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ABSTRACT

Numerous superluminous supernovae (SLSNe) of Type Ic have been discovered and monitored in the last decade. The favored mecha-
nism at their origin is a sustained power injection from a magnetar. This study presents non-local thermodynamic equilibrium (NLTE)
time-dependent radiative transfer simulations of various single carbon-rich Wolf—Rayet star explosions influenced by magnetars of
diverse properties and covering from a few days to one or two years after explosion. Nonthermal processes are treated; the magnetar-
power deposition profile is prescribed; dynamical effects are ignored. In this context, the main influence of the magnetar power is to
boost the internal energy of the ejecta on week-long time scales, enhancing the ejecta temperature and ionization, shifting the spectral
energy distribution to the near-UV (even for the adopted solar metallicity), creating blue optical colors. Varying the ejecta and mag-
netar properties introduces various stretches and shifts to the light curve (rise time, peak or nebular luminosity, light curve width). At
maximum, all models show the presence of O and C lines in the optical, and more rarely O m and C m lines. Non-thermal effects
are found to be negligible during the high-brightness phase. After maximum, higher energy explosions are hotter and more ionized,
and produce spectra that are optically bluer. Clumping is a source of spectral diversity after maximum. Clumping is essential to trigger
ejecta recombination and yield the presence of O1, Ca, and Fe i1 lines from a few weeks after maximum until nebular times. The UV
and optical spectrum of Gaial6apd at maximum or the nebular spectrum of LSQ14an at +410d are compatible with some models that
assume no clumping. However, most observed SLSNe Ic seem to require clumping from early post-maximum to nebular times (e.g.,
SN 2007bi at +46 and +367 d; Gaial6apd at +43 d).
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1. Introduction

Over the last decade, numerous superluminous Type Ic super-
novae (SNe) have been discovered and monitored extensively
(see e.g., Quimby et al. 2011, Inserra et al. 2013, Nicholl et al.
2013, De Cia et al. 2018, Lunnan et al. 2018). These superlu-
minous SNe (SLSNe) are generally found in low-mass low-
metallicity host galaxies (Lunnan et al. 2014; Leloudas et al.
2015; Perley et al. 2016; Schulze et al. 2018). They reach peak
luminosities of up to a few 10**ergs™ and visual magni-
tudes of about —21 mag (Quimby et al. 2011; De Cia et al. 2018;
Nicholl et al. 2017; Lunnan et al. 2018). Their rise times to
bolometric maximum ranges from 20 to 125d, while their
post-maximum brightness decline rates cover from 0.01 to
0.06 magd~'. At maximum, their optical spectra have a blue
color. Apart from a few weak features associated with On
(Pastorello et al. 2010; Quimby et al. 2011), these maximum-
light optical spectra are nearly featureless. After maximum, the
optical spectra show lines attributed to O1, Ca1, and Fen (e.g.,
Gal-Yam et al. 2009; Nicholl et al. 2013), with similar prop-
erties to broad-line SNe Ic (Liuetal. 2017). At late times,
their optical spectra exhibit forbidden lines of O1 and Cam,
as well as Fen lines, and are similar to the contemporane-
ous spectra of GRB SNe such as 1998bw (Nicholl et al. 2016a;
Jerkstrand et al. 2017). However, SLSNe Ic also show O and
O lines, which are strong in LSQ14an (Inserra et al. 2017)
or PS1-14bj (Lunnan et al. 2016), and weak in SN2007bi or
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SN 2015bn (Jerkstrand et al. 2017). In rare instances, SLSNe Ic
exhibit a strong and broad Ha line at 100—-200 d after maximum
(Yan et al. 2015, 2017a).

The current consensus is that SLSNe Ic owe their exceptional
luminosities, color evolution, and spectral properties to the power
contribution from a compact remnant (Bodenheimer & Ostriker
1974; Kasen & Bildsten 2010; Woosley 2010). In standard core-
collapse SNe, the explosion is thought to result from complex cir-
cumstances involving neutrino absorption and multi-dimensional
fluid instabilities (for recent results from numerical simulations,
see e.g., Lentz et al. 2015; Miiller et al. 2017; Glas et al. 2018;
O’Connor & Couch 2018; Vartanyan et al. 2019). The result-
ing SN luminosity then corresponds to the release of previ-
ously stored energy (left by shock passage) and the continu-
ous release of energy by the decay of unstable isotopes, in par-
ticular °Ni. Although expected to be rare, the iron core of
a massive star may be fast spinning at the time of collapse
(Hirschi et al. 2004; Yoon & Langer 2005; Woosley & Heger
2006; Georgy et al. 2009), establishing suitable conditions for the
enhancement of the magnetic field during the collapse and the
early post-bounce phase. Depending on the initial spin period and
the magnetic field amplification, the proto-neutron star may lead
to the formation of a proto-magnetar with a range of magnetic
field strengths. For the strongest fields, the magneto-rotational
effects may lead to a highly energetic explosion, perhaps asso-
ciated with the formation of a baryon-free relativistic jet and a y-
ray burst (Usov 1992; Wheeler et al. 2000; Akiyama et al. 2003;
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Thompson et al. 2004). For weaker fields, the magnetar spin-
down timescale is longer, the dynamical impact of the mag-
netar is weaker, but its influence on the SN luminosity can
then be large (Kasen & Bildsten 2010; Woosley 2010), and
completely swamp the contribution from °Ni. Figure 1 illus-
trates the predicted outcome for SN peak luminosity and rise
time to peak as a function of magnetar spin period and field
strength, and for an ejecta of 5 My and a kinetic energy of
10°" erg (and no °Ni). The maximum luminosity is reached
for millisecond spin periods (i.e., large rotational energy bud-
get) and moderate field strengths of 10'* G (corresponding to
week-long spin-down timescales). In the context of the mag-
netar model, the current sample of SLSNe Ic yields inferred
magnetar properties spanning the range 1.2—4ms initial spin
periods, 0.2-1.8 X 10 G field strengths, while the associated
ejecta spans masses from 2.2 to 12.9 M, and kinetic energies
from 1.9 to 9.8 x 10°! erg (Nicholl et al. 2017). Sophisticated
numerical simulations of magnetar-powered SNe will probably
not change these numbers much. Slower rotators and less magne-
tized magnetars can also appreciably alter SN radiation because
the time-integrated luminosity of a SN is only 10* erg, which
is comparable to the rotational energy of a ~40 ms period mag-
netar. Magnetars may also influence the properties of some He-
rich explosions (e.g., SN 2005bf; Maeda et al. 2007) as well as
some H-rich explosions (e.g., iPTF14hls; Dessart 2018). Future
observations will probably extend the distribution of events lying
between superluminous SNe and standard-luminous SNe (there
may be a continuum of values for initial magnetar spins and
magnetic field).

One-dimensional radiation-hydrodynamics modeling has
been done to characterize the influence of the magnetar on
the SN radiation and the ejecta structure (Kasen & Bildsten
2010; Woosley 2010; Bersten et al. 2016; Moriya et al. 2016;
Tolstov et al. 2017). These simulations yield results in agree-
ment with analytical predictions (Kasen & Bildsten 2010).
When extended to 2D, hydrodynamical simulations exhibit
strong differences with key features obtained in 1D. In 2D, the
magnetar power leads to strong turbulence in the inner ejecta,
which alters the shock properties and prevents the formation in
the inner ejecta of a narrow dense and fast moving shell. The
inner ejecta thus contains material down to low velocities rather
than a low-density high temperature cocoon bounded by a fast-
moving dense shell. In 3D, the effect should persist but will
probably be quantitatively different. The power released from
the magnetar is likely aspherical and may not follow the smooth
evolution of a dipole, which is generally assumed throughout
the early magnetar life. Another concern is the efficiency with
which the radiation from the magnetar is thermalized by the
ejecta (see e.g., Kasen et al. 2016). This power may eventually
leak out from the ejecta, and indeed, leakage has been invoked
to explain the late-time light curve (for the case of SN 2015bn,
see Nicholl et al. 2018a).

Spectral modeling at the time of maximum provided strong
evidence for energy injection from a compact remnant compared
to a scenario in which the ejecta is influenced by an exception-
ally large mass of °Ni (Dessart et al. 2012a), later confirmed by
similar modeling at the time of maximum (Howell et al. 2013;
Mazzali et al. 2016) and at nebular times (Dessart et al. 2013;
Jerkstrand et al. 2017).

This work is a follow-up to Dessart et al. (2012a), but this
time using a time-dependent rather than a steady-state approach;
the magnetar-powered SN can thus be followed from about a
day until one or two years after explosion in a continuous fash-
ion. This evolution is followed with cmrGeN (Hillier & Dessart
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Fig. 1. Distribution of the rise time to maximum (#,c.) and bolometric
luminosity at maximum (L) for a range of magnetar field strengths
and initial spin periods (the ejecta mass is 5 M, the ejecta kinetic
energy is 10°! erg, and the adopted opacity is 0.2 cm? g™!). The figure is
adapted from Kasen & Bildsten (2010), using their Egs. (15) and (16).

2012), using the approach of Dessart (2018) for the treatment
of the magnetar power. The next section presents the carbon-
rich Wolf-Rayet progenitors and Type Ic SNe models used, as
well as the grid of magnetar properties considered. Section 3
discusses the results for the magnetar powered SN model rOe2.
This model is used as a reference for additional comparisons and
investigations. The subsequent sections investigate how the SN
properties vary when various ejecta or magnetar characteristics
are modified. Section 4 considers the influence of the adopted
deposition profile for the magnetar power. Section 5 presents
how a magnetar-powered ejecta is influenced by a change in
ejecta kinetic energy. Sections 6 and 7 present the impact of
varying the magnetar initial spin and field strength on the SN
radiation and ejecta properties. Section 8 discusses the impact
of the SN radiation when non-thermal processes are ignored
(here, all simulations treat non-thermal processes unless oth-
erwise stated). Section 9 quantifies the influence of clumping
on the SN radiation, both at photospheric and nebular epochs.
Section 10 presents a comparison between these models and a
few observed SLSNe Ic. Section 11 presents the conclusions.

2. Numerical setup
2.1. Progenitor and explosion models

The simulations presented here are based on Type Ic SN ejecta
that have been used in previous studies on SNe Ibc and GRB SNe
(Dessart et al. 2015, 2016, 2017a). Two progenitor models and a
variety of ejecta properties were used. One progenitor is model
Spl1 from Yoon et al. (2010, model 31 in Table 1 of that paper)
and the other progenitor is model rO (Dessart et al. 2017a). These
two models correspond to solar metallicity carbon-rich Wolf—
Rayet stars that die with a final mass of 5.11 M (rather than
4.95 Mg, quoted in Yoon et al. 2010; see Dessart et al. 2015 for
discussion) and 11.4 M. The influence of metallicity, and the
use of a low metallicity progenitor more suitable for SLSNe Ic
will be explored later (this is not essential given the large metal
content of such Wolf-Rayet stars). These were exploded with
vlp (Livne 1993; Dessart et al. 2010a,b) by means of a piston to
produce ejecta with different kinetic energies and *Ni masses.
Model 5p11Bx2 (see Dessart et al. 2016 for details, includ-
ing the mixing procedure, which is applied to all species) cor-
responds to an ejecta with a mass of 3.63 M, a °Ni mass of
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Fig. 2. Top panel: envelope composition for model 1O at the onset of
core collapse as a function of Lagrangian mass m. The cumulative sum
of mass fractions is shown versus depth, starting from light elements.
The iron core is the hatched area and its outer edge at 1.55 M, corre-
sponds closely to the adopted mass cut at 1.57 M, for the piston trigger.
Middle panel: ejecta composition for model r0e2 versus velocity and
Lagrangian mass (the innermost ejecta shell is at m = 0 and the dashed
line corresponds to °Ni). Bottom panel: same as middle but now for
model r0e4. The profiles are similar apart from a shift in velocity and
a slightly different composition resulting from the explosive nucleosyn-
thesis in the innermost layers (a greater mass of a-rich freeze-out prod-
ucts, including helium, is present in higher-energy explosions).

0.19 M, and a kinetic energy of 2.49 x 10°! erg. The ejecta con-
tains 0.34 M, of helium, 0.9 M, of carbon, 1.38 M, of oxygen,
0.43 M, of neon, and 0.14 M, of magnesium.

Models rOel/r0e2/rO0e4 derive from progenitor model 10
and correspond to ejecta with a total mass M, of about

9.52/9.69/9.86 M, a *°Ni mass of 0.09/0.13/0.17 My, and a

kinetic energy Eji, of 1.14/4.12/12.3 x 10°! erg. Ejecta model
r0 and its variants have a composition dominated by oxygen
(a cumulative amount of about 5.4 M), neon (about 1.9 M),
carbon (about 1.3 M), and magnesium (about 0.35 M). The
helium content rises from 0.18 (rOel) to 0.22 M, (rOe4) because
of the extra helium produced for higher energies in the inner
envelope during explosive nucleosynthesis — most of the helium
is however present in the outermost layers (see Fig. 2 for an illus-
tration of the composition in the progenitor model r0 and of the
explosion models r0e2 and rOe4; the left part of Table 1 summa-
rizes the model properties). In these ejecta models based on the
progenitor model r0, the mixing was applied only to ®Ni — the
composition profile for other species was left as in the progenitor
model (see Sect. 2 of Dessart et al. 2017a for discussion).

2.2. Magnetar power in cMFGEN Simulations

At 1 d after explosion, models 5p11Bx2, r0el, r0e2, and r0e4 are
remapped into cMFGEN. These simulations use the same model
atoms as in Dessart et al. (2015, 2016, 2017a). The grid typ-
ically consists of 100 points to cover evenly in optical-depth
scale from 500 to 30 000-50 000 kms~!. The simulations treat
radioactive decay from the *’Ni chain. The energy deposition
from radioactive decay is computed using a gray-absorption
(opacity k, = 0.06Y.cm?g!, where Y, is the local electron
fraction) solution to the radiative transfer of y-rays (Swartz et al.
1995). Positrons are absorbed locally. For the magnetar power,
the approach is similar to that presented in Dessart (2018) for the
study of the Type II SN iPTF14hls.

Starting at day one (the magnetar power released prior to day
one is ignored), a magnetar power &y, is introduced within the
ejecta in homologous expansion, and is given by the expression

épm = (Epm/tpm)/(l + t/tpm)z s Ipm = 6IP—mC3, (D
B Rm@pm

where Eym, Bpm, Rpm, Iom and wpy are the initial rotational

energy, magnetic field, radius, moment of inertia, and angular

velocity of the magnetar; c is the speed of light. In all cases,

Iom = 10% gem? and Ry = 108 cm (see Kasen & Bildsten 2010

for details).

To determine how the magnetar power is deposited within
the ejecta is difficult because the process is dynamical and multi-
dimensional. In contrast, cMFGEN does not treat dynamics (the
ejecta structure is frozen) and is 1D. In 1D, a hydrodynamical
simulation of a magnetar powered SN naturally leads to the for-
mation of a dense shell if the energy is deposited in the inner-
most layers of the SN ejecta (Kasen & Bildsten 2010; Woosley
2010; Bersten et al. 2016; Dessart & Audit 2018; Orellana et al.
2018). In cmrGEN, adopting this deposition procedure would be
unpractical since a huge temperature spike would form in the
CMFGEN simulation, producing large gradients that would be hard
to resolve and would likely impede the convergence. It would
also be physically inconsistent since the swept-up mass in the
dense shell is accelerated as a result of magnetar power, while
CMFGEN cannot treat this dynamical effect (neither the snow-plow
effect nor the acceleration).

In 2D, hydrodynamical simulations indicate that this swept-
up dense shell does not form (Chen et al. 2016; Suzuki & Maeda
2017). Hence, the dense shell is an artifact of the 1D treat-
ment. Without an imposed spherical symmetry, the magnetar
power triggers convection in the inner ejecta. This turbulent
medium also causes advection of the magnetar energy faster than
achieved by diffusion. An angle-dependent and radial-dependent
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Table 1. Summary of properties for the progenitor, the ejecta, the magnetar, as well as results at bolometric maximum obtained with the cMFGEN

simulations.
Model ONi M, Exin Epm Pom Boym Vo dv fom  Ipeak Lpeak
(Mo)  (Mg)  (erg) (erg) (ms) (G (kms™H) (kms™) () (d)  (ergs™)
S5pl1Bx2th 0.19 3.63 2.49(51) 0451 7.0 3.5(14) 6000 3000 19.1 26.0 4.83(43)
Spl1Bx2 0.19 3.63 249(51) 04(1) 7.0 3.5(14) 6000 3000 19.1 26.7 4.86(43)
r0e2 0.13 9.69 4.12(51) 04(51) 7.0 3.5(14) 5700 2850 19.1 31.7 3.75(43)
r0e2n 0.13 9.69 4.12(51) . ... . . ... ... 444 2.25(42)
r0e2 0.13 9.69 4.12(51) 04(51) 7.0 3.5(14) 5700 2850 19.1 31.7 3.75(43)
r0e2s 0.13 9.69 4.12(51) 04(01) 7.0 3.5(14) 1425 713 19.1 51.7 2.81(43)
r0el 0.09 9.52 1.14(51) 04(51) 7.0 3.5(14) 2700 1350 19.1 43.0 2.53(43)
r0e2 0.13 9.69 4.12(51) 04(01) 7.0 3.5(14) 5700 2850 19.1 31.7 3.75(43)
rOe4 0.17 9.86 1.23(52) 04(51) 7.0 3.5(14) 10000 5000 19.1 25.8 4.86(43)
r0e2 0.13 9.69 4.12(51) 04(01) 7.0 3.5(14) 5700 2850 19.1 31.7 3.75(43)
rOe2ba 0.13 9.69 4.12(51) 04(51) 7.0 1.0(14) 5700 2850 2344 489 1.61(43)
r0e2 0.13 9.69 4.12(51) 04(01) 7.0 3.5(14) 5700 2850 19.1 31.7 3.75(43)
r0e2ea 0.13 9.69 4.12(51) 0.8(51) 5.0 3.5(14) 6800 3400 9.6 25.0 7.20(43)
r0e2eb 0.13 9.69 4.12(51) 1.2(51) 4.1 3.5(14) 8000 4000 6.4 21.6  1.03(44)
r0e2ec 0.13 9.69 4.12(51) 5.051) 20 20014 8000 4000 4.7 24.6 3.21(44)

Notes. Numbers in parenthesis correspond to powers of ten. Each group of models (separated by a horizontal line) has a specific purpose. Models
5p11Bx2 and 5p11Bx2th address the influence of non-thermal processes. The reference magnetar model rOe2 is confronted to model r0e2n (no
magnetar), to model r0e2s (narrow magnetar-power deposition profile), to models rOel and rOe4 (different explosion energies), to model rOe2ba
(different magnetar field strength), and to models rOe2ea, rOe2eb, and rO0e2ec (different magnetar spins). Also discussed is the influence of ejecta

clumping for model r0e2 (Sect. 9).

(i.e., over a broad range of radii rather than in the innermost
shells) energy deposition might also prevent the formation of a
shock. The impact of the magnetar energy injection on the den-
sity structure is much weaker in 2D (and probably also in 3D)
than in 1D.

In the 1D radiation hydrodynamical simulations with HERA-
cLes, Dessart & Audit (2018) used this result to adopt a broad
profile for the deposition of magnetar energy. A consequence is
that then, even in 1D, no dense shell forms. Furthermore, the
broad deposition causes an earlier brightening of the SN lumi-
nosity, capturing in a simplistic way the energy advection seen
in 2D hydrodynamical simulations. This approach is therefore
qualitatively sound but quantitatively uncertain. For example, in
the process of advection of magnetar energy deposited at depth,
the heated material would cool by stretching out in radius. By
adopting a broad deposition profile, the cooling from expan-
sion is not properly accounted for since the energy is deposited
directly at large velocities.

The present simulations with cMFGEN use a relatively
extended energy deposition as parametrized in Dessart & Audit
(2018) and Dessart (2018). Numerically, the deposition profile
follows the density p for V < Vj, and p exp (—[(V - Vo)/dV]z)
for V > V. This profile is frozen in time. Figure 3 shows two
deposition profiles, one broad and one narrow. A normalization
is applied so that the volume integral of this deposition profile
yields the instantaneous magnetar power at that time.

The impact of the choice of V and dV is explored in one
model (rOe2s; Sect. 4 and Table 1). In other simulations, V; and
dV scale with the magnetar energy or power since this seems
plausible from the point of view of hydrodynamics. With this
choice, the energy deposition profile influences the model lumi-
nosity mostly before maximum (Dessart & Audit 2018). After
maximum, the conditions are close to nebular so that it is the
total magnetar power that primarily matters rather than its pre-
cise distribution within the ejecta.
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Fig. 3. Illustration of the normalized ejecta density p(V) for model
r0e2, together with the normalized magnetar energy deposition ¢, (V)
for a broad (V, = 5700kms™" and dV = 2850kms™!) and a narrow
(Vo = 1425kms™" and dV = 713kms™") distribution. In general, the
models adopt a broad deposition profile, but one model (r0e2s) was
done with a narrower energy deposition profile to check the impact on
the simulation (see Sect. 4 for discussion).

While the y-rays from radioactive decay can escape at late
times, the entire magnetar power is designed to remain trapped
at all times and is deposited according to the prescription given
above. This approach is not optimal but a proper handing of the
process would require transport modeling for the deposition of
the high-energy radiation and particles released by the magnetar
together with the multi-dimensional hydrodynamical modeling
of its impact on the 3D structure and dynamics of the ejecta. At
late times, one may adjust the trapping efficiency of the magnetar
power so that the power absorbed equals the observed luminos-
ity. This could be considered when comparing models to specific
observations.
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The approach in cMFGEN currently requires that the composi-
tion is homogeneous at a given ejecta depth (or velocity). There
is no chemical segregation. In the context of core-collapse SNe
exploded through the neutrino-driven mechanism, this choice is
not optimal (see e.g., Wongwathanarat et al. 2015). However, in
the context of magnetar-powered SNe, the inner ejecta becomes
very turbulent (Chen et al. 2016; Suzuki & Maeda 2017) and
chemical mixing may take place down to small scales. So, the
assumption of complete microscopic mixing in CMFGEN may in
fact be more suitable than assuming no microscopic mixing at
all. The issue is most relevant in Type II SNe because of the
strong composition stratification of the progenitor massive stars.
In Type Ic SN progenitor like model 10, the progenitor envelope is
essentially a large ONeMg rich envelope on top of an iron core.

2.3. Grid of models

In this work, magnetars with a range of initial spin and magnetar
field strengths are considered. The initial magnetar energy Epy
covers from 0.4 to 5.0 x 10°! erg. The magnetar field strength
By covers a small range from 1 to 3.5 x 10" G. Larger val-
ues are a problem because the main effect from magnetar power
would be dynamical, which is not treated in cMFGeN. Lower val-
ues would produce brighter light curves at nebular times, but
with fainter maxima so the SN would no longer be superlumi-
nous (this is still of interest but out of the scope of the present
study). These choices of Epy and By, correspond to magne-
tar spin-down timescales in the range 4.7-234.4d. The energy
released during the first day, which is neglected, is 0.4—17.6%
of the total magnetar energy, which is quite substantial for the
highly magnetized fast-spinning models. Because the dynamical
influence of magnetar power is ignored, all the energy liberated
by the magnetar goes into ejecta internal energy (and eventually
radiation). Throughout the time sequence, our magnetar-
powered model will retain the same ejecta structure (mass, den-
sity, velocity, and radius) and thus the same kinetic energy.

In practice, the code treats the magnetar power the same way
as radioactive decay. Energy is injected as 1keV electrons for
which the degradation spectrum is computed. The contribution
to the heating of thermal electrons, and to non-thermal excitation
and ionization is computed explicitly in all but one model — one
simulation is run with non-thermal processes turned off (i.e. all
the energy is in this case entirely channeled into heat).

The model nomenclature is the following. The same mag-
netar properties (Bpy = 3.5 X 10 G and Em = 4X 10°° erg)
are used in the “reference” models 5pl11Bx2, rOel, r0e2, and
r0ed. There is no specific suffix to characterize the magnetar
in these 4 models. The model rOe2 is extensively discussed and
used for various comparisons. The properties of its magnetar are
the same as those used in the study of Dessart & Audit (2018) —
this particular choice was in part arbitrary but also driven by the
need to use a magnetar with a modest dynamical influence (i.e.,
with Epy, significantly smaller than Ey;,, which is ~10% in the
case of model r0e2). Variants of these models are then explored.
Model 5p11Bx2th is the same model as 5Sp11Bx2 except that
non-thermal processes are switched off (all magnetar and decay
power goes into heat). Model r0e2n is equivalent to model r0e2
except that the magnetar power is turned off. Model rOe2s is
equivalent to model rOe2 except that the magnetar energy depo-
sition profile is narrower. Model rOe2ba is equivalent to model
r0e2 except that the magnetar field strength is lower. Models
r0e2ea, r0e2eb, and r0e2ec are equivalent to model r0e2 except
that the initial magnetar rotational energy is enhanced (model
r0e2ec also uses a weaker field). Model rOe2cl is equivalent to

r0e2ba 1
r0ed

r0e2eb
r0e2ec

r0e2s
r0e2n
—— r0e2ea

455

45.0F
__ 445
'n 44.0

= 5p11Bx2
rOel

r0e2

345 710 2030 50 100 200 500
Days since explosion

Fig. 4. Bolometric light curves for the full grid of models computed
in this study (with the exception of models 5p11Bx2th and rOe2cl,
which have the same bolometric light curve as models 5p11Bx2 and
r0e2, respectively). Magnetar-power is applied in all models apart from
model r0e2n in which the only power source after explosion is radioac-
tive decay. The thin solid (thick dashed) black line corresponds to
the magnetar power for By, = 3.5 x 104G (B,, = 10"G), and
Epm = 4 x 10° erg. A logarithmic scale is used for the time axis.

model r0e2 except that the material is clumped. This simulation
is started around the time of maximum. In addition, in models
r0el, r0e2, and r0e4, various levels of clumping are enforced to
explore the effects at one nebular epoch (details and results are
given in Sect. 9).

This set of models includes only one magnetar with a large
rotational energy because in that regime, the neglect of dynami-
cal effects in cMFGEN becomes a severe limitation. Consequently,
most of the present simulations are limited in maximum lumi-
nosity and optical brightness. And the quantitative results are
less robust than the trends.

Figure 4 shows the bolometric light curve for the full set of
time-dependent cMFGEN simulations. The peak luminosity cov-
ers from about 10* up to few times 10* ergs™!, with rise times
from about 25 up to about 50d after explosion. The slight off-
set at 100—-200d between the model curves and the magnetar
power is related to the small contribution from radioactive decay
and residual optical-depth effects (i.e., there is still stored energy
released in addition to the instantaneous power absorbed by the
ejecta). Eventually, the bolometric luminosity equals the instan-
taneous magnetar power. The contribution from decay power
depends on the ®Ni mass of each model (see Table 1), as well
as the amount of y-ray escape (function of Ey;,/M,;).

3. Detailed discussion for magnetar-powered SN
model r0e2 - the reference case

Figure 5 illustrates the photometric properties of the model r0e2
with a magnetar (Bp, = 3.5 X 10" G and E,m =4 X 10 erg)
relative to its counterpart r0e2n without a magnetar. Model r0e2
reaches a peak luminosity of 3.75 x 102 ergs™" at 31.7d after
explosion while model rOe2n peaks later at 44.4d at a smaller
peak luminosity of 2.26 x 10*? erg s~!. The V-band light curve is
similar to the bolometric light curve (middle panel of Fig. 5). The
V-band maximum occurs in both at 43.3d but it is —19.4 mag
in model r0e2 and —17.5mag in model r0e2n. The width of
the light curve (bolometric or visual) is much broader in the
magnetar-powered model, because the magnetar power in model
r0e2 (black thin line Fig. 5) overwhelms the decay power from
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Fig. 5. Bolometric light curve (top panel; overplotted are the absorbed
power from the magnetar [solid black line] and from °Ni decay [dashed
black line]), V-band light curve (middle panel), and U—-V and V—I color
evolution (bottom panel) for models r0e2 and its unmagnetized counter-
part rOe2n. The glitch at 90d in the V-band light curve of model r0e2
corresponds to a rapid change in photospheric conditions (temperature
and ionization), at a time when the ejecta optical depth is 5—10. The oft-
set between Ly, and é,, decreases with time in model rQe2 as the y-rays
from radioactive decay increasingly escape (the power from the magne-
tar is, by design, fully absorbed by the ejecta so the model eventually
coasts to that value).

0.13 My of Ni (dashed thin line in Fig. 5; y-ray escape is
allowed for) at all times. The boost in luminosity or visual bright-
ness in model r0e2 is accompanied by a shift to blue optical
colors, which is maintained throughout the photospheric phase
(bottom panel of Fig. 5).

Figure 6 shows the evolution of the photospheric proper-
ties (the electron scattering opacity is used for the computation
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Fig. 6. Evolution of photospheric properties for model r0e2 pow-
ered by a magnetar and model r0e2n without a magnetar (the sus-
tained source of power comes from radioactive decay alone in model
r0e2n). Bottom panel: ionization of oxygen at the photosphere (i.e.,
[X; iN(O™)/N(O)],n) where N(O™) is the oxygen number density when
i-times ionized and N(O) is the total oxygen number density. Oxygen
is chosen since it is the main constituent of the ejecta and because it
is associated with the emblematic spectroscopic signatures of SLSNe
Ic. Only the electron-scattering opacity is used to locate the photo-
sphere. Compared to its unmagnetized counterpart, model r0e2 shows
photospheric properties that are hotter and more ionized over the period
3-200d.

of the optical depth and the location of the photosphere).
Although models r0e2 and rOe2n have the same ejecta mass,
kinetic energy, density structure, the magnetar-powered model
rOe2 has a photosphere at larger velocities Vi, (Which extends to
larger radii, with a maximum of about 4 x 10'> cm at 120 d) and
larger temperatures Tp,. Around the time of maximum, Ty is
~12 000 K in model r0e2, compared to ~6000 K in model rOe2n.
The higher temperature in model rOe2 causes a greater ionization
of the photospheric layers, so that oxygen is once ionized from
4 d onwards in model rOe2, while it is neutral up to 20 d and only
half ionized afterwards in model rOe2n (bottom panel of Fig. 6).

Since the spectrum formation region tracks approximately
the photospheric layers' as long as the ejecta is optically thick
(hence up until ~200 d after explosion in model r0e2, and ~140d

! This is true up to bolometric maximum. After that, the spectrum

forms over an increasingly extended region in the present simulations,
in part because the ionization remains large above the photosphere so
that no recombination front forms.
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Fig. 7. Multi-epoch spectra for model r0e2 (left panel) and model 10e2n (right panel). The quantity AF, is shown to better reveal the fainter
flux at longer wavelength. In the left panel, the thin line corresponds to the continuum flux (the offset with the full spectrum arises from the
contribution from lines). What drives the difference in spectral and color properties between the two models is magnetar heating since the same
ejecta (composition, mass, kinetic energy) is used for both (see discussion in Sect. 3).

in model rOe2n), the contrast in photospheric properties shown
in Fig. 6 should lead to a modest change in line profile width
and strength but a much bluer optical spectrum with lines from
once ionized elements (if one considers that O is a representative
element). Figure 7 confirms this. The magnetar powered model
shows a rapid shift from a red to a blue optical spectrum after
a few days past explosion, with a spectral energy distribution
(SED) that peaks around 2500 A (Fig. 7 shows the quantity AF),,
which gives more importance to the long-wavelength flux) from
~10 to beyond 100d. The onset of that shift to the blue (and to
greater luminosity and visual brightness is function, for example,
of the magnetar power and deposition profiles — see next sections
for various dependencies). The contrast with the model without
magnetar is striking (right panel of Fig. 7). In model rOe2n, the
SED stays red at all times, with strong signs of blanketing in the
UV and in the optical (model 5p11Bx2 and variants have been
extensively discussed in Dessart et al. 2015, 2016). Spectral dif-
ferences between models r0e2 and r0e2n remain throughout the
photospheric and nebular phases.

The left panel of Fig. 7 also shows the predicted continuum
flux (thin line). At the earliest epoch (here, at 5d), the contin-
uum flux follows the optical flux closely (outside strong-line
regions), but it is strongly blanketed in the UV. As time pro-
ceeds, the continuum peaks more and more in the blue and the
continuum flux weakens relative to the total flux. By 70d, the
continuum flux is essentially zero. The difference between the
total flux and the continuum flux arises from the multitude of
broad and weak overlapping lines, which cannot be clearly iden-
tified in the full spectrum. These lines contribute both in emis-
sion and absorption, although as time passes, the emission part
dominates. A consequence is that the color temperature obtained
by fitting the full spectrum with a blackbody overestimates the
temperature of the thermalization layer. A lower gas temper-
ature can accommodate the observed flux because of the line
flux contribution (which a blackbody ignores). In these con-
ditions, blackbody fits, which are often used, overestimate the

r0e2 Ac = 6579.7 A
A —— 4d-
s I ..
;‘-\\-___,4/”—__-—__—_———-—_‘"“————————__\___,ES:
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Fig. 8. Evolution of the spectral region around A, = 6579.7 A for model
r0e2 to illustrate the evolution of the Doppler velocity at maximum
absorption as well as the peak blueshift. The value of A. corresponds
to the air wavelength of the gf-weighted mean of the corresponding
C 1 doublet. The Doppler velocity at the location of maximum absorp-
tion in this line follows closely the velocity of the photosphere shown
in Fig. 6.

temperature. The weakness of the continuum flux arises from
the metal-dominated composition and the weakness of contin-
uum processes relative to line processes. A similar effect holds
in SNe Ia (see e.g., Hillier et al. 2013).

Figure 8 shows the evolution of the spectral region centered
on the C 16579.7 A (doublet) transition. This line is strong (to
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Fig. 9. Top panel: ladder plot for model r0e2 at 32d after explo-
sion (which corresponds to the time of maximum), covering the UV
and optical ranges (this model yields a good match to Gaial6apd at
bolometric maximum; see Sect. 10.3). The upper part shows the full
spectrum F, together with the continuum (thin line). Line emission
contributes throughout the optical and causes the excess flux above the
continuum level. There are no true “continuum” windows — the total
model flux is 50% greater everywhere except in two P-Cygni troughs.
This excess line flux impacts the interpretation of a color temperature
based on a blackbody fit. In the UV, lines cause a strong blanketing,
with the total flux depleted below the continuum level. The lower part
shows the ratio of the full spectrum (F, ;) and the spectrum com-
puted by omitting the bound-bound transitions of a given ion (Fjess)-
Bottom panel: optical spectrum (normalized to the maximum flux in the
range 2500—10 000 A) of model r0e2 at 240.0 d after explosion. Vertical
marks at the top correspond to the air wavelength of lines with a Sobolev
equivalent width (EW) greater than 7000 A (the ions shown at top are
displayed in the order of appearance of transitions, starting at the short-
est wavelength displayed). Here, 251 lines with an EW between 7000
and 49 340 A are shown. The thickness of each bar scales linearly with
the line EW. The name of the corresponding ion lies at the left of each
series of marks.

assess the strength of the line, see Figs. 7 and 9) and appears clearly
as a P-Cygni profile as soon as the photospheric conditions are
hot and ionized (this line is weak or absent in the model rOe2n at
the corresponding epochs). The Doppler velocity at the maximum
absorption in this feature tracks closely the velocity of the electron-
scattering photosphere for up to 70d (for this illustration, this
C 1 doublet is a better line to use than those in the 4000—5000 A
region, where O 1 lines are numerous and overlap). The location
of maximum absorption stays the same from about 60 d until 100 d
because the photosphere then recedes to inner ejecta layers where
C is under-abundant: the C-rich shell is located beyond
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6000kms~' in model r0e2 (analogous to the effect on the
He line profile caused by the H stratification in SNe IIb; see
Fig. 2). After ~100d, the C mu lines disappear. In our WR star
models, a C-rich shell is always present in the outermost layers of
the ejecta and is the cause of the strong C 1 lines in our models.

Figure 9 uses two different ways to illustrate the main line
contributions in the spectra of models r0e2 at 32.0 and 240.0d
after explosion. The top panel shows the contribution of individ-
ual ions, obtained by comparing the full spectrum (F on) with
the spectrum computed by omitting the bound-bound transitions
of a given ion (F,jess). The bottom panel marks the strongest
transitions with a Sobolev equivalent width (EW) greater than
7000 A (at nebular times, the very weak continuum flux and
the presence of strong forbidden emission lines explain these
large EWSs). The top panel of Fig. 9 shows the contributions
from a large number of lines associated with once and twice ion-
ized states of C, O, Mg, and Fe. At 32.0d, the spectrum forms
around 10000kms~!, in the C-rich part of the progenitor CO
core (see middle panel of Figs. 2 and 6), hence the spectrum
naturally shows signatures of these intermediate mass elements,
although the number of line transitions is large and line over-
lap is strong, often preventing an association between a feature
and a given transition. The photospheric temperature and ioniza-
tion favor the presence of these elements in their once or twice
ionized state. The region 4000-5000 A is primarily shaped by
O1 which has about one hundred lines with an EW greater than
100 A (3p-3s, 3d-3p, and 4f-3d transitions). At longer wave-
length, the strongest features are due to C 11, mostly doublets or
triplets at 5889.7, 6579.7, 7234.8 A. He15875.6 A contributes
weakly (about 1/5 of the total Sobolev EW) to the feature at
5900 A. O17773.4 A is the main contributor of the feature at
7800 A, with a weak contribution at 7896.4 A by Mg 11 — the main
Mg 11 contribution is from multiple lines around 2800 A, which
also overlap with C it and C 1 transitions. There are weaker Mg it
transitions around 2930 and 4480 A. In the UV range, most lines
are caused by similar ions, together with a few regions of strong
blanketing by iron-group elements (Tim around 1500 A; Fe nr in
the range 1700-2200 A). The ups and downs in the UV range
are not actual lines, not even blends of lines. These peaks and
dips are regions of reduced and enhanced opacity, and the entire
UV flux is subject to blanketing.

The bottom panel of Fig. 9 shows the spectrum of model rOe2
at 240d. The total ejecta optical depth to electron scattering at
that time is 0.48, and the conditions for the spectrum formation
are hybrid, with the presence of permitted transitions (similar to
those seen at 24.5d, as well as a forest of Fe lines, including
strong lines at 6149.3, 6247.6, and 6456.4 A — there are numer-
ous weaker components overlapping with these transitions) and
forbidden lines, most notably of O 17324.3 A (multiplet) and
Om at 5006.8 A. At later times, the permitted transitions weaken
and the spectrum becomes more and more dominated by forbid-
den lines (which ions contribute depend on how the ionization
state evolves). Oxygen absorbs most of the magnetar power (the
power absorbed scales roughly linearly with the mass of each
element), although oxygen lines are not always the strongest
lines (this depends on the composition mixture and on atomic
properties of the ions and atoms present).

4. Influence of the magnetar energy deposition
profile

This section discusses the influence of the adopted deposi-
tion profile. Model r0e2s uses Vo = 1425kms™! and dV =
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Fig. 10. Same as Fig. 5, but now for model r0e2 and rOe2s, which differ

in the adopted magnetar-power deposition profiles.

713kms~!, compared to Vo = 5700kms™' and dV =
2850kms~! in model r0e2 (see Fig. 3 and Sect. 2.2). The result-
ing SN ejecta and radiation properties computed with cMFGEN
are qualitatively similar but there are quantitative differences
(Fig. 10). At early times, the magnetar influence is delayed in
model r0e2s, so that the increase in luminosity and visual bright-
ness and the shift of the optical color to the blue are all delayed.
The sudden rise in luminosity occurs at ~3 d in model r0e2 but
is delayed until nearly 20d in model rOe2s. From model r0e2
to rOe2s, the rise time increases from 31.7 to 51.7d, the bolo-
metric maximum drops by 25%, the V-band magnitude rises by
0.2mag. During the rise to maximum, model rOe2s stays red
longer but it has roughly the same U—V and V-1 colors at maxi-
mum as model rOe2. In model r0e2, more energy is radiated (i.e.,
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Fig. 11. Same as Fig. 6, but now for models r0e2 and rOe2s.

the time-integrated luminosity is greater) because the magnetar
power is released over a broader range of velocities. By deposit-
ing more power at smaller optical depth, radiation is allowed to
escape earlier with a reduced degradation by expansion. As dis-
cussed in Sect. 2.2, this approach is not fully consistent since
magnetar energy advected out would be subject to expansion
cooling. So, this neglect tends to overestimate the influence of
magnetar power. However, our neglect of dynamics means that
the inner ejecta layers are not accelerated, which would con-
tribute to bringing them faster to a lower optical depth where
they could radiate their stored energy (mass conservation also
implies that this swept-up shell becomes very dense; a radial
compression, however, does not change the radial column den-
sity).

Figure 11 illustrates the impact of the deposition profile on
the photospheric properties. With a narrower profile, the pho-
tosphere is located deeper in (smaller radii and velocities), is
cooler and less ionized on the rise to maximum. Around the time
of maximum (which differs by 20d between the two models),
the difference in photospheric properties is small, mostly limited
to the temperature (~11 000K in r0e2 compared to ~9000 K in
model r0e2s). This offset likely results from the longer rise time
in model rOe2s, which implies that the volume occupied by the
ejecta in model rQe2s is greater at maximum (smaller equilib-
rium radiation temperature in the optically-thick volume) and the
magnetar power at that later time is smaller. After maximum, the
deposition profile has less impact on the SN properties because
the ejecta is not very optically thick, the spectrum forms over
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Fig. 12. Top panel: comparison of multi-epoch spectra for models rOe2
and rOe2s. Bottom panel: same as the bottom panel of Fig. 9, but now
for model r0e2s at 427 d after explosion.

a more extended volume, and the outer ejecta layers contribute
less.

The difference in spectral evolution reflects the delay in the
magnetar influence, especially the shift to a hotter and more
ionized photosphere radiating a bluer optical color (top panel
of Fig. 12). Model 10e2s exhibits a similar spectrum to model
r0e2n (without magnetar) for about 30d. By 40d, the spectra of
models r0e2 and r0e2s show similar lines in the optical, while
model r0e2 has a greater flux in the UV (its photosphere is
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Fig. 13. Same as Fig. 5, but now for model rOel, rOe2 and rOe4, which
differ in ejecta kinetic energy primarily (as well as slightly in composi-
tion; see Table 1).

hotter). Line widths are comparable around maximum (the pho-
tospheric velocity is similar in both models from about 30 to
100d; Fig. 11). At nebular times, model r0e2s shows narrower
spectral lines, which therefore form deeper in the ejecta where
the deposited power is relatively greater. A marked difference
that persists at all times is the excess UV flux in model r0e2
compared to r0e2s. This arises from the excess power deposited
in the outer lower-density ejecta layers, which tends to produce
a greater temperature (and ionization).

The bottom panel of Fig. 12 illustrates the spectral features
in model r0e2s at 427d after explosion. The spectrum is very
ionized relative to a core collapse SN. Here, the main lines are
due to O 173243 A, Om at 4363.2, 4958.9, 5006.8 A, S at
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Fig. 14. Same as Fig. 6, but now for models r0el, r0e2, and r0e4 (models
that differ in ejecta kinetic energy).

6312.0, 9068.6, and 9530.6 A, Arm 7135.8 A, Can H & K, Fen
at 4923.9, 5018.4, 5169.0 A, and Fem at 4658.0, 4701.5, and
5011.3 A. All these lines are also present in model r0e2 (with
different relative strength), but they are more easily identified
here with the reduced line overlap.

The magnetar-power deposition profile therefore impacts the
SN radiation in many ways. It controls the timing for the influ-
ence felt at the photosphere as well as the different reaction of
the gas for a given power (i.e., whether the power is injected at
higher or lower density). These changes cause various quantita-
tive shifts but do not change the qualitative picture. Overall, the
primary impact is on the total heat content, which is controlled
by the volume-integrated magnetar-power. The exact distribution
is a secondary effect.

5. Influence of ejecta kinetic energy

This section presents the results for counterparts of model r0e2
for which the ejecta kinetic energy is lower (model rOel) and
higher (model rOe4; see Sect. 2). By adopting the same mag-
netar properties in all three models, one can test the influ-
ence of the ejecta kinetic energy on the SLSN Ic properties.
For the magnetar power deposition profile, model rOel uses
Vo = 2700kms™ and dV = 1350kms~!, model r0e2 uses
Vo = 5700kms™! and dV = 2850kms~!, and model rQe4
uses Vo = 10000kms~! and dV = 5000km s~ (see Sect. 2 and
Fig. 3).
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Fig. 15. Comparison of multi-epoch spectra for models r0el and rOe4,
which are identical to model rOe2 except for the lower and higher ejecta
kinetic energy. Model r0e2 is discussed in Sect. 3. Its spectral properties
are intermediate (e.g., in SED color, line widths, or ionization) between
those of models r0el and rOe4.

2000

Figure 13 shows the bolometric light curve, the V-band light
curve, and the U-V and V-1 color curves for models rOel, rOe2,
and r0e4. The effect seen here is similar to employing a broader
deposition profile (see previous section). With higher ejecta
kinetic energy, the luminosity (or optical brightness) increases
earlier (because of the lower ejecta optical depth and the broader
deposition profile), peaks to a greater maximum (because it
peaks earlier, when the magnetar power is greater), and is bluer
early on. With higher ejecta kinetic energy, the photosphere is
located further out (larger radii and velocity), although the ejecta
becomes optically thin earlier (Fig. 14). At the time of bolomet-
ric maximum, model r0e4 (Eg, = 1.23 x 10°2 erg) has a pho-
tospheric velocity of ~14000km s~', while model rOel (Ey, =
1.14 x 10°' erg) has a photospheric velocity of ~5800kms".
This reflects closely the difference in /2Ey;,/Mej. The photo-
spheric temperature is greater because of the earlier influence of
the magnetar, but all models have a similar T, around the phase
of maximum.

Figure 15 shows the spectral evolution for models rOel, r0e2,
and r0e4. With higher ejecta kinetic energy, the SED becomes
bluer earlier, the lines are broader and weaker, and the appear-
ance of forbidden lines occurs earlier (e.g., O 173243 A and
Om at 4363.2, 4958.9, 5006.8 A). While the ionization con-
ditions are similar around maximum (dominance of permitted
transitions from Cn and On), the conditions at late times are
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Fig. 16. Same as the bottom panel of Fig. 9, but now for models rOel
and rOe4 at 234 and 241 d after explosion.

different. Model r0e4 shows nearly exclusively lines of O 1 and
Om while model rOel shows lines primarily from neutral and
once-ionized elements (e.g., O1, Si, and a forest of Feu lines).
Figure 16 illustrates this contrast for models rOel and rOe4 at
about 240 d after explosion.

Hence, for the same magnetar properties, the nebular phase
spectra can drastically differ. The origin of this feature is that
in a higher energy explosion, the inner ejecta is less dense (the
density profile is flatter, with more mass at large velocity) so for
a given power one obtains a greater temperature and ionization at
nebular times. This is exacerbated by the fact that the deposition
profile is broader in model rOe4, leading to very broad O u and
O lines. In model rOel, the lines are from neutral or once-
ionized species like O1 or Fen and they are narrower.

6. Influence of magnetar rotation energy

This section explores the impact of varying the magnetar ini-
tial rotational energy (or spin) for the same ejecta model. Using
model r0e2 as a reference, the value E,p, is increased from 0.4
(r0e2) to 0.8 (r0e2ea), 1.2 (r0e2eb), and 5.0x 107! erg (r0e2ec; in
this last model, Bpy, is decreased from 3.5 to 2.0 X 10'* G). The
change in initial spin also affects the spin-down timescale since
it scales as 1 /wzm (or 1/E,m). Hence, fpy drops from 19.1d in
model r0e2, to 9.6, 6.4, and 4.7 d (model rOe2ec, with the fastest
initial spin). This causes a boost of about a factor of ten in peak
bolometric luminosity (top panel of Fig. 17), while the V-band
maximum increases by less than 2 magnitudes. This results from
the shift to bluer colors in the highest energy model (bottom
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Fig. 17. Same as Fig. 5, but now for models rOe2, rOe2ea, rOe2eb,
and rOe2ec, which differ in magnetar rotational energy (i.e., initial spin
period).

panel of Fig. 17). The rise time to maximum is essentially the
same because all models have the same expansion time scales
and diffusion times scales (here the magnetar does not affect the
dynamics) — this is modulated in part by the fact that a broader
deposition profile is used in higher energy models).

As shown in Fig. 18, the rise time to maximum and the lumi-
nosity at maximum obtained here are in rough in agreement with
the analytic predictions of Kasen & Bildsten (2010), who use
a one-zone model (compared to an extended deposition profile
here) and neglect dynamics (although they account for the mag-
netar energy in estimating the mean ejecta velocity).

The boost to the luminosity and brightness obtained with
more energetic magnetars is associated here with a boost in the
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Fig. 18. Same as Fig. 1, but now adapted for the ejecta properties of
model r0e2 (M; = 9.69 My, and Ey;, = 4.12 x 10°! erg). Over-plotted
are the results for models r0e2, r0e2ea, r0e2eb, and r0e2ec, which differ
primarily in the initial magnetar spin period. The initial magnetar prop-
erties for the models are By, = 3.5 x 10" G and P, = 7.0 ms (10e2),
Bym = 3.5 % 10" G and P, = 5.0ms (t0e2ea), By, = 3.5 x 10" G and
Py = 4.1 ms (t0e2eb), By = 2.0 X 10" G and P,y = 2.0 ms (10e2ec).
The value of the rise time is affected by the prescribed deposition profile
(see Sect. 4) and probably by the neglect of dynamical effects as well
(more problematic in more energetic explosions; but see Appendix A).

photospheric temperature (Fig. 19). Indeed, the photosphere is
located in the same mass shells (i.e., same radius or velocity),
but the temperature rises to a maximum of ~12 000K (at bolo-
metric maximum) in model r0e2 and to ~27 000K (about 10d
before bolometric maximum) in model rOe2ec. In model rOe2ec,
the photospheric temperature is always greater than in model
r0e2, by 2 to 10kK. This temperature contrast is associated with
a change in ionization. While O is once ionized in model rOe2
throughout the simulation, it evolves from neutral to 3-times ion-
ized on the way to maximum in model rQe2ec, before progres-
sively dropping to being once-ionized at late times.

Models with different magnetar rotational energy show very
different spectral properties, reflecting in part the contrast in tem-
perature and ionization discussed above. The top panel of Fig. 20
shows multi-epoch spectra (the quantity displayed is AF,) for
models r0e2 and r0e2ec (which differ in E},y, by a factor of 50).
The higher energy model has an SED shifted to the blue, peaking
in the UV at all times (the flux bias toward the UV region would
look more extreme if showing F,). Because of this higher ion-
ization, model rOe2ec shows lines of Cmr (e.g., 1175.6, 1247.4,
1894.3, 2296.9, 2844.1, 4650.2, 5695.9, and 8500.3 A) and O m
(e.g., at4363.2 and 5006.8&), in addition to the C m and O 11 lines
that dominate the optical range in model rOe2 (see Sect. 3). In
the UV, apart from the strong C i lines, Fe i1 causes blanketing
in the range 1700-2100 A. The bottom panel of Fig. 20 illus-
trates the line contributions in model rOe2ec around the time of
maximum.

7. Influence of magnetar field strength

Model rOe2ba explores the effect of a weaker magnetic field rela-
tive to model r0e2 (10'* G compared to 3.5x 10'* G). This yields
a greater magnetar spin-down timescale (which scales as 1/ Bgm),
increasing from 19.1 in model r0e2 to 234.4 d in model rOe2ba.
The magnetar power is thus smaller early on but greater after

about 100d for the weaker field case. This causes the bolomet-
ric and visual (not shown) light curves to peak later and at a
fainter maximum in model rQe2ba (Fig. 21), and the color shift
to the blue is also delayed (not shown). Compared to model r0e2,
the photosphere in model rOe2ba heats up later and becomes
more ionized later, but then the greater power at late times main-
tains a higher temperature and a higher ionization for longer (not
shown).

Spectroscopically (no figure provided), model rOe2ba shows
a similar evolution to model r0e2s early on (because the influ-
ence of the magnetar is delayed due to the smaller power ini-
tially). At late times, the enhanced power in model rOe2ba yields
a highly ionized spectrum, similar to what is found in model rOe4
but with narrower lines. In model rOe4, the high ionization comes
from the deposition of power in a lower density ejecta (because
of the large explosion energy relative to model r0e2) while in
model rOe2ba, the density is higher (the explosion energy is
smaller, equal to that in model rOe2) but the magnetar power
is greater.

Dessart (2018) used a similar approach to that presented
here, but for a blue-supergiant star explosion model, and showed
results for a SN ejecta influenced by an even weaker magnetar
field (7.0 x 10'3 G). That model predicts a sustained luminos-
ity, optical brightness, and blue color for 2 years, as observed
in iPTF14hls (Arcavi et al. 2017). For these weaker magnetic
fields, the longer spin down timescale implies that the dynam-
ical effects are weaker and a smaller fraction of the magnetar
energy is released at early times, making the present assump-
tions in CMFGEN more suitable.

8. Influence of non-thermal processes

Model 5p11Bx2 is used to explore the influence of non-thermal
effects on the SN ejecta and radiation. So, a counterpart is run
(model 5p11Bx2th; the sequence covers from 3 to 100 d only) in
which all the magnetar and decay energy is treated as heat (i.e.
non-thermal effects are ignored).

Figure 22 shows multi-epoch spectra for the two model
sequences at 5, 20, 40, 70, and 100d. As can be seen, the
impact of non-thermal processes throughout the photospheric
phase (i.e., the high brightness phase) is negligible. A slight dif-
ference is visible at 100d in the O feature at about 7324.3 A
(composed of several lines), and arises from the higher ioniza-
tion in the non-thermal model (a mix of O* and O>* is present
at the photosphere), while the thermal model is less ionized (O*
dominates at the photosphere). The photospheric properties (not
shown) are essentially identical in both models, with only a
slight over-ionization in the non-thermal model after bolomet-
ric maximum. At later times, the offset between the two models
Srows.

In model 5pl1Bx2, all elements are at least once ion-
ized throughout the ejecta at all times so the electron density
is very large. This is known to quench non-thermal effects.
Indeed, Kozma & Fransson (1992) find that as the ionization
level increases, a growing fraction of the decay energy is chan-
neled into heat (i.e., heating of thermal electrons), largely irre-
spective of the composition. In cMFGeN simulations of Type II
SN 1987A, Li et al. (2012) find that in the recombined layers of
the H-rich ejecta (x. ~ 0.01, where x, is the ratio of the total ion
population and the total element [atom and ions] population),
20% of the decay energy goes into heat, 40% goes into excita-
tion, and 40% into ionization of the elements. In the partial ion-
ization conditions of Type Ibc photosphere around bolometric
maximum (x. ~ 0.3), Dessart et al. (2012b) find that 80% of the
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Fig. 19. Same as Fig. 6, but now for models r0e2, r0e2ea, rOe2eb,
and r0e2ec, which differ in magnetar rotational energy (i.e., initial spin
period).

decay energy goes into heat, and 10% goes into excitation and
10% into ionization of the elements. In the magnetar-powered
model 5pl11Bx2 at 30d (close to bolometric maximum), x. is
0.95 at the photosphere and drops to about 0.6 within a few
1000 km s~! above it. In this spectrum formation region, 85-91%
of the magnetar power is channeled into heat, with the remain-
ing ~10% are channeled equally between non-thermal excita-
tion and ionization. With the increase in ionization and temper-
ature, the radiation field is also much stronger in the UV (the
SED peaks in the UV in SLSNe Ic), allowing stronger photo-
ionization than typically possible in cool plasmas like standard
SNe Ibc photospheres. In early-time Type II (or IIb) SNe, emis-
sion from lines of elements in a relatively high ionization state
have been observed [Ov and Ovi in SN 2013fs (Yaron et al.
2017); Nurand N 1v in SN 2013cu (Gal-Yam et al. 2014); Hemin
SN 2006bp (Quimby et al. 2007)]. Rather than non-thermal pro-
cesses, these emission lines are caused by the high temperature
in the spectrum formation region (Dessart et al. 2017b, 2008;
Grifener & Vink 2016; Groh 2014). The combination of a high
ionization (which favors heating of thermal electrons) and the
large gas temperature (which boosts the UV flux) explain why
non-thermal processes have no visible impact on the spectra.
This also confirms the earlier spectral simulations of SLSNe Ic
by Dessart et al. (2012a), which ignored non-thermal processes,
but nonetheless reproduced the salient features of SLSNe Ic like
PTF09atu (Quimby et al. 2011). Although this depends on the
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Fig. 20. Top panel: comparison of multi-epoch spectra for models rOe2
and rOe2ec, which differ in magnetar rotational energy (the label at left
gives the V-band magnitude difference between the two models and the
post explosion epoch). Bottom panel: ladder plot for model rOe2ec at
39d after explosion (the upper part shows the quantity 12F,).

exact level of ionization of the gas, this seems in contradiction
with Mazzali et al. (2016), who argue that non-thermal effects
are important for the spectrum formation of superluminous SNe
Ic, including for the formation of Her lines. The present simula-
tions, which solve explicitly for non-thermal processes, predict
that “thermal” processes dominate (this does not mean that the
conditions are in LTE).
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He 1 lines are present in the synthetic spectra computed here
but generally limited to the transitions at 5875.7 and 10 830.2 A.
In models 5p11Bx2 and r0e2, He15875.6 A represents about 1/5
of the 5890 A feature, whose strength is dominated instead by
Cu. This (and other) Cu features are present for as long as
He15875.6 A, and the carbon contribution always dominates in
the present models. In the near-IR, He110 830.2 A overlaps with
Or1, O, and Mg lines. The helium contribution is weak early
on, but it strengthens after maximum, and at late times non-
thermal effects influence that line. The photospheric temperature
of about 10000 K during the high brightness phase is, however,
the main reason for the presence of these lines at that time. The
weakness of Her lines is probably due to the low helium abun-
dance in the outer ejecta (5—10% in model r0e2, and 30% in
model 5pl11Bx2, the rest being primarily carbon and oxygen).
Given the large CO core in model r0e2, the helium is located
too far out in the ejecta, yielding low line optical depths and

consequently weak features. The progenitor CO core mass is a
fundamental quantity controlling the production of a Type Ib or
a Type Ic SN (Dessart et al. 2012b).

9. Influence of clumping

This section presents an exploration of the effect of ejecta
clumping. The treatment of clumping is identical to that in
Dessart et al. (2018). Clumping is treated through a volume-
filling factor approach which does not affect the radial col-
umn density, hence it does not facilitate the escape of photons,
whether of low energy (optical photons) or high energy (y-ray
photons). A value of f,, equal to 1 corresponds to a smooth
ejecta, and a value of 0.1 corresponds to 10% of the volume
being filled with material (the rest being vacuum). Whatever
the level of clumping, the composition is considered homo-
geneous at a given velocity (i.e., chemical segregation allow-
ing for clumps of distinct composition is not considered). In
Dessart et al. (2018), the main effect of clumping was to enhance
the recombination efficiency of the gas at and above the photo-
sphere, leading to a faster recession of the photosphere and a
boost to the luminosity (in the context of a Type II-pec or a Type
II-P SN). Here, clumping is studied for its influence on the ion-
ization state of the gas. Indeed, Jerkstrand et al. (2017) found
that a strong clumping was required to explain the nebular-phase
spectra of superluminous SNe. Specifically, a volume-filling fac-
tor of 0.1% for the ONeMg rich material was required to repro-
duce, for example, the O1 line doublet at 6316.0 A and quench
the emission from On and O lines (i.e., shift the ionization
from ionized oxygen to neutral oxygen).

The next section explores the impact of various levels of
clumping in model rOel, rOe2, and rOe4 at a single nebular-
phase epoch (i.e., 240 d after explosion). The subsequent section
presents a time-dependent simulation for model rOe2cl, which is
identical to model rOe2 but differs in that the ejecta is clumped
uniformly with a 10% volume-filling factor.

9.1. Comparison of models at nebular times for different
clumping factors

Figures 23 and 24 show the impact of various levels of clumping
(fvor of 1, 0.1, 0.03, and 0.01) on the ejecta temperature and oxy-
gen ionization, as well as on the spectrum, for model rOe2. For
a greater clumping (smaller value of f,), the gas is cooler and
more recombined (oxygen is a good represent of the ionization
state of the ejecta material since it dominates the composition).
The smooth model is more ionized and cools through emission
in On or Fe lines. The clumped models are more recombined
(already for f,,; = 0.1), with a dominance of neutral oxygen over
ionized oxygen. For example, the doublet line of O1at 6316.0 A
is strong in the three clumped models, but absent in the smooth
model, where the 6300 A feature is due instead to Fe lines. A
similar shift is seen for the near-IR Ca triplet, which is stronger
with increasing clumping as the Ca ionization shifts to being pri-
marily Ca*. The SED is markedly altered in clumped models,
which appear redder.

In model rOe2, the effect of clumping is strong for f,, =
0.1, and not much enhanced as the clumping factor if further
enhanced. The value of f,, needed to cause the ionization shift
depends on the SN age, the ejecta properties (primarily den-
sity, which depends on the progenitor structure, the explosion
energy), and the magnetar properties (power, deposition profile).
Jerkstrand et al. (2017) performed one-zone models for various
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Fig. 23. Illustration of the impact of clumping on the gas temperature
(top panel) and the oxygen ionization (bottom panel) in the magnetar-
powered SN model rOe2 at 240 d after explosion, when conditions are
nebular. Together with the smooth model (f,,; = 1.0) discussed in
previous sections (and in particular in Sect. 3), the figure shows the
results for clumped models with f, of 0.1, 0.03, and 0.01. In each
case, the adopted clumping is constant with depth in the ejecta. Mod-
els with higher clumping correspond to ejecta that are cooler and less
ionized, and with optical spectra that are consequently redder and with
lines from ions with a lower ionization (Fig. 24).

compositions and found that f,, needed to be as low as 0.001
to yield a satisfactory correspondence to observed spectra of
SLSNe Ic. This seems extreme since the O-rich material rep-
resents most of the ejecta mass (which would imply that most
of the ejecta volume is essentially vacuum), but it is clear that
clumping can have a profound impact on the resulting SN spec-
trum.

The impact of clumping depends on the ejecta properties.
Indeed, in general, the ionization state of the gas for a given
power depends on the density so one expects a different result
for clumping in a magnetar power acting on a low or a high
energy explosion. Figure 25 shows the impact of clumping in
models r0el and r0e4. Evidently, the impact is rather modest in
model r0el, because this lower energy model is characterized by
a dense inner ejecta. The ejecta ionization is rather low even in
the smooth case. Introducing clumping does not alter this much,
although one sees that the O16316.0 A line is stronger in the
clumped model. In the higher energy model rOe4, the situation
is completely different. In this case, the ionization of the smooth
ejecta is very high at 240 d (see also Sect. 5). In this case, clump-
ing leads to a drastic change in ejecta ionization and spectral
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shift from On7324.3A to Can7307.6A and from Fen6247.6A to
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morphology. The strong and broad O 1 and O 11 lines present for
Jfvor = 1 (top right panel of Fig. 25) are absent in the clumped
model (bottom right panel of Fig. 25) with f,,; = 0.01, which
shows lines of O1 (as well as Fer and Cam).

In model 1Oe4, if the ejecta is smooth, a large fraction of the
flux is emitted in O 7323.4 A, Om4363.2, and Om 5006.8 A.
In the clumped ejecta model with f,, = 0.01, the same amount
of magnetar power is absorbed by the oxygen rich material
(because the deposition profile is independent of clumping),
but the oxygen line flux is much smaller. Instead, the bulk of
the flux comes out in Feu lines. The reason for this feature
is probably that the main O1 forbidden line at 6316.0A is a
poor coolant compared to O 1t 7323.4 A or Om5006.8 A. The
oscillator strengths are 10 to 100 times greater for these last two
lines. So, if O* and O?* are present, the oxygen-rich material
cools primarily through O m and O m lines, but if neutral O dom-
inates, the cooling here is then performed in a large part by iron
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Fig. 25. Comparison of normalized spectra at about 240 d after explosion for model rOel (left panel) and 1r0e4 (right panel) for two different levels
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inner ejecta) but a drastic influence on the higher energy model (which has a lower-density inner ejecta), associated with a strong reduction in

ionization.

lines. This vividly illustrates that for the same oxygen mass and
the same power absorbed by oxygen rich material, very different
line strengths of oxygen lines can result, strong if O and O 1
lines are present, weak if O1 lines are present. In other words,
the strength of oxygen lines is not a robust and direct measure
of oxygen abundance. Allowing for chemical segregation might
alter this behavior.

As discussed in Sect. 4, the nebular-phase properties also
depend on the deposition profile, but all else being the same, this
experiment demonstrates that clumping alone can completely
change the spectral appearance of lower density ejecta (char-
acteristic of higher energy explosions) in the nebular phase. In
higher density ejecta, clumping is less influential because the
density is higher and of low ionization even if the ejecta is
smooth. Clumping has a greater impact only on smooth ejecta
that are ionized. Cool recombined ejecta are less sensitive.

9.2. Evolution of the impact of clumping in a time sequence,
from maximum light to late times

This section compares the evolution of two magnetar powered
models that are identical, except that one is smooth (r0e2) and
the other is clumped (rOe2cl). In practice, model r0Oe2cl starts
off from model rQe2 at 29.6 d, but with a uniform volume filling
factor of 10%. The time sequence for model rOe2cl is them com-
puted as for r0e2, and until 400d after explosion. This model
shows how a fixed clumping level impacts the ejecta and the
radiation as time proceeds.

Figure 26 shows the evolution of the photospheric proper-
ties for models r0e2 and rOe2cl. When they start off, the two
models are identical, by design. But as the clumped model
evolves, the enhanced density boosts the recombination effi-
ciency of the gas. Initially, the effect is quite weak so the pho-
tosphere in both models has similar properties (although Tp, is

markedly lower in the clumped model early on). But after 80d,
the ionization in the clumped model suddenly deviates from
the smooth model, meaning that the gas recombines faster and
the photosphere recedes in the ejecta (at earlier times, Tp, was
dropping but not enough to cause a change in ionization). The
entrance to the nebular phase occurs 30d earlier in the clumped
model as a result of the lower ionization of the gas. As shown
here, oxygen, which is the dominant element in the ejecta, is
recombined at 150d but once ionized in the smooth model.
Clumping has therefore a similar effect on the photosphere in
this model as discussed for a Type II SN in Dessart et al. (2018).
However, in contrast to the Type II SN ejecta, the bolometric
light curve for models r0e2 and rOe2cl are identical to within
a few percent (thus not shown). The reason is that in the Type
IT SN case, clumping immediately impacted the ionization and
speeded up the photosphere recession (and the release of stored
energy) whereas here, the choice of clumping has very little
impact on the ionization up until 80d after explosion. At that
time, the ejecta has a small optical depth and the luminosity is
close to the magnetar and decay power absorbed by the ejecta. A
higher level of clumping would perhaps influence the ionization
earlier on and impact the light curve, as obtained in Dessart et al.
(2018). Quantifying the magnitude of clumping versus depth in
magnetar powered SNe is left to future work.

The contrast in photospheric properties is reflected in the dif-
ferent spectral evolution of models rOe2 and rOe2cl (Fig. 27). The
impact on the r0e2cl model spectrum is already visible at 30d
after explosion: the spectral features are essentially the same but
the UV flux is reduced. As time proceeds, the SED becomes
redder and eventually, the enhanced recombination is directly
visible through the shift, for example, of O11 lines to O lines.
The bottom panel of Fig. 27 illustrates the line contributions for
model rOe2cl at 63 d after explosion, with the preponderance of
O1, Cam, or Fen rather than O and Cu in the smooth model
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Fig. 26. Same as Fig. 6, but now comparing the photospheric properties
for models r0e2 (smooth ejecta) and rOe2cl (same as model rOe2 but
the ejecta is clumped, with a 10% volume filling factor). The clumped
model is initially similar to the smooth counterpart, but as time pro-
gresses after bolometric maximum (which occurs in both at about 30 d),
the clumped ejecta cools and recombines faster, entering the nebular
phase 150 d after explosion, which is 30 d earlier than in model rOe2.

rOe2 (see also Sect. 3). At nebular times, the results for rOe2cl
are similar to those discussed in the previous section and are
therefore not repeated.

Although the above results are function of the adopted
clumping level and profile, they demonstrate that in a magnetar-
powered SN, clumping may have a week effect up to maximum,
but soon after that start to influence the ionization level and the
spectrum appearance. When clumping is inferred from nebular
phase spectra, it implies that clumping affects the SN radiation
already soon after maximum because the ejecta optical depth is
not large around maximum — the spectrum forms over the entire
ejecta soon after maximum.

10. Comparison to observations

This section presents some comparison to observations. The
next section first gives a preamble on the scope of these
comparisons. Section 10.2 summarizes the observational data
used. Section 10.3 presents a comparison of light curves
and spectra to a few SLSNe Ic and in particular SN 2007bi,
SN 2010gx, PTF12dam, PTF12gty, LSQ14an, SN 2015bn, and
Gaial6apd.
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Fig. 27. Top panel: multi-epoch spectra for models r0e2 (smooth) and
r0e2cl (clumped, with a uniform volume-filling factor of 10%; the quan-
tity AF, is shown). With clumping, the spectra are much redder, with
lines from ions of a lower ionization state (neutral or once ionized).
Bottom panel: illustration of the line contributions for the most impor-
tant ions in model rOe2cl at 63 d after explosion.

10.1. Preamble

The radiative properties of a magnetar-powered SN are con-
trolled by numerous processes such as the magnetar field
strength and its initial spin, or the ejecta mass and its kinetic
energy (Kasen & Bildsten 2010). They also depend on how
the magnetar power is deposited in the ejecta (Sect. 4; see
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Fig. 28. Top panel: comparison of the inferred bolometric light curves of PTF12dam and SN 2007bi (Chen et al. 2015) with a subset of models.
Bottom panel: same as top, but for the r-band light curve. A sizable offset between the top and bottom panels can arise if the bolometric correction
is large (as for model rOe2ec). Time dilation, reddening, and distance are corrected for.

also Dessart & Audit 2018), and whether the ejecta is clumped
(Sect. 9; see also Jerkstrand et al. 2017). Even in its simplest
form, there are a handful of parameters that impact the result-
ing SN photometric and spectroscopic evolution.

The present approach ignores dynamics and assumes a spher-
ical ejecta and magnetar-power deposition. Given the results in
Sect. 4, the model predictions on the rise to maximum (photom-
etry, rise time, spectral evolution) are not robust. Similarly, lit-
tle is known about the clumping, which implies that the color
and spectral evolution after bolometric maximum is uncertain.
At present, the treatment of clumping is 1D and neglects chem-
ical segregation. The diversity in the properties of SLSNe Ic
may come in part from asymmetry. Overall, it seems that the
present simulations cannot set strong constraints on the progeni-
tor stars (mass and composition) or how they exploded (energy).
But the models give a robust qualitative description of the influ-
ence of a magnetar on an H-deficient and He-poor ejecta. Further
improvements await a better knowledge of the 3D hydrodynamic
properties of magnetar-powered SNe.

10.2. Dataset

There is now a vast collection of photometric and spectroscopic
data for SLSNe Ic (see e.g., Quimby et al. 2011, Inserra et al.
2013, Nicholletal. 2013, De Ciaetal. 2018, Lunnan et al.
2018). The sample selected for the comparisons shown in the
next section is limited to SN 2007bi, SN 2010gx, PTF12dam,
PTF12gty, LSQ14an, SN2015bn, and Gaial6apd. Comparing to
more SNe does not add anything substantial, since there is a
lot of degeneracy in the observations and because of the limi-
tations of the numerical approach. A summary of the relevant
characteristics for the SN sample is given in Table 2. In practice,
the photometric and spectroscopic data were retrieved from the
SN catalog (Guillochon et al. 2017)?, except the maximum-light
spectrum of Gaial6apd (Lin Yan, priv. comm.).

In addition, for SN2007bi, the photometric data of
Chen et al. (2015) is used to subtract the flux contamination

2 https://sne.space
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Fig. 29. Montage of optical spectra (and UV when available) for a few observed SLSNe Ic and a subset of models. For Gaial6apd, the spectrum
combines the UV and optical spectra, which were taken two days apart. Labels indicate the SN name and the rest-frame post-maximum epoch.
Top panel: 1-4d prior to maximum. Bottom panel: phase about 35—-65 d after maximum. At the time of maximum, most models reproduce the
O and C lines typical of observed SLSNe Ic. However, a month later, only the clumped ejecta model rOe2cl reproduces the observations, which

exhibit uniform spectral properties.

from the host galaxy, as discussed in Jerkstrand et al. (2017).The
inferred bolometric light curves of SN2007bi and PTF12dam
are from Chen et al. (2015). For LSQ14an, the nebular phase
spectrum (already corrected for host contamination) is taken
from WISEREP (Yaron & Gal-Yam 2012).

10.3. Comparison of models to data

The top panel of Fig. 28 compares the inferred bolometric lumi-
nosity (with respect to the time of maximum) of a fraction of
the model sample with the SLSNe Ic PTF12dam and SN 2007bi
(Chen et al. 2015). This is done merely to show that the range
of peak bolometric luminosities overlaps with that inferred from
observations. However, in the model set, most of the light curves
peak to a relatively faint maximum, exhibit a fast rise to maxi-
mum and a narrow light curve width. This results primarily from
the large magnetic field used (1-3.5 x 10'* G) and the relatively
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small initial spins (most models have Ps = 7.0 ms). Only the
models rO0e2ea (Pps = 5.0ms), r0e2eb (P, = 4.1ms), and
r0e2ec (Pps = 2.0ms) stretch to larger peak luminosities. In
this paper, the goal was to understand the basic (non-dynamical)
effects on SN ejecta and radiation for a given magnetar and
investigate dependencies. The goal was not to match any spe-
cific SLSN Ic.

The bottom panel of Fig. 28 compares the r-band light curve
(with respect to the time of r-band maximum) for a subset of
models with a sample of observed SLSNe Ic. Models with faint
bolometric luminosities exhibit a faint 7-band maximum. But a
faint r-band maximum is also obtained for the very energetic and
Iuminous (in a bolometric sense) model rOe2ec. In this model,
the bulk of the flux comes out in the UV, producing a rela-
tively low brightness in the optical. The r-band or bolometric
light curves can be modulated through changes in the magnetar
properties. For example, PTF12dam is compatible with a faster
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Fig. 30. Left panel: spectral comparison of LSQ14an at +410.0d with model r0e2 at +390.4 d. Right panel: spectral comparison of SN 2007bi at
+367.0 d with model rOe2cl at +360.4 d (times are with respect to rest-frame days since maximum). The observations are corrected for redshift and
reddening, as well as for the light contamination from the host galaxy (see Sect. 10.2). The models are normalized to the observations to facilitate
the comparison (models and observations are offset by less than a factor of two at such late times).

Table 2. Characteristics of the observed SLSNe Ic used in this paper,
including the time of r-band maximum, the redshift, the distance, the
reddening, and the reference from where these quantities and observa-
tional data were taken.

max (7) Z d E(B-V) Ref.

MID) (Mpc)  (mag)
SN2007bi  54160.0 0.1279 591.6 0.03 a
SN2010gx 55283.0 0.2297 1181.3 0.04 b
PTF12dam 56095.0 0.1073  462.8 0.0 c
PTF12gty 561434 0.176  750.0 0.058 d
LSQ14an 56595.0 0.1637 766.0 0.07 ef
SN2015bn 57108.0 0.1136 513.0 0.0 g.f
Gaial6apd 57554.0 0.1018 481.93 0.013 h

References. (a) Gal-Yam et al. (2009), (b) Pastorello et al. (2010),
(c) Nicholl et al. (2013), (d) De Ciaetal. (2018), (e) Inserra et al.
2017, (f) Jerkstrand et al. (2017), (g) Nicholl etal. (2016b), and
(h) Yan et al. (2017b).

spinning moderately magnetized magnetar, allowing a long rise
time, broad light curve, and sustained brightness at late times
(see e.g., Chenetal. 2015; De Ciaetal. 2018; Nicholl et al.
2017). However, these works propose a factor of 5 range in mag-
netic field, a factor of 2—3 in ejecta mass, as well as invoke a
leakage of magnetar power at late times.

Figure 29 compares spectroscopic information for a few
SLSNe Ic and a sample of our models. The top panel gives a
comparison around maximum light (1-4 d prior to r-band max-
imum) using the observations of Gaial6apd, SN 2015bn, and
PTF12dam. The UV and optical ranges are shown, since HST
data is available for Gaial6apd and the UV range is always com-
puted by cmrGeN. The idea here is not to be quantitative. How-
ever, most of our model set, with the exception of the most
energetic magnetars, predicts the On and Cu lines observed
in SLSNe Ic (as revealed already in the first observations of
these events; Pastorello et al. 2010; Quimby et al. 2011). Model
rOe2ea is in good agreement with Gaial6apd from the UV to
the optical, in the sense that the same line features appear in
both spectra and with a location of the maximum absorptions
at comparable wavelengths. As discussed earlier, the O 1 lines

are numerous and blended, while the C 1 lines are only doublets
and triplets and less affected by line overlap. The models tend to
overestimate the observed strength of optical C lines, with the
exception of SN 2018bsz (Anderson et al. 2018).

The bottom panel of Fig. 29 shows a spectral comparison at
1-2 months after maximum. In models that assume a smooth
ejecta, the spectrum is still very blue, with the persistence of
O and C lines, as around the time of maximum. In contrast,
the observations show a drastic evolution in spectral properties,
with a dominance of lines from neutral and once-ionized species,
in particular O1, Can, and Fen. The only model in the present
set that reproduces these features is rOe2cl, which assumes a
clumped ejecta (see Fig. 27 for the full spectral evolution and
the line identifications at 63 d after explosion). The disagree-
ment with models is more severe for lower-density ejecta (i.e.,
higher Eyin,/M.i, as in model rOe4) or faster-spinning magne-
tars (i.e., higher Epy, as in model rOe2ec). In model rOel, the
Eyin/M.; is the lowest in our set and the ionization is lower
than in model rOe2 after maximum, but not as low as in the
clumped model rOe2cl. Here, clumping is not a tuning param-
eter for line strength. It is instead a fundamental tuning process
for the ejecta ionization. Indeed, with clumping (here with a uni-
form volume filling factor of 10%), the ejecta ionization is low
and suitable to produce most of the lines observed in the selected
sample of observed SLSNe Ic (despite the diversity in their light
curve properties, and hence in ejecta and magnetar properties).
It thus appears that clumping is not just important at nebular
times (Jerkstrand et al. 2017; Nicholl et al. 2018b). Clumping
is also influential early after maximum (see Sect. 9.2). Physi-
cally, this makes sense since the total ejecta electron-scattering
optical depth 7 is usually only a few tens at maximum. For
example, in model r0e2, 7 is 65 at maximum and only 7 at
about 40d after maximum, so that the SN radiation already
forms in the inner parts of the ejecta at that time. Thus, it is
the same clumped inner ejecta that influences the SN radia-
tion at nebular times and at early times after maximum. This
clumping results from the dynamical influence of the magne-
tar, which operates most effectively early on, when the ejecta is
compact, dense, and hot and the magnetar power is at its great-
est. The clumpy structure of the ejecta is probably frozen within
at most a few days after explosion. These results also suggest
that SN 2007bi would have looked like, for example, PTF12dam,
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at maximum light, with a blue SED containing On and
C, lines.

Figure 30 compares the observations of LSQ 14an and
SN 2007bi with the models r0e2 and rOe2cl at about one
year after maximum light. LSQ14an shows the presence of
Om5006.8 A (Inserraetal. 2017), while SN2007bi appears
similar to GRB SN 1998bw (Jerkstrand et al. 2017), with the
presence of O1and Ca lines. Model r0e2 exhibits lines that are
somewhat too broad (as a result of an adopted deposition pro-
file that may be too broad) but all features present in LSQ14an
are predicted by the model. The main contributions are from a
forest of Fe lines up to about 5500 A, followed by more iso-
lated Fe lines at 6247.6 or 64}}56.4 A, and then contributig)ns
from oxygen with Ot at 7773.4 A (the O1doublet at 6316.0 A is
a very small contribution to the Fen blend), O17324.3 A, and
Om5006.8 A. In LSQ14an, O1 at 7773.4 A is underestimated,
primarily because oxygen is once ionized (see also Sect. 3). The
O line is narrower and therefore forms over a smaller ejecta
volume (smaller velocities) than in the model. Model rOe2 also
predicts a strong Can NIR triplet.

The clumped model rOe2cl predicts most of the features
observed in SN 2007bi at 367 d after maximum. The contribu-
tion in the blue from Feu lines is somewhat overestimated, but
important lines in the red part of the optical are well matched.
The main contributions in the model at that time are O16300.0—
6363.8 A, Can7307.6 A (with overlapping but weaker contribu-
tions from Feunr and On), O17773.4 A, and the Cam NIR triplet
(at the edge of the CCD so the observed flux is probably uncer-
tain). In the optical, magnesium lines are weaker than numerous
overlapping contributions from Fen and Tiu lines (for exam-
ple, Mg14571.1 A has the same EW as Comn4569.3 A, and is
about a tenth of the contribution from Fe4549.5 A and a fifth
from Tim4572.0 10\). Jerkstrand et al. (2017) modeled the nebu-
lar phase spectrum of SLSNe Ic with line contributions exclu-
sively from O and Mg, but the present model suggests that the
spectrum may contain lines from other metals (this may depend
on the assumption of microscopic mixing made here). In the
observed spectra, there are narrow peaks corresponding to O 11
lines but weaker than in LSQI4an. It is not possible to esti-
mate from observations alone the contribution of On (if any)
to the 7300 A emission (since it overlaps with Ca), nor the
contribution of Feu to the 6300 A emission (since it overlaps
with O1). The exact level of clumping depends on the density
in the smooth ejecta, which is dependent on ejecta mass and
kinetic energy, but clumping seems fundamental to reproduc-
ing the nebular-phase spectrum of SN 2007bi. This agrees with
the findings of Jerkstrand et al. (2017), although the clumping of
0.1 (corresponding to a 10% volume filling factor) is sufficient
here to cause an ionization shift in the present model set, while
Jerkstrand et al. (2017) invokes a clumping 100 times greater.
Physically, it seems extreme to fit about 90% of the ejecta mass
in 0.1% of the ejecta volume, in particular if at the same time
one assumes that the amount of magnetar power deposited in
the ONeMg clumps is constant. Instead, as the clumps become
smaller and smaller, one eventually enters a regime where little
magnetar power gets absorbed by the clumps. Here, the magne-
tar power deposition is also assumed to be independent of clump-
ing, but the clumping factor invoked is lower.

Magnetar power may lead to the co-existence of low-density
hot ionized regions that would produce O and O lines, and
dense, cool, recombined, clumps that would produce O1, Car,
and Fem lines. This seems to be the case in SN 2007bi, which
exhibits weak O lines (and probably an O 11 contribution to the
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7300 A). This co-existence may be complex. For example, this
density and ionization structure may vary with radius and angle.
A radial stratification could be easily discerned by a dichotomy
in line width between lines from more ionized and less ion-
ized ions. With the current treatment in cMFGEN, the inter-clump
medium is considered as void so that only the clumps can absorb
or emit.

11. Summary and conclusions

This study presented non-LTE time-dependent radiative trans-
fer simulations for magnetar-powered SNe. Using two solar-
metallicity carbon-rich Wolf—-Rayet progenitors and four ejecta
in total (all endowed with *°Ni at the time of explosion), addi-
tional models are computed using a range of initial spins and
magnetic field for the magnetar. The simulations are started at
1 d and continued until 200-600 d after explosion, depending on
the model. The magnetar power deposition is prescribed using
a simple, time-independent, analytical form function of the den-
sity and velocity structure. In each ejecta shell, magnetar power
is treated the same way as radioactive decay, and the associated
non-thermal effects are solved for.

Because the dynamical effects from the magnetar are ignored
in cMFGEN, the quantitative results are expected to be a little off,
and the more so for faster-spinning magnetar models. For exam-
ple, rise times or peak luminosities may be underestimated or
overestimated, but the qualitative aspects and the trends should
hold. The neglect of dynamics is quantified for models r0e2 and
r0e2ec with the code HERACLES (see discussion and illustrations in
Appendix A). The cMFGEN and HERACLES results compare well for
bolometric light curves (with slight offsets in rise times and light
curve width) while the ejecta density structure is, as expected,
most different in the case of the faster-spinning magnetar.

With magnetar fields in the range of 1.0-3.5 x 10'*G and
initial rotational energies in the range of 0.4-5.0 x 10°! erg (spin
periods in the range from 7.0 to 2.0 ms), the grid of magnetar-
powered ejecta yield Type Ic SNe with rise times in the range
of 21.6-51.7d to a bolometric maximum in the range of 0.16—
3.2 x 10*ergs™!. The model counterpart without magnetar
power peaks roughly at the same time, but with a luminosity ten
times smaller and a narrower light curve. The main effect of the
magnetar power is to raise the internal energy of the SN ejecta.
This boosts the SN luminosity but also causes a drastic shift in
temperature and ionization. In a standard SN Ic, oxygen is neu-
tral or partially ionized at the photosphere at all times, while in a
magnetar-powered SN Ic, oxygen is once-ionized throughout the
high-brightness phase. Consequently, the ejecta optical depth is
enhanced and the photosphere is located further out in radius (or
velocity). The light curve is broader, the optical color is bluer,
and the maximum-light optical spectra exhibit lines of O 1 and
Cu (instead of, for example, O1, Nai, and Fen in a standard
SN Ic).

This temperature and ionization shift occurs in all the models
presented here. In other words, even the weaker magnetar model
can sizably influence the thermodynamics of the gas, alter the SN
radiation, and produce the spectral appearance of a SLSN Ic. For
the highest magnetar-energy model, the shift can be larger, with
the O and C twice or three times ionized. This is possible in cases
where the magnetar spin down timescale is shorter, allowing the
temperature rise to occur while the ejecta is still relatively com-
pact. Many different combinations of ejecta and magnetar prop-
erties are possible but the present grid of model reflects well the
relative uniformity of observed properties of SLSNe Ic around
maximum light.
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Varying the extent of the magnetar-power deposition intro-
duces shifts in the evolution of the SN radiation, while qual-
itatively, the SN model behaves in a similar fashion. With a
narrower profile, the model takes longer to rise to a fainter maxi-
mum; the photospheric temperature and ionization increase later;
the SED is at all times redder with a strong deficit of flux in
the UV; the maximum-light optical spectra are essentially undis-
tinguishable apart from the narrower line profiles; the late time
spectra show lines from more ionized species. The differences
at late times may not hold with a more realistic treatment of
the magnetar power since then, the associated energy deposi-
tion may be extended in velocity space, and the more so as time
progresses.

For a given ejecta mass and magnetar properties, increasing
the ejecta kinetic energy (models rOel, rOe2, and rOe4) by a fac-
tor of ten shifts the rise time from 43.0 to 25.8 d, and raises the
peak luminosity from 2.53 to 4.86 x 10*3 ergs™!. This occurs at
constant time integrated luminosity since an increase in Eyi, /M
decreases the ejecta diffusion time (or more physically its ability
to trap radiation). Around the time of maximum, the spectra are
very similar, except that at higher Ey,, the lines exhibit a greater
velocity at maximum absorption and their emission component
is weaker. However, at late times, the difference between mod-
els r0el, r0e2, and rOe4 is large, reflecting the range in density
in the inner ejecta for the different models. At higher Ey;,, the
ejecta density is lower so that for a given magnetar power, the
temperature and ionization are higher. As a result, in the nebu-
lar phase, model r0e4 exhibits lines of O 1 and O m while model
rOel shows lines of O1, Cam, and Fem.

Varying the magnetar properties causes a change in the spin-
down time scale (which goes as P,/ B,,), the total energy liber-

ated (which goes as 1/ Pgm), and the power at late times (which

goes as 1/ tngm). These introduce quantitative offsets but bring
no new qualitative behavior. Reducing the spin period shortens
the rise to maximum (from 31.7 to 21.6 from models r0e2 to
rOe2eb) while lowering the magnetic field delays it. For suffi-
ciently small spin periods, the SN can attain a very large temper-
ature and ionization at the photosphere, making the SED bluer
(with most of the flux falling in the UV) and strengthening O 1
and C lines in the optical range. For a lower magnetic field, the
power absorbed by the ejecta at late times is greater, boosting the
ionization so that the ejecta cools mostly through forbidden-line
emission from O 1 and O 1 transitions.

Non-thermal processes are explicitly treated in all simula-
tions except one (model Sp11Bx2th) which is used to quantify
the magnitude of these effects. The result shows that through-
out the photospheric phase, the escaping radiation is essentially
identical between model 5p11Bx2th and its non-thermal coun-
terpart, that is, non-thermal processes have no visible impact
on the plasma for this particular choice of ejecta and magnetar
(in contradiction with Mazzali et al. 2016, but in agreement with
expectations from previous studies, such as Kozma & Fransson
1992, Dessart et al. 2012b and Li et al. 2012). The interpreta-
tion is that the ionization is large (all the oxygen is generally
once-ionized in all models), so that the free-electron density is
also large, causing non-thermal electrons to lose their energy
through Coulomb scattering, thereby heating the thermal bath.
Since all SLSNe Ic exhibit lines of O 1 during the high bright-
ness phase, their photospheres are generally hot and ionized, and
thus non-thermal effects should be small at those times. Instead,
the high photospheric temperature and strong UV flux boost pho-
toionization processes. At late times, non-thermal effects should
strengthen if or when the ionization drops. In model 5p11Bx2,

the He110830 line is indeed stronger than in the thermal model
counterpart 5p11Bx2th at 100d after explosion (early nebular
phase). Overall, non-thermal effects thrive under low-ionization
conditions, which are not representative of SLSNe Ic at maxi-
mum.

Following the approach presented in Dessart et al. (2018), a
number of simulations are performed to test the effect of clump-
ing on the SN radiation and gas properties. Clumping can impact
the ionization level of the gas and all the above simulations
for smooth ejecta (with the exception of model rOel) exhibit
a high level of ionization (with lines of O and Omr) until
late times. There is also evidence from multi-dimensional sim-
ulations (Chen et al. 2016; Suzuki & Maeda 2017) and nebular-
phase spectra (Jerkstrand et al. 2017) that clumping is present.
Here, the few simulations carried out show that the post-
maximum bolometric light curve is unaffected but the UV-
optical color of the clumped model is much redder. In model
r0e2cl, clumping has a visible impact even at maximum light,
although the greatest impact occurs a few weeks after maximum
with a rapid drop in photospheric temperature and a rapid recom-
bination of the ejecta to a partial ionization at +40 d. At this time,
since the ejecta optical depth is only a few, the flux is roughly
equal to the power absorbed and no longer scales with R}Z)h Tgh. At

nebular times, the clumped model shows stronger O 1 and weaker
Ou. Because the spectrum formation region encompasses the
entire ejecta at 40d after maximum, a clumped ejecta should
exhibit distinct signatures from a smooth ejecta soon after maxi-
mum light — the effect of clumping is not confined to the nebular
phase. Simulations at nebular times also show that as clumping is
enhanced, the SN temperature and ionization drop as long as the
conditions are ionized. Once partially ionized, a further increase
in clumping has little impact. This is likely because the recombi-
nation rate drops due to the lower free-electron density as well as
the strengthening of non-thermal effects at lower ionization. The
effect of clumping is stronger in ejecta with a higher Ey,/M,;.

The grid of models presented here was not designed to match
any particular SLSN Ic. The choice of a relatively high mag-
netic field and slow spin implies that the models are located at
the low-brightness and the fast-rise end of the distribution of
potential SLSNe Ic. Nonetheless, the model properties repro-
duce the systematic presence of On and Cu lines in SLSNe
Ic. Model rOe2 matches closely the maximum-light spectrum of
Gaial6apd in the UV and optical range. The simulations sug-
gest that clumping is essential to reproduce the colors and spec-
tral lines observed within a month of maximum light. Without
clumping, the models remain blue and persist in showing O m and
C 1 lines for months. With clumping, a lower ionization is even-
tually enforced. For example, model rOe2cl matches well the
observed spectra of the selected sample of SLSNe Ic, including
SN 2007bi at +46d or Gaial6apd at +43 d. The smooth ejecta
model r0e2 reproduces some of the salient features of LSQ14an
at +410d (which exhibits a strong O 1 5006.8 A line) and the
clumped ejecta model r0e2cl reproduces well the observations
of SN2007bi at +367 d (characterized by lines primarily from
neutral and once-ionized species). While clumping is supported
by the present simulations, it is 100 times weaker than proposed
by Jerkstrand et al. (2017). Here, the bulk of the effect of clump-
ing is already present when adopting a 10% volume filling fac-
tor — enhancing the clumping further causes little change. In the
future, this study will be extended to include a bigger set of pro-
genitors covering from subsolar to solar metallicities, and also
to improve the physical consistency with a better, less ad-hoc,
treatment of magnetar-power deposition.
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Appendix A: Comparison between curgen and
HERACLES results

CMFGEN is a non-LTE time-dependent radiative transfer code with
no treatment of dynamics. The ejecta must be in homologous
expansion and each mass shell moves at constant velocity. The
density structure evolves as 1 /3. Hence, even in the presence
of strong pressure gradients, as for example caused by energy
deposition by a magnetar, there is no influence on the velocity or
density structure. In reality, the magnetar influence on the ejecta
may be strong, both on the internal energy budget (which may
come out as radiation) and on the density structure, for example
through a snow-plow effect (Kasen & Bildsten 2010).

This section compares the results with cmrGen for models
r0e2 and rOe2ec with the results from radiation-hydrodynamics
simulations with HERACLEs. The setup in HERACLEs is the same
as in Dessart & Audit (2018). The code starts from the cMFGEN
ejecta properties at 1.4 d. For simplicity, HERACLES uses a fixed
composition with 99.9% oxygen and 0.1% iron when estimating
the opacity of the material. A low floor opacity of 0.0003 cm? g~!
is used although it is in effect only at very low optical depth and
thus has no influence on the light curve. The gray approximation
is used. The code assumes an ideal gas equation of state, with
v = 5/3, and a mean molecular weight of 10 (this is a rough
estimate for an oxygen-dominated composition with partial ion-
ization). The choice of molecular weight has no impact on the
light curve (or dynamics; the plasma is radiation dominated) but
it influences the gas temperature (where the albedo is high or
where the optical depth is low). Radioactive decay is ignored in
the HERACLES simulation.

Figure A.1 compares the bolometric light curves computed
with cMFGEN and HERACLEs for models r0e2 and rOe2ec. A time
shift is applied to the HERAcLEs light curve to account for the
light-travel time to the outer boundary at 10'® cm (which corre-
sponds to 3.86 d). The light curves are in rough agreement. The
main difference is in the early-time behavior and rise time, which
arises from the different profile for the magnetar-power deposi-
tion. The light curve width differs also from the greater opac-
ity returned by cMFGEN which accounts accurately for the effect
of lines. At late times, the cMFGEN luminosity is offset from the
magnetar power absorbed for a number of reasons, including the
additional contribution from 0.13 M, of °Ni, the larger ejecta
optical depth in cmrGeN (which treats the opacity accurately),
and also because the magnetar-power deposition is broader than
in the HERACLES simulation (which caused a small boost in the
observer’s frame during the photospheric phase).

Figure A.2 compares the ejecta properties computed by
cMFGEN and HERACLES at 41.4d after explosion. In the regions
where the magnetar power does not affect the dynamics, the
density structure is identical in both models, because it results
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Fig. A.1. Comparison of the bolometric light curve computed with HER-
AcLEs (solid line; the simulation neglects radioactive decay power) and
with cMFGEN (dots) for models rOe2 and rOe2ec. The same color coding
is used as before. The total magnetar power in each model is shown as
a dashed line.

exclusively from mass conservation. Deeper in the ejecta, the
density structure differs in both models, and more strongly in
the model rOe2ec characterized by a large magnetar energy
(Epm = 5 x 107" erg). As expected, the magnetar power has a
strong dynamical effect (even with the relatively broad deposi-
tion profile used in HERACLES), and a snow-plow effect is visi-
ble through the presence of a dense shell at about 8000 kms~.
The snow-plow effect in model r0e2 is weak. The impact on the
temperature (and the different results between the codes) result
from the different dynamical evolution (in particular the result-
ing density), as well as the fact that the temperature is computed
in non-LTE in cmrGeN. The bottom panel of Fig. A.2 shows that
the velocity can deviate from homologous expansion for a large
magnetar power and energy. For the model rQe2ec, the ejecta
kinetic energy is roughly equal to the magnetar energy at birth
(Epm = 5.0 X 10°! erg compared to Eyi, = 4.1 x 10°! erg).

Overall, despite the neglect of hydrodynamics in cMFGEN, the
resulting ejecta and radiation properties (for what can be com-
pared) are similar to those produced by HErRACLES. This suggests
that the approach used for the main part of this paper is adequate.
Furthermore, it is clear that the 1D hydrodynamics treatment of
magnetar-powered ejecta is not ideal since it overestimates the
snow-plow effect and ignores multi-dimensional fluid instabili-
ties, which are known to prevent the formation of a dense swept-
up shell Chen et al. (2016), Suzuki & Maeda (2017). With the
present approach, cMrGeN allows for detailed non-LTE and time
dependence and mimics the influence of some multi-dimensional
effects. Further work is needed to improve the physical consis-
tency of the approach.
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Fig. A.2. Comparison of some ejecta properties computed with HERACLEs (solid line) and with cMmrGeN (dashed line) for models rOe2 (left panel)
and rOe2ec (right panel) at 41.4 d after explosion.
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