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ABSTRACT
The super-luminous object ASASSN-15lh (SN2015L) is an extreme event with a total energy
Erad � 1.1 × 1052 erg in blackbody radiation on par with its kinetic energy Ek in ejecta
and a late time plateau in the UV, which defies a nuclear origin. It likely presents a new
explosion mechanism for hydrogen-deprived supernovae. With no radio emission and no
H-rich environment, we propose to identify Erad with dissipation of a baryon-poor outflow in
the optically thick remnant stellar envelope produced by a central engine. By negligible time-
scales of light crossing and radiative cooling of the envelope, SN2015L’s light curve closely
tracks the evolution of this engine. We here model its light curve by the evolution of black hole
spin during angular momentum loss in Alvén waves to matter at the Inner Most Stable Circular
Orbit (ISCO). The duration is determined by σ = MT/M of the torus mass MT around the black
hole of mass M: σ ∼ 10−7 and σ ∼ 10−2 for SN2015L and, respectively, a long GRB. The
observed electromagnetic radiation herein represents a minor output of the rotational energy
Erot of the black hole, while most is radiated unseen in gravitational radiation. This model
explains the high-mass slow-spin binary progenitor of GWB150914, as the remnant of two
CC-SNe in an intra-day binary of two massive stars. This model rigorously predicts a change
in magnitude �m � 1.15 in the light curve post-peak, in agreement with the light curve of
SN2015L with no fine-tuning.

Key words: accretion, accretion discs – gravitational waves – methods: analytical – methods:
data analysis – stars: black holes – supernovae: general.

1 IN T RO D U C T I O N

By a total energy Erad � 1.1 × 1052 erg in blackbody (BB) radiation,
ASASSN-15lh (SN2015L Dong et al. 2016) is the brightest object
so far among hydrogen-poor super-luminous supernovae (SLSNe-I)
(Pastorello et al. 2007; Quimby et al. 2011; Gal-Yam et al. 2012).
The origin of its luminosity is an open question, because the light
curves of these SNe do not seem powered by nuclear decay of
56Ni (Kozyreva et al. 2016), common to conventional core-collapse
supernovae (Pastorello et al. 2010; Wang et al. 2015). Importantly,
interactions with a circumstellar environment appear wanting, based
on radio (Kool et al. 2015) and optical spectroscopy (Milisavljevic
et al. 2015).

SN2015L may represent a radically new class of SLSNe by turn-
ing convention on its head with

Erad � Ek, (1)

� E-mail: mvp@sejong.ac.kr

where Ek ∼ 1052 erg denotes the kinetic energy in the envelope
expanding at a few per cent of the velocity of light, derived from
energy dissipation in an expanding envelope powered by a long-
lived inner engine alone. Furthermore, its light curve features a
late time plateau about two months post-peak with a change in
magnitude

�m ≡ mpl − mp � 1.2. (2)

To explain SN2015L, natural candidates for a long-lived inner
engine are an angular momentum-rich magnetar (e.g. Inserra et al.
2013; Mazzalli et al. 2014) or black hole–disc system driving the
explosion by baryon-poor outflows (e.g. Bisnovatyi-Kogan 1970).
Since the light crossing time-scale of the expanding envelope of
radius ∼5 × 1015 cm and its radiation cooling time are merely one
day, SN2015L offers an interesting prospect for essentially real-
time tracking of an evolving central engine, heating the remnant
stellar envelope by a baryon-poor jet (BPJ).

Magnetars and rotating black holes have been widely considered
as candidate inner engines of long gamma-ray bursts (LGRBs).
While their durations T90 of tens of seconds associated with
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3220 M. H. P. M. van Putten and M. Della Valle

relativistic core-collapse supernovae (e.g. Woosley & Bloom 2006;
Fryer et al. 2015) are shorter than the light curve of SN2015L
by a factor of about 105, their true output in gamma-rays Eγ �
9 × 1051 erg (Frail et al. 2001; Ghirlanda, Ghisillini & Firmani
2006; Ghirlanda et al. 2013) is essentially equal to Erad. This points
to a possibly common energy reservoir, operating across a broad
range of time-scales with different modes of dissipation. While Eγ

is largely non-thermal and probably derives from internal shocks
in ultra-relativistic BPJ (Rees & Mészáros 1992, 1994; Eichler &
Levinson 1993; Eichler 2011), SN2015L features essentially ther-
mal electromagnetic radiation satisfying

Erad � Eγ . (3)

Attributing Erad to dissipation of a BPJ in the optically thick remnant
stellar envelope, SN2015L represents a ‘failed GRB’ scaled down
in luminosity and inverse duration.

A one-parameter scaling across a broad range of luminosities and
time-scales exists in shedding Alvén waves in relativistic outflows
from a common energy reservoir in angular momentum, operating
at similar efficiencies in conversion to electromagnetic radiation.
For SN2015L, Lrad = Erad/T � 2 × 1045 erg s−1 and the duration T
of about two months post-peak to aforementioned plateau satisfies

α = Lrad

Lγ

� T90

T
� 10−5, (4)

where Lγ � Eγ /T90 � 3 × 1050 erg s−1 for LGRBs of durations
T90 of tens of seconds. Even though SN2015L and LGRBs have
principally different spectra, they may be operating at radiation
efficiencies that are not too different.

Various authors attribute SN2015L to magnetars (Bersten et al.
2016; Chatzopoulos et al. 2016; Dai et al. 2016; Dong et al. 2016;
Sukhbold & Woosley 2016) as a variant to magnetar-powered lumi-
nous Type Ic supernovae (Wang et al. 2015), whose energy budget
approaches the extremal value Ec � 7.5 × 1052 (Haensel et al.
2009) (but see Metzger et al. 2015) at high efficiency (e.g. Dong
et al. 2016). This scenario is challenged by some properties ex-
hibited by the SN2015L event. First, the similarity between the
energy budget (Erad+Ek) of SN 2015L and the extremal energy
value provided by a rotating neutron star implies values for the
energy conversion factors, close to 100 per cent, which appears
unlikely. Secondly, SN2015L shows a late-time plateau, not seen
in conventional core-collapse supernovae (e.g. Turatto et al. 1990)
or in broad-lined SNe Ic (Bufano et al. 2012). The algebraic time
decay ∝ (1 + t/ts)−2 of magnetar light curves with characteristic
spin down time ts is woefully at odds with aforementioned uncon-
ventional temporal behaviour. Thirdly, versions of this model that
address the UV plateau invoke interaction of the envelope with the
circumstellar environment, which is at odds with above cited radio
non-detection and optical non-detection of Hα emission. Being hy-
drogen deficient deprives the expanding envelope in SN2015L of
interacting energetically with a dense pre-supernova wind (cf. super
bright SNe hydrogen-rich explosions). SN2015L hereby points to a
long-lived central engine with inherent decay to a late-time plateau.

Moreover, amongst the SLSNe-I class, SN2015L is the brightest
observed thus far. It is likely that even brighter events exist satisfying
Erad > Ec. It is not without precedent that events discovered in
our ‘local’ universe represent the faint tail of a broader class of
astrophysical objects. For instance, SN1987A (Burrows & Lattimer
1987), SN1885A (de Vaucouleurs & Gorwin 1985) or GRB980425
(but not the accompanying SN1998bw; Galama, Vreeswijk & van
Paradijs et al. 1998) are certainly not the brightest members in their
respective classes.

In light of the qualitative and quantitative considerations given
above, we here consider the possibility that SN2015L is powered
by black hole—disc system, whose light curve tracks the evolution
and state of accretion of the latter. According to the Kerr metric
(Kerr 1963), the rotational energy Erot can reach up to 29 per cent
of its total mass, which exceeds that of neutron stars by well over
an order of magnitude. A rotating black holes of mass M hereby
possess rotational energies up to

Erot � 6 × 1054

(
M

10 M�

)
erg (5)

in the limit as the dimensionless Kerr parameter a/M, defined by
the ratio of specific angular momentum a to black hole mass, ap-
proaches unity. Near-extremal black holes with a/M = 0.9 hereby
have about one-half of the maxima rotational energy of a black hole
with the same mass energy-at-infinity M. Rapidly rotating stellar
mass black holes hereby provide ample energies for SN2015L and
even brighter events.

Erad in SN2015L and Eγ in LGRBs represent about 1 per cent of
Erot – a very minor fraction of the total energy reservoir of a Kerr
black hole. Attributing it to a fraction of horizon magnetic flux, Erad

derives from the total energy EBPJ along an open magnetic flux tube
subtended by a horizon half-opening angle θH satisfying

EBPJ

Erot
= 1

4
θ4

H � 1, (6)

supported by an equilibrium magnetic moment of the black hole
(Section 4). Should a major fraction of equation (5) be released, it
must be largely so in channels unseen, i.e. gravitational radiation
and MeV neutrinos. These fractions are determined by the partition
of Alfvén waves around the black hole (van Putten 2008b, 2015b),
producing a BPJ along the black hole spin axis and interactions with
nearby matter at the Inner Most Stable Circular Orbit (ISCO) (van
Putten 1999; van Putten & Levinson 2003). These Alfvén waves
are induced by relativistic frame dragging. The existence of frame
dragging is not in doubt: recent measurements of non-relativistic
frame dragging around the Earth are in excellent agreement with
general relativity (Ciufolini & Pavlis 2004; Ciufolini 2007; Ciufolini
et al. 2009; Everitt et al. 2011).

This partition (equation 6) applies to a state of suspended accre-
tion. Earlier models envision outflows from accreting black holes
(Ruffini & Wilson 1975; Blandford & Znajek 1977). It has been
suggested that the BPJ represents the major energetic output from
the black hole in the form of a Poynting flux (Blandford & Znajek
1977). Below a critical accretion rate (Globus & Levinson 2014),
however, the black hole may act back on to matter at the ISCO and
sufficiently so to suspend accretion (van Putten 1999; van Putten &
Levinson 2003). Thus, different evolutions of the black hole ensue
depending on the state of accretion: spin up, described by modified
Bardeen accretion (van Putten 2015b), and spin down, by equations
of suspended accretion (van Putten & Levinson 2003). The latter in-
troduces a radically new secular time-scale, defined by the lifetime
of rapid spin of the black hole (van Putten & Levinson 2003)

Ts � 100
( σ

10−7

)−1
d, (7)

defined by the ratio σ = MT/M of the mass MT of a torus at the ISCO
to M. This process features a minor output (6) in a BPJ accompanied
by a major output in gravitational radiation from matter at the ISCO.
The latter features a distinctive descending chirp (van Putten 2008a).

By equations (6) and (7), our model is different from others afore-
mentioned in the partition of energy output – mostly into surround-
ing matter accompanied by minor emission in open outflows – and
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a new secular time-scale in the lifetime of black hole spin, which
may extend well beyond canonical time-scales of accretion.

Different modes of accretion naturally appear in black hole evo-
lution, marked by distinct total energies and light curves for frame-
dragging induced BPJs. The same applies to any accompanying
emissions unseen in gravitational waves from matter at the ISCO,
which may be probed by LIGO-Virgo and KAGRA (Abramovici
et al. 1992; Acernese et al. 2006, 2007; Somiya et al. 2012; LIGO
Virgo Collaboration 2016). For LGRBs, a model light curve for
BPJ during the final phase of spin down (van Putten & Levin-
son 2003) is supported by spectral-energy and temporal properties
on long and short time-scales (summarized in van Putten 2016)
in GRBs detected by HETE-II and Swift (Swift 2004, 2014), Burst
and Transient Source Experiment (BATSE) (Kouveliotou et al. 1993)
and BeppoSAX (Frontera et al. 2009), whose durations of tens of
seconds have been association with high-density accretion flows
(Woosley 1993; MacFadyen & Woosley 1999; Woosley & Bloom
2006; Woosley 2010). Conceivably, this light curve also has rele-
vance to failed GRBs, i.e. when the BPJ fails to break out of the
progenitor stellar envelope.

By the above, we associate SN2015L and long GRBs to scaling
(4) with the torus to black hole mass ratio σ according to σ � 10−7

and, respectively, σ � 10−2 in equation (7). Our σ in equation (7) is
intermediate in being a geometric mean of σ � 10−2, which is typ-
ical for GRBs, and σ � 10−12 in the micro-quasar GRS1915+105
(Mirabel & Rodrı́guez 1994; Miller et al. 2016) and long GRBs.

To model the associated transient emission, we first consider the
phases of black hole evolution by fallback matter from a rotating
progenitor following birth in core collapse (Section 2) and their
association with supernovae (Section 3). We then revisit model light
curve for transient emission during accretion and spin down (Section
4). In Sections 5 and 6 we give a detailed confrontation of our model
light curves with LGRBs and SN2015L, the former against data
from BATSE, BeppoSAX, Swift and HETE-II. A summary and an
outlook on accompanying gravitational wave emission are given in
Section 7.

2 B L AC K H O L E EVO L U T I O N
I N C O R E C O L L A P S E

By core collapse, massive stars are believed to be factories of neu-
trons stars and black holes. In the absence of any direct observation
of gravitational radiation, the details of black hole birth remain
uncertain. It may form by prompt collapse. For instance, at the
onset of core collapse, fallback matter can form highly asymmet-
ric distributions at centrifugal hang-up, producing a brief flash of
gravitational waves (Duez, Shapiro & Yo 2004). By gravitational
radiation and diluting angular momentum during continuing fall-
back, this state should be short-lived. If not, rather exotic objects
might form (Lipunov 1983; Lipunova et al. 2009). Alternatively, it
forms through core collapse of a neutron star, and similar flash in
gravitational waves might be produced (Rees, Ruffini & Wheeler
1974).

Regardless of details at birth, the newly formed black hole must
satisfy the Kerr constraint

a

M
≤ 1, (8)

where a = J/M denotes the specific angular momentum of a black
hole of mass M. Here, we use geometric units in which Newton’s
constant G and the velocity of light c are set equal to 1. In a uniformly
rotating core, a newly formed black hole forms near-extremal and

of small mass (e.g. van Putten 2004). It then enters the following
three phases in evolution.

(i) Phase I. Surge to a non-extremal black hole. The black hole in-
creases its mass in direct accretion of a fraction of the inner region of
the core, whose specific angular momentum is insufficient to stall at
the ISCO. The dimensionless Kerr parameter a/M hereby decreases
on the free-fall time-scale of tens of seconds of the progenitor.

(ii) Phase II. Growth to a near-extremal black hole. Accretion
continues from the ISCO on the viscous time-scale of a newly
formed accretion disc, increasing M and a/M (Bardeen 1970), also
in the presence of outflows at typical efficiencies (van Putten 2015b).
The black hole becomes near-extremal (a/M � 1) provided there is
sufficient fall back matter and/or the progenitor rotates sufficiently
rapidly.

(iii) Phase III. Spin down to slow spin. The black hole loses
decrease in a/M by angular momentum loss against matter at the
ISCO mediated by an inner torus magnetosphere supported by a
torus about the ISCO, provided that (a) there is continuing fallback
matter (a near-extremal black hole formed in Phase II) and (b) the
accretion rate is subcritical (Globus & Levinson 2014; van Putten
2015b). The duration of this suspended accretion state depends on
the energy in the poloidal magnetic field, bounded by a torus at the
ISCO (van Putten & Levinson 2003).

Phase I considers direct accretion of low angular momentum
from the inner region of a progenitor rotating with period P = Pd

day. P may be short, as when in corotation with a companion star
in a compact stellar binary. We define the dimensionless reciprocal
period β (van Putten 2004)

β = 4.22 P −1
d R−1

1 M
−1/3
He,10, (9)

where R = R1 R� (R� = 7 × 105 km) and M0 = MHe,1010 M�
denote the progenitor He mass. Direct accretion of fallback matter
occurs provided that its specific angular momentum is less than
that at the ISCO, defined by the Kerr metric (Bardeen, Press &
Teukolsky 1972; MacFadyen & Woosley 1999; Bethe, Brown &
Lee 2003; van Putten 2004). This condition is satisfied by a finite
fraction of the core of the progenitor star, and defines an accretion
time-scale of at most the free-fall time-scale

tff � 30 s

(
M0

10 M�

)− 1
2 ( r

1010 cm

) 3
2
. (10)

M hereby surges rapidly to a fraction of the order of unity of the
progenitor mass M0, until an accretion disc first forms. At this
moment, the black hole is non-extremal with a typically moderate
Kerr parameter a/M shown in Fig. 1.

In Phase II, the black hole evolves by matter plunging in gradually
from the ISCO (Bardeen 1970; Bardeen et al. 1972; Bethe et al.
2003; van Putten 2004; King & Pringle 2006). Matter is envisioned
to migrate to the ISCO by large eddy turbulent viscosity (Shakura &
Sunyaev 1973) in magneto-hydrodynamical stresses, such as may
arise from a magneto-rotational instability (MRI; Balbus & Hawley
1991; Hawley & Balbus 1991). Accretion hereby advects magnetic
flux on to the event horizon, which may lead to the formation of a
BPJ (Blandford & Znajek 1977). If so, the black hole evolves by
modified Bardeen accretion (van Putten 2015b), increasing M and
a/M at canonical efficiencies. In hyper-accretion flows dominated
by Reynolds stresses, the black hole satisfies the Bardeen integral
(Bardeen 1970)

zM2 = const. (11)

MNRAS 464, 3219–3228 (2017)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/464/3/3219/2497142 by IN
AF C

apodim
onte N

apoli (O
sservatorio Astronom

ico di C
apodim

onte (N
apoli) user on 18 Septem

ber 2020
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Figure 1. Formation of initially extremal black hole in prompt core col-
lapse from a rotating progenitor, satisfying the Kerr limit a/M = 1 and its
subsequent surge by direct accretion of fallback matter to a non-extremal
black hole, until a disc first forms. The results depend strongly on the angular
velocity of the progenitor, here parametrized by the dimensionless period β

in equation (9). Adapted from van Putten (2004).

Figure 2. Evolution of a rotating black hole following birth in a progenitor
of mass M0 in three phases of accretion: surge in direct accretion (dashed),
growth by Bardeen accretion (continuous) followed by spin down against
matter at the ISCO when accretion becomes subcritical (top and middle
panels). Shown is further the associated evolution of any quadrupole grav-
itational wave signature from matter at the ISCO, marked by frequencies
fGW0 at birth, fGW1, at the onset of Bardeen accretion, fGW, 2 at the onset of
spin down and fGW, 3 at late times, when the black hole is slowly rotating in
approximate corotation with matter at the ISCO (lower panel)

for the idealized limit of no outflows, shown in Fig. 2. The outcome
is a high-mass near-extremal Kerr black hole that may reach the
Thorne limit (Thorne 1974; Sadowski et al. 2011). In attributing the
accretion rate to an MRI-induced viscosity, duration of phase II is
expected to scale with the density of the accretion flow.

In Phase III (Figs 2 and 3), the black hole evolves by an interaction
with matter at the ISCO dominated by Maxwell stresses in Alfvén
waves, defined by a system of two ordinary differential equations
representing conservation of total energy and angular momentum.
The system describes a black hole luminosity LH = −Ṁ and torque

Figure 3. In Phase III, spin down of a near-extremal black hole (top),
formed in a prior phase of Bardeen accretion, represents catalytic conversion
of spin energy into various emission channels by matter at the ISCO. Shown
are the evolution of total mass M (solid curve), the dimensionless specific
angular momentum a/M (dashed curve) and ratio of angular velocities of
the black hole event horizon to test particles at the ISCO (dot–dashed curve).
The efficiency (bottom) in energy extracted over initial rotational spin can
reach 60 per cent.

τ = −J̇ on the inner face of matter at the ISCO (van Putten 1999,
2016), satisfying

Ṁ = 
TJ̇ , J̇ = −κek (
H − 
T) , (12)

where κ is the net (variance) in (turbulent) poloidal magnetic field
and kinetic energy ek. Matter at the ISCO is hereby heated, driving
non-axisymmetric instabilities giving rise to a dominant output in
gravitational radiation (van Putten & Levinson 2003). The system
(12) features two fixed points 
H = 
T when the angular velocity
of the black hole 
H equals that of matter at the ISCO: unstable
at maximal spin (
H = 1/2M) and stable at slow spin (
H < <

1/2M). It points to a gradual evolution from fast to slow spin, i.e. a
relaxation of the black hole space–time to that of a slowly rotating
black hole. Given a stability bound on the total energy in the poloidal
magnetic field, κ proportional to the mass MT of a torus at the ISCO,
we have (van Putten & Levinson 2003; van Putten 2015b), more
specifically than (7),

Ts � 30 s

(
0.01

σ

) (
M

7 M�

) ( z

6

)4
, (13)

where z = rISCO/M denotes the radius of the ISCO relative to the
gravitational radius M of the black hole. Ts ∝ σ−1 shows that dilute
mass concentrations at the ISCO result in lifetimes of the engine
much longer than that of long GRBs, and hence

α ∝ σ−1. (14)

At constant poloidal magnetic field energy-to-kinetic energy in mat-
ter at the ISCO (van Putten & Levinson 2003; Bromberg, Levinson
& van Putten 2006), equation (14) defines a scaling of LH and Ts

conform (4). Phases II and III hereby satisfy similar scalings of
durations with density in accretion flows.

Illustrating the above, Fig. 3 shows a black hole evolution to a
high-mass near-extremal state through the three phases of direct and
Bardeen accretion followed by spin down, according to equations
(11) and (12). In this example, the angular velocity of the progenitor

MNRAS 464, 3219–3228 (2017)
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is relatively slow, giving rise to black hole mass close to but still
less than the mass M0 of the progenitor at the end of Phase II. Faster
angular velocity gives an earlier transition to Phase III of a lower
mass M of the black hole, yet still near-extremal in a/M.

3 SU P E R N OVA E FRO M ROTATI N G
P RO G E N I TO R S

Figs 1–3 show the initial black hole mass and its subsequent evo-
lution by direct accretion to strongly depend on rotation of the
progenitor star. In attributing an accompanying aspherical super-
nova explosion to winds or jets coming of the newly formed rotat-
ing inner engine (Bisnovatyi-Kogan 1970; MacFadyen & Woosley
1999), a successful explosion may ensue during the subsequent
Bardeen phase and final spin down, but less likely so during the first
phase of direct accretion. According to Figs 1 and 2, the outcome
of direct accretion critically depends on the dimensionless angular
velocity β. Our treatment is hereby completely different black hole
mass estimates in core collapse of non-rotating isolated stars (our
limit of β = 0) [see e.g. Heger et al. (2003)].

However, the growth to a rapidly spinning black hole by Bardeen
accretion is rather insensitive to β, unless β is so low such that an
accretion disc never forms. Figs 1 and 2 show the following two
cases.

Rapidly rotation progenitors limit the initial mass M of the black
hole, so that all three phases of accretion can proceed. Rapid ro-
tation, e.g. in intra-day stellar binaries, allows the formation of an
extremal black hole (a/M = 1) at a mass M that may be appreciably
below the mass M0 of the progenitor at the end of Bardeen accretion.
This case leaves a finite amount of fallback matter to initiate black
hole spin down, after accretion becomes sub-critical.

Slowly rotating progenitors (e.g. Hirsch, Mynet & Maeder 2004;
Yoon, Kang & Kozyreva 2015) imply long-duration direct accretion
that may be followed by Bardeen accretion, leading to a high-mass
non-extremal black hole (a/M < 1) with M relatively close or equal
to M0. In this event, spin down in a suspended accretion phase is
unlikely, as essentially all fallback has been exhausted.

The case of rapid rotation is particularly likely to produce pow-
erful winds and jets driving a supernova, more so than during di-
rect and Bardeen accretion only for slowly rotating progenitors.
SN2015L likely occurred in a short period stellar binary, giving rise
to high β and a stripped hydrogen envelope (cf. (Paczyński 1998)).
In this event, dependence on metallicity is expected to be minor,
in contrast to the same by stellar winds from isolated stars (Heger
et al. 2003).

4 MO D E L L I G H T C U RV E S IN PH A S E S II
A N D I I I

The short time-scale of direct accretion falls outside the scope of the
months-long light curve of SN2015L. We therefore focus on Phases
II and III, which, if present, can have long durations on secular time-
scales set by the density of accretion flow. Their different modes
introduce distinct magnetic field topologies and black hole evolution
associated with spin up and, respectively, spin down, expressed in
distinct light curves.

In Phase II, the outflow tracks a black hole spinning up according
to (11) using canonical scaling relations for BPJs based on total
black hole horizon flux (Blandford & Znajek 1977; Nathanail &
Contopoulos 2015; Nathanail, Strantzalis & Contopoulos 2016). At
equipartition values of magnetic field and mass density, the latter
scales with mass accretion rate ṁ. Model light curve of during

Phase II hereby track ṁ, commonly considered as power laws in
time,

LBPJ(t) ∝ t−n, (15)

e.g. at early high accretion rates (n = 1/2) or low accretion rates
(n ≥ 1) (Kumar, Narayan & Johnson 2008a,b; Dexter & Kasen
2013).

In Phase III, the outflow tracks a black hole spinning down ac-
cording to (12), wherein EBPJ represents a minor fraction of Erot

resulting in a FRED-like light curve (van Putten & Levinson 2003).
A split magnetic field topology about the black hole in its lowest
energy state (van Putten & Levinson 2003; van Putten 2015b) gives
equation (6) by relativistic frame dragging along an open magnetic
flux tube along the spin axis subtended by half-opening angle θH

on the event horizon.
To be specific, we consider (van Putten 2012)

LBPJ ∝ θ̂4
H
2

HznEk, (16)

where RT = zM denotes the radius of the torus, Ek ∝ (
TRT)2e(z)
is the kinetic energy of the torus, and e(z) = √

1 − 2/3/z is the
specific energy of matter in an orbit at angular velocity 
T at
the ISCO (Bardeen et al. 1972). With n = 2, LBPJ scales with
the surface area within the torus and Ek is defined by a stability
limit on poloidal magnetic field energy that the torus can support
(van Putten & Levinson 2003). In a split magnetic flux topology, a
maximal half-opening angle θ̂H � 0.15 rad accounts for a fraction
of about 0.1 per cent of LH to be emitted along the spin axis of
the black hole, the remaining 99.9 per cent being deposited into the
torus for conversion into other radiation channels.

While at high spin θH appears to be correlated to z (van Put-
ten 2015b), θH rises to a constant post-peak in the model light
curve LBPJ(t). The outflow hereby effectively satisfies (4). Post-
peak, LBPJ(t) evolves by near-exponential decay in time to a plateau
with a change in magnitude in LBPJ(t) satisfying

�m ≡ mpl − mp = 1.154, (17)

whose duration scales with σ−1. This dimensionless number is a
key model prediction, which we shall compare with SN2015L (see
Section 6).

5 O B S E RVAT I O NA L T E S T S O N G R B s

Our light curve of Fig. 2 has been vigorously confronted with data
from BATSE, BeppoSAX, Swift and HETE-II. We mention the fol-
lowing.

(i) Long durations. Tspin in equation (13) defines a secular time-
scale of tens of seconds for poloidal magnetic field energies at the
limit of stability, defined by the kinetic energy in a torus at the
ISCO (van Putten 1999; van Putten & Levinson 2003). For LGRBs,
T90 � Tsp of initially rapidly rotating black holes with σ � 1 per cent.
It also gives an improved correlation Eγ ∝ T

β
90Ep β � 0.5 between

the true energy in gamma-rays Eγ (corrected for beaming) and the
peak energy Ep in gamma-rays (van Putten 2008b; Shahmoradi &
Nemiroff 2015).

(ii) Universality. The dichotomy of long and short GRBs can
be identified with hyper- and suspended accretion on to initially
slowly and, respectively, rapidly spinning black holes (van Putten
& Ostriker 2001). It implies various common emission features.
First, SGRBs are expected to produce X-ray afterglows similar
to LGRBs, albeit less luminous in host environments typical for
mergers. This prediction (van Putten & Ostriker 2001) is confirmed
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3224 M. H. P. M. van Putten and M. Della Valle

Figure 4. Model light curve LBPJ of Phase III, produced along an open
magnetic flux tube in a split field topology. It features a near-exponential
decay post-peak at a/M = 0.8394 to a plateau with change in magnitude
�m = 1.154. The horizon half-opening angle θH evolves to a constant.

by the Swift and HETE-II events GRB050509B (Gehrels et al. 2005)
and GRB050709 (Fox et al. 2005; Hjörth et al. 2005; Villasenor et al.
2005). Secondly, mergers involving black holes with rapid spin may
feature soft Extended Emission (EE) in suspended accretion, which
bears out in GRBEEs such as GRB 060614 (Della Valle et al.
2006) satisfying the same Amati relation of long GRBs [recently
reviewed in van Putten et al. (2014b)]. Thirdly, remnants of GRBs
are all slowly spinning black holes with a/M � 0.36 representing
the late-time fixed point 
H � 
ISCO. With no memory of the
initial spin of the black hole, it predicts common features from late
time accretion or fallback matter. Notably, the Swift discovery of
X-ray tails (XRTs) may result, in mergers, from messy break-up of
a neutron star (Lee & Kluzniak 1998, 1999; Rosswog 2007), e.g.
in GRB060614 involving a rapidly rotating black hole (van Putten
2008a).

(iii) Spin down in BATSE. BATSE light curves of LGRBs have
been analysed by matched filtering. Figs 5 and 6 show results
matched filtering analysis for Phase II and III, given by equation
(15) and, respectively, Fig. 4. Included in Fig. 6 is further a light
curve from spin down of a magnetar. The normalized light curves
(nLC) extracted from BATSE represent averages of 960 individ-
ually normalized BATSE light curves with T90 > 20 s and 531
light curves with T90 < 20 s. The nLC attains a peak at about
16 per cent of its duration. The different matches in Figs 5 and 6
show that long GRBs have a gradual switch-on as in spin down away
from the unstable fixed point 
H = 
T = 1/2M in equation (12),
rather than prompt switch-on implied by equation (15) or the light
curve of a newly formed magnetar. Also, very long duration events
(T90 > 20 s) show a remarkably good match to the model template
of Fig. 4 for all time. On average, LGRBs appear more likely to
derive from a spin down Phase III rather than Phase II or a magnetar.

(iv) No proto-pulsars. There is a non-detection of proto-pulsars in
broad-band Kolmogorov spectra of the 2kHz BeppoSAX spectra of
long GRBs, extracted by a novel butterfly filter by matched filtering
against a large number of chirp templates (van Putten, Guidorzi &
Frontera 2014a).

(v) Bright is variable. LGRBs show a positive correlation be-
tween luminosity and variability (Reichert et al. 2001). In our model,
black hole feedback on accretion flow provides a novel channel for

instabilities that gives rise to a luminosity proportional to the inverse
of the duty cycle (van Putten 2015a).

We next confront our model with the light curve of ASASSN-
15lh.

6 C O N F RO N TAT I O N W I T H S N 2 0 1 5 L

Fig. 7 shows a match to the bolometric luminosity of SN2015L
of our light curve LBPJ(t) with dissipation largely into heat in the
optically thick remnant stellar envelope. On this basis, we identify
SN2015L with the relaxation of a Kerr space–time to that of a
slowly spinning black hole, featuring a late time plateau 
H � 
T

< < 1/2M. According to Fig. 2, the magnitude of LBPJ rises by
about 1 mag post-peak peak. A prior onset to peak is associated
with the formation of a rapidly rotating black hole in prior epoch of
hyper-accretion (van Putten 2015b).

We emphasize that only one scale factor (14) is applied to LBPJ(t)
to match SN2015L, here scaled down by (4) from the same applied
to long GRBs. The predicted transition post-peak to a plateau is
specific to spin down of black holes with no counterpart to mag-
netars, since the latter continue to spin down freely to essentially
zero angular velocity at late times (e.g. Dai et al. 2016). Our value
(equation 17) is in remarkable agreement with the observed change
�m = 1.2.

A 120-d UV rebrightening to SN2015L 90 d after its onset
(Godoy-Rivera et al. 2016) is a further striking feature in SN2015L.
We interpret it as late-time activity of the inner engine, again by
virtue of aforementioned short light crossing and cooling time-scale
of the expanding envelope. In our model, the remnant inner engine
of the 90-d ‘prompt’ SN2015L light curve is a slowly spinning black
hole, in common with the remnant of SGRBs and LGRBs. Any late
time accretion on these engines produces a latent emission at a lu-
minosity essentially set by the accretion rate. In the case of GRBs,
we hereby explain the XRTs, common to both short and long GRBs
discovered by Swift. In the case of SN2015L, we attribute the UV
rebrightening analogously, by late time accretion on to the slowly
rotating remnant. A further illustration hereof is the decade-long
X-ray emission in the supernova remnant of SN1979C by accretion
on to a remnant black hole (Patnaude, Loeb & Jones 2011). Ac-
cording to the Bardeen accretion Phase II, this can lead to spin up,
whereby the plateau – XRT in case of GRBs and UV rebrightening
in case of SN2015 – may fluctuate slightly in luminosity.

7 C O N C L U S I O N S A N D O U T L O O K

SN2015L presents a significant addition to the class of extreme
transient events, typically associated with core-collapse supernovae
and GRBs. By its large amount of radiation Erad satisfying (1) with
a light curve featuring a late time plateau satisfying (2), SN2015L
may present a major new class of SLSNe. If so, we expect to see
even brighter events in future surveys.

Core collapse of massive stars is believed to be factories of neu-
tron stars and black holes, which may be powering aspherical ex-
plosions by outflows derived from their energy reservoir in angular
momentum. These alternatives give rise to different model light
curves in electromagnetic radiation from dissipation of magnetized
outflows, further in light of different phases in black hole evolution
in three consecutive steps shown in Fig. 2.

As universal inner engines, black hole outflows can be scaled
in time for consideration to SN2015L based on equation (3) and
LGRBs according to equation (4). In our model, the light curve
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On extreme transient events from rotating BHs 3225

Figure 5. Phase II matched filtering analysis of BATSE against accretion profiles, equation (15). Shown are nLC (thick lines) extracted from the BATSE
catalogue and model light curves (thin lines) for accretion rates ∝ t−n at early time high accretion rates (n = 1

2 ) or at low accretion rates (n = 1) (top panels)
and n = 2.5 and n = 2.75 (lower panels). All results show a mismatch to the prompt switch-on in model templates.

Figure 6. Phase III matched filtering analysis of BATSE against the model light curve of Fig. 4 (top panels) and that of a proto-neutron star (lower panels).
Consistency is relatively better for the former, especially so for durations greater than 20 s. We attribute this time-scale to that of jet breakout of a stellar
remnant envelope. (Adapted from van Putten 2012.)

of SN2015L and prompt GRB-emission are associated with black
hole spin down. Durations hereof are defined by the lifetime of spin
(see equation 13). Scaling of Ts is represented by different ratios σ

of torus to black hole mass. Our model hereby contains essentially
one parameter, assuming stellar mass black hole masses to vary by
at most a factor of a few.

In light of scaling by σ , we confront our theoretical model light
curves with both LGRBs from BATSE and SN2015L. Results on
nLC show satisfactory agreement with black holes losing angular
momentum to matter at the ISCO, more so than a prior accretion
powered phase or spin down of magnetars.

The model light curve of Fig. 4 shows a satisfactory match to the
bolometric luminosity light curve of SN2015L, here attributed to
effective dissipation in the remnant stellar envelope. The late-time
plateau is identified with gradual spin down of an initially near-
extremal Kerr black hole to a slowly rotating black hole, whose
angular velocity has settled down to that of matter at the ISCO. This

scenario is exactly the same as identified for LGRBs in BASTSE.
The late-time state of 
H � 
ISCO defines a plateau in the light curve
unique to black hole-torus system, which is absent in magnetars.
(Their spin decays all the way to zero.) Quantitative agreement is
found in the change in magnitude �m post-peak in our model light
curve and the light curve of SN2015L.

It appears that SN2015L is genuinely powered by the spin
energy of a rotating black hole interacting by frame dragging
induced Alfvén waves with surrounding matter at the ISCO, de-
livering a total energy output typical for normal long GRBs (equa-
tion 3) defined by Erot of stellar mass near-extremal black holes.
The long duration of months is here identified with the life-
time of black hole spin, subject to spin down against relatively
low-density accretion flow. The commensurably lower luminos-
ity is readily radiated off by the envelope in optical emission,
whereby the BPJ from the black hole fails to reach successful stellar
break-out.
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3226 M. H. P. M. van Putten and M. Della Valle

Figure 7. Shown is a confrontation of the model light curve of black hole spin down in Phase III and that of magnetars to the bolometric light curve of
SN2015L (table S2 in Dong et al. (2016)) by scaling of peak magnitude and duration (B). The theoretical change in magnitude mpl − mp = 1.15 post-peak
agrees with the observed change �m � 1.2. Prior to peak luminosity (A), a near-extremal black hole forms during a Bardeen accretion Phase II.

A principal outcome of the present model is an accompanying
major output EGW > > Erad in gravitational waves and a slowly
rotating black hole remnant, where EGW is emitted over the course
of spin down (tens of seconds for LGRBs, months for SN2015L
type events) and the final remnant satisfies a relatively high-mass
low spin black hole (Fig. 2)

M � M0, a/M � 0.36, (18)

defined by the outcome of black hole growth in spin-up by Bardeen
accretion and subsequent spin-down to the stable fixed point 
T =

H (in the approximation 
T � 
ISCO). This outcome should be
contrasted with moderate-mass black holes at slow spin produced
by direct accretion alone, immediately following black hole birth.
The outcome (equation 18) explains the estimated mass and spin
parameters of the recent black hole binary merger GRB150914
(LIGO Virgo Collaboration 2016)

M1 = 35.75.4
−3.8 M�, a1/M1 = 0.31+0.48

−0.28, (19)

M2 = 29.13.8
−4.4 M�, a2/M2 = 0.46+0.48

−0.42. (20)

We speculate that the progenitor binary of GWB1509 is a merger
of SN2015L type remnants from stars of mass M0 ≤ 50 M�.

The final spin down evolution leading to (18) represents the lib-
eration of an appreciable fraction of black hole spin energy Erot into
and output EGW in gravitational waves. According to Fig. 3, the ef-
ficiency η of converting Erot to radiation can reach up to 60 per cent.
Since EGW is expected to be the dominant output channel (over, e.g.

magnetic winds (van Putten & Levinson 2003); in the application
to long GRBs, the latter further includes MeV neutrino emission in
a time-scale of tens of seconds), an energetic output

EGW � 2 × 1054

(
η

50 per cent

) (
M

10 M�

)
erg (21)

from spin down of rapidly rotating stellar mass Kerr black holes
in core collapse such as described in Figs 2 and 3 (van Putten
2016). Emitted during spin down, this creates a descending chirp in
the time-frequency domain, by expansion of the ISCO during black
hole spin down. At late time, it asymptotes to a late-time-quadrupole
frequency indicated in Fig. 3, satisfying (van Putten et al. 2011)

fGW,3 � 600 − 700 Hz
(
10 M�/M

)
. (22)

Continuing emission may ensue by late-time-accretion in a sub-
sequent plateau at these frequencies, defined by the stable fixed
point 
H = 
ISCO. If detected, equation (22) provides a rigorous
measurement of the mass of the putative black hole, which may be
searched for by chirp-based spectrograms (van Putten 2016).

Our scaling to SLSNe of equation (22) originally developed for
long GRBs points to similar frequencies at much longer durations up
to the time-scale of months revealed by the light curve of SN2015L
shown in Fig. 7. Based on Quimby et al. (2013), we anticipate
an approximate event rate of a few such extreme SN2015L type
events Gpc−3 yr−1, i.e. up to a dozen of SLSN-I per year within a
few hundred Mpc. It therefore seems worthwhile to pursue a multi-
messenger view on these remarkable events. Such multimessenger
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On extreme transient events from rotating BHs 3227

observations will be instrumental in resolving current ambiguities
in the central engines of core-collapse supernovae, i.e. neutron stars
and stellar mass black holes, and in the nature of SN2015L type
events, whether they are, in fact, supernovae or perhaps tidal disrup-
tion events around supermassive black holes (Leloudas et al. 2016).
Stellar mass versus supermassive black holes should be identifi-
able by quasi-periodic frequencies about the ISCO in, conceivably,
gravitational waves and X-ray emission alike.
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