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neutron-capture elements besides Eu and Ba, making it difficult
to determine whether the abundance pattern follows that of
CS22892−052, hence these stars have not been included in
Figure 4. The same is also the case for three of the six r-I stars
in Fornax, therefore only BL190, BL196, and BL228 have
been included. For the remainder, abundances have been
reported for four or more elements. As can be seen, there is
good overall agreement for the heavy elements between the
abundance pattern of CS22892−052 and the abundance
patterns of the r-process enhanced stars found in dwarf
galaxies, with an average abundance difference of only
0.16 dex for the elements from Ba to Er. In particular, the
result of Siqueira Mello et al. (2014) for the r-I stars in the halo
—that the abundance pattern follows the same r-process pattern
as the r-II stars—is also valid for r-I stars in dwarf galaxies.

4.5. Source of r-process Enrichment in Dwarf Galaxies

Tsujimoto & Shigeyama (2014) examined literature data for
Eu abundances for stars in a number of dwarf galaxies (Carina,
Draco, Sculptor, Fornax, Sagittarius [Sgr], Ursa Major II,
Hercules, and Coma Berenices) and found different behaviors
for this element between the various galaxies. Some systems
exhibit a constant Eu level of Eu H 1.3~ -[ ] over the
metallicity range 2 Fe H 11 1- -( [ ] ), while others show a
steady increase in Eu with metallicity. The authors argue that
this result can be explained if the r-process enrichment is due to
NSMs, where the galaxies showing a plateau have on average
experienced 0.1< NSMs and were enriched by gas from a more
massive neighbor, while galaxies with an increasing trend in Eu
with Fe have hosted multiple NSMs. Carina and Sculptor are
examples of the galaxies with apparent Eu plateaus. Larger
galaxies such as Fornax and Sgr are examples of the latter (no
Eu plateau with increasing metallicity), probably because their
stellar masses are large enough that multiple NSMs are likely to
have occurred. Draco, which has a smaller stellar mass,
contains low metallicity stars with very low Eu abundance,
such as Draco 119 with Eu H 2.55< -[ ] (Fulbright et al.
2004). Tsujimoto et al. (2015) derived Eu abundances for two
additional stars in Draco. In combination with the literature
sample, these data suggest that stars with Fe H 2.2< -[ ] have

no Eu enrichment, followed by a sudden increase of 0.7 dex in
the Eu abundance for stars with Fe H 2.2> -[ ] . This pattern
led Tsujimoto et al. (2015) to reject the theory of pre-
enrichment for Draco and suggest that an NSM occurred in the
galaxy once its metallicity reached Fe H 2.2~ -[ ] , although
that hypothesis may not be consistent with Draco’s gas
accretion history (Ji et al. 2016a).
In Figure 5 we plot the Eu H[ ] ratios (left) and the Eu Fe[ ]

ratios (right) as a function of metallicity for the r-I and r-II stars
compiled in Section 4.2 along with the r-II stars found in RetII
and the r-I star presented in this paper; the right plot also shows
the distribution of Eu Fe[ ] ratios. Most strikingly, the stars in
the low-mass galaxy RetII (green diamonds) show a clear
increase in Eu with Fe. A similar trend is seen for the stars in
UMi (red squares), with a stellar mass two orders of magnitude
higher (and a comparable mass to Draco). These two galaxies
also follow the general trend of Eu H[ ] for r-process enhanced
stars in the halo. DESJ235532 (green star) has an Eu H[ ] ratio
placing it in the middle of the halo stars and at the lower end of
the dwarf galaxy stars. With the expanded sample of stars from
Tables 3 and 4 the low-metallicity plateau at Eu H 1.3~ -[ ]
seen by Tsujimoto & Shigeyama (2014) for the low-luminosity
systems is no longer apparent.
Based on the increase seen in Eu H[ ] with Fe H[ ] in Fornax

and Sgr, Tsujimoto & Shigeyama (2014) conclude that more
than one NSM must have occurred in these galaxies. However,
the data for RetII indicate that the same signature can be
produced with inhomogeneous mixing and a single NSM (Ji
et al. 2016a). Also, Fornax and Sgr have both been found to be
enriched in s-process elements, potentially providing an
alternative source for the additional Eu observed in their
higher-metallicity stars (McWilliam et al. 2013; Letarte et al.
2010), hence the Eu abundances are not necessarily a clean
tracer of the r-process in these galaxies.

5. Discussion

The overall good agreement between the heavy element
abundance patterns of DESJ235532, r-I stars from other dwarf
galaxies, and CS22892−052, along with the similarly good
agreement found when comparing the r-II stars in Ret II to

Figure 5. Eu H[ ] abundances (left) and Eu Fe[ ] abundances and distribution (right) for r-I and r-II stars in dwarf galaxies and in the halo. The Eu Fe[ ] histogram in
the right panel only includes stars in dwarf galaxies. The plotted sample includes TucIII (green star), UMi (red squares), Draco (dark blue circles), Sculptor (black
asterisks), Carina (light blue upside-down triangles), Fornax (magenta triangles), and RetII (light green diamonds; Ji et al. 2016b). The halo stars shown here are taken
from Barklem et al. (2005, gray plus symbols) and (Roederer et al. 2014a, gray crosses). References for literature data are given in Tables 3 and 4. Dashed lines show
limits for r-I and r-II stars.
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R-process enhanced elements 

Rare Supernovae


Neutron Star Merger (confirmed)


High resolution spectroscopic in Halo + Dwarfs

1. Halo & Dwarfs —> Hierarchical 
formation history 


2. Large scatter below [Fe/H] = -2 can be 
explained by rare events


3. All UFDs have very deficient values of 
r-process element, except for Ret II, 
which have highly r-process enhanced 
stars —> rare prolific event


4. Normal dwarfs have variations in r-
process values —> multiple events


5. Inhomogeneous mixing in UFD


Motivations:

• Understanding UFD as the host site of r-II 
stars from the stellar halo (the birth 
environment and enrichment scenario).


• Yields? Frequency? Natal kick velocity? 
Dominant channel and Abundance 
patterns? (NS+BH, NS+NS, SN)

Ji et al.2017

Hansen et al. 2017

•
Aluminum abundances are derived from the 3961Å and

3944Å lines. The 3944Å line is synthesized due to a carbon
blend. These relatively blue lines are not detectable in stars
with lower signal-to-noise, and we use the 3961Å line to set
upper limits.

The scandium lines are synthesized, as they have hyperfine
structure. DES J033548−540349 has an unusually low

scandium abundance compared to halo stars, with [Sc/
Fe]=−0.68. This star is relatively metal-rich, with [Fe/
H]=−2.19, but it is reminiscent of two stars in ComaBer-
enices (Frebel et al. 2010) and three metal-poor scandium-
deficient bulge stars (Casey & Schlaufman 2015). Casey &
Schlaufman (2015) discuss the possible implications of the low
Sc for chemical evolution, although the larger samples of
Howes et al. (2015) did not identify additional scandium-poor
stars in the bulge.

3.5. Neutron-capture Elements

Sr, Ba, La, and Eu have abundances all derived from
synthesis because of hyperfine structure. The abundances of
other neutron-capture elements are mostly determined with
equivalent widths, although some lines of Y, Pr, and Dy are
synthesized due to blends. We cannot detect Pb or actinides
(Th, U) in our spectra.
Sr, Ba, and Eu are detected or constrained in all of our stars

(Figure 3). The two most metal-poor stars have only
nondetections of neutron-capture elements, while the other
seven have enhanced neutron-capture elements. Six of these
stars are considered r-II stars with [Eu/Fe]∼1.7. The other
star (DES J033548−540349, [Fe/H]=−2.19) has a lower
[Eu/Fe]=0.95. In these seven stars, all detected elements
above Ba follow the universal r-process pattern (Ji
et al. 2016a).
However, this pattern is not necessarily universal for lighter

neutron-capture elements such as Sr, Y, and Zr (e.g.,Travaglio
et al. 2004; Montes et al. 2007). To examine this in detail, we
investigate how the relative abundances of these elements differ
from the scaled solar r-process pattern. Rather than using Ba or
Eu as representative elements, we scale the solar pattern to

Figure 3. Neutron-capture element abundances for Sr, Ba, and Eu. Symbols are the same as in Figure 2. DES J033531−540148 and DES J033556−540316 have only
upper limits that are consistent with other UFD stars. Note that DES J033531−540148 has a [Sr/Fe]=−1.73 detection (Roederer et al. 2016b). The other seven stars
have extremely enhanced neutron-capture abundances, although DES J033548−540349 is less enhanced. CVnII has a star with very high [Sr/Fe] but no detectable
Ba (François et al. 2016). The star in Segue1 with high neutron-capture abundances has experienced binary mass transfer (Frebel et al. 2014).

Table 5
Abundance Corrections

Star [X/Fe]orig Correction [X/Fe]corr

Carbon (Placco et al. 2014)

DES J033523−540407 0.65 0.64 1.29
DES J033607−540235 0.40 0.37 0.77
DES J033447−540525 0.20 0.22 0.42
DES J033531−540148 0.20 0.02 0.22
DES J033548−540349 0.50 0.01 0.51
DES J033537−540401 0.15 0.01 0.16
DES J033457−540531 0.35 0.01 0.36
DES J033454−540558 0.85 0.01 0.86

Sodium (Lind et al. 2011)

DES J033523−540407 0.30 −0.55 −0.25
DES J033607−540235 0.15 −0.48 −0.33
DES J033447−540525 0.35 −0.58 −0.23
DES J033531−540148 0.97 −0.50 0.47
DES J033548−540349 −0.08 −0.64 −0.72
DES J033537−540401 0.14 −0.54 −0.40
DES J033556−540316 0.48 −0.27 0.21
DES J033457−540531 0.09 −0.63 −0.54
DES J033454−540558 −0.11 −0.34 −0.45
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LAMOST DR3 VMPFigure 5 Mean stellar metallicities of Milky Way satellites as a function of absolute mag-

nitude. Confirmed dwarf galaxies are displayed as dark blue filled circles, and objects

suspected to be dwarf galaxies but for which the available data are not conclusive are

shown as cyan filled circles. Grus I, for which there is no published classification, is shown

as an open gray circle. The error bars in the vertical direction indicate the uncertainty on

the mean metallicity of each object. The dwarf galaxy/candidate data included in this plot

are listed in Table 1. The overall relationship between metallicity and luminosity is clear,

although the scatter is large at the faint end.

su↵ered more stripping than the classical dSphs. Alternatively, (underestimated) observa-

tional uncertainties and errors may be responsible for some or all of the larger scatter at

the lowest luminosities. In particular, the metallicities of some of the outliers above the

relation are currently determined from only two member stars (e.g., Willman 1 and Tri II).

If the brightest stars in those systems happen not to be representative of the overall metal-

licity distribution then the derived mean metallicity will be incorrect. The most significant

outlier is Grus I, which is reported by Walker et al. (2016) to contain four stars (out of

seven measured) with [Fe/H] > �1.4. No other UFD contains so many metal-rich stars,

suggesting that some of them are probably foreground contaminants and that the system

is actually more metal-poor.
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Figure 5. Toomre diagram in cylindrical coordinates for

our sample of 35 highly r-process-enhanced stars. The cloud

of gray circles centered near V� ⇡ 220 km s�1 is a collection

of 10,385 disk stars located within 200 pc of the Sun with

�0.25 < [Fe/H] < +0.25. The dashed line represents a total

space velocity of 100 km s�1 relative to the local standard of

rest in the V� direction. Each group of stars is indicated by

a di↵erent symbol/color combination, as shown in Figure 8

and discussed in Section 5.2.

Table 6. Groups of r-process Enhanced Field Stars

Group Members [Fe/H] [Eu/Fe] [Eu/H]

A HE 0430�4901 �2.72 +1.16 �1.56

CS 22958-052 �2.42 +1.00 �1.42

HD 221170 �2.18 +0.80 �1.38

J15271353�2336177 �2.15 +0.70 �1.45

B J235718.91�005247.8 �3.36 +1.92 �1.44

CS 31082-001 �2.90 +1.63 �1.27

SMSS J051008.62�372019.8 �3.20 +0.95 �2.25

HE 1430+0053 �3.03 +0.72 �2.31

C J21064294�6828266 �2.76 +1.32 �1.44

CS 22945-017 �2.73 +1.13 �1.60

J15582962�1224344 �2.54 +0.89 �1.65

CS 22943-132 �2.67 +0.86 �1.81

D HD 222925 �1.47 +1.33 �0.14

HD 20 �1.58 +0.80 �0.78

J01530024�3417360 �1.50 +0.71 �0.79

E CS 22945-058 �2.71 +1.13 �1.58

BD +17
�
3248 �2.06 +0.91 �1.15

J00405260�5122491 �2.11 +0.86 �1.25

F HE 2224+0143 �2.58 +1.05 �1.53

CS 29529-054 �2.75 +0.90 �1.85

HD 115444 �2.96 +0.85 �2.11

G CS 22953-003 �2.84 +1.05 �1.79

HE 2327�5642 �2.78 +0.98 �1.80

H J21091825�1310062 �2.40 +1.25 �1.15

J19232518�5833410 �2.08 +0.76 �1.32

Figure 6. Histograms of the pericentric radii (top), apoc-

entric radii (middle), and maximum distance above or be-

low the Galactic plane (bottom) for the 35 highly r-process-

enhanced stars in our sample. Note that two stars with large

rapo (63+35

�15
kpc and 434+140

�138
kpc) and Zmax (48+22

�10
kpc and

151+61

�53
kpc) are not shown in the middle and bottom panels.

draw four [Fe/H] values at random, without replace-
ment, from the 35 stars and compute the sample stan-
dard deviation. We repeat this process 105 times and
compute the probability density distribution. Figure 9
illustrates the results of this test. The top panel indi-
cates the [Fe/H] dispersions for the stars in Groups A,
B, and C, each of which contain four stars. The bottom
panel of Figure 9 illustrates the results of an analogous
test where three [Fe/H] values are drawn at random,
and these results are compared with the [Fe/H] disper-
sions for the stars in Groups D, E, and F, each of which
contain three stars. All six groups have smaller [Fe/H]
dispersions than the median expected dispersion, and

All the r-II have Halo Kinematics 


Plan: 

• Find the substructures that the 
r-II halo stars belong to. 


• Most of the r-II stars come from 
UFDs—> Debris of UFD in the 
stellar halo.


• —> More r-II candidates


Roederer, Hattori, Valluri 2018 

•

Simon 2019

Li, H.-N., Tan, Zhao 2018 

Li, H.-N., Aoki, Matsuno 2018

The largest bright VMP catalog of 10,000 
stars, with metallicity uncertainty ~ 0.3 dex


parallax_over_error >= 5 

parallax >= 0.2

Toomre Diagram


4,000 VMP Halo stars!!



Preliminary Results

1. Identified 3 significant substructures in very metal-poor star 
catalog


2. Found an r-II star associated with one of the substructures

Heavy Element Abundances of Nearby Very Metal-Poor Substructures
Hattori, K., et al.

We propose to observe ⇠ 12 stars in two dynamical substructures with [Fe/H]. �2 in the nearby

Galactic halo.

1. Dynamical relics from ancient dwarf
galaxies

According to the standard ⇤CDM cosmology, Milky
Way is formed through hierarchical mergers of dwarf
galaxies. In understanding the Galactic merger history,
very accurate data of orbit and chemistry of halo stars are
highly informative, because they retain information on
the orbital properties of the merging systems and their
chemical enrichment histories. Such very accurate data
are becoming available from recent dedicated surveys in-
cluding Gaia, especially for nearby halo stars (within 5
kpc from the Sun).

However, there are two major obstacles in decoding
the Galactic merger history by using these nearby halo
stars: (1) Most stellar systems that contribute to the
nearby halo have been tidally disrupted and lost their
spatial coherence. Thus, the remnants of merger events
are undetectable unless we try to find substructure in the
phase space spanned by energy and angular momentum
(or any conserved quantities). (2) During the early epoch
of the Galaxy formation, there are frequent merger events
with low-mass dwarf galaxies. Their relics mainly con-
tribute to the very metal-poor (VMP) population with
[Fe/H] . �2 in the nearby halo. Unfortunately, it has
been di�cult to find such disrupted low-mass dwarf galax-
ies, because they have small number of member stars.
Also, the catalog of VMP halo stars has been limited in
size, which makes it hard to identify VMP substructures.

This situation is changing in recent years. From obser-
vational side, the large spectroscopic data from LAMOST
have provided a sizable VMP catalog of 10,000 stars (Li
et al. 2018); and ⇠4,000 of them have precise astromet-
ric measurements from Gaia DR2 (Lindegren et al. 2018).

From data-analysis side, we have developed a novel cluster
finding method StarGO (Yuan et al. 2018) that can e�-
ciently find dynamical substructure in the energy-angular
momentum space. We have applied StarGO to these 4,000
VMP stars and identified a previously known prominent
substructure, the Helmi Stream (Helmi et al. 1999, Kop-
pelman et al. 2019), and two new substructures (here-
after Group1 and Group2) with the same confidence level
(see Fig. 1). There are 17 and 9 VMP stars in Group1 and
Group2, respectively. The contamination rates for these
groups (estimated from the mock Gaia DR2 catalog; Ry-
bizki et al. 2018) are 2% for Group1 and 14% for Group2,
which are smaller than 15% for the Helmi Stream.

By using a larger sample of LAMOST DR5, we have
confirmed that the peak metallicities of these substruc-
tures are [Fe/H]. �2 (see Fig. 1, right panel). The low-
metallicity nature of these substructures indicates that
their progenitor systems are probably low-mass dwarf
galaxies (M⇤ ⇠104 – 105 M�) or ultra faint dwarf galaxies
(UFDs, M⇤ ⇠103M�), according to the universal mass-
metallicity relation from Kirby et al. (2013). If the prop-
erties of these progenitor systems can be chemically con-
firmed by the proposed Subaru observation, it opens a

vast possibility of reconstructing many disrupted

dwarf galaxies that contributed to the build-up of

the inner part of the Milky Way.

2. Chemical diagnosis of the ancient dwarf
galaxies accreted to the Milky Way

Besides being archaeological fossils, small dwarf galax-
ies can retain clear signatures of early nucleosynthesis,
such as rare neutron-capture events. Thus, if we find
similar properties in heavy element abundances for the

Figure 1: (Left): The identified VMP dynamical substructures in (Lz, E)-space. The VMP halo catalog is shown in
gray. The Helmi Stream: salmon circle. Group1: cyan triangle. Group2: magenta square. The r-II star associated
with Group2 is plotted by the blue star. (Right): The metallicity distribution of Group1 and Group2; and [Fe/H] of
the r-II star associated with Group2.

S1 Helmi /S2
G2



Method and Applications
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Fig. 4.— The identified streams equatorial coordinates. The metal-poor outer-halo catalog is shown in gray. (a) The valid members of
OS and Sgr are plotted with solid cyan and salmon filled circles, respectively. BHB members have a blue border, K-giant members have no
border. The GCs associated with Sgr are denoted by salmon stars and labelled. (b) As (a), but for CPS. The associated GC (NGC 5824)
is denoted by the magenta star.

tal energy and angular momentum, we believe these two
overdensities are from the same stream. We hereafter
refer to these as the northern and southern counterparts
of the CPS.

4.2.1. Statistical significance of northern detection

Before we discuss the association of these two detec-
tions, we first test the significance of the new northern
counterpart. This is done using a smooth halo drawn
from the mock Gaia DR2 catalog of Rybizki et al. (2018),
which is based on the popular Galaxia/Besancon mod-

els (Sharma et al. 2011; Robin et al. 2003). We create a
sample of mock halo stars similar to our observed sam-
ple of metal-poor stars, taking halo stars (i.e. age �
11 Gyr) with Dec. & -10 deg, d & 15 kpc, [Fe/H] <
-1.5 dex, and G band magnitude < 19. We then fed
these mock stars through our neural network and se-
lected those which were tighgly associated to the CPS
detection (i.e. the magenta region in Fig. 3IIa). We find
that the smooth halo produces 3,301/155,343 = 2% stars
associated to the CPS detection, which is far fewer than
the observed fraction of 133/1,679 = 8%. If we concern

1. Rediscover the Orphan, Sgr and its GCs 
2. Discovery of the new component of the 

Cetus Stream  
3. Confirm the association between Cetus 

and NGC 5824 

Yuan, Z. et al. 2019 submitted

The progenitor of the Cetus stream 3

Fig. 1.— Results from the application of StarGO to the metal poor outer halo catalog in the normalized (E, L, ✓, �) space. (a) The
histogram shows the distribution of u values between adjacent neurons, where the gold and purple regions denote u  u16% and u > u60%,
respectively. (b) The 2D neuron map resulting from the SOM, where u is represented by the gray color scale. (c) The same map as (b),
but where neurons with u  u16% are marked by gold pixels (these form the candidate groups) and those with u > u60% are marked by
purple pixels (these form the boundaries between candidate groups). The MW GCs that can be tightly associated with the neuron map
are denoted by red stars.

space. As we know, in an axisymmetric potential, E, L,
and Lz are approximately conserved and the latter two
give ✓ = arccos(Lz/L). Although � = arctan(Lx/Ly)
is not strictly conserved, it has been shown that Lx
and Ly evolve coherently (e.g. Helmi & de Zeeuw 2000;
Knebe et al. 2005; Klement 2010; Gómez & Helmi 2010;
Ma�one et al. 2015) and so we take this angle as the
fourth dimension of our input space. For the halo stars
of extra-galactic origin, the exchange in angular momen-
tum and orbital energy can be severe when their pro-
genitors fall into the MW. However, stars from the same
progenitor will have a similar disruption history, lead-
ing to similar changes in angular momentum and orbital
energy. Although the conservation of angular momen-
tum and orbital energy will be violated, stars from a
given progenitor can remain clustered in this space, as
has been shown in mock simulations of substructures
stripped from merging satellites (Yuan et al. 2018). The
final step is to make these quantities dimensionless, i.e.
(E � Emin)/Enorm, (L � Lmin)/Lnorm, ✓/⇡, and �/2⇡,
where Enorm and Lnorm denote the ranges of the entire
sample (e.g. Enorm = Emax � Emin).
In a following paper, Xue et al. (in prep) will present a

companion analysis using a Friends-of-Friends approach,
based on a similar input space.

3.2. Group Identification

We feed the input data into a 150⇥150 neural network,
using 400 iterations of the learning process. Since we
use two angles to represent the direction of the angular
momentum, we use a great-circle distance to calculate
the di↵erence between neurons. Therefore in our final
trained map the di↵erence between neighbouring neu-
rons i and j (hereafter ui,j) is defined by the following
equations,

Ii,j = sin(�✓i,j/2)
2 + cos✓icos✓jsin(��i,j/2)

2
, (1)

ui,j = log10[(�Ei,j/Enorm)
2 + (�Li,j/Lnorm)

2

+ (2/⇡ · arcsin
p
Ii,j)

2].
(2)

The trained neural network is visualized by the gray-
scale map of u (see Fig. 1b), where u represents the dif-
ference in weight vectors between adjacent neurons. The
clouds in the gray-scale correspond to distinctive struc-
tures within the underlying data set, with darker shades
denoting higher values of u, i.e. steeper gradients in the
weight vectors.
We first mark neurons with u < u16% as gold pixels in

Fig. 1c, where u16% denotes the 16th percentile of the dis-
tribution of u (see Fig. 1a). The neurons associated with
the gold patches have a clustering signal among the top
16% of the entire sample. We consider the groups formed
from these neighboring neurons as candidate groups, and
try to find more group members associated to them.
We then mark the neurons with the lowest clustering

significance as purple pixels, where we use a threshold
u > uthr. This threshold parameter uthr is adjusted in
order to maximize the size of each group, as described be-
low. For Fig. 1c we have chosen uthr = u60%, i.e. the pur-
ple pixels correspond to neurons with clustering signifi-
cance in the bottom 40%. These pixels form the bound-
aries separating candidate neuron groups into isolated
islands, such as the island corresponding to the salmon,
and cyan candidate group in Fig. 3Ia, IIa. Neurons
within the islands have similar weight vectors and these
weights are significantly di↵erent from the neurons in the
purple boundary regions. These islands represent the
strongest clustering signals in the underlying 4-D data
set.
In order to systematically identify clustered star

groups, we start with uthr0 = u100%. At this stage our
neuron map consists of one large group. As we gradu-
ally decrease the value of uthr, boundary (purple) pix-
els begin to populate the map and separate islands be-
gin to emerge (analogous to the rising tide cutting o↵
Mont-Saint-Michel from the mainland). The value of u
for which the first significant island emerges is denoted
as uthr1, which in this case corresponds to u66%. This
produces the salmon island in Fig. 3Ia. We then con-
tinue decreasing uthr until the next large island forms,
which is at uthr2 = u60% (corresponding to the cyan is-
land in Fig. 3IIa). As we keep decreasing uthr our final

A easy tool to check the associations  
between substructures & GCs

Aitoff projection of L 
(orbital direction)
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L
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Back to the VMP Groups



StarGO on LAMOST VMP in 
the space of (E, L, theta, phi)
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VMP Groups in Action Space

Groups Identified 
by Myeong et al 2018b

In the Action Space
Discovery of new retrograde substructures 5453

Figure 2. Distribution of the stellar halo sample and substructure candidates in action–energy space. Top left: (Jφ , Jz). Top right: (Jz, JR). Bottom left: (Jφ , E).
Bottom right: (JR, Jφ ). The 21 most significant substructures are colour-coded according to metallicity. Previously found substructures (S1, S2, C2) and seven
highlighted candidates (Rg1–Rg7) are further highlighted with a magenta outline. The golden star in each panel represents the present position of ω Centauri.

substructure, then it it may have important consequences for direct
detection experiments.

Of course, ω Centauri is known to be on a retrograde orbit. Its
proper motion has recently been re-measured by Libralato et al.
(2018) and differs somewhat from the previous value. Using the
potential of McMillan (2017), the present energy of ω Centauri
is −1.85 × 105 km2 s2, whilst its actions (JR, Jφ , Jz) are (264.5,
−496.4, 93.5) km s−1 kpc. Its position is marked as a golden star
in the action plots of Fig. 2. This gives a total angular momentum
of 646.62 km s−1 kpc and a present-day circularity of η ≈ 0.60
for ω Centauri. Usually, the effect of dynamical friction on orbits
of moderate eccentricity is to circularize orbits. However, van den
Bosch et al. (1999) find that the orbital circularity can sometimes
stay roughly constant throughout the decay. The eccentricity de-
creases near the pericentre, but increases near the apocentre such
that there is only mild net circularization or radialization in their
simulations in an admittedly spherical potential (see fig. 9 of van
den Bosch et al. 1999). It is reasonable to conjecture that the orbit
of ω Centauri can only get more circular with time, or – in this
limiting case – stay constant. Thus, the circularity η = 0.6 line is a
limit below which it is not sensible to associate substructure with

ω Centauri. This rules out S1, Rg2 and Rg5 as belonging to the
sinking ω Centauri.

The circularity η = 0.6 line is shown in Fig. 5 with the region
below it shaded grey as forbidden. We also show the tracks in
red for objects evolving with constant circularity of 0.4 and 0.5 in
action space. In addition, we have supplemented these with blue
tracks showing the simple model trajectory of an ω Centauri pro-
genitor (represented as a point mass of 5 × 108 M⊙) moving in
the Galactic potential of McMillan (2017) and under the influence
of dynamical friction as judged by the Chandrasekhar (1943) for-
mula, with the velocity dispersion of the dark matter particles as
120 km s−1 to 220 km s−1 in 20 km s−1 intervals (see also chapter 8.1
of Binney & Tremaine 2008). We use the factor $ in the Coulomb
logarithm from equation (8.1b) in Binney & Tremaine (2008). We
note that these tracks are simple model trajectories and although
the Chandrasekhar formula can provide a good description for or-
bital decay under dynamical friction (Binney & Tremaine 2008), a
more realistic picture will require more sophisticated methods such
as N-body simulations (see also, Weinberg 1989; Fujii, Funato &
Makino 2006). Although we consider ω Centauri as a point mass, its
internal velocity dispersion could produce scatter about the tracks.
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members of each group, we will have the chemical evi-
dence of their common origin, which reinforces our dy-
namical analysis. The chemical abundance pattern of the
member stars is also crucial in understanding the internal
nucleosynthesis events in the progenitor system. In this
regard, it is important to observe these member stars with
Subaru HDS and obtain precise chemical abundances for
multiple elements. In the following, we address some im-
portant elements for which we propose to measure the
abundances.

R-process elements (Ba and Eu): R-process is an
important nucleosynthesis path for heavy elements, which
is theoretically predicted to happen in rare types of su-
pernovae and neutron-star mergers. The latter channel
has been confirmed by the observation of kilonova associ-
ated with gravitational wave GW170817 (Cowperthwaite
et al. 2017; Drout et al. 2017; Kasen et al. 2017; Tanvir
et al. 2017). Its rareness introduces stochasticity in the
chemical evolution (Ji et al. 2016), making it possible
to use r-process elements to identify stars with common
origin.

Eu is a representative r-process element with little
contribution from s-process. However, its absorption lines
are weak, making it almost impossible to detect Eu lines
for normal VMP stars unless they are r-II stars hav-
ing high Eu abundances ([Eu/Fe]> 0.7). Instead, Ba
can be used as an r-process element at low metallicity
([Fe/H]< �2), where the contribution of s-process en-
richment from long-lived low-to-intermediate mass AGB
stars can be neglected.

Fig. 2 shows that the distribution of stars in a given
dwarf galaxy is clustered in [Ba/Fe]-[Fe/H] space (Tsuji-
moto et al. 2015). Thus, determination of Ba abundance
is crucial to confirm if the stars in each group come from
the same progenitor system. Also, observations suggest
that highly-enhanced or highly-deficient values of [Ba/Fe]
are found only for UFDs (⇠ 103M⇤), and not for higher-
mass dwarf galaxies (& 104M⇤). If our proposed ob-

servation can reveal extreme values of [Ba/Fe] for

Group1 or Group2, it would hint that the progen-

itor system is a UFD.

Interestingly, our StarGO method found—with a high
confidence—that Group2 is dynamically associated

with a well-studied r-II star (BPS CS 31082-0001)
discovered by Hill et al. 2002 (see Fig. 1). This r-
II star has [Fe/H]= �2.9 (consistent with Group2; see
Fig. 1), [Ba/Fe]= 1.12, and [Eu/Fe]= 1.63 (Roederer et
al. 2018). Our finding favors the scenario that the pro-
genitor of Group2 is a UFD, given the fact that half of
the known r-II stars in dwarf galaxies are found a single
UFD, Ret II (Ji et al. 2016). Thus it is natural to ex-
pect that many of the VMP stars from Group2 are also
enhanced in [Ba/Fe] and [Eu/Fe], which can be detected
by our proposed observation with Subaru. If the ma-

jority of Group2 stars turn out to be r-II stars,

the Group2 would be the first convincing exam-

ple of a disrupted UFD that is highly enhanced in

r-process element.

C: A large fraction of VMP stars are enhanced in
carbon, and those with [C/Fe]> 0.7 are called carbon-
enhanced metal poor (CEMP) stars (Aoki et al. 2007).
CEMP stars are further categorized into CEMP-no and
CEMP-s stars, depending on their enhancement of neu-

tron capture element. CEMP-no stars are commonly ob-
served in UFDs (e.g. Beers et al. 2018; Spite et al. 2018),
whereas CEMP-s stars are seen in normal dwarf galaxies
(e.g. Salvadori1 et al. 2015; Salgado et al. 2016). Thus,
if we can identify C enhancement for Group1 or Group2,
it would provide some information on the mass of the pro-
genitor systems (low-mass dwarf galaxy or UFD). Com-
bining with the results from heavy element abundances, it
would provide precious information on the origin of field
CEMP stars.

Figure 2: Ba abundance evolution in the Milky Way halo
and in dwarf galaxies. Filled and open symbols show de-
tected values and upper limits, respectively. We show 16,
50 and 84th percentiles of [Ba/Fe] in each metallicity bin
for the Milky Way. While the Milky way halo shows large
[Ba/Fe] spread, individual dwarf galaxies (e.g., Bootes I)
tend to show clustering in [Ba/Fe] at fixed metallic-
ity. It should be also noted that small dwarf galaxies
(M? < 104 M�) tend to retain low [Ba/Fe] up to high
metallicity except for Ret II, which has very high level of
r-process enhancement.

3. Observation
We propose to conduct the high-resolution spectroscopic
follow-up for about 12 VMP stars in total (⇠6 from each
of the VMP dynamical substructures). The proposed
number of targets are comparable with the number of
stars which have measurements of Ba in surviving UFDs
(see Ret II and Bootes I in Fig. 2), from which we are
able to see the clustering features. The goal of the obser-
vation is to confirm that VMP dynamical substructures
are caused by accretions of dwarf galaxies and to constrain
the property of those disrupted dwarf galaxies. Our pro-
posal can be framed as the first measurements of heavy
element abundances for disrupted dwarf galaxies.

As discussed in Section 2, one of the most important
elements is Ba. Thus, the proposed observing time is de-
termined such that, for all the VMP stars, we can either
determine [Ba/H] or put an upper limit of [Ba/H]. �4.

Note that while S16A-119I have carried out high-
resolution spectroscopy for ⇠ 400 stars from the 10,000
VMP stars catalog, we confirmed our targets are not in-
cluded in their study.

neutron-capture elements besides Eu and Ba, making it difficult
to determine whether the abundance pattern follows that of
CS22892−052, hence these stars have not been included in
Figure 4. The same is also the case for three of the six r-I stars
in Fornax, therefore only BL190, BL196, and BL228 have
been included. For the remainder, abundances have been
reported for four or more elements. As can be seen, there is
good overall agreement for the heavy elements between the
abundance pattern of CS22892−052 and the abundance
patterns of the r-process enhanced stars found in dwarf
galaxies, with an average abundance difference of only
0.16 dex for the elements from Ba to Er. In particular, the
result of Siqueira Mello et al. (2014) for the r-I stars in the halo
—that the abundance pattern follows the same r-process pattern
as the r-II stars—is also valid for r-I stars in dwarf galaxies.

4.5. Source of r-process Enrichment in Dwarf Galaxies

Tsujimoto & Shigeyama (2014) examined literature data for
Eu abundances for stars in a number of dwarf galaxies (Carina,
Draco, Sculptor, Fornax, Sagittarius [Sgr], Ursa Major II,
Hercules, and Coma Berenices) and found different behaviors
for this element between the various galaxies. Some systems
exhibit a constant Eu level of Eu H 1.3~ -[ ] over the
metallicity range 2 Fe H 11 1- -( [ ] ), while others show a
steady increase in Eu with metallicity. The authors argue that
this result can be explained if the r-process enrichment is due to
NSMs, where the galaxies showing a plateau have on average
experienced 0.1< NSMs and were enriched by gas from a more
massive neighbor, while galaxies with an increasing trend in Eu
with Fe have hosted multiple NSMs. Carina and Sculptor are
examples of the galaxies with apparent Eu plateaus. Larger
galaxies such as Fornax and Sgr are examples of the latter (no
Eu plateau with increasing metallicity), probably because their
stellar masses are large enough that multiple NSMs are likely to
have occurred. Draco, which has a smaller stellar mass,
contains low metallicity stars with very low Eu abundance,
such as Draco 119 with Eu H 2.55< -[ ] (Fulbright et al.
2004). Tsujimoto et al. (2015) derived Eu abundances for two
additional stars in Draco. In combination with the literature
sample, these data suggest that stars with Fe H 2.2< -[ ] have

no Eu enrichment, followed by a sudden increase of 0.7 dex in
the Eu abundance for stars with Fe H 2.2> -[ ] . This pattern
led Tsujimoto et al. (2015) to reject the theory of pre-
enrichment for Draco and suggest that an NSM occurred in the
galaxy once its metallicity reached Fe H 2.2~ -[ ] , although
that hypothesis may not be consistent with Draco’s gas
accretion history (Ji et al. 2016a).
In Figure 5 we plot the Eu H[ ] ratios (left) and the Eu Fe[ ]

ratios (right) as a function of metallicity for the r-I and r-II stars
compiled in Section 4.2 along with the r-II stars found in RetII
and the r-I star presented in this paper; the right plot also shows
the distribution of Eu Fe[ ] ratios. Most strikingly, the stars in
the low-mass galaxy RetII (green diamonds) show a clear
increase in Eu with Fe. A similar trend is seen for the stars in
UMi (red squares), with a stellar mass two orders of magnitude
higher (and a comparable mass to Draco). These two galaxies
also follow the general trend of Eu H[ ] for r-process enhanced
stars in the halo. DESJ235532 (green star) has an Eu H[ ] ratio
placing it in the middle of the halo stars and at the lower end of
the dwarf galaxy stars. With the expanded sample of stars from
Tables 3 and 4 the low-metallicity plateau at Eu H 1.3~ -[ ]
seen by Tsujimoto & Shigeyama (2014) for the low-luminosity
systems is no longer apparent.
Based on the increase seen in Eu H[ ] with Fe H[ ] in Fornax

and Sgr, Tsujimoto & Shigeyama (2014) conclude that more
than one NSM must have occurred in these galaxies. However,
the data for RetII indicate that the same signature can be
produced with inhomogeneous mixing and a single NSM (Ji
et al. 2016a). Also, Fornax and Sgr have both been found to be
enriched in s-process elements, potentially providing an
alternative source for the additional Eu observed in their
higher-metallicity stars (McWilliam et al. 2013; Letarte et al.
2010), hence the Eu abundances are not necessarily a clean
tracer of the r-process in these galaxies.

5. Discussion

The overall good agreement between the heavy element
abundance patterns of DESJ235532, r-I stars from other dwarf
galaxies, and CS22892−052, along with the similarly good
agreement found when comparing the r-II stars in Ret II to

Figure 5. Eu H[ ] abundances (left) and Eu Fe[ ] abundances and distribution (right) for r-I and r-II stars in dwarf galaxies and in the halo. The Eu Fe[ ] histogram in
the right panel only includes stars in dwarf galaxies. The plotted sample includes TucIII (green star), UMi (red squares), Draco (dark blue circles), Sculptor (black
asterisks), Carina (light blue upside-down triangles), Fornax (magenta triangles), and RetII (light green diamonds; Ji et al. 2016b). The halo stars shown here are taken
from Barklem et al. (2005, gray plus symbols) and (Roederer et al. 2014a, gray crosses). References for literature data are given in Tables 3 and 4. Dashed lines show
limits for r-I and r-II stars.
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Heavy Element Abundances of Nearby Very Metal-Poor Substructures
Hattori, K., et al.

We propose to observe ⇠ 12 stars in two dynamical substructures with [Fe/H]. �2 in the nearby

Galactic halo.

1. Dynamical relics from ancient dwarf
galaxies

According to the standard ⇤CDM cosmology, Milky
Way is formed through hierarchical mergers of dwarf
galaxies. In understanding the Galactic merger history,
very accurate data of orbit and chemistry of halo stars are
highly informative, because they retain information on
the orbital properties of the merging systems and their
chemical enrichment histories. Such very accurate data
are becoming available from recent dedicated surveys in-
cluding Gaia, especially for nearby halo stars (within 5
kpc from the Sun).

However, there are two major obstacles in decoding
the Galactic merger history by using these nearby halo
stars: (1) Most stellar systems that contribute to the
nearby halo have been tidally disrupted and lost their
spatial coherence. Thus, the remnants of merger events
are undetectable unless we try to find substructure in the
phase space spanned by energy and angular momentum
(or any conserved quantities). (2) During the early epoch
of the Galaxy formation, there are frequent merger events
with low-mass dwarf galaxies. Their relics mainly con-
tribute to the very metal-poor (VMP) population with
[Fe/H] . �2 in the nearby halo. Unfortunately, it has
been di�cult to find such disrupted low-mass dwarf galax-
ies, because they have small number of member stars.
Also, the catalog of VMP halo stars has been limited in
size, which makes it hard to identify VMP substructures.

This situation is changing in recent years. From obser-
vational side, the large spectroscopic data from LAMOST
have provided a sizable VMP catalog of 10,000 stars (Li
et al. 2018); and ⇠4,000 of them have precise astromet-
ric measurements from Gaia DR2 (Lindegren et al. 2018).

From data-analysis side, we have developed a novel cluster
finding method StarGO (Yuan et al. 2018) that can e�-
ciently find dynamical substructure in the energy-angular
momentum space. We have applied StarGO to these 4,000
VMP stars and identified a previously known prominent
substructure, the Helmi Stream (Helmi et al. 1999, Kop-
pelman et al. 2019), and two new substructures (here-
after Group1 and Group2) with the same confidence level
(see Fig. 1). There are 17 and 9 VMP stars in Group1 and
Group2, respectively. The contamination rates for these
groups (estimated from the mock Gaia DR2 catalog; Ry-
bizki et al. 2018) are 2% for Group1 and 14% for Group2,
which are smaller than 15% for the Helmi Stream.

By using a larger sample of LAMOST DR5, we have
confirmed that the peak metallicities of these substruc-
tures are [Fe/H]. �2 (see Fig. 1, right panel). The low-
metallicity nature of these substructures indicates that
their progenitor systems are probably low-mass dwarf
galaxies (M⇤ ⇠104 – 105 M�) or ultra faint dwarf galaxies
(UFDs, M⇤ ⇠103M�), according to the universal mass-
metallicity relation from Kirby et al. (2013). If the prop-
erties of these progenitor systems can be chemically con-
firmed by the proposed Subaru observation, it opens a

vast possibility of reconstructing many disrupted

dwarf galaxies that contributed to the build-up of

the inner part of the Milky Way.

2. Chemical diagnosis of the ancient dwarf
galaxies accreted to the Milky Way

Besides being archaeological fossils, small dwarf galax-
ies can retain clear signatures of early nucleosynthesis,
such as rare neutron-capture events. Thus, if we find
similar properties in heavy element abundances for the

Figure 1: (Left): The identified VMP dynamical substructures in (Lz, E)-space. The VMP halo catalog is shown in
gray. The Helmi Stream: salmon circle. Group1: cyan triangle. Group2: magenta square. The r-II star associated
with Group2 is plotted by the blue star. (Right): The metallicity distribution of Group1 and Group2; and [Fe/H] of
the r-II star associated with Group2.
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