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* JStars appear unchanging

| - Night after night heavens reveal
no significant variations

' «On human time scales = majority
~ of stars change very little

| + We cannot follow any but tiniest part of star life cycle
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Star formation

> otars are born when gaseous clouds (mostly hydrogen)
contract due to pull of gravity

> Huge gas cloud fragments into numerous contracting masses

> EKach mass 1s centered in area where density is only
slightly greater than @ nearby points

> Once such "globules” formed gravity would cause each to
contract in towards its center

> As particles of such protostar accelerate inward their
kinetic energy increasecs

> When kinetic energy is sufficiently high Coulomb repulsion
w not strong enough to keep H nuclei appart and nuclear
fussion can take place

> In star like our Sun "burning" of 'H occurs when 4p fuse to

form “He nucleus with release of. ;B o S




Star h

> We start with clouds of cold, interstellar gas

., Molecular clouds - cold enough

to form molecules; T=10-50K

|

[ Often dusty

:

Collapses under its own gravity
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Recurring theme: conservation of energy

(1.~ Collapse due to gravity increases the temperature
(gravitational energy! thermal energy)
If thermal energy can escape via radiation

(glowing gas), collapse continues

2.~ If thermal energy is contained, or more energy is
generated due to fusion, collapse 1is slowed
(by thermal pressure)
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Collapse from Cloud to Protostar

> PFirst collapse from very large, cold molecular clouds
- cloud is turbulent and clumpy -

| > Pragments into star-sized masses

| > Temperature increases in each fragment as it continues

to collapse
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sMultiple Protostars Can Form§
| From a Single Cloud |

.J ""3 Y
4 }zﬁ 3
A, } .

Startlng point:. turbulent gas cloud 1.2 ly across and with 50 Msun of gas
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f What is the energy source that heats a contracting protostar?
A. Priction of the gas molecules rubbing against each other

'B. Pressure, as the gas and dust are compressed

C. Gravitational energy that is released as the cloud compresses

D. PFPusion




f What is the energy source that heats a contracting protostar?
A. Priction of the gas molecules rubbing against each other

'B. Pressure, as the gas and dust are compressed

C. Gravitational energy that is released as the cloud compresses

D. PFPusion




7,000 ly away
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its energy?

. T,

How does the Sun produce
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Could it be chemical burning?

| 1.- Energy released by burning oil ~10' joules/kg

| 2.- Solar emergy output (Luminosity) = 3 x 10%® joules/sec
(mostly in visible light)

3- Need 3 x 10*° joules/seec) / (10" joules/kg = 3 x 10V kg
' of burning oil per second

' 4.- How long will the Sun last?

— M. /(amount burning per second) = 2 x 10° kg)/ 3 x 10" kg/s

sun’

= 6.6 x 10'° seconds = 2,000 years!




Energy generated by FUSION!

Hydrogen Fusion by the Proton-Proton chain

Step 1 Step 2 Step 3
Two protons fuse to make The deuterium nucleus Two helium-3 nuclei fuse
a deuterium nucleus (1 and a proton fuse 1o make 1o form helium-4 (2
proton and 1 neutron). a nucleus of helium-3 (2 protons, 2 neutrons),
This step occurs twice in protons, 1 neutron). This releasing two excess

the overall reaction.

step also occurs twice in protons in the process.
the overall reaction.

’C
> >
r

Proton-Proton chain

Overall reaction KEY
gamma ray ¢ neutron

@ Pproton

neutrino

gamma ray » positron
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> Pp cycle due to following sequence of fusion reactions

|
|‘

H+H VH 20 + 2y,

H +4H —3He + v
SHe +3He —5He +{H +1H

B ey cnoTRy > mass difference between initial & final states

> carried off by outgoing particles

> Net effect ‘4%1—1 —5He + 2et 4 2v, + 2

> Takes 2 of ecach of first 2 reactions to produce two ZHe

> Deuterium formation has very low probkability
infrequency of reaction limits rate at which Sun produces energy




uclear Burning
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| fission

0000
Fission
Big nucleus splits

into smaller pieces
' (Fuclear power plants)

o P . Rl AT R s W RN

omall nuclei stick together

to make a bigger one
(Sun, stars)
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Helium has atomic mass 3.97 times that of
hydrogen, NOT exactly 4 times

Tiny amount of the protons’ mass is lost to
energy

F =

600 million tons of H every second is converted
to 596 million tons of He...4 million tons of mass
are converted Iinto energy each second!
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At low speeds, electromagnetic
repulsion prevents the collision

of nuclei.

High temperature
gives high speeds

9 e E 9

At high speeds, nuclei come close
enough for the strong force to bind
them together.
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The material is very hot so the nuclel and electrons
are all free.

The electrons have all moved to the outer layers of
the Sun.

The Sun is electrically positive (thus the magnetic
fields) so all that exists are hydrogen ions.

D. Neutral hydrogen only consists of one proton and one
neutron in the first place.
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W

The electrons have all moved to the outer layers of
the Sun.

The Sun is electrically positive (thus the magnetic
fields) so all that exists are hydrogen ions.

D. Neutral hydrogen only consists of one proton and one
neutron in the first place.
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MADE BY HYDROGEN FUSION IN CORE

Very small masses, travel close to speed
of light

Don 't interact (almost) with other matter:
requires lead wall 1 light year thick to stop
a neutrino!

| ots of them: 10°° neutrinos/sec from the

Sun, 10"° coming through YOU each sec !

But we can still catch some, using massive
underground “detectors




A. YES, because there are so many and

they carry a lot of energy

B. NO, because they don 't interact with
anything and just flow through

C. MAYBE, it depends on if they are
electron, muon or tau neutrinos.
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A. YES, because there are so many and
they carry a lot of energy

C. MAYBE, it depends on if they are
electron, muon or tau neutrinos.
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A. About the same.

B. Much smaller during the night.

C. Much larger during the night.

D. Neutrinos don 't pass through our body.
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B. Much smaller during the night.
C. Much larger during the night.
D. Neutrinos don 't pass through our body.
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pressure ol
gravity <

Pull of gravity — Push of pressure
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In gases, we have, roughly:

= DENSITY x

1. A high pressure In the center results in a high
temperature.

2.1f really hot, NUCLEAR BURNING can supply
more energy

« Why don 't we get a runaway reaction?
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The s01l

. leads to a large decrease
in the fusion rate .

thermostat

. leads to a large increase in

A shight drop In core A slight rise in core
the fusion rate

temperature . . . lemperature . . .

| o

. that \ 1at
lowers the core raises the core
pressure . pressure

: Solar .
S Thermostat: WEGELEY
restoring WRELEVUEUUE\IN rosioring
the fusion \R=eUI TGN /e fusion
rate o rate o
normal. normal.

. €ausing the core to _ ,
contract and heat up . . . causing the core to

expand and cool down . .

Nuclear fusion rate very sensitive to temperature
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Our cloud collapses to form one or more protostars,
heating up as It shrinks.

Collapse continues, temperature stabilizes as
convection circulates energy outwards

On HR Diagram
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30,000 10,000 6,000 3,000
surface temperature (Kelvin)
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A. Upper left corner
B. Upper right corner
C. Lower right corner

D. Lower left corner




Upper left corner

Upper right corner
Lower right corner

| ower left corner
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A. Thermal pressure.
B. Barometric pressure.
C. Degeneracy pressure.

D. Sound wave pressure.
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Thermal pressure.
B. Barometric pressure.
C. Degeneracy pressure.

D. Sound wave pressure.
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Protostars -2 Main
sequence

Most of its life on
Main sequence
(billions of years)

What happens when
it runs out of

B R e "N BN B e

Low Mass Stars

hydrogen-burning,
main-sequence star

photosphere

p*

hydrogen-
burning core
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to fuse helium.

—— P
E
A
| But the temperature is
i
{ With fusion no longer
occurring in the core,
‘ gravity causes core
collapse € key theme
i — Core temperature starts to
heat up
Now Hydrogen fusion has
’ moved to shells
1 surrounding the core
; — Pushes outer layers of the
. star out.
%
|
|

s R

e R o R e

"/

Hydrogen”
shell fusing
to helium
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um in the

~collapsing core

-

T LARI AL . ERAG W W

Expanding
outer layers
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As core collapses,
hydrogen SHELL burns

faster and faster — more
energy created

Luminosity increases, lifts
outer parts of star

luminosity (solar units)

Star becomes brighter,
larger and cooler!!

All the while, the core is I . G

10,000 6,000

CO”tI”Ulng to Shrlnk and surface temperature (Kelvin)
IS heating up.
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@ As hydrogen fuses to form helium @ star’s core
helium formed is denser and tends to accumulate in central core

@ As core of helium grows
hydrogen continues to fuse in a shell around it

@ When much of hydrogen within core has been consumed
production of energy decreases at center and ...
cannot prevent gravitational force to contract and heat up core

@ Hydrogen in shell around core fuses more fiercely
as T rises causing outer envelope to expand and cool

@ Surface T reduces = spectrum peaks at longer wavelength
(reddish)

@ By this time the star has left the main sequence:

@ It has become redder

e |t has grown In size

@ It has become more luminous
e |t enters red giant stage

@ Model explains origin of red giants as step in stellar evolution




EXAMPLE
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sun has been on main sequence for ~ four and a half billion years

It will probkably remain there another 4 or 5 billion years
As becomes red giant expected to grow out to Mercury's orbit

A - A

g - = * After 5 = b'f?ﬁer 10
£ .00 At birth QE) billion years g s illion years
< Helium 5 100 — 2
< & Helium p |
& S | S Helium
d : | :
S B © © 50
9 = Hydrogen o 90 = | Hydrogen g B Hydrogen
: - :
5 S | S
Q P o

0 | Y Q. 0 < Core 1 l . 0 | N

350,000 700,000
Distance from center (km)

Distance from center (km)

THE SUN (MAIN SEQUENCE)
Current Size

1AU
(93,960,000 M)

THE SUN (RED GIANT PHASE)
1 AU DIAMETER




Red giants have sizes
Up tO 4 petint oium-s Speip B et P i e S S AR T P R e R G PR —

Sun will swallow

Mercury, Venus...
EARTH!!

In 5-7 billion years, we
will be toast.
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. the
dinosaurs died

Present-day mammals (like
us) evolved from small
rodents alive at that time

In the next 5 billion years, we
have about 80 equal sized
time intervals - enough time
to re-evolve over and over
again if necessary
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In the core

The core has just started to burn a new element

All nuclear burning is slowing down

The inner core temperature is cooling

The inner core is collapsing and heating up;
shell burning Is increasing
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In the core

A. The core has just started to burn a new element
B. All nuclear burning is slowing down

C. The inner core temperature is cooling
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Eventually, The Core IS Hot
Enougn o Burn Helium

« At Temp >108 K —
helium flash occurs

and helium ignites.

Hydrostatic

equilibrium has been

restored and the core

IS how balanced

again... happily

burning helium to

carbon as a Horizontal ,
Branch Star 7% surtace temparature (Kelvin)
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 Temperatures ~ 100
million K

* He+He+He > C +
energy
— Triple-alpha process

S 9"

3 “He 1'“C
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A. The core will cool down.
B. The core will start to collapse.

C. Carbon fusion will start immediately.
D. The star will explode.




A. The core will cool down.

The core will start to collapse.
C. Carbon fusion will start immediately.
D. The star will explode.
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When helium runs out. ..

r.—-‘-'m—!-m‘-.’-.-vo-l—— - i . G, AL ] Y P e e " B W Gl s B WP B TN ST A TR AP G T B BTl VA B —— Gy PRI T P s G Ul s NGOG P AR W TR TR GG W B WYy A, G W, . W Ty Ny P NG AT o * B CARRRE . T BAPE AL G, ARG T WP T I AL AR s T G A i PP . N i T G A N [ e Bl T o i, W Ry QTP g, i BT B G Nl S G i BN NSVU i

2

T
?

‘B
;
|
§ |
s

» Carbon core collapses and heats up

* Triggers burning in helium AND hydrogen
shells

— Shell burning now unstable = Thermal Pulses

iInert carbon
' helium-burning shell
hydrogen-burning shell

double shell-
burning core

£

(B
g |
g
g
1
1
I
;
1
!,
4 ]
|
||
f
i g
LB 1
A
1
18
:

j.
1
1
,
{
i
:

:

ﬁ



- W T G0 AL ] Y T P e Rl " B B G s B WD B’ NG ST A LT LA NG s B BBl WV A B —— Gy PRSI F i T A s G U B o FNINGLER PAT AT W IR W JTR, GG T N B WY A, QWSR-S E T N P TG AT o "B AR . T BAPE AT, ARG T WP T B AP S AR s O G A i PP . N ™

planetary nebula double shell-

* Energy generation _ purning

» . red giant

Ed

becomes much higher L et -p

PN red

agaln ' helium- giant
burning
: ' star s
-

subgiant

Outer layers lift and
cool again

luminosity (solar units)

white dwarf

Star becomes

red giant ~
S A F G SNV
— Class Il 10,000 6,000 3,000

surface temperature (Kelvin)
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Degeneracy Pressure

a When there are many more available b When the number of electrons (people)
quantum states (chairs) than electrons approaches the number of available
(people), an electron is unlikely to try to guantum states (chairs), finding an

enter the same state as another electron. available state requires that the electrons
The only pressure comes from the move faster than they would otherwise.
temperature-related motion of the This extra motion creates degeneracy

electrons, which is thermal pressure. pressure.




Q: The Helium core contracts and
heats the star enough to induce a
hydrogen-burning shell... so what
stops the helium core from contracting
to zero radius (keep in mind that He
fusion has not set in yet....)?

A: Degeneracy pressure!

The core becomes very dense... ) )
and two laws of quantum Q: What happens when we “push” on

mechanics become important;  this gas?

A: Nothing! To compress it requires
tremendous energy because we
2. Pauli exclusion principle would have to change the electron’s

energy state. It resists compression!

1. Energy is quantized

All energy levels below the _ _
“Fermi energy” are filled. Q: What if we increase the temperature?

A: This temperature mostly goes into

The electrons are notfree to gpeeding up the nuclei... not the electrons.
change their energy.
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halts gravitational
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million K Is reached ] rzlérg:ggt
— No carbon fusion on

- | elium- ran;
Stellar winds blow | Eu'mm%
material from the outside G

— Including some carbon that
gets to the outer layers via
convection

subgiant

luminosity (solar units)

Outer layers thrown off in N white dwart
a big puff around the
Inert carbon core

— Big puff = Planetary Nebula ’ I A F G

— Inert carbon core = \Whiie 30,000 10,000 6,000 3,000
Dwarf surface temperature (Kelvin)

» Slowly cools and fades
until it becomes a nearly
invisible “black dwarf”
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Planetary nebulae:

Slow stellar wind Fast wind from
from a red giant exposed interior

The gases of the slow wind We see a planetary nebula
are not easily detectable. where the fast wind
compresses the slow wind.

© 2006 Brooks/Cole - Thomson
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Sirius

@ Sirius @ 2.6 pc = fifth closest stellar system to Sun

@ Analyzing motions of Sirius Bessel concluded
it had an unseen companion with an orbital period T ~ 50 yr

@ In 1862 = Clark discovered this companion = Sirius B
@ Following-up observations showed that for Sirius B M ~ M
@ Sirius B’s peculiar properties were not established until 1915

@ Adams noted high temperature of Sirius B = T ~ 25,000 K
which together with its small luminosity = L = 3.84 x 10°° W
requires extremely small radius and thus large density of this star
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H core burning Main Sequence 1
10 billion years

Inactive He core, H shell burning Red Giant g

100 million years
He core burning (unstable) Helium Flash Hours

He core burning (stable) Horizontal Branch L
10 million years

C core, He + H shells burning Bright Red Giant 4
10 thousand years

Envelope ejected Planetary Nebula 2

100 thousand years
Cooling C/O core White Dwarf

Cold C/O core Black Dwartf
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QUERY 20

Einstein showed that mass (m) and energy (E) are interchangeable: E = mc?,
where ¢ is the speed of light

This implies, for instance, that 1 kilogram of matter is equivalent to an energy
E=(00 kg x G x 108 m/8)2=9 x 101° kg m? /g

An energy of 1kg m? /8 is known as 1 joule, for short

‘he Sun actually does convert mass into energy; it does this by nuclear fusion

During one second, the Sun produces an energy E = 3.9 x 10°®° joules,
which then is carried away by photons

How much mass m must the Sun convert into energy E each second?




QUERY 20

The amount of mass required to create E = 5.9 x 10*° joules = 5.9 x 10% kg m? / sec? is

I 9 % 1026 ke m2 /sec
_ 3.9 x10% kgm /sec 433 x 10%kg

M = —
c? (3 x 108 m/sec)?

In other units, this is nearly 900,000 elephant-masses




QUERY 21

| The mass of the Sun is M, = 2 x 10” grams
| The mass of a hydrogen atom is myz = 1.7 x 107%* grams
| If the Sun consisted entirely of hydrogen atoms, how many atoms would it contain?

Dividing this number of atoms by the volume of the Sun, show how many hydrogen
atoms there would ke, on average, per cubic meter of the Sun




QUERY 21

Gl T i e, Wy TR g a——

| The total number of hydrogen atoms in the Sun is the mass of the Sun divided by

| the mass of a single hydrogen atom:

Mg 2 x 1073 grams

= = i 57
i Mg 1.7 x 10724 grams et
The radius of the Sun is
1000
Ro = 7 x 10°km ) =7x108m
1 km

The volume of the Sun then is

4
Vo = 3mRg = 5m(7 x 10° m)” = 1437 x 10* m*

The number of hydrogen atoms per cubic meter of the Sun is then

Ny 1.176 x 10°7

— — 8.18 x 10%° m—°

Vo 1.437 x 1027 m3




QUERY 22

i Consider a source which emits energy at a rate of 1 units per second
' (the type of source, and the units of L are actually irrelevant for this discussion)

i This situation is shown in the diagram of Fig. 1
Consider a sphere centered on the source, and surrounding it at a radius r

' If we assume the energy flows out isotropically (this means the flux is the same in |

- all directions) from the source, then the energy received at any point on the sphere
should ke the same
It is easy to calculate the flux on the sphere, which is the energy as it passes

' through the sphere (energy/ unit area)

It is just the total energy divided by the surface of the sphere

Now, extend this idea to spheres at different radii: the surface area of each sphere
increases as r°, so the flux of the energy (energy per unit area) must reduce as 1/1?2

This is known as the inverse square law




QUERY 22

Approximately 1.6 x 10°© neutrinos are produced by the pp chain in the Sun every second

'Using the inverse square law calculate the number of neutrinos from the Sun that
are passing through your brain every second

| Imagine your brain as a circle with a diameter of 15 cm

Fig 1: Inverse square law

The energy twice as far from the source is spread over
four times the area, hence one-fourth the flux
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QUERY 22

The flux density of neutrinos at Earth is

e 1.6 x 10°® neutrinos/s e neutrinos
= -

A7 d? cm? S

where 4 is the Sun-Earth distance

Thus, the flux of neutrinos passing through the brain per second is

2
brain ~ 1

AN, ST neutrinos w1

S 13 heutrinos
At = Abrain 0

cm? S 4 S

where we have assumed that the diameter of the brain is Dhrain = 15 cm
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