
Chemical evolution of the Galactic halo with NSMs 	 Yuhri ISHIMARU (ICU, Japan)	

IAP 2016:  The Milky way and its environment 	 1	

Chemical evolution of the Galactic halo  
with neutron star mergers  

based on the sub-halo clustering scenario �

Yuhri Ishimaru  
International Christian University 

 
Takuya Ojima (ICU), Shinya Wanajo (Sophia U.),   

Nikos Prantzos (IAP) 

1 
H 

2 
He 

3 
Li 

4 
Be 

5 
B 

6 
C 

7 
N 

8 
O 

9 
F 

10 
Ne 

11 
Na 

12 
Mg 

13 
Al 

14 
Si 

15 
P 

16 
S 

17 
Cl 

18 
Ar 

19 
K 

20 
Ca 

21 
Sc 

22 
Ti 

23 
V 

24 
Cr 

25 
Mn 

26 
Fe 

27 
Co 

28 
Ni 

29 
Cu 

30 
Zn 

31 
Ga 

32 
Ge 

33 
As 

34 
Se 

35 
Br 

36 
Kr 

37 
Rb 

38 
Sr 

39 
Y 

40 
Zr 

41 
Nb 

42 
Mo 

43 
Tc 

44 
Ru 

45 
Rh 

46 
Pd 

47 
Ag 

48 
Cd 

49 
In 

50 
Sn 

51 
Sb 

52 
Te 

53 
I 

54 
 Xe 

55 
Cs 

56 
Ba Lantha 

-noids 72 
Hf 

73 
Ta 

74 
W 

75 
Re 

76 
Os 

77 
Ir 

78 
Pt 

79 
Au 

80 
Hg 

81 
Tl 

82 
Pb 

83 
Bi 

84 
Po 

85 
At 

86 
Rn 

87 
Fr 

88 
Ra Acti 

-noids 
104 
Db 

105 
Jl 

106 
Rf 

107 
Bh 

108 
Hn 

109 
Mt 

110 
Ds 

111 
Rg 

112 
 

113 
 

114 
 

115 
 

116 
 

Lanthanoids 
57 
La 

58 
Ce 

59 
Pr 

60 
Nd 

61 
Pm 

62 
Sm 

63 
Eu 

64 
Gd 

65 
Tb 

66 
Dy 

67 
Ho 

68 
Er 

69 
Tm 

70 
Yb 

71 
Lu 

Actinoids 
89 
Ac 

90 
Th 

91 
Pa 

92 
U 

93 
Np 

94 
Pu 

95 
Am 

96 
Cm 

97 
Bk 

98 
Cf 

99 
Es 

100 
Fm 

101 
Md 

102 
No 

103 
Lr 

6 
C 

7 
N 

8 
O 

9 
F 

10 
Ne 

11 
Na 

12 
Mg 

13 
Al 

14 
Si 

15 
P 

16 
S 

17 
Cl 

18 
Ar 

19 
K 

20 
Ca 

21 
Sc 

22 
Ti 

23 
V 

24 
Cr 

25 
Mn 

26 
Fe 

27 
Co 

28 
Ni 

29 
Cu 

30 
Zn 

31 
Ga 

32 
Ge 

8 
O 

10 
Ne 

12 
Mg 

14 
Si 

16 
S 

18 
Ar 

20 
Ca 

21 
Sc 

22 
Ti 

23 
V 

24 
Cr 

25 
Mn 

26 
Fe 

27 
Co 

28 
Ni 

29 
Cu 

30 
Zn 

31 
Ga 

32 
Ge 

Observed abundance ratios�

36 
Kr 

33 
As 

34 
Se 

35 
Br 

37 
Rb 

38 
Sr 

39 
Y 

40 
Zr 

41 
Nb 

42 
Mo 

43 
Tc 

44 
Ru 

45 
Rh 

46 
Pd 

47 
Ag 

48 
Cd 

49 
In 

50 
Sn 

51 
Sb 

52 
Te 

53 
I 

54 
 Xe 

55 
Cs 

56 
Ba 

72 
Hf 

73 
Ta 

74 
W 

75 
Re 

76 
Os 

77 
Ir 

78 
Pt 

79 
Au 

80 
Hg 

81 
Tl 

82 
Pb 

83 
Bi 

84 
Po 

85 
At 

86 
Rn 

87 
Fr 

88 
Ra 

104 
Db 

105 
Jl 

106 
Rf 

107 
Bh 

108 
Hn 

109 
Mt 

110 
Ds 

111 
Rg 

112 
 

113 
 

114 
 

115 
 

116 
 

57 
La 

58 
Ce 

59 
Pr 

60 
Nd 

61 
Pm 

62 
Sm 

63 
Eu 

64 
Gd 

65 
Tb 

66 
Dy 

67 
Ho 

68 
Er 

69 
Tm 

70 
Yb 

71 
Lu 

89 
Ac 

90 
Th 

91 
Pa 

92 
U 

93 
Np 

94 
Pu 

95 
Am 

96 
Cm 

97 
Bk 

98 
Cf 

99 
Es 

100 
Fm 

101 
Md 

102 
No 

103 
Lr 

33 
As 

34 
Se 

35 
Br 

44 
Ru 

45 
Rh 

46 
Pd 

47 
Ag 

49 
In 

51 
Sb 

52 
Te 

53 
I 

55 
Cs 

72 
Hf 

73 
Ta 

75 
Re 

76 
Os 

77 
Ir 

78 
Pt 

79 
Au 

83 
Bi 

84 
Po 

85 
At 

86 
Rn 

87 
Fr 

88 
Ra 

104 
Db 

105 
Jl 

106 
Rf 

107 
Bh 

108 
Hn 

109 
Mt 

110 
Ds 

111 
Rg 

112 
 

113 
 

114 
 

115 
 

116 
 

59 
Pr 

60 
Nd 

61 
Pm 

62 
Sm 

63 
Eu 

64 
Gd 

65 
Tb 

66 
Dy 

67 
Ho 

68 
Er 

69 
Tm 

70 
Yb 

71 
Lu 

89 
Ac 

90 
Th 

91 
Pa 

92 
U 

93 
Np 

94 
Pu 

95 
Am 

96 
Cm 

97 
Bk 

98 
Cf 

99 
Es 

100 
Fm 

101 
Md 

102 
No 

103 
Lr 

8 
O 

12 
Mg 

14 
Si 

20 
Ca 
38 
Sr 
56 
Ba 

63 
Eu 

2 
 

1 
 

0 
   

-1 
 

-2 �

-4          -3          -2          -1           0 
[Fe/H] �

2 
 

1 
 

0 
   

-1 
 

-2 �

2 
 

1 
 

0 
   

-1 
 

-2 �

-4          -3          -2          -1           0 
[Fe/H] �

-4          -3          -2          -1           0 
[Fe/H] �

[X
/F

e]
�

[Mg/Fe] � [Si/Fe] � [Ca/Fe] �

2 
 

1 
 

0 
   

-1 
 

-2 �

-4          -3          -2          -1           0 
[Fe/H] �

2 
 

1 
 

0 
   

-1 
 

-2 �

2 
 

1 
 

0 
   

-1 
 

-2 �

-4          -3          -2          -1           0 
[Fe/H] �

-4          -3          -2          -1           0 
[Fe/H] �

[X
/F

e]
�

[Sr/Fe] � [Ba/Fe] � [Eu/Fe] �

SAGA db�

Stellar Evolution�
Neutron-capture�

Neutron-Capture Elements�

1. Large scatters at least suggest r-process site(s) must be 
specific events. �

[Sr/Fe] � [Ba/Fe] � [Eu/Fe] �

Observed abundance ratios�
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2. Ba in MPS must also come from r-process. 
3. Similarly to Ba, we can expect Eu also decreases towards lower 

metallicity and reaches the lower limit at [Fe/H]~-3.5 

 r(apid)-process :  time scale of n-capture << that of b-decay 
 neutron density > 1023 cm-3 

H He C,O Si Fe	  

neutron star	

Candidates of the r-process site(s)�

(since Burbidge+ 1957;  
Cameron 1957) 

Most of elements heavier than Fe are produced by r-process	

(since Lattimer+1974; 
Symbalisty+1982) 
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But SNe are difficult to  
produce heavier r-elements...�
Wanajo, Janka, Müller (2011, 2014) suggests that 

electron capture SNe can be the souce of lighter r-nuclei, 
using self consistent exploding model of ECSNe.  

ECSNe possibly be the site of trans-Fe including weak r-process,  
but cannot produce main r-process elements…. 

Can NS merger be the r-process site?�
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Wanajo et al. (2013)�

Nucleosynthesis of NSM�

v  good agreement with the full 
range of the solar r-pattern 

v  strong support for NS mergers 
being the origin of r-elements 

Time scale of merger 
v  Classical formation channel : 
   tNSM ∼ 100 Myr – 10 Gyr 

v New formation channel 
     tNSM ∼ 103 – 105 yr 
è less than 8% of NSMs (Dominik+13)�

phase) the helium star at some point overfills its Roche lobe and
initiates a third MT episode. For many cases this MT is dynam-
ically stable (Ivanova et al. 2003; Dewi & Pols 2003) and the or-
bital separation decreases further, until the helium star explodes
in a Type Ib/c SN, forming the second compact object. A double
compact object is then formed with a very tight (ultracompact)
orbit (e.g., Belczynski & Kalogera 2001; Belczynski et al. 2002a,
2002c; Ivanova et al. 2003).

Merger times.—There are two characteristic times related to
the formation and the subsequent evolution of double compact
object binaries. First, there is an evolutionary time: the time re-
quired for the initial progenitor binary (two components on zero-
age main sequence) to form a binary with two compact objects.
Second, there is a merger time, which is set by the orbital decay
of a double compact object binary due to the emission of grav-
itational radiation. The delay time (sum of the evolutionary time
and merger time) and the merger time distributions for NS-NS
and BH-NS binaries are shown in Figure 1.

It can be seen that merger time distributions are bimodal. The
very tight binaries (tmer ! 0:001Y0:1Myr) originate from the new
formation channel described above. They involve progenitors that
experience an extra MT episode, which leads to additional orbital
decay and thus the formation of systems with very tight orbits.
Long-lived binaries (with tmer ! 100 MyrY15 Gyr) are formed
through classical channels. On the other hand, delay time distribu-
tions in a range of 10 MyrY15 Gyr are rather flat, with prominent
peaks at tdel ! 20 Myr. Evolutionary times of double compact
objects are of the order of 10Y20 Myr ; therefore the systems
with very short merger times are shifted in the delay time distri-
bution toward higher values, and in particular they form the peak
around 20 Myr. The flat plateau is created by long-lived bina-
ries. In themodel presented here (our ‘‘standard’’model), we have
adopted amaximumNSmass of 2 M". Compared to our standard
model, for a maximum NSmass of 3 M", approximately 90% of
the BH-NS become NS-NS and the remaining BH-NS binaries

(10%) are wide binaries formed through the classical channels.
The highest NS mass estimate is 2:1# 0:2 M" for a millisecond
pulsar in PSR J0751+1807, a relativistic binary with heliumwhite
dwarf secondary (Nice et al. 2005).
Merger rates.—Throughout the paper, we adopt a flat cos-

mology (!m ¼ 0:3,!" ¼ 0:7, andH0 ¼ 70 km s%1 Mpc%1, and
use the star formation history (corrected for extinction) presented
by Strolger et al. (2004). We should, however, point out that,
in general, the star formation rate is expected to be rather dif-
ferent in ellipticals and in spirals, since most ellipticals were as-
sembled before z ! 2 and they are no longer forming stars, while
spirals and starbursts galaxies have an ongoing and active star
formation (see Smith et al. 2005 for a discussion). We defer this
whole issue of the study of the relative contribution of the two
types of galaxies to another paper (R. O’Shaughnessy et al., in
preparation).
The merger rates of NS-NS and BH-NS binaries as a function

of redshift are shown in Figure 2. We obtain delay times (time to
formation of double compact object plus merger time) and mass
formation efficiency from population synthesis (for details see
Belczynski et al. 2002b). The predicted merger rates as a func-
tion of redshift are a convolution of the adopted star formation
rate history and the delay times characteristic for NS-NS and BH-
NS mergers: The longer the delay times, the greater the shift of
merger events to lower redshifts. With the model distributions of
delay times, the peak of NS-NS mergers appears at redshift !1
instead of !3 of the star formation curve (Fig. 2). The absolute
normalization of the merger rates in Figure 2 is arbitrary, since its
value is subject to large uncertainties (1Y2 orders of magnitude)
due to the some poorly constrained population synthesis model
parameters (e.g., Belczynski et al. 2002c).
Merger locations.—We present the distributions of merger

locations for different host galaxies in Figure 3. In starburst gal-
axies, the double compact object population is dominated by new
systemswith shortmerger times, and thereforemost of themergers

Fig. 1.—Top: Merger time distributions for NS-NS and BH-NS coalescing
binaries. The four field Galactic NS-NS systems are shown with triangles. Bottom:
Delay time distributions. Delay time includes both formation time of a double com-
pact object binary (!20Myr) and its merger time. Note the different vertical scales
on the panels.

Fig. 2.—Top panel shows the star formation rate history we have used. The
bottom panel (thick lines) shows the inferred merger rate as a function of redshift
for the NS-NS and BH-NS mergers using the delay times distribution of Fig. 1.
The thin lines show the contribution from the long-lived (t > 100 Myr) popu-
lation. Rates are in arbitrary units.

BELCZYNSKI ET AL.1112 Vol. 648

Belczynski+ 2006 �

NSM Time Scale �

Serious Problem in Chem. Evol. with NSMs�

Argast+  2004 �

Long merger timescale (～100 Myr) would cause 
the delayed appearance of Eu !? 

Europium production 5
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Figure 1. Predicted SNII, SNIa and CBM rates (black solid, orange dashed
and red dotted curves, respectively) as functions of cosmic time for the
Milky Way. Also shown are the observational present-time values (squares;
SN rates: Li et al. 2011; CBM rate: Kalogera et al. 2004).

4 MODEL RESULTS

We run several models with neutron stars as the only Eu source,
models with SNeII as the only Eu source as well as models with
both sources acting at the same time. We vary the yield from merg-
ing neutron stars as well as the time delay for merging and the
yields from SNeII. In Table 1 we show the model parameters: in
column 1 we report the name of the model, in column 2 the as-
sumed coalescence timescale, in column 3 the assumed yield for
CBM and in column 4 the literature source for the assumed yields
for SNeII. All models assume the same SFR and the same IMF (see
Sect. 2).

In Fig. 1 we show the predicted SNII and SNIa rates, which are
common to all the models, and the predicted CBM rate. As one can
see, the CBM rate follows strictly the SNII rate in shape, although
it is smaller in absolute value. In the same figure we report the
observed values of the three rates at the present time in the Galaxy
and the agreement between model predictions and observations is
good.

In Fig. 2 we show the predicted (lines) and observed (sym-
bols) [Eu/Fe] versus [Fe/H] relations: the model predictions refer
to the three sets of models with Eu production only from CBM (see
Table 1 from Mod1NS to Mod3NS′′). The data are a large compila-
tion including the most recent ones. It is clear from this figure that
if ∆tCBM ! 10 Myr the CBM cannot explain the [Eu/Fe] ratios at
low [Fe/H]. In any case, even if the minimum value for ∆tCBM is
assumed, i.e. 1 Myr, it is not possible to explain the observed points
at [Fe/H]< −3.5 dex. This suggests that another Eu source should
be active on very short timescales, such as SNeII of high mass (up
to 50 M"). Moreover, if the CBM are the only source of Eu, then
the best yield should be 3 × 10−7 M", which is the value that best
fits the average trend of the data in Fig. 2. In fact, although a spread
is present in the data, especially at low metallicities, our model is
aimed at fitting the average trend.

In Fig. 3 we show the results of the three models with Eu pro-
duction only from SNe II. We consider two different yield sets (see
Table 1, models labelled Mod1SN, Mod2SN and Mod3SN). The
model with the yields from Cescutti et al. (2006; model Mod1SN)
fits reasonably well the data for [Fe/H] ! −2.0 dex, but it does
not explain the [Eu/Fe] ratios in stars at lower metallicities. The
model with the yields from Argast et al. (2004; model Mod2SN)
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[Fe/H]

Figure 2. Predicted and observed [Eu/Fe] versus [Fe/H] relations for solar
neighbourhood stars. The dotted lines all refer to models with ∆tCBM =

1 Myr, the dashed ones to models with ∆tCBM = 10 Myr and the solid
ones to models with ∆tCBM = 100 Myr. The lowermost (black) lines re-
fer to models that assume MEu

CBM = 10−7 M", the middle (green) lines to
models that assume MEu

CBM = 3 × 10−7 M" and the uppermost (orange)
ones to models that assume MEu

CBM = 9 × 10−7 M" (see Table 1). Data
(circles are for halo stars, squares for thick-disc members, upside-down tri-
angles for thin-disc members, crosses for transition objects and ‘+’ signs
for objects with no assigned kinematic membership) are from: Burris et
al. (2000; yellow circles); Fulbright (2000; orange ‘+’ signs); Reddy et al.
(2003; purple upside-down triangles); Bensby et al. (2005; light blue sym-
bols); Reddy et al. (2006; magenta symbols); François et al. (2007; red cir-
cles, mainly upper limits); Mishenina et al. (2007; green ‘+’ signs); Ramya
et al. (2012; green squares). The small (grey) dots are data from the compi-
lation of metal-poor stars of Frebel (2010).
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Figure 3. Predicted and observed [Eu/Fe] versus [Fe/H] relations for so-
lar neighbourhood stars. The blue, white and magenta curves refer to the
predictions of models Mod1SN, Mod2SN and Mod3SN, respectively (see
text). Data as in Fig.2.

is able to reproduce the low-metallicity data, but fails to reproduce
the observations for [Fe/H] > −2.0 dex. Moreover, in order not
to overproduce Eu at [Fe/H] " −3.0 dex, we have to reduce the
original yields in the 20–23 M" mass range (see before). In fact,
the kink at [Fe/H]∼ -3.0 dex in the white curve is related to the
appearance of SNeII with progenitors with initial mass ∼ 20 M".
We had to reduce the Eu produced by a ∼ 20 M" from 10−5 M"

to 3.8 · 10−8 M" in order to best fit the data and reduce the kink.
From the comparison of our model predictions with the obser-

c© 2013 RAS, MNRAS 000, 1–9

tNSM =100 Myr�

Matteucci+  2013 �
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Fig. 15.— Abundance distributions of [Ba/ Fe] predicted from the NS merger scenario. Top Left: Model NSM6 (tc = 106 yr and
pNSM = 100%.) Top Middle: Model NSM7 (tc = 107 yr and pNSM = 100%.) Top Right: Model NSM8 (tc = 108 yr and pNSM = 100%.)
Bottom Left: Model NSM7s (tc = 107 yr, pNSM = 100%, ε! = 10−11yr−1.) Bottom Middle:Model NSM7p10 (tc = 107 yr and pNSM = 10%.)
Bottom Right: Model NSM7e (tc = 107 yr, pNSM = 100%, ENSM = 1051erg.) . Models assume ε! = 10−10yr−1 and ENSM = 1050erg
unless otherwise stated.

metallicity. There is a significant difference in the de-
creasing trend for the lowest metallicity range because
of the contribution of NS mergers of massive progen-
itors in shorter timescales; the median enrichment in
−3.3 < [Fe/H] ≤ −2.8 is [Ba/Fe]md = −0.29, much
larger than −0.46 of Model C, and also than observed.
A model with (tc, pNSM) = (107yr, 100%) predicts the

trend and scatter consistent with observations because of
the similar delay time and event rate of r-process source
to Model C. For the smaller event rate of pNSM = 0.1,
the models result in the smaller mean enrichment and
larger scatters of [r/Fe] abundances than observed for
EMP stars, because the number fraction P of r-process
sources is very small as compared iron-producing CC-
SNe and the r-process yield of a single event has to be
very large. For the larger event rate of pNSM = 100%, on
the other hand, the number fraction of r-process source
results in P = 12.5%, and the models behaves similarly
to the fiducial Model C.
Dependence on star formation efficiency is essentially

the same as described in Section 3.3.2. The smaller SFE
brings the smaller scatter of [Ba/Fe] and smaller de-
creasing trend around [Fe/H] ∼ −3, as seen from Model
NSM7s.
Model NSM7 assuming ENSM = 1050erg predicts the

number fraction of r-II stars at frII = 6.9%, consistent
with the observation. On the other hand, Model NSM7e
with ENSM = 1051erg predicts smaller number fraction
of r-II stars. This may be due to gas outflow by a NS
merger, since r-II stars are formed in mini-halos of small
gas masses. In the case of ENSM = 1051erg, r-process
elements and gas in the host proto-galaxies are blown
away from mini-halos, while r-process elements remain
in proto-galaxies for smaller explosion energy.
As a conclusion, the NS merger scenario can be consis-

tent with the observed abundance distributions of heavy

r-process elements differently from Argast et al. (2004),
but constraints are imposed on the coalescence timescale
and the event rate of NS mergers in the early evolution-
ary stages of the Milky Way formation. It demands very
short coalescence timescales of tc $ 107 yr for most of
mergers. In addition, the event rate of NS mergers
has to be very large, ∼ 100 times larger than estimated
in the present-day Milky Way. Although a part of large
event rate may be explicable in terms of the IMF, the dif-
ferences in tc and pNSM are likely to originate from the
metallicity dependences of the common envelope evolu-
tion under the EMP circumstances.

6. SUMMARY AND CONCLUSIONS

In this paper, we have studied the chemical evolution
of r-process element abundance in the early universe in
the framework of hierarchical formation of the Galaxy as-
suming the CCSNe and NS mergers as possible r-process
sites. We investigate Ba and Eu abundance as represen-
tative of heavier r-process elements since the contribu-
tion of s-process is negligible not only for Eu but also for
Ba at [Fe/H] ! −2.3. Our hierarchical chemical evolu-
tion model is based on the standard ΛCDM cosmology.
We follow the chemical evolution of ∼ 100, 000 proto-
galaxies, which are building blocks of the Galactic halo.
Each individual EMP star is registered in the computa-
tions with its mass, which is set randomly following the
IMF. One of the novelties of our model is to include the
surface pollution of EMP survivors through the gas ac-
cretion. Another is to consider the inhomogeneous pre-
enrichment of intergalactic medium (IGM) by the SN
driven wind from proto-galaxies. Our model can repro-
duce the distributions of r-process element abundances
observed for metal-poor stars as well as the metallicity
distribution function. We have made quantitative com-
parisons between the model results and the observations
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metallicity. There is a significant difference in the de-
creasing trend for the lowest metallicity range because
of the contribution of NS mergers of massive progen-
itors in shorter timescales; the median enrichment in
−3.3 < [Fe/H] ≤ −2.8 is [Ba/Fe]md = −0.29, much
larger than −0.46 of Model C, and also than observed.
A model with (tc, pNSM) = (107yr, 100%) predicts the

trend and scatter consistent with observations because of
the similar delay time and event rate of r-process source
to Model C. For the smaller event rate of pNSM = 0.1,
the models result in the smaller mean enrichment and
larger scatters of [r/Fe] abundances than observed for
EMP stars, because the number fraction P of r-process
sources is very small as compared iron-producing CC-
SNe and the r-process yield of a single event has to be
very large. For the larger event rate of pNSM = 100%, on
the other hand, the number fraction of r-process source
results in P = 12.5%, and the models behaves similarly
to the fiducial Model C.
Dependence on star formation efficiency is essentially

the same as described in Section 3.3.2. The smaller SFE
brings the smaller scatter of [Ba/Fe] and smaller de-
creasing trend around [Fe/H] ∼ −3, as seen from Model
NSM7s.
Model NSM7 assuming ENSM = 1050erg predicts the

number fraction of r-II stars at frII = 6.9%, consistent
with the observation. On the other hand, Model NSM7e
with ENSM = 1051erg predicts smaller number fraction
of r-II stars. This may be due to gas outflow by a NS
merger, since r-II stars are formed in mini-halos of small
gas masses. In the case of ENSM = 1051erg, r-process
elements and gas in the host proto-galaxies are blown
away from mini-halos, while r-process elements remain
in proto-galaxies for smaller explosion energy.
As a conclusion, the NS merger scenario can be consis-

tent with the observed abundance distributions of heavy

r-process elements differently from Argast et al. (2004),
but constraints are imposed on the coalescence timescale
and the event rate of NS mergers in the early evolution-
ary stages of the Milky Way formation. It demands very
short coalescence timescales of tc $ 107 yr for most of
mergers. In addition, the event rate of NS mergers
has to be very large, ∼ 100 times larger than estimated
in the present-day Milky Way. Although a part of large
event rate may be explicable in terms of the IMF, the dif-
ferences in tc and pNSM are likely to originate from the
metallicity dependences of the common envelope evolu-
tion under the EMP circumstances.

6. SUMMARY AND CONCLUSIONS

In this paper, we have studied the chemical evolution
of r-process element abundance in the early universe in
the framework of hierarchical formation of the Galaxy as-
suming the CCSNe and NS mergers as possible r-process
sites. We investigate Ba and Eu abundance as represen-
tative of heavier r-process elements since the contribu-
tion of s-process is negligible not only for Eu but also for
Ba at [Fe/H] ! −2.3. Our hierarchical chemical evolu-
tion model is based on the standard ΛCDM cosmology.
We follow the chemical evolution of ∼ 100, 000 proto-
galaxies, which are building blocks of the Galactic halo.
Each individual EMP star is registered in the computa-
tions with its mass, which is set randomly following the
IMF. One of the novelties of our model is to include the
surface pollution of EMP survivors through the gas ac-
cretion. Another is to consider the inhomogeneous pre-
enrichment of intergalactic medium (IGM) by the SN
driven wind from proto-galaxies. Our model can repro-
duce the distributions of r-process element abundances
observed for metal-poor stars as well as the metallicity
distribution function. We have made quantitative com-
parisons between the model results and the observations
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gation of NSM ejecta was previously treated in the same way as
for the ejecta of SNe (Argast et al. 2004).

If the speeds of r-process elements exceed 0.2c, the nuclei
have energies higher than the threshold for spallation reactions
with protons in the ISM (see Carlson 1996). As a result of the
large cross sections, the r-process elements suffer from spalla-
tion reactions before losing the energies through ionization. The
abundance pattern of r-process elements in the ejecta of NSM
calculated by Bauswein et al. (2013) exhibits a too prominent
third peak, or too low first two peaks comparedwith the observed
abundance pattern (Burris et al. 2000). This may be reconciled
by including yields in a neutrino-driven wind where low-A ele-
ments are synthesized (Rosswog et al. 2014). Whether spallation
reactions are needed to reproduce the observed abundance pat-
tern of r-process elements might give a clue to distinguish the
proposed equations of state for dense matter because the equa-
tion of state is a crucial factor in determining the ejecta speeds
(Bauswein et al. 2013).

4. Chemical evolution of r-process elements

4.1. Galactic halo

Our proposed interplay between the ejecta of NSM and the ISM
gives a crucial key for understanding the feature of r-process
elements in the Galactic halo stars that are characterized by a
large scatter over three orders of magnitude in their ratios with
respect to Fe. The observed large scatter can be ascribed to var-
ious mass scales of the protogalactic fragments that give birth
to halo field stars (Searle & Zinn 1978). For example, one NSM
event enriches the entire gas fragment with r-process elements to
[Eu/H]=−0.5 for a mass of 106 M", but only up to [Eu/H]=−3.5
for the 109 M" fragment. Although the probability of having
NSMs in each small fragment is low, many small fragments are
expected to form in a halo progenitor. Some of these small frag-
ments probably host NS binaries that have coalesced immedi-
ately after the first SN events, and thus we naturally expect low-
metallicity stars that exhibit [Eu/Fe]∼ +2, as observed. Further-
more, an IMF favoring massive stars for [Fe/H]< −2 proposed
from the statistics of carbon stars (Suda et al. 2013) significantly
increases the probability of an early emergence of NSM.

Based on the above scenario, we calculated the chemical evo-
lution of the halo, incorporating an SN-induced star formation
into the models, which necessarily causes a chemical inhomo-
geneity among halo stars, as observed (Tsujimoto et al. 1999).
The chemical characteristics of halo stars do not support the idea
that the stars were formed from well-mixed gas. Progress in in-
venting the theoretical scheme of star formation has been made
by close attention to the abundance patterns of heavy elements
of metal-poor halo stars (McWilliam et al. 1995; Cayrel et al.
2004) that possess fossil records of star formation in an early
Galaxy. From analyses of abundance patterns of metal-poor halo
stars with [Fe/H]< −2.5, it has ben found that heavy elements
ejected from SNe were only mixed into the gas swept up by
individual SNe in the halo (Shigeyama & Tsujimoto 1998). In
our model, stars are assumed to have formed from dense shells
swept up by individual SNe and thus inevitably inherited their
elemental abundance patterns from the dense shells. Massive
stars among them eventually exploded as SNe, which again trig-
gered the formation of new stars. This SN-induced star formation
proceeded for generations until SN remnants became unable to
sweep up a sufficient amount of gas to form dense shells. The
mass fraction of the shell of each SN explosion turning into stars,

which controls the star formation efficiency, is assumed to be a
constant value of 0.004 (Tsujimoto et al. 1999).

This scheme for star formation is combined with two criti-
cal hypotheses to trace the chemical evolution of r-process el-
ements in the halo. First, we assumed that the production site
of r-process elements are NSM events, each of which ejects r-
process-rich matter of the mass of 0.01 M" with a time delay
of 10-30 Myr (Belczynski et al. 2006). For each fragment, we
furthermore assumed that the ejected r-process element is mixed
with the entire ISM and the event rate of NSM, to which a fre-
quency 1000 times lower than that of CCSNe is basically as-
signed, is proportional to the fragmentmass. Second, we adopted
the view that has first been proposed by Searle & Zinn (1978):
that the halo was formed through accretion of protogalactic frag-
ments associated with small dark matter haloes as Galactic build-
ing blocks. Note that this picture is almost established by the cur-
rent scheme of hierarchical galaxy formation scenario and has
previously been applied to discuss the chemical properties of the
Galactic halo (Travaglio et al. 2001; Komiya et al. 2014).
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Fig. 2. Enrichment history of the r-process element Eu in the Galaxy
predicted by our models of chemical evolution, into which NSM events
are incorporated as the production site of r-process elements. The results
are compared with the observed Galactic data in the solar vicinity de-
noted by crosses (Suda et al. 2008). Two stars marked by yellow circles
(belonging to the Galactic bulge/the Ursa Minor dSph) are added to the
figure; they exhibit unusually high Eu/Fe ratios at moderate metallici-
ties (Johnson et al. 2013). The Eu/Fe-Fe/H correlations for the Galactic
halo that result from our model are represented by three typical com-
ponents with different colors. The three components correspond to stars
born from protogalactic fragments with different masses - small (green),
moderate (red), and massive (blue). In addition, the calculated evolu-
tionary paths for the Galactic thick and thin disks are shown by the blue
and red curves, respectively.

The results are shown in Figure 2 with three different color-
coded clouds in the Eu/Fe-Fe/H diagram, each of which corre-
sponds to a different mass-scale of protogalactic fragments. Two
separate green components consist of stars from two fragments
with gaseous masses of 2 × 106 M" (lower part) and 2 × 105 M"
(upper part). It is assumed that the former hosts two NSM events
with one at a very early epoch and the latter only one with a time
delay of about two hundred Myr. Since a 2 × 105 M" fragment
is expected to host 0.1 event on average, an early emergence of
NSM in similar-sized fragments is very unlikely, resulting in the
absence of halo stars exhibiting [Eu/Fe]> +2.5. Some stars show
unusually high Eu/Fe ratios at moderate metallicities, the ori-
gin of which remains a mystery (yellow circles; Johnson et al.
2013). Because the Eu/Fe ratio at each Fe/H is inversely propor-
tional to the fragment mass, these stars have probably been born
in the smaller fragments and subsequently merged with the more
massive present-day systems that host relatively low Eu/Fe stars.
On the other hand, the blue component corresponds to a mas-
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According to the ΛCDM model, our Galaxy is formed from  
clusterings of sub-halos such as dSphs in the local group.	

The Galactic halo may be a collective of  
stars from various sub-halos  

with different star formation histories!	
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Figure 9. The stellar mass–stellar metallicity relation for Local Group dwarf galaxies (left) and more massive SDSS galaxies galaxies
(right, Gallazzi et al. 2005). The Local Group metallicities (〈[Fe/H]〉) were measured from iron lines, and the SDSS metallicities (logZ∗)
were measured from a combination of absorption lines, mostly Mg and Fe. The conversion between 〈[Fe/H]〉 and logZ∗ depends on [Mg/Fe].
The Local Group data is the same as in Figure 8, but it is plotted here versus stellar mass rather than luminosity. The dashed line is the
least-squares fit to the Local Group galaxies (Equation 4, where the intercept is calculated at 106 M"), and the dotted line in the right
panel is the moving median for the SDSS galaxies. Although the techniques at measuring both mass and metallicity differ between the two
studies, the mass–metallicity relation is roughly continuous over nine orders of magnitude in stellar mass.

different and because their error bars are larger. Includ-
ing them changes the slope and intercept by less than
the uncertainties quoted in Equation 1. The rms of the
MW dSphs about Equation 1 is 0.17.
The LZR for the dIrrs is

〈[Fe/H]〉dIrr = (−1.58± 0.04)+(0.21± 0.02) log

(

LV

106 L!

)

.

(2)
The rms of the dIrrs about Equation 2 is 0.09. The rms
of the dIrrs about Equation 1 is 0.12. The dIrrs have
a smaller scatter than dSphs about the best-fit line for
dSphs.
We conclude that dIrrs are not deviant from the LZR

defined by MW dSphs. Both types of galaxies obey the
same relation. The least-squares fit for the dIrrs and
MW dSphs, again excluding Segue 2, is

〈[Fe/H]〉 = (−1.68± 0.03)+(0.29± 0.02) log

(

LV

106 L!

)

.

(3)
The rms about the best-fit line is 0.16. Equation 3 is the
dashed line in Figure 8.
Luminosity is a direct observable, but stellar mass is

more closely related to chemical evolution. The mass-
to-light ratio depends on the SFH. Woo et al. (2008)
calculated M∗/LV for the brighter MW dSphs and the
LG dIrrs in two ways. They used modeled SFHs (Mateo
1998), or they converted integrated galaxy colors into
mass-to-light ratios based on stellar population models
(Bell & de Jong 2001; Bell et al. 2003). Generally, they
preferred the SFH-based masses, but sometimes only
integrated colors were available. For the fainter MW
dSphs, we adopted Martin et al.’s (2008) stellar masses,
which were based on modeling the distribution of stars
in the CMD for each galaxy. Table 4 includes the stel-

Observations of dwarf galaxies show good correlation 
between average metallicity and stellar mass,  

irrespective of their morphologies:	

Kirby et al. 2013	

<[Fe/H]> ∝ (M*)0.3 	

Average metallicity indicates 
the metal productivity  

(so-called “galactic yield”) 
of each galaxy. 

Massive sub-halos must 
have higher metal productivity! 

Formation Scenario of Sub-halos�
One of the most plausible formation scenarios of dwarf galaxies:  

As stars are formed, the ISM is ejected from a galaxy by SNe 
because of shallow grav. potential.  

Star Formation  
Rate (SFR)	

 and  
Gas Outflow  
Rate (OFR)	

The key parameters are	

Basic chemical evolution suggests 

<[Fe/H]> ∝  
SFR 
OFR 

if IMF is universal. (e.g., Pagel 1991, Prantzos 2008) 

Chemical Evolution of Sub-halos with NSMs 
Ishimaru, Wanajo, Prantzos 2015 �

<[Fe/H]> ∝            ∝ (M*)0.3 	
SFR 
OFR 

MMR suggests 

Therefore, more massive sub-halos have higher SFR or lower OFR. 
Two extreme cases are considered: 

Case 1:� Case 2: �

SFR / Mgas = const. 
OFR / Mgas∝ (M*)-0.3 	

SFR / Mgas∝ (M*)+0.3 

OFR / Mgas = const.	

Fixed values: SFR/Mgas = 0.20 Gyr-1, OFR/Mgas = 1.0Gyr-1 for M*=108M¤ 

NSM:�
Merger time:     100 Myr : 1 Myr = 95% : 5% 
NSM event rate:   1 per 1000 SNe 
Constant Eu yield: 2 x 10-5 M 
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Metallicity Distribution Functions�
Taking into account of the structure formation simulations and MMR, 

we obtain the sub-halo mass function as:   dN/dM* ∝ M*
-1.7 

The Galactic halo is regarded as the sum of sub-halos 
with the weight of the sub-halo mass function.  

This scenario can confirm the observed MDF of the Galactic halo. 

Case 1:� Case 2: � SFR / Mgas = const. 
OFR / Mgas∝ (M*)-0.3 	

SFR / Mgas∝ (M*)+0.3 

OFR / Mgas = const.	

indicated by the thinner (thicker) curves. The cumulative
number of CCSNe in each sub-halo monotonically increases
with time (Figure 1(a)). For NSMs, the cumulative number
steeply rises when the long-lived binaries start contributing at
100Myr. [Fe/H] monotonically increases with time for all of
the sub-halos; at a given time, [Fe/H] is greater for more
massive sub-halos because of their higher kSF. MDs for all of
the sub-halos are also shown in Figure 1(c). The metallicity at
the peak of each MD, [Fe/H]peak (Table 3), is in agreement with
the observed mass–metallicity relation (Kirby et al. 2013)
scaled downward by −0.4 dex to exclude the SNe Ia
contribution. The dark halo mass of each sub-halo, MD

(Table 3), estimated from the initial baryonic mass and the
initial baryon to dark mass ratio (which is assumed to be equal
to the cosmic value 8 8 = ∼0.046 0.24 0.19B D ), implies

∝M M*D
0.7. Since the reasonable mass function of MD can be

regarded as ∝ −dN dM MD D
2 (e.g., Prantzos 2008 and

references therein), we obtain the sub-halo mass function as
∝ −M*

1.7. We find that the total MD (thick black curve)
weighted with the sub-halo mass function is in reasonable
agreement with the observed one (gray hatched region, An
et al. 2013). We also find that the evolution of Mg
(Figure 1(d), representative of CCSN products) is in reason-
able agreement with the observed stellar abundances of
Galactic halo stars. In contrast to r-process elements, the
observed scatter in [α/Fe] is known to be as small as the
measurement errors (e.g., Cayrel et al. 2004). This result is
consistent with such small scatters in [Mg/Fe] because each
evolutionary trend is almost independent of M*.

The resulting evolution of Eu (representative of r-process
elements) is presented in Figure 1(e) and compared to

observed stellar values. We note a transition from slow to
rapid evolution of [Eu/Fe] for each sub-halo at ∼100Myr as a
result of the contribution from long-lived binaries beginning.
The corresponding [Fe/H] (see Figure 1(b)) differs from one
sub-halo to another, being lower than [Fe/H] ∼ −3 for

⩽ ⊙M M* 10 .6 This indicates that the presence of stars at [Fe/H]
∼ −3 with star-to-star scatter in [Eu/Fe] (≲0.5) can be
interpreted as a result of NSM activity in sub-halos with
various kSF. Our model cannot, however, explain the presence
of r-process-enhanced stars with [Eu/Fe] >1. In addition, our
result predicts the presence of stars with [Eu/Fe] ∼ −1 for [Fe/
H] ≲ −3. This is due to the contribution of the short-lived NSM
at early times <( 100 Myr). Measurements of Eu in such stars
would be challenging because of the weak spectral lines. Such
a signature has been seen in the Ba abundances of EMP stars,
[Ba/Fe] ∼ −2 to −1 at [Fe/H] ≲ −3 (Figure 1(f)), which could
also be explained as being due to the contribution of short-lived

Figure 1. Evolution of the sub-halos with =⊙M M* 104, 105, 106, 107, 108, and ×2 108, respectively, indicated by the thinnest to thickest curves for Case 1. (a)
Cumulative numbers of NSMs (solid) and CCSNe (dashed) as functions of time. The horizontal dashed line marks the number of unity (see text for implications). (b)
[Fe/H] temporal evolutions. (c)MDs of sub-halos weighted with the sub-halo mass function and their sum (thick-black). Observational data of the Galactic halo (gray-
hatched histogram) are taken from the calibration catalog of An et al. (2013). (d)–(f) [Mg/Fe], [Eu/Fe], and [Ba/Fe] as functions of [Fe/H], respectively. The horizontal
and vertical lines indicate the solar values. Observational stellar values (dots) are taken from the SAGA database (Suda et al. 2008), excluding carbon-enhanced stars
that may have been affected by gas transfer in binaries.

Table 3
Results Related to MDs of Sub-halos

MD ( ⊙M ) [Fe/H]peak

M* ( ⊙M ) Case 1 Case 2 Case 1 Case 2

104 ×7.6 106 ×6.6 106 −2.63 −2.56
105 ×3.8 107 ×3.3 107 −2.33 −2.30
106 ×1.9 108 ×1.7 108 −2.03 −2.02
107 ×1.0 109 ×9.0 108 −1.74 −1.74
108 ×5.3 109 ×5.3 109 −1.46 −1.46

×2 108 ×8.8 109 ×9.3 109 −1.38 −1.39
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binaries. Note that the [Ba/Fe] values for [Fe/H]≳ −2.5 are
underpredicted compared to the observed ones; in this
metallicity, the contribution from the s-process becomes
important (Burris et al. 2000).

Figure 2 shows the results for Case 2, where a constant kSF is
assumed. We find that the cumulative numbers of NSMs and
CCSNe are similar to those in Case 1 (Figure 1(a)). However,
the evolutions stop earlier for less-massive sub-halos. This is
due to the termination of star formation because of gas removal
by their significant outflows with greater values of kOF. In
contrast to Case 1, the [Fe/H] evolution (Figure 2(b)) is
identical among sub-halos because of the same kSF, although
the termination points differ depending on their kOF. The
resulting MDs (Figure 2(c)) as well as the evolutions of Mg
(Figure 2(d)) are similar between Cases 1 and 2. In
Figure 2(e), we find that the r-process abundances increase
to values greater than [Eu/Fe] ∼ 1 for the sub-halos with

⩽ ⊙M M* 105 . This is a consequence of the fact that the higher
kOF lead to smaller amounts of Fe, and thus higher Eu/Fe ratios.
It is interesting to note that even without invoking the
inhomogeneity of the ISM, the enhancement of Eu can be
explained in part by our sub-halo models. However, our result
here cannot account for the r-process enrichment at [Fe/H]
∼ −3 because the [Eu/Fe]s start rising at [Fe/H] ∼ −2.4 for all
of the sub-halos.

Our results imply that the reality may be between these two
extremes, Cases 1 and 2; reasonable combinations of kSF and
kOF might account for the presence of r-process-enhanced stars
at [Fe/H] ∼ −3. It is also important to note that the cumulative
numbers for the least-massive sub-halos ( = ⊙M M* 104 ) are
∼0.1 around the end of their evolutions. This could be another
source of large enhancements of [Eu/Fe] (≳1). The [Eu/Fe]
values would be substantially higher than the averaged curves
of our models, provided that only a fraction of sub-halos
experienced NSMs.

4. SUMMARY AND DISCUSSION

We studied the role of NSMs for the chemical evolution of r-
process elements in the framework of Galactic halo formation
from merging sub-halos. It has been found that the appearance
of Eu at [Fe/H] ∼ −3 with star-to-star scatter in [Eu/Fe] (≲0.5)
at [Fe/H] ∼ −3 can be interpreted as a result of lower star
formation efficiency kSF for less-massive sub-halos. On the
other hand, the presence of highly r-process-enhanced EMP
stars ([Eu/Fe] ≳ 0.5) can be explained if values of kOF (the
multiplicative factor for the outflow rate) are higher for less
massive sub-halos. These may be reasonable assumptions
because less massive sub-halo systems have weaker gravita-
tional potential (as indicated by MD in Table 3), and thus are
expected to form stars less efficiently and/or expel the ISM
more easily. The ratio of OFR–SFR, η, is assumed to be
proportional to −M*

0.3. Recent observations of relatively
massive galaxies ( − ⊙M10 107 11 ) also suggest a similar anti-
correlation between M* and η (Chisholm et al. 2014). Under
this assumption, the metallicity at the peak of each sub-halo’s
MD (Table 3) appears to be consistent with the observed mass–
metallicity relation. In addition, the total MD weighted with the
sub-halo mass function shows reasonable agreement with that
observed for the Galactic halo.
The low-level Ba abundances ([Ba/Fe] ∼ −1.5) observed in

the EMP stars of [Fe/H] ≲ −3 may be due to contribution from
the short-lived binaries (with =t 1NSM Myr in this study).
Thus, the main features of the r-process abundances observed
in EMP stars, their appearance at [Fe/H] ∼ −3 with large star-
to-star scatter and their sub-solar amounts for [Fe/H] ≲ −3, can
potentially be explained solely by the contribution of NSMs.
The highly Eu enhanced stars at [Fe/H]∼ −3 may be

accounted for by reasonable combinations of kSF and kOF. The
small cumulative numbers of NSMs (<1) for the least-massive
sub-halos could be another reason for the observed large scatter
in [Eu/Fe] because NSMs may occur only in some, while no
NSMs occur in others. Once NSMs occur in such less-massive

Figure 2. Same as Figure 1, but for Case 2.
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Case 1:� Case 2: � SFR / Mgas = const. 

OFR / Mgas∝ (M*)-0.3 	
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OFR / Mgas = const.	

indicated by the thinner (thicker) curves. The cumulative
number of CCSNe in each sub-halo monotonically increases
with time (Figure 1(a)). For NSMs, the cumulative number
steeply rises when the long-lived binaries start contributing at
100Myr. [Fe/H] monotonically increases with time for all of
the sub-halos; at a given time, [Fe/H] is greater for more
massive sub-halos because of their higher kSF. MDs for all of
the sub-halos are also shown in Figure 1(c). The metallicity at
the peak of each MD, [Fe/H]peak (Table 3), is in agreement with
the observed mass–metallicity relation (Kirby et al. 2013)
scaled downward by −0.4 dex to exclude the SNe Ia
contribution. The dark halo mass of each sub-halo, MD

(Table 3), estimated from the initial baryonic mass and the
initial baryon to dark mass ratio (which is assumed to be equal
to the cosmic value 8 8 = ∼0.046 0.24 0.19B D ), implies

∝M M*D
0.7. Since the reasonable mass function of MD can be

regarded as ∝ −dN dM MD D
2 (e.g., Prantzos 2008 and

references therein), we obtain the sub-halo mass function as
∝ −M*

1.7. We find that the total MD (thick black curve)
weighted with the sub-halo mass function is in reasonable
agreement with the observed one (gray hatched region, An
et al. 2013). We also find that the evolution of Mg
(Figure 1(d), representative of CCSN products) is in reason-
able agreement with the observed stellar abundances of
Galactic halo stars. In contrast to r-process elements, the
observed scatter in [α/Fe] is known to be as small as the
measurement errors (e.g., Cayrel et al. 2004). This result is
consistent with such small scatters in [Mg/Fe] because each
evolutionary trend is almost independent of M*.

The resulting evolution of Eu (representative of r-process
elements) is presented in Figure 1(e) and compared to

observed stellar values. We note a transition from slow to
rapid evolution of [Eu/Fe] for each sub-halo at ∼100Myr as a
result of the contribution from long-lived binaries beginning.
The corresponding [Fe/H] (see Figure 1(b)) differs from one
sub-halo to another, being lower than [Fe/H] ∼ −3 for

⩽ ⊙M M* 10 .6 This indicates that the presence of stars at [Fe/H]
∼ −3 with star-to-star scatter in [Eu/Fe] (≲0.5) can be
interpreted as a result of NSM activity in sub-halos with
various kSF. Our model cannot, however, explain the presence
of r-process-enhanced stars with [Eu/Fe] >1. In addition, our
result predicts the presence of stars with [Eu/Fe] ∼ −1 for [Fe/
H] ≲ −3. This is due to the contribution of the short-lived NSM
at early times <( 100 Myr). Measurements of Eu in such stars
would be challenging because of the weak spectral lines. Such
a signature has been seen in the Ba abundances of EMP stars,
[Ba/Fe] ∼ −2 to −1 at [Fe/H] ≲ −3 (Figure 1(f)), which could
also be explained as being due to the contribution of short-lived

Figure 1. Evolution of the sub-halos with =⊙M M* 104, 105, 106, 107, 108, and ×2 108, respectively, indicated by the thinnest to thickest curves for Case 1. (a)
Cumulative numbers of NSMs (solid) and CCSNe (dashed) as functions of time. The horizontal dashed line marks the number of unity (see text for implications). (b)
[Fe/H] temporal evolutions. (c)MDs of sub-halos weighted with the sub-halo mass function and their sum (thick-black). Observational data of the Galactic halo (gray-
hatched histogram) are taken from the calibration catalog of An et al. (2013). (d)–(f) [Mg/Fe], [Eu/Fe], and [Ba/Fe] as functions of [Fe/H], respectively. The horizontal
and vertical lines indicate the solar values. Observational stellar values (dots) are taken from the SAGA database (Suda et al. 2008), excluding carbon-enhanced stars
that may have been affected by gas transfer in binaries.

Table 3
Results Related to MDs of Sub-halos

MD ( ⊙M ) [Fe/H]peak

M* ( ⊙M ) Case 1 Case 2 Case 1 Case 2

104 ×7.6 106 ×6.6 106 −2.63 −2.56
105 ×3.8 107 ×3.3 107 −2.33 −2.30
106 ×1.9 108 ×1.7 108 −2.03 −2.02
107 ×1.0 109 ×9.0 108 −1.74 −1.74
108 ×5.3 109 ×5.3 109 −1.46 −1.46

×2 108 ×8.8 109 ×9.3 109 −1.38 −1.39
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binaries. Note that the [Ba/Fe] values for [Fe/H]≳ −2.5 are
underpredicted compared to the observed ones; in this
metallicity, the contribution from the s-process becomes
important (Burris et al. 2000).

Figure 2 shows the results for Case 2, where a constant kSF is
assumed. We find that the cumulative numbers of NSMs and
CCSNe are similar to those in Case 1 (Figure 1(a)). However,
the evolutions stop earlier for less-massive sub-halos. This is
due to the termination of star formation because of gas removal
by their significant outflows with greater values of kOF. In
contrast to Case 1, the [Fe/H] evolution (Figure 2(b)) is
identical among sub-halos because of the same kSF, although
the termination points differ depending on their kOF. The
resulting MDs (Figure 2(c)) as well as the evolutions of Mg
(Figure 2(d)) are similar between Cases 1 and 2. In
Figure 2(e), we find that the r-process abundances increase
to values greater than [Eu/Fe] ∼ 1 for the sub-halos with

⩽ ⊙M M* 105 . This is a consequence of the fact that the higher
kOF lead to smaller amounts of Fe, and thus higher Eu/Fe ratios.
It is interesting to note that even without invoking the
inhomogeneity of the ISM, the enhancement of Eu can be
explained in part by our sub-halo models. However, our result
here cannot account for the r-process enrichment at [Fe/H]
∼ −3 because the [Eu/Fe]s start rising at [Fe/H] ∼ −2.4 for all
of the sub-halos.

Our results imply that the reality may be between these two
extremes, Cases 1 and 2; reasonable combinations of kSF and
kOF might account for the presence of r-process-enhanced stars
at [Fe/H] ∼ −3. It is also important to note that the cumulative
numbers for the least-massive sub-halos ( = ⊙M M* 104 ) are
∼0.1 around the end of their evolutions. This could be another
source of large enhancements of [Eu/Fe] (≳1). The [Eu/Fe]
values would be substantially higher than the averaged curves
of our models, provided that only a fraction of sub-halos
experienced NSMs.

4. SUMMARY AND DISCUSSION

We studied the role of NSMs for the chemical evolution of r-
process elements in the framework of Galactic halo formation
from merging sub-halos. It has been found that the appearance
of Eu at [Fe/H] ∼ −3 with star-to-star scatter in [Eu/Fe] (≲0.5)
at [Fe/H] ∼ −3 can be interpreted as a result of lower star
formation efficiency kSF for less-massive sub-halos. On the
other hand, the presence of highly r-process-enhanced EMP
stars ([Eu/Fe] ≳ 0.5) can be explained if values of kOF (the
multiplicative factor for the outflow rate) are higher for less
massive sub-halos. These may be reasonable assumptions
because less massive sub-halo systems have weaker gravita-
tional potential (as indicated by MD in Table 3), and thus are
expected to form stars less efficiently and/or expel the ISM
more easily. The ratio of OFR–SFR, η, is assumed to be
proportional to −M*

0.3. Recent observations of relatively
massive galaxies ( − ⊙M10 107 11 ) also suggest a similar anti-
correlation between M* and η (Chisholm et al. 2014). Under
this assumption, the metallicity at the peak of each sub-halo’s
MD (Table 3) appears to be consistent with the observed mass–
metallicity relation. In addition, the total MD weighted with the
sub-halo mass function shows reasonable agreement with that
observed for the Galactic halo.
The low-level Ba abundances ([Ba/Fe] ∼ −1.5) observed in

the EMP stars of [Fe/H] ≲ −3 may be due to contribution from
the short-lived binaries (with =t 1NSM Myr in this study).
Thus, the main features of the r-process abundances observed
in EMP stars, their appearance at [Fe/H] ∼ −3 with large star-
to-star scatter and their sub-solar amounts for [Fe/H] ≲ −3, can
potentially be explained solely by the contribution of NSMs.
The highly Eu enhanced stars at [Fe/H]∼ −3 may be

accounted for by reasonable combinations of kSF and kOF. The
small cumulative numbers of NSMs (<1) for the least-massive
sub-halos could be another reason for the observed large scatter
in [Eu/Fe] because NSMs may occur only in some, while no
NSMs occur in others. Once NSMs occur in such less-massive

Figure 2. Same as Figure 1, but for Case 2.
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Case 1 suggests that scatters in [Eu/Fe] can be reproduced with NSM, 
if the Galactic halo are formed from sub-halos with different SFR. 

Plateau of [Ba/Fe] at [Fe/H] ⪅ -3 possibly come from new formation 
channel of NSMs with shorter merger time scale 

High [r/Fe] stars? �
Actually, the total number of NSM in low mass sub-halos 

must be extremely small!! 

indicated by the thinner (thicker) curves. The cumulative
number of CCSNe in each sub-halo monotonically increases
with time (Figure 1(a)). For NSMs, the cumulative number
steeply rises when the long-lived binaries start contributing at
100Myr. [Fe/H] monotonically increases with time for all of
the sub-halos; at a given time, [Fe/H] is greater for more
massive sub-halos because of their higher kSF. MDs for all of
the sub-halos are also shown in Figure 1(c). The metallicity at
the peak of each MD, [Fe/H]peak (Table 3), is in agreement with
the observed mass–metallicity relation (Kirby et al. 2013)
scaled downward by −0.4 dex to exclude the SNe Ia
contribution. The dark halo mass of each sub-halo, MD

(Table 3), estimated from the initial baryonic mass and the
initial baryon to dark mass ratio (which is assumed to be equal
to the cosmic value 8 8 = ∼0.046 0.24 0.19B D ), implies

∝M M*D
0.7. Since the reasonable mass function of MD can be

regarded as ∝ −dN dM MD D
2 (e.g., Prantzos 2008 and

references therein), we obtain the sub-halo mass function as
∝ −M*

1.7. We find that the total MD (thick black curve)
weighted with the sub-halo mass function is in reasonable
agreement with the observed one (gray hatched region, An
et al. 2013). We also find that the evolution of Mg
(Figure 1(d), representative of CCSN products) is in reason-
able agreement with the observed stellar abundances of
Galactic halo stars. In contrast to r-process elements, the
observed scatter in [α/Fe] is known to be as small as the
measurement errors (e.g., Cayrel et al. 2004). This result is
consistent with such small scatters in [Mg/Fe] because each
evolutionary trend is almost independent of M*.

The resulting evolution of Eu (representative of r-process
elements) is presented in Figure 1(e) and compared to

observed stellar values. We note a transition from slow to
rapid evolution of [Eu/Fe] for each sub-halo at ∼100Myr as a
result of the contribution from long-lived binaries beginning.
The corresponding [Fe/H] (see Figure 1(b)) differs from one
sub-halo to another, being lower than [Fe/H] ∼ −3 for

⩽ ⊙M M* 10 .6 This indicates that the presence of stars at [Fe/H]
∼ −3 with star-to-star scatter in [Eu/Fe] (≲0.5) can be
interpreted as a result of NSM activity in sub-halos with
various kSF. Our model cannot, however, explain the presence
of r-process-enhanced stars with [Eu/Fe] >1. In addition, our
result predicts the presence of stars with [Eu/Fe] ∼ −1 for [Fe/
H] ≲ −3. This is due to the contribution of the short-lived NSM
at early times <( 100 Myr). Measurements of Eu in such stars
would be challenging because of the weak spectral lines. Such
a signature has been seen in the Ba abundances of EMP stars,
[Ba/Fe] ∼ −2 to −1 at [Fe/H] ≲ −3 (Figure 1(f)), which could
also be explained as being due to the contribution of short-lived

Figure 1. Evolution of the sub-halos with =⊙M M* 104, 105, 106, 107, 108, and ×2 108, respectively, indicated by the thinnest to thickest curves for Case 1. (a)
Cumulative numbers of NSMs (solid) and CCSNe (dashed) as functions of time. The horizontal dashed line marks the number of unity (see text for implications). (b)
[Fe/H] temporal evolutions. (c)MDs of sub-halos weighted with the sub-halo mass function and their sum (thick-black). Observational data of the Galactic halo (gray-
hatched histogram) are taken from the calibration catalog of An et al. (2013). (d)–(f) [Mg/Fe], [Eu/Fe], and [Ba/Fe] as functions of [Fe/H], respectively. The horizontal
and vertical lines indicate the solar values. Observational stellar values (dots) are taken from the SAGA database (Suda et al. 2008), excluding carbon-enhanced stars
that may have been affected by gas transfer in binaries.
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Results Related to MDs of Sub-halos

MD ( ⊙M ) [Fe/H]peak

M* ( ⊙M ) Case 1 Case 2 Case 1 Case 2

104 ×7.6 106 ×6.6 106 −2.63 −2.56
105 ×3.8 107 ×3.3 107 −2.33 −2.30
106 ×1.9 108 ×1.7 108 −2.03 −2.02
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In case of 104 M¤ sub-halos,  
the average of total number of NSMs is as low as 0.1 
It means only one sub-halo out of ten suffers NSM! 

But stars in such sub-halo must show strong enhancement of Eu! 



Chemical evolution of the Galactic halo with NSMs 	 Yuhri ISHIMARU (ICU, Japan)	

IAP 2016:  The Milky way and its environment 	 5	

Stochastic Chemical Evolution of  
sub-halos with NSMs 

Ojima, Ishimaru, Wanajo, & Prantzos in prep.�

Based on such scenario, we examine enrichment of each sub-halo 
by NSMs, using Monte-Carlo method. 

According to the sub-halo mass function; dN/dM* ∝ M*
-1.7, 

total number of model sub-halos which form the Galactic halo 
are given as follows:  

Stellar 
Mass [M]	

104-105
	 105-106

	 106-107
	 107-108

	

108 

-2x108
	

Num. of 
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741	 147	 29	 6	 1	
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NSMs /SH	
0.174	 1.75	 19.1	 184	 694	
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[Eu/Fe] vs. [Fe/H] in sub-halos �
Case 1:� SFR / Mgas∝ (M*)+0.3     OFR / Mgas = const.	

Stars in massive sub-halos 
distribute on the average values. 

Stars in low mass sub-halos show 
strong enhancement of Eu! 

[r/Fe] enhanced stars 
in Ret II are well 

explained 

●, ●: Reticulum II(Roederer+16, Ji+16) 104-105M¤ sub halos 105-106M¤ 

106-107M¤ 107-108M¤ 

NSM occur in 
114 out of 741 SHs 106 out of 147 SHs 

29 out of 29 SHs 7 out of 7 SHs 

[Eu/Fe] vs. [Fe/H] in sub-halos �

Because of high SFR, enhancement 
of Eu appears at [Fe/H]=-2 

Some stars show extreme high 
[r/Fe], because of high OFR 

Case 2: � SFR / Mgas = const.    OFR / Mgas∝ (M*)-0.3 	
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Galactic Halo: sum of sub-halos�
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But the trend is rather flat. 

Case 2 shows clear correlation 
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MPS, and high enhancement 
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The best fit model�

SFR / Mgas∝ (M*)+0.2     OFR / Mgas∝ (M*)-0.1 	

If the Galactic halo was formed from sub-halos with 
mass-dependent SFR & OFR, 

NSMs with long coalescence time  
can well explain observed [r/Fe] of MPS! 
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UfD: Reticullum II �

In particular, this scenario predict  
1 out of 10 UfDs (~104M) shows extremely high [r/Fe], 

which is consistent with observational data of UfDs! 

[r/Fe] enhanced stars 
in Ret II are well 

explained 

●, ●: Reticulum II 
(Roederer+16, Ji+16) 
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104-104.1M¤ sub halos 
NSMs occur in 9 out of 138 SHs 

Conclusions�
If the Galactic halo are formed from clusterings of  

sub-halos with mass depend SFH, i.e.,  
SFR / Mgas∝ (M*)+0.2, and OFR / Mgas∝ (M*)-0.1 ,	

NSMs with long coalescence time, ~100Myr, 
well explain [r/Fe] in MPS. 

This scenario is also consistent with obs. of UfDs: 
~90%:  (Almost) No r-process 

~10%:  Strong r-enhanced stars such as Ret II. 

These results strongly support  
NSMs as the site of r-process!	


