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Observational context: Light curves

Super-luminous events

Late-time flattening

Light curve diversity



Observational context: Spectra

Broad-boxy profile at late timesNarrow line profiles early-on



The case of “standard” interacting SNe

High CSM mass/density/extent  
Þ t (CSM) large
Þ Ejecta deceleration (CDS velocity decreases with time)
Þ Conversion Ekin to Erad and release on diffusion time
Þ Reprocessing of radiation by CSM produces the narrow lines
Þ Treatment requires radiation hydrodynamics



Numerical Simulations of Interacting Supernovae with HERACLES

• Configuration: Faster inner shell (Ekin) and slower massive outer shell (Mass)
• Multi-group Radiation hydrodynamics with HERACLES (Audit/Gonzalez)
• Application to SLSN IIn 2010jl (Dessart, Audit, Hillier 2015)
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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,
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Inner shell: SN ejecta
10M¤, 1051erg

Outer Shell: strong wind
0.1M¤/yr, 3M¤, vel=100km/s
Uniform H-rich composition 



Evolution of interaction: Day 4.1



Evolution of interaction: Day 29.9



Evolution of interaction: Day 179.9



Evolution of interaction: Day 389.9



Numerical Simulations of Interacting Supernovae

• Shock powered luminosity: 

• Optical 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

tRCSM/C

RCSM/Vshock



Spectral evolution: post-processing with CMFGEN
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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)

Post-processing with CMFGEN non-monotonic solver
Reproduction of narrow symmetric profiles
Very slow spectral evolution
Evolution to lower T/color (fixed Rphot)
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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.
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Problems

• Post-processing with CMFGEN only works when t>1-10
• T from hydro is LTE
ÞMethod good only at early times
ÞMethod will eventually fail at some late time (depending on Mdot)



Bypassing Radiation Hydrodynamics

• Mdot from 1e-5 to 1e-3Msun/yr: optically thin but huge shock power
ÞNeglect CDS growth in mass
ÞNeglect absorption emission/absorption from unshocked CSM
ÞIntroduce solely shock power. Treat as decay power
Benefit: focus on thermalized shock radiation only, treat the full problem in non-LTE
Minuses: no signatures from unshocked CSM, no X-rays, not fully consistent



Photometric impact for various constant shock powers

• Weak impact in optical though depends on 
thermalization, clumping etc

• Strong impact on the blue (UV, U-band)
• Impact on color





Application to SN1993J at late times
• Modeling of the interaction with CMFGEN. Ignore decay.
• Dense shell of 0.2Msun moving at 8500km/s at 976d
• Vary power, clumping, composition





Variation in power



The 976d spectrum of 1993J


