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ABSTRACT

Early light curves of many core-collapse supernovae (SNe) are thought to be powered by the interac-
tion of the shock wave with optically thick extended material, either a bound envelope or preexplosion
ejected circumstellar matter (CSM). We analytically analyze the early emission produced by a shock
with velocity v traversing a material of mass M, and opacity x extending to radius R, and show the
emission varies qualitatively with varying 7, = kM, /(47R?): For 7, > c/v a shock breakout occurs near
R, producing an “edge breakout”- a UV-dominated breakout burst followed by “cooling emission” of
the shock-heated material; for 7, <c/v a “wind breakout” occurs- the breakout pulse is prolonged and
followed by extended emission shifting from UV to X-ray as the shock becomes collisionless. We derive
the dependence on {v, K, Me, R} of the duration and luminosity characterizing the different emission
phases, and show that current observations typically do not allow inference of all parameters. In par-
ticular, since the optical bands lie in the Rayleigh-Jeans tail of radiation emitted during the cooling
phase, the observed cooling luminosity depends weakly on radius, o R;/ 4, leading to 1 — 2 orders of
magnitude uncertainty in its inferred value. This suggests, e.g., that the common day-scale light curve
features in Stripped-Envelope SNe do not necessarily imply material extending to R, ~ 10°R and are
often consistent with low-mass R, ~10?R bound envelopes. Early multiband coverage (especially in
UV/X-ray) can break these degeneracies; the forthcoming ULTRASAT UV mission will allow inferring

the properties of extended material around the population of SNe progenitors.

1. INTRODUCTION

The early, hours-to-day, supernovae (SNe) emission
holds valuable information on the structure of the pro-
genitors and their environment. If the progenitor star’s
envelope is characterized by a sharp stellar surface, the
initial radiation emission from the explosion, termed
“shock breakout”, occurs as the radiation-mediated
shock (Weaver 1976) reaches this stellar surface. When
the optical depth ahead of the shock drops to ~ ¢/v,
the escaping radiation produces a hours-long bright X-
ray/UV flash (Lasher 1975; Klein & Chevalier 1978),
followed by a days-long UV /optical emission from the
expanding cooling shock-heated envelope. Existing the-
oretical analyses (e.g., Nakar & Sari 2010; Piro et al.
2010; Rabinak & Waxman 2011; Katz et al. 2012; Sapir
et al. 2013; Sapir & Waxman 2017; Faran & Sari 2019;
Margalit 2022; Morag et al. 2023, 2024) provide a good
understanding of the radiation emitted during stellar
breakout and envelope cooling (see Waxman & Katz
2017, for a review).

With the advent of new wide-field high-cadence sky
surveys, early light curves are accessible for numerous
events, attracting significant attention and allowing us

to draw initial constraints on the SNe progenitors’ pop-
ulation as a whole. As described below, the observed
early light curves suggest that in many, perhaps most,
core-collapse SNe, breakout occurs not at a sharp stellar
surface but rather within optically thick extended mate-
rial. The extended material may be a circumstellar mat-
ter (CSM) from a preexplosion mass ejection event, or,
alternatively, be a low-mass extended bound envelope
(that may or may not be in hydrostatic equilibrium?).
Various suggestions have been made for the preex-
plosion mass ejection origin, which is not yet well un-
derstood, including: pair instability pulsations (e.g.,
Rakavy & Shaviv 1967; Woosley et al. 2007), binary
interaction (e.g., Chevalier 2012; Soker & Kashi 2013),
radiation-driven instability (e.g., Sudrez-Madrigal et al.
2013), unstable late-stage nuclear burning (e.g., Smith
& Arnett 2014; Woosley 2015), dissipation of internal
gravity waves driven by core burning (e.g., Shiode &

1 Fuller & Tsuna (2024), e.g., recently suggested that the extended
material around RSGs is a quasi-steady dense chromosphere that
is supplied by outgoing shock waves, inflating the star to a few
times its original radius.
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Quataert 2013; Fuller 2017; Fuller & Ro 2018), and
core magnetic activity (Cohen & Soker 2024). Intense
mass-loss episodes challenge the canonical picture (e.g.,
Langer 2012) of a rapidly evolving core surrounded by
a nearly time-independent envelope. Information on
the structure of the progenitor star, on its envelope na-
ture, and on its mass-loss history close to the explosion,
is highly instructive for the study of the SN explosion
mechanisms, and the impact of the progenitor structure
on their different apparent types, which are not fully
understood despite many years of research.

CSM breakouts are interesting both because their ob-
servations provide information on the progenitors and
their preexplosion evolution, as shown recently for SN
2023ixf, and also because they may be the sources of
several classes of powerful transients: they are consid-
ered as possible explanations of (at least part of) the
superluminous SN class (e.g., Ofek et al. 2010; Cheva-
lier & Irwin 2011; Ginzburg & Balberg 2012; Moriya
et al. 2013), of the early emission of SNe IIn (e.g., Ofek
et al. 2014a; Drout et al. 2014; Ibik et al. 2025), of X-
ray flashes and low-luminosity «-ray bursts associated
with SNe Ib/c (e.g., Tan et al. 2001; Campana et al.
2006; Waxman et al. 2007; Soderberg et al. 2008), and
of SNe with prominent X-ray emission lasting from days
to years (e.g., Ofek et al. 2013; Levan et al. 2013; Ofek
et al. 2014b; Chandra 2018).

A recent large sample study of regular type II SNe
with early optical-UV observations (Irani et al. 2024)
shows that CSM-free models account very well for about
half of the population?, while the light curves of the
other half, showing days-long rise of bright luminosity
and high color temperature, are inconsistent with en-
velope cooling emission and suggest a shock breakout
within an extended CSM at many thousands of Rs. Re-
cently, Wasserman et al. (2025) presented solutions to
the problem of shock breakouts within a CSM “wind”
density profile, p o r72, describing the evolution of
the plasma and radiation field, including the transition
from radiation-mediated to collisionless shock, showing
that if Ry, is not at the edge of the CSM, there is a
transition from UV to X-ray emission that is not sig-
nificantly suppressed by propagation through the CSM.
The prevalence of dense CSM around SNe II progeni-
tors is further supported by growing observational evi-
dence, such as “flash spectroscopy”, systematic analyses
of precursor bursts associated with preexplosion mass
ejection events, and detailed studies of the CSM struc-

ture of nearby SNe like SN2023ixf (see Wasserman et al.
2025, and references therein for detailed observational
evidence of CSM prevalence).

Another exciting discovery is that many hydrogen-
poor core-collapse SNe, sometimes referred to as
Stripped-Envelope SNe (SESNe) as they are thought
to have shed or been stripped of most/all of their
outer hydrogen envelope, consisting of the types IIb and
Ib/c, show a very early, prominent optical peak/bump,
or emission “excess” in their light curves on a day
timescale. The second “standard” peak is on a timescale
of weeks and is clearly powered by the decay of ®°Ni,
giving these events the name “double-peak” SNe®. Re-
cently, Ayala et al. (2025) found that 30 — 50% of their
large early detected IIb sample exhibits this early peak
(see also Crawford et al. 2025, for systematic charac-
terization of early IIb peak properties), and Das et al.
(2024) estimated it is found in almost 10% of Ib/c.

These early peaks are usually attributed to cooling
emission from shocked extended material?, with the first
well-known example of the nearby double-peak type IIb
SN1993J, whose progenitor was suggested to have an
extended envelope of ~ 0.2My (Hoflich et al. 1993;
Woosley et al. 1994). Existing theoretical analyses
(Nakar & Piro 2014; Piro 2015; Sapir & Waxman 2017;
Piro et al. 2021), as well as targeted numeric simula-
tions, have been recently used to probe the mass and
radius of the extended material producing these early
peaks for many events (e.g., Bersten et al. 2012; Nicholl
et al. 2015; Taddia et al. 2016; Arcavi et al. 2017; Frem-
ling et al. 2019; Ho et al. 2020; Jin et al. 2021; Ertini
et al. 2023; Das et al. 2024; Farah et al. 2025; Chiba &
Moriya 2025; Subrayan et al. 2025; Zou et al. 2025). For
SNe IIb, the extended material is typically assumed to
be a low-mass bound envelope which is thought to re-
main around their progenitors, consistent with the non-
variable nature of IIb progenitors in the years before
explosion, see Strotjohann et al. (2015) and Section 3.3,
while for SNe Ib/c, whose progenitors are suggested to
be compact stars that lost their envelopes, the extended

2 The models constrain the radius, composition, and the explosion
energy, and the derived progenitor radii are consistent with the
RSG radii distribution measured locally (Irani et al. 2024).

31t is important to note that the blue bands alone can also show
an early peak due to a decreasing temperature, which is generally
expected for a normal massive star (Nakar & Sari 2010; Rabinak
& Waxman 2011). We therefore emphasize that we consider the
events where the early peak is observed also in the red bands (see
Figure 1 of Nakar & Piro 2014).

4 Alternatively, some works also explain these early peaks as a
result of a double 5°Ni distribution (e.g., Bersten et al. 2013,
Orellana & Bersten 2022; Sharma et al. 2025), an interaction
with a companion star (e.g., Kasen 2010), or a internal engine
such as a magnetar (e.g., Kasen et al. 2016).
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material is usually attributed to a preexplosion ejected
CSM (although not supported by precursor evidence).

As noted also by Khatami & Kasen (2024), observa-
tions with incomplete time coverage and a limited num-
ber of bands, as is commonly the case for early SN obser-
vations, can sometimes be explained equally well as, e.g.,
the breakout emission from extended material, and as
the shock-cooling emission after significant expansion of
the shocked plasma. Such different interpretations lead
to widely different inferred values of the physical pa-
rameters of the progenitor and extended material. This
holds for both analytic and numeric models, especially
when the latter do not include a proper description of
key physical processes affecting the emission of radia-
tion (such as the generation of collisionless shocks, see
discussion in Wasserman et al. 2025).

In this paper, we map the properties of early emis-
sion produced by shock propagation through a spheri-
cally symmetric material shell of constant opacity with
total mass M, extending up to a sharp truncation ra-
dius R., with a stationary wind density profile, p oc 772,
This simple setting enables a clear analytic understand-
ing of the different emission phases in different regimes
of physical parameters, which may be generalized for a
wide range of density profiles®. We expect the results
to provide the correct qualitative behavior for density
profiles where a significant fraction of the mass, M., lies
near R, as is the case also for a polytropic profile. We
note that for shallow density profiles, e.g., p o 9, the
optical depth does not increase at small radii much be-
yond T, hence in this case the breakout will occur for
Te < ¢/v below the extended material shell.

The radial profile of the density in the ’truncation’
region beyond R, affects the breakout signal only if the
width A, over which the density decreases significantly
(see Figure 1) is large, A, 2 (¢/v)Re/Te. In this case,
the breakout signal will differ from that of the “sharp
truncation” case, A, < (c¢/v)Re/Te. In Section 2.1 we
detail how and when deviations from the simple p o
r~2 and sharp truncation density structure affect the
results, and we provide the expected modifications of
the emission properties.

Figure 1 describes the different characteristic radii of
the extended material that are defined below. The inner
radius of the material, which can be associated with a
surface of the progenitor star (if the extended material

Density

R, < Rbo Rbo Rph Re
Radius

Figure 1. A schematic description of the wind density pro-
file of the extended material, with the different characteristic
radii defined in the text, shown for the “sharp truncation”
case, A, < (¢/v)Re/Te.

is a preexplosion ejected CSM) or the radius of the com-
pact stellar core (if the extended material is a low-mass
extended envelope) is assumed small®, R, < Ry,. The
extended material mass is assumed to be much smaller
than the shock-driving ejecta mass M, < M,, such that
the shock velocity is approximately independent of ra-
dius”. In these limits, the results are independent of M,
and R,. Finally, we note that we do not include in our
analysis the contribution to the light curve from 56Ni
decay, and focus on the early light curve powered solely
by the shock interaction with the extended material.
The paper is organized as follows. In Section 2.1 we
derive the bolometric light curves obtained in different
regimes of the parameter space, and in Section 2.2 we
derive the characteristic radiation temperature during
the shock cooling phase of the emission. We analyze
the degeneracies in inferring the values of model param-
eters from observations of the bolometric light curves
in Section 3.1, and from optical bands observations of
the cooling emission in Section 3.2. The implications of
these degeneracies for the inferred properties of the ex-

6 For an estimation of the impact of larger R, for a polytropic
stellar profile see the appendix of Wasserman et al. (2025).

7 For analysis of the (slow) shock deceleration in the case of ejected

5 While observations do not yet provide stringent constraints on
CSM density structure or the ejection mechanisms, the results of
numeric simulations of mass ejection following energy deposition
in stars yield density distributions which are not very different
from a wind (see Wasserman et al. 2025, and references therein).

polytropic envelope driving the shock see Chevalier (1982), and
for analysis of the strong deceleration due to a very massive CSM,
as is thought to be the case in some very rare events like SN2010j1
(Ofek et al. 2014b), see, e.g, Ginzburg & Balberg (2012); Svirski
et al. (2012); Khatami & Kasen (2024).
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tended material around SESNe are discussed in Section
3.3. Our results are summarized, and their implications
are discussed in Section 4.

2. BOLOMETRIC LIGHT CURVES AND COOLING
EMISSION TEMPERATURE
The wind density and optical depth profiles (for R, <
R,) are given by
p(r) = Pe(Re/T)Qa (1)
7(r) = 1o(Re /7 — 1),

where

M, M, R, \°
= ¢ _ 1. 1 —13 -3 e e
Pe= frps ~ 1O 10T em (10—2M@) (103R@> ’

KM, M, R \ 2
= = 66 Ko.2 5
o =% 02 (57537, ) (o)

(2)
with kK = 0.2 cm? g~ ! kgo. Note that 7. is not the
total optical depth of the material, but rather the optical
depth at radii r ~ R, (for the wind case, it is the optical
depth at r = R./2). As we show below, this parameter
is the most important one for shaping the light curve.

Te

2.1. Bolometric Light Curves

As the shock velocity v = 10%cm s™'vg is approxi-
mately independent of radius (Section 1), the generated
shock luminosity is roughly time independent®

1
Lgn(r) = 4mr? x §pv3

_ M, R\
=1.4x 10* erg s™* v3 (102M®) (103R@> ,
(3)
where we used the wind density Equations (1)-(2). The
shock crossing time of the extended material is

R, 1 R
te = = 0.8 days vg <1O3R@) . (4)

The breakout and photosphere radii (see Figure 1) are
calculated from the optical depth profile, Equation (1)°

c/v\
Ry, = (1 + ) Re7

1\ !
Rph = (1 + > R..
Te

8 In the limit of wind breakout defined below, the shock becomes
adiabatic rather than radiative, but only at very large radii

r>20(1+ Qbmm)l/2 Ryo, where Qurem is the bremsstrahlung

to Inverse Compton emissivity ratio (Wasserman et al. 2025).

9 The requirement Ry < Rpo (see Section 1) then translates into
a lower limit on the material mass for the stellar effects to be

—1 4xR2
—e,

negligible, M. > < (1’;}— - )

It is evident that for 7, < ¢/v we have Rpo < Re,
while in the opposite limit both Ry, and R, are very
close to the edge Re, with Rpn — Rho = AR < Rpo.
These two limits separate between two qualitatively
different breakout scenarios and corresponding light
curves: a UV-dominated breakout burst followed by
“cooling emission” of the shock-heated material, and a
“wind breakout” deep inside the extended material shell
with a prolonged breakout pulse followed by extended
emission with spectral shift from UV to X-rays as the
shock becomes collisionless while propagating up to the
edge r = R, where the shock “emerges” out of the dense
material (see also Chevalier & Irwin 2011; Khatami &
Kasen 2024). Figure 2 describes the bolometric light
curves obtained in these different regimes, which we now
discuss in detail.

Following Ginzburg & Balberg (2012), the average
photon diffusion time from Ry, to Ry, can be estimated
by considering the density-dependent mean free path

Rpn _ 2
Atgir = / dllr = Fvo)] _ (m Fipn | Jfbo _ 1) Te Mo

Ryo C/(p/{) Ry, Rph
Z(lng—&—%—l) CT/‘“'U% Te K c/v,
(1—v/c)267/—:% c/v < Te,

(6)

where we used the wind density profile, Equation (1),
and the breakout and photosphere radii, Equation (5).
This reproduces (up to order unity factors) the known
limits for the breakout rise time of e Le

Lo Rpo/v in

c/v v
the wind breakout limit and CT/—:’% — (Rph — Ruo) /v =
AR/v in the edge breakout limit.

Figure 3 shows the breakout rise time as a function
of 7o. It reaches a maximal fraction of ¢, = R./v be-
tween the two 7, regimes, that can be found numerically,
and for v/c < 1 it is 0.43 R./v at 7, = 0.46 ¢/v. For
(¢/v)? < 7., the observed breakout rise time is smeared
by the light travel time to Rpn/c &~ Re/c, and the ob-

served breakout luminosity correspondingly reduces to
%Lsh (see right panel of Figure 2, and large 7, in
Figure 3)1%. We note that ~ R./c is the minimal light
smearing time, corresponding to a perfect spherical sym-
metry, and deviations from such a configuration, with
the shock reaching different radii at different angles, may
extend the light smearing time up to ~ R, /v.

For edge breakouts in density profiles with large A,,
Ay 2 C/—”Re = AR, the breakout signal will be modified

Te

10 In the wind breakout limit, the photosphere location converges
at (c/v)Rpo and the light travel time Rpp/c is shorter than the
intrinsic diffusion time of a few Ryo/v, see small 7¢ in Figure 3.

c/v v
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Figure 2. Schematic demonstration of early bolometric light curves powered by shock interaction with a wind extended material
that is sharply truncated at Re, at different regimes of the material optical depth 7. that set the location of Ry, (see text). The
time and luminosity scales, as well as the breakout rise time in the different regimes, are derived in the text.
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Figure 3. The breakout rise time normalized to the ex-
tended material crossing time, t. = Re/v, Equation (4), as a
function of e, that sets the location of Ry, (see text), with
v = 10° cm s™*. For 7. < (c/v)?, the breakout rise time
is given by the intrinsic diffusion time (blue), Equation (6),
with both limits of edge and wind breakouts presented in
dotted black lines. For (c/v)? < 7e, the observed breakout
rise time is smeared to the light travel time (orange).

compared to that obtained above for the sharp trun-
cation case, A, < CT/—CURE. The breakout will take place
within the material extending beyond R., and the break-
out signal properties will be determined by the den-
sity and shock velocity at the breakout position, with
Atno = ¢/kprovd, and Ly, = 2mR2pLovd, (see Katz
et al. 2012, who calculate the exact bolometric light
curves for breakouts in polytropic envelope density pro-
files, showing also that they are insensitive to the exact

density profile and determined mainly by the breakout
density and velocity). Taking, for example, a linear den-
sity profile vanishing at r = R.+ A, p = pe(z/A,) with
z = Re+A,—r, the breakout location z,, is determined
by T(2bo) = ¢/v(Zho), and accounting for shock acceler-
ation using the Sakurai self-similar solution, v oc p=9-19
(Sakurai 1960), we find that the breakout rise time is
extended compared to the sharp truncation case by a
factor 2f2:34 and that the breakout luminosity is re-
duced by a factor fi 2%, where fiune = A,/ (2%’Re).
As discussed above, the breakout pulse may be smeared
by light travel time if Atgig < Ro/c't.

In the wind breakout regime, Equation (6) can be in-
tegrated to obtain the breakout rise time for a general
density profile. In this regime, the shock continues to
propagate through the extended shell following break-
out, producing a luminosity comparable to the breakout
luminosity (tracking the density profile) until reaching
r = R,, at which point the emission abruptly decays as
the shock emerges from the shell. During propagation,
the radiation-mediated shock is converted to a collision-
less shock that heats the plasma to ~ 100 keV (Katz
et al. 2011). The collisionless shock develops when the
shock reaches r ~ 0.3R},, shifting most of the radia-
tion from the UV band to X-rays by the time the shock
reaches r 2 3Ry, (Wasserman et al. 2025), a radius
range relevant for 7, < 0.5 ¢/v, see Equation (5).

1 Note that the treatment of Khatami & Kasen (2024) to the case
of breakout in the decaying part of the density profile beyond Re
is not self-consistent: Assuming p o« r~? beyond R. and taking
the limit of infinite steepness p — oo, the resulting breakout
signal should converge to that of the sharp truncation case as
the optical depth of the material beyond Re vanishes.
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In the edge breakout regime, the breakout decay
timescale is similar to the rise time. At later times,
the emission is dominated by radiation escaping from
the shock-heated plasma, which expands at a velocity
~ v. The time at which the emission from this expand-
ing and cooling shell of mass M, reaches its maximum
luminosity is the time at which the shell’s optical depth
drops to ¢/v (Arnett (1982), and see Piro (2015) in the
context of expanding extended material)

t—&— [kMe [ Te Re
v Ndrew \c/vw

M, 1/2
101M,)

(7)
= 3.8 days 119_1/2/@5/22 (

This is also the timescale of emission decay after the
“cooling peak”. Note that t. > t. for 7o > ¢/v, so that
this cooling phase is indeed prominent only for the edge
breakout regime (in the wind breakout regime, the ex-
tended material would not have been fully shocked by
this time). The bolometric luminosity at the cooling
peak is set by the initial internal energy in the extended
material, and the adiabatic suppression to expansion

g 02 Be 2men?
L= 20 _ mcv® R _ c/vLSh' (8)

te K Te

It is smaller than the breakout luminosity.

For the most general density profile, there may be
distinct cooling emission peaks associated with different
concentrations of mass at different length scales. For
example, if we consider the complete density profile of a
compact stellar core surrounded by a low-mass extended
envelope, it will naturally exhibit two distinct cooling
peaks, as each of the components becomes “transpar-
ent”. The most clear way to examine a general den-
sity profile in this context is to draw dm(r)/d(logr) as
a function of logr, where m(r) is the enclosed mass,
such that each mass concentration at a different length
scale will correspond to a bump in this curve. The cool-
ing emission properties are thus only weakly sensitive
to the density profile of the extended material, as long
as a mass of scale M, is located at radii of scale R, in
other words, as long as a negligible part of M, is concen-
trated at very small length scales. For power-law profiles
p ~ r~ ™ this corresponds to n < 3 (and thus holds for
the wind density), and for polytropic profiles, this holds
for any polytropic index solution (of finite radius).

2.2. Cooling Emission Temperature

In the edge breakout regime, the bulk of the internal
energy generated by the shock in the extended mate-
rial evolves approximately in thermal equilibrium, such

that after adiabatic suppression, the emitted radiation
temperature at the cooling peak is

o (L 3Me®\'' R,
" \aBB RS vt

Y M, “U4 R \A
A R TNV 10°R, )

with ¢. of Equation (7). This temperature justifies ig-
noring recombination and using a constant opacity of
fully ionized material. Some works (e.g., Nakar & Piro
2014; Piro 2015; Piro et al. 2021) use instead the effec-
tive temperature (at the photosphere), derived from the
luminosity L. and radius R. of Equations (7)-(8). This
implicitly assumes that the radiation-matter coupling is
very strong, such that photons thermalize close to the
photosphere, and results in a temperature lower by a
factor of (c/v)'/* ~ 2. Even in cooling emission from
stellar envelopes, with much higher typical densities, the
coupling is not so strong, such that the observed tem-
perature is higher than the effective temperature (see
Nakar & Sari 2010; Rabinak & Waxman 2011; Sapir &
Waxman 2017). This is further supported by recent nu-
meric calculations of the temperature in these scenarios

by Chiba & Moriya (2025).

3. DEGENERACIES IN INFERRED VALUES OF
MODEL PARAMETERS FROM OBSERVATIONS

3.1. Bolometric Light Curves

Figure 4 shows the bolometric peak-luminosity, Lp,
and peak-time, t,, obtained in the different emission
phases derived in Section 2.1 as function of M, and R.,
with fixed v = 10° cm s™! and kK = 0.2cm? g~ !. Con-
tours are shown in the L, — t, plane for fixed M, with
varying R., and for fixed R, with varying M.

Partial and/or sparse temporal coverage of the bolo-
metric light curve, as is often the case for early SN ob-
servations (see, e.g., Figure 5), may not allow one to
determine which emission phase is observed, providing
only a rough estimate of L, and ¢,. The identification
of the emission phase may be further complicated by
the contribution, after a few days, of °°Ni decay. As
demonstrated in Figure 4, without an identification of
the emission phase the observed L, and t, may corre-
spond, over a significant fraction of the relevant L, —t,
plane, to different emission phases. The inferred val-
ues of M, and R, depend in this case on the assumed
emission phase (uncertainties in v and x further increase
the uncertainty in inferred M, and R, values). For the
longer timescales, t1q = L3, both shock emergence and
cooling phases may explain the same emission, together
with the wind breakout phase in part of the region (grey
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Figure 4. The bolometric peak-luminosity, Ly, and peak-time, ¢,, obtained in the different emission phases derived in Section
2.1 as function of M. and Re, with fixed v = 10° cm s ! and &k = 0.2cm? gfl. Contours are shown for fixed M, with varying
R. (dashed), and for fixed R. with varying M. (solid). The lower black line corresponds to the wind breakout limit, and the
Emergence and Cooling contours that cross into the (shaded) Breakout region have been removed for clarity of presentation.
The upper black line corresponds to the light travel time-smeared edge breakout limit, with limiting L, and ¢, obtained by
holding R. fixed and increasing M.. The peak luminosity is limited to Lss.5 < tlhvgﬁo__é. Over a significant fraction of the
relevant L, — t, plane, the values of M. and R. inferred from the observed L, and t, depend on the assumed emission phase.

shaded area in Figure 4). For short and bright emission,
tin &~ Lys.5, the light curve is controlled by light travel
time and is independent of M,.

While we considered in this section the morphology of
the bolometric light curve, it should be noted that de-
termining the bolometric luminosity from observations
over a limited wavelength range may not be straightfor-
ward, particularly since the spectrum may be far from
thermal, as expected for the wind breakout regime.

3.2. Optical Band Light Curves

During the cooling emission phase, the blackbody
spectral peak is located near 37T., with T, given by
Equation (9), implying that the optical bands lie, for
M, <1 Mg ( R ), at the Rayleigh-Jeans tail of the

spectrum. The optical luminosity is, in this case,
23
103 Rg

107 Ry
3/4
(tie) (i)

where A = 500 nm Asp9. While the bolometric cooling
luminosity, Equation (8), is linear in R, (as the radi-
ation energy is adiabatically decreasing with expansion

2
2me,.

ALy = “ALBB ~ Lan(vt,)?
C C

M.
10-1Mg

R

6.2 x 10% erg s~ Az v2kp/s

>1/4

beyond this radius), the optical luminosity (being linear
in the temperature) scales only as o R;/ 4

The optical emission during the cooling phase is deter-
mined by the cooling time, Equation (7), and the peak
luminosity, Equation (10). Since the cooling time is in-
dependent of R, and the luminosity depends only weakly
on R, the value of R, inferred from optical observations
during the cooling phase is typically highly uncertain,
as small uncertainties in v and in the observed t. and
L lead to 1 — 2 orders of magnitude uuncertainty in R,
(see also, e.g., Nakar & Piro 2014; Jin et al. 2021).

This conclusion is demonstrated in Figure 5, adapted
from Jin et al. (2021). The figure shows the light
curves of SN 2020bvc overlapped with their best-fit light
curve, modeled by radiation hydrodynamic simulations
of explosions within wind density profiles. They find
in their parameter grid two sets of parameter values
providing good fits, (E[10°? erg/s], Me[M], Relcm])
{(1.2,0.1,10%),(1.5,0.2,10'3)}. This result is roughly
consistent with our analytic scalings, Equation (7) and
(10), that predict similar cooling times and optical lumi-
nosities for the two sets of values. This point is further
demonstrated in Figure 6, showing the extended mate-
rial shock cooling model parameter set values inferred
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Figure 5. An example of degeneracy in the inferred val-
ues of parameters of the extended material shock cool-
ing model: ZTF optical light curves of SN 2020bvc over-
lapped with STELLA radiation hydrodynamic simulations
of explosions within wind density profiles (adapted from
Jin et al. (2021)). Solid and dashed lines represent two
“best-fit models” with (E[10°? erg/s], Me[Mg], Re[cm]) =
{(1.2,0.1,10"), (1.5,0.2,10"*)} respectively. The large un-
certainty in the inferred value of R is apparent.

for several SNe by different groups. The large scatter in
the inferred values of R, is evident.

3.3. Implications for Stripped-envelope Supernovae

In this section, we examine whether the extended ma-
terial inferred to be present around SESNe based on
their early light curve peaks is consistent with being an
extended low-mass hydrostatic envelope.

A lower bound for the surface temperature Tog of an
extended convective stellar envelope, corresponding to
an upper bound for the radius to which they inflate,
is given by the Hayashi line in the Hertzsprung—Russell
diagram (Hayashi & Hoshi 1961),

I 1/2 T -2
Tegz4000K<:>R§7OOR@( *) ( eﬁ) .

10°Lg 4000K
11
It is determined by the temperature for which the opac-
ity essentially “vanishes”, around 4000 K (with a weak
dependence on the stellar luminosity, mass, and metal-
licity), below which a sharp drop in H™ opacity occurs.
The limiting value is achieved for a fully and efficiently
convective star, and deviations from these conditions
(which are always expected near the photosphere) tend
to decrease the radius, making the above expression an
upper bound. The precise value of the resulting smaller
radius depends on the detailed structure of the envelope,
and carries uncertainties from the mixing-length theory
of inefficient convection (e.g., Kippenhahn et al. (2012)
and see Ou & Chen (2025) for a recent numeric analy-
sis). Its discussion is beyond the scope of this paper.

10t R
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Figure 6. A selection of Stripped-Envelope SNe whose early
light curve peaks have been modeled by cooling emission
from shocked extended material. Different colors denote the
results of different analyses, taken from Jin et al. (2021); Er-
tini et al. (2023); Das et al. (2024); Chiba & Moriya (2025).
Optical luminosity, cooling time, and R. values are shown

in squares, circles, and triangles, respectively. The opti-

cal luminosity, AsooLrse, = 10*? ergs™ L35°, and cool-

ing time associated with each analysis are calculated with
its {v, kK, Me, Re} parameter values, using Equations (7) and
(10). The large scatter in inferred values of R. is apparent.

We further note that the hydrogen deficiency of the
progenitors of SNe Ib/c may modify the surface opacity
and the resulting constraints for the envelope radius, al-
though the dependence on the amount of residual hydro-
gen is not straightforward and requires a detailed stellar
structure analysis, which we leave to future work. It is
generally thought that the hydrogen (and helium) shell
mass in SNe Ib/c is limited to less than 0.01 — 0.1Mg,
but it is challenging to estimate the actual amount (e.g.,
Elmhamdi et al. 2006; Hachinger et al. 2012).

As explained in Section 3.2, R, values inferred from
modeling SESNe cooling emission peaks are subject to
1—2 orders of magnitude uncertainty (see Figure 6), al-
lowing all events to be explained with R, ~ 102R, con-
sistent with a low-mass extended hydrostatic envelop.
This is in contrast with the material inferred to extend
to > 103Rs around progenitors of hydrogen-rich type
IT SNe (see Section 1), which implies a CSM resulting
from a preexplosion mass ejection.

Additional information about the structure of SNe
progenitors may be obtained by identifying the pro-
genitors in existing serendipitous preexplosion images
of the SN site (which is possible only for nearby, typ-
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ically < 20 Mpc events). We restrict our discussion
to only “confirmed” progenitor identifications, meaning
that they include revisiting the SN site years after the
SN has faded, confirming the progenitor star’s disap-
pearance (see e.g., Van Dyk 2017). As of today, SESNe
confirmed progenitors include four SNe IIb, a single Ib,
and no Ic'?. The properties of these progenitors are
summarized in Table 1.

While conclusions from such a small number of events
are still not robust, and the estimated progenitor prop-
erties may suffer from large uncertainties (mainly from
distance, extinction, and light blending uncertainties,
see the references of Table 1), the observations appear
to be consistent with the expectation that an early,
day timescale, cooling peak will be observed for gi-
ant progenitors with hydrostatic envelopes extending to
~ 102R, and will not be observed for more compact
envelopes. This was suggested for SNe IIb, with Cheva-
lier & Soderberg (2010) designation of cIIb and eIIb for
“compact” and “extended” progenitors, with a dividing
envelope mass of ~ 0.1Mg. We propose that at least
some of the Ib/c SNe that have a day-scale peak are
also a result of some remaining extended hydrostatic
envelope that has not been fully stripped, making them
a bit closer to the IIb type. This may be a natural
consequence of the canonical picture of continuity be-
tween II-P—II-L—ellb—clIb—Ib—Ic SNe types (e.g.,
Nomoto et al. 1995), governed primarily by the remain-
ing envelope of the progenitor at the time of explosion.
This may also be consistent with the estimated rate at
which these types show a day-scale peak (which seems
less frequent for Ib/c relative to IIb, see Section 1), but
further rate analysis is required.

If the extended material is the result of a preexplo-
sion mass ejection, a precursor burst associated with
the mass ejection would be expected. Such preexplo-
sion bursts were observed in systematic analyses of pre-
cursor emission in a large sample of SNe of type Iln,
finding that significant precursor emission is common
during the ~ 90 days preceding the SN explosion (Ofek
et al. 2014c¢; Strotjohann et al. 2021). In contrast, no
significant precursor emission is observed in systematic
analyses of SNe IIb (Strotjohann et al. 2015). Even if
the precursor burst is not observed, one may expect

12 Although the SNe Ib/c combined rate is estimated to be larger
than the SNe IIb rate, their progenitors are thought to be op-
tically fainter, challenging their identification (e.g., Yoon et al.
2012). The small number statistics to date can also affect the
number of confirmed progenitors of each type.

a strong evolution of the progenitor appearance. Out
of the five identified progenitors presented in Table 1,
multiple-epoch preexplosion images were obtained only
for 1993J, 2008ax, and 2011dh, which show no signifi-
cant evolution or variability.

4. CONCLUSIONS & DISCUSSION

In this paper, we showed that the bolometric light
curve shapes resulting from explosions within an ex-
tended material may be divided into two classes: edge
breakouts followed by cooling emission from the expand-
ing material obtained for 7, > ¢/v, and wind break-
outs followed by a continued interaction of the shock up
to the extended material edge obtained for 7, < ¢/v.
These two regimes naturally link between CSM break-
outs that are thought to be ubiquitous for hydrogen-rich
core-collapse SNe, and cooling emission peaks that are
frequent in SESNe (see Section 1). The dependence on
{v, k, M, R} of the duration and luminosity character-
izing the different phases of emission were derived, see
Equations (6)-(8) and Figures 2-3.

We demonstrated (see Figure 4) that observed early
light curve peaks/bumps may be attributed to differ-
ent phases of the emission, implying a degeneracy in
the inferred values of model parameters. The projection
from the bolometric light curve into different wavelength
bands is crucial but is not always straightforward, as
the emitted radiation spectrum may be far from ther-
mal. This is particularly important in the wind breakout
regime, where the collisionless shock may drive most of
the radiation energy into the X-ray band.

We derived the radiation temperature in the cooling
emission phase, Equation (9), and showed that when ob-
serving this phase with only the optical bands, there is a
1 —2 orders of magnitude uncertainty in the inferred ex-
tended material radius R, see Figures 5-6. Thus, while
some works argue that large radii of many 103R are
required for explaining the early emission of SNe Ib/c
(e.g., Chiba & Moriya 2025), we showed that optical
data alone cannot exclude much smaller radii of order
102R;. For these non-extreme radial extents, the ex-
tended material around SESNe may be a remaining ex-
tended low-mass bound envelope rather than a CSM re-
sulting from preexplosion mass ejection. This idea seems
consistent with the (very few) confirmed identifications
of SESNe progenitors in preexplosion images, see Table
1 and Section 3.3.

Early SNe detections, with early multi-band follow-
ups, as well as analyses of the theoretically expected ra-
diation spectrum in each regime and phase of emission,
are necessary for obtaining observational constraints on
the progenitor and extended material parameters, which
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Table 1. Properties of SESNe Confirmed Progenitors
SN Type D [Mpc] Tew [K] log(Lvoi/Le) R« [Reo]  Early Peak? References (and therein)
1993J IIb 3.6 3800 — 4800 48 —-54 400 —900  Yes ~3d Richmond et al. (1994); Maund et al. (2004)
2008ax Ib 7.8 7600 — 20000 44-53 40—-70 No (< 0.2d) Pastorello et al. (2008); Folatelli et al. (2015)
2011dh IIb 7.8 5700 — 6300 4.7-5.1 200 — 300 Yes ~ 3 d Van Dyk et al. (2011); Ergon et al. (2014)
2016gkg ITb 18.2 6300 — 7900 4.6 — 4.7 110 —160  Yes ~2d  Tartaglia et al. (2017); Van Dyk et al. (2023)
iPTF13bvn  Ib 22.5 10400 — 12600 4.5 —4.7 40—-60 No (< 0.2d) Cao et al. (2013); Eldridge & Maund (2016)

will allow a complete mapping of the properties of the
SNe progenitor population. In particular, for early cool-
ing emission peaks, as the optical bands capture only a
fraction of the luminosity and most radiation emerges in
the UV, ULTRASAT (Shvartzvald et al. 2024) will al-
low both early detection and direct measurement of the
early high color temperature, Equation (9), lifting the

degeneracy and constraining the radial extents and the
nature of the extended material producing these peaks.

We thank Boaz Katz and Or Guttman for insightful
comments. This research was partially supported by
ISF and Rosa and Emilio Segre Research Awards.
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