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Neutrinos: Unique Probe of Cosmic Explosions

~10 MeV neutrinos from supernova
thermal: core’s grav. binding energy

- supernova explosion mechanism

- progenitor

- neutrino properties, new physics

Super-K can detect ~8,000 v at MeV (at 8.5 kpc)

GeV-PeV neutrinos from supernova?
non-thermal: shock dissipation

- physics of cosmic-ray acceleration

- progenitor & mass-loss mechanism

- neutrino properties, new physics
lceCube/KM3Net can detect ?7? v at TeV




Neutrinos: Unique Probe of Cosmic Explosions

~10 MeV neutrinos from supernova
thermal: core’s grav. binding energy

- supernova explosion mechanism

- progenitor

- neutrino properties, new physics

Super-K can detect ~8,000 v at MeV (at 8.5 kpc)

GeV-PeV neutrinos from supernova?
non-thermal: shock dissipation

- physics of cosmic-ray acceleration

- progenitor & mass-loss mechanism

- neutrino properties, new physics
lceCube/KM3Net can detect ~1000 v at TeV




Early Diffusive Shock Acceleration in Supernovae?
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supernova remnant (Cas A)

« CR and high-energy neutrino production is initially negligible
most of energy is in a kinetic form until the Sedov time
uniform ISM: CR energy o< dissipation energy o< t3

« But situations are different
when circumstellar material (CSM) exists
many observational evidences in the recent several years

(Raffaella Margutti’s talk)



Evidence of Strong Interactions w. Dense CSM

SN 2010jl (lin) SN 2014C (Ib->lln)  Margutti et al. 16
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examples of strong interactions w. dense wind or CSM (lin, SLSN-II)



Evidence for Dense Material in Ordinary SNe Il

Days since explosion
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Extended material is common even for Type |I-P SNe
— Mdot~10-3-10" M, yr' (>> 3x10° M, yr' for RSG)



Supernovae with Interactions with CSM
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wind/shell

~__

kinetic energy — thermal + non-thermal via shock
T =V, TV, +v,(V,)te
0
T —=y+Y

dense environments = efficient v emitters (calorimeters)

p+p—=Nr+X



Shock Dynamics -> Time-Dependent Model

equation of motion of the shocked ejecta

dVs
dt

Mgy =2 = 47 R2[06; (Vg — V3)? = 06s(Vs — Viu)?]

self-similar solution (Chevalier 82)
L 5—3 __8=5 s o
shock radius Rs = )((U]7 5)D_mge?(5—w) MeJ 2(6—w) t5—w
M,
47V,
w=2 for a wind CSM 6~10-12 for typical progenitors

CSM parameter [) — E,; ~10°" erg, M; ~ 10 M,

. . . . . 3 2 6w—154+28—dw
dissipation luminosity Lg=2mocsVyR: ot 5—w

parameters can be determined by photon (opt, X, radio) observations!
Eq ~ E(>V,) in the detailed model, different from E4 ~(M /M¢)E; by KM+11



Diversity of Core-Collapse Supernovae

Type Il SN frac. ~ 2/3

w. pre-SN mass loss

stellar wind only
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Neutrino Light Curve
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t.set ~ lime leaving the star (typical) or breakout time (lIn)
slowly declining light curve while pion production efficiency ~ 1



Neutrino Fluence
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Fluence for an integration time at which S/B"? is maximal
(determined by the detailed time-dependent model)



Prospects for Neutrino Detection

through-going muon events
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~ 10-1000 events for Type |l supernovae at 10 kpc
~ 0.01-0.1 events for Ibc (but see Kashiyama, KM+ 13 ApJL)



Some Remarks

« Testable & clear predictions (no need for jets, winds, shocks in a star)
free parameters: ecg & s & shock acceleration theory (ecg~0.1 & s~2.0-2.3)

* Time window

depends on SN types; guidelines are provided by the theory (f,,~t,,,/t;,~1)
e.g., characteristic time window: ~1-10 day for SNe ||

 Energy range

lceCube/KM3Net: TeV-PeV (detectable Glashow res. anti-v, & v, events)
Hyper-K/IPINGU/ORCA: GeV

* Type Il cases are different from the Type lIn case
lI-P/11-L/1Ib/Ibc: shock in the CSM is collisionless & Mg, << M
lIn: shock can be radiation-mediated & M, could be larger than M,

t ..ot determined by photon breakout, ejecta deceleration,
radiative shock, other relevant CR cooling processes...

(for work on SNe lIn, see KM, Thompson, Lacki & Beacom 11 and Petropoulou’s talk)



Implications

» Astrophysical implications
a. pre-explosion mass-loss mechanisms
how does a dense wind/shell form around the star ?
b. PeVatrons
can CRs be accelerated up to the knee energy at 10752 eV?
c. real-time observation of ion acceleration for the first time
is it consistent with the diffusive shock acceleration?
d. promising targets of multi-messenger astrophysics
MeV vs & possibly gravitational waves
optical, X-rays, radio waves, and gamma rays (up to ~Mpc by Fermi)

« Particle physics implications
neutrino flavors (matter effect is not relevant), neutrino decay,
neutrino self-interactions, oscillation into other sterile states etc.

cf. more lucky examples?
Betelgeuse: ~103-3x10° events
Eta Carinae: ~10°-3x10° events




Take Away

- We provided the time-dependent model for high-energy
neutrino/gamma-ray emission from different classes of SNe

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

L

GeV-PeV v

~10 sec




CRs Should Lead to Efficient Hadronic Interactions

particle collisions with CSM P+ p = Nmo+ X
t,=1(nx c)
tiyn = RIBC

ppCpp = (R/B) n K,000n

(0,p~3x102° cm?)

fop(Mho) ~ B2(kpp0pp/or) ~ 0.03 B2 at breakout: tr =1/

B~0.11 ¢ transrelativistic SNe
B~ 0.01-0.03 © nonrelativistic SNe
most CR energy goes to pions

T —=y+y

. _ _ . hew probes!
T =V, v +v,(V,)te



Transrelativistic SNe (p~1)

T T T T T
52 .
10 ] 10 T
- ] 1087 2003dh72
[ GRB980425/SN1998bw | 4
50 100 ms “pulse” Cosmological GRI 2.
| Upper limit for magnetar GRBO31203/SN2003Iw | 1021 |
: ] S =100 10127 T +
=) GRB030329/SN2003dh = )
= o e 2 ?
S ] % + 2003Iw?™~., 20063j
5 e 48 XRF020903? :
Lui 52 - 10 i R= 10\1\1\\\ \‘\\ + H T
10 XRF100316D/SN2010bh B 199811\/}{?
46 /
10 +
B~1
XRF060218/SN2006aj E 1 44 1
J 10 . !
- - 0
underluminous bursts conventional bursts 10 10 10 10 10
1051 raannl 1l Ll IR ETIT raannl L1 t(S)
1047 1 049 E 1051 1 053
«: 9 Fan et al. 11 ApJL from Katz 11

Nearby GRBs (ex. 060218@140Mpc, 980425@40Mpc) may form another class
* much dimmer (E_.’s° ~10%0 erg < Eggg,*° ~10% erg/s )

* more frequent (p,, ~10%3 Gpc3 yr' © pgrg ~0.05-1 Gpc=3 yr)
« relativistic ejecta (the other GRB-SNe + 2009bb) (soderberg+ 10 Nature)
- maybe more baryon-rich? (e.g., zhang & Yan 11 ApJ)



Neutrinos from Transrelativistic SNe

Kashiyama, KM+ 13 ApJL
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« Detectable by lceCube up to ~10 Mpc

« Stacking analyses may be possible



Gamma Rays from Transrelativistic SNe

Kashiyama, KM+ 13 ApJL
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Detectable by CTA up to ~100 Mpc
Detection — SN-GRB connection, physics of breakout and CRs



Shock Breakout Emission from Dense CSM

photon diffusion time
t i ~ R%/x 4 ~notR?/c
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<:> dynamical time:
tsyn ~ R/fc, B=Vic

shock breakout:
trise=tdiff=tdyn A4 TT=1 / ﬁ=C/ vV

CSM mass:
MCS ~ (4TCR2/3GT)mPTT
Dissipation energy:

E o~ (1/2)MgsV?

ex. SN 2009ip

t..o.=10 d, R=0.5x10" cm

— M~0.05 Mg, consistent

— E. .4~ 2x10%erg  w. obs.!



Neutrinos from Type lIn SNe

KM, Thompson, Lacki & Beacom 11 PRD
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* If CRs carry ~10% of E,; — # of us ~a few for SN@10Mpc
« Stacking analyses for nearby SNe (~O(100) needed)



Gamma Rays from Type lin SNe

KM, Thompson, Lacki & Beacom 11 PRD
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Model A
- optically thick collision

Model B
- optically thin collision

« GeV yrays can be seen by Fermi up to ~30 Mpc
« TeV yrays are detectable by CTA up to ~30-100 Mpc



