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The Sun is the dominant feature of
our solar system and contains ~98%
of the total mass of our solar system.
• the Sun could hold 1.3 million
Earths.
• the mass of the Sun is 332,830
times that of the Earth
The Sun is composed of 92.1%
hydrogen and 7.8% helium — the
sum of all other elements makes up
less than 0.1%.
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The average surface temperature is only ~6,000°C, however, the
core can reach temperatures ~15,000,000°C.
Since the Sun is not a solid, the rotational period of the Sun
ranges from ~25 days at the equator to ~36 days at the poles.
It is unlike any other object in our solar system!

I. The Structure of the Sun
(and presumably, other stars!)
Core At the center of the Sun,
hydrogen fusion occurs and the
temperature is near ~15,000,000°C.
Radiative Zone A very dense region
surrounding the core. This layer is so
dense that radiation released from the
core is absorbed and reradiated and
takes millions of years to pass through.
Convective Zone Gases circulate in
this zone by buoyancy — hotter gases
rise up and cooler gases sink.
Convection is an effective means for
heat (radiation) transfer.
Photosphere This is the surface of the Sun where the gases are dense
enough to see and has a temperature of ~6000°C.
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The image show detail of the photosphere (surface) of the Sun.

Patrick Hall,York University

The movie shows a time lapse
series of convection on the
solar surface (solar
granulation).
The sizes of the granules
range from 250 km to >2000
km, with an average diameter
of 1300 km.
Lifetimes of granules typically
range from 8 to 15 minutes.
Horizontal and vertical
velocities of the gas motion are
1-2 km/s.

Big Bear Solar Observatory
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Sunquakes have been
observed on the surface
(photosphere) of the Sun.
This quake occurred as the
result of a moderate solar flare
(July 9, 1996) and had an
approximate equivalent
magnitude of 11.3 .

The ripples are similar in
appearance to those caused
by dropping a pebble in a
pond.

The Sun's corona is its outer
atmosphere.
As the image indicates, the
corona is clearly visible during
a solar eclipse when light
from the bright solar disk is
blocked.
Gases in the corona are thin
and at temperatures of
~2,000,000°C. The Sun's
corona can extend up to 12
times the diameter of the Sun.

NASA

This video shows the November 12, 1012 solar eclipse as viewed
from Australia.
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The chromosphere is a thin
(~3000 km thick), dense
portion of the solar
atmosphere below the corona.
The image shows the deep
red chromosphere during a
total solar eclipse.

Luc Viatour
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Sunspots are apparent “dark” regions on the surface of the Sun that
are relatively cool and thus do not radiate as brightly.
Sunspots are related to changes in the Sun's magnetic field (more
later).
The time lapsed series of images illustrates the motion of sunspots as
the sun rotates.

This timelapse movie
shows sunspots
moving along the
rotating surface of the
Sun.
The image sequence
spans approximately
one month.
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The first recorded observations of sunspots
was around 800 BCE by Chinese
astronomers/astrologers.

Galileo made a
series of 36
sunspot drawings
in the summer of
1612.

Galileo Project

Viewed in sequence, the
drawings illustrate the
motion of sunspots across
the disk illustrating the
rotation of the Sun. The
changes in the sunspot
groups and sizes can also
be observed.

Space Physics Group of University of Oulu, Finland

This figure shows the number of observed sunspots from 1760 to
2000. The 11-year cycle is clearly visible.
Sunspots look dark because they are
cooler than the photosphere. The
magnetic field around a sunspot is ~1000
times greater than the solar average. The
strong magnetic field inhibits convection
and the upward rise of hot gas. Thus, the
region cools on the Sun's surface - forming
the sunspot.

The figure
shows the
number of
sunspots
since
1985.

The figure shows that Cycle 24 will peaked around 2014 and will
reach its minimum around 2020.

Solar Flares
A solar flare is an explosive
eruption involving the rapid
release of energy
(electromagnetic radiation),
energetic particles and large
quantities of mass from a
localized region on the Sun.
A solar flare occurs when
magnetic energy that has built
up in the solar atmosphere is
suddenly released. Radiation
is emitted across virtually the
entire electromagnetic
spectrum.
The amount of energy released is the equivalent of millions of
100-megaton hydrogen bombs exploding at the same time!
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This movie shows a solar flare near the limb of the Sun on October 10th, 1971.
A flare can peak in a few minutes and decay in an hour or less.

Prominences are structures in the
corona and consist of dense clouds of
material suspended above the surface
by loops in the Sun's magnetic field.
Prominences can remain in a quiet
state for days or weeks. However, as
the magnetic loops that support them
slowly change, prominences can erupt
and rise off of the Sun over the course
of a few minutes or hours

Prominences
seen on the
solar disk
are are dark
and known
as filaments.

Coronal Mass Ejection
Coronal mass ejections
(CME's) are huge magnetic
bubbles of plasma that
erupt from the Sun's
corona. They are dynamic
events in which plasma
contained on closed coronal
magnetic field lines is
ejected into space. These
events are daily
occurrences, averaged over
a solar cycle.
The occulting disk in the
middle of the image blocks
the bright light from the
Sun's surface so that the
corona may be seen.
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The time-lapsed
movie of the Sun’s
corona shows a twoweek sequence with
many CME's.
Note the movement
of the starfield in the
background.
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The illustration
shows the
interaction of solar
wind and a CME
with the Earth’s
magnetic field.
The blue lines
surrounding the
Earth represent
it’s magnetic field.
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Note: image not to scale

Why is the Sun's magnetic field so complex?
The Sun's magnetic field is the result of the dynamo effect.
When an electrical conductor (in this case, solar plasma) rotates
rapidly (convection), it can convert some of the energy in to a
magnetic field. The dynamo effect is thought to be responsible
for the Earth's magnetic field (convection in the outer core).
The Sun’s magnetic field
becomes distorted since it is not
a solid and the equator rotates
faster (~25 days) than the poles.
The differential rotation of the
Sun is linked to a magnetic
cycle.
This magnetic cycle has been
linked to solar activities such as
sunspots and solar flares.

NASA

The figure shows a comparison of three images almost three
years apart illustrating an increase in solar activity.
The 11-year cycle observed for sunspots occurs because the
Sun’s magnetic field reverses polarity every 11 years.
The relationship between solar activity (sunspots, solar flares,
etc.) and the number/size of magnetic loops is unmistakable.

This movie depicts a map of
the Sun's magnetic field and
a correlation to sunspots for
a 30-year period. In the
map, yellow represents the
magnetic field coming "out"
of the Sun (positive or North
polarity) and blue
represents the field going
"into" the Sun (negative or
South polarity).
The strip along the bottom indicates the date the map was taken
by plotting the solar sunspot cycle up to that particular rotation
of the Sun.
This animation shows that during periods of magnetic
perturbations, the occurrence of sunspots increases.

II. Nucleosynthesis and the Energy of Stars
Our Sun and other stars generate their energy
through nuclear reactions— this involves the
breaking and bonding that occurs inside the
nuclei of atoms.
This is very different than the way energy is
produced by combustion as in a campfire.
Combustion is a chemical process were
energy is produced by breaking and
reconnecting bonds between atoms —
electron bonds. Chemical reactions result in
changes in the electronic structure of atoms.
Energy change accompanying nuclear reaction is far greater
than for chemical reaction:
•nuclear transformation of 1.0 g 235U releases 8.2 x 107 kJ
•chemical combustion of 1.0 g methane releases 56 kJ

Nucleosynthesis includes the many processes that result in the
formation of new elements and isotopes.
Fusion differs from nuclear fission
where heavy nuclei are split into
smaller nuclei.
Fission is the process operating in
nuclear power plants.
Wikimedia User: Avda
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Energy from the Sun is due to the
strong nuclear force, which is what
binds atomic nuclei together.
Neutrons in nucleus are like glue
and help overcome proton-proton
electrostatic repulsion.
Stars create their energy through nuclear fusion reactions —
creating heavier nuclei by combining lighter nuclei.

The forces holding nuclei together (strong force) are measured
as binding energy.
Binding energy can be measured as the difference in energy of
isolated nucleons versus the bonded nucleus - this is measured
as a difference in mass.
Example: calculate the binding energy for 4He
(2 p+ + 2 no —> 4He)

Calculate the binding energy for 4He (2 p+ + 2 no —> 4He)
•Neutron mass is 1.00866 amu (substitute g/mol)
•Proton mass is 1.00728 amu
•The mass of the nucleons is 4.03188 amu
•He nucleus is 4.00150 amu without electrons
•difference in mass (Δm) is 0.03038 amu
•The speed of light is 299,792,458 m/sec
Plugging this into Einstein’s equation:
ΔE = Δmc2
[answer: 2.73 x 109 kJ/mol (J is kg·m2s-2)]
This is ~10 million times the energy of a
typical chemical reaction!

Wikimedia Commons

The plot shows the binding energy for elements as a function of
mass.

More binding energy means more stable nuclei.
If all mass in the universe were converted to most stable form it
would all be iron!

Light elements gain stability and release energy when they fuse to
form heavier elements (fusion).
Heavy elements gain stability and release energy when they
fragment to form smaller nuclei (fission).

Fission
Wikimedia Commons

Fusion

Primer on the Internal Structure of the Atom
Don’t forget your quantum mechanics — but we
won’t really need in this class!
We can adopt a simple view of the atom:
•Every atom contains a positively charged nucleus
where the vast majority of the mass is found.
•The nucleus contains one or more protons having
a positive charge.
•The nucleus may contain neutrons than have
slightly higher mass than protons and no charge.

Svdmolen/Jeanot, Public Domain

•The nucleus is surrounded by negatively charged electrons in specific shells
(or orbitals).
•Protons and electrons have charges that are equal in magnitude but opposite
in polarity.
•In a neutral atom, the negative charges of the electrons balance the positive
charge in the nucleus.
•The diameters of atoms are ~10-8 cm - expressed in angstroms 1Å=10-8 cm.

Nuclear Systematics

protons

+

Z = atomic number = number of protons

+

N = neutron number = number of
neutrons
A = mass number = Z + N

+
neutrons

+
+
+

We can specify the composition of any nuclide* by identifying the
number of protons and neutrons in the nucleus. The shorthand
method uses the chemical symbol:
12
6C
Where 12 is the number of nucleons (protons & neutrons) and 6 is
the atomic number.
We will use a “shorter” informal shorthand: 12C
€ to specify the number of protons when the
since it is redundant
chemical symbol is used.
*Nuclide is another word commonly used for atom.

The mass of an atom is expressed in
terms of amu’s (atomic mass units),
where the mass of the 12C atom is
arbitrarily fixed at 12.00 amu’s. Thus,
the mass of all other nuclides are
obtained by comparison to 12C.

protons

+
+
+

neutrons

+
+
+

264 stable nuclides have been identified - that is, they have not been
observed to decay with present technology. The total number of
nuclides (stable & radioactive) is nearly 1700.
Most elements have two or more naturally occurring isotopes; 20
elements have only one naturally occurring isotope (ex. Al, Co, & Au)
and only two elements have no naturally occurring isotopes (Tc &
Pm). Although Tc (red giants) & Pm (HR 465 in Andromeda) do not
occur on Earth, they have been detected in stellar spectra. The short
half-lives of Tc and Pm indicate that there must be nucleosynthetic
processes producing them in extreme/exotic environments.

The relative proportions of naturally
occurring isotopes are determined
experimentally and are expressed in
terms of their %abundance.
For example, the three naturally
occurring isotopes of K have the
following abundances:
39K

= 93.2581%

40K

= 0.0117% (t1/2 = 1.27x109 a)

41K

= 6.7302%

sum = 100.000%

protons

+
+
+

neutrons

+
+
+

In addition, the He nucleus weighs
slightly less than the 4 H nuclei.
The difference in mass has been
converted to energy:
E = mc2
This famous equation by Einstein shows that
energy (E) and mass (m) are related. The
speed of light (c) is a really larger quantity and
results in the production of a great deal of
energy from a relatively small amount of mass.

Cornell University Instructional Web Server Information and Services

Hydrogen Fusion
The net reaction that occurs in stars
fuses 4 H nuclei (single protons) into
1 He nucleus (2 protons + 2
neutrons). This involves the
conversion of 2 protons into 2
neutrons.

Nuclear fusion occurs under very special conditions.
Remember that protons repel
one another by electrostatic
force. Thus, intense pressure
and violent collisions are
required.
Collisions with sufficient energy
only occur when the gas is
very hot (remember that heat is
a measure of particle speed).
This is why hydrogen fusion
only occurs in the cores of
stars such as our Sun (not
Jupiter).

SOHO

Proton-proton Chain
The fusion of hydrogen into
helium occurs in a series of
steps. In stars similar to our
Sun, the reaction is called the
proton-proton chain (as
illustrated in the figure) and is
responsible for ~90% of the
energy produced. There are
three steps:
1H

+ 1H —> 2H + β+ + ν (1)
2H + 1H —> 3He + γ (2)
3He + 3He —> 4He + 1H + 1H (3)

(1)

(2)

(3)

Wikimedia user: Borb

•The net result is that 4 1H
nuclei are transformed
into one 4He nucleus plus
the release of energy.

β+

β+

•The gamma rays (γ) are
absorbed by the gas and
heat it. In addition, the
positron (β+) is annihilated
producing more gamma
rays for additional
heating.
•The neutrinos (ν)
generally do not interact
with other particles.
•After the Big Bang, this
process was the only
source of nuclear energy.

Wikimedia user: Borb

CNO Cycle
For stars heavier than our
Sun, the CNO (carbonnitrogen-oxygen) cycle of
nuclear fusion is important.
The cycle results in the fusion
of four 1H nuclei into a single
4He nucleus. 12C serves as a
catalyst in this set of reactions
and is regenerated for another
cycle:
12C

+ 1H —> 13N + γ
13N —> 13C + β+ + ν
13C + 1H —> 14N + γ
14N + 1H —> 15O + γ

(1)
(2)
(3)
(4)

15O

—> 15N + β+ + ν (5)

15N

+ 1H —> 12C + 4He (6)

(6)
(5)
(4)

(1)
(2)
(3)

Wikimedia User: Borb

The carbon for this
reaction comes from
material previously
synthesized in an earlier
generation star.
Most of the stars in our
galaxy are at least 2nd
generation stars and
contain heavier elements
such as carbon.

Wikimedia User: Borb

Helium Fusion
We’ve seen the processes that are responsible for converting H
into He. Eventually, a star will deplete its H fuel and-He burning
dominates during the red giant phase. The most important Heburning mechanism is the triple-alpha process where 3 4He
nuclei form a 12C nucleus:
+ 4He —> 8Be + γ (1)
8Be + 4He —> 12C + γ (2)
The half-life of 8Be is
~10-16 sec — it must
absorb another 4He
before it decays
The isotopes of Li, Be, and B are relatively unstable and the
triple-alpha process is the key to producing heavier elements—
without it, no elements heavier than He would exist in the
Universe.

Wikimedia User: Borb

4He

As the star evolves the core temperature increases and
progressively heavier elements are produced by adding 4He nuclei:
12C + 4He —> 16O
16O + 4He —> 20Ne
This fusion process is a
delicate game between
electrostatic repulsion and the
strong nuclear force.
Eventually, electrostatic
repulsion wins and there is a
limit to the size of the nuclei
that can be formed in this
process.

Wikimedia User: Panoptik

The heaviest nuclei that can be produced by the simple addition of
a 4He nucleus is 56Ni which is unstable (at stellar conditions) and
will decay to 56Co and then to stable 56Fe.
This is known as the Fe-limit and represents the heaviest element
produced by normal fusion processes in normal stars.

During the final stages of the life of a star, other more exotic
processes are responsible for the formation of heavier nuclei.
S-Process (slow)
During the final period of the red giant stage, heavier
elements can be produced by the “slow” addition of neutrons.
62Ni + n —> 63Ni
R-Process (rapid)
The r-process (rapid process) occurs when the neutron flux is
very high in the minutes before a star goes supernova
through the “rapid” addition of neutrons
65Cu + 5n —> 70Cu
P-Process (proton)
During a supernova, the proton or alpha particle flux may be
great enough to fuse directly with a larger nucleus in the pprocess:
72Ge + 2p+ —> 74Se

III. Stellar Spectra
When an object is
heated, it begins to glow.
Remember that
temperature is a
measurement of the
motion of atoms.

Fir0002/Flagstaffotos

As vibrating atoms collide, electrons are
knocked into higher energy levels (orbits) and
then quickly emit a photon as the electron
drops back into a lower energy level.

This type of radiation is
known as black body
radiation.
A perfect black body radiator
is a theoretical concept
where the object is a perfect
absorber and emitter of
radiation.
Most objects act as black
body radiators.

higher temperature
Olympus Micro

We intuitively know that as an object such as a horseshoe is
heated in a furnace, it goes through a series of colors from dull
red to yellow to white as the temperature increases.

ultraviolet

visible

Intensity

The wavelength of
the maximum
intensity of a black
body radiator is a
function of
temperature.
As the temperature
increases, the
energy increases
and the wavelength
decreases.
In addition, hot
objects emit more
radiation than cooler
objects.

Wavelength

infrared

Wikimedia user: LucasVB

NASA/Hubble

Black body radiation results in a
continuous spectrum of color.
Stars in the night sky have different
colors that depend on the
temperature (and size) of the star.

Small cool stars
glow a dull red,
intermediate
temperature stars
are more yellow and
large hot stars look
blue.

Stellar Spectra

An electron can move from
one energy level to a higher
energy level (higher orbit)
by supplying it with the
energy that is equivalent to
the difference in energy
between the two energy
levels (orbits).
An atom can become excited by collisions with other atoms
where the electrons are knocked into a higher energy level
(orbit).

Wikimedia User: Szdori

Each orbit in an atom
represents an energy level.

The key is that only a
photon that has the energy
equivalent to the energy
difference between the two
different orbits can be
absorbed and excite the
electron.
Since the energy of a photon is inversely proportional to its
wavelength, only photons of certain wavelengths can be
absorbed by atoms of each element.
The excited atom is unstable and the electron will eventually
(10-6-10-9 sec) move to a lower energy level (orbit) by emitting a
photon.

Wikimedia User: Szdori

Another way for an
electron to move to a
higher energy level (orbit)
is to absorb a photon.

)
HyperPhysics (C.R. Nave

Each element has a unique
set of energy levels (orbits) absorbing and emitting
photons at discrete
wavelengths.
We can identify an element
by the characteristic
wavelengths of light
absorbed or emitted — a
spectral fingerprint.

Hydrogen emission
Neon signs glow because high voltage excites
the gas in the tube, exciting the atoms which
drop back into a lower energy level and emit
photons. Neon emits photons dominantly in
the red-orange region.

N.A.Sharp, NOAO/NSO/Kitt Peak FTS/AURA/NSF

Stellar spectra consist of the continuous blackbody radiation
emitted from the star’s surface with superimposed absorption
bands as the light passes through the stellar atmosphere.
This is a high
resolution
spectrum of
the Sun
showing the
absorption
lines of many
elements in
the Sun’s
atmosphere.

When starlight passes through an interstellar cloud of gas, some
of the photons are absorbed by the gas and then re-emitted.

Glowing clouds of gas (nebula)
have a purple-pink color that is
characteristic of the dominant
emission bands of hydrogen.

Bill Schoening/NOAO/AURA/NSF

The spectrum that is observed consists of bright emission bands
on a black background (emission spectrum).

IV. Hertzsprung-Russell (HR) Diagram
Two astronomers, Hertzsprung and Russell, developed
diagrams similar to this one.

ESO

This is known as a
Hertzsprung-Russell (HR) diagram and relates
the "intrinsic brightness”
of stars to their surface
temperature.
The "intrinsic brightness"
may be described by a
variety of units including
absolute magnitude and
luminosity.

Stars at the top represent very bright stars and stars at the
bottom are very faint.
Likewise, stars on the left are very hot while stars on the right
are cooler.

ESO

The diagram can be used
to illustrate how stars
change with time and is
the basis for classifying
them by temperature and
brightness.

To understand the H-R
diagram, we will first look at
the at the “C-P” (CorvettePrius) diagram.
This is a similar diagram
illustrating the relationship
between weight and
horsepower in automobiles.
The trend indicates (for
normal cars) that the more
a car weighs, the more
horsepower it has.
Most cars fall along the trend for "normal cars." However, there
are some that fall off this main trend:
• some cars have more horsepower than is normal for their
weight (sports and racing cars), and
• some economy cars have less power than "normal" cars.

The main sequence
ranges from very massive
hot blue stars (upper left)
to low-mass cooler red
dwarfs (lower right).
Massive blue stars are
higher temperature and
consume their fuel very
quickly — they may have
lives as short as 7 million
years. The cooler red
dwarf stars burn their fuel
more slowly and last as
long as 300 billion years.

ESO

~90% of all stars are part in the main sequence and are
described as ordinary stars (including our Sun).

ESO

As a main sequence
star fuses its H into He
(proton-proton chain
and CNO cycle), the
total number of particles
in the core decreases.
Thus, the outward gas
pressure is reduced and
gravity can collapse the
core of the star more
tightly.

As the core contracts, its temperature increases and the nuclear
reactions run even faster.

The additional energy
being released from the
core heats up the outer
layers and they expand
outward. The outcome
of this change is that the
star becomes larger and
brighter.

Sun

ESO

Even though it becomes
brighter, the expansion of
the outer layers
eventually cool becomes more red.

Eventually, it will expand
to form a red giant star.
Our sun began its main
sequence-life ~5 billion
ago and in another 5
billion years, it will leave
the main sequence to
become a red giant.

Sun

ESO

As a star such as our
sun consumes its H fuel,
it moves upward and to
the right in the diagram
(red arrow) in the main
sequence (representing
changes in its luminosity
and surface
temperature).

During the giant stage, the core
fuses He then may fuse C & heavier
elements.

Giants may end by
blowing their surface
layer into space and
forming a white dwarf.

ESO

The white dwarf will
gradually cool (following
a trajectory on the H-R
diagram downward and
to the right) and form a
cold, dark object called a
black dwarf.

These images show
several planetary
nebulae associated
with white dwarfs.

Hourglass Nebula

Ring Nebula
M57

The Death of a Heavy Star
The very massive blue stars become
supergiant stars and have enough
gravitational energy to fuse elements
up to Fe. Once it reaches this state,
energy production in the core
declines and it catastrophically
collapses inward. This creates an
explosive shock wave called a
supernova that moves outward
dispersing much of the outer layers of
the star into space.
The end result is the formation of a neutron
star. A rotating neutron star is a pulsar.
Neutron stars are ~20 km in diameter but
millions of times the mass of the Earth.
The most massive stars may collapse to
form a black hole.

NRAO

These x-ray images are of a 300-year old
supernova remnant (Cassiopeia A) and show
an expanding shell of hot gas produced by
this explosion. The bottom three images
show x-rays emitted by the elements Si, Ca,
and Fe — produced by fusion in the star and
dispersed into space by the supernova.

Credit: NASA/GSFC/U.Hwang et al.

The intense pressures created by a supernova allow even
heavier elements to be produced (elements heavier than Fe) and
dispersed throughout the universe (r- and p-processes).

