
Super-Luminous	Supernovae		
from	Ejecta	/	CSM	interac8on	



Diversity of Supernova Light curves 

Smith	et	al.	
Superluminous	SNe	
			L(t)	dt	≈1050-51erg		

“Standard”	SNe	
L(t)	dt	≈1049erg		

Giant	star	erup8ons	
e.g.		η	Car	



Progenitors	and	explosion	mechanisms	

Thermonuclear	runaway	(SN	Ia:	no	H,	no	He,	strong	SiII):	
•  Combus8on	of	≈1M¤	of	C/O	to	Si/56Ni	(IME,	IGE)	releases	≈1051erg	
•  Accre8ng	WD	near	Mch	or	merger	of	two	sub-Mch	WDs	
•  Low-mass	graveyard		

•  No	remnant	
•  Associa8on	with	old	stellar	popula8ons.	
	
Gravita=onal	collapse	(SN	II,	IIb,	Ib,	Ic:	H/no-H	and/or	He/no-He):	
•  Collapse	of		≈1M¤	Fe	core	to	a	neutron	star	releases	1053erg.		
•  Neutrino	energy	deposi8on	is	key.		
•  Energy	from	combus8on	is	secondary		
•  Massive-star	graveyard	(M≥8M¤).		
•  Neutron	star	or	black	hole	remnant	
•  Associa8on	with	young	stellar	popula8ons.	
	



Supernova energy evolution 

At shock emergence: Erad ~ Ekin  
Within seconds to days: dPrad/dr è Etot ~ Ekin 
⇒  homologous expansion: RSN >> R★  
                                            V(m) ~  R(m) / t  
                                            V(m) = const. 
                                                 ρ(m) = ρ0(m)(texpl/t)3

 
(Isolated) Ejecta Evolution controlled by  
•  Initial shock-deposited energy 
•  Cooling  
•  Heating 
•  Transport 



SN radiation influenced by cooling 

•  Cooling through expansion primarily  

•  dE=dQ-PdV ; Prad >> Pgas: E=aT4V, P=aT4/3 
•  => if dQ=0 then dT/T=-1/3 dV/V. Since dV/V=3dR/R => T ≈ 1/R 
•  Explosion of a WD: R0=108cm, RSN=1015cm => RSN/R0=107 

•  => T drops from 109K to room T in ~2 weeks! 

 
δQ=0 



Supernova radiation influenced by heating 

•  Energy initially deposited by the shock 

•  Recombination energy: e.g. 13.6eV per HI (weak). 

•  Radioactive decay energy: 56Ni è56Co è56Fe.  

             56Ni è56Co : 1.75MeV per decay, half-life=6.07d 

                    56Co è56Fe : 3.74MeV per decay, half-life=77.22d 

•  External sources:  

                Magnetar spin-down (Eth) 

                Ejecta/CSM Interaction (Ekin è Eth) 



Superluminous	Supernovae:	Mechanisms	

•  Powered	by	huge	56Ni	mass	:	pair-instability	SNe		or	extreme	CCSNe	

•  Powered	by	magnetar	radia8on:	Delayed	energy	injec8on	from	

compact	object	with	large	B	and	Ω	=>	par8cle	+	X-rays/γ-rays	emission	

•  Powered	by	interac8on	with	CSM	:	Ekin	->	Eth	->	Erad	



Why	is	ejecta/CSM	interac8on	an	efficient	engine?	

Ekin	(~1051erg)	>>	8me-integrated	Lbol	(~1049erg)	
=>	Tapping	1%	of	Ekin	doubles	Erad	
Interac8on	taps	regions	with	largest	V,	lowest	RHO	



The	diversity	of	interac8on	signatures	

•  Interac8on	inferred	from	narrow	spectral	lines	(IIn)	+	huge	luminosity		
•  Range	of	LC	dura8on,	morphology,	Lbol	maximum	etc.		
•  Cases	studies:		
⇒ SN	2010jl	
⇒ SN1998S	
⇒ SN2013fs	
⇒ SN1994W	

	



The	diversity	of	spectral	signatures	

•  SN2010jl:	narrow	symmetric	then	broad	bluedshijed	lines	

Fransson+14	



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: Vthermal 

•  Coherent scattering in CMF due to expansion, Redshift in Observer’s frame: Vexpansion 

•  Vexpansion > Vthermal ⇒ the redshift dominates: P-Cygni profile with enhanced red-wing flux 

•  Vexpansion < Vthermal ⇒ non-coherent redshift/blueshift dominates: Symmetric profile (SNe IIn) 

Effect of varying Vphot  
on Hα morphology 

           
 



The	diversity	of	spectral	signatures	

•  SN1998S:	narrow	symmetric	->	featureless	spectra	->	`standard’	II-P/II-L	spectrum	



The	diversity	of	spectral	signatures	

SN2013fs:	Same	as	SN1998S	but	more	rapid	evolu8on	(similar	event:	SN2013ca)	

Yaron+17	

Early	signatures	of	interac8on	 Evolu8on	into	a	non-interac8ng	/	standard	Type	II	



The	diversity	of	spectral	signatures	
•  SN1994W:	narrow	symmetric	lines	that	become	narrower	with	8me	
(other	similar	events:	2009kn,	2011A,	2011ht.	



Configura8ons	for	CSM	/	ejecta	interac8ons	

•  Energe8c	massive	ejecta	+	high-mass	CSM	
•  Energe8c	massive	ejecta	+	low-mass	CSM	
•  Energe8c	massive	ejecta	+	compact/dense	CSM	
•  Energe8c	light	ejecta	+	massive	CSM	



Numerical	Simula8ons	of	Interac8ng	Supernovae	
•  Configura8on:	Faster	inner	shell	(Ekin)	and	slower	massive	outer	shell	(Mass)	
•  Strong	shock	=>	cooling	by	radia8on	
•  High	mass	=>	large	τ => radia8on	trapping	
•  Energy-dependent	opacity	=>	non-grey	approach	
=>	Mul8-group	Radia8on	hydrodynamics	with	heracles	(Audit/Gonzalez)	Super-luminous Type IIn SNe 3

10−1 100 101

Radius [1015cm]

102

103

104

V
el
oc
it
y
[k
m
s−

1
]

10−1 100 101

Radius [1015cm]

103

104

T
em

p
er
at
u
re

[K
]

10−1 100 101

Radius [1015cm]

10−17

10−16

10−15

10−14

10−13

10−12

10−11

D
en
si
ty

[g
cm

−
1
]

10−1 100 101

Radius [1015cm]

0

2

4

6

8

10

12

M
as
s
[M

⊙
]

Figure 2. Initial configuration for the reference interaction model X simulated with HERACLES. We show radial profiles of the velocity, the temperature, the
mass density, and the Lagrangian mass. Global quantities and additional details for this model are given in Table 1 and Section 2.1.

range), two groups for the Balmer continuum, two for the Paschen
continuum, and three groups for the Brackett continuum and be-
yond. Our opacity code first computes the LTE level populations
and ionization state of the gas. It then uses the atomic data available
with CMFGEN to compute LTE opacities and to make the opacity ta-
ble. The domain covered is 10−20 to 10−5 g cm−3 in 200 bins, and
from 2000 to 500,000 K in 500 bins — we use the nearest edge for
requests outside the table boundaries. Here, we consider the con-
tribution from electron scattering and bound-free opacity for H I,
He I- II, and Fe I-XII. Line opacity, not-critical in H-rich environ-
ments, is ignored here. These various properties are illustrated in
Fig. 1, where we give the inverse photon mean free path associ-
ated with different processes at different density/temperatures, and
wavelength. In super-luminous SNe IIn, the spectrum formation re-
gion is typically optically thick in the Lyman continuum (and X-
rays) because the opacities are huge there, while beyond the Lyman
continuum, electron scattering opacity typically dominates over ab-
sorptive opacities. So, high-energy photons will tend to thermal-
ize, even at low electron-scattering optical depth, while low-energy
photons will thermalize inefficiently at most times and locations.

Our simulations are 1-D and use a uniform radial grid with
2000 points, covering from 0.05 to 2× 1016 cm. Degrading the res-
olution by a factor of four produces the same overall properties
(e.g., the bolometric maximum is changed by ∼ 10%), although
the shock is less resolved and more numerical diffusion occurs as
the shock crosses grid zones in the course of the simulation.

The initial configuration for the interaction is determined an-
alytically. We prescribe a density and a temperature structure for

the inner shell (tagged as the SN ejecta, but the results apply to any
ejected shell with similar properties) and the outer shell (we assume
the CSM arises from pre-SN mass loss in the form of a wind). We
adopt a structure for the SN which is based on the simulations of
core-collapse SN we perform (Dessart et al. 2010b,a), in practice
comparable to the formulation of Chevalier & Irwin (2011) and
Moriya et al. (2013b). In the present paper, we are only interested
in studying the basic properties of super-luminous SNe IIn and thus
focus on one event, i.e., SN 2010jl, for which we are guided by the
parameters of Fransson et al. (2013), who argue for a SN explosion
leading to interaction with a dense and extended CSM.

For our standard interaction model, named X, we take a
10M⊙ inner ejecta with 1051 erg. Its density structure is given
by a power law in radius with exponent Nρ = 8 outside of
V0 ∼ 3000 km s−1 and constant within it, and its temperature struc-
ture is given by a power law in radius with exponent NT = 0.4,
rising from 2000K at the ejecta/CSM interface radius located at
Rt (we enforce a maximum temperature of 65000 K in the inner
ejecta). The SN ejecta is 11.6 d old when the interaction starts. For
the outer shell, which starts at Rt = 1015 cm, we adopt a wind
structure with a constant velocity of 100 km s−1 (and constant
temperature of 2000 K), but split that space into two regions of
distinct density. Below 1016 cm, we prescribe a mass loss rate of
0.1M⊙ yr−1, and beyond that radius we use a mass loss rate two
orders of magnitude smaller, i.e., 10−3M⊙ yr−1. The motivation
for this is two fold. First, the CSM mass should not become unre-
alistically large. By truncating the high mass loss region, we can
control the total CSM mass for any chosen mass loss. Secondly,

c⃝ 2011 RAS, MNRAS 000, 1–20

Inner	shell:	SN	ejecta	
10M¤,	1051erg	
	
Outer	Shell:	strong	wind	
0.1M¤/yr,	3M¤,	vel=100km/s	
Uniform	H-rich	composi8on		



Evolu8on	of	interac8on:	Day	4.1	



Evolu8on	of	interac8on:	Day	29.9	



Evolu8on	of	interac8on:	Day	179.9	



Evolu8on	of	interac8on:	Day	389.9	



Numerical	Simula8ons	of	Interac8ng	Supernovae	

•  Shock	powered	luminosity:		

•  Op8cal	depth	effects	:	Lbol<Lshock	for	t<tdiff	
•  LC	break	when	shock	leaves	dense	CSM	

SN2010jl	model	
(Fransson	et	al.	2014)	

Lrad	@	shock	

Lrad	@	Rmax	

Rmax/C	

τRCSM/C	

RCSM/Vshock	



Spectral	evolu8on	
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Fig. 6.— Spectral sequence in the optical from observations with FAST and MMT. Each
spectrum has been shifted upwards by 10−14 erg s−1 cm−2 Å

−1
relative to the one below.

The wavelengths of the Balmer lines are shown, as well as the broad He I λ5876 line.

SN2010jl		 Fransson	et	al	(2014)	

Reproduc8on	of	narrow	symmetric	profiles	
Very	slow	spectral	evolu8on	
Evolu8on	to	lower	T/color	(fixed	Rphot)	

Super-luminous Type IIn SNe 13

Figure 11. Montage of spectra at selected epochs (see right label) for our reference model X. The high-frequency patterns in the UV are caused by line
blanketing from Fe II and Fe III in this model, while the optical is composed of H I, He I, and Fe II lines. At early times, lines typically show a hybrid
morphology with a narrow core and extended wings, up to about 2000 km s−1 from line centre. As time progresses, a blue shifted component, associated with
emission from the CDS, grows in strength. Line broadening is then caused by electron scattering and expansion.

c⃝ 2011 RAS, MNRAS 000, 1–23



Comparison	to	SN	2010jl	
Reproduces	narrow	line	core	&	broad	wings:	electron	scavering	+	emission	in	CSM.	
Reproduces	(qualita8vely)	the	emission	blueshij:	Contribu8on	from	dense	shell.	

14 Luc Dessart, Edouard Audit, and D.J. Hillier

Table 2. Summary of properties for the CMFGEN simulations based on the reference interaction model X. We include the properties at the photosphere, at the
location of maximum density in the interaction region (the CDS), and the properties of the fitted blackbody (see Fig. 13 for an example). We select epochs
when the CDS is well below the photosphere, so that the interaction region is optically thick.

age Lbol MB MV MR MI Rphot Tphot Ne,phot Rcds Tcds Ne,cds Rbb Tbb Lbb

[d] [erg s−1] [mag] [mag] [mag] [mag] [1015 cm] [104 K] [cm−3] [1015 cm] [104 K] [cm−3] [1015 cm] [104 K] [erg s−1]

20.8 2.15(43) -18.61 -18.68 -18.85 -18.86 7.17 1.33 4.36(8) 1.25 1.66 1.76(11) 1.172 1.084 2.259(43)
41.7 2.23(43) -18.84 -18.98 -19.14 -19.21 7.10 1.27 4.42(8) 1.78 1.18 1.33(11) 1.448 1.033 2.371(43)
62.5 1.21(43) -18.40 -18.68 -18.90 -19.03 7.02 1.09 4.05(8) 2.86 1.01 1.05(11) 1.616 0.879 1.289(43)
83.3 9.88(42) -18.16 -18.55 -18.82 -19.01 7.04 1.00 4.00(8) 3.37 0.79 3.93(10) 1.848 0.788 1.050(43)
104.2 8.65(42) -17.95 -18.43 -18.74 -18.99 7.11 0.97 3.94(8) 3.91 0.76 2.25(10) 2.083 0.715 9.068(42)
125.0 7.99(42) -17.74 -18.27 -18.62 -18.89 7.08 0.98 3.96(8) 3.64 0.61 9.24(9) 2.199 0.673 8.496(42)
145.8 7.26(42) -17.56 -18.12 -18.49 -18.77 7.15 1.00 3.90(8) 4.94 0.69 9.51(9) 2.199 0.646 7.503(42)

Figure 12. Montage of multi-epoch spectra for Model X (left) and SN2010jl (right; Zhang et al. 2012) shown in velocity space with respect to the rest
wavelength of Hα. Qualitatively, the model reproduces well the strengthening of the blue-shifted emission component and the increasing width of the observed
Hα line profile. Quantitatively, the magnitude of the blueshift is somewhat too high while the width of the emission feature is underestimated.

c⃝ 2011 RAS, MNRAS 000, 1–23



Numerical	Simula8ons	of	Interac8ng	Supernovae	

•  Huge	diversity	from	varia8ons	in	
ejecta	Ekin	and	CSM	mass.	

•  Similar	spectral	evolu8on	to	2010jl	

•  Ekin	conversion	efficiency	of	30-70%		

Super-luminous Type IIn SNe 5

Table 1. Summary of simulations performed in this work. The reference model X is discussed in detail through the most part of the paper (Section 2), while
additional simulations (Xe3 etc.) are discussed in Section 5. For all simulations, the minimum and maximum radii of the Eulerian grid are 5×1013 and
2×1016 cm, and the transition radius between the SN ejecta and the CSM lies at a radius Rt of 1015 cm. In all cases, the mass of the inner shell (the SN
ejecta) is 10M⊙ , and the CSM wind velocity is 100 km s−1. Results from the HERACLES simulation for each model are given in the last three columns. The
time to peak is the time to reach maximum from the time when the rising bolometric luminosity is only 1% of the value at peak (this way, we cancel the light
travel time to the outer boundary, where we record the flux). We finally add results from Section 3 for the bolometric correction and color at peak. Numbers in
parenthesis are powers of ten.

model Ekin,SN Vmax,SN Ekin,CSM MCSM ṀCSM,in ṀCSM,out Lbol,peak B.C.@peak (V − I)@peak tpeak
!

Ldt
[1051 erg] [km s−1] [1051 erg] [M⊙] [M⊙ yr−1] [erg s−1] [mag] [mag] [d] [1051 erg]

X 1 9608 5.17(-4) 2.89 0.1 0.001 3.024(43) -1.06 0.15 19.4 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) 17.31 0.6 0.006 2.080(44) -1.39 0.01 55.7 2.05
Xe3m6r 3 16642 6.08(-3) 26.73 0.6 0.006 1.818(44) -1.05 0.06 68.3 2.13
Xe10 10 30384 2.55(-3) 2.89 0.1 0.001 6.399(44) -1.46 0.13 12.7 2.92
Xe10m6 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 1.46(-3) 8.66 0.3 0.003 3.906(43) -0.84 0.13 47.9 0.49
Xm6 1 9608 2.87(-3) 17.31 0.6 0.006 4.751(43) -0.80 0.27 77.5 0.63

adopted CSM structure) at 10 days after the onset of the interac-
tion, Rphot ∼ 7×1015 cm, the CSM optical depth is ∼15, and the
diffusion time from the shock to the photosphere is∼35 d.

A critical element in this scenario is that Rphot may subse-
quently move under two circumstances only. First, the CSM may
recombine and its opacity to radiation decrease, leading to a re-
cession of the photosphere. This we do not see in our simulations
because the large and sustained supply of radiation from the shock
maintains a high ionization in the CSM. The other circumstance,
which inevitably occurs, is that the shock (and the CDS), even-
tually overtakes Rphot. This occurs in this simulation at ∼ 200 d,
which corresponds to the shock crossing time to Rphot from Rt

at a velocity of ∼3000 km s−1 (Fig. 8). Because of expansion, the
CDS has a decreasing optical depth with time.3

Hence, the evolution of the light curve for the first ∼ 200 d
is essentially at fixed Rphot. The morphology of the light curve
(Fig. 3) differs from the monotonically decreasing shock luminos-
ity because of optical depth effects, very much in the manner of
56Ni powered optically-thick ejecta of standard SNe (Arnett 1982;
Chevalier & Irwin 2011; Moriya et al. 2013b). At early times, the
Lshock is huge but the optical depth is large so radiation energy
is stored and released on a diffusion time scale of about a month.
Bolometric maximum occurs at t ∼ tdiff . Past maximum, the SN
radiation exceeds for a while and eventually becomes equal to the
shock luminosity. A steady-state configuration sets in because the
shock luminosity evolves slowly and the diffusion time is only a
few days (because the CDS is now much closer to Rphot). Note
also that radiative equilibrium holds beyond the shock region at
t > tdiff (top right panel of Fig. 9).

Hence, the bolometric evolution over the first 200 d reflects
primarily variations not in Rphot but in the radiation temperature,
itself dependent on the amount of energy injected and stored be-
tween the photosphere and the CDS. For times t < tdiff , this en-
ergy accumulates and the temperature of the optically-thick CSM
gas goes up to a maximum around bolometric maximum. For times
t > tdiff , less and less energy is stored until the steady-steady state

3 This holds even for full ionization. We note that the radial compression
of CSM material by the shock does not change the CSM optical depth; this
would require lateral compression, inexistent in a spherically-symmetric
simulation. So, what changes the optical depth here is expansion.

regime is reached. As the shock luminosity decreases, the radiation
temperature decreases too and the SN luminosity ebbs.

At the end of the simulation, a total of 0.3×1051 erg has been
radiated, drawn from the 1051 erg of kinetic energy stored in the
inner ejecta. There still remains, untapped, 0.7×1051 erg of kinetic
energy in the system, primarily in the massive CDS which still ad-
vances through space at ∼3000 km s−1. So, for this configuration,
we obtain a conversion efficiency of kinetic to radiation energy of
30%. This is an overestimate of what can be achieved because in
a multi-dimensional configuration, some kinetic energy could also
be stored in the lateral direction. Unlike Moriya et al. (2013b), we
make no attempt to estimate this, in part because these lateral mo-
tions will be much slower than the radial motion of the material and
thus cannot represent a large loss for the radiation.

In the next section, we will discuss in more detail the radia-
tive transfer properties of this interaction. One thing to note is that
despite the significant optical depth of the configuration, the pho-
ton mean free path is non negligible. This is particularly true in the
inner ejecta region once expansion has caused significant cooling
because these regions do not benefit from the shock luminosity (the
bulk of the radiation streams radially outwards from the interac-
tion). There is a temperature jump ahead of the interaction (Fig. 10)
caused by radiation leakage from the shock, as in the phenomenon
of shock breakout in core-collapse SNe (Klein & Chevalier 1978).
This structure is comoving with the shock, since the conditions that
cause it persist for as long as the shock remains optically-thick.

Our results are in agreement with the radiation hydrodynam-
ics simulations of Moriya et al. (2013b). Our simulation also em-
phasizes that the shell shocked model (Smith & McCray 2007a)
is not adequate for optically-thick super-luminous SNe IIn, as also
pointed out by Moriya et al. (2013a). The fundamental discrepancy
in the shell shocked model is that it is not possible for a shock to
cross a very extended CSM, ionize it, store energy within it, and
subsequently let this shocked material radiate the deposited energy.
This scenario applies to shocks crossing the interior of a stellar en-
velope (as in successful core-collapse SNe) only because the stellar
interior has a huge optical depth. At every location except for the
outermost stellar layers, the radiation dominated shock progresses
outward faster than the photons it carries in its wake because the
photon mean free path is exceedingly small and photon diffusion
times exceedingly long compared to the shock crossing time. In in-
teracting SNe, this configuration does not hold at all. Even for very

c⃝ 2011 RAS, MNRAS 000, 1–20



The	case	of	a	lower	CSM	mass/extent:	SN1998S	



Ini8al	ejecta/CSM	configura8on	for	SN1998S	
10Msun	10^51erg	RSG	explosion	in	0.3Msun	CSM			



Results	from	Radia8on	Hydro	



Results	from	Radia8on	Hydro	

Dot:	V(CDS)	



LC	and	spectral	comparison	for	SN1998S	

SN1998S	

Model	matches	LC	and	spectra	of	98S	
Model	matches	LC	of	94W	but	not	the	
spectra	(broad	lines	at	late	8mes)	



Results	from	Radia8ve	Transfer	

Broad	lines	at	
late	8mes	

Obs:	SN1998S	Model	A		

Narrow	lines:	IIn	

Pure	absorp8on	
lines	



Explosion	in	the	RSG	wind/atmosphere:	SN2013fs	

SN2013fs:	Same	as	SN1998S	but	more	rapid	evolu8on	(similar	event:	SN2013ca)	

Yaron+17	

Early	signatures	of	interac8on	 Evolu8on	into	a	non-interac8ng	/	standard	Type	II	



Explosion	in	the	RSG	wind/atmosphere:	SN2013fs	

Put	0.001-0.1Msun	of	material		on	top	of	
the	RSG	surface	(wind/atmosphere),	i.e.,	
within	5-10Rstar	



Explosion	in	the	RSG	wind/atmosphere:	SN2013fs	

Bolometric	light	curves	from	radia8on	hydrodynamics	simula8on	



Explosion	in	the	RSG	wind/atmosphere:	SN2013fs	

Low-density	environment:	
Doppler-broadened	

blueshijed	emission	lines	
at	all	8mes	

High-density	environment:	
electron-scavering	

symmetric	line	profiles	at	
early	8mes		



Environment	of	Betelgeuse	

Kervella+09	



Explosion	of	a	He-core	inside	detached	massive	CSM	



SN1994W - Results from Radiation Hydro 

Strong deceleration of inner 
shell 
Huge conversion efficiency 
of Ekin to Erad 



SN1994W - Results from Radiative transfer 

OK match to 94W light curve 
Narrow lines at all times 



SN1994W - Results from Radiative transfer 

Narrow Halpha getting narrower with time 


