
Rate of ultra-stripped supernovae and 
binary evolution leading to double NS



Abstract
• A supernova (SN) iPTF 14gqr whose ejecta mass is 0.2 Msun, and He 

envelope mass is ~ 0.01 Msun was discovered (De et al. 2018).

• These types of SNe are called ultra-stripped SNe (USSNe), and are 
considered as the final stages in the formation of double neutron star (DNS) 
systems.

• We calculate the rate of USSNe like iPTF 14gqr and discuss the observability 
of USSNe by some optical transient surveys.



Introduction



Double Neutron Star systems
• Gravitational wave (GW) sources
→ GW170817 (NS-NS merger) was detected (Abbott et al. 2017)

• GW is a tool to explore physical phenomena in a strong gravitational field.

• It is important to deepen knowledge of DNS systems which are typical 
gravitational wave sources.

• What are formation channels of DNS systems?
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(23 − 185 ms) and their derivatives (Ṗ = 2.2 × 10−20 −
1.8 × 10−17 s s−1) are direct measures of the efficiency
of the recycling process. The corresponding derived
surface dipole B-fields are approximately in the range
0.3 − 18 × 109 G. Table 1 provides the observed ranges
of key parameters of DNS systems.
The observed orbital periods now span between Porb =

0.10−45 days. As we shall discuss in this paper, selection
effects make it somewhat difficult to detect radio pulsars
in DNS systems at the lower end of this range, as well
as second-born pulsars with slow spin periods of a few
seconds. The measured eccentricities (e = 0.08 − 0.83)
and estimated systemic velocities, in the local standard of
rest reference frame (vsys = vLSR ≈ 25−240 km s−1), are
important for constraining the SN physics of the second-
born NS and reflect the combined effects of the amount
of mass ejected and the kick velocity imparted onto the
newborn NS.

1.4. Résumé of DNS formation

Previous theoretical work on the physics of DNS forma-
tion includes (here disregarding general population syn-
thesis 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); Dewi et al. (2005). From
these papers, a standard scenario2 has emerged (see,
for example, Bhattacharya & van den Heuvel 1991;
Tauris & van den Heuvel 2006) which we now summa-
rize in more detail.
In Fig. 1, we show an illustration of the formation of

a DNS system. The initial system contains a pair of

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)× 10−18 s s−1

Surface dipole B-field, B (0.29 − 18) × 109 G
Mass, MNS,1 1.32∗ − 1.56 M⊙

Properties of young NSs:
Spin period, P 144 − 2773 ms
Period derivative, Ṗ (0.89 − 20) × 10−15 s s−1

Surface dipole B-field, B (2.7 − 5.3)× 1011 G
Mass, MNS,2 1.17− 1.39 M⊙

Orbital properties:
Orbital period, Porb 0.10− 45 days
Eccentricity, e 0.085 − 0.83
Merger time, τgwr 86 Myr → ∞
Systemic velocity, vsys 25 − 240 kms−1

Notes — 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, vsys = vLSR is quoted with respect to the local standard
of rest (Section 2.2). ∗ marks an upper limit to the lowest mass of
the first-born NS.

2 See brief discussion given in Section 4.2 for an alternative “dou-
ble core scenario” (Brown 1995; Dewi et al. 2006) in which CE
evolution with a NS is avoided.

Fig. 1.— Illustration of the formation of a DNS system which
merges within a Hubble time and produces a single BH, following
a powerful burst of GWs and a short GRB. 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.

OB-stars which are massive enough3 to terminate their
lives in a core-collapse SN (CCSN). To enable forma-
tion 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 de-
tectable as a radio pulsar orbiting an OB-star, e.g. as in
PSRs B1259−63 (Johnston et al. 1992) and J0045−7319
(Kaspi et al. 1994). When the secondary star expands
and initiates full-blown RLO during the HMXB stage,
the system eventually becomes dynamical unstable. For
wide systems, where the donor star has a deep convective
envelope at the onset of the mass transfer (i.e. during so-
called Case B RLO, following termination of core hydro-
gen burning), the timescale on which the system becomes
dynamically unstable might be as short as a few 100 yr
(Savonije 1978). This leads to the formation of a CE
(Paczyński 1976) where dynamical friction of the motion

3 The secondary (initially least massive) star may be a 5−7 M⊙

star which accretes mass from the primary (initially most massive)
star to reach the threshold limit for core collapse at ∼8 − 12 M⊙

(Jones et al. 2013; Woosley & Heger 2015, see also Section 3.1).

2 SN explosions occur
until a DNS is formed

Fig1 in Tauris et al. 2017

One of evolutionary path
leading to DNS systems
that merge within a Hubble time

A formation channel of DNS systems
~ 10 Msun



Pulsar kick
• Pulsar kick caused by an asymmetry of explosion changes orbital 

parameters, and it is actually observed (Hobbs et al. 2005).

• Kick velocity of a standard core-collapse SN (CCSN) is several hundred km/s 
(cf. orbital velocity ~ several × 100 km/s), and it is too large to form DNS 
systems whose eccentricity < 0.6 (11 DNS systems of 14 have eccentricities 
less than 0.6).

• SNe with small kick are essential.
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→
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Sometime dissolve



Pulsar kick of USSNe
• Pulsar kick of USSN is small for 2 reasons (Tauris et al. 2015).

　1. 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.

　2. the amount of ejecta is extremely small compared to standard SN 
　　explosions. This may likely lead to a weaker gravitational tug on 
　　the proto-NS.

• It is suggested that USSNe can explain the eccentricity of the observed DNS 
systems.



USSNe candidates

• Type Ic SNe SN 2005ek (Drout et al. 2013) and SN 2010X (Kasliwal et al. 
2010) are candidates of USSNe.

• Ejecta mass ~ 0.1 Msun

• These events were observed only at the radioactively powered peak, 
and the origins of these SNe remain uncertain.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 2005 ek.
Fig 14 in Drout et al. (2013)



iPTF 14gqr

• 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 mass = 0.2 Msun, envelope mass ~ 0.008 Msun

• In this work, we calculate the rate of USSN like iPTF 14gqr (ejecta mass = 
0.15 - 0.30 Msun, envelope mass = 0.003 - 0.013 Msun) and discuss the 
observability of USSNe by some optical transient surveys.

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
(De et al. 2018)

Shock cooling emission component



Method



Population synthesis
• We perform Monte Carlo simulation called population synthesis.

• Our population synthesis code is based on BSE code (Hurley et al. 2002).

• We calculate the evolution of 106 binaries consisting of ZAMS.

• Initial conditions are as follows.

Metallicity Z 0.02
Initial primary mass M1 (Msun) 5ー50
Initial Mass Function (IMF) Salpeter

Initial mass ratio q = M2 / M1 flat distribution (0-1)
Initial separation a (Rsun) flat-in-the-log distribution (aminー106)

Initial eccentricity e 0

determine amin not to fill the Roche lobe



Binary parameters

• We consider the following parameters.
1. Mass transfer efficiency β = {0.0, 0.5, 0.7, 0.9}, 
2. Common envelope parameter αCEλ = {0.1, 0.5, 1.0}
3. After CE during HG, binary stars always coalesce or not (not much effect 
    on the results).
4. ECSNe are considered or not.

• 4 × 3 × 2 × 2 = 48 models.

• We calculate the probability distribution of orbital parameters of DNS systems 
for each model.

• Using the observed 14 DNS systems as samples, we obtained the likelihood 
of these probability distributions.

• Using the most favored model, we calculate the rate of USSNe like iPTF 
14gqr (ejecta mass = 0.15 - 0.30 Msun, envelope mass = 0.003 - 0.013 Msun)



Input physics : mass transfer efficiency β
• Some of the parameters that determine the binary evolution are not well 

known.

• Mass transfer efficiency β (How many masses are lost from a binary system 
i.e., dM2 = -(1-β)dM1) remain uncertain.

• We use 4 constant values
   β = 0.0(conservative mass transfer),  0.5, 0.7, 0.9.

star1
core

envelope

star2

Roche lobe

-(1-β)dM1

-βdM1



Input physics : CE parameter αCEλ
• We deal with common envelope(CE) phase using this description.

• CE parameter αCEλ (determine the separation of the system after CE) has 
major uncertainties.

• The smaller the value of αCEλ, the shorter the separation becomes.

• We use 3 constant values αCEλ = 0.1, 0.5, 1.0.

↵
CE

✓
GM

core,1M2

2a
f

� GM
1

M
2

2a
i

◆
=

GM
1

M
env,1

�R
1

star1
core

star2

envelope

star2 star1
core

star2 star1
core

af

smaller αCEλ



Input physics : electron-capture SN
• We deal with cases where electron-capture SN (ECSN) is considered or 

not.

ECSN is considered

CO core mass
after He burning

(Msun)

1.34

1.37

CCSN

ECSN

white dwarf (WD)

CO core mass
after He burning

(Msun)

1.37

CCSN

WD

ECSN is not considered

Chandrasekhar mass



Input physics : kick velocity
• It is considered that kick velocity obeys Maxwell distribution (Hobbs et al. 

2005).

• The dispersions we use are as follows.

type σ(km/s)
CCSN 265
ECSN 30
USSN 30

• Definition of USSNe is that He envelope at time of SN < 0.2 Msun (Tauris et al. 
2015)



Results and Discussion



Results

rank β αCEλ ECSN HG Rf
(/Myr/galaxy)

Rm
(/Myr/galaxy)

iPTF 14gqr
(/Myr/galaxy)

Likelihood
ratio

1 0.7 1.0 1 0 48.17 24.14 57.67 1 / 1
2 0.7 1.0 0 0 46.75 24.13 57.56 1 / 1.8
3 0.7 0.5 1 0 37.67 20.93 52.46 1 / 4.2
4 0.7 0.5 1 1 33.58 17.27 46.99 1 / 4.7
5 0.9 1.0 0 0 26.94 8.48 16.61 1 / 7.4
6 0.9 1.0 1 0 28.38 8.48 16.55 1 / 9.3
7 0.7 0.5 0 0 36.41 20.78 52.27 1 / 15
8 0.7 0.5 0 1 32.24 17.05 46.76 1 / 17
9 0.9 0.5 0 0 25.10 10.54 25.54 1 / 72
… … … … … … … … …

The results of calculation are as follows.

Significantly disfavored

1 / 20

The criterion “1/20” are used in Vigna-Gómez et al. (2018)

USSNe like iPTF 14gqr occur at 57.67 galaxy-1 Myr-1 for most favored 
model (rank = 1).



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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Rate of USSNe like iPTF 14gqr
• We assume that SNe with the same ejecta and envelope mass as iPTF 

14gqr reproduce the light curve equivalent to iPTF 14gqr. 

• To obtain the information about the envelope, we need to observe the shock 
cooling emission component.

• We assume that a cadence < 2 days are needed to detect the USSNe like 
iPTF 14gqr.

Shock cooling emission

Fig 2. in De et al. (2018)



Rate of USSNe like iPTF 14gqr
• Detection rate is as follows.

• A next generation survey Zwicky Transient Facility (ZTF) can detect 
USSNe like iPTF 14gqr at 40 yr-1

Survey detection rate
(yr-1) reference

iPTF 1 Rau et al. 2009
Law et al. 2009

ZTF 40 Bellm et al. 2014

LSST 5 Ivezic et al. 2008



Results

rank β αCEλ ECSN HG Rf
(/Myr/galaxy)

Rm
(/Myr/galaxy)

iPTF 14gqr
(/Myr/galaxy)

Likelihood
ratio

1 0.7 1.0 1 0 48.17 24.14 57.67 1 / 1
2 0.7 1.0 0 0 46.75 24.13 57.56 1 / 1.8
3 0.7 0.5 1 0 37.67 20.93 52.46 1 / 4.2
4 0.7 0.5 1 1 33.58 17.27 46.99 1 / 4.7
5 0.9 1.0 0 0 26.94 8.48 16.61 1 / 7.4
6 0.9 1.0 1 0 28.38 8.48 16.55 1 / 9.3
7 0.7 0.5 0 0 36.41 20.78 52.27 1 / 15
8 0.7 0.5 0 1 32.24 17.05 46.76 1 / 17
9 0.9 0.5 0 0 25.10 10.54 25.54 1 / 72
… … … … … … … … …

The results of calculation are as follows.

Significantly disfavored

1 / 20

The criterion “1/20” are used in Vigna-Gómez et al. (2018)



Mass transfer efficiency β
• We consider β = 0.0 (conservative mass transfer),  0.5, 0.7, 0.9.

• From the results, β = 0.0 (conservative mass transfer) and 0.5 are not 
preferable to explain the orbital period and eccentricity of the observed DNS 
systems.

• In order to form binaries like MWC656 (Be star-BH binary with Porb = 60 
days), non-conservative mass transfer is essential (Shao et al. 2014)

• Our result is consistent with this.

star1
core

envelope

star2

Roche lobe

-(1-β)dM1

-βdM1



Comparison with other studies
• We estimate the formation and merger rate of DNS systems.

• Our values are the same order of magnitude as other values.

Reference Rf (/Myr/galaxy) Rm (/Myr/galaxy) Method

Shao et al. 2018 10 4 population synthesis

Vigna-Gómez et al. 2018 33 24 population synthesis

Kruckow et al. 2018 3 population synthesis

This work 48.17 24.14 population synthesis

Abbott et al. 2017 154a GW observation

Kim et al. 2013 21a Pulsar observation

+320
 -122

+28
 -14



Summary
• We perform Monte Carlo simulation called population synthesis.

• We estimate the rate of ultra-stripped supernovae (USSNe) like iPTF 14gqr 
(ejecta mass = 0.15 - 0.30 Msun, He envelope mass = 0.003 - 0.013 Msun).

• It is suggested that USSNe like iPTF 14gqr can be detected at 40 yr-1 by a 
next generation survey Zwicky Transient Facility (ZTF).
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Comparison with other studies (detail)

Z SFR
(Msun/yr)

σ
(km/s)

ECSN
mass range β α λ Rf

(/Myr/gal)
Rm

(/Myr/gal)

Shao
2014 3 EC:40

CC:300 1.83-2.75(He) Ω / Ωc 1 Xu+2010 10 4

Vigna-Gómez
2018 0.0142 2 US,EC:30

CC:265 1 Xu+2010 33 24

Kurckow
2018 0.0088

EC:0-50
no H:120

no He(1st):60
no He(2nd):30

CC:265

1.37-1.435 0.95 0.5 self 3

This work 0.02 2 US,EC:30
CC:250 1.34-1.37 0.5 1 0.1 48.17 24.14



iPTF 14gqr
• The host galaxy of iPTF 14gqr is spiral galaxy IV Zw 155

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
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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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Rate calculation
• We assume that the absolute magnitude of iPTF 14gqr is -16.6 mag in R 

band.

• The maximum distance D that USSNe like iPTF 14gqr can be observed is

• The detection rate is

D = 10 [pc] ⇥ 10(m+16.6)/5

4⇡

3

D3 ⇥ ⇢gal ⇥ 57.67 [galaxy

�1
Myr

�1
]⇥ A [deg

2
]

41253[deg

2
]

limiting mag.

   galaxy density
= 0.01 galaxies Mpc-3

rate of USSNe like iPTF 14gqr

survey area with a cadence < 2 days

The area of the sky



iPTF
• Limiting mag. is m = 20.5 mag in R band

• Survey strategy is as follows

• We assume that a cadence is always 1 day in DyC.

• iPTF can survey at 1000 deg2 day-1, so that survey area is A = 1000 deg2.

cadence exposure % of total filter target

5 days 41 R
1 minutes - 3 days 40 g, R

1 minitues 11 R Orion
8 Hα

USSNe like iPTF 14gqr can be detected.
We must multiply a factor 0.4.
They call this experiment dynamical cadence (DyC).



LSST
• Survey strategy is as follows

• We assume that a cadence is always 1 minutes in DDF.

• We assume that survey area is equal to field of view 9.6 deg2.

cadence exposure % of total limiting mag.
~ 4 days 90 24.5

~ 1 minutes 10 26.5

USSNe like iPTF 14gqr can be detected.
We must multiply a factor 0.1.
They call this experiment Deep Drilling fields (DDF).



ZTF
• Limiting mag. is m = 20.5 mag in R band.

• ZTF can scan all sky (survey area is A = 30000 deg2)


