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Credit: xkecd
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They are am

« Most powerful explosions. Almost as bright as an
entire galaxy!

The are important

IMiakes heavy elements, e.g., Gold, Silver, and
recycles Carbon, Oxygen, etc.,, as well as black
holes!

They are interesting

- Connections to very cool physics leading to
several Nobel prizes: Chandrasekhar and Fowler
in 1983, Hulse and Tavylor in 1993, Koshiba in 2002,

Perimutter, Schmidt, and Riess in 201], ...

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz



Which heats better?

- dunlight falling on
a sidewalk on

Farth
- Solar neutrinos at

the surface of the
Sun

Neutrinos are
typically not very
lepositing

efficient at d
energy

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz 4
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¢ o) V0 "‘: Speakers:
Astrophysical a tmospheric Neutrinos NN
P A Statistics Glen Cowan
Supernova Neutrinos BasudebDasgupta

Solar Neutrinos Carlos Peria Garay

and Applied Neutrino Physics Patrick Htber

. Atmospheric Neutrinos Takaaki Kajita
Theory of Neutrino Oscillations Bor18'). Kayser

‘ Sterile Neutrinos Jonathan Link
Neutrinoless Double Beta Decay Stefan Schonest
Neutrino Interactions NN

Neutrino Detection Techniques Dave Seckel

Physics with Neutrino Beams Hirohisa A. Tanaka
Absolute Neutrino Mass Measurements Kathrin Valerius
Neutrinos in the Early Universe Yvonne Wong

EEE ogene ebastian Boser, Lutz Kopke, %@
2 & Joachim Kopp, Michael Warm | IGU J(-;lU
= https://inss2018.uni-mainz.de
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Nevertheless, in this fight, we all win!

* SN explode because of neutrineos

 Unigue tool to study som

e SN and neutrino properties
« Neutrino signal intensity can be very high

 Neutrino-neutrino interactions are important

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz



Lecture 1
Supernovae: What, When, & Why?
Supernova and the neutrino mechanism
SN neutrino detection
Physics with (non-oscillating) SN neutrinos: What can be measured?

Lecture 2
MSW Physics of SN neutrinos
Collective oscillations of SN neutrinos
Physics with SN neutrinos: What can be measured?

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz






MAIN SEQUENCE

Composition is > 98% hydrogen and helium.
1/3 of the hydrogen is converted to helium.

B 10-150 solar masses
© 90% of lifespan
4 Spica, Theta Orionis C

HIGH
‘MASS STARS

1B

()

BORN IN NEI
Gas clouds collapse

GIANT/SUPERGIANT

SUPERNOVA

BLACK HOLE

Massive stars are capable of producing
heavier elements, like iron, through fusion.

ﬂ significant loss of mass
@ 10% of lifespan
4 Betelgeuse, Rigel

Outer layers of hydrogen and helium are
ejected along with some heavier elements.

and matter accumulat

ona pro(oa‘

MASS

LOW ~

High-mass stars live for one million to tens of millions of years
while low-mass stars, like our Sun, live for tens of millions to trillions of years.

MASS STARS

MAIN SEQUENCE

Composition is > 98% hydrogen and helium.
1/3 of the hydrogen is converted to helium.

A 08-10 solar masses
® 90% of lifespan
4 Sun, Altair

Basudeb Dasgupta (TIFR Mumbai)

RED GIANT

Expending hydrogen in their cores, these
stars extend their outer layers and can grow
to > 100 times their main sequence size.

B 99% of original mass
@ 10% of lifespan
4 Aldebaran, Arcturus

A star’s core collapses into extremely
dense matter. Even light cannot escape
the gravitational pull.

ﬁ 3 solar masses or larger
@ 107 years
4 Cygnus X-1, Sagittarius A

OR

NEUTRON STAR

A star's core collapses into a dense
mass of neutrons.

D 14-3 solar masses
® 102-10* years
<+ Circinus X-1, The Mouse

~ RETURN TO NEBULAI
Matter expelled from stars
can eventually accumulat

new star-forming

WHITE DWARF

The outer layers of gas are ejected while the
star’s core contracts into a white dwarf.

B All but 5-15% of the original mass is ejected
® tens of thousands of years
+ M27,NGC 40

This star core is typically composed of
carbon and oxygen. Neon, magnesium,
and helium are possible.

B 5-15% of original mass
© 105-10% years
4 Mira B, Sirius B

11th International Neutrino Summer School, Mainz

> @

BLACK DWARF

A hypothetical remnant of a cooled
white dwarf, the Universe's existence
is too short to prove its existence.

B < 1.4 solar masses
® 109-10% years

Image credit: Khan Academy
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la

Emission/
Absorption
lines

Light-curve
Mechanism

Neutrinos

Compact
Remnant

Basudeb Dasgupta (TIFR Mumbai)

No Hydrogen

No Silicon Hydrogen
Silicon
Helium No Helium

Standard Large Diversity

Nuclear

losi :
explosion Collapse of the core of a massive star
following mass
gain

Negligible Dominant (99% of all SN energy; 1% in light etc.)

None Neutron star / Black hole

11th International Neutrino Summer School, Mainz 10



Figure 3. Supernova explosion. A white dwarf steals gas from its
neighbour using its gravity.

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz

When the white dwarf has grown to 1.4 solar masses, it explodes
as a type la supernova.

11
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Ll ©
E: & <16k ~ .
Supernova Cosmology Project
=15 L 1 1
20 0 20 10 60 iy 5 o 5 pd
DAYS DAYS

Empirically Standardizable Sources

Can use the 1/D? law of dimming and a calibration to determine distances!

Distant Type la Supernovae

25
For empty
universe p=0
24
@
ER=ly L] For critical
= current data .
= density P
% 22 Accelerating ® High-Z Supernova
2 Universe Search
8 - © Supernova Cosmology
© N Project
21 Decelerating
Universe
20 1 1 1
0.2 0.4 0.6 10
Redshift z
= ~ . Perlmutter, Schmidt, and Riess

Linear scale of the universe relative to today
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Helium, carbon
Hydrogen

4

Normal star fusio

Heavy elements

Hydrogen Hydrogen

Remnant Shock
core wave

Explosion

Image credit: Pearson Inc

Massive star iy Core rebound

Nonburning hydrogen

Hydrogen fusion

Helium fusion

Carbon fusion

Oxygen fusion

— — _ _Neon fusion

Magnesium
fusion

Silicon fusion

Iron ash

500 R,

Star

© 2014 Pearson Education, Inc.

Basudeb Dasgupta (TIFR Mumbai)
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A.D.185
RCW 86

Historical Observers: Chinese

Likelihood of Identification: Possible
Distance Estimate: 8,200 light years
Type: Core collapse of massive star

A.D. 393
SN 1006

Historical Observers: Chinese,
Japanese, Arablc, European

Likelihood of Identification: Definite
Distance Estimate: 7,000 light years
Type: Thermonuclear explosion of white dwarf

A.D. 1054
3058

Historical Observers: Chinese, Japanese
Likelihood of Identification: Possible
Distance Estimate: 10,000 light years
Type: Core collapse of massive star

A.D. 1680

Cassiopeia A

Historical Observers: European?
Likelihood of Identification: Unlikely
Distance Estimate: 10,000 light years
Type: Core collapse of massive star

LIGHT YEAR: the distance
hat light, moving at a
onstant speed of 300,000
‘m/s, travels in one year.
Ine light year is just under
|0 trillion kilometers.

Basudeb Dasgupta (TIFR Mumbai)

A.D. 386
(G347.3-0.5

Historical Observers: Chinese

Likelihood of Identification: Possible
Distance Estimate: 3,000 light years
Type: Core collapse of massive star

A.D. 1006

Crab Nebula

Historical Observers: Chinese, Japanese,
Arabic, Native American

Likelihood of Identification: Definite
Distance Estimate: 6,000 light years
Type: Core collapse of massive star

A.D. 1572
Tycho's SNR

Historical Observers: European, Chinese, Korean
Likelihood of Identification: Definite

Distance Estimate: 7,500 light years

Type: Thermonuclear explosion of white dwarf

11th International Neutrino Summer School, Mainz

A.D. 1604

Kepler's SNR

Historical Observers: European, Chinese, Korean
Likelihood of Identification: Definite

Distance Estimate: 13,000 light years

Type: Thermonuclear explosion of white dwarf?

Credit: NASA
15



Supernova
designation ¢
(year)

SN 185

SN 386
SN 393

SN 1006

SN 1054
SN 1181
SN 1572

SN 1604

Cas A,
ca. 1680

SNR G1.9+0.3,
ca. 1868

. Apparent

Constellation ¢ i $

magnitude
Centaurus -4 (?)M
Sagittarius +1.5
Scorpius -0
Lupus -7.57]
Taurus -6
Cassiopeia 0
Cassiopeia —4.0
Ophiuchus -3
Cassiopeia +5
Sagittarius

Basudeb Dasgupta (TIFR Mumbai)

Distance
(light
years)

8,200

14,700
34,000

7,200

6,500
8,500
8,000

14,000

9,000

25,000

Type Galaxy Comments $
Surviving description sketchy; modern estimates of maximum
apparent magnitude vary from +4 to —8. The remnant is probably

la(?) | Milky Way RCW 86, some 8200 ly distant,/?] making it comparable to SN
1572. Some researchers have suggested it was a comet, not a
supernova.l3l4]
I Milky Way The candidate remnant is G11.2-0.3.151(€]
Milky Way
la Milky Way Widely obser.ved on Earthi in apparent magnitude, the brightest
stellar event in recorded history.®!
Il Milky Way Remnant is the Crab Nebula with its pulsar (neutron star)
Milky Way
la Milky Way Tycho's Nova
a Milky Way Kt?pler‘s Star; most recent readily visible supernova within the
Milky Way
Apparently never visually conspicuous, due to interstellar dust;
llb Milky Way but the remnant, Cas A, is the brightest extrasolar radio source in
the sky
Milky Way "Posthumously" discovered in 1985; age determined in 2008
Source: Wikipedia
11th International Neutrino Summer School, Mainz 16



b ¢ Ve YK BN
Y1 8 &@Tﬁ Z@ U=/
SN 2006ke SN 2006dd -

SN 2005am

SN 2006X
SN 1979C

L3

SN 2005cf

SN 2005df

e

Shig2006dm .

SN 2006E

o

SN 2005hk

SN ZOOquk'

SN 2006bp

@

SN 2006at ,

L

.
SN 2006¢j
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Image: NASA/SWIFT
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SN statistics in van den Bergh & McClure (1994)

external galaxies Cappellaro & Turatto (2000)

Gamma rays from
261 (Milky Way)

Historical galactic
SNe (all types)

No galactic

90 % CL (25 y obserservation
neutrino burst SCL{5y )

0 1 2 3 4 5 6 7 8 9 10

Graphic by Georg Raffelt

Core-collapse SNe per century

References: van den Bergh & McClure, ApJ 425 (1994) 205. Cappellaro & Turatto, astro-ph/0012455.
Diehl et al., Nature 439 (2006) 45. Strom, Astron. Astrophys. 288 (1994) L1. Tammann et al., ApJ 92
(1994) 487. Alekeseev et al., JETP 77 (1993) 339 and Raffelt’s updates.
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T T T T T T ] 100
# CANDELS
CLASH
@ CANDELS+CLASH
«» Dahlen et al. 2012
0%y £
'a 5|\ - Q
> : 1107 ?
TL‘ ';>..’
s ®
S 2
& >
10"
Il 1 1 1 1 1 1 10-2
0.0 0.5 1.0 1.5 2.0 2.5
Redshift

The SN rate is approx 1-3 SN /10 L_,_ / 100 yr
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N >>1:Burst N ~1: Mini-Burst N << 1:DSNB

l

Rate ~0.01/yr Rate ~1/yr Rate ~ 108/yr
high statistics, object identity, cosmic rate,
all flavors burst variety average emission

John Beacom, Ohio State University Neutrino 2012, Kyoto, Japan, June 2012



d supergiant
mass of Sun

640 lightyears away

Once it goes supernova ..
Within 10° to 10° years

« Peak app. Mag. = -12.4

Brighter than the m

» Visible d
months

2

OO0I

day for 2-3

Basudeb Dasgupta (TIFR Mumbai)
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Peak IBD Rate [MHZ]

SN Probability

— —
— e O

0.01

0.001

0.16
0.12
0.08
0.04

LELILY BB B e

T
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1000 E' 'g' 'il U ‘ U 'E i
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— Beacom 2013, <d>= 9.7 kpc ]
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Onion structure Collapse (implosion)

H

He
O -

Degenerate iron core:
r =10° gcm3
T =101 K
IVIFe ~1.5 lvlsun
Re, ~ 8000 km

Adapted from Georg Raffelt

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz




Newborn Neutron Star Neutrino Driven Explosion

[
3
1
E
1

l Proto-Neutron Star
P = Pruc = 3 x 10" g cm

\

&

Neutrino Cooling

Adapted from Georg Raffelt

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz



The protoneutron star is the post-collapse dense core, which will
eventually become the neutron star by emitting neutrinoes via

p+e—>n+r,

The core mass is roughly given by the Chandrasekhar limit

MPNS = MCh 1. 5M@ =3 X 1033g

What is its density? It is supported by nuclear degeneracy, so
~ ~ 14 -3
PPNS ~ PNuc ~ 3 X 107 g cm

The radius is therefore approximately

A7t
?RPNS ppNs = Mpns = Rpns ~ 10km

Its Schwarzchild radius is about 4.5 km, so this is not a black hole yet

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz
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The gravitational binding energy of the uniform star is

3GNM?
HRR

This must be released to become the smaller denser neutron star.
Thus the net energy output is

Egrav —

3GNM? [ 1 1
5 R Rpns
~ 3 x 10°° erg

Ebind

This can be in any thing - light, neutrinos, axions, gravitons! But we
will see that it is 99% neutrinos!

11th International Neutrino Summer School, Mainz
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The neutrinos are emitted by
nucleons in the PNS atmosphere
virialized with nucleons in the
PNS. The gravitational potential
energy for a nucleon is

Atmosphere

Vray = — ONMENS TN 3\ oy
grav RPNS

Now use virial theorem to relate
nucleon PE to its KE, which we
relate to the neutrino energy

1
E =~ Veray = 15MeV

The virial theorem predicts neutrino energies in the 10 MeV range

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz 28



Neutrinos are trapped via weak interactions, so the their
scattering cross section goes as

E 2
MeV cm’®
c

o~ GaE? ~10"*

leU.C _
~ 10%% cm 3
MmN

Nucleon number density is TI\B —

2
1 10 MeV
IViean free path is A= ——~100cm
npo E
Diffusion time is
2 2

N 30 km 10 MeV

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz 29



med inside the iron core, and has to get out

In deoing so, it breaks Fe nuclei and loses 8.8 MeV/nuc

aterial outside is

The total binding energy of the m

M
().1]\4—53@D ~ 10°! erg

The kinetic energy of the shock wave is com

parable

So shock can be launched but does break through

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz 30



Ceollapse

‘ LM MRACLE

OCCURS .

\\ <
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Collapse

Bounce
Shock stalls

(i ,CQ MEN A7
t e M"\ACLE Neutrinos heat f

OCC UK" the shock

Shock revived and
EXPLOSION!

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz
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Bt the shell at radius z, due to neutrinos
from below, heating is at a rate

L,o
@y ~ Arr?

The shell radiates away heat at a rate
Q_ ~ aocT?

These are equal at the gain rad

shock

ius

3
2Rshock Tshock

Rpns IpNs

I'gain — Rshock

Just above the gain radius, there's heating

11th International Neutrino Summer School, Mainz
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Heating rate depends on electron

namrm@s and anti neutrinos
L E. \°
before Ve Ve
drr Eq

(E, ) < (E, )

With a swap of the flavers, ie, Ve < Vg

Significant increase in heating rate is possible
2
Qafter LVa: EVx > Qbefore

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz 34
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Entropy/Nucleon
Colors:

Radial Velocity
le9 cm/s

Isosurfaces:
Entropy/Nucleon

Colors:
Radial Velocity
le9 cm/s

- 26

Isosurfaces:
Entropy/Nucleon
Colors:

Radial Velocity
le9 cm/s

- 20

- 0.0

11th International Neutrino Summer School, Mainz

Entropy/Nucleon
Colors:

Radial Velocity
le9 cm/s

- 0.6
- 0.0

Isosurfaces:
Entropy/Nucleon
Colors:
Radial Velocity
le9 cm/s

- 20

Isosurfaces:
Entropy/Nucleon
Colors:

Radial Velocity
1e9 cm/s

- 20

Entropy/Nucleo|
Colors:

Radial Velocity
le9 cm/s

- 20

Isosurfaces:
Entropy/Nucleo|
Colors:

Radial Velocity
le9 cm/s

- 2.0

le9 cm/s

Melson et al. (2015)
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Differences in av. Energy

« Cooling phase
-  Luminosity or energy becomes
g ] same across all flavors
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Melson et al. (2015)

ton [s]

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz
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Electron flavor (Ve,Ve)

l
e . | ' I ' - Free \
Thermal Equilibrium \ | e streaming

7
v
l d
I

Neutrino sphere (T )

Other flavors (Y Voo Vpr Vt )

VN ¢ Nv Scattering Atmosphere

ve & ve ‘ ‘
NN <> NNvv yN ¢ Ny :

+ - _ Free
e'e &vwW 7 M streaming
VeVe <>V V), / \f
Thermal Equilibrium W

|

Energy sphere (Tgs) Transport sphere

Keil, Raffelt, Janka (2002)
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Often neutrino g@@@%m are param

1etrized using an “alpha-fit

or an eta-fit". %?@.e% work quite well for the s§e@%m from
T meters are flavor and time-d ependent.

Eta Fit

EQ
l+e T

f(B) x E®e @tV f(B)

Based on a power-law Based on Fermi-Dirac

or others

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz
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S 'nm| !n1ﬂﬂI-'}+Hﬂ'H};

o

20 30 40 0 10 20 30 40 50 60
E (MeV) E (MeV)

Tamborra, Miiller, Hiidepohl, Janka & Raffelt, arXiv:1211.3920
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39



Epoch dependence
 Pre-collapse
« Neutronization burst

Rccretion phase
Cooling phase

Flavor dependence
e FElectron neutrinos

o Electron antineutrines

| * Non-electron neutrinos
N T A and antineutrinos

e
-
ey ——

N e e ———————

,
I
| ~ ~
|
|
l

ol—L 11 1 | I B B
02 00 02 04 06 08 1 3 5 7 9

to L8]
Image: Fischer et al (2010)
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90 ms

100 km

170 ms

Y
‘z X 500 km

Isosurfaces: Entropy/Nucleon
Colors: Radial Velocity, 1€9 cm/s

.35 20 -1.0 00 07
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Garching group

350 ms
y ol
Y
‘z X 3000 km

Isosurfaces: Entropy/Nucleon
Colors: Radial Velocity, 1€9 cm/s

M F S
-2.1 -1.0 0.0 1.0 2.0

11th International Neutrino Summer School, Mainz

Isosurfaces: Entropy/Nucleon
Colors: Radial Velocity, 1€9 cm/s
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L[10°" erg/s]

0 50 100 150 200 250 300 350 400

time [ms]

Basudeb Dasgupta (TIFR Mumbai)

s|kg/baryon]|

Standing Accretion Shock Instability

Large scale motion of the stellar material on a
millisecond timescale

Fluctuations in the neutrine signal,
luminosities and energies

600 F 3
; DC values: )
500 F north = 3.787 x 107 :
= south = 4.149 x 10° 5
= equatorial = 4.173 x 10°
= 400 3 n%ise level = 10.08 F
e
2 300 F E
& 200 f
100 f
0 ;
0 50 100 150 200 250 300
f [Hz]
Lund et al. (2010)
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Tamborra et al. (2014)

Basudeb Dasgupta (TIFR Mumbai)
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Outcome of Core Collapse (neglecting fallback, moderately-stiff EOS)

103 lope
, [] White dwarfs oy e - [ Explosion at &5 < 045 [ Bt Formation at &5 > 045 BH
10° L1 Metallicity Fraction
S stars,; £o/
-1
10 e Allhac
g ) = - Black hole by fallback e sx) LCO6B solar | I ~ 0%
= 102 | i .
104 |:| no remnants WHW02  solar | ] | S1%
-5 . < 4%
10 = T no H envelope WHO7 solar | I - | S 4
l()—6 Illlllllll|ll|llll||lll|lll|lllll|ll|Illlllllllllllllllll
{ H envelope 20 40 60 80 100 120
Metal-free O’ Connor and Ott

ZAMS Mass [M;]

10! 102 103
Initial mass (solar masses)
LU B SO LU B Y I B UL ELELEL
Heger et al., ApJ (2003) 04 @ cc=0.79 J[© cc=0.94 Y
— E . ‘.»-'E [ _—”‘" 720 ~
'Tu;‘ 0.3 :— .- .. ‘..‘--. _;;" o—: : ";.;,x % : E\:
Toafe cAEET - AL e Ji g
:0.. ) -‘.,-. .\ : -“.or/_.' .o :
. 0.1 - $ 4% |
Compactness ~ 1/R enclosing M F’ . .f.l..,l,..l.f ] 1.,
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Ertl et al. (2016),..

04
compactness parameter &, s Nakamura et al (2015)
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N6946-BH1 #2007 o N6946-BH1
HST WFPC2 HST WFC3/uVvIS

-

A Survey about Nothing : Gerke, Kochanek, Stanek (2015)
Adams et al. (2017)
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Ejecta Velocity (I'B)

Margutti et al (2014)

Reviews: Woosley And Bloom (2006), Hjorth and Bloom (2011), ..., Cano et al. (2016), ...
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Lecture 1
Supernovae:
What: Final stages of > 8-10 solar mass stars
When: Roughly 1-3 times per century
Why: Core collapse of massive stars, neutrino aided explosion

Supernova and the neutrino mechanism:

Rich hydrodynamics:
Shock revival,
Convection,
SASI
LESA,
Failed SN

Time dependent neutrino emission in all flavors
Energy, Luminesity, Pinching, ete.

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz
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LVD (400) Baksan | Super-K (10%)
Borexino (100) | (100) KamLAND (400)

= 4§ Daya Bay

5 00)
YARRR

In brackets events
for a “fiducial SN”
at distance 10 kpc

IceCube (10°)
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Detector Type Mass (kt) Location Events  Flavors Status
Super-Kamiokande H->O S Japan 7,000 Ve Running
LVD CrHan 1 [taly 300 Ve Running
KamLAND CnHap 1 Japan 300 Ve Running
Borexino CnHanp 0.3 [taly 100 Ve Running
IceCube Long string (600) South Pole  (10°) Ve Running
Baksan CnHap 0.33 Russia 50 Ve Running
MiniBooNE" CnHan, 0.7 USA 200 7 (Running)
HALO Pb 0.08 Canada 30 Ve, Vg Running
Daya Bay CrH2an 0.33 China 100 Ve Running
NOvA*® CnH2n 15 USA 4,000 Ve Turning on
SNO-+ Cr,Hs, 0.8 Canada 300 Ve Near future
MicroBooNE™ Ar 0.17 USA 17 Ve Near future
DUNE Ar 34 USA 3,000 Ve Proposed
Hyper-Kamiokande H20O 560 Japan 110,000 Ve Proposed
JUNO CnHan 20 China 6000 Ve Proposed
RENO-50 CrHap 18 Korea 5400 Ve Proposed
LENA CrHan 50 Europe 15,000 Ve Proposed
PINGU Long string (600) South Pole (109) Ve Proposed

Basudeb Dasgupta (TIFR Mumbai)
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g2 QY mp < G %) <?
20 Vv 600 ————————————

positrons ]
9] [ d
Y/ \ £ 500f ]
- N7 2 400f 1 SN signal at 10 kpc
OM B ool g 10.8 M, simulation
0, 7 2 1 of Basel group
;NS @ 200f Cooling [arXiv:0908.1871]
G > 100F .
N % g o -
. 0.0 0.5 1.0 1.5

Time [ms]

SN neutrinos are not energetic enough to fire multiple DOMs

300 photons in 1 DOM for SN at 10 kpe. Noise < 300 Hz/DORM.

SN signal appears as a correlated increase in noise rate of 5000

optical modules
Pryor, Roos & Webster (1988)
Halzen, Jacobsen & Zas (1995)

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz 51



—_ [\
931 )

Events dN/dT ' [10° MeV ]
=

()}

Quenched Kinetic Energy T ' [MeV]

Beacom, Farr, Vogel (2003)
Dasgupta and Beacom (2011)

Basudeb Dasgupta (TIFR Mumbai)

! | \ | All fllavlors'
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'\'\ above T'=0.2 MeV
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‘\\\,
AN
\‘K .
L Ty E —
0 0.5 1

1.5

Neutrino - Proton elastic
scattering can give the
unoscillated fluxes if measured
with enough statistics and
reconstructed with precision

X107
1.4F

LB S e B B S A B i e e i e
! | | I | |

+
12f
Lof
0.8
0.6f
0.4f
0.2

0.0F

Li et al (2018)
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Gadolinium Anti-nu
Detector Zealously

Outperforming Old
Kamiokande. Super!

n+Gd — ~8 MeV y (90%)

N+P — d+2.2 MeV y (10%)

Positron and gamma ray
vertices are within
50cm.

Can identify each
antineutrino on an

event-by-event basis
[reaction schematic by M. Nakahata]

Beacom and Vagins (2003)
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Midller, et al. (2003)
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Log (luminosity [erg s'1])

Basudeb Dasgupta (TIFR Mumbai)
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Nakamura et al (2016)
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Coincidence

Server @ BNL

http://snews.bnl.gov

Basudeb Dasgupta (TIFR Mumbai)

Supernova Early Warning System

11th International Neutrino Summer School, Mainz
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RUN 1892
EVENT 139372
TIME 2/23/87
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Kamiokande

4 vt

-Ill-lllllllllll
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TOTAL ENERGY 19.8 MeV
TOTAL P.E. 51(0)
MAX PE. 4(0)

THRES P.E. 0.2(1.0)

III|llllllllllllllllllllllll

+ IMB
Py

KAMIOKANDE 2-P

(b) NUM 9

|
.

RUN 1892
EVENT 139372

TIME 2/23/87
16:35:37 JST

Baksan

TOTAL ENERGY 198MeV
TOTAL PE 51(0)
MAX PE. 4(0)
THRES PE. 0.2(1.0)

—o—
——

b

le-

Cloc b b bone b e bnd 1A

0 2 4 6 8 10 12 14
Time after first event [s]
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40 4Amin_1imin Kamiokande -lj_
30 :
20 - :
= T I /()
) |
4o - 9:3540 1:35:50 v:lm»s — 2 gee 1136120  7:36:30
ig : A —i——— Baksan
o |1 l || T(vr) |
40 +50 : 7:35:50 7:36:00 v:56: 10 718620 ¥ 36:80
29 = IMB
= Il T(vD)
¥:35: 40 7:35:50 9:36:00 313640 7:86:20 G:86:
-4 3 Amsee LSD
10 - 1 . T'(U‘Q_
3:35:40 7:36:50 3:36:00 7:36:40 9:36:20 7.561.30

Image credit: Suzuki (2003)

See review by Vissani (2015)

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz 58



12llllllllllllllllll
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4-layer horizontal chamber

Fe(2cm) —
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L9 5 ) 61 7

Events,/bin
™
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-1 -5 0 5 |
(backward) cos® (forward)

N

1 7 13 19
é AMLMITH" 0

Fe(10cm) L-layer horizontal thambers

Mont Blanc events Unexpected angular distribution

See review by Vissani (2015)
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Reference Analysis

30 I I I I l I I I I I I I I I I I I
| KAM 1 '
20 |- ® ;
TR T L
T 10 _— )
O _l PR T N N TN NN N A O TN T T N T s T 25 3.0 35 4.0 45 5.0 55 6.0
1 Z 3 4 3] 6 T [MeV]
T/MeV Review by Vissanni (2014)
Average Neutrino Energy = 12 MeV
Rough agreement with SN theory +/-10%
Total Energy in anti-nue =5 x 10°? erg
Jegerlehner, Neubig & Raffelt (1996) +50% - 20%
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LVD (400) Baksan | Super-K (10%)
Borexino (100) | (100) KamLAND (400)

=" 4§ Daya Bay

5 00)
-

In brackets events
for a “fiducial SN”
at distance 10 kpc

IceCube (10°)
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w

| B DR [ P [ PR )

SN v, Energy in 1053erg

—_k

0
25 3.0 35 40 45 50 55 6.0 65 70 7.5 8.0

TV in MeV

Kirk Bays et al. (Super-Kamiokande Collaboration) (2011)

Present-day SN rate of 1 SNu, extrapeolated to the entire universe,

corresponds to flux of 1 em? gl

We are in the ballpark. See review by Beacom (2010)
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600
500
400

Frequency [Hz]

300
200

0
Time [ms]

00With neutrino timing (S/N ~7)

100

Events per bin (1.6384 ms)

1 1

_100 1 1 1 1 1
-10 -5 0 5 10 15 20 25 30

Time post bounce (ms)

— N W &~ o o =

Pagliaroni, et al. (2009) _
Halzen and Raffelt (2009) 20 %0 40

SN neufrino-curve is an excellent probe of the hounce time.
This can be used to great advantage for coincidence
measurement with gravitational wave detectors
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Neutrinos reach before the light from

SN at 10 kpe

Beacom and Vogel (1998)

Tomas et al. (2003)

lust-obscure

Basudeb Dasgupta (TIFR Mumbai)

1ay be localized

1ay be crucial for

7

es larger

supernovae!

11th International Neutrino Summer School, Mainz

SN explosion

to a cone of 5 degree at
SK, factor of 3 better with Gd (90% tagging), and factor

of 10 better with a 30 tim detector than SX

65



The SN signal gets stretched out in time if neutrinos are too
heavy and all neutrino energies do not travel at the same speed
close to speed of light

This is proportional to source distance, and (m/E)?

D 10MeV\~ / m \2
10 kpc E eV

0t =~ b ms

Zatsepin (1968)

Limit improves by a factor of 10 or so with Galactic SN whose
time structure can be measured more precisely. E.g., the
neutronization burst peak can get stretched or a BH formation
cut-off of signal gets smeared.

See “Stars as Laboratories for Fundamental Physics” by Georg Raffelt
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Compactification scale [TeV]

0.1
10—15 || IIIIII| || IIIIII| 1 11 IIIII| ] |
10® 107! 1 10 10? 2 3 4 5 6 7
m,, [eV] Number of extra dimensions
Neutrino magnetic moment, lifetime Exotic energy losses via

any new particles or interactions of neutrinos

See “Stars as Laboratories for Fundamental Physics” by Georg Raffelt
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Tamborra et al. (2014)

 Multiple episodes of SASI & convection

 Different frequencies
- Progenitor dependence

Basudeb Dasgupta (TIFR Mumbai)

11th International Neutrino Summer School,
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per 2 ms]

3

Photon count rate [10

—
N
|

—
o

— — Normal hierarchy

- —— Other oscillation scenarios
Noise level

0255 0.26 0.265

| | | | I | | | | | | | | | | | |

| | | | | |
0.2 0.3
Time after bounce [s]

Dasgupta et al. (2009)

QCD transition in the SN can trigger a second burst which is mostly anti-nue

Basudeb Dasgupta (TIFR Mumbai)
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Schroedinger / Wavefunction Bloch / Polarization vector

z’@t\u :[:IlV atﬁ:EXﬁ

“r 5
2
7N

ro) s

Heisenberg-Boltzmann / Density matrix

N

O p = |H,p| + ...
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. M’ d’q 3

Nonlinear nu-nu effects are important when nu-nu interaction
frequency exceeds the typical vacuum oscillation frequency

These interactions give rise fo "Collective” flavor conversions
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v % 7

vV V

Neutrinos forward-scatter (no momentum exchange) off background fermions
This amplitude must be added to the amplitude for free propagation.
Contributes as interference at order G

Diageonal in flaver basis because background is electron flavor
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L resonance : v, (v, H resonance : v,/v, <> v;
(Am_ 2, 8,,) at 10" - 102 g/cc (Am,,,.2, 6,5) at 10° - 10 g/cc
Always in neutrinos. In neutrinos for NH; antinus for IH
Always adiabatic. Adiabaticity = sin?0,;

Dighe and Smirnov (1999)
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Density along a trajectoryis >
i d U)
nen-monotonic §
LR E e
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Radial Distance (10° km)
2500 : : - : - —
. . @) iy, Searmore
Multiple resonances give 2000 |
interference effects that & 1500 |
manifest as oscillations in E, £ 1000 |
due to optical phase between 500 |
resonances. 0 S
0 10 20 30 40 50 60 70 80
E, (MeV)
2500 —
(b) Garching
2000 [ Garchin 15‘1’\/:\;[::{:
T‘Ypicali‘y expected ‘tQ be Livermorg 105events;
=% 1500 |
averaged out by energy S
R Z 1000 |
resolution of detectors.
500
DaSgUpta and Dlghe (2005) 0 0 | 1.0 2‘0 3:0 4.0 5IO 60 70 80

E's (MeV)
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103F50 MeV 103F50 MeV 103F50 MeV
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Extreme case of multiple resonances is turbulence

Borriello et al. (2013). See also Friedland and Gruzinov (2006), and papers by Kneller++
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77



SN is essentially a 2 flavor problem because mu and tau
behave identically in a SN

Any dependence on d_CP must be proportional fo the
breaking of mu-tau symmetry.

One can show that SN neutrino observations are insensitive
to CP wviolation even if mu and tau neutrino fluxes are
unegual initially. This is because only their sum enters the

eguations.
Akhmedov, Lunardini, Smirnov (2002)

Can some small genuine 3-flavor effect depend on CP?

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz
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Detector Location
Matters!

Electron flavor: = (1-P,.) v4 + Py v,
P, is the probability of v,tov,
which depends on Earth density and L

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz



q’ vp k, Ve

QJ Ve

q, Vu Kive q, v, K, vy

Two neutrinos forward-scattering off each-other can exchange {lavor

| v (k)v.(g)> | 2. (k)v(g) D | 3 (1’ ‘1) g
d |1v.v @] | 1vB)v (D) where _ 1
'3 vy S | =2 o tyvea) > Var ‘/EG"{V 0110
| v, (K)v,(q)) | v, (K)v,.(g)> 000 2

Pantaleone (1992)
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Neutrinos of all 1
energies oscillate
together. Pee

L
Usually if Gy tim 0 . cum g g
neutrine density far Synchronized Oscillations
exceeds vacuum ©OSC.
frequency, no large 1

conversions bhut Syne.
Osc.

ee

Once system is

dilute, conversions 0
occur via Bipolar Bipolar Oscillations
oscillations.

Pioneering work by Pantaleone, Kostelecky, Samuel
Seminal papers: Duan, Fuller, Carlson and Qian in 2005, 2006
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. . . . Antineutrinos Neutrinos
Final fluxes in inverted hierarchy (single-angle) | : : | | : : [
1.0 Trrr|prrrrJrrrryrrrrJrrrr] [Trrrr Trrrrprrrr[rrrr[rrrr
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Portions of the energy

spectra get exchanged
Later realized that this occurs

for both orderings and there
can be multiple spectral
splits.

Initially thought to occur
for Inverted ordering

Raffelt and Smirnov (2007)

Plot from Fogli et al. (2007) Dasgupta et al. (2009)

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz 82



The main dynamical gquantity turnsoutto be ', - I, _,
This is often what we refer to as the "spectrum’ as a function of
energy, or emission angle, ete. It this spectrum has a “crossing” the
system tends to unstable and there is flavor conversion.

Dasgupta et al. (2009)
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— =10 Ag=10"
" —— =10 == a_=2x10°
e —0.06 A=3x10* — — 2=10°

50 100 150 200 250 300 350
r [km]

The electron background is different for the different trajectories,
so while most of it drops out as a commeon phase, the difference is
large enough to "hlock” collective effects. This important result
would imply that there are no collective effects if the matter
potential exceeds the neutrino potential.

Esteban-Pretel et al. (2010)
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1 v S S
L ’ 27‘70 w,v 790 w,v 790
QW,U,Zycp T _Tr<Qw UZ)QO) ]:[ —l_ @V S* ) . )
2 2 W,Vz,P Sw,vz,go

Off-diagonal part of density matrix is nonzero = Not flavor eigenstate

iarSa),u - [w T u(/\ T e-:u')]Sa),u
— U fdu’dw’(u + U')g S u-

Look at just the growth of this off-diagonal part

Banerjee, Dighe, Raffelt (2010)
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For some values of matter
and neutrino density, the
system is unstable and
flavor conversion occurs.
NH seems more

unstable!

Akm™)

Remember matter
suppression?

Raffelt, Sarikas, Seixas
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i@r — Z(@t + V- V)

e Solution can depend on time
* Solution can depend on angular coordinates even if the
source is approximately spherical

Think of the off-diagonal component as a field over x and t

S(t, x) = Q(w, k)

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz

87



o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x [2m/ kO ] Mirizzi et al.
Duan and Shalgar

System picks an inhomogeneous solution spontaneously

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz 88



: = " ' | Dasgupta and Mirizzi (2015)
Capozzi, Dasgupta, Mirizzi (2015)

0 50 100
n

P

System picks a pulsating instability spontaneously which
can cascade to stationary selutions
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Distance from the center of SN (km)

11th International Neutrino Summer School, Mainz

©
Ol
—
&
R
~ <
— Ol
— —
©
= A
O - a
b &
o &
L o
g ‘S \ g Matter
=~ Shock Front K density
= k# O profile
p=0 k=0
- Increasing k
ol Pp=0
et Crrrrrraraas I
102 10°

90



R~ O(10km)

The electron antineutrinos are more forward peaked than the
neutrinos. This can leads to a new instability.

Main insight by Ray Sawyer (2005, 2015)

Basudeb Dasgupta (TIFR Mumbai) 11th International Neutrino Summer School, Mainz

91



1/(1—b)

1+a Ve

No backward flux
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No Ingoing Flux

Kipy

0.10
0.08
0.06
0.04
0.02

1.0

Has backward flux

With Ingoing Flux

\
‘v"

i

|

05 00 05

Kiy

0.18

0.14

0.10

0.06

0.02

Stronger Instability

Chakraborty, Hansen, Izagguire, Raffelt (2016)
Dasgupta, Mirizzi, Sen (2016)
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: COS(61) =0.9 G1 =05
cos(6,) =03 G,=0.5
| (w,k;) always real

»

Frequency w

1 " 1 | —

cos(6;) = +0.8 G, =0.5
cos(6,) =-0.2 G, =0.5
Complexk, for real w
in frequency gap

1 1 " 1 " 1

4T cos(6;)=09 G;=-05
L cos(6,) =03 G,=+05
Complex w for real k,
L Complexk, for real w

Frequency w
o

L cos(6,) =-0.2 G,=+0.5

T T T T

cos(64) =+0.8 Gy =-0.5

Complex w for real k,
in wavenumber gap

1 1 1 1

Wave number k,

-4 -2 0 2
Wave number k,

lzagguire, Raffelt, Tambora (2016)
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Some combinations of

w, Kk

not allowed to propagate

Are these all instabilities?

11th International Neutrino Summer School, Mainz
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Detailed understanding of the complex analytic structure of
poles of the dispersion relation gives the instabilities

Capozzi et al. (2017)
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This instability occurs for physically interesting neutrino fluxes

For directions with small lepton asymmetry ~20% flavor con.
Within a few meters and few nanosecs !!!

Dasgupta, Mirizzi, Sen (2017)
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Usually we do not expect collective effects in the burst phase because there is no antinu,
and hence no crossing. So only MSW physics. Can have sensitivity to NH/IH.
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But flavor changing NSI can create an effective crossing (by a shift in the zero of lepton

number) Das, Dighe, Sen (2016)
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Consider accretion phase, where without fast conversions
there are no collective effects (due to matter suppression).

Signal rises faster for Inverted Hierarchy Serpico et al (2012)
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Tomas et al. (2004)

The shockwave creates possibility for the MSW resonance to become

non-adiabatic, the E vs, t encodes information about shock radius vs. t.

May be.. but only if spectra sufficiently different in cooling phase.
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Hard to do.. even with SN at 1 kpe

Boriello et al. (2010)
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SN neutrino detection
Need multiple large detectors with different channels
Gd leading, multimessenger stategies

Physics with (non-oscillating) SN neutrinos: Under Control
Timing, Pointing, Mass, Lifetimmes, Energy Loss, SASI LESAE, ..
IceCube very important for these

Oscillation Physics of SN neutrinos
MSW Same as circa 2000; otherwise a developing subject
Phase effects, Shock, Turbulence etc. harder to see in cooling

Collective oscillations of SN neutrinos
Slow, Symmetry Breaking, Fast, Collisions?
Signatures of SN and neutrinos that use flavor information
Mass Hierarchy, Shock tracking, Decoherence, ..
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Lecture 1
Supernovae: What, When, & Why?
Supernova and the neutrino mechanism
SN neutrino detection
Physics with (non-oscillating) SN neutrinos: What can be measured?

Lecture 2
MSW Physics of SN neutrinos
Collective oscillations of SN neutrinos
Physics with SN neutrinos: What can be measured?
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