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It's all about Energy!

» Gravity . .. The release of energy as
the star ‘falls’ onto itself

* Nuclear . .. The release of energy from
fusing the Hydrogen and Helium made
In the big bang to heavier elements like
Carbon, Oxygen, .. lron. .
Stars tap into both of these energy sources, but only at the
rate needed to match that lost from the surface.

Supernovae do the opposite. They release the energy so
rapidly that the object explodes, completely disintegrating.



Four Lectures

1. Basics of Stellar Structure and Evolution:
Setting the Stage

2. Understanding Supernovae Lightcurves and
the New Surveys

3. Thermonuclear Supernovae
 Type la Supernovae: Progenitor Puzzles
 New kinds of events from Helium Detonations?

4. Supernovae from Gravitational Collapse
* Most explode from 10-20M stars => lIP’s
* Unusual events also occur. . Jets”? Magnetars?



Absolute Magnitude

Hertzsprung Russell Diagram

Temperature (K)
25,000 10,000

+5

+10

+15

6,000

3,000

Could see it 30 light yéars ‘
away. .nearest star 4 ly away

.......

- Supergianté}

-+ . Giants.

White Dwarfs -

O

B

A

F

G K

Spectral Class

O
N

o
N

Luminosity



M, [mag|

10

15

X100 «

B - V [mag]

~ Nearby stars from Hipparcos
=
D

@)
S
=
-

—
F 0O)
= .
&

() &‘%
L =,

O A3
= i

e

RSN Cooler Surface T
05 0.0 05 1.0 1.5

The outcome of star
formation are stars that
only occupy certain
regions of this diagram.

* Why?

* What is the controlling
parameter?

* How do stars evolve in
time?

* What do they become?



Hydrostatic Balance

Since sound waves travel around a star in an hour or so, there is
plenty of time for hydrostatic balance to apply:

dP am(r)

— —pg, where g(r) = 5
dr "

We now assume that at a typical place in the star, m=total mass
M, r=radius R, so that hydrostatic balance gives

P GM , o ok T
— ~ p—5—,combine with ideal gas P ~ f
R R* my

2

Where m_ =proton mass (everything is ionized). This allows us to
find the relation between the central temperature, T, and the
mass and radius
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More on Hydrostatic Balance
G Mm,,

R

As R shrinks (i.e. as the star contracts from the large cloud it
started in), the core temperature rises! This is the same as what
happens to a particle in orbit, as it loses energy ( ), it
moves in ( ), and moves faster (

).

kpl. ~

Prior to ignition of any nuclear energy source, the loss of energy
(at luminosity L) leads to a slow contraction of the star. If the Sun
were powered this way, it would change its radius on a time

GM-*/R -

~ ~ | <y
LKelvin =~ ~ 10 yl
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HW Problem One

 How does the answer
change when the
electrons start to become
degenerate?
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Stellar Luminosity
GMm.,
: f
R
The luminosity of the star is determined by heat transport, since
the core is hot, and the surface is cold (VACUUM!). Unlike in

your house, the heat is transported by diffusion of photons, which
have a mean free path |, giving:

d(aT*?)

dr

./

/‘?B IT(? —~

: : N 2
Heat Flux =~ cl » Luminosity oc M~

This tells us that the luminosity of a star is mostly dependent on
its mass, M, and has a large dynamic range, as stars range in
mass from 0.08 to 50M

But what sets the stellar radius?
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Nuclear Burning

Since the Sun would only live for ~ 10 Million years in the
absence of an energy source, a more robust energy source was
needed. Quantum mechanics allowed for tunnelling into the
nucleus giving the fusion reactions of Hydrogen=>Helium:

p+p—D+e" + 1,
p+ D —° He + ~
He +° He —* He +p + p

This reaction rate is temperature sensitive, so once a certain T

IS reached, the energy generation rate MATCHES that lost. This
fixes the stellar radius R (proportional to M), and lifetime

n‘)
Nuclear Energy Mo\ ©
- ~ 10 Gyr | —
Luminosity M

Brightest stars have the shortest lives (not unlike Hollywood!)

Lifetime =
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HW Problem Two

* Why is it easier for the star to burn
Deuterium and Lithium than

p+p—D+e" + .,
p+Li — a+a
p+D — SHe+n






Surface Temperature Scale

L =47 R?05pTog x M? — Tog o< M4

More massive stars are more luminous and have hotter
surface temperatures. The formula implies a factor of five
change in T4 (surface value) from 0.1 to 60M
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Helium Burning

Eventually the star runs out of Hydrogen, having converted it
all to Helium in the core. However, nuclear energy remains. If
only it could be understood how to convert Helium into a
heavier element, then stars could live longer and produce
CARBON.

The problem was that He+He=>8Be an unstable element..
Hence had to understand how to do it in multiple steps, which
was solved, finding a path He+He+He=> Carbon.

Helium Burning makes Carbon and Oxygen in the
Stellar Core, and stars with mass <6-8M; never burn
the carbon, simply cooling to become 0.6-1.0M
white dwarfs, the rest of the star leaves in a 5-10 km/
second wind!.



Hydrogen Burning to Helium Ignition
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Helium Ignition

Hydrogen Burning to

]
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Carbon Oxygen White Dwarf Formation
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HW Problem Three

What's the mass-radius relation when
the degenerate electrons provide ALL
the pressure support???



White Dwarf Basics

As the WD cools, the electrons become degenerate, supplying a

e B~y h*k3 >~ A5/3 ~ (N P3)5/3
e X Nellp = Ne om. J; e X P77 X (1\[ / R ) |
, Yoo (o Y\ [ 2
that balances the hydrostatics ¢/ _/)G'”(’) P~ M
dr r? C R4

to give a mass-radius relation:
\71/3 o AT2
Rox 1/MY3 — pox M

The density rises with mass, and the electrons become
relativistic, giving E» = prc — P x p*/?  which means the radius
is indeterminate, and there is a critical mass, called the

Chandrasekhar mass | 27\ ?
Mcep = 1.46M (4)

L

No stable WDs can exist with masses greater than this!






Globular Cluster NGC 6397 Hubble Space Telescope = ACS/WFC

.
jx,
;Q’ ##

NASA, ESA, and H. Richer (University of British Columbia) STScl-PRC06-37




1 O I T T T T l T l

- A .' All Stars -+ B .. Proper Motion - N G ‘ 6 3 9 7
Selected

Main
T "~ Sequence

White
Dwarfs

- . Hydrpgen
| .4 Burning
| Y Limit at
) 0.08Mg
T 2 P
F606W — FB14W F606W — FB14W

Richer et al 2006, Science, 313, 936



Outcomes so Far
M<0.08: Never got hot enough to ignite Hydrogen Burning

0.08<M<0.8: Still Burning Hydrogen to Helium after 12 Gyrs

0.8<M<(6-8): Burn H=>He, and He=>C/O, then leaves a
compact remnant white dwarf of 0.55=>1.1Mg some
nucleosynthesis occurs in the exiting matter, but not much.

Stars more massive than 6-8 times the Sun get to burn

all the way up to the most stable nucleus, °°Fe, at least
In their core.

After that has happened, no further nuclear burning can
halt the gravitational contraction... .. Leading to a
catastrophic collapse to densities comparable to that of
a nucleus! ==> Type |l Supernovae



Life of a 25
Solar Mass

star

e Central
conditions allow
for a more
complete burn
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 End up with a
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core of mass
near M,
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15M.

Cosmic Mixture
= § Hydrogen
+ + Helium

* The shells of matter
get ejected, enriching
the matter between
stars.

 These events make
most of the elements
like Carbon, Oxygen,
Silicon. . . But only
some of the Iron.

 The remnant left
from the collapse is
either a Neutron Star
or a Black Hole.






End lecture one



