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N ABSTRACT
% We present an improved version of a light curve model, whéchlile to estimate the physical properties dfedent types of core-
) collapse supernovae having double-peaked light curves gmick and &icient way. The model is based on a two-component con-
figuration consisting of a dense, inner region and an extgnde/-mass envelope. Using this configuration, we estirtiaednitial
(00) parameters of the progenitor via fitting the shape of theiga@emetric light curves of 10 SNe, including Type IIP arid évents,
with model light curves. In each case we compare the fittisglte with available hydrodynamic calculations, and alsaan the de-
— rived expansion velocities with the observed ones. Funtbeg, we also compare our calculations with hydrodynamidetsoderived
E by the SNEC code, and examine the uncertainties of the dsiihplysical parameters caused by the assumption of congacity
f— and the inaccurate knowledge of the moment of explosion.
c Key words. Methods : analytical; Supernovae : general
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[
e 1. Introduction after the explosion, but the H features weaken and the He line
+= et stronger at later phases. The weakness of the H features a

() Core-collapse supernovae (CCSNe) form a heterogeneouss 9iiate phases can be explained by considerable mass-losstfeom
of supernova explosion events, but all of them are believed §,genitor star, which causes the stripping of the outettager
arise from the death of massive staM ¢ 8 Mo). The clas- qf the hydrogen envelope just before the explosion. Oneef th
sification of these events is based on both their spectral feg,st important characteristics of the light curve of thegenes
tures and light curve properties. Core-collapse SNe and@llv s ihe decline rate at late phases, which is governed by the ra
into several groups, namely: Type/Ity Type IIP, Type IIb, gipactive decay of8Co and the thermalizatiorficiency of the
Type IIL, and Type lIn|(Filippenko 1997). The fEiérent types gamma-rays produced by the decay processes.
of core-collapse SNe are thought to represent the expladion
stars with diferent progenitor properties, such as radii, ejected The collapse of the iron core generates a shock wave that

¢ Mmass and mass-loss (elg.. Heger et al. 2003). Mass-loss enaypagates through the envelope of the progenitor stareSom

- .a key parameter in determining the type of the SN: stars hare-collapse SNe, especially the Type Ilb ones, show asubl

QN ing larger initial masses tend to lose their H-rich enveldpad- peaked light curves, where the first peak is thought to be dom-

O ing to Type lib, or Type Ific events, unlike the lower massinated by the adiabatic cooling of the shock-heated hydroge
progenitors which produce Type IIP SNe. On the other hangsh envelope, and the second peak is powered by the radioac-

« ‘interaction with binary companion may also play an impdrtafive decay of5®Ni and 5Co (e.g.,[ Nakar & Pifd_2014). The

. fole in determining He appearance of the explosion evegt, (e double-peak structure may be explained by assuming a progen
= |Podsiadlowski et al. 1992; Eldridge eflal. 2008; Smartt 3009 jtor with an extended, low-mass envelope which is ejectst! ju

.~ . Type lIP supernovae (SNe) are known as the most commigéfore the explosiori (Woosley ef al. 1994). Thus the observe

(G ;@mong core-collapse SN events. This was recently revealedLiT of such SNe is generally modeled by a two-component ejecta
Smith et al.|(2011) based on the data from the targeted Lick Qfonfiguration: a compact, dense core and a more extended, low
servatory Supernova Search (LOSS; Leamaniet al.|2011), afgks outer envelope on top of the care (Berstenlétal.l 2012;
also bylArcavietal.[(2010) who used data from the untagkumar et all 2013).
geted Palomar Transient Factory (PTF; Rau &t al. 2009) gurve
They probably originate from a red supergiant (RSG) prageni  In this paper we use a semi-analytic light curve model, which
star (e.g., Grassberg et al. 1971; Grassberg & Nadyozhifi;19i8 originally presented by Arnett & IFu (1989) and later exted
Chugai et al. 2007; Moriya et al. 2011). The light curves gb@y by [Popov 1(1993)| Blinnikov & Popovi (1993) and Nagy et al.
IIP SNe are characterized by a plateau phase with a duratior{(2014), to describe the double-peaked light curves of s¢ver
about 80-120 days (e.g., Hamuy 2003; Dessart & Hillier 201types of CCSNe. This model is able to produce a wide variety
Arcavi et al.| 2012) caused by hydrogen recombination, ando&SN light curves depending on the choice of the initial para
quasi-exponential tail determined by the radioactive demfa eters, such as the ejected mabt;j, the initial radius of the
%6Co (e.g.| Arnelt 1980; Nadyozlhin 2003; Maguire et al. 201Q)rogenitor Ry), the total explosion energ(y), and the mass of
The Type Ilb SNe are transitional objects between Type Il atite synthesize@Ni (My;) which directly determines the emit-

Ib explosions, showing strong H and weak He features shortgd flux at later phases.
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This paper is organized as follows: in Section 2 we briefly The kinetic energy of a model with a given density profile
describe the applied light curve model and show tifeedince and expansion velocity can be derived as
caused by various density profile approximations in thetajec 1
In Section 3 we present an estimate of the average opacity frg  _ 2 2
the SNEC hydrodynamic code (Morozova et al. 2015), and aI%('gn Bl 2]; 4 Rg p(0.0)7(x) X o dx. ")
examine the correlation between the model opacity andegject h _ f th diti fh |
mass. Section 4 presents ttéeet of the uncertainty of the mo- WNErev(X) = X - vexp cOmes from the condition of homologous
ment of explosion on the derived model parameters. Sectioﬁl)g)ans'on' Taking into account the form of the density peofil
and 6 show the application of the two-component configunati 'S integral can be expressed as
for modeling several observed Type Ilb and IIP SNe. In Sectio %o 1
7 we compare the expansion velocities derived from the mod@ln = 2 7 RS p(0,0) vgxp (f Xt dx + f n(x) x* dX)
fits to the observed photospheric velocities of CCSNe. Binal 0 %o
Section 8 summarizes the main conclusions of this paper. =2n Rgp(o, 0) Utzaxp g(Xo) , (8)

where we defing(xp) as the sum of the two integrals in Eq. 8.
2. Two-component light curve model For the exponential density profile this is

In this paper we generalize the semi-analytic LC model pre- Xg 1 4 12

sented byy Nagy et a[. (2014), which assumes a homologouslygéo) = = + = (X + = |5 — €%+ = [ — ¥+
panding and spherically symmetric SN ejecta. The densitgst 5 a24 a 24 a

ture of the ejecta is assumed to include an inner part with flat + = [Xo _ e(Xo—l)] L 22 [1 _ e(xO—l)] — gy
(constant) density extending to a dimensionless ragjusnd a3 at

an outer part where the density decreases as an exponergialiQowever, for power-law density structure we have
power-law function. Thus, in a comoving coordinate frame th

time-dependent density at a particular dimensionlessisa@) 5xg — nxg
can be given as 9(x0) = 55-n) ©)
R \° Substituting Eq. 4 into Eqg. 7, the expansion velocity turasto
p(x1) =p(0,0)n() | =5 | - (1) be
R(t)
whereR, is the initial radius of the progenitdR(t) = Ro + vexp - t Dexp = 2 Euin (X0 ] (10)
is the radius of the expanding envelope at the given tisiace Mej 9(Xo0)
explosionpey, is the expansion velocity(0, 0) is the initial den- o )
sity of the ejecta at the center £ 0), andn(x) is the dimension- Note that we adopt the.defmmor_] od,p as the velocity of the
less density profile (see also Arnett & Fu 1989). outmost layer of the SN ejecta. This may or may not be related

The spatial structure of the density for an exponential dgnsdiréctly to any observable SN velocity. See Sect. 7 for dismn
of the expansion velocities in CCSNe.

rofile is
P In this LC model the energy loss driven by radiation trans-
g %) if x> xg port is treated by the ffusion approximation, and the bolomet-
n(x) = {1 if X < %o (2) ric luminosity (Lno) is determined by the energy release due

to recombination processels &) and radioactive heatind_{;)
(Arnett & Fu [1989;| Nagy et al. 2014). An alternative energy
source, the spin-down of a magnetar (Kasen & Bildsten 2010;
(x/%)™" if x> Xo Inserra et all 2013), is also built-in in the model, which may
n(x) = { . (3) be useful for fitting the LC of super-luminous SNe (SLSNe).
1 ifx<X, The dfect of gamma-ray leakage is also taken into account as
Lool = Lni(1 — exp(=A,/t?)) + Lrec, Where theA, factor refers
"o the efectiveness of gamma-ray trapping (Chatzopouloslet al.
2012). It is related to th&, parameter defined by Wheeler et al.
(2015) asA, = T2.
Me; In the two-component model we useo such spherically
— (4) symmetric ejecta components, both havinfetent mass, ra-
4n 'ﬁ f(xo) dius, energy and density configuration. The two components
ave a common center, and one has much larger initial radius,
ut smaller mass and lower density than the other. In the fol-
lowings we refer to the bigger, less massive component as the
3 “envelope” (or “shell”), and the more massive, smaller, s&m
f(x) = §+} {X(z) + Z [Xo _ e(xo—l)] + 3 [1 _ e(xo—l)] _ e(xo—l)} componentas the “core”. Usually, the core has higher kiraatd
3 a a a? * thermal energy than the outer envelope. This configurasiam i
(5) tended to mimic the structure of a ygellow supergiant having
an extended, low-density outer envelope on top of a more com-
while for power-law density distribution (Vinké etial. 2004 pact and more massive inner region. This configuration igaim
to the ejecta model used by Bersten etlal. (2012) for modeling
3xg — nxg the LC of the Type llb SN 2011dh. The advantage of this two-
3(3_n (6) component configuration is that it allows the separate oiut
3(3-n) p g p

while for the power-law density profile it is

wherea andn are small positive scalars. The initial central de
sity of the ejecta depends on the ejected nissand the pro-
genitor radiudy, as

p(0,0) =

where f(xgp) is a geometric factor related to the density profilg
n(x) within the ejecta. For the exponential density profile

f(x0) =
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of the difusion equation in both components (see Kumar et gliven as
2013), if the photon diusion time-scale is much lower in the

outer shell than in the core. _ sin(ax/Xo) 12
For Type IIb SNe we assume that the outer envelope is ﬁ(—x) B ax/%o (x < %) (12)

rich, while the inner core is He-rich, both having a constant . ~(n+1)

Thompson-scattering opacity. At early phases the radgidtam y(x) = sin(@) (l) (X > Xo) (13)

the cooling envelope dominates the bolometric light cuwhéle @ \Xo

a few days later the LC is governed by the photdfudion from )
the inner core, which is centrally heated by the decay of tMédere the eigenvalue depends on the power-law exponent as
radioactive nickel and cobalt. The shape of the observéd ligan@) ~ —a/n. More details and a mathematically rigorous
curve is determined by the sum of these two processes. description can be found in Blinnikov & Popav (1993) (BP93).
Although the plateau-like LCs of Type IIP SNe can be mod:0f N = 2, we gete ~ 2.29, which difers from the “radia-
eled by simple semi-analytic codes (elg.. Amnett et al, 19g8/€ zero” value ofa = x. Thus, in the envelope, the tempera-
Arnett & FU[198D] Nagy et al. 2014), at very early epochs t{'e in thex < xo region is similar but not exactly the same as
bolometric LC of Type IIP supernovae also shows a faster d8& Simple Arnett-solution given above. This is even moxe pr
clining part, which is similar to the first peak in Type Ilb LCsnounced aboveo, where the BP93 profile is approximately a
Thus, the two-component ejecta configuration can be a fessipPWer-law with the index of + 1. The left panel in Fid.]1 shows
solution for modeling the entire LC of Type IIP SNe, but inghithe comparison of the Arnett- and the BRAX) profiles for the
case the initial radii and the total energies of the two ejecim- " = 2 power-law atmosphere. .It is seen that the latter function
ponents may have the same order of magnitude. This means §iggréases outward faster, but it does not converge to«C-=at
the two components are not well-separated, unlike in thes Tyj€- & maximum ejecta radius).
llb models. Within this context, the outer envelope may eepr ~ However, despite theseftérences between the temperature
sent the outermost part of the atmosphere of the progeraor spr_ofl!es in the env_elope, itsfect on the final light curve is small.
which has a dferent density profile and lower mass than the if/ithin our modeling scheme itfigects only the outer envelope,
ner region. Note that, an alternative scenario is availabtae Which is thought to contain much less mass and has much lower
literature (Moriva et al._2017; Chugai et al. 2007). Thisestie initial density than the core component. Thus, for numésica-
assumes a low-mass circumstellar medium (CSM) around fHi€ity, we decided to apply the simple Arnett-profile forth¢he
progenitor, which may be originated by the mass-loss peesescore and the envelope, but note that the estimated paranoéter
of the star during the RGB phase. The low-mass extended #if envelope are somewhdtexted by the choice of the temper-
velope might be physically associated with this CSM envelopature profile, and should be treated with caution. Neveetel
Indeed, some Type IIP SNe are also reported to show possiblesénce the envelope parameters are quite weakly constréseed
fects of CSM interaction in the light curves (Moriya eflal1d) Pelow) this should not be a major concern.
and also in the spectra (Chugai et al. 2007). The right panel of Figl]1 exhibits the full normalized tem-
perature profile T(r) ~ w(r)¥*) as a function of ejecta radius,
o after joining the core and the envelope components together
2.1. Temperature profile in the two-component model boundary between the core and the envelope is indicatedeby th

While taking into account the recombination process, tie- tedagheldTvertiﬁzl Iinef._ The left-hand sSi?\Ie 1%f9t3hf panel fshaws
perature profile may play important role during the caldatat typical Type Ilb configuration (using as a refergnce

of the model LC. According to Arnett & Fu (1989), the tempeﬂsvlr\]lilezégg rjghl'c-hand sidehdisplz_iy§ a 'I;]ype lIP model (based on
ature distribution within the ejecta is approximated as ej). It I seen that joining the two components cre-
ates a rather artificial temperature distribution havingarupt

Ro |/ jump at the interface between the core and the envelope. How-

4 _ T4 o ever, the whole configuration looks more-or-less similarato

Ty = T0.0v( ¢(t)(R(t)) (11) temperature profile of an ejecta having an extended envelope

with quite steeply decreasing density profile, as illustaby

where the spatial pang(X), is assumed to be time-independenthe red dashed line corresponding to a Blinnikov-Popov tmp

and the functior(t) represents a time-dependent scaling factature profile having = 7. Thus, our two-component configu-

while (Ry/R(t))* describes the adiabatic expansion of the ejectation, although with an approximate and simplistic tenapée

As inINagy et al.|(2014), for the spatial profile we assumed Adistribution, might mimic more-or-less the expected terapee

nett’s “radiative zero” solution, i.ey(x) = sin(x)/(xx) for profiles of supergiant stars having shallow inner and rgpiet

0 < x < X, wherex; is the co-moving dimensionless radius o€reasing outer density profiles.

the recombination front (Arnett & Fu 1989; Popov 1993). This Moreover, according t6_PopoVv (1995) the simple Arnett-

solution is valid in a constant density ejecta. Since in oadels profile can be used only if the total optical depth of the enpel

we used a constant-density configuration for the core coemon(r, = 1/48s) at a given time is higher than 1, i.e, > 1.0. In

(see below), this temperature profile is a good approximdtio - this caseg = vexp/C ands = (t +tn)?/t3, wheret, andty is the hy-

the inner regions. drodynamic and theftective difusion time-scale, respectively
This is, however, not necessarily true for the extended g@rnett|1980; Popov 1995). In our models the validity of this

velope, where we applied a monotonically decreasing dengititerion is checked at the end of the plateau phase, whegfthe

distribution having a power-law index af = 2, starting from fect of recombination becomes negligible. Using the patarnse

a dimensionless radiug (note that for the envelope the maxi-derived for the modeled SNe (see below), for the Type IIP SNe

mum ejecta radius tfers from that of the core, thug; is differ- 7. > 4 have been found, while. ~ 2 have been revealed for the

ent in the core and in the envelope). In such an ejecta theakpalype IIb models. Thus, our Type IIP models fully, the Type IIb

part of the temperature profile was derived self-consistdit  models marginally satisfy the condition for the photofilion

Blinnikov & Popov (1998) (BP93) and it can be approximatelgpproximation.
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Fig. 1. Comparison of temperature profiles applied in our code {coats lines) to those of Blinnikov & Popov (1993) that aréid/éor power-
law ejecta density distribution (dashed lines). The lefigdashowsy(x) of Arnett’s “radiative zero” solution together with the B® profile for
n = 2 power-law index. In the right panel the temperature prefiltour two-component models for both Type Ilb and Type lleRfigurations
are compared to BP93 profiles having sterep: (7) density profiles on top of the core. See text for explamatio

3. Effects of the constant opacity approximation tively. Thus, in SNEC the opacity at each time and grid pant i

) _ chosen as the maximum value between the calculated Rodselan
3.1. Calculating the average opacity from SNEC mean opacity and the opacity edge for the corresponding com-

T . : . ition.
One of the strongest simplification in semi-analytic LC mede P>, : .
the assumption gf the co%stant Thompson-sca)t/tering ypagit . |0 estimate the average opacity for Type IIP and Type IIb
which can be defined as the average opacity of the ejectaisin Ne the on_gmal SNEC opacity output file was used. Ata given
subsection we approximate the average opacity via syzgusi ime we defined(Mpn) by integrating the opacity from the mass

. coordinate of the neutron staM = 1.34My) up to the mass
Type IIP and Type llb light curve models. :

coordinate of the photospher®f,) as
We adopt a model star that has a mass df8.5 M, at core

collapse. The internal structure of this star was derivedhfa
20 M, zero-age main-sequence star using the 1D stellar evo- 1
lution code MESA [(Paxton et £, 2013). The MESA model a&{Mpn) = Mo — Mo f" dm. (14)
sumes a non-rotating, non-magnetic stellar configuratiadgh w P
solar metallicity and significant (f® My/yr) mass-loss. The o _ _
'Dutch’ wind scheme for massive stars was used to model thaking into account that our semi-analytic model uses theesa
mass-loss during the AGB and RGB phase, which scenario coppacity when calculating the entire light curve, we defirieel t
bines the results form Glebbeek et al. (2009), Vink et al0f0 average opacityk] by integrating«(Mpn) from several day after

and Nugis & Lamers (2000). The opacity calculation in MESAhe shock breakoutd) up totens as
is based on the combination of opacity tables from OPAL,

Mph

Mo

Ferguson et all (2005), and Cassisi etlal. (2007). teng

The evolution of the model star was calculated by MESA= ;—— fK(Mph) dt. (15)
until core collapse, and this original model was used fotter end — 0 Y
calculations in producing a Type IIP SN light curve. Moregve

we also built a second model for studying the light curve q#@y Fig.[2. shows the dependencex¢Mp,) on the time. To receive
Ilb SN. In order to estimate the progenitor of a Type Ilb SN;omparable results with our two-component estimates, pa-se
most of the outer H-rich envelope of the original MESA modehtely calculate the average opacities for both the earyirng
was removed manually, so that orly 1 M, envelope mass phase and the photospheric phase. In the cooling phaseb
remained. The subsequent hydrodynamic evolutions were fdays, whileteng was chosen as the approximate termination of
lowed by SNEC, which is a 1D Lagrangian supernova explositime cooling phase, when the opacity drops rapidly, which was
code (Morozova et al. 2015). SNEC solves the hydrodynamizsiays and 13 days for Type Ilb and Type IIP model, respec-
and difusion radiation transport in the expanding envelopes tfely. For the photospheric phaggwas defined to be equal to
CCSNe, taking into account recombinatioffieets and the de- teng Of the cooling phase, and we integrate up to the end of the
cay of radioactive nickel. During the calculations the fthal nebular phase. Vertical gray lines in Hig. 2. representhiese
bomb” explosion scheme was used, in which the total energgundaries for both Type Ilb and Type IIP SNe. Horizontag$in

of the explosion is injected into the model with an exporantiindicate the dierentk values as the average opacities dfet
decline both in time and mass coordinate. The SNEC code aatt phases and models. It can be seen that in the cooling phase
culates the opacity in each grid point of the model from Rosse ~ 0.4 cn?/g for a Type IIP SN with a massive H-rich ejecta.
land mean opacity tables forftirent chemical compositions,However, the average opacity decreases t6.3 cn?/g for a
temperatures and densities. During this process an opagity Type llb, which corresponds to a star that lost most of itsdh-r
mum was also taken into account by the code. In our simulatiognvelope. In contrast, during the later phase the averaagityp

this opacity edge was.®4 and 001 cnt/g for the pure metal of Type IIP and Type lIb is considerably similar, having auel
and the solar composition envelope (Bersten et al.|2019pee of ~ 0.2 cn?/g.
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: may be a hint of a dominance of metals over H, which looks

0.6 I 1 difficult to explain in the outer region of the H-rich ejecta.
|
cEa 0.5 : . Table 1. Model parameters for the synthetic LCs
> 04 ]
§ 03 Parameter SNEC ModelA Model B
o Ryp = 0.20 crilg
g 02 ! Ro (10% cm) 7.66 7.66 7.90
: ; Mej (Me) 14.0 14.0 8.9
. Ry =019 enfilg Mni (Mg) 0.05 0.05 0.05
0.1 | Cooling!phase Ni \V%o
b e Ewot (10°* erg) 2.0 2.0 2.3
'10 o « (cm?/g) 0.2 0.08 0.2
Time (day)
SNEC Ilb model e SNEC IIP model e

SNEC Model +
Model A ——
Model B —— |

Fig. 2. The dependence a{Mg,) on the time for Type IIP (blue) and
Type b (red) SNEC model.

10%

L

@
Note that the constant Thompson-scattering opacity is n@ 103 K = 0.08 criilg

an adequate approximation either at early or at late phases Iy
cause of the rapidly changing opacities, but the calculated 3
erage opacities show a reasonably good agreement with- pregi ;2 |
ous studies (e.d., Nakar & Sari 2010; Huang €t al. 2015), evheE
k¥ = 0.24 cnt/g was used for modeling the LCs of Type IIP~
SNe. Thus, in the following analysis we use the average tpaci 10~ |
(x = 0.3 cn?/g andk ~ 0.4 cn¥/g) from SNEC to approximate

« in the shell models of Type IIb and Type IIP SNe, respectively o0
To estimate for the core model we take into account the derived 1 0 50 100 150 200 250 300 350 400 450
expansions velocities and tRevalues form SNEC. Because the
range of the varying values is narrower for the Type llb than
for the Type IIP configuration (see FIg. 2), then for Type INMeS Fig. 3. Comparison of the bolometric light curve from SNEC (red)wit

we usex = 0.2 cmz/g, while for Type IIP SNex ~ 0.2+ 0.1 the semi-analytic LCs. Model A (black) and Model B (blue) negent
cmz/g was chosen. the best LC fit with low and high opacity, respectively (Tallle The
LC of Model A was shifted vertically for better visibility.

Kk=0.2 crﬁ/g

Model B

Time (day)

3.2. Correlation between the opacity and ejected mass Furthermore, to explain the possible reason for the previ-
: . . ., ously mentioned ejected mass problem, we suspect thatfthis e

In this §ubs_ect|on We examine thﬂ“&};t of the constant opacity ¢ . is que to parameter correlation (Nagy et al. 2014). Asiit

approximation, which may have an important role in analysiryg seen in Tablg 1 only two parameters change drasticalhgin t

the fitting results, via a synthesized Type IIP light curve. models, which suggests that the correlation betweand Mq;
In this case we use the Type I[IP SNEC model discuss y have a major role in this problem.

above (Section 3.1). The SNEC model light curve is compared 75 examine the feect of this correlation. we used

with the light curves calculated by the semi-analytic cObg0 e ayailable hydrodynamic and analytic model parameters
models were computed with the latter: in Model A we used eﬁo, Mej, Exin) Of SN 1987A (see the details in Sec. 6.). SN
actly the same physical parameters as in the SNEC model, §§87a was chosen, because this object is the best studied SN
variedx to get the best maich between the two LCs. In Model &g, thus, several fierent model calculations are available in
we applied = 0.2 cn?/g, similar to the average opacity of thepe jiterature. To estimate the opacity of thesedent models,
SNEC model, but tweaked the other parameters until rea#®naRe 100k the parameters from each published SN 1987A model,
match between the data and the model LC was found. fixed them "as-is", and fit the LC with our code while tweak-

The parameters of the hydrodynamic model and from thigy only the values ok. The final results can be seen in F[g. 4,
semi-analytic LC models are summarized in Table 1. Ev@jhere each red dot represents one of the applied models. It is
thOUgh the OpaCItIeS are rea”yﬁmrent in the two models, both seen thaMe] and«~! are Strong|y correlated parameters_

light curves show acceptable match with the SNEC light curve T illustrate a quantitative measure of the correlation ale ¢
(FIgB) These results representthe well-known issuetliesan- culate the correlation ctiécient as

alytic codes having constant Thompson-scattering opasity

ally predict lower ejected masses than hydrodynamic cadcul Zn: (Mi = M) ('t -% Y
tions (e.g., Utrobin & Chugai 2009; Smartt etlal. 2009). Tikis = =1 '

sue is probably due to the incorrect assumption of consfzad-o =~ (Nn-1)om o

ity as well as the reduced dimension in the hydrodynamic sim- .
ulations. On the contrary, to get the same ejected mass in bahereoy, o, andM, k¥ ! are the standard deviations and the
the hydrodynamic and analytic calculations, an extremely | mean values ofej andx1, respectively. Becauses close to 1
Thompson-scattering opacity is needed. This low opacilyeva the ejected mass and opacity are highly correlated, whiokeca

=0.984, (16)
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significant uncertainty in the determination of these paatans.

X . . SN1993J (Type Iib
Clearly, neitherMg; nor « can be reliably inferred from these (Type 1)

T T

LC models, only their productyle; - «, is constrained (see also "Bolometric Eg .
Wheeler et al. 2015) 425
Correlation of ejected mass and opacity in SN 1987A models &
20 : : : : . . >
< 42
-
(=]
o
)5
< 415
o . . . .
* 0 20 40 60 80 100
MJD - 49073
Fig. 5. Comparison of the bolometric light curve of the Type lIb SN
1993J (dots) with model LCs calculated withfdrent explosion dates

6 8 10 12 14 16 18 20 (Iines).
M ej ( Mo)

SN2004et (Type IIP)

Fig. 4. Correlation between the opacity and the ejected mass for SN 425

1987A models.

"Bolometric LC o

4. Effect of the uncertainty of the explosion time on a2y

the estimated parameters

When pre-explosion observations of the SN site are not-ava
able, the explosion time of the supernova can be rather taicer
Determining the moment of first light of a supernova explaosio
is very important, because the shape of the rising part dighe
curve depends critically on the exact date of the explosSitie. 41+
physical parameters inferred from such a light curve makesu
from large systematic errors. 0 50 100 150 200 250

This dfect can be even more significant in the case of SNe MJD - 53269
with extended envelopes. In order to estimate the unceéytain _ o
model parameters due to the unknown date of explosion, weHig: 6: Comparison of the bolometric light curve of the Type IIP SN
the bolometric light curve of a Type Ilb (Figl 5) and a Type [|B004et (dots) with model LCs calculated witlidrent explosion dates
(Fig.[8) SN assuming ffierent explosion dates. For these caflines)
culations we use the two-component configuration desciibbed
Section 2.

It is apparent from Tablel2 andl 3 that for Type IIP SNe e
uncertainty of about 7 days in the explosion date generates
derate (5 - 10 %) relative errors in the derived masses of
inner core Mcore) and the outer envelop®ishe), and the initial
radius of the coreReore). FOr Type IIb SNe onlyMy; and the total
energy of the outer envelopB4,e) show similar uncertainties.
In this case the uncertainty of the derivieldnel, Reore 2NdMcore
may increase up to about 50%, 40% and 20%, respectively.

logE:(erg/s)

415+

To estimate the physical properties of Type IIb SNe, we fit
light curves of two well observed events, SN 1993J and SN
011fu. SN 1993J was discovered in NGC 3031 (M81) on 1993
rch 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
5. Model fits to Type lIb supernovae a constant density profile was chosen in the inner core, wiéle

. . wer-law densi r 2)inth r envel .
In the following sections we apply the two-component LC moduseapo er-law density structure 2) in the outer envelope

i i 7 re _
for real SNe, both Type Ilb and IIP. We use the bolometrictlig he mne;etl)loimdar%) of thidens% profile Wa.s setag”™® =
curves of the observed SNe, assembled in a similar way a i andxg™ = 0.4. We usex = 0.2 cnt/g for the inner, H—.poor
our previous papef (Nagy etlal. 2014), and compare them wire and« = 0.3 cn/g for the H-He outer envelope, which are
model light curves computed from the two-component modepnsistent with the estimated average opacities from SNEp@ T
detailed above. Note that formgf-fitting was not performed, |Ib model.
as the strong correlation between the parameters would makeDue to their lower ejected masses, the gamma-ray leakage
such a fitill-constrained (see e.g. Nagy €t al. 2014). Inktdee may be significant in Type llb SNe. Typical, values for these
model parameters were varied manually until reasonabkeeagrevents are between and 1@ day’. The other parameters of the
ment between the data and the model was found. best fit-by-eye models are summarized in Table 4, and the LCs
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Table 2. The dfect of the uncertainty of the explosion time on the fit pararsetor a Type lIb SN (based on the LC of SN 1993J)

Explosiontime tp+4d ty+3d to+2d to+1d to th—-1d to—2d

Reore (10 cm) 2.1 2.0 1.9 1.8 1.7 1.6 15

Mcore (Mo) 120 125 130 135 140 145 150
Ecore (10t erg) 4.2 4.2 4.2 42 42 42 4.2
Mni (Mo) 0.094 0.096 0098 01 01 0.1 0.1
Rener (103 cm) 3.0 3.0 3.0 30 30 30 3.0
Msnen (M) 006 007 008 009 0.10 011 0.2

Eeen (10t erg) 074 075 076 078 0.80 081  0.83

Table 3. The dfect of the uncertainty of the explosion time on the fit pararsetor a Type 1IP SN (based on the LC of SN 2004et)

Explosiontime tp+4d t,+3d ty+2d ty+1d to to—1d tg—-2d

Reore (103 cm) 3.8 3.9 4.0 41 41 42 43
Mcore (Mo) 107 108 109 110 11.1 112  11.3
Ecore(10terg) 1.95 195 195 195 195 195 195

Mni (Mo 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Reshen (1013 cm) 6.8 6.8 6.8 6.8 6.8 6.8 6.8
Mshel (Mo) 1.06 1.07 1.08 1.09 11 1.11 1.12

Eshen (10t erg)  1.29 1.29 1.29 129 129 129 1.29

are plotted in Figll7. From these results it can be seen tiat fif0!€4. Model parameters of Type lib SNe
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 ofxg in the envelope, which is poorly constrained. Using ~ Parameter SN 1993 SN 2011fu
Xo ~ 0.1 instead of @4 in the envelope would require somewhat core envelope core envelope
higher energies and an order of magnitude less ma8{L M)
to fit the initial peak. Ro (10'?cm)  0.35 30 0.35 13
Mej (Mo) 2.15 0.1 2.2 0.12
MNi (Mo) 0.1 - 0.23 -
Type llb supernovae Eo (10Plerg) 37 08 34 0.8
@ 'SN1993) X lledng(L?énEg{((:al;?.) . Exin/Eth 1.85 7.0 2.4 1.67
5 : Model shell LC (n=2)------- « (cn?/g) 0.2 0.3 0.2 0.3
g Model combined LC——
g 102}
- : 1 1 1 1 determined by the two-component LC fitting, keeping the same
0 20 40 60 80 100  terminology for the parameters from the two-component rfede
- N2011fu | ' Bolometric LC o that was used in Section 4. The only exception is Fhgt, refers
2 AL WAyt o - to the kinetic energy of the core component.
z . Model combined LC——— The physical properties of SN 1993J were calculated by se-
é / v veral LC modeling codes (Shigevama et al. 1994; Utiobin 1994
3 . ° - Woosley et all 1994; Young etlal. 1995; Blinnikov etlal. 1998)
Wy /L ‘ ‘ ‘ ‘ = First, the physical properties of this explosion was deteeah
0 20 40 60 80 100 py a hydrodynamic calculation of Shigevama et al. (1994) as
Time (day) Renell = (1.7-2.5)-10"3cm, E¢ore = 1.0— 1.2 foe, while the mass

Fig. 7. Comparison of the bolometric light curves of Type Ilb SNetglo of the extended envelope is belew0.9 Ms. The fundamental
with the best two-component model fits. The green and blueesirep- parameters of SN 1993J were also inferred by Utrobin (1994),
resent the contribution from He-rich core and the extendeshtlope, who found that the radius of the progenitor wa8.2 - 10*2 cm,
respectively, while the black lines show the combined LCs. the ejected mass was2.4 M,, the nickel mass was 0.06 M,,

and the energy of the explosion wad..6 foe.

Another scenario was modeled by the KEPLER stellar evo-
5.1. Comparison with other models lution and hydrodynamic code based on the assumption that th
progenitor of SN 1993J lost its outer H envelope due to mass
For the examined Type lIb SNe the physical parameters of batansfer to a binary companian (Woosley et al. 1994). Atitne t
the envelope and the core were determined by several authofshe explosion the H envelope mass waa00.05M, and the
Here we compare all of the available parameters with theegaluadius of the star was §41)-10'° cm. In this model @7+0.01M,
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of 56Ni was produced during the explosion, and the ejected m&l 2aw, and 2013ej. Tadlé 7 shows the observational piepert
was found to be about 1.2 M of these events.

The radius of the progenitor star was estimated by While fitting these SNe, we use a constant density profile for
Young et al.|(1995) aRga = (2 4)- 10 cm, while the nickel the inner core, while the outer H-rich envelope has a poawer-|
mass was found to bkly; ~ 0.1 M. The ejected mass settleddensity distribution. The constant-density approxintatigas
in the range of 1.9 - 3.5 M [Young et al.|(1995) used a H-richfound to work surprisingly well for fitting the plateau phase
atmosphere wittMgg ~ 0.1 - 0.5 My andRge1 ~ 1013 cmto  Type IIP SNe except for the early cooling phase (Arnett & Fu
represent the extended envelope due to the mass-loss afthe|p989;| Nagy et &ll 2014). The power-law density profile with
genitor just before the explosion. n = 2 is an acceptable choice if we assume a steady stellar wind,

The explosion of SN 1993J was also calculated witsimilartoMoriya et al.[(2011). In the outer shell the endargyut
both  STELLA and EDDINGTON hydrodynamic codedrom recombination was neglected because of the low eneelop
(Blinnikov et al.[ 1998). In these models0T3M, of °6Ni was mass and rapid cooling in this region. However, tffe@ of the
found, and 155M, mass was ejected witk.re ~ 1.2 foe. recombinationisimportantin the inner core, because réimen
Although these four calculations appliedidient scenarios, thetion is responsible for the appearance of the entire plgtbasge.
obtained results are in the same parameter range and also shtier the plateau phase, the LC follows the time-dependefce
a good agreement with our model parameters, except for the decay of radioactive cobalt. In most cases gamma-ray lea
kinetic energy (Tabl&]5) which is usually overestimated ty t kage was found negligible. The two exceptions are SN 1987A
semi-analytic LC fitting codes. and 2013ej, where theffect of gamma-ray escape was taken

A hydrodynamic calculation for SN 2011fu was presentgdto account by setting,, ~ 2.7 - 10° and 3- 10* day?, respec-
by/Morales-Garfforo et al. [(2015), assumiriyq = 3.13-10'3  tively. Note that for SN 1987A the gamma-ray leakage was also
cm, Mggre = 3.5 Mg, Ecore = 1.3 foe andMy; = 0.15 M,. The examined by Popov (1992). In that study the characteristie-t
significant diferences between these values and our estimasesle of the gamma-ray${) was 500 - 650 days, which shows a
are probably due to usingfiérent distances and extinctions durreasonably good agreement with our result 0%, ~ 520 days.
ing the calculation of the bolometric light curve. Nonetres,

our approximate parameters are in the same order-of-matgit
as the hydrodynamic results (Table 6).

Note that the light curve of SN 2011fu was also fit by z .| SN1987A Mod;Fgé?énf'tcri((:aL:%)‘ . ]
Kumar et al. [(2013) with the analytic model bf Arnett&Fu & Model shell LC (n=2)----
(1989). They deriveRygre = 2 - 10 cm, Meore = 1.1 Mo, z Model combined LC——
Mni = 0.21 My, andEye = 2.4 foe for the inner He-core, while £ 10 &
for the outer hydrogen envelofng = 10 cm, Mg = 0.1 5

Mo andEgg = 0.25 foe were found. These estimated values are
in a good agreement with our results, which is expected lsecau

H
3

Type IIP supernovae

T T T

150 200 250 300 350 400

T T T
Bolometric LC e

both models apply similar physical modeling schemes. The mi & vogelomerie LS,
nor differences in the envelope parameters are due to ffeg-di  § : Model shell LC (n=2)-----
ences between the adopted density profiles, because Kualar et 2 10* Model combined LC——
(2013) use an exponential profile fal) against our constant £

density model. Note that we also tested the application ef th 5 el

exponential density profile, but the shape of the genera@d L
showed better agreement with the observed data in the edinsta
density model, which is in accord with the results of ArnetE&

60 80 100 120 140 160
Time (day)

180

(1989).

Table 6. Model parameters for SN 2011fu

Fig. 8. Comparison of the bolometric light curves of Type IIP SNet§)lo
with the best two-component model fits. The green and blugesur
represent the contribution from the inner ejecta and theneldd H-
envelope, respectively, while the black lines show the dostbLCs.

Parameter Literature This paper The best model fits for Type IIP supernovae are summarized

K13l MG182 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

Reat (108 cm) 1.0 3.13 13 while the masses of the outer envelope are less thag.IThe
Mgnar (Mo) 0.1 0.3 0.12 total supernova explosion energies show a huge diversity, b
Mcore (Mo) 11 35 29 its reality is questionable as it may be simply due to thengro
Myi (Mo) 0.21 0.15 0.23 correlation between the explosion energy, the ejected avacs
Ecore (10 erg) 2.4 13 24 the progenitor radius (see elg. Nagy et al. 2014).

References. (1) |[Kumar etal. [(2013); (2)_Morales-Gdforo et al.

(2015).

6. Model fits to Type IIP supernovae

6.1. Comparison with other models
6.1.1. Normal Type IIP SNe

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

In order to derive the model parameters of Type IIP SN, we fit For SN 2004et, 2005cs, 2009N, 2012A, and 2012aw the
the LCs of SNe 1987A, 2003hn, 2004et, 2005cs, 2009N, 2012%mparison between the results of our semi-analyticalt ligh
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Table 5. Model parameters for SN 1993J

Parameter Literature This paper
S94  u94# w94 Y95t BOg

Renel (102 cm) 2.1 3.2 4.0 3.0 433 3.0

Mghet (Mo) <09 01 0.2 0.3 0.2 0.1

Meore (Mo) 4.0 2.4 1.2 2.7 2.3 2.15

Mni (Mo) 0.08 0.06 0.07 0.1 0.073 0.1

Ecore (10%erg) 1.1 1.6 1.3 1.0 1.2 2.4

References. (1)IShigevama et al. (1994); (2) Utrobin (1994),(3) Woostewl. (1994), (4) Young et al. (1995), (5) Blinnikov et al9gB).

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 1(2013), (2) Suntfie® Bouchet (1990), (3) Evahs (2003), (4) Krisciunas etlal.0g0 (5) Zwitter & Munati

(2004), (6)LKloehr [(2005),(7)_Nakano et al. (2009), (8) Mmdrewton & Puckett| (2012), (9) Fagotti ef al. (2012), (LOmkat 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
Ro (102 cm) 2.9 10 16 40 42 68 12 20
Mej (Mo) 8.6 0.1 10.6 0.3 11.0 1.1 8.0 0.3
Mni (Mo) 0.069 - 0.025 - 0.06 - 0.002 -
Ewt (10°terg) 1.52 0.42 3.2 1.2 1.95 1.29 0.48 0.814
Exin/Etn 11.7 20 1.67 11 2.25 13.3 2.0 57.1
k (cm?/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 2013¢j
core envelope core envelope core envelope core envelope
Ro (10 cm) 14 30 17 40 29.5 45 29 68
Mej (Mo) 7.5 0.12 8.0 0.82 20 1.0 10 0.6
Mni (Mo) 0.016 - 0.01 - 0.056 - 0.02 -
Ewt (10°*erg) 0.8 0.61 0.8 1.0 2.2 1.0 1.45 1.39
Exin/ Eih 1.67 60 1.67 19 2.67 9 3.14 14.4
k (cm?/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 caltion by Valenti et al. [(2014). Fraser et al. (2014) estimatesl
lations was already presented in a previous paper (Nagy etmbgenitor in the mass range of 8 - 15.5 flom the luminosity
2014). on the pre-explosion images. Hydrodynamic calculationSfo
For SN 2003hn neither hydrodynamic calculations nor and213€i was published by Huang el al. (2015), assumiffiNa
lytic models are available in the literature at present. mass of 02+ 0.01 Mo. Their model was computed by semi-
_ ) _ analytic and radiation-hydrodynamical simulation as ywehich
The radius of the progenitor star of SN 2013ej was found Welds a total energy of (@ — 2.1)- 105 erg, an initial radius of
be in the range of (8—4.2)-10* cm with a simple analytic func-
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Type IIP supernovae Type IIP supernovae
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Fig. 9. Comparison of the bolometric light curves of Type IIP SNet§)lo Fig. 11. Comparison of the bolometric light curves of Type IIP SNe
with the best two-component model fits. The green and blugesur (dots) with the best two-component model fits. The green dod b
represent the contribution from the inner ejecta and theneldd H- curves represent the contribution from He-rich core andetttended
envelope, respectively, while the black lines show the doetbLCs.  H-envelope, respectively, while the black lines show thalsimed LCs.

Type IIP supernovae

6.1.2. SN 1987A, a peculiar Type IIP SN

Bolometric LC e J
. Ni0Gel Sl LC (=) SN 1987A was a peculiar Type IIP explosion event. The proge-
Model combined LC—— nitor of SN 1987A was a blue supergiant star (BSG), named Sk
-69 202 (for a review, see, e.q., Arnett et al. (1989)). Th&BS
progenitor indicates that during the stellar evolution thass-
P 1 1 1 1 1 1 y loss was significant. Thus, in this case we assume that olir she
0 50 100 150 200 250 300 350 400 450  model refers to a mass-loss event shortly before the suparno
Bolometric LC o explosion, which may create a low-mass circumstellar nmadiu
WAyt s 3 (CSM) around the progenitor. So, for fitting SN 1987A we use
Model combined LC—— only the estimated parameters of the core configurationto-co
pare with other models.
The fundamental quantities of SN 1987A were calcu-
‘ o ‘ ‘ ‘ ‘ ‘ ‘ lated with numerous ¢fierent models by several authors
20 40 60 8 100 120 140 160 180 200  (Arnett& Fu11989; Blinnikov et dl. 2000; Nomoto etial. 1987,
Time (day) Shigeyama et al. 198[7; Utrobin & Chugai 2005). The LC of this
Fig. 10. Comparison of the bolometric light curves of Type IIP SN&Ventwas analyzed by Blinnikov et al. (2000) with the hygrod
(dots) with the best two-component model fits. The green dud bnamic code STELLA. That calculation assumed that the ejecte
curves represent the contribution from the inner ejectala@éxtended mass was 14M,, the kinetic energy was1+0.3 foe and the ra-
H-envelope, respectively, while the black lines show thaisimed LCs. dius of the progenitor star was abou4 3102 cm. The hydrody-
namic calculation of Shigeyama el al. (1987) estimatedttieat
3 radius of the progenitor star should have been abouB)110'?
(1.6 - 4.2)- 10*° cm, and an envelope mass of 10.4 - 10.6.M¢m_ |n that publication an ejected mass of 7 - 19 &hd an ex-
More recently, another seml-analyncal moc_jel calculaiomre plosion energy of 2 - 3 foe was found. Another hydrodynamic
given byl Bose et all (2015) which resultedVh; = 12+ 3 Mo, model was presented by Nomoto et Al. (1987), which predicted
Ro = (3.1+0.8)- 10" cm, Eyt ~ 2.3 foe andMy; = 0.02+0.002 11.3 M,, for ejected mass, 0.07 Mfor the initial nickel mass
Mo. These parameters are very similar to our results listeddRd 1.5 foe for the explosion energy. The LC of SN 1987A was

SN2009N

Luminosity (erg/s)
B [
EN N
= 9
T
L

[N
N
S
T
L

T T
SN2012A

10*2

10"

Luminosity (erg/s)

Table[9. also analyzed by Utrobin & Chugai (2005), and their hydrody-
. namic model presents an ejected mass of 4,8\kinetic energy
Table 9. Model parameters for SN 2013¢j of 1.5 foe, a nickel mass of 0.077Mind a radius of 24 - 102

cm. The physical properties of this supernova was also calcu-
lated by Arnett & FL[(1989) with the values Bf = 1.05- 10*?

Parameter Literature  This paper cM, Mj = 7.5 Mo, it ~ 1.5 foe, andMy; = 0.075+0.015 M.
B15' H1% The fundamental parameters of SN 1987A were also inferred by
Imshennik & Popov|(1992). They found that the radius of the
Ro(10*cm) 3.1 2.2 2.9 progenitor was (B— 2.8)- 10'2 cm, the kinetic energy was 1.05
Mej (Mo) 12.0 105 10.0 - 1.2 foe, the ejected mass was 15.9 &hd the nickel mass was
Mni (Mo) 0.018 0.02 0.02 0.071 - 0.078 M. The comparison of all of these parameters
Ewt (10°'erg) 23 14 1.45 with the ones from our LC fitting code can be found in Table 10.
From Table 1D it is seen that the numeroti®ets for mo-
References. (1)Bose et &l.[(2015); (2) Huang et al. (2015). deling the LC of SN 1987A led to quite filiérent physical para-

meters. This is especially true for the ejected mass, whixe-a
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tor of 2 disagreement between the results from the early agigrs involved in the LC modeling (e.d., Arnett & Fu 1989;

modern hydrodynamic codes can be found. The ejected mhasshennik & Popov 1992; Nagy etlal. 2014). If one, for exam-

from our semi-analytic code, as well as the other parametepke, assumeblsj ~ 15 M, ejecta mass, it is possible to find e.g.

are consistent with these hydrodynamic results. It is that t a kinetic energy that is physically realistic and the modedga

the semi-analytic code tend to predict somewhat lower efecigood fit to the observed LC. The same is truefty < 10 M,

masses than some of the modern hydrocodes, but ffezetice which needs loweE,j,, but still in the ballpark, to get almost the

is not higher than the fferences between the results from varsame fitting. This is clearly a caveat of SN LC modeling, which

ous hydrodynamic calculations. should be kept in mind when interpreting the SN parameters in
Although some major dlierences can be noticed between thierred from pure LC fits.

published results (especially Me;), the calculated parameters

are in the same order-of-magnitude, and our estimates are _?n . .

tirely consistent with these parameter ranges. Howevehngitild /- Expansion velocity of CCSNe

be kept in mind that in analytic models, which use the coristaty, additional test of the LC models can be made via the com-
opacity approximation, the correlation betwaeandMe; (Sec. parison of the expansion velocities derived from the betindi
3.2) has a significantfiect on the estimatelle;. Thus, in these | ¢ models with the observed ones. We apply Eq. 11 to calculate
models the ejected mass may be constrained only within arfaghe expansion velocities of the SNe under study, and these va
of two, if the assumed opacity is chosen between 0.1 - 03¢m yes can be compared with the available velocities from spect
_In'the last row of Tabl€ 10 we show the mean light curvg:opic measurements collected from literature. Sincexpare
time-scales, which is equal to théective difusion time-scale, sjon velocity (the maximum velocity in the applied semi-gtia
ta = V2l ~ 189 10 (k*Mg;/En)"/* days (Arnelt 1980; model) cannot be measured directly, we use the observed pho-
Arnett et all 1989), as inferred from the parameters of tfiedi tospheric velocitiesugn) from early and late-time spectra as
ent models (assuming ~ 0.2 cn?g™* for those that were not a proxy for the expansion velocities (see also_Wheelerlet al.
computed with constant opacity). This quantity is roughlg-p [2015).
portional to the risetime to the LC peak (or the length of the As a first approximation, we compare the expansion veloci-
plateau in Type IIP SNe) in the constant-density model. Sintles of the envelopeg.) with the earliesty, values, when the
at least half of the models (S87, N87, BOO, UCO5) listed in T@hotosphere is likely in the outer envelope (seele.g. Matyal.
ble[10 were not computed with the constant density approxingD11). For the core expansion velocitieg,), we use the late-
tion, this parameter is less applicable to those modelsgént phasevp, values measured around the middle of the plateau
erally it gives an good estimate of thelative peak times of the phase. Table11 an@ 112 list these data for the envelope and the
different models. core, respectively.

It is interesting that the models predicting more ejectagnas
(Mgj > 10 Mg) all havety > 70 days, while the models with Table 11. Velocities of the outer envelope of the modeled SNe
less massive ejecta consistently have peak times less than 7
days. Although for models with recombination taken into ac-

count the actual LC peak time is somewhat longer tiaae.g., Supernova Modelgsy Observed,, Reference
Arnett & FU1[1989), it is true that the models having longer [103kms?] [10°km 55]

tend to show later peaks than the models with shagte€om-

paring thety values in Tabl€_J0 with the observed peak time of SN 1987A 28.3 ~30.0 1

SN 1987A (4 ~ 90 days, Figl B upper panel), it is seen that for SN 2004et 15.7 ~14.0 2

the models with lower masse#§; < 10 M) the inferredty SN 2012A 16.2 ~10.0 3
parameters are consistent with the observed peak time. SN 2012aw 14.2 ~12.0 4

Concerning the more massive models, the AF89-2 modet
(Mgj = 15 Mg, tg = 91 d) is still more-or-less consistent withReferences. (1) [Hauschildt & Ensman (1994), (2) Utrobin & Chugai
the observed LC peak, but the other three models (IP92, B(®D09), (3) Tomasella et al. (2013), (4) Bose etlal. (2013).

UCO05) tend to predict longer peak times than observed. This

may not be surprising as far as the BOO and UC05 models are Note that the explosion velocities derived from LC model-
concerned, because those are radiative hydrodynamicalsjodng are always somewhat uncertain due to the correlation bet
for which the simple analytic estimate from the constant-deween the ejected mass and the kinetic energy (see e.g. Nagy et
sity model may not be applicable. However, the model of IP@D14). This may result in significant systematiiset in the
(Imshennik & PopaV 1992) is also a semi-analytic model whiahodel velocities. Thus, we are able to estimate the expansio
uses similar approximations to our one in this paper. Thus, i velocity only within a factor of~ 2. Considering these circum-
not clear why this model is able to fit the observed peak of tlseances, the range of the observed velocities in Table 111&hd
LC of SN 1987A, while it has the longest predictgdamong are in reasonable agreement with our model values.

all models listed in Table10. When compared with the AF89-2 We also check the correlation betwagge andvg.e for both
model (Arnett & Fi1 1989), which also hadej = 15 Mg, itis Type llb and Type IIP SNe. As Fig. 112 shows, these two types of
seen that the latter one has a factor of two higher kineticggne explosion events appear to be separated in velocity spgpe. T
than the IP92 model. Since higheg, causes the computed LClIb SNe have larger velocities in both regions, while for &yp
to peak earlier, the AF89-2 model with highEg, looks more 1IP SNe onlyvg,qi may reach higher values. Theffdirences in
plausible for fitting SN 1987A than the IP92 model. veore €CaN be explained by the fiiérence between the fitting pa-

It is concluded that the cause of the wide range of thrameters, especiallylej and E,in. Because the kinetic energies
predicted physical parameters listed in Table 10, in adiditiare in the same order of magnitude, while the ejected magses f
to the already discussed issues such as the constant opgpe IIP-s are 10 times lager than for Type llb-s, the inférre
ity approximation and the opacity - mass correlation, is-supelocities for the latter are lower, in accord with simpleypical
posedly the strong correlations between practically athpa expectations.
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Table 10. Model parameters for SN 1987A

Parameter Literature This paper
S87 N877 AF89-1 AF89-2 IP92 BOC® UC0Z

Ro(102cm) 2.0 45 1.05 0.75 23 34 244 2.9
Mej (Mo) 85 11.3 7.5 15 15 147 18 8.6
Mni (Mo) <01 0.07 0.075 0.75  0.075 0.078 0.077 0.069
Ewn (10°%rg) - - 1.0 2.0 1.1 11 1.5 1.4
Ew (10°%rg) 25 1.5 15 3.0 - - - 1.52
ty (day) 63.4 785  64.1 90.6  118.7 103.4 111.4 63.6

References. (1) |Shigevama et al. (1987); (2) Nomoto et al. (1987);.(3) éiri& Fu (1989); (4) Imshennik & Popov (1992) (5) Blinnikovalt
(2000); (6)_Utrobin & Chugai (2005).

envelope, although for Type llb-s the envelope is much more
extended than the core, unlike in Type IIP models.
There are a number of caveats in the simpl&udion-

Supernova Modealere Observedp, Reference

[10°kms"] [10°kms™] recombination model applied in this paper, such as the gssum
tion of constant opacity in the ejecta, which naturally teni

SN 1993J 13.7 ~14.0 1 the accuracy of the derived physical parameters. Althohgh t
SN 2011fu 13.5 13.0-140 2 Thompson-scattering opacity approximation simplifiessthea-
SN 1987A 5.22 20-35 3 tions, the used opacity lose its physical meaning and besome
SN 2004et 4.25 3.3-3.6 4 only a fitting parameter. But the average opacities from the
SN 2005cs 2.58 1.0-15 5 SNEC hydrodynamic model show adequate agreement with the
SN 2009N 3.33 25-30 6 frequently used opacities in literature and also with oupliap
SN 2012A 3.23 ~3.0 7 «-s. Another limitation is the uncertainty of the explosicate]
SN 2012aw 3.65 34-36 8 which may cause 5 - 50 % relative errors in the derived phy-
SN 2013ej 4.28 ~4.6 9 sical parameters. Despite of these issues, by using sirapie s

analytic models one can estimate the initial parametersi®f t
(Rz%f ﬁ};nce?s) (1|)_arz§:)t§| eett ;l- gg%g ((24);' M&gﬁisrf;fgrlo e}’?(‘)llo rogenitor and the SN with an order-of-magnitude accuracy.
), al. A A v y . H . .
(5) [Pastorello et all (2009). (B) Takals et al. (2014).(inaseliaetal. . Lne final results in Section 5 and Section 6 show that Type
(2013), (8) Bose et al_(2013), (9) Huang et al. (2015). [IP SNe have the most extended envelopes_ having |n|_t_|aJI oa&d|_
~ 10" cm, which is in good agreement with the radii of their
presumed RSG progenitors. For these events the ejected mass

45000 — ; ; ; of the inner regionNlcyre) is about an order-of-magnitude larger
93 than that of Type llb SNe, which is consistent with théfeh
40000 ¢ . 1 rent physical state of their progenitors (e.9. Woosley ¢t @94;
Heger et al. 2003).
- 35000 o 11 In the difusion approximation it is important that the contri-
€ 30000 04et . ] butions from the two dferent components should be well sepa-
< aon rated. To fulfil this requirement, the fllision time-scale of the
£ 25000( 1 photons in the outer envelope must be much lower than that of
> 05es 1S the inner core. If this is so, the first LC peak can be explaased
20000 “ 1 mostly due to the adiabatic cooling of the shock-heatedcH-ri
150001 12§+03pn | envelope, Whe_re there is no energy input other than the tderm
128w energy deposited by the initial shock wave. Thus, at veriyear
10000 L—: ‘ ‘ ‘ phases the contribution of the outer envelope dominatekithe
2000 6000 10000 14000 18000 minosity. On the contrary, the second LC peak is powered by
Veore (KM/S) radioactive decay of°Co and the recombination of H. The e-

nergy input from these mechanisms onlytdses through the
i:r,mer core before escaping as observable radiation, becgus
ater epochs the outer envelope already became stronglgdil
thus, its défect on the light curve is negligible (Figl. 7).

From the model parameters presented in Table 4 and Ta-
8. Discussion and conclusions ble[8 the &ective difusion time-scaléy can be inferred, which

weakly depends on the density profile. For the inner core this

We showed above that for Type IIP SNe a two-component ejegi@rameter also represents the rise time and the LC widthpe Ty
configuration can be appropriate to model a double-peaght lillb and Type IIP SNe, respectively. The typical calculatgdal-
curve with a semi-analytic ffusion-recombination code. Thisues for Type IIP SNe are 80-100 days, while for Type Ilb they
ejecta configuration is similar to the one used for Type lIleSNare~ 20 days, which are in reasonable agreement with visually

Fig. 12. Expansion velocities of Type llIb (blue squares) and Type Il
(red dots) supernovae.

Article number, page 12 6f13



A. P. Nagy & J. Vinké: Light curve model of core-collapse supevae

specified LC properties. Also, it can be shown than the core

is at least 2 times higher than in the envelope for both TypPe (i

Bessell, M. S., Castelli, F.,, Plez, B., 1998, A&A, 333, 231
nnikov, S. |., Eastman, R., Bartunov, O. S., PopolitovAy, et al, 1998, ApJ,

496, 454

and Type Ilb compositions. Thus, the two-component modelgnikov, S., Lundgvist, P., Bartunov, O., Nomoto, K., ¢4 2000, ApJ, 532,
given in Table€’¥ and]8 are consistent with the assumption that132

the photon diusion equations in the two components can kﬁf;

solved separately.

Note, however, that the Type I[IP models may not be entire

self-consistent, because in those cases the radius ofveopa

is only 2 times higher than that of the core. In this case rag|
ing the dfect of the radioactive heating in the outer envelope m

not be fully justifiable. This means that the inferred enpelpa-

rameters in Tablel8 are much more uncertain than the paresn

of the core. In spite of this uncertainty, the envelope patans

nikov, S. & Popov, D. V., 1993, A&A, 274, 775

e, S., Kumar, B., Sutaria, F., Kumar, B,, et al., 2013, MI$R483, 187
Bose, S., Sutaria, F., Kumar, B., et al. 2015, ApJ, 806, 160

ssisi, S., Potekhin, A. Y., Pietrinferni, A., Catelan, Bt al., 2007, ApJ, 661,

Chatzopoulos, E., Wheeler, J. C., Vinké, J., 2012, A[])_J,Zggﬁ,

eCiabattari, F., Mazzoni, E., Jin, Z., et al., 2011, CBE

Chugai, N. N., Chevalier, R. A., Utrobin, V. P., 2007, ApJ266136

ssart,L., Hillier, D. J., 2011, MNRAS, 410, 1739
Dhungana, G., Vinko, J., Wheeler, J. C., Silverman, J. ML2TCBET, 3609, 4
Eldridge, J. J., Izzard, R. G., Tout, C. A., 2008, MNRAS, 38409

eff®ans, R., 2003, IAU Circ., 8186

Fagotti, P., Dimai, A., Quadri, U., et al. 2012, CBET, 3054, 1
Ferguson, J. W., Alexander, D. R., Allard, F., Barman, Talgt2005, ApJ, 623,

occupy nearly the same regime as the CSM masses in the hysgs

brid ejectae CSM models calculated by Moriya et al. (2011). A

ilippenko, A. V., 1997, ARA&A, 35, 309
aser, M., Maund, J. R., Smart, S. J., Kotak, R., et al., 2DIMRAS, 439, 56

far as the Type llb models are concerned, the parameters in d@bbeek, E., Gaburov, E., de Mink, S. E., Pols. O. R., e2a09, AGA, 497,
ble[4 are also in good agreement with the resulis by Nakar & Pir 255

(2014) who estimated the envelope masses and the maxi
radii of the core in stripped-envelope SNe.

The two-component semi-analytic model presented in t
paper may be a useful tool for deriving order-of-magnitusie e
mates for the basic parameters of Type IIP and llb SNe, whi
can be used to narrow the parameter regime in more detaile
mulations. The model can predict reasonable parametdosfor gioehr, W., 2005, 1AU Circ., 8

sberg, E. K., Imshennik, V. S., Nadyozhin, D. K., 1974&8S, 10, 28
sberg, E. K., Nadyozhin, D. K., 1976, Ap&SS, 44, 409
Hamuy, M., 2003, ApJ, 582, 905
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gpben, D., Bildsten, L., 2010, ApJ, 717, 245
im, M., Zheng, W.,, Li, W., FiI’in%er}Lko, A. V., 2013, CBET, 3601

the inner core and the outer envelope. It can fit the entire LKgsciunas, K., Hamuy, M., Sunt#le N. B., Espinoza, J., et al., 2009, AJ, 137,

starting from shortly after shock breakout throughout the ef
the plateau and extending into the nebular phase.

An obvious advantage of the semi-analytic code with respég@famany 3 Li W.. Chornoc

34
Kumar, B., Pandey, S. B., Sahu, D. K., Vinké, J., et al., 20ARRAS, 431, 308
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sson, J., Fransson, C., Kﬂ(aer, K., Jerkstrand, A., gp@l.3, ApJ, 768, 89
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execution time, which is- 2 minutes on a Core-i7 CPU, com-

Maguire, K., Di Carlo, E., Smartt, S. J., Pastorello, A.,le@10, MNRAS, 404,

pared to~ 10 hours needed to complete a model LC with SNEKoore, B., Newton, J., Puckett, T. 2012, CBET, 2974, 1
(not to mention the more sophisticated hydrocodes that may ¥orales-Garéora, A., Elias-Rosa, N., Bersten, M., Jerkstrand, A., et2Al15,

quire orders of magnitude longer time on supercomputers).
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ters of the semi-analytic code, likeMe;
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meaning, thus, it should be considered only as a fitting pararakar, E., Piro, A. L., 2014, ApJ, 788, 193
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SN atmosphere. With this limitation, the results from th@tw

component LC model are consistent with current state-efait
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