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| don’t like computers. | don’t like to use them. But | do.
| rely on physical reasoning to get at how nature works.

However, the real world is nonlinear and the human mind
(at least mine!l) seems less than adept at grappling with
nonlinearity.

Linear: double some parameter in a model and, e.g., some other
guantity doubles.

Nonlinear: double some parameter, other quantities shoot up
by, e.g., huge amounts, and perhaps a whole new,
unexpected phenomenon presents itself.

| will describe a surprising result of nonlinearity discovered
in supercomputer calculations by UCSD and LANL scientists
(H. Duan; G. M. Fuller UCSD; J. Carlson LANL; Y-Z. Qian U. Minn)



sl 1 EMENTARY
These particles are PARTI CLE S

the building blocks
of the Standard Model.

Neutrinos, like the charged
leptons and quarks

are spin-1/2 but, unlike those
particles, neutrinos have

no electric charge.

Each particle has an antiparticle,
SO there are six known neutrinos:

Y Y
electron mu tau

flavor flavor flavor , I II III

T'hree Generations of Matter
We know the rest masses

of all the particles in this table
EXCEPT for the neutrinos!

L& Fermilab 95-759



They don't call it the weak interaction for nothing!

Neutrinos experience only gravity and the weak interaction.

At the neutrino energies typical in stars and the early universe

the weak interaction is twenty orders of magnitude weaker (10-29)
than the electromagnetic interaction that governs how light (photons)
influences matter.

It would take a block of lead
several light years thick
to have a decent chance of

stopping one of these neutrinos !

I’m never impressed by this — neutron star matter is 14 orders of magnitude denser than Pb

So how do we even know these particles exist?



Wolfgang Pauli’s
“. .. desperate remedy .. . to save the law of

conservation of energy . ..” 1930

In beta decay a neutron in the nucleus changes
into a proton. An electron and a neutrino
(an electron antineutrino actually) are emitted.

Experimenters knew the energy of the initial and final nuclei

and they could measure the energy of the electron, but they

could not detect the neutrino. To them it looked as if energy wasn't
conserved. Pauli suggested that there might be an unseen
neutral, chargeless particle that takes away the missing energy

- he called it a “neutron”!
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Zirioh Uloriaxtrasse

liebe Radloaktive Demen und Herren,

Wie dar Ueberbringer dleser Zellen, dm ich muldvollet
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verfallen we den "Wooheelsats® (1) der Statlatik und den Bnerglesats
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von dersalben (ossmordoung wie die Elaktronsmwspas sein und
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konstant ist,

3 ¥un handalt aa sich welter darum, welchs Xrifte suf dle
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mir gua wellermechanischen COrilnden {n¥heres welao der Usberbringer
dleger Zailen) diooes yu zoln, dass das ruhende Meutron ein
mamatischer Dipol von einem gowinsen Homent  lsd. Dis Rxperiments
varliorep wohl, dess die lonisierendse Wirkung eines sclchen Nevirona
nicht grosgaar sein kenp, als die oines W-smm wd drf dem
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durch elnen Assprach ncines varehrisn Torgingers in Amte,
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Alng; liebe Radicaktive, priifet, wnd richtob.- Leider kaon ich odché
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‘matter.

Pauli's letter to the participants
of a meeting of experimental
physicists which he could not
attend.

In 1934 Enrico Fermi created a theory of

the Weak Interaction that explains the experiments
and has allowed us to calculate

how neutrinos should behave and interact with




Neutrino Mass: what we know and don’t know

_ 5m?D ~ 7.6 x 107°eV?
We know the mass-squared differences:
~ 2.4 x 1073 eV?

2
> — 2 2 M atm
e.g., 0ms; =ms5 —mj

We do not know the absolute masses or the mass hierarchy:

normal mass hierarchy inverted mass hierarchy
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Our Charge:

What do these neutrino properties mean
for astrophysics, i.e., cosmology and supernovae??



Neutrinos do most of the “heavy lifting” in
exploding stars (supernovae) and in the early universe.

This is largely because they carry the bulk
of the energy/entropy in these environments!

As we will see, neutrinos can more than make up for their
feeble interactions with huge numbers!!



This might seem like an outrageously absurd statement
given how feebly neutrinos interact with matter.

The neutrino interaction strength we typically deal with
in stars and the universe is Twenty Orders of Magnitude

(10-2°) weaker than the electromagnetic interaction that governs
how photons (light) influence matter!

However, as we shall see, with HUGE NUMBERS, neutrinos
can easily make up for their weak interactions.

Nevertheless, we need really big detectors to “see” reactor, accelerator, solar,
and supernova neutrinos!

' Sudbury Neutrino
SuperK Observatory
100 KTons H,O 10 KTons D,0



The Weak Interaction may be feeble, but. ..

The weak interaction is the only means for
converting neutrons into protons and vice versa.

If it were not for the weak interaction:
-stars would not shine (for very long anyway)
-there would be very few of the elements required for life (no CC SN)



Fusion reactions power the sun
-they make, ultimately, photons and neutrinos
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The sun in x-rays (photons) the sun in neutrinos
(Cornell) -composite from SuperK

(R. Svoboda, LBNL, now UCD)

But whereas neutrinos are innocent bystanders in the sun,
they are the criminal masterminds in core collapse supernovae!



Core Collapse

Supernovae

Stealthy neutrinos undermine the financial (energy deposits) stability
of massive stars, set up the conditions that guarantee their collapse,

and in so doing create the perfect engine for

generating titanic numbers (10°8) of neutrinos. These neutrinos then

bring about the explosions that seed the universe with the

elements necessary for planets and life.
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Nuclear Burning Stages of a 25 M

Star

sun

Burning Temperature Density Time Scale

Stage

Hydrogen 5 keV 5gcm3 7 X108 years

Helium 20 keV 700 g cm™ 5X10° years

Carbon 80 keV 2X10°g cm 600 years

Neon 150 keV 4 X10°g cm? 1 year

Oxygen 200 keV 107 g cm?3 6 months

Silicon 350 keV [3X107gcm? 1 day

Core 700 keV 4X10°g cm ~ seconds

Collapse 1 1 of order the free fall time

“Bounce” ~ 2 MeV ~10"° g cm™3 ~milli-seconds

Neutron Star | <70 MeV initial | <4015 g cm>3 | initial cooling ~ 15-20 seconds
~keV  “cold” ~ thousands of years




Entropy
S =klogI'

a measure of a system’s disorder/order

High Entropy Low Entropy

[
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Massive Stars are Gialll Refrigeralors

From core carbon/oxygen burning onward
the neutrino luminosity exceeds the photon luminosity.

Neutrinos carry energy/entropy away from the core!

Core goes from S/k~10 on the Main Sequence (hydrogen burning)
to a thermodynamically cold S/k ~1 at the onset of collapse!

e.g., the collapsing core of a supernova can be a
frozen (Coulomb) crystalline solid with a
temperature ~1 MeV!



STAaOE

Imescale

H burning
He Burning
C Burning
Ne Burning
O Burning
Si Burning

7 million years
0.5 million years
600 years
1 year
6 months
1 day

http://large.stanford.edu/courses/2008/ph204/deaconu1/




Structure of ad Massive Star

Presupernova Structure

representative of a 15 M, star

Relevant Time Scales:

= Massive stars evolve for millions of years.
= Die in a few hours in a supernova.
= Explosion initiated in < 1 second.

Relevant Spatial Scales:

= |ron core is roughly of Earth’s size.
= Outer stellar radius is larger than the orbit of the
Earth around the Sun.

2.2x18cm

6/25/12 Anthony Mezzacappa (ORNL) 26
SNIT Lectures



Neutrinos Dominate the Energetics of

Core Collapse Supernovae Explosion

only ~1% of
neutrino energy

109% of star’s
rest mass!

mm) Total optical + kinetic energy, 10°! ergs

=) Total energy released in Neutrinos, 10> ergs

1 1 1 1




Neutron-to-proton ratio and energy deposition
largely determined by these processes:

Ve + T — D+ €



The Role of (

E)> v-Luminosity
—»  Matter Flow
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uid Instahilities

Possible Instabilities:
= Convection (e.g., Ledoux)

Negative gradients in entropy,
lepton fraction, or both.

= Doubly Diffusive Instabilities
(e.g., Neutron Fingers, LEF)

Crossed gradients in entropy and
lepton fraction.

= Shock Wave Instability

Something completely different.

Anthony Mezzacappa (ORNL) 30

SNIT Lectures
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lian Observatory = i

Tarantula Nebula in the Large Magellanic Cloud
(50 kpc)

6/25/12 Anthony Mezzacappa (ORNL)
SNIT Lectures
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Each Neutrino is a Quantum System

In quantum mechanics a system can be in two or more
seemingly mutually exclusive states at the same time!
(e.g., Schroedinger’s Cat is both alive and dead)

As it propagates along a neutrino can be in a superposition of different flavors,
and the medium around it can influence the relative mix of these flavors.

But (some of) this medium the neutrino moves through consists of other neutrinos.

The upshot is that how neutrinos change their flavor
depends on the flavor states of the neutrinos in the “medium”.

NONLINEAR !!!



Anisotropic, nonlinear quantum coupling of
all neutrino flavor evolution histories

Must solve many millions of coupled, nonlinear partial differential equations!!



neutrinos Ve = U, antineutrinos p, — p_
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angle-averaged
energy spectra
f

neutrino direction
cos g
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neutrino direction

angle-averaged
energy spectra

=
*

=
=

cos Vg
=
Fes

S
o

S
=

4

Star

0

PJeutron /,,f~”'r

neutrinos p, — p_

P,,,, (Survival Probability
vy v
0.2 0.4 0.6 0.8

antineutrinos

— UV,

Py (Survival Probability)

1.0 0.0 0.2 0.4 0.6

0.8

==
=

[N

AHOYUVYTIH SSVIN d3143ANI

:/17

SS9 0T



—

0.9
W -
08 9
07 = 5
5 o
los — 3 3
= 7]
10.5 8“ N o
-
0.4 ‘éﬁ \ 3
03 = O 3
< 5
0.2 <
0.1

osine of v trajectory angle wrt. normal to n.s. surface

0> g
Ayoueialy ssew pajiaAul

0
0 20

Spectral Swap
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9 of neutrino mass and quantum coherence in s upernovae
H Duan G. M. Fuller, J. Carlson, Y.-Z. Qian, Phys. Rev. Lett. 97, 241101 (2006) astro-ph/060
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Swap Phenomenon seems to be ubiquitous

Can understand this if we associate a “spin” with the neutrino’s flavor:

The direction of this “spin” gives the flavor, e.q.,

Ve + U+

analogy: magnetic (moment) spins of atoms



Magnetic Analogy
T < 1Tc

N S N

- - = vinitial

40

Cooling causes

the magnetic spins
to line up in domains
in space.

“Cooling” (moving away
from the neutron star)
causes the neutrino spins
to line up in domains

Spectra

in energy space.

v initial

0 5 10

20 25 30 35 40
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Detecting a supernova neutrino burst in the Galaxy
would give us insights into both fundamental particle physics
and the workings of core collapse supernovae.



