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Supernovae/Transients as a high-energy particle source -

» 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 E»~1023erg, while the
expanding ejecta carries Eexp ~ 102Terg
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Interacting supernovae/transients “Zoo”

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

> Hydrogen-rich (lin), Hydrogen-poor (lbn, Icn)

> possibly FBOTS (fast blue optical transients) could also be interaction-powered
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Interacting supernovae/transients “Zoo”
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spectra)
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E ®(E) [GeVcm?s ' sr]

Supernovae/Transients as a high-energy particle source °

https://www.mpi-hd.mpg.de/HESS/pages/home/som/2019/07/

> 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

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

> PeV cosmic-ray source?
e.g. Marcowith+(2018), but see also Brose+(2020)

» |ceCube neutrino source?”?
e.qg. Ptuskin&Zirakashvili&(2017), Petropoulou+(2017)
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E ®(E) [GeVcm?s ' sr]

Supernovae/Transients as a high-energy particle source °

https://www.mpi-hd.mpg.de/HESS/pages/home/som/2019/07/
iInteracting SNe: dissipation of the kinetic energy of
expanding ejecta
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Understanding the nature of interaction-powered transients Is essential
as Inputs for computing high-energy particle production/emission
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Early observations of CCSNe

> SN 2008D: first (X-ray) shock breakout (SB;

earliest EM emission from SN)
Sodererg+(2008), Mazzali+(2008), Modjaz+(2009), Tanaka+(2009)

2008 Jan 7

> Type lbc SNe: He or CO star progenitor
having stripped Its H-rich envelope

2008 Jan 9

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

> dense circum-stellar medium (CSM) enlarge
Its effective photosphere (wind/CSM shock
breakout)

X—ray count rate (31}

X-ray burst associated with the birth of SN 2008D

(S()derberg+2009) (] 1040 | i 1418 40313 L L
ceconds =mince tope=2008 Jan B.a96d4o UT




Early observations of CCSNe

. SN 2008D: first (X-ray) shock breakout (SB: "
earliest EM emission from SN) = =
Sodererg+(2008), Mazzali+(2008), Modjaz+(2009), Tanaka+(2009)
> Type Ibc SNe: He or CO star progenitor without CSM \@/\

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 (At>100 s) / N

with optically thick. CSM

> dense circum-stellar medium (CSM) enlarge !
Its effective photosphere (wind/CSM shock |

breakout) 1 S



EP260321a/SN 20269z :
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EP260321a/SN 20269z

> 2nd unambiguous case of X-ray SN shock
breakout detection by Einstein Probe
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2D RHD simulations

> ~2./Msun CO star as a pre-SN star
(Mzams=] 4Msun)

» SN explosion: Eexpo= 4x105%erg, Mni=
O-7Msun, I\/eJ ~1 .25Msun

» wind-like CSM: Mcsm=1.7x1 O’5Msun,
Rcsm=b00Rsun
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2D RHD simulations
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2D RHD simulations
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2D RHD simulations -
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2D RHD simulations RT instability
— thin-shell instabllity
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2D RHD simulations °

> ~2./Msun CO star as a pre-SN star
(Mzams=] 4Msun)

» SN explosion: Eexpo= 4x105%erg, Mni=
O-7Msun, |\/ej ~1 .25Msun

>~ wind-like CSM: Mcsm=1.7x10->Msun,
Resm=500Rsun 1041 T T T T
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Implications to high-energy particle acceleration

parameters of
transients

RHD simulations can constrain the

Interaction-powered

» ejecta E, M — shock velocity

CSM M, R — ambient density
What is typical parameter set?

this Is important tor considering

conditions/energy budget tor high-
energy emission/particle production

» What about tr

thermal partic

e rate of potential non-
e accelerators?
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Implications to high-energy particle acceleration

» 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 Iin radiative regime

> shock normal i1s not necessarily alined
with radial direction

> what about the CSM geometry?
spherical is good?
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Implications to high-energy particle acceleration

> RHD simulations can give an initial
. 1.0 J0gi0@le cm~])
set-up for later evolutionary stages °
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SN ejecta colliding with a disk-like CSM
(Suzuki, Moriya, & Takiwaki 2019)
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Summary: interacting SNe as CR accelerators

iInteracting SNe: collision between SN
ejecta and ambient (dense) gas

observationally, they are common

shock dissipation leads to bright EM
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Backup slides
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Implications to high-energy particle acceleration

logio(p/[g cm—])

» 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 Iin radiative regime

> shock normal i1s not necessarily alined
with radial direction

> what about the CSM geometry?
spherical is good?
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SN ejecta colliding with a disk-like CSM
(Suzuki, Moriya, & Takiwaki 2019)



Implications to high-energy particle acceleration

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



SR-RHD simulations

> gray approximation (frequency-integrated quantities)

» moment method: temporal evolutions of radiation energy density and flux (E,, F;, F?, F?)

» M1-closure scheme for the Eddington tensor: PY = E.DY

Radiative transfer equations

OE. OF! 4 - o

ot | Ixi — pKa(arTg - Er) — Fp(Ka T Ks)ﬁiFr
OF'  oPY T P

ot " ox/ - p(Ka T Ks)Fr T FpKa(arTg o Er)ﬁ r+1 ,O(K'a + Ks)ﬁ :B]Fr

M1 closure scheme p. T, ', T . gas density, temperature, velocity, Lorentz factor

P_ﬁj 1 —)(5,-]- 3y -1 FiF! E_, F . comoving radiation energy density and flux

E, 2 2 R k.. comoving absorption opacity

3 +4FF. |E? )
X S k.. comoving scattering opacity

5+ 2\/ 4 — 3FiF, ,/E?
+ SR hydro equations
e.g., Livermore (1984)
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Adaptive Mesh Refinement

> SN egjecta 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
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Early observations of CCSNe
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Early observations of CCSNe
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