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Ultra-stripped SNe relating to NS mergers

Ultra-stripped supernova (SN)
The progenitors have been stripped more than what is 
possible with a non-degenerate companion.

Neutron star (NS) mergers will be observed by Advanced LIGO, VIRGO, 
and KAGRA soon!

Neutron star mergers
A promising site of r-process nucleosynthesis

(e.g., Wanajo et al. 2014; Just et al. 2015; Goriely et al. 2015)

A fate of massive star binary systems

A generation site of binary neutron stars

SN containing envelope masses < 0.2 M   and having a compact 
star companion

(Tauris et al. 2015)

~
(Yoon et al. 2010; Tauris et al. 2015)
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Rapidly decaying optical transients

A candidate of faint and rapidly decaying optical transients 

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

Ultra-stripped SNe
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Figure 7. UV through IR spectral energy distribution of SN 2005ek at three days
post-maximum. Upper limits are indicated as triangles and bandpass shapes are
shown in the lower panel. The best-fitting 7000 K blackbody is shown as a
red line.
(A color version of this figure is available in the online journal.)

3.5. Pseudo-bolometric Light Curve

To construct a pseudo-bolometric light curve we sum our
observed BVRIJHK data by means of a trapezoidal interpolation
and attach a blackbody tail with a temperature and radius found
by fitting a Planck function to the data. For epochs where we
do not possess JHK data we add a factor to our summed BVRI
data such that the total IR contribution ranges from !20% near
maximum to !40% at the end of our observations (Valenti et al.
2007). We do not include a UV correction as our Swift UV
observations contain only upper limits. Using this method, we
find a peak bolometric luminosity of (1.2 ± 0.2) " 1042 erg s#1

and a total radiated energy between #1 and +16 days of
(8.2 ± 0.3) " 1047 erg.

We also use the r $-band detection at +38 days and the
i $-band detection at +68 days to place constraints on the late-
time pseudo-bolometric evolution of SN 2005ek. First, we sum
the observed flux at each epoch over the width of the appropriate
filter to yield estimates for the minimum bolometric luminosity
at +38 and +68 days. Second, by comparing the luminosity
contained in our P200 r $i $-band observations at +15 days to
our inferred bolometric luminosity at that epoch, we find that
at +15 days the r $ and i $ bands contained !15% and !14%
of the bolometric luminosity, respectively. We use this fact to
estimate a maximum pseudo-bolometric luminosity at +38 and
+68 days under the assumption that the r $ and i $ contributions
to the total luminosity will continue to increase. The true
bolometric luminosity likely lies closer to the higher of these
two constraints.

In Figure 8 we plot our pseudo-bolometric light curve of
SN 2005ek (red stars) along with the pseudo-bolometric light
curves of SN 1994I (Richmond et al. 1996), SN 2008ha (Moriya
et al. 2010), SN 2002bj (Poznanski et al. 2010), SN 2010X
(Kasliwal et al. 2010), SN 2005E, and SN 1998de. These last
two were constructed in the manner described above from the
photometry of Perets et al. (2010) and Modjaz et al. (2001). The
bolometric curve of SN 2010X was constructed by computing
!F! in the r band. A similar analysis of SN 2005ek yields a
pseudo-bolometric curve which is broadly consistent with our
analysis above, but declines slightly more rapidly. The hatched
region in Figure 8 represents our constraints on the late-time
pseudo-bolometric evolution of SN 2005ek.

Figure 8. Pseudo-bolometric light curve for SN 2005ek (red stars) along with
those of several other rapidly evolving supernovae (circles). The red circles show
our constraints on the late-time pseudo-bolometric luminosity of SN 2005ek
based on single-band detections. The hatched region is meant to guide the eye.
(A color version of this figure is available in the online journal.)

4. SPECTROSCOPIC PROPERTIES

The spectra of SN 2005ek shown in Figure 3 show con-
siderable evolution over a short time period, and most closely
resemble those of normal SNe Ic. In Figure 9 we compare the
maximum-light and transitional21 spectra of SN 2005ek to a set
of SNe Ic (SN 2010X, SN 1994I, SN 2007gr, and SN 2004aw).
SN 2005ek reaches the transitional phase much faster than the
other events but the spectroscopic similarities at both epochs
are clear. Of the events displayed in Figure 9, only SN 2010X
decays on a timescale similar to that of SN 2005ek. The others
possess !m15,R values ranging from !1.4 (SN 1994I) to !0.4
(SN 2004aw).

In this section, we examine the spectroscopic properties and
evolution of SN 2005ek utilizing two modeling techniques. Ini-
tial line identifications and estimates of photospheric velocities
were made with the spectral synthesis code SYN++ (Thomas
et al. 2011).22 This analysis offers information about the ions
present in a particular ionization state and spectral range, allow-
ing one to cover a large parameter space with minimal time and
computational resources. In addition, we model a subset of the
spectra using a one-dimensional Monte Carlo radiative trans-
port code developed for SN outflows (Mazzali & Lucy 1993;
Lucy 1999; Mazzali 2000), which allows quantitative assess-
ments of ion abundances to be made. Using the results of both
techniques, we compare several distinctive spectroscopic fea-
tures of SN 2005ek to those of other SNe I and comment on the
consequences for explosive nucleosynthesis.

4.1. SYN++ Evolution and Photospheric Velocities

SYN++ is a parameterized spectral synthesis code which al-
lows empirical fitting of SN spectra without a priori assumptions

21 “Transitional” refers to the transition from optically thick to thin, which, in
this case, we characterize by an increased prominence of the emission
component of the Ca ii near-IR triplet).
22 This is an updated version of SYNOW; https://c3.lbl.gov/es/.
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SN 2005ek
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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 all SNe is ~ 0.001 - 0.01. 
(Tauris et al. 2013)



Generation site of binary neutron stars
Ultra-stripped SNe

Small ejecta mass (Tauris et al. 2013; Suwa et al. 2015)

A possible generation site of binary neutron stars and 
neutron star mergers

Ejection of a half of the total mass disrupts a binary system.

Ultra-stripped SNe: progenitors and fate 2131

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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NS-NS binary system

http://www.stellarcollapse.org/nsmasses

J0737-3039
1.3381M  + 1.2489M

NS-NS binaries

J1756-2251
1.312M  + 1.258M

1.291M  + 1.322M
J1906+0746

J0453-1559
1.559M  + 1.174M

(Martinez et al. 2015)

Small CO-core models
Small neutron-star mass

(Suwa et al. 2015)

http://www.stellarcollapse.org/nsmasses
http://www.stellarcollapse.org/nsmasses


Fates of Mini ~ 9-11 M  single stars
How to make a small NS in binary systems?

Electron-capture (EC) SNe and EC SN-like (weak) core-collapse 
(CC) SNe will make small neutron stars.

location of the piston used to drive the explosion and will
remain uncertain until a more realistic explosion model can be
computed. For Model 10B, two locations for the piston were
explored. One, at M1.301 :, is the traditional location used in
many other studies, the base of the oxygen shell where the
entropy experiences an abrupt rise above S/NAkB = 4.0. Given
the sharp density decline there, very little 56Ni is made. The
other location, M1.245 :, at the edge of the neutronized iron,
was the deepest location likely to be ejected in any model. This
is in part because calculations of neutrino-transport models
show that the iron core is generally a lower bound to the mass
incorporated into the bound baryonic remnant, but also because
ejection of even a few hundredths of a solar mass of such
neutron-rich matter would greatly overproduce rare nuclei in
the iron group.

In any case, the ejection of more iron-group matter would
not have increased the 56Ni yield. Model 10D had a piston
situated at the S/NAkB = 4.0 point, but the density decline there
was not so steep since the weaker silicon flash had not ejected
so much matter and there had been less time to cool and
contract. In summary, it seems that 56Ni production will likely
be in the range M0.01 :– M0.04 :. The production of M0.01_ :
of 56Ni in M10 : explosions is consistent with previous studies
(Kitaura et al. 2006; Wanajo et al. 2009), and pending further
multi-dimensional modeling (e.g., Melson et al. 2015) and
studies of the nucleosynthesis in the neutrino-powered wind,
we believe it to be a good factor-of-two estimate. Lighter
elements are less sensitive to the simulation of the explosion
and therefore are more accurately determined.

8. CONCLUSIONS

The presupernova evolution of stars from M6.5 : to M13.5 :
has been explored with emphasis upon stars from 9.0 to

M10.3 :. These are stars that ignite oxygen burning off-center.
An important component of these studies is the use of a large
network, including the necessary weak interactions for altering
the electron mole number, Ye, during all stages of the post-
helium-burning evolution (Jones et al. 2013). Particularly
important is the neutronization that goes on during oxygen
shell burning and decreases the effective Chandrasekhar mass
of the core, making it prone to collapse in the absence of strong
burning shells. Also important and novel is our treatment of the
propagation of the oxygen- and silicon-burning CBFs,
especially using a subgrid model to describe the oxygen CBF
propagation.

We find that evolution in this mass range can be categorized
by five possible outcomes (Figure 15; Table 1). In order of
increasing mass these are: (1) carbon–oxygen white dwarfs
(Section 3.1; below 7.0 M:); (2) neon–oxygen white dwarfs or
electron-capture supernovae (depending upon uncertain mass
loss rates; Section 3.2; 7.0–9.0 M:); (3) stars that ignite
degenerate silicon burning off-center in a strong flash, but
which remain hydrodynamically stable until iron-core collapse

(Section 5.1; 9.1, 9.2, and 9.4–9.7 M:); (4) stars for which the
silicon flash is so violent as to lead to a localized deflagration
and possible envelope ejection (Section 6; 9.0, 9.3, and
9.8–10.3 M:); and (5) ordinary core-collapse supernovae (stars
over 10.3 M:). Compared with earlier similar studies, our mass
limits are approximately M1 : lower than traditional values,
e.g., supernovae are often assumed to start at M8 :, not M7 :.
While we do not place great faith in the exact values of these
masses, the existence of the various classes of events should be
robust for the one-dimensional stellar physics employed.
We find, as have others, that those stars in this mass range

that do eventually produce neutron stars have compact
structures that should be easy to explode using neutrinos.
Without strong magnetic fields and rotation, which we argue
are negligible here, and without the ram pressure of an
accreting mantle, the resulting explosion will probably be much
weaker than the customary 1051 erg inferred observationally for
common supernovae (e.g., Kasen & Woosley 2009).
Though still very approximate, our treatment of CBFs in

oxygen and silicon burning is an improvement over previous
work (Section 4.1). Despite including a large reaction network
and associated neutrino losses, we do not find that thermohaline
mixing or URCA shells play a major role in either stage. Flame
propagation and Rayleigh–Taylor instability, to the extent that
they can be modeled in a 1D calculation, dominate. The
advancement of the burning is also driven by macroscopic
considerations (Section 4.2), the need to provide fuel to
maintain the entropy of a core whose mass already exceeds the
cold Chandrasekhar limit. Since the burning can only be
sustained by the inward propagation of a flame, the CBF cannot
go out, but must proceed, by whatever processes, at a rate
sufficient to balance neutrino losses from the core. When
reasonable flame speeds are employed, the resulting flame
temperatures are not very different from traditional values for
oxygen and silicon shell burning, !1.8 ! 109 K for the former
and !3.5 ! 109 K for the latter. In earlier exploratory
calculations where the flame speed was greatly underestimated
(by leaving it out), we found much higher CBF temperatures
and densities, though in no case did the flame ever permanently

Table 4
Nucleosynthesis for Models 10B and 10D (He Core Only)

Model Piston Energy O Mg Si S Ar Ca 56Ni
Location (1050 erg) (M:) (M:) (M:) (M:) (M:) (M:) (M:)

10.0B 1.301 2.0 0.161 0.010 0.048 0.034 0.0065 0.0015 0.0060
10.0B 1.245 1.8 0.161 0.010 0.053 0.038 0.0073 0.0016 0.045
10.0D 1.440 2.2 0.099 0.0060 0.011 0.0042 0.0008 0.0007 0.022

Figure 15. Final fates of stars in the mass range 7–11 M:. Below M7 :, CO
white dwarfs are produced. From 7 to 8 M:, carbon ignites off-center and burns
as a CBF to the center and from 8 to 9 Me carbon ignites centrally. From 7 to 9
M:, degenerate ONe cores are produced that may become white dwarfs if the
envelope is lost, or electron-capture supernovae otherwise. Above 9.0 M:, all
stars eventually produce iron cores that collapse to neutron stars. From 9.0
through 10.3 M:, silicon burning ignites in a strong flash that, especially in the
more massive stars, can become a deflagration. Above 10.4 M:, all burning
stages ignite in the center of the star without strong flashes.
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(Woosley & Heger 2015)

(e.g., Woosley 1986; Nomoto & Hashimoto 1988; Umeda et al. 2012; Woosley & Heger 2015)

He star - NS binaries
Ultra-stripped SN progenitors having a small CO-core could 
become EC SNe or weak CC SNe.
They will make a small NS in the NS-NS binary.

But note: fallback



Similarity to electron-capture SNe
Ultra-stripped SNe having a small CO core

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

A possibility of the nucleosynthesis similar to EC SNe
The Astrophysical Journal Letters, 726:L15 (4pp), 2011 January 10 Wanajo, Janka, & Müller
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Figure 4. Mass fractions of the dominant isotopes of the even-Z elements vs.
Ye for all investigated thermodynamic trajectories. Also shown are the mass
fractions of 4He (!-particles, red) and the entropies of the trajectories (black
dots, left vertical axis).
(A color version of this figure is available in the online journal.)

The fact that oxygen is absent in ECSN ejecta but a dominant
product of more massive CCSNe, can pose a constraint on
the frequency of ECSNe (Wanajo et al. 2009). Considering
the isotope 86Kr with its largest production factor in our 2D
model and assuming f to be the fraction of ECSNe relative to all
CCSNe, one gets

f

1 ! f
= X"(86Kr)/X"(16O)

M(86Kr)/MnoEC(16O)
= 0.050, (1)

where X"(86Kr) = 2.4 # 10!8 and X"(16O) = 6.6 # 10!3

are the mass fractions in the solar system (Lodders 2003),
M(86Kr) = 1.1 # 10!4 M" is our ejecta mass of 86Kr, and
MnoEC(16O) = 1.5 M" is the production of 16O by all other
CCSNe, averaged over the stellar initial mass function between
13 M" and 40 M" (see Wanajo et al. 2009; Nomoto et al. 2006).
Equation (1) leads to f = 0.048. The frequency of ECSNe
relative to all CCSNe is thus $4%, assuming that all 86Kr in
the solar system except for a possible contribution from the
s-process (18%; Arlandini et al. 1999), originates from ECSNe.
This is in good agreement with the prediction from a recent
synthetic model of SAGB stars (for solar metallicity models;
Poelarends et al. 2008).

The remarkable difference between the 1D and 2D cases
(Figure 3) can be understood by the element formation in
nuclear (quasi-)eqilibrium. Representative for all elements in
the normalization band of Figure 3, the final mass fractions of
the isotopes 64Zn, 74Ge, 80Se, 84Kr, 88Sr, and 90Zr (accounting
for dominant fractions of 49%, 36%, 50%, 57%, 82%, and 51%,
respectively, of their elements in the solar system; Lodders 2003)
are displayed for all tracer trajectories in Figure 4.

Nuclear quasi-equilibrium (QSE) makes nuclei heavier than
the Fe-group up to A $ 90 (Meyer et al. 1998). 64Zn, 88Sr,
and 90Zr are thus produced at Ye = 0.43–0.49, where the
!-concentration (at the end of the calculations) is X(4He) =
0.001–0.1. The QSE with abundant ! particles, however, is
known to leave a deep trough in the abundance curve between
A $ 60 and 90 because of the strong binding at N = 28 and
50. This explains the substantial underproduction of elements
around Z $ 33–37 in the 1D case (Figure 3, blue line).

As the !-concentration becomes small, QSE asymptotes to
nuclear statistical equilibrium (NSE). Since NSE with neutron
excess (Ye $ 0.4) leads to nuclei heavier than the Fe-group up to
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Figure 5. Elemental abundances for various Ye,min compared with the stellar
abundances of the r-process-deficient star HD 122563 with [Fe/H] % !2.7
(Honda et al. 2006) and the r-process enhanced star CS 22892-052 with
[Fe/H] % !3.1 (Sneden et al. 2003). The abundances of HD 122563 and
CS 22892-052 are vertically shifted to match Zr for Ye,min = 0.40 and Ba for
Ye,min = 0.15, respectively. The Cd and Lu values in HD 122563 (open circles)
are from Roederer et al. (2010), and the Ge value (open square) is from Cowan
et al. (2005).
(A color version of this figure is available in the online journal.)

A % 84 (Hartmann et al. 1985), the trough can be filled by NSE-
abundances assembled in the n-rich ejecta lumps. The small
X(4He) (< 10!5) at Ye $ 0.40–0.42 (Figure 4) is indicative
of the consumption of almost all !-particles before freeze-
out from NSE. Accordingly, QSE asymptotes to NSE in this
Ye-range and yields substantial amounts of 74Ge, 80Se, and 84Kr
(made as 74Zn, 80Ge, and 84Se), nuclei that cannot be created in
!-rich QSE. A similar result can be seen in the QSE study by
Meyer et al. (1998) with entropies and Ye-values close to ours
here (see Figure 14 in their paper).

In the n-rich ejecta lumps NSE (or !-deficient QSE) condi-
tions are established for several reasons. They have smaller
entropies (s % 13–15kB per baryon) than the other ejecta
(where s % 15–20kB per baryon; Figures 1 and 4). This fa-
vors !-particles to disappear when NSE ends as the temperature
drops. In addition, the !’s become easily locked up and tightly
bound in nuclei, i.e., their separation energies are large (cf., e.g.,
Figure 1(b) in Woosley & Hoffman 1992), because nuclei with
n-excess do not readily release !’s to move farther away from
"-stability.

We find no sign of r-processing in the n-rich lumps. Our
present calculations are limited to the first !400 ms after bounce
and do not include the neutrino-driven PNS wind. The latter,
however, turned out to have proton excess in 1D models of the
long-term evolution of ECSNe (Hüdepohl et al. 2010). It thus
makes only p-rich isotopes with small production factors (below
unity; S. Wanajo et al. 2011, in preparation) and has no effect
on the discussed results.

4. ECSN YIELDS AND GALACTIC HALO STARS

Our results in Section 3 also imply that ECSNe can be
the source of Sr, Y, and Zr as observed in r-process-deficient
Galactic halo stars (Figure 5). A number of such stars with
detailed abundance determinations indicate, however, a possible
link with the elements beyond N = 50, e.g., Pd and Ag
(Honda et al. 2006). Our ECSN models cannot account for the
production of such elements, but in their ejecta a small change
of Ye can drastically change the nucleosynthesis (Wanajo et al.
2009). Due to limitations of the numerical resolution and the

3

Small 56Ni amount
Production of light r-process 
elements

(Wanajo et al. 2011)

Nucleosynthesis in EC SNe

Ultra-stripped SNe could be a site of (weak) r-process elements



(e.g., Woosley 1986; Nomoto & Hashimoto 1988; Umeda et al. 2012; Woosley & Heger 2015)

The advanced evolution of single stars forming a low-mass Fe-core 
(Mini ~ 9-11 M  ?) is similar to ultra-stripped SN progenitors.

CC SNe of single stars having a low-mass Fe core

Fe-core structure and explosions similar to ultra-stripped SNe 
are expected.
The nucleosynthesis products of such explosions could affect 
the Galactic chemical evolution.

PTEP 2012, 01A302 H. Umeda et al.

Table 3. Ignition properties of 10 ! 13M" stars.

Mass 10 M" 11 M" 12 M" 13 M"

C ignition

at the center or not C C C C
central composition C–O C–O C–O C–O

O ignition

at the center or not off-C off-C C C
central composition O–Ne O–Ne O–Ne O–Ne

Ne ignition

at the center or not off-C off-C C C
central composition O–Ne O–Ne O–Si O–Si

Si ignition

at the center or not off-C off-C off-C off-C
central composition O–Ne Fe–Si Fe–Si Fe–Si
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Fig. 3. Evolution tracks of M = 9.82, 9.89, 10, 11, and 12M" stars in terms of central temperature and density.

3.1. Evolution of 10–13 M" stars
Here we describe the evolution of 10–13 M" stars calculated by the YU code, since these stars
correspond roughly to the lightest Fe core collapse model, and their evolution after oxygen burning
is quite different from more massive M > 13M" stars. Table 3 shows the differences in the ways the
stars commence nuclear burning of Ne, O, and Si. In the table ‘C’ represents the case that the ignition
occurs at the center of the core and ‘off-C’ shows that the ignition occurs off-center. In the central
composition line, the letters represent the main nuclei at the center. The differences also appear in
Fig. 3, in which evolutional tracks are shown in terms of the central temperature and density. In this
mass range, a star forms a CO core around the Chandrasekhar limiting mass. The degeneracy of the
core is the important property and affects its evolution.

We will present a more detailed description in Takahashi et al. (manuscript in preparation, see also
Ref. [37]), in which stellar evolutions are calculated in very fine grids. So far, we have found that the
M = 9.89M" model ends up with Fe core formation, though the M = 9.82M" model does not form
an Fe core. As described below, the off-center Si burning is more and more violent for less massive
stars. In this mass range, only a 0.01 M" difference in the zero-age main-sequence mass would result
in quite different evolution. However, the global evolutionary properties and final density structure
of an Fe core are similar to the 10 M" model presented here as far as Fe core formation is concerned.
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Figure 1. Evolutionary path in the plane of the central density and tempera-
ture of CO145 (red line), CO16 (green line), and CO20 (orange line) models.
Labels a and a!, b and b!, and c, c!, and c!! correspond to the off-centre Ne,
O, and Si burnings, respectively. Labels a!! and b!! denote the central Ne and
O burnings.

Figure 2. Kippenhahn diagram of CO145 model. Green-hatched areas in-
dicate convective regions. Labels a, b, and c correspond to the off-centre
Ne, O, and Si burnings at 17.1 yr, 10.7 yr, and 38.8 d before core collapse.

elements. When the central density reaches log !C " 8.5, the burn-
ing front reaches the centre and the central temperature rises steeply.
The Fe core grows up to "0.5 M# after the burning front reaches
the centre. Then, Si-shell burning occurs and the Fe core grows up
further, and finally, the core collapses.

CO16 model evolves on a different evolution track as shown in
Fig. 1. After the Ne-flash (label a!) and off-centre O burning (label
b!), the burning front reaches the centre. As a result, the Si core
with 0.6 M# is formed and it grows up by O-shell burnings. Then,
the Si-flash occurs at Mr = 0.03 M# (label c!). The Si-flash forms
large convective region up to Mr " 1.1 M# above the burning front.
After that, Si-shell burnings also follow. The burning front again
gradually moves inwards and finally reaches the centre after the
second Si-shell burning. Finally, the Fe core grows to 1.34 M# and
collapses. The evolution of CO15 model is similar to that of CO16.
The Ne-flash and Si-flash occur at higher central density.

The evolution of CO20 model is similar to those of massive
stars that collapse to normal SNe until O-shell burning. Ne and O
burnings are ignited at the centre and the convective core forms
(labels a!! and b!!). The Ne- and O-shell burnings extend the central
Si core after O-core burning. However, Si burning starts at an off-

centre region when the central density reaches log !C " 8.6 (label
c!!). The off-centre Si burning forms a large convective region to
1.2 M#. The burning front moves inwards and reaches the centre
during Si-shell burning. Finally, a 1.37 M# Fe core is formed, and
then, it collapses. The evolution of CO18 model is similar to CO20
model, i.e. Ne and O are ignited at the centre and Si ignites at an
off-centre region. The central density at the ignition of off-centre Si
burning is higher than that of CO20.

We note that recently the evolution of 9–11 M# stars has been
investigated in Woosley & Heger (2015). Since they considered
artificial energy deposition to the cooler underlying zone of the off-
centre burning front, the burning front rapidly moved inwards. We
do not consider this effect, but we instead set larger coefficient value
of thermohaline mixing. In CO145 model, the central contraction
makes the temperature at the burning front high enough to ignite Si
before the front reaches the centre. Even so, CO145 model forms an
Fe core. Although the inward motion of the burning front depends
on the instability at the base of the burning front and has uncertainty,
we expect that the stars igniting Ne-flash will form an Fe core and
collapse.

The mass fraction distributions of CO145 and CO16 models at
the final step of the stellar evolution simulations are shown in Fig. 3.
These models consist of 1.33 and 1.34 M# Fe cores surrounded by
thin Si, O/Si, O/Ne, and O/C layers. Composition-inverted layers
have been seen during the Ne-flash and Si-flash. The composition
inversion has been removed during the inward motion of the burning
front. We do not see large differences in Fe core masses in our CO-
core models (see Table 1).

We assume the mass fractions of C and O in the CO cores based
on the results of single-star models. In the case of binary evolution,
ultra-stripped CO cores have lost the H-rich envelope before or
during the early phase of the He-core burning. Stripping the H-rich
envelope prevents the growth of He core and shortens the time-scale
of the He-core burning. Thus, the C/O ratio of an ultra-stripped CO
core is larger than the CO core in single stars (Brown et al. 2001).
Wellstein & Langer (1999) investigated the evolution of various
binary systems of massive stars. They obtained that a binary system
consisting of 13 and 12 M# stars with an initial orbital period of
3.1 d experiences Case B+BB mass transfer and the primary star
becomes a 1.42 M# He star with CO-core mass being 1.31 M#
and the central carbon mass fraction being 0.40.

We calculate the evolution of 1.45 and 1.6 M# CO-core models
with a large C/O ratio to investigate the C/O-ratio dependence of
ultra-stripped SN progenitors. We set the mass fractions of C and
O in these models to be 0.471 and 0.500, respectively. Properties
of the models are shown as CO145c and CO16c in Table 1. We
do not see large systematic differences between normal and large
C/O-ratio models. CO145c model has an Fe core slightly smaller
than CO145, while the Fe core of CO16c is slightly larger than that
of CO16 for the criterion that the Fe core is determined by the elec-
tron fraction smaller than 0.495. The difference of the compactness
parameter between the normal model and large C/O-ratio model
is within 10 per cent. We consider that properties of ultra-stripped
SN progenitor do not strongly depend on the C/O ratio. It should
be noted that the evolution of the central region of the CO cores
depends on the C/O ratio. The convective regions of the C-core
or C-shell burnings become large in the models of the large C/O
ratio. In CO145c model, Ne is ignited at 0.35 M# in the mass
coordinates. The Ne/O-burning front reaches the centre before the
Si ignition. Then, Si is ignited at 0.04 M#. In CO16c model, Si
burning occurs at the centre as a flash and, then, it turns to steady
burning. Nevertheless, we do not see large difference by the C/O

MNRAS 454, 3073–3081 (2015)
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Nucleosynthesis of ultra-stripped SNe

Small ejecta mass and weak explosions
Ultra-stripped SNe having a small CO core

Similarity to EC SNe
Small 56Ni amount
A possibility of weak r-process

We investigate the explosive nucleosynthesis of ultra-stripped 
Type Ic SNe evolved from 1.45 and 1.5 M  CO cores.

Similarity to CC SNe having a small Fe core

Contribution to the Galactic chemical evolution
from single CC SNe having a small Fe core



Advanced evolution of CO stars
Advanced evolution of CO stars

1.45, 1.5, 1.6, 1.8, 2.0 M  models
(CO145, CO15, CO16, CO18, CO20)

All models form a small Fe core.
Off-center Ne/O and/or Si burnings occur in 
the degenerate core.

off-center Ne/O/Si burning

off-center Si burning

2.6M CO15

CO145

Ne-b

C-b

O-b

Si-b

(Suwa et al. 2015)



Light CO cores

● Ye < 0.495; ▲ X(“Fe”) > X(“Si”)

rFe core = (1.34 - 1.77) × 108 cm

Density distributions of the progenitors

Steep density decrease outside Fe core



ξ1.4 = 0.468 - 0.968

Compactness parameter
ξ1.4 = 1.4 / (r[Mr = 1.4M  ]/1000km) @ log ρC ~ 10

Light CO core

Compactness parameter

Less central concentration



2D axial symmetry simulation of SN explosions

Hydrodynamics + spectral neutrino transfer

Explosions of ultra-stripped SNe

(Suwa et al. 2010, 2011, 2013, 2014; Suwa et al. 2015 for details)

Yudai Suwa, MG14 @ Univ. of Rome /1414/7/2015

2D (axial symmetry) (ZEUS-2D; Stone & Norman 92)

MPI+OpenMP hybrid parallelized

Hydrodynamics+spectral neutrino transfer
(neutrino-radiation hydrodynamics)

Isotropic di!usion source approximation (IDSA) for neutrino transfer 
(Liebendörfer+ 09)

Ray-by-ray plus approximation for multi-D transfer (Buras+ 06)

EOS: Lattimer-Swesty (K=180,220,375MeV) / H. Shen

Explosion simulations-1: setups

10

See
  Suwa et al., PASJ, 62, L49 (2010)
  Suwa et al., ApJ, 738, 165 (2011)
  Suwa et al., ApJ, 764, 99 (2013)
  Suwa, PASJ, 66, L1 (2014)
  Suwa et al., arXiv:1406.6414
  Suwa et al., arXiv:1506.08827
for more details
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©Suwa

EOS: Lattimer & Swesty (K=220 MeV)

(Neutrino-radiation hydrodynamics)



Explosion of CO145 model
s (kB/baryon) v/c

Rapidly exploding phase at ~ 200 ms
©Suwa (Suwa et al. 2015)



Eexp, MNS, M(56Ni), and vkick

Explosion energy

Explosions of ultra-stripped SNe8 Suwa et al.

Table 2. Summary of simulation results

Model tfinala Rsh
b Eexp

c MNS,baryon
d MNS,grav

e Mej
f MNi

g vkickh

[ms] [km] [B] [M!] [M!] [10"1M!] [10"2M!] [km s"1]

CO145 491 4220 0.177 1.35 1.24 0.973 3.54 3.20
CO15 584 4640 0.153 1.36 1.24 1.36 3.39 75.1
CO16 578 3430 0.124 1.42 1.29 1.76 2.90 47.6
CO18 784 2230 0.120 1.49 1.35 3.07 2.56 36.7
CO20 959 1050 0.0524 1.60 1.44 3.95 0.782 10.5

a The final time of simulations measured by postbounce time.
b The angle-averaged shock radius at tfinal.
c The explosion energy in unit of B (=1051 erg) at tfinal, which is still increasing.
d The baryonic mass of NS at tfinal.
e The gravitational mass of NS computed by Eq. (2) at tfinal.
f The ejecta mass at tfinal.
g The Ni mass at tfinal.
h The kick velocity at tfinal.
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and 1.49M!. The corresponding gravitational mass are 1.24
- 1.35M! for this baryon mass range. These values for the
gravitational mass agree well with those for secondary NSs
in observed compact binary systems (Lattimer 2012). This
suggests that such secondary NSs may be formed from ultra-
stripped SNe.

We showed that 1.45 ! 2.0M! CO star models
ignite Ne at the center or o!-centered

!!!!!!!!
o!-center.

They form an Fe core and none of them evolve to
electron-capture SN. Thus, the upper-limit of the
CO core mass for electron-capture SN should be at
least less than 1.45 M!. Tauris et al. (2015) adopted
MONe,f = 1.43M! as an approximate upper limit for
electron-capture SN. In the case of single star evo-
lution in Takahashi et al. (2013), a 10.8 M! model
ends its evolution as an electron-capture SN and an
11.0 M! model ignites Ne o!-centered. O!-center
Ne ignition and gradual increase in the central tem-
perature around the central density !C " 109 g cm"3

could be predictions of the Fe core formation and
CC

!!!!!!!!!!!
core-collapse

!
SN. The evolution of CO cores less

massive than 1.45 M! will be shown in the forthcom-
ing paper (Yoshida et al. 2015, in preparation).

Finally, we discuss the eccentricity of the binary sys-
tem formed after the SN. Due to the mass ejection from
the system, the binary system obtains the eccentricity, e, af-
ter the SN explosion. The eccentricity can be evaluated by
(Bhattacharya & van den Heuvel 1991)

e =
M i

1 !Mf
1

Mf
1 +MNS

, (4)

where M1 is the mass of exploding star before (after) the ex-
plosion indicated as i (f) andMNS is the mass of the primary
NS. Here, we assumed that the mass ejection occurs quickly
and during the explosion the positions of these stars do not
change. By giving the ejected mass, Mej = M i

1 ! Mf
1 =

0.3M! and Mf
1 = MNS = 1.3M!, we get e # 0.12, which

is compatible with one of observed binary NSs, J0737-3039,
whose current eccentricity is 0.088 and estimated eccentric-
ity at birth of second pulsar is 0.11 (Piran & Shaviv 2005).
The small center of mass velocity of this system also implies
a small ejecta mass and slow pulsar kick (Dall’Osso et al.
2014).

ACKNOWLEDGEMENTS

We thank A. Wongwathanarat, M. Tanaka and T. Moriya
for discussions. We also appreciate comments on an ear-

MNRAS 000, 1–?? (2015)

O(1050) erg
Final NS mass Mbaryon ~ 1.35 - 1.60 M

Mgrav ~ 1.24 - 1.44 M

NS kick velocity vkick < 100 km s-1

Ejecta mass Mej ~ 0.1-0.4 M

(Suwa et al. 2015 for details)

(MNig=M(Tmax>5GK)



Nucleosynthesis calculation of ultra-stripped SNe

Thermal evolution of ~10,000 tracer particles of ejecta

NSE composition with a given Ye (Tmax > 7×109 K)

The explosions follow for ~1.3 s using a 2D ν-RHD code.
CO145 and CO15 models

Explosive nucleosynthesis of ultra-stripped SNe

Nuclear reaction network of 1,651 nuclear species to Ce 
Initial composition

Progenitor composition (Tmax < 7×109 K)



Ejected mass distribution
Ejected mass distribution about Ye at the initial time of 
the nucleosynthesis calculation

2 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 di!erences 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 su!er strong explosive nucleosynthesis.
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Figure 1. The ejected mass as a function of the electron fraction
Ye at the initial time of the nucleosynthesis calculation. The red
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) 

T9,max > 9:
The calculation starts at T9=9.
7 < T9,max < 9:
The calculation starts at T9=T9max.

_

T9,max < 7:
The calculation starts before 
the shock arrival.

_

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

_ _

We will discuss the uncertainty in the Ye range later.

T9 ≡ T/109 K



Mass fraction distribution

Nucleosynthesis of ultra-stripped SNe 3

Table 2. 1651 nuclear species adopted in the nuclear reaction
network. Isomeric state of 26Al is taken into account.

Element A Element A Element A

n 1 Ca 33–62 Zr 76–120
H 1–3 Sc 36–64 Nb 80–124
He 3,4,6 Ti 37–68 Mo 81–127
Li 6–9 V 40–71 Tc 84–128
Be 7,9–12 Cr 42–75 Ru 85–129
B 8,10–14 Mn 44–77 Rh 88–130
C 9–18 Fe 45–79 Pd 89–132
N 12–21 Co 47–81 Ag 92–133
O 13–22 Ni 48–83 Cd 94–135
F 17–26 Cu 51–86 In 97–136
Ne 17–29 Zn 52–88 Sn 99–137
Na 18–32 Ga 56–92 Sb 100–138
Mg 19–36 Ge 58–95 Te 114–139
Al 21–40 As 61–98 I 121–141
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Figure 2. Mass fraction distribution of isotopes in the ejecta of
ultra-stripped Type Ic SNe. Panels (a) and (b) indicate CO145
and CO15 models, respectively. The red and black lines corre-
spond to odd-Z and even-Z isotopes.

3 EXPLOSIVE NUCLEOSYNTHESIS IN THE
ULTRA-STRIPPED SUPERNOVAE

We calculate the explosive nucleosynthesis in the SN ejecta
of CO145 and CO15 models using thermal history of 9968
and 8875 traced fluid particles, respectively, which have pos-
itive energy and positive radial velocity. We use the nuclear
reaction network consisting of 1651 nuclear species listed
in Table 2. We determine the nuclear species to cover the
nuclear flow in the fluid particles having the smallest and
largest Ye values using the reaction network of 5406 nuclear
species (Fujibayashi et al. 2015).

We set three cases of initial conditions for the particles
depending on the maximum temperature. For particles of
which temperature exceeds 9!109 K, we calculate the nucle-
osynthesis from the time when the temperature decreases to
9!109 K. The initial composition is set as the composition
in nuclear statistical equilibrium (NSE) with the Ye value
calculated in the hydrodynamics simulation. For particles
with the maximum temperature of (7–9) !109 K, we start
the calculation from the time at the maximum temperature
with the NSE initial composition. For other particles, we
calculate the nucleosynthesis from the initial time of the hy-
drodynamics simulation with the composition in the O/Ne
layer. The nucleosynthesis calculation is continued until the
temperature decreases to 107 K. During the time after the
termination of the hydrodynamics calculation, we determine
the radial motion and thermal evolution assuming adiabatic
expansion with the constant velocity at the termination of
the hydrodynamics calculation. We take into account the
!-process in a simple manner. The neutrino luminosity is
assumed to decrease exponentially with time scale of "! = 3
s (Woosley et al. 1990). The total neutrino energy radiated
is set to be 3!1053 erg and are equipartitioned to each fla-
vor. The neutrino energy distribution obeys the Fermi-Dirac
distribution with temperature (T!e ,T!̄e ,T!µ ," ,!̄µ ," ) = (4 MeV,
4 MeV, 6 MeV) and zero chemical potentials (Yoshida et al.
2008).

Figure 2 shows the mass fraction distribution of isotopes
in the SN ejecta of CO145 and CO15 models. Yields of some
elements and isotopes ejected in CO145 and CO15 models
are listed in Table 3. General features are not di!erent be-
tween CO145 and CO15 models. Elements with the mass of
A<"90 are broadly produced with the mass fractions up to
0.3. Elements with 90<"A<"130 are also produced but their
mass fractions decrease with mass number.

Most of C, O, and intermediate nuclei with A<"40 are
mainly unburned or synthesized through explosive O burn-
ing. Light iron peak elements, Ti, V, and Cr, are produced in
neutron rich (Ye <"0.40) materials. Mn and Fe are produced

through explosive Si burning. The 56Ni yield is 9.73! 10#3

and 5.72! 10#3 M$ in CO145 and CO15 models, respec-
tively. These values are smaller than the expectation in Suwa
et al. (2015). This is because some of the materials that
experienced a state of temperature higher than 5! 109 K
are wind components. They have become neutron rich and
are synthesized to be lighter and heavier elements. Heavy
neutron-rich isotopes of A " 60#90 are also produced in the
neutrino irradiated winds containing neutron rich materials.
On the other hand, most of 56Ni is produced in the shock
heated materials.

We consider the contribution to the solar-system com-
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Table 2. 1651 nuclear species adopted in the nuclear reaction
network. Isomeric state of 26Al is taken into account.

Element A Element A Element A

n 1 Ca 33–62 Zr 76–120
H 1–3 Sc 36–64 Nb 80–124
He 3,4,6 Ti 37–68 Mo 81–127
Li 6–9 V 40–71 Tc 84–128
Be 7,9–12 Cr 42–75 Ru 85–129
B 8,10–14 Mn 44–77 Rh 88–130
C 9–18 Fe 45–79 Pd 89–132
N 12–21 Co 47–81 Ag 92–133
O 13–22 Ni 48–83 Cd 94–135
F 17–26 Cu 51–86 In 97–136
Ne 17–29 Zn 52–88 Sn 99–137
Na 18–32 Ga 56–92 Sb 100–138
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Figure 2. Mass fraction distribution of isotopes in the ejecta of
ultra-stripped Type Ic SNe. Panels (a) and (b) indicate CO145
and CO15 models, respectively. The red and black lines corre-
spond to odd-Z and even-Z isotopes.

3 EXPLOSIVE NUCLEOSYNTHESIS IN THE
ULTRA-STRIPPED SUPERNOVAE

We calculate the explosive nucleosynthesis in the SN ejecta
of CO145 and CO15 models using thermal history of 9968
and 8875 traced fluid particles, respectively, which have pos-
itive energy and positive radial velocity. We use the nuclear
reaction network consisting of 1651 nuclear species listed
in Table 2. We determine the nuclear species to cover the
nuclear flow in the fluid particles having the smallest and
largest Ye values using the reaction network of 5406 nuclear
species (Fujibayashi et al. 2015).

We set three cases of initial conditions for the particles
depending on the maximum temperature. For particles of
which temperature exceeds 9!109 K, we calculate the nucle-
osynthesis from the time when the temperature decreases to
9!109 K. The initial composition is set as the composition
in nuclear statistical equilibrium (NSE) with the Ye value
calculated in the hydrodynamics simulation. For particles
with the maximum temperature of (7–9) !109 K, we start
the calculation from the time at the maximum temperature
with the NSE initial composition. For other particles, we
calculate the nucleosynthesis from the initial time of the hy-
drodynamics simulation with the composition in the O/Ne
layer. The nucleosynthesis calculation is continued until the
temperature decreases to 107 K. During the time after the
termination of the hydrodynamics calculation, we determine
the radial motion and thermal evolution assuming adiabatic
expansion with the constant velocity at the termination of
the hydrodynamics calculation. We take into account the
!-process in a simple manner. The neutrino luminosity is
assumed to decrease exponentially with time scale of "! = 3
s (Woosley et al. 1990). The total neutrino energy radiated
is set to be 3!1053 erg and are equipartitioned to each fla-
vor. The neutrino energy distribution obeys the Fermi-Dirac
distribution with temperature (T!e ,T!̄e ,T!µ ," ,!̄µ ," ) = (4 MeV,
4 MeV, 6 MeV) and zero chemical potentials (Yoshida et al.
2008).

Figure 2 shows the mass fraction distribution of isotopes
in the SN ejecta of CO145 and CO15 models. Yields of some
elements and isotopes ejected in CO145 and CO15 models
are listed in Table 3. General features are not di!erent be-
tween CO145 and CO15 models. Elements with the mass of
A<"90 are broadly produced with the mass fractions up to
0.3. Elements with 90<"A<"130 are also produced but their
mass fractions decrease with mass number.

Most of C, O, and intermediate nuclei with A<"40 are
mainly unburned or synthesized through explosive O burn-
ing. Light iron peak elements, Ti, V, and Cr, are produced in
neutron rich (Ye <"0.40) materials. Mn and Fe are produced

through explosive Si burning. The 56Ni yield is 9.73! 10#3

and 5.72! 10#3 M$ in CO145 and CO15 models, respec-
tively. These values are smaller than the expectation in Suwa
et al. (2015). This is because some of the materials that
experienced a state of temperature higher than 5! 109 K
are wind components. They have become neutron rich and
are synthesized to be lighter and heavier elements. Heavy
neutron-rich isotopes of A " 60#90 are also produced in the
neutrino irradiated winds containing neutron rich materials.
On the other hand, most of 56Ni is produced in the shock
heated materials.

We consider the contribution to the solar-system com-
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Shock heated materials (Ye ~ 0.5)
C, O, α-elements, Fe-peak elements

Mej = 0.098 M  (CO145), 0.112 M  (CO15)

M(56Ni) = 9.7×10-3 M  (CO145) , 5.7×10-3 M  (CO15)
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Table 2. 1651 nuclear species adopted in the nuclear reaction
network. Isomeric state of 26Al is taken into account.

Element A Element A Element A

n 1 Ca 33–62 Zr 76–120
H 1–3 Sc 36–64 Nb 80–124
He 3,4,6 Ti 37–68 Mo 81–127
Li 6–9 V 40–71 Tc 84–128
Be 7,9–12 Cr 42–75 Ru 85–129
B 8,10–14 Mn 44–77 Rh 88–130
C 9–18 Fe 45–79 Pd 89–132
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Figure 2. Mass fraction distribution of isotopes in the ejecta of
ultra-stripped Type Ic SNe. Panels (a) and (b) indicate CO145
and CO15 models, respectively. The red and black lines corre-
spond to odd-Z and even-Z isotopes.

3 EXPLOSIVE NUCLEOSYNTHESIS IN THE
ULTRA-STRIPPED SUPERNOVAE

We calculate the explosive nucleosynthesis in the SN ejecta
of CO145 and CO15 models using thermal history of 9968
and 8875 traced fluid particles, respectively, which have pos-
itive energy and positive radial velocity. We use the nuclear
reaction network consisting of 1651 nuclear species listed
in Table 2. We determine the nuclear species to cover the
nuclear flow in the fluid particles having the smallest and
largest Ye values using the reaction network of 5406 nuclear
species (Fujibayashi et al. 2015).

We set three cases of initial conditions for the particles
depending on the maximum temperature. For particles of
which temperature exceeds 9!109 K, we calculate the nucle-
osynthesis from the time when the temperature decreases to
9!109 K. The initial composition is set as the composition
in nuclear statistical equilibrium (NSE) with the Ye value
calculated in the hydrodynamics simulation. For particles
with the maximum temperature of (7–9) !109 K, we start
the calculation from the time at the maximum temperature
with the NSE initial composition. For other particles, we
calculate the nucleosynthesis from the initial time of the hy-
drodynamics simulation with the composition in the O/Ne
layer. The nucleosynthesis calculation is continued until the
temperature decreases to 107 K. During the time after the
termination of the hydrodynamics calculation, we determine
the radial motion and thermal evolution assuming adiabatic
expansion with the constant velocity at the termination of
the hydrodynamics calculation. We take into account the
!-process in a simple manner. The neutrino luminosity is
assumed to decrease exponentially with time scale of "! = 3
s (Woosley et al. 1990). The total neutrino energy radiated
is set to be 3!1053 erg and are equipartitioned to each fla-
vor. The neutrino energy distribution obeys the Fermi-Dirac
distribution with temperature (T!e ,T!̄e ,T!µ ," ,!̄µ ," ) = (4 MeV,
4 MeV, 6 MeV) and zero chemical potentials (Yoshida et al.
2008).

Figure 2 shows the mass fraction distribution of isotopes
in the SN ejecta of CO145 and CO15 models. Yields of some
elements and isotopes ejected in CO145 and CO15 models
are listed in Table 3. General features are not di!erent be-
tween CO145 and CO15 models. Elements with the mass of
A<"90 are broadly produced with the mass fractions up to
0.3. Elements with 90<"A<"130 are also produced but their
mass fractions decrease with mass number.

Most of C, O, and intermediate nuclei with A<"40 are
mainly unburned or synthesized through explosive O burn-
ing. Light iron peak elements, Ti, V, and Cr, are produced in
neutron rich (Ye <"0.40) materials. Mn and Fe are produced

through explosive Si burning. The 56Ni yield is 9.73! 10#3

and 5.72! 10#3 M$ in CO145 and CO15 models, respec-
tively. These values are smaller than the expectation in Suwa
et al. (2015). This is because some of the materials that
experienced a state of temperature higher than 5! 109 K
are wind components. They have become neutron rich and
are synthesized to be lighter and heavier elements. Heavy
neutron-rich isotopes of A " 60#90 are also produced in the
neutrino irradiated winds containing neutron rich materials.
On the other hand, most of 56Ni is produced in the shock
heated materials.

We consider the contribution to the solar-system com-
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Table 2. 1651 nuclear species adopted in the nuclear reaction
network. Isomeric state of 26Al is taken into account.

Element A Element A Element A

n 1 Ca 33–62 Zr 76–120
H 1–3 Sc 36–64 Nb 80–124
He 3,4,6 Ti 37–68 Mo 81–127
Li 6–9 V 40–71 Tc 84–128
Be 7,9–12 Cr 42–75 Ru 85–129
B 8,10–14 Mn 44–77 Rh 88–130
C 9–18 Fe 45–79 Pd 89–132
N 12–21 Co 47–81 Ag 92–133
O 13–22 Ni 48–83 Cd 94–135
F 17–26 Cu 51–86 In 97–136
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Figure 2. Mass fraction distribution of isotopes in the ejecta of
ultra-stripped Type Ic SNe. Panels (a) and (b) indicate CO145
and CO15 models, respectively. The red and black lines corre-
spond to odd-Z and even-Z isotopes.

3 EXPLOSIVE NUCLEOSYNTHESIS IN THE
ULTRA-STRIPPED SUPERNOVAE

We calculate the explosive nucleosynthesis in the SN ejecta
of CO145 and CO15 models using thermal history of 9968
and 8875 traced fluid particles, respectively, which have pos-
itive energy and positive radial velocity. We use the nuclear
reaction network consisting of 1651 nuclear species listed
in Table 2. We determine the nuclear species to cover the
nuclear flow in the fluid particles having the smallest and
largest Ye values using the reaction network of 5406 nuclear
species (Fujibayashi et al. 2015).

We set three cases of initial conditions for the particles
depending on the maximum temperature. For particles of
which temperature exceeds 9!109 K, we calculate the nucle-
osynthesis from the time when the temperature decreases to
9!109 K. The initial composition is set as the composition
in nuclear statistical equilibrium (NSE) with the Ye value
calculated in the hydrodynamics simulation. For particles
with the maximum temperature of (7–9) !109 K, we start
the calculation from the time at the maximum temperature
with the NSE initial composition. For other particles, we
calculate the nucleosynthesis from the initial time of the hy-
drodynamics simulation with the composition in the O/Ne
layer. The nucleosynthesis calculation is continued until the
temperature decreases to 107 K. During the time after the
termination of the hydrodynamics calculation, we determine
the radial motion and thermal evolution assuming adiabatic
expansion with the constant velocity at the termination of
the hydrodynamics calculation. We take into account the
!-process in a simple manner. The neutrino luminosity is
assumed to decrease exponentially with time scale of "! = 3
s (Woosley et al. 1990). The total neutrino energy radiated
is set to be 3!1053 erg and are equipartitioned to each fla-
vor. The neutrino energy distribution obeys the Fermi-Dirac
distribution with temperature (T!e ,T!̄e ,T!µ ," ,!̄µ ," ) = (4 MeV,
4 MeV, 6 MeV) and zero chemical potentials (Yoshida et al.
2008).

Figure 2 shows the mass fraction distribution of isotopes
in the SN ejecta of CO145 and CO15 models. Yields of some
elements and isotopes ejected in CO145 and CO15 models
are listed in Table 3. General features are not di!erent be-
tween CO145 and CO15 models. Elements with the mass of
A<"90 are broadly produced with the mass fractions up to
0.3. Elements with 90<"A<"130 are also produced but their
mass fractions decrease with mass number.

Most of C, O, and intermediate nuclei with A<"40 are
mainly unburned or synthesized through explosive O burn-
ing. Light iron peak elements, Ti, V, and Cr, are produced in
neutron rich (Ye <"0.40) materials. Mn and Fe are produced

through explosive Si burning. The 56Ni yield is 9.73! 10#3

and 5.72! 10#3 M$ in CO145 and CO15 models, respec-
tively. These values are smaller than the expectation in Suwa
et al. (2015). This is because some of the materials that
experienced a state of temperature higher than 5! 109 K
are wind components. They have become neutron rich and
are synthesized to be lighter and heavier elements. Heavy
neutron-rich isotopes of A " 60#90 are also produced in the
neutrino irradiated winds containing neutron rich materials.
On the other hand, most of 56Ni is produced in the shock
heated materials.

We consider the contribution to the solar-system com-
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Hot-bubble materials (Ye < 0.5)

n-rich intermediate isotopes (48Ca, 50Ti)
The 1st peak r-process elements

Mej = 0.098 M  (CO145), 0.112 M  (CO15)
Shock heated materials (Ye ~ 0.5)

(c.f. Wanajo et al. 2013 for EC SN)
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The decline time scale is close to fast-decaying faint SN 2005ek. 
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Table 3. Yields of some elements and isotopes in units of 10!3 M".

Element CO145 CO15 Element CO145 CO15 Isotope CO145 CO15 Isotope CO145 CO15

C 4.60 5.41 Si 6.71 8.56 48Ca 1.24 1.88 53Mn 0.00200 0.00203
O 22.9 29.7 S 4.14 5.91 50Ti 0.825 0.821 56Ni 9.73 5.72
Ne 8.12 12.9 Ca 4.14 5.91 26Al 0.214 0.211 60Fe 0.528 0.343
Mg 1.56 2.61 Z # 31 11.6 12.4 41Ca 0.000593 0.000798
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Figure 5. Light curves of the ultra-stripped Type Ic SNe. The
red and black lines denote CO145 and CO15 models, respectively.
The circles denote the light curve of SN 2005ek.

mated as 0.1 M" and 0.03 M" by Drout et al. (2013). The
peak absolute magnitude of our models is !15.5–!16. The
obtained light curves are about one degree less luminous
than that of SN 2005ek. The decline time scale of the light
curves in our models would be close to that of SN 2005ek.

The energy release of the radioactive decays of interme-
diate and heavy elements partly contributes to the optical
emission. In CO145 model, the radioactive decays of these
radioactive elements dominate the energy generation for one
day after the collapse. The fraction of the luminosity from
these elements is 27 % at the peak luminosity. On the other
hand, the radioactive decays from intermediate and heavy
elements dominate for four days in CO15 model. If the con-
tribution from these elements is ignored, the peak luminos-
ity becomes the half value. The decay time of the luminosity
from these elements is about four and eight days in CO145
and CO15 models, respectively. The di!erence of the contri-
bution from these elements is mainly due to the di!erence
of the 56Ni yield. The radioactive decays from intermediate
and heavy elements could contribute to the energy release
for one week to ten days.

Recently, a variety of fast fading 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). Hence, some of sub-luminous
fast fading SNe could be ultra-stripped SNe. These observed
SNe showed spectral features di!erent 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.
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Figure 6. Abundance ratios of elements in the ejecta of ultra-
stripped SN models to the solar abundance. The black, red, green,
and blue lines denote the ratios of CO145, Ye040, Ye042, and
Ye044 models, respectively.

These compositional di!erences 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 and the NSMs.

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.

4.2 Uncertainties of the 1st peak r-element yields
in ultra-stripped SN models

We obtained the 1st peak r-elements in the ultra-stripped
SN models. However, the production of the r-elements de-
pends 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. To assess the uncertainties originated from the
di!erence of codes, we compare the yields of an ECSN cal-
culated by the same code with the result in Wanajo et al.
(2011) and find that more neutron-rich materials are ejected
in our model (see Appendix). To study the uncertainties of r-
element yield more systematically, we here additionally con-
sider three cases of the Ye distributions based on the result of
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The peak magnitude is ~ -15.5. 

SN 2005ek: Drout et al. (2013)

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

The radioactive decays of intermediate and heavy unstable isotopes 
partly contribute to the optical emission.

M(56Ni) = 9.7×10-3 M  (CO145)
              = 5.7×10-3 M  (CO15)
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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.

102

103

104

105

106

107

108

 20  40  60  80  100  120  140

Ab
un

da
nc

e 
Ra

tio
 to

 S
ol

ar

Mass Number A

(a) CO145

102

103

104

105

106

107

108

 20  40  60  80  100  120  140

Ab
un

da
nc

e 
Ra

tio
 to

 S
ol

ar

Mass Number A

(b) CO15

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(!" )+0.032D(355!" ), where !"
is the optical depth of "-rays, to take into account both the
"-rays energy release and the positron kinetic energy release
(Nadyozhin 1994; Colgate et al. 1997). We adopt # = 0.1 cm2

g"1 for the opacity of the SN ejecta. We include the e!ect 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 #" = 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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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(!" )+0.032D(355!" ), where !"
is the optical depth of "-rays, to take into account both the
"-rays energy release and the positron kinetic energy release
(Nadyozhin 1994; Colgate et al. 1997). We adopt # = 0.1 cm2

g"1 for the opacity of the SN ejecta. We include the e!ect 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 #" = 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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CO15

Large abundance ratios to the solar composition are shown for 
the 1st peak r-process elements (As - Sr).

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

n-rich intermediate isotopes (48Ca, 50Ti)



Uncertainty in ejected mass distribution on Ye 
The Ye range 0.36 < Ye < 0.505

 for CO145 and CO15 models
_ _

Electron-capture SN 
Ye, min = 0.46 in 1D explosion model

(Wanajo et al. 2009)

Ye, min = 0.34 - 0.40 for different 2D RHD treatments
(Wanajo et al. 2011; Janka-san’s talk on Nov. 1)2 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 di!erences 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 su!er strong explosive nucleosynthesis.
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Figure 1. The ejected mass as a function of the electron fraction
Ye at the initial time of the nucleosynthesis calculation. The red
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.
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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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(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).

2

EC SN Ultra-stripped SNe (Wanajo et al. 2011)

Systematic differences by neutrino transport treatments



SN explosion of a 9.6 M  star 
Ye, min of 0.35 - 0.44

(Müller 2016)
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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)
doi:10.1017/pas.2016.xxx
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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),
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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
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)
doi:10.1017/pas.2016.xxx

2D: Thin
3D: Thick

CoCoNuT-FMT
(Dynamic one-moment closure scheme)

Vertex-CoCoNuT
(Two-moment scheme with variable Eddington 
factors from a model Boltzmann equation.)
Sophistication of the microphysics
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Systematic differences by neutrino transport treatments



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

_ _

We investigate the effects of Ye uncertainties to the nucleosynthesis.
Ye,min = 0.36 → 0.40 (Ye040), 0.42 (Ye042), 0.44 (Ye044)
for CO145 model

0

1

2

3

4

5

 0.36  0.38  0.4  0.42  0.44  0.46  0.48  0.5

Ej
ec

te
d 

m
as

s 
(1

0-3
 M

!
)

Ye

CO145: 6.3×10
-2

 M
!

for 0.495 < Ye ≤ 0.500

The Ye distribution could be affected by neutrino transport treatments.

Uncertainty in ejected mass distribution on Ye 



Uncertainty in abundance distribution

Yield of the 1st peak r-process elements (Z > 30)

Nucleosynthesis of ultra-stripped SNe 5

Table 3. Yields of some elements and isotopes in units of 10!3 M".

Element CO145 CO15 Element CO145 CO15 Isotope CO145 CO15 Isotope CO145 CO15

C 4.60 5.41 Si 6.71 8.56 48Ca 1.24 1.88 53Mn 0.00200 0.00203
O 22.9 29.7 S 4.14 5.91 50Ti 0.825 0.821 56Ni 9.73 5.72
Ne 8.12 12.9 Ca 4.14 5.91 26Al 0.214 0.211 60Fe 0.528 0.343
Mg 1.56 2.61 Z # 31 11.6 12.4 41Ca 0.000593 0.000798
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Figure 5. Light curves of the ultra-stripped Type Ic SNe. The
red and black lines denote CO145 and CO15 models, respectively.
The circles denote the light curve of SN 2005ek.

mated as 0.1 M" and 0.03 M" by Drout et al. (2013). The
peak absolute magnitude of our models is !15.5–!16. The
obtained light curves are about one degree less luminous
than that of SN 2005ek. The decline time scale of the light
curves in our models would be close to that of SN 2005ek.

The energy release of the radioactive decays of interme-
diate and heavy elements partly contributes to the optical
emission. In CO145 model, the radioactive decays of these
radioactive elements dominate the energy generation for one
day after the collapse. The fraction of the luminosity from
these elements is 27 % at the peak luminosity. On the other
hand, the radioactive decays from intermediate and heavy
elements dominate for four days in CO15 model. If the con-
tribution from these elements is ignored, the peak luminos-
ity becomes the half value. The decay time of the luminosity
from these elements is about four and eight days in CO145
and CO15 models, respectively. The di!erence of the contri-
bution from these elements is mainly due to the di!erence
of the 56Ni yield. The radioactive decays from intermediate
and heavy elements could contribute to the energy release
for one week to ten days.

Recently, a variety of fast fading 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). Hence, some of sub-luminous
fast fading SNe could be ultra-stripped SNe. These observed
SNe showed spectral features di!erent 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.
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Figure 6. Abundance ratios of elements in the ejecta of ultra-
stripped SN models to the solar abundance. The black, red, green,
and blue lines denote the ratios of CO145, Ye040, Ye042, and
Ye044 models, respectively.

These compositional di!erences 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 and the NSMs.

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.

4.2 Uncertainties of the 1st peak r-element yields
in ultra-stripped SN models

We obtained the 1st peak r-elements in the ultra-stripped
SN models. However, the production of the r-elements de-
pends 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. To assess the uncertainties originated from the
di!erence of codes, we compare the yields of an ECSN cal-
culated by the same code with the result in Wanajo et al.
(2011) and find that more neutron-rich materials are ejected
in our model (see Appendix). To study the uncertainties of r-
element yield more systematically, we here additionally con-
sider three cases of the Ye distributions based on the result of

MNRAS 000, 1–10 (2016)

Less n-rich distributions

6×10-4 (Ye044) ~ 0.01 (CO145) M

Different distributions of the 1st peak r-process elements

CO145, Ye040, Ye042, Ye044 models

Less abundant in Ga-Rb



Ye dependence of heavy element abundances

Heavy elements are produced in Ye < 0.42.

Mass fractions in fluid particles with each Ye (0.005) bin

Neutron-rich Ca isotopes are produced in Ye ~ 0.40.
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Mini ~ 9-11 M  single stars
Contribution of low-mass massive stars

A possible site for the 1st peak r-elements in the Galaxy
Stellar mass range?
Production/ejection of the 1st peak r-elements?

location of the piston used to drive the explosion and will
remain uncertain until a more realistic explosion model can be
computed. For Model 10B, two locations for the piston were
explored. One, at M1.301 :, is the traditional location used in
many other studies, the base of the oxygen shell where the
entropy experiences an abrupt rise above S/NAkB = 4.0. Given
the sharp density decline there, very little 56Ni is made. The
other location, M1.245 :, at the edge of the neutronized iron,
was the deepest location likely to be ejected in any model. This
is in part because calculations of neutrino-transport models
show that the iron core is generally a lower bound to the mass
incorporated into the bound baryonic remnant, but also because
ejection of even a few hundredths of a solar mass of such
neutron-rich matter would greatly overproduce rare nuclei in
the iron group.

In any case, the ejection of more iron-group matter would
not have increased the 56Ni yield. Model 10D had a piston
situated at the S/NAkB = 4.0 point, but the density decline there
was not so steep since the weaker silicon flash had not ejected
so much matter and there had been less time to cool and
contract. In summary, it seems that 56Ni production will likely
be in the range M0.01 :– M0.04 :. The production of M0.01_ :
of 56Ni in M10 : explosions is consistent with previous studies
(Kitaura et al. 2006; Wanajo et al. 2009), and pending further
multi-dimensional modeling (e.g., Melson et al. 2015) and
studies of the nucleosynthesis in the neutrino-powered wind,
we believe it to be a good factor-of-two estimate. Lighter
elements are less sensitive to the simulation of the explosion
and therefore are more accurately determined.

8. CONCLUSIONS

The presupernova evolution of stars from M6.5 : to M13.5 :
has been explored with emphasis upon stars from 9.0 to

M10.3 :. These are stars that ignite oxygen burning off-center.
An important component of these studies is the use of a large
network, including the necessary weak interactions for altering
the electron mole number, Ye, during all stages of the post-
helium-burning evolution (Jones et al. 2013). Particularly
important is the neutronization that goes on during oxygen
shell burning and decreases the effective Chandrasekhar mass
of the core, making it prone to collapse in the absence of strong
burning shells. Also important and novel is our treatment of the
propagation of the oxygen- and silicon-burning CBFs,
especially using a subgrid model to describe the oxygen CBF
propagation.

We find that evolution in this mass range can be categorized
by five possible outcomes (Figure 15; Table 1). In order of
increasing mass these are: (1) carbon–oxygen white dwarfs
(Section 3.1; below 7.0 M:); (2) neon–oxygen white dwarfs or
electron-capture supernovae (depending upon uncertain mass
loss rates; Section 3.2; 7.0–9.0 M:); (3) stars that ignite
degenerate silicon burning off-center in a strong flash, but
which remain hydrodynamically stable until iron-core collapse

(Section 5.1; 9.1, 9.2, and 9.4–9.7 M:); (4) stars for which the
silicon flash is so violent as to lead to a localized deflagration
and possible envelope ejection (Section 6; 9.0, 9.3, and
9.8–10.3 M:); and (5) ordinary core-collapse supernovae (stars
over 10.3 M:). Compared with earlier similar studies, our mass
limits are approximately M1 : lower than traditional values,
e.g., supernovae are often assumed to start at M8 :, not M7 :.
While we do not place great faith in the exact values of these
masses, the existence of the various classes of events should be
robust for the one-dimensional stellar physics employed.
We find, as have others, that those stars in this mass range

that do eventually produce neutron stars have compact
structures that should be easy to explode using neutrinos.
Without strong magnetic fields and rotation, which we argue
are negligible here, and without the ram pressure of an
accreting mantle, the resulting explosion will probably be much
weaker than the customary 1051 erg inferred observationally for
common supernovae (e.g., Kasen & Woosley 2009).
Though still very approximate, our treatment of CBFs in

oxygen and silicon burning is an improvement over previous
work (Section 4.1). Despite including a large reaction network
and associated neutrino losses, we do not find that thermohaline
mixing or URCA shells play a major role in either stage. Flame
propagation and Rayleigh–Taylor instability, to the extent that
they can be modeled in a 1D calculation, dominate. The
advancement of the burning is also driven by macroscopic
considerations (Section 4.2), the need to provide fuel to
maintain the entropy of a core whose mass already exceeds the
cold Chandrasekhar limit. Since the burning can only be
sustained by the inward propagation of a flame, the CBF cannot
go out, but must proceed, by whatever processes, at a rate
sufficient to balance neutrino losses from the core. When
reasonable flame speeds are employed, the resulting flame
temperatures are not very different from traditional values for
oxygen and silicon shell burning, !1.8 ! 109 K for the former
and !3.5 ! 109 K for the latter. In earlier exploratory
calculations where the flame speed was greatly underestimated
(by leaving it out), we found much higher CBF temperatures
and densities, though in no case did the flame ever permanently

Table 4
Nucleosynthesis for Models 10B and 10D (He Core Only)

Model Piston Energy O Mg Si S Ar Ca 56Ni
Location (1050 erg) (M:) (M:) (M:) (M:) (M:) (M:) (M:)

10.0B 1.301 2.0 0.161 0.010 0.048 0.034 0.0065 0.0015 0.0060
10.0B 1.245 1.8 0.161 0.010 0.053 0.038 0.0073 0.0016 0.045
10.0D 1.440 2.2 0.099 0.0060 0.011 0.0042 0.0008 0.0007 0.022

Figure 15. Final fates of stars in the mass range 7–11 M:. Below M7 :, CO
white dwarfs are produced. From 7 to 8 M:, carbon ignites off-center and burns
as a CBF to the center and from 8 to 9 Me carbon ignites centrally. From 7 to 9
M:, degenerate ONe cores are produced that may become white dwarfs if the
envelope is lost, or electron-capture supernovae otherwise. Above 9.0 M:, all
stars eventually produce iron cores that collapse to neutron stars. From 9.0
through 10.3 M:, silicon burning ignites in a strong flash that, especially in the
more massive stars, can become a deflagration. Above 10.4 M:, all burning
stages ignite in the center of the star without strong flashes.
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(Woosley & Heger 2015)

(e.g., Woosley 1986; Nomoto & Hashimoto 1988; Umeda et al. 2012; Woosley & Heger 2015)

Electron-capture (EC) SNe and EC SN-like (weak) core-collapse 
(CC) SNe will make small neutron stars.
But note: fallback



Concluding remarks

The 1st peak r-process elements such as As-Sr can be produced 
in hot-bubble materials.

Small ejecta mass, small 56Ni amount, and weak explosion deduce 
faint and fast-decaying light curves.

We investigated explosive nucleosynthesis of ultra-stripped SNe evolved 
from 1.45 and 1.5 M  CO core progenitors using thermal history 
calculated by 2D ν-RHD simulations.

Mej ~ 0.1 M  , M(56Ni) = 9.7×10-3 M  (CO145), 5.7×10-3 M  (CO15)

The 1st peak r-element yield and the r-element distribution depend on 
the uncertainty of the Ye distribution of the SN ejecta.

Weak core-collapse SNe having a small Fe core could eject the products 
similar to EC SN and affect the Galactic chemical evolution.


