Myr, 100 pc) and (30.7 Myr, 100 pc)
that reproduce the [Eu/H] spread well. These distributions show significant spread, with the
standard deviation of σ > 0.15 dex. The bottom panels are ones with longer dilution times.
They show some inhomogeneities, although their standard deviations are smaller than M15
and could be consistent with the observational errors.

distribution function has a different shape from observations but considerable spread is seen.
Interestingly, this model displays a bimodal distribution. The peak at the low abundance is
at [Eu/H] = −2.1, indicating that these stars are not enriched by the NSM. It is interesting
that such a bimodal distribution can be reproduced by our heterogeneous ISM model without
assuming multiple star formation epochs.

The lower two panels of Figure 31 show the results of models that fail to reproduce the
observed distribution. In the ∆t = 56.1 Myr and R = 0 pc model in the lower left, the NSM
ejecta is diluted with a large amount of ISM, even though NSM occurs in the center. As a
result, the standard deviation of the abundance of Eu was found to be as small as 0.1 dex,
which is comparable to the observed uncertainty. The other model is ∆t = 73.7 Myr and
R = 0 pc (bottom right). In this model, Eu from the last NSM is almost entirely mixed in
the ISM, and the overall amount of Eu and its spread are too small to be consistent with
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observations. From these results, we argue that the Eu abundance spread in M15 can be
explained if the r-process enrichment (NSM) occurs ∼ 100 pc away from the birth cloud and
there is a short (∼ 20Myr) time delay for mixing with ISM, the observed Eu content can be
explained.

6.3.2 Distribution of Eu abundance spread

Figure 32: Histograms of σ[Eu/H] (standard deviation of Eu abundance [Eu/H] in a model)
for each set of model parameters (∆t, R). Each histogram contain 26 datapoints. The vertical
line denotes σ = 0.15 dex, the abundance spread seen in observations of M15 stars(Worley
et al. 2013). The distribution is smoothed by the kernel density estimation for the illustration
purpose (the bandwidth is 0.02 dex).

Figure 32 shows the spread of Eu abundance for the ∆ t = 10.3 and 30.7Myr models.
∆ t = 10.3Myr, R = 100 pc models show a spread of abundance equal to or greater than
M15 in over 80 % of cases. The percentage decreases with increasing distance, and models
with R " 300 pc show no observable spread. At longer delay times (∆ t = 30.7Myr), the
non-uniformity of the R = 100 pc model decreases to 35 %. This is due to the greater dilution
of the NSM ejecta. However, 15 % of the models with R = 300 pc show a large Eu spread
for this longer time period. With time evolution, the probability decreases for models with
smaller R, but models with relatively large R may have higher chance of displaying the
spread.

The volume of ISM that remains non-uniform can be calculated. We define the region
as follows: if a GC is formed within, the spread in Eu composition σ would be greater than
σ > 0.15 dex. This volume is about 0.02 kpc3 and is nearly constant for the first 50 Myr.
This reflects the fact that the decrease in probability of the low R model and the increase in
probability of the high R model compensate for each other; after 50 Myr, the volume rapidly
drops to zero due to dilution.

6.4 Discussion
We have shown that GC member stars exhibit a large spread in Eu abundances under certain
conditions. We discuss the characteristics of the stellar population of M15 and propose a
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valid model for its formation and evolution.

6.4.1 Sodium abundance
Figure 33 shows the distribution of M15 stars on the [Eu/H]-[Na/H] plane and the correspond-
ing histograms, showing a bimodality with two peaks at [Eu/H] # −2.1 and [Eu/H] # −1.7
(see also section 3.1). No correlation is found between Eu and Na. We discuss several
scenarios for the formation of M15 and its enrichment in the r-process based on these facts.

Multple star formation epochs are assumed in a popular GC formation model. During
the first starburst, several BNSs form. One (or more) of them merge and enrich the cluster
before the second star formation. As a result, only the SG stars are enriched with Eu and
have higher [Eu/H] than FG stars. The Eu abundance distribution of M15 can be reproduced
in this scenario (Bekki and Tsujimoto 2017; Zevin et al. 2019). Here, an important feature
is that the event only enriches the SG stars. The lower right panel of Figure 7 shows a
schematic figure of the expected distribution. The FG stars have a similar composition to
halo stars, and no Eu abundance spread is expected. In addition, FG stars are not affected
by the neon sodium (NeNa) chain. On the other hand, SG stars are strongly affected by
both the r-process events and the NeNa chain, which is why they appear in the upper right
corner. Among SG stars, as in our model studied in section 3, there may be a spread in the
abundance of Eu depending on the time scale of star formation. If this scenario is true, we
would see a clear bimodal distribution of [Eu/H]. Another prediction is that the abundances
of Eu and Na would correlate. GCs are known to exhibit Na-O anticorrelation (see, e.g.
Bastian and Lardo 2018), which is an evidence of past hydrogen burning between the FG
and SG star formation epochs. SG stars are likely to be enriched in both Na and Eu. We
expect a positive correlation between [Eu/H] and [Na/H]. However, observations of M15 stars
do not present such trend.

Another scenario is that the stellar abundance spread in M15 represents that in the natal
cloud. In this case, the number of star formation epochs in M15 would significantly affect
the Na-Eu relation. If all stars in M15 are formed in a single burst, then Eu and Na would
be independent of each other. Therefore, the distribution is simply random, as shown in the
lower left panel of Figure 7 (red color map and histogram). On the other hand, if M15 stars
form in multiple star-forming bursts, only FG stars will have a spread of Eu. SG stars are
formed in a mixture of stellar winds from multiple first generation stars. The Eu abundance
spread is averaged out so they would not have a spread of Eu abundance. The middle figure
below (green color map and histogram) show the expected distribution in this scenario.

Carretta et al. (2009) study the Na-O anticorrelation of 15 GCs and argues that the
criterion for SG stars is [Na/Fe] > [Na/Fe]min + 0.3. This threshold translates to [Na/H] =
−2.09 in the case of W13 sample as [Na/H] = −2.39: [Fe/H] = −2.32 and [Na/Fe] = −0.07).
It is evident that the SG stars also have a large [Eu/H] spread, comparable to that of the FG
stars. We therefore conclude that a single starburst is strongly supported as the formation
scenario for GC stars.
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Figure 33: Top panel: distribution of [Na/H] and [Eu/H] observations in Worley et al. (2013)
and Sobeck et al. (2011). The histograms show [Eu/H] and [Na/H] abundances. Bottom
panels: expected distributions in three different scenarios. Our models are the two panels on
the left. The difference is whether the stars in a GC forms in one or multiple bursts.

76



6.4.2 Fraction of globular clusters with internal Eu spread
We have seen that if the last NSM occurred ! 50Myr before the GC formation, the GC
could have a significant Eu content spread. Each NSM creates an inhomogeneous region of
about ∼ 0.02 kpc3: if a GC forms within, it would exhibit Eu abundance spread. Here we
estimate the rate of formation for such Eu abundance spread.

One NSM creates a 0.02 kpc3 region over 50 Myr. Assuming a stellar mass of 107 M!
for a galaxy at the cosmic age of 1 Gyr, the average star formation rate is 10−2 M! yr−1.
One core-collapse supernova is produced for every 100 M! of star formation, giving a CCSN
rate of about ∼ 102 Myr−1. Assuming an NSM rate of 10−3 of the CCSN, the NSM rate
is about ∼ 10−1 Myr−1. Thus, about ∼ 5 NSMs occur during 50 Myr, indicating a large
spread of Eu in the 0.1 kpc3 region. In our simulations, most clusters form in the central
1 kpc.8 Therefore, assuming a star-forming region size of about ∼ 1 kpc3, the fraction of
star-forming regions with a large Eu spread is 10 %. This is consistent with about one in
∼ 7 metal-poor GC systems with [Eu/H] ! −2 (M68, NGC6287, NGC6293, M92, NGC6397,
M15, and M30 to our knowledge. See also Roederer 2011; Cohen 2011). Note that this ratio
depends on metallicity (or the baseline Eu content). Assuming a low Eu background, GCs
are more likely to have a spread of Eu abundances. Estimating the volume of clouds forming
GCs is subject to large uncertainties. Given the low metallicity of GCs, we argue that this
assumption about the formation location may only be valid for early immature galaxies with
stellar masses as low as ! 107 M!.

6.4.3 Origin of r-process elements
For the numerical experiment, we have assumed that an r-process event synthesize 5 ×
10−5 M! of Eu, having NSM in mind. However, other processes have also been proposed as
origins, including collapsers (Siegel et al. 2019) and magneto-rotational supernovae (Nishimura
et al. 2015) (see Section 5.2). The origin is still under debate.

Otsuki et al. (2006) noted that the spread of abundance ratios of lighter r-process elements
such as yttrium (Y) and zirconium (Zr) are smaller than those of Eu, as seen in Figure 34.
The lines in the figure show the enrichment by NSM of two different yields. The top two show
model curves assuming (i) uniform Y and Zr compositions of [Y/H] = −2.7, [Zr/H] = −2.3,
(ii) uniform Eu composition of [Eu/H] = −2.1, and (iii) NSM ejecta abundance ratio of
[Y/Eu] = −1.0, [Zr/Eu] = −0.9. The last condition is motivated by the light-to-heavy r-
process ratio seen among r-II stars (Montes et al. 2007; Ji et al. 2019a; Tsujimoto et al.
2020). Note that this ratio is enriched in lanthanides by about ∼ 0.5 dex relative to the solar
r-process pattern; NSMs (or r-process events) that dominantly enriched M15 have a lower
[light-r/Eu] than the solar r-process ratio, consistent with those of r-II stars. Interestingly,
recent multi-wavelength observations of kilonova events suggest low ejecta opacity (Waxman
et al. 2018). The estimated lanthanide fraction is lower than the solar abundance pattern
but with large uncertainties. Future kilonova observations and modeling are expected to
further elucidate the detailed abundance ratios of r-process elements produced in the NSM.
The different origin of light and heavy elements is supported by previous studies (e.g., Otsuki

8Although these clusters form within ∼ 1 kpc from the center, galaxy mergers throw these systems away
from the center. This mechanism might be important to sprinkle GCs in MW halo region.
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et al. 2006; Honda et al. 2006). In addition, given the small physical scale of M15, the number
of lanthanide-rich r-process events that formed the Eu spread in M15 is likely to be one; the
similarity of the lanthanide fraction of events to the r-II stars in the MW halo suggests that
the number of events that contributed to the r-process element abundance in the r-II stars
number is likely to be one. These stars may have formed in a narrow, isolated environment
that was less affected by lanthanide-poor r-process events. For more details, see the next
part.

6.5 Conclusion
We have shown that a GC can display an internal spread of r-process abundances if an
r-process event occurred within ∼ 10 Myr and ∼ 100 pc. The r-process event should be
lanthanide-rich as in the events for Reticulum II. Considering the no correlation between Na
and Eu distributions, a single star formation epoch is favored as the formation scenario of a
GC. This challenges the standard (AGB) GC formation scenario.
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Figure 34: The abundances of heavy and light r-process elements. The top panels show the
ratio of light (Y, Zr) to heavy (Eu) neutron-capture elements and the bottom panels show
relations between heavy (La, Ba, Eu) neutron-capture elements. The dashed lines show
the expected abundances assuming an event with solar r-process abundance pattern have
contributed(Bisterzo et al. 2014), while the solid curves show that for case of lanthanide-rich
event (Tsujimoto et al. 2020). The observational data are taken from Otsuki et al. (2006)
and Sobeck et al. (2011).
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7 Non-local thermal equilibrium analysis for Helium
and Strontium line signatures in kilonova

Previous sections address the mixing of elements inside galaxies. We also need to study the
nucleosynthesis sites of the r-process elements to address the problem thoroughly. NSM is a
promising candidate for the r-process elements, as we have seen in Section 5. Here, we study
the kN spectrum’s absorption feature to probe the NSM environment.

This work focuses on level populations of atoms in kN ejecta, which is a unique feature
compared to previous works in the literature. Hydro-simulations that consistently solve
radiative transfer and energy input/output require assuming local thermal equilibrium (LTE).
However, to model the line absorption strength, non-LTE modeling is appropriate because
level populations determine the result. Here, we model level populations without assuming
LTE at the cost of simplifying the hydro-simulation part. The photospheric temperature is
determined by fitting, while the ionization rate is computed from a theoretical model. The
energy consistency is secured by the fact that the r-process decay heating rate is consistent
with the luminosity.

7.1 Theoretical works on kilonova
Kilonova (kN, Metzger et al. 2010) is an electromagnetic counterpart to the merger of binary
neutron stars. The emission is powered by the radioactive decays of r-process elements. Only
one kN (AT2017gfo) that associates with a gravitational wave event (GW170817) has been
observed (see Metzger 2017; Nakar 2020; Margutti and Chornock 2021; for reviews). The
spectrum and the light curve of the kN imprints valuable information on the nucleosynthesis
in the event (Barnes and Kasen 2013; Kasen et al. 2013; Tanaka and Hotokezaka 2013).

The spectra in the optical to near-infrared bands were obtained by several groups (Chornock
et al. 2017; Kasliwal et al. 2017; Kilpatrick et al. 2017; Pian et al. 2017; Smartt et al. 2017).
The most remarkable feature in its photospheric phase is the existence of a strong absorption
feature around 8000Å. The feature persists for ∼ a week after the merger (Kilpatrick et al.
2017; Pian et al. 2017). Since the ejecta is likely composed of heavy r-process elements,
such absorption feature may be composed of many absorption lines. However, the number
density of strong lines decrease at longer wavelength of " 10000Å (Domoto et al. 2022). It
is worth investigating the possibility of single ion species producing such absorption feature.
Watson et al. (2019b) argue that the feature is a P-Cygni profile (line profile characteristic of
expanding matter, with an emission feature on the long wavelength side and an absorption
feature on the short wavelength side) produced by the three lines of singly ionized Sr (Sr II)
at 10039, 10330, 10918Å. The wavelength is blueshifted by 0.2c. If true, the feature is the
first direct evidence of r-process elements in the neutron star merger spectra.

An alternative explanation is absorption by neutral Helium (He I) 10833Å absorption
line. The presence of He in NSM ejecta is first pointed out by Fernández and Metzger
(2013). α particles in the ejecta is the consequence of α-rich freeze-out (see Section 1). The
exact amount of He in the ejecta depends on the entropy and electron fraction. Perego et al.
(2022) show that α decays of the heaviest nuclei also produces the α particles. However, they
have concluded that the P-Cygni feature in the spectrum is unlikely to be the He signature,
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because the luminosity of kN is too high. However, they have used the numerical code for
the type-Ib supernova, and the applicability is questionable. In addition, the mass of He in
NSM ejecta is highly uncertain (Wanajo 2018; Fujibayashi et al. 2022).

Previous works on radiative transfer simulations for kN including Watson et al. (2019a)
assume LTE, where the ionization levels and excited level populations are computed by the
Saha equilibrium and the Boltzmann distribution of the ejecta temperature at the position.
The LTE assumption may be valid during the photospheric phase (Pognan et al. 2022). How-
ever, in NSM ejecta, high-energy particles originate from the radioactive decays of r-process
elements. These particles contribute to overionization of the ejecta, which significantly devi-
ates the populations from the LTE values (Hotokezaka et al. 2021). In particular, He is an
element that is significantly affected by such non-thermal particles. It is crucial to include
the effect of non-thermal processes to model the line strength of He in NSM ejecta.

We model the level population of He I and Sr II in kNe under the irradiation of non-
thermal electrons produced by β-decay of r-process elements. We will show that the P-Cygni
feature can be reproduced by the 10833Å He I line. Unlike type Ib supernovae, which have
higher photospheric temperatures and higher He density, this is the only absorption line of
He observable in the kN photospheric phase. In the case of Sr, the Sr II abundance decreases
with time because ionization of Sr II → Sr III proceeds. Consequently, the line strength is
expected to get weaker from 1.5 day to 4.5 day after merger, which seems to contradict to
the observed feature.

7.2 Basic picture
7.2.1 He and Sr level structures
Figure 35 shows the energy level structure of neutral He relevant to the line at 10833Å.
The He I 10833Å line comes from transition between two excited levels 23S and 23P. Since
He have two electrons, their spins form spin-0 (singlet) and spin-1 (triplet) states for each
orbital part of the wavefunction. An exception is the ground state, which contain both
electrons in the 1s orbit: since two electrons around He nuclei cannot take the same orbital
and spin states at the same time, only singlet state is allowed for the ground state. The
23S state is a metastable state. Note that the excitation energy from the ground level to
He I, 23S is 19.8 eV, which is prohibitively high for thermal particles of kilonova photospheric
temperatures (! 5000K). Therefore, excitations by any thermal processes are negligible.
However, the excited state He I, 23S can be highly populated through recombination from
ionized He.

Kilonova shines because of energy input from radioactive energy. Therefore, many high-
energy particles such as high-energy electrons and photons (β, γ particles) exist in the ejecta.
They can easily ionize neutral He because their energies are more than keV. Then, the ionized
He captures an electron and it becomes neutral again. A good fraction of the recombination
results in excited states and ∼ 75% of excited He I will become any of the triplet states
(Osterbrock and Ferland 2006). Natural transitions are so efficient that the excited states
soon decays to the most stable level connected by allowed transitions. Here, the spin quantum
number plays a significant role: the triplet states and the singlet states are decoupled because
spin-flipping transitions are prohibited. For instance, the natural transition to the ground
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Figure 35: A schematic figure for the level structure of He.

state from the 23S is extremely inefficient: the Einstein’s A-coefficient for this transition is
∼ 10−4 s−1. The dominant depopulation mechanism is by interactions with thermal electrons
or photoionization by thermal photons, depending on the photospheric temperature. If the
temperature is high, there are sufficiently high fraction of high-energy (> 4.8 eV) photons that
can ionize from the 23S state. Otherwise, electron collisions flips the spin to the ground (11S)
state or excited singlet states (21S, 21P) and then it decays to the ground state. Although 21S
is a metastable state, it decays to the ground state via two-photon process which is relatively
efficient (Drake et al. 1969).

Figure 36 is the same figure for singly ionized Sr. It has one electron in the valence shell
because there are 37 electrons in total and 36 makes a closed shell. The three lines with
∼ 10000Å come from transitions between 4D (the valence electron in the 4d orbit) and 5P
(the valence electron in the 5p orbit) states. The 4D states are metastable because the orbital
angular momentum is different by two from the ground (5S) states.
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Figure 36: A schematic figure for the level structure of Sr+. The energy levels crucial for
the line is the 4D states. Since this state is metastable, natural decay to the ground state is
slow. This level is connected to the ground state via the 5P states.

7.2.2 Line optical depth
Strength of the line spectral feature in an expanding medium can be calculated by the Sobolev
optical depth (Sobolev 1960; Jeffery and Branch 1990):

τs =
gu
8πgl

Alunlλ
3
lut

(
1− nugl

nlgu

)

≈ 0.23tdλµmnlflu, (42)
where Alu, nl, nu,λlu, t, gl, gu are Einstein’s A coefficient, number densities of lower and upper
levels, wavelength of the transition, and degrees of freedom for lower and upper levels. Time
in unit of day is td and the wavelength in unit of µm is λµm. Feature of the line would appear
if τs " 1.

What are the optical depths needed to reproduce the spectral feature in AT2017gfo?
Figure 37 shows the comparison of model to observed spectra between 1.43 and 4.40 days
after the merger. We assume an optical depth profile that decreases as τs = τs0(v/vphot)−5

and take τs0 as a free parameter. The fact that the emission is predominantly black-body
suggests that most material is inside the photosphere for the first few days. The sharp
power of v−5 is motivated by the fact that significant material should be within v = 0.155c,
which is the photospheric velocity at 4.40 days in our model. The optical depths required to
reproduce the observation is ∼ 1.0 for all the epochs. The shape of the line profile depends
on the assumption of the profile: τs0 could be modified by a factor of a few by taking another
power-law index.

Oscillator strengths for neutral Helium (23S → 23P) and singly ionized Strontium (4D →
5P ) are flu ≈ 0.54 and 0.089. Substituting these to Equation 42 and assuming (1 −
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Figure 37: P-Cygni profiles of the observed spectrum and the theoretical model. The shaded
regions are the wavelengths where telluric absorption is significant. Black lines show observed
spectrum. Colored lines show the absorption line feature in the simplest model of τs =
τs0(v/vphot)−5.
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nugl/nlgu) # 1, densities required to produce the line feature are

n(He I, 23S) " 7.4t−1
d cm−3, (43)

and

n(Sr II, 42D) " 50t−1
d cm−3 (44)

respectively.
The number densities of He and Sr including any ionization states at a velocity coordinate

v is:

n(t, v) ≈ 106t−3
d

mej(≥ v)

0.01M!

Y

0.01

( v

0.2c

)−3

cm−3, (45)

where Y and mej(≥ v) are the number fraction of He and Sr and the total mass of ejecta
moving faster than v. The average mass number is assumed to be 100. Either neutral
Helium or singly ionized Strontium can produce P-Cygni profile on the spectrum if there are
sufficiently high densities of 23S or 4D states.

7.2.3 Radioactive ionization
NSM ejecta at a few days after the merger is composed of radioactive r-process nuclei which
heat the ejecta. The decay energy is first carried by decay products such as α, β, γ particles,
and fission fragments (Barnes et al. 2016). These high-energy particles deposit energy into
the ejecta by ionizing atoms and ions, or by interacting with free electrons.

We can estimate the ionization states of Helium and Strontium by ionization equilibrium.
Here we assume that ionization is mostly done by the nonthermal particles. The ionization
rate βi is

βi(t) =
q̇β(t)

wi
, (46)

where q̇β ≈ 1t−1.3
d eV/s and wi are the radioactive heating rate per ion and the energy re-

quired to ionize one atom, “work per ion pair”, of a given ion. To obtain wi, we need to
compute degradation of high-energy particles via various processes that will be explained
later. In general, a few percent of energies of high-energy particles are spent by ionization of
elements. Therefore, wi will be ∼ 20 times higher than their ionization potential energies.
Recombinations occur between ions and electrons with Maxwell-Boltzmann (thermal) distri-
bution. In this case, a “recombination rate coefficient” α is available. The recombination
rate is αnine. We require the ionization and recombination rates to be equal:

ni+1 ≈
βi

αine
ni. (47)

7.3 Method
We need nHe23S

and nSr4D at each radius to model the line signature. For this purpose, we
compute rate equations of transitions among various levels. The equations include all the
processes relevant for the populations. I describe the assumptions in our model.
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Epoch [days] Tγ [K] vphot/c
1.43 4400 0.245
2.42 3150 0.22
3.41 2750 0.19
4.40 2600 0.155

Table 1: Temperatures and velocities of photosphere obtained by fitting.

7.3.1 Geometry
We prepare a spherically symmetric homogeneous shells expanding at constant velocities so
that r = vt holds. A power-law density profile is assumed:

ρ(v, t) =

{
ρ0(v/v0)−n(t/t0)−3 (0.1 < v/c < 0.5)
0 (otherwise)

(48)

where we assume Mej = 0.04M! and determine the constant ρ0. The mass fractions of
He and Sr are assumed to be MHe/Mej = 0.1% and MSr/Mej = 1%. The composition is
homogeneous. For our fiducial calculation we assume n = 5 but we also experiment with
other values.

We assume that the ejecta has a sharply defined photosphere at a photospheric velocity
of vphot at each moment. The photosphere emits blackbody radiation with a temperature
Tγ. We consider that this approximation is more or less valid because the spectrum from
1.4 to 4.4 days are well fitted by a blackbody emission except for the P-Cygni feature we
discuss. We determine the position (on the velocity coordinate) vphot and temperature Tγ of
the photosphere by fitting the observed spectrum of AT2017gfo as

F (λ) =
1

D2

∫ rmax

0

2πxB(λ, T (x))dx (49)

where rphot = vphott is the photospheric radius at each epoch, B(λ, T ) is the Planck function
for the blackbody radiation, and D = 40.7Mpc is the distance from the earth (Cantiello
et al. 2018). We take into account the relativistic Doppler effect in an approximate manner.
Taking θ as cos θ =

√
1− (x/r)2, T (x) is

T (x) =
T

γ(1− β cos θ)
. (50)

Fits are reasonable for spectra at 1.43-4.40 days. The results are shown in Table 1. We
assume that the electron temperature outside the photosphere is constant and is the same
as the photospheric temperature: Te = Tγ.

7.3.2 Rate equations and Atomic data
We consider 21 levels for the populations of He. Two levels are for He II and He III, and
the other 19 levels represent neutral He up to the quantum number n = 4 for both S = 0
and S = 1 states. Natural transition rates (Einstein’s A-coefficients) are obtained from the
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NIST database 9. The stimulated transition rates (the “B” coefficients) are computed from
the A-coefficients by the statistical equilibrium of the level populations and the photon field.
We consider a geometric dilution factor W (v):

W (v) = 0.5

(
1−

√

1−
(
vphot
v

)2
)

(51)

(Mihalas 1978) that considers the solid angle irradiated from a photosphere inside.
If the optical depth of an absorption line becomes very high, an emitted photon is soon

absorbed by another ion of the same kind. The net de-excitation rate should be decreased in
that case. This is treated by the Sobolev escape probability P (τs) = [1−exp(−τs)]/τs (Castor
1970), where τs is the Sobolev optical depth (equation 42). The photoionization cross sections
from each level, and the recombination rate coefficients α are taken from Nahar (2010). We
have considered excitation by collisions of thermal electrons (Berrington and Kingston 1987;
Ralchenko et al. 2008). Ionization by thermal electrons are also considered but the rates are
negligibly low.

We assume that photoionization and recombination results in the ground level of He II
and He III. For the neutral He, we separately treat the direct recombination to the ground
from the excited levels. Namely, 75% of the recombinations to excited states results in the
23S level, while the other 25% populates the 21S level. We also try recombination to n = 4
levels, and have checked that the result did not make any observable difference. This is
expected because natural transition cascades occur very quickly (∼ 106 s−1) compared to
other processes such as photoionization. Therefore, all the triplet He atom anyway decay
to the 23S level. Nonthermal excitation to the spin-triplet states is not significant as singly
ionized He dominates over neutral He.

For Sr, we consider ten levels. Five for Sr II (5S1/2, 4D3/2, 4D5/2, 5P1/2, 5P3/2) and the
other five for other ionization levels (Sr I, Sr III, Sr IV, Sr V, Sr VI). A and B coefficients are
obtained from the NIST database. Recombination rates are scaled from the Hydrogen values.
Here we use the formula

α(z, T ) = zα(1, T/z2), (52)
which is suggested in Bates et al. (1962) and z is taken as the charge of an ion. There is
no sufficient data for the electron collision strengths. We assume that all the strengths are
unity. This simplistic treatment does not cause serious errors in the results, because almost
all transitions are dominated by photons in the case of Sr. In an unlikely case of the collision
strength of more than 100, the level population is affected by the collision strength.

7.3.3 Radioactive ionization
Ionization by high-energy particles crucially affect the level populations of ions in the ejecta.
We consider β particles as the ionization source. Work per ion pair wi is the energy input
required to ionize one ion i. In astrophysical plasma, the work per ion pair wi is 10 – 100
times the ionization potential because a few percent of the energy of non-thermal particles
is spent to ionize elements. Axelrod (1980) estimates the wi for iron in type-Ia supernova

9https://www.nist.gov/pml/atomic-spectra-database
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as ∼ 30 times the ionization potential. Hotokezaka et al. (2021) give similar values for Nd
in kilonova ejecta. We have solved the Spencer-Fano equation to obtain wi (Spencer and
Fano 1954; Kozma and Fransson 1992). The calculation details will be presented in our
companion paper (Hotokezaka et al. in prep.). The values of wi in neutron star merger
ejecta are ≈ 3000 eV for He II, ≈ 600 eV for He I, ≈ 300 eV for Sr II, and ≈ 450 eV for Sr
III, respectively. The specific heating rate Q̇ [erg s−1] is taken from Hotokezaka and Nakar
(2020). The ionization rate by nonthermal particles is calculated as Q̇× YHe/WHeI.

7.4 Spectrum calculation
Jeffery and Branch (1990) propose a simple and powerful analysis methodology for the for-
mation of the P-Cygni profile and we follow that treatment. We use a cylindrical coordinate
with the center of the merger ejecta is at the origin and the observer is at z = ∞. The other
two dimensions are described by a polar coordinate (p, θ), although we are not interested
in θ as the ejecta is assumed to be also axisymmetric. The z coordinate corresponds to the
Doppler velocity since the ejecta is freely expanding from a point-source and a relation r = vt
holds (homologous expansion).

We assume that a photosphere emitting a blackbody radiation of Tphot is at vphot. Outside
the photosphere, the ejecta is optically thin except for the line in question. A photon with
the wavelength λ may be scattered at the z-direction velocity coordinate of z(λ) = vz(λ)t
that satisfies

λ0 = λ(1 + vz(λ)/c), (53)
where λ0 is the wavelength of the line in question. Note that we consider the Doppler effect
to the first order. We discuss the effect of special relativity in Section 7.7.4.6.

The origin of the photons of the wavelength λ are (i) the photosphere, or (ii) an interaction
surface at z(λ) = vz(λ)t. In the latter case, photons with the wavelength λ0 (in the ejecta-
comoving frame) are scattered by the line transition. We add these contributions to obtain
the intensity from a point (p, z) as:

I(p, z) =

{
S(p, z)(1− e−τ ) + Bν(Tphot)e−τ (|p| < vphott)
S(p, z)(1− e−τ ) (otherwise).

(54)

Here, the source function S(p, z) is given by

S(p, z) =
2hν3

c2
nl

(
gunl

glnu
− 1

)−1

. (55)

The total flux from a velocity surface z is obtained by integrating the p and θ coordinates:

F (z) =

∫ pmax

0

2πpI(p, z)dp. (56)

Here, we have assumed that the line absorption is represented by a single transition. For
Sr, the three lines are separated by ∆λ = 882Å, making the difference of ∆λ/λ ∼ 9%.
This approximation does not affect the emergent spectral shape significantly, as the observed
blueshifts (∼ 0.2 c) and the width of the line feature are wider.
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7.5 Result
7.5.1 He model

Figure 38: Spectral results for our He model, compared to the observed spectrum at 1.43-4.40
days from merger. The fiducial model assumes that the UV photons do not contribute to
the ionization of He 23S level. The gray shaded regions show the wavelength where telluric
absorption is significant.

In Figure 38, we show our He model results and compare them to the observations. Our
main model (blue) reproduces the absorption features well. In this model, photoionization
is ignored. Our model (green) reproduces the absorption features at 3.41-4.40 days, while
the predictions for the first two epochs are weaker than the observations. The model spectra
match well if photoionization from n = 2 levels are ignored for the first two epochs. On
the other hand, photoionizations have a minor effect for the later epochs. The level pop-
ulations and the spectral signatures for these epochs are robust to the uncertainty in the
UV blanketing. Therefore, He of 0.2% in mass fraction, which corresponds to 8 × 10−5 M!,
naturally produces the line feature in AT2017gfo. The spectral feature persists for the first
3.4 days, and it gets stronger at 4.4 days. The estimates of Equation 43 show that the line
strength gets weaker quickly. However, photosphere goes inside as time evolution, therefore
the photospheric density decrease is slower than t−3 in our calculation.

Photoionization efficiently works to depopulate from the 23S level for the first 2.5 days,
when the photospheric temperature is relatively high. We have found that the photoionization
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rates should be 0–0.3% and 0–30% of blackbody values for 1.43 and 2.42 days to reproduce
the observations (see Section 7.6). The ionization threshold is 4.8 eV, which corresponds
to ∼ 2600Å in the ejecta rest frame. The spectrum at 1.43 days clearly shows a cut-off
feature at the wavelength of 4000Å (Figure 38). Therefore, in the model with blackbody UV
strength, we overestimate the photoionization depopulation rate. From the theory side, such
suppression of UV strength is expected from heavy ions in the ejecta: opacity is higher for
UV photons than for optical photons. The suppression of near-UV flux by a factor of a few
hundred is typically seen in the results of a Monte-Carlo radiative transfer simulation (e.g.,
Domoto et al. 2021). To properly assess UV blanketing, knowledge of UV absorption opacity
(Mihalas 1978) of r-process elements is required.

Figure 39: Population of He levels plotted against velocity shell at 1.43 days on the left
and 3.41 days on the right. Only outside the photosphere is shown, where the photospheric
velocities are 0.245c and 0.19c at 1.43 days and 3.41 days, respectively. The spectral line
feature appears when n(He I, 23S) " 7.4t−1

d cm−3 around the photosphere is satisfied. The
solid lines show the population in the case that the line blanketing of UV photons reduces
the photoionization rate. The dotted lines for the 1.43 days model show population without
the blanketing. Note that the line blanketing is not important for the level population at
3.41 days.

The population profile of each level at 1.43 and 3.41 days is shown in Figure 39. The
photospheric density of the 23S level is higher than the critical value in Equation 43. Line
blanketing is crucial for the early epoch: the no-blanketing model predicts the abundance
of two dex lower, which is insufficient for the line formation. The wide separation seen in
the populations of He+ and the 23S level is due to efficient photoionization. The next well-
populated level is 23P, which is excited from 23S by blackbody radiation. The population
ratio between n23S and n23P is well approximated by

n23P

n23S
=

3

1
exp

[
−(E23P − E23S)

kTphot

]
×W (v). (57)

The ratio indicates that the blackbody radiation govern the transition between the two levels.
Even the second most populated excited level, 23P, has somewhat lower densities ! 1 cm−3.
The absorption lines at 5877Å and 7067Å are absent because of the small population. All
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the other excited levels have densities less than 10−2 cm−3, which is too small to produce
observable effects on the spectrum. Therefore, we expect that no other He lines appear in a
kN.

7.5.2 Sr model

Figure 40: Same as Figure 38 but for the Sr model. The red and blue lines represent model
spectra with Sr mass fractions of 1% and 10%. Note that the solar r-process ratio results in
∼ 1%.

Figure 40 shows the results for the Sr model. In the fiducial model, the mass fraction
of 1%, the P-Cygni feature is stronger than the observation at 1.43 days, while it gets
weaker quickly at later epochs. The enhanced model, mass fraction of 10%, produces features
consistent with observations at 2.42-4.40 days. However, the feature is too strong at the first
epoch.

The weakening of the line feature is a consequence of overionization by non-thermal
particles. The decline is quicker than He as in the estimates in Equations 43 and 44. If
Sr II is the origin of the line, the photosphere must go inside quickly from 1.43 to 4.40 days.
Another intriguing possibility is that the spectral feature at the first two epochs is from Sr II,
and He I takes over in the later epochs. Constraints on the time evolution of the photospheric
density are crucial for more accurate modeling.
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Contrary to the case of He, population ratios between different levels of Sr II are not much
affected by the nonthermal particles because 4D levels are in pseudo-equilibrium with the
ground level via radiative transitions to 5P levels, which is very efficient. The photospheric
temperature determines the population ratio of 4D states against the ground level. The ratio
(nSr+4D

/nSr+5S
) would be lower if the temperature decreases.

At temperatures around 3000–4000K, singly ionized Sr is favored at lower temperature
in the Saha equilibrium. This effect helps maintain somewhat large population of the 4D
level in the later epochs in LTE analyses. However, nonthermal ionization is not affected by
the temperature. Although the recombination coefficient introduces a weak dependence, the
overall ionization structure does not depend much on temperature. Therefore, in the non-
LTE case, the dependence of ionization levels on temperature becomes weak. The population
of the 4D level now depends predominantly on the local density, which affects recombination
rates.

Figure 41: Same as Figure 39 but for the Sr model. The Sr II line feature appears when
n(Sr II, 42D) " 50t−1

d cm−3 is satisfied. Dashed lines represent populations for 42D levels
assuming LTE of the photospheric temperature.

7.6 Effect of UV blanketing for He
Figure 42 shows the dependence of photospheric density of He I23S level. The UV strength
needs to be less than ∼ 0.3% of the blackbody radiation to explain the observation at the first
epoch. A similar estimate for the 2.42 days gives the maximum UV strength to be ∼ 30%.

7.6.1 Comparison to SN Ibc on He lines
An interesting comparison can be made between our He model and the He-rich type-Ib
supernovae. In our model calculations, we have shown that the single levels are far less
populated than the triplet levels. Contrastingly, in type-Ib supernovae, the defining feature
is the singlet transition line at 20587Å line (see, e.g., Lucy 1991).

The population mechanism is the same between S = 0 and S = 1 levels: recombination
from singly ionized He. The difference comes from the depopulation mechanism. Figure 43
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Figure 42: Photospheric density of the line-forming level, He23S, as a function of UV strength.
Photoionization dominates if UV strength is more than 1% of blackbody emission, while
electron collision take it over if it is less than 0.1%.

Figure 43: Photoionization rate divided by the natural decay rate from n = 2 singlet levels.
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Literature Type XHe

Goriely et al. (2015) Dynamical ejecta ∼ 10−1

Lippuner et al. (2017) Massive neutron star wind ∼ 10−1

Fernández and Metzger (2013) Black-hole disk wind ∼ 10−2

Kullmann et al. (2022) Dynamical ejecta ∼ 10−2

Perego et al. (2022) Dynamical ejecta ∼ 10−3

Wanajo (2018) Phenomenological model 10−4–10−3

Fujibayashi et al. (2022) Dynamical & post-merger ejecta 10−4–10−3

Perego et al. (2022) Spiral-shock wind ∼ 10−4

Wanajo et al. (2014) Dynamical ejecta ∼ 10−5

Table 2: Mass fraction of Helium in neutron star merger ejecta in simulations in the literature.
Note that the values depend on mass ratio and other conditions: the values should be used
only as a rough guide to the literature. For the exact mass fractions, readers should refer to
original papers.

shows the ratio of the photoionization rate and natural decay rate on the temperature-optical
depth plane. We have assumed that the population of 21P is

n21P

n21S
=

3

1
exp

[
−(E21P − E21S)

kTphot

]
×W, (58)

and W = 0.5 assuming the velocity coordinate at the photosphere. Photoionization is the
dominant mechanism for type-Ib supernovae, which has high density of neutral He that
hinders the natural decay, and the high photospheric temperature. KN ejecta has lower
density of He and therefore, the escape probability is high. Once a 21S atom is excited to
the 21P level, it quickly decays to the ground level via the very efficient natural decay of
A21P→11S = 2.0× 109 s−1.

7.7 Discussion
7.7.1 He production in neutron star merger and spectral feature
In the previous section, we have shown that 0.2% of He produces sufficiently strong line
feature in the kN spectrum. Non-LTE effect crucially increases the abundances of the 23S
level and allows to form the line feature.

Fernández and Metzger (2013) point out that He can be produced in a significant amount
in NSM ejecta via the α-rich freeze-out. They have derived a formula following the formula-
tion by Hoffman et al. (1997) that relates the He mass fraction XHe and the ejecta entropy.
The bottleneck reactions for the He burning before the r-process is 4He(αn, γ)9Be(α, n)12C,
which is effectively a four-body reaction (three αs and a neutron). Therefore, the fraction of
He at the end of the α-process can be estimated by the integration of the reaction rate from
T = 5 · 109 K to 2.5 · 109 K, when He burning occurs.

Using the He mass fraction, we can estimate the typical entropy of the ejecta. Assuming
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that the fraction is XHe = 2× 10−3,

S # 18×
(
Z̄

36

)1/3

(1− 2Ye)
1/3

(
τdyn

10[ms]

)1/3

[kB nuc−1], (59)

where Z̄, Ye, τdyn are the average proton number of the seed nuclei, electron fraction, and
the dynamic timescale, which is the timescale for the temperature decrease by a factor of
e (Hoffman et al. 1997). The dynamic timescale τdyn is uncertain, although Fernández and
Metzger (2013) estimate τdyn # 100 [ms] for the black-hole disk wind.

The mass fractions in NSM simulations in the literature are summarized in Table 2.
Although the range of XHe is wide, many simulations predict XHe ∼ 10−2, that is sufficient
for the line formation. It is thus plausible that the P-Cygni feature in AT2017gfo is made by
the transitions of neutral He. If correct, the He fraction XHe will be useful to infer the ejecta
entropy, which is an independent probe of the physical conditions of the ejecta.

Perego et al. (2022) argues that the He line signature is too weak to be observed. In
their models, they estimate that the mass of He in kN ejecta is 1 – 10 · 10−6 M!, an order of
magnitude lower than our assumption (8× 10−5 M!). They use an analytical approximation
model developed for He-rich ejecta of double-detonation type-Ia SNe in tardis. However, it
is unclear whether the model applies to the case of a kN. Their results might be consistent
with ours if the adopted He masses are similar.

7.7.2 Non-local thermal equilibrium effect on Sr
The ionization states of Sr are significantly affected by the non-thermal particles. This is
clearly seen in the hindrance of the recombination of Sr III to Sr II from 1.43 days to later
epochs. Watson et al. (2019b) model the line signature under the assumption of Sr II lines
being the origin. With a one-dimensional Monte-Carlo radiative transfer code tardis, they
model the strength of Sr line absorption feature. They argue that 5×10−5 M! of Sr is needed
in the line forming region at 1.43 days. The required mass decreases to ∼ 1 × 10−5 M! for
later epochs.

The decrease in the amount of Sr is the consequence of the recombination from Sr III
to Sr II. From 1.43 to 2.42 days, temperature declines from ∼ 4000 to ∼ 3000 K. During
these epochs, the most abundant ionization levels shift from Sr III to Sr II. The picture is
significantly different in our model. Since high-energy particles keep the ionization rate
relatively high, the ionization states is less sensitive to the temperature decrease. Rather,
the decrease in the density strongly affect the ionization states. The line feature gets weaker
from 1.43 days to later epochs.

7.7.3 Comparison of He and Sr line features
Both He and Sr possibly show the P-Cygni profile. It is crucial to distinguish between these
two elements. Observation of other transition lines from these elements is a possible way
for such test. For He, however, we have seen that no other lines appear on kN spectrum.
Possible candidates for Sr II are strong transitions at 4079 and 4217 Å between the ground
and the 5P levels. Sobolev optical depths for these transitions are always higher than the
Sr II triplet transitions because (i) the population of the ground states are higher than the
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4D states by the Boltzmann factor (∼ 10 including degrees of freedom and assuming the
temperature of ∼ 5000K), and (ii) the oscillator strengths of the transtions are higher by a
factor of 8. The sharp UV decline in the spectrum at the first epoch may be a consequence
of these transitions (Watson et al. 2019b).

Such line signature is not present in the spectra at 2.42-4.40 days. This seems to be
contradictory for the Sr model. However, we cannot firmly exclude it because the continuum
emission at the wavelength is weak. Although a few spectroscopic observations at early
epochs are available (McCully et al. 2017; Andreoni et al. 2017), we could not model the
5S-5P transitions because the shorter wavelength side of the feature was not covered. Also,
the single-line assumption is not valid at this wavelength: many lines exist around ∼ 4000Å.
Spectra taken at early (0.5 – 1.5 days) epochs, from near-UV to near-IR wavelength range
will be crucial for further modeling the level populations.

The forbidden lines from two 4D levels of Sr are also too weak. Blackbody photospheric
emission dominates at early epochs. At later (" 10 days) epochs, Sr is overionized by beta
particles to higher ionization states. We do not expect to see such emission line signature in
kilonova.

7.7.4 Model uncertainties and limitations
We compute the populations and spectrum in simplified settings, e.g., we assume that the
continuum emission is a blackbody radiation that comes from a sharply defined photosphere.
Here we discuss the assumptions and limitations of this work.

7.7.4.1 UV flux and the photospheric temperature The flux of ionizing photons
(> 4.8 eV) is the crucial parameter for our He photoionization modeling. An increase of
the photospheric temperature results in higher UV flux. Another crucial factor is the UV
absorption by heavy ions as we have seen in Section 7.6. Observations that accurately
determine the UV flux at this wavelength will be crucial for a better modeling of the He level
populations. Spectra at early epochs are important also for Sr modeling as we have discussed
in 7.7.3.

For Sr, the ratio of the populations between 4D and the ground levels follows the Boltz-
mann distribution with the photospheric temperature. Therefore, a higher temperature favors
the 4D levels. The photon energies of relevant transitions are 3.0 and 1.2 eV: see Figure 36).
The wavelengths are close to the optical wavelength, which is not affected by the UV cut-off
in the spectrum. The observed flux of the photons that mediate these transitions is not
much different from that of blackbody emission. Therefore, we expect that our modeling by
blackbody flux approximately captures the physics.

7.7.4.2 Photospheric density Ejecta density is crucial because it affects the recombi-
nation rate. Higher density gives a stronger spectral feature because of enhanced recombi-
nation. The effect is crucial for Sr in particular, because higher density efficiently suppresses
over-ionization by non-thermal particles. Sr models produce results consistent with the ob-
servation if we enhance the total Sr mass by a few to 10 times from 2.42 to 4.40 days,
whereas the amount should be decreased by half for 1.43 days. We regard such an ad-hoc
reduction/enhancement by a factor of 20 as unphysical. Still, some higher-order effects such
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as ejecta stratification, peculiar density structure, opacity evolution, etc. may affect the pho-
tospheric density. Our simple model does not capture such factors, which may be important
for the line signature.

7.7.4.3 Lines of other ions The NSM ejecta is mostly heavy elements, and their bound-
bound transitions dominate the opacity. Our model implicitly assumes that the photosphere
is determined by the line expansion opacity. However, the opacity depends on the wave-
length. Therefore, the position of photosphere, i.e., the last scattering surface, would also
depend on the wavelength. In the wavelength region of " 8000Å, bound-bound transitions
of lanthanides and actinides likely dominate the opacity. We have assumed that these lines
are too weak to form an absorption feature, but it may collectively form an absorption-like
feature (Kasen et al. 2013; Tanaka and Hotokezaka 2013; Tanaka et al. 2020; Fontes et al.
2020; 2022).

7.7.4.4 Asphericity Our model assumes spherical symmetry. In reality, the ejecta shape
and the composition distribution are expected to be somewhat aspherical. Some works have
pointed out that direction-dependent ejecta composition affect the emission (Kawaguchi et al.
2018; Wollaeger et al. 2018; Bulla 2019; Darbha and Kasen 2020; Korobkin et al. 2021).
Because our model focuses on the line signature on continuum emission, it is sensitive to the
abundances of the material moving toward the observer. The total amount of elements may
be different from the mass estimate under spherical symmetry.

7.7.4.5 Nonthermal ionization rate We assume that the radioactive energy contributes
to the ionization via β particles and the radioactive heating rate is uniform across the ejecta.
However, the nonthermal ionization rates become lower if most of the decay energy comes
out as kinetic energies of heavier particles such as α particles or fission fragments (see, e.g.,
Wanajo 2018; Wu et al. 2019; Hotokezaka and Nakar 2020). We also note that the radioac-
tive heating rate around Sr, i.e., 80 ! A ! 110 is significantly weaker around 1–10 day than
that of A ≥ 110. If the elemental abundances in the ejecta is highly inhomogeneous and it
spatially separates Sr from heavier elements, the ionization rate for Sr can be significantly
lower. The low ionization rate allows more Sr to remain singly ionized, making absorption
features stronger for Sr models at later times.

7.7.4.6 Relativistic effect The line formation region can be as fast as ∼ 0.3 c. In such
a fast ejecta, the Doppler effect needs to be considered. The Doppler effect changes the ef-
fective temperature of the blackbody emission (Rybicki and Lightman 1986). The blackbody
emission is isotropic on a frame comoving with the photosphere. The expansion velocity
of the absorption line forming region is always faster than the photosphere. Therefore, the
Doppler effect would lower the temperature of the blackbody emission in the ejecta frame.
It could work to decrease the UV flux in the first two epochs to help populate the 23S level
of He atoms.
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7.8 Conclusion
We have shown that He atoms in kN can synthesize the P-Cygni profile, as observed in
AT2017gfo, if the mass fraction of He is XHe ∼ 0.2%. In particular, XHe " 0.1% is expected
from the α-rich freeze-out of neutron-rich ejecta with an entropy of ∼ 20 [kB nuc−1]. We model
the spectra including the non-LTE effects, e.g., radioactive ionization by β particles, which
increases the ionization degree in the line forming region. The recombination of electrons
and singly ionized He populates the metastable triplet level, which is responsible for the
absorption line He I 10833 Å. Our model reproduces the line optical depth at the epochs of
2.4 and 3.4 days. A caveat in our He model for the observed line is that the line strength at
the earliest epochs is sensitive to the photoionization rate from the 23S level. In fact, the He I
is expected to be absent at 1.43 days if we assume that the continuum radiation has a black
body spectrum with 4400K. However, the sharp cut-off in the observed spectrum around
4000 Å at 1.43 days indicates that the blackbody model overestimates the photoioinzation
rate. Observations of the UV flux at early epochs will be beneficial for correctly modeling
the photoionization, which will be a new probe for the mass ejection mechanism from ejecta
entropy.

We have also explored the line formation by Sr II triplet around 10000Å. Although the
lines are expected be among the strongest ones in the LTE condition (Watson et al. 2019a;
Domoto et al. 2022), the strength will be significantly reduced by radioactive ionization in
the line-forming region. We found that the line signature is likely the strongest at ∼ 1.5 days
and gets weaker with time because the efficiency of radioactive ionization increases with time.
We have shown that Sr of mass fraction ∼ 1% is sufficient for the line formation at 1.43 days,
which is roughly expected from the solar r-process abundances. However, we found that the
model fails to reproduce the spectra at the later epochs unless the mass fraction of Sr around
the photosphere increases with time. Alternatively, it is possible that Sr II dominates the
line feature at the earlier times while He I dominates at the later times. The two transitions
of Sr II at ∼ 4000Å at early epochs will help infer the amount of Sr. Optical properties of
light r-process elements also help constrain the amount of Sr in kN ejecta.
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8 Summary
Neutron-capture element enrichment of Local group systems is studied in this thesis. Systems
of different sizes are useful for constraining nucleosynthesis in different environments. UFDs
are particularly useful as it discretizes contribution from rare events such as r-process in NSM.
For r-poor UFDs, I have pointed out that the AGB stars fail to reproduce the observed Ba and
Sr abundances. The typical star formation duration of a UFD is a few hundred Myrs, which is
too short for allowing contributions from AGB stars. In addition, the low metallicity further
helps to suppress the AGB contribution. RMSs are a possible candidate for the production of
s-process elements. However, further study is needed as the heavy-to-light s-process element
ratio ([Ba/Sr]) does not follow the expectations from RMS models.

Larger galaxies such as classical dwarfs and the MW are useful for studying the statis-
tical properties such as delay time distribution. Although NSMs are regarded as the most
promising candidate for the origin of the r-process elements, a counterargument still exists
in terms of delay time distribution: if NSMs are the origins of the r-process elements, we
expect an increasing trend of [r/Mg]-[Fe/H], which is not seen in observations. In Section 5,
I have discussed and concluded that the evidence for the time delay is seen in Ba abundances
in the metal-poor stars of the MW. Interestingly, classical dwarf galaxies follow the same
trend in spite of the variety of star formation histories. This is the first supportive evidence
for delayed sources such as NSM.

The inhomogeneous enrichment of r-process elements in metal-poor systems provides
us with a crucial clue for the formation path of a GC. Some works ascribe the r-process
abundance spread in M15 to an r-process event between formations of FG and SG stars.
However, the lack of Na-Eu correlation is a critical counterargument that has been neglected
in previous works. The abundance feature is more naturally interpreted as an intrinsic
abundance spread in the natal cloud of a GC. This interpretation is justified by the formation
rate of such GC, i.e., GC with an internal Eu abundance spread. I have pointed out that the
number of star formation epochs in a GC should be one, or otherwise, the SG stars should
show smaller Eu abundance spreads than the FG stars.

While galaxy formation simulations and the modeling of chemical enrichment are useful
for studying the mixing process, we also need to study the nucleosynthesis sites. Sr line has
been claimed to be detected in the kN spectrum. However, non-LTE analysis is required to
properly model the level population. I have pointed out that He is a possible candidate for
the origin of the line feature. The abundance of He would serve as a potential clue for the
mass ejection mechanism.

In summary, for neutron-capture element synthesis, this thesis has clarified that (i) an
additional source with a short delay and efficient at low metallicity ([Fe/H] < −2) should
exist and (ii) time delay of the r-process element synthesis exist, and (iii) spectral feature
found in kN AT2017gfo may not be Sr but He. In terms of galaxy formation processes, (iv)
a UFD with an extended profile could be formed as a consequence of the wet merger, and
(v) the number of star formation epochs for a GC is favored to be one, from the fact that
the abundances of Na and Eu are independent with each other.
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9 Future prospects
Neutron-capture elements are fossils in a galaxy that allows us to probe its formation history.
The abundance ratio [s/Mg] and [r/Mg] are essential information. The diverse abundance
trends of [s/Mg]-[Fe/H] seen among dwarf galaxies is supportive evidence that the information
on the galaxy evolution is imprinted in these distributions.

We need to identify the origins of r- and s-process elements to exploit their potential.
For solar metallicity stars, the origin of the s-process is the AGB stars. Confirming the
r-process element synthesis in the neutron-star merger event is a recent breakthrough. We
find an increasing trend in the [r/Mg] abundance in the metal-poor stars in Milky Way.
Interestingly, the trends are similarly seen among dwarf galaxy stars, despite the fact that
the star formation histories are likely to be diverse. Note that the sample size for abundances
in dwarf galaxies is still small. Enhancing the sample size for the r-process abundances in
dwarf galaxies will clarify whether the trend is truly universal. The limiting magnitude of
spectroscopic observations with Subaru prime focus spectrograph (PFS) is ∼ 22 magnitude10.
It covers stars at the main-sequence turn-off of the oldest stellar population if the dwarf galaxy
is within 30 kpc from the sun. Thirty-meter telescope (TMT) will further progress the limit
to ∼ 26 magnitude (Moore et al. 2014), which extends the limit to the entire region of the
Milky Way halo.

An unsolved problem for neutron star merger as the origin of the r-process elements
is the constant [Eu/Mg] abundances seen among Milky Way disk stars of [Fe/H] > −0.8.
Neutron star mergers induce an increasing trend in [Eu/Mg] as metallicity because of the
long coalescence time. An interesting follow-up analysis is to look at the stellar age instead
of metallicity. The age of a star has been unreachable information because of the difficulty
in knowing the precise absolute magnitude of a star. However, the Gaia satellite has greatly
improved the distance measurement. With the isochrone fitting, the error in the age estimate
is now ∼ Gyr. Asteroseismology with light curves obtained with Kepler and TESS satellites
will also help determine stellar age. A successful chemical evolution model after the Gaia
satellite needs to explain this age information and the chemical abundances of stars in the
Milky Way.

Much theoretical work is still needed to interpret the abundance distribution in dwarf
galaxies appropriately. No chemical evolution model successfully explains the diverse trends
in neutron-capture element abundances among dwarf galaxies. Two primary sources of un-
certainties are the yield from very metal-poor stars and galaxy evolution processes. UFDs
have been instrumental in probing the shortest timescales (! 100 Myr) and very metal-poor
environments. The need for another source of the s-process elements is illuminated. We
need to consider the contribution from the source for modeling the chemical evolution of the
lowest metallicity stars in dwarf galaxies.

On the other hand, relatively metal-rich ([Fe/H] > −1) stars are less affected by the
additional s-process source. Therefore, we can assume that the origin of the s-process ele-
ments is the AGB stars, and they are ideal samples for studying galaxy-dependent evolution
processes. Fornax dwarf galaxy is the primary sample that displays a peculiar abundance
pattern.

10https://pfs.ipmu.jp/research/performance.html
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Although rotating massive stars are proposed as a possible origin of the s-process, there
remains significant uncertainty in the structure of a rotating star. A key physical process
is angular momentum transport. Chemical diffusion in an evolved rotating star’s radiative
core region is necessary for the s-process nucleosynthesis. However, a single rotating star
may lose angular momentum via stellar evolution. Recent observations of red giant stars
suggest that the core of a red giant star rotates slower than predictions of stellar models
(Fuller et al. 2019), implying that the angular momentum transport is efficient. Applying
the same model to a rotating massive star, we expect the core rotation to be too slow to
allow the s-process synthesis. The calibration of the stellar model for rotating stars is crucial
for further investigation of this s-process channel.

Another interesting process to consider is the binary stellar evolution. Binary mass trans-
fer spins up the accretor star. If it occurs during the core Helium burning phase, the s-process
nucleosynthesis is activated. Tidal force from the companion also affects the spin of a star.
Such effects of binarity have yet to be addressed in chemical evolution studies because of the
poor constraints we obtain from observations. However, the population of observed binary
systems is growing: Gaia astrometry is useful for finding binaries with compact objects. The
population of peculiar binaries, such as Be star-bloated subdwarf star binary, would help us
elucidate the evolution of binary systems.

The understanding of the r-process nucleosynthesis in kilonova will progress with the
JWST and LIGO O4. The most promising methodology for studying nucleosynthesis is
nebular spectroscopy. Thanks to the great sensitivity in the infrared, JWST will see the
nebular emission from the heaviest elements synthesized by a neutron star merger. Although
the ejecta opacity can estimate the lanthanide fraction, an independent estimate from the
nebular spectrum will be crucial for the test of neutron star mergers as the origin of the
r-process elements.

In summary, neutron-capture elements help decipher the formation history of Local group
galaxies. For the r-process elements, we first need to test neutron star mergers as the origin
of the r-process elements. Assuming that the r-process elements are synthesized by neutron
star mergers, reproducing the flat [Eu/Mg] trend against metallicity will be a crucial exercise
that may elucidate the complexity of the chemical evolution processes we do not acknowl-
edge. Another interesting galaxy evolution problem is the diversity of dwarf galaxies. A
chemical evolution model that explains the abundances of the variety of galaxies in a unified
manner should contain rich physics in galaxy formation. Information on the age of stars will
revolutionize the chemical modeling of galaxies.
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Table 3: Acronyms
Acronym Full form First appearance
AGB Asymptotic giant branch Section 1
BBN Big-bang nucleosynthesis Section 2
BNS Binary neutron stars Section 5
CCSN Core-collapse supernova Section 3
CEMP-s star S-process enhanced carbon-enhanced metal-poor star Section 5
CMD Color-magnitude diagram Section 6
DD Double-degenerate Section 1
DES Dark-energy survey Section 2
DTD Delay-time distribution Section 5
E-AGB Early-AGB Section 1
ECSN Electron-capture supernova Section 3
FDU first dredge-up Section 1
FG First generation Section 2
GALAH GALactic Archaeology with HERMES survey Section 2
GC Globular cluster Section 2
GCE Galactic chemical evolution Section 3
GRB Gamma-ray burst Section 5
IDROV Initial distribution of rotational velocities Section 1
IMF Initial-mass function Section 3
ISM Interstellar medium Section 1
LTE Local thermal equilibrium Section 7
MP Multiple population Section 6
MRSN Magneto-rotational supernova Section 5
MW Milky-Way Section 3
NSE Nuclear statistical equilibrium Section 1
NSM Neutron-star merger Section 3
Pan-STARRS Panoramic Survey Telescope & Rapid Response System Section 2
QSE Quasi-statistical equilibrium Section 1
RMS Rotating massive star Section 3
SD Single degenerate Section 1
SDSS Sloan digital sky survey Section 1
SDU Second dredge-up Section 1
SFR Star formation rate Section 3
SG Second generation Section 2
SN Supernova Section 1
SPH Smoothed-particle hydrodynamics Section 3
SSP Single stellar population Section 3
TDU Third dredge-up Section 1
TP-AGB Thermally-pulsing AGB Section 1
UFD Ultrafaint dwarf Section 2
WD White dwarf Section 1
dSph Dwarf spheroidal Section 3
kN Kilonova Section 7
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