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ABSTRACT

We perform one-dimensional radiation-hydrodynamic simulations of energetic supernova ejecta col-

liding with a massive circumstellar medium (CSM) aiming at explaining SN 2016aps, (Replaced: the

brightest supernova ever observed replaced with: likely the brightest supernova observed

to date). SN 2016aps was a superluminous Type-IIn SN, which released as much as & 5× 1051 erg of

thermal radiation. Our results suggest that the multi-band light curve of SN 2016aps is well explained

by the collision of a 30 M� SN ejecta with the explosion energy of 1052 erg and a ' 8 M� wind-

like CSM with the outer radius of 1016 cm, i.e., a hypernova explosion embedded in a massive CSM.

This finding indicates that very massive stars with initial masses larger than 40 M�, which suppos-

edly produce highly energetic SNe, occasionally eject their hydrogen-rich envelopes shortly before the

core-collapse. (Added: We suggest that the pulsational pair-instability SNe may provide a

natural explanation for the massive CSM and the energetic explosion. ) We also provide

the relations between the peak luminosity, the radiated energy, and the rise time for interacting SNe

with the kinetic energy of 1052 erg, which can be used for SN 2016aps-like objects in future surveys.

Keywords: supernova: general – supernovae: individual (SN 2016aps) – stars: mass-loss – shock waves

– radiation mechanisms: thermal

1. INTRODUCTION

Core-collapse supernova (CCSN) explosions are one

of the common luminous transient events in the opti-

cal sky. They are the explosive ejection of stellar man-

tle resulting from the iron core collapse of a massive

star. The associated optical emission from the ejecta is

normally powered by (Replaced: radioactive nickel,

which is freshly produced in the explosion. re-

placed with: the initial shock-heating and/or the

radioactive nickel freshly produced in the explo-

sion.) Since CCSNe are the final evolutionary stage of

Corresponding author: Akihiro Suzuki

akihiro.suzuki@nao.ac.jp

massive stars, the diversity of CCSNe reflects the vari-

ety of stellar properties, such as mass and metallicity,

and activities, such as stellar winds and binary interac-

tion, toward the final core-collapse. Transient surveys

in the last few decades certainly revealed various modes

of explosive stellar deaths including rare and bright SNe

(Quimby et al. 2011; Gal-Yam 2012, 2019).

Recently, the superluminous (Replaced: SN-IIn

replaced with: Type-IIn SN) 2016aps (also known

as PS16aqy) was detected by the Panoramic Survey

Telescope and Rapid Response System (Pan-STARRS;

Chambers et al. 2016). Nicholl et al. (2020) re-

ported its discovery and the results of the follow-up

observations(Deleted: and confirmed that it was

a bright SN rather than activities of the active

galactic nucleus at the center of the host galaxy
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). (Added: SN 2016aps was classified as a Type-

IIn SN (Schlegel 1990; Filippenko 1997; here-

after, SNe-IIn), which shows the spectral sig-

nature of the collision between SN ejecta and

slowly-moving hydrogen-rich gas around the pro-

genitor (circumstellar matter; CSM).) At the red-

shift of z = 0.2657, which is indicated by the hydrogen

Balmer lines, the peak luminosity and the isotropic ra-

diated energy of SN 2016aps reach 4.3 × 1044 erg s−1

and > 5 × 1051 erg, making this object the brightest

confirmed SN ever observed. The presence of the hydro-

gen line emission indicates SN 2016aps was likely pow-

ered by the CSM interaction. In the framework of the

CSM-powered emission, the radiated energy of 5× 1051

erg immediately indicates that the embedded SN should

have been highly energetic, with an explosion energy

larger than 5 × 1051 erg. Such highly energetic explo-

sions are thought to occur in the so-called hypernovae,

the exceptionally energetic explosions of very massive

stars with the initial mass larger than 40 M� (Iwamoto

et al. 1998). Other possibilities include even more mas-

sive stars ending up as the so-called pair-instability SNe

(Barkat et al. 1967; Rakavy & Shaviv 1967) and SNe

with an additional power source at its center (Kasen &

Bildsten 2010).

Based on the analytic scaling relations (Chevalier &

Irwin 2011) and the single-zone light curve modeling by

the Modular Open Source Fitter for Transients (MOSFiT;

Guillochon et al. 2018), Nicholl et al. (2020) argued that

SN 2016aps was likely explained by the collision of 50–

180 M� SN ejecta and 40–150 M� of CSM with the

kinetic energy exceeding 1052 erg. The required total

mass of the ejecta and the CSM exceeding ∼ 100 M�
made authors suspect that SN 2016aps originated from

a very massive star in the expected mass range of the

pair-instability SNe (' 140 – 260 M�; e.g., Heger &

Woosley 2002; Umeda & Nomoto 2002). On the other

hand, Dessart et al. (2015) have conducted a series of

multi-group radiation-hydrodynamic simulations of su-

perluminous Type-IIn SNe and provided a couple of the

models with the assumed kinetic energy of 1052 erg prior

to the discovery of SN 2016aps. The model with the

ejecta mass of 9.8 M� and the CSM mass of 17.3 M�
roughly explains the peak luminosity and the evolution-

ary timescale of SN 2016aps, which is in contrast to

the results of Nicholl et al. (2020) requiring much larger

mass.

For assessing the previous results and pining down the

appropriate model parameters more precisely, a more

wide and systematic model parameter survey based on

radiation-hydrodynamic simulations is required. Re-

cently, we systematically studied the CSM-powered SNe

with a wide range of the model parameters; the ejecta

mass and energy, and the CSM mass and radius (Suzuki

et al. 2020). In the study, we provide the peak luminos-

ity, the radiated energy, and the rise time of the CSM-

powered emission and compared them with the observed

samples of SNe-IIn (Ofek et al. 2014a; Nyholm et al.

2020). However, the assumed ejecta energy was up to

2 × 1051 erg and was not sufficient to explain the su-

perluminous SN 2016aps. In this study, we perform the

model parameter survey for highly energetic SN ejecta

with the explosion energy of 1052 erg by using the same

model setup as Suzuki et al. (2020). We provide the re-

lations between the peak bolometric luminosity, the ra-

diated energy, and the rise time for the models explored,

which are also beneficial for other SN 2016aps-like events

detected in on-going and future transient surveys.

This paper is structured as follows. First, we con-

sider how the quantities characterizing the system can

roughly be constrained by analytical estimations in Sec-

tion 2. We then describe the numerical setups and the

parameter sets explored in this study in Section 3. In

Section 4, we present the simulation results with a par-

ticular focus on the model best explaining SN 2016aps.

The implications of the results are discussed in Section

5. Finally, Section 6 provides a summary of this study.

2. PARAMETER CONSTRAINTS BY ANALYTIC

ESTIMATION

Before delving into the detailed model parameter sur-

vey with numerical simulations, we introduce the model

parameters characterizing the system and how the pa-

rameter space can be constrained by analytic estima-

tions. We note that similar discussion has been repeated

in past studies for (semi-)analytic and numerical light

curve modelings of SNe-IIn (e.g., Chatzopoulos et al.

2011; Moriya et al. 2011, 2013; Chatzopoulos et al. 2012;

Ginzburg & Balberg 2012; Svirski et al. 2012; Moriya &

Maeda 2014; Ofek et al. 2014b; Tsuna et al. 2019; Takei

& Shigeyama 2020). As we shall describe in Section

3, our numerical simulations are based on Suzuki et al.

(2020), in which the important parameters characteriz-

ing the system are the ejecta mass Mej and energy Esn,

and the CSM mass Mcsm and radius Rcsm.

We first consider the energy budget of the thermal

radiation. Since the isotropic radiated energy of SN

2016aps is at least ∼ 5 × 1051 erg, the initial kinetic

energy should be much larger than the normal explo-

sion energy of ∼ 1051 erg. Such highly energetic explo-

sions with the explosion energy of the order of 1052 erg

are usually only expected for very massive stars with

the initial mass more massive than 40 M� , i.e., hyper-

novae, introduced to explain Type-Ic SNe with broad
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line spectral features (Iwamoto et al. 1998). Therefore,

we consider the explosions of such massive progenitors

with the ejecta mass of the order of 10 M�. Even though

the initial kinetic energy is of the order of 1052 erg, pro-

ducing as much as 5 × 1051 erg of the radiation energy

requires a highly efficient conversion of the kinetic en-

ergy to thermal radiation. This requires the CSM mass

to be at least a considerable fraction of the ejecta mass

so that the CSM efficiently decelerates the expanding

ejecta and liberates its kinetic energy.

Next, the evolutionary timescale of SN 2016aps gives

a characteristic length scale. For interaction-powered

SNe, the rising timescale of a light curve reflects the

photospheric radius. At the time of the shock breakout,

the diffusion velocity of photons produced at the shock

front is equal to the shock velocity vsh. Therefore, the

timescale of photon diffusion from the shock front to

the photosphere at a radius r = Rph is approximately

given by tdif ' Rph/vsh. The rising time of SN2016aps

is trise ' 40 days (Nicholl et al. 2020). Since the typical

velocity of the ejecta is (2Esn/Mej)
1/2 ' 109 cm s−1 for

Esn = 1052 erg andMej = 10M�, the requirement tdif '
trise leads to the following constraint on the photospheric

radius,

Rph ' 3× 1015

(
Mej

10 M�

)−1/2(
Esn

1052 erg

)−1/2

cm.

(1)

This is roughly consistent with the almost constant pho-

tospheric radius, ∼ 5×1015 cm, estimated by the multi-

band light curve of SN 2016aps at late epochs (Nicholl

et al. 2020). For an infinitely extended CSM with the

density profile given by ρ = Ar−2, the photospheric ra-

dius of Rph = 5 × 1015 cm requires the coefficient A to

be

A ' 1016

(
Rph

5× 1015 cm

)(
κ

0.34 cm2 g−1

)−1

g cm−1,

(2)

where a constant electron scattering opacity κ = 0.34

cm2 g−1 is assumed. This value is much higher than

those of normal stellar winds, A = 1011–1012 g cm−1

(Smith 2014). However, the mass of the optically thick

CSM, 4πARph ' 0.5 M�, is not large enough to real-

ize a high kinetic-to-radiation conversion efficiency for

an ejecta mass of the order of 10 M�. (Deleted:

The CSM density should be even more elevated

and the CSM distribution has an outer cut-off

around the photospheric radius estimated above.

) (Added: Instead, this can be achieved with a

higher CSM density in the inner regions, with

a distribution that is truncated around the pho-

tospheric radius. ) Therefore, we expect that the

massive CSM of the order of 10 M� is confined within

a radius of several 1015–1016 cm.

3. NUMERICAL METHODS

3.1. Simulation setups

We conduct 1D radiation-hydrodynamic simulations

by using the same numerical code as Suzuki et al. (2020)

(see also Suzuki et al. 2019 for details). The numerical

setups of our simulations are similar to Suzuki et al.

(2020), but with different input parameters.

3.1.1. Initial conditions

The simulations are performed in the 1D spherical co-

ordinate r. We consider a freely expanding spherical SN

ejecta with a broken power-law density profile. The in-

ner and outer density slopes are set to d ln ρ/d ln r = −1

and −10, respectively (Chevalier & Soker 1989; Matzner

& McKee 1999). The initial kinetic energy Esn and

the ejecta mass Mej specify the density and velocity

scales. The characteristic velocity separating the inner

and outer parts of the ejecta is given as a function of

the ejecta mass Mej and the kinetic energy Esn by

vbr = 1.2×109

(
Mej

10 M�

)−1/2(
Esn

1052 erg

)−1/2

cm s−1,

(3)

for the adopted density structure. We start our simu-

lations at t = 103 s. Initially, we assume that the local

internal energy density is 5% of the local kinetic energy

density. Therefore, the pressure of the ejecta does not

affect the dynamical evolution as long as the ejecta ex-

pands in an adiabatic way. The ejecta initially extends

to the inner radius of the CSM at r = Rin = 4 × 1012

cm.

We assume a wind-like CSM with an outer exponential

cut-off,

ρcsm(r) =
pMcsm

4πΓ(1/p)Rcsmr2
exp

[
−
(

r

Rcsm

)p]
, (4)

with p = 10. The CSM mass and radius, Mcsm

and Rcsm, thus specify the density structure. The

CSM distribution has an exponential cut-off around

r = Rcsm, beyond which we assume a normal steady

wind, ρout(r) = Aoutr
−2 with Aout = 5 × 1011 g cm−1,

up to the outer boundary of the numerical domain at

r = Rout = 1.28× 1017 cm.

3.1.2. Radiative processes

We assume hydrogen-rich gas with the hydrogen and

helium mass fractions of Xh = 0.73 and Xhe = 0.25

in the numerical domain. The following absorption and
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scattering coefficients,

κa = 3.7×1022χion(1+Xh)(Xh +Xhe)ρT−7/2
g cm2 g−1,

(5)

(the local density ρ and the gas temperature Tg are in

cgs units; see, e.g., Rybicki & Lightman 1979), and

κs = 0.2(1 +Xh)χion cm2 g−1, (6)

corresponding to free-free absorption and electron scat-

tering, are assumed. Here the factor χion represents the

effect of hydrogen recombination and is given by

χion =
1

1 + (Tg/Trec)−β
, (7)

with Trec = 7 × 103 K and β = 11 (Faran et al. 2019),

which drastically reduces the opacity at Tg < Trec.

3.1.3. Light curve calculations

The bolometric light curve is directly obtained from

the simulation. We use the time evolution of the radial

flux Fr at Robs = 1017 cm to calculate the bolometric

light curve,

Lbol(t) = 4πR2
obsFr(t, Robs), (8)

in the source rest frame.

While we first explore appropriate parameter sets for

SN 2016aps by bolometric light curve fitting, the multi-

band light curves are available for SN 2016aps and pro-

vide us with information on the color evolution. There-

fore, we also perform post-process ray-tracing calcula-

tions by using the simulation results to obtain the multi-

band light curves. For some models of interest, we ob-

tain the radial distributions of the hydrodynamic vari-

ables every 5 × 105 s. We perform the ray-tracing cal-

culation for each snapshot assuming that the ejecta is

at rest while photons propagate. This approximation

is justified when the maximum ejecta velocity is much

smaller than the speed of light c. The details of the

numerical procedures are found in Appendix A.

3.2. Models

We perform series of simulations with various param-

eter sets. As in Suzuki et al. (2020), we regard sim-

ulations with the same Mej, Esn, and Rcsm, but with

different Mcsm as one model series. For each model se-

ries, the adopted mass grid is 1 M� ≤ Mcsm ≤ 10 M�
by a step of 1 M�, 10 M� ≤ Mcsm ≤ 30 M� by a step

of 2 M�, Mcsm = 40 M�, and Mcsm = 50 M�. In total,

a single model series contains 22 individual models with

different Mcsm.

We fix the initial kinetic energy to be Esn = 1052 erg.

As we have estimated in Section 2, the CSM radius is

Table 1. Model descriptions

Series Mej[M�] Esn[1051erg] Rcsm[1015cm]

M10E10R5 10.0 10.0 5.0

M20E10R5 20.0 10.0 5.0

M30E10R5 30.0 10.0 5.0

M40E10R5 40.0 10.0 5.0

M10E10R10 10.0 10.0 10.0

M20E10R10 20.0 10.0 10.0

M30E10R10 30.0 10.0 10.0

M40E10R10 40.0 10.0 10.0

M10E10R20 10.0 10.0 20.0

M20E10R20 20.0 10.0 20.0

M30E10R20 30.0 10.0 20.0

M40E10R20 40.0 10.0 20.0

Table 2. Photospheric radii for fully ionized hydrogen-rich
CSMs

Rph/Rcsm for Rcsm/1015cm =

Mcsm[M�] 5 10 20

1 0.664 0.354 0.123

2 0.783 0.514 0.218

3 0.838 0.605 0.293

4 0.871 0.664 0.354

5 0.894 0.706 0.404

6 0.911 0.738 0.446

7 0.924 0.763 0.482

8 0.935 0.783 0.514

9 0.944 0.800 0.541

10 0.952 0.815 0.564

12 0.965 0.838 0.605

14 0.975 0.856 0.637

16 0.984 0.871 0.664

18 0.991 0.883 0.687

20 0.997 0.894 0.706

22 1.00 0.903 0.723

24 1.01 0.911 0.738

26 1.01 0.918 0.751

28 1.02 0.924 0.763

30 1.02 0.930 0.774

40 1.03 0.952 0.815

50 1.04 0.968 0.843

several 1015–1016 cm. Therefore, we examine the fol-

lowing three cases, Rcsm = 5× 1015, 1016, and 2× 1016

cm. For each CSM radius, we change the ejecta mass

from Mej = 10 M� to 40 M� by a step of 10 M�. Each
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Figure 1. Cumulative radiated energy (upper panel)
and bolometric light curves (lower panel) of the models in
M30R10E10. The model parameters are set to Esn = 1052

erg, Mej = 20 M�, and Rcsm = 1016 cm. The bolometric
light curve of SN 2016aps is also plotted in the lower panel.

model series is named after the adopted values of the pa-

rameters, which are listed in Table 1. Table 2 presents

the scattering photosphere divided by the CSM radius,

Rph/Rcsm, calculated assuming fully ionized gas for each

set of the CSM mass and radius.

4. RESULTS

4.1. Light curve properties

The bolometric light curves are obtained for all the

models explored in this study. Figure 1 shows exam-

ple light curves for the model series M30R10E10, com-

pared with that of SN 2016aps (Nicholl et al. 2020).

With these model parameters, the bolometric luminos-

ity reaches its maximum value around several 1044 erg

s−1. The evolutionary timescale of the CSM-powered

emission is predominantly determined by the photon

diffusion timescale in the CSM. Therefore, it monoton-

ically increases with CSM masses. For the CSM mass

range explored, 1.0 ≤ Mcsm/M� ≤ 50, the timescale

varies in a wide range from several to ∼ 100 days. As

seen in Figure 1, some models agree with the peak bolo-

metric luminosity and the evolutionary timescale of SN

2016aps.

For a more quantitative and systematic comparison

with SN 2016aps, we introduce some quantities charac-

terizing the bolometric light curves as in Suzuki et al.

(2020). First, we define the peak bolometric luminosity

Lbol,peak as the maximum value of the bolometric lumi-

nosity. The epoch of the peak luminosity is denoted by

tpeak. Next, we calculate the total radiated energy Erad

by integrating the bolometric light curve up to the end

of the simulation, t = 6 × 107 s. Finally, we introduce

the rise time trise. We define the rise time trise so that

the luminosity reaches a fraction frise of the peak value

at tpeak − trise, Lbol(tpeak − trise) = friseLbol,peak. For

SN 2016aps, the bolometric luminosity already reaches

∼ 40% of the peak value at the first detection, ' 36 days

before the peak (source rest-frame; Nicholl et al. 2020).

Thus, we set the fraction to frise = 0.4. We note that

the rise time is calculated for light curves in the source

rest-frame rather than the observed frame.

We calculate these characteristic quantities for all the

models and show the resultant Lbol,peak–trise and Erad–

trise relations in Figure 2. The behaviors of the relations

for a single model series (models with differentMcsm) are

similar to those examined by Suzuki et al. (2020). The

peak luminosity increases for shorter trise and decreases

for longer trise. These two parts with the different behav-

iors are separated by the condition Mcsm 'Mej. Models

with larger Mcsm dissipate a larger fraction of the kinetic

energy and produce larger Erad. The Lbol,peak–trise and

Erad–trise relations for different model series have sys-

tematic offsets from each other. The general trend is

that the peak luminosities are higher for smaller CSM

radii Rcsm and ejecta mass Mej. On the other hand, the

rise time becomes shorter for smaller CSM radii Rcsm

and the ejecta mass Mej.

These relations are compared with the rise time, the

peak luminosity, and the radiated energy of SN 2016aps

; trise = 36 days, Lbol,peak = 4.3 × 1044 erg s−1, and

Erad = 5 × 1051 erg. As seen in Figure 2, the mod-

els with Rcsm = 5 × 1015 cm (left column) do not ex-

plain the rise time of SN 2016aps, while the models with

Rcsm = 2 × 1016 cm (right column) overshoot the to-

tal radiated energy of SN 2016aps. Some models with

Rcsm = 1016 cm (center column) satisfy the constraints

from the observations. We find that the model with

Mcsm = 8 M� in the model series M30E10R10 best repro-

duces the light curve properties of SN 2016aps (referred

to as the best-fit model, hereafter).

We pick up some models with the peak luminosity and

the rise time similar to those of SN 2016aps and com-

pared them with the observed bolometric light curve

in Figure 3. In the middle panel of Figure 3, we plot

the bolometric light curve of the best-fit model. The

model light curve around the peak successfully repro-

duces the observed light curve. The tail of the light

curve suffers from numerical oscillations, which often

happens when the ejecta becomes dilute and cool at

late epochs. Nevertheless, the overall declining trend of

the model light curve is similar to that of SN 2016aps.

The top and bottom panels of Figure 3 show the models

with similar Lbol,peak and trise but with the smaller and
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Figure 2. Peak luminosity Lbol,peak (upper panels) and radiated energy Erad (lower panels) as a function of the rising time
trise. The results for all the model explored in this study is plotted. The left, center, and the right columns present the results
for the models with Rcsm = 5 × 1015, 1016, and 2 × 1016 cm.
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Figure 3. Bolometric light curves of some models with
the peak bolometric luminosity and rise time similar to SN
2016aps.

larger Rcsm as constrained from the diagram in Figure

2. Although the two models explain the observed light

curve around the peak, both of them exhibit clear de-

viations at late epochs. In the model with the smaller

Rcsm = 5 × 1015 cm (top panel), the bolometric lumi-

nosity suddenly drops ∼ 350 days after the peak. This

is because of the truncated CSM at Rcsm = 5 × 1015

cm, beyond which the shock dissipation cannot produce

thermal radiation efficiently. On the other hand, the

late-time bolometric luminosity of the model with the

larger Rcsm = 2× 1016 cm significantly exceeds the ob-

served luminosity. This is because the CSM is extended

into a relatively large radius and the shock dissipation

continuously produces thermal photons. This explains

why the models with Rcsm = 2× 1016 cm overshoot the

radiated energy of SN 2016aps around trise = 30-40 days

in Figure 2 (right panels). Therefore, we conclude that

Rcsm = 1016 cm is appropriate.

4.2. Evolution of hydrodynamic variables

Figure 4 shows the radial profiles of some physical

quantities for the best-fit model. In this model, the

shock breakout happens at several 106 s and then the

interaction-powered emission with the outgoing lumi-

nosity of the order of 1044 erg s−1 starts leaking into

the surrounding space as seen in the bottom panel. The

forward shock reaches the outer edge of the CSM at

t ' 2 × 107 s, after which the energy production rate

due to the shock dissipation rapidly declines.

Since the CSM mass is a considerable fraction of the

ejecta mass, the outer part of the ejecta efficiently de-

celerates. The shocked ejecta and CSM are piled up

behind the forward shock, forming the so-called cold

dense shell (e.g., Chevalier 1982; Chugai 2001; Chugai

et al. 2004; Blinnikov 2017). The maximum velocity of



Light curve modeling of SN 2016aps 7

10 18
10 15
10 12
10 9
10 6
10 3

[
]

101

102

103

104

105

[
/]

= × × × × ×

102

104

106

108

[
]

1010 1011 1012 10141013 1015 1016 1017

[ ]

1038

1040

1042

1044

1046

[
]

Figure 4. Radial profiles of density, velocity, gas and radia-
tion temperature, and outgoing luminosity from top to bot-
tom. The best-fit model with Esn = 1052 erg, Mej = 30 M�,
Mcsm = 8 M�, and Rcsm = 1016cm is shown. In each panel,
the radial profiles at t = 3 × 103, 3 × 104, 3 × 105, 3 × 106,
and 2 × 107 s are plotted.

the ejecta initially exceeds 104 km s−1 and then slows

down to ∼ 5 × 103 km s−1 at the shock emergence

(t ' 2 × 107 s). The Hα emission line profile of SN

2016aps exhibits a velocity full-width at half-maximum

of 4090± 230 km s−1 at 80–350 days after the discovery

(Nicholl et al. 2020). (Deleted: which is in good

agreement with the dynamical property of the

best-fit model. ) (Added: If the observed line

width represents the expansion velocity, it is con-

sistent with the dynamical property of the best-

fit model, although the line broadening may be

due to the electron scattering within the CSM. )

4.3. Multi-band light curve
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Figure 5. Multi-band light curve of the best-fit model (solid
line) compared with observations of SN 2016aps (circles).

We calculate the multi-band light curve of the best-

fit model by the method described in Section A. In

Figure 5, we compare the model light curves with the

observations of SN 2016aps, which are taken from the

Open Supernova Catalog1 (Guillochon et al. 2017) and

mainly cover UV and optical wavelengths. In the upper

five panels, we plotted Swift/UVOT UVW2-, UVM2-

1 https://sne.space
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, UVW1-, U -, B-band light curves (the V -band light

curve is omitted because its central wavelength is simi-

lar to the g- and r-bands), while the lower four panels

present g-, r-, i-, and z-band light curves obtained by

ground-based observations. Since the UVOT photome-

try is calibrated to the Vega magnitude, we convert the

observed magnitudes to the AB magnitude by using the

conversion factors provided by Breeveld et al. (2011).

We also note that the observed magnitudes are corrected

for the Galactic extinction with E(B − V ) = 0.0263

(Nicholl et al. 2020) by using the extinction law of

Cardelli et al. (1989) with RV = 3.1. The model light

curve is truncated at ∼ 370 days after the maximum be-

cause the whole ejecta becomes effectively thin, τeff < 1,

at the epoch and thus the effective photosphere and the

color temperature Tc can no longer be determined.

We find that the model light curves well agree with

the observed light curves. This overall agreement reas-

sures that the CSM-powered emission with almost ther-

mal spectra is a plausible explanation for this extremely

bright SN, although slight differences are recognized. In

particular, the model light curve exhibits a dip at ∼ 100

days, while the observed g-, r-, i-band light curves al-

most linearly decline at the corresponding epoch. At

this epoch, corresponding to t = 2×107 s in the simula-

tion, the forward shock emerges from the outer edge of

the CSM (see Figure 4). The emergence of the forward

shock is accompanied by the accelerated expansion of

the shocked CSM, which makes the shocked gas cool in

an adiabatic way. The reduced gas temperature seems to

produce the dip in the model light curve. We note that

the effect of the temperature reduction is less significant

at longer wavelengths, e.g., i- and z-bands, probably

because they are in the Rayleigh-Jeans part of the al-

most blackbody spectra. This effect may be avoided by

exploring a more appropriate outer cut-off in the CSM

density at r = Rcsm (Equation 4), which is both the-

oretically and observationally uncertain. Nevertheless,

such a slight modification on the interface between the

massive CSM and the normal stellar wind would not

change the overall picture, i.e., several 10 M� SN ejecta

colliding with ∼ 10 M� CSM with Rcsm ' 1016 cm as

the best explanation for SN 2016aps.

We plot the models in the same model series as the

best-fit model but with slightly different CSM masses,

Mcsm = 7 and 9 M�, in Figure 6. This compari-

son demonstrates how the model light curves depend

on the CSM mass and how large uncertainty is associ-

ated with the light curve fitting. As seen in the g-band

light curves with the early data available, the model

with the smaller Mcsm = 7 M� rises a bit more sharply

than the best-fit model, while the model with the larger
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Figure 6. Same as Figure 5, but for the models with Mcsm =
7 (dash-dotted) and 9 M� (dashed) in the same model series
M30R10E10.

Mcsm = 9 M� exhibits a slower rise. Although the

model with Mcsm = 8 M� gives the best-fit light curve,

models with slightly different CSM masses by ' 1 M�
appear to fit the observations well.

5. DISCUSSION

5.1. Model parameters for SN 2016aps

The light curve fitting in Section 4 suggests that SN

2016aps is most likely explained by an energetic SN

ejecta with Mej = 30 M� and Esn = 1052 erg col-
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liding with a wind-like CSM with Mcsm ' 8 M� and

Rcsm ' 1016 cm. The model parameters are roughly

consistent with the analytic consideration in Section 2.

With the estimated total mass of the ejecta and the

CSM, and the stellar-mass compact remnant included,

the initial mass of the exploding star should be at least

& 40 M�. Given that the SN explosion was highly ener-

getic with the explosion energy of the order of 1052 erg,

i.e., hypernovae, a massive star with the initial mass

larger than 40 M� and ejecting a part of the hydro-

gen envelope shortly before the core-collapse is a likely

progenitor.

The suggested progenitor is different from the sce-

nario originally proposed by Nicholl et al. (2020), who

suggest the collision of much more massive SN ejecta

and CSM (Esn > 3 × 1052 erg, Mej = 50–180 M�,

and Mcsm = 40–150 M�) as a likely explanation of SN

2016aps. Their argument was interesting because the

total mass of the ejecta and CSM is within the mass

range of the pair-instability SNe (140–260 M�; Heger

& Woosley 2002; Umeda & Nomoto 2002). The dis-

agreement between our model and Nicholl et al. (2020)

could partly be explained by the different treatment of

radiation transport in the light curve models. While we

carried out 1D radiation-hydrodynamic simulations with

the so-called two-temperature approximation, MOSFiT is

based on a single-zone model for the expanding ejecta

with the heating source deeply embedded (Arnett 1982).

The radiation-hydrodynamic simulations spatially re-

solve the interaction layer between the ejecta and the

CSM, which moves outward with time, and solves the

radiation transport in the CSM in a more sophisticated

way. Dessart et al. (2015) have conducted 1D multi-

group radiation-hydrodynamic simulations of superlu-

minous SNe-IIn. Their models with the initial kinetic

energy of 1052 erg predict bolometric peak luminosi-

ties and evolutionary timescales similar to our models,

although the ejecta and CSM masses of their model

(Mej = 9.8 M� and Mcsm = 17.3 M�) are different

from ours by a factor of a few. This agreement among

numerical simulations suggests that the model parame-

ters constrained by radiation-hydrodynamic simulations

might be systematically different from those obtained by

more simplified single-zone models and analytic scaling

relations.

(Added: Chatzopoulos et al. (2012) and

Moriya et al. (2013) tried the light curve mod-

eling of the superluminous SN-IIn 2006gy in

semi-analytic and numerical ways, respectively.

Their best-fit models also exhibit differences

in some model parameters, such as the ejecta

mass. Later, Chatzopoulos et al. (2013) com-

pared the semi-analytic and numerical models in

more detail and pointed out a difficulty of a sim-

ple maximum likelihood parameter estimate for

interaction-powered SNe. While semi-analytic

models certainly provide a convenient way to

search for appropriate parameters in a large pa-

rameter space, different sets of parameters some-

times provide equally well fitting results. A thor-

ough investigation on the possible systematic dif-

ferences between the semi-analytic and numer-

ical light curve models for interaction-powered

SNe would be beneficial, but is beyond the scope

of this paper. )

To summarize, our results suggest that a relatively

massive CSM is required in the vicinity of the exploding

star, but the progenitor does not necessarily require the

initial mass exceeding 100 M�.

5.2. Mass-loss episode of SN 2016aps

Although the origin of hypernovae is still unclear, they

are (Replaced: almost exclusively replaced with:

predominantly) the explosion of a bare carbon-oxygen

core with little trace of hydrogen and helium in their

spectra, (Added: except for a few hydrogen-rich

events, such as OGLE-2014-SN-073 (see, e.g.,

Terreran et al. 2017 and references therein). )

Therefore, the presence of SN 2016aps imply the possi-

bility that massive stars ending their lives as hypernovae

may occasionally eject their hydrogen-rich envelope at

the final moment of their evolution and produce superlu-

minous SNe-IIn. The CSM mass and radius constrained

by our light curve modeling suggest that an intense

mass-loss episode shortly before the core-collapse is re-

quired to produce the CSM confined within Rcsm ' 1016

cm.

For a wind velocity vw, the enhanced mass-loss should

have initiated at

tw =
Rcsm

vw
' 30

(
Rcsm

1016cm

)(
vw

100 km s−1

)−1

yrs (9)

before the core-collapse. The mass-loss rate averaged

over the period is required to be

Ṁ = 0.3 M� yr−1

(
Mcsm

10 M�

)
×
(

Rcsm

1016cm

)−1(
vw

100 km s−1

)
. (10)

This mass-loss rate is much higher than the typical

mass-loss rate of Galactic red supergiants or Wolf-Rayet

stars, but is consistent with those required for lumi-

nous SNe-IIn (e.g., Kiewe et al. 2012; Taddia et al.
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2013; Smith 2014). Therefore, the final mass-loss activ-

ity for SN 2016aps may be driven by the same mech-

anism as other SNe-IIn. The mass ejection mecha-

nism to realize SNe-IIn is also unclear and thus ex-

tensively debated. The energy deposition onto the

stellar envelope by stellar activities shortly before the

core-collapse (Dessart et al. 2010; Quataert & Shiode

2012; Shiode & Quataert 2014; Fuller 2017; Fuller &

Ro 2018; Ouchi & Maeda 2019; Owocki et al. 2019;

Kuriyama & Shigeyama 2020) or binary effects, such

as the common envelope mass ejection (Chevalier 2012;

Soker & Kashi 2013; Schrøder et al. 2020), have been

proposed as the responsible mechanism. (Deleted:

Although our ejecta and CSM mass estimate

does not necessarily require pair-instability

SNe, massive stars that experience pulsational

pair-instability may also be the progenitor

system (Woosley et al. 2007; Woosley 2017). )

(Added: It is worth comparing the esti-

mated parameters with those of other SNe-IIn.

SN 2010jl (e.g., Smith et al. 2011; Zhang et al.

2012; Fransson et al. 2014; Ofek et al. 2014c)

is among the best studied SN-IIn. Fransson

et al. (2014) provide a comprehensive observa-

tional study of SN 2010jl up to ∼ 1000 days af-

ter the first detection. They estimated the mass-

loss rate and the CSM mass to be Ṁ ∼ 0.1 M�
yr−1 and & 3 M�. Dessart et al. (2015) per-

formed a radiation-hydrodynamic simulation of

a ∼ 10 M� SN ejecta with 1051 erg colliding with

∼ 3 M� CSM and found a good agreement with

their model light curve and the bolometric light

curve of SN 2010jl. The mass-loss rate estimated

in Equation 10 and the best-fit CSM mass of

8 M� for SN 2016aps agrees with those of SN

2010jl within a factor of a few. Instead, SN

2016aps is much more luminous than SN 2010jl,

which showed the peak bolometric luminosity of

3 × 1043 erg s−1. The similar mass-loss rate and

the CSM mass suggest that the progenitor of SN

2016aps has experienced a mass-loss episode that

commonly happens in other typical SNe-IIn. It

would be the much larger explosion energy that

make SN 2016aps extremely bright with the peak

luminosity 10 times higher than SN 2010jl.

SN 2006gy is another well-studied superlu-

minous SN-IIn (Ofek et al. 2007; Smith et al.

2007). Early studies interpreted this object

as a core-collapse event, although it is re-

cently proposed that a Type Ia SN embedded

in a massive CSM better explains the observed

properties (Jerkstrand et al. 2020). For ex-

ample, Moriya et al. (2013) performed a se-

ries of radiation-hydrodynamic simulations of

interaction-powered SNe. They found that the

multi-band light curve of SN 2006gy is well ex-

plained by an energetic explosion with > 4× 1051

erg and a ∼ 15 M� CSM. When adopting the

interaction-powered CCSN scenario, the esti-

mated average mass-loss rate of ∼ 0.1 M� yr−1

is again similar to our estimate for SN 2016aps,

while SN 2006gy requires a bit more massive

CSM. The comparison of SN 2016aps with the

prototypical SN-IIn 2010jl and the superlumni-

nous SN-IIn 2006gy indicates that the explosion

energy of the embedded SN is a primary fac-

tor determining the brightness rather than the

mass-loss rate. )

(Added:

5.3. Pulsational pair-instability scenario

Although our ejecta and CSM mass estimate

does not necessarily require pair-instability SNe

with > 100 M�, massive stars that experience the

pulsational pair-instability can be a candidate

progenitor system (Woosley et al. 2007; Moriya

& Langer 2015; Woosley 2017). Because SNe

with explosion energies of the order of 1052 erg

are predominantly hydrogen-poor (in particular,

broad-lined Type-Ic SNe), it is reasonable to as-

sume that the ejecta responsible for SN 2016aps

is a helium or carbon-oxygen core. A helium

core more massive than 30–40 M� with a sub-

solar metallicity is expected to experience inten-

sive mass-loss due to the pair-instability (see,

Woosley 2017, for a recent study). (Replaced:

Our best fit model (Mej = 30 M�) with a ∼ 5–

10 M� black hole satisfies the pulsational pair-

instability condition. replaced with: Assuming

a total core mass for SN 2016aps corresponding

to the ejecta mass of Mej = 30 M� plus a rem-

nant compact object (a ∼ 5–10 M� black hole to

power the hypernova), our best-fit model satis-

fies the pulsational pair-instability condition. )

In addition, SN 2016aps occurred in a sub-solar

metallicity environment (Z ∼ 0.4Z�; Nicholl et al.

2020). These agreements suggest the pulsational

pair-instability as an intriguing and promising

progenitor channel for SN 2016aps.

Moriya & Langer (2015) studied pulsational

behaviors of PISN progenitors in their red sug-

ergiant stage and claimed that pulsation-induced
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mass-loss could explain the high mass-loss rate

inferred from superluminous SNe-IIn observa-

tions. Woosley (2017) performed a comprehen-

sive study on pulsational pair-instability SNe and

presented some models that show pre-supernova

mass of several 10 M� after having ejected their

hydrogen-rich envelope of the order of 10 M�
several years before the core-collapse. He also

pointed out the possibility that a hypernova ex-

plosion may occur in such a situation and pro-

duce a bright SNe with the peak luminosity close

to 1045 erg s−1. Our best fit model is broadly in

agreement with the scenario of pulsational pair-

instability followed by a hypernova explosion.

)

5.4. Hypernova explosions in massive CSM

SN 2016aps is an unambiguous example of SNe-IIn

with the radiated energy well exceeding 1051 erg. SN

2016aps-like events harboring hypernova explosions in

their massive CSMs are expected in the on-going and fu-

ture transient surveys, such as Zwicky Transient Facility

(Bellm et al. 2019) and the Vera C. Rubin observatory2.

Nicholl et al. (2020) found that an SN 2016aps-like event

could be detected up to z ∼ 2 with the Rubin observa-

tory, and even higher redshift z = 5 with the James

Webb Space Telescope3. This opens up the possibility

that the final activities of very massive stars with the ini-

tial masses of several 10 M� could be probed in the high-

z universe. Although the rate of SN 2016aps-like events

is uncertain, requiring the initial mass of > 40 M� in-

stead of the originally proposed condition, 100–300 M�,

may relax the constraint on the rareness of such events

for the standard initial mass function. The rate of SN

2016aps-like events is also important for understanding

the population of luminous SNe-IIn. The rate of SN

2016aps-like event together with some statistical sam-

ples of SNe-IIn (e.g., Ofek et al. 2014a; Nyholm et al.

2020) constrains how the luminosity function of SNe-IIn

extends to the highest luminosity, which would give us

some hint on the evolutionary scenario or the mechanism

to produce massive CSMs.

In this work, we provide the Lbol,peak–trise and Erad–

trise relations in Figure 2 and used them to narrow down

the parameter space. The same exercise can be applied

for possible other superluminous SNe-IIn with the ra-

diated energy exceeding 1051 erg. For example, an SN

2016aps-like event with the peak bolometric luminosity

as high as 1045 erg s−1 indicates a highly energetic ex-

plosions with a compact CSM. The comparison between

a statistical sample of such superluminous SNe-IIn and

the theoretical predictions may eventually unveil the ori-

gin of CSM and the evolution of very massive stars to-

ward the core-collapse.

6. SUMMARY

In this work, we performed the light curve modeling

of the superluminous SN-IIn 2016aps. Assuming that

the emission is predominantly powered by the collision

of a highly energetic SN ejecta with a wind-like CSM,

we constrain the appropriate model parameters for SN

2016aps. As a result, we find that the combination of an

SN ejecta with the mass Mej = 30 M� and Esn = 1052

erg and a CSM with the mass Mcsm = 7–9 M� and the

radius Rcsm = 1016 cm most likely explains the multi-

band light curve of SN 2016aps. This finding suggests

that very massive stars potentially producing hypernova

explosions can be superluminous SNe-IIn. However, the

reason why SN 2016aps had such a massive hydrogen-

rich CSM in its vicinity while hypernovae are almost

exclusively Type-Ic SNe is unclear. (Added: This dif-

ference might be ascribed to the different mass-

loss mechanisms, normal stellar wind for Type-

Ic SNe and eruptive mass-loss for SN 2016aps,

the latter of which may be realized in a low

metallicity environment. ) Although SN 2016aps

is still an example of hypernova explosions with massive

CSMs, future surveys and detection of similar events

along with light curve modelings would clarify how spe-

cial SN 2016aps-like events are and their nature.
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Figure 7. Schematic representation of the post-process ray-tracing calculation. The transfer equation is integrated along a
path s on the photon ray.

A. POST-PROCESS CALCULATIONS

In the following steps, we describe the numerical procedures of the post-process calculations. We denote physical

variables in the comoving frame of emitting material by letters with overbars. For example, the comoving frequency

is denoted by ν̄, while ν represents the frequency in the laboratory frame. For a photon with the direction cosine µ,

the frequencies in these two different rest frames are related with each other by Lorentz transformation,

ν̄

ν
= Γ(1− βµ), (A1)

where β is the radial velocity in the unit of c and Γ = (1− β2)1/2 is the corresponding Lorentz factor.

We consider Nb(= 1024) parallel rays emanating the spherical ejecta with different impact parameters b. Figure

7 schematically represents the ray-tracing calculations. We conduct ray-tracing calculations on each ray for different
frequencies ν and obtain the intensity map I(b, ν) on the screen normal to the radial direction at a distance Dsc =

1.5× 1017 cm. The frequency range is given by ν ∈ [1012Hz, 1017Hz] and is discretized into Nν(= 128) logarithmically

spaced points. For a given intensity map I(b, ν) on the screen, the luminosity per unit frequency L(ν) in the source

rest-frame is calculated as follows,

L(ν) = 4π

∫
I(b, ν)dS = 8π2

∫
I(b, ν)bdb, (A2)

where dS = 2πbdb is the area element of the annulus corresponding to the impact parameter b. The area of the

integration is taken to be sufficiently large to cover the optically thick part of the ejecta.

A.1. Ray-tracing along a ray

The ray-tracing calculation on a single ray for a frequency ν is carried out in the following way. We integrate the

transfer equation for the intensity I(ν) in the laboratory frame along a path s,

dI(ν)

ds
=
(ν
ν̄

)2

[κ̄a(ν̄) + κ̄s(ν̄)] S̄(ν̄)

−
( ν̄
ν

)
[κ̄a(ν̄) + κ̄s(ν̄)] I(ν), (A3)
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where κ̄a(ν̄) and κ̄s(ν̄) are the frequency-dependent absorption and scattering coefficients and S̄(ν̄) is the source

function. The integration of the transfer equation is straightforward once the source function is known. We adopt the

following source function,

S̄(ν̄) =
κ̄a(ν̄)B(ν̄, Tg) + κ̄s(ν̄)J̄(ν̄)

κ̄a(ν̄) + κ̄s(ν̄)
, (A4)

(e.g., Rybicki & Lightman 1979), where absorbed photons are re-emitted according to the Planck function with the

local gas temperature Tg, while scattered photons are redistributed according to the comoving mean intensity J̄(ν̄).

Since we assume electron scattering, the scattering opacity is frequency-independent and therefore equal to the gray

scattering coefficient in Equation 6, κ̄s(ν) = κs. We adopt the absorption coefficient whose Planck mean is equal to

the gray absorption coefficient, Equation 5,

κ̄a(ν̄) = 2.2× 10−36χion(1 +Xh)(Xh +Xhe)ρT−1/2
g

×ν−3

[
1− exp

(
− hν

kBTg

)]
cm2 g−1, (A5)

so that the ray-tracing results are consistent with the corresponding simulation results based on the gray opacities.

The mean intensity is usually obtained from the solution I(ν) of the transfer equation, which makes the problem

complicated. In this work, we adopt the following approximated mean intensity instead of fully solving the transfer

equation. From the numerical simulations, we obtain the distributions of the radiation energy density Er and flux Fr.

Therefore, we can estimate the frequency-integrated comoving radiation energy density as follows,

Ēr ' Er − 2βFr, (A6)

by neglecting higher-order terms ∝ O(β2). We further assume that the mean intensity is proportional to the Planck

function with a color temperature Tc,

J̄(ν̄) =
Ēr

arT 4
c

B(ν̄, Tc), (A7)

where ar is the radiation constant. In this approximation, the transfer equation can be integrated in a straightforward

way for a given color temperature distribution.

A.2. Photosphere and color temperature

The color temperature is determined in the following way. First, we determine the effective photosphere r = Reff at

which the effective optical thickness τeff(r) along the radial direction from r to Rout,

τeff(r) =

∫ Rout

r

ρ(r)
√
κa(κs + κa)dr, (A8)

(e.g., Rybicki & Lightman 1979) with gray opacities, is equal to unity. The local gas temperature at the effective

photosphere well represents the color temperature of the emission escaping into the surrounding space. On the other

hand, the gas inside the effective photosphere is well coupled with radiation through absorption and emission and

thus the color temperature is equal to the local gas temperature. Therefore, we assume that the color temperature at

radius r is given by

Tc(r) =

{
Tg(r) for r ≤ Reff ,

Tg(Reff) for Reff < r.
(A9)

A.3. Observed flux density

Finally, we obtain the observed flux density for a source at the redshift z by taking into account the following

K-correction,

Fobs(νobs) =
(1 + z)L(ν)

4πD2
L

, (A10)

where the observed-frame frequency is given by νobs = ν/(1 + z) and DL is the luminosity distance (DL = 1.4 Gpc at

z = 0.2657). We also take into account the following redshift correction for the observed time,

tobs = (1 + z)t, (A11)
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when comparing the model multi-band light curves with observed ones.
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