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Figure 6. Specific entropy (in units of kB baryon−1; left halves of the individual panels) and radial velocity (in units of 104 km s−1; right halves) profiles at 100
(top-left panel), 200 (top-right), 250 (bottom-left), and 350 ms (bottom-right) after the bounce for model CO15. In the entropy plots, bluish (reddish) colours
represent small (large) entropy. In velocity plots, red region is expanding (positive radial velocity) and blue region is accreting (negative radial velocity).

mass accretion rate evolution due to the different envelope structure
(see Fig. 5). The later onset of the explosion leads to larger PNS
mass as shown in Fig. 8. Here we define PNS as the region with
density above 1011 g cm−3. CO145 and CO15 models form a PNS
of baryonic mass ≈1.35 M#, while other models give larger PNS
mass.

In Table 2, we summarize results of our hydrodynamics simula-
tions. tfinal denotes the final post-bounce time of each simulation.
The quantities listed in other columns are all measured at tfinal. Rsh

is the angle-averaged shock radius, Eexp is diagnostic explosion
energy, which is defined as the integral of the sum of specific inter-
nal, kinetic, and gravitational energies over all zones with positive
value, MNS, baryon is baryonic mass of the remnant NS calculated by
integration over grid of ρ > 1011 g cm−3, MNS, grav is the corre-
sponding gravitational mass, Mej = MCO − MNS, baryon is the ejecta

mass, M56Ni is mass of 56Ni, and vkick is the estimated kick velocity
of NSs. Note that these quantities are not the final outcome of the
simulations, since all the simulations were terminated before the
system relaxes to a stationary state to save the computational time.
The gravitational mass is calculated by the baryonic mass using the
following relation (Timmes, Woosley & Weaver 1996)

Mbaryon

M#
− Mgrav

M#
= 0.075

(
Mgrav

M#

)2

. (2)

56Ni mass is calculated using tracer particle method (e.g. Nagataki
et al. 1997). We assume that the mass elements with the maximum
temperature being over 5 × 109 K achieve nuclear statistical equi-
librium and synthesize 56Ni completely. This gives just an approx-
imate estimate. For more realistic calculation, we need to perform
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2D SN explosion of ultra-stripped SNe
(Suwa et al. 2015)

Weak explosion and small ejecta mass
We investigate the explosive nucleosynthesis 
in ultra-stripped SNe

Light curve
Production of light r-process elements

A possible generation site of binary neutron stars
(e.g., Tauris et al. 2013, 2015)
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Figure 3. Abundance ratios of elements in the ejecta of ultra-
stripped Type Ic SN to the solar abundance. The red and black
lines denote the ratios of CO145 and CO15 models, respectively.
The dashed lines denote the maximum ratios and the ratios of
the 10% of the maximum ratios.

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

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

4 DISCUSSION

4.1 Light curves of ultra-stripped SNe

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

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

Figure 5 shows the light curves of these SNe. For com-
parison, we also show the light curve of a fast decaying Type
Ic SN 2005ek, of which ejecta mass and 56Ni mass are esti-
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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

-17

-16

-15

-14

-13

-12

-11
 0  5  10  15  20  25  30  35  40

10
40

10
41

10
42

A
b

so
lu

te
 M

ag
n

it
u

d
e L

u
m

in
o

sity
 [erg

 s
-1]

Days since explosion

CO145
CO15

SN2005ek

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 difference of the contri-
bution from these elements is mainly due to the difference
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 different from normal Types
Ia and Ib/c SNe. The ejecta of the ultra-stripped SNe in
our models indicate a larger abundance ratio of intermedi-
ate elements to oxygen compared to more massive CO cores.
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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 differences could give distinctive spec-
tra features. Identification of ultra-stripped SNe from Type
I SNe is important for the evaluation of the ultra-stripped
SN rate. Future observations of ultra-stripped SNe could
constrain the rates of ultra-stripped SNe 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
difference 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)

Progenitors: 1.45 (CO145) and 1.5 M   CO stars

Light curve
Similar to faint and fast fading type Ic SN 2005ek
Mpeak ~ -15.5 - -16

The distribution of the abundance ratio to the solar composition
A possible contribution of the 1st peak r-process elements
Discussion in poster (II-18)

(Drout et al. 2013)
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