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Small ejecta mass (Tauris et al. 2013; Suwa, TY et al. 2015; Moriya et al. 2017)
A possible  generation  site  of  binary  neutron  stars  and 
neutron star mergers
(Ejection of a half of the total mass disrupts a binary system.)
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since these stars are evolved to an advanced stage, close to carbon
shell burning, before they expand sufficiently to compensate for
the orbital widening by wind mass-loss and initiate RLO. Hence,
their remaining nuclear lifetime is short before they collapse and
explode (a situation which is similar for low-mass helium stars ini-
tiating RLO in very wide-orbit systems, cf. Section 6.3). For the
particular case with Porb, i = 0.5 d, our adopted stellar wind mass-
loss (Hamann et al. 1995) reduces the mass of the helium star down
to 3.04 M⊙ prior to RLO. During the subsequent mass transfer, the
evolved helium star only loses 0.02 M⊙ before it explodes.

We caution that different applied wind mass-loss rates of massive
Wolf–Rayet stars can result in significantly different pre-SN stellar
masses. For example, reducing the wind mass-loss rate of Hamann
et al. (1995) by a factor of 10, or applying the prescription of Nugis &
Lamers (2000), yields a pre-SN mass of about 7.0 M⊙ in the above-
mentioned case. Therefore, we notice that our helium stars models
with MHe, i = 5.0, 6.0, and 10.0 M⊙, which were found to have very
similar metal core masses between 2.10 and 2.20 M⊙ by the time
of their explosion, could be more massive if the wind mass-loss
rate is reduced. For a discussion and a comparison between various
prescriptions of wind mass-loss rates, see Yoon et al. (2010).

4 O BSERVATIONAL PROPERTIES
O F U LT R A - S T R I P P E D SN e

4.1 Remaining helium envelope mass prior to the SN

The modelling of synthetic SN spectra by Hachinger et al. (2012)
suggests that more than 0.06 M⊙ of helium is needed for helium
lines to become visible in optical/IR spectra, and thus for classifi-
cation as a Type Ib rather than a Type Ic SN event. However, this
question also depends on the amount of nickel synthesized dur-
ing the explosion and how well it is mixed into the helium-rich
material of the ejected envelope (Dessart et al. 2011), given that
the detectable helium is excited by the radioactive decay of nickel.
Furthermore, explosive helium burning during the SN explosion
may also play a role in reducing the amount of helium (Woosley &
Weaver 1995).

In Fig. 9, we show the amount of helium, Menv
He,f in the envelopes

of most of our pre-SN models with MHe, i ≤ 3.5 M⊙. We find that,
in general, EC SNe in binaries (particularly close binaries) are most
likely to be observed as ultra-stripped Type Ic SNe, whereas our
resulting Fe CCSNe can be observed as both ultra-stripped (faint)
Type Ic and Type Ib SNe, as well as more regular Type Ib SNe (the
latter still with relatively small helium ejecta masses, typically less
than 0.5 M⊙).

In comparison to the remaining amount of helium, Menv
He,f , we

find from our binary models that the total envelope mass Menv,f =
M⋆f − Mcore,f (i.e. all material outside the CO core) is larger by
0.03 M⊙ on average. This additional material is mainly composed
of carbon which was mixed into the envelope.

4.1.1 Definition of ultra-stripped SNe

In Fig. 10, we show the total amount of envelope mass, Menv, f for
most of our pre-SN models as a function of the final core mass of
the exploding star, Mcore, f. The dotted line above Menv, f ≈ 0.2 M⊙
shows the minimum envelope mass expected for the stars which
explode first in close massive binaries (Yoon et al. 2010). These
stars lose mass to a main-sequence (or slightly evolved) companion
star via stable RLO prior to the SN.

Figure 9. Total amount of helium prior to explosion for the models from
Fig. 2 leading to EC SNe (open stars) and Fe CCSNe (solid stars). The solid
lines connect systems with equal values of Porb, i. According to Hachinger
et al. (2012), ejection of at least 0.06 M⊙ of helium is needed to detect a
SN as Type Ib (yellow and green region). Below this limit the SN is likely
to be classified as a Type Ic (light blue region). However, this also depends
on the amount of nickel synthesized – see the text.

Figure 10. Total envelope mass versus final core mass prior to the explosion
for the models shown in Figs 2 and 9. EC SNe (limited to the grey-shaded
area) and Fe CCSNe are plotted with open and solid stars, respectively.
The dotted line shows the remaining envelope mass in pre-SN stars which
explode first in massive binaries (i.e. after RLO to a main-sequence star
companion) according to the calculations by Yoon et al. (2010). Hence, we
use this division to define ultra-stripped SNe as exploding stars in compact
binaries which have Menv,f ! 0.2 M⊙ – see the text.

In the following, we assume that the envelope mass surround-
ing the pre-SN metal core can be taken as a rough estimate of the
amount of material ejected during the SN explosion. (The deter-
mination of the exact location of the mass cut requires detailed
computations of the explosion event.) We therefore suggest to de-
fine ultra-stripped SNe as exploding stars whose progenitors are
stripped more than what is possible with a non-degenerate compan-
ion. In other words, ultra-stripped SNe are exploding stars which
contain envelope masses !0.2 M⊙ and having a compact star com-
panion. The compact nature of their companion allows for extreme
stripping in a tight binary, in some cases yielding an envelope mass
≤0.008 M⊙.
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Rapidly decaying optical transients

A candidate of rapidly-decaying faint optical transients 

SN 2010X (.Ia) (Kasliwal et al. 2010), SN 2005E (Ib) (Perets et al. 2010)

Ultra-stripped SNe

The Astrophysical Journal Letters, 778:L23 (5pp), 2013 December 1 Tauris et al.

Figure 4. Chemical abundance structure of an ultra-stripped SN Ic progenitor
star (from our last calculated model #807 at t = 1.854356 Myr), This naked
1.50 M⊙ pre-collapsing star has a hybrid structure with an ONeMg inner core
enclothed by a thick OMgSi outer core, which again is enclothed by shells of
ONeMg and CO, and outermost a tiny envelope with 0.033 M⊙ of helium.
(A color version of this figure is available in the online journal.)

models until carbon burning. Our model also resembles very
well the cores of 9.5–11 M⊙ single stars which were found
to lead to iron core collapse (Umeda et al. 2012; Jones et al.
2013). From Figure 4(e) of the latter work, we infer that our
core is expected to undergo iron core collapse ∼10 yr after our
calculations were terminated.

Figure 2 shows the mass-transfer rate, |Ṁ2| as a function of
time. The total duration of the mass-transfer phases is seen to
last for about ∆t = 60,000 yr (excluding a couple of detached
epochs), which causes the NS to accrete an amount ∆MNS =
(0.7–2.1) × 10−3 M⊙, depending on the assumed accretion
efficiency and the exact value of the Eddington accretion limit,
ṀEdd. Here we assumed ṀEdd = 3.9 × 10−8 M⊙ yr−1 (a typical
value for accretion of helium-rich matter) and allowed for the
actual accretion rate to be somewhere in the interval 30%–100%
of this value (see recent discussion by Lazarus et al. 2013). We
note that the structure of the donor star is hardly affected by
uncertainties in the NS accretion efficiency.

The tiny helium burning layer causes the star to expand
vigorously, approximately at the same time the convective shell
penetrates to the surface (see point G), resulting in numerical
problems for our code. We therefore end our calculations
without resolving this flash which is, in any case, not important
for the core structure and the NS accretion due to the little
amount of mass in the inflated envelope. As discussed in detail
by Dewi & Pols (2003) and Ivanova et al. (2003), the runaway
mass transfer may lead to the onset of a CE evolution, where
the final outcome is determined by the competition between the
timescale for the onset of spiral-in and the remaining lifetime
before gravitational collapse. In general, the duration of the CE
and spiral-in phase is found to be < 103 yr (e.g., Podsiadlowski
2001), which is long compared to the estimated final life time of
our model of about 10 yr (Jones et al. 2013). Therefore, while
our model may still lose even more helium, the naked star is
expected to undergo iron core collapse and produce a SN Ic (see
Section 3.1 for a discussion of the SN type).

2.1. Final Core Structure

In Figures 3–4 we present the final chemical structure of
our stellar model, whose final mass is 1.50 M⊙. It consists

Figure 5. B-band SN light curves of ultra-stripped SNe Ic from the progenitor
calculation obtained by binary evolution. The different curves correspond to
various combinations of mass cut (Mcut), explosion energy (Eej) and amount
of 56Ni synthesized (MNi). The total bolometric luminosities, Lbol of the four
curves peak in the range 0.4–2.3 × 1042 erg s−1. The data for SN 2005ek is
taken from Drout et al. (2013). The explosion date is arbitrarily chosen to match
the light curve.
(A color version of this figure is available in the online journal.)

of an almost naked metal core of 1.45 M⊙ which is covered
by a helium-rich envelope of only 0.05 M⊙. The Kippenhahn
diagram in Figure 3 shows the interior structure and evolution
(energy production and convection zones) of the 2.9 M⊙ helium
star which undergoes Case BB RLO, and later Case BBB RLO
(RLO re-initiated following shell carbon burning), and leaves
behind a silicon-rich core. Seven carbon burning shells follow
the core carbon burning phase. Oxygen ignites off-center (near
a mass coordinate of m/M⊙ ≃ 0.5) due to an inversion of the
temperature profile produced by neutrino cooling in the inner
core. The convection zone on top of the initial oxygen burning
shell (at log(t∗ − t) ≃ 1.3) reaches out to m/M⊙ ≃ 1.2. Hence,
the final chemical structure of our model (Figure 4) consists of
a thick OMgSi outer core of ∼0.8 M⊙, which is sandwiched
by ONeMg-layers in the inner core (∼0.4 M⊙) and toward the
envelope (0.14 M⊙). This is surrounded by a CO-layer of 0.1 M⊙
and a helium-rich envelope of ∼0.05 M⊙. The total amount of
helium in this envelope is 0.033 M⊙.

The ultra-stripped nature of our model is achieved because
the helium star is forced to lose (almost) its entire envelope in a
very tight orbit where a NS can fit in.

3. OBSERVATIONAL CONSEQUENCES

3.1. SN Light Curves and Spectral Type

We modeled the SN light curve evolution based on the
SN progenitor star presented in Section 2, with SN kinetic
energy, nickel mass and mass cut as free parameters. The light
curve calculations were performed by a one-dimensional multi-
group radiation hydrodynamics code STELLA (e.g., Blinnikov
et al. 2006). Figure 5 shows the obtained B-band light curves.
We applied two mass cuts (Mcut = 1.3 M⊙ and 1.4 M⊙)
to the progenitor star with a corresponding SN ejecta mass
(Mej = M∗ − Mcut) of 0.2 M⊙ and 0.1 M⊙, respectively.

As seen in Figure 5, the calculation assuming a mass cut
of Mcut = 1.3 M⊙, a nickel mass of MNi = 0.05 M⊙ and
a SN explosion energy of Eej = 5 × 1050 erg agrees well
with the extremely rapidly declining Type Ic SN 2005ek
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(Tauris et al. 2013)

SN 2005ek (Ic): Mej ~ 0.3M  , M(56Ni) ~ 0.03M (Drout et al. 2013)

The rate of rapidly decaying SNe is 4%-7% of CC SNe. 
(Drout et al. 2014)

The ratio of ultra-stripped SNe to CC SNe is ~ 0.001 - 0.01. 
(Tauris et al. 2013)
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Figure 16. Comparison between our synthetic spectra at maximum and the
earliest observed spectrum of SN 2002bj (Poznanski et al. 2010).

Figure 17. Comparison between our synthetic spectra at maximum and
the observed spectrum of the SN 2002cx-like SN 2007qd near maximum
(McClelland et al. 2010).

explosion simulations. Thus, the spectral signatures we find in this
study for a particular progenitor model are likely to be generic for
ultrastripped SNe.

A possible major source of diversity in ultrastripped SN proper-
ties that may be caused by differences in their progenitors is their
SN spectral type, which is determined by the ejected helium mass.
In the progenitor model we used in this study, there are 0.03 M⊙
of helium in an ejected mass of 0.15–0.20 M⊙. Although helium
features are not expected to be observed significantly in our model
and we expect the explosion to be an SN Ic (Section 3.3.3), the
helium mass as well as the ejecta mass can change depending on
the initial binary configurations (Tauris et al. 2015). Many progen-
itors are expected to have a helium mass above the critical helium
mass (∼0.1 M⊙; Hachinger et al. 2012) required to observe optical
helium features (Tauris et al. 2015), and thus may be observed as
SNe Ib like SN 2010X.

To summarize, the expected luminosity range of ultrastripped
SNe is similar to that obtained with the model used in this paper.
The diversity in SN ejecta masses caused by different progenitor
systems could lead to diversity in the rise times of ultrastripped
SNe. We indicate the expected location of ultrastripped SNe in the
phase diagram of transients (e.g. Kulkarni 2012) in Fig. 18. It is
likely that there is a smooth transition between ultrastripped SNe
and stripped-envelope SNe. The classical Type Ic SN 1994I, which

Table 2. Ultrastripped SN candidates. An ‘
√

’ or an ‘x’ indicate whether or
not the SN properties match those expected of ultrastripped SNe.

SN LC Velocity Si Ca

SN 2005ek
√ √ √ √

PTF10iuv (Ca-rich gap)
√ √ √ √

SN 2005E (Ca-rich gap)
√

x x
√

SN 2010X
√ √ √ √

SN 2002bj x x x x
SN 2007qd (02cx-like)

√
x

√
?

Figure 18. Characteristics of ultrastripped SNe in the phase-space diagram
of optical transients from Kulkarni (2012).

had an ejecta mass of only 1 M⊙ (e.g. Iwamoto et al. 1994; Sauer
et al. 2006) may be an example of an SN Ic located between typical
stripped-envelope SNe and ultrastripped SNe. Also, the low-mass
Type Ic SN 2007gr (Hunter et al. 2009; Mazzali et al. 2010) may
be an even more extreme case.

5.2 Event rates

Based on our spectral analysis, we have shown that SN 2005ek and
some of the Ca-rich gap transients, as well as SN 2010X, might be
related to ultrastripped SNe. The event rate of rapidly evolving SNe
including SN 2005ek, SN 2010X and SN 2002bj are estimated to
be at least 1–3 per cent of SNe Ia (Drout et al. 2013). The total event
rate of the Ca-rich gap transients is estimated to be at least a few per
cent of SNe Ia (Perets et al. 2010; Kasliwal et al. 2012). Given that a
part of the transients included to estimate the two event rates actually
correspond to ultrastripped SNe, we can roughly estimate that the
event rate for the ultrastripped SNe based on SN observations is at
least a few per cent of SNe Ia. Because the volumetric rates of SNe
Ia and SNe Ib/Ic are similar (e.g. Li et al. 2011), ultrastripped SN
rates are presumed to be at least a few per cent of SNe Ib/Ic. This rate
corresponds to roughly 1 per cent of all core-collapse SNe including
SNe II (Li et al. 2011) and matches the rough event rate estimate by
Tauris et al. (2013, 0.1–1 per cent of core-collapse SNe). Further
observational and theoretical studies to better estimate the event rate
of ultrastripped SNe are encouraged for their better comparison.

5.3 Synergy with GW astronomy

Because ultrastripped SNe are presumed to lead to double-NS sys-
tems, but not all double-NS systems merge within a Hubble time,
the observed rate of ultrastripped SNe is expected to be larger than

MNRAS 466, 2085–2098 (2017)
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Similarity to electron-capture SNe
Ultra-stripped SNe having a small CO core

Weak explosion and small ejecta mass
(Suwa, TY et al. 2015)

A possibility of the nucleosynthesis similar to EC SNe

Ultra-stripped SNe could be a site of light trans-iron elements.

The Astrophysical Journal Letters, 726:L15 (4pp), 2011 January 10 Wanajo, Janka, & Müller

Figure 1. Snapshot of the convective region of the 2D simulation of an ECSN
at 262 ms after core bounce with entropy per nucleon (s; left) and Ye (right).
Mushroom-shaped lumps of low-Ye matter are ejected during the early phase of
the explosion.
(A color version of this figure is available in the online journal.)

expands continuously, and a neutrino-powered explosion sets in
at t ∼ 100 ms p.b. in 1D and 2D essentially in the same way
and with a very similar energy (∼1050 erg; Janka et al. 2008).

In the multi-dimensional case, however, the negative entropy
profile created by neutrino heating around the PNS leads to a
short phase of convective overturn, in which accretion down-
flows deleptonize strongly, are neutrino heated near the neu-
trinosphere, and rise again quickly, accelerated by buoyancy
forces. Thus n-rich matter with modest entropies per nucleon
(s ∼ 13–15kB; kB is Boltzmann’s constant) gets ejected in
mushroom-shaped structures typical of Rayleigh–Taylor insta-
bility. Figure 1 displays the situation 262 ms after bounce when
the pattern is frozen in and self-similarly expanding.

As a consequence, the mass distribution of the ejecta in the
2D model extends down to Ye,min as low as ∼0.4, which is
significantly more n-rich than in the corresponding 1D case
(Y 1D

e,min ∼ 0.47).3 Figure 2 shows the Ye-histograms at the end of
the simulations. The total ejecta masses are 1.39×10−2 M⊙ for
the 1D model and 1.14 × 10−2 M⊙ in 2D, where the difference
is partly due to the different simulation times, being ∼800 ms
and ∼400 ms, respectively (core bounce occurs at ∼50 ms).
However, the ejecta after ∼250 ms p.b. are only proton-rich,
contributing merely to the Ye > 0.5 side in Figure 2.

3. NUCLEOSYNTHESIS FOR THE ECSN MODEL

The nucleosynthetic yields are obtained with the reaction
network code (including neutrino interactions) described in
Wanajo et al. (2009). Using thermodynamic trajectories directly
from the 2D ECSN model, the calculations are started when
the temperature decreases to 9 × 109 K, assuming initially
free protons and neutrons with mass fractions Ye and 1 − Ye,
respectively. The final abundances for all isotopes are obtained
by mass integration over all 2000 marker particles.

The resulting elemental mass fractions relative to solar values
(Lodders 2003), or the production factors, are shown in Figure 3

3 Note that the exact lower bound of the mass distribution versus Ye in the 1D
case is highly sensitive to details of the neutrino transport, e.g., the number and
interpolation of grid points in energy space. In a recent simulation with
improved spectral resolution, Hüdepohl et al. (2010) obtained Ye,min = 0.487.
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(A color version of this figure is available in the online journal.)

(red) compared to the 1D case (blue) from Wanajo et al. (2009).
The “normalization band” between the maximum (367 for Sr)
and a tenth of that is indicated in yellow with the medium marked
by a dotted line. The total ejecta mass is taken to be the sum
of the ejected mass from the core and the outer H/He-envelope
(= 8.8 M⊙–1.38 M⊙ + 0.0114 M⊙ = 7.43 M⊙). Note that
the N = 50 species, 86Kr, 87Rb, 88Sr, and 90Zr, have the largest
production factors for isotopes with values of 610, 414, 442,
and 564, respectively.

As discussed by Wanajo et al. (2009), in the 1D case only
Zn and Zr are on the normalization band, although some light
p-nuclei (up to 92Mo) can be sizably produced. In contrast, we
find that all elements between Zn and Zr, except for Ga, fall
into this band in the 2D case (Ge is marginal), although all
others are almost equally produced in 1D and 2D. This suggests
ECSNe to be likely sources of Zn, Ge, As, Se, Br, Kr, Rb, Sr,
Y, and Zr in the Galaxy. Note that the origin of these elements
is not fully understood, although Sr, Y, and Zr in the solar
system are considered to be dominantly made by the s-process.
The ejected masses of 56Ni (→56Fe; 3.0 × 10−3 M⊙) and all Fe
(3.1×10−3 M⊙) are the same as in the 1D case (2.5×10−3 M⊙;
Wanajo et al. 2009).
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Small 56Ni amount
Production of light trans-iron 
elements from n-rich matter

(Wanajo et al. 2011)

Nucleosynthesis in EC SNe

Takashi Yoshida, March 19, 2018, Waseda University

(0.404 < Ye,  < 0.55)
Electron fraction: Ye

(Wanajo et al. 2011)
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Nucleosynthesis in ultra-stripped Type Ic SNe

Production of trans-iron elements
We investigate the nucleosynthesis in ultra-stripped Type Ic SNe.
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56Ni amount and light curve

Stellar evolution of 1.45 and 1.5 M  CO stars (CO145 and CO15)

2D ν-radiation hydrodynamics simulation of SN explosions for 1.3 s

Postprocessing nucleosynthesis of ~10,000 traced fluid particles of 
SN ejecta using a nuclear reaction network of 1651 nuclei up to Ce

(Suwa, TY et al. 2015)
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Ejected mass distribution
Ejected mass distribution about Ye at the initial time of 
the nucleosynthesis calculation2 T. Yoshida et al.

Table 1. Properties of the ultra-stripped SN models.

Model CO145 CO15

Progenitor mass (M⊙) 1.45 1.50
Mass in the computational domain (M⊙) 1.43 1.48
Final time of the calculation (s) 1.328 1.304
Explosion energy (1051 erg) 0.170 0.118
Ejecta mass (M⊙) 0.0980 0.1121
Remnant baryon mass (M⊙) 1.35 1.39
Remnant gravitational mass (M⊙) 1.24 1.27

stars (e.g., Woosley et al. 1980; Nomoto & Hashimoto 1988;
Umeda et al. 2012; Woosley & Heger 2015). If the initial
mass range of these stars is not narrow, the product com-
position of the SNe evolved from them would contribute to
the Galactic chemical evolution.

In this paper, we investigate the explosive nucleosynthe-
sis occurred in ultra-stripped Type Ic SNe evolved from 1.45
and 1.5 M⊙ CO stars. We pursue two dimensional neutrino-
radiation hydrodynamics simulations of the SN explosions
of these stars for longer periods than Suwa et al. (2015).
Then, we calculate detailed explosive nucleosynthesis in the
ejecta. We organize this paper as follows. In Section 2, we
explain ultra-stripped Type Ic SN models evolved from the
CO stars. In Section 3, we explain our nucleosynthesis cal-
culation. Then, we show the results of detailed explosive
nucleosynthesis of the SNe. We pay attention to 56Ni yield
and the abundances of the 1st peak r-process elements and
some neutron-rich nuclei. In Section 4, we estimate the light
curves of the ultra-stripped SNe and discuss their observa-
tional constraints. Then, we discuss uncertainties in heavy
element abundance evaluated in this study. We also dis-
cuss the contribution of the r-process in ultra-stripped SNe
and weak SNe evolved from single massive stars forming a
light CO core to the solar-system composition and Galac-
tic chemical evolution. We conclude this study in Section
5. In appendix, we discuss the explosive nucleosynthesis in
an electron-capture (EC) SN. The explosion of an ECSN is
calculated using the same method of the explosion calcula-
tions of ultra-stripped SNe to see systematic differences in
explosion models.

2 ULTRA-STRIPPED TYPE IC SN MODELS

First, we perform longer simulations of ultra-stripped SNe
evolved from 1.45 and 1.5 M⊙ CO stars, i.e., CO145
and CO15 models from Suwa et al. (2015). We follow
the post bounce phase for 1.3 second. We use a two-
dimensional neutrino-radiation hydrodynamics code of Suwa
et al. (2010). Basic features are the same as Suwa et al.
(2015), but the equatorial symmetry is additionally imposed
to save computational time. Then, we pursue thermal evolu-
tion (i.e. temperature, density, radius, and electron fraction)
of the SN ejecta using a particle tracer method. Properties of
the explosions of the ultra-stripped SN models are summa-
rized in Table 1. We obtain weak explosions with the explo-
sion energy ∼ 1050 erg and small ejecta mass with <∼0.1 M⊙.
We assume that the materials outside the computational do-
main of the hydrodynamics calculations are ejected and that
they did not suffer strong explosive nucleosynthesis.
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and black lines denote the results for CO145 and CO15 models,
respectively. The vertical axis denotes the ejected mass in units
of 10−3 M⊙ within each Ye range of which width is 0.05. The mass
in Ye = 0.495–0.50 is 6.3×10−2 and 7.8×10−2 M⊙ for CO145 and
CO15 models, respectively, which is out of scale of this figure.

The SN ejecta have wide distributions of the electron
fraction Ye. Figure 1 shows the ejected mass as a function of
the electron fraction at the time when the nucleosynthesis
calculation starts (see §2). The electron fraction in the ejecta
is distributed in 0.360 ≤ Ye ≤ 0.508 and 0.361 ≤ Ye ≤ 0.503 in
CO145 and CO15 models, respectively.

The SN ejecta consist of shock-heated materials and
neutrino-irradiated winds. In our models, slightly less than
half of the ejecta are shock-heated materials. They do not
experience electron captures and their electron fraction is
about 0.5. Their temperature rises at most to ∼ 1010 K. The
mass of the shock-heated ejecta having Ye in the range of
0.495 < Ye ≤ 0.5 is 6.3× 10−2 and 7.8× 10−2 M⊙ for CO145
and CO15 models, respectively. In the ejecta, the mass of
the fluid components for which temperature becomes higher
than 5× 109 K is 1.1× 10−2 and 5.6× 10−3 M⊙ for CO145
and CO15 models. The main product of these components is
56Ni, generated through the explosive Si burning. The other
component (with the maximum temperature lower than 5×
109 K) contains O, Ne, and other intermediate elements.

The other ejecta are generated through neutrino-
irradiated winds stripped from the surface of a proto-neutron
star. They experience a high temperature (> 1010 K) state
and have a variety of the electron fraction depending on
the neutrino irradiation. The electron fraction of the winds
is distributed mainly in the range between 0.36 and 0.45.
The mass of the ejecta with Ye > 0.45 is smaller than more
neutron-rich ejecta. Proton-rich materials are hardly ejected.

Since the Ye distributions depend on numerical methods
and there have been no works investigating nucleosynthesis
on ultra-stripped SNe, we also perform simulation of an EC
SN to compare our results with Wanajo et al. (2011). The
nucleosynthesis result of the ECSN is shown in Appendix.

MNRAS 000, 1–10 (2016)

Ye = ne / (np + nn) = np / (np + nn) 

The Ye range 0.36 < Ye < 0.505
 for CO145 and CO15 models

_ _

We will discuss the uncertainty in the Ye range later.

Takashi Yoshida, March 19, 2018, Waseda University
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Figure 3. Abundance ratios of elements in the ejecta of ultra-
stripped Type Ic SN to the solar abundance. The red and black
lines denote the ratios of CO145 and CO15 models, respectively.
The dashed lines denote the maximum ratios and the ratios of
the 10% of the maximum ratios.

position. Figure 3 shows the elemental abundance ratios to
the solar-system composition. The elemental abundance ra-
tio means that the ratio of the abundance in the SN ejecta
to the normalized solar abundance in Asplund et al. (2009)
for each element. The 1st peak r-elements such as As–Sr in-
dicate large abundance ratios, more than 10% of the largest
abundance ratio. The element of the largest abundance ra-
tio is Br. The ratios of heavier elements Y–Rh are smaller
than the above elements but the ratios are still larger than
other elements. Se, Br, and Kr are mainly produced in the
ejecta of Ye ∼ 0.36–0.43. On the other hand, Sr, Y, and Zr
are produced in Ye ∼ 0.36–0.38 as well as 0.42–0.46. Small
ejection of Ye <∼0.44 materials deduce a less contribution of
the latter elements. Thus, light r-elements around the 1st
peak produced in ultra-stripped SNe may contribute to the
solar system abundance and the Galactic chemical evolu-
tion. More details of the Ye dependence of the synthesis of
the 1st peak r-elements will be discussed in §4.2.

Figure 4 shows the isotopic abundance ratios to the
solar-system composition in CO145 and CO15 models. The
isotopic abundances in the solar composition are adopted
from Lodders et al. (2009). Yields of some isotopes are also
listed in Table 3. The isotopes of A ∼ 70–100 indicate large
abundance ratios.We also see large ratios of 48Ca and 50Ti.
The obtained ratio of 48Ca is similar to ECSN. Although
it has been shown that 48Ca is produced in low-entropy
neutron-rich (Ye ∼ 0.42) expansions (Meyer et al. 1996), the
origin of 48Ca has not been clarified. A possibility of the
production in neutron-rich ejecta of SNe Ia was proposed in
Woosley (1997). ECSN has been pointed out as a possible
site of 48Ca (Wanajo et al. 2013). For radioactive elements,
the yields of 26Al and 60Fe are larger than those produced in
each ECSN and core-collapse SN (Wanajo et al. 2013b). We
expect that these isotopes are also produced in core-collapse
SNe evolved from light CO cores. Ultra-stripped SNe and
core-collapse SNe evolved from light CO cores are possible
sites of 48Ca, 50Ti as well as radioactive isotopes 26Al and
60Fe.
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Figure 4. Abundance ratios of isotopes in the ejecta of CO145
(panel (a)) and CO15 (panel (b)) models to the solar abundance.
The red and black lines correspond to odd-Z and even-Z nuclei.
The green hatched region denotes the range of the abundance
ratio more than 10% of the maximum ratio.

4 DISCUSSION

4.1 Light curves of ultra-stripped SNe

We estimate light curves of ultra-stripped SNe of CO145
and CO15 models using the analytic solution shown in Ar-
nett (1982). The energy generation rates of 56Ni and 56Co
are adopted from Nadyozhin (1994). We use the deposition
factor of 56Co as DCo = 0.968D(τγ )+0.032D(355τγ ), where τγ
is the optical depth of γ-rays, to take into account both the
γ-rays energy release and the positron kinetic energy release
(Nadyozhin 1994; Colgate et al. 1997). We adopt κ = 0.1 cm2

g−1 for the opacity of the SN ejecta. We include the effect of
gamma-ray leakage approximately using the deposition func-
tion as shown in Arnett (1982) (see also Colgate et al. 1980).
The corresponding gamma-ray opacity is κγ = 0.03 cm2 g−1.
We consider the energy release by the radioactive decays of
intermediate and heavy elements. We are not sure the frac-
tions of the energy deposition by gamma-rays and positrons
from their radioactive decays. Hence, we assume the energy
deposition fractions by gamma-rays and positrons as 0.5 for
simplicity.

Figure 5 shows the light curves of these SNe. For com-
parison, we also show the light curve of a fast decaying Type
Ic SN 2005ek, of which ejecta mass and 56Ni mass are esti-
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Figure 3. Abundance ratios of elements in the ejecta of ultra-
stripped Type Ic SN to the solar abundance. The red and black
lines denote the ratios of CO145 and CO15 models, respectively.
The dashed lines denote the maximum ratios and the ratios of
the 10% of the maximum ratios.

position. Figure 3 shows the elemental abundance ratios to
the solar-system composition. The elemental abundance ra-
tio means that the ratio of the abundance in the SN ejecta
to the normalized solar abundance in Asplund et al. (2009)
for each element. The 1st peak r-elements such as As–Sr in-
dicate large abundance ratios, more than 10% of the largest
abundance ratio. The element of the largest abundance ra-
tio is Br. The ratios of heavier elements Y–Rh are smaller
than the above elements but the ratios are still larger than
other elements. Se, Br, and Kr are mainly produced in the
ejecta of Ye ∼ 0.36–0.43. On the other hand, Sr, Y, and Zr
are produced in Ye ∼ 0.36–0.38 as well as 0.42–0.46. Small
ejection of Ye <∼0.44 materials deduce a less contribution of
the latter elements. Thus, light r-elements around the 1st
peak produced in ultra-stripped SNe may contribute to the
solar system abundance and the Galactic chemical evolu-
tion. More details of the Ye dependence of the synthesis of
the 1st peak r-elements will be discussed in §4.2.

Figure 4 shows the isotopic abundance ratios to the
solar-system composition in CO145 and CO15 models. The
isotopic abundances in the solar composition are adopted
from Lodders et al. (2009). Yields of some isotopes are also
listed in Table 3. The isotopes of A ∼ 70–100 indicate large
abundance ratios.We also see large ratios of 48Ca and 50Ti.
The obtained ratio of 48Ca is similar to ECSN. Although
it has been shown that 48Ca is produced in low-entropy
neutron-rich (Ye ∼ 0.42) expansions (Meyer et al. 1996), the
origin of 48Ca has not been clarified. A possibility of the
production in neutron-rich ejecta of SNe Ia was proposed in
Woosley (1997). ECSN has been pointed out as a possible
site of 48Ca (Wanajo et al. 2013). For radioactive elements,
the yields of 26Al and 60Fe are larger than those produced in
each ECSN and core-collapse SN (Wanajo et al. 2013b). We
expect that these isotopes are also produced in core-collapse
SNe evolved from light CO cores. Ultra-stripped SNe and
core-collapse SNe evolved from light CO cores are possible
sites of 48Ca, 50Ti as well as radioactive isotopes 26Al and
60Fe.
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Figure 4. Abundance ratios of isotopes in the ejecta of CO145
(panel (a)) and CO15 (panel (b)) models to the solar abundance.
The red and black lines correspond to odd-Z and even-Z nuclei.
The green hatched region denotes the range of the abundance
ratio more than 10% of the maximum ratio.

4 DISCUSSION

4.1 Light curves of ultra-stripped SNe

We estimate light curves of ultra-stripped SNe of CO145
and CO15 models using the analytic solution shown in Ar-
nett (1982). The energy generation rates of 56Ni and 56Co
are adopted from Nadyozhin (1994). We use the deposition
factor of 56Co as DCo = 0.968D(τγ )+0.032D(355τγ ), where τγ
is the optical depth of γ-rays, to take into account both the
γ-rays energy release and the positron kinetic energy release
(Nadyozhin 1994; Colgate et al. 1997). We adopt κ = 0.1 cm2

g−1 for the opacity of the SN ejecta. We include the effect of
gamma-ray leakage approximately using the deposition func-
tion as shown in Arnett (1982) (see also Colgate et al. 1980).
The corresponding gamma-ray opacity is κγ = 0.03 cm2 g−1.
We consider the energy release by the radioactive decays of
intermediate and heavy elements. We are not sure the frac-
tions of the energy deposition by gamma-rays and positrons
from their radioactive decays. Hence, we assume the energy
deposition fractions by gamma-rays and positrons as 0.5 for
simplicity.

Figure 5 shows the light curves of these SNe. For com-
parison, we also show the light curve of a fast decaying Type
Ic SN 2005ek, of which ejecta mass and 56Ni mass are esti-
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Large abundance ratios to the solar composition are shown for 
light tran-iron elements.

The abundance ratios of the SN ejecta to the solar composition
Y(Z)/Ysolar(Z); Y(AZ)/Ysolar(AZ)

Takashi Yoshida, March 19, 2018, Waseda University
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Figure 3. Binned distribution of the electron fraction Ye in the early ejecta
for di↵erent explosion models of a 9.6M� star 270 ms after bounce. The
plots show the relative contribution �Mej/Mej to the total mass of (shocked)
ejecta in bins with �Ye = 0.01. The upper panel shows the Ye-distribution
for the 2D model of Janka et al. (2012) computed using the Vertex-
CoCoNuT code (Müller et al. 2010). The bottom panel illustrates the e↵ect
of stochastic variations and dimensionality using several 2D models (thin
lines) and a 3D model computed with the CoCoNuT-FMT code Müller &
Janka (2015) (thick lines). Note that the dispersion in Ye in the early ejecta
is similar for both codes, though the average Ye in the early ejecta is spu-
riously low when less accurate neutrino transport is used (FMT instead of
Vertex). The bottom panel is therefore only intended to show di↵erential
e↵ects between di↵erent models, and is not a prediction of the absolute value
of Ye. It suggests that i) stochastic variations do not strongly a↵ect the dis-
tribution of Ye in the ejecta, and that ii) the resulting distribution of Ye in
2D and 3D is relatively similar.

patible with chemogalactic evolution if ECSNe were rare
events occurring at a rate no larger than once per 3,000 years.

The low Ye-values in the early ejecta stem from the ejec-
tion of matter at relatively high velocities in the wake of the
fast-expanding shock. In slow outflows, neutrino absorption
on neutrons and protons drives Ye to an equilibrium value
that is set by the electron neutrino and antineutrino lumi-
nosities L⌫e and L⌫̄e , the “e↵ective” mean energies3 "⌫e and
"⌫̄e , and the proton-neutron mass di↵erence � = 1.293 MeV

3✏ is given in terms of the mean-square hE2i and the mean energy hEi, as
✏ = hE2i/hEi. Tamborra et al. (2012) can be consulted for the ratio of the
di↵erent energy moments during various evolutionary phases.

as follows (Qian & Woosley 1996),

Ye ⇡
"
1 +

L⌫̄e ("⌫̄e � 2�)
L⌫e ("⌫e + 2�)

#�1

. (5)

For the relatively similar electron neutrino and antineutrino
luminosities and a small di↵erence in the mean energies of
2 . . . 3 MeV in modern simulations, one typically finds an
asymptotic value of Ye > 0.5, i.e. proton-rich conditions. To
obtain low Ye < 0.5 in the ejecta, neutrino absorption re-
actions need to freeze out at a high density (small radius)
when the equilibrium between the reactions n(⌫e, e�)p and
p(⌫e, e+)n is still skewed towards low Ye due to electron
captures p(e�, ⌫e)n on protons. Neglecting the di↵erence be-
tween arithmetic, quadratic, and cubic neutrino mean ener-
gies and assuming a roughly equal contribution of n(⌫e, e�)p
and p(⌫̄e, e+)n to the neutrino heating, one can estimate
that freeze-out roughly occurs when (cp. Eq. 81 in Qian &
Woosley 1996),

vr

r
⇡ 2mNq̇⌫

E⌫e + E⌫̄e
, (6)

where mN is the nucleon mass, q̇⌫ is the mass-specific neu-
trino heating rate, r is the radius and vr is the radial veloc-
ity. Since q̇⌫ / r�2, freeze-out will occur at smaller r, higher
density, and smaller Ye for higher ejection velocity.

2.2.2 Multi-D E↵ects and the Composition of the Early
Ejecta

Since high ejection velocities translate into lower Ye, the
Rayleigh-Taylor plumes in 2D simulations of ECSNe (Fig-
ure 2 in Wanajo et al. 2011) and explosions of low-mass iron
cores (Figure 2) contain material with even lower Ye than
found in 1D ECSN models. Values of Ye as low as 0.404 are
found in Wanajo et al. (2011).

Surprisingly, Wanajo et al. (2011) found that the neutron-
rich plumes did not aggravate the problematic overproduc-
tion of N = 50 nuclei in their 2D ECSN model. This is due to
the fact that the entropy in the neutron-rich lumps is actually
smaller than in 1D4 (but higher than in the ambient medium),
which changes the character of the nucleosynthesis by re-
ducing the ↵-fraction at freeze-out from nuclear statistical
equilibrium (NSE). The result is an interesting production
of trans-iron elements between Zn and Zr for the progenitor
of Nomoto (1984, 1987); the production factors are consis-
tent with current rate estimates for ECSNe of about 4% of
all supernovae (Poelarends et al. 2008). Subsequent studies
showed that neutron-rich lumps in the early ejecta of ECSNe
could contribute a sizeable fraction to the live 60Fe in the
Galaxy (Wanajo et al. 2013b), and might be production sites
for some other rare isotopes of obscure origin, such as 48Ca
(Wanajo et al. 2013a). Due to the similar explosion dynam-
ics, low-mass iron-core progenitors exhibit rather similar nu-

4The dynamical reasons for this di↵erence between 1D and multi-D mod-
els have yet to be investigated. Conceivably shorter exposure to neutrino
heating in 2D due to faster expansion (which is responsible for the lower
Ye) also decreases the final entropy of the ejecta.

PASA (2016)
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lines) and a 3D model computed with the CoCoNuT-FMT code Müller &
Janka (2015) (thick lines). Note that the dispersion in Ye in the early ejecta
is similar for both codes, though the average Ye in the early ejecta is spu-
riously low when less accurate neutrino transport is used (FMT instead of
Vertex). The bottom panel is therefore only intended to show di↵erential
e↵ects between di↵erent models, and is not a prediction of the absolute value
of Ye. It suggests that i) stochastic variations do not strongly a↵ect the dis-
tribution of Ye in the ejecta, and that ii) the resulting distribution of Ye in
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patible with chemogalactic evolution if ECSNe were rare
events occurring at a rate no larger than once per 3,000 years.

The low Ye-values in the early ejecta stem from the ejec-
tion of matter at relatively high velocities in the wake of the
fast-expanding shock. In slow outflows, neutrino absorption
on neutrons and protons drives Ye to an equilibrium value
that is set by the electron neutrino and antineutrino lumi-
nosities L⌫e and L⌫̄e , the “e↵ective” mean energies3 "⌫e and
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For the relatively similar electron neutrino and antineutrino
luminosities and a small di↵erence in the mean energies of
2 . . . 3 MeV in modern simulations, one typically finds an
asymptotic value of Ye > 0.5, i.e. proton-rich conditions. To
obtain low Ye < 0.5 in the ejecta, neutrino absorption re-
actions need to freeze out at a high density (small radius)
when the equilibrium between the reactions n(⌫e, e�)p and
p(⌫e, e+)n is still skewed towards low Ye due to electron
captures p(e�, ⌫e)n on protons. Neglecting the di↵erence be-
tween arithmetic, quadratic, and cubic neutrino mean ener-
gies and assuming a roughly equal contribution of n(⌫e, e�)p
and p(⌫̄e, e+)n to the neutrino heating, one can estimate
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where mN is the nucleon mass, q̇⌫ is the mass-specific neu-
trino heating rate, r is the radius and vr is the radial veloc-
ity. Since q̇⌫ / r�2, freeze-out will occur at smaller r, higher
density, and smaller Ye for higher ejection velocity.

2.2.2 Multi-D E↵ects and the Composition of the Early
Ejecta

Since high ejection velocities translate into lower Ye, the
Rayleigh-Taylor plumes in 2D simulations of ECSNe (Fig-
ure 2 in Wanajo et al. 2011) and explosions of low-mass iron
cores (Figure 2) contain material with even lower Ye than
found in 1D ECSN models. Values of Ye as low as 0.404 are
found in Wanajo et al. (2011).

Surprisingly, Wanajo et al. (2011) found that the neutron-
rich plumes did not aggravate the problematic overproduc-
tion of N = 50 nuclei in their 2D ECSN model. This is due to
the fact that the entropy in the neutron-rich lumps is actually
smaller than in 1D4 (but higher than in the ambient medium),
which changes the character of the nucleosynthesis by re-
ducing the ↵-fraction at freeze-out from nuclear statistical
equilibrium (NSE). The result is an interesting production
of trans-iron elements between Zn and Zr for the progenitor
of Nomoto (1984, 1987); the production factors are consis-
tent with current rate estimates for ECSNe of about 4% of
all supernovae (Poelarends et al. 2008). Subsequent studies
showed that neutron-rich lumps in the early ejecta of ECSNe
could contribute a sizeable fraction to the live 60Fe in the
Galaxy (Wanajo et al. 2013b), and might be production sites
for some other rare isotopes of obscure origin, such as 48Ca
(Wanajo et al. 2013a). Due to the similar explosion dynam-
ics, low-mass iron-core progenitors exhibit rather similar nu-

4The dynamical reasons for this di↵erence between 1D and multi-D mod-
els have yet to be investigated. Conceivably shorter exposure to neutrino
heating in 2D due to faster expansion (which is responsible for the lower
Ye) also decreases the final entropy of the ejecta.
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Uncertainty in ejected mass distribution on Ye 

Systematic differences by neutrino transport treatments
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Ye distribution also depends on microphysics (e.g. Roberts et al. 2012)
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Figure 7. Same as Fig. 1, but for the modified Ye cases of CO145
model. Red, blue, and black lines denote CO145-Ye-W, CO145-
Ye-B, and unmodified CO145 models, respectively.

time of the luminosity from these elements is about four and
eight days in CO145 and CO15 models, respectively. The
difference of the contribution from these elements is mainly
due to the difference in the 56Ni yield.

Recently, a variety of fast decaying SNe have been found
in survey programs for transient objects. Sub-luminous SNe
have also been observed in Types Ia and Ib/c SNe (e.g.
Foley et al. 2013; Drout et al. 2014). Some of sub-luminous
fast decaying SNe could be ultra-stripped SNe. These ob-
served SNe showed spectral features different from normal
Types Ia and Ib/c SNe. The ejecta of the ultra-stripped SNe
in our models indicate a larger abundance ratio of intermedi-
ate elements to oxygen compared to more massive CO cores.
These compositional differences could give distinctive spec-
tra features. Identification of ultra-stripped SNe from Type
I SNe is important for the evaluation of the ultra-stripped
SN rate. Future observations of ultra-stripped SNe could
constrain the rates of ultra-stripped SNe.

We note, as pointed out in Suwa et al. (2015), that it
is safe to consider that our results give a lower limit of
the explosion energy of an ultra-stripped SN. In the case
of stronger explosion of the ultra-stripped SN, the ejected
56Ni mass could be larger. If so, ultra-stripped SNe could be
observed as fast decaying SNe like Type Ic SN 2005ek. We
also note that the 56Ni mass would be underestimated be-
cause of the missing proton-rich component in the neutrino-
irradiated ejecta. This will be discussed in §4.2.

4.2 Uncertainties of the yield of light trans-iron
elements in ultra-stripped SN models

We obtained light trans-iron elements in the ultra-stripped
SN models. However, the production efficiency of the ele-
ments depends on the Ye distribution of the SN ejecta, which
also depends on detailed treatment of neutrino transport. In-
deed, Müller (2016) showed that an approximate treatment
of neutrino transport introduces a broader Ye distribution
compared to a more stringent model including sophisticated
microphysics. On the other hand, an update of code can even
lead to a smaller Ye distribution. For instance, an ECSN sim-

ulation performed by Garching group with an updated code
showed a smaller minimum value of Ye (0.34) than the previ-
ous result (0.404; Wanajo et al. 2011) (Janka 2016, private
communication1). Therefore, it is turned out that Ye distri-
bution is rather sensitive to the detailed treatment of micro-
physics, including neutrino transfer method. To assess the
uncertainties originated from the difference of codes, we per-
form numerical simulations of an ECSN with our code used
in the simulations of the ultra-stripped SNe and carry out a
simulation of the explosive nucleosynthesis. We compare the
ECSN yield with the result in Wanajo et al. (2011) and find
that more neutron-rich materials are ejected in our model
(see Appendix A).

To study the uncertainties of the yield of trans-iron el-
ements more systematically, we here additionally consider
two different ways of the modification of the Ye distributions
of CO145 model. As the first way, we consider three cases
of the Ye distributions by increasing the minimum Ye value.
We refer to the three models as Ye040, Ye042, and Ye044
models. YeXXX indicates that the minimum Ye value in the
corresponding model, Ye,min, is X .XX . We modify the Ye val-
ues of the tracer particles by

Ye,mod =
0.50−Ye,min

0.14
(Ye −0.36)+Ye,min (2)

for Ye ≤ 0.5 in each model.
As the second way, we consider two cases of the Ye dis-

tributions based on Wanajo et al. (2011) and Buras et al.
(2006), in which the Ye distributions of ECSN and 15 M⊙
CCSN models are shown respectively. In the ECSN model,
the Ye value of the ejecta distributes between 0.404 and 0.54
(Fig. 2 in Wanajo et al. 2011). The peak of the ejecta mass
is at Ye ∼ 0.48. In the 15 M⊙ CCSN model, the Ye value
of the ejecta distributes between 0.470 and 0.555 (Fig. 41
in Buras et al. 2006). The ejecta mass in each Ye-bin with
∆Ye = 0.005 varies in the range of 10−4–0.01 M⊙ and the peak
is located at Ye ∼ 0.50. We refer to the former and the latter
models as Ye-W and Ye-B models, respectively. We con-
struct two modified Ye models having similar Ye distribution
of these two models as follows. First, we pick up tracer parti-
cles in the neutrino-irradiated ejecta and calculate the mass
fraction to the total mass of the neutrino-irradiated ejecta
for each particle. Next, we set the particles in the increment
order of Ye. We calculate the cumulative mass fraction cM as
a function of Ye for each particle. Then, we set the modified
Ye values using the following equations

Ye,mod =

{
0.48+0.04log10(1.73cM +0.01) for cM ≤ 4/7
0.48−0.06log10(2.31(1− cM)+0.01) for cM ≥ 4/7

(3)

for Ye-W model and

Ye,mod =

{
0.5+0.015log10(2.64cM +0.01) for cM ≤ 0.375
0.5−0.025log10(1.58(1− cM)+0.01) for cM ≥ 0.375

(4)

for Ye-B model. The obtained Ye distribution is shown in
Figure 7. The mass fraction of the particles of Ye > 0.5 in
the neutrino-irradiated ejecta is 0.09 and 0.63 for Ye-W and

1 see also http://www2.yukawa.kyoto-u.ac.jp/~npcsm
/conference/slides/01Tue/Janka.pdf
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CO145
Ye-W
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(Wanajo et al. 2011)

(Buras et al. 2006)



Ye-B model

Ye-W model

M(56Ni) = 2.9×10-2 M  

Ga-Zr are produced

Ye-W
Ye-B

Zr is the largest ratio in light trans-iron elements

Ye modification

M(Z>30) =
0.01 M   (CO145)
3.0×10-4 M   (Ye-W)
1.1×10-6 M   (Ye-B)

Contribution to the iron-peak elements in the solar composition

Sc is produced in p-rich ejecta. (Pruet et al. 2006; Fröhlich et al. 2006)

Takashi Yoshida, March 19, 2018, Waseda University



Light curves of modified Ye models

The peak magnitude is ~ -16.5 for CO145 Ye-B model. 

Light curves are evaluated using 
the  analytical  solution  shown in 
Arnett (1982).

M(56Ni) = 9.7×10-3 M  (CO145)
              = 5.7×10-3 M  (CO15)
              = 2.9×10-2 M  (Ye-B)

The peak value is close to SN 2005ek.

Ye distribution in neutrino-irradiated ejecta is also important
for light curve.

Takashi Yoshida, March 19, 2018, Waseda University



Nucleosynthesis of ultra-stripped Type Ic SNe

Summary

Uncertainties in the Ye distribution of the SN ejecta

Explosions of the ultra-stripped SNe

Light trans-iron elements are produced in neutrino-irradiated ejecta

Yield and abundance distribution of light trans-iron elements

1.45 and 1.5 M  CO star progenitors

Weak explosion (E ~ 1050 ergs)
Small ejecta mass (Mej ~ 0.1 M  ) and 56Ni yield (< 0.01 M  )

Produced in mildly neutron-rich materials (Ye > 0.36)

Rapidly-decaying faint light curve

Magnitude of  light curve through 56Ni yield

Takashi Yoshida, March 19, 2018, Waseda University

TY et al. (2017): Mon. Not. R. Astron. Soc. 471, 4275


