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Neutrinos in the Cosmos: A Nobel Perspective
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The Nobel Prize in Physics 1988 was awarded jointly to
Leon M. Lederman, Melvin Schwartz and Jack Steinberger
for the neutrino beam method and the demonstration
of the doublet structure of the leptons through
the discovery of the muon neutrino.



The Nobel Prize in Physics 1995 was awarded for
pioneering experimental contributions to lepton physics
jointly with one half to Martin L. Perl for
the discovery of the tau lepton and
with one half to Frederick Reines for
the detection of the neutrino.
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The Nobel Prize in Physics 2002 was divided, one half

jointly to Raymond Davis Jr. and Masatoshi Koshiba for
pioneering contributions to astrophysics, in particular for
the detection of cosmic neutrinos
and the other half to Riccardo Giacconi for pioneering
contributions to astrophysics, which have led to
the discovery of cosmic X-ray sources.



The Nobel Prize in Physics 2015 was awarded jointly to
Takaaki Kajita and Arthur B. McDonald for
the discovery of neutrino oscillations,
which shows that
neutrinos have mass.
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strong interactions
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2 air nucleus

: A . '/ | y
3/
)’ ‘
. - W

The Nobel Prize in Physics 1936
N\ R was divided equally between
Victor Franz Hess for
his discovery of cosmic radiation
and Carl David Anderson for
his discovery of the positron.
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Atmospheric Neutrino Oscillations

Isotropic flux of
COSMIC rays
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vacuum oscillations
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The number of observed muon neutrinos

— The expected number of events without neutrino oscillation
200 The expected number of events with neutrino oscillation
The observed number of events in Super-Kamiokande

| J/
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Flight length:12800km Flight length: 500km Flight length:15km
Only a half of the expected Only 80% of the expected Consistent with the

number (blue line) was observed. number was observed.

expected number.
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Proton number (2)

Other Sources of Neutrinos
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Modern Version of the Discovery Experiment
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Solar Neutrinos
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SEARCH FOR NEUTRINOS FROM THE SUN*

Raymond Davis, Jr., Don S. Harmer,T and Kenneth C. Hoffman
Brookhaven National Laboratory, Upton, New York 11973
(Received 16 April 1968)

A search was made for solar neutrinos with a detector based upon the reaction C137(v,
e ~)Ar3". The upper limit of the product of the neutrino flux and the cross sections for
all sources of neutrinos was 3x 1073 sec™! per C137 atom. It was concluded specifical-
ly that the flux of neutrinos from B? decay in the sun was equal to or less than 2x 108

cm 2 sec” ! at the earth, and that less than 9% of the sun’s energy is produced by the
carbon-nitrogen cycle.

PRESENT STATUS OF THE THEORETICAL PREDICTIONS
FOR THE 3¢C1 SOLAR-NEUTRINO EXPERIMENT*
John N. Bahcallf and Neta A. Bahcallf

California Institute of Technology, Pasadena, California

and

Giora Shaviv$

Cornell University, Ithaca, New York
(Received 8 April 1968)

The theoretical predictions for the 31C1 solar-neutrino experiment are summarized

and compared with the experimental results of Davis, Harmer, and Hoffman. Three
important conclusions about the sun are shown to follow.
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Total Rates: Standard Model vs. Experiment
Bahcall—Serenelli 2005 [BS05(0P)]
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Sudbury Neutrino Observatory (SNO)
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neutrino mass squared

Three Neutrino Mixing

V) Z Vilvi)s Vi) = ZUai|Voz>

C12€C13
)
—S812C23 — C12523513€"
)
512523 — C12C23S513€

— 10
512C13 | 513€

)

C12C23 — S12523513€" $23C13
i

—C12523 — 512(€23S513€ C23C13

Ve .Vp nV;

Sin2623
3N s
5 sin0 4
Am3,

sin6,
HENER s

1 N
normal

sin0 4,
g

Am§1 l
|

)
Am3,

sin%0,5
32_
ﬂa}/aﬂa}/ sSin 913 inverted

13

fractional flavour content




Unknown Properties of Neutrinos

A ~vA

Do they violate CP ? TZﬁa

What is their mass ordering ?

o U >

What are their absolute masses ? nid— ap
g M \/e_

. . . W AU /\e_

Are they their own antiparticles ? _ d—=""—
n'd; > dip

U

Ovisp

Are there sterile neutrinos ?



How do neutrinos affect the evolution of the universe ?

Atoms

o Dark Vet n—=p+e

Energy _
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Dark
Matter

23% n/p < 1= p(75%) + *He (25%)

® Neutrinos & baryogensis

TODAY

® Sterile neutrinos & big

Dark .
Matter bang nucleosynthesis
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Neutrinos
10 %

® Sterile neutrinos & galaxy

Photons .
formation

15%

Atoms

o ® Neutrinos & supernova
0

137 BILLION YEARS AGO explosion/nucleosynthesis

(Universe 380,000 years old)
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Neutrinos & the Origin of the Elements

Yong-Zhong Qian
School of Physics & Astronomy, University of Minnesota
Center for Nuclear Astrophysics, Shanghai Jiao Tong University

CCEPP Summer School 2017 on Neutrino Physics
July 7, 2017
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PARTICLES Some of the Biggest Questions

Connecting Quarks and the Cosmos

Board on Physics and Astronomy
US National Academy of Sciences

e What are the
masses of the |
neutrinos, and how
have they shaped
the evolution of the
universe?

about 400 million yrs.

e How were the s

13.7 billion years

elements from iron
to uranium made?




Big Bang:

75% H + 25% He
(by mass)
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Standard Model of Particle Physics & Life of a Baryon:
Big Bang Nucleosynthesis
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Basics of Big Bang Nucleosynthesis

initial state (T"> 1 MeV): n, p
X, + X, =1=need n/p

rate of change in abundance:

dY; X;
el P(t)—D@)Y;, Yi=—, ni = ppNaY;

A;
P(t) : production rate
D(t) : destruction rate

} both depend on T'(t) and py(t)

T'(t) specified by dynamics of expansion

pp(t) specified by conservation of entropy per baryon
3

n
s < gig(t)— o g¥s(t)— = const.
Pb ny
n 3.0
baryon-to-photon ratio: n = 00y g 2

N~.0 Ui



expansion of the early universe

. Ro 1°
mass conservation = py(t) + pam(t) = pm(t) = pm.o 0
photon number conservation: n. (t)R(t)* = n, o R
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entropy conservation = evolution of pyq at 100 > T > 1 MeV
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BBN and Neutrinos

freeze-out of n/p: ve +n=p+e , Vo +p=n-+e"
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Cosmic Microwave Background Experiments

Dark Matter

Dark Energy
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GALAXY EVOLUTION
CONTINUES...

FIRST STARS

400,000,000 YEARS
AFTER BIG BANG

INFLATION

Now
13,700,000,000 YEARS
AFTER BIG BANG

SADIDY A4SV A1)

CosSMIC MICROWAVE
BACKGROUND

400,000 YEARS AFTER
BIG BANG
FIRST GALAXIES
1000,000,000 YEARS
AFTER BIG BANG

FORMATION OF

THE SOLAR SYSTEM

8,700,000,000 YEARS
AFTER BIG BANG




Hierarchical Structure Formation




Merger Tree
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Giant Molecular Cloud (GMC): Stellar Nursery




Life Cycle of Interstellar Medium

warm neutral
and ionized gas

formation of . ¥
cold HI clouds disruption of

molecular clouds

formation of 2.8 sielllcta_r
molecular clouds Yy evolution

star formation




How to Become a Star
Virial theorem for a contracting gas cloud

T . h? NGMmp
0 2m.d>? R

M
(—) d> ~ R®> =

my

1

R 2M¢

GMm, h [(M\*? 1

mp

= T max < M3



log T, [K]

10

“nNeg=*N=°n.

Spc0=" S N800
°NZs*IN= NS0

\*
12
E

= <

b

= Janka 2012

| | | | | | | | | |
2 4 6 8 10

log p, [g/cm?]



The final fate of stars like the Sun are carbon-oxygen white dwarfs.

Planetary Nebula:

Tosses of f Hydrogen
and Helium Layers Runs out of
Helium fuel

in 10 billion years

Warm

Surface Temperature (K) 6000

Color




25 M, Presupernova Star
900 R, IR
©,







Bethe & Wilson 1985

——
—
-

> v-Luminosity
l —»  Matter Flow

R

——

\

V.+nop+e D

vV, +p—>n+e+'
/

—
———

-
--——"‘



Interplay between Supernova and Neutrino Physics

explosion

heavy element synthesis
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Type la SNe

Life Cycle of a Star

—  ®
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Dwarf
Red Giant Planetary Nebula

| \
Neutron Star
Stellar Nebula . > > \

Massive Star

Red
Supergiant Supernova Black Hole

core-collapse SNe (mostly Type Il)
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GRAVITATIONAIMWAVES
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Quantum Mechanics of Neutrino Oscillations

Yong-Zhong Qian
School of Physics & Astronomy, University of Minnesota
Center for Nuclear Astrophysics, Shanghai Jiao Tong University

CCEPP Summer School 2017 on Neutrino Physics
July 7, 2017



Postulates of Quantum Mechanics

(1))

The state of a system is presented by its wave function.
w(w,p) = AX, P), [X, P] = ih

Observables are represented by Hermitian operators.
Qlwn) = wnlwn), Pr(wn,t) = [walt (1))’

Eigenvalues and eigenstates of operators describe
results of measurement.

0
in (1) = Hlw(t)

Evolution of state is governed by the Schrodinger Equation.



Vacuum Neutrino Oscillations
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Vacuum Oscillations as Neutrino Flavor Isospin Precession
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H=wi,, w= 27]; CH, = —&f sin 20, + &f cos 26,



1 d
wl/ — ( a H > — Z_wy — /Hva,cwl/
2 1/2 1 for vy,

—1/2 | for v,




Solar Neutrino Oscillations

Ve \ cosblg sinfg 21
v, ) \ —sinfg cosfg s

forward scattering on matter particles

v r€, P, N er A Ve
Z 4%

V4 fe, p,on Ve 4 fe

d—» — by o o s

—sS, =5, xH, H=wH, + H,

dt

5777% 3 Af N
W = H, = —e_sin 20, + €, cos 20



Mikheyev-Smirnov-Wolfenstein (MSW) Mechanism

— — — — o ~f
H =wH, + H., H. = -, vV2Gpn.
Af
wHy,/ NG
Ne — 0
\
| > !
\
\
57712 \\
O)
W = > () \
2F,

Y H,
resonance: wcos?20q = \/iGFne

1 1 — cos 20
Py — 3 v,z 7
e 2_|_S7 2

= sin” O



Mikheyev-Smirnov-Wolfenstein (MSWV) Mechanism

2 r€, D, N et * Ve

A W

UV £2€, D, N Ve A T@

effective interaction Hamiltonian (flavor diagonal):
<V/L,T’Hint’V,u,,T> — 07 <V6‘Hint‘ye> — \/iaFne
(| Hing|7) = = (v | Hing V)

om?
A = = in flavor basis:
2F,
H = H,+ Hy,; = coeflicent X identity matrix

1 V2G rn, — A cos 26 A sin 20
2 A sin 260 A cos 20 — V2G pn,



Instantaneous mass eigenstates:
[V1m) = cosOp|Ve) — sinbp,|vy,), |Vom) = sin b, |Ve) + cos O, |v,,)

1
Wim = =3 (A cos 20 — \/§GFTL€)2 + A28in” 20, wo, = —Wim

A cos 20 — V2G pne

\/(A cos 20 — /2G pn.)? + AZsin® 26
A sin 260

\/(A cos 20 — 2Grn,)? 4+ A2 sin® 20
resonance: A cos20 = V2Gpn' = V2G N AY. pres

(&

res 5 2 MeV
?\(;A — 6.55 x 10° em™° (%) < E?u ) cos 20

om? =8 x 107> eV?, sin? 260 = 0.8 (cos 26 ~ 0.45) =
n'® /Ny = 236 cm *(MeV/E,)

cos 20,,, =

sin 26,, =




log(n_/N,)

EII/‘eS ~ 15 MeV log(ne/NA) VS. R/R(D

/

BP2000

n'® /Ny = 236 cm *(MeV /E,)

0.1

0.2

03 04 05 06 07 0.8
R/R,

0.9




Vim) = €08 O |Ve) —sinbn,|vy), |Vom) = sin b, |ve) + cosOp,|v,)
Ne >Ny = Opy ~ T2, Vipy ~ =V, Vom ~ Ve
Ne=n."> =0, =7/4, ne=0=06,, =0
adiabatic flavor evolution = |v.) — sinf|v.) + cosf|v,,)
sin®20 ~ 0.8 = P, _,, =sin“6 ~ 0.3

resonance region. A2 Sin2 09 |

sin® 26,, = — - = 3
(A cos20 — v2GFn,)? + A2sin® 20 — 2

= [Acos20 — V2Grn.| < Asin20, |n. —n'®| < n* tan 26

dn n. tan 20
| dr =nl®tan20 = or = —=°
dr res 1 ‘dne/dﬂres
adiabatic criterion: §E ~ = < (Warm — Wim )min = A sin 20
r

—1
> 1

res

Yad = (Asin 20)dr = 2E, 0526

om?2 sin® 20 |dInn,
dr
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neutrino mass squared

Three Neutrino Mixing

V) Z Vilvi)s Vi) = ZUai|Voz>

C12€C13
)
—S812C23 — C12523513€"
)
512523 — C12C23S513€

— 10
512C13 | 513€

)

C12C23 — S12523513€" $23C13
i

—C12523 — 512(€23S513€ C23C13

Ve .Vp nV;

Sin2623
3N s
5 sin0 4
Am3,

sin6,
HENER s

1 N
normal

sin0 4,
g

Am§1 l
|

)
Am3,

sin%0,5
32_
ﬂa}/aﬂa}/ sSin 913 inverted

13

fractional flavour content




Neutrino Mixing in Vacuum

Uozi — <V04|Vz'>7 Uai — <Eoz‘pi>

Neutrino Flavor Evolution in Matter (MSW only)

H

normal mass hierarchy

Inverted mass

nierarchy
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Dense Neutrino Gas in Supernovae

2

10 T T T T T 1T T
1
10
eff eff
0 n, —MNg
10
of p
£ 10
80
=107
=
107
10
-51 | ] ] ] ] 1 11 I |
10 19 100
r (km)
dSz’
S5 (w;Hy + He + E i T, 5S5)

J

/I"L] — —2\/§GF(1 — COS’&U)



CZS@

— S’IZ X (CUZHV —I_ He + Z //L’Ljnl/,jsj)

dt
J
1/2 for v, v, om?/2E for v,, v,
Si — ) W =
—1/2  for v, U —om?/2E  for i, U,

simple model: IH, low ne, mean neutrino trajectory

ds;
> ignus; = —p(t)S = L =s; x [wH, — u(t)S]
j
ds;
cf. MSW mechanism: d_st =s; X (w;H, + H,)

how to obtain an approximate mean field S ?



dS dSi

— X S X (prV)7 = S X [w’iHV _ ,u(t)S]

dt dt
in the frame precessing with S
ds; .
o = Si X (wi —wp)Hy — pu(t)S]

t =0= —pu(0)S is in the direction of H,
w; < 0= 1, — 1y,
E; < E.= w;>wp(ty), Ve = Ve

Ei>FE,. = w; <wp(ty), Ve = Uy

NySi - Hy ’
S H Oczzn,s om,

v — st. = tr) =
S con wp(tr) oF.



Survival Probability at » = 225 km
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Geometric Complications of Neutrino Flavor Evolution
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Coherent forward
scattering only outside
neutrino sphere.




Solar Neutrinos

Yong-Zhong Qian
School of Physics & Astronomy, University of Minnesota
Center for Nuclear Astrophysics, Shanghai Jiao Tong University

CCEPP Summer School 2017 on Neutrino Physics
July 8, 2017



What is a Star?

Big glowing ball of gas; Symbol of everlasting light & stability
big & stable: gravity balanced by pressure gradient
pressure proportional to temperature & decreasing outward
heat flows from hot to cold: energy loss from surface
long-term energy supply at center: nuclear fusion
minimum temperature to ignite H: minimum mass (Msun/12)

To be a star, the gas ball must be BIG!



Obligatory star & planet formation slide

a dark cloud D gravitational collapse

A

dense core
j«- 200,000 AU —» 10,000 AU-» time=0

d T Tauri star € pre-main-sequence star

bipolar
;"’:wa planetary debris

protoplanetary *  * disk
disk
™

central
star

100,000 to 3,000,000 to
«—100 AU— > 3,000,000 years l«—100 AU—>{ 50,000,000 years

M. Liu (IfA/Hawaii)

C protostar envelope

bipolar /
flow

10,000 to
—500 AU—> 100,000 years

f young stellar system




B2 A X Sheldon

You arose from the death of stars (01/10/2017)




Sunspot
Penumbra
Umbra

Solar wind

Convective
zone

Corona
Photosphere
Temperature
minimum
" Flare
Chromosphere

The Sun

All features drawn to scale

Transition region

™~ Prominence




Photons take a long and tortuous path

200,000 years

The SUIR Photon

Piwwspne(a

Neutrinos zip though quickly




pt+pt—=2H+e* + VGJ S

v

0,23% |

v

Lp“”+e‘+p+—>2H+\)e

107° %

e P { 2H+ p* > 3He + Y ’—%He+p+—>4He+e++v%

15,08 %

{3He+4He—>7Be+v

~

0,1 %

/

99,9 %

Be + e™ -

"Li+ Vv,

J { ‘Be +p* =B +Y J

®B

3He + 3He - “He + 2p* [ 'Li + p* = “He + “He [ °B = Be* + e* + V.

{ 8Be* — 4He + %He
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Neutrino Production

versus Radius
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Flux (cm~2 s-1)

1012

10!t Bahcall—Serenelli 2005
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Helioseismology (HEZ)

lower 1 modes penetrate deeper




Single Dopplergram

(30-MAR-96 19:54:00)

Single Dopplergram Minus 45 Images Average
(30-MAR-96 13:54:00)

-2500. -2000. -1500. -1000. -500. 0 500. 1000. 1500. 2000.

velocity (m/s)

SOl / MDI Stanford Lockheed Institute for Space Researc

with rotation

-500. -400. -300. -200. -10D. 0. 100. 20D. 300. 4DD. 500.
Velocity (m/s)

SOI / MDI Stanford Lockheed Institute for Space Research

rotation subtracted
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3D time-dependent modeling of solar atmosphere

Normalized intensity

Asplund et al. 2009

04

649.88  649.89 64990  649.91
0 5 0 5 50 Wavelength [nm]
Mm
lower abundances mass fraction of metals

of C,N, O, & Ne 270 | 47,



(CG_Cmod)/CQ

0.015

0.010

0.005

0.000

—0.005
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AGSS09

Haxton et al. 2012

0.0

0.2




luminosity
constrained

high-Z SSM low-Z SSM fit to data

v flux EJ? (MeV) GS98-SFII AGSS09-SFII Solar units

p+p—2H+et+v 0.42 5.98(140.006) 6.03(140.006) 6.05(1750%3)  10'%/cm?s
p+e +p—2H+v 1.44 1.44(140.012) 1.47(14£0.012) 1.46(17981%)  10%/cm?s
"Be+e™—"Li+v 0.86 (90%)  5.00(140.07) 4.56(14+0.07) 4.82(17953)  10°/cm?s

0.38 (10%)

B—®Be+tet+v ~ 15 5.58(1+£0.14) 4.59(14+0.14) 5.00(1 £0.03) 10°%/cm?s
SHe4p—*Hetet +v 18.77 8.04(140.30)  8.31(1 4 0.30) — 103 /em?s
BN-BCt+eT+v 1.20 2.96(1+£0.14) 2.17(1£0.14) <6.7 108 /em?s
BO—BNtyet v 1.73 2.23(14+0.15)  1.56(1 & 0.15) <3.2 108 /cm?s
TF170+et+v 1.74 5.52(140.17)  3.40(1 & 0.16) < 59. 10%/cm?s

X2/Pagr 35/90% 34/90%




Solar neutrino flux

Neutrino energy (MeV)

10




(P, y)
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T (10’ K
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these fluxes depend on the core temperature T (metal-dependent)
but also have an additional linear dependence on the total core C+N

absolute fluxes are uncertain, sensitive to small changes in many
solar model uncertainties other than total metallicity

but an appropriate ratio of the CN and 8B V flux is independent of
these other uncertainties: the measured 8B V flux can be exploited
as a solar thermometer



Nuclear Astrophysics of Solar CN Neutrinos

5(50) [ ¢(®B) 1™
¢(150)SSM_ ¢(8B)SSM}

X [1 T 0.006(801&1“) T 0.027(:)) T 0.099(HU_C1) - 0.032(912)]

|

the entire solar model dependence: luminosity, metalicity, solar
age, etc., eliminated -- except for small residual differential
effects of heavy element diffusion (necessary to relate today’s
neutrino measurements to core abundance 4.7 b.y. ago)

LCO+N

‘Be(p,7)°B  ~7% theoretical uncertainty

"“N(p,7)"O0  ~7% experimental uncertainty
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Events (c.p.d. per 100 t per keV)

Residuals, (data - fit)/o
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solar neutrinos are also the ultimate background
for detecting dark matter !



summary

test the solar new neutrino CN vs,
model: precise physics: primordial
determination —_— precise weak — metallicity,
of core interaction solar system
temperature parameters formation

Now that we have eliminated the weak interaction uncertainties
that held us back for many years, we can finally use solar neutrinos as
a precise probe of solar physics
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MEAT S50 A 0] LASER
Only Experiments Can Judge

BIFRISEIE R AR XFR: TR =M, 1EMyEtas|hm;
MIE SRR TE’JWM\E,TEL%EE’J?Z}_ &, HEVRIE,
B2 NRIERIEM EHITHRISTIN

...... the true method of experience first lights the candle, and then
by means of the candle shows the way; commencing as it does
with experience duly ordered and digested, not bungling or erratic,
and from 1t educing axioms, and from established axioms again
new experiments ......

Novum Organum (1620)

Francis Bacon



Pre-Supernova & Supernova Neutrinos

Yong-Zhong Qian
School of Physics & Astronomy, University of Minnesota
Center for Nuclear Astrophysics, Shanghai Jiao Tong University

CCEPP Summer School 2017 on Neutrino Physics
July 8, 2017
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Nuclear burning stages

(20 M stars)

Fuel Main  Secondary T Time Main
Product ' °®®  (10°K) (yr) Reaction

H He 14N 0.02 107 41 S e
He /O, C 180, 22N e 0_2 106 3 He* > 12C

s-process 2C(a,y)'®O

C Ne, Na 0.8 103 12C + 12C
Mg

Ne 0, Mg Al, P 1.5 3 2Ne(y,a)'*O

20Ne(a,y)**Mg

O Si, S CI! Ara 2_0 0.8 160 + 160

/ K, Ca
SI,S Fe Ti,V,Cr, 35 0.02 *Siy,a)...
Mn, Co, Ni




log energy generation/loss (erg/g/s)

12
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Energy Generation vs. Loss
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Processes of Thermal Neutrino Emission
Pair annihilation
_ _|_ _
e +e' —v-+v

Plasmon decay

Ypl — V +V
Photo-neutrino emission

y+e —e +v+vU

Bremsstrahlung

(Z,A)+e — (L, A)+e +v+v
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Events Accumulated

Accumulated 7, +p — n + e™ Events
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Neutrino Mixing in Vacuum

Uozi — <Va Vz'>7 Uai — <poz‘pi>

Neutrino Flavor Evolution in Matter (MSW only)

H : H v,

normal mass hierarchy inverted mass hierarchy
Ny /N, ~0.76 Ny /N, ~0.21



What Can Pre-Supernova Neutrinos Tell Us ?

Advance warning of supernovae

Events for 200 pc & | kton

Model 1073 —-10"2 107 —-10"! 107t -1 1 —10 Day
12M 1.28 2.90 14.39 15.09

15M¢ 6.55 17.89 14.00 12.36

20M 10.44 18.75 34.52 7.95

25 M 10.79 22.04 43.04 5.70

Probe of neutrino mass ordering: NH/IH ~ 3.6

Test of stellar models: progenitor mass



log T, [K]

10

“nNeg=*N=°n.

Spc0=" S N800
°NZs*IN= NS0

\*
12
E

= <

b

= Janka 2012

| | | | | | | | | |
2 4 6 8 10

log p, [g/cm?]



“Onion-Skin” Structure
of Pre-SN Stars
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Kinetic Energy (1 0° 1ergs)

Ejected >SNi mass (Mg)
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normal SNe
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M ~ 25-50 M



low-mass & normal SNe:

neutrino-driven
> v-Luminosity
13 l ——»  Matter Flow

Shock EX
\ Heatmg .
\ \+n—>p+u \\/
.+ p —>n+et 6& >

¥
+n<— p+(, Galn Radius
v+p<—n+c K \\ @

Q Coolmg @ \

Proto Neutron 4—! i ';4_

— 1—» \—»
Star
| d

' & v¥\ Spheres

@ \ @ Ql /-
| o

\ Q;
/ N 4\

3 N

HNe: strong jets

6300 A
‘wavelength

SN 1998bw .

wavelength

SN 2003jd

faint SNe: weak jets



W
|

—> —» e
|

L\

V,+n—

V.+p—

V,+ N«
V. +p

> Coolin o
AW
grotoél;laerutrog “—| s

1551 |
a

> v-Luminosity
w—l Matter Flow

p+e X

n+c+6} \
x
\
\

p+e
n+e

Gainh Radius

\
\
‘\

. L, (E,ouN)
quN X (E,) 2
GeN X Ne(FeOen)

x T°

gain radius rg
Gun (Tg) = den(rg)
outside gain radius

Gun (1) > Gen(r)

Bethe & Wilson 1985



Neutrino-Driven Explosion
of a Low-Mass SN
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Compactness & Explodablllty
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Neutron Star & Black Hole Masses

updated 10 November 2010
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“neutronization” pulse at shock breakout
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signature of BH formation: interruption of v signals
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“Thermal” Neutrino Emission from Proto-NS Cooling
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Processes Governing SN Neutrino Diffusion

momentum exchange

v+ N — v+ N = tgyg ~ several seconds

Lye ~ Lpe ~ L,/M/T ~ LpM/T

energy exchange
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Summary: supernovae and their neutrino signals
¥ interruption of neutrino signals reveals BH formation
==l progenitor density structure (accretion rate)
nuclear equation of state (phase transition)
M rich interplay among progenitor structure, shock
propagation, neutrino emission & flavor evolution

“neutronization” pulse at shock breakout relatively
simple to study as a probe of neutrino properties

bulk emission of “thermal” neutrinos gives potential
probes of supernova physics & neutrino properties
(systematic study of collective & shock effects needed)

I} templates of neutrino signals important for study
of relic/diffuse supernova neutrino background



