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Diffusive Shock Acceleration in Supernovae
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* Young supernova “remnants’:
believed to be responsible for the origin of cosmic rays
diffusive shock (Fermi) acceleration: detailed simulations

* Naively, early cosmic-ray production is negligible
most of energy is in a kinetic form until the Sedov time
ex. uniform ISM: cosmic-ray energy « dissipation energy o t3

« But situations are different Mos

when circumstellar material (CSM) exists ¢4 = 371 a7




Evidence of Strong Interactions w. Dense CSM
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Evidence for “Confined” CSM around Progenitors

Days si plos
i .  early spectroscopy
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May be common even for Type lI-P SNe
dM./dt~10-3-10-1T M, yr! (>> 3x10% M, yr! for RSG)

Confined CSM (R <~ 10" cm): mass ejection or inflation



Multimessenger Emission from Interacting SNe
KM, Thompson, Lacki & Beacom 11, KM & Thompson & Ofek 14
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kinetic energy — thermal + non- thermal via shocks
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dense environments = efficient v emitters (calorimeters)
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Interacting SNe as PeVatrons?

Quasi-parallel, Bohm limit
EY ~3.0 x 107 GeV e~

KM, Thompson & Ofek 14 MNRAS
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Cosmic-Ray Origins?

SNe lIn as the origin of CRs above the knee?
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It seems that we need Galactic sources that
can accelerate CRs beyond the knee
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AMES (Astrophysical Multimessenger Emission Simulator)

Purpose:

Simulation tool for “observers” to generate v and broadband EM
spectra and light curves
- “Source dependent” python module (GRB, SN, TDE, AGN)

- Physics processes based on C++
- Input: standard model parameters

Current status:

ex. GRB (GRB leptonic afterglow): public
https://github.com/pegasuskmurase/AMES-GRBAfterglow

Interacting SN module with simply dynamics: ready

SN model templates:
https://github.com/pegasuskmurase/ModelTemplates/tree/main/SNHEMM

Interacting SN module with 1D hydrodynamical calculations



Shock Dynamics& Time-Dependent Model

velocity distribution
Eej(>vej) x Vej_7'Vej_5

faster-velocity components in ejecta are decelerated earlier

SN ejecta: E;; ~ 10°" erg, M,; ~ 10 Mg,

M v
CSM parameter [) — w where 0. = DRC_S2< " )
47V, R
dVs

Equation of motion My, —> = 47 R2[pe; (Ves — Vs)° — 0cs(Vs — Vi)’

dt
— self-similar solution (Chevalier 82)

_ I e P w=2 for a wind CSM
shock radius Rs = X (w,d) D™ 7= & M, to—w 5~10-12 for stars

Kinetic luminosity L, = 27TchVS3R§ ~ t6w_1§f305_5w

parameters for dynamics: determined by photon (opt, X, radio) observations



Neutrino Fluence

First prediction of HE neutrinos from SN w. confined CSM (KM 18 PRDR)
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~100-1000 events
for typical CCSNe

# ~1000 events for
Betelgeuse even
w.o. confined CSM



Key Points

Testable & clear predictions (no need for jets/winds)
free parameters: gcg & s (typical values: gcg~0.1 & s~2.0-2.3)

Time window:
duration ~ calorimetry (f,,~t4,n/t,p>1)
e.g., ~days to weeks for SNe Il (lI-P/lI-L/lIb), ~hours (lbc), ~months (lIn)

Energy range: multi-energy

lceCube/KM3Net: TeV-PeV (even Glashow resonance anti-v, & v. events)
Hyper-K/lceCube-Upgrade/KM3Net-ORCA: GeV-TeV

Astrophysical implications
a. Pre-explosion mass-loss mechanisms
How does a dense wind/shell form around the star ?
b. PeVatron origin
Are supernovae the origin of CRs up to the knee energy at 10'°° eV?
c. Real-time observation of ion acceleration for the first time
Onset of CR ions acceleration & collisionless shock formation
d. Particle physics implications — large statistics
flavor studies, BSM searches



Detection w. Large Hadron Collider

LHC ATLAS

calorimeter pV=4 kt

Wen, Arguelles, Kheirandish & KM 24 PRL

B: Betelgeuse B Typelln, 0.1<D.<1.0

EC: Eta Carinae [ Type ll-P, 0.01 < D« < 1.0
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Detectability of “Minibursts”
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Multiwavelength Photon Spectra
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Hiramatsu+ 23
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dM/dt~10-2-10-1 Mg, yr!
Re,s~afew x 1014 cm

- X-ray

dM.¢/dt~(0.3-1)x10-3 Mg, yr
Res~ 101 cm

- Radio
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Multimessenger Spectra & Light Curves

KM 24 PRD, Kheirandish & KM 23 ApJL Nayana+ KM 25 ApJ
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Possible Neutrinos from SNe lin/Ibn?
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Best Gamma-Ray Limits from SNe lin

KM, Franckowiak, Maeda, Margutti & Beacom 19 ApJ
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EF: [GeV cm™?s™)

Gamma-Ray Detection Prospects

KM 24 PRD
KM, Franckowiak, Maeda, Margutti & Beacom 19 ApJ
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« Single SN: detectable up to ~5-50 Mpc
o Statistical approaches should also be powerful



Take Away

- Proposal and development of the time-dependent model for
high-energy v/y-ray emission from different classes of SNe

- Type II: ~100-1000 events of TeV v from the next Galactic SN
- Interacting SNe as “multimessenger” & “multi-energy” neutrino source

- Optical follow-up searches the Rubin/Subaru-PFS era

A
Lv MeV v

/Wnal

GeV-PeV v
shock

GeV-TeV v?
wind

~10 sec

» time



Pulsar/Magnetar-Driven Supernovae

“Rapidly rotating pulsars” are popularly invoked to explain some SNe Ibc

super-luminous supernova (SLSN)

4507 v v
PTF 1248 + Magnetar it
1300 . He com PISN (ef, 7

445} [
____--'—“---N__‘ BE\'_.‘,; He core P:S‘»-" (ref. 7'
4:.c~/ i \' |
s —~__ fast blue optical transient (FBOT)
T 435} 3 &) R
g = 45,01
o Yy 44.5
" aasf/ 44.01 ultra-stripped supernova (USSN)
ol 54351 PTF10iam
[
«s, magnetar w. B~10 24301 21 r
- . . 2 42,51 o
=100 - b 50 W00 'g _20
Tme fom peak (rst-frame cdays) 42,04 — |, (P;=10ms,By= lolSG) E
: ] == Ly (Pi=2ms,Bs=2%101%G) | & _4g t
Nicholl et al. 13 Nature 415 L VONIR g -19
41,0 2
0 5 10 15 202 18}
t[d] i LT
Fang, Metzger, KM+ 19 ApJ C AT by
, |pulsar w. B~3x10"2 G
-20 0 20 40 60 80 100

time [day]
Hotokezaka, Kashiyama & KM 17 ApJ

requirement: rotation energy is converted into thermal energy



GeV-TeV Neutrinos from Pulsar/Magnetar-Driven SNe

- Neutron-loaded outflows from highly magnetized protoneutron stars
- Bulk wind acceleration — neutron decoupling — neutrino production
- No cosmic-ray acceleration is necessary (KM, Dasgupta & Thompson 14 PRD)

Shock ~_ Neutrons
decouple

Protons
decelerated at

Coupled
protons and

Decoupled

*B Non-relativistic
neutrons cross

& Non-relativistic & Non-relativistic

neutrons L) shocked wind e shock protons
R, . np inelastic collisions in shocked np inelastic collisions in SN ejecta
Rej ( > Rw) wind

taken from Carpio, Ekanger, Bhattacharya, KM & Horiuchi 24 PRD



GeV-TeV Neutrinos from Pulsar/Magnetar-Driven SNe

- Neutron-loaded outflows from highly magnetized protoneutron stars
- Bulk wind acceleration — neutron decoupleng — neutrino production
- Faster-rotating/more strongly magnetized PNSs are better
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GeV-TeV Neutrinos from Pulsar/Magnetar-Driven SNe

- Neutron-loaded outflows from highly magnetized protoneutron stars
- Bulk wind acceleration — neutron decoupling — neutrino production
- Faster-rotating/more strongly magnetized PNSs are better
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What Do We Need?

Targets: long-duration HE v/short-duration GeV-TeV v transients

« Multimessenger coincident searches (e.g., AMON events)
would be powerful for subthreshold events

* Neutrino multiplet followups would also be useful

* Optical: spectroscopic information is relevant
(SN brokers would be useful)

» Better hard X/y-ray sky monitors needed
(ex. >~10 times better than Swift for LL GRBs)

« Coincidences w. UV transients may also help
(ex. ULTRASAT)

« Radio facilities may also help
(ex. DSA-2000, ngVLA)
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