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Introduction
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▶ GW170817 (binary NS merger) was detected (Abbott et 
al. 2017).

▶ 3rd observing run (O3) of a LIGO & Virgo has started 
from this April.

▶ 3 or 4 new NS-NS merger events (candidates)

Gravitational wave from NS-NS
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▶ Gravitational wave (GW) source

▶ GW is a tool to explore strong gravitational field.

▶ GW observation allows us to constrain the EoS of the 
dense nuclear matter.

▶ sGRB, FRB, r-process, …

▶ It is important to deepen our knowledge about DNS 
systems that will merge within a Hubble time.

Double NS systems
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▶ 2 SN explosions occur
until DNS formation.

▶ Ultra-stripped SN (USSN)
= progenitor is extremely 
   stripped by binary 
   interaction

▶ It had not been observed
from CE to USSN.

A formation channel

5

1.4. Résumé of DNS Formation

Previous theoretical works on the physics of DNS formation
includes (here disregarding general population synthesis studies)
Bisnovatyi-Kogan & Komberg (1974), Wheeler et al. (1974),
Flannery & van den Heuvel (1975), Srinivasan & van den Heuvel
(1982), van den Heuvel (1994), Ivanova et al. (2003), Dewi &
Pols (2003), Podsiadlowski et al. (2004), van den Heuvel (2004),
and Dewi et al. (2005). From these papers, a standard scenario12

has emerged (e.g., Bhattacharya & van den Heuvel 1991; Tauris
& van den Heuvel 2006), which we now summarize in more
detail.

In Figure 1, we show an illustration of the formation of a DNS
system. The initial system contains a pair of OB-stars that are
massive enough13 to terminate their lives in a core-collapse SN
(CCSN). To enable the formation of a tight DNS system in the end,
the two stars must initially be in a binary system close enough to
ensure interactions via either stable or unstable mass transfer. If the
binary system remains bound after the first SN explosion (which is
of Type Ib/c; Yoon et al. 2010), the system eventually becomes
observable as a HMXB. Before this stage, the system may also be
detectable as a radio pulsar orbiting an OB-star, e.g., as in
PSRsB1259−63 (Johnston et al. 1992) and J0045−7319 (Kaspi
et al. 1994). When the secondary star expands and initiates full-
blown Roche-lobe overflow (RLO) during the HMXB stage, the
system eventually becomes dynamically unstable. For wide
systems, where the donor star has a deep convective envelope at
the onset of mass transfer (i.e., during the so-called Case B RLO,
following the termination of core hydrogen burning), the timescale
on which the system becomes dynamically unstable might be as
short as a few 100yr (Savonije 1978). This leads to the formation
of a CE (Paczyński 1976), where the dynamical friction of the
motion of the NS inside the giant star’s envelope often causes

extreme loss of orbital angular momentum and (in some cases)
ejection of the hydrogen-rich envelope. If the binary system
survives the CE phase, it consists of a NS orbiting a helium star
(the naked core of the former giant star). Depending on the orbital
separation and the mass of the helium star, an additional phase of
mass transfer (Case BB RLO; Habets 1986; Tauris et al. 2015)may
be initiated. This stage of mass transfer is important since it enables
a relatively long phase of accretion onto the NS, whereby the NS is
recycled, and it allows for extreme stripping of the helium star prior
to its explosion (as a so-called ultra-stripped SN; Tauris et al. 2013,
2015; Suwa et al. 2015; Moriya et al. 2017). Whether or not the
system survives the second SN depends on the orbital separation
and the kick imparted onto the newborn NS (Flannery & van den
Heuvel 1975; Hills 1983; Tauris & Takens 1998). As we shall
argue in this paper, we expect most systems to survive the second
SN explosion. If the post-SN orbital period is short enough (and
especially if the eccentricity is large), the DNS system will
eventually merge due to GW radiation and produce a strong high-
frequency GW signal and possibly a shortGRB (e.g., Eichler et al.
1989). The final remnant is most likely a BH, although, depending
on the EoS, a NS (or, at least, a metastable NS) may be left behind
instead (Vietri & Stella 1998).

1.5. Major Uncertainties in DNS Formation

Aside from the pre-HMXB evolution, which is discussed in
Section 3.1, the most important and uncertain aspects of our
current understanding of DNS formation are related to

Table 1
Observed Ranges of Key Properties of DNS Systems

Properties of Recycled (Old) NSs:
Spin period, P 23 185 ms–
Period derivative, Ṗ 0.027 18 10 s s18 1´ - -( – )
Surface dipole B-field, B 0.29 18 10 G9´( – )
Mass, MNS,1 1.32–1.56 Me

a

Properties of Young NSs:
Spin period, P 144 2773 ms–
Period derivative, Ṗ 0.89 20 10 s s15 1´ - -( – )
Surface dipole B-field, B 2.7 5.3 10 G11´( – )
Mass, MNS,2 M1.17 1.39 :–

Orbital Properties:
Orbital period, Porb 0.10 45 days–
Eccentricity, e 0.085 0.83–
Merger time, gwrt 86 Myr l ¥
Systemic velocity, vsys 25 240 km s 1-–

Note. Data taken from the ATNF Pulsar Catalogue (Manchester et al. 2005)—
see Table 2 for further details. Only DNS systems in the Galactic disk are
listed. The systemic recoil velocity, v vsys

LSR= , is quoted with respect to the
local standard of rest (Section 2.2).
a 1.32 Me Mark an upper limit to the lowest mass of the first-born NS.

Figure 1. Illustration of the formation of a DNS system that merges within a
Hubble time and produces a single BH, following a powerful burst of GWs and
a shortGRB. Acronyms used in this figure—ZAMS: zero-age main sequence;
RLO: Roche-lobe overflow (mass transfer); He-star: helium star; SN:
supernova; NS: neutron star; HMXB: high-mass X-ray binary; CE: common
envelope; BH: black hole.

12 See brief discussion given in Section 4.2 for an alternative “double core
scenario” (Brown 1995; Dewi et al. 2006) in which CE evolution with a NS is
avoided.
13 The secondary (initially less massive) star may be a M5 7 :– star which
accretes mass from the primary (initially more massive) star to reach the
threshold limit for core collapse at M8 12~ :– (Jones et al. 2013; Woosley &
Heger 2015; see also Section 3.1).

3

The Astrophysical Journal, 846:170 (58pp), 2017 September 10 Tauris et al.

A formation channel leading to DNS 
systems that merge within the Hubble 
time

Fig. 1 in Tauris et al. 2017
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▶ Asymmetry of explosion causes pulsar kick.

▶ Kick velocity of canonical CCSN ~ several × 100 km s-1

▶ Close binaries are hard to form with such a large kick.

▶ SNe with small kick are essential.

Pulsar kick

6

NSSecondary SN Large kick disrupts the system

Large kick



2019 / 10 / 17

▶ Kick of USSNe is small (Tauris et al. 2015).

▶ the binding energies of the envelopes are often only a 
few 1049 erg, such that even a weak outgoing shock 
can quickly lead to their ejection, potentially before 
large anisotropies can build up.

▶ Hydrodynamical simulation shows that kick of USSNe   
~ 30 km s-1 (Suwa et al. 2015).

Pulsar kick of USSNe

7

Explosions of ultra-stripped SNe 3079

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.

MNRAS 454, 3073–3081 (2015)
Downloaded from https://academic.oup.com/mnras/article-abstract/454/3/3073/1207760
by University of Tokyo Library user
on 25 June 2018

Table 2 in Suwa et al. (2015)
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▶ Type Ic SNe, SN 2005ek (Drout et al. 2013) and SN 
2010X (Kasliwal et al. 2010) are candidates of USSNe.

▶ Ejecta mass ~ 0.3 M⦿

▶ These events were
observed only at the
radioactively powered
peak, and the origins
of these SNe remain
uncertain.

USSNe candidates

8

The Astrophysical Journal, 774:58 (18pp), 2013 September 1 Drout et al.

Figure 14. Radioactive models for the pseudo-bolometric light curve of
SN 2005ek. Black lines show the decay rates for 56Ni, 56Co, 48Cr, and 48V,
assuming full trapping of gamma-rays. The gold curve shows the best-fit model
described in the text, assuming ∼0.03 M⊙ of 56Ni, a luminosity which tracks
the instantaneous energy input, and incomplete gamma-ray trapping.
(A color version of this figure is available in the online journal.)

rate of energy deposition and the photon diffusion time scale
(Arnett 1982). In normal SNe Ib/Ic, the effects of radiative
transfer result in an initial post-maximum decline rate which
is slower than 56Ni → 56Co decay (Drout et al. 2011). (2)
The nebular phase, when the optical depth has decreased and
the SN luminosity is determined by the instantaneous rate of
energy deposition. Normal SNe Ib/Ic enter this stage at a late
epoch (!60 days; Valenti et al. 2007) when the dominant energy
source is expected to be 56Co → 56Fe decay. The late-time
slope of SN Ib/Ic light curves are well matched by this decay
rate when the effects of incomplete gamma-ray trapping are
included (Clocchiatti & Wheeler 1997; Valenti et al. 2007).

The time when an SN will transition to the second of these two
phases is determined in large part by the total ejecta mass and
kinetic energy of the explosion. In SN 2005ek, both the small
inferred ejecta mass (∼0.3 M⊙) and the early onset of nebular
spectroscopic features indicate that the assumption of optically
thick ejecta may break down within a few days of maximum
light, making the models of Arnett (1982) inapplicable. Further,
we note that the early portion of the pseudo-bolometric light
curve appears linear, and decays at a rate of 0.15 mag day−1,
comparable to the 0.12 mag day−1 given by 56Ni → 56Co decay.
In Figure 14 we again plot the pseudo-bolometric light curve of
SN 2005ek. Also shown are lines which describe the decay rate
of 56Ni → 56Co and 56Co → 56Fe.

With this early decay rate as motivation, we construct a model
for the entire post-maximum pseudo-bolometric light curve of
SN 2005ek based on the instantaneous rate of energy deposition
from the 56Ni → 56Co → 56Fe decay chain. The model is similar
to the nebular phase model of Valenti et al. (2007), although
we allow for incomplete trapping of the gamma-rays produced
from 56Ni → 56Co decay. One effect of incomplete trapping
at this early phase is that the light curve should decay by a
larger number of magnitudes before settling onto the 56Co tail.
This prediction is in good agreement with our comparison of
SN 2005ek to other SN I in Section 3.2 (see Figure 4).

Under these assumptions, the luminosity of the SN can be
modeled as (Valenti et al. 2007; Sutherland & Wheeler 1984;

Cappellaro et al. 1997; we use the notation of Valenti et al. 2007)

L(t) = SNi(γ ) + SCo(γ ) + SCo
e+ (γ ) + SCo

e+ (KE),

where the four terms describe the energy due to gamma-rays
from nickel decay, gamma-rays from cobalt decay, gamma-rays
from the annihilation of positrons created in cobalt decay,
and the kinetic energy of positrons created in cobalt decay,
respectively. These are given by

SNi(γ ) = MNiϵNie
−t/τNi (1 − e−F/t2

)

SCo(γ ) = 0.81 × ECo(1 − e−(F/t)2
)

SCo
e+ (γ ) = 0.164 × ECo(1 − e−(F/t)2

)(1 − e−(G/t)2
)

SCo
e+ (KE) = 0.036 × ECo(1 − e−(G/t)2

),

where

ECo = MNiϵCo(e−t/τCo − e−t/τNi ).

The incomplete trapping of gamma-rays and positrons is
incorporated with the terms (1 − e−(F/t)2

) and (1 − e−(G/t)2
).

F and G are constants such that the gamma-ray and positron
optical depths decrease by a factor proportional to t−2 as
expected for an explosion in homologous expansion (Clocchiatti
& Wheeler 1997) and are functions of the total ejecta mass,
kinetic energy, and density distribution of the ejecta (Clocchiatti
& Wheeler 1997). Using this model with MNi = 0.03 M⊙,
F = 12.8 days, and G ≈ 16.1F (Valenti et al. 2007), we find
the gold curve shown in Figure 14 which matches the early
decay rate of SN 2005ek and is also consistent with our late-
time constraints. Adopting the parameterization of Valenti et al.
(2007) where F ≈ 32Mej,⊙/

√
EK,51, this value of F implies a

Mej,⊙/
√

EK,51 ≈ 0.4. Using the observed photospheric velocity
near maximum (∼8500 km s−1), we can break the degeneracy
between Mej and EK to yield explosion parameters of Mej ≈
0.7 M⊙ and EK ≈ 5.2 × 1050 erg. These values are a factor
of two larger than those used in our spectroscopic modeling
(Mej = 0.3 M⊙ and EK = 2.5 × 1050 erg; Section 4.2), but
given the number of assumptions required to extract explosion
parameters from this simplified analytic model the two are
relatively consistent. We adopt conservative estimates of the
explosion parameters to be Mej = 0.3–0.7 M⊙ and EK =
2.5–5.2 ×1050 erg.

It has been suggested (e.g., Shen et al. 2010) that other
radioactive decay chains such as 48Cr → 48V → 48Ti, which
possess shorter decay times than 56Ni → 56Co → 56Fe, may
contribute to the luminosity of rapidly evolving events. In
Figure 14 we also include lines that represent the decay rates
of 48Cr → 48V and 48V → 48Ti. The rapid 48Cr decay time
(τCr = 1.3 days) implies that by a few days post-explosion
the power input should already be dominated by 48V → 48Ti
decay. Although photon diffusion likely plays a role at very
early times, it is difficult to reconcile this power source with the
change in light-curve slope observed between +20 and +40 days.
In addition, in order to fit both of our late-time luminosity
constraints with 48V decay, we would require nearly full gamma-
ray trapping (∼0.05 mag day−1, five times steeper than 56Co),
which is inconsistent with our low derived ejecta mass. Thus,
although we cannot completely rule out some (especially early)
contributions from other radioactive decay chains, we find that
our observations are consistent with SN 2005ek being powered
by the radioactive decay of ∼0.03 M⊙ of 56Ni. We summarize
this and our other inferred explosion parameters in Table 6.

12

Bolometric light curve of SN 2005ek
Fig. 14 in Drout et al. (2013)

rapid decline
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▶ iPTF 14gqr (SN 2014ft) is the first discovered USSN (De 
et al. 2018). 

▶ Rapid decline of the first peak due to the shock cooling 
emission was also observed.

▶ ejecta = 0.2 M⦿,
He envelope ~ 0.01 M⦿

▶ We estimate the rate 
of iPTF 14gqr like
USSNe.

iPTF 14gqr (SN 2014ft)

9

De et al., Science 362, 201–206 (2018) 12 October 2018 4 of 6

Fig. 5. Comparison of iPTF 14gqr to theoretical models of
ultra-stripped SNe. (A) Bolometric light curve of iPTF 14gqr shown
with a composite light curve consisting of ultra-stripped type Ic SN
models (28) and early shock-cooling emission (25). The blue dashed
line corresponds to the 56Ni powered peak in the ultra-stripped SN
models for Mej ¼ 0:2 M⊙, MNi ¼ 0:05 M⊙, and EK = 2 × 1050 ergs; the
magenta line corresponds to the early shock-cooling emission; and the

orange line represents the total luminosity from the sum of the two
components. Blackbody (BB) luminosities represent the early emission,
whereas pseudo-bolometric (pB) luminosities are used for the second
peak (12). (B) Comparison of the peak photospheric spectra of iPTF
14gqr [the epoch is indicated by the cyan dashed line in (A)] to that
of the model in (A). The overall continuum shape, as well as absorption
features of O I, Ca II, Fe II, and Mg II, are reproduced (12).

Fig. 4. Bolometric light curve and Arnett modeling of iPTF 14gqr.
(A) Bolometric light curve of iPTF 14gqr.The filled black points indicate
blackbody (BB) luminosities obtained from fitting multicolor photometry,
whereas the magenta points correspond to pseudo-bolometric luminosities
(12).The empty black circles indicate g-band luminosities obtained by
multiplying the g-band flux Flwith the wavelength l of the filter.The inverted

triangles denote estimated predetection 5s upper limits on the respective
luminosities (12).The inset shows the bolometric light curves zoomed into the
region of the first peak. (B) Radius and temperature evolution of the fitted
blackbody functions. (C) Best-fitting Arnettmodel of the pseudo-bolometric light
curve of the main (second) peak of iPTF 14gqr. The 56Ni mass MNi and dif-
fusion time scale tM corresponding to themodel are indicated in the legend (12).
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Bolometric light curve of iPTF 14gqr
Fig. 5 in De et al. (2018)
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Method
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How to estimate the rate of USSNe

11

Population
synthesis

INPUT
N = 106

IMF : M-2.35

q : flat
a : log-flat
e = 0
Z = Z⦿

SFR = 2 M⦿ yr-1

Hurley et al. (2002)

BINARY
PARAMETERS
β = 0.0, 0.5, 0.7, 0.9
CE while donor is HG Estimate the rate of 

USSNe using the
best model

8 models

Calculate the likelihood
of each model
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Results

12
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▶ Rate of USSNe ~ 0.1%-1% of total SNe (Using Galactic 
total SNe rate 4.6       century-1; Adams et al. 2010)

▶ Short cadence surveys are essential.

Detection rate

13

Survey Limiting
mag

Survey area (deg2)
(cadence < 2days) Reference

iPTF 21 ~1000 Rau et al. (2009)
Law et al. (2009)

ZTF 20.5 ~30000 Bellm et al. (2014)

LSST 26.5 ~10 Ivezic et al. (2008)

- 2.7
+7.4
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▶ ZTF can detect and identify iPTF 14gqr like USSNe at 
the rate of 10 yr-1.

Detection rate

14

Survey Detection rate
(yr-1) Reference

iPTF 0.3 Rau et al. (2009)
Law et al. (2009)

ZTF 10 Bellm et al. (2014)

LSST 1 Ivezic et al. (2008)
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▶ 7.1 % of all USSNe have a NS companion and 99.8 % of 
these can form a DNS system, and 67.8 % lead to DNS 
merger.

Companion stars of USSNe

15

Companion Ratio (%)

MS 19.5
WD 72.8
NS 7.1
BH 0.3

Others 0.3

4.8%    Form DNS and merge
2.3%    Form DNS but not merge
0.01%  Disrupt
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Various paths leading to USSNe

16

Helium
core

He
giant

Companion of USSN = BH

GiantBH

CE

BH

Note: These results are based on population synthesis calculation 

1.4. Résumé of DNS Formation

Previous theoretical works on the physics of DNS formation
includes (here disregarding general population synthesis studies)
Bisnovatyi-Kogan & Komberg (1974), Wheeler et al. (1974),
Flannery & van den Heuvel (1975), Srinivasan & van den Heuvel
(1982), van den Heuvel (1994), Ivanova et al. (2003), Dewi &
Pols (2003), Podsiadlowski et al. (2004), van den Heuvel (2004),
and Dewi et al. (2005). From these papers, a standard scenario12

has emerged (e.g., Bhattacharya & van den Heuvel 1991; Tauris
& van den Heuvel 2006), which we now summarize in more
detail.

In Figure 1, we show an illustration of the formation of a DNS
system. The initial system contains a pair of OB-stars that are
massive enough13 to terminate their lives in a core-collapse SN
(CCSN). To enable the formation of a tight DNS system in the end,
the two stars must initially be in a binary system close enough to
ensure interactions via either stable or unstable mass transfer. If the
binary system remains bound after the first SN explosion (which is
of Type Ib/c; Yoon et al. 2010), the system eventually becomes
observable as a HMXB. Before this stage, the system may also be
detectable as a radio pulsar orbiting an OB-star, e.g., as in
PSRsB1259−63 (Johnston et al. 1992) and J0045−7319 (Kaspi
et al. 1994). When the secondary star expands and initiates full-
blown Roche-lobe overflow (RLO) during the HMXB stage, the
system eventually becomes dynamically unstable. For wide
systems, where the donor star has a deep convective envelope at
the onset of mass transfer (i.e., during the so-called Case B RLO,
following the termination of core hydrogen burning), the timescale
on which the system becomes dynamically unstable might be as
short as a few 100yr (Savonije 1978). This leads to the formation
of a CE (Paczyński 1976), where the dynamical friction of the
motion of the NS inside the giant star’s envelope often causes

extreme loss of orbital angular momentum and (in some cases)
ejection of the hydrogen-rich envelope. If the binary system
survives the CE phase, it consists of a NS orbiting a helium star
(the naked core of the former giant star). Depending on the orbital
separation and the mass of the helium star, an additional phase of
mass transfer (Case BB RLO; Habets 1986; Tauris et al. 2015)may
be initiated. This stage of mass transfer is important since it enables
a relatively long phase of accretion onto the NS, whereby the NS is
recycled, and it allows for extreme stripping of the helium star prior
to its explosion (as a so-called ultra-stripped SN; Tauris et al. 2013,
2015; Suwa et al. 2015; Moriya et al. 2017). Whether or not the
system survives the second SN depends on the orbital separation
and the kick imparted onto the newborn NS (Flannery & van den
Heuvel 1975; Hills 1983; Tauris & Takens 1998). As we shall
argue in this paper, we expect most systems to survive the second
SN explosion. If the post-SN orbital period is short enough (and
especially if the eccentricity is large), the DNS system will
eventually merge due to GW radiation and produce a strong high-
frequency GW signal and possibly a shortGRB (e.g., Eichler et al.
1989). The final remnant is most likely a BH, although, depending
on the EoS, a NS (or, at least, a metastable NS) may be left behind
instead (Vietri & Stella 1998).

1.5. Major Uncertainties in DNS Formation

Aside from the pre-HMXB evolution, which is discussed in
Section 3.1, the most important and uncertain aspects of our
current understanding of DNS formation are related to

Table 1
Observed Ranges of Key Properties of DNS Systems

Properties of Recycled (Old) NSs:
Spin period, P 23 185 ms–
Period derivative, Ṗ 0.027 18 10 s s18 1´ - -( – )
Surface dipole B-field, B 0.29 18 10 G9´( – )
Mass, MNS,1 1.32–1.56 Me

a

Properties of Young NSs:
Spin period, P 144 2773 ms–
Period derivative, Ṗ 0.89 20 10 s s15 1´ - -( – )
Surface dipole B-field, B 2.7 5.3 10 G11´( – )
Mass, MNS,2 M1.17 1.39 :–

Orbital Properties:
Orbital period, Porb 0.10 45 days–
Eccentricity, e 0.085 0.83–
Merger time, gwrt 86 Myr l ¥
Systemic velocity, vsys 25 240 km s 1-–

Note. Data taken from the ATNF Pulsar Catalogue (Manchester et al. 2005)—
see Table 2 for further details. Only DNS systems in the Galactic disk are
listed. The systemic recoil velocity, v vsys

LSR= , is quoted with respect to the
local standard of rest (Section 2.2).
a 1.32 Me Mark an upper limit to the lowest mass of the first-born NS.

Figure 1. Illustration of the formation of a DNS system that merges within a
Hubble time and produces a single BH, following a powerful burst of GWs and
a shortGRB. Acronyms used in this figure—ZAMS: zero-age main sequence;
RLO: Roche-lobe overflow (mass transfer); He-star: helium star; SN:
supernova; NS: neutron star; HMXB: high-mass X-ray binary; CE: common
envelope; BH: black hole.

12 See brief discussion given in Section 4.2 for an alternative “double core
scenario” (Brown 1995; Dewi et al. 2006) in which CE evolution with a NS is
avoided.
13 The secondary (initially less massive) star may be a M5 7 :– star which
accretes mass from the primary (initially more massive) star to reach the
threshold limit for core collapse at M8 12~ :– (Jones et al. 2013; Woosley &
Heger 2015; see also Section 3.1).
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Various paths leading to USSNe
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Various paths leading to USSNe
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▶ The location of USSNe whose companion is not NS is 
almost same as its birth place.

▶ The travel distance of USSNe whose companion is NS 
is shorter than ~ 0.3 kpc.

▶ Therefore, the location is
expected to be near a star
forming region.

Location of USSNe

19
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▶ iPTF 14gqr and USSN candidate, 
SN 2005ek, are located in the
outskirt of their host.

▶ It is suggested that
HII region has already faded away
within the progenitor lifetime.

Location of USSNe

20

peak are unlike previously observed events. The
source quickly faded after the second peak,
declining at a rate of 0.21 mag day−1 in the g
band (12). Our final spectrum taken at ≈34 days
after explosion shows that the source exhib-
ited an early transition to the nebular phase

on a time scale faster than that for previously
observed core-collapse SNe. The nebular phase
spectrum exhibits prominent [Ca II] emission
similar to several other type Ic SNe (fig. S8).
Multicolor photometry at multiple epochs

allow us to trace the evolution of the optical/

UV spectral energy distribution (SED), which
we use to construct bolometric light curves
that contain flux integrated over all wave-
lengths (Figs. 3 and 4) (12). We fit the pseudo-
bolometric light curve of iPTF 14gqr with a
simple Arnett model (17) to estimate the explosion

De et al., Science 362, 201–206 (2018) 12 October 2018 2 of 6

A B C

Fig. 1. Discovery field and host galaxy of iPTF 14gqr. (A) Optical image
of the field from the Sloan Digital Sky Survey (SDSS) (51); R and G filter
images have been used for red and cyan colors, respectively. (B) Composite
RGB image (R, G, and B filter images have been used for red, green, and
blue colors, respectively) of the iPTF 14gqr field from images taken near the

second peak (19 October 2014) with the Palomar 60-inch telescope (P60),
showing a blue transient inside the white dashed circle at the discovery
location. (C) Late-time composite R+G image (R and G filter images have
been used for red and cyan colors, respectively) of the host galaxy taken
with the Low Resolution Imaging Spectrograph on the Keck I telescope.

Fig. 2. Multicolor photometric observations of iPTF 14gqr.
(A) Multicolor light curves of iPTF 14gqr from our photometric
follow-up observations (magnitudes are corrected for galactic extinction
and offset vertically as indicated in the legend). Inverted triangles denote
5s upper limits, whereas other symbols denote detections. Hollow
inverted triangles are upper limits from P48/P60 imaging, and
the filled inverted triangles are upper limits from Swift observations

(filled green triangles are V band limits from Swift). Epochs when
spectra were obtained are marked in both panels by vertical black
dashed lines. (B) Zoomed-in view of the early evolution of the
light curve. The black solid line shows the assumed explosion epoch.
The colored solid lines show the best-fitting shock-cooling model
for extended progenitors (25). Only photometric data before the
cyan dot-dashed vertical line were used in the fitting (12).
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similar timescales, but show narrow hydrogen and/or helium
emission lines in their spectra, indicating that they are at least
partially powered by interaction with a dense CSM. These
include the Type IIn SN PTF09uj (Ofek et al. 2010) and the
Type Ibn SN 1999cq (Matheson et al. 2000).

However, the record for the most rapidly declining SN
observed thus far does not belong to any of these objects.
SN 2002bj (Poznanski et al. 2010) and SN 2010X (Kasliwal
et al. 2010) easily outstrip them, declining by !3 mag in the
first 15 days post-maximum. The ejecta masses inferred for these
two events are very small ("0.3 M⊙), but their peak luminosities
are within the typical range for SN Ib/Ic (−19 " M " −17;
Drout et al. 2011). These two facts, coupled with the lack of
hydrogen in their spectra (SN 2002bj is an SN Ib, SN 2010X an
SN Ic), have led several authors to hypothesize that they were
produced by the detonation of a helium shell on a WD (a “.Ia”
SN; Woosley et al. 1986; Chevalier & Plait 1988; Bildsten et al.
2007; Shen et al. 2010; Waldman et al. 2011; Sim et al. 2012).

Two potential other members of this class include SN 1885A
and SN 1939B (see, e.g., Perets et al. 2011; Chevalier & Plait
1988; de Vaucouleurs & Corwin 1985; Leibundgut et al. 1991).
While both SN 2002bj and SN 2010X were found in star-
forming galaxies, SN 1939B exploded in an elliptical, a fact
suggestive of an old progenitor system. However, while the post-
maximum decline rates of these objects are similar, even the
well-studied events show differences in their other properties.
SN 2002bj was ∼1.5 mag brighter, significantly bluer, and
exhibited lower expansion velocities than SN 2010X. It has
not yet been established whether all (or any) of these extremely
rapidly declining objects belong to the same class of events.

Here we present the discovery and panchromatic follow-
up observations of SN 2005ek, another very rapidly declining
and hydrogen-free event that closely resembles SN 2010X. In
Section 2 we present our extensive multi-wavelength observa-
tions, while in Sections 3–6 we respectively describe the photo-
metric and spectroscopic properties, explosion parameters, and
host-galaxy environment of SN 2005ek. Section 7 examines
the rates of such transients. Finally, in Section 8, we discuss
progenitor channels that could lead to such a rapidly evolving
explosion.

2. OBSERVATIONS

2.1. Discovery

SN 2005ek was discovered by the Lick Observatory Su-
pernova Search (LOSS) using the Katzman Automatic Imag-
ing Telescope (KAIT; Filippenko et al. 2001) on 2005
September 24.53 (UT dates are used throughout this paper)
with an unfiltered (clear) m ≈ 17.5 mag. The object was not
detected in previous KAIT images on September 18.51 to a limit
of m ≈ 19 mag, while subsequent imaging on September 25.37
revealed that the transient had brightened to m ≈ 17.3 mag
(Khandrika & Li 2005). SN 2005ek is located in the outskirts of
its host galaxy, UGC 2526, with distance D = 66.6 ± 4.7 Mpc16

and morphology Sb.
Wong et al. (2005) obtained a spectrum of SN 2005ek

on September 26 with the Shane 3 m reflector (plus Kast
spectrograph) at Lick Observatory and reported that SN 2005ek
was a “young SN, probably of Type Ic.” After this spectroscopic
identification, we promptly initiated a panchromatic follow-up

16 We adopt the NED distance after correction for Virgo, Great Attractor, and
Shapley Supercluster Infall and assuming H0 = 73 km s−1 Mpc−1 (Mould
et al. 2000).

SN 2005ek

Template

Detection

Aug 16, 2007

Oct 7, 2005

1 arcmin

E

N

Figure 1. Top: R-band Palomar 60 inch (P60) image of SN 2005ek, on the
outskirts of UGC 2526. The SN location is marked by red crosshairs. Bottom:
P60 template image of the region around SN 2005ek, taken on 2007 August 26.
(A color version of this figure is available in the online journal.)

program spanning the radio, infrared (IR), optical, ultraviolet
(UV), and X-ray bands.

2.2. Palomar 60 Inch Imaging

We obtained nightly multi-band images of SN 2005ek with
the robotic Palomar 60 inch telescope (P60; Cenko et al.
2006) beginning on September 26.3 and spanning through
October 15.2. Each epoch consisted of 4–10 120 s frames in
filters B, V, R, and I. All P60 images were reduced with IRAF17

using a custom real-time reduction pipeline (Cenko et al. 2006).
Nightly images were combined using standard IRAF tools.
Images of the transient and host galaxy constructed from P60
data are shown in Figure 1.

For the P60 V and R bands we obtained template images of
the region surrounding SN 2005ek on 2007 August 16 (bottom
panel of Figure 1), after the SN had faded from view. We
subtracted the host-galaxy emission present in the template
image using a common point-spread function (PSF) method and
then performed aperture photometry on the resulting difference
images. For the B and I bands, no suitable template images
were obtained, and we therefore performed PSF photometry
on our stacked images directly. A comparison of these two
methods with our V- and R-band data revealed that the resulting
photometry was consistent within the measured uncertainties.

In all cases, we measured the relative magnitude of the SN
with respect to five field stars within the full 13′ × 13′ P60 field
of view. Absolute calibration was performed based on Sloan
Digital Sky Survey (SDSS) photometry of the field stars (Ahn
et al. 2012), converted to the BVRI system using the relations
from Smith et al. (2002). Our resulting P60 photometry is listed
in Table 1 and shown as filled circles in the main panel of
Figure 2. These data reveal that the light curve reaches maximum
at mR ≈ 17.4 mag only ∼9 days after the KAIT nondetection
and subsequently decays very rapidly in all bands.

17 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association for Research in Astronomy, Inc. under
cooperative agreement with the National Science Foundation.
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▶ Our merger rate = 5 galaxy-1 Myr-1 (~ 50 Gpc-3 yr-1)

▶ This is consistent with other binary population 
synthesis (BPS) studies.

DNS merger rate

21

Method Merger rate
(Gpc-3 yr-1) Reference

BPS ~50 This work
BPS ~40 Shao & Li (2018)

Galactic DNS ~210__ Kim et al. (2015)
sGRB 270__ Fong et al. (2015)
GW 1540___ Abbott et al. (2017)- 1220

+3200

+280
- 140

+1580
- 180
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DNS merger rate density

22

Rate (Gpc-3 yr-1)

102

103

101

104

MethodGW sGRB BPSDNS

This work

a LIGO ~ 200 Mpc (NS-NS)
1 month-1 ~ 360 Gpc-3 yr-1

a LIGO 10 yr-1

a LIGO 1 yr-1
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▶ We perform a population synthesis calculation and 
estimate the rate of USSNe.

▶ The rate of USSNe in the Galaxy is 0.1-1% of all SNe.

▶ It is suggested that iPTF 14gqr like USSNe can be 
detected at 10 yr-1 by a next generation survey Zwicky 
Transient Facility (ZTF).

▶ However, all USSNe not necessarily have NS 
companions.

▶ The location of USSNe is expected to be near a star 
formation region.

Summary
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