Super-Luminous Supernovae
from Ejecta / CSM interaction




Diversity of Supernova Light curves

Superluminous SNe
JL(t) dt =1050-51erg

“Standard” SNe
JL(t) dt =10%%erg

Giant star eruptions
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Progenitors and explosion mechanisms

Thermonuclear runaway (SN la: no H, no He, strong Sill):

* Combustion of =1M, of C/O to Si/>®Ni (IME, IGE) releases =10°!erg
* Accreting WD near Mch or merger of two sub-Mch WDs
 Low-mass graveyard

* Noremnant

* Association with old stellar populations.

Gravitational collapse (SN I, Ilb, Ib, Ic: H/no-H and/or He/no-He):
* Collapse of 1M Fe core to a neutron star releases 10°3erg.

* Neutrino energy deposition is key.

* Energy from combustion is secondary

* Massive-star graveyard (M28Mg,).

* Neutron star or black hole remnant

* Association with young stellar populations.




Supernova energy evolution

At shock emergence: E._,~ E,,
Within seconds to days: dP,_,/dr = E, , ~ E,i,
= homologous expansion: Rgy >> R,
V(m)~ R(m)/t
V(m) = const.
p(M) = po(M)(texpi/t)’

(Isolated) Ejecta Evolution controlled by
« Initial shock-deposited energy

« Cooling

* Heating

* Transport




Temperature [10* K]

SN radiation influenced by cooling

Cooling through expansion primarily
dE=dQ-PdV ; P4 >> P . E=aT*V, P=aT*/3

« =>ifdQ=0 then dT/T=-1/3 dV/V. Since dV/V=3dR/R => T = 1/R
Explosion of a WD: R,=108cm, Rg\=10"cm => Rq,/R,=10"

« =>T drops from 10°K to room T in ~2 weeks!
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Supernova radiation influenced by heating

Energy initially deposited by the shock
Recombination energy: e.g. 13.6eV per HI (weak).
Radioactive decay energy: *Ni =°6Co =»56Fe.
%Ni =»56Co : 1.75MeV per decay, half-life=6.07d
%6Co =»°%Fe : 3.74MeV per decay, half-life=77.22d
External sources:
Magnetar spin-down (E;,)

Ejecta/CSM Interaction (E;, = E,)




Superluminous Supernovae: Mechanisms

Powered by huge *°Ni mass : pair-instability SNe or extreme CCSNe

Powered by magnetar radiation: Delayed energy injection from

compact object with large B and €2 => particle + X-rays/y-rays emission

Powered by interaction with CSM : E,;,, -> E,; -> E__4




Why is ejecta/CSM interaction an efficient engine?

Ekin (~10°terg) >> time-integrated Lbol (~10%erg)
=> Tapping 1% of Ekin doubles Erad
Interaction taps regions with largest V, lowest RHO
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The diversity of interaction signatures

* Interaction inferred from narrow spectral lines (lIn) + huge luminosity

e Range of LC duration, morphology, Lbol maximum etc.

e (Cases studies:
=> SN 2010jl

= SN1998S
= SN2013fs
= SN1994W
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Flux (107" ergecm™@ s~ A7)

The diversity of spectral signatures

* SN2010jl: narrow symmetric then broad bluedshifted lines
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Effects associated with Electron-scattering:
Frequency redistribution

photon scattering with free electrons causes frequency redistribution
Non-coherent scattering in CMF caused by the thermal motion of scatterers: V¢ ma
Coherent scattering in CMF due to expansion, Redshift in Observer's frame: V,.nsion

Vv = the redshift dominates: P-Cygni profile with enhanced red-wing flux

> Vtherma

< Vihermal = Non-coherent redshift/blueshift dominates: Symmetric profile (SNe 1In)

expansion
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The diversity of spectral signatures

* SN1998S: narrow symmetric -> featureless spectra -> ‘standard’ 1I-P/II-L spectrum
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The diversity of spectral signatures

SN2013fs: Same as SN1998S but more rapid evolution (similar event: SN2013ca)
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F; [Normalised and Shifted]

The diversity of spectral signatures

* SN1994W: narrow symmetric lines that become narrower with time

(other similar events: 2009kn, 2011A, 2011ht.
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Configurations for CSM / ejecta interactions

Energetic massive ejecta + high-mass CSM
Energetic massive ejecta + low-mass CSM
Energetic massive ejecta + compact/dense CSM

Energetic light ejecta + massive CSM



Numerical Simulations of Interacting Supernovae

* Configuration: Faster inner shell (Ekin) and slower massive outer shell (Mass)
e Strong shock => cooling by radiation

* High mass => large T => radiation trapping

* Energy-dependent opacity => non-grey approach

=> Multi-group Radiation hydrodynamics with HERACLES (Audit/Gonzalez)
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Evolution of interaction: Day 4.1
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Evolution of interaction: Day 29.9
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Evolution of interaction: Day 179.9
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Evolution of interaction: Day 389.9
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Numerical Simulations of Interacting Supernovae

. . 2 B
* Shock powered luminosity: Lshock ~ 277 pesmUshock

* Optical depth effects : L, <L
LC break when shock leaves dense CSM

shock

for t<t

SN2010jl model
— (Fransson et al. 2014)
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Comparison to SN 2010jl

Reproduces narrow line core & broad wings: electron scattering + emission in CSM.
Reproduces (qualitatively) the emission blueshift: Contribution from dense shell.
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Numerical Simulations of Interacting Supernovae

model Ekin,SN Vmax,SN Ekin,CSM MCSM MCSM,in MCSM,out Lbol,peak B-C-@peak (V_I)@peak tpeak det

[1051 erg] [km s—1] [105% erg] [Mp] M@ yr_l] [erg s~ 1] [mag] [mag] [d] [105% erg]
X 1 9608 5.17(-4) 2.89 0.1 0.001 3.024(43) -1.06 0.15 194 0.32
Xe3 3 16642 9.70(-4) 2.89 0.1 0.001 1.204(44) -1.35 0.11 15.7 0.88
Xe3m6 3 16642 5.15(-3) 1731 06 0006  2080(44)  -1.39 0.01 557 205
Xe3mér 3 16642 608(-3) 2673 06 0006  1818(44)  -1.05 0.06 683  2.13
XelO 10 30384 2.55(-3) 2.89 0.1 0.001 6.399(44) -1.46 0.13 12.7 2.92
Xel0m6 10 30384 1.31(-2) 17.31 0.6 0.006 1.091(45) -1.80 -0.04 34.2 6.89
Xm3 1 9608  146(-3)  8.66 03 0003  3.906(43)  -0.84 0.13 479 049
Xm6 1 9608 2.87(-3) 17.31 0.6 0.006 4.751(43) -0.80 0.27 77.5 0.63
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magnitude

The case of a lower CSM mass/extent: SN1998S
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Initial ejecta/CSM configuration for SN1998S
10Msun 10751erg RSG explosion in 0.3Msun CSM

Inner shell Outer shell
Model Type Age FEyiy, Mot Vin Ry Type Age Fiin Mot M Vin
[d]  [erg] [Mg] [kms™'] [10'® cm) (d] lerg]  [Mg] Meyr~'] [kms™']
A Ejecta 12.0 1.00(51) 9.96 3000 1.00 Wind 11574 3.49(46) 0.35 0.1 100
I\/iodel A
— 8t
|
Z 6} _
- M 104
= o)
8 4} ~
= 2}
0 - 103 . ,
107! 10Y 107! 109
r [10cm] r [10¢m]
—10 v 10F :
_ —12t 8t
E 14} = 6}
e =
a —16} g 4t
o
18} 2
0

107 107
r [10cm]

107

](')0
r [10cm]




Results from Radiation Hydro
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Results from Radiation Hydro
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LC and spectral comparison for SN1998S
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Results from Radiative Transfer
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Scaled F,\ + shift (erg em?s Ang'1)

Explosion in the RSG wind/atmosphere: SN2013fs

SN2013fs: Same as SN1998S but more rapid evolution (similar event: SN2013ca)
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Explosion in the RSG wind/atmosphere: SN2013fs

Put 0.001-0.1Msun of material on top of —6f — ]
. ) rlwl rlw5h
the RSG surface (wind/atmosphere), i.e., _gl w2 —— rlwSr |
within 5-10Rstar — w3 T orlwe
tvl,—_1(). — rlwd —— r2wl
rlwlh
5—12-
Q
& —14f
—16} \
—18} . ~—
10T 107
r [10°cm])
Model  trise  Abmax Lyol,max fdrop beol dt R, Mejecta Exin Hp ny M My Text
[d [ [ergs™'] lergl [Ro]l [Mo]  [erg] [R.] Moyr']  [Mg]
riwl 0.018 0.062 7.38(44) 1462 6.65(48) 501 12.52 1.35(51) 0.01 1-6) 275(-3) 160
riw2  0.019 0.068 6.71(44) 1304 6.68(48) 501 12.52 1.35(51) 0.01 1(-5)  279(-3) 160
rlw3  0.025 0.15 3.30(44) 574 6.66(48) 501 12.52 1.35(51) 0.01 1(4)  3.05(-3) 160
rlwd 0186 5.11 6.53(43) 5.61 8.6748) 501 1252 135(51) 001 ... 1(3)  559(-3) 169
rlwlh 030 0.755 4.16(44) 1198 2.1049) 501 1252 135(51) 03 12 1(-6)  1.62(-1) 4780
rlwSh 021 1.03 1.7944) 872 1.1049) 501 1252 1.35(51) 0.1 3(3)  3.57(2) 1600
rlwSt 053 236 6.2543) 174 9.4848) 501 1252 1.35(51) 0.01 5(3)  1.02(2) 353
rlwé 194 7.00 5.24(43) 202 1.9949) 501 1252 1.35(51) 0.01 1(2)  3.04(2) 246
2wl  0.081 0.179 8.03(44) 8491 1.44(49) 1107 1257 1.24(51) 0.1 1(-6)  6.14(2) 956




Explosion in the RSG wind/atmosphere: SN2013fs

Bolometric light curves from radiation hydrodynamics simulation
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SN2013fs

Explosion in the RSG wind/atmosphere
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Doppler-broadened

Low-density environment:
blueshifted emission lines

at all times
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High-density environment:
electron-scattering
symmetric line profiles at

early times
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Environment of Betelgeuse
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Explosion of a He-core inside detached massive CSM
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SN1994W - Results from Radiation Hydro
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OK match to 94W light curve

SN1994\W - Results from Radiative transfer

Narrow lines at all times
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SN1994\W - Results from Radiative transfer

Narrow Halpha getting narrower with time
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