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Figure 39. The time evolution (in Gyr) of the origin of elements in the periodic table: Big Bang nucleosynthesis (black), AGB stars (green),

core-collapse supernovae including SNe II, HNe, ECSNe, and MRSNe (blue), SNe Ia (red), and NSMs (magenta). The amounts returned via

stellar mass loss are also included for AGB stars and core-collapse supernovae depending on the progenitor mass. The dotted lines indicate the

observed solar values.

• 49% of C, 51% of F, and 74% of N are produced by
AGB stars (at t = 9.2 Gyr). Note that extra production
from Wolf-Rayet stars is not included and may be im-
portant for F (Jönsson et al. 2014; Spitoni et al. 2018).
For the elements from Ne to Ge, the newly synthesized
amounts are very small for AGB stars, and the small
green areas are mostly for mass loss.

• α elements (O, Ne, Mg, Si, S, Ar, and Ca) are mainly
produced by core-collapse supernovae, but 22% of Si,
29% of S, 34% of Ar, and 39% of Ca are come from
SNe Ia. These fractions would become higher with
sub-Ch-mass SNe Ia instead of Ch-mass SNe Ia in this
model (Kobayashi, Leung & Nomoto 2020). There-
fore, in the [X/Fe]–[Fe/H] relations, the slopes of the
decrease from [Fe/H] ∼ −1 to ∼ 0 are shallower for
these elements than those for O and Mg.

• A large fraction of Cr, Mn, Fe, and Ni are produced by
SNe Ia. In classical works, most of Fe was thought to
be produced by SNe Ia, but the fraction is only 60%
in our model, and the rest is mainly produced by HNe.
The inclusion of HNe is very important as it changes
the cooling and star formation histories of the Universe
significantly. Co, Cu, Zn, Ga, Ge are largely produced
by HNe.

• Among neutron-capture elements, as predicted from
nucleosynthesis yields, AGB stars are the main enrich-
ment source for the s-process elements at the second
(Ba) and third (Pb) peaks.

• 32% of Sr, 22% of Y, and 44% of Zr can be produced
from ECSNe even with our conservative mass ranges,
which is included in the blue areas. Combined with
the contributions from AGB stars, it is possible to per-
fectly reproduce the observed trends (Figs. 33-35), and
no extra LEPP is needed. The inclusion of ν-driven
winds in GCE simulation results in a strong overpro-
duction of the abundances of the elements from Sr to
Sn with respect to the observations.

• For the heavier neutron-capture elements contributions
from both NS-NS/NS-BH mergers and MRSNe are
necessary, and the latter is included in the blue areas.

In this model, the O and Fe abundances go though the
cross of the dotted lines, meaning [O/Fe] = [Fe/H] = 0 at
4.6 Gyr ago. This is also the case for some important ele-
ments including N, Ca, Cr, Mn, Ni, Zn, Eu, and Th. Mg is
slightly under-produced in the model. The under-production
of the elements around Ti is a long-standing problem. The
s-process elements are slightly overproduced even with the
updated s-process yields in this paper. Notably, Ag is over-
produced by a factor of 6, while Au is under-produced by a
factor of 5. U is also over-produced. These problems may
require revising nuclear reaction rates.

3.6. Uncertainties

As discussed in previous sections, these GCE predictions
mainly depend on the input nucleosynthesis yields, and hence
it is difficult to quantify the uncertainties, i.e., theoretical er-
ror bars. Very roughly speaking, α-element abundances can

Barium in UFDs
 Yuta Tarumi with Naoki Yoshida, Takuma Suda, Shigeki Inoue, and Auriga team
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What are / Why UFDs?

❖ UFDs are small (< 105 Lsun) 
satellite galaxies.

❖ UFDs are old.

❖ Good probe for high-z galaxy.

❖ Stochasticity: “0 or 1 r-process”.

❖ Small but important !

https://en.wikipedia.org/wiki/Local_Group



Why Barium?
❖ A Neutron-capture element that is 

Easy to observe.

❖ Ba is detected in 16/16 UFDs.

❖ A solid theoretical framework: r/s 
process

❖ Caveat: ~10% from r-process, ~90% 
from s-process.

❖ We need to take into account the 
contribution from both r-process 
and s-process

cally offset to higher atomic masses than the correspon-
ding r-process peaks.

The distance of the r-process paths from the valley of
stability underscores why information on the properties of
nuclei far from stability is so critical to understanding the
process. To first order, the values of Sn determine the 
r-process path,2 and the values of tb determine the shape of
the abundance curve.6 Individual n-capture cross sections
can also play a role, especially during the supernova’s
“freeze-out” transition, when the neutron flux disappears,
temperatures drop, and equilibrium conditions no longer
prevail. 

Fission will occur during an r-process when neutron-
rich nuclei are produced at excitation energies above their
fission barriers.2 Fission determines the heaviest nuclei
produced in an r-process, and the fission products con-
tribute to the distribution of lighter nuclei.2,6 The high neu-
trino flux released in a supernova explosion also gives rise
to nuclear interactions, for example

ne + (Z, A) O (Z+1, A) + e–,

which has essentially the same effect as beta decay.7

Site-independent model calculations6,8 have success-
fully replicated the abundances of r-process elements in the
solar system with superpositions of r-process paths with
neutron separation energies in the range of 1–4 MeV. Such
paths are far from the valley of stability, traversing regions
of the nuclide chart where nuclear properties are poorly
known. Some paths extend all the way out to the neutron
drip line. Most of the relevant nuclear species are not cur-
rently accessible in the laboratory. But rare-isotope acceler-
ator facilities in planning stages in the US and Germany,
and already under construction at the RIKEN facility near
Tokyo, should make them available to experimenters in the
foreseeable future. Expanded theoretical efforts will also be
needed to provide reliable predictions of  masses, lifetimes,
fission properties, and neutrino interactions.6,7

Abundance observations in stars
Much of the new knowledge regarding the formation of the
heaviest elements has been gained from high-resolution
spectroscopic observations of stars in our galaxy, especially
of the so-called halo stars. A star’s surface abundance of the
various elements reflects the interstellar matter from which
the star formed. The halo stars circling the galaxy in highly
eccentric orbits are among its very oldest stars. By compar-
ison with the Sun, they have very low Fe abundances. But
they do have clear signatures of elements made in the 

r-process. This indicates that the halo stars were formed be-
fore there was much s-processing in the galaxy.

The s-process elements come from low-mass stars that
often live for billions of years before they end their lives as
white dwarfs. Significant s-process material had not yet
been ejected into the interstellar medium when the old
halo stars were born. The first generation of high-mass
stars that ended their short lives as supernovae produced
only r-process material. Their ejecta were incorporated
into the matter from which the halo stars formed.

One of the best studied of the halo stars is called CS
22892-052. Its ratio of iron to hydrogen is less than a thou-
sandth that of the Sun. The most recent abundance data9

for CS 22892-052 are shown in figure 3. Fifty-seven ele-
ments have been observed in this star 15 000 light years
from us. No other star, except the Sun, has had so many
of its elements identified. The detections even include the
radioactive element Th, which can be used to measure the
ages of halo stars.9,10

For comparison, a curve of r-process elemental abun-
dances in the solar system is superposed on the CS 22892-
052 data in figure 3. Because the s-process can be reliably
calculated from nuclear parameters measured in the lab-
oratory, one deduces r-process contributions by subtract-
ing the calculated s-process component from the raw abun-
dance isotope observations. The solar system curve is
scaled to compensate for the Sun’s enormously greater
metallicity—by which astronomers mean the abundance
of all elements heavier than boron, but especially iron.

For barium (Z = 56) and all heavier elements, there is
a striking agreement between the abundances in the halo
star and the scaled solar system r-process distribution.
The total unscaled abundances are very different, but the
relative proportions of the heavy n-capture elements are
quite similar in the 4.6-billion-year-old Sun and this much
older halo star.

That similarity says much about the r-process. First
of all, the presence of these elements in the halo stars
demonstrates the operation of the r-process during the ear-
liest epochs of galactic history, presumably in massive
stars that ended their lives as supernovae. It also shows
that elements normally thought of as s-process products
in solar system material, for example Ba, were also formed
by the r-process in the earliest galactic times—when the
low-mass, long-lived stars that would come to serve as 
s-process sites had not yet synthesized those elements and
injected them into interstellar space.5

The agreement between the abundance curves for the
heaviest n-capture elements in the halo star and the Sun also
demonstrates the robustness of the r-process. The process
has clearly been operating in much the same manner over
many billions of years. Wherever and however the r-process
operates, it appears to be very uniform and well confined in
astrophysical parameter space. It seems, for example, that
temperature, density, and neutron flux at r-process sites vary

http://www.physicstoday.org October 2004    Physics Today 49

Figure 2. Solar system abundances of heavy elements pro-
duced by r-process and slow (s-process) neutron capture.
Plotted values are 12 + log10 of abundance relative to hydro-
gen. Abundance peaks are caused by maximum tb or mini-
mal n-capture rates at magic numbers corresponding to full
neutron shells. Because the r-process carries nuclei farther
from the valley of stability than does the s-process, it en-
counters each closed shell at slightly lower mass number.
Hence the r-process peaks are offset to lower A. The curves
are not renormalized; the two processes really have con-
tributed about equally to the solar system’s inventory of
heavy elements. (Adapted from ref. 3.) 
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Figure 3. [X/Fe] derived abundances for Gru II (black stars) compared to stellar abundances from the MW halo (grey dots;
Roederer & Kirby 2014) and other UFD galaxies (colored dots according to legend, see text for references). Upper limits for
Gru II stars are marked with downward pointing black triangles.

Solar ratio

Hansen+20

Cowan&Thielemann04

[X /Y ] = log10[ NX

NY ] + C

Normalized to solar



❖ The scatter of [Eu/Fe] among halo 
stars is quite large compared to other 
elements.

❖ Only 3/16 UFDs have Eu detection.

❖ → r-process event should be rare 
and prolific.

Rarity of r-process [X /Y ] = log10[ NX

NY ] + C

Normalized to solar8 Marshall et al.

Figure 4. Non-neutron-capture element abundances in Tuc III (symbols as in Figure 1) compared to stars in other ultra-faint
dwarf galaxies (colored circles and triangles, the latter indicate upper limits): Horologium I (Nagasawa et al. 2018), Reticulum II
(Ji et al. 2016b), Tucana II (Chiti et al. 2018), Bootes I (Gilmore et al. 2013; Ishigaki et al. 2014; Frebel et al. 2016; Norris et al.
2010), Bootes II (Ji et al. 2016d),Coma Berenices and Ursa Major II (Frebel et al. 2010), Hercules (Koch et al. 2008), Leo IV
(Simon et al. 2010), Segue 1 (Frebel et al. 2014), and Segue 2 (Roederer & Kirby 2014). Milky Way halo stars (Roederer et al.
2014) are plotted as small grey points. The expected trend in α-elements can be seen most easily in the Ca and Ti abundances.

as shown in Figure 8. We collect all measured radial
velocities for the five Tuc III stars in Table 6. We con-
firm the results of Li et al. (2018), i.e. that there is a
significant velocity gradient across the Tuc III system.
We also see some evidence for velocity variations in in-
dividual stars, discussed in more detail in Section 5.3.

5. DISCUSSION

Throughout this Section we include the star DES
J235532 studied by Hansen et al. (2017) in the discus-
sion, increasing the sample size to five.

5.1. The r-process enhancement event

Tuc III Chemical Analysis 9

Figure 5. Neutron-capture element abundances in Tuc III compared to other ultra-faint dwarf galaxies and Milky Way halo
stars. Symbols as in Figure 4. Dashed lines in the right panel indicate the traditional definition of r-process enhanced stars:
r-I stars have 0.3 < [Eu/Fe] < 1; r-II stars have [Eu/Fe] > 1. Four of the five Tuc III stars lie within these boundaries and are
classified as r-I stars; the fifth star (J235738) has error bars that cross the discriminator.

Figure 6. Absolute abundances of neutron-capture elements for our stars compared to scaled solar system s-process (dashed
line) and r-process (solid line) abundance patterns, taken from Simmerer et al. (2004). A constant offset has been added to
each star’s abundances.

Tuc III is the second ultra-faint dwarf galaxy contain-
ing multiple stars enhanced in r-process elements. As
discussed in Section 1, the first such galaxy, Ret II, is
even more highly enhanced than Tuc III, i.e. many of
the Ret II stars are r-II stars (see Figure 7). The fact
that so many stars in a galaxy as small as Ret II share a
common chemical pattern suggests that a single nucle-
osynthetic event must have occurred early in the history
of the galaxy, polluting future generations of stars, and

that most of the stars in the galaxy were impacted by
the event.
The r-II stars in Ret II have an average enhancement

in Eu of [Eu/H] ∼ −1. Ji et al. (2016a) used this level
and an estimated dilution gas mass, i.e. the mass of hy-
drogen gas that the r-process material is diluted into,
of Ret II of 106 M⊙ to argue that a binary neutron
star merger was the most likely source of the excess of
Eu detected in Ret II as other sources would not have

~3dex

~1.2dex

Gray: halo stars
Colored: UFDs

Marshall+18



Ba in UFDs

Ret II, Tuc III, and Gru II have Eu-detected stars

[X /Y ] = log10[ NX

NY ] + C

Normalized to solar

❖ Stars with Eu detection have high Ba. Abundance is 
consistent with the “rare, prolific r-process event”.

10

Figure 3. [X/Fe] derived abundances for Gru II (black stars) compared to stellar abundances from the MW halo (grey dots;
Roederer & Kirby 2014) and other UFD galaxies (colored dots according to legend, see text for references). Upper limits for
Gru II stars are marked with downward pointing black triangles.
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Figure 3. [X/Fe] derived abundances for Gru II (black stars) compared to stellar abundances from the MW halo (grey dots;
Roederer & Kirby 2014) and other UFD galaxies (colored dots according to legend, see text for references). Upper limits for
Gru II stars are marked with downward pointing black triangles.

Ret II
Tuc III

CH star

Original figure: Hansen+20

This work

❖ What is the origin of Ba 
in “no r-process” UFDs?

❖ Can AGB stars explain 
the Ba abundance?



Motivation
❖ What is the origin of Ba in “no r-process” UFDs?

❖ UFDs quench within the first 1 Gyr, weaker AGB 
contribution than Milky-Way.

❖ Can AGB stars contribute to the chemical enrichment of 
UFDs?

10

Figure 3. [X/Fe] derived abundances for Gru II (black stars) compared to stellar abundances from the MW halo (grey dots;
Roederer & Kirby 2014) and other UFD galaxies (colored dots according to legend, see text for references). Upper limits for
Gru II stars are marked with downward pointing black triangles.

Hansen+20

[X /Y ] = log10[ NX

NY ] + C

Normalized to solar

This work



Method: simulation
❖ Code: AREPO

❖ Auriga galaxy 
formation model

❖ Ba only from AGB 
stars

❖ Prepare two UFD 
progenitors with 
different star formation 
history: “large” (2×104 
Msun) and 
“small” (3×103 Msun).

[X /Y ] = log10[ NX

NY ] + C

Normalized to solar

Time evolution of stellar mass 



Results: [Ba/Fe] value

❖ [Ba/Fe] is too low.

❖ Keep forming stars for a long 
time?

❖ However, the star formation 
duration of “Large UFD” is 
at the longest end of UFDs.

Small UFD

Large UFD

[X /Y ] = log10[ NX

NY ] + C

Normalized to solar



Results: [Ba/Fe] scatter
❖ If star formation duration is 

long (> ~500Myr), [Ba/Fe] 
scatter would be too large.

❖ The standard model fails to 
reproduce the Ba abundance.

❖ Possible solutions are…

❖ Modify IMF (skipped).

❖ Enhance Ba production in 
short timescale and bring 
[Ba/Fe] up at the left.

Small UFD

Large UFD

[X /Y ] = log10[ NX

NY ] + C

Normalized to solar



Results: additional Ba source

❖ Adding 3×10-10 Msun of Ba 
from massive stars per 1 
Msun of stars formed

❖ [Ba/Fe] roughly matches 
while keeping [Ba/Fe] 
scatter small.

Another source

Original

[X /Y ] = log10[ NX

NY ] + C

Normalized to solar



Discussion1: What is the origin of Ba in UFDs?

❖ super-AGB stars? 

❖ Even with recent yield (Doherty+17) Ba abundance is not 
reproduced.

❖ Rotating massive stars?

❖ The model uncertainty is still quite large and may 
reproduce Ba abundance. Further observations (such as 
the rotation of OB stars) can constrain better.

❖ Halo stars are mostly r-process dominant. However, super-
AGB and rotating massive stars are s-process.

❖ r-process or s-process?: we need observation!

[X /Y ] = log10[ NX

NY ] + C

Normalized to solar



❖ What is the origin of the diversity of [Ba/Fe] among UFDs?

❖ Possible factors: 1. yield, 2. IMF, 3. SFH, assuming well-sampling.

Discussion2: Diversity among UFDs [X /Y ] = log10[ NX

NY ] + C

Normalized to solar

❖ Since [Fe/H] is similar, 1. and 2. 
should be similar.

❖ SFH is important if delayed 
source (like AGB) is important, 
but AGB has shown to be 
subdominant, and there’s no 
other candidates

❖ Rare event??

10

Figure 3. [X/Fe] derived abundances for Gru II (black stars) compared to stellar abundances from the MW halo (grey dots;
Roederer & Kirby 2014) and other UFD galaxies (colored dots according to legend, see text for references). Upper limits for
Gru II stars are marked with downward pointing black triangles.
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Figure 3. [X/Fe] derived abundances for Gru II (black stars) compared to stellar abundances from the MW halo (grey dots;
Roederer & Kirby 2014) and other UFD galaxies (colored dots according to legend, see text for references). Upper limits for
Gru II stars are marked with downward pointing black triangles.

CH star

Original figure: Hansen+20



Conclusion: We need something.

❖ Ba cannot be explained only 
by AGB stars.

❖ Possible solutions are…

❖ Tweaking IMF.

❖ Some other Ba source.

❖ It should produce 3×10-10 
Msun of Ba from 1 Msun of 
stars formed.

[X /Y ] = log10[ NX

NY ] + C

Normalized to solar

Another source

Original



dwarf & UFD list
Table 1. Dwarf Galaxy Data

Dwarf MV R1/2 Distance vhel � [Fe/H] �[Fe/H] Referencesa,b

(pc) (kpc) (km s�1) (km s�1)

Tucana IV �3.50+0.28
�0.28 127+26

�22
48.0+4.0

�4.0 1,1,1,-,-,-,-

Sculptor �10.82+0.14
�0.14 279+16

�16
86.0+5.0

�5.0 111.4+0.1
�0.1 9.2+1.1

�1.1 �1.73+0.03
�0.02 0.44+0.02

�0.02 2,2,3,4,5,6,6

Cetus II 0.00+0.68
�0.68 17+9

�5
30.0+3.0

�3.0 1,1,1,-,-,-,-

Cetus III �2.45+0.57
�0.56 90+32

�14
251.0+24.0

�11.0 7,7,7,-,-,-,-

Triangulum II �1.60+0.76
�0.76 16+4

�4
28.4+1.6

�1.6 �381.7+1.1
�1.1 < 3.4c �2.24+0.05

�0.05 0.53+0.12
�0.38 2,2,8,9,9,9,9

Segue 2 �1.98+0.88
�0.88 40+4

�4
37.0+3.0

�3.0 �40.2+0.9
�0.9 < 2.2c �2.14+0.16

�0.15 0.39+0.12
�0.13 2,2,10,11,11,6,6

DESJ0225+0304 �1.10+0.50
�0.30 19+9

�5
23.8+0.7

�0.5 12,12,12,-,-,-,-

Hydrus I �4.71+0.08
�0.08 53+4

�4
27.6+0.5

�0.5 80.4+0.6
�0.6 2.7+0.5

�0.4 �2.52+0.09
�0.09 0.41+0.08

�0.08 13,13,13,13,13,13,13

Fornax �13.34+0.14
�0.14 792+18

�18
139.0+3.0

�3.0 55.2+0.1
�0.1 11.7+0.9

�0.9 �1.07+0.02
�0.01 0.27+0.01

�0.01 2,14,15,4,5,6,6

Horologium I �3.76+0.56
�0.56 40+10

�9
87.0+13.0

�11.0 112.8+2.5
�2.6 4.9+2.8

�0.9 �2.76+0.10
�0.10 0.17+0.20

�0.03 2,2,16,17,18,18,18

Horologium II �1.56+1.02
�1.02 44+15

�14
78.0+8.0

�7.0 2,2,19,-,-,-,-

Reticulum II �3.99+0.38
�0.38 51+3

�3
31.6+1.5

�1.4 62.8+0.5
�0.5 3.3+0.7

�0.7 �2.65+0.07
�0.07 0.28+0.09

�0.09 2,2,20,21,21,21,21

Eridanus II �7.10+0.30
�0.30 246+17

�17
366.0+17.0

�17.0 75.6+1.3
�1.3 6.9+1.2

�0.9 �2.38+0.13
�0.13 0.47+0.12

�0.09 22,22,22,23,23,23,23

Reticulum III �3.30+0.29
�0.29 64+26

�23
92.0+13.0

�13.0 1,1,1,-,-,-,-

Pictor I �3.67+0.60
�0.60 32+15

�15
126.0+19.0

�16.0 2,2,16,-,-,-,-

Columba I �4.20+0.20
�0.20 117+12

�12
183.0+10.0

�10.0 8,8,8,-,-,-,-

Carina �9.45+0.05
�0.05 311+15

�15
106.0+5.0

�5.0 222.9+0.1
�0.1 6.6+1.2

�1.2 �1.80+0.02
�0.02 0.24d 2,2,24,4,5,25,25

Pictor II �3.20+0.40
�0.50 47+20

�13
45.0+5.0

�4.0 26,26,26,-,-,-,-

Carina II �4.50+0.10
�0.10 92+8

�8
36.2+0.6

�0.6 477.2+1.2
�1.2 3.4+1.2

�0.8 �2.44+0.09
�0.09 0.22+0.10

�0.07 27,27,27,28,28,28,28

Carina III �2.40+0.20
�0.20 30+8

�8
27.8+0.6

�0.6 284.6+3.4
�3.1 5.6+4.3

�2.1 27,27,27,28,28,-,-

Ursa Major II �4.43+0.26
�0.26 139+9

�9
34.7+2.0

�1.9 �116.5+1.9
�1.9 5.6+1.4

�1.4 �2.23+0.21
�0.24 0.67+0.20

�0.15 2,2,29,30,31,6,6

Leo T �8.00e 118+11

�11
409.0+29.0

�27.0 38.1+2.0
�2.0 7.5+1.6

�1.6 �1.91+0.12
�0.14 0.43+0.13

�0.09 32,32,33,30,30,6,6

Segue 1 �1.30+0.73
�0.73 24+4

�4
23.0+2.0

�2.0 208.5+0.9
�0.9 3.7+1.4

�1.1 �2.71+0.45
�0.39 0.95+0.42

�0.26 2,2,34,35,35,36,36
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Table 1 (cont’d)

Dwarf MV R1/2 Distance vhel � [Fe/H] �[Fe/H] Referencesa,b

(pc) (kpc) (km s�1) (km s�1)

Leo I �11.78+0.28
�0.28 270+17

�16
254.0+16.0

�15.0 282.9+0.5
�0.5 9.2+0.4

�0.4 �1.48+0.02
�0.01 0.26+0.01

�0.01 2,2,37,38,38,6,6

Sextans �8.94+0.06
�0.06 456+15

�15
95.0+3.0

�3.0 224.3+0.1
�0.1 7.9+1.3

�1.3 �1.97+0.04
�0.04 0.38+0.03

�0.03 2,2,39,4,5,6,6

Ursa Major I �5.13+0.38
�0.38 295+28

�28
97.3+6.0

�5.7 �55.3+1.4
�1.4 7.0+1.0

�1.0 �2.16+0.11
�0.13 0.62+0.10

�0.08 2,40,41,30,31,6,6

Willman 1 �2.90+0.74
�0.74 33+8

�8
45.0+10.0

�10.0 �14.1+1.0
�1.0 4.0+0.8

�0.8 �2.19+0.08
�0.08 2,2,42,43,43,43,-

Leo II �9.74+0.04
�0.04 171+10

�10
233.0+14.0

�14.0 78.3+0.6
�0.6 7.4+0.4

�0.4 �1.68+0.02
�0.03 0.34+0.02

�0.02 2,2,44,45,45,6,6

Leo V �4.29+0.36
�0.36 49+16

�16
169.0+4.0

�4.0 170.9+2.1
�1.9 2.3+3.2

�1.6 �2.48+0.21
�0.21 0.47+0.23

�0.13 2,2,46,47,47,47,47

Leo IV �4.99+0.26
�0.26 114+13

�13
154.0+5.0

�5.0 132.3+1.4
�1.4 3.3+1.7

�1.7 �2.29+0.19
�0.22 0.56+0.19

�0.14 2,2,48,30,30,6,6

Crater II �8.20+0.10
�0.10 1066+86

�86
117.5+1.1

�1.1 87.5+0.4
�0.4 2.7+0.3

�0.3 �1.98+0.10
�0.10 0.22+0.04

�0.03 49,49,49,50,50,50,50

Virgo I �0.80+0.90
�0.90 38+12

�11
87.0+13.0

�8.0 51,51,51,-,-,-,-

Hydra II �4.86+0.37
�0.37 67+13

�13
151.0+8.0

�7.0 303.1+1.4
�1.4 < 3.6c �2.02+0.08

�0.08 0.40+0.48
�0.26 2,2,52,53,53,53,53

Coma Berenices �4.28+0.25
�0.25 69+5

�4
42.0+1.6

�1.5 98.1+0.9
�0.9 4.6+0.8

�0.8 �2.43+0.11
�0.11 0.46+0.09

�0.08 2,2,54,30,30,6,6

Canes Venatici II �5.17+0.32
�0.32 71+11

�11
160.0+4.0

�4.0 �128.9+1.2
�1.2 4.6+1.0

�1.0 �2.35+0.16
�0.19 0.57+0.15

�0.12 2,2,55,30,30,6,6

Canes Venatici I �8.73+0.06
�0.06 437+18

�18
211.0+6.0

�6.0 30.9+0.6
�0.6 7.6+0.4

�0.4 �1.91+0.04
�0.04 0.39+0.03

�0.02 2,2,56,30,30,6,6

Boötes II �2.94+0.74
�0.75 39+5

�5
42.0+1.0

�1.0 �117.0+5.2
�5.2 10.5+7.4

�7.4 �2.79+0.06
�0.10 < 0.35c 2,2,57,58,58,59,59

Boötes I �6.02+0.25
�0.25 191+8

�8
66.0+2.0

�2.0 101.8+0.7
�0.7 4.6+0.8

�0.6 �2.35+0.09
�0.08 0.44+0.07

�0.06 2,2,60,61,61,62,62

Ursa Minor �9.03+0.05
�0.05 405+21

�21
76.0+4.0

�4.0 �247.2+0.8
�0.8 9.5+1.2

�1.2 �2.12+0.03
�0.02 0.33+0.02

�0.03 2,2,63,64,4,6,6

Draco II �0.80+0.40
�1.00 19+4

�3
21.5+0.4

�0.4 �342.5+1.1
�1.2 < 5.9c �2.70+0.10

�0.10 < 0.24c 65,65,65,65,65,65,65

Hercules �5.83+0.17
�0.17 216+20

�20
132.0+6.0

�6.0 45.0+1.1
�1.1 5.1+0.9

�0.9 �2.47+0.13
�0.12 0.47+0.11

�0.08 2,2,66,30,30,6,6

Draco �8.88+0.05
�0.05 231+17

�17
82.0+6.0

�6.0 �290.7+0.7
�0.8 9.1+1.2

�1.2 �2.00+0.02
�0.02 0.34+0.02

�0.02 2,2,67,64,4,6,6

Sagittarius �13.50+0.15
�0.15 2662+193

�193
26.7+1.3

�1.3 139.4+0.6
�0.6 9.6+0.4

�0.4 �0.53+0.03
�0.02 0.17+0.02

�0.02 68,68,69,70,70,71,71

Sagittarius II �5.20+0.10
�0.10 33+2

�2
70.1+2.3

�2.3 20,20,20,-,-,-,-

Indus II �4.30+0.19
�0.19 181+70

�64
214.0+16.0

�16.0 1,1,1,-,-,-,-

Grus II �3.90+0.22
�0.22 93+16

�12
53.0+5.0

�5.0 1,1,1,-,-,-,-
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Table 1 (cont’d)

Dwarf MV R1/2 Distance vhel � [Fe/H] �[Fe/H] Referencesa,b

(pc) (kpc) (km s�1) (km s�1)

Pegasus III �4.10+0.50
�0.50 78+31

�25
205.0+20.0

�20.0 �222.9+2.6
�2.6 5.4+3.0

�2.5 �2.40+0.15
�0.15 72,72,72,73,73,73,-

Aquarius II �4.36+0.14
�0.14 160+26

�26
107.9+3.3

�3.3 �71.1+2.5
�2.5 5.4+3.4

�0.9 �2.30+0.50
�0.50 74,74,74,74,74,49,-

Tucana II �3.90+0.20
�0.20 121+35

�35
58.0+8.0

�8.0 �129.1+3.5
�3.5 8.6+4.4

�2.7 �2.90+0.15
�0.16 0.29+0.15

�0.12 16,16,16,75,75,76,76

Grus I �3.47+0.59
�0.59 28+23

�23
120.0+12.0

�11.0 �140.5+2.4
�1.6 2.9+2.1

�1.0 �1.42+0.55
�0.42 0.41+0.49

�0.23 2,2,17,75,75,75,75

Pisces II �4.23+0.38
�0.38 60+10

�10
183.0+15.0

�15.0 �226.5+2.7
�2.7 5.4+3.6

�2.4 �2.45+0.07
�0.07 0.48+0.70

�0.29 2,2,77,53,53,53,53

Tucana V �1.60+0.49
�0.49 16+5

�5
55.0+9.0

�9.0 1,1,1,-,-,-,-

Phoenix II �2.70+0.40
�0.40 37+8

�8
84.3+4.0

�4.0 20,20,20,-,-,-,-

Tucana III �1.49+0.20
�0.20 37+9

�9
25.0+2.0

�2.0 �102.3+0.4
�0.4 < 1.2c �2.42+0.07

�0.08 < 0.19c 20,20,1,78,78,78,78

Note. — These data are provided as a convenience to the community. However, in recognition of the e↵ort invested by many

researchers to obtain, reduce, analyze, and publish these measurements, we strongly encourage authors to cite the original

references (which are listed below), not just this compilation, where possible.

aReferences: (1) Drlica-Wagner et al. (2015); (2) Muñoz et al. (2018); (3) Pietrzyński et al. (2008); (4) Walker et al. (2009a);

(5) Walker, Mateo & Olszewski (2009); (6) Kirby et al. (2013b); (7) Homma et al. (2018); (8) Carlin et al. (2017); (9) Kirby

et al. (2017); (10) Boettcher et al. (2013); (11) Kirby et al. (2013a); (12) Luque et al. (2017); (13) Koposov et al. (2018); (14)

Battaglia et al. (2006); (15) Rizzi et al. (2007); (16) Bechtol et al. (2015); (17) Koposov et al. (2015a); (18) Koposov et al.

(2015b); (19) Kim & Jerjen (2015); (20) Mutlu-Pakdil et al. (2018); (21) Simon et al. (2015); (22) Crnojević et al. (2016a);

(23) Li et al. (2017); (24) Karczmarek et al. (2015); (25) Fabrizio et al. (2012); (26) Drlica-Wagner et al. (2016); (27) Torrealba

et al. (2018); (28) Li et al. (2018b); (29) Dall’Ora et al. (2012); (30) Simon & Geha (2007); (31) this work (32) de Jong et al.

(2008); (33) Clementini et al. (2012); (34) Belokurov et al. (2007); (35) Simon et al. (2011); (36) Frebel, Simon & Kirby (2014);

(37) Bellazzini et al. (2004); (38) Mateo, Olszewski & Walker (2008); (39) Lee et al. (2003); (40) Okamoto et al. (2008); (41)

Garofalo et al. (2013); (42) Willman et al. (2005a); (43) Willman et al. (2011); (44) Bellazzini, Gennari & Ferraro (2005); (45)

Spencer et al. (2017); (46) Medina et al. (2018); (47) Collins et al. (2017); (48) Moretti et al. (2009); (49) Torrealba et al.

(2016a); (50) Caldwell et al. (2017); (51) Homma et al. (2016); (52) Vivas et al. (2016); (53) Kirby, Simon & Cohen (2015);

(54) Musella et al. (2009); (55) Greco et al. (2008); (56) Kuehn et al. (2008); (57) Walsh et al. (2008); (58) Koch et al. (2009);

(59) Ji et al. (2016c); (60) Dall’Ora et al. (2006); (61) Koposov et al. (2011); (62) Brown et al. (2014); (63) Bellazzini et al.

(2002); (64) Muñoz et al. (2005); (65) Longeard et al. (2018); (66) Musella et al. (2012); (67) Kinemuchi et al. (2008); (68)

Majewski et al. (2003); (69) Hamanowicz et al. (2016); (70) Bellazzini et al. (2008); (71) Mucciarelli et al. (2017); (72) Kim

et al. (2015a); (73) Kim et al. (2016); (74) Torrealba et al. (2016b); (75) Walker et al. (2016); (76) Chiti et al. (2018); (77)

Sand et al. (2012); (78) Simon et al. (2017).

bThe references listed for each object are for, in order: (1) MV , (2) R1/2, (3) distance, (4) vhel, (5) �, (6) [Fe/H], and (7)

�[Fe/H]. Inasmuch as the properties of some galaxies have been determined by multiple studies, this reference list is not intended

to be complete. Instead, it represents our assessment of the best available data. In cases where no velocity and/or metallicity

measurements are available in the literature, a dash is listed in place of the corresponding reference.
cUpper limits are at 90% confidence. Where the original reference does not provide a value at that confidence interval, we

have determined one from the data.
dNo uncertainty on the metallicity dispersion of Carina was provided by Fabrizio et al. (2012).

eNo uncertainty on the absolute magnitude of Leo T was provided by de Jong et al. (2008).

w
w
w
.a
n
n
u
a
lre

v
ie
w
s.o

rg
•
T
h
e
F
a
in

te
st

D
w
a
rf

G
a
la
x
ie
s

2
5

Simon+19

Sun: Mv = 4.8
100 Lsun = -0.2
104 Lsun = -5.2
105 Lsun = -7.7



❖ Rizutti+18: Rotating 
Massive stars (RMS)

❖ r-process from NSM or 
Magneto-Rotationally 
Driven (MRD) SNe 

❖ The origin of Ba at [Fe/
H] < -2 is mostly r-
process.

Evolution of Sr and Ba 5249
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Figure 2. [Ba/Fe] versus [Fe/H]. The black dots, track, and shadowed area are the observations (sources listed in Table 1); red line is model F+MRD; blue
solid line is model LC000+MRD; blue dashed line is model LC150+MRD; blue double dashed line is model LC300+MRD (see Table 4).

Figure 3. [Sr/Fe] versus [Fe/H]. The black dots, track, and shadowed area are the observations (sources listed in Table 1); red line is model F+MRD; blue
solid line is model LC000+MRD; blue dashed line is model LC150+MRD; blue double dashed line is model LC300+MRD (see Table 4).

Figure 4. [Sr/Ba] versus [Fe/H]. The black dots, track, and shadowed area are the observations (sources listed in Table 1); red line is model F+MRD; blue
solid line is model LC000+MRD; blue dashed line is model LC150+MRD; blue double dashed line is model LC300+MRD (see Table 4).
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Figure 8. [Ba/Fe] versus [Fe/H]. The black dots, track, and shadowed area are the observations (sources listed in Table 1); red line is model F+MRD; purple
lines are model F+NSM with variations in the time delay, namely (from darker to lighter) τ = 0, 1, 10, and 100 Myr (see Table 4).

Figure 9. [Ba/Fe] versus [Fe/H]. The black dots, track, and shadowed area are the observations (sources listed in Table 1); dark blue line is model LC000+MRD;
lighter blue lines are model LC000+NSM with variations in the time delay, namely (from darker to lighter) τ = 0, 1, 10, and 100 Myr (see Table 4).

Figure 10. [Ba/Fe] versus [Fe/H]. The black dots, track, and shadowed area are the observations (sources listed in Table 1); dark blue line is model
LC150+MRD; lighter blue lines are model LC150+NSM with variations in the time delay, namely (from darker to lighter) τ = 0, 1, 10, and 100 Myr (see
Table 4).
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Ba modeling in Milky-Way [X /Y ] = log10[ NX

NY ] + C

Normalized to solar



Results: Modify IMF
❖ Choosing IMF with smaller number 

of massive stars, [Ba/Fe] can be 
adjusted

❖ [Ba/Fe] decreases as [Fe/H] 
increases, as type-Ia is not negligible

Tuned IMF

Normal IMF

[X /Y ] = log10[ NX

NY ] + C

Normalized to solar



❖ The origin of Ba is “main” r-process and “main” s-process.

❖ → (NSM or some other r-process) and (low-mass) AGB stars.

❖ The stochasticity of r-process diversify [Ba/Fe]: MW should 
be somewhere between Eu-detected and other UFDs.

Figure 6 Chemical abundance patterns of stars in UFDs. The left, middle, and right panels

show [C/Fe], [Mg/Fe], and [Ba/Fe] ratios as a function of metallicity, respectively. UFD

stars are plotted as colored diamonds, squares, triangles, and circles, as listed in the legend

at bottom. The UFD data have been adopted from Koch et al. (2008), Feltzing et al.

(2009), Frebel et al. (2010, 2016), Simon et al. (2010), Norris et al. (2010a,b,c), Lai et al.

(2011), Gilmore et al. (2013), Koch et al. (2013), Frebel, Simon & Kirby (2014), Ishigaki

et al. (2014), Roederer & Kirby (2014), Ji et al. (2016b,c), François et al. (2016), Kirby

et al. (2017), Hansen et al. (2017), Nagasawa et al. (2018), Chiti et al. (2018), Spite et al.

(2018), and Ji et al. (2018). A sample of metal-poor Milky Way halos stars from Cohen

et al. (2013) and Roederer et al. (2014) is displayed as small gray circles for comparison.

general results in specific abundance ratios do exist, but their frequency does not seem to

be high (e.g., Vargas et al. 2013).

3.4.1. Typical Ultra-Faint Dwarfs. Chemical abundance measurements from high-resolution

spectroscopy are now available for at least one star in 16 UFDs. This sample currently

contains more than 50 stars, with metallicities ranging from [Fe/H] = �1.4 to [Fe/H] =

�3.8. With a handful of exceptions, the abundance patterns of di↵erent ultra-faint dwarfs

closely resemble each other (see, e.g., Chiti et al. 2018), such that the galaxy in which a star

is located cannot be discerned by examining its chemical abundances (see Figure 6). Some

of the examples of distinct abundance patterns include the low [↵/Fe] ratios in Horologium I

(Nagasawa et al. 2018) and low [Sc/Fe] ratios in Com Ber and possibly Segue 2 (Frebel et al.

2010; Roederer & Kirby 2014).

For elements through the iron peak, the abundances of ultra-faint dwarf stars closely

follow the halo trend as a function of metallicity (Fig. 6). This result strongly suggests that

nucleosynthesis and chemical evolution at early times do not depend significantly on galactic

environment (e.g., Tolstoy, Hill & Tosi 2009; Simon et al. 2010). Whether the dispersion in

abundance for each element at a constant metallicity matches between halo stars and the

UFDs has not been investigated, but could be illuminating as to early chemical evolution

and star formation. At the lowest metallicities, a significant fraction of UFD stars have

high carbon abundances (e.g., Frebel et al. 2010; Norris et al. 2010a; Salvadori, Skúladóttir

& Tolstoy 2015; Ji et al. 2016b; Spite et al. 2018), again matching previous findings for the

20 Simon

1 NSM: Lucky

0 NSM: unlucky

❖ If we fix [Fe/H]:

❖ MW is at higher density peak.

❖ MW is larger than UFDs because of larger 
mixing mass.

❖ → Stochasticity (“0 or 1”-ness) is more 
important in UFDs than in MW.

Evolution
w/o stochasticity [Fe/H]

Discussion1: Comparison to MW [X /Y ] = log10[ NX

NY ] + C

Normalized to solar


