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Core-collapses supernova 
explosions in binary systems as 

a probe into Pop. III stars
Takuma Suda（RESCEU, U-Tokyo）
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History of Search for Pop. III
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1948:Gamov Big Bang 
 ⇒  primordial nucleosynthesis

[Fe/H]

Bond survey 
[Fe/H]~-2.6 HK survey 

(1985:1992) HE survey 
(1990:2001)
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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
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Origin of Extremely Metal-Poor (EMP) Stars 
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Carbon-Enhanced Metal-Poor (CEMP) stars 
> 20 % for [Fe/H] < -2 with [C/Fe] ≧ 0.7

Data taken from SAGA database (TS+08,11,17, Yamada+13) 

CEMP-no

CEMP-s

unclassifiable 
CEMP

CEMP
C-normal

saga

saga

saga

saga

saga

saga

saga

saga

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？

sagasaga

saga saga

saga

saga

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

http://sagadatabase.jp
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Proposed Scenarios for the Origins of CEMP Stars
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• Origin of EMP stars 
• Star formation from the gas influenced by SNe. 

• Origin of CEMP stars 
• Binary: Mass transfer from AGB stars in binary systems (TS+04) 

• CEMP-s stars are thought to belong to binary systems 
(Lucatello+05). 

• Supernova: 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. 
• Rotating stars: Star formation affected by massive fast-

rotating stars (Meynet+06) 
• Abundance patterns are well reproduced by rotational 

mixing.

TS+04

Meynet+06

Binary scenario

Rotating star scenario
Supernova scenario
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Supernova binary scenario
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Massive Pop III star

Low-mass Pop III companion
Stripping of surface layers 
Accretion of SN ejecta
Binary separation has to be 
small enough. 
Evolution to red supergiants 
(>~ 5 au) will inhibit this 
scenario (cf. Marigo+01, 
Heger+10, Kinugawa+14).
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Simulations of SN binary scenario
• Stellar evolution models: 1D hydrostatic (Suda+10) 
• Supernova explosion models: SN1987A (Shigeyama+90) 
• SPH simulations: ASURA code (Saitoh+08) 

• Binary system: 20 M⦿ + 0.8 M⦿ 

• Separation : ~0.05 au (~10 R⦿) or ~0.1 au (~20 R⦿) 
• Num. of particles: ejecta: ~16M, companion: ~1M 

• Previous studies on the stripping by the collisions of 
supernova ejecta 
• Ia: Marietta+00: PPM 
• Ia: Pakmor+08: GADGET 
• Ia: Pan+12: FLASH 
• II: Hirai+14: yamazakura, massive + massive 
• Ibc: Rimoldi+16: Gadget-2

 6
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Evolution of 20 M⦿ Stars
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• Computations are terminated at C-burning

small symbols: He-burning 
large symbols: C-burning

Constant stellar radius

see also Heger+Woosley10

Low metallicity stars do not evolve 
to red supergiants due to the lack 
of CNO elements.
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SN ejecta of H15[_2] models
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shell velocity

Kinetic energy 
of the shell

mass contained in the shell

Shigeyama+90 prescription based on Heger+10 models
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M1 = 15M◉ 
M2 = 0.8M◉ 
a = 0.1 au 
t = 0-20 hours

log ρ [g/cm3]

主星質量 
伴星質量 
連星間距離 
計算時刻

log T [K]
log P [1017 dyn/cm2]

Density 
Temperature 
Pressure

-5-4-3-2-1 0 1 2 3
3 4 5 6 7
-6 -5 -4 -3 -2 -1 0 1
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Stripped mass for the H15_2 model
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~0.002 M◉
Stripped mass:

convective envelope 
at ZAMS: ~0.005 M◉
Δlog ε(Li) ~ -0.4
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Accretion of ejecta
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He C+O 
O+C 
O+Ne+Mg Si+O 
Ni(Fe)+Si Total

Too much metals for 
not well-mixed ejecta

but, well-mixed ejecta 
is favored for 1987A.
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Mixing of supernova ejecta
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A&A 577, A48 (2015)

Fig. 9. Same as Fig. 7, but for models W15-1-cw, L15-2-cw, B15-1-cw,
and B15-3-pw at the shock breakout time.

Fig. 10. Same as Fig. 7, but for models N20-4-cw and B15-1-pw at
56 870 s and 60 918 s, respectively.

the BSG models until approximately 60 000 s, which is about
a factor of ten beyond the time of shock breakout in the BSG
models. Figure 10 displays the morphology of the nickel-rich
ejecta of the BSG models N20-4-cw and B15-1-pw at 56 870 s
and 60 918 s, respectively. After the SN shock has crossed the
surface of the progenitor star, instabilities continue to grow in
model N20-4-cw, and the morphology of the nickel-rich ejecta
no longer remains smooth and roundish. Narrow spikes, walls of
nickel-rich matter stretch in radial direction and further fragmen-
tation of the overall ejecta structure occurs. On the other hand, in
our second BSG model B15-1-pw the elongated fingers contain-
ing nickel-rich matter grow significantly in length. They even
reaccelerate from 3300 km s−1 at shock breakout to 3700 km s−1

at 61 000 s, but the angular extent and the orientation of these
fingers remain unchanged.

Fig. 11. Same as Fig. 7, but for the additional 3D models W15-2-B,
L15-1-B, and N20-4-B, discussed in Sect. 5.4.

5.4. Additional 3D models

We have seen that the structure of the B15 progenitor pro-
vides favorable conditions for the nickel-rich ejecta to escape
a deceleration by the reverse shock at the He/H interface. The
shallow density gradient (steep rise of ρr3) inside the He layer
and the large width of the He layer of the B15 progenitor cause a
strong deceleration of the SN shock while it propagates through
the layer. This reduces the velocity difference between the shock
and the iron-group ejecta, allowing the latter to stay close behind
the shock. Moreover, the shallow density gradient encountered at
the He/H interface only results in a brief and slight acceleration
of the SN shock; i.e., the relative velocity between shock and
ejecta does not increase by much.

To elaborate on the importance of the progenitor struc-
ture, we performed three additional 3D simulations, W15-2-B,
L15-1-B, and N20-4-B, which were initialized using the 3D ex-
plosion models W15-2, L15-1, and N20-4, respectively. The nu-
merical setup of these models was identical to that of models
W15-2-cw, L15-1-cw, and N20-4-cw, except for one important
difference. Instead of extending the 3D explosion models to the
stellar surface using the data from the corresponding progeni-
tor model, we initialized the preshock state of models W15-2-B,
L15-1-B, and N20-4-B using the data from the B15 progenitor
model. Therefore, these models are hybrid models of W15-2,
L15-1, and N20-4 explosions inside the B15 progenitor enve-
lope, which allow us to demonstrate the effect of the envelope
structure outside of the C+O core on the ejecta morphology. We
mapped the hybrid models W15-2-B and N20-4-B at tmap = 1.3 s
and model L15-1-B at tmap = 1.4 s, i.e., at the same times as the
corresponding models W15-2-cw, N20-4-cw, and L15-1-cw, re-
spectively (see Table 1). At the time of mapping, the SN shock
still resides in the C+O core, but is already close to the C+O/He
interface of the progenitor star.

Figure 11 shows the nickel-rich ejecta morphologies of the
hybrid models W15-2-B, L15-1-B, and N20-4-B at the end of
the simulations using the same rendering technique as in Fig. 7.
The evolution of these three models resembles that of the other
B15 models qualitatively (see Sects. 5.1–5.3). The SN shock
speeds up and slows down depending on the ρr3 profile as dis-
cussed in Sect. 5.2, and the morphology of the ejecta evolves
similarly to that of model B15-1-pw described in Sect. 5.3. Thus,
we refrain from repeating the details here.

It is quite evident from the morphology of the nickel-rich
ejecta displayed in Fig. 11 that basic features of the explo-
sion asymmetries seen in model B15-1-pw are also found in
all other models exploding inside the B15 progenitor envelope.
Fast nickel-rich filaments emerging from the largest bubble of
neutrino-heated matter at the time of mapping can escape strong
deceleration by the reverse shock at the base of the helium wall
and move unhampered through the hydrogen envelope. More

A48, page 14 of 20

Wongwathanarat+15

Inhomogeneity and asymmetry develop during the explosion.
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Dependence of accreted mass on separation
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a: Separation [au]
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a-2.0

a-4.2
[Fe/H] ~ 0 at 0.1 au, 
but [Fe/H] < -3.5 at 1 au

Preliminary result of
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Observational Counterparts
• Massive Pop. III stars cannot survive until 

today. 
• Observational counterparts in nearby OB 
stars
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preliminary results for radial velocities

• Target: Massive (+Low-mass) stars 
• OB stars from spectroscopic catalog 

(Skiff, 2009-2016) [64112 stars] 
• Exclude double-lined, eclipse, and visual 

binaries from >20 references [62940] 
• Spectroscopic SB1  [62] 
• brighter than 8 mag. [24] 
• Dec. > -25° [14] -> 10 stars

• Radial velocity monitoring 
• MALLS on Nayuta telescope (Mid Res.) 
• 20 nights (16B-18B) + 3 nights (19A) 

• HIDES on Okayama (High Res.) 
• 17A: 6 nights 

• GAOES on Gunma Obs. (High Res.) 
• 2016/11/12-2017/2/4: 7 nights

P=33.6 or 72.5 d is possible.

Mayer+17 
P=10.25 days 
M1=19M⦿ 
M2=2.02-4.32M⦿
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OB star binaries in literature
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* multiple systems are counted separately.

Mass ratiosOrbital periods

* Most of them are derived in eclipsing 
or spectroscopic binaries.

(excluding X-ray binaries)
Observational counterparts in solar neighborhood
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Discussion and Summary
• This study adds another scenario for the origin of known 
extremely metal-poor (C-enhanced) stars.  
• combined scenarios with mixing & fallback or rotating massive 
stars? 

• Accretion of ejecta is a key diagnosis for Pop. III binaries 
consisting of massive + low-mass stars. 
• Accretion of metals 
• Accretion of lithium (produced during SN) 

• Binary separation of ~0.1 - 1 au is likely to change the 
surface abundances by stripping or accretion.  
• Now computing the case for 0.8 au. 

• There should be observational counterparts of massive  + 
low-mass star binaries in solar vicinity. 
• true for Pop. III case?
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