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‣ CCSNe: massive star’s final evolutionary state 

‣ the explosion forms a compact remnant (NS/BH) and ejects outer envelope 

‣ Most gravitational energy is converted to neutrino emission Eν~1053erg, while the 
expanding ejecta carries Eexp ~ 1051erg
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SN 1987A at Magellanic cloud

 Supernovae/Transients as a high-energy particle source



‣ diverse populations of SNe showing interaction feature (narrow absorption/emission 
spectra) 

‣ Hydrogen-rich (IIn), Hydrogen-poor (Ibn, Icn) 

‣ possibly FBOTS (fast blue optical transients) could also be interaction-powered
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‣ interacting SNe: dissipation of the kinetic energy of 
expanding ejecta 

‣ shock dissipation potentially leads to particle acceleration 

‣ high-energy neutrino/gamma-ray/cosmic-rays expected 

‣ PeV cosmic-ray source? 

‣ IceCube neutrino source?
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SN 1987A

 Supernovae/Transients as a high-energy particle source
https://www.mpi-hd.mpg.de/HESS/pages/home/som/2019/07/

e.g. Murase+(2011), Bell+(2013), Shure&Bell(2014), Marcowith+(2014)

e.g. Marcowith+(2018), but see also Brose+(2020)

Petropoulou+(2017)

e.g. Ptuskin&Zirakashvili&(2017), Petropoulou+(2017)

Type Ibn SN 2023uqf, Stein+(2025)
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Type Ibn SN 2023uqf, Stein+(2025)

Understanding the nature of interaction-powered transients is essential  
as inputs for computing high-energy particle production/emission



7 Early observations of CCSNe

X-ray burst associated with the birth of SN 2008D 
(Soderberg+2009)

‣ SN 2008D: first (X-ray) shock breakout (SB; 
earliest EM emission from SN) 

‣ Type Ibc SNe: He or CO star progenitor 
having stripped its H-rich envelope 

‣ Small progenitor radius = short emission 
time scale (Rstar/c~ 1 s) of SB emission        
↔︎ observed long X-ray emission (Δt>100 s) 

‣ dense circum-stellar medium (CSM) enlarge 
its effective photosphere (wind/CSM shock 
breakout)

Sodererg+(2008), Mazzali+(2008), Modjaz+(2009), Tanaka+(2009)



8 Early observations of CCSNe

with optically thick CSM

without CSM
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↔︎ observed long X-ray emission (Δt>100 s) 
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its effective photosphere (wind/CSM shock 
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9 EP260321a/SN 2026gzf

EP260321a detected by Einstein Probe mission 
(Yuan+2026)

‣ 2nd unambiguous case of X-ray SN shock 
breakout detection by Einstein Probe 
mission 

‣ association with broad-line Ic SN 2026gzf 
from optical observations 

Yuan+(2026)

Martin-Carrillo+(2026), Rastinejad+(2026) 
 Chen+(2026), O’Connor+(2026)

‣ thermal X-ray emission 
lasting for ~2000s with 
kT~0.1-0.2keV
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EP260321a detected by Einstein Probe mission 
(Yuan+2026)
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breakout detection by Einstein Probe 
mission 

‣ association with broad-line Ic SN 2026gzf 
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11 2D RHD simulations
‣ ~2.7Msun CO star as a pre-SN star 
(Mzams=14Msun) 

‣ SN explosion: Eexp= 4x1051erg, MNi= 
0.7Msun, Mej ~1.25Msun 

‣ wind-like CSM: Mcsm=1.7x10-5Msun, 
Rcsm=500Rsun 

progenitor star

energy  
injection

mass density radiation energy density

CSM



12 2D RHD simulations
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13 2D RHD simulations
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14 2D RHD simulations
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15 2D RHD simulations

radiation 
front

ejecta
shock

CSM

RT instability 
→ thin-shell instability



16 2D RHD simulations

X-ray optical

‣ ~2.7Msun CO star as a pre-SN star 
(Mzams=14Msun) 

‣ SN explosion: Eexp= 4x1051erg, MNi= 
0.7Msun, Mej ~1.25Msun 

‣ wind-like CSM: Mcsm=1.7x10-5Msun, 
Rcsm=500Rsun  

‣ synthetic bolometric light curve 
consistent with observed light curve 

‣ 1000 sec-long X-ray emission + 
bright optical emission powered by 
56Ni



Trad=(Erad/ar)1/4 
~(1-2)x105[K] 
   at shock front

shocked gas 
v ~ 0.3-0.4c
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‣ RHD simulations can constrain the 
parameters of interaction-powered 
transients 

‣ ejecta E, M → shock velocity 

‣ CSM M, R → ambient density 

‣ What is typical parameter set? 

‣ this is important for considering 
conditions/energy budget for high-
energy emission/particle production 

‣ What about the rate of potential non-
thermal particle accelerators?

 Implications to high-energy particle acceleration



18 Implications to high-energy particle acceleration

ejecta
CSM  
 outer  
  radius

wind

radiation front

spiky ejecta structure  
due to RHD instability

‣ RHD simulations can give an initial 
set-up for later evolutionary stages 

‣ shock evolution after entering 
collisionless regime is essential for 
shock particle acceleration 

‣ (multi-D) shock structure in 
collisionless regime is governed by 
the evolution in radiative regime 

‣ shock normal is not necessarily alined 
with radial direction 

‣ what about the CSM geometry? 
spherical is good?

expansion
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‣ RHD simulations can give an initial 
set-up for later evolutionary stages 

‣ shock evolution after entering 
collisionless regime is essential for 
shock particle acceleration 
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‣ what about the CSM geometry? 
spherical is good?

SN ejecta colliding with a disk-like CSM 
(Suzuki, Moriya, & Takiwaki 2019)



20 Summary: interacting SNe as CR accelerators
‣ interacting SNe: collision between SN 
ejecta and ambient (dense) gas 

‣ observationally, they are common 

‣ shock dissipation leads to bright EM 
radiation and potentially accelerates 
particles to high energy 

‣ theoretical modeling of such events 
gives us constraints on shock 
dynamics and ambient gas
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‣ gray approximation (frequency-integrated quantities) 

‣ moment method: temporal evolutions of radiation energy density and flux  

‣ M1-closure scheme for the Eddington tensor: 

(Er, Fx
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r , Fz
r )
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 M1 closure scheme 

+ SR hydro equations
e.g., Livermore (1984)

 SR-RHD simulations
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‣ SN ejecta is gradually expanding in an ambient medium 

‣ Automatic tracking of the ejecta expansion by an adaptive mesh refinement (AMR) 
technique (Berger & Corella 1989) 

‣ oct-tree block-structure AMR 

‣ MPI + openMP hybrid parallelization

green rectangle = 32x32 AMR block

 Adaptive Mesh Refinement
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Core collapse

Core bounce

Shock propagation

Shock breakout

⁵⁶Fe+γ→13⁴He+4n
⁴He+γ→2p+2n
p+e →ν+n- e

ρ =3×10¹⁴[g/c.c.]c

UV/X-ray flash

SN explosion

Optical

post shock ～0.1keV

SN breakout emission observed by UV satellite GALEX  
(Schwanski+2008)

 Early observations of CCSNe
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(Bersten+2018)

 Early observations of CCSNe



SN II-P Light Curves with Kepler 5

Fig. 4.— Left: The Kepler light curve of KSN2011d focused on the time expected for shock breakout. The blue dots are individual Kepler
measurements and the red symbols show 3.5-hour medians of the Kepler data. An errorbar at �1.5 days indicates the 3-� uncertainty
on the median points.The green line shows the best fit photospheric model light curve. The lower panel displays the residuals between
the observations and the model fit. The thick red line is a Gaussian smoothed residual light curve using a full-width at half-maxmimum
of two hours. The dashed red lines indicate 3� deviations of the Gaussian smoothed curve. The residual at the time expected for shock
breakout is more than 5� implying that the feature is unlikely to be a random fluctuation. Right: A simulated light curve created using
the statistical properties of the Kepler photometry and the best fit photospheric model. In addition, a Nakar & Sari (2010) shock breakout
model (light green line) for an explosion energy of 2 B and radius of 490 R� is compared with both the data and simulation.

photospheric model to zero flux predicts shock breakout
at t0 = 2455873.75± 0.05 BJD which corresponds to the
time of the largest deviation from the model.
When we subtract the best fit photosphere model for

KSN2011d there remains seven Kepler photometric ob-
servations within five hours of t0 that are 3� or more
above zero (lower panel in Fig. 4). To avoid bias that
might come from dividing the data into bins, we have
smoothed the light curve residuals using a Gaussian
with a full-width at half-maximum (FWHM) of 3 hours.
There is a clear 6� peak at the time expected for breakout
and we conclude that this is, indeed, the shock breakout
from KSN2011d. The shock breakout flux is 12% of the
peak flux of the supernova, corresponding to a Kepler
magnitude of 22.3±0.2 after correcting for Milky Way
extinction.
In the Nakar & Sari (2010) shock breakout model, the

initial rise is the result of di↵usion of the shock emis-
sion before the shock reaches the stellar surface and is
only of order five minutes. This is too short a time for
even the Kepler cadence, so the rise to shock breakout
is unresolved. After shock breakout the flux decay fol-
lows a t�4/3 power-law in time until the expanding pho-
tosphere dominates the luminosity. This decay is rela-
tively slow and allows the breakout to remain detectable
for several hours. From the Nakar & Sari (2010) formu-
lation, we can estimate the ratio between the peak flux
from the shock breakout, FSB , and the maximum photo-
spheric flux, Fmax, which we approximate as the bright-
ness 10 days after explosion. Using the ratio between
the shock peak and photosphere maximum is particu-
larly useful since it eliminates the uncertainty caused by
distance and dust extinction. In the rest-frame optical
(5500Å) the flux ratio is

FSB/Fmax = 0.25 M0.54
15

R0.73
500

E�0.64
51

(1)

where M15 is the progenitor mass in units of 15 M�, R500

is the progenitor radius in units of 500 R�, and E51 is
the explosion energy in units of 1051 erg. So we expect
the shock breakout in a typical RSG to peak at about
25% of visual brightness of the supernova at maximum.
Applying the Nakar & Sari (2010) model to KSN2011d

(radius of 490 R�, energy of 2 B and a progenitor mass of
15 M�), predicts a breakout temperature of 2⇥105 �K,
and equation 1 gives FSB/Fmax = 0.16, meaning the
shock should be 2 mag fainter in the optical than the
supernova at maximum. The Kepler 30 minute cadence
will smooth the sharp peak of the breakout and lower
the maximum by 20% so we expect the ratio to be
FSB/Fmax = 0.13. The excess flux seen in Fig. 4 peaks
at a relative flux of 0.12±0.2 and is consistent with the
Nakar & Sari (2010) prediction.
We use a blackbody spectrum to extrapolate the shock

breakout flux down to the optical and this is likely a poor
approximation. So it is surprising that the semi-analytic
model of Nakar & Sari (2010) works so well in matching
the observed breakout. Tominaga et al. (2011) calcu-
lated realistic spectra at breakout for a variety of RSG
models. While color temperatures and integrated lumi-
nosities varied greatly, the peak optical flux at break-
out was fairly consistent: between 2 ⇥ 1037 to 1⇥1038

erg s�1 Å�1, corresponding to absolute magnitudes be-
tween �14.2 and �15.9 mag. The Tominaga et al. (2011)
model for a 15 M�, 1 B and 500 R� RSG predicts a peak
at MKp = �14.4 9 mag. Doubling the explosion energy
would brighten the breakout by about 0.2 mag, yield-
ing a luminosity of MKp = �14.6 mag. The observed
shock breakout from KSN2011d is MKp = �15.6 ± 0.3
mag (after correction for Milky Way extinction; assum-

9 Kp⇡ 0.2g + 0.8r where g and r are SDSS magnitudes (Kepler
Calibration webpage)
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2 Garnavich et al.

Fig. 1.— The Kepler light curves of KSN 2011a (top) and
KSN 2011d (bottom). The blue points are magnitudes estimated
from the standard Kepler 30-minute cadence while the large red
symbols show 1-day medians. The small symbols connected by a
line display the light curve of the proto-typical type IIP SN 1999gi
(Leonard et al. 2002) after correction to the redshift of the Ke-
pler events. The initial rise of KSN2011a is clearly faster than
KSN2011d based on the number of red points (1-day median) be-
fore maximum light.

ture are easier to detect than their smaller cousins. Still,
it may be that progenitors of SNIIP are more compact
than thought, or circumstellar interaction makes the rise
time appear shorter than expected.
Here, we present Kepler Space Telescope observations

of two SNIIP candidates. The light curves begin be-
fore explosion and were obtained with unprecedented 30-
minute cadence and good photometric precision. While
these Kepler observations have several advantages over
other studies of SNIIP, the red-sensitive Kepler band-
pass is not ideal for detecting shock breakout radiation.
Further, the way Kepler data was taken made it di�cult
to study transient events in “real time”, so little is known
about these supernovae other than their exquisite light
curves which are analyzed in their entirety by Tucker et
al. (2016).

2. OBSERVATIONS

While the primary goal of the Kepler Mission (Haas et
al. 2010) was to find and study extra-solar planets, it also
provided nearly continuous observations of many galax-
ies. Several Kepler guest observer projects monitored
about 500 galaxies at 30-min cadence to look for bright-
ness variations in their centers indicative of an active
galactic nucleus or to specifically search for supernovae.
Targets were selected from the 2MASS extended source
catalog (NASA/IPAC IRSA) and the NASA/IPAC Ex-
tragalactic Database (NED) . Typically, galaxies were
monitored for two to three years leading to the discov-
ery of three type Ia supernovae (Olling et al. 2015), one

probable type IIn event (Garnavich et al. 2016), and the
supernovae presented here. Unfortunately the timescale
for release of Kepler data meant that follow-up of the
events was not possible from ground-based observato-
ries. We did obtain spectra of the host galaxies which
provide redshifts of the supernovae and information on
the environment around the progenitors (Tucker et al.
2016).
On a timescale of minutes to hours, Kepler provides

photometric precision of a few parts in a million for
bright sources. However, on longer timescales, various
systematic e↵ects considerably reduce the precision of
the standard Kepler products. For example, the Kepler
observations were organized in three-month segments la-
beled quarters Q0 to Q16. Each quarter the spacecraft
rotated to keep the Sun on the Solar panels resulting in
the targets shifting to di↵erent detectors. About once per
month, the spacecraft goes through a pointing maneuver
to downlink the data to Earth. Significant sensitivity
variations in the pipeline light curves after re-pointing
maneuvers are removed through special processing. De-
tails of our Kepler reduction procedures can be found in
Olling et al. (2015); Shaya et al. (2015).

3. LIGHT CURVES

KSN 2011a was discovered in the galaxy KIC8480662
which is a bright 2MASS galaxy at a redshift of z = 0.051
(Tucker et al. 2016). The Kepler light curve shows a fast
rise, a broad maximum followed by a long plateau (see
Fig. 1). Finally there is a rapid decay followed by an
exponential decline. The light curve is characteristic of
SNIIP.
KSN 2011d was discovered in the galaxy KIC10649106

which is also a 2MASS cataloged galaxy at a redshift of
z = 0.087 (Tucker et al. 2016). Its light curve also shows
a fast rise, a broad maximum and then a slow decay
before falling o↵ the “plateau” after 130 days. KSN2011d
appears to fade faster on the plateau than KSN2011a,
but part of that can be attributed to the higher redshift
which means the bandpass contains bluer light that fades
more quickly in SNIIP. A detailed analysis of the full light
curves can be found in Tucker et al. (2016).
These Kepler supernovae light curves are very similar

to several well-observed SNIIP events such as SN1999em
(Suntze↵, private com.), SN1999gi (Leonard et al. 2002)
and SN2012aw (Bose et al. 2013). The Kepler super-
novae are at significantly higher redshifts than these lo-
cal events, so k-corrections are important, but there is
no color information for the Kepler events. Therefore,
we use the BV RI magnitudes of the nearby supernovae
to correct them to the Kepler observed frame.
For the nearby supernovae we create a spectral energy

distribution (SED) for each epoch observed in multiple
filters. Missing filters are interpolated from adjacent
epochs. The SEDs are corrected for Milky Way extinc-
tion using Schlafly & Finkbeiner (2011). The SED is
corrected to the redshift of the Kepler events, convolved
with the Kepler bandpass and the result is integrated to
give the total photon flux. The result is also reddened
to match the Milky Way extinction in the direction of
the Kepler supernova. Kepler magnitudes are in the AB
system, so the Kepler bandpass is convolved with a spec-
trum with constant F⌫ = 3631 Jy and integrated to de-
termine the magnitude zeropoint.

SN breakout emission?  
in SNe observed by  
Kepler satellite 
(Garnavich+2019)


