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ABSTRACT

We present numerical simulations that include 1-D Eulermanlti-group radiation-
hydrodynamics, 1-D non-Local-Thermodynamic-Equililbniynon-LTE) radiative transfer,
and 2-D polarised radiative transfer for super-luminousraxcting supernovae (SNe). Our
reference model is a10 M, inner shell with 16' erg ramming into a-3 M, cold outer
shell (the circumstellar-medium, or CSM) that extends fiBt? to 2x 106 cm and moves at
100km s'. We discuss the light curve evolution, which cannot be aagtadequately with a
grey approach. In these interactions, the shock-crossiregthrough the optically-thick CSM
is much longer than the photon diffusion time. Radiatiomisstcontinuously leaking from the
shock through the CSM, in disagreement with the shell-sedeckodel that is often invoked.
Our spectra redden with time, with a peak distribution inrilear-UV during the first month
gradually shifting to the optical range over the followingay. Initially Balmer lines exhibit
a narrow line core and the broad line wings that are chaiatiteof electron scattering in
the SNe IIn atmospheres (CSM). At later times they also exhibroad blue shifted com-
ponent which arises from the cold dense shell. Our modelteeare broadly consistent with
the bolometric light curve and spectral evolution obserfiagdSN 2010jl. Invoking a prolate
pole-to-equator density ratio in the CSM, we can also repecedhe~2% continuum polarisa-
tion, and line depolarisation, observed in SN 2010jl. Byyirag the inner shell kinetic energy
and the mass and extent of the outer shell, a large range kfipenosities and durations,
broadly compatible with super-luminous SNe lin like 201jP006gy, can be produced.

Key words: radiative transfer —radiation hydrodynamics — polar@att supernovae: general
— supernovae: individual: 2010jl

1 INTRODUCTION

Since the original identification of interacting superrov@Ne;
[Dopita et al. | 1984; Niemela etlal. 1985) and the creation of
the SN IIn class 90), the sample of such pe-
culiar Type Il SNe has grown from a few to a few tens
of events. It has also revealed an intriguing diversity, nspa
ning a range of luminosities, duration, line profile morphol
ogy, with events like SNe 19887 (Stathakis & Sddler 1991;
mlﬂs) 1994W (Sollerman etlal. 1998; Chugallet
) 20069ym07) and the enigmatic SN 2009i
(Mauerhan et al. 2013; Pastorello et al. 2013; Margutti €2Gil4).
The origin of Type IIn SNe is associated with the interactain
fast material with previously-expelled slowly-expandintaterial
(Grasberg & NadezHin 1986). The resulting shock leads teldec
ation of the inner shell, acceleration of the outer shelt aan-
version of kinetic energy into internal and radiative eyeirge-
cause (standard) non-interacting SNe radiate merely 1%edf t
total energy (the rest being kinetic), interacting SNe casilg
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reach extraordinary luminosities by tapping this abundaser-
voir of kinetic energy. For example, an interaction extrag30%

of a 10! erg ejecta could produce a SN lIn with a luminosity of
10'° L, for 3 months.

Super luminous interacting SNe require both a high kinetic
energy in the inner shell and a large mass reservoir in ther out
shell (see, e.g., Moriva etlal. 2013b). Two good examplesiohs
SNe IIn are SN 2006gyl (Smith etldl. 2007) and more recently
SN 2010jl I1). The latter has extensive phab
ric and spectroscopic observatiohs (Stoll éf al. 2011; Aretral.
12012;/ Ofek et all_2014; Fransson etlal. 2014) and also has spec
tropolarimetric datal (Patat etlal. 202.1; Williams el al. 20How
stars produce the outer shell is unclear — it may be mate-
rial ejected by the pair-production instability (Barkaiod
Woosley et all 2007) or it may be material ejected via a super—
Eddington wind(Qwocki et al. 2004). Here, we simply consite
interaction between a fast moving inner shell and a slowbying
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massive outer shell, and leave aside speculations congetimgir
origin.

Numerical simulations of interacting SNe are generally
undertaken with radiation hydrodynamiOO
\Woosley et al. 2007; Moriya et al. 2013b; Whalen et al. 20h),
drodynamics combined with a parameterised cooling functio
(van Marle et all 2010; Chen et al. 2014), or pure hydrodyoami
(by assuming adiabaticity; see, e. QWDLen
studying super-luminous SNe lIn, radiation hydrodynamigth
a non-grey (multi-group) treatment is a must because thia-rad
tion contribution is a sizeable fraction of the pressurefgn in the
problem, the characteristic temperatures of the radiai@hof the
gas may differ strongly, and the emerging radiation provielesen-
tial signatures characterising the event.

The radiative transfer modelling for SNe lin comes at presen
in two flavours. It is either based on the results of radiatign
drodynamics simulations but limited to a single line, eldqy

I2004), or based on an ad-hoc atmospherictsteuc
and the assumption of steady-state radiation through asili op-
tically thick inner boundar09).

In this work, we discuss numerical simulations for super-
luminous SNe of type lIn, including studies with radiatioydho-
dynamics, radiative transfer, and polarised radiativestier codes.
In Sectior 2, we first present the multi-group 1-D Euleriagiaa
tion hydrodynamics simulations we perform wWifERACLES, in-
cluding the numerical approach, the standard interactiorigu-
ration we adopt as initial conditions, and the results fathkbe
dynamics and the radiation. We then present in SeElion 3.m&n-
radiative-transfer simulations witbMFGEN, which we compute
for a number of snapshots using the results from the radiatio
hydrodynamical modelling. We discuss line profile broadgnand
the relative roles of expansion and electron scatterin§eictiori 4,
we present polarisation calculations based on tloegeGEN simu-
lations but artificially distorted along an axis of symmetrnyorder
to produce prolate density configurations. We assess tled dév
asymmetry needed to explain the observed continuum patims
(and line depolarisation) reported for SN 2010jl. In Seclh we
discuss the dependency of our results on the interactiquepties,
varying the kinetic energy of the inner shell and the massraof
the circumstellar medium (CSM). Finally, in Sect[dn 6, wegent
our conclusions.

2 RADIATION HYDRODYNAMICSWITH HERACLES
2.1 Numerical approach

HERACLES is a Eulerian multi-dimensional radiation-
hydrodynamics code (Gonzalez etlal. 2007), with the pdigib
for multi-group radiation transportm Ebll)heT
hydrodynamics is treated using a standard second orderr®adu
scheme. For the radiation transfer, conduction, flux lichitfu-
sion (FLD) and the M1 moment modél (Dubroca & Feufeas|1999)
are implemented iIMERACLES the latter two with the possibility
of using a multi-group approach. Apart from a comparisonttest
uses a grey treatment, the simulations presented in thisr @ap

all done using the multi-group M1 moment model. As explained
below, a multi-group treatment is necessary in order to tat@
account the large opacity variations with frequency andstheng
imbalance between radiation and gas temperature. The M&imod

diffusion and the free-streaming limit and is rather actairia
between. It is therefore well suited to model regions with for
intermediate optical depth. Furthermore, the M1 methodesol
explicitly for both the energy and the flux through moments of
the radiative transfer equations. The M1 model can distsigu
between absorption/emission and scattering opacities. efiect
of scattering in regions where the scattering opacity is idant
can then be taken into account. Finally, the radiative feanis
formulated in the co-moving frame and as is shoet
dZTli) the Doppler and aberrations effects are properlgpated
for, which is important when large velocity gradients aregant.

We use the multi-group solver because grey radiation trans-
port, often used for simulations of non-interacting Typ&Ne, is
inadequate in SNe lIn. In non-interacting Type Il SNe, trdiation
and the gas have similar temperatures everywhere (eveticalest
large optical depths), so that adopting the Rosseland mezaity,
for example, is not a bad representation of the effectiveibpaf
the material. In contrast, the radiation produced from titerac-
tionin SNe lIn has a characteristic temperature that catiwaiger
from the medium that it traverses, and the total continuuticap
depth is not much in excess of about ten. In the next sectienl-w
lustrate the impact on the light curve produced by assumigga
rather than an energy-dependent LTE opacity for the méteria

In this work, we adopt a uniform composition, with a H mass
fraction of 0.633, He mass fraction of 0.36564, and an irossna
fraction of 0.00136 to reflect approximately the near-sotanpo-
sition of a blue or a red supergiant (hereafter BSG/RSG)(&tar
SN 2010jl[ Stoll et al. 2011) argue for a sub-solar metajljsvhich
may be important for understanding how these SNe lIn cometabo
but is irrelevant for the present radiation-hydrodynanuecssider-
ations).

We supply the code with an opacity table for our adopted com-
position. We compute our opacities as a function of dentiy-
perature and energy group. Energy groups are positionechst-s
gic locations to capture the strong variation in absorptipacity
with wavelength. We use one group for the entire Lyman centin
uum (including the X-ray range), two groups for the Balmen-co
tinuum, two for the Paschen continuum, and three groupshfer t
Brackett continuum and beyoEbOur opacity code computes the
LTE level populations and ionisation state of the gas, ard tises
the atomic data available withitMFGEN to compute LTE opaci-
ties and to make the opacity table. The domain covered g%
105 gem™2 in 200 bins, and from 2000 to 500,000 K in 500 bins
— we use the nearest edge for requests outside the table -bound
aries. Here, we consider the contribution from electroritesdag
and bound-free opacity for HHel-11, and Fa-x11. A major lim-
itation of our work is that we ignore line opacity and emigsiv
in our HERACLESsimulations. Metal line blanketing (in particular
from Fe) would enhance the opacity in the UV (inhibiting het
the escape of UV photons). We also neglect cooling due to CNO
elements, which requires a non-LTE study with specific adlooe
for enhanced photon escape due to the velocity field. Inmusf
these effects is left to a future study.

In Fig.[d, we plot the photon mean free path and its inverse

1 We tried using several energy groups to cover the X-ray aadetdV
ranges better but this caused numerical problems with tiathee trans-
fer. The solver struggled converging when an exceedingiilsnergy/flux
was present in those energy groups, a situation encountetsiie of the
shocked region. In practice, this should not impact ourltesizeably be-

has also some strong benefit compared to the more standarccause the optical depth to hard radiation (all Lyman phdtinkuge at all

FLD approach. First of all the M1 model is exact in both the

times considered here.

© 2011 RAS, MNRAS000,[TH24
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Figure 1. Top row:lllustration of the variation of the photon mean free pattitjland inverse mean free path (right) at a mass densityl6110— 4 g cm—3.
The electron-scattering opacity (black) is the main cbntion to the Rosseland-mean opacity (red; which accountddund-bound and bound-free pro-
cesses), except in the regions of partial ionisation of H ldacat 8000-20000 K and in the iron-opacity bump in the rang@000-200000 K. The precise
temperature regions where these offsets occur depend aitydérhe most critical variation in the opacity is assoethtvith the recombination of H and
He, leading to a very small opacity at low temperati@ettom row:lllustration of the wavelength dependence of the photonmie®e path associated with
absorptive processes (blue)~aB000 K (left) and~ 12000 K (right), corresponding to conditions in which hygka is neutral and ionised, respectively. The
filled dots correspond to the central wavelength of eachggngmoup used for both the opacity table and #ERACLESSIimulations.

(i.e., the opacity) against wavelength for different pses at dif-
ferent densities and temperatures. In super-luminous &Nthé
spectrum formation region is typically optically thick ihe Ly-
man continuum (and at X-ray wavelengths) and high-energy ph
tons will tend to thermalise, even at low electron-scatigopti-
cal depth. Longward of the Lyman continuum, electron sdate
opacity typically dominates over absorptive opacities sadow-
energy photons will thermalise inefficiently at most timesl 4o-

cations.

The simulations in this work use an ideal gas equation oéstat
with vy = 5/3H We also adopt a mean atomic weight of 1.38 in all
simulations. In practice, this value depends on the ioitisattate
of the gas, but in ways that need to be determined by usingerglen

equation of state — this is left to a forthcoming study.

Our simulations are 1-D and use a uniform radial grid with
1600 points, covering from 0.05 to10'® cm. Degrading the res-

2 We therefore ignore the variations in thermodynamic qtiastthat arise

from variations in ionisation.

© 2011 RAS, MNRASD00, [1H24

olution by a factor of four produces the same overall propert
(e.g., the bolometric maximum is changed-+by0%), although the
shock is less resolved and more numerical diffusion occsitha
interaction region crosses grid zones in the course of tinelak
tion. This has a visible impact on the properties of the fodxand
reverse shocks and the associated temperature jumps, dngst
not influence significantly the energy solved for B¢RACLES.
Very high resolution simulations that yielded better resioh of
the shock structure gave, for example, similar resultsHergrop-
erties of the CSM, the shock propagation speed, and the emterg
luminosity.

The initial configuration for the interaction is determineuat
alytically. We prescribe a density and a temperature siradfor
the inner shell (tagged as the SN ejecta, but the resulty &pphy
ejected shell with similar properties) and the outer shed §ssume
the CSM arises from pre-SN mass loss in the form of a wind). We
adopt a structure for the SN ejecta which is based on the atiook
of core-collapse SNe we perforin (Dessart et al. 2010b, rdo-
tice comparable to the formulation/of Chevalier & Irwin (2)Bnd
Moriya et al. (2013b). In the present paper, we are only ésted
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Figure 2. Initial configuration for the reference interaction modesdulated withHERACLES. We show radial profiles of the velocity, the temperature, th

mass density, and the Lagrangian mass. Global quantitéadditional details

in studying the basic properties of super-luminous SNerbhthus
focus on one event (i.e., SN 2010jl), for which we are guidgthie
parameters of Fransson ef al. (2014), who argue for a SNsigplo
leading to interaction with a dense and extended CSM. We tlo no
include any unstable nuclei in the simulation and thus igraory
contribution from radioactive decay.

For our standard interaction model, named X, we take a

9.8 My, inner ejecta (in homologous expansion) witt?416rg. Its
density structure is given by a power law in radius with exgran
N, =8 outside ofl; ~3000km s* and constant within it. Its
temperature structure is given by a power law in density axgho-
nentNt = 0.4, rising from 2000 K at the ejecta/CSM interface ra-
dius located aR; (we enforce a maximum temperature of 65000 K
in the inner ejecta). The SN ejectais 11.6 d old when theaatan
starts. For the outer shell, which starts/at = 10'® cm, we adopt

a wind structure with a constant velocity of 100 km'gand con-
stant temperature of 2000 K), but split that space into tvgbores

of distinct density. Below 1§ cm, we prescribe a mass loss rate

of 0.1 My yr !, and beyond that radius we use a mass loss rate of

102 Mg yr! (i.e., two orders of magnitude smaller). The moti-
vation for this is three fold. First, the CSM mass should retib-
realistically large. By truncating the high mass loss ragige can
control the total CSM mass for any chosen mass loss. Seduad, t
phase of high mass loss in massive starsijikzar lasts for a period
of the order of ten years, not for centuries. With our choiceuer
radius and wind speed, the high mass loss phase has a dwhtion
~ 28yr. Third, the transition to a lower density outer regioifl w
facilitate a reduction in the luminosity at later times, dserved

for this model are given in Teble 1 andti®a[2.1.

in SN 2010jl past 300 d (see below, dnd Franssonlet al! 20b4). F
convenience, we interpolate the density at the junctiowéen the
two shells in order to smooth the profile and avoid an overtyipb
change in luminosity when the shock reaches this regionirrer
edge of the outer shell has a kinematic age of 3.2yr. The C3M ha
a total mass of 2.89 M and a total kinetic energy of 5:210*" erg.

To summarise, for the SN eject® (< R;), we adopt:

V(R) = (R/Rt)‘/max )
Vo = ‘/max/g )
p(V) = po(Vo/V)Ne for V > Vo,
p(V) = pofor V < Vyand
T(V) = 2000 (p(V)/p(Vinax)) V" K.
The proportionality constanis andVi..x are adjusted so that the
total SN ejecta mass and kinetic energy match the desiregval
(see Tablgll). For the CSMR(> R:), we adopt:
p(R) = M /4xR*V,
V =100km s and,
T =2000 K

whereM = Mcsw,in for R < 10' cm andM = Mcswm,out for
R >10"cm.

The initial conditions for model X are shown in Fig. 2. To ex-
plore some dependencies of our results, we vary these &j&iva
conditions and discuss the implications in Secfibn 5 (sse @h-
ble[d).

© 2011 RAS, MNRASD00,[TH24



Table 1. Summary of simulations performed in this work. The refeeemmdel
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X is discussed in detail through the most part of tipepéSectio R), while

additional simulations (Xe3 etc.) are discussed in Se@oRor all simulations, the minimum and maximum radii of theléFian grid are %10'3 and

2x10'6 cm, and the transition radius between the SN ejecta and thé IS

at a radiusR; of 10'° cm. In all cases, the mass of the inner shell (the SN

ejecta) is 9.8 My, and the CSM wind velocity is 100 knT¢. Results from theiERACLESsimulation for each model are given in the last three colurfine
time to peak is the time to reach maximum from the time whenitieg bolometric luminosity is only 1% of the value at pe#hkig way, we cancel the light
travel time to the outer boundary, where we record the fluXd.fwally add results from Sectigh 3 for the bolometric caticecand colour at peak. Numbers

in parenthesis are powers of ten.

model  Eyinsn  Vinax,SN Fiin,csm Mosm Mcsmiin McsMyout Lbol,peak B-Caapeak (V — Dapeak tpeak [ Ldt
[10°t erg] [kms '] [10°!erg] [Mo] Meoyr ] lergs™']  [mag] [mag] [d] [10°! erg]
X 1 9608 5.17(-4)  2.89 0.1 0.001  3.024(43)  -1.06 0.15 19.4 203
Xe3 3 16642  9.70(-4)  2.89 0.1 0.001  1.204(44)  -1.35 0.11 15.70.88
Xe3mé6 3 16642  5.15(-3) 17.31 0.6 0.006  2.080(44)  -1.39 001 575 2.05
Xe3mér 3 16642 6.08(-3) 26.73 0.6 0.006 1.818(44) -1.05 0.06 68.3 2.13
Xel0 10 30384  2.55(-3) 2.89 0.1 0.001  6.399(44)  -1.46 013 712 2.92
XelOm6 10 30384 1.31(-2) 17.31 0.6 0.006 1.091(45) -1.80 04-0. 34.2 6.89
Xm3 1 9608 1.46(-3) 8.66 0.3 0.003  3.906(43) -0.84 0.13 47.9 490
Xmé 1 9608  2.87(-3) 17.31 0.6 0.006  4.751(43)  -0.80 0.27 77.50.63
2.2 Resultsfrom the HERACLESsimulation
Below, we present the salient features from the interacsiom
- ulation, together with illustrations of the bolometric Higcurve
i (Fig.[3), the interaction evolution (Fidsl.[4-7), the prdijeer of the
I; photosphere and of the dense shell (Eig. 8), the evolutiothef
R fluid and of the radiation properties versus radius (Eiga@yl the
;o shock structure (fig._10). We define the photosphere as thédoc
% where the optical depth integrated inwards from the outantary
S is 2/3. For convenience, we consider only the electrontegag
opacity when computing the photosphere location. Thisaha
suitable because the bulk of the emerging radiation eméngbe
optical spectral region where electron scattering is theidant
opacity source. At X-ray and UV wavelengths energy-depende
101 ‘ ‘ optical depths would need to be used.
10° 10 Time [d 10° Initially the CSM, by construction, is at 2000 K and neutral.

Figure 3. Bolometric light curve evolution for the SN IIn model X (milt
group; black) and its grey counterpart (blue). We add therbetric lumi-
nosity at the shock (green dashed curve), which differsresic 200 d from
the recorded bolometric luminosity because of optical ldepid light travel
time effects (there is an 8d light travel time to the outerrmtary from the
initial location of the interaction region and~a35 d diffusion time through
the CSM once it has become ionised). For comparison, we shevart-
alytical model light curve (red dashed curve) for
SN 2010jl.

As the code is Eulerian, the flow constantly leaves the grid at
the outer boundary. Conditions are flow out, for both the gas a
the radiation. At the inner boundary, we use a reflecting itimmd
for the radiation (zero flux). For the gas, we use an inflow ¢ond
tion dynamically consistent with the properties of the ingkell.
We assign to this injected material a low temperature of 2000
velocity that preserves the homologous expansion of therisimell
material {/ « R), and a densitys, = p12®, withz = /(¢ + dt),
and wherep; is the density in the first active zone~= R, /Vip,
anddt is the time step. The injected material has no dynamical or
radiative influence on the physics of the interaction andresults.
We continue the simulations until the interaction regiorvesoout
of the grid, until the luminosity becomes about 100 timeslgena

It has a huge opacity to Lyman-continuum photons but is pans
ent at longer wavelengths (Figl 1). However, after about akwe
this CSM is ionised (the ionisation is nearly complete fodtoy
gen, but only partial for helium). This rapid change occlssaa
ionisation front sweeps the CSM (see the early migrationhef t
photosphere, shown as a filled dot, in [Fig. 8), triggered kyhilge
luminosity arising at the shock. At the onset of interactiooth the
CSM density and the ejecta velocity are maximum, so the shock
luminosity is at its maximum. The luminosity is dominatedthg
contribution from the forward shock and can be estimatedh wit
Lnock ~ 2777 pesm¥hoa (S€€, €.9._Chugai & Danziger 1994),
which is of the order of 210" ergs™!. As time progresses, the
fast ejecta is decelerated by the CSM and the shock lumjnosit
decreases. Within 10d, the maximum velocity~i$000 km s'*
and the shock luminositye3x10*3 ergs . These luminosities are
extreme. Adopting a representative radiative luminosfty dew
10" ergs! crossing the CSM over the first ten days, this amounts
to a total radiative energy on the order of*i@rg, which is 100-
1000 times the energy required to ionise the hydrogen atortisit
H-rich shell. Only a small fraction of this energy is absattmit
this is more than sufficient to cause rapid ionisation of ti&&/C
Once the CSM is ionised, the minimum continuum opacity
is set by electron scattering, and is moderate at all wagéhen
Photons, which are injected at the shock, are thermalisedtalu
the huge X-ray/UV opacity and converted to UV/optical pmsto

than at maximum, or when 2 years have passed, whatever comes'hese photons are trapped and escape after diffusing fone ti

first.

© 2011 RAS, MNRASD00, [1H24

taig ~ TesmAR/c, WhereAR = Rphot — Reds, and Rphot IS
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discussion in Sectidn 2.1). We use 3 groups longward of tisetea jump, two groups in the Paschen continuum, two groutheiBalmer continuum, and
one group for the Lyman continuum. The time is 4.1 d after thgeoof the interaction. The electron scattering contidlouis not included in these groups.

the photospheric radius ang.qs is the Cold-Dense-Shell (CDS) temperatures by radiative emissrn our reference simulation
radius. This CDS is very narrow (i.elp'® cm) and is bounded (i.e., for this adopted CSM structure) at 10 days after theebof

by the reverse shock and the forward shock. As can be seen in

Figs[@E£Y and Fid. 10, the forward shock exhibits a Zel'dowipike

dZ_QLd_OALI&h_&_Ra.lZdTLlQ_dU where the gas temperature besome 3 We 0btajn_ hi_gher spike t_erpperatures;é)i()'5 K With higher resplution.

very high before relaxing to its post-shock value. In piegtithe However, it is in practice difficult to resolve the spike sture given the

. . . . scale of the problem. Shock temperatures of-10° K are obtained if we
CDS is not cold — its temperature at these early times is iegxc . . : ) ) . - )
simulate the same interaction configuration without raalietransport (i.e.,

of 20000 K, having, however, efficiently cooled from X-rayosk equivalent to hydrodynamics only). When radiation is ideld, radiation
mediates the properties of the shock. The large heat cgpzfdite photon
gas reduces the shock temperature. The diffusion and tap@s€radiation

© 2011 RAS, MNRASD00,[1H24
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Figure 5. Same as Fid.l4, but now for a time of 29.9 d after the onset aftieeaction.

the interactionRpnot, ~ 7x10'° cm, the CSM (electron scattering)
optical depth is~15, and the diffusion time from the shock to the
photosphere is-35d.

The light curve we obtain if we assume grey radiation trans-
port (within the M1 model) is quite different (blue curve irgH3),
especially at early times. The luminosity is maximum at tegib-
ning, because the grey opacity is very low for cold gas. Irtresit,
the opacity to X-rays and UV photons is huge at low tempeeatur
Hence, in the grey case, the photons initially producedeaskiock
travel without being absorbed and reach the outer boundeagiul-
terated. It is only subsequently that the streaming ramhataises

from the shocked region exacerbates the reduction in teahper of the
shocked region compared to a pure hydrodynamics configarati

© 2011 RAS, MNRASD00, [1H24

the CSM temperature and increases its optical depth, cpasiip
and a bump in the light curve, but the corresponding opadity i
the X/UV ranges is still much lower than what it is in NaturéeT
radiation properties (bolometric luminosity, but alsoaok etc.)
are thus affected. This test clearly shows that multi-groagia-
tion transport (with groups that span from short to long viength,
even coarsely) is important when modelling SNe Iin.

The evolution of the photospheric radius is quite compédat
Initially it progresses to larger radii as the CSM becomesemo
ionised. Once the medium is fully ionised, the photosphexitus
remains almost constant (FId. 9). Depending on circumssrbe
photospheric radius can then either decrease or increaise.the
CSM may recombine and its opacity to radiation decreasdiriga
to arecession of the photosphere. This is not seen in outaions
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Figure 6. Same as Fid.l4, but now for a time of 179.9 d after the onseteoiintieraction.

because the large and sustained supply of radiation frorshibek
maintains a high ionisation in the CSM. The other circumstan
which inevitably occurs, is that the shock (and the CDS)nawve
ally overtakesRpnot causing the photospheric radius to increase
again. This occurs in this simulation-&t200 d, which implies that
the average shock velocity over the first 200 days3§00 km s*
(Fig.[8). Because of expansion, the electron-scatteritigaimlepth
of the CDS decreases with tinfé.

The evolution of the light curve for the first-200d is

4 This holds once the CSM is fully ionised. Radial compressib@SM
material by the shock does not change the CSM electroresicaftoptical
depth; this would require lateral compression, inexistard spherically-
symmetric simulation. Absorptive optical depths may iase (because

essentially at fixedR,no.t. The morphology of the light curve
(Fig.[@) differs from the monotonically decreasing shoakios-
ity because of optical depth effects, very much in the mamfer
6 Nj powered optically-thick ejecta of standard SNe (Alhe®49
Chevalier & Irwin201/1| Moriya et al. 201Bb). At early timefe
Lsnock is huge but the optical depth is large so radiation energy
is stored and released on a diffusion time scale of about ahmon
Bolometric maximum occurs at~ tq;g. Past maximum, the SN
radiation exceeds for a while and eventually becomes equéhkt
shock luminosity. A steady-state configuration sets in bsedhe
shock luminosity evolves slowly and the diffusion time idyoa

such process are often proportional to the square of thatgehat except
for the optical depth of the Lyman continuum these also decli

© 2011 RAS, MNRASD00,[TH24
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Figure 7. Same as Fid.14, but now for a tim

few days (because the CDS gets closeRif..t). Thus, the bolo-
metric evolution over the first 200d reflects primarily véinas

not in Rynot but in the radiation temperature, itself dependent on
the amount of energy injected and stored between the pHotosp
and the CDS. For times < ta;s, this energy accumulates and the
temperature of the optically-thick CSM gas goes up to a marim
around bolometric maximum. For timeés> tqis, less and less
energy is stored until the steady-steady state regime theela As
the shock luminosity decreases, the radiation temperdameases
too and the SN luminosity ebfs.

5 In theory, the adopted value of the mean atomic weight shiofildtence
the gas temperature. For partial ionisation, the mean atereight could
be around 0.6-0.7, rather than 1.38, which correspondsetméutral H-

(© 2011 RAS, MNRASD00, [1H24

Optical depth

0
Radius [10% cm]

e of 389.9 d after the onseteoiftteraction.

At the end of the simulation, a total of 0<30°! erg has been
radiated, drawn from the 20erg of kinetic energy stored in the
inner ejecta. There still remains, untappedQL@*! erg of kinetic
energy in the system, contained in the un-shocked SN ejeeta (
the SN ejecta material not affected by the interaction, tvhep-
resents 50% of the total SN ejecta mass) and in the massive CDS
which still advances through space~a8000km s*. So, for this
configuration, we obtain a conversion efficiency of kineticra-
diation energy of 30% (little additional kinetic energy Mile ex-

rich gas adopted here. We ran a simulation for the refereramehX with
a value of 0.6, but found very similar results, probably beseain super-
luminous SNe lIn, the entire material is partially ionisédoughout most
of the evolution — the ionisation state of the plasma doe<hahge.
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properties at- 220 d, when the CSM material exterior to the CDS is no longécally thick (because the CDS has swept up the dense pared@8EM).

tracted in this interaction because the remaining CSM iy i@y
density). In a multi-dimensional configuration, some kinehergy
could also be stored in the lateral direction. Hence, thegmel-D
simulation likely overestimates what the equivalent 3-4Ddation
would produce. Unlike Moriya et al. (2013b), we make no afiem
to estimate this, in part because these lateral motiondwithuch
slower than the radial motion of the material and thus caneyt
resent a large energy loss for the radiation.

In the next section, we will discuss in more detail the radia-
tive transfer properties of this interaction. One thing tenis that
despite the significant optical depth of the configuratite, pho-
ton mean free path is non negligible. This is particulanietin the
inner ejecta region once expansion has caused significalihgo
because these regions do not benefit from the shock lumyr{tisi
bulk of the radiation streams radially outwards from thesiat-
tion). There is a temperature jump ahead of the interacEan[{[Q)
caused by radiation leakage from the shock, as in the phemmme
of shock breakout in core-collapse SNe (Klein & ChevAlieT&)9
This structure is comoving with the shock, since the coadgithat
cause it persist for as long as the shock remains optidaityt

Our results are in agreement with the radiation hydrodynam-
ics simulations of Moriya et al| (20113b). Our simulationcam-
phasises that the shell shocked model (Smith & McCray [12087) i
not adequate for optically-thick super-luminous SNe lig,adso
pointed out by Moriva et all (2013a). The basic inconsistanith
the shell-shocked model is that it is not possible for a shiockoss
a very extended CSM, ionise it, store energy within it, antse-
quentlylet this shocked material radiate the deposited energg Thi
scenario applies to shocks crossing the interior of a steltae-
lope (as in successful core-collapse SNe) only becausetdlhars
interior has a huge optical depth. At every location excepttie
outermost stellar layers, the radiation dominated shoogneisses
outward faster than the photons it carries in its wake bectus
photon mean free path is exceedingly small and photon diffus
times exceedingly long compared to the shock-crossing. fimia-
teracting SNe, this configuration does not hold at all. Exervéry
high CSM densities, the shock-crossing time through the @8M
always far exceed the diffusion time through the shell sotdi-
ation deposited by the shockésntinuouslybeing radiated by the
shocked material. The present simulation shows that the ligist
curve properties of super luminous SNe can be explained avith
simple and physically consistent setup. It also illussdiew the

simplistic “diffusion model” can be misleading, and how agw
ment based on dimensional analysis can sometimes lead t@wro
conclusions.

In our simulations spectrum formation takes place prirgaril
in the slow moving CSM for about 200 d, but past that the spec-
trum formation region will be tied to the much faster movinD&
The CDS optical depth will be too small to ensure full theriseal
tion within the slow unshocked material even if the locatidmere
the optical depth is 2/3 (i.e., the photosphere), lies thEngés im-
plies that line profiles should evolve and become more Dapple
broadened as time passes in super-luminous SNe, whilerirael b
ening by electron scattering would dominate only at earyes
9). This behaviour is important to sty ear-
ries information on the potentially large residue of kinethergy
left untapped in the interaction. For example, this matidren es-
timating the kinetic energy in the inner shell and whethés ittmer
shell originates in an energetic explosion that requiresgtiavita-
tional collapse of the iron core of a massive star.

The radiation injected by the shock and crossing the CSM
does work on the material and accelerates it. This radiatere
celeration is however modest, and limited to the peak timthef
light curve, leading to an increase of the CSM velocity frof® 1
to ~200km s! (Fig.[d). At early times, the material that receives
a larger acceleration, just ahead of the shock, lies at a lapgjcal
depth and is thus less visible that the photons emitted duidiat,
in regions where the acceleration is more modest. At lategjm
the material ahead of the shock is too optically-thin to rexa
significant acceleration. The radiative acceleration i HIERA-
cLEssimulation is likely underestimated because of the neglect
line opacity and the potential boost from line desaturatiansed
by velocity gradients (Castor etlal. 1975; Owocki 2015). idver,
our simulations suggest that the radiation arising at tleglslonly
cause a modest acceleration of the unshocked CSM. This is com
patible with the near-constant width of the narrow P-Cyguofite
seen in SN 2010jl (Fransson etlal. 2014). As we discuss ingke n
section, this modest acceleration seems an unlikely ongithe
peak blueshift seen in the broad emission componeniof H

© 2011 RAS, MNRASD00,[TH24
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3 SPECTROSCOPIC MODELLING WITH CMFGEN

3.1 Numerical approach

At selected epochs during the evolution, from 20~4@00d af-
ter the onset of the interaction, we post-process HERACLES
simulation with the non-LTE radiative transfer codeMFGEN
(Hillier & Miller 11998} Hillier & Dessart|2012). While therés no
explicit time-dependence in theMFGEN simulations undertaken
here, time dependence is implicitly taken into account esine
use the density, temperature, and velocity structures atedpith

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

M) to facilitate the computation of the observed spettruthe

observer’s frame.

In I.9), we used a prescription for the den-
sity structure of the emitting region and the ansatz was dmat
optically-thick shell was radiating the flux. In that apptbathe
entire grid was in radiative equilibrium, and the flux wascfet
to diffuse through the densest regions of the atmospheesdtte-
gions were also the hottest by imposing the diffusion apipnex
tion at the base). The dynamical configuration presentecen: S
tion[2is obviously quite different, but this simplistic &tenent is in

HERACLES We thus retain a much higher physical consistency than fact not so bad at early times, when the interaction regiahthe

in I.9). We use an adaptive grid to resolwe- ca
fully the strongly varying density and temperature profieeswell
as the optical depth. The grid is truncated at small radiimthe
inward integrated Rosseland-mean optical depth reach&hadi-
nal models discussed here use 100 grid points and adoptdgntb
velocity of 20km s,

inner CSM are optically thick because in this case the detdithe
inner boundary conditions are lost. Hence, for as long asdne
figuration is optically thick, the approach )
can provide a good match to the observations of some SNekdn li
1994W without being dynamically consistent.

We use the same H, He, and Fe mass fractions as for the3_2 Spectral evolution

radiation-hydrodynamical simulations. We limit the mod&m to

H1, Hel, Hell, Fel-vi with the same super-level assignment as We thus compute non-LTE spectra at 20.8, 41.7, 62.5, 838210

in |.m3). Higher ionisation stages are wesszny
since the gas temperature in the simulations at the timesdened

is below~ 80000 K (this maximum temperature is limited to a few
zones at the shock and to early times). In the present siiongt
the spectrum formation region has a characteristic tenyreraf
about 10000 K or less. A discussion of the signatures of ioos f
CNO and other intermediate mass elements (which are meaeky t

125.0, 145.8, 166.7, 208.3 d after the onset of the intemaclihe
spectral evolution shown in Fid. 111 reveals a striking samil
ity to observations of numerous super-luminous SNe IInluihc
ing SN 2010jl (Zhang et al. 2012: Fransson et al. 2014). ThB SE
evolves very slowly with time, with a progression towarddder
colours, a diminishing flux shortward of 4080 and a decreasing
ionisation visible through the strengthening of F¢ines. H1 and

elements compared to H and He here) is deferred to a subgequenHe I lines behave in a more complicated way.

study.

The current version oEMFGEN does not allow us to calcu-
late non-LTE line blanketed model atmospheres for non-ramio
velocity flows. This property of interacting SNe is howevenda-
mental and should be taken into account. In this work, toavme
this limitation and take into account the non-monotonicoedly
structure, we ignore lines when treating the continuoustspe,
but model the lines for the non-LTE analysis using the Sobole
approximation. Non-monotonic velocity flows do not causgama
issues with the Sobolev approximaﬁ)since itis a local approxi-
mation that uses the absolute value of the velocity gradigecom-
pute the optical dept?O). Since the density emgér-
ature structures are taken from the hydrodynamical siriomate
believe this to be a very reasonable first approach.

Line profiles prior to 100 days show the distinct symmetric
morphology resulting from frequency redistribution by tsedng
with thermal electrons (Chugai 2001; Dessart et al. 200&)) w
typical width of a few 1000 km's! — in earlier calculations, where
we limited the velocities to 100 km's on theCMFGEN grid, we
obtained similar profiles. The width of this component omflects
redistribution of photons in frequency space by electrattscing
— it provides no information about the shock velocity. Spopsed
on the broad wings, is a very narrow component with a P-Cygni
profile morphology. This narrow component corresponds rie li
emission and absorption weakly affected by electron stadte
and which preferentially arises from the outer regions ef@sM
(which are moving at>100 km s!in our model X) where line
opacity may still be large but where the electron-scattpopacity

To compute the observed spectrum we wrote a new routine ca- is negligible.

pable of computing J in the comoving frame in the presencewnf n
monotonic velocity fields. With this routine we were able ow
for the influence of (non-coherent) electron scatteringcivhwas
iterated to convergence using a simple lambda-iteratietatiRely
minor changes were then made ¢dMF_FLUX

6 One problem we needed to address is that the Sobolev opépéth the-

comes infinite for one particular direction when the radelbeity gradient
is not positive. This occurs because in a spherical flow tHmB&w optical

depth is proportional td /|1 + ou?|, whereo = dInV/dIn R — 1. The

angular factor will be infinite whem: = +1/+/—0. In practical terms
this does not affect the escape probability very much duehéosmall

solid angle subtended by the singularity. However, in tlendard com-
putational approach the angle grid is not well sampled (drapding be-

comes worse as we move away frgm= 1), and numerical instabilities
occurred at one or two depths, which we overcame by limitirgincrease
in optical depth. In this work we used the simple approach hafosing

max(|1+ op?|, —0.2(1 + o)) for |1 + op?| wheno < 0.

At a qualitative level, the early-time spectra shown in Hif.
are analogous to those computed|in_Dessartletal. (2009) de-
spite the very different approaches in the description efdan-
sity/temperature structure.

After 100 days, the line profile morphology changes. In addi-
tion to the two components discussed above, we see a bluedshif
emission component that arises from the CDS. It is blueesthifie-
cause the CDS is moving at a velocity-08000 km s ! and is op-
tically thick in the continuum — line photons emitted in tleglrare
absorbed by the near side of the CDS. The blueshift of peak-emi
sion seen in non-interacting Type Il SNe (Dessart & Hilliéo3h)
has a similar origin. Theseddproperties agree well at the quali-
tative level with the observations of SN 201mm),
although the magnitude of the emission blueshift is overeded
and the magnitude of the line width is underestimated (Efy. 1

We give a summary of theMFGEN model properties in Ta-
ble[d. ThecMFGEN bolometric luminosity agrees with theeRA-
CLES value to within 5-25% at early times (i.e. prior 2200 d),
which is noteworthy since the two codes differ vastly in theat-

© 2011 RAS, MNRASD00,[1H24
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Table2. Summary of properties for themFGENsimulations based on the reference interaction model X.ndlade the properties at the photosphere, at the
location of maximum density in the interaction region (thBS), and the properties of the fitted blackbody (see[Eil). t&fioexample). We select epochs
when the CDS is well below the photosphere, so that the ictieraregion is optically thick.

age Lyo Mp My Mg Mg Rpnot  Tpnot  Nephot  Reds Tecas  Ne,cds Ry Typ Lyy

[ [ergs '] [mag] [mag] [mag] [mag] [16°cm] [10*K] [cm~—3] [10'®°cm] [10*K] [cm—3] [10'5cm] [10*K] [ergs—!]

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)
417 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 0.88(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(83.91  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(83.64  0.61 9.24(9) 2199 0.673 8.496(42)
1458 7.26(42) -17.56 -18.12 -18.49 -18.77  7.15 1.00 3)90(84.94  0.69 9.51(9) 2.199  0.646 7.503(42)
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Figure 12. Montage of multi-epoch spectra for Model X (left) and SN 201fight; Zhang et all 2012) shown in velocity space withpest to the rest
wavelength of K. Qualitatively, the model reproduces well the strengthgmif the blue-shifted emission component and the incrgasidth of the observed
Ha line profile. Quantitatively, the magnitude of the bluestifsomewhat too high while the width of the emission featsnenderestimated.
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Figure 13. Comparison of the total synthetic flux (black), the contin-

uum synthetic flux (blue) and the best match blackbody flwhéodptical
range (red), for the reference model X at 41.7d after the toofsanter-
action. In the same order, the cumulative luminosities a88510° L,

6.18x 10° L, and 4.45 10° L. The blackbody radius and temperature
are 1.45¢ 10'® cm and 10331.6 K. The photospheric radius and tempera-

ture at that time are 7.2010'®> cm and 12670.0 K.

ment of the radiative transfer (M1 method using eight energy

groups versus a two-moment solver using &@ergy groups) and

of the thermodynamic state of the gas (LTE versus non-LTE) —

past 200 d, the bolometric luminosity predicted by the twdeso
differs sizeably (about a factor of 2), probably because-Intia

effects are stronger (the CDS is no longer embedded withén th

optically thick CSM). A mismatch is expected during the fits?
months because light-travel time effects are ignored irctimpu-

tation of the flux incMFGEN (the time dependence of the model

is implicitly taken into account since we fix the temperaturet
no explicit time dependence is accounted for when computiag
flux in the formal solution of the radiative transfer equatio cM-

FGEN). This matters when the properties of the interaction vary o

a short time scale (i.e., comparable to the free-flight tife-8d
to the outer boundary, where the luminosity is recorded).

The slow evolution of the SED reflects the slowly varying

shock luminosity (which arises from the smooth variatiorbath
the ejecta density/velocity profile and from the slowly iagyCSM
density for a wind configuration), leading to a decrease di-ra
ation/gas temperature in the optically thick regions of @M.
Consequently, the electron scattering wings weaken athisa-
tion level and the electron scattering optical depth deszréthis is
caused by the shrinking of the spectrum formation regionchvis
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Figure 14. Radial variation of the optical depth associated with etett
scattering, various continua, and lines af lind Hel 5875A (for which we
plot the Sobolev optical depth). Thermalisation in the Lyncantinuum is
ensured, but not in the Balmer and Paschen continua. The Bobolev
length caused by the small velocity gradient in the CSM catlse Hx line
optical depth to be very large, and to exceed that in the Lycosmtinuum.

blackbody. We find non-planckian effects here associatéld e
lution due to electron scattering (causiRg, < Rphot; SE€€, €.9.,
IDessart & Hillier 2005a), and flux excess rather than blangen
the UV (as if multiple blackbody emitters with different tpera-
tures were contributing).

We show the optical depth for electron scattering, selected
continuum wavelengths, as well as selected lines il Eigt islev-
ident that thermalisation is complete for UV photons in thisdel,
but photons redder than the Lyman edge poorly thermaliss av/
an early epoch of 41.7d after the onset of interaction. Feseh
electron scattering is the main source of opacity. The lhadi
radius underestimates the radius of the CDS at all timdsowadth
the bulk of the SN flux arises from outside the CDS. Overa#, th
radiation field in this SN configuration is not well describdgdthe
Planck distribution. These considerations are confirmefgigyIs,
which illustrates how much smaller the mean intensity is jgarad
to the Planck function, except at the location of lines. Remtnore,
in our reference model, the bulk of the flux arises at all tifines
layers where the electron scattering optical depth is ngreater
than 10, and more typically a few only (see also Eig. 10).

The shallow density structure, the wavelength-dependent
opacities, and the strong albedo, lead to a very spatiatnebed
spectrum formation region. For example, the emissionfgbisen

bounded by the fixed photosphere and the outward moving denseof Ha photons occurs throughout the grid, with the exception of

shell or shock). For about 200 d after the onset of the intenache
spectrum formation process is essentially unchanged snsthiu-
lation.

It is customary in the community to compare the SED with a

blackbody. At each epoch, we fit tttsmFGEN SED flux ratio be-
tween 4800 and 8008 to infer T}, — we use an iterative proce-
dure to find the temperature for which the model and the bladkb

have between these two wavelengths the same flux ratio ténwith

one part in 10000). We determine the corresponding blackbad
dius Ry, by matching the blackbody to the model luminosity at
X (i.e., throughRZ, = L /47* B (Tis)). The total blackbody lu-
minosity Ly, is thendw RZ, o112, An example is shown in Fig13.
Although the match is excellent in the fitted range, the SEibisa

© 2011 RAS, MNRASD00, [1H24

the outermost regions of the CSM where the density is very low
At early times observed line photons primarily originatdaager
radii because line photons emitted deeper suffer moreestags,
and hence have a greater probability of being absorbed.flioe
tons that could accrue very large frequency shifts by mlelgat-
tering with thermal electrons tend to be absorbed beforg the
escape. In our reference model, we find that the bulk@pHotons
arise from regions with an electron scattering optical depa few,
giving rise to emission in line wings extending 403000 km s'*
from line centre, and characterised by a profile with a FWHM of
~1500km s*. This is somewhat similar to values in SN 2010jl
(zhang et al. 2012) at early epochs. However at later timegtb-
files in SN 2010jl are broader and blue shifted. We also see thi
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Figure 15. Left: Variation of the ratio of the mean intensifs and the Planck functiof3 in the simulation at 41.7 d, shown as a function of waveleagith
ejecta/CSM location. The label at right gives the elecsoattering optical depth.s associated with each panel. At this time, the CDS is.at~ 10. Right:
Variation of J, and B, versus radius and shown for various continuum wavelengths.

effect at late times, with the extra emission associateth wie
CDS (Fig[I2). The blueshift of the broachHine is caused by an
optical depth effect that affects all SNe_(Dessart & HillB05b;
|Anderson et dl. 2014). At early times, the peak blueshifoisseen

because the H photons emitted from the CDS are unable to es-

cape — they undergo numerous electron scatterings and emgiev
ally destroyed by a continuum absorption. All these prapsrare
illustrated in Figsl_TH=17.

As found in earlier studies (e.mmgl) the adopiad
bulent velocity also affects the strength of the electraaitscing
wings. This occurs since a larger turbulent velocity insesathe
Sobolev length, and hence leads to an increased probatiéitya
line photon scattering within the Sobolev resonance zomleew
perience an electron scattering interaction, which, beeai the
large Doppler shift, will cause it to be shifted out of resoca al-
lowing it to escape.

4 POLARISATION CALCULATIONS

The dense shell that forms in the interaction is Rayleigjiora
unstable and should be simulated in 3-D — this is left for fetu
work. There is, however, observational evidence from sppot
larimetric observations that some SNe lIn are asymmetriauiage

scale |(Leonard et &l. 2000; Wang et al. 2001; Hoffman let 1820
MED This we try to address in this section bfppe-
ing 2-D polarisation calculations.

We post-process theMFGENsimulation for model X at 41.7 d
by computing linear polarisation profiles in the same faslis de-
scribed in_Dessart & Hillier (2011). We break spherical syetiy
by enforcing a latitudinal variation in density (thus preseg axial
symmetry). In practice, we ugdr, 1) = p(r, u = 0)(1 + A1 p?),
wherep = cos 6, and@ is the colatitude. The magnitude of the
asymmetry is controlled through the parameter which we vary
from 0.1, to 0.2, 0.4, 0.8, and 1.6. The resulting axially syet
ric ejecta has therefore a prolate morphology, with potedaator
density ratios (at a given radius) of 1.1, 1.2, 1.4, 1.8, a6d Phis
adopted type of asymmetry is chosen for its simplicity — pthe
choices might also yield similar continuum and line polatiisns.

We show the flux in the H line and in the overlapping
continuum in Fig[IB for an observer along a line-of-sight-pe
pendicular to the axis of symmetry. Along this directiong th
continuum polarisation has its maximum value, reachinguabo
1.6% for A; =1.6. As we progress towards theaHest wave-
length from continuum regions (i.€; 3000 km s ! from line cen-
tre), the polarisation decreases steadlly, as observedl 20%0jl

(Patat et all 20211; Williams etldl. 2014) and in some Wolf-®&ay

© 2011 RAS, MNRASD00,[TH24
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Figure 16. left: lllustration of the wavelength X) and depth R) dependence of the quantit)[jR>R15 0F(R,\), where 0F(R,\) =
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and wavelength\. The gray scale in the bottom panel shows h@:vsbe15 6F (R, \) varies as we progress inwards from the outer boundary, atidg
the relative flux contributions of different regions. If weapseR;5 as the minimum radius on themFGEN grid, we recover the total flux. The grayscale
also shows how lines increasingly broaden (and the peaKllirelecreases) as we progress outwards. The dash-dotéedoliresponds to the radius of the
electron-scattering photosphere, and the dashed lineljvadvierlaps with x-abscissa here) corresponds to the COSstathe top panel shows selected cuts
(see right label) of the quantitE5>R15 6F (R, \). From top to bottomR15 =10, 7.2, 5.0, 3.0)ER>R15 0F (R, \) represents 4, 45, 77, and 98 per cent
of the total emergent flux at 68@Q Right: Same as left, but now zooming in on thexkiegion. The depth variation of the line width, influenced Bcaon

scattering, is evident in the bottom panel.

stars|(Schulte-Ladbeck etlal. 1991; Harries &t al. 1998)utrsim-
ulation, this reduced polarisation across the line is aatige of
the distinct formation of the continuum and the line. Beesnfsthe
lower optical depth, continuum photon arise from a much tgrea
electron-scattering optical depth than da khe photons (Fid._14).
Furthermore, line photons emitted in a recombination Eectart
off with zero polarisation, and therefore can only accuraila
lower polarisation through a reduced number of scatterigjsre
escape. This depolarisation is maximum within 100 km ef line
centre since over this spectral range, one sees photonsritiat-
went essentially no scattering with free electrons (phetwattered
by free electrons receive a wavelength-shift and, stesilyi end
up somewhere in the wings; see discussidn in Dessartlet@f)20
In this context, whatever the imposed deformation on thetej¢he
polarisation at line centre is zdfo.

Surprisingly the polarisation is parallel to the major &kis.,
positive; see top panel of Fig.118) — this property is, naivabt

7 Equivalent simulations for Type Il SNe may yield a residualapisa-

tion at line centre because these photons are emitted at aegligible

electron-scattering optical deply]ﬂpectrum forma-
tion in SNe II-P and SNe lIn is drastically different.

© 2011 RAS, MNRASD00, [1H24

expected since scattering of the light from a point sourcarbypti-
cally thin prolate spheroid has the polarisation at riglgfles to the
major axis (Brown & McLedn 1977). In our convention (and that
of Brown & Mclean[197/7), the polarisation is positive wherisit
parallel to the axis of symmetry (for further details, seet®a 2 of
Dessart & Hillier 20111). The reason for this behaviour in due-
rent simulation is that the CSM is optically thick, and thesetved
(and hence scattered) flux predominantly escapes from @tplat
regions, where the densities are lowest (Fi 19).

The correspondence between our simulations and the mor-
phology of the polarised and of the total fluxes of SN 2010¢-su
gests first that our model for super-luminous SNe lIn like @D1
is adequate. Secondly, the observed polarisation imptasthe
ionised CSM causing the polarisation is significantly asyatrio.

If axially symmetric, a pole to equator density ratio~of3 could
explain the observed continuum polarisation. While the CiSM
asymmetric, it is however unclear whether the inner shedllse
asymmetric — it does not need to be. Multi-dimensional raala
hydrodynamics simulations are needed to model the spabat p
erties of the shocked CSM (for example, in the current cantbr
shock strength should also be latitude dependent, cauaiigions
in temperature, ionisation, velocities etc with angle)thsd we can
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Figure 17. Same as Fid_16, but now for a time of 208.3 d after the onsettefdction. In the left column, the greyscale is shown orgarithmic scale. From
top to bottom Ry5 =10, 7.2, 6.4),ZR>R15 0F (R, \) represents 6, 41, and 94 per cent of the total emergent flugQf46 The flux contributions from
the fast moving CDS and the slow moving CSM are clearly vsifhe emission from the CDS is blue shifted, while the CSMssioh is symmetric around

line centre. Electron scattering affects the emitted p@foom both components.

better characterise the nature of the asymmetry at thenavighe
observed polarisation in SNe IIn like 2010jl.

5 DEPENDENCY ON SOME MODEL PARAMETERS

Varying the properties of either the CSM mass or the explosio
energy can affect the emergent radiation. This has beengiied
in the past for the bolometric luminosity or the colours (see
e.g.| Chugai et &l. 2004; Woosley el al, 2007; van Marle {&cil0;
[Moriya et all 2013b). Here, we repeat such explorationswesiti-

gate the impact on spectral signatures as well.

5.1 Impact on thebolometric light curve

Taking model X as a reference, we produce models in which the
SN ejecta kinetic energy is scaled by a factor of 3 (Xe3) or 10
(Xel10). We produce models in which the CSM density is scajed b
a factor of 3 (Xm3) or 6 (Xm6). We also consider combinatiohs o
both, with models Xe3m6 or Xel0m6. Finally, we consider niode
Xe3meér, where the high-density CSM extends to>116'® cm
rather than 18 cm only. Tabldll summarises these model prop-
erties.

These alterations produce a considerable diversity ofrbeto
ric light curves (Figl2D), in directions that are well unsteod. In-
creasing the kinetic energy causes a much greater shockdsityi
at all times, but since the CSM structure is not changed, ifhie d
sion time through the CSM is unchanged (the time to maximum is
decreased by just a few days for higher SN ejecta kinetioggher

The bolometric light curves shift upward for increasing rewye
The mean radiation-energy density in the CSM also increaghs
shock luminosity, which raises the radiation temperat@aours
are thus strongly affected, getting bluer for higher endsgpe be-
low and Tabld 1L where we give the bolometric correction ared th
colourV — T at bolometric maximum).

Varying the CSM mass (corresponding in our approach to a
change in mass loss rate) modulates the impedance of tleedaat
tion engine”. For larger CSM density and total mass, moretiin
energy is extracted from the SN ejecta. This energy is ceeder
primarily into radiation. Consequently, varying the CSManaf-
fects the light curve properties. Higher CSM mass implieghar
CSM optical depth and a longer diffusion time, hence a delaye
time of peak. A larger CSM mass buffer implies more kinetie en
ergy is tapped so the bolometric maximum is more luminouthén
model set X, Xm3, Xm6, the total energy radiated is 0.32, Ca#@l
0.63x 10°! erg (for the same ejecta kinetic energy of'16rg), so,
the conversion efficiency can be considerably enhanced wWien
CSM mass exceeds significantly the SN ejecta mass, with value
here as high as 70% (models Xe3m6, XelOm6, or Xm6).

Combinations of higher CSM mass and higher ejecta ki-
netic energy (e.g., model Xe3mé6) ) shift the reference model
(quite suitable to SN 2010jl) to the domain where SN 2006gy li
7), with peak luminosities of the order ofesv f
10 ergs! sustained for 2-3 months and a peak time that occurs
later (~2 months after the onset of the interaction).

Finally, extending the region of high density in the CSM from
10'° to 1.5x10'® cm (models Xe3m6r versus model Xe3m6) leads

(© 2011 RAS, MNRASD00,[1H24
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Figure 18. Top: Total and polarised flux across thexHine and the over-
lapping continuum for different inclinations (9Gorresponds to an equa-
torial view), at 41.7 d after the onset of the interactionngeclose to the
epoch of maximum light), showing the larger continuum pektion, the
depolarisation across the line profile, and the unpolarlsexicore. The
prolate asymmetry is characterised by a pole-to-equatusityeratio of 2.6
(A1 =1.6).Middle: Same as top, but now showing the percentage polar-
isation for different magnitudes of the asymmetr (values between 0.1
and 0.6) and for an equatorial vielottom: Spectro-polarimetric observa-
tions of the Hx line for SN 2010jl on November 18.2U 011),
which is within a few days of our model time (left panel). Iretbontext of
our model, the observed polarisation may be interpretedisiang from a
prolate CSM with a pole-to-equator density ratio~o8.
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Figure 19. Colour map of the specific intensity (scaled by the impact pa-
rameterp) on the plane of the sky at3992 km s~ from the Hx line centre
(this Doppler velocity corresponds to a continuum region ee ®p panel

of Fig.[18), for the model withA; = 1.6, at 41.7d after the onset of the
interaction, and seen at a 9ihclination (i.e. edge-on). We overplot seg-
ments (black bars) showing the local polarisation streragith orientation
(the length corresponding to 100 per cent polarisation égsvshat the bot-
tom right).

to a sustained high luminosity beyond 300 d. In fact, all igatl
curves in Fid 2D show a break after 150-300 d, except for model
Xe3mé6r. This light curve break in our simulations is assttia
with the shock (or the CDS) reaching the outer edge of theaetens
parts of the CSM (the shock in model Xe3m6r has not yet reached
1.5x10'¢ cm at the last time shown in Fig.20) and starting to en-
counter lower density material (see Table 1 for details).

The pre-acceleration of the CSM by the radiation from the
shock depends on the adopted configuration. In model X, we
obtained a modest enhancement in CSM velocity from 100 to
200km s !. This pre-acceleration is stronger when we use a larger
ejecta kinetic energy (stronger shock, higher luminosityijf the
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CSM density is increased (there is a delicate balance toget h
since a higher CSM density means a higher opacity and thus mor
radiation momentum extracted but it also implies more iagr—

see Figl21.

5.2 Impact on maximum light spectra

The diversity in bolometric light curves discussed in thegad-
ing section is also strongly present in the spectra at maxitight
(Fig.[22). For the highest energy explosion, the shift ingerature
in the ionised CSM leads to a major rise in ionisation for loydr
gen and helium, producing very blue and nearly featureljessts
(whatever blanketing from Fe occurs in the UV and far-UV)r Fo
models with enhanced CSM mass, the temperature/ionisation
ditions are comparable to reference model X, but the lineeBlare
increased. The higher the CSM mass, the redder the coloegét p
Interestingly, in models with very high CSM mass, although

deep in the CSM and comes out on a diffusion time scale. This co
text is analogous to optically thick ejecta influenced byigadtive
decay, although the shock energy is not all channeled iliatian
energy. Here, the shock luminosity decreases with time useca
of the decreasing shock strength as more and more CSM is being
swept up. Although the CSM hardly expands, the diffusionetim
scale and the optical depth decrease because of the expanntie
interaction region. We thus obtain a bell shape morphologyte
light curve around maximum. This variation is not associdtgthe
migration of the photospheric radius, but by the variatioshock
luminosity, radiation temperature, and CSM/photosphiiaper-
ature. Optical depth effects on the light curve persist foloag as
the shock is located below the7x 10'® cm. The third phase starts
when the shock overtakes this location. The photosphereftte
lows the dense shell.

Our multi-group radiation hydrodynamics simulation pro-
duces the basic light curve morphology of type lIn superihous

the Balmer line fluxes are much higher, the extent of the elec- SNe. Our reference model was tuned to roughly match thereter
tron scattering wings does not increase beyond a maximum of properties of SN 2010jl (Fransson eflal. 2014), but othemulkim

~3000km s'. The likely reason is that line photons do not just
scatter off free electrons in the CSM — there is a non-zerd{ro
ability that they are absorbed in a bound-free or free-freegss
leading to photon destruction. The broader and blue shiftex$
seen at late times require that we see photons blue shiftex-by
pansion. For the present case, the broader blue-shiftegaent
seen at late times arises from the CDS. We see a blue-stué gie
CDS absorbs emission from the far side of the shell. Thus e H
blueshift seen in SN 2010jl (Smith etlal. 2012; Zhang &t al. 220
Fransson et al. 20114) might simply just stem from an opiitegdth
effect, without any dust intervening in the process. As thtcal
depth of the shell declines, we expect the profile to becomemo
symmetric.

6 CONCLUSION

In this work, we have presented numerical simulations foerin
acting SNe in which both the kinetic energy of the explosivel
produced inner shell and the mass of the wind-produced sh&sr
are very large. We used an inner shell kinetic energy 6f &6y or
more, and a CSM mass of at least 3 MTI'hese simulations corre-
spond to possible configurations for super-luminous SNe lIn

Our contribution is novel because we post-process our multi
group radiation-hydrodynamics simulations with radiativans-
fer tools, to compute non-LTE spectra and polarisationatigres.
With this more global approach, we can study the numerous fea
tures that make super-luminous SNe lin unique.

We find that the light curve of a super-luminous SN IIn is com-
posed of several distinct phases. Initially, the cold CSMastral
and transparent to optical photons. As the interactionssttire ra-
diation from the shock drives an ionisation front througa @SM
and makes it optically thick at all wavelengths. This firsagh
takes about a week after the onset of the interaction, which ¢
responds roughly to the light crossing time through thelslel
the time we record the first emerging photons from the SN He, t
CSM is therefore already optically thick. In our referencedl,
the photosphere is then locatecha? x 10'® cm and will remain at
that radius for months. The second phase corresponds thaokk s
crossing of the optically thick CSM. In our reference modkis
phases lasts, 200 d. Over this duration, the shock is located below
the photosphere, at an electron-scattering optical deptbout
15 initially. Radiation from the shock is thus continuousiyeased

tions with different inner-shell kinetic energy and CSM mas-
compass a variety of light curves, including extreme evéikes

SN 2006gy|(Smith et al. 2007).

We illustrate the importance of performimgulti-group radi-
ation hydrodynamics. By contragjtey (i.e., one-group) radiation
hydrodynamics simulations do not account adequately #opac-
ity of the material and produce a discrepant SN IIn light eumor-
phology.

Our simulations confirm the earlier work aI.
(2013b) that the shell shocked model_of Smith & McCray (2007)
is not physically sound. The reason is that in interacting SiVen
a massive CSM cannot have a continuum optical depth gréwgter t
a few tens. Because such CSM are by nature extended, the-shock
crossing time far exceeds the time it takes the shock lurtinos
to diffuse through the optically thick layers. The situatis anal-
ogous to shock emergence in an exploding star, except that he
the configuration is quasi steady state — it persists for ag lo
as there is optically-thick CSM material ahead of the shaahr
results, which are in agreement with the independent stiooka
of [Moriya et al. {2013b), provide a simple and physically sisa
tent explanation for the light curves of type IIn super-lamis
SNe. Overall, the shell-shocked model really belongs taltmeain
of (successful) core-collapse SNe in which a radiation-idated
shock crosses a stellar envelope whose optical depth isduayg-
where apart from the surface.

The non-LTE radiative transfer simulations, based on the ra
diation hydrodynamics simulations, produce spectra thatira-
tially blue and redden progressively as the CSM/photospbeols
down after bolometric maximum. We obtain symmetric emissio
profiles, broadened by non-coherent scattering with freeteins
(of thermal origin), with wings that extend up to 3000 km's
from line centre, and together with a narrower P-Cygni peofil
(< 100km s!) forming in the outer cold CSM. Varying the ejecta
kinetic energy or the CSM mass alters the shock luminodity, t
mean radiation energy in the optically thick CSM, and caesesr
variations in colour and ionisation. Varying the CSM den&iy a
factor of 6 changes the strength of recombination lines loatsd
not produce broader lines at bolometric maximum, despéeeti
hanced electron-scattering optical depth. Photons esattan op-
tical depthr perform+? scatterings before escaping. If the albedo
is 99%, photons coming from > 10 are likely absorbed within the
ionised CSM and photons do not obtain arbitrarily large tietcy

© 2011 RAS, MNRAS000,[1H24
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Figure 20. Light curve diversity obtained by varying some of the parterseof our reference model X (see details in Téble 1). Modtlsse name contains
en have a SN ejecta kinetic energy scaled by a faatoglative to model X. Models whose name contains have a CSM mass loss rate scaled by a fagtor
relative to model X. Model Xe3mér differs from the rest besmthe dense part of the CSM extends toxiL8'6 cm rather than 1 cm.

shifts from line centre. Broader electron scattering wimgsy arise in events like SN 1994W_(Chugai et al. 2004; Dessart et al900
for a greater albedo. or SN 2011ht[(Humphreys etlal. 2012) are perplexing becéese t
emission from the CDS should be seen once the CSM becomes
Our simulations indicate that photon absorption is propabl  transparent.

efficient only in the Lyman continuum. At low photon frequen- To complement our radiation hydrodynamics simulationwit
cies, absorptive processes are weak and therefore phosonpab  HErRACLES and our non-LTE radiative transfer simulations with
tion occurs only if the total optical depth at the site of esios is CMFGEN, which assume spherical symmetry, we present some po-

large (say above 10) — in our reference simulation with a mass larisation simulations for aspherical but axially symrieetonfigu-
loss rate of 0.LM yr~' for the CSM, the maximum CSM con-  rations. Our results for a prolate morphology with a poletmiator
tinuum~ is only 15. Early on, the optical depth in the CDS is high  density ratio of~ 3 yield a maximumg 2% continuum polarisa-

enough to ensure complete thermalisation. Then, line lerdad is tion compatible with the value observed for SN 20 !
probably dominated by non-coherent scattering with théetes- [2011). In this context, the asymmetry may stem only from the
trons. However, at later times, thermalisation does notioat all CSM, although both inner and outer shells may be asymmétric.

depths in the CSM. In the reference model, this is associatid future work, we will extend theliERACLESsimulations to 2-D to
an increased broadening and blueward asymmetry of linelggofi  study large scale asymmetries and to 3-D to study the giabili
with time. These features are also present in the obsengtid the dense shell.

SN 2010jl (e.g., k; Fig.[I2) — this suggests a growing contri-
bution from Doppler broadening, connected with photon siis
from the fast expanding CDS. We believe this hybrid line farm
tion is at the origin of the very large ddline width in SN 2010jl,
as well as the blueshift of its peak emission. Interestirtgly mod- We thank Ralph Sutherland and Claes Fransson for discussion
est peak luminosities and the absence of broad lines amadisti and comments, and Nando Patat for providing the spectropola
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Figure 21. Velocity profiles from theHERACLES simulations for models
XelOm6 (top), Xe3mé6r (middle), and Xm6 (bottom). The eposhsewn

correspond to 0.01,1, 2, 3, 4, 5, 6, 7, 8, 10, 20, 30, 50, 100, 280, 250,
and 300d after the onset of the interaction. Notice the poelaration that
takes place ahead of the shock.
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Figure 22. Left: Maximum light spectra for the interaction models with diéfat ejecta kinetic energy and/or CSM mass/density (sete[hfor additional
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