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2 Basic Physical Picture

When a SN explodes inside a dense cocoon of CSM, a strong shock is driven into
the CSM, creating a basic structure as depicted in Figure 1. A forward shock (FS)
is driven outward into the CSM, and a corresponding reverse shock (RS) is driven
back into the SN ejecta. In the simplest picture, four zones are delineated where
heated material can radiate and contribute to the observed spectrum:

Zone 1. The unshocked CSM outside the forward shock (photoionized).
Zone 2. The swept-up CSM that has been hit by the forward shock.
Zone 3. The decelerated SN ejecta that have encountered the reverse shock.
Zone 4. The freely expanding SN ejecta.

In normal SNe, we only see emission from Zone 4 at visible wavelengths as
the photosphere recedes back through the freely expanding ejecta, creating broad
emission and absorption lines whose velocities decrease smoothly with time as the

Fig. 1 Sketch of the basic picture in CSM interacting SNe. Four different zones are noted with
numbers: (1) the pre-shock CSM, (2) the shocked CSM, (3) the shocked SN ejecta, and (4) the
freely expanding SN ejecta. These zones are divided by boundaries corresponding to the forward
shock, the reverse shock, and the contact discontinuity between the shocked CSM and shocked
ejecta where material cools, mixes via Rayleigh-Taylor instabilities, and piles up. This is often
called the cold dense shell (CDS) in a SN IIn or Ibn. The squiggly radial lines are meant as a
reminder that X-rays and UV radiation generated in the shock can propagate out to the CSM or
inward to the unshocked ejecta, changing the physical state of the gas there. A zoom-in of zones
2 and 3 is shown at the right. In practice, efficient radiative cooling can cause these two zones to
collapse to very thin layers, and mixing can make them merge into one thin clumpy shell. This
figure is adapted from Smith et al. (2008).
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Interacting SNe: type IIn, Ibn, and Ia-CSM
Circumstellar matter (CSM:星周物質)



4 N. Smith

2 Basic Physical Picture

When a SN explodes inside a dense cocoon of CSM, a strong shock is driven into
the CSM, creating a basic structure as depicted in Figure 1. A forward shock (FS)
is driven outward into the CSM, and a corresponding reverse shock (RS) is driven
back into the SN ejecta. In the simplest picture, four zones are delineated where
heated material can radiate and contribute to the observed spectrum:

Zone 1. The unshocked CSM outside the forward shock (photoionized).
Zone 2. The swept-up CSM that has been hit by the forward shock.
Zone 3. The decelerated SN ejecta that have encountered the reverse shock.
Zone 4. The freely expanding SN ejecta.

In normal SNe, we only see emission from Zone 4 at visible wavelengths as
the photosphere recedes back through the freely expanding ejecta, creating broad
emission and absorption lines whose velocities decrease smoothly with time as the

Fig. 1 Sketch of the basic picture in CSM interacting SNe. Four different zones are noted with
numbers: (1) the pre-shock CSM, (2) the shocked CSM, (3) the shocked SN ejecta, and (4) the
freely expanding SN ejecta. These zones are divided by boundaries corresponding to the forward
shock, the reverse shock, and the contact discontinuity between the shocked CSM and shocked
ejecta where material cools, mixes via Rayleigh-Taylor instabilities, and piles up. This is often
called the cold dense shell (CDS) in a SN IIn or Ibn. The squiggly radial lines are meant as a
reminder that X-rays and UV radiation generated in the shock can propagate out to the CSM or
inward to the unshocked ejecta, changing the physical state of the gas there. A zoom-in of zones
2 and 3 is shown at the right. In practice, efficient radiative cooling can cause these two zones to
collapse to very thin layers, and mixing can make them merge into one thin clumpy shell. This
figure is adapted from Smith et al. (2008).

type IIn SN 2006gy 
Smith+(2010)

from Smith (2016)

Interacting SNe: type IIn, Ibn, and Ia-CSM

dissipation of the ejecta kinetic energy 
→bright thermal emission

Circumstellar matter (CSM:星周物質)



4 N. Smith

2 Basic Physical Picture

When a SN explodes inside a dense cocoon of CSM, a strong shock is driven into
the CSM, creating a basic structure as depicted in Figure 1. A forward shock (FS)
is driven outward into the CSM, and a corresponding reverse shock (RS) is driven
back into the SN ejecta. In the simplest picture, four zones are delineated where
heated material can radiate and contribute to the observed spectrum:

Zone 1. The unshocked CSM outside the forward shock (photoionized).
Zone 2. The swept-up CSM that has been hit by the forward shock.
Zone 3. The decelerated SN ejecta that have encountered the reverse shock.
Zone 4. The freely expanding SN ejecta.

In normal SNe, we only see emission from Zone 4 at visible wavelengths as
the photosphere recedes back through the freely expanding ejecta, creating broad
emission and absorption lines whose velocities decrease smoothly with time as the

Fig. 1 Sketch of the basic picture in CSM interacting SNe. Four different zones are noted with
numbers: (1) the pre-shock CSM, (2) the shocked CSM, (3) the shocked SN ejecta, and (4) the
freely expanding SN ejecta. These zones are divided by boundaries corresponding to the forward
shock, the reverse shock, and the contact discontinuity between the shocked CSM and shocked
ejecta where material cools, mixes via Rayleigh-Taylor instabilities, and piles up. This is often
called the cold dense shell (CDS) in a SN IIn or Ibn. The squiggly radial lines are meant as a
reminder that X-rays and UV radiation generated in the shock can propagate out to the CSM or
inward to the unshocked ejecta, changing the physical state of the gas there. A zoom-in of zones
2 and 3 is shown at the right. In practice, efficient radiative cooling can cause these two zones to
collapse to very thin layers, and mixing can make them merge into one thin clumpy shell. This
figure is adapted from Smith et al. (2008).

type IIn SN 2006gy 
Smith+(2010)

from Smith (2016)

Interacting SNe: type IIn, Ibn, and Ia-CSM

dissipation of the ejecta kinetic energy 
→bright thermal emission

Circumstellar matter (CSM:星周物質)



4 N. Smith

2 Basic Physical Picture

When a SN explodes inside a dense cocoon of CSM, a strong shock is driven into
the CSM, creating a basic structure as depicted in Figure 1. A forward shock (FS)
is driven outward into the CSM, and a corresponding reverse shock (RS) is driven
back into the SN ejecta. In the simplest picture, four zones are delineated where
heated material can radiate and contribute to the observed spectrum:

Zone 1. The unshocked CSM outside the forward shock (photoionized).
Zone 2. The swept-up CSM that has been hit by the forward shock.
Zone 3. The decelerated SN ejecta that have encountered the reverse shock.
Zone 4. The freely expanding SN ejecta.

In normal SNe, we only see emission from Zone 4 at visible wavelengths as
the photosphere recedes back through the freely expanding ejecta, creating broad
emission and absorption lines whose velocities decrease smoothly with time as the

Fig. 1 Sketch of the basic picture in CSM interacting SNe. Four different zones are noted with
numbers: (1) the pre-shock CSM, (2) the shocked CSM, (3) the shocked SN ejecta, and (4) the
freely expanding SN ejecta. These zones are divided by boundaries corresponding to the forward
shock, the reverse shock, and the contact discontinuity between the shocked CSM and shocked
ejecta where material cools, mixes via Rayleigh-Taylor instabilities, and piles up. This is often
called the cold dense shell (CDS) in a SN IIn or Ibn. The squiggly radial lines are meant as a
reminder that X-rays and UV radiation generated in the shock can propagate out to the CSM or
inward to the unshocked ejecta, changing the physical state of the gas there. A zoom-in of zones
2 and 3 is shown at the right. In practice, efficient radiative cooling can cause these two zones to
collapse to very thin layers, and mixing can make them merge into one thin clumpy shell. This
figure is adapted from Smith et al. (2008).

type IIn SN 2006gy 
Smith+(2010)

from Smith (2016)

Interacting SNe: type IIn, Ibn, and Ia-CSM

dissipation of the ejecta kinetic energy 
→bright thermal emission

Circumstellar matter (CSM:星周物質)

How massive CSMs could be produced?



• 0.1 - 1 M◉/yr prior to the gravitational 

collapse (10-100yrs)? 

• LBV-like giant eruption? 

• wave-driven mass-loss? 

• pulsational pair instability? 

• binary interaction enhance mass-loss? 

• common envelope?

HST image of η Carinae (© NASA)

Quataert&Shiode (2012), Fuller (2017), …

Woosley (2012),  …

0.24 cm2 g−1 for a pure metal composition (Z=1). We
employ the analytic equation of state given by Paczynski
(1983), which contains contributions from radiation, ions, and
electrons. We trace the ionization fractions of hydrogen and
helium solving the Saha equations.

The code does not include a nuclear reaction network, and
56Ni is given by hand. Here, the mass of Ni is assumed to be
MNi=0.07Me, which is a characteristic value for observed
SNe II (Hamuy 2003; Smartt 2009; Dall’Ora et al. 2014;
Müller et al. 2017). Then, it is distributed from the inner
boundary up to the mass coordinate of m(r)=3Me.

3. Result

In Table 1, we summarize the progenitor and explosion
properties for each of the different models. Here, the model
name of Ldep5d39middle, for example, denotes the model with
Ldep=5.0×1039 erg s−1, and MIDDLE distribution. For all
the models, the He core mass and total mass of the progenitors
at the time of core collapse are 4.56Me and 11.9Me,
respectively.

We first focus on the model with an energy injection rate of
Ldep=5.0×1039 erg s−1 with a UNIFORM distribution
(hereafter, Ldep5d39uni). This is to demonstrate how the
sustained energy deposition in the envelope, continuing for a
few years before the core collapse, affects the density profile of
the progenitors and SNe.

3.1. Density Profile of the Progenitor at the Time of Core
Collapse

Figure 1 shows the density profile at the time of core
collapse of the model, Ldep5d39uni, plotted as a function of
radius. For reference, the density profile for a constant mass
flux of M M10 yr1 1= - -

:˙ , assuming a constant wind velocity
of v=10 km s−1, is also shown. The envelope expands
significantly, by converting the added heat to the pressure
work, with the resulting mass flux of M M1 yr 12 -

:˙ above

Table 1
Summary of Progenitor and Explosion Properties of Each of the Different Models

Modela log Teff
b log Lc Rph

d Rout
e Ebin,env

f Unbound Massg tSB
h Lpt,50

i Plateau Durationj

(K) (Le) (Re) (Re) (1047 erg) (Me) (day) (1042 erg s−1) (day)

No injection 3.52 4.93 876.3 926.9 8.67 0.00 1.68 2.35 89.1
Ldep5d39uni 3.53 6.18 3553.2 5571.0 2.14 7.14 9.02 9.04 98.7
Ldep5d39base 3.54 6.15 3282.7 3658.4 0.91 7.36 5.49 7.23 114.6
Ldep5d39middle 3.54 6.17 3363.2 6081.2 3.10 6.30 9.07 8.96 113.6
Ldep1d38uni 3.52 4.96 906.4 960.6 8.43 0.00 1.75 2.34 87.9
Ldep1d39uni 3.51 5.23 1316.7 1434.7 5.94 0.00 2.56 3.58 84.6
Ldep1d40uni 3.59 5.89 1899.7 8977.9 1.25 6.73 12.88 12.33 105.0

Notes.
a Model name.
b Effective temperature of the progenitor at the time of core collapse.
c Photospheric luminosity of the progenitor at the time of core collapse.
d Photospheric radius of the progenitor at the time of core collapse.
e The radial coordinate of the outermost numerical cell of the progenitor at the time of core collapse.
f Binding energy of the envelope of the progenitor at the time of core collapse. This is calculated as E Gm

M

M
bin,env

He

total
ò= /r dm, where Mtotal and MHe are the total

mass and He core mass of the progenitor, respectively.
g The integrated mass of the progenitor at the time of core collapse for the region in the envelope where the specific total energy is positive. Here, the total energy is
the sum of the kinetic energy, internal energy, and the gravitational potential energy.
h Time since the explosion to the shock breakout.
i Luminosity of the supernova at 50 days since the shock breakout.
j Duration of plateau. This is calculated as the time interval between the time of shock breakout and the time when the luminosity becomes half of Lpt,50.

Figure 1. Top: the density profile at the time of core collapse. The model with
Ldep=5.0×1039 erg s−1 and UNIFORM distribution is shown with a red
solid line, while a black line shows the density profile of the model without the
pre-SN energy injection. For reference, the density profile for a constant mass
flux of M M10 yr1 1= - -

:˙ is also shown with a gray line, assuming the
constant wind velocity of v=10 km s−1. The asterisk marks show the
locations of the photosphere, where τ=2/3, for each model. Bottom: the mass
flux M r v4 2p r=˙ for the model with Ldep=5.0×1039 erg s−1 and UNI-
FORM distribution (red).
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unity for a are expected regardless of the initial spin
state. In what follows, we will assume that the com-
pact object accretes the entire core mass (facc = 1.0)
and we explore explosion energies between 3⇥ 1050 erg
and 1052 erg. We further assume that regardless of the
precise mechanism or energetics, the energy is shared
roughly spherically with the hydrogen envelope (Cheva-
lier 2012; Soker & Gilkis 2018; Soker 2019).

3. CIRCUMSTELLAR MATERIAL EXPELLED
DURING BINARY COALESCENCE

As a basis for our analysis, we model binary coales-
cence and the circumbinary ejecta that results from the
merger of two example mass ratio binaries. Here we
describe our numerical method, the unstable mass ex-
change that leads the binary to merge, and the CSM
mass distribution that this runaway mass transfer cre-
ates. The distribution of CSM at large scales, r ⇠
1015 cm, is of particular importance for the outburst
light curves. We therefore focus our numerical modeling
on the early phases of runaway, unstable mass exchange
that expels this largest-scale CSM.

3.1. Hydrodynamic Models of Binary Coalescence

Our models are simulated within the Eulerian hydro-
dynamic code Athena++ (Stone, J.M., in preparation),
and are based on the methodology described in MacLeod
et al. (2018a,b,c). We use a spherical polar coordinate
system surrounding the donor star in a binary pair. We
model the interaction of this donor star with a softened
point mass representing an unresolved companion ob-
ject. The domain extends over the full three-dimensional
solid angle from 0.1 to 100 times the donor-star’s origi-
nal radius.
The donor star is modeled by polytropic envelope,

with structural index � = 1.35. The donor has a core
mass of 25% its total mass. The gas in the simulation
domain follows an ideal-gas equation of state, with in-
dex � = 1.35. These choices are intended to approxi-
mately represent a convective, isentropic envelope of a
massive star in which radiation pressure is important in
the equation of state (in which case � = � ! 4/3, e.g.
MacLeod et al. 2017a; Murguia-Berthier et al. 2017).
We initialize the calculation at a separation slightly

smaller than the analytic Roche limit separation, where
the donor star overflows its Roche lobe (Eggleton 1983),
and halt the calculation when the companion star has
plunged to 10% of the donor’s original radius – the inner
boundary of our computational domain. The binary is
initialized in a circular orbit and the donor star is ini-
tially rotating as a solid body with rotational frequency
matching the orbital frequency at the Roche limit sepa-
ration.

Figure 1. Runaway Roche lobe overflow leading to binary
coalescence for binary mass ratio q = 0.1. The upper panel
shows binary separation as a function of time during our
simulation. The lower panel shows four snapshots (marked
with vertical lines in the upper panel) of the gas density dis-
tribution in the orbital plane. We show these slices through
the orbital plane in a rotated x0 � y0 coordinate system so
that the companion star lies along the +x-axis. The dimen-
sionless simulations are rescaled to donor star mass of 30M�
and radius of 1000R� for specificity in these images. Follow-
ing Roche lobe overflow, mass is pulled from the donor star
and expelled from the binary system dragging the binary to
tighter separations.

The calculations themselves are carried out in dimen-
sionless units where the donor’s mass, radius, and grav-
itational constant are all set to unity. They may, there-
fore, be rescaled to a physical binary of any mass or size.
Below, we report on two models which have secondary to
donor star mass ratios of q ⌘ M2/M⇤ = 0.1 and q = 0.3.
As we will see in Section 5, q ⇠ 0.1 is a very common
mass ratio, while q = 0.3 is near the upper end of the
range of events that result in mergers.

3.2. Unstable Mass Transfer Leading to Binary Merger

Mass transfer is unstable in our model binary system
in that it runs away to ever increasing rates and drives
the binary toward merger. This process begins with

6

Figure 2. Three dimensional distribution of ejecta near the time of merger. As in Figure 1, we have scaled to a fiducial donor
mass of 30M� and radius of 1000R�. When the compact object merges with the donor’s core, it is surrounded by an extensive,
thick torus of debris expelled by the merger itself.

In Figure 2, we show the large-scale density distribu-
tion out to 50 times the initial donor radius (5⇥104R�,
or approximately 3.5 ⇥ 1015 cm). The panels show a
slice through the orbital, x� y plane, and an aziumthal
average, plotted in z � R, perpendicular to the orbital
plane. Figure 2 shows that a thick, extended circumbi-
nary torus of expelled material from the donor’s enve-
lope has formed around the merging pair of stars. This
torus is roughly azimuthally symmetric, but has dis-
tinct structure in polar angle, with relatively evacuated
poles and dense equator, representative of the fact that
material is flung away from the merging binary in the
equatorial plane. Pejcha et al. (2016a,b, 2017) analyzed
the thermodynamics of similar outflows and show that
heating, arising continuously from internal shocks, and
radiative di↵usion and cooling very likely regulate the
torus scale height. Thus, the precise scale height ob-
served in Figure 2, modeled under the simplification of
an ideal-gas equation of state, would likely be modified
by the inclusion of more detailed physics.
MacLeod et al. (2018b) analyzed the kinematics of this

torus material and found that the radial velocities of the
most extended material are low relative to the escape ve-
locity of the original donor star (roughly 100 km s�1 for
our fiducial model). Thus, the majority of these (ear-
lier) ejecta around bound to the merging binary. Some of
the material at smaller radii (the later ejecta) is moving
more rapidly, at velocities similar to the escape veloc-
ity. It therefore collides with the earlier, slow moving
ejecta (MacLeod et al. 2018b). Qualitatively, these ve-

locities are similar to other sources of stellar mass loss
like winds or non-terminal outbursts, in that they are
similar to the giant star’s escape velocity and are much
less than the later explosion’s blast wave velocity.
Though the axisymmetric torus structure discussed

above is clearly structured in polar angle, for the sake
of computational e�ciency, we model the interaction
of the explosive blast wave with a one-dimensional
(spherically-symmetric) density distribution derived
from these models. In future work, it may be extremely
interesting to relax this simplification. To derive one-
dimensional profiles, we spherically-average our model
results about the donor star’s core.
These 1D density profiles are shown in Figure 3, in

which we compare the unperturbed envelope profile to
the cases disturbed by binaries of q = 0.1 and q = 0.3.
Where the hydrostatic profile has a distinct limb at the
donor’s radius, the post-merger profiles show a roughly
power-law slope in radius, with approximate scaling of
r�3, as shown in the lower panel. Comparing the q =
0.1 and q = 0.3 results shows that in the higher mass-
ratio coalescence, more of the envelope material has been
expelled beyond the donor’s original radius, yielding a
shallower density fall-o↵ with radius and a profile with
more mass at large radii. In both cases, we see that the
distribution of ejecta extends to roughly 1015 cm, with
of order a solar mass (q = 0.3) or a tenth of a solar mass
(q = 0.1) on these scales.

4. MERGER-DRIVEN LIGHT CURVES

Schroeder+(2019)
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Spectropolarimetry of SN 2009ip 1177

Figure 9. Illustration of a potential SN/CSM configuration during the 2012a
event (not to scale), before the onset of intense CSM interaction. The pres-
ence of broad P-Cygni lines implies a rapidly expanding photosphere. The
detection of significant continuum polarization at this phase suggests an
aspherical geometry for the SN photosphere and/or partial absorption by
toroidal CSM (inset). The approximate orthogonality of the polarization po-
sition angle with respect to the 2012b CSM interaction phase suggests that
the SN photosphere might have a bipolar geometry. The angle φ represents
the angle subtended by the CSM from the point of view of the explosion.

geometries. Rather, the orthogonality between the 2012a and 2012b
events implies a physically distinct origin for each of the associated
outflows. In addition, the large shift in polarization and position
angle between the 2012b peak and the subsequent bump in the de-
clining light curve on Nov. 6–7 also suggest that the bump is the
result of a polarized luminosity component that is separate from that
of the 2012b peak – for example, the SN photospheric component
brightening again as the CSM interaction component fades away.
This is inconsistent with the interpretation that the bump in the light
curve is the result of a fluctuating central source that variably illu-
minates the CSM, such as activity from a central surviving star, as
proposed by Martin et al. (2013).

Toroidal CSM geometry would not be unique to SN 2009ip;
it has been proposed before for other SNe IIn, specifically in the
cases of SN 1988Z (Chugai & Danziger 1994, their Model B), SN
1998S (Leonard et al. 2000), and SN 1997eg (Hoffman et al. 2008).
This type of geometry is also unsurprising in the context of SN
2009ip’s stellar progenitor, since rings and tori are common phe-
nomena around LBVs, B[e] supergiants, and other evolved massive
stars (Smith, Bally & Walawender 2007; Smith et al. 2011b). Not at
all clear, however, is the connection of such geometry to the erratic
behaviour of SN 2009ip over the last decade. It is possible that dense
equatorial CSM is the result of binary-influenced mass loss, as has
been suggested to explain the toroidal CSM of B[e] supergiants.
A connection between such objects and SN 2009ip was speculated
upon by Clark et al. (2013) in the case of LHA 115-S 18, a B[e] su-
pergiant exhibiting erratic long-term variability that is reminiscent
of LBVs. It is thus interesting to note that the radial dimensions of
B[e] discs (102–103 au; Zickgraf et al. 1986) are comparable to the
size estimates for SN 2009ip’s toroidal CSM (Smith et al. 2013;
SMP14).

Figure 10. Illustration of a possible configuration for the 2012b phase, af-
ter the onset of intense CSM interaction. A toroidal distribution of dense
CSM gives rise to strong shocks, electron scattering, and a luminous polar-
ized continuum (marked by a bold-faced ‘P’). At the same time, diluted yet
persistent broad P-Cygni lines from 2012a indicate an underlying SN photo-
sphere from fast ejecta that have not participated in strong CSM interaction.
With respect to the observer, fast He/Na-rich ejecta in a quasi-Hubble flow
could partially obscure the inner polarized continuum, resulting in the sharp
polarization ‘enhancements’ we see at specific velocities (see Figs 5 and 6).

The origin of the polarization for the 2012a phase is less clear.
Since the spectrum of SN 2009ip on Sep. 21–24 resembles that of
more common core-collapse SNe, the simplest explanation might
be electron scattering within the photosphere of the early SN, which
has yet to impact the dense CSM lying farther out. In this case, the
axial ratio of <0.85 and the orthogonal geometric axis with re-
spect to the peak of the CSM interaction phase would suggest a
prolate/bipolar shape for the 2012a outflow. Interestingly, bipolar
geometry has been suggested previously for other cases of highly
polarized core-collapse SNe (e.g. see Wang et al. 2001). Alterna-
tively, net polarization from the 2012a phase could also arise if
the near side of the soon-to-be-shocked toroidal CSM is partially
blocking the waist of the SN photosphere (Fig. 9, inset), which
could result in a polarization axis that is orthogonal to 2012b if the
polarized poles of the photosphere remain relatively unobscured.
Finally, scattering of the SN photons by dust in the outer CSM
could provide another source of polarized photons. After all, in-
frared data obtained during the 2012a phase show strong evidence
for circumstellar dust at a radius of ∼120–220 au (Smith et al. 2013).
We note that the strength of SN 2009ip’s blue continuum detected
at the same time indicates that the central source is probably not
completely enshrouded by the dusty component, which is consistent
with the toroidal geometry inferred for the CSM. However, if dust
scattering from the dense CSM were an important source of polar-
ized flux during 2012a, we would expect the geometric axis during
this phase to reflect that of 2012b rather than being orthogonal to it.
Thus, electron scattering within the SN photosphere appears to be
the most plausible explanation as the dominant source of polarized
photons during 2012a, with net polarization either being the result
of bipolar geometry for the photosphere or partial blocking of its
waist by the toroidal CSM.
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Figure 2. Total flux, fractional de-biased polarization Pdb, and position
angle θ for SN 2009ip during its 2012 outburst, at epochs between Sep. 21
and Dec. 6. The three Kuiper/SPOL epochs (red) have been averaged for
clarity. The Sep. 21 and 24 MMT/SPOL data (light blue) have been averaged
and binned to 300 Å; all other epochs are binned to 50 Å. Note the ∼90◦

offset in θ between the 2012a phase and the peak of 2012b.

polarization vectors from the 2012a and 2012b components, as the
latter rises in luminosity.

By Oct. 11, the source has risen to peak flux. The spectrum has
retained the overall appearance of Oct. 5, while the continuum be-
comes less blue and broad-line P-Cygni absorption becomes appar-
ent for He I/NaD. Our Lick/Kast and Kuiper/SPOL measurements
on Oct. 14 show that P has risen to a maximum of ∼1.7 per cent
and θ has reached ∼72◦. At this time, strong deficits in polarization
are seen for the intermediate-width emission components of Hα

and, to a lesser extent, Hβ. This is likely to be the result of dilution
from the strong, intrinsically unpolarised emission lines in the outer
CSM. Meanwhile, a slight increase in P is seen at 5600–5800 Å,
suggesting a potential association with broad He I λ5876 or NaD
P-Cygni lines.

Fig. 4 (top panels) shows the Stokes spectra and the data distribu-
tion in the Q–U plane for the Oct. 14 Lick epoch, binned to 100 Å.
For reference, we also show scaled logarithmic flux spectra in the
same figure, which has been normalized with a low-order spline
(avoiding the strongest emission features for the spline nodes). On
Oct. 14, near peak brightness, the entire optical spectrum of SN

Figure 3. Upper panel: temporal evolution of the total V-band (5050–
5950 Å) polarization for SN 2009ip during the 2012a and 2012b phases.
For reference, an arbitrarily scaled version of the V-band light curve is
plotted in the background. Lower panel: evolution in the Q–U plane. ISP is
constrained to <0.2 per cent, illustrated by the black dot near the origin. The
dashed lines represent the position angles θV = 166◦ and 72◦ measured at
the first epoch on Sep. 21 and peak polarization on Oct. 14, respectively. Our
latest continuum measurement (5200–5500 Å) for Dec. 6 is marked with a
red cross near the origin, consistent with our ISP limit. The approximate
point-reflection symmetry between 2012a and the peak of 2012b suggests
two separate and roughly orthogonal components of polarization on the sky.
Note the temporary shift in θ associated with the bump in the light curve at
∼30 d past peak.

2009ip occupies a compact portion of the Q–U plane, in quadrant II.
The points form a slightly elongated cluster that shows a continuous
trend in wavelength, with the bluest points exhibiting the lowest po-
sition angle in the Q–U plane. The cluster as a whole exhibits a small
but non-negligible spread in position angle, which corresponds to
a range of ∼10◦ on the sky. The dilution in polarization associated
with intermediate-width Hα emission is apparent as a protrusion
from the cluster of data points which roughly points towards the
origin. Note that our binning causes the line to be unresolved, and
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Figure 2. Total flux, fractional de-biased polarization Pdb, and position
angle θ for SN 2009ip during its 2012 outburst, at epochs between Sep. 21
and Dec. 6. The three Kuiper/SPOL epochs (red) have been averaged for
clarity. The Sep. 21 and 24 MMT/SPOL data (light blue) have been averaged
and binned to 300 Å; all other epochs are binned to 50 Å. Note the ∼90◦

offset in θ between the 2012a phase and the peak of 2012b.

polarization vectors from the 2012a and 2012b components, as the
latter rises in luminosity.

By Oct. 11, the source has risen to peak flux. The spectrum has
retained the overall appearance of Oct. 5, while the continuum be-
comes less blue and broad-line P-Cygni absorption becomes appar-
ent for He I/NaD. Our Lick/Kast and Kuiper/SPOL measurements
on Oct. 14 show that P has risen to a maximum of ∼1.7 per cent
and θ has reached ∼72◦. At this time, strong deficits in polarization
are seen for the intermediate-width emission components of Hα

and, to a lesser extent, Hβ. This is likely to be the result of dilution
from the strong, intrinsically unpolarised emission lines in the outer
CSM. Meanwhile, a slight increase in P is seen at 5600–5800 Å,
suggesting a potential association with broad He I λ5876 or NaD
P-Cygni lines.

Fig. 4 (top panels) shows the Stokes spectra and the data distribu-
tion in the Q–U plane for the Oct. 14 Lick epoch, binned to 100 Å.
For reference, we also show scaled logarithmic flux spectra in the
same figure, which has been normalized with a low-order spline
(avoiding the strongest emission features for the spline nodes). On
Oct. 14, near peak brightness, the entire optical spectrum of SN

Figure 3. Upper panel: temporal evolution of the total V-band (5050–
5950 Å) polarization for SN 2009ip during the 2012a and 2012b phases.
For reference, an arbitrarily scaled version of the V-band light curve is
plotted in the background. Lower panel: evolution in the Q–U plane. ISP is
constrained to <0.2 per cent, illustrated by the black dot near the origin. The
dashed lines represent the position angles θV = 166◦ and 72◦ measured at
the first epoch on Sep. 21 and peak polarization on Oct. 14, respectively. Our
latest continuum measurement (5200–5500 Å) for Dec. 6 is marked with a
red cross near the origin, consistent with our ISP limit. The approximate
point-reflection symmetry between 2012a and the peak of 2012b suggests
two separate and roughly orthogonal components of polarization on the sky.
Note the temporary shift in θ associated with the bump in the light curve at
∼30 d past peak.

2009ip occupies a compact portion of the Q–U plane, in quadrant II.
The points form a slightly elongated cluster that shows a continuous
trend in wavelength, with the bluest points exhibiting the lowest po-
sition angle in the Q–U plane. The cluster as a whole exhibits a small
but non-negligible spread in position angle, which corresponds to
a range of ∼10◦ on the sky. The dilution in polarization associated
with intermediate-width Hα emission is apparent as a protrusion
from the cluster of data points which roughly points towards the
origin. Note that our binning causes the line to be unresolved, and
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Figure 9. Illustration of a potential SN/CSM configuration during the 2012a
event (not to scale), before the onset of intense CSM interaction. The pres-
ence of broad P-Cygni lines implies a rapidly expanding photosphere. The
detection of significant continuum polarization at this phase suggests an
aspherical geometry for the SN photosphere and/or partial absorption by
toroidal CSM (inset). The approximate orthogonality of the polarization po-
sition angle with respect to the 2012b CSM interaction phase suggests that
the SN photosphere might have a bipolar geometry. The angle φ represents
the angle subtended by the CSM from the point of view of the explosion.

geometries. Rather, the orthogonality between the 2012a and 2012b
events implies a physically distinct origin for each of the associated
outflows. In addition, the large shift in polarization and position
angle between the 2012b peak and the subsequent bump in the de-
clining light curve on Nov. 6–7 also suggest that the bump is the
result of a polarized luminosity component that is separate from that
of the 2012b peak – for example, the SN photospheric component
brightening again as the CSM interaction component fades away.
This is inconsistent with the interpretation that the bump in the light
curve is the result of a fluctuating central source that variably illu-
minates the CSM, such as activity from a central surviving star, as
proposed by Martin et al. (2013).

Toroidal CSM geometry would not be unique to SN 2009ip;
it has been proposed before for other SNe IIn, specifically in the
cases of SN 1988Z (Chugai & Danziger 1994, their Model B), SN
1998S (Leonard et al. 2000), and SN 1997eg (Hoffman et al. 2008).
This type of geometry is also unsurprising in the context of SN
2009ip’s stellar progenitor, since rings and tori are common phe-
nomena around LBVs, B[e] supergiants, and other evolved massive
stars (Smith, Bally & Walawender 2007; Smith et al. 2011b). Not at
all clear, however, is the connection of such geometry to the erratic
behaviour of SN 2009ip over the last decade. It is possible that dense
equatorial CSM is the result of binary-influenced mass loss, as has
been suggested to explain the toroidal CSM of B[e] supergiants.
A connection between such objects and SN 2009ip was speculated
upon by Clark et al. (2013) in the case of LHA 115-S 18, a B[e] su-
pergiant exhibiting erratic long-term variability that is reminiscent
of LBVs. It is thus interesting to note that the radial dimensions of
B[e] discs (102–103 au; Zickgraf et al. 1986) are comparable to the
size estimates for SN 2009ip’s toroidal CSM (Smith et al. 2013;
SMP14).

Figure 10. Illustration of a possible configuration for the 2012b phase, af-
ter the onset of intense CSM interaction. A toroidal distribution of dense
CSM gives rise to strong shocks, electron scattering, and a luminous polar-
ized continuum (marked by a bold-faced ‘P’). At the same time, diluted yet
persistent broad P-Cygni lines from 2012a indicate an underlying SN photo-
sphere from fast ejecta that have not participated in strong CSM interaction.
With respect to the observer, fast He/Na-rich ejecta in a quasi-Hubble flow
could partially obscure the inner polarized continuum, resulting in the sharp
polarization ‘enhancements’ we see at specific velocities (see Figs 5 and 6).

The origin of the polarization for the 2012a phase is less clear.
Since the spectrum of SN 2009ip on Sep. 21–24 resembles that of
more common core-collapse SNe, the simplest explanation might
be electron scattering within the photosphere of the early SN, which
has yet to impact the dense CSM lying farther out. In this case, the
axial ratio of <0.85 and the orthogonal geometric axis with re-
spect to the peak of the CSM interaction phase would suggest a
prolate/bipolar shape for the 2012a outflow. Interestingly, bipolar
geometry has been suggested previously for other cases of highly
polarized core-collapse SNe (e.g. see Wang et al. 2001). Alterna-
tively, net polarization from the 2012a phase could also arise if
the near side of the soon-to-be-shocked toroidal CSM is partially
blocking the waist of the SN photosphere (Fig. 9, inset), which
could result in a polarization axis that is orthogonal to 2012b if the
polarized poles of the photosphere remain relatively unobscured.
Finally, scattering of the SN photons by dust in the outer CSM
could provide another source of polarized photons. After all, in-
frared data obtained during the 2012a phase show strong evidence
for circumstellar dust at a radius of ∼120–220 au (Smith et al. 2013).
We note that the strength of SN 2009ip’s blue continuum detected
at the same time indicates that the central source is probably not
completely enshrouded by the dusty component, which is consistent
with the toroidal geometry inferred for the CSM. However, if dust
scattering from the dense CSM were an important source of polar-
ized flux during 2012a, we would expect the geometric axis during
this phase to reflect that of 2012b rather than being orthogonal to it.
Thus, electron scattering within the SN photosphere appears to be
the most plausible explanation as the dominant source of polarized
photons during 2012a, with net polarization either being the result
of bipolar geometry for the photosphere or partial blocking of its
waist by the toroidal CSM.
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Radiation-hydrodynamic simulations

• Hydrodynamics: evolution of density, pressure, and velocity in comp. grid 

• Radiative transfer: grey approximation, frequency-integrated Er and Fr 

• Adaptive mesh refinement: capture tiny structure while the whole expanding 

SN ejecta are covered.  

• simple opacity: free-free and e- scattering
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where the superscript i specifies the component of a vector or
tensor. Furthermore, the second order moment of the intensity
yields the radiation pressure tensor,
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The dynamical evolution of radiation and gas should be
solved simultaneously. The hydrodynamical variables char-
acterizing the gas are the velocity b i, the density ρ, and the gas
pressure Pg, which are functions of the spatial coordinates and
the time. In this paper, we assume the equation of state for an
ideal gas with an adiabatic index g = 5 3. Thus, the specific
enthalpy h of the gas is expressed as follows,

( )
( )g

g r
= +

-
h

P
1

1
. 4g

The gas temperature Tg is derived for a given set of the density,
the pressure, and the chemical composition of the gas from the
following equation,
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where kB and mu are the Boltzmann constant and the atomic
mass unit and μ and Eg denote the mean molecular weight and
the internal energy of the gas. On the other hand, the radiation
temperature Tr is defined as the temperature obtained from the
following relation,

( )=E a T , 6r r r
4

where ar is the radiation constant. These two values should take
the same value, =T Tr g, when the energy exchange between
gas and radiation is balanced.

We denote the frequency-averaged absorption and scattering
coefficients in the comoving frame by k0 and s0. Under the
mixed-frame formalism (see, e.g., Mihalas & Mihalas 1984),
the equations describing the temporal evolutions of hydro-
dynamical variables, the radiation energy density, the radiation
flux are written as follows,
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2.2. Operator Splitting

The numerical code integrates these equations by a similar
way to those presented in Takahashi & Ohsuga (2013). At first,
we separate the basic equations into the advection and
interaction parts. The former part deals with the evolution of
hydrodynamical variables and the advection of radiation, both
of which are governed by Equations (7)–(11) with

= =G G 0i0 . The latter governs the exchange of energy and
momenta between gas and radiation and is written as follows,
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The numerical integration of the basic equations from nth step
=t tn to the next step = + D+t t tn n1 is realized by the so-

called operator splitting technique, i.e., integrating the advec-
tion and interaction parts one after the other.
The equations for hydrodynamics can be integrated by using

some standard techniques for numerical hydrodynamics. We
use the 2nd-order reconstruction scheme introduced by van
Leer (1977) to interpolate physical variables in each numerical
cell and the HLLC scheme for special relativistic hydrody-
namics (Mignone & Bodo 2005) to calculate the numerical
fluxes at the interface of two neighboring cells. In the
following, we describe our method to numerically integrate
the advection part for radiation and the interaction part.

2.3. Advection for Radiation

The advection equations for the radiation energy density Er
and the flux Fi

r are integrated by using the so-called M1 closure
scheme, which was first introduced by Levermore (1984). In
order to integrate the advection equations for radiation, one
needs to express the radiation pressure tensor in terms of Er and
Fi

r . In the M1 closure scheme, the following formula is used,
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The numerical integration of the basic equations from nth step
=t tn to the next step = + D+t t tn n1 is realized by the so-

called operator splitting technique, i.e., integrating the advec-
tion and interaction parts one after the other.
The equations for hydrodynamics can be integrated by using

some standard techniques for numerical hydrodynamics. We
use the 2nd-order reconstruction scheme introduced by van
Leer (1977) to interpolate physical variables in each numerical
cell and the HLLC scheme for special relativistic hydrody-
namics (Mignone & Bodo 2005) to calculate the numerical
fluxes at the interface of two neighboring cells. In the
following, we describe our method to numerically integrate
the advection part for radiation and the interaction part.

2.3. Advection for Radiation

The advection equations for the radiation energy density Er
and the flux Fi
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the internal energy of the gas. On the other hand, the radiation
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The numerical integration of the basic equations from nth step
=t tn to the next step = + D+t t tn n1 is realized by the so-

called operator splitting technique, i.e., integrating the advec-
tion and interaction parts one after the other.
The equations for hydrodynamics can be integrated by using

some standard techniques for numerical hydrodynamics. We
use the 2nd-order reconstruction scheme introduced by van
Leer (1977) to interpolate physical variables in each numerical
cell and the HLLC scheme for special relativistic hydrody-
namics (Mignone & Bodo 2005) to calculate the numerical
fluxes at the interface of two neighboring cells. In the
following, we describe our method to numerically integrate
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order to integrate the advection equations for radiation, one
needs to express the radiation pressure tensor in terms of Er and
Fi

r . In the M1 closure scheme, the following formula is used,
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• numerical technique for “efficient” computation in mesh-based hydrodynamics 

• resolve what you would like to resolve 

• block-structured mesh 
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• radiation hydrodynamic simulations 

with different problem sizes (AMR level 

l=3, 4, and 5) 

• parallel performance measured up to 

~4000 cores 

• parallel efficiency ~80-90% (depending 

on the problem size)  

Parallel performance
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spherical CSM

SN ejecta colliding with CSM: numerical setups 

• 2D cylindrical coordinates (r,z) 

• 10M◉ SN ejecta with the kinetic energy of 1051 [erg]: broken power-law 

density profile 

• CSM + wind:  

• wind component:  

• CSM component:  

• CSM mass: Mcsm=0.1M◉, 1.0M◉, 10M◉ 

• simulation starts at t=1000 s after the explosion

Interacting Supernovae in 2D 5

is no radiation field in the ejecta at the beginning of
the simulation, the thermal equilibrium between gas and
radiation, where the gas and radiation temperatures are
identical, is immediately achieved in the SN ejecta.
In this study, we fix the total mass and the initial

kinetic energy of the ejecta to be Mej = 10M� and
Esn = 1051 erg. Thus, the corresponding maximum ve-
locity is vmax = 1.3⇥ 104 km s�1.

2.2.2. CSM

We consider a centrally concentrated CSM in a steady
wind. We assume that the CSM and wind densities fol-
low the inverse square law. Thus, for spherical CSMs,
the density profile is described by

⇢(r, z) = ⇢wind(R) + ⇢sph(R), (23)

where the wind and CSM components are given by

⇢wind(R) = A?R
�2, (24)

and

⇢sph(R) = AsphR
�2 exp


�
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R

Rcsm
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, (25)

with p = 10. In the following, the wind density param-
eter is set to A? = 5⇥ 1011 g cm�1, which corresponds
to a steady mass-loss at a rate of 10�6 M� yr�1 for a
constant wind velocity of 100 km s �1. This value leads
to a su�ciently dilute wind component so that it does
not a↵ect the expansion of the SN ejecta. The exponen-
tial factor in this spherical CSM density profile realizes
a smooth cuto↵ around R = Rcsm, beyond which the
wind component dominates. The CSM mass Mcsm is
expressed as a function of the normalization constant
Asph and the outer radius Rcsm,

Mcsm=4⇡

Z
⇢sph(R)R2dR

=4⇡AsphRcsm�(1 + 1/p), (26)

where �(x) is a Gamma function and �(1+1/p) ' 0.951
for p = 10.
For a CSM disk, we assume the following functional

form,
⇢(r, z) = ⇢wind(R) + ⇢disk(r, z), (27)

with

⇢disk(r, z) =
Adisk

R2
exp
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where # is an angle measured from the equator,

# = cos�1
⇣ r

R

⌘
. (29)

Throught this work, we assume q = 4. Therefore,
the density is enhanced around the region with a half-
opening angle of #disk. The CSMmassMcsm is expressed
as a function of Rcsm and #disk,

Mcsm = 4⇡Adisk�(1 + 1/p)Fq(#disk)Rcsm, (30)

where Fq(#disk) is the covering fraction of the disk,

Fq(#disk) =

Z ⇡/2

0
exp
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The covering fraction yields F4(#disk) = 0.157, and
0.310, for #disk = 10� and 20�.

2.3. Adaptive mesh refinement

The numerical code is equipped with an AMR tech-
nique for better capturing discontinuities and tiny struc-
tures developing in the ejecta-CSM interface. The nu-
merical domain is covered by 512⇥ 1024 numerical cells
at the lowest AMR level. Then, specific regions are suc-
cessively covered by numerical cells with finer spatial
resolutions. The domain with the coarsest resolution is
referred to as AMR level 0 and an increase in the AMR
level by 1 corresponds to a finer resolution by a factor
of 2. The highest AMR level is initially set to l = 13, at
which 213 times finer resolution than the lowest AMR
level is realized.
Since the SN ejecta are expanding with time, a larger

number of numerical cells are required at later epochs.
Thus, we decrease the highest AMR level one by one
as the ejecta expand and it reaches l = 4 at the end of
the simulation. Although the smallest cell size increases
with time as a result of this coarsening, the relative min-
imum resolved length compared to the physical scale of
the expanding ejecta is guaranteed. In this way, we fol-
low the evolution of the ejecta-CSM interaction up to
t ' 200 days.

2.4. Light curve calculation

One of the properties of the radiation field that we can
directly obtain from a single simulation is the bolometric
light curve. For the light curve calculation, we consider
an outgoing radiative flux at a distance, Robs, from the
center of the ejecta. We define the viewing angle ⇥obs

measured from the symmetry axis r = 0 and record the
temporal evolution of the following projected radiative
flux,

Fout = lv,iF
i
r , (32)

at the coordinate (r, z) = (Robs sin⇥obs, Robs sin⇥obs).
The direction vector liv is given by

liv = (sin⇥obs, cos⇥obs). (33)
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Thus, we decrease the highest AMR level one by one
as the ejecta expand and it reaches l = 4 at the end of
the simulation. Although the smallest cell size increases
with time as a result of this coarsening, the relative min-
imum resolved length compared to the physical scale of
the expanding ejecta is guaranteed. In this way, we fol-
low the evolution of the ejecta-CSM interaction up to
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2.4. Light curve calculation

One of the properties of the radiation field that we can
directly obtain from a single simulation is the bolometric
light curve. For the light curve calculation, we consider
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Figure 5. Same as Figure 4, bur for the spherical CSM model with Mcsm = 10M� (model S_M10).

Spherical CSM: results



• spatial distributions of density, 
gas energy density, and 

radiation energy density 

• CSM interaction creates forward 

and reverse shocks 

• development of hydrodynamic 

instability at the ejecta-CSM 

interface. 
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Figure 6. Comparison of the shock structures in the spher-
ical CSM models. The density distributions of the spherical
CSM models at 5⇥ 106 s with M = 0.1 (top), 1.0 (middle),
and 10 M� (bottom) are presented.

the Vishniac instability from developing. In our simula-
tions, the free-free process is the only radiative process
for direct gas cooling. Therefore, for lower CSM densi-
ties with insignificant radiative cooling, gas should be-
have as an ideal gas with an adiabatic index of � = 5/3
as assumed and the Vishniac instability is not e↵ective
within the time scale covered by the simulations.
In Figure 6, we compare the shock structure at t =

5 ⇥ 105 s in the three spherical CSM models. In the
spatial distribution shown in the upper panel of Fig-
ure 6, the ejecta-CSM interface indeed exhibits filamen-
tary structure, which is likely created as a result of the
Rayleigh-Tayler instability. In contrast to the models
with higher CSM densities, the forward shock front and
the contact discontinuity are well separated from each
other. This suggests that the post-shock gas almost be-

haves as an ideal gas without significant radiative loss.
Under these circumstances, the motion of gas around the
ejeca-CSM interface can be turbulent, leading to addi-
tional dissipation of the kinetic energy due to collisions
of filaments. In most parts, however, the filaments and
the perturbed shell are confined in the narrow layer be-
tween the forward and reverse shock fronts. Even at
several 107 s after the explosion, the development of the
hydrodynamic instability is not strong enough to modify
the global shape of the ejecta. We have also checked that
the radial profiles of hydrodynamic variable are similar
to those in 1D spherical models. Thus, the e↵ect of the
additional energy dissipation would be quite limited as
long as these simulation results are concerned.
On the other hand, in the bottom panel of Figure

6, the shocked gas in model S_M10 seems to su↵er from
significant radiative loss. As is seen in the density distri-
butions, the forward shock front and the contact discon-
tinuity are not well separated. Instead, a dense and geo-
metrically thin shell is formed. The density of the dense
shell is higher than that of the surrounding unshocked
gas by about two orders of magnitude, which cannot be
achieved by the adiabatic shock jump condition alone.
Therefore, this structure is likely to be a cooling shell
and the e↵ect of radiative cooling is significant. The
shape of the cooling shell is indeed non-spherical prob-
ably due to the development of the Vishniac instability.

3.2.2. Light curves

In Figure 7, we plot isotropic equivalent bolomet-
ric light curves with di↵erent viewing angles (⇥obs =
0�, 30�, 45�, 60�, and 90�) and compare them with
those of 1D spherical simulations. For most parts, the
light curves with di↵erent viewing angles are similar to
each other and the 1D spherical counterparts at early
epochs, although small di↵erences are recognized at
later epochs. At early epochs, photons produced in the
ejecta–CSM interface predominantly contribute to the
emission. Such photons would have experienced multi-
ple absorption and scattering episodes, which make the
radiation field isotropic. At later epochs, the interaction
layer is close to or even emerge from the photosphere in
the CSM. Then, photons from the non-spherical interac-
tion layer escape into the surrounding space without sig-
nificant absorption and scattering, contributing to light
curves. It is after this epoch that light curves with dif-
ferent viewing angles start deviating from each other.
However, the di↵erence between the light curves shown
in each panel of Figure 7 is not significant. We note that
the light curves with ⇥obs = 0� are exceptionally di↵er-
ent from those with di↵erent viewing angles. However,
this is probably because of an artificial e↵ect associated

Spherical CSM: results
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• Same SN ejecta as the spherical models (10M◉ + 1051 erg) 

• but, disk-like CSM geometry 

• models D10: θdisk=10 [deg] and Mcsm=0.1M◉, 1.0M◉, 10M◉ 

• models D20: θdisk=20 [deg] and Mcsm=0.1M◉, 1.0M◉, 10M◉ 

• covering fraction: D10 → ~15 %,  D20 → ~30 %

Numerical setups: disk-like CSM

ρ
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Figure 1. Spatial distributions of the density, the gas and radiation energy densities, and the radial velocity (from left to right)
shortly after t = t0 for model D10_M10.

Thus, for spherical CSMs, the density profile is de-
scribed by

⇢(r, z) = ⇢wind(R) + ⇢sph(R), (24)

where the wind and CSM components are given by

⇢wind(R) = A?R
�2, (25)

and

⇢sph(R) =
Asph

R2
exp
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with p = 10. In the following, the wind density param-
eter is set to A? = 5⇥ 1011 g cm�1, which corresponds
to a steady mass-loss at a rate of 10�6 M� yr�1 for a
constant wind velocity of 100 km s �1. This value leads
to a su�ciently dilute wind component so that it does
not a↵ect the expansion of the SN ejecta. The exponen-
tial factor in this spherical CSM density profile realizes
a smooth cuto↵ around R = Rcsm, beyond which the
wind component dominates. The CSM mass Mcsm is
expressed as a function of the normalization constant
Asph and the outer radius Rcsm,

Mcsm=4⇡

Z 1

0
⇢sph(R)R2dR

=4⇡AsphRcsm�(1 + 1/p), (27)

where �(x) is a Gamma function and �(1+1/p) ' 0.951
for p = 10.
For a CSM disk, we assume the following functional

form,
⇢(r, z) = ⇢wind(R) + ⇢disk(r, z), (28)

with

⇢disk(r, z) =
Adisk

R2
exp
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where # is an angle measured from the equator,

# = cos�1
⇣ r
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⌘
. (30)

Throught this work, we assume q = 4. Therefore,
the density is enhanced around the region with a half-
opening angle of #disk. The parameter q determines the
slope of the upper and lower edges of the CSM disk.
Although we adopt a very simplified CSM disk model,
there would be room for improvement for future stud-
ies. For example, by assuming a steady disk, the scale
height of the upper and lower edges of the disk is de-
termined by the disk temperature. The geometry and
structure of CSM disks would o↵er us a hint toward how
they are produced and thus should be studied in more
detail. The CSM mass Mcsm is expressed as a function
of Rcsm and #disk,

Mcsm = 4⇡Adisk�(1 + 1/p)Fq(#disk)Rcsm, (31)

where Fq(#disk) is the covering fraction of the disk with
respect to the solid angle,

Fq(#disk) =

Z ⇡/2

0
exp
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The covering fraction yields F4(#disk) = 0.157, and
0.310, for #disk = 10� and 20�. In Figure 1, we show
the spatial distributions of the density, gas and radia-
tion energy densities, and the radial velocity shortly af-
ter t = t0 for model D10_M10(see, Table 1 for the model
parameters).

2.3. Adaptive mesh refinement
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Figure 1. Spatial distributions of the density, the gas and radiation energy densities, and the radial velocity (from left to right)
shortly after t = t0 for model D10_M10.

Thus, for spherical CSMs, the density profile is de-
scribed by

⇢(r, z) = ⇢wind(R) + ⇢sph(R), (24)

where the wind and CSM components are given by

⇢wind(R) = A?R
�2, (25)

and

⇢sph(R) =
Asph

R2
exp


�
✓

R

Rcsm

◆p�
, (26)

with p = 10. In the following, the wind density param-
eter is set to A? = 5⇥ 1011 g cm�1, which corresponds
to a steady mass-loss at a rate of 10�6 M� yr�1 for a
constant wind velocity of 100 km s �1. This value leads
to a su�ciently dilute wind component so that it does
not a↵ect the expansion of the SN ejecta. The exponen-
tial factor in this spherical CSM density profile realizes
a smooth cuto↵ around R = Rcsm, beyond which the
wind component dominates. The CSM mass Mcsm is
expressed as a function of the normalization constant
Asph and the outer radius Rcsm,

Mcsm=4⇡

Z 1

0
⇢sph(R)R2dR

=4⇡AsphRcsm�(1 + 1/p), (27)

where �(x) is a Gamma function and �(1+1/p) ' 0.951
for p = 10.
For a CSM disk, we assume the following functional

form,
⇢(r, z) = ⇢wind(R) + ⇢disk(r, z), (28)

with

⇢disk(r, z) =
Adisk

R2
exp


�
✓

R

Rcsm

◆p

�
✓

#

#disk

◆q�
,

(29)

where # is an angle measured from the equator,

# = cos�1
⇣ r

R

⌘
. (30)

Throught this work, we assume q = 4. Therefore,
the density is enhanced around the region with a half-
opening angle of #disk. The parameter q determines the
slope of the upper and lower edges of the CSM disk.
Although we adopt a very simplified CSM disk model,
there would be room for improvement for future stud-
ies. For example, by assuming a steady disk, the scale
height of the upper and lower edges of the disk is de-
termined by the disk temperature. The geometry and
structure of CSM disks would o↵er us a hint toward how
they are produced and thus should be studied in more
detail. The CSM mass Mcsm is expressed as a function
of Rcsm and #disk,

Mcsm = 4⇡Adisk�(1 + 1/p)Fq(#disk)Rcsm, (31)

where Fq(#disk) is the covering fraction of the disk with
respect to the solid angle,

Fq(#disk) =

Z ⇡/2

0
exp


�
✓

#

#disk

◆q�
cos#d#. (32)

The covering fraction yields F4(#disk) = 0.157, and
0.310, for #disk = 10� and 20�. In Figure 1, we show
the spatial distributions of the density, gas and radia-
tion energy densities, and the radial velocity shortly af-
ter t = t0 for model D10_M10(see, Table 1 for the model
parameters).

2.3. Adaptive mesh refinement

6 Suzuki, Moriya, & Takiwaki

Figure 1. Spatial distributions of the density, the gas and radiation energy densities, and the radial velocity (from left to right)
shortly after t = t0 for model D10_M10.
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with p = 10. In the following, the wind density param-
eter is set to A? = 5⇥ 1011 g cm�1, which corresponds
to a steady mass-loss at a rate of 10�6 M� yr�1 for a
constant wind velocity of 100 km s �1. This value leads
to a su�ciently dilute wind component so that it does
not a↵ect the expansion of the SN ejecta. The exponen-
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a smooth cuto↵ around R = Rcsm, beyond which the
wind component dominates. The CSM mass Mcsm is
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Throught this work, we assume q = 4. Therefore,
the density is enhanced around the region with a half-
opening angle of #disk. The parameter q determines the
slope of the upper and lower edges of the CSM disk.
Although we adopt a very simplified CSM disk model,
there would be room for improvement for future stud-
ies. For example, by assuming a steady disk, the scale
height of the upper and lower edges of the disk is de-
termined by the disk temperature. The geometry and
structure of CSM disks would o↵er us a hint toward how
they are produced and thus should be studied in more
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termined by the disk temperature. The geometry and
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The covering fraction yields F4(#disk) = 0.157, and
0.310, for #disk = 10� and 20�. In Figure 1, we show
the spatial distributions of the density, gas and radia-
tion energy densities, and the radial velocity shortly af-
ter t = t0 for model D10_M10(see, Table 1 for the model
parameters).
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2.2. Initial and boundary conditions

For simulations in the 2D cylindrical coordinates
(r, z), the numerical domain covers the region with
0  r  6.4⇥1016 cm and�6.4⇥1016 cm z  6.4⇥1016

cm. A reflection boundary condition is imposed at the
symmetry axis r = 0, while free boundary conditions
are imposed for the other boundaries.

2.2.1. SN ejecta

We initially assume freely expanding spherical super-
nova ejecta. We start our simulation at t0 = 1000 s.
Thus, the radial velocity of a layer at a radius R is ini-
tially given by

v =
R

t0
, (17)

for v < vmax and v = 0 otherwise. Here we denote
the three-dimensional radius by R ⌘ (r2 + z2)1/2, in
order to distinguish it from the radial coordinate r. We
also introduce the inclination angle ✓ = cos�1(r/R) to
specify an angle measured from the symmetry axis z =
0. The initial density structure is assumed to be the
commonly adopted broken power-law distribution with
the break velocity vbr (Chevalier & Soker 1989; Matzner
& McKee 1999),

⇢ej(r, z) =
f3Mej

4⇡v3brt
3
0

g(R/t0), (18)

for R < vmaxt0, where Mej is the total mass of the ejecta
and

fl =
(m� l)(l � �)

m� � � (l � �)(vbr/vmax)m�l
. (19)

For a su�cently steep outer density slope and a large
vmax/vbr, this expression is approximated as follows,

fl '
(m� l)(l � �)

m� �
. (20)

The non-dimensional function g(v) is given by

g(v) =

8
><

>:

⇣
v
vbr

⌘��
for v  vbr,

⇣
v
vbr

⌘�m
for vbr < v.

(21)

The exponents � and m are fixed to be � = 1, and
m = 10 throughout this study. The break velocity vbr
is determined by specifying the total mass and kinetic
energy, Mej and Esn, of the ejecta,

vbr =

✓
2f5Esn

f3Mej

◆1/2

'

2(m� 5)(5� �)Esn

(m� 3)(3� �)Mej

�1/2
. (22)

We assume that the initial gas internal energy density
of the ejecta is proportional to the initial kinetic energy

distribution,

Ēg(r, z) = ✏
⇢ej(r, z)

2

✓
R

t0

◆2

, (23)

with ✏ = 0.05. The internal to kinetic energy ratio
is expected to be around unity at the very beginning
of the expansion of the SN ejecta. Then, the internal
energy rapidly decreases in the absence of any heating
source and immediately becomes negligible compared to
the kinetic counterpart. The expanding outer SN en-
velop with a power-law radial density profile is obtained
as an asymptotic behavior after the internal energy be-
comes negligible to the kinetic energy (Chevalier & Soker
1989). Therefore, from the beginning, we set the inter-
nal energy of the ejecta to only 5% of the kinetic one so
that the radial density structure mimic the cold ejecta
realized well after the explosion. This treatment is jus-
tified when the initial thermal energy loaded on the SN
ejecta less likely contributes to the bolometric luminos-
ity as in interacting SNe. The radiation energy density
and the radiative flux are initially zero. Although there
is no radiation field in the ejecta at the beginning of the
simulation, the thermal equilibrium between gas and ra-
diation, where the gas and radiation temperatures are
identical, is immediately achieved in the SN ejecta.
In this study, we fix the total mass and the initial

kinetic energy of the ejecta to be Mej = 10M� and
Esn = 1051 erg. Thus, the corresponding break ve-
locity is vbr = 3.8 ⇥ 103 km s�1. The outer ejecta
initially extend out to vmaxt0 at time t0, where the
outermost layer is adjacent to the inner edge of the
CSM. In the following, we set vmax = 1.26 ⇥ 109 cm
s�1 or vmaxt0 = 1.26 ⇥ 1012 cm, which corresponds to
vbr/vmax = 0.3.

2.2.2. CSM

We consider a centrally concentrated CSM embedded
in a steady wind. Such CSM are thought to be an out-
come of still unclear mass-loss activities of massive stars
10–1000 years before their core-collapse and therefore
their density and velocity structures are highly uncer-
tain. We assume that both the CSM and wind den-
sities follow an inverse square law. The dense CSM
is truncated at a radius of 5 ⇥ 1015 cm, which corre-
sponds to an enhanced mass-loss 10–100 years prior to
the core-collapse for a wind velocity of 10–100 km s�1

(carbon- and oxygen-burning stages). Dense CSMs con-
fined within a few 1015 cm are often adopted in light
curve modellings of type IIn SN (e.g., Ginzburg & Bal-
berg 2012; Moriya et al. 2013a).

with A★=5x1011 [g/cm]

with Rcsm=5x1015 [cm], p=10, q=4



Numerical setups: disk-like CSM

ρ

• Same SN ejecta as the spherical models (10M◉ + 1051 erg) 

• but, disk-like CSM geometry 

• models D10: θdisk=10 [deg] and Mcsm=0.1M◉, 1.0M◉, 10M◉ 

• models D20: θdisk=20 [deg] and Mcsm=0.1M◉, 1.0M◉, 10M◉ 

• covering fraction: D10 → ~15 %,  D20 → ~30 %



Results: disk-like CSM
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Figure 9. Same as Figure 8, but for model D10_M1

• spatial distributions of 
density, gas energy density, 

and radiation energy density 

• SN ejecta are “squeezed” by 

the disk CSM. 

• strong viewing angle 

dependence is expected.



Bolometric light curves: disk models

• isotropic equivalent Lbol=4πRobs2Fout  ( Fout: outgoing flux at r=Robs=5x1016cm) 

• highly dependent on the viewing angle
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Bolometric light curves: disk models

• isotropic equivalent Lbol=4πRobs2Fout  ( Fout: outgoing flux at r=Robs=5x1016cm) 

• highly dependent on the viewing angle
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Figure 10. Isotropic equivalent bolometric light curves of the disk CSM models with ✓disk = 10� and Rout = 5⇥1015 cm. From
left to right, we plot the models with the CSM mass of 0.1, 1.0, and 10M� (models D10_M01, D10_M1, and D10_M10). The light
curves with viewing angles of 0, 30, 45, 60, and 90 degrees are plotted and compared with spherical CSM models in Figure 7 in
the lower panel. In the upper panel, the cumulative radiated energy is also plotted for each viewing angle.

Figure 11. Same as Figure 10, but for model D20_M1.

(sin⇥obs, 0, cos⇥obs) is the direction vector of the ray.
The screen is located at s = Dsc. Along each ray, we
integrate the following quantities to obtain the optical
depth,

⌧(u, v, s) =

Z Dsc

s
⇢̄(x )(̄a + ̄s)ds, (37)

where physical variables are taken from a snapshot of
the simulations at a specific epoch. The photosphere,
beyond which photons can propagate almost freely, is
defined so that the optical depth is equal to 2/3. In other
words, we find the parameter sph satisfying ⌧(sph) =
2/3. From the spatial distributions of the radiation en-
ergy density and the flux, the (frequency-integrated) in-
tensity at the photosphere along the line of sight is es-

timated as follows;

I(u, v, sph) =
1

4⇡
(cEr + 3lobs · F r) . (38)

We assume that the intensity I(u, v,Dsc) at the point
(u, v) on the screen is identical with that at the photo-
sphere, I(u, v,Dsc) = I(u, v, sph), which holds for radi-
ation propagating in a su�ciently dilute space.
In the following, we set the screen distance to be

Dsc = 5⇥ 1016 cm, which is identical with Robs. When
a snapshot of the simulation at t = tsim is used for this
post-process calculations, photons emitted from di↵er-
ent parts of the photosphere reach the screen at di↵er-
ent times. The delay time is given by (Dsc � sph)/c
and di↵ers from one ray to another according to the dif-
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Slowly-rising type IIn supernovae?
306 A. A. Miller et al.

Figure 1. Left: apparent optical light curve of SN 2008iy showing the long rise time of the SN, including data from DS (this work), the Nickel telescope (this
work), Catelan et al. (2009) and the CRTS web site. Note, conservatively, we take the start time of the SN (t = 0) to coincide with the first epoch where CRTS
detects the source; however, the true explosion date is likely prior to 2007 September 13, between the last DS non-detection and the first CRTS detection.
Note that the light curve is very broad, and almost symmetric about the peak. For comparison, we show the light curve of the standard Type II-P SN 1999em
(data from Leonard et al. 2002) and the Type IIn SN 1988Z, which shows many similarities to SN 2008iy at late times (see Section 3.2; SN 1988Z data from
Turatto et al. 1993), as they would have appeared at the redshift of SN 2008iy. Right: three panels with images of the field of SN 2008iy. Each image is ∼2.5 ×
4 arcmin2, with north up and east to the left. Black cross-hairs mark the location of the SN. The bottom image, marked (c), shows the last non-detection from
the DS data. The middle (b) and top (a) images show the CRTS detections on days 0 and 153, respectively; SN 2008iy can clearly be seen in each of them. The
SN was not flagged as a transient in either the middle or top image by the CRTS software.

2009; see Schlegel 1996 for a definition of the SN IIn subclass, and
Filippenko 1997 for a review of the spectral properties of SNe). The
SN was later given the IAU designation SN 2008iy (Catelan et al.
2009). Mahabal et al. (2009) noted that the transient was present on
CRTS images dating back to 2007 September 13; however, it went
undetected by the CRTS automated transient detection software
until 2008 because it was blended with a non-saturated, nearby
(∼11-arcsec separation) star.

Here, we present our observations and analysis of SN 2008iy,
which peaked around 2008 October 29 (Catelan et al. 2009) and
had a rise time of ∼400 d. This implies that SN 2008iy took longer
to reach peak optical brightness than any other known SN. Type II
SN rise times are typically !1 week [e.g. SNe 2004et and 2006bp;
Li et al. 2005; Quimby et al. 2007a; see also Patat et al. 1993; Li
et al., in preparation(a)], and have never previously been observed
to rise "100 d, let alone 400, making SN 2008iy another rare
example of the possible outcomes for the end of the stellar life
cycle. In addition to an extreme rise time, SN 2008iy is of great
interest because the unique circumstellar medium (CSM) in which
it exploded may provide a link to very long-lived SNe, such as SN
1988Z, and thus provide clues into the nature of their progenitors.

This paper is organized as follows. Section 2 presents the ob-
servations. The data are analysed in Section 3, and the results are
discussed in Section 4. We give our conclusions, as well as predic-
tions for the future behaviour of SN 2008iy, in Section 5.

2 O B S E RVAT I O N S

2.1 Photometry

The field of SN 2008iy, which is located at α = 16h08m37.s27, δ =
+04◦16′26.′′5 (J2000), was imaged multiple times by the Palomar
Quest survey, and those data have been reprocessed as part of the

Table 1. DS Observations of SN 2008iy.

Date Mag a σmag
b

(MJD)

54618.35 17.37 0.12
54621.35 17.38 0.12
54623.33 17.35 0.12
54626.32 17.34 0.12
54627.36 17.37 0.12
54628.29 17.37 0.12
54629.30 17.36 0.12
54638.21 17.34 0.12
54651.20 17.28 0.12

aObserved value; not corrected for Galac-
tic extinction.
bThe calibration uncertainty dominates
over the statistical uncertainty with values
of ∼0.12 and ∼0.01 mag, respectively.

Deep Sky (DS) project2 (Nugent 2009). The best constraints on the
explosion date come from DS imaging: in a co-add of two images
from 2007 July 05, we do not detect the SN down to a 3σ limit of
i > 20.9 mag. DS images are best approximated by the Sloan Digital
Sky Survey (SDSS; Adelman-McCarthy et al. 2008) i-band filter.
The field of SN 2008iy has well-calibrated SDSS photometry which
we use to calibrate the DS images. The observed DS magnitudes
are shown in Fig. 1 and summarized in Table 1.

To constrain the rise time of SN 2008iy, we visually estimate the
possible range of magnitudes for the SN from images on the CRTS

2http://supernova.lbl.gov/∼nugent/deepsky.html

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 404, 305–317
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Figure 2. Observed LCs of HSC16aayt. The dashed lines show the
time we performed the spectroscopic observations. The numbers in
the figure correspond to the epochs shown in Fig. 10.

2.2. Photometry

All the photometric observations reported in this paper
were performed with HSC. The photometric data from Nov.
2016 to Apr. 2017 are obtained during the HSC SSP tran-
sient survey (Yasuda et al. 2019). In addition, one year later,
the photometric data in 2018 were obtained by the Subaru In-
tensive Program for the transient survey in COSMOS (S17B-
055I, PI: N. Suzuki).

The first-year observations in 2016-2017 were performed
with all the broad-band filters of HSC, the g (4000−5450 Å),
r (5450 − 7000 Å), i (7000 − 8550 Å), z (8550 − 9300 Å), and
y (9300 − 10700 Å) bands (Aihara et al. 2018). The second-
year observations were performed with the i and z bands.

The data are reduced with hscPipe (Bosch et al. 2018), a
version of the LSST stack (Ivezic et al. 2008; Axelrod et al.
2010; Jurić et al. 2015). The astrometry and photometry are
calibrated relative to the Pan-STARRS1 (PS1) 3π catalog
(Magnier et al. 2013; Schlafly et al. 2012; Tonry et al. 2012).
The final photometry is obtained via point-spread function
photometry in the template-subtracted images. We refer to
Yasuda et al. (2019) and Aihara et al. (2018) for further de-
tails on the HSC transient survey data and the data reduction.

Fig. 2 shows the observed LC of HSC16aayt. The orig-
inal data are summarized in Table 1. The change in the g

and r band brightness remains within 0.1 magnitude, except
for one epoch in the g band. The i and z band brightness
increases steadily during the half year survey in 2016-2017.
The i and z band brightness is increased only by 0.2 mag and
0.6 mag, respectively, in the half year. The y band photo-
metric data are noisy but the y band brightness change is also
likely small during the half year.

After 290 days since the last observation in the z band in
2017, HSC16aayt was observed again in 2018. The z band

magnitude at this epoch is similar to that at the last obser-
vation in 2017. However, the z band magnitude suddenly
dropped by 0.2 mag in the next 28 days and remained at a
similar magnitude for the last observation. At this point, the
z band magnitude is similar to the discovery magnitude at
around 500 days before. During the observations in 2018,
the i band photometry was also obtained once and the i band
magnitude is similar to the z band magnitude.

2.3. Spectroscopy

The spectroscopic observations were performed with
Gemini/GMOS-S (Hook et al. 2004) on 4 Mar. 2017, 3 Apr.
2017, and 23 Apr. 2017 under the program GS-2017A-Q-
131, which was awarded through the time exchange program
between Gemini and Subaru (S17A-056, PI: T. Moriya).

The instrumental configuration of the three observations
was the same. The R400 grism with the GG455 filter and the
1.0′′ slit were used. This results in the spectral resolution of
R ∼ 950. A single exposure was 900 sec and 12 exposures
were taken in one night, making the total exposure time in
each night 3 hours. The first 6 exposures were taken by set-
ting 7000 Å as the central wavelength. The remaining 6 ex-
posures were taken with 7100 Å as the central wavelength
so that the CCD chip gaps can be covered. The slit align-
ment was performed in the i band. The first spectrum on 4
Mar. 2017 was taken with the slit angle of 21.4 deg (from
north to east) so that the host galaxy candidate at z ∼ 1.45
was located in the slit. However, we did not find any spec-
troscopic signatures of the galaxy. The slit angle was set
at the average parallactic angle during the observations on
3 Apr. 2017 (−38.94 deg from north to east) and 23 Apr.
2017 (−59.19 deg from north to east). We note that the atmo-
spheric dispersion corrector is not on GMOS-S.

The data reduction process included standard CCD pro-
cessing and spectrum extraction with IRAF2. We applied our
own IDL routines to flux calibrate the data and remove tel-
luric lines using the well-exposed continua of the spectropho-
tometric standard stars (Wade & Horne 1988; Foley et al.
2003). Details of the spectroscopic reduction are described
in Silverman et al. (2012).

The spectra of HSC16aayt are presented in Fig. 3. We
show the three spectra taken on 4 Mar. 2017, 3 Apr. 2017,
and 23 Apr. 2017. In addition, we present a spectrum in
which the three spectra are stacked to improve the signal-
to-noise ratio. The colored spectra in Fig. 3 are the original
spectra. The black spectra on top of the colored spectra are

1 HSC16aayt was originally named as HSC16ciz and HSC16aayt is re-
ferred as HSC16ciz in the Gemini archive database.

2 The Image Reduction and Analysis Facility (IRAF) is distributed by the
National Optical Astronomy Observatories, which are operated by the As-
sociation of Universities for Research in Astronomy, Inc., under cooperative
agreement with the National Science Foundation.
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Figure 10. Isotropic equivalent bolometric light curves of the disk CSM models with ✓disk = 10� and Rout = 5⇥1015 cm. From
left to right, we plot the models with the CSM mass of 0.1, 1.0, and 10M� (models D10_M01, D10_M1, and D10_M10). The light
curves with viewing angles of 0, 30, 45, 60, and 90 degrees are plotted and compared with spherical CSM models in Figure 7 in
the lower panel. In the upper panel, the cumulative radiated energy is also plotted for each viewing angle.

Figure 11. Same as Figure 10, but for model D20_M1.

(sin⇥obs, 0, cos⇥obs) is the direction vector of the ray.
The screen is located at s = Dsc. Along each ray, we
integrate the following quantities to obtain the optical
depth,

⌧(u, v, s) =

Z Dsc

s
⇢̄(x )(̄a + ̄s)ds, (37)

where physical variables are taken from a snapshot of
the simulations at a specific epoch. The photosphere,
beyond which photons can propagate almost freely, is
defined so that the optical depth is equal to 2/3. In other
words, we find the parameter sph satisfying ⌧(sph) =
2/3. From the spatial distributions of the radiation en-
ergy density and the flux, the (frequency-integrated) in-
tensity at the photosphere along the line of sight is es-

timated as follows;

I(u, v, sph) =
1

4⇡
(cEr + 3lobs · F r) . (38)

We assume that the intensity I(u, v,Dsc) at the point
(u, v) on the screen is identical with that at the photo-
sphere, I(u, v,Dsc) = I(u, v, sph), which holds for radi-
ation propagating in a su�ciently dilute space.
In the following, we set the screen distance to be

Dsc = 5⇥ 1016 cm, which is identical with Robs. When
a snapshot of the simulation at t = tsim is used for this
post-process calculations, photons emitted from di↵er-
ent parts of the photosphere reach the screen at di↵er-
ent times. The delay time is given by (Dsc � sph)/c
and di↵ers from one ray to another according to the dif-
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Figure 11. Same as Figure 10, but for model D20_M1
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(sin⇥obs, 0, cos⇥obs) is the direction vector of the ray.
The screen is located at s = Dsc. Along each ray, we
integrate the following quantities to obtain the optical
depth,

⌧(u, v, s) =

Z Dsc

s
⇢̄(x )(̄a + ̄s)ds, (37)

where physical variables are taken from a snapshot of
the simulations at a specific epoch. The photosphere,
beyond which photons can propagate almost freely, is
defined so that the optical depth is equal to 2/3. In other
words, we find the parameter sph satisfying ⌧(sph) =
2/3. From the spatial distributions of the radiation en-
ergy density and the flux, the (frequency-integrated) in-
tensity at the photosphere along the line of sight is es-

timated as follows;

I(u, v, sph) =
1

4⇡
(cEr + 3lobs · F r) . (38)

We assume that the intensity I(u, v,Dsc) at the point
(u, v) on the screen is identical with that at the photo-
sphere, I(u, v,Dsc) = I(u, v, sph), which holds for radi-
ation propagating in a su�ciently dilute space.
In the following, we set the screen distance to be

Dsc = 5⇥ 1016 cm, which is identical with Robs. When
a snapshot of the simulation at t = tsim is used for this
post-process calculations, photons emitted from di↵er-
ent parts of the photosphere reach the screen at di↵er-
ent times. The delay time is given by (Dsc � sph)/c
and di↵ers from one ray to another according to the dif-
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Sollerman et al.: Late observations of supernova iPTF14hls
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Figure 2 Photometric observations of iPTF14hls. The data from the first 600 d, to the left of the vertical dashed line, are from A17.
We have used the same telescopes for the continued monitoring, as well as NOT, TNG, and HST for the latest epochs. The vertical
bars on top of the plot indicate epochs of spectroscopic observations, and the “S” symbols in the bottom part indicate the epochs
of Swift observations. Each light curve was fitted with a combination of two tension splines (dashed coloured lines) to provide a
continuous representation of the data. On the right-hand ordinate we report the absolute magnitude for the r/R band. To obtain
the absolute magnitudes for the BgV i bands, their apparent magnitudes must be shifted by �36.024 mag, �36.019 mag, �36.010
mag, and �35.993 mag, respectively.
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iPTF14hls (see, Arcavi+17, Sollerman+18)

interacting SNe  
with bumpy light curves?

Interacting SNe with bumpy light curves?
A. Nyholm et al.: The bumpy light curve of supernova iPTF13z
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Fig. 1. Light curves of supernova iPTF13z in the R band from the P48 telescope and in SDSS g, r, i, and Johnson B bands from the P60 telescope.
The B, g, and i magnitudes have been o↵set for clarity, as indicated in the legend. The apparent magnitudes are shown without correction for
extinction. Times for conjunction of iPTF13z with the Sun are marked with � symbols. The rate of the 56Co!56Fe decay has been drawn for
comparison. The black ticks at the bottom indicate epochs of spectroscopy. The S stands for the 0.26 mag correction of the P48 photometry onto
the SDSS system. The absolute magnitude Mr is given for the r band and takes MW extinction into account.

mosaic camera and a Mould R-band filter. The 1.52 m telescope
(known as P60) was used with a 2048 ⇥ 2048-pixel CCD camera
(Cenko et al. 2006) and filters in the SDSS (Sloan Digital Sky
Survey) g, r, i (Fukugita et al. 1996), and Johnson B (Bessell
1990) bands.

Photometry of iPTF13z from both telescopes was done using
the pipeline known as FPipe (Fremling et al. 2016). This pipeline
performs sky and host subtraction and uses a PSF fit to the SN in
order to perform relative photometry. The resulting photometry
is given in the AB magnitude system. A selection of 29 SDSS
stars (Table A.1) in the field surrounding iPTF13z was used as
reference stars for the P48 photometry. No colour terms were
applied. The host subtraction for P48 R-band images was done
using a template based on 65 co-added images taken with P48
between 2009 December 21 and 2010 September 24. This time
range was selected to include the deepest P48 images before de-
tection (Sect. 3.2.3). For the P60 photometry, host subtraction in
each filter was done using a mosaic composed of 12 co-added
SDSS frames (Ahn et al. 2012) taken in 2004 April and 2004
June as templates. See Fig. 1 for the iPTF13z light curves. The
field of iPTF13z is shown in Fig. 2.

We checked our P48 R-band photometry against the PTFIDE
(PTF Image Di↵erencing & Extraction) pipeline (Masci et al.
2017) photometry, which was computed in the 0–520-day in-
terval. The mean di↵erence between the PTFIDE output and the
output from FPipe was � mPTFIDE�FPIPE = �0.057± 0.069 mag.
As PTFIDE is only available for the P48 data, but FPipe is avail-
able for both data from P48 and P60, we used the latter for
consistency.

E

N

1 arcmin

iPTF13z

Fig. 2. Finding chart for iPTF13z based on the discovery image
(Sect. 2.1) from the P48 telescope, taken 2013 February 1.48 UT. Two
black bars point at the SN. The inset image (upper left) is a 1000 ⇥ 1000
colour composite from SDSS DR12 showing the host galaxy with the
same orientation as the main image.
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Summary: SN ejecta- CSM disk interaction

symmetry axis
small viewing angle 
- steep rise 
- modest decay

large viewing angle 
- slow rise 
- slow decay

• radiation-hydrodynamic 

simulations of SN ejecta-CSM 

interaction in 2D 

• significant viewing angle effect 

• two different types of 

bolometric light curves. 

• sometimes we expect bumpy 

light curves.
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Figure 9. Same as Figure 8, but for model D10_M1

• hydrodynamic models can be 

used for various purposes 

• polarization signals 
• nebular line profiles (H alpha, H 

beta, etc) and their time 

evolutions.

CSM disk

SN ejecta

• other CSM geometry? (bipolar 

shell)


