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Origin of Extremely Metal-Poor (EMP) Stars 

CEMP-no

CEMP-s

common in Extremely Metal-Poor (EMP) stars 
> 20 % for [Fe/H] < -2 with [C/Fe] ≧ 0.7 

divided into subclasses 
CEMP-s (s-process) [Ba/Fe] ≧ 0.5 
CEMP-no (no s-proces) [Ba/Fe] < 0.5 

lower and higher CEMP-no (Bonifacio+15) 
CEMP-r (r-process), CEMP-r/s (s+r), etc.

• Possible origins

Data taken from SAGA database (TS+08,11,17, Yamada+13) 
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0.  基本コンセプト
星（の標本），あるいはバイナリのデータが並んでいるよ
うなイメージ
薄い色の円の配列が Sの文字や，あるいは銀河の渦の腕に
見えたり，また円のすき間の白いところを輝く星に見立て
てもらえたり，といったことを期待している

sagasaga

2. 文字のバリエーション

3. 色のバリエーション
青系の色は天文関係のロゴなどでよく使われるので，差別
化してみる？
緑は北大っぽいイメージ？
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saga saga
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I) CEMP-s and no come from 
binary mass transfer 

II)CEMP-no from supernova 
models (Umeda+02) 

III)CEMP-no from rotating 
massive stars (Meynet+06)

See also discussions by Aoki+07, Bonifacio+15, Yoon+16, Matsuno+17, etc.

http://sagadatabase.jp


CEMP-r/s stars
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① Helium-Flash Driven Deep Mixing (He-FDDM) during the AGB 
phase for [Fe/H] < -2.5 (Fujimoto+90, 00, TS+04, 10) 
13C(α,n)16O in the He-flash convective zones 
13C abundance as a free parameter 
Wide range of possible neutron densities: ��
� 	����
���

Mixing Mechanisms and Neutron Sources

surface convection
Mr

time
He-flash convection

13C pocket

s-process in AGB stars

①

② ②
③ ③ ③  Third dredge-up + radiative 13C 

mixing 
• 13C pocket: 13C(α,n)16O 

• X(13C) = 5 x 10-3, X(14N) = 1.7 x 10-4 
(Bisterzo+10)

② Third dredge-up + 22Ne(α,n)25Mg 
• T > 3x108 K at the He-conv. (M > 

3.5 M⦿) 
• (Boothroyd+Sackmann98, Busso+88, 

Blocker95)



Nucleosynthetic Models
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Fig. 3.— Left: time vs. logTHe
max, Right: time vs. logρ

Table 1: Model parameters and results

Model Mc(M⊙)† rc(r⊙)† logP∗(dyn cm− 2)† logTHe
Max(K)† Y12,0

† Y16,0
†

M8.57 1.30 0.005 8.57 0.00 2.5×10− 4

M8.53 1.15 0.008 8.53 0.00 2.5×10− 4

M8.50 1.00 0.01 8.50 0.00 2.5×10− 4

M8.485 0.93 0.011 8.485 0.00 2.5×10− 4

M8.47 0.85 0.011 8.47 0.00 2.5×10− 4

M8.44 0.70 0.014 8.43 0.00 2.5×10− 4

†The core mass and radius, proper pressure of the helium zone, maximum temperature at the helium shell flashes,

mole abundance of 12C and 16O at the onset of the shell, (cross section × mole abundance of 16O, 20Ne, 24Mg and
25Mg) for HeFDDM model from left to right.

Evolution of 
He-flash

Nuclear network models (Nishimura+08, Yamada+): 
One-zone approximation (Sugimoto+Fujimoto78, Fujimoto82) 
318 isotopes of 84 elements: 1H to 210Po 
p-, α-, n-captures and β-decays. 
NACRE, Caughlan+Fowler88, and Bao+00 rates

Max. log T at 
the bottom of 
He-conv.
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Formation paths around 153Eu
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Formation paths around 138Ba
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Comparison with the observationsThe origin of CEMP-r/s stars 9

for nn ≃ 1013 cm−3. For nn < 1013 cm−3, the supersession
of the bottleneck puts 138Ba in the downstream of the bottleneck
to reduce the time-lag effect. On the other hand, 138Ba, left as
the main constituent of the Ba yield, serves to raise the steady-
state ratio, coupled with the changeover of the parent isobars of Eu
yields. . The effect of increasing the steady-state ratio exceeds the
effect of decreasing the time-lag effect to keep the maximum Eu/Ba
ratio increasing with the neutron density, but only slowly from
[Eu/Ba]max ≃ −0 .5 to −0 .3 between nn ≃ 1011 - 1013 cm−3

over the range by two orders of magnitude. For nn > 1013 cm−3,
135I comes to take a part in the synthetic path to dominate over
the Ba yield. As located in the upstream of the bottleneck, it gives
rise to a large time-lag effect and brings about steep increase in the
Eu/Ba ratio, despite a large drop of the steady state ratio.

For still larger neutron density than studied in this paper, how-
ever, such large Eu/Ba ratios as discussed above are hardly ex-
pected. For nn >∼ 5 · 1014 cm−3, 135I replaces 136Xe as the bottle-
neck. Then, the main progenitor of the Ba yield itself plays the role
of bottleneck as in the case of 138Ba for Case B so that the time-lag
effect reduces largely to the level similar to the latter, even though
account is taken for the increase in the separation between the pro-
genitors of the Ba and Eu yields. At the same time, the steady-state
abundance ratio decreases greatly down to [Eu/Ba] = −1.2 . It is
only for such high neutron densities as 135I is bypassed by the syn-
thetic path that we have the Eu/Ba ratios as large as, or larger than,
observed from CEMP-r/s stars again.

4 THE COMPARISON WITH THE OBSERVED
ABUNDANCES

In this section, we compare the result of our computations with
the observations of CEMP stars, in particular for CEMP-r/s stars.
The yields of neutron-capture nucleosynthesis depend not only on
the neutron density but also on the neutron exposure. In discussing
the connection with the observed abundances, therefore, the sim-
ple comparison of the relative abundances, as usually applied, is
of little use. We should contrive a proper way of comparison that
enables to derive constraints both on the neutron density and the
neutron exposure, responsible for the observed abundances. On the
basis, we may inquire into the nature of neutron-capture nucleosyn-
thesis that actually took place in EMP, AGB stars.

4.1 The characteristics and correlations of the Ba and Eu
yield abundances

In the binary mass-transfer scenario, the yields of neutron-capture
nucleosynthesis are carried together with carbon, produced by the
helium burning, all the way through the dredge-up in AGB stars and
the mass transfer over to the low-mass companion, now observed
as CEMP stars. This means that the abundance ratios of the heavy
elements in the yields to the dredged up carbon are kept unchanged
through these processes. On the occasion of the dredge-up and the
mass transfer, the carbon and the yields suffer from the dilution
through the mixing with the pristine matter in the envelope to vari-
ous degree which differs from star to star, We may set off the effect
of the dilutions by taking the abundance ratios of heavy elements
to carbon. Here, we may well neglect the contributions of the pris-
tine abundances considering the large enhancements of carbon and
heavy elements among CEMP stars considered. In addition, since
the neutron density is determined indifferent to the metallicity be-
low [Fe/H] ≃ −2 , the abundances of neutron-capture elements,
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Figure 8. Distributions of Ba and Eu abundances, observed from CEMP
stars, compared with the yields of the nucleosynthesis in the helium flash
convection with 13C as the neutron source for the different hydrogen mix-
ing rates; The coordinate axes are taken to be the carbon-normalized en-
richments (see the text). The shaded strap denotes the domain of CEMP-
r/s stars, denoted by filled (green) diamonds. Other CEMP-s and CEMP-no
stars are denoted by filled (blue) and open (red) circles, respectively. Curves
draw the trajectories of neutron capture nucleosynthesis with the pristine
iron as the seed, which run counterclockwise, starting from the left bottom,
moving upward and rightward, and then, turning back to the left and down-
ward to reduce the abundances of Ba and then Eu, respectively. Line types
have the same meanings as in Fig. 4.

when normalized to the pristine iron abundance, are indifferent of
the metallicity as long as the products with the pristine iron as the
seed are concerned. The abundance ratios of heavy elements to
iron, divided by the carbon abundance, therefore, give the measure
of comparing the observed and yield abundances directly with the
effect of the dilution set apart and also regardless of the metallicity.
We call this quantity as the (carbon-)normalized enrichment in the
following. For the observed abundances, it may be expressed as

[Z/Fe] − [C(+N)/H];

here we add the nitrogen abundance to the carbon abundance, when
available, considering the possibility that the dredged-up carbon is
processed by CN cycle reactions during the He-FDDM and in the
envelope of AGB stars and also of evolved CEMP stars (e.g., Aoki
et al. 2007). For the nucleosynthetic yields, it is given by

[Z/C]He − [Fe/H]p = log(fZ/Y12,He) − log(YZ/YFeYC)⊙,

which may also serve as an indicator of the efficiency of neutron-
capture nucleosynthesis for each of the yield elements, Z.

In Figure 8, we draw the trajectories of the synthesized yields
and compare them with the observed abundances of CEMP stars
on the diagram of the normalized enrichments of Ba and Eu. In
this diagram, we can discuss the constraints both on the neutron
density and on the neutron exposure. The trajectories give the Ba
and Eu yields as a function of the neutron exposure for given ac-
cretion rates, and we may read off the neutron density as well as
the neutron exposures along the trajectory (see, e.g., Table ??).
The nucleosynthesis progresses anticlockwise along the trajectory;
starting from below the bottom, the loci of the yields first move
up and rightward, and turn to the left, and then, downward, pass-
ing through the abundance peaks of Ba and Eu, respectively, at

c⃝ 2017 RAS, MNRAS 000, 1–15
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