As Long as the
Sun Snines...
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* Why does the Sun Shine?
e How do we calculate the lifetime of the Sun?

* Different theories regarding the Sun’s source of energy and its
projected lifetime

* How do we know our current model is correct?

e The structure of the Sun
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Introduction

* Discussing what goes on inside stars is very challenging

* Most our information comes from the surface (the photosphere) and
this is only 1 part in 1 billion of the mass of the sun

* So how do we discuss and research what we cannot see?
* We know the basic laws of physics of how gases and matter behave

* We can measure external attributes of the sun (radius, mass, luminosity) and
we can use this information to theorize what is going on inside

* We can experiment to test these theories to see which one is right




Introduction

* Today we will answer a simple question: How Long Can the Sun Shine?

* We will provide a number, more importantly by understanding how
the sun works to generate energy you will know WHY we produce this
number




Stars are big balls of gas that shine
because they are hot

« Stars constantly lose internal heat by shining
(“Luminosity”)

» Luminosity is the rate of energy loss. “Shining”
means releasing photons which are small packets
of energy

« We can calculate the amount of energy because we
can measure it per S(%uare iInch and multlfply that
zgaéslst the surface of the sun (surface of a ball -

TIr

» To stay hot, stars must make up for the lost energ%/,
otherwise they would cool and eventually fade out.




How long can the Sun
continue to shine?

We need answers to 2 questions:

« What is the internal energy
content of the Sun?

* How fast is this energy being
lost to shining (Luminosity)?

Internal Energy

Lifetime = ———
Luminosity



In the 19" Century, two energy
sources were known

» Chemical Energy
« Burning by oxidation (wood, coal, oil, etc.)
e Chemical Explosives

 Gravitational Energy:

« Water running downhill to power mills
» Heat from meteorite impacts




The most powerful chemical
reactions release
about 108 Joules/kilogram energy

Sun’s mass is 2x1030 kg, so the total chemical

energy available is E,,~2x10%8 Joules.

Sun’s Luminosity is L,,~4*10% Joules/s

sun

Lifetime = % ~5x10"'s ~16,000 years

Sun

But, 19t century geologists estimated the
Earth was 100 Million to 1 Billion years old.

How could the Earth be older than the Sun?



| Kelvin - Helmholtz

* The sun is a ball
of incandescent
gas and is held
up by the
balance of two
forces: Pressure
and Gravity

* To be stable it
must be in a
state of
hydrostatic
equilibrium




The interior structure of a star is
determined by the balance
between Gravity & Pressure

w Gravity keeps pressure from making the
star fly apart by trying to make the star
¢ collapse
Pressure supports the star against

gravitational collapse by trying to make the
star fly apart

When Gravity and Pressure are in exact
balance, the star is in a state of Hydrostatic
Equilibrium.



The Sun starts out in Hydrostatic Equilibrium:
Pressure = Gravity

The Sun neither contracts nor expands.



Luminosity radiates away some heat, and the
internal Pressure drops...

This tips the balance of equilibrium in favor of Gravity



Gravity is slightly stronger than Pressure, causing
the Sun to contract a little...
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The smaller Sun is now more tightly gravitationally bound.



Gravitational contraction compresses the Sun,
increasing the internal Pressure...

)6

This restores Hydrostatic Equilibrium, but at a higher gravity
and pressure than before, starting the cycle over again.



The Kelvin-Helmoltz Mechanism
uses gravitational binding energy to
power the Sun

The gravitational binding energy of the
Sunis E; ~ GM?/R ~ 4x10*" Joules.

Sun’s Luminosity is L.,.~4*10% Joules/s

sun

E
Lifetime = L_g ~10"s ~ 30 Million years

In the 1880s, geologists estimated the age of
the Earth was at least 2 Billion years old.

Chemical and gravitational energy are foo
inefficient to power the Sun for billions of
years.



The discovery of nuclear energy in the 20t
century suggested a possible energy source.

18906:
Rontgen & Becquerel discover radioactivity
Pioneering work by Marie & Pierre Curie.

1905:

Einstein demonstrates equivalence of
mass & energy: E=mc?

1920s:
Eddington noted that 4 protons have 0.7%
more mass than 1 Helium nucleus (2p+2n).

If 4 protons fuse into 1 Helium nucleus, the
remaining 0.7% of mass is converted to energy



Nuclear fusion releases an enormous amount
of energy

Fuse 1 kg of Hydrogen

This produces 0.993 kg of Helium

Remaining 0.007 kg of mass is
converted into energy:

E =mc?2~6.3x10" Joules

Enough energy to lift 64 Thousand Tons of rock to a
height of 1 km!




How does this work?

« Protons don’t accidentally bump into each other

* Protons have a positive electric charge so they
should repulse each other (like magnets). Electro
Magnetic force is 104° more powerful than gravity

* Only the core of the sun (10% of the sun) is dense
enough

* Only when it is dense and hot enough (10 million
degrees) will the protons being moving quickly and
with enough energy to overcome that repulsion
and start colliding with each other fusing into new
elements

 This is what we call the Proton-Proton Chain
Reaction




The Sun is powered primarily by the
Proton-Proton Chain nuclear fusion reaction.

p+p—> ‘H+e" +v, (2%) IH%?H 1H¥1H
Hip— He+y 2¢) 0 . o
*He+°He — *He+p+p H%f’* HO\{H

4 Hydrogen nuclei (protons) are He He
fused into one He nucleus plus
Energy (y-ray photons) /A\
Positrons (anti-electrons) H@ @'H
Electron Neutrinos. — Y @ -




Fusion of hydrogen into helium is
efficient enough to power the Sun
for a long time

Hydrogen fusion requires temperatures greater
than 10 Million K.

Only 10% of the Sun’s mass is hot enough for
fusion, or ~2x102° kg

E...~ 1.2x10% Joules

Sun’s Luminosity is L ,,~4%102° Joules/s

E .
Lifetime = —< s ~ 10 Billion years

sun

Hydrogen fusion can power the Sun for 10 Billion years

4
4“



Energy release comparison:

Chemical:
~108 Joules/kg
Could power Sun for ~20,000 years

g Gravitational (Kelvin-Helmholtz):
94 ®a  ~2x10"" Joules/kg

g """ ~ Could power Sun for~30 Million years
/l\ Hydrogen Fusion:

~6x10'% Joules/kg
mﬁw Can power Sun for ~10 Billion years

yyyyyyy
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How do we know that nuclear fusion is actually
occurring in the core of the Sun?

- 'H 'H
We look for the neutrinos created
by the p-p chain.
What are neutrinos?
Neutral (uncharged) subatomic particles. e() Vg

Very nearly massless, and travel at very
near the speed of light.

Interact with matter via the weak nuclear force,
so they just stream out of the center of the Sun.

About 60 billion neutrinos pass through every square
cm of your body every second!



Kamioka Observatory, ICRR, The University of Tokyo

Super-Kamiokande
Neutrino Observatory

Located deep under Mount
Kamioka in Gifu, Japan

A neutrino enters the tank of
50,000 tons of ultra-pure water.

If absorbed by a proton in the
water, a positron gets emitted,
making a flash of blue light.

This light flash is detected by
the 12,000 photodetectors
lining the water tank.



Neutrinos from nuclear fusion inside the Sun
have been detected.

The number detected
IS consistent with

the required rate of
nuclear fusion needed
to power the Sun for
10 Billion years.

Ongoing experiments
are working on the
fine detalls.

Kamioka Observatory, ICRR, The University of Tokyo



Internal structure:
core

radiative zone
convection zone

Prominence

Coronal Hole

Subsurface flows










Great American Eclipse August 21 2017
Independence Oregon, Images by Chanan Greenberg
Composite Image



Total Solar Eclipse
April 8, 2024 Morgan, Vermont
Chanan Greenberg www.greenhawkobservatory.com
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