
Origin of the most iron-poor stars in the Galaxy

Takuma Suda（RESCEU, U-Tokyo）
in collaboration with

Yutaka Komiya (RESCEU, U-Tokyo), Shimako Yamada (Hokkaido U), 
Masayuki Fujimoto (Hokkai Gakuen U)

RESCEU APCosPA summer school @ Asama onsen, August 1st, 2014

東大マーク集 2

3-
東大マーク　基本型〈タテ〉

基本型〈タテ〉

03 04 05 06 07 08 09 10 11 12 13 14 15

15mm

東大マークには、使用時の最小サイズが設定
されています。本項で示された最小サイズ以
下で使用すると、東大マークの再現性を著し
く損なう恐れがあり、表示を正確に伝達するこ

とができなくなります。この最小使用サイズは
、東大マークの印刷物における再生上の規定
です。使用する媒体の特性やスペース等を十
分に検討し、最適のサイズで使用してくださ

い。また、印刷方式、媒体の条件などによって
もマークの再現性が異なることについても
注意が必要です。

最小サイズ

01 02



Big Bang Cosmology

©NASA

ste
llar
 ev
olu
tio
n, 

ch
em
ica
l e
vo
lut
ion
, 

IM
F, 
etc
.



History of Search for Pop. III
1948:Gamov Big Bang
 ⇒  primordial nucleosynthesis

[Fe/H]

Bond survey
[Fe/H]~-2.6 HK survey
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HD140283:
[Ca/H]=-1.9
[Fe/H]=-1.2 (-2.5)
Chamberlian & Aller (1951)

Bond(1970,1980)

G64-12
[Fe/H]=-3.5(-3.28)

Carney & Peterson (1981)

CD-38°245
[Fe/H]=-4.5(-4.01)
Bessel & Norris (1984)

G77-61
[Fe/H]=-5.6 (-4.03)

Gass et al. (1987)

no stars below [Fe/H]<-3 
Bond (1981)

HE0107-5240
[Fe/H]=-5.3

Christlieb et al. (2002)

SDSS 
J102915+172927
[Fe/H]=-4.99
Caffau et al. (2011)

HE0557-4840
[Fe/H]=-4.75
Norris et al. (2007)

HE1327-2326
[Fe/H]=-5.6
Frebel et al. (2005)

2020

SEGUE, 
Skymapper
(~2010-)

SMSS J0313-6708
[Fe/H]<-7
Keller et al. (2014)

Initial measurement
corrected value

[Fe/H]=log(XFe/XH)-log(XFe/XH)⦿
  ex) [Fe/H]=0 : solar
                 =-∞: Pop.III
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HE0557-4840 (Norris+07)
J102915+172927 (Caffau+11)

J031300.36-670839.3 (Keller+14)

Hyper Metal-Poor Stars
• Most of HMP stars are carbon-enhanced stars!

• Carbon-Enhanced Metal-Poor (CEMP) stars are very 
common among metal-poor stars.

SAGA viewer

CNO-rich: Neutron-capture elements:

Iron group:
Supernova models
Pollution & accretion

Origin of CEMP Origin of CEMP-s/no

mass transfer 
from AGB stars



Umeda+Nomoto03

Proposed Scenarios for the Origins of CEMP Stars
• Origin of EMP stars
• Star formation from the gas influenced by SNe in the very 

early universe.
• Origin of CEMP stars
• Mass transfer from AGB stars in binary systems (TS+04)

• CEMP-s stars are thought to belong to binary systems 
(Lucatello+05), but not for CEMP-no.

• Star formation from gas affected by peculiar supernovae in the 
earliest generation of massive stars (Umeda+03, Limongi+04)
• Abundance patterns are well reproduced by mixing and 

fallback models.
• Star formation affected by massive fast-rotating stars (Meynet

+06)
• Abundance patterns are well reproduced by rotational 

mixing.

TS+04

Meynet+06



Nucleosynthesis models
• One zone approximation during the He shell flashes 
(Fujimoto+99, Aikawa+01)

• p-, α-, β-, n-reactions up to Bi are included in nuclear 
network (Aikawa+01, Nishimura+08, Yamada+, in prep.).
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-10

-9

-8

-7

-6

-5

-4

-3

-2

 10  20  30  40  50  60  70  80

[X
/H

]

Atomic Number (Z)

-8

-7

-6

-5

-4

-3

-2

-1

 0

 5  10  15  20  25  30  35  40  45  50  55  60  65  70  75  80

[X
/H

]

Atomic Number (Z)

-8

-7

-6

-5

-4

-3

-2

-1

 0

 5  10  15  20  25  30  35  40  45  50  55  60  65  70  75  80

[X
/H

]

Atomic Number (Z)

n-capture nucleosynthesis in HMP stars

Yamada+14, in prep.

Sr Ba

Nucleosynthesis of H-mixing into He-flash 
convective zones (He-FDDM) depends on:
•Minit, Mc: stellar total/core mass
•Tmax: strength of shell flashes
• [Fe/H]He: iron supply from the envelope to He-
flash convective zones

•Δ(13C/12C): amount of H-mixing
•Δt: duration of H-mixing
• [C/H]surf: dredge-up efficiency

[Fe/H]=-5.3

He-FDDM
Δ(13C/12C)=0.002
[Fe/H]He < -5.3
⇒ Mini < Mcrit = 2.5 M⦿ (TS+04)

He-FDDM
Δ(13C/12C)=0.02

TDU+22Ne s-process
massive core or log Tmax > 8.5 to 
burn most of 22Ne (otherwise, 
yielding the over-production of Na)

Model 1 Model 2

SMSS J031300.362670839.3 HE0107-5240

HE1327-2326

Model 2

Model 3 (Δt=107)
Model 3 (Δt=5x106)

●: 1D, Aoki+06
○: 3D, Frebel+08

Model 3
Model 4

●: Christlieb+02■: Keller+14

[Fe/H]=-5.66



TS+11

[C/Fe]⬆ with [Fe/H]⬇, but [C/H]➡.
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Norris+13

Key ingredients: Origin of CEMP stars

•CEMP-s disappears at [Fe/H] < -3.
•CEMP-no peaks at [Fe/H] = -3.5.
•CEMP-s + CEMP-no is more or less 
continuous.
should be understood as the [Fe/H] 
dependence of the s-process

Possible solution by binary scenario:
•M < 3.5 M for CEMP-s.
•3.5 < M / M < 6-8 M for CEMP-no.
•Inefficient NEMP production by 
suppressing the hot bottom burning or 
mass loss. (Wood11, TS+13)

28+-9% below [Fe/H]=-3.1

4/5 for UMP/HMP

binarity unlikely 
for CEMP-no

Observed characteristics of CEMP:

AGB

AGB?
faint SNe?



Fraction of C-rich stars
The Astrophysical Journal, 788:131 (11pp), 2014 June 20 Lee et al.
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Filled circles: all
Filled squares: Z 5 kpc
Filled triangles: Z 5 kpc
Open circles: IMF (10 Msun peaked)
Open squares: IMF (Salpeter)

Figure 2. Differential frequencies of CEMP giants (defined as stars with 4400 K !Teff !5600 K and 1.0 ! log g < 3.2), as a function of [Fe/H]. Bin sizes of 0.5 dex
in [Fe/H] are used for stars with [Fe/H] >−3.5; a single bin for stars with [Fe/H] < −3.5 is used. Each bin is represented by the average [Fe/H] of stars in the bin.
Filled circles show the derived frequencies of the CEMP stars for all giants, while the filled squares represent the subsample of CEMP stars for giants located more than
5 kpc from the Galactic plane, |Z| > 5 kpc. The filled triangles indicate stars located closer to the plane, with |Z| < 5 kpc. The prediction of the CEMP frequencies
as a function of [Fe/H], based on an AGB nucleosynthesis model with IMF peaked at 10 M", is indicated by the open circles, while the open squares denote the
prediction assuming a Salpeter IMF. The definition of [C/Fe] "+0.7 as a C-rich object is adopted for both the model predictions and the derived frequencies. Error
bars are based on Poisson statistics.
(A color version of this figure is available in the online journal.)

From inspection of this figure, in the metallicity regime
[Fe/H] > −1.5, our derived CEMP frequencies (∼1%) agree
with the previously claimed fraction of classical CH or Ba
stars in the solar neighborhood (Luck & Bond 1991). Between
[Fe/H] = −2.5 and [Fe/H] = −1.5, the number of C-rich stars
rapidly increases. The CEMP frequencies do not increase for
[Fe/H] < −2.5, but rather, remain relatively constant, in con-
trast to the results of previous studies. As discussed by Spite
et al. (2005, 2006), Lucatello et al. (2006), and Aoki et al.
(2007), this may be in part due to CN-processing, both from
the action of first dredge-up (FDU) and subsequently from the
occurrence of extra mixing along the upper part of the giant
branch.

The C-rich material at the surface of a giant could be easily
diluted by the deepening of the convective envelope as the star
begins to ascend the giant branch, which also dredges up CN-
processed material from its interior during the FDU episode,
leading to a decrease in the carbon abundance. In addition,
the more luminous red giant branch (RGB) stars can suffer
from additional mixing of material by convective overshooting,
rotation, internal gravity waves, or thermohaline instabilities.
Stancliffe & Lattanzio (2011) provide a recent review of each
of these processes. Such extra mixing processes, apart from the
FDU, might further reduce the carbon abundance.

However, it has also been argued that for CEMP stars, the
reduction of the observed carbon abundances by these processes
(FDU and extra mixing) may not be significant. For example,
Stancliffe et al. (2009) showed that as a result of thermohaline
mixing in their stellar-evolution models, while carbon-normal
([C/Fe] < +1.0) stars experienced a significant reduction of
the carbon abundance, their carbon-rich counterparts did not,
suggesting that extra mixing may not affect the calculated
fraction of CEMP stars. Observational studies (e.g., Gratton
et al. 2000; Smith & Martell 2003; Martell et al. 2008;
Denissenkov & Pinsonneault 2008) support the larger effect
of extra mixing on C-normal stars on the upper RGB. These
studies also suggested that extra mixing is more efficient at lower

metallicity. Whether or not a giant experienced such mixing can
be tested by measuring its 12C/13C or [C/N] ratios, as both will
be lower for an object that has gone through such an event (see,
for example, the models presented by Stancliffe et al. 2009).7
Unfortunately, these ratios are difficult to assess from the SDSS/
SEGUE spectra over the full range of metallicities we consider.

The effect of FDU on the dilution of accreted material is very
dependent on the composition and mass of the accreted material,
as well as on the assumed physics of the mixing. Because
material ejecta from an AGB star experienced significant nuclear
processing, it has a notably higher mean molecular weight than
the pristine material of the mass-receiving star. The situation of
higher mean molecular weight material lying on top of lower
mean molecular weight material is unstable to the process of
thermohaline mixing. In the context of CEMP stars, the effects of
thermohaline mixing were first noted by Stancliffe et al. (2007).
They showed that in some circumstances, thermohaline mixing
could lead to the accreted material being mixed throughout
about 90% of the secondary star. In such cases, the depth of
mixing is crucially greater than the depth that the convective
envelope reaches during the FDU. Thus, there is no subsequent
dilution of material at FDU, and little decline in the surface
carbon abundance is found. However, if the accreted material is
not mixed so deeply, there can still be dilution of the accreted
material at FDU, but the change in the surface carbon abundance
is not so great as in the case that the material is unmixed (e.g.,
Stancliffe & Glebbeek 2008; Stancliffe et al. 2013).

Suda et al. (2004) also noticed the insignificant effect of
carbon dilution at FDU, in the case of a large amount of carbon
material being accreted—too large to be significantly depleted
by the relatively small amount of matter in the hydrogen-burning
shell, M < 0.02 M". Even in cases of EMP stars for which
the initial carbon abundance is small, Suda & Fujimoto (2010)

7 However, it should be noted that AGB ejecta could already have a low
12C/13C ratio, in the event that extra mixing occurs during the AGB phase (see
Stancliffe 2010 for details).
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Transition of IMF

Comparison of models and observations using binary population models



Summary
• Origins of the most iron-poor stars have been explored based 
on the scenario of binary mass transfer and nucleosynthesis.

• We propose that the abundance patterns of three most iron-
poor stars are results of nucleosynthesis in AGB stars

• To identify the origin of the most iron-poor stars, we should 
care about the origin of CEMP stars:
• Why CEMP-no fraction increases / CEMP-s fraction decreases with 

decreasing [Fe/H]?
• Why total CEMP fraction (CEMP-s+CEMP-no) is continuous?
• Why the most iron-poor stars are so rare?

• This scenario suggests that the IMF of the first stars are 
dominated by massive stars with the non-negligible contribution 
of low-mass stars.


