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Abstract Supernovae (SNe) are the most brilliant optical stellar-class explosions. Over the past two

decades, several optical transient survey projects discovered more than ∼ 100 so-called superluminous

supernovae (SLSNe) whose peak luminosities and radiated energy are & 7 × 1043 erg s−1 and & 1051 erg

respectively, at least an order of magnitude larger than those of normal SNe. According to their optical

spectra features, SLSNe have been split into two broad categories of type I that are hydrogen-deficient and

type II that are hydrogen-rich. Investigating and determining the energy sources of SLSNe would be of

outstanding importance for understanding their stellar evolution and explosion mechanisms. The energy

sources of SLSNe can be determined by analyzing their light curves (LCs) and spectra. The most prevailing

models accounting for the SLSN LCs are the 56Ni cascade decay model, the magnetar spin-down model,

the ejecta-circumstellar medium interaction model and the jet-ejecta interaction model. In this review, we

present several energy-source models and their different combinations.
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1 INTRODUCTION

Supernovae (SNe) are believed to be violent explosions of

massive stars or white dwarfs. The peak luminosities and

radiated energies of normal SNe are ∼ 1042
−1043 erg s−1

and ∼ 1049 erg, respectively. According to their optical

spectra around the peaks, SNe can be divided into type

I whose spectra lack hydrogen lines and type II whose

spectra show hydrogen lines (Minkowski 1941; Filippenko

1997).

Over the past two decades, several sky-survey projects

for optical transients have discovered about 100 ultra-

luminous SNe (e.g., Quimby et al. 2011; Chomiuk et al.

2011; Nicholl et al. 2014; Quimby 2014; De Cia et al.

2018; Lunnan et al. 2018) whose peak luminosities and

radiated energies are & 7 × 1043 erg s−1 (absolute magni-

tudes in any band must be . −21 mag (Gal-Yam 2012) 1)

1 Gal-Yam (2018) suggests that the threshold can be set to be Mg <

−19.8 mag.

and & 1051 erg, respectively. These highly luminous SNe

are coined “superluminous supernovae (SLSNe)” (for re-

views focusing on observations, see Gal-Yam 2012, 2018).

Like normal SNe, SLSNe can be divided into types I

(hydrogen-poor) and II (hydrogen-rich). To date, almost all

type I SLSNe have been helium-deficient and are therefore

type Ic. The spectra of most type I SLSNe resemble those

of SNe Ic (Pastorello et al. 2010; Gal-Yam 2012; Inserra

et al. 2013; Nicholl et al. 2016b), especially those of SNe

Ic-BL (Liu et al. 2017b). Most SLSNe II are SLSNe IIn

whose spectra have narrow- and intermediate-width Hα

emission lines (Smith et al. 2007), similar to those of SNe

IIn (Schlegel 1990, 1996; Filippenko 1997). The prototype

SLSN IIn is SN 2006gy (Smith et al. 2007). So far, only

two confirmed SLSNe are of type IIL: SN 2008es (Gezari

et al. 2009; Miller et al. 2009) and SN 2013hx (Inserra

et al. 2018). The similarity between SLSNe Ic/IIn and SNe

Ic-BL/IIn indicates that SLSNe likely originate from the
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explosions of massive stars since SNe Ic-BL/IIn are also

believed to be produced by the explosions of massive stars.

According to the characteristics of their light curves

(LCs), most SLSNe I can be divided into two groups:

fast-evolving (Quimby et al. 2011; Inserra et al. 2013;

Nicholl et al. 2014) and slowly-evolving ones (Gal-Yam

et al. 2009; Nicholl et al. 2013, 2016a; Inserra et al. 2017).

However, the LC behaviors of SLSNe are rather hetero-

geneous and some SLSNe can be classified into neither

fast-evolving nor slowly-evolving cases (e.g., Gaia16apd

Nicholl et al. 2017b; Kangas et al. 2017; Yan et al.

2017), being transitional objects between these two types.

The LCs of some SLSNe I show double-peaked structure

(Nicholl et al. 2015; Nicholl & Smartt 2016; Smith et al.

2016; Vreeswijk et al. 2017). While the LCs of SLSNe II

are more complicated than those of SLSNe I, all of them

do not show double-peaked structure.

SLSNe tend to explode in low-metallicity dwarf galax-

ies (Young et al. 2010; Neill et al. 2011; Chen et al. 2013;

Lunnan et al. 2014, 2015) and the star formation rates

(SFRs) of the host galaxies of SLSNe are usually high.

To date, only very few SLSNe have been found in giant,

metal-rich galaxies, e.g., SN 2006gy (Smith et al. 2007)

and SN 2017egm (Nicholl et al. 2017a; Bose et al. 2018).

Determining the energy sources powering the LCs

of SLSNe is of outstanding importance for understand-

ing the stellar evolution and explosion mechanisms. We

can conclude that the LCs of most ordinary SNe must be

powered by 56Ni cascade decay (e.g., Colgate & McKee

1969; Colgate et al. 1980; Arnett 1982; Cappellaro et al.

1997; Valenti et al. 2008; Chatzopoulos et al. 2012; Piro &

Nakar 2013), and/or ionized hydrogen recombination (e.g.,

Popov 1993; Dessart & Hillier 2005; Kasen & Woosley

2009), and a minor number of SNe might be powered

by ejecta–circumstellar medium (CSM) interaction (e.g.,

Chevalier 1982; Chevalier & Fransson 1994; Chugai &

Danziger 1994; Chugai 2009) or neutron-star/magnetar

spin-down (Ostriker & Gunn 1971; Maeda et al. 2007).

Unlike ordinary SNe, the energy sources of SLSNe are

still elusive and under debate. To date, the most promising

energy-source models accounting for the SLSN observa-

tions are the pair instability SN model (Barkat et al. 1967;

Rakavy & Shaviv 1967; Heger & Woosley 2002; Heger

et al. 2003) which is essentially the 56Ni cascade decay

model but the required 56Ni (& 5 M⊙) is significantly

larger than that for powering ordinary SNe (. 0.6 M⊙),

the magnetar model (Kasen & Bildsten 2010; Woosley

2010; Chatzopoulos et al. 2012, 2013b; Inserra et al. 2013;

Chen et al. 2015; Wang et al. 2015b, 2016b; Dai et al.

2016), the ejecta–CSM interaction model (Chevalier &

Irwin 2011; Chatzopoulos et al. 2012; Liu et al. 2018) and

the fallback (jet-ejecta interaction) model (Dexter & Kasen

2013). All these models suppose that the released high-

energy photons get absorbed and heat the ejecta, eventually

becoming ultraviolet (UV)–optical–near infrared (NIR)

emission. In this review, we describe these energy-source

models and their combinations, and discuss their implica-

tions for SLSNe.

2 SINGLE ENERGY-SOURCE MODELS

The energy-source models interpreting the unique peak

(for single-peaked LCs) or the second peak (for double-

peaked LCs) of SNe (and SLSNe) are mainly the 56Ni

model, the magnetar model, the ejecta-CSM interaction

model and the fallback (jet-ejecta interaction) model. In

some cases, the combinations of two or three energy

sources must be taken into account. In this section, we fo-

cus on the single energy-source model based on the semi-

analytic descriptions.

2.1 The 56Ni Model

When massive stars explode as Fe-core core-collapse SNe

(CCSNe, Baade & Zwicky 1934; Janka et al. 2007; Janka

2012), they launch energetic shocks which can heat the

stellar mantles to a temperature & 5×109 K. Shock-heated

silicon shells would synthesize a great amount of radioac-

tive elements, e.g., 56Ni, 57Ni, 44Ti, 22Na, etc. At early

epochs (. 500 days), the power coming from 56Ni is sig-

nificantly larger than that released by all other elements

(Lundqvist et al. 2001; Sollerman et al. 2002). Due to

the large distance, many SLSNe and luminous SNe lack

late-time photometric observations. The contribution from
57Ni, 44Ti and 22Na can therefore be neglected in modeling

the LCs of these SNe and the radioactive-powered model

produces the same results as the 56Ni-powered model.

We plot some LCs powered by different amounts

of 56Ni in Figure 1. By fixing κ (the optical opacity

of the ejecta) = 0.1 cm2 g−1, vsc (the scale velocity of

the ejecta) = 109 cm s−1, κγ (the gamma opacity of the

ejecta) =0.027 cm2 g−1, and setting Mej (the mass of the

ejecta) = 5, 10, 50 M⊙ and MNi (the mass of 56Ni) =

0.1, 0.5, 5.0 M⊙, we plot 12 LCs, three of which are 56Ni

cascade decay input LCs and nine of which are SN LCs

powered by 56Ni cascade decay. Adopting this set of pa-

rameters, Figure 1 shows that the 56Ni model can reason-

ably explain normal SNe, but it is difficult to use it to

explain the LCs of SLSNe (Lpeak & 7 × 1043 erg s−1)

since the ratios of MNi to Mej are unreasonably large
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Fig. 1 LCs powered by 56Ni cascade decay. We fix κ =0.1 cm2 g−1 and vsc = 10
9 cm s−1. The LCs powered by the same amount of

56Ni are represented by the same colors.

(5.0/5.0 = 1, 5.0/10.0 = 0.5 for the two most luminous

LCs).

Being more luminous than ordinary SNe by a factor

of ∼ 10 − 100 or more, the required 56Ni is usually (sig-

nificantly) larger than ∼ 5 M⊙ which cannot be synthe-

sized by CCSNe since the 56Ni yields of CCSNe cannot

exceed ∼ 4 M⊙ (Umeda & Nomoto 2008). Supposing that

the LCs of SLSNe are powered by 56Ni, a novel method

to solving this problem is supposing that the explosions

are so-called “pair instability SNe” (PISNe) (Barkat et al.

1967; Rakavy & Shaviv 1967; Heger & Woosley 2002;

Heger et al. 2003). For example, Gal-Yam et al. (2009)

suggested that SN 2007bi is a PISN; Cooke et al. (2012)

studied two high-redshift SLSNe and concluded that these

two SLSNe might be PISNe.

2.1.1 Fast-evolving SLSNe I

Fast-evolving SLSNe I which constitute a major fraction of

SLSNe I cannot be explained by the 56Ni models since the

decline rates of most of them are larger than those of LCs

produced by the 56Ni model (e.g., Quimby et al. 2011). In

other words, the 56Ni masses inferred from the peak lumi-

nosities are significantly larger than those inferred from the

late-time LCs (e.g., De Cia et al. 2018).

Moreover, for all fast-evolving SLSNe I, high peak

luminosities require a huge amount of 56Ni while nar-

row LCs indicate that the masses of the ejecta are rela-

tively small. Inserra et al. (2013) and Nicholl et al. (2014)

modeled some fast-evolving SLSNe I and found that the

amount of 56Ni is 5 − 30 M⊙ and the masses of the ejecta

are between several M⊙ to 30 M⊙, therefore the ratios of

required masses of 56Ni to the ejecta masses are usually

&50% or even 100%, significantly larger than the upper

limit (∼20%, Umeda & Nomoto 2008) of the ratio of the
56Ni mass to the ejecta mass.

These studies demonstrated that the 56Ni models (in-

cluding the CCSN model and PISN model) cannot account

for fast-evolving SLSNe I.

2.1.2 Slowly-evolving SLSNe I

Only very few SLSNe I have slowly-evolving post-

maximum LCs mimicking those of SNe powered by ra-

dioactive elements (mainly 56Ni) which might be PISNe

(Gal-Yam et al. 2009; Cooke et al. 2012), whose 56Ni

masses and ejecta masses can be & 5 M⊙ and 100 −

110 M⊙, respectively. Gal-Yam (2012) proposed that they

belong to a distinct class whose energy source is radioac-

tive elements and named this class “SLSNe R.”

However, Dessart et al. (2012) argued that SN 2007bi

was not a PISN since its spectra are not consistent with

those reproduced by PISN models. Alternatively, Dessart

et al. (2012) suggested that SN 2007bi was powered by

a magnetar. Moreover, Inserra et al. (2017) found that the

decline rates of the LCs at t−tpeak & 150 d of four slowly-

evolving SLSNe I (SN 2007bi, PTF12dam, SN 2015bn and

LSQ14an) are inconsistent with those of LCs reproduced

by 56Co decay, indicating that they cannot be explained

by the PISN model since the ejecta masses of PISNe are

very large so that the decline rates of their LCs must be
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consistent with those of the 56Co decay rate at t− tpeak .

500 d.

2.1.3 SLSNe II

Studies targeting some type II SLSNe, e.g., SN 2006gy

(Agnoletto et al. 2009) and CSS121015 (Inserra et al.

2013), also demonstrated that the LCs of SLSNe II can-

not be explained by both the normal 56Ni model and the

PISN model.

In summary, to date, only a small fraction of SLSNe

might be powered by the decay of 56Ni that was synthe-

sized by PISNe. Most SLSNe cannot be explained by 56Ni

and must be accounted for by other models.

2.2 The Magnetar Model

CCSN explosions may leave behind fast-rotating neutron

stars whose initial rotational periods (P0) are several mil-

liseconds to several seconds. Based on the observations

of some SN remnants (SNRs), Ostriker & Gunn (1971)

proposed that neutron stars with magnetic field strength

B ∼ 1012 G can play a key role in energizing both SNe

and SNRs by injecting their rotational energy to the ejecta

or shells.

The same model has been applied for modeling

gamma-ray burst (GRB) prompt emission (Usov 1992;

Metzger et al. 2007; Bucciantini et al. 2008; Metzger et al.

2011) and GRB afterglows (e.g., Dai & Lu 1998a,b; Zhang

& Mészáros 2001; Dai 2004; Dai & Liu 2012). In these

models, the neutron stars are highly magnetized, B ∼

1014
− 1015 G, and are called “magnetars.”

The magnetar spinning-down model had also been

introduced to study SNe. To account for the LC of SN

2005bf, which is not very luminous but cannot be ex-

plained by the 56Ni model, Maeda et al. (2007) suggested

that the energy source powering it is a newly-born magne-

tar and the initial spin period is ∼10 ms. Woosley (2010)

and Kasen & Bildsten (2010) suggested that LCs of SLSNe

can be powered by spinning-down magnetars whose initial

spin periods and magnetic strength are ∼ 1 − 5 ms and

∼ 1014
− 1015 G, respectively2.

The shapes and peak luminosities of the LCs pow-

ered by magnetars depend sensitively on the values of

κ, Mej, vsc, B and P0. Supposing κ = 0.1 cm2 g−1,

vsc = 109 cm s−1, Mej = 10 M⊙, κγ = infinity (full

trapping), and setting B14 = B/1014G = 5, 8, 10 and

2 Wang et al. (2016a, 2017a,c) and Chen et al. 2017 demonstrated that

the LCs of some broad-lined SNe Ic might be powered by millisecond

magnetars if the magnetic strength of these putative magnetars is a few

10
16 G.

P0 = 20, 5, 1.5 ms, we plot nine LCs powered by magne-

tars in Figure 2. Adopting this set of parameters, Figure 2

shows that the magnetar model can reasonably explain nor-

mal SNe, luminous SNe as well as SLSNe. If we fix the

values of B and P0 and vary the values of κ, Mej and vsc,

we can also get different LCs. Like the 56Ni model, larger

Mej and κ or lower vsc would result in dimmer peaks and

broad LCs.

Inserra et al. (2013), Nicholl et al. (2013) and Nicholl

et al. (2014) used the magnetar model with full trapping

of high energy photons (gamma rays and X-rays) to fit

the LCs of some SLSNe I and found that the LCs repro-

duced by this model are in good agreement with the ob-

servational data. As mentioned above, the model adopted

by these groups was derived on the assumption of full-

trapping of the gamma-ray and X-ray emission. When the

hard emission was mainly X-ray emission, this assump-

tion is valid and the LCs reproduced by this model can

be in good/excellent agreement with observations. If the

high-energy emission was dominated by gamma-ray emis-

sion, a fraction of hard emission would leak from the ejecta

before softening to UV−optical−IR photons. Therefore,

some LCs reproduced by the model with the assumption

have tails brighter than the observation (Nicholl et al. 2014;

Chen et al. 2015).

To solve this problem, Wang et al. (2015b) incorpo-

rated the leakage effect into the original magnetar-powered

model. If the magnetar emission is dominated by gamma-

ray (Eγ & 106 eV), κγ ≃ 0.01− 0.2 cm2 g−1; if the emis-

sion is dominated by X-ray (102 eV . EX . 106 eV),

κX ≃ 0.2− 104 cm2 g−1, (see fig. 8 of Kotera et al. 2013).

By analyzing the late-time LC of PTF12dam, Chen et al.

(2015) also found the magnetar model with full trapping

cannot fit the late-time LC of PTF12dam and introduced

a similar trapping factor. Using this revised magnetar-

powered model, the SLSNe whose LC tails cannot be fitted

by the magnetar model with full trapping were explained

well, see, e.g., Figure 3.

Although Woosley (2010) and Kasen & Bildsten

(2010) had demonstrated that the acceleration effect is

rather notable, the models based on Arnett (1982) all ne-

glect acceleration of the SN ejecta caused by magnetar

wind. Besides, the photospheric recession effect is also

omitted in these models. Wang et al. (2016b) proposed

a new semi-analytic magnetar-powered model that has

taken these two effects into account. In this new magnetar-

powered model, the photospheric velocity of an SLSN is

smaller than the scale velocity vsc and its evolution must be

fit. Moreover, the scale velocity itself is a running quantity
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Fig. 2 LCs powered by magnetar model. We fix κ = 0.1 cm2 g−1, Mej = 10 M⊙ and vsc = 10
9 cm s−1. The LCs powered by

magnetars with the same initial rotational periods are presented by the same colors.

Fig. 3 LCs in the original magnetar-powered model and the revised magnetar-powered model for SN 2010gx and LSQ12dlf. The solid

lines and dashed lines are produced by the magnetar models without and with leakage effect, respectively (Wang et al. 2015b).

and is not a parameter or a measurable quantity. Instead,

the initial scale velocity vsc0 is a free parameter.

Using this model, Liu et al. (2017a) fitted the data of

19 SLSNe I and found that the LCs, temperature evolu-

tion and photometric velocity evolution reproduced by this

model are in good agreement with the observations and

∼ 19% − 97% of initial rotational energy of the magne-

tars was converted to kinetic energy of the ejecta (Nicholl

et al. (2017c) and Yu et al. (2017) also used the magne-

tar model to fit the multi-band LCs or bolometric LCs of

dozens of SLSN I and got satisfactory results.). Moreover,

they found that the initial kinetic energies of most of these

SLSNe are smaller than ∼ 2 × 1051 erg which is the up-

per limit of the kinetic energies that can be provided by the

neutrino-powered mechanism (Ugliano et al. 2012; Janka

2012; Sukhbold et al. 2016).

Soker & Gilkis (2017) investigated 38 SLSNe I dis-

covered by the Pan-STARRS1 medium deep survey (PS1

MDS, Lunnan et al. 2018) and suggested that the SLSNe

which are supposed to be powered by magnetars should be

firstly powered by jets launched from the surfaces of the

magnetars. Further investigations into the magnetar model

are needed.

For an SLSN that can be explained by a magnetar, the

contribution from 56Ni can be neglected since an SLSN

leaving a magnetar is a CCSN whose 56Ni yield is usu-

ally rather low, . 0.2 M⊙, and the luminosity from this

amount of 56Ni is significantly smaller than that of an

SLSN (Inserra et al. 2013).
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2.3 The Ejecta-CSM Interaction Model

Before the explosions, the progenitors of SNe are sur-

rounded by circumstellar winds or material shells ejected

from progenitors just prior to the SN explosions. After

the explosions, the SN ejecta collides with the winds

or shells, generating forward shocks and reverse shocks

whose dynamics can be described by self-similar so-

lutions (Chevalier 1982; Chevalier & Fransson 1994).

In some extreme cases, the “pulsational pair-instability

(PPI)” mechanism (Heger et al. 2003; Woosley et al.

2007; Pastorello et al. 2008; Chugai 2009; Chatzopoulos

& Wheeler 2012) might expel some shells in different

epochs; faster shells might catch up and collide with the

slower shells, also generating forward shocks and reverse

shocks. The shock-accelerated electrons emit gamma- and

X-ray photons and most of these photons would be soft-

ened to UV−optical−IR photons. These processes convert

the kinetic energy of the ejecta or the faster shells to radia-

tive energy of the SNe and might significantly increase the

luminosities of some SNe if the density of circumstellar

wind or shells is high enough.

The LCs of SLSNe IIn cannot be explained by

any model neglecting the contributions from interaction-

induced shocks. In fact, the ejecta-CSM interaction model

in which the LCs of these SNe are powered by interac-

tion between the SN ejecta and the hydrogen-rich (and

hydrogen-poor) CSM is the most natural model explain-

ing SNe IIn (e.g., Chugai & Danziger 1994; Miller et al.

2010; Zhang et al. 2012), Ibn (e.g., Chugai 2009) as well

as SLSNe IIn (e.g., Smith & McCray 2007; Moriya et al.

2013; Nicholl et al. 2014). Since the properties of CSM

are very complicated, the LCs of luminous SNe IIn, Ibn

and SLSNe IIn aided by the ejecta-CSM interaction show

great complexity (see Smith 2017 and references therein).

Many studies have demonstrated that the LCs of

SLSNe I and SLSNe IIL whose spectra lack narrow lines,

indicative of ejecta-CSM interactions or shell-shell inter-

actions, can be explained by the magnetar-powered model.

Although the absence of the interaction signatures in the

spectra of SLSNe I and IIL indicates that the contributions

from the interactions can be neglected in explaining these

two classes of SLSNe, the possibility that these SLSNe are

powered by interactions cannot be excluded since the in-

teraction is not necessary to prompt corresponding signs

(e.g., narrow and intermediate-width Hα emission lines).

Ginzburg & Balberg (2012) applied the interaction

model to fit the LCs of SN 2010gx (type I) and SN 2006gy

(type IIn). Nicholl et al. (2014) also used this semi-analytic

model to fit some SLSNe I since the late-time LCs re-

produced by the magnetar-powered model neglecting late-

time leakage are inconsistent with observations. Tolstov

et al. (2017) argue that PTF12dam (SLSN I) can be pow-

ered by shell-shell collision.

Recently, Liu et al. (2018) constructed an ejecta–CSM

interaction model involving multiple interactions between

the ejecta and different shells/winds and fit the LCs of

iPTF13edcc and iPTF15esb, see Figure 4.

2.4 The Fallback (Jet-Ejecta Interaction) Model

The collapsar model (Woosley 1993; MacFadyen &

Woosley 1999) for GRBs proposes that a black hole-disk

system can launch a relativistic jet which can punch a hole

in the mantle of a stripped progenitor and produce gamma

ray emission. In this model, the Fe core collapses to a black

hole and the inner mantle material with high angular mo-

mentum falls back and forms an accretion disk.

If the jet cannot break out and is trapped by the stellar

mantle, energy carried by the jet will be deposited and ther-

malized to black-body emission. Dexter & Kasen (2013)

studied this possibility and found that this “failed” jet could

significantly change the optical LC powered by the explo-

sion. This model is a jet-ejecta interaction model and can

be used to explain SN LCs with different peak luminosi-

ties and durations. Wang et al. (2018) explained the un-

usual type II-P SN iPTF14hls, which is not an SLSN, as

episodic fallback accretion onto a neutron star. If the de-

posited energy is large, this model can power a peak lumi-

nosity & 1044 erg s−1 and reproduce the LCs of SLSNe I

and II. Gao et al. (2016) used a similar model to explain

ultra-long GRB 111209A and associated SN (SN 2011kl).

Moriya et al. (2018) used the fallback model to fit

37 SLSNe I and found that the LCs produced by this

model can be consistent with observations. Moreover, they

adopted a typical conversion efficiency 10−3 and estimated

the required total energy of the accretion disk, finding that

the inferred mass of the accretion disk is 2−700 M⊙. They

concluded that only a fraction of SLSNe I whose rising

timescales are relatively short (. 40 d) can be explained

by this model, or the conversion efficiency must be signifi-

cantly larger than 10−3. As pointed out by Moriya et al.

(2018), it is difficult to distinguish the magnetar model

from the fallback model using the LCs produced by these

two models.
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Fig. 4 The bolometric LCs of iPTF13edcc and iPTF15esb and the LCs reproduced by the multiple interaction model (Liu et al. 2018).

3 DOUBLE ENERGY-SOURCE MODELS

3.1 Cooling plus 56Ni/Magnetar/Interaction Models

After the SN explosion, an energetic shock must be

launched from the center of the SN and the shock-breakout

(see Waxman & Katz 2017 and references therein) marked

by the UV (for non-relativistic shock breakout) or X-

ray/gamma-ray (for relativistic shock breakout) emission

would appear, and the envelope would be heated to a tem-

perature of millions of Kelvin (K). If the progenitors of

SNe/SLSNe have extended envelopes, the cooling emis-

sion from shock-heated envelopes would power an LC

whose initial luminosity can reach & 1042 erg s−1. The

cooling emission from a shock-heated envelope usually

peaks at the UV−optical band and its duration is usually

very short, ∼ a few days.

Piro (2015) proposed a concise model that can de-

scribe the behavior of the LC and temperature evolution

powered by the cooling emission. The free parameters of

this model are the optical opacity (κ), mass (Me) and the

initial radius (Re) of the extended envelope, the mass of the

core of the SN (Mc), as well as the kinetic energy of the SN

(Esn). The LC plotted in Figure 5 is yielded by a shock-

heated extended envelope model with κ = 0.1 cm2 g−1,

Me = 0.4 M⊙, Re = 500 R⊙, Mc = 5 M⊙ and Esn =

6.75 × 1051 erg.

SLSNe having double-peaked LCs have been ob-

served, e.g., LSQ14bdq (Nicholl et al. 2015), DES14X3taz

(Smith et al. 2016), PTF12dam (Vreeswijk et al. 2017),

SN 2006oz (Leloudas et al. 2012; Nicholl & Smartt

2016) and PS1-10pm (McCrum et al. 2015). Many groups

(Nicholl et al. 2015; Smith et al. 2016; Vreeswijk et al.

2017; Nicholl & Smartt 2016) suggested that the first peaks

Fig. 5 LC powered by cooling emission from a shock-heated en-

velope, parameters can be found in the text.

of LCs for these SLSNe were powered by the cooling emis-

sion from the shock-heated extended envelopes and the

second peaks (main peaks) might be powered by magne-

tars or ejecta-CSM interactions. In this model, the cool-

ing emission powers the first peak and 56Ni synthesized

in the shock-heated ejecta or the magnetar left by the ex-

plosion or the interaction between the ejecta and the CSM

would provide energy for the second peak and late-time

decay. Energy released by other processes would quickly

outshine the cooling emission and shape the second LC

peak. Figure 6 shows an LC powered by the cooling emis-

sion and a magnetar.

For the SLSNe whose first peaks were missed by ob-

servations or only have single peaks, cooling emission can

be neglected and their whole LCs might be powered by
56Ni/magnetar/interaction (see Subsect. 2.1, 2.2 and 2.3)

or their combinations (see below).
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Fig. 6 The LCs produced by the cooling model, the magnetar model and the cooling plus magnetar model. κ = 0.1 cm2 g−1, Me = 0.4

M⊙, Re = 500 R⊙, Mc = 5 M⊙, Esn = 6.75 × 10
51 erg, v = 1.5 × 10

9 cm s−1, B = 3 × 10
14 G and P0 = 3 ms.

3.2 The Magnetar plus 56Ni Model

As mentioned above, the contribution from 56Ni cascade

decay is significantly smaller than that from other energy

sources (magnetar or interaction) and can be neglected in

modeling for SLSNe. However, the magnetar model and

interaction model cannot explain Fe lines (if observed) in

the spectra, and a moderate amount of 56Ni is needed to

explain the Fe lines related to 56Ni.

Some luminous SNe whose peak magnitudes are be-

tween ∼ −20 mag and −21 mag (e.g., Deustua et al. 1995;

Schmidt et al. 2000; Howell et al. 2006; Sanders et al.

2012; Taddia et al. 2015; Greiner et al. 2015; Roy et al.

2016; Arcavi et al. 2016; Inserra et al. 2018) were also dis-

covered in the past two decades.3 Wang et al. (2015a) stud-

ied three luminous SNe Ic-BL and found that they cannot

be explained by the 56Ni model.

To solve these two problems, Wang et al. (2015a)

proposed that luminous SNe Ic can also be powered by

nascent magnetars whose initial rotational periods (P0) are

∼ 10 ms. Furthermore, Wang et al. (2015a) suggested that

the contribution from some amount of 56Ni cannot be omit-

ted since the luminous SNe are not as bright as SLSNe.

Therefore, they proposed that these SNe might be powered

by magnetars with P0 ∼ 10 ms and ∼ 0.1 − 0.2 M⊙ of
56Ni. Bersten et al. (2016), Metzger et al. (2015) and Wang

et al. (2017d) also employed the double energy sources

(magnetar + 56Ni) to fit the most luminous GRB-SN,

SN 2011kl.

3 Although some authors (e.g., Bersten et al. 2016; Inserra et al. 2018)

regarded these luminous SNe as SLSNe, we still adopt the “ridgeline”

(Mpeak = −21 mag) given by Gal-Yam (2012) and suggest that these

luminous SNe belong to a class of “ gap-filler” events that bridge ordinary

SNe and SLSNe (Wang et al. 2015a; Arcavi et al. 2016).

Recently, Blanchard et al. (2019) studied the multi-

band LC and spectra of SN 2017dwh which is an SLSN I

that exploded at z ≈ 0.13. Based on the post-peak

spectra showing a strong absorption line centered near

3200 Å which is inferred to be Co II and the late-time spec-

tra which also provide evidence for the existence of a large

mass of Fe-group elements, Blanchard et al. (2019) con-

cluded that this SLSN synthesized . 0.6 M⊙ and used a

magnetar plus 56Ni model to model the multi-band LC and

obtained a rather good result. Blanchard et al. (2019) found

that the best-fitting parameter of 56Ni is 0.89
+0.52
−0.58 M⊙

(1σ confidence) whose lower limit (0.31 M⊙) is consistent

with the lower limit (. 0.6 M⊙) inferred from the spectra.

Based on these studies, we can conclude that some lu-

minous SNe and SLSNe can be explained by the magnetar

plus 56Ni model.

3.3 The Interaction plus 56Ni/Magnetar/Fallback

Model

To fit the LC of SN 2006gy, Smith & McCray (2007) con-

structed a double-energy model containing the contribu-

tions from shock-heated material and 56Ni cascade decay.

This is the ejecta-CSM interaction plus 56Ni model. In this

model, the photons coming from shock-heated ejecta and

CSM powered the peak-luminosity as well as the early LC

while the late-time LC was powered by 8 M⊙ of 56Ni. To

synthesize this great amount (8 M⊙) of 56Ni, the explosion

must be a PISN.

Chatzopoulos et al. (2012) found that the LC of

SN 2006gy can be explained by the ejecta-CSM interac-

tion plus 2 M⊙ of 56Ni. The inferred 56Ni mass is sig-

nificantly smaller than that inferred by Smith & McCray
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(2007). The ejecta mass derived by Chatzopoulos et al.

(2012) is 40 M⊙, indicating that if this result is correct,

SN 2006gy is a CCSN rather than a PISN since the final

masses (ejecta masses) of PISNe must be & 80 M⊙ (see,

e.g., Chatzopoulos et al. 2013a). However, how a CCSN

can synthesize 2 M⊙ of 56Ni is still a puzzle. Besides,

Chatzopoulos et al. 2013b used the interaction plus 56Ni

model to fit 12 SLSNe (five SLSNe I and seven SLSNe II)

and got rather good results (they also adopted other models

to fit the LCs of these SLSNe).

To fit the LC of the type Ic SN iPTF16asu whose rise

time is as short as four days in the rest frame, Wang et al.

(2017b) constructed a model including early interaction

and late-time energy input from a magnetar. Chen et al.

(2018) adopted the interaction plus magnetar model as well

as fallback + interaction model to fit the bolometric LC of

SLSN 2017ens.

4 TRIPLE ENERGY-SOURCE MODEL

Yan et al. (2015) studied a type I SLSN, iPTF13ehe, and

suggested that its nebula spectra indicate 2.5 M⊙ of 56Ni.

If this SLSN was powered by 56Ni, however, the required
56Ni would be & 13 − 16 M⊙, significantly larger than

the value inferred from the spectral analysis. These facts

indicate that the LC of iPTF13ehe cannot be explained by

the 56Ni model. Wang et al. (2016c) modeled this SLSN

using a magnetar model and magnetar plus 56Ni model,

and found both these two models can reproduce the early-

time LC of this SLSN.

Since the late-time spectrum shows narrow Hα emis-

sion lines indicative of ejecta-CSM interaction and the late-

time LC has a brightening feature, Yan et al. (2015) pro-

posed that the ejecta-CSM interaction was triggered when

the ejecta collided with the hydrogen-rich CSM shell ex-

pelled prior to the explosion and produced late-time bright-

ening as well as Hα emission lines. Wang et al. (2016c) de-

veloped a triple energy-source model containing the con-

tributions from 56Ni, magnetar and ejecta-CSM interaction

to reproduce the LC of iPTF13ehe; see Figure 8.

Yan et al. (2015) estimated that ∼15% of SLSNe I

might have late-time Hα emission lines. Obviously, these

SLSNe can be explained by double (magnetar plus inter-

action) or triple energy-source models (56Ni plus magnetar

plus interaction).

The models containing cooling emission from the

shock-heated envelopes of the SN progenitors and the

combinations of 56Ni+magnetar or 56Ni+interaction or

magnetar+interaction are also triple energy-source mod-

els. To account for the LC of SN 2011kl which is a lu-

minous type Ic SN, Wang et al. (2017d) employed the

cooling+56Ni+magnetar model.

5 DISCUSSION

5.1 The Validity of the Models

Determining the energy sources of SLSNe is very difficult,

but the energy sources should leave their imprints on the

SLSN LCs and spectra. For example, if an SLSN is pow-

ered by a newly-born magnetar, the magnetar wind would

sweep a shell surrounding a bubble. Then the spectra

would show a velocity plateau (Kasen & Bildsten 2010). If

an SLSN is powered by the interaction between the ejecta

and CSM, there might be some narrow emission lines in

their spectra. If these narrow Hα emission lines are dis-

covered in the spectra of all SNe IIn and SLSNe IIn, then

the interaction model is valid for explaining SNe IIn and

SLSNe IIn. However, as pointed out by Liu et al. (2017b),

no narrow emission lines are found in the spectra of 32

SLSNe I collected by them, indicating that these SLSNe

might not be powered by the interaction. Nevertheless, in-

teractions do not prompt emission lines if the temperature

and/or density of the CSM is low. Therefore, the interac-

tion model cannot be ruled out.

To test the one-dimensional magnetar model, Liu et al.

(2017b) analyzed the photospheric velocity evolutions of

13 SLSNe. They found that only two SLSNe I (PTF10hgi

and PS1–11ap) show slow velocity-evolution features that

are consistent with the one-dimensional magnetar model

and the velocity evolution of the other 11 SLSNe is fast,

indicating that the spectra of most SLSNe cannot be ex-

plained by the one-dimensional magnetar model. However,

the two-dimensional magnetar model (Chen et al. 2016)

can destroy the shell structure and the spectra might

quickly evolve.

By studying the spectra of SN 2015bn, Nicholl et al.

(2016b) suggest that the strong and relatively narrow

O I λ 7774 line may indicate the existence of an inner shell

swept by a central engine. Furthermore, they argue that the

putative central engine might be a magnetar, rather than a

black hole. Based on 1000 d of photometric observations

targeting SN 2015bn, Nicholl et al. (2018) find that the LC

at very late epoch is consistent with L ∝ t−4 which can

be yielded by a magnetar spin-down input with inefficient

gamma-ray trapping and pointed out that this LC feature

indicates the existence of a nascent magnetar.
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Fig. 7 The magnetar + 56Ni model (solid lines) for the LC

of SN 2011kl (Wang et al. 2017d). The dotted lines represent

the LCs reproduced by 0.1 (the dimmer LCs) or 0.2 M⊙ (the

brighter LCs) of 56Ni; the dashed lines signify the LCs pow-

ered by magnetars.

Fig. 8 Modeling LC of iPTF13ehe using the triple-energy

model (56Ni + magnetar + interaction) (Wang et al. 2016c).

5.2 The Explosion Mechanisms of SLSNe and

Luminous SNe

It is believed that SNe Ia, Iax and Ia-CSM might originate

from the explosions of white dwarfs, and that other sub-

classes of normal-luminosity SNe are CCSNe. In contrast,

the explosion mechanisms of SLSNe and luminous SNe

are still elusive.

It seems that almost all SLSNe II and fast-evolving

SLSNe I ever discovered might have originated from the

explosions of CCSNe. However, the explosion mecha-

nisms of slowly-evolving SLSNe I are still elusive. Nicholl

et al. (2013) modeled the LC of rapidly-rising, slowly-

declining SLSN PTF12dam and analyzed its spectra, con-

cluding that this SLSN cannot be explained by the 56Ni-

powered model since the rise time of the LC produced

by the 56Ni synthesized by PISNe is larger than that of

the observed LC. It should be mentioned that Kozyreva &

Blinnikov (2015) proposed a PISN model in which 56Ni

is strongly mixed into ejecta and the rise time of LCs pro-

duced by this PISN model is short enough to fit the ob-

servational data. As pointed out by Moriya et al. (2017),

however, strong 56Ni mixing has not yet been discovered

by multidimensional PISN simulations.

5.3 The Progenitors of SLSNe

In the past decades, the progenitors of dozens of SNe have

been confirmed directly (see Smartt 2009 and references

therein). Unfortunately, none of these SNe is an SLSN

since all progenitors of SLSNe are too distant (z & 0.1)

to be detected before their explosions.

However, many lines of evidence indicate that the pro-

genitors of SLSNe might be massive stars. The first piece

of evidence is that the explosions of white dwarfs cannot

produce such bright transients even if the white dwarfs

are “super-Chandrasekar” ones. The second piece of evi-

dence is that the spectra of most SLSNe resemble normal-

luminosity CCSNe produced by the explosions of massive

stars. The third piece of evidence is that most SLSNe are

located in star-forming dwarf galaxies4.

Almost all SLSNe are located in low-metallicity dwarf

galaxies5, suggesting that the metallicities of the progeni-

tors of SLSNe are rather low. A massive star with low-

metallicity has very low mass-loss rate. However, the pro-

genitor of an SLSN I must have lost its hydrogen envelope

or even the helium envelope. Therefore, it can be expected

that the progenitors of SLSNe I might be in binary systems

and the envelopes of these progenitors must be stripped by

their companions. This mechanism involving mass transfer

has another advantage that the striping process can spin-up

the progenitors and is beneficial for the formations of mil-

lisecond magnetars which might power the LCs of SLSNe.

4 For example, the SFR of the host galaxy of PS1-10bzj is 2 −

3 M⊙ yr−1. Since the mass of this host galaxy is ≈ 2.4 × 107 M⊙,

its specific SFR (sSFR) is ≈ 10−7 yr−1 = 102 Gyr−1 (Lunnan et al.

2013). Using the high angular-resolution UV imaging obtained by HST,

Lunnan et al. (2015) studied the morphological properties, sizes and SFR

densities of the host galaxies of 16 SLSNe I and found that these galaxies

are compact, irregular galaxies and their UV-derived SFR densities are

high (the averaged value is ≃ 0.1 M⊙ yr−1 kpc−2, Lunnan et al. 2015).
5 For example, the metallicity of the host galaxies of SN 2007bi, PS1-

10bzj and SN 2010gx are 1/3 Z⊙ (Young et al. 2010), 0.1 Z⊙ (Lunnan

et al. 2013) and 0.06 Z⊙ (Chen et al. 2013), respectively.
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5.4 SLSN-GRB Connection

A minor fraction of SNe Ic have spectra with very broad

absorption troughs which indicate very large photospheric

velocities and are named broad-lined SNe Ic (SNe Ic-BL)

(Woosley & Bloom 2006). Some SNe Ic-BL associated

with long GRBs have been discovered just after the de-

tections of the corresponding GRBs (Galama et al. 1998;

Stanek et al. 2003; Hjorth et al. 2003; Gal-Yam et al. 2004;

Campana et al. 2006; Mazzali et al. 2006; Berger et al.

2011; Starling et al. 2011; Melandri et al. 2012; Xu et al.

2013; Cano et al. 2014, 2015; D’Elia et al. 2015; Toy et al.

2016; Ashall et al. 2017; Cano et al. 2017b; see Woosley

& Bloom 2006; Hjorth & Bloom 2012; Cano et al. 2017a

for reviews).

The SNe associated with GRBs are dimmer than

SLSNe. To date, the most luminous GRB-SN might

be SN 2011kl whose peak bolometric magnitude is ≃

−20.25±0.06mag (Kann et al. 2016) while the peak bolo-

metric magnitudes of SLSNe are . −21 mag. However,

the nature of SN 2011kl is still under debate. Greiner et al.

(2015) suggest that it is an SN while Ioka et al. (2016)

argue that it might be a TDE. If SN 2011kl is a TDE, the

peak bolometric magnitude of the most luminous GRB-SN

is & −19 mag.

Matsumoto et al. (2016) investigated the model sup-

posing that the jet successfully breaks out and generates

a GRB while the forward and reverse shocks produced

will shock the envelope material and form a hot cocoon.

Matsumoto et al. (2016) calculated the cocoon emission

associated with the black hole-disk system produced by

supermassive population III stars whose masses are ∼

105 M⊙ at high redshift (z & 6) and found that the jet

cocoons will significantly enhance the optical luminosities

of the SNe associated with the GRBs and predicted that the

jet–cocoon emission will power very luminous SNe whose

peak luminosities are ∼ 1045
− 1046 erg s−1 (the cor-

responding peak bolometric magnitudes are ≃ −24 mag

to ≃ −26 mag) after the cocoon breaks out of the en-

velopes. While these high-redshift, superluminous GRB-

SLSNe have not yet been discovered, Matsumoto et al.

(2016) expect that they will be detected by upcoming NIR

telescopes.

5.5 SLSNe vs. Tidal Disruption Events

Judging whether a superluminous optical transient is an

SLSN is rather challenging. As pointed out by Quimby

et al. (2013), it is very difficult to distinguish between ac-

tive galactic nuclei (AGNs), tidal disruption events (TDEs)

and SLSNe even if we have multi-band photometry, spec-

tra and high resolution images.

For example, Vinkó et al. (2015) demonstrated that the

very luminous (Lpeak > 5×1044 erg s−1) optical transient

Dougie might be a super-Eddington TDE, rather than an

SLSN; Dong et al. (2016) suggested that ASASSN-15lh is

the most luminous SN discovered so far while Leloudas

et al. (2016) argued that it is a TDE.

Although modeling these luminous optical transients

would help to determine their nature, comprehensive ob-

servations of their multi-band LCs and multi-epoch spectra

are also needed.

6 CONCLUSIONS

In the past two decades, SLSNe whose peak luminosities

are & 7 × 1043 erg s−1 have been discovered by many

sky-survey telescopes, and the efforts to unveil the energy

sources and nature of SLSNe have been done by many

groups. The LCs and spectra of SLSNe are rather hetero-

geneous, reflecting the diverse physical parameters, e.g.,

energies, ejecta masses, ejecta velocities and some other

parameters associated with their central remnants which

might play key roles in powering their LCs. Observing

SLSNe and modeling their LCs offer new opportunities to

study the evolution and explosion mechanisms of massive

stars.

In this review, we present five single energy-source

models which have been used to explain the LCs of SLSNe

(and normal SNe), i.e., the 56Ni cascade decay model,

magnetar model, ejecta-CSM interaction model, fallback

(jet-ejecta interaction) model, cooling model as well as

their different combinations.

Unlike normal SNe whose LCs can be reasonably ex-

plained by the models mentioned above, it is much less

clear how SLSNe can be powered by these plausible en-

ergy sources. The LCs of normal SNe are mainly pow-

ered by 56Ni cascade decay and the role of neutron-star

spinning-down and the ejecta-CSM interaction can be ne-

glected in the modeling for most SNe, except for types

IIn, Ibn and Ia-CSM SNe. On the other hand, accumulat-

ing observational data and theoretical modeling indicate

that the 56Ni model cannot account for most of the LCs

of SLSNe and luminous SNe since this scenario requires a

huge amount of 56Ni inside the ejecta to account for their

peak luminosities and the fact that the energy from nascent

magnetars or ejecta-CSM interaction can play an essential

role in powering the LCs of a majority of SLSNe and lumi-

nous SNe. However, we cannot conclude that these SLSNe

must be powered by magnetars or ejecta-CSM interaction

and cannot discriminate between these two models even
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if the LCs of SLSNe can be explained by one or both of

these two models. To account for the complicated LCs of

some SLSNe, the triple energy-source model might be em-

ployed.

The cooling emission from shock-heated envelopes of

the progenitors would produce the first peaks of the LCs

of some SLSNe having double-peaked LCs and the emis-

sion from 56Ni or magnetar or ejecta-CSM interactions can

power the second peaks. The first peaks might usually be

missed due to the lack of very early observations for some

SLSNe.

An appealing unified scenario is that type I SLSNe,

type IIL SLSNe, luminous SNe Ic and normal SNe Ic are

powered by neutron stars plus 56Ni while type IIn SLSNe,

luminous SNe IIn and normal SNe IIn are powered by the

ejecta-CSM interaction plus 56Ni. In this scenario, the 56Ni

masses are roughly constant (∼ 0.1 M⊙), and the differ-

ence of their neutron-star properties (the initial rotational

periods P0, the magnetic field strength B) or the ejecta and

CSM properties (the ejecta mass, the ejecta velocity, the

CSM mass, the CSM density profile and so on) result in

different luminosity and rise/decline rate, while the ejecta

masses and velocities determine the LC width.

Extreme conditions are required if these models are

valid for explaining SLSNe. For SLSNe powered by 56Ni,

a huge amount (& 5 M⊙) of 56Ni must be synthesized and

the SNe might be PISNe; For SLSNe powered by mag-

netars, magnetars with very short initial rotational periods

(P0 . 10 ms) and very strong magnetic field strengths

(& 1013
−1015 G) must be left after explosions and the SNe

must be CCSNe; For SLSNe powered by ejecta-CSM in-

teractions or shell-shell interactions, the progenitors might

be η Carinae-like stars and must experience strong wind

loss or (multiple) giant eruptions (just) prior to the explo-

sions and the final explosions can be CCSNe or PISNe,

depending on the 56Ni masses required.

Although the most prevalent semi-analytic models can

yield LCs that are in good agreement with the photomet-

ric observations, their disadvantages are obvious: neglect-

ing the time- and space-dependent effect of optical opac-

ity, the mixing effect and the two/three-dimensional ef-

fect. Besides, some very luminous optical transients hav-

ing very bright peak luminosities (peak absolute magni-

tudes are . −20.5 mag) and very short rising time scales

(. 10 d) cannot be explained well by any models men-

tioned above. More detailed modeling might provide more

useful information and eventually determine their nature

and their energy sources.

Determining the energy sources of SLSNe requires

more dedicated observations and theoretical studies. Radio

and X-ray observations for the remnants of some SLSNe

also help us to judge whether or not the LCs of SLSNe

are powered by magnetars or the ejecta-CSM interac-

tions or other complicated models. New sky-survey pro-

grams (the Zwicky Transient Facility (ZTF), Law et al.

2009) and upcoming sky-survey programs (e.g., the Large

Synoptic Survey Telescope (LSST), Ivezić et al. 2008;

LSST Science Collaboration et al. 2009) should be able to

discover more nearby SLSNe and intense follow-up photo-

metric and spectral observations for them would shed more

light on the nature of these optical transients. Modeling

these SLSNe would help to determine their energy sources.
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