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ABSTRACT

We present an improved version of a light curve model, which is able to estimate the physical properties of different types of core-
collapse supernovae having double-peaked light curves, ina quick and efficient way. The model is based on a two-component con-
figuration consisting of a dense, inner region and an extended, low-mass envelope. Using this configuration, we estimatethe initial
parameters of the progenitor via fitting the shape of the quasi-bolometric light curves of 10 SNe, including Type IIP and IIb events,
with model light curves. In each case we compare the fitting results with available hydrodynamic calculations, and also match the de-
rived expansion velocities with the observed ones. Furthermore, we also compare our calculations with hydrodynamic models derived
by the SNEC code, and examine the uncertainties of the estimated physical parameters caused by the assumption of constant opacity
and the inaccurate knowledge of the moment of explosion.

Key words. Methods : analytical; Supernovae : general

1. Introduction

Core-collapse supernovae (CCSNe) form a heterogeneous group
of supernova explosion events, but all of them are believed to
arise from the death of massive stars (M > 8 M⊙). The clas-
sification of these events is based on both their spectral fea-
tures and light curve properties. Core-collapse SNe are divided
into several groups, namely: Type Ib/Ic, Type IIP, Type IIb,
Type IIL, and Type IIn (Filippenko 1997). The different types
of core-collapse SNe are thought to represent the explosionof
stars with different progenitor properties, such as radii, ejected
mass and mass-loss (e.g., Heger et al. 2003). Mass-loss may be
a key parameter in determining the type of the SN: stars hav-
ing larger initial masses tend to lose their H-rich envelope, lead-
ing to Type IIb, or Type Ib/Ic events, unlike the lower mass
progenitors which produce Type IIP SNe. On the other hand,
interaction with binary companion may also play an important
role in determining He appearance of the explosion event (e.g.,
Podsiadlowski et al. 1992; Eldridge et al. 2008; Smartt 2009).

Type IIP supernovae (SNe) are known as the most common
among core-collapse SN events. This was recently revealed by
Smith et al. (2011) based on the data from the targeted Lick Ob-
servatory Supernova Search (LOSS; Leaman et al. 2011), and
also by Arcavi et al. (2010) who used data from the untar-
geted Palomar Transient Factory (PTF; Rau et al. 2009) survey.
They probably originate from a red supergiant (RSG) progenitor
star (e.g., Grassberg et al. 1971; Grassberg & Nadyozhin 1976;
Chugai et al. 2007; Moriya et al. 2011). The light curves of Type
IIP SNe are characterized by a plateau phase with a duration of
about 80-120 days (e.g., Hamuy 2003; Dessart & Hillier 2011;
Arcavi et al. 2012) caused by hydrogen recombination, and a
quasi-exponential tail determined by the radioactive decay of
56Co (e.g., Arnett 1980; Nadyozhin 2003; Maguire et al. 2010).
The Type IIb SNe are transitional objects between Type II and
Ib explosions, showing strong H and weak He features shortly

after the explosion, but the H features weaken and the He lines
get stronger at later phases. The weakness of the H features at
late phases can be explained by considerable mass-loss fromthe
progenitor star, which causes the stripping of the outermost layer
of the hydrogen envelope just before the explosion. One of the
most important characteristics of the light curve of these events
is the decline rate at late phases, which is governed by the ra-
dioactive decay of56Co and the thermalization efficiency of the
gamma-rays produced by the decay processes.

The collapse of the iron core generates a shock wave that
propagates through the envelope of the progenitor star. Some
core-collapse SNe, especially the Type IIb ones, show double-
peaked light curves, where the first peak is thought to be dom-
inated by the adiabatic cooling of the shock-heated hydrogen-
rich envelope, and the second peak is powered by the radioac-
tive decay of56Ni and 56Co (e.g., Nakar & Piro 2014). The
double-peak structure may be explained by assuming a progen-
itor with an extended, low-mass envelope which is ejected just
before the explosion (Woosley et al. 1994). Thus the observed
LC of such SNe is generally modeled by a two-component ejecta
configuration: a compact, dense core and a more extended, low-
mass outer envelope on top of the core (Bersten et al. 2012;
Kumar et al. 2013).

In this paper we use a semi-analytic light curve model, which
is originally presented by Arnett & Fu (1989) and later extended
by Popov (1993); Blinnikov & Popov (1993) and Nagy et al.
(2014), to describe the double-peaked light curves of several
types of CCSNe. This model is able to produce a wide variety
of SN light curves depending on the choice of the initial param-
eters, such as the ejected mass (Me j), the initial radius of the
progenitor (R0), the total explosion energy (Etot), and the mass of
the synthesized56Ni (MNi) which directly determines the emit-
ted flux at later phases.
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This paper is organized as follows: in Section 2 we briefly
describe the applied light curve model and show the difference
caused by various density profile approximations in the ejecta.
In Section 3 we present an estimate of the average opacity from
the SNEC hydrodynamic code (Morozova et al. 2015), and also
examine the correlation between the model opacity and ejected
mass. Section 4 presents the effect of the uncertainty of the mo-
ment of explosion on the derived model parameters. Section 5
and 6 show the application of the two-component configuration
for modeling several observed Type IIb and IIP SNe. In Section
7 we compare the expansion velocities derived from the model
fits to the observed photospheric velocities of CCSNe. Finally,
Section 8 summarizes the main conclusions of this paper.

2. Two-component light curve model

In this paper we generalize the semi-analytic LC model pre-
sented by Nagy et al. (2014), which assumes a homologously ex-
panding and spherically symmetric SN ejecta. The density struc-
ture of the ejecta is assumed to include an inner part with flat
(constant) density extending to a dimensionless radiusx0, and
an outer part where the density decreases as an exponential or a
power-law function. Thus, in a comoving coordinate frame the
time-dependent density at a particular dimensionless radius (x)
can be given as

ρ(x, t) = ρ(0, 0) η(x)

(

R0

R(t)

)3

, (1)

whereR0 is the initial radius of the progenitor,R(t) = R0+ vexp · t
is the radius of the expanding envelope at the given timet since
explosion,vexp is the expansion velocity,ρ(0, 0) is the initial den-
sity of the ejecta at the center (x = 0), andη(x) is the dimension-
less density profile (see also Arnett & Fu 1989).

The spatial structure of the density for an exponential density
profile is

η(x) =

{

e−a(x−x0) if x > x0

1 if x ≤ x0 ,
(2)

while for the power-law density profile it is

η(x) =

{

(x/x0)−n if x > x0

1 if x ≤ x0 ,
(3)

wherea andn are small positive scalars. The initial central den-
sity of the ejecta depends on the ejected massMe j and the pro-
genitor radiusR0 as

ρ(0, 0) =
Me j

4 π R3
0 f (x0)

, (4)

where f (x0) is a geometric factor related to the density profile
η(x) within the ejecta. For the exponential density profile

f (x0) =
x3

0

3
+

1
a

{

x2
0 +

2
a

[

x0 − e(x0−1)
]

+
2
a2

[

1− e(x0−1)
]

− e(x0−1)

}

,

(5)

while for power-law density distribution (Vinkó et al. 2004)

f (x0) =
3xn

0 − nx3
0

3(3− n)
. (6)

The kinetic energy of a model with a given density profile
and expansion velocity can be derived as

Ekin =
1
2

∫ 1

0
4 π R3

0 ρ(0, 0) η(x) x2 v(x)2 dx , (7)

wherev(x) = x · vexp comes from the condition of homologous
expansion. Taking into account the form of the density profile
this integral can be expressed as

Ekin = 2 π R3
0 ρ(0, 0) v2

exp

(∫ x0

0
x4 dx +

∫ 1

x0

η(x) x4 dx

)

= 2 π R3
0 ρ(0, 0) v2

exp g(x0) , (8)

where we defineg(x0) as the sum of the two integrals in Eq. 8.
For the exponential density profile this is

g(x0) =
x5

0

5
+

1
a
{x4

0 +
4
a

[

x3
0 − e(x0−1)

]

+
12
a2

[

x2
0 − e(x0−1)

]

+

+
24
a3

[

x0 − e(x0−1)
]

+
24
a4

[

1− e(x0−1)
]

− e(x0−1)} .

However, for power-law density structure we have

g(x0) =
5xn

0 − nx5
0

5(5− n)
. (9)

Substituting Eq. 4 into Eq. 7, the expansion velocity turns out to
be

vexp =

√

2 Ekin f (x0)
Me j g(x0)

. (10)

Note that we adopt the definition ofvexp as the velocity of the
outmost layer of the SN ejecta. This may or may not be related
directly to any observable SN velocity. See Sect. 7 for discussion
of the expansion velocities in CCSNe.

In this LC model the energy loss driven by radiation trans-
port is treated by the diffusion approximation, and the bolomet-
ric luminosity (Lbol) is determined by the energy release due
to recombination processes (Lrec) and radioactive heating (LNi)
(Arnett & Fu 1989; Nagy et al. 2014). An alternative energy
source, the spin-down of a magnetar (Kasen & Bildsten 2010;
Inserra et al. 2013), is also built-in in the model, which may
be useful for fitting the LC of super-luminous SNe (SLSNe).
The effect of gamma-ray leakage is also taken into account as
Lbol = LNi(1 − exp(−Ag/t2)) + Lrec, where theAg factor refers
to the effectiveness of gamma-ray trapping (Chatzopoulos et al.
2012). It is related to theT0 parameter defined by Wheeler et al.
(2015) asAg = T 2

0 .
In the two-component model we usetwo such spherically

symmetric ejecta components, both having different mass, ra-
dius, energy and density configuration. The two components
have a common center, and one has much larger initial radius,
but smaller mass and lower density than the other. In the fol-
lowings we refer to the bigger, less massive component as the
“envelope” (or “shell”), and the more massive, smaller, denser
component as the “core”. Usually, the core has higher kinetic and
thermal energy than the outer envelope. This configuration is in-
tended to mimic the structure of a red/yellow supergiant having
an extended, low-density outer envelope on top of a more com-
pact and more massive inner region. This configuration is similar
to the ejecta model used by Bersten et al. (2012) for modeling
the LC of the Type IIb SN 2011dh. The advantage of this two-
component configuration is that it allows the separate solution
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of the diffusion equation in both components (see Kumar et al.
2013), if the photon diffusion time-scale is much lower in the
outer shell than in the core.

For Type IIb SNe we assume that the outer envelope is H-
rich, while the inner core is He-rich, both having a constant
Thompson-scattering opacity. At early phases the radiation from
the cooling envelope dominates the bolometric light curve,while
a few days later the LC is governed by the photon diffusion from
the inner core, which is centrally heated by the decay of the
radioactive nickel and cobalt. The shape of the observed light
curve is determined by the sum of these two processes.

Although the plateau-like LCs of Type IIP SNe can be mod-
eled by simple semi-analytic codes (e.g., Arnett et al. 1989;
Arnett & Fu 1989; Nagy et al. 2014), at very early epochs the
bolometric LC of Type IIP supernovae also shows a faster de-
clining part, which is similar to the first peak in Type IIb LCs.
Thus, the two-component ejecta configuration can be a possible
solution for modeling the entire LC of Type IIP SNe, but in this
case the initial radii and the total energies of the two ejecta com-
ponents may have the same order of magnitude. This means that
the two components are not well-separated, unlike in the Type
IIb models. Within this context, the outer envelope may repre-
sent the outermost part of the atmosphere of the progenitor star,
which has a different density profile and lower mass than the in-
ner region. Note that, an alternative scenario is availablein the
literature (Moriya et al. 2011; Chugai et al. 2007). This scheme
assumes a low-mass circumstellar medium (CSM) around the
progenitor, which may be originated by the mass-loss processes
of the star during the RGB phase. The low-mass extended en-
velope might be physically associated with this CSM envelope.
Indeed, some Type IIP SNe are also reported to show possible ef-
fects of CSM interaction in the light curves (Moriya et al. 2011)
and also in the spectra (Chugai et al. 2007).

2.1. Temperature profile in the two-component model

While taking into account the recombination process, the tem-
perature profile may play important role during the calculation
of the model LC. According to Arnett & Fu (1989), the temper-
ature distribution within the ejecta is approximated as

T 4(x, t) = T 4(0, 0)ψ(x) φ(t)

(

R0

R(t)

)4

(11)

where the spatial part,ψ(x), is assumed to be time-independent,
and the functionφ(t) represents a time-dependent scaling factor,
while (R0/R(t))4 describes the adiabatic expansion of the ejecta.
As in Nagy et al. (2014), for the spatial profile we assumed Ar-
nett’s “radiative zero” solution, i.e.ψ(x) = sin(πx)/(πx) for
0 < x < xi, wherexi is the co-moving dimensionless radius of
the recombination front (Arnett & Fu 1989; Popov 1993). This
solution is valid in a constant density ejecta. Since in our models
we used a constant-density configuration for the core component
(see below), this temperature profile is a good approximation for
the inner regions.

This is, however, not necessarily true for the extended en-
velope, where we applied a monotonically decreasing density
distribution having a power-law index ofn = 2, starting from
a dimensionless radiusx0 (note that for the envelope the maxi-
mum ejecta radius differs from that of the core, thus,x0 is differ-
ent in the core and in the envelope). In such an ejecta the spatial
part of the temperature profile was derived self-consistently by
Blinnikov & Popov (1993) (BP93) and it can be approximately

given as

ψ(x) =
sin(αx/x0)
αx/x0

(x < x0) (12)

ψ(x) =
sin(α)
α

(

x
x0

)−(n+1)

(x > x0) (13)

where the eigenvalueα depends on the power-law exponent as
tan(α) ≈ −α/n. More details and a mathematically rigorous
description can be found in Blinnikov & Popov (1993) (BP93).
For n = 2, we getα ≈ 2.29, which differs from the “radia-
tive zero” value ofα = π. Thus, in the envelope, the tempera-
ture in thex < x0 region is similar but not exactly the same as
the simple Arnett-solution given above. This is even more pro-
nounced abovex0, where the BP93 profile is approximately a
power-law with the index ofn+1. The left panel in Fig. 1 shows
the comparison of the Arnett- and the BP93ψ(x) profiles for the
n = 2 power-law atmosphere. It is seen that the latter function
decreases outward faster, but it does not converge to 0 atx = 1
(i.e. at maximum ejecta radius).

However, despite these differences between the temperature
profiles in the envelope, its effect on the final light curve is small.
Within our modeling scheme it affects only the outer envelope,
which is thought to contain much less mass and has much lower
initial density than the core component. Thus, for numerical sim-
plicity, we decided to apply the simple Arnett-profile for both the
core and the envelope, but note that the estimated parameters of
the envelope are somewhat affected by the choice of the temper-
ature profile, and should be treated with caution. Nevertheless,
since the envelope parameters are quite weakly constrained(see
below) this should not be a major concern.

The right panel of Fig. 1 exhibits the full normalized tem-
perature profile (T (r) ∼ ψ(r)1/4) as a function of ejecta radius,
after joining the core and the envelope components together. The
boundary between the core and the envelope is indicated by the
dashed vertical line. The left-hand side of this panel showsa
typical Type IIb configuration (using SN 1993J as a reference),
while the right-hand side displays a Type IIP model (based on
SN 2013ej). It is seen that joining the two components cre-
ates a rather artificial temperature distribution having anabrupt
jump at the interface between the core and the envelope. How-
ever, the whole configuration looks more-or-less similar toa
temperature profile of an ejecta having an extended envelope
with quite steeply decreasing density profile, as illustrated by
the red dashed line corresponding to a Blinnikov-Popov temper-
ature profile havingn = 7. Thus, our two-component configu-
ration, although with an approximate and simplistic temperature
distribution, might mimic more-or-less the expected temperature
profiles of supergiant stars having shallow inner and rapidly de-
creasing outer density profiles.

Moreover, according to Popov (1995) the simple Arnett-
profile can be used only if the total optical depth of the envelope
(τ∗ = 1/4βs) at a given time is higher than 1, i.e.τ∗ > 1.0. In
this caseβ = vexp/c ands = (t+ th)2/t2d, whereth andtd is the hy-
drodynamic and the effective diffusion time-scale, respectively
(Arnett 1980; Popov 1995). In our models the validity of this
criterion is checked at the end of the plateau phase, when theef-
fect of recombination becomes negligible. Using the parameters
derived for the modeled SNe (see below), for the Type IIP SNe
τ∗ > 4 have been found, whileτ∗ ∼ 2 have been revealed for the
Type IIb models. Thus, our Type IIP models fully, the Type IIb
models marginally satisfy the condition for the photon diffusion
approximation.
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Fig. 1. Comparison of temperature profiles applied in our code (continuous lines) to those of Blinnikov & Popov (1993) that are valid for power-
law ejecta density distribution (dashed lines). The left panel showsψ(x) of Arnett’s “radiative zero” solution together with the BP93 profile for
n = 2 power-law index. In the right panel the temperature profiles of our two-component models for both Type IIb and Type II-P configurations
are compared to BP93 profiles having steep (n = 7) density profiles on top of the core. See text for explanation.

3. Effects of the constant opacity approximation

3.1. Calculating the average opacity from SNEC

One of the strongest simplification in semi-analytic LC models is
the assumption of the constant Thompson-scattering opacity (κ),
which can be defined as the average opacity of the ejecta. In this
subsection we approximate the average opacity via synthesized
Type IIP and Type IIb light curve models.

We adopt a model star that has a mass of∼ 18.5 M⊙ at core
collapse. The internal structure of this star was derived from a
20 M⊙ zero-age main-sequence star using the 1D stellar evo-
lution code MESA (Paxton et al. 2013). The MESA model as-
sumes a non-rotating, non-magnetic stellar configuration with
solar metallicity and significant (10−4 M⊙/yr) mass-loss. The
’Dutch’ wind scheme for massive stars was used to model the
mass-loss during the AGB and RGB phase, which scenario com-
bines the results form Glebbeek et al. (2009), Vink et al. (2001)
and Nugis & Lamers (2000). The opacity calculation in MESA
is based on the combination of opacity tables from OPAL,
Ferguson et al. (2005), and Cassisi et al. (2007).

The evolution of the model star was calculated by MESA
until core collapse, and this original model was used for further
calculations in producing a Type IIP SN light curve. Moreover,
we also built a second model for studying the light curve of Type
IIb SN. In order to estimate the progenitor of a Type IIb SN,
most of the outer H-rich envelope of the original MESA model
was removed manually, so that only∼ 1 M⊙ envelope mass
remained. The subsequent hydrodynamic evolutions were fol-
lowed by SNEC, which is a 1D Lagrangian supernova explosion
code (Morozova et al. 2015). SNEC solves the hydrodynamics
and diffusion radiation transport in the expanding envelopes of
CCSNe, taking into account recombination effects and the de-
cay of radioactive nickel. During the calculations the “thermal
bomb” explosion scheme was used, in which the total energy
of the explosion is injected into the model with an exponential
decline both in time and mass coordinate. The SNEC code cal-
culates the opacity in each grid point of the model from Rosse-
land mean opacity tables for different chemical compositions,
temperatures and densities. During this process an opacitymini-
mum was also taken into account by the code. In our simulations
this opacity edge was 0.24 and 0.01 cm2/g for the pure metal
and the solar composition envelope (Bersten et al. 2011), respec-

tively. Thus, in SNEC the opacity at each time and grid point is
chosen as the maximum value between the calculated Rosseland
mean opacity and the opacity edge for the corresponding com-
position.

To estimate the average opacity for Type IIP and Type IIb
SNe the original SNEC opacity output file was used. At a given
time we definedκ(Mph) by integrating the opacity from the mass
coordinate of the neutron star (M0 = 1.34M⊙) up to the mass
coordinate of the photosphere (Mph) as

κ(Mph) =
1

Mph − M0

Mph
∫

M0

κ dm . (14)

Taking into account that our semi-analytic model uses the same
opacity when calculating the entire light curve, we defined the
average opacity (κ) by integratingκ(Mph) from several day after
the shock breakout (t0) up totend as

κ =
1

tend − t0

tend
∫

t0

κ(Mph) dt . (15)

Fig. 2. shows the dependence ofκ(Mph) on the time. To receive
comparable results with our two-component estimates, we sepa-
rately calculate the average opacities for both the early cooling
phase and the photospheric phase. In the cooling phaset0 = 5
days, whiletend was chosen as the approximate termination of
the cooling phase, when the opacity drops rapidly, which was
9 days and 13 days for Type IIb and Type IIP model, respec-
tively. For the photospheric phaset0 was defined to be equal to
tend of the cooling phase, and we integrate up to the end of the
nebular phase. Vertical gray lines in Fig. 2. represent these time
boundaries for both Type IIb and Type IIP SNe. Horizontal lines
indicate the differentκ values as the average opacities of differ-
ent phases and models. It can be seen that in the cooling phaseκ

is ∼ 0.4 cm2/g for a Type IIP SN with a massive H-rich ejecta.
However, the average opacity decreases to∼ 0.3 cm2/g for a
Type IIb, which corresponds to a star that lost most of its H-rich
envelope. In contrast, during the later phase the average opacity
of Type IIP and Type IIb is considerably similar, having a value
of ∼ 0.2 cm2/g.
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Fig. 2. The dependence ofκ(Mph) on the time for Type IIP (blue) and
Type IIb (red) SNEC model.

Note that the constant Thompson-scattering opacity is not
an adequate approximation either at early or at late phases be-
cause of the rapidly changing opacities, but the calculatedav-
erage opacities show a reasonably good agreement with previ-
ous studies (e.g., Nakar & Sari 2010; Huang et al. 2015), where
κ = 0.24 cm2/g was used for modeling the LCs of Type IIP
SNe. Thus, in the following analysis we use the average opacities
(κ = 0.3 cm2/g andκ ∼ 0.4 cm2/g) from SNEC to approximate
κ in the shell models of Type IIb and Type IIP SNe, respectively.
To estimateκ for the core model we take into account the derived
expansions velocities and theκ values form SNEC. Because the
range of the varyingκ values is narrower for the Type IIb than
for the Type IIP configuration (see Fig. 2), then for Type IIb SNe
we useκ = 0.2 cm2/g, while for Type IIP SNeκ ≈ 0.2 ± 0.1
cm2/g was chosen.

3.2. Correlation between the opacity and ejected mass

In this subsection we examine the effect of the constant opacity
approximation, which may have an important role in analysing
the fitting results, via a synthesized Type IIP light curve.

In this case we use the Type IIP SNEC model discussed
above (Section 3.1). The SNEC model light curve is compared
with the light curves calculated by the semi-analytic code.Two
models were computed with the latter: in Model A we used ex-
actly the same physical parameters as in the SNEC model, but
variedκ to get the best match between the two LCs. In Model B
we appliedκ = 0.2 cm2/g, similar to the average opacity of the
SNEC model, but tweaked the other parameters until reasonable
match between the data and the model LC was found.

The parameters of the hydrodynamic model and from the
semi-analytic LC models are summarized in Table 1. Even
though the opacities are really different in the two models, both
light curves show acceptable match with the SNEC light curve
(Fig. 3). These results represent the well-known issue thatthe an-
alytic codes having constant Thompson-scattering opacityusu-
ally predict lower ejected masses than hydrodynamic calcula-
tions (e.g., Utrobin & Chugai 2009; Smartt et al. 2009). Thisis-
sue is probably due to the incorrect assumption of constant opac-
ity as well as the reduced dimension in the hydrodynamic sim-
ulations. On the contrary, to get the same ejected mass in both
the hydrodynamic and analytic calculations, an extremely low
Thompson-scattering opacity is needed. This low opacity value

may be a hint of a dominance of metals over H, which looks
difficult to explain in the outer region of the H-rich ejecta.

Table 1. Model parameters for the synthetic LCs

Parameter SNEC Model A Model B

R0 (1013 cm) 7.66 7.66 7.90
Me j (M⊙) 14.0 14.0 8.9
MNi (M⊙) 0.05 0.05 0.05
Etot (1051 erg) 2.0 2.0 2.3
κ (cm2/g) 0.2 0.08 0.2
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Fig. 3. Comparison of the bolometric light curve from SNEC (red) with
the semi-analytic LCs. Model A (black) and Model B (blue) represent
the best LC fit with low and high opacity, respectively (Table1). The
LC of Model A was shifted vertically for better visibility.

Furthermore, to explain the possible reason for the previ-
ously mentioned ejected mass problem, we suspect that this ef-
fect is due to parameter correlation (Nagy et al. 2014). As itcan
be seen in Table 1 only two parameters change drastically in the
models, which suggests that the correlation betweenκ andMe j
may have a major role in this problem.

To examine the effect of this correlation, we used
the available hydrodynamic and analytic model parameters
(R0, Me j, Ekin) of SN 1987A (see the details in Sec. 6.). SN
1987A was chosen, because this object is the best studied SN
ever, thus, several different model calculations are available in
the literature. To estimate the opacity of these different models,
we took the parameters from each published SN 1987A model,
fixed them "as-is", and fit the LC with our code while tweak-
ing only the values ofκ. The final results can be seen in Fig. 4,
where each red dot represents one of the applied models. It is
seen thatMe j andκ−1 are strongly correlated parameters.

To illustrate a quantitative measure of the correlation we cal-
culate the correlation coefficient as

r =

n
∑

i=1
(Mi − M) (κ−1

i − κ −1)

(n − 1)σM σκ
= 0.984, (16)

whereσM, σκ and M, κ −1 are the standard deviations and the
mean values ofMe j andκ−1, respectively. Becauser is close to 1
the ejected mass and opacity are highly correlated, which cause
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significant uncertainty in the determination of these parameters.
Clearly, neitherMe j nor κ can be reliably inferred from these
LC models, only their product,Me j · κ, is constrained (see also
Wheeler et al. 2015)
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Fig. 4. Correlation between the opacity and the ejected mass for SN
1987A models.

4. Effect of the uncertainty of the explosion time on
the estimated parameters

When pre-explosion observations of the SN site are not avail-
able, the explosion time of the supernova can be rather uncertain.
Determining the moment of first light of a supernova explosion
is very important, because the shape of the rising part of thelight
curve depends critically on the exact date of the explosion.The
physical parameters inferred from such a light curve may suffer
from large systematic errors.

This effect can be even more significant in the case of SNe
with extended envelopes. In order to estimate the uncertainty of
model parameters due to the unknown date of explosion, we fit
the bolometric light curve of a Type IIb (Fig. 5) and a Type IIP
(Fig. 6) SN assuming different explosion dates. For these cal-
culations we use the two-component configuration describedin
Section 2.

It is apparent from Table 2 and 3 that for Type IIP SNe an
uncertainty of about 7 days in the explosion date generates mo-
derate (5 - 10 %) relative errors in the derived masses of the
inner core (Mcore) and the outer envelope (Mshell), and the initial
radius of the core (Rcore). For Type IIb SNe onlyMNi and the total
energy of the outer envelope (Eshell) show similar uncertainties.
In this case the uncertainty of the derivedMshell, Rcore andMcore
may increase up to about 50%, 40% and 20%, respectively.

5. Model fits to Type IIb supernovae

In the following sections we apply the two-component LC model
for real SNe, both Type IIb and IIP. We use the bolometric light
curves of the observed SNe, assembled in a similar way as in
our previous paper (Nagy et al. 2014), and compare them with
model light curves computed from the two-component model
detailed above. Note that formalχ2-fitting was not performed,
as the strong correlation between the parameters would make
such a fit ill-constrained (see e.g. Nagy et al. 2014). Instead, the
model parameters were varied manually until reasonable agree-
ment between the data and the model was found.
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Fig. 5. Comparison of the bolometric light curve of the Type IIb SN
1993J (dots) with model LCs calculated with different explosion dates
(lines).
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Fig. 6. Comparison of the bolometric light curve of the Type IIP SN
2004et (dots) with model LCs calculated with different explosion dates
(lines).

To estimate the physical properties of Type IIb SNe, we fit
the light curves of two well observed events, SN 1993J and SN
2011fu. SN 1993J was discovered in NGC 3031 (M81) on 1993
March 28.9 UT by F. Garcia (Ripero 1993). UBVRI photometry
was presented by Richmond et al. (1994), who determined the
moment of explosion as JD 2449073. SN 2011fu was discovered
in a spiral galaxy UGC 1626 by F. Ciabattari and E. Mazzoni
(Ciabattari et al. 2011) on 2011 September 21.04 UT. The esti-
mated explosion date is 2011 September 18.0 (JD 2455822.5).

To reach better agreement with spectroscopic observations,
a constant density profile was chosen in the inner core, whilewe
use a power-law density structure (n = 2) in the outer envelope.
The inner boundary (x0) of the density profile was set asxcore

0 =

0.1 andxshell
0 = 0.4. We useκ = 0.2 cm2/g for the inner, H-poor

core andκ = 0.3 cm2/g for the H-He outer envelope, which are
consistent with the estimated average opacities from SNEC Type
IIb model.

Due to their lower ejected masses, the gamma-ray leakage
may be significant in Type IIb SNe. TypicalAg values for these
events are between 103 and 104 day2. The other parameters of the
best fit-by-eye models are summarized in Table 4, and the LCs
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Table 2. The effect of the uncertainty of the explosion time on the fit parameters for a Type IIb SN (based on the LC of SN 1993J)

Explosion time t0 + 4d t0 + 3d t0 + 2d t0 + 1d t0 t0 − 1d t0 − 2d

Rcore (1011 cm) 2.1 2.0 1.9 1.8 1.7 1.6 1.5
Mcore (M⊙) 1.20 1.25 1.30 1.35 1.40 1.45 1.50
Ecore (1051 erg) 4.2 4.2 4.2 4.2 4.2 4.2 4.2
MNi (M⊙) 0.094 0.096 0.098 0.1 0.1 0.1 0.1
Rshell (1013 cm) 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Mshell (M⊙) 0.06 0.07 0.08 0.09 0.10 0.11 0.12
Eshell (1051 erg) 0.74 0.75 0.76 0.78 0.80 0.81 0.83

Table 3. The effect of the uncertainty of the explosion time on the fit parameters for a Type IIP SN (based on the LC of SN 2004et)

Explosion time t0 + 4d t0 + 3d t0 + 2d t0 + 1d t0 t0 − 1d t0 − 2d

Rcore (1013 cm) 3.8 3.9 4.0 4.1 4.1 4.2 4.3
Mcore (M⊙) 10.7 10.8 10.9 11.0 11.1 11.2 11.3
Ecore (1051 erg) 1.95 1.95 1.95 1.95 1.95 1.95 1.95
MNi (M⊙) 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Rshell (1013 cm) 6.8 6.8 6.8 6.8 6.8 6.8 6.8
Mshell (M⊙) 1.06 1.07 1.08 1.09 1.1 1.11 1.12
Eshell (1051 erg) 1.29 1.29 1.29 1.29 1.29 1.29 1.29

are plotted in Fig. 7. From these results it can be seen that the
mass of the He-rich core is∼ 1 M⊙, while the extended envelope
contains∼ 0.1 M⊙, although the latter depends on the chosen
value ofx0 in the envelope, which is poorly constrained. Using
x0 ∼ 0.1 instead of 0.4 in the envelope would require somewhat
higher energies and an order of magnitude less mass (∼ 0.01 M⊙)
to fit the initial peak.
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Fig. 7. Comparison of the bolometric light curves of Type IIb SNe (dots)
with the best two-component model fits. The green and blue curves rep-
resent the contribution from He-rich core and the extended H-envelope,
respectively, while the black lines show the combined LCs.

5.1. Comparison with other models

For the examined Type IIb SNe the physical parameters of both
the envelope and the core were determined by several authors.
Here we compare all of the available parameters with the values

Table 4. Model parameters of Type IIb SNe

Parameter SN 1993J SN 2011fu
core envelope core envelope

R0 (1012 cm) 0.35 30 0.35 13
Me j (M⊙) 2.15 0.1 2.2 0.12
MNi (M⊙) 0.1 - 0.23 -
Etot (1051 erg) 3.7 0.8 3.4 0.8
Ekin/Eth 1.85 7.0 2.4 1.67
κ (cm2/g) 0.2 0.3 0.2 0.3

determined by the two-component LC fitting, keeping the same
terminology for the parameters from the two-component models
that was used in Section 4. The only exception is thatEcore refers
to the kinetic energy of the core component.

The physical properties of SN 1993J were calculated by se-
veral LC modeling codes (Shigeyama et al. 1994; Utrobin 1994;
Woosley et al. 1994; Young et al. 1995; Blinnikov et al. 1998).
First, the physical properties of this explosion was determined
by a hydrodynamic calculation of Shigeyama et al. (1994) as
Rshell = (1.7−2.5)·1013 cm,Ecore = 1.0−1.2 foe, while the mass
of the extended envelope is below∼ 0.9 M⊙. The fundamental
parameters of SN 1993J were also inferred by Utrobin (1994),
who found that the radius of the progenitor was∼ 3.2 · 1012 cm,
the ejected mass was∼ 2.4 M⊙, the nickel mass was∼ 0.06 M⊙,
and the energy of the explosion was∼ 1.6 foe.

Another scenario was modeled by the KEPLER stellar evo-
lution and hydrodynamic code based on the assumption that the
progenitor of SN 1993J lost its outer H envelope due to mass
transfer to a binary companion (Woosley et al. 1994). At the time
of the explosion the H envelope mass was 0.2± 0.05M⊙ and the
radius of the star was (4±1)·1013 cm. In this model 0.07±0.01M⊙
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of 56Ni was produced during the explosion, and the ejected mass
was found to be about 1.2 M⊙.

The radius of the progenitor star was estimated by
Young et al. (1995) asRshell = (2− 4) · 1013 cm, while the nickel
mass was found to beMNi ∼ 0.1 M⊙. The ejected mass settled
in the range of 1.9 - 3.5 M⊙. Young et al. (1995) used a H-rich
atmosphere withMshell ∼ 0.1 - 0.5 M⊙ andRshell ∼ 1013 cm to
represent the extended envelope due to the mass-loss of the pro-
genitor just before the explosion.

The explosion of SN 1993J was also calculated with
both STELLA and EDDINGTON hydrodynamic codes
(Blinnikov et al. 1998). In these models 0.073M⊙ of 56Ni was
found, and 1.55M⊙ mass was ejected withEcore ∼ 1.2 foe.
Although these four calculations applied different scenarios, the
obtained results are in the same parameter range and also show
a good agreement with our model parameters, except for the
kinetic energy (Table 5) which is usually overestimated by the
semi-analytic LC fitting codes.

A hydrodynamic calculation for SN 2011fu was presented
by Morales-Garofforo et al. (2015), assumingRshell = 3.13·1013

cm, Mcore = 3.5 M⊙, Ecore = 1.3 foe andMNi = 0.15 M⊙. The
significant differences between these values and our estimates
are probably due to using different distances and extinctions dur-
ing the calculation of the bolometric light curve. Nonetheless,
our approximate parameters are in the same order-of-magnitude
as the hydrodynamic results (Table 6).

Note that the light curve of SN 2011fu was also fit by
Kumar et al. (2013) with the analytic model of Arnett & Fu
(1989). They derivedRcore = 2 · 1011 cm, Mcore = 1.1 M⊙,
MNi = 0.21 M⊙ andEcore = 2.4 foe for the inner He-core, while
for the outer hydrogen envelopeRshell = 1013 cm, Mshell = 0.1
M⊙ andEshell = 0.25 foe were found. These estimated values are
in a good agreement with our results, which is expected because
both models apply similar physical modeling schemes. The mi-
nor differences in the envelope parameters are due to the differ-
ences between the adopted density profiles, because Kumar etal.
(2013) use an exponential profile (a= 1) against our constant
density model. Note that we also tested the application of the
exponential density profile, but the shape of the generated LC
showed better agreement with the observed data in the constant
density model, which is in accord with the results of Arnett &Fu
(1989).

Table 6. Model parameters for SN 2011fu

Parameter Literature This paper
K131 MG152

Rshell (1013 cm) 1.0 3.13 1.3
Mshell (M⊙) 0.1 0.3 0.12
Mcore (M⊙) 1.1 3.5 2.2
MNi (M⊙) 0.21 0.15 0.23
Ecore (1051 erg) 2.4 1.3 2.4

References. (1) Kumar et al. (2013); (2) Morales-Garofforo et al.
(2015).

6. Model fits to Type IIP supernovae

In order to derive the model parameters of Type IIP SN, we fit
the LCs of SNe 1987A, 2003hn, 2004et, 2005cs, 2009N, 2012A,

2012aw, and 2013ej. Table 7 shows the observational properties
of these events.

While fitting these SNe, we use a constant density profile for
the inner core, while the outer H-rich envelope has a power-law
density distribution. The constant-density approximation was
found to work surprisingly well for fitting the plateau phaseof
Type IIP SNe except for the early cooling phase (Arnett & Fu
1989; Nagy et al. 2014). The power-law density profile with
n = 2 is an acceptable choice if we assume a steady stellar wind,
similar to Moriya et al. (2011). In the outer shell the energyinput
from recombination was neglected because of the low envelope
mass and rapid cooling in this region. However, the effect of the
recombination is important in the inner core, because recombina-
tion is responsible for the appearance of the entire plateauphase.
After the plateau phase, the LC follows the time-dependenceof
the decay of radioactive cobalt. In most cases gamma-ray lea-
kage was found negligible. The two exceptions are SN 1987A
and 2013ej, where the effect of gamma-ray escape was taken
into account by settingAg ∼ 2.7 · 105 and 3· 104 day2, respec-
tively. Note that for SN 1987A the gamma-ray leakage was also
examined by Popov (1992). In that study the characteristic time-
scale of the gamma-rays (T0) was 500 - 650 days, which shows a
reasonably good agreement with our result of

√

Ag ≈ 520 days.

Type IIP supernovae
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Fig. 8. Comparison of the bolometric light curves of Type IIP SNe (dots)
with the best two-component model fits. The green and blue curves
represent the contribution from the inner ejecta and the extended H-
envelope, respectively, while the black lines show the combined LCs.

The best model fits for Type IIP supernovae are summarized
in Table 8, and the LCs are plotted in Fig. 8 - 11. It can be
seen that the masses of the inner region are about 7 - 20 M⊙,
while the masses of the outer envelope are less than 1 M⊙. The
total supernova explosion energies show a huge diversity, but
its reality is questionable as it may be simply due to the strong
correlation between the explosion energy, the ejected massand
the progenitor radius (see e.g. Nagy et al. 2014).

6.1. Comparison with other models

6.1.1. Normal Type IIP SNe

For Type IIP SNe only the core parameters were available in the
literature. So, in the subsection we only use the parametersfor
this inner region to compare with those from other models.

For SN 2004et, 2005cs, 2009N, 2012A, and 2012aw the
comparison between the results of our semi-analytical light
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Table 5. Model parameters for SN 1993J

Parameter Literature This paper
S941 U942 W943 Y954 B985

Rshell (1013 cm) 2.1 3.2 4.0 3.0 4.33 3.0
Mshell (M⊙) < 0.9 0.1 0.2 0.3 0.2 0.1
Mcore (M⊙) 4.0 2.4 1.2 2.7 2.3 2.15
MNi (M⊙) 0.08 0.06 0.07 0.1 0.073 0.1
Ecore (1051erg) 1.1 1.6 1.3 1.0 1.2 2.4

References. (1) Shigeyama et al. (1994); (2) Utrobin (1994), (3) Woosleyet al. (1994), (4) Young et al. (1995), (5) Blinnikov et al. (1998).

Table 7. The observational properties of Type IIP SNe

SN Discovery date (UT) Host MJD of explosion Reference

1987A 1987 Feb. 24.23 LMC 46850.55 1, 2
2003hn 2003 Aug. 25.7 NGC 1448 52874.0 3, 4
2004et 2004 Sept. 27 NGC 6946 53269.0 5
2005cs 2005 June 30 M51 53549.0 6
2009N 2009 Jan. 24.86 NGC 4487 54848.1 7
2012A 2012 Jan. 7.39 NGC 3239 55929.0 8
2012aw 2012 Mar. 16.86 M95 56002.5 9
2013ej 2013 July 25.45 M74 56497.3 10, 11

References. (1) Kunkel & Madore (2013), (2) Suntzeff & Bouchet (1990), (3) Evans (2003), (4) Krisciunas et al. (2009), (5) Zwitter & Munari
(2004), (6) Kloehr (2005),(7) Nakano et al. (2009), (8) Moore, Newton & Puckett (2012), (9) Fagotti et al. (2012), (10) Kim et al. (2009),
(11) Dhungana et al. (2013).

Table 8. Model parameters of Type IIP SNe

Parameter SN 1987A SN 2003hn SN 2004et SN 2005cs
core envelope core envelope core envelope core envelope

R0 (1012 cm) 2.9 10 16 40 42 68 12 20
Me j (M⊙) 8.6 0.1 10.6 0.3 11.0 1.1 8.0 0.3
MNi (M⊙) 0.069 - 0.025 - 0.06 - 0.002 -
Etot (1051 erg) 1.52 0.42 3.2 1.2 1.95 1.29 0.48 0.814
Ekin/Eth 11.7 20 1.67 11 2.25 13.3 2.0 57.1
κ (cm2/g) 0.19 0.34 0.23 0.4 0.3 0.4 0.3 0.4

Parameter SN 2009N SN 2012A SN 2012aw SN 2013ej
core envelope core envelope core envelope core envelope

R0 (1012 cm) 14 30 17 40 29.5 45 29 68
Me j (M⊙) 7.5 0.12 8.0 0.82 20 1.0 10 0.6
MNi (M⊙) 0.016 - 0.01 - 0.056 - 0.02 -
Etot (1051 erg) 0.8 0.61 0.8 1.0 2.2 1.0 1.45 1.39
Ekin/Eth 1.67 60 1.67 19 2.67 9 3.14 14.4
κ (cm2/g) 0.24 0.4 0.23 0.4 0.13 0.4 0.2 0.4

curve model and the parameters of other hydrodynamic calcu-
lations was already presented in a previous paper (Nagy et al.
2014).

For SN 2003hn neither hydrodynamic calculations nor ana-
lytic models are available in the literature at present.

The radius of the progenitor star of SN 2013ej was found to
be in the range of (2.8−4.2)·1013 cm with a simple analytic func-

tion by Valenti et al. (2014). Fraser et al. (2014) estimatedthe
progenitor in the mass range of 8 - 15.5 M⊙ from the luminosity
on the pre-explosion images. Hydrodynamic calculations for SN
2013ej was published by Huang et al. (2015), assuming a56Ni
mass of 0.02± 0.01 M⊙. Their model was computed by semi-
analytic and radiation-hydrodynamicalsimulation as well, which
yields a total energy of (0.7− 2.1)· 1051 erg, an initial radius of
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Fig. 9. Comparison of the bolometric light curves of Type IIP SNe (dots)
with the best two-component model fits. The green and blue curves
represent the contribution from the inner ejecta and the extended H-
envelope, respectively, while the black lines show the combined LCs.
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Fig. 10. Comparison of the bolometric light curves of Type IIP SNe
(dots) with the best two-component model fits. The green and blue
curves represent the contribution from the inner ejecta andthe extended
H-envelope, respectively, while the black lines show the combined LCs.

(1.6 - 4.2)· 1013 cm, and an envelope mass of 10.4 - 10.6 M⊙.
More recently, another semi-analytical model calculations were
given by Bose et al. (2015) which resulted inMe j = 12± 3 M⊙,
R0 = (3.1±0.8)· 1013 cm,Etot ∼ 2.3 foe andMNi = 0.02±0.002
M⊙. These parameters are very similar to our results listed in
Table 9.

Table 9. Model parameters for SN 2013ej

Parameter Literature This paper
B151 H152

R0 (1013 cm) 3.1 2.2 2.9
Me j (M⊙) 12.0 10.5 10.0
MNi (M⊙) 0.018 0.02 0.02
Etot (1051erg) 2.3 1.4 1.45

References. (1) Bose et al. (2015); (2) Huang et al. (2015).
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Fig. 11. Comparison of the bolometric light curves of Type IIP SNe
(dots) with the best two-component model fits. The green and blue
curves represent the contribution from He-rich core and theextended
H-envelope, respectively, while the black lines show the combined LCs.

6.1.2. SN 1987A, a peculiar Type IIP SN

SN 1987A was a peculiar Type IIP explosion event. The proge-
nitor of SN 1987A was a blue supergiant star (BSG), named Sk
-69 202 (for a review, see, e.g., Arnett et al. (1989)). The BSG
progenitor indicates that during the stellar evolution themass-
loss was significant. Thus, in this case we assume that our shell
model refers to a mass-loss event shortly before the supernova
explosion, which may create a low-mass circumstellar medium
(CSM) around the progenitor. So, for fitting SN 1987A we use
only the estimated parameters of the core configuration to com-
pare with other models.

The fundamental quantities of SN 1987A were calcu-
lated with numerous different models by several authors
(Arnett & Fu 1989; Blinnikov et al. 2000; Nomoto et al. 1987;
Shigeyama et al. 1987; Utrobin & Chugai 2005). The LC of this
event was analyzed by Blinnikov et al. (2000) with the hydrody-
namic code STELLA. That calculation assumed that the ejected
mass was 14.7M⊙, the kinetic energy was 1.1±0.3 foe and the ra-
dius of the progenitor star was about 3.4 ·1012 cm. The hydrody-
namic calculation of Shigeyama et al. (1987) estimated thatthe
radius of the progenitor star should have been about (1−3) ·1012

cm. In that publication an ejected mass of 7 - 10 M⊙ and an ex-
plosion energy of 2 - 3 foe was found. Another hydrodynamic
model was presented by Nomoto et al. (1987), which predicted
11.3 M⊙ for ejected mass, 0.07 M⊙ for the initial nickel mass
and 1.5 foe for the explosion energy. The LC of SN 1987A was
also analyzed by Utrobin & Chugai (2005), and their hydrody-
namic model presents an ejected mass of 18M⊙, a kinetic energy
of 1.5 foe, a nickel mass of 0.077 M⊙ and a radius of 2.44 · 1012

cm. The physical properties of this supernova was also calcu-
lated by Arnett & Fu (1989) with the values ofR0 = 1.05 · 1012

cm, Me j = 7.5 M⊙, Etot ≈ 1.5 foe, andMNi = 0.075± 0.015 M⊙.
The fundamental parameters of SN 1987A were also inferred by
Imshennik & Popov (1992). They found that the radius of the
progenitor was (1.8− 2.8) · 1012 cm, the kinetic energy was 1.05
- 1.2 foe, the ejected mass was 15.0 M⊙ and the nickel mass was
0.071 - 0.078 M⊙. The comparison of all of these parameters
with the ones from our LC fitting code can be found in Table 10.

From Table 10 it is seen that the numerous efforts for mo-
deling the LC of SN 1987A led to quite different physical para-
meters. This is especially true for the ejected mass, where afac-
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tor of 2 disagreement between the results from the early and
modern hydrodynamic codes can be found. The ejected mass
from our semi-analytic code, as well as the other parameters,
are consistent with these hydrodynamic results. It is true that
the semi-analytic code tend to predict somewhat lower ejected
masses than some of the modern hydrocodes, but the difference
is not higher than the differences between the results from vari-
ous hydrodynamic calculations.

Although some major differences can be noticed between the
published results (especially inMe j), the calculated parameters
are in the same order-of-magnitude, and our estimates are en-
tirely consistent with these parameter ranges. However, itshould
be kept in mind that in analytic models, which use the constant
opacity approximation, the correlation betweenκ andMe j (Sec.
3.2) has a significant effect on the estimatedMe j. Thus, in these
models the ejected mass may be constrained only within a factor
of two, if the assumed opacity is chosen between 0.1 - 0.3 cm2/g.

In the last row of Table 10 we show the mean light curve
time-scales, which is equal to the effective diffusion time-scale,
td =

√
2tath ≈ 1.89 · 10−11(κ2M3

e j/Ekin)1/4 days (Arnett 1980;
Arnett et al. 1989), as inferred from the parameters of the differ-
ent models (assumingκ ∼ 0.2 cm2g−1 for those that were not
computed with constant opacity). This quantity is roughly pro-
portional to the risetime to the LC peak (or the length of the
plateau in Type IIP SNe) in the constant-density model. Since
at least half of the models (S87, N87, B00, UC05) listed in Ta-
ble 10 were not computed with the constant density approxima-
tion, this parameter is less applicable to those models, butgen-
erally it gives an good estimate of therelative peak times of the
different models.

It is interesting that the models predicting more ejecta mass
(Me j > 10 M⊙) all havetd > 70 days, while the models with
less massive ejecta consistently have peak times less than 70
days. Although for models with recombination taken into ac-
count the actual LC peak time is somewhat longer thantd (e.g.,
Arnett & Fu 1989), it is true that the models having longertd
tend to show later peaks than the models with shortertd. Com-
paring thetd values in Table 10 with the observed peak time of
SN 1987A (td ∼ 90 days, Fig. 8 upper panel), it is seen that for
the models with lower masses (Me j < 10 M⊙) the inferredtd
parameters are consistent with the observed peak time.

Concerning the more massive models, the AF89-2 model
(Me j = 15 M⊙, td = 91 d) is still more-or-less consistent with
the observed LC peak, but the other three models (IP92, B00,
UC05) tend to predict longer peak times than observed. This
may not be surprising as far as the B00 and UC05 models are
concerned, because those are radiative hydrodynamical models,
for which the simple analytic estimate from the constant den-
sity model may not be applicable. However, the model of IP92
(Imshennik & Popov 1992) is also a semi-analytic model which
uses similar approximations to our one in this paper. Thus, it is
not clear why this model is able to fit the observed peak of the
LC of SN 1987A, while it has the longest predictedtd among
all models listed in Table 10. When compared with the AF89-2
model (Arnett & Fu 1989), which also hasMe j = 15 M⊙, it is
seen that the latter one has a factor of two higher kinetic energy
than the IP92 model. Since higherEkin causes the computed LC
to peak earlier, the AF89-2 model with higherEkin looks more
plausible for fitting SN 1987A than the IP92 model.

It is concluded that the cause of the wide range of the
predicted physical parameters listed in Table 10, in addition
to the already discussed issues such as the constant opac-
ity approximation and the opacity - mass correlation, is sup-
posedly the strong correlations between practically all param-

eters involved in the LC modeling (e.g., Arnett & Fu 1989;
Imshennik & Popov 1992; Nagy et al. 2014). If one, for exam-
ple, assumesMe j ∼ 15 M⊙ ejecta mass, it is possible to find e.g.
a kinetic energy that is physically realistic and the model gives a
good fit to the observed LC. The same is true forMe j < 10 M⊙,
which needs lowerEkin, but still in the ballpark, to get almost the
same fitting. This is clearly a caveat of SN LC modeling, which
should be kept in mind when interpreting the SN parameters in-
ferred from pure LC fits.

7. Expansion velocity of CCSNe

An additional test of the LC models can be made via the com-
parison of the expansion velocities derived from the best-fitting
LC models with the observed ones. We apply Eq. 11 to calculate
the expansion velocities of the SNe under study, and these val-
ues can be compared with the available velocities from spectro-
scopic measurements collected from literature. Since the expan-
sion velocity (the maximum velocity in the applied semi-analytic
model) cannot be measured directly, we use the observed pho-
tospheric velocities (vph) from early and late-time spectra as
a proxy for the expansion velocities (see also Wheeler et al.
2015).

As a first approximation, we compare the expansion veloci-
ties of the envelope (vshell) with the earliestvph values, when the
photosphere is likely in the outer envelope (see e.g. Moriyaet al.
2011). For the core expansion velocities (vcore), we use the late-
phasevph values measured around the middle of the plateau
phase. Table 11 and 12 list these data for the envelope and the
core, respectively.

Table 11. Velocities of the outer envelope of the modeled SNe

Supernova Modelvshell Observedvph Reference
[103 km s−1] [103 km s−1]

SN 1987A 28.3 ∼ 30.0 1
SN 2004et 15.7 ∼ 14.0 2
SN 2012A 16.2 ∼ 10.0 3
SN 2012aw 14.2 ∼ 12.0 4

References. (1) Hauschildt & Ensman (1994), (2) Utrobin & Chugai
(2009), (3) Tomasella et al. (2013), (4) Bose et al. (2013).

Note that the explosion velocities derived from LC model-
ing are always somewhat uncertain due to the correlation bet-
ween the ejected mass and the kinetic energy (see e.g. Nagy etal.
2014). This may result in significant systematic offset in the
model velocities. Thus, we are able to estimate the expansion
velocity only within a factor of∼ 2. Considering these circum-
stances, the range of the observed velocities in Table 11 and12
are in reasonable agreement with our model values.

We also check the correlation betweenvcore andvshell for both
Type IIb and Type IIP SNe. As Fig. 12 shows, these two types of
explosion events appear to be separated in velocity space. Type
IIb SNe have larger velocities in both regions, while for Type
IIP SNe onlyvshell may reach higher values. The differences in
vcore can be explained by the difference between the fitting pa-
rameters, especiallyMe j andEkin. Because the kinetic energies
are in the same order of magnitude, while the ejected masses for
Type IIP-s are 10 times lager than for Type IIb-s, the inferred
velocities for the latter are lower, in accord with simple physical
expectations.
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Table 10. Model parameters for SN 1987A

Parameter Literature This paper
S871 N872 AF89-13 AF89-23 IP924 B005 UC056

R0 (1012 cm) 2.0 4.5 1.05 0.75 2.3 3.4 2.44 2.9
Me j (M⊙) 8.5 11.3 7.5 15 15 14.7 18 8.6
MNi (M⊙) < 0.1 0.07 0.075 0.75 0.075 0.078 0.077 0.069
Ekin (1051erg) - - 1.0 2.0 1.1 1.1 1.5 1.4
Etot (1051erg) 2.5 1.5 1.5 3.0 - - - 1.52
td (day) 63.4 78.5 64.1 90.6 118.7 103.4 111.4 63.6

References. (1) Shigeyama et al. (1987); (2) Nomoto et al. (1987); (3) Arnett & Fu (1989); (4) Imshennik & Popov (1992) (5) Blinnikov etal.
(2000); (6) Utrobin & Chugai (2005).

Table 12. Velocities of the inner ejecta of the modeled SNe

Supernova Modelvcore Observedvph Reference
[103 km s−1] [103 km s−1]

SN 1993J 13.7 ∼ 14.0 1
SN 2011fu 13.5 13.0 - 14.0 2
SN 1987A 5.22 2.0 - 3.5 3
SN 2004et 4.25 3.3 - 3.6 4
SN 2005cs 2.58 1.0 - 1.5 5
SN 2009N 3.33 2.5 - 3.0 6
SN 2012A 3.23 ∼ 3.0 7
SN 2012aw 3.65 3.4 - 3.6 8
SN 2013ej 4.28 ∼ 4.6 9

References. (1) Bartel et al. (2002), (2) Morales-Garofforo et al.
(2015), (3) Larsson et al. (2013), (4) Maguire et al. (2010),
(5) Pastorello et al. (2009), (6) Takáts et al. (2014),(7) Tomasella et al.
(2013), (8) Bose et al. (2013), (9) Huang et al. (2015).
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(red dots) supernovae.

8. Discussion and conclusions

We showed above that for Type IIP SNe a two-component ejecta
configuration can be appropriate to model a double-peaked light
curve with a semi-analytic diffusion-recombination code. This
ejecta configuration is similar to the one used for Type IIb SNe

assuming an inner, denser core and a hydrogen-dominated outer
envelope, although for Type IIb-s the envelope is much more
extended than the core, unlike in Type IIP models.

There are a number of caveats in the simple diffusion-
recombination model applied in this paper, such as the assump-
tion of constant opacity in the ejecta, which naturally limits
the accuracy of the derived physical parameters. Although the
Thompson-scattering opacity approximation simplifies theequa-
tions, the used opacity lose its physical meaning and becomes
only a fitting parameter. But the average opacities from the
SNEC hydrodynamic model show adequate agreement with the
frequently used opacities in literature and also with our applied
κ-s. Another limitation is the uncertainty of the explosion date,
which may cause 5 - 50 % relative errors in the derived phy-
sical parameters. Despite of these issues, by using simple semi-
analytic models one can estimate the initial parameters of the
progenitor and the SN with an order-of-magnitude accuracy.

The final results in Section 5 and Section 6 show that Type
IIP SNe have the most extended envelopes having initial radii of
∼ 1013 cm, which is in good agreement with the radii of their
presumed RSG progenitors. For these events the ejected mass
of the inner region (Mcore) is about an order-of-magnitude larger
than that of Type IIb SNe, which is consistent with the diffe-
rent physical state of their progenitors (e.g. Woosley et al. 1994;
Heger et al. 2003).

In the diffusion approximation it is important that the contri-
butions from the two different components should be well sepa-
rated. To fulfil this requirement, the diffusion time-scale of the
photons in the outer envelope must be much lower than that of
the inner core. If this is so, the first LC peak can be explainedas
mostly due to the adiabatic cooling of the shock-heated H-rich
envelope, where there is no energy input other than the thermal
energy deposited by the initial shock wave. Thus, at very early
phases the contribution of the outer envelope dominates thelu-
minosity. On the contrary, the second LC peak is powered by
radioactive decay of56Co and the recombination of H. The e-
nergy input from these mechanisms only diffuses through the
inner core before escaping as observable radiation, because at
later epochs the outer envelope already became strongly diluted,
thus, its effect on the light curve is negligible (Fig. 7).

From the model parameters presented in Table 4 and Ta-
ble 8 the effective diffusion time-scaletd can be inferred, which
weakly depends on the density profile. For the inner core this
parameter also represents the rise time and the LC width of Type
IIb and Type IIP SNe, respectively. The typical calculatedtd val-
ues for Type IIP SNe are∼ 80-100 days, while for Type IIb they
are∼ 20 days, which are in reasonable agreement with visually
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specified LC properties. Also, it can be shown thattd in the core
is at least 2 times higher than in the envelope for both Type IIP
and Type IIb compositions. Thus, the two-component models
given in Table 4 and 8 are consistent with the assumption that
the photon diffusion equations in the two components can be
solved separately.

Note, however, that the Type IIP models may not be entirely
self-consistent, because in those cases the radius of the envelope
is only 2 times higher than that of the core. In this case neglect-
ing the effect of the radioactive heating in the outer envelope may
not be fully justifiable. This means that the inferred envelope pa-
rameters in Table 8 are much more uncertain than the parameters
of the core. In spite of this uncertainty, the envelope parameters
occupy nearly the same regime as the CSM masses in the hy-
brid ejecta+CSM models calculated by Moriya et al. (2011). As
far as the Type IIb models are concerned, the parameters in Ta-
ble 4 are also in good agreement with the results by Nakar & Piro
(2014) who estimated the envelope masses and the maximum
radii of the core in stripped-envelope SNe.

The two-component semi-analytic model presented in this
paper may be a useful tool for deriving order-of-magnitude esti-
mates for the basic parameters of Type IIP and IIb SNe, which
can be used to narrow the parameter regime in more detailed si-
mulations. The model can predict reasonable parameters forboth
the inner core and the outer envelope. It can fit the entire LC
starting from shortly after shock breakout throughout the end of
the plateau and extending into the nebular phase.

An obvious advantage of the semi-analytic code with respect
to the more computationally intense hydrodynamic codes is the
execution time, which is∼ 2 minutes on a Core-i7 CPU, com-
pared to∼ 10 hours needed to complete a model LC with SNEC
(not to mention the more sophisticated hydrocodes that may re-
quire orders of magnitude longer time on supercomputers).

However, it should be kept in mind that some of the parame-
ters of the semi-analytic code, likeκ, Me j andEkin, are correlated,
thus, only their combination are constrained by the data. More-
over, the constantκ opacity may not have the correct physical
meaning, thus, it should be considered only as a fitting parame-
ter rather than a true representation of the "true" opacity in the
SN atmosphere. With this limitation, the results from the two-
component LC model are consistent with current state-of-the-art
calculations for Type II SNe. So, the estimated fitting parameters
can be used for preliminary studies prior to more complicated
hydrodynamic calculations.

The source code of the program applied for calculat-
ing the semi-analytic models in this paper is available at
http://titan.physx.u-szeged.hu/∼nagyandi/LC2.
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very useful comments and suggestions from which we have indeed learned a
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