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SLSN Spectra

2



 -- Robert Quimby (SDSU) --

SLSN Stay Hot Longer
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RQ et al. 2011

(SLSN-I)

(SLSN-II)
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Are SLSNe: 1) Pair-Instability SNe?

Waldman 2008

• First Proposed it the 1960’s (Rakavy 

et al. 1967; Barkat et al. 1967)

• Massive stars are supported by 

radiation pressure

• At high temperatures, photons are 

created with E > e+e- 

• Losses to pair production soften the 

EOS, and lead to instability

• Expected fate of the first (low metal, 

high mass) stars
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2) Interaction Power?

Ejecta run into surrounding material 
(progenitor wind, shells, etc.) and convert 
kinetic energy into luminosity Smith et al. 2008
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see also Smith & McCray 2007, 
Chevalier & Irwin 2011

Narrow emission lines indicate 
ejecta/wind interaction
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3) Central Engine Power?

2 Kasen & Bildsten

until the remnant is as old as the effective diffusion time
td ∼ (κMej/vtc)1/2, where κ is the opacity, after which
the entropy is lost. Such thermally powered light-curves
(e.g. Type IIp’s) have a luminosity Lth ∼ Esnte/t2d. The
large amount of adiabatic expansion that has occurred
by the time t ∼ td leads to low luminosities.

Now consider the impact of late time (t ≫ te) en-
ergy injection from a young magnetar with radius Rns =
10 km and initial spin Ωi = 2π/Pi. The magnetar rota-
tional energy is

Ep =
InsΩ2

i

2
= 2 × 1050P−2

10 ergs, (1)

where P10 = Pi/10 ms and we set the NS moment of in-
ertia to be Ins = 1045 g cm2. This magnetar loses rota-
tional energy at the rate set by magnetic dipole radiation
(with the angle, α, between rotation and magnetic dipole
fixed at sin2 α = 1/2), injecting most of the energy into
the expanding remnant on the spin-down timescale

tp =
6Insc3

B2R6
nsΩ

2
i

= 1.3B−2
14 P 2

10 yr, (2)

where B14 = B/1014 G. To input this energy at a time
tp ! td requires a minimum B field of

B > 1.8 × 1014 P10 κ−1/4
es M−3/8

5 E1/8
51 G, (3)

where κes = κ/0.2 cm2 g−1, M5 = Mej/5 M⊙ and E51 =
Esn/1051 ergs−1. The required fields are in the magnetar
range. This late time entropy injection resets the interior
energy scale to Eint ∼ Ep and overwhelms the initial
thermal energy when Ep > Esn(te/tp). Thus even low
magnetar energies Ep < Esn play an important role. The
resulting peak luminosity is

Lpeak ∼
Eptp
t2d

∼ 5 × 1043B−2
14 κ−1

es M−3/2
5 E1/2

51 erg s−1,

(4)
which is primarily a function of the magnetic field. This
shows that Lpeak ∼ 1043 − 1045 erg s−1 SNe can be
achieved from magnetars with B14 = 1 − 10 and initial
spins in the Pi = 2 − 20 ms range.

3. HYDRODYNAMICAL IMPACT

Our simple estimate ignores the details of how the de-
posited energy is distributed throughout the interior of
the expanding SNe remnant. Since the dissipation mech-
anism for the pulsar wind in this medium is poorly under-
stood, we assume the injected magnetar energy is ther-
malized spherically at the base of the supernova ejecta.
The remnant is assumed to be in homologous expansion
with a shallow power law density structure in the interior

ρ0(v, t) =

[

3 − δ

4π

]

Mej

v3
t t3

(

v

vt

)−δ

, (5)

where vt = (2Esn/Mej)1/2 is the characteristic ejecta ve-
locity, and the density falls off sharply above vt.

The central overpressure caused by the energy deposi-
tion blows a bubble in the SN remnant, similar to the
dynamics studied in the context of pulsar wind neb-
ulae (e.g., Chevalier 1977; Chevalier & Fransson 1992).
As this bubble expands, it sweeps up ejecta into a thin
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Fig. 1.— Radiation-hydrodynamical calculations of the density
(top) and temperature (bottom) of magnetar energized supernovae,
one month after the explosion. The supernova had Mej = 5 M⊙

and Esn = 1051 ergs. The magnetar had tp = 105 sec and various
values of Ep, labeled in units of 1051 ergs. The dashed line in
the top panel shows the unperturbed density structure, taken from
Equation (5).

shell near the leading shock, leaving the hot, low den-
sity interior evident in the 1-D radiation hydrodynam-
ical calculations of Figure 1. In multi-dimensional cal-
culations of pulsar wind nebulae, Rayleigh-Taylor insta-
bilities broaden the shell and mix the swept-up material
(Jun 1998; Blondin et al. 2001).

The bubble expansion will freeze out in Lagrangian
coordinates when the leading shock velocity becomes
comparable to the local velocity of the expanding SN
ejecta. The postshock pressure is P = 2γρ0v2

s /(1 + γ) =
(8/7)ρ0v2

s for a strong shock, and the pressure of the
energized cavity is P ≈ Ep/3V , where V is the volume,
implying a shock velocity v2

s = 7Ep/32πR3ρ0. The shock
becomes weak when vs ≈ R/t, which determines the final
velocity coordinate of the dense shell

vsh ≈ vt

[

7

16(3 − δ)

Ep

Esn

]1/(5−δ)

, for Ep ! Esn. (6)

The weak dependence on Ep, vsh ∝ E1/4
p , for δ = 1,

places vsh near vt. The total mass swept up in the shell
is Msh = Mej(vt/vsh)3−δ.

The magnetar does not affect the dynamics of the outer
layers of the SN ejecta unless Ep " Esn, in which case the
bubble expands beyond vt and accelerates more rapidly
down the steep outer density gradient. Essentially all of
the ejecta is then swept up into the shell at a final shell
velocity

vsh ≈ vt[1 + Ep/Esn]1/2 for Ep " Esn. (7)

Both estimates for vsh assume no radiative losses.
The presence of a dense shell has consequences for the

supernova spectra. Initially the photospheric velocity,
vph, as measured from the Doppler shift of absorption
line minima, decreases with time as the outer layers of
ejecta become transparent. Once vph has receded to the
shell velocity, however, it will remain constant (Figure 2,
bottom panel). The spectra will then be characterized
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shell near the leading shock, leaving the hot, low den-
sity interior evident in the 1-D radiation hydrodynam-
ical calculations of Figure 1. In multi-dimensional cal-
culations of pulsar wind nebulae, Rayleigh-Taylor insta-
bilities broaden the shell and mix the swept-up material
(Jun 1998; Blondin et al. 2001).

The bubble expansion will freeze out in Lagrangian
coordinates when the leading shock velocity becomes
comparable to the local velocity of the expanding SN
ejecta. The postshock pressure is P = 2γρ0v2

s /(1 + γ) =
(8/7)ρ0v2

s for a strong shock, and the pressure of the
energized cavity is P ≈ Ep/3V , where V is the volume,
implying a shock velocity v2

s = 7Ep/32πR3ρ0. The shock
becomes weak when vs ≈ R/t, which determines the final
velocity coordinate of the dense shell
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The weak dependence on Ep, vsh ∝ E1/4
p , for δ = 1,

places vsh near vt. The total mass swept up in the shell
is Msh = Mej(vt/vsh)3−δ.

The magnetar does not affect the dynamics of the outer
layers of the SN ejecta unless Ep " Esn, in which case the
bubble expands beyond vt and accelerates more rapidly
down the steep outer density gradient. Essentially all of
the ejecta is then swept up into the shell at a final shell
velocity

vsh ≈ vt[1 + Ep/Esn]1/2 for Ep " Esn. (7)

Both estimates for vsh assume no radiative losses.
The presence of a dense shell has consequences for the

supernova spectra. Initially the photospheric velocity,
vph, as measured from the Doppler shift of absorption
line minima, decreases with time as the outer layers of
ejecta become transparent. Once vph has receded to the
shell velocity, however, it will remain constant (Figure 2,
bottom panel). The spectra will then be characterized

Kasen & Bildsten 2010; see also Woosley 2010
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Double Peaked SLSN-I
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Nicholl et al. (2015)

See also Leloudas et al. 2012
Nicholl & Smartt 2016

Kasen et al. 2016
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PTF13dcc
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 Vreeswijk et al. (in prep)



 -- Robert Quimby (SDSU) --

PTF15esb

9

 Yan et al. (in prep)
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SLSN-I / SNIc “Connection”
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Pastorello et al. 2010

RQ et al. 2011
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Superfit
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Howell et al. 2006
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Are SLSN-I and SNIc Spectra The same?

• Body Level One

• Body Level Two

• Body Level Three

• Body Level Four

• Body Level Five
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SLSN-I are Bluer than SNIc
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Some SLSN-I Evolve Faster
 (spectroscopically)
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PEAK MAG

H-poor SLSNe and Ib/c SNe in PTF - light curve properties
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De Cia et al. in prep.

preliminary…
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SLSN-I Spectroscopic
Sequence
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Line Velocities
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 Inserra et al. 2013  Nicholl et al. 2015
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Oxygen Lines (OII)
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PTF12dam (O II)
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PTF12dam (O II)
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PTF12dam (O II)
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O II
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Fe II is Tough
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 Nicholl et al. 2015
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PTF12dam Line Velocities

23

O II

Fe II
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Helium?
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Line Identifications
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 Howell et al. 2013

 Mazzali et al. 2016
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UV Features
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Synow Identifications

27


