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Supernovae

® Lelium Burning Main Sequence In

massive stars, a series of

nuclear burning stages transforms
the star into an onion-like shell
structure, until Silicon and Sulfur
burning create a core of iron (and
other iron-peak elements.

. During this phase the star will
criss-cross the upper regions of the
H-R diagram from Red Supergiant to
Blue Supergiant and back as different
core and shell burning stages ignite.

® Each successive nuclear burning
stage releases less energy than the
previous stage, so the lifetime in each
stage becomes progressively shorter.

For a 20 Mg star:
Main sequence lifetime ~ 10 million years
Helium burning (3-) ~ 1 million years
Carbon burning ~ 300 years
Oxygen burning ~ 2/3 year
Silicon burning ~ 2 days



Nuclear Burning Stages
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1. imcreases

Triple-Alpha Process

4He + 4He + 4He --> 12C
Only stars with masses greater than about 0.4Mg
will reach temperatures high enough to ignite the
Triple-alpha process

Advanced Nuclear Burning Stages

Following the Triple-alpha process there are a
variety of reactions which may occur depending
on the mass of the star.




Supernovae
gravitational stellar collapse

Optical Li ght Curve

The Collapse



Supernovae
optical observations

SN remnant SN explosion

SN19941 Optical Image by Brian Schmidt (ANU)

Crab Nebula 1054 AD

Supernovae - SN1994|



Supernova Sequence

Pre-supernova star

Collapse of the core gravitational

waves
Interaction of shock

with collapsing envelope

neutrinos emitted

< light emitted]

Star brightens byru 108 times




Supernova
Sequence

Within about 0.1 second, the core
collapses and gravitational waves are
emitted.

After about 0.5 second, the
collapsing envelope interacts with the
outward shock. Neutrinos are
emitted.

Within 2 hours, the envelope of the
star is explosively ejected. When the
photons reach the surface of the star,
it brightens by a factor of 100 million.

Over a period of months, the
expanding remnant emits X-rays,
visible light and radio waves in a

decreasing fashion.




Kepler SNR

ROSAT PEPG
Cygnss loop

Cygnus Loop Remnant

Historical Supernovae
(our galaxy)

e SN1006 in Centaurus in the
southern sky

e SN1054 - The Crab Supernava
iIn Taurus recorded by Chinese
and Native American astronomers
e SN 1572 -Tycho’s Supernova,
studied in detail by Tycho Brahe

e SN 1604 Kepler's Supernava
+other possible Milky Way
supernovae

Rate

e our galaxy 1/50 years
e within Virgo Cluster ~1 year




SN 1987A

Large Magellanic Cloud
(LMC)

Supernova 1987A Rings

Hubble Space Telescope

Wide Field Planetary Cameara 2

First SN with observations of star
that exploded - Sk -69 202

Supergiant with
T = 16000K
Luminosity = 100,000L ¢
Mass ~ 20M ¢



Neutrinos from SN1987A

| Neutrino Emission from
massive star gravitational
collapse

"™ precedes photon signal by
hours

| Neutrino luminosity typically
100x optical luminosity



Neutrinos from Gravitational Stellar Collapse
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Neutrino Supernovae Network




TOP-BOTTOM COUNTERS

Techniques
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Fig. {4)4 A view of the PVC scintillator containers showing the optics and
vicwing window for externally mounted 8" hemispherical phototubes.
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MACRO Search for Galactic Supernovae
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MACRO results: NO events
600 tons, ~ 8 years

low background rate
sensitive to entire galaxy




SNEWS
A Neutrino Early Warning System for Galactic SNII

@ provide an early
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1) disperse to skilled astronomers

2) disperse to amateur astronomers thru Sky and Telescope magazine
3) approved experiment to point the Hubble Space Telescope




Supernovae
Gravitational
Waves

Non axisymmetric collapse ‘burst’ signal
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IS5l Mass

light stowage amm

Detector
concept S

o5l mass

photodetecton

The concept is to compare the time it takes light to travel in two
orthogonal directions transverse to the gravitational waves.

The gravitational wave causes the time difference to vary by
stretching one arm and compressing the other.

The interference pattern is measured (or the fringe is split) to one
part in 10 19, in order to obtain the required sensitivity.



[ IGO sites

Hanford
Observator

Observator y



International Network

LIGO

Simultaneously detect signal (within msec)

GEO| | Virgo

TAMA

AElavadraa

AlGO

¥ detection
confidence

® |ocate the sources
® decompose the

polarization of
gravitational waves



L IGO Hanford




LIGO Livingston




Model of Core Collapse

A. Burrows et al

Fiz. L —Kick Seqquence; Inilial and Feal Siates

kick sequence o
gravitational core collapse



Asymmetric Collapse?

pulsar proper motions
Velocities -

* young SNR(pulsars?)
* > 500 km/sec

Burrows et al

= recoll velocity of matter
and neutrinos

MNumber
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15 Pulsars
Frail, Goss & Whiteoak (1994)
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LIGO Sources
neutron star births

e Supernovae: stellar core collapse -> NS »

» IfNS bornwith P ;. <10 msec:
R-Mode instability.
— Observations -> Spin evolution, viscosity,
mode-mode coupling
— LIGO-II: detectable to 20Mpc (VIRGO cluster)

» Ifin our galaxy (~1/50 yr): e \

— Boiling -> Neutrinos and Gravitational Waves. 2
— Cross correlate -> dynamics of 1st one sec of NS life

e Accretion-Induced Collapse of White Dwarfs
» Only O/Ne/Mg Dwarfs likely to produce NS’s (~1/yr at 130Mpc)

» Centrifugal hangup at ~ 60 km -> bar-mode instability -> Gravitational
Waves [but hydrodynamic losses?]

» When shrunk to ~10km -> R-mode instability

N,
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Gravity Wave Power Spectra (D = 10 kpc)
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Conclusions

® Multimessenger astronomy has great
promise for the future

" All we need is the next galactic
supernovae ... (or some other
multimessenger source)



Best of luck from those of us on LIGO

We will miss you !




