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three-quarters of our binaries have measured or-
bital properties, which allowed us to directly mod-
el the orbital parameter distributions. (iii) The
orbital properties cover the full range of periods
and mass ratios relevant for binary interaction.
Thus, we are better equipped to draw direct con-
clusions about the relative importance of various
binary interaction scenarios.

We find an intrinsic binary fraction of fbin =
0.69 T 0.09, a strong preference for close pairs
(p = –0.55 T 0.2), and a uniform distribution of
the mass ratio (k = –0.1 T 0.6) for binaries with
periods up to about 9 years. Comparison of the
intrinsic, simulated, and observed cumulative dis-
tributions of the orbital parameters shows that
observational biases are mostly restricted to the
longest periods and the most extreme mass ra-
tios (Fig. 1).

Compared with previous works, we find no
preference for equal-mass binaries (22).We obtain
a steeper period distribution and a larger fraction
of short period systems than previously thought
(9–14, 23), resulting in a much larger fraction of
systems that are affected by binary evolution.

Because star-cluster dynamics and stellar evo-
lution could have affected the multiplicity prop-
erties of only very few of the young O stars in
our sample (see supplementary text A.2), our
derived distributions are a good representation
of the binary properties at birth. Thus, it is safe
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Fig. 1. Cumulative number distributions of logarithmic orbital periods (left) and mass ratios (right) for
our sample of 71 O-type objects, of which 40 are identified binaries. The horizontal solid lines and the
associated dark green areas indicate the most probable intrinsic number of binaries (49 in total) and its
1s uncertainty, corresponding to an intrinsic binary fraction fbin = 0.69 T 0.09. The horizontal dashed
lines indicate the most probable simulated number of detected binaries (40 T 4), which agrees very well
with the actual observed number of binaries (40 in total). Crosses denote the observed cumulative
distributions for systems with known periods (34 in total) and mass ratios (31 in total). The lower
dashed lines indicate the best simulated observational distributions and their 1s uncertainties, corre-
sponding to intrinsic distributions with power-law exponents p = –0.55 T 0.22 and k = –0.10 T 0.58,
respectively. The lower solid lines and associated dark blue areas indicate the most probable intrinsic
number distributions and their errors. The latter were obtained from a combination of the uncertainties
on the intrinsic binary fraction and on the power-law exponents of the respective probability density
functions. d, days.

Fig. 2. Schematic representa-
tion of the relative importance
of different binary interaction
processes given our best-fit bi-
nary fraction and intrinsic distri-
bution functions. All percentages
are expressed in terms of the frac-
tion of all stars born as O-type
stars, including the single O stars
and the O stars in binaries, either
as the initially more massive
component (the primary) or as
the less massive one (the second-
ary). The solid curve gives the
best-fit intrinsic distribution of
orbital periods (corresponding to
p = –0.55), which we adopted
as the initial distribution. For the
purpose of comparison, we nor-
malized the ordinate value to
unity at the minimum period
that we considered. The dotted
curve separates the contributions
from O-type primary and second-
ary stars. The colored areas indi-
cate the fractions of systems that
are expected to merge (red), ex-
perience stripping (yellow), or
accretion/common envelope evo-
lution (orange). Assumptions and
uncertainties are discussed in
the text and in supplementary
text C. The pie chart compares
the fraction of stars born as O stars that are effectively single [i.e., single (white) or in wide binaries with little or no interaction effects (light green)—29%
combined] with those that experience significant binary interaction (71% combined).

Cumulative fraction of O stars at birth
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Fig. 1.— Bias-corrected multiplicity fraction (left; thick), triple/high-order fraction (left; thin), and companion frequency (right) of BDs
and MS stars. All three quantities increase monotonically with primary mass. The indicated spectral types at the top roughly correspond
to the mean primary masses of field dwarfs. See Table 1 for detailed references.

multiplicity statistics very little.
Eccentricities: Eccentricity distributions are typically

referenced to a thermal distribution defined as pe =2e,
where pe is the probability of given eccentricity e (Am-
bartsumian 1937; Heggie 1975). The average e of solar-
type binaries increases with orbital separation, transitioning
from a sub-thermal (smaller eccentricities) to thermal dis-
tribution near 200 au and to super-thermal beyond > 10

3 au
(Tokovinin & Kiyaeva 2016; Tokovinin 2020). The closest
binaries are impacted by tides. For MS stars with con-
vective envelopes below the Kraft break (Te↵ < 6, 200K;
M1 < 1.2 M�), binaries are tidally circularized below
P . 8 days; above the Kraft break, only binaries within
P . 2 days are fully circularized (Meibom & Mathieu
2005; Abt 2006; Moe & Di Stefano 2017; Geller et al.
2021a; Zanazzi & Wu 2021; Torres et al. 2021).

Triple Statistics: About 14% of solar-type primaries
are in triples and higher order multiples (Tokovinin 2014a,
see Fig. 1). The closest binaries within P < 3 days are
found almost exclusively (96%) in triples, whereas only a
third of binaries with P ⇡ 20 days have tertiary companions
(Tokovinin et al. 2006; Laos et al. 2020). Beyond these peri-
ods, Tokovinin (2014a) concluded that the joint distribution
f(Pin, Pout) of inner periods Pin and outer periods Pout

is consistent with both companions being independently
drawn from the same overall lognormal period distribution
for solar-type binaries, but with the added constraint of dy-
namical stability. Various theoretical studies have proposed
slightly different criteria for dynamical stability in triples
(Mardling & Aarseth 2001; Georgakarakos 2008). Based
on their sample of solar-type triples with reliable orbital

solutions, Tokovinin (2004) measured an empirical relation:

Pout/Pin >
5

(1� eout)3
, (4)

where eout is the eccentricity of the outer tertiary.
Tokovinin (2017) examined the relative orbital orienta-

tions of visually resolved triples. For outer tertiaries be-
yond aout > 10

3 au, they found an equal number of pro-
grade and retrograde orbits with respect to the inner bi-
naries, suggesting isotropic orientations. Meanwhile, the
majority of compact solar-type triples within aout < 50 au
have prograde configurations, demonstrating a high degree
of alignment between the inner and outer orbits. Tokovinin
(2017) also found tentative evidence that triples become
more misaligned with increasing primary mass. Finally,
Borkovits et al. (2016) identified a large population of very
compact triples with aout < 10 au. All have mutual inclina-
tions within Imutual < 60

�, about half of which are nearly
coplanar with Imutual < 20

�. We discuss the special im-
plications of triple star statistics for formation models in
§3.3.3.

2.2.2. M Dwarfs

Frequencies: Building on the historical work of Fischer
& Marcy (1992), many subsequent studies have employed
a variety of detection techniques to fill in the multiplicity
parameter space of the most common stars in the galaxy
(Close et al. 2003; Gizis et al. 2003; Bouy et al. 2003;
Daemgen et al. 2007; Law et al. 2008; Bergfors et al. 2010;
Janson et al. 2012; Dieterich et al. 2012; Janson et al. 2014;
Ward-Duong et al. 2015). By combining previous samples

N ≥ 2

N ≥ 3
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Figure 1. Relative fractions of CCSN types in a volume-limited sample
from LOSS. This is slightly different from the fractions quoted in Paper II,
in order to better suit the aim of this paper as explained in the text. The main
difference is that we exclude SNe in highly inclined galaxies because of
extinction effects, and we reorganize the class of SNe Ibc-pec (namely, we
moved broad-lined SNe Ic from the ‘Ibc-pec’ category to the ‘Ic’ group).

included them, the fraction of SNe IIn would be significantly higher;
note that even without the SN impostors, however, our relative frac-
tion of SNe IIn is higher than in previous studies (Cappellaro et al.
1997; Smartt 2009). The criteria for excluding an individual SN im-
postor are admittedly somewhat subjective, but this is a necessary
step since the diversity and potential overlap of SNe IIn and massive
star eruptions are not fully understood yet. Generally, if an object
has a peak absolute R or unfiltered magnitude brighter than −15
and has linewidths indicating expansion speeds faster than about
1000 km s−1, we include it as a real SN IIn. Less luminous and
slower objects are considered impostors and are excluded.

Unlike previous studies, we include a category called ‘SNe
Ibc-pec’ (peculiar; see Paper II). This category was necessary to
introduce in Paper II because some SN Ibc vary significantly from
the template light curves used to derive the control times for SNe
Ib and Ic. As such, the ‘Ibc-pec’ category in Paper II includes some

Table 1. Volume-limited core-collapse SN fractions.

SN type Fraction Error
(per cent) (per cent)

Ic 14.9 +4.2/−3.8
Ib 7.1 +3.1/−2.6
Ibc-pec 4.0 +2.0/−2.4
IIb 10.6 +3.6/−3.1
IIn 8.8 +3.3/−2.9
II-L 6.4 +2.9/−2.5
II-P 48.2 +5.7/−5.6

Ibc (all) 26.0 +5.1/−4.8
Ibc+IIb 36.5 +5.5/−5.4

broad-lined SNe Ic such as SN 2002ap that are clearly SNe Ic.
We have moved these to the SN Ic category for the purpose of
this paper, since they clearly correspond to massive stars that have
fully shed their H and He envelopes. This has a small effect on the
overall statistics, because broad-lined SNe Ic are very rare in our
sample, contributing only 1–2 per cent of all CCSNe. This is in
agreement with the recent study of Arcavi et al. (2010), who find
that broad-lined SNe Ic contribute only 1.8 per cent of CCSNe in
large galaxies. It is noteworthy, however, that Arcavi et al. (2010)
find broad-lined SNe Ic to be much more common (∼13 per cent
of CCSNe) in low-metallicity dwarf host galaxies. We also exclude
SNe occurring in highly inclined galaxies, where dust obscuration
may introduce statistical problems that are difficult to correct. As
a result of these minor adjustments, made because our goal of in-
vestigating implications for massive-star evolution is different from
the goal of deriving relative rates and correcting for observational
biases, the relative fractions of various SN types in Table 1 and
Fig. 1 differ slightly from the results in Paper II.

In quoting fractions of various SN types, we ignore metallicity,
galaxy class, and other properties, although we are cognizant of the
importance of these properties and consider them in our discussion
below. The galaxies included in the LOSS survey span a range of
luminosity, with most of the CCSN hosts corresponding roughly
to metallicities of 0.5–2 Z⊙ (Garnett 2002; the LOSS galaxy sam-
ple spans a range of MK from about −20 to −26 mag, but most of
the CCSN hosts are in the range of −22 to −25 mag; see Paper
II). We note some trends in Paper II, such as the fact that SNe IIn
appear to prefer lower luminosity spirals, whereas SNe Ibc seem
to prefer large galaxies and therefore higher metallicity, consistent
with previous studies (Prantzos & Boissier 2003; Prieto et al. 2008;
Boissier & Prantzos 2009). LOSS is biased against very faint dwarf
galaxies, since larger galaxies with potentially more SNe were tar-
geted to yield a richer harvest of SNe. However, low-luminosity
galaxies seem to have more than their expected share of star for-
mation per unit mass, and probably contribute 5–20 per cent of the
local star formation (Young et al. 2008). If unusually luminous SNe
IIn and II-L favour such low-luminosity galaxies, as some recent
studies may imply (Smith et al. 2008b; Miller et al. 2009; Quimby
et al. 2009), then this may slightly raise the relative fractions of
SNe IIn and II-L compared to our study. Recently commissioned
untargeted surveys can help constrain this contribution (see Arcavi
et al. 2010, as noted above regarding broad-lined SNe Ic in dwarf
hosts).

Our volume-limited survey within 60 Mpc includes 80 CCSNe,
compared to the heterogeneous volume-limited study of 92 CCSNe
within 28 Mpc summarized by Smartt (2009). However, because the
LOSS survey was conducted with the same telescope in a system-
atic way, we are able to make proper corrections for the observing
biases, as Paper II describes in detail. We also have much more
complete spectroscopic follow-up observations and we monitor the
photometric evolution of the SNe we discovered, which particu-
larly affects the relative fractions of SN II-P versus II-L, IIn and
IIb, all of which are sometimes called simply ‘Type II’ in initial
reports. Thus, samples of SNe using identifications from initial re-
ports are often unreliable or unspecific, but our study resolves this
issue because our more extensive photometric and spectroscopic
follow-up observations allow us to more reliably place the SNe
in subclasses. Consequently, our observed fractions of CCSN types
differ from those of previous studies in a few key respects. The main
differences compared to SN fractions listed in various studies re-
viewed by Smartt (2009) are as follows.

C⃝ 2011 The Authors, MNRAS 412, 1522–1538
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IIn consistent with normal LBVs (Gal-Yam & Leonard 2009), as
well as the most massive stars with violent pre-SN mass-loss (Smith
et al. 2007, 2010; Woosley et al. 2007).

If we relax the requirement that all of the most massive single
stars make successful SNe IIn, then the lower-right corner of Fig. 6
provides an attractive parameter space for massive stars that can
collapse to a BH without making an SN display. If, for example,
we allow all single stars above 50 M⊙ in the Binary #2 scenario
to quietly make BHs, then the redistribution of the remaining mass
ranges for SNe II-P, II-L and IIn are still in rough agreement with
observational constraints. Of course, this would fail to produce the
very luminous SNe IIn that are thought to come from the most
massive stars.

A drawback of this Binary #2 scenario is that the initial mass
range for SNe Ic still reaches uncomfortably low masses, and there-
fore dominates most of the mass range for binary progenitors. Note
that if we allow some of the most massive stars in the binary channel
to undergo a quiet BH collapse, we would need to shift the boundary
between SNe Ic and Ib to even lower initial masses, exacerbating
this problem. Also, the Binary #2 scenario does not allow any SNe
Ic to come from single stars. This raises the question of the origin
and fate of single WR stars, which presumably arise from eruptive
LBV mass-loss in very massive stars or perhaps through strong
winds at supersolar metallicity. The next scenario allows some of
the most massive single stars to produce SNe Ic as well.

4.4 A hybrid scenario

One can, of course, play this game ad nauseum by adjusting the
fraction of SN progenitors that experience binary RLOF, and redis-
tributing the remainder among single stars in various ways. Fig. 7
shows an example of one ‘hybrid’ scenario, which is a compromise
between the standard view of single-star evolution and the Binary
#2 scenario. Here we have assumed that roughly half of the SN Ic

population (we take a fraction equal to 8.8 per cent of all CCSNe for
convenience, equal to the SNe IIn fraction) may arise from single-
star evolution, while the remainder of SNe Ic form via binary RLOF
along with SNe Ib (including Ibc-pec) and SNe IIb as before, so
that the binary RLOF fraction is 28 per cent in this hypothetical
scenario. The binary fraction may be somewhat different or may be
mass dependent, and one can adjust a version of Fig. 7 accordingly
to match precise values; the goal here is to be conceptual.

Although such a scenario may seem more complicated and some-
what ad hoc, it is well motivated, and balances several competing
factors. Among the most massive stars with initial masses above
23 M⊙, it allows single stars to die as either SNe Ic or IIn. This
may be the case if the efficiency of single-star mass-loss depends on
additional factors such as rotation or metallicity. One can imagine,
for example, that very massive stars may be unable to shed their H
envelopes if low metallicity or slower initial rotation rates weaken
their winds or tame the LBV instability. Under these circumstances,
massive stars might then die as SNe IIn if they suffer core collapse
while still in the process of attempting to shed their H envelopes.
Indeed, we noted in Paper II that SNe IIn tend to prefer smaller,
lower-metallicity galaxies. The remainder of more rapidly rotat-
ing single stars or higher-metallicity single stars might successfully
shed their H envelopes via winds or LBV eruptions and die as SNe
Ic. LBV eruptions do seem to be more catastrophic among the most
massive stars (Smith & Owocki 2006).

Aside from being hypothetical, this scenario has no obvious dis-
advantages in view of our knowledge of SN progenitors, and it has
some strengths as follows.

(1) It maintains very good agreement between the mass range
of SNe II-P and the inferred mass range of directly detected RSG
progenitors (Smartt 2009). Putting some of the SNe Ic back into the
single-star channel has the consequence that it lowers the upper mass
bound required for SNe II-P compared to the Binary #2 scenario,
improving the agreement with observations. Obviously, we could

Figure 7. Our favoured scenario, combining single and binary star evolution. This is the same as Fig. 6, except that now we have taken roughly half of the SNe
Ic (8.8 per cent of all CCSNe, to match the fraction of SNe IIn) away from the binary RLOF population and mixed them with the single-star population. SNe
Ic that arise from single stars are below the dashed line. Thus, in this scenario we assume that half of all single stars above ∼23 M⊙ are able to shed their H
envelopes via winds or LBV eruptions, while the other half retains their H envelopes until just before core collapse, producing SNe IIn. The difference among
the most massive stars would depend on the efficiency of winds and LBV eruptions, which in turn may depends on properties such as metallicity or rotation.
The specific numbers shown here are meant to provide just one example of a potential hybrid scenario.

C⃝ 2011 The Authors, MNRAS 412, 1522–1538
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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Double neutron stars (DNS)

銀河系内には19個のDNSが見つかっている (Zhu & Ashton 2020) 

10個のDNSは宇宙年齢（13.8 Gyr）以内に合体する 

合体時間  

いま観測されている重力波天体を説明するには  が必要 

(cf. 1AU=1.5x1013 cm、R⊙=7x1010cm) 

中性子星合体の親星は超近接連星効果を経験したはず 

こうしたシステムから生まれる超新星はどういう超新星？

τ = 1.2 × 108 yr ( a0
1011 cm )

4

( Mtot
2.8M⊙ )

−3

a0 < 3 × 1011 cm

7
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also suggest that the envelope was located at r ≤
6 × 1015 cm from the progenitor (12). The flash-
ionized emission lines exhibit complex asym-
metric profiles (Fig. 3) that we attribute to light
travel time effects, given the large size of the
envelope and the high inferred wind velocities
(12, 27).

An ultra-stripped progenitor

The low ejecta mass and explosion energy, as
well as the presence of an extended He-rich en-
velope, indicate an unusual progenitor channel
for iPTF 14gqr. The detection of the early shock-
cooling emission indicates a core-collapse origin
of the explosion, whereas the bright radio-
activity powered emission suggests that this
explosion is associated with the class of iron
core-collapse explosions. The low ejecta mass,
together with the small remaining amount of
He in the progenitor, rules out models of sin-
gle star evolution as well as a nondegenerate
massive star companion for the progenitor of
iPTF 14gqr (12), leaving only the most com-
pact companions (such as a NS, WD, or BH) as
possible explanations of the highly stripped (or
ultra-stripped) progenitor.
Ultra-stripped explosions have been mod-

eled in the case of He star–NS binaries, in
which stripping of the He star by a NS in a
close orbit leads to the subsequent collapse
of an ultra-stripped He star (7, 8, 28). Hence,
we compare theoretical bolometric light curves
for ultra-stripped explosions (28) to those of

iPTF 14gqr in Fig. 5 for a model with Mej ¼
0:2M⊙,MNi ¼ 0:05M⊙, and EK = 2 × 1050 ergs.
To account for the early declining emission,
we also add a component corresponding to
shock cooling of an extended envelope for
Me ¼ 0:01 M⊙ and Re = 6 × 1013 cm. The two-
component light curve matches the light curve
data. We also compare the spectroscopic prop-
erties of iPTF 14gqr to those of ultra-stripped
SN models in Fig. 5. The models (28) assumed
fully mixed ejecta that led to the production of
strong line blanketing features below 4000 Å,
unlike this source. Thus, we recalculated the
models for ejecta with no mixing (as with the light
curve calculations) and were able to match to the
spectra of iPTF 14gqr near the second peak (Fig.
5 and fig. S13).
Our observations indicate the presence of an

extended He-rich envelope around the progeni-
tor at the time of collapse, thus providing insight
into the terminal evolution of the progenitors of
ultra-stripped SNe and, more broadly, the lowest-
mass progenitors of core-collapse SNe. By using
the line widths in our early spectra, we estimate
that the emitting envelope was expanding with a
velocity of ~1000 to 2000 km s−1 at the time of
collapse, consistent with the escape velocity from
a compact He star (12). When consideredwith the
inferred size of the envelope (at least e500R⊙ ),
the velocities suggest that the envelope was
ejected ~8 to 20 days before the explosion.
The temporal coincidence of the ejection with

the final SN suggests that the envelope was like-

ly associated with an intense pre-SN mass-loss
episode of the progenitor (12). Despite the close
stripping, ultra-stripped progenitors are expected
to retain a small amount of He ðe0:01M⊙Þ in
their outer layers. The prominent He and C lines
in the early spectra are consistent with eruptive
mass loss when considering the expected surface
compositions of ultra-stripped progenitors (8).
The time scale of the ejection is similar to that
expected for silicon flashes (~2 weeks before
explosion) in the terminal evolution of low-mass
metal cores (29) that have been suggested to
lead to elevated mass-loss episodes before the
explosion. Such mass-loss episodes are relevant
to ultra-stripped progenitors as well (28–30).
iPTF 14gqr exhibits a projected offset of ~15 kpc

from the nearest spiral arms of its star-forming
host galaxy (12), which is puzzling when com-
pared to the expected locations of ultra-stripped
SNe (8). Although we do not find evidence of an
underlying stellar association or of galaxy emis-
sion features in late-time imaging and spectros-
copy, the limits are not sensitive enough to rule out
the presence of a dwarf galaxy or a star-forming
H II region (characterized by itsH a emission) at or
near the transient location (12). Nonetheless, the
tidally interacting environment of the host galaxy
suggests that outlying star formation in collisional
debris is likely in this system (12, 31), which could
harbor young stellar systems (with ages of ~5 to
100 million years) in the faint tidal tails (fig. S14).
Hence, the discovery of a core-collapse SN in these
outskirts is consistent with our interpretation.
Although a number of previously observed fast

type Ic SNe [e.g., SN 2005ek (21) and SN 2010X
(22)] were suggested to be members of the ultra-
stripped SN class, it has been difficult to confirm
a core-collapse origin for these explosions be-
cause these events were discovered only near
maximum of the radioactively powered peak.
Specifically, without early photometry and spec-
troscopy that can reveal the presence of a shock-
cooling component, these fast transients are also
consistent with variants of models involving ther-
monuclear detonations onWDs (32–34). The early
discovery and prompt follow-up of iPTF 14gqr
establish the presence of a shock-cooling emis-
sion component that requires an extended pro-
genitor consistent with a core-collapse explosion.
In the probable scenario that iPTF 14gqr formed
a NS in the explosion [we find a BH remnant to
be unlikely given the observed properties of the
SN (12)], the low ejecta mass in the system sug-
gests that the SN results in the formation of a
bound and compact NS binary system (12).

Implications for formation of compact
NS binaries

Our interpretation of iPTF 14gqr as an ultra-
stripped SN has implications in the wider context
of stellar evolution. Compact NS binary systems
evolve from binary massive stars that undergo
several phases ofmass transfer over their lifetime
(Fig. 6). The initial phases of such evolution, in
which two massive stars evolve into interacting
binaries consisting of a compact object in orbit
around a massive star (x-ray binaries), have been
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Zero Age Main 
Sequence (MS) binary

Roche Lobe 
overflow (RLO)

MS star - He star 
binary

First Type Ib/c SN

MS star - neutron 
star (NS) 

High mass X-ray 
binary phase

Common envelope 
spiral in

He star - NS binary

He star (stable/unstable) 
RLO. Most He is ejected 

from the system

Stripped He star + NS 
Intense mass loss leads 
to expanding envelope.

iPTF 14gqr: Ultra-stripped 
SN inside He-rich envelope.

Double NS system

Fig. 6. Stellar evolutionary sequence leading from a binary system of massive stars
(starting from the top left) to a NS-NS system. NS-BH systems are expected to arise from
binaries in which the first formed compact object is a BH. NS-WD systems follow a similar
evolutionary sequence starting from the HMXB (high-mass x-ray binary) stage (where the NS is
replaced by the WD) but require additional mass transfer in the earlier stages (52). The
material composition of the stars is indicated by their colors: red, H-rich material; cyan/blue,
He-rich material; gray, CO-rich material; green, degenerate matter (in NS). The specific
phase of the evolution is indicated by the text under each diagram, with black text indicating
previously observed phases, red text denoting phases that have not been previously observed,
and bold red text indicating phases observed in this work. [Adapted from (9)]
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Figure 4. Left: light curve of SN 2005ek (colored circles), normalized to peak magnitude/epoch and compared to other rapidly evolving supernovae of Type I. The
other events are SN 1994I, SN 2008ha, SN 1998de, SN 2005E (black circles), SN 2002bj (colored squares), and SN 2010X (colored stars; R-band panel only). Right:
R-band absolute magnitude light curves of SN 2005ek (purple circles), SN 2002bj (blue squares), and SN 2010X (magenta stars). When error bars are not visible they
are smaller than the plotted points.
(A color version of this figure is available in the online journal.)

Table 5
Basic Photometric Properties

Band mobs,max
a Mabs,max

b ∆m15 Decline Ratec τe
d

(mag) (mag) (mag) (mag day−1) (day)

B 18.25 (0.02) −16.72 (0.15) 3.51 (0.13) 0.24 (0.01) 4.7 (0.1)
V 17.83 (0.02) −16.96 (0.15) 2.79 (0.07) 0.22 (0.01) 6.9 (0.1)
R 17.41 (0.02) −17.26 (0.15) 2.88 (0.05) 0.21 (0.01) 6.3 (0.1)
I 17.13 (0.04) −17.38 (0.15) 2.13 (0.06) 0.15 (0.01) 8.5 (0.2)
J 17.10 (0.09) −17.26 (0.17) 1.17 (0.50) 0.11 (0.01) 9.6 (0.5)
H 16.85 (0.10) −17.45 (0.18) 1.62 (0.77) 0.09 (0.01) 12.6 (0.7)
K 16.49 (0.10) −17.78 (0.18) 2.51 (1.12) 0.09 (0.02) 10.2 (0.9)

Notes.
a Not corrected for Milky Way extinction.
b Corrected for Milky Way extinction and assuming no host-galaxy extinction.
c As measured by a linear fit between +2 and +18 days (from R-band maximum).
d Time for light curve to decline by a factor of 1/e.

From Figure 4 it is clear that SN 2005ek is an outlier even
among rapid Type I SNe, decaying by !3 mag in 15 days
and showing an unusually linear decline immediately post-
maximum. However, our final r ′ and i ′ detections do show
evidence for a change in slope around 20–30 days post-
maximum. We can place an upper limit of ∼0.029 mag day−1

on the late-time i ′-band slope of SN 2005ek by comparing the
two P200 i ′ detections. Both the timing of this transition and the
late-time slope are comparable to those of the other rapid SN I
plotted in Figure 4, although SN 2005ek decays by 1–2 mag
more before settling onto this late-time tail.

Basic properties for the BVRIJHK bands are given in Table 5.
We find the R-band peak epoch by fitting a low-order polynomial
to the P60 R-band light curve supplemented with the Lick

unfiltered photometry (which most closely mimics and is
calibrated to the R band; Li et al. 2003). This yields a peak
epoch (MJD) of 53639.9 ± 0.3 day. Unless otherwise noted,
all phases throughout this paper are in reference to R-band
maximum. After correcting for distance and reddening we derive
peak absolute BVRI magnitudes ranging from −16.72 ± 0.15
(B band) to −17.38 ± 0.15 (I band). This places SN 2005ek at a
peak optical magnitude very similar to SN 2010X and ∼1.5 mag
below SN 2002bj, SN 1885A, and SN 1939B. In the right panel
of Figure 4 we compare the absolute R-band light curves of
SN 2005ek, SN 2010X, and SN 2002bj.

In order to quantify the rapid decline of SN 2005ek we
calculate the time over which the magnitude declines by a factor
of e−1 (τe), the number of magnitudes the light curve declines
in the first 15 days past maximum (∆m15), and the linear decline
rate in magnitudes per day. The first two quantities are calculated
by linearly interpolating our data, and are measured with respect
to the observed peak magnitude/date. The decline rates are
estimated from linear least-square fits to the data between +2
and +16 days. Uncertainties for all properties listed in Table 5
were estimated using a Monte Carlo technique to produce and
analyze 1000 realizations of our data.20

Our best constraint on the rise time of SN 2005ek comes
from the nondetection in a LOSS search image obtained on
September 18.5 (only ∼9 days before the observed R-band
maximum). Despite this relatively short time frame, the upper
limit of ∼19 mag only moderately constrains the explosion
epoch (Figure 2). We can infer that SN 2005ek rose slightly
faster than its initial decline.

20 Each data point in each realization is a random variable chosen from a
normal distribution with a mean and variance determined by its counterpart in
our initial data set.
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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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Figure 7. Evolutions of the radius of shocks.

Figure 8. Time evolutions of PNS mass (defined by ρ > 1011 g cm−3).

detailed nucleosynthesis calculation, which is beyond the scope of
this paper. The NS kick velocity is estimated by assuming the linear
momentum conservation of the whole progenitor star, i.e. assuming
that anisotropic mass ejection leads to NS kick (e.g. Wongwatha-
narat, Janka & Müller 2013). The linear momentum of ejecta is
calculated by

Pej =
∫

ρ<1011 g cm−3,vr>0
ρvdV , (3)

where v is the velocity vector and vr is its radial component. The NS
kick velocity is then given by vkick = −Pej/MNS,baryon. Since the
axial symmetry is assumed in our simulations, the kick velocity may
be overestimated due to the existence of preferable direction of NS
kick, i.e. symmetry axis. Additionally, the stochastic nature of post-
shock turbulent flow would also change the degree of asymmetry
of ejecta so that the initial small perturbation could change the kick
velocity significantly (Scheck et al. 2006). More statistical study is
needed to pin down this issue. It can be argued that small envelope,
not small iron core itself, which can rapidly accelerate shock, would
generally lead to small kick velocity due to too short time for SASI
to build up (see also, e.g., Podsiadlowski et al. 2004; Bogomazov,
Lipunov & Tutukov 2007).

4 SU M M A RY A N D D I S C U S S I O N

We have performed both stellar evolution simulations of bare CO
cores and explosion simulations for the end product of the CO cores
for modelling ultra-stripped Type Ic SNe. We have found that all
CO cores with mass from 1.45 to 2.0 M⊙ resulted in explosion
with energy of O(1050) erg, which left NSs with gravitational mass
from ∼1.24 to 1.44 M⊙ and ejecta from ∼0.1 to 0.4 M⊙ with
synthesized 56Ni of O(10−2) M⊙. These values are compatible with
observations of ultra-stripped SN candidates (Drout et al. 2013;
Tauris et al. 2013, 2015). For SN 2005ek, Mej ≈ 0.2–0.7 M⊙ and
MNi ≈ 0.02–0.05 M⊙ are appropriate to fit its light curve. The
event rate of these SNe is estimated as ∼1 per cent of core-collapse
SN rate (Drout et al. 2013, 2014), which is also compatible with an
NS merger rate estimation (Abadie et al. 2010).

We took a different approach from previous studies on ultra-
stripped SNe (Tauris et al. 2013, 2015). In previous works, they
self-consistently performed stellar evolutionary simulations until
oxygen burning phase with self-consistent mass-loss driven by wind
but explosion calculations were based on phenomenological mod-
elling with three free parameters: kinetic energy of SN, Ni mass,
and mass cut (i.e. NS mass). Based on this model, they found that
ultra-stripped SN model could account for the light curve of SN
2005ek quite well. In our work, on the other hand, we performed
stellar evolutionary simulations until the last phase of evolution, i.e.
iron core collapse, but for initially bare CO cores without mass-loss.
For the explosion phase, we performed neutrino-radiation hydrody-
namics simulations to calculate explosion energy, Ni mass, and NS
baryon mass in self-consistent manner. In this sense, this work is

Table 2. Summary of simulation results.

Model tfinal
a Rsh

b Eexp
c MNS, baryon

d MNS, grav
e Mej

f MNi
g vkick

h

(ms) (km) (B) (M⊙) (M⊙) (10−1 M⊙) (10−2 M⊙) (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
CO20i 959 1050 0.0524 1.60 1.44 3.95 0.782 10.5

Notes. aThe final time of simulations measured by post-bounce time.
bThe angle-averaged shock radius at tfinal.
cThe explosion energy in units of B (=1051 erg) at tfinal, which is still increasing.
dThe baryonic mass of NS at tfinal.
eThe gravitational mass of NS computed by equation (2) at tfinal.
fThe ejecta mass at tfinal.
gThe Ni mass at tfinal.
hThe kick velocity at tfinal.
iNote that this model is marginally exploding.
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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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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 ρC ∼ 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 ρC ∼ 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
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Figure 1. Schematic picture of ultra-stripped supernova fallback onto a nascent binary neutron star (BNS) or neutron
star-black hole binary (NS-BH).

binary of the NS/BH and a helium star. In this case, the Case BB Roche robe overflow occurs; the envelope of the
helium star is further stripped, and its mass becomes close to the Chandrasekhar mass. The fate of such an ultra-
stripped star may be an electron-capture SN or a core-collapse SN driven by the neutrino mechanism (Tauris et al.
2015). In this paper, we focus on the latter case (see, e.g., Mor et al. (2022) for the former case).

2.2. Ultra-stripped supernovae

Hydrodynamic simulations of core collapse of ultra-stripped progenitors have been performed (Suwa et al. 2015;
Yoshida et al. 2017; Moriya et al. 2017; Müller et al. 2018; Suwa et al. 2018; Sawada et al. 2022). It typically leads
to a successful explosion by the neutrino mechanism with an explosion energy of ESN ⇠ 1050 erg, an ejecta mass of
Mej ⇠ 0.1 M�, and an ejected 56Ni mass of MNi . 0.01 M�. Here we refer to two representative cases obtained by
Sawada et al. (2022) (see Table 1). The CO145 and CO20 models are for ultra-stripped progenitors with CO core
masses of 1.45 M� and 2.0 M�, respectively. The former (latter) represents a more (less) stripped progenitor and can
be regarded to be in a binary system with a relatively small (large) orbital separation. The former (latter) shows a
relatively strong (weak) explosion with a larger (smaller) ejecta mass. Noticeably, the latter has a significantly small
56Ni mass, which is mainly due to the fallback (see Sawada et al. 2022, for the details).

On the basis of the results of the hydrodynamic simulations, the basic properties of USSN light curve can be inferred
as follows. The optical depth of the ejecta evolves with time as ⌧sc ⇡ 3scMej/4⇡r

2
ej, or

⌧sc ⇠ 13 sc,�0.7Mej,�1v
�2
ej,9t

�2
5.9, (5)
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5

For a given heating rate Q̇(t), we solve Eqs. (13) and
(14) with the 4th-order Runge-Kutta method to obtain
Eint(t) and Ekin(t), and then the SN light curve L(t).
By default, we consider the radioactive decay of 56Ni

as the main heating source of the ejecta. In this case,

Q̇(t) = fdep · (MNi qNi(t)) (15)

qNi(t) = ✏Ni · e
�t/⌧Ni + ✏Co · e

�t/⌧Co , (16)

where ✏Ni = 3.22 ⇥ 1010 erg g�1 s�1 and ✏Co = 6.78 ⇥

109 erg g�1 s�1 are the specific decay energy of 56Ni
and 56Co, and ⌧Ni = 8.8 day and ⌧Co = 113.6 day are
the mean lifetimes of 56Ni and 56Co, respectively. We
consider alternative energy sources in Sec. 4.2.

3. RESULTS

Figure 2 shows snapshots of the density profile in the
CO145 model. For numerical reasons, we fill the outer
region of the star with an ambient medium in hydro-
static equilibrium with ⇢ / r�2. The ambient density is
chosen as ⇢(r) = 1015(r/1 cm)�2 g cm�3, and the total
mass is less than 10�4M� to avoid artificially slowing
down the ejecta. The inner region has a structure as
⇢ / r�3/2, which is derived by the approximately con-
stant mass accretion rate, Ṁ / ⇢r2v↵ with the free-fall
velocity v↵ / r�1/2, when the shock reaches 1012 cm,
corresponding to about t ⇡ 1000 sec after the explosion.
While the structure of outside the star in the low-density
ambient medium might influence the shock wave veloc-
ity, it does not significantly a↵ect the dynamics of the
inner fallback region (see e.g., Fernández et al. 2018).
Here, we should note that, in the previous core-collapse
explosoin calculations for progenitors with massive outer
layer, the inward reverse shock self-reflecting at the in-
ner boundary was observed (Ertl et al. 2016). The tim-
ing of the self-reflection is sensitive to the position of
the inner boundary and artificially alter the fallback dy-
namics (Vigna-Gómez et al. 2021). In cases of USSN
progenitors without massive outer layer, there is no re-
verse shock causing the above self-reflection problem.
Figure 3 shows the time evolution of the SN fallback.

We estimate the mass accretion rate as

Ṁfb(t) = 4⇡R2

c
⇢c(t)vr,c(t) , (17)

where ⇢c and vr,c are density and radial velocity at ra-
dius Rc = 1010 cm, respectively. We find a larger fall-
back mass for a larger CO core mass case; the light-
est CO145 model has a total fallback mass of Mfb .
0.01M� while the heaviest CO20 model has Mfb ⇠

0.04M�. These values are comparable to those esti-
mated for canonical-SN explosions (e.g., Zhang et al.
2008; Janka et al. 2021); the smaller explosion energy of
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Figure 2. Density profiles of the core-collapse explosion of
the CO145 model from t = 10msec to t ⇡ 104 sec. The
dashed line indicates the r�3/2 relation.
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Figure 3. Time evolution of the mass accretion rate evalu-
ated at r = 1010 cm, where t = 0 corresponds to the onset
of the explosion.

USSNe than canonical SNe is compensated by the less
dense core of ultra-stripped progenitors to give a com-
parable fallback mass. In all models, the fallback rate
declines as / t�5/3 at t & 1000 sec (Michel 1988; Cheva-
lier 1989). We note that, in the case of USSNe, there
is no enhancement of the fallback rate in a later phase
that could occur for a progenitor with a helium layer.
Figure 4 shows the time evolution of the temperature

profile of the CO145 model. The temperature at the
shock front can be well presented by an analytical ex-

explosion. In both cases, the emitted X-rays from the accreting
nascent CB are absorbed significantly at an early stage, but
gradually escape through the ejecta from∼1 month after the
explosion. The ejecta becomes transparent first for hard X-rays
and then for intermediate to soft X-rays. We note that the
recombination lines of the iron group elements are less
prominent in the CO20 model, since the abundance is lower
(see Table 1).8

Figure 5 shows the corresponding light curves in the soft
(0.4–6 keV), intermediate (6–10 rmkeV), and hard X-ray
(10–30 keV) bands. For comparison, we indicate the sensitiv-
ities of Chandra ACIS and NuSTAR with an integration time of
104 s for a USSN at a nominal distance of 40Mpc. The X-ray
counterpart in the soft and intermediate bands can be detectable
up to 100Mpc by these instruments (XMM Newton with a
sensitivity comparable to Chandra). The detection will also be
promising for future X-ray satellites, e.g., XRISM (XRISM
Science Team 2022) and Athena (Nandra et al. 2013). The
expected event rate of such USSNe is a few yr−1×fb where
fb∼ 0. 1–1 is the beaming fraction of the X-ray emission. The
hard X-ray counterpart can also be detected for cases with a
larger fallback rate and/or a smaller distance to the source. To
this end, follow-up observations of USSNe need to be done
within  a few 100 days after the explosion in the intermediate
and hard X-ray bands and within 1000 days in the soft
X-ray band.

Time variability of the accreting nascent CB can be also
detected if the signal-to-noise ratio (S/N) is sufficiently high:
in order to detect an abrupt variation with an amplitude of
10(1)% and a duration of Δt, an S/N 10(100) needs to be
obtained with an integration time of ∼Δt, while if the variation
is periodic, the S/N for the detection can be reduced by a factor
of ∼(Δt/Tobs)1/2, where Tobs is the total observation time. The
most promising target would be the orbital modulation with a
period of torb∼ 0. 1–1 day. The rotation period and its time
derivatives of the second-born NS and the QPOs of the mini
disks could also be detected when the signals are relatively
persistent in time.

6. Summary and Discussion

We have investigated the effect of USSN fallback occurring
after the formation of the secondary NS in a BNS or a NS–BH
that coalesces within a cosmological timescale. We showed that
the nascent CB can be a binary ULX and the X-ray counterpart
is detectable by a follow-up observation of USSNe within
100Mpc and ∼100–1000 days after the explosion using
Chandra, XMM Newton, NuSTAR, and future X-ray satellites,
which provides direct evidence of CB formation in a USSN.
Furthermore, information on the nascent CB, e.g., the orbital
separation, eccentricity, and the NS spin, can be obtained from
the time variability of the X-ray light curve.
The above conclusions are based on the simplified calcula-

tions of the fallback accretion on and the X-ray emission from
the nascent CB, which need to be justified by multidimensional
radiation hydrodynamic simulations. As for the fallback
accretion rate, we referred the two representative cases obtained
by the numerical simulation of a neutrino-driven explosion of
ultrastripped progenitors by Suwa et al. (2015) and Sawada
et al. (2022). Given that we still lack a complete understanding
of the supernova explosion mechanism, the detailed values of
the fallback accretion parameters may also need to be refined
by future more elaborate simulations to give more accurate
numbers.
For t 100 days, the X-ray counterpart could not be

observed; though the accretion rate is even higher, the X-ray
radiation efficiency may not be high and the X-rays, if any, are
absorbed and converted into UV and optical photons. Instead,
the injection of energy from the accreting nascent CB can
power the USSN light curve, which may solve the apparent 56Ni
problem raised for, e.g., iPTF 14gqr (Sawada et al. 2022). The
detailed modeling and comparison with observed USSNe and
rapidly evolving optical transients will be presented elsewhere.
We finally note that, if the second-born NS is strongly

magnetized and rapidly rotating, the spindown luminosity can
be comparable to or larger than the total accretion luminosity of
the nascent CB. It can both provide an enhanced USSN light
curve (Hotokezaka et al. 2017; Sawada et al. 2022) and a late-
phase X-ray emission (Metzger et al. 2014; Kashiyama et al.
2016). To distinguish the energy sources, multiwavelength
follow-up observations also in the radio, submillimeter, and
gamma-ray bands would be useful.

Figure 5. X-ray light curves of the same nascent compact binary models as Figure 4. The dotted lines show the injection fluxes from the accreting compact binaries
and the solid lines show the transmitted fluxes through the supernova ejecta for the soft (0.4–6 keV), intermediate (6–10 keV), and hard (10–30 keV) X-ray bands.

8 Note that we neglect the ejecta expansion in the calculation of the
transmitted spectra; thus the actual emission lines will be broader with a typical
width of ΔE/E ≈ vej/c ∼ 0.03 vej,9, which could be probed by high-resolution
X-ray spectroscopy with XRISM (Tashiro et al. 2020) and Athena (Barret et al.
2018).
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Figure 9. Time variable accretion rates onto each BH, measured using Equations (15) and (16) (top of each pair of panels) and the corresponding Lomb–Scargle
periodogram (bottom of each pair) computed over ∼100 orbits. From left to right and top to bottom, panels correspond to mass ratios q = 0.026, 0.053, 0.11, 0.25,
0.43, 0.67, 0.82, and 1.0. In each panel, green lines correspond to the primary, blue lines correspond to the secondary, and red corresponds to the total accretion rate.
(A color version of this figure is available in the online journal.)

9

Farris+ 2014

The differences in sink parameters used by each code are
responsible for the most major differences in the periodograms
between codes, with faster, larger, and standard (vs. torque-
free) leading to greater variability. Dittmann & Ryan (2021)
explored this in a more controlled setting, demonstrating that at
a constant sink rate “standard” sinks lead to higher-amplitude
variability than torque-free sinks and that for a given sink
method faster sinks lead to higher-amplitude variability
(though to a much smaller extent when using torque-free
sinks). The same behavior—the presence of minidisks reducing
(quasi-)periodic accretion signatures—has also been observed
on a physical rather than numerical basis in numerical relativity
simulations (e.g., Bright & Paschalidis 2023).

As for the question of which sink prescription is more
accurate, it depends on what the user intends to model on small
scales. The torque-free sinks are designed to model disks that
extend down to radii well below the grid scale. However, if the
sink is meant to represent a resolved inner radius of the
minidisk, such as the ISCO of a black hole, then a faster sink
(and one that permitted accretion of spin) might mimic such an
inner boundary condition. Ultimately, one must try to match
their sink prescription to the physical problem at hand and keep
in mind the effects of these numerical choices on the
periodicities identified by each simulation.

5.6. 1000 Orbits—Checking the Steady State

By running our codes for 1000 orbits, it becomes possible to
establish the time it takes to reach a (quasi-)steady state. The
relaxed state of this system is typically achieved after about 200
binary orbits. This timescale is determined by both the growth
rate of the instability and the number of e-foldings that the
system must grow by to reach saturation. Accretion rate as a
function of time up to 1000 orbits is plotted in Figure 18 for
those codes that employed an infinite disk model.

Because our initial conditions assumed zero angular
momentum current through the disk (see Lynden-Bell &
Pringle 1974; Muñoz & Lithwick 2020, Equation (2)) but the

angular momentum current through the disk after settling into a
quasi-steady state through interaction with the binary was
positive ( x� �J M0.7 ), our simulations measured greater accre-
tion rates than the steady-state value ( QO� 4�M 30 0). This
enhancement following underestimation of the angular

Figure 13. Logarithm of the surface density in the Sailfish code after 300
orbits. The color map is the same as in Figure 16.

Figure 14. Smoothed torque and accretion rates as a function of time for all
codes in this study. At around 100 orbits, this torque flips sign from negative to
positive, demonstrating the importance of running codes for sufficiently long
timescales to allow the instability to develop in the disk. The middle panel
shows the excised torque, from fluid elements outside r > a. The bottom panel
shows the smoothed accretion rate. The largest discrepancies in accretion rate
can be traced back to discrepancies in the initial disk models (finite vs. infinite
disk; see Section 6.3).
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SN 2022jli 5

Figure 1. Top: Multi-colour extinction-corrected light curves of SN 2022jli including photometric errors. Black lines along the
bottom of the plot indicate spectroscopic observations. Unfilled points are synthetic photometry performed on the EFOSC2
spectrum. Bottom: Light curves after de-trending with a second-degree polynomial fit including only the region after maximum-
light (vertical dashed line). Over-plotted for each band are the best fit sinusoids produced in the GLS analysis (Section 4.2).
We retain the colors from the top panel and remove variation of point shape for visual clarity, including only observations after
MJD 59750.
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Figure 1: Multiband light curves of SN 2022jli showing periodic undulations. (a) g, r, i, z, c,
and o-band light curves of SN 2022jli during phases between +50 and +260 days after discovery.
The dashed lines show the polynomial fit to the light curve, which serves as the “baseline”. An
empirical model with a 12.4-day period is shown as a solid line for each band. The inset panel
shows the whole range of the multiband light curves. (b) The relative undulations in g, r, i, z, c,
and o-band light curves. All the error bars of the data points are 1� confidence intervals.

11

Chen+ 2024



諏訪雄大 (東大総文/京大基研) @第24回高宇連研究会 /172025/3/6

List of ultra-stripped SN candidates

SN 2005ek (D~66.6 Mpc) 
SN 2010X (D~62.5 Mpc) 
iPTF14gqr (D~280 Mpc) 
iPTF15eqv (D~26.4 Mpc) 
iPTF16hgs (D~73.8 Mpc) 
SN 2019ehk (D~16.2 Mpc) 
SN 2019dge (D~93 Mpc) 
SN 2019wxt (D~154 Mpc) 
SN 2023zaw (D~43.9 Mpc)
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explosion. In both cases, the emitted X-rays from the accreting
nascent CB are absorbed significantly at an early stage, but
gradually escape through the ejecta from∼1 month after the
explosion. The ejecta becomes transparent first for hard X-rays
and then for intermediate to soft X-rays. We note that the
recombination lines of the iron group elements are less
prominent in the CO20 model, since the abundance is lower
(see Table 1).8

Figure 5 shows the corresponding light curves in the soft
(0.4–6 keV), intermediate (6–10 rmkeV), and hard X-ray
(10–30 keV) bands. For comparison, we indicate the sensitiv-
ities of Chandra ACIS and NuSTAR with an integration time of
104 s for a USSN at a nominal distance of 40Mpc. The X-ray
counterpart in the soft and intermediate bands can be detectable
up to 100Mpc by these instruments (XMM Newton with a
sensitivity comparable to Chandra). The detection will also be
promising for future X-ray satellites, e.g., XRISM (XRISM
Science Team 2022) and Athena (Nandra et al. 2013). The
expected event rate of such USSNe is a few yr−1×fb where
fb∼ 0. 1–1 is the beaming fraction of the X-ray emission. The
hard X-ray counterpart can also be detected for cases with a
larger fallback rate and/or a smaller distance to the source. To
this end, follow-up observations of USSNe need to be done
within  a few 100 days after the explosion in the intermediate
and hard X-ray bands and within 1000 days in the soft
X-ray band.

Time variability of the accreting nascent CB can be also
detected if the signal-to-noise ratio (S/N) is sufficiently high:
in order to detect an abrupt variation with an amplitude of
10(1)% and a duration of Δt, an S/N 10(100) needs to be
obtained with an integration time of ∼Δt, while if the variation
is periodic, the S/N for the detection can be reduced by a factor
of ∼(Δt/Tobs)1/2, where Tobs is the total observation time. The
most promising target would be the orbital modulation with a
period of torb∼ 0. 1–1 day. The rotation period and its time
derivatives of the second-born NS and the QPOs of the mini
disks could also be detected when the signals are relatively
persistent in time.

6. Summary and Discussion

We have investigated the effect of USSN fallback occurring
after the formation of the secondary NS in a BNS or a NS–BH
that coalesces within a cosmological timescale. We showed that
the nascent CB can be a binary ULX and the X-ray counterpart
is detectable by a follow-up observation of USSNe within
100Mpc and ∼100–1000 days after the explosion using
Chandra, XMM Newton, NuSTAR, and future X-ray satellites,
which provides direct evidence of CB formation in a USSN.
Furthermore, information on the nascent CB, e.g., the orbital
separation, eccentricity, and the NS spin, can be obtained from
the time variability of the X-ray light curve.
The above conclusions are based on the simplified calcula-

tions of the fallback accretion on and the X-ray emission from
the nascent CB, which need to be justified by multidimensional
radiation hydrodynamic simulations. As for the fallback
accretion rate, we referred the two representative cases obtained
by the numerical simulation of a neutrino-driven explosion of
ultrastripped progenitors by Suwa et al. (2015) and Sawada
et al. (2022). Given that we still lack a complete understanding
of the supernova explosion mechanism, the detailed values of
the fallback accretion parameters may also need to be refined
by future more elaborate simulations to give more accurate
numbers.
For t 100 days, the X-ray counterpart could not be

observed; though the accretion rate is even higher, the X-ray
radiation efficiency may not be high and the X-rays, if any, are
absorbed and converted into UV and optical photons. Instead,
the injection of energy from the accreting nascent CB can
power the USSN light curve, which may solve the apparent 56Ni
problem raised for, e.g., iPTF 14gqr (Sawada et al. 2022). The
detailed modeling and comparison with observed USSNe and
rapidly evolving optical transients will be presented elsewhere.
We finally note that, if the second-born NS is strongly

magnetized and rapidly rotating, the spindown luminosity can
be comparable to or larger than the total accretion luminosity of
the nascent CB. It can both provide an enhanced USSN light
curve (Hotokezaka et al. 2017; Sawada et al. 2022) and a late-
phase X-ray emission (Metzger et al. 2014; Kashiyama et al.
2016). To distinguish the energy sources, multiwavelength
follow-up observations also in the radio, submillimeter, and
gamma-ray bands would be useful.

Figure 5. X-ray light curves of the same nascent compact binary models as Figure 4. The dotted lines show the injection fluxes from the accreting compact binaries
and the solid lines show the transmitted fluxes through the supernova ejecta for the soft (0.4–6 keV), intermediate (6–10 keV), and hard (10–30 keV) X-ray bands.

8 Note that we neglect the ejecta expansion in the calculation of the
transmitted spectra; thus the actual emission lines will be broader with a typical
width of ΔE/E ≈ vej/c ∼ 0.03 vej,9, which could be probed by high-resolution
X-ray spectroscopy with XRISM (Tashiro et al. 2020) and Athena (Barret et al.
2018).
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Summary

大質量星は連星系として生まれる 

近接連星効果が超新星の種族を決める 

中性子星合体にいたる連星は超近接連星であり、超新星も特殊なもの
（ultra-stripped SN; USSN）になる 

USSNのフォールバックによって、爆発後O(1)年後にX線が抜けてくることが
期待される 

楕円軌道の連星への降着がX線に周期的な変動をもたらす可能性 

O(10) Mpc 以内に起こる USSN の軟X線フォローアップが重要 

軟X線の深い観測（Chandra next?）の衛星があるとよいと思います
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