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FOREWORD

In writing this thesis, I have purposely divided it into 
two sections or volumes! (1) a mathematical introduction

(2) a main body
The Introduction is a small history of the change in astronomy and 
the mathematics and physics applicable to it* In this section is 
what I feel to be the basic laws and concepts needed to understand 
the whys and wherefores found in the main. body. Although some 
parts may be understood by someone not well versed in mathematics 
and physics, I do not suggest that he (she) try to go thru this 
part (the introduction) alonel The main body with the very basic 
laws of logarithms, trigonometry , and vector addition should 
be understandbable for the most part. A knowledge of relativity is 
not necessarily needed-however it should be known that it gives 
different answers than classical physics. For the remainder a 
knowledge of integration, and the concept of infinitesimals is 
required-not too an extreme but not overly simplistic either.

The introduction assumes a knowledge of integration, vector 
analysis, the limiting process, differentiation, and physics.
Also a background as to the need of quantum mechanis would be 
useful. The physics required deals mainly with circular motion and 
electrostatic conditions. The introduction alone leads nowhere.
The main body for a mathematics-knowledgeable person is complemented 
by it. I feel it is more than just an appendix as it delves deeper 
than just stating facts and laws. It gives an explanation. As a 
result I have started each section with a page numbered 1. No 
page or equation reference in the introduction will take you into 
the main body. At any point in the main body where I feel a 
reference back to the introduction is warranted-it will be expressed 
that way. If in the main body a reference back to a certain page X 
or a certain equation I is needed, page X or equation Y is found in 
the main body section! viii



I tried not to make the main body so technical that it 
was a barrier to a non*mathematical person. However in order 
to keep the ’’other side” I had to rely on technicality. My own 
impression is that I may have leaned to the other side more 
than I should have. My only other regret is that I couln’t 
delve as far as I would have like to have in some areas.

ix



I. THE BEGINNINGS OF ASTRONOMY

Five billion years ago, a planet came into being, and for 
five billion years its life and the life contained on it has been 
completely dependent on another five-billion year old formation.
By the time the first man came to be, the night sky was filled with 
similiar formations. During the day the earth was bathed in warmth 
and light and until recently (1930) no one knew why. With the 
advent of the space-age mankind is truly reaching out for the stars.

Astronomy had its earliest beginnings in what may be called 
star-gazing. Sven the primitive cave man knew something was up 
there. For the early Greeks that something was a bowl with holes 
that explained the night stars. The planets were "wanderers*' 
across this bowl for it was they alone, along with the sun and 
moon, that moved. It was these motions though that brought about 
the great river civilizations of Mesopotamia, Egypt (Nile), of 
India (Indus River) and the Hwang-Ho of China. By careful 
observation and meticulous recording these people were able to 
predict the seasons, and the flood tides. For recording of events 
the Chinese took second place to one in the Old World. Their 
records show eclipses that occurred In 1361 BC. In 105^ AD a 
spectacular event in the heavens was noted by them. Today if we 
look in that same area, as they did, we find the Crab Nebula-the 
remnant® of a supernova.

In the New World, the Mayas excelled in astronomical 
observations. They could predict eclipses and worked out the length 
of the solar year and lunar month with amazing precision.
Unfortunately, since we can ®nly read Mayan numbers and not words 
we do not know the full extent of their astronomical knowledge.
These celestial movements gave rise to the idea of astrology"*’ 

and in truth of these early civilizations had to be astrologists.

^•Astrology is based on idea that heavenly bodies exert a strong 
force or influence upon events on Earth, therefore man can fortell 
possible events from the positions of the stars and planets.

1
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The Greeks were the first to attempt to explain these move
ments mathematically. The most fundamental feature of this attempt 
was the geocentric on earth-centered universe i.e. the earth is 
stationary and all other celestial objects revolved about it.
This is now known as the Ptolemaic Universe, even though it was 
Exodus and Hipparchus who provided the foundation for Ptolemy’s 
work-which he wrote down in the Almagest - the first astronomical 
encyclopedia.

The most frustrating problem of the early Greeks was that 
of the retrograde motion^ of the superior planets (planets whose 
distance from the earth is greater than the sun’s). This problem 
was resolved by the complicated use of deferents, equants, and 
epicycles and is illustrated below. The stationary Earth is placed 
at the center of the Universe and about it orbit the moon, planets, 
and sun. To reproduce the observed retrograde loops, Ptolemy set 
each planet on an epicycle--a circle whose center pursues the 
circular path of the deferent. The deferent circle is eccentric 
i.e. not centered upon the Earth. In addition, the center of the 
epicycle moves at a uniform angular speed about yet another point, 
the equant.

While this problem of planetary motions was frustrating, 
the early Greeks also had 2 other major stumbling blocks: « 
numbers and time. Numbers were cumbersome as evidenced by the
^Plutarch wrote that Plato was worry for this earth-centered universe 
at the end of this life. The eenter belonged to a more worthy 
occupant.

^Retrograde motion is the apparent slowing, halting, then backward 
movement and the the forward movement of a planet onto its 
original orbit.
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cuneiform of the ancient Babylonians and Egyptians. Arabic 
numerals were to solve to some extent.

As for time, there was no way to measure it. Early attempts 
of a ’’water-clock” were accurate only to a few hours a day and 
celestial motion usually just put you in the right month! What 
use after all, were accurate fixes on planets positions at midnight 
when you weren’t sure it was midnight?

The Middle Ages greatest attributes were the acceptance of 
Arabic numerals and invention of clocks. The other great achieve
ment was to begin to start to ring the death bells for the 
geocentric universe and the man who started them was Nicholas 
Copernicus. Copernicus held that the universe was helio-centric 
or sun-centered i.e. the planets revolved about the sun, not the 
earth , Copernicus however kept such things as the epicycle and

In the Copernican helio-centric theory, the earth moves faster on 
its orbit than the superior planet since it is closer to the sun. 
(Note the retrograde loop is near the time of opposition-Foint 5«) 
However it must be noted that Ptolemy still had a grip on the world 
and it wasn’t near the end of Copernicus’ life that Copernicus 
allowed this theory be made public. It caused such an uproar that 
Tycho Brahe, the best observational astronomer in the 16th Century 
would have no part of the quarrel. His data however was recorded 
and put to use later by his successor, Johnannes Kepler.

4Pythagoreans thought of this also but their reasons were cloudedbby 
numerology and therefore ignored.



When Galileo turned his telescope to the skies he found 
Copernican universe staring at him via four moons that revolved 
about Jupiter and not the earth. This crack of the geocentric 
wall became an irreparable breach with the disclosure of the phases 
of Venus. The planets and the moon shine only by reflected 
sunlight and the ’’geocentric phase” is that fraction of the sunlit 
hemisphere which can be seen from the Earth. ’’New” phase occurs 
when we see only the dark hemisphere, ’’full” when entire sunlit 
hemisphere faces usj ’’quarter” phase when one-half of the sunlit 
hemisphere’s seen by usj ’’crescent” when less than one-half the 
observable hemisphere is sunlit. The superior planets can never 
be in crescent and are practically always in ’’gibbous” phase i.e. 
when more than one-half of the planet appears sunlit. In the 
Ptolemaic system, Venus is always in crescent and thus Galileo 
rang the death knell again. However he was condemned by the 
Church and spent the rest of his life under permanent house arrest 
studying mechanics and dynamics.

Using the data of Brahe, Kepler labored for more than 20 
years to discover the shape of the planets’ orbits. Although he 
tested many only one fit, the ellipse. In 1609, Kepler announced 
his first law the orbit of each planet is an ellipse with the 
sun as one of its foci. After investigating the speeds of the 
planets he announced his second law! the radius vector to a 
planet sweeps out equal areas in equal intervals of time. In 1619 
Kepler announced his third law; the squares of the sideral 
periods^ of the planets are proportional to the cubes of the semi-

K
•^Sideral period-how long it takes to make on revolution of sun as 
opposed to synodic which is how long before it takes the earth and 
planet to be in opposition again.
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la 1687 Sir Isaac Newton published the Principle, In it 
contained his three basic laws of mechanics and the law of universal 
gravitation. With this grand systhesis all past astronomy was put 
into one neat package and the beginnings of astrophysics took place. 
Let’s review his differential concepts of motion. It is necessary 
to note that Newton assumed "absolute space” i.e. all motions 
took place in three-dimensional Zuclidean space. These motions 
are parametrized by "absolute time" i.e, time which passes steadily 
and is unaffected by any phenomenon. Refer to figure below.

the position of a particle 
at time^t relative to B is the 
vector x (t). In time t^the . 
particle has moved &x to(x + ox) 
and the velocity is

(t+&t)-t

Vr lim bx w dx 
t~?o fit = dt

the magnitude of the velocity 
vector Is called the "speed"

Now consider the velocity change. Refer to figure below which 
is an extension of the previous figure.

the acceleration of the particles 
is found by differentiating the 
velocity with respect to time.

a-u (v+6v)-t a £>v 
(t+otbt *t

a a lim £> v a dv 
b t-?<o Ot dt

The linear momentum of an object, p, is defined as 
p" s rav where m is the mass of the object.
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In flight an arrow slows down and comes to rest which 
prompted many to believe that the natural state of a body is one 
of rest. However Galileo noticed that when balls are released 
down an incline they rollup adjacent inclines to approximately the 
same height as they were released. As the second incline was made 
less steep and smoother the balls rolled further. The reason for 
slowdown was friction, Newton captured this idea in his First 
law of Motion (the Law of Inertia)5

A body in motion (or at rest) tends to stay in motion at a 
constant velocity (or at rest) unless acted upon by some 
outside force. This is known today also by the name of

Conservation of Linear Momentum. For a body of mass a
p «s mv s constant which implies 
d|Ta 0.

If an object is acted upon by some outside force then the 
change in velocity results in acceleration and force. The concept 
of force is defined on Newton's Second Law of Motion. The 
acceleration imparted to a body is proportioned to the force 
applied (F) and inversely proportional to its mass (a) or more 
simply the force acting upon a body equals the time rate of 
change of its linear momentum.

Newton’s third law of motion explains why we don’t fall 
through to the earth’s core or why we just don’t float away. The 
force we apply down on the ground is counteracted by the force 
the ground exerts upon us i.e, for every action-there is an equal 
and opposite reaction. Suppose you have two moving particles. 
The total linear momentum p = Pi + P2 = constant. If no outside 
forces are at work the momentum at two different times must be 
equal i.e.

Pl ♦ P2 a px* + Pa where the primes
indicate the 
second of the 2 
times.
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From the previous page,
In time &t, ° Px* • pi which implies

6p2 3 P2* • Pp

dpi s - dp^ 
dt dt

Consider a bpdy moving in circular fashion as depicted.

-*"* Note for 2 reasons the velocity
is perpendicular to the radius r
1) being tangents to the circle

< they must be perpendicular.
2) if whenever a force which is 

holding a body in circular 
motion vanishes, the body

’ 71 would fly off in the 
V - / tangential direction at that 

V Vyv point. This force is called
V the centripetal acceleration

the particle remains constant, due to circular 
is never the same; therefore an acceleration 
y the first diagram (where S » arc length 
2) » 5/2r = v (£>t)/2r. By the second diagram

v(&t)/2r a &v/2v 
a =£v = v£

fiyt r since the body has mass m
F » ma = mv£

■ r
If P is the circular period of the body then

▼ • r 
P

and by Kepler’s third law; P& » kr^ 

f « i
kr2 ' .

By Newton’s third law the body must also feel an equal and opposite 
force. Since the centripetal force is proportional to m the mass 
we see that the mutual gravitational force is proportional to the 
product of the two masses, therefore

force due to gravity = G.6.6? x 10-11
k^ec2
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This is Newton’s Law of Gravity - the direction of the gravi
tational force is along the line joining the two bodies. Fro® 
this came the centroid or the center of gravity i.e. a body
behaves gravitationally as though its entire mass were concentrated 

6at a single point.

Figure 5 two equal masses two unequal

O f Q Oi
Center of gravity —1

The conservation of Angular Momentum comes from

masses

o
Kepler’s

From the diagram, a point 
at r moves at velocity v. 
In time £ t it passes 
from F to Q.

The '’radius” vector sweeps out angle 60and area 6 A. The 
component of

v perpendicular

6 & 7 ,
dA * rvt « 
dt 2

to r is v^

A * r(vp^tf as a t—>

r2 da » h_
2 dt 2 *

h » angular momentum. By Kepler’s law the rate of change of 
area with respect to time is constant, hence angular momentum is 
conserved. Another way to show this is by differentiating the 
equation.

L «s r x P » m
m ® mass
L as angular momentum 
r » radius vector 
P a linear momentum

^In truth the moon does not revolve about the earth. The earth 
and the moon revolve about their mutual center of gravity 
simultaneously which is approximately half the distance to the 
earth’s core.



= (v x P) + r*x

r x F since v and P are parallel the 
angle between them is 0 and

dP = "f*
dt”

dL
dt is defined as the torque,

When F and r are collinear such as gravity the torque vanishes 
which implies L is constant with respeet to time.



II. THE REVOLUTIONARY PHYSICS

By the end of the nineteenth Century the classical physics 
was becoming increasingly obselete. The number of people who 
were "tearing apart" Newtonian physics grew and grew: Bohr, 
Faraday, Maxwell, Boltzmann, Planck. But in 1905 there issued 
forth a resounding new revolutionary physics. The man, Albert 
Einstein, his physics, relativity. The need for relativity was 
essential as Newtonian physics could no longer explain the new 
discoveries of electromagnetism and what was to become known as 
quantum mechanics. The two postulates which were to change 
physics were:

1. Absolute, uniform motion cannot be detected.
2. The speed of light is independent of the motion 

of the source i.e. every observer measures the 
same speed of light no matter what reference 
frame he is in.

To explain in mathematical terms the consequences of these 
postulates a set of equations was needed. These equations have 
since been known as the Lorentz Transformations.

For simplicity consider the case in which a moving 
system (S*) is coincident at t » 0 (t ■ time) with a stationary 
system (S) and 5* moves to the right along the x-axis with

Uy, u^are measured in S, the velocities inIf the velocities ux, 
S' are

10
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S’ are

U’x 35 11* ~ V

u' «y
u„u' z ~ z

and the accelerations ax> ay, aa are

* a.

8 y 85 ay
a’_ a a_ z s- z

These fcrattSfdfrraations are in agreement with velocities of low
i

speeds but ad ▼ c they grow inconsistent with Einstein’s 
postulates. Einsteins postulates must therefore reduce to the 
galilean transformations at low speeds. Since transverse lengths 
are unaffected by the movement it is reasonable to assume that 
y = y* and z « z’» we therefore need only to find x and t as 
functions of x* and t*. The most general linear equation 
x » f (x*, t») can be written

X * if X* + (X t*
- y(x’ + t’) where are independent

of x’ and t*. If this is to reduce to Eqs A at low velocities
sf must approach 4. as v/c approaches zero, and —• must equal v,

o
therefore

x = K(x’ + vt*) and .the inverse transformation is 
x’ =^(x-vt), If a pulse of light is sent out at

t » 0, at some time in the future the x-coordinate is x * ct.
To be consistent the light will also travel at c in S', and in 
S’ the x* coordinate is x* * ct*

ct

ct*

ct’

2

tf(ct' vt» )
= g(c + v) t* 

and
a )f(ct-Vt)
= (c-v) t, eliminating t we have
= *ic -v) If (c + v) 4 t’l therefore 

c *
« «2 _ 1 or

2 2 c-v-eft)-
i -<v2 / a2)

1/2
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x’ « (^(x* +vt’) - vt) or

■ s.'(r -■$)*.
thus the complete relativistic

transformations are
x - V (x» + vt’)
9== y’
Z a Z! 

t

x* = JfCx - vt) 

y’ = y
Z’ « Z

t*i J t* + vx* \i>\ x)m-where

• While these equations have had 
far-reaching effect I shall only consider two aspects of them: 
(1) their effects with relation to energy and (2) the Doppler 
Effect.

The change in frequency that one experiences as a train
approaches and passes an observer is what is called the Doppler
Effect. The frequence for a source that is moving toward an
observer (or for an observer moving toward a source) is greater
since the waves from the source have a shorter distance to
travel to the observer. The reverse effect is such that as
source (observer! moves away the frequency is lower. 

f Xold
"" ’ l£T/c" • for ° m0Tinf! aouro°’ and •

observer > ..

( ) foia’ for a m0Tln« »

To obtain the relativistic result, 
assume foxa constant in 3* (the moving system). In time -dt’, 
the source emits N waves and N » fold /it’- In S the N waves
are emitted In time ZS t.

^new • + V

||'\ W fljl
stationary source.

V*,t J I*
During Zi t, source moved v /it and first wave traveled a distance 
c6t, therefore the wave length in S is

a (C+ V) <^t I \ ^4. \
-S----------  •-*•f ■
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This is used in spectrography to determine if a star or galaxy is 
approaching or receding from the earth. It is this that gave rise 
to an expanding universei

For relativistic energy, (just as in classical physics) the 
total energy is the sum of the kinetic energy and the potential 
energy of a system. It is the potentail energy that is of extreme 
Importance for it is this energy which powers the ’’engine of the 
sun!”

To begin, differentiate the relativistic transformation 
x=K<x> + vt) to find the velocities relative to S, (the 
stationary system),

dx « )f(dx* + vdt*)
dt « + v|x»Jtherefore

Ux = dx a u* + V
at —2------ •

1 ♦ vu'j.
_2c

To find the acceleration, differentiate ux with respect to time; 
therefore

Now then if a particle has acceleration a" in S* according to 
the galilean transformation tits acceleration in S is a a* • 
However this would be saying that the force is the same in both 
reference frames therefore either the force changes by

(‘•?y
or F a ma 
does not hold.

Therefore at high speeds P / mu, rather P a mu 
One interpretation of the previous equation is that mass increases 
with velocity!

CARROLL COLLEGE LIBRARY



14

As in classical mechanics we shall define kinetic energy
as the work done by an unbalanced force i.e.

K » f u Fds 
J Uss '

J ds = j* u<3 (yau) f let a * ds

d (tfmu) ss mjfdu + mud#*-
'1 ijS du and

ss BI ,

[P'S I" “)

■p-s-

a J
K = lud (tfmu) =s me2 

'o
,i\<‘ • * °C2

The quantity oc2t which is independent of the speed of the 

particle, is called the ’’rest energy” Eo. The total energy E 
Kinetic plus Potential energies.

S ss K + me2
. frac2

“ ifEo where eE0 3 ac and E is the potential 

energy of a given system such as the nuclear reactions within the 
interior of a star. All this was a result of Specific Relativity 
but in 1916 came Einstein’s second theory, General Relativity.
I shall not delve too deeply but instead just mention some basic 
tenets. The first one is that space is affected by the mass that 
exists there. This mass tends to ”warp” or ’’dent” space and as a 
result-space is curved due to the huge amount of mass contained 
in it. A ’’flat” Euclidean space was opposed by a universe that 
curved in on itself (positive) or an ’’oped’ curve that never comes 
back on itself (negative).

Another aspect of this theory was that due to the massive 
gravitational field of a star the energy of the radiation should 
be reduced thus causing a ’’red shift” in the light spectrum.
Also starlight should be bent as it passes thru the gravitational 
field of the sun.

(See diagrams on the following page.)



15

Euclidean flat space - light 
travels in a straight line 
and never comes back on 
itself.

Positive curvature - light 
travels in a curve and comes 
back on itself - space is 
closed.

Negative curvature - light
travels in a curve but never 
comes back on itself - space

Where we think the star

As relativity was making a break from classical physics
onother movement was gaining ground. Experiments by Sutherford
Compton , and others and the theoretical developments of Planck
and Bohr were laying the foundations for quantum mechanics. In
1911 , Rutherford performed some scattering experiments. The re

consisted of a heavy,positively
suits suggested that atoms
charged central part called the nucleus. This nucleus is sur
rounded by much lighter, negatively charged particles called 
electrons. Under normal conditions, the number of electrons will
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equal the number of positively charged particles in the nucleus 

(protons), therefore an atom is essentially neutral in charge.

By Coulomb’s Law ,the force exerted on two electrical charges 

by each other is

s , where r is the distance between

r the two charges and e^ is the

charge of the particle.

If the two charges are opposite in sign the forceis attractive, 

if alike then the force is repulsion.By this argument the elec

trons are constantly being pulled to the nucleus. Consider the
7

hydrogen atom.

Bohr assumed that the electron moved in a circular orbit.

r is the radius from 

(number of protons) then

If -e is the charge of an electron and

the nucleus, and Z is the atomic number 
2F =- Ze

x — mv

mv r = Ze

, where v is

the electrc 
is the mas

the orbital speed of

n.
s of the electron.

As noted before the energy of the atom is composed of two parts:

kinetic and potential due to the electrical attraction. Since

the nucleus can be considered essentially stationary,the kinetic 
2

energy is the motion of the electron = mv •
2

The potential energy is the energy needed to move the 

electron from a distant point to a given position.

?If forces between other electrons canbe ignored the electron orbits 
would obey Kepler’s laws.The one atom in normal state that has this 
capacity is hydrogen.
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PE = .-J F dr

e>o
—_Ze

r
TS « KE + PE

' ■ ‘ ■ 25 2mv Ze*
’ 2 r ‘ ■.

a 2mv - 2 ' mv r
2 r

■St 2- mv
>. 2 " 1 1

St „ 2 - Ze
2r

equation describes the assumed circular motion

about the nucleus,So far only classical physics

has been used,hut this must be changed for the classical physics

predicts that the electron as it orbits the nucleus will radi- 
8ate energy since it is an accelerated electric charge. At this 

point Bohr makes another major assumption: the electron can not 

exist in an orbit of arbitrary size.The electrons have definite

orbits about the nucleus, this means that each orbit carries

a definite value for the energy of the atom.The energy is not

arbitrary! It can exist onlyin those orbits forwhich the angular

momentum is given by :
Kh , where K al,2,3,...

and h is Planck’s constant(discussed 
later).

angular momentum = mvr
= nh 

2TT

Classical physics say an electron should spiral into the nucleus 
and this should happen in just a fraction of a second,To ex
plain the existence of atoms,Bohr assumed they did not give off 
radiation,thus do not spiral into the nucleus.

8



The integer n is called a quantum number on'd the

complete state of the atom can be determined from its value,

® • E • p i p
mv r » (mvr)

mr

= 1 
mr

a Ze

•m

therefore

r o n
n2h2

47TmZe2

' '5 / -8 2n 0.529 x 10 n • (Note, rQ is usually 
measured in centi
meters.)

The radius of the nth Bohr radius , r , is proportional to
2 “ « 9 

to n . The first Bohr orbit ,n = 1, has a radius of about .5 J • 

The velocity in the n-th orbit is

v « 2ffZe2

nh

The energy in the n-th orbit is

? ? hE » 2 7T m3 en “** .......2.2n h 
- 13 .6[ zf ,2 I

12 J * eaerSy is usually 

measured in electron

volts.
In thefirst orbit n = 1 and for a hydrogen atom Z = I.

E =”13.6 eV 10 
n

This negative sign implies that for a hydrogen atom in ground 

state it must somehow receive 13.6 eV in order for the electron

^An angstrom is denoted by 2 and has a length of 10~^cm..

l°An electron volt is denoted by eV and is a unit of energy 
approximately equal to * 1Q-12
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to become free. This energy that must be received is called the

binding force. Note that as n increases the electron moves

further away from the nucleus andthe binding force becomes less

and less, but the potential energy increases since it takes more

and more energy to pull it back.
the binding force = - the potential energy

noted Bohr assumed that radiation can not occur when

the electron is in one of the discrete orbits. Therefore an atom 

gives off radiation only when the electron jumps from one orbit 

to another, either from higher to lower orbits or vice versa. 

Remembering that as n increases the potential energy increases 

so that a bXdrogen atom whose electron is in a higher orbit 

when compared to another atom, has more potential energy! there

fore to jump from a higher to a lower orbit it is going from a 

state of higher energy to one of lower energy. This results in the

emission of a photon. Using n to denote the higher orbit and
® is-d'' V*'MT

n^ the lower,
E(na) » S(n^) +hf , where hf is the energy of a

''r • * V'dip photon, ■
B(n) is the energy of the atom 
at orbits a and b.

For the reverse effect a photon must be absorbed,
E(n ) - hf » E(n.)»a b

In these two cases the energy of the light absorbed or emitted 

is the difference between the two energy states,

n.b na

Note that g(n ) - E(n^) 35 ***• ^iie freQu®aoy of a photon is there

fore f = Eina>

h
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For th® hydrogen atom f
E (a)) « - 2 7f * a?

nn?"

But since radiation occurs, let®
consider another concept, the "wav® number" (the reciprocal 
of the wave length, .This is given by

^ab 

Sq. 3

fab 
• c

R*
ch

R • 109,677.6 on*1, the

Rydburg constant 
This equation implies that for given nb you have increasing 
value© of na with that nb, which will give you a eerie® of 
wavelength®, ■ - At. 1

at

»b

1, nft >«b
* 2, na> 2

»b • 5, na>3

Lyman aeries
Balmer seriee (which are the 
most important la astronomy as 
this seriee falls in the visible 
spectrum of light,

Fasehen series
These above example individual aeries are denoted by a capital 
letter and a Greek small letter e.g, L • Lyman

H « Balmer
Since the capital letter tells you that ab « particular number, 
the Greek letters tell you what a^ equalrf

e.g, B^brnmne Balmer serie© with aa « 2
ft -means Balmer serie© with a* » 3 and so on.

To find the wave length of a given part in a series use 
Sq* B- e*s* ,, 1 . - 109.677.6 JjtlA) - <l/9rj «»*X

« 15,233.0 csi 
Ab* * 0,00006563 cm

« 6563!
When an atom is in any level other than ground state we say it is 
'’excited”, When excitation becomes too great the atom becomes
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’’Ionized.”
The two ways an atom may be excited is by either collision 

or radiation. Radio active excitation occurs when a photon is 
absorbed by the atom and collision is what is implies, an atom 
is colliding with another atom or electron. IP the process 
Kinetic energy is transferred. If this excited atom were to 

drop back to ground state it would give off an emission spectrum.

The strenth of the line depends on the number of atoms in the 
energy state in which the transition occurs.

KE « mv- for one molecule
If there are n molecules in a box the total kinetic energy

U « KE+ = nmv^ 11t __

The total pressure in the box is nmv » a • N/V ss number of 
3 molecules per unit

volume
PV ss (2N)KEt/3

« 2U 
3

ss #RT where # » no. of moles 
PV ss #RT is known as the perfect gas law 
#RT 2 N(KE.)

j- 1

KE. i.
2
(tr)

N, « Avogadro's number 
ss 6.02 x 1025

3 kT, where K ss #NA 

k = R/K.

k 8.63 X 10"5eV/°K

Through statistical mechanics, the number of atoms in state i 
is related to the number in j, i > j by Boltzmann’s Equation.

^i_ * 8t exp£ (Sj - Ep/(kT)^ where g*, gj are12

'j
the number of states an atom may have at a given level i (or j)
11I am only considering the pressure due to the atoms moving in an 
x direction which is one-third of all directions an atom may go in 
space.

12e~s/kT £S a probability function. It is the probability that atoms 
have an energy state between S and E+dE. Since the probability of 
having a state E is 0, we must take an interval of energy.
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and k = Boltzmann’s constant » 8.65 x 10*5eV/°KelvIn

Ionization occurs when an atom either gains or loses one 
or more electrons. Ions which have the same number of bound 
electrons belong to what is known as an ’’Isoelectric series.”

e.g. HI, Hell, Lilli
Note: Normally He has two bound electrons. This is denoted 
by Hel. Hell implies it has lost an electron. Belli implies 
it has lost both electrons, Lil implies all three electrons 
present. Lill-one is missing, Lilll-^ missing, LilV-all 5 
electrons missing and so on for all the elements.

As the temperature of a gas is increased the Kinetic 
energy increases and this energy causes more atoms to ionize.
The greater the electron density, the greater is the probability 
that the ion will capture an electron to become neutral again. 
This process can be expressed as

X^X+ + e“
Boltzmann’s equation applies to two levels of excitation. The 
relation of relative populations between two levels of 
ionization (i and i + 1) is given by
Saha’s Equation

Ni+1

—
A | (kT)3/2(exp (Ij/kT) where is the energy 

needed to ionize i to 
i + 1

Ne a electron density
* no. of electrons per unit volume

k = Boltzmann’s constantA =/ 2/z m

T at Temperature
For a star the perfect gas law is a function of the radius as the 
pressure and density changes from the surface to the core. 
Therefore

P(r) a n(r) k T (r), where k « Boltzmann’s constant 
n(r) se gas-particle density

Now n(r) can be expressed in terras of/»(r), the density, and the
gas composition/^ (r) by '

n(r) «j /?(r)/zx(r) mg.where rag ■ mass of a 
/ ' 'hydrogen atom.
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Therefore for a altar the perfeot gas law becomes 
P(r) • /Iz±l , U

^(r) aH
A® the value of/^-Cr) change®, the star undergoes evolution.

For the letter part of this discussion X have made
extensive use of the quantity h « Planck*• constant. We shell 
now see where this case fro®. Its beginning was foraulated in 
the aystery of the nature of light. At.-first light wee thought 
to he a wave for three reasons:

1) Easily explained diffraction1^ end interference.
2) Wave theory predicted it would aove slower in water

than in air. ' „ 'm ' ' , ' ‘ 'k<
3) Maxwell*®electromagnetic theory predicted speed of 

light, j.4
The fraction of the radiant energy of wave length \ la the interval 
d/(ls called the spectral distribution « f(7Qd/< . Classical 
theory predicts

fC/Qd^a 8/TkT^ d/V, where kT 1® the average 
Kinetic energy per sole.

The graph is something like thio

Koto as ^decreases, fCt) 
increases* Thi® is in

.,f’> . contradiction with
experimental data. This is 
known as the ’’ultraviolet

catastrophe” since the saalleat wavelengths are in the ultra-

^Ae light is shone through an object with one or more &its in it, 
on the opposite aide of the object the light (if caught on a 
acreeO would appear to have been broken up into light and dark 
lines* Where the lines are dark implies waves ss of light 
interferred with each other, where light implies they reinforced 
each other. The slits caused this “diffraction pattern” of 
light and dark line-3.
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violet part of the spectrum. The reason for the discrepancy
was not clear until 1900 when Max Planck announced the particle
nature of radiation. Radiation is not continuous. It was
composed of tiny packet of energy (quanta). (For light these
packets were called ’’photons.") Radiation therefore only
acted like a wave because the quanta had the characteristics
of a wave. The energy equation;is

3n a nhf. n = 1, 2, 5, ...
f a frequency 
h o Planck’s constant

This notion of energy was a direct result of "blackbody 
radiation." A black body is a system so named because it 
absorbs all radiation incident on it. Since it absorbs all the 
radiation incident on it-it is completely "opaque or "black". 
(The sun is what "may be considered" a black body since if it 
were not we could see to the core of the sun where as we can 
only see the surface.)

I shall now take a sidestep and explain a couple of 
related items which are necessary to understand blackbody 
radiation better.

In a plane an angle is the intersection of two rays.
In space, noncoplanar rays form a solid angle. This solid angle 
is a measure of the opening In a cone and is measure in 
"steradians." Construct a sphere of radius r and<jbe the solid 
angle.

* A , where A is the area of the sphere 
r2 intersected by the cone.

Note A over the entire sphere = ATr2. therefore a solid angle that 
covers all directions is 
Figure 8
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The striped area is at 
a distance r from the 
origin.

length of sides are 
rd<? and rsin# d£) d0

AREA = r^sin @ d<9 Aft 
y u? = sin& d<£> d jgf

Refer to diagram 5*
dE ss energy crossing dA directed to dA*

= IdA cos <3 deq, where I is known as the intensity 
of the field.

The mean intensity J a average of I with respect to direction 
Jiaco . ! f

J a I if is independent of direction, in this case othe 
field is said to be "isotropic", i.e. the same in all directions. 
The flux at a given point in a given direction is the net 
amout of radiant energy crossing a unit area per second*

Let I s intensity at P in 
direction dcO

loose? dcO = amount of energy 
contributed by' 
solid angle which 
crosses AB

The flux in the direction PN is found by
F b ^1 cos e9d<^ where the limits of the integral are

foraLl directions. r^(TV
I cos 69 sin© de d eC>=n

Consider now a surface dA. The energy which crosses this 
area in time dt and is confined to d«Jt IdAcMit. Since the energy 
has speed of light, - c, this energy id contained in the 
cylinder of length cdt and cross sectional area dA. Then Id^c « 
energy per un*^ volume contributed by the solid angle d and the 
total energy density =

1 f Idea =VT y 
C J
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Sow to continue with main discussion*

The intensity of the black-body radiation is known as the
Planck function and maybe give in terms of either the frequency 
or the wave length*

If » Shf^/e" .

Since a blackbody is in thermodynamic equilibrium1**’ the radiation 

field ia the same in all direetioam.J, This means that J * Planck 
funtion and ? « 0. Thio resulte in the Planck block-body 
radiation density*

°f * 8 hf5/e3

pSTKFJ. I, » 8 i.c/V

Figure 9
If one graph® I vaA.it resulte ia 
a figure like the one to the left*
To find the maximum value set di * 0FT; wiB>W»i

d\
let x « he/kt then 
* « 5xe* ..

x » 6*965

There fore^^T * » 0*2898 or

Amax » *2898 Wien*a law

e.g. we know that our sun peaks at 50C0A therefore the 
surface temperature is about 5800® Kelvin. Sy integrating 
we find the flux F

ju let 1" ~~ ,A • —
» RhcJ^e^^-p71 AkT

dx « »M- a;V» ~AkT dx
A?kT *•

uIf it is a true blackbody the amount of energy absorbed « amount 
of energy emitted otherwise it would cool down or heat up.
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X; kT
ho

P ai3 dx
J 1—e o

1
J A’ 1

<7-T

The above equation is Stefan-Boltzmann’s Law,
I have mentioned in the past few pages the idea of 

spectrum and spectral lines. This can best be pictured as light 
shining thru a prism. The result is that light is broken up 
into various color bands ranging from ultra-violet, violet, 
blue, green, yellow, orange, red, and finally infrared,

A continuous spectrum, showing the familiar hues of the 
rainbow stretched out in a band of blending colors, is produced 
by a hot dense gas under high pressure, such as that in the sun 
or other stars. The spectrum is spread out and made visible by 
focusing the light into a narrow beam and pass it thru a prism,

A bright line ^ectrum is produced by a low-density gas 
that has been energized by heat or electricity. Incandescent 
gas in a laboratory or in interstellar space shows such a 
spectrum of narrow, bright lines. Each substance in it gives 
off a characteristic pattern that may serve to indentify that 
substance lie a set of fingerprints.

A dark line spectrum, or absorption spectrum, is caused 
by the presence of an unenergized gas in front of a source 
producing a continuous spectrum. The unenergized gas soaks up 
light waves precisely in the parts of the spectrum where it 
would emit bright lines if it were energized itself. The
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resulting gaps «»y be used to detect the eoopoeition of the gas. 
The speed of a etar or galaxy soring toward or away from

the earth is indicated by a shift of its spectral lines. The 
shift is toward the blue or left end of the spectrum if the star 
is advancing! toward the red or right if receding. This is the 
red shift or Soppier effect and is used to determine the size of 
the universe. , .>J
Figure 10

blv
______

E 823

A dark lino 
spectra® for a star

Small shift to 
right Cred shift) 
indicates star is 
moving away from 
ns* '■

Bed shift Is larger 
which implies a 
faster recession 
than the above red 
shift.

Blue shift Implies 
star is moving 
towards us*
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Figure 11
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The last part of this introduction refers to the above 
picture, and will be devoted to the spectrum’s right side. This 
is the realm of radio-astronomy. The man who discovered this 
’’science*’ was Karl Jansky, In 1930 Bell Telephone Laboratories 
gave him the problem of finding the static that was found in 
transoceanic links. As his data grew he found the problem 
narrowed to 3 possibilitiess

(1) Bangs from nearby thunderclaps of
(2) Clicks from distant thunderclaps or
(3) A steady whisper from outer space.

This whisper was a strong radio noise that emanates from the 
center of the Milky Way. And this is one of the great 
advantages of radio-astronomy over optical astronomy. In space 
there exists an inter-stellar gas and this gas tends to block 
light from distant sources. However radio waves pass right 
through this gas and thus we can ’’hear” more than we can ’’see,”
As can be seen from the ’’above” picture there are areas that 
neither radio - nor « optical-astronomy is of any use. These are 
X-ray and infrared areas band. By new techniques these are adding 
to the knowledge we have. It is unfortunate that these areas are 
extremely new. They could say a lot more if developed sooner. 
Hadio-astronomy and optical astronomy are used to complement each
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other, as an exaraple-the Crab JJebula, This is now known to be 
the remnants of a supernova in 1054 AD. Stellar evolution 
predicts that there should be a star of immense density at the core 
of the nebula. It is Interesting to note that this star is a 
constant source of noise which is picked up by radio-astronomers. 
This noise is related to that aspect of stellar evolution known 
as the pulsar and sure enough when astronomers turned their 
telescopes there, a pulsar stared back! (The understanding of the 
evolution of a star is in itself a key to understanding the origin 
of the universe). But even today the origin of the universe has 
more locks than we have keys!



I. STELLAS CHARACTERISTICS

Through the celestial mechanics of Newton and Kepler, 
early astronomers calculated the distance between two objects 
within the solar system. With the advent of radar astronomy these 
calculations were made easier and more precise. But to find distance 
to the stars new methods must be adopted. One of these methods 
is called '’parallax”, the relative motion of an object with 
respect to a stationary background.1 The parallax of a star is 
obtained by photographing a given star (this is usually at five 
or six selected points in the earth orbit) against a background 
of stars whose distances are so huge they appear to be stationary. 
Six months later another picture will be taken of the same area.
The parallax or apparent movement can then be maeasured as the 
average distance (plus probable error)2. (The reason for six 

months between two photographs is that the longest baseline
possible for this method is half a revolution which is double the 
distance from the sun to the earth. The earth-sun distance is 
given a special name-an astronomical unit-abbreviated AU. 
(93,000,0000 miles « 1AU.). With this method astronomers have 
calciilated the parallax of about 6800 stars.
Figure 1

\ , stationary

^old an object at arm’s length, 
your other eye,op?“ the one.The 
movement is called parallax.

The ’’movement” of C makes 
angles A & B measurablej since 
baseline is known, distance to 
C is possible.

© « parallax of C.
® ~ , but for small angles
Q - q ) thereforeq

d
close one eye-look at the object.Close 
object will appear to move.This

2Astronomers can calculate with an accuracy so great the error is 
«► 0.005” (five-thousandths of a second of an arc).

1
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Alpha Centauri^ the sun’s closest neighbor, has the largest 

known stellar parallax a 0.765"Because these distances are so 
large even in terms of AU’s, astronomers have coined a new word, 
the ’’parsec", (abbreviated pc). A parsec is the distance a star 
would have if it had a PARallax of one SECond. This distance is 
3.26 light years\ therefore Alpha Centauri is 4.3 light-years 

from the earth » 1.3 par secs.
As the distances grow so does the probable error and 

shortly this method becomes impossible to use. As noted before 
6800 parallaxes have been found, but there are 10^1 stars in our 

galaxy so astronomers have come up with other ways to calculate 
these distances. One is called "spectroscopic parallax" which 
utilizes the spectral color of the star. The second is periodic 
or Cepheid variability. The third is the moving cluster method.
The last is termed "main sequence fitting". For now I shall 
just mention these methods and present other material. This 
material will not serve as an explanation to any of the above 
methods, but instead will be needed as background material.
These methods will be explained at the appropriate time.

When one looks at the stars, some appear to be brighter 
than others. Hipparchus and Ptolemy were the first to define a 
stellar brightness scale or more correctly a magnitude scale. To 
the naked-eye there are six magnitudes, the first magnitude 
being the brightest and the last the dimmest. In 1856 it was 
proved that a first magnitude star is 100 times brighter than 
a sixth magnitude star. Therefore a difference in onCmagnitude 
corresponds to a factor of 100^/5 c 2.512. By use of Mount 

Palomer’s telescope the magnitude scale has been extended to 
+23.5 and to negative values. (Sirius has a magnitude of -1.4) 
Standard notation for magnitude setting is superscript notation, 
e.g. +l?0 a object of magnitude one.

Consider now two stars of magnitudes m and n. The difference 
in magnitudes correspond to abbrightness ration of InAa*

^A parallax of O.765’’ has been compared to the size of a penny seen 
3X miles away.

^1 light year » 10 kilometers « 6 trillion miles.



Since one 
(lOO)1/5,

magnitude difference means a brightness ratio 
ffi-n differences refer to a ratio of 

£(10©)V5^ C ■**')

IfirClOO) (ra~n)/5
or

of

s-n « 2.5 log

log (100)

S<* 1» hu

£<!• 1 defines the apparent magnitude of a star, i.e* how bright a 
star appears to be* The apparent magnitude is dependent upon 
two things: (1) distance, and (2) the star’s absolute magnitude^

i*e* how bright a star actually is* 
by refering to the diagram below.

Figure 2

This can beet be visualised 

o bright star

Q dim star

O observer on earth

Two possibilities that exist ares (1) either the apparently 
diwser star is intrinsically dinner or (2) the brighter star due 
to its distance appears dimmer than the closer. The absolute 
magnitude is defined to be the apparent magnitude of a star if 
the ease star were seen at a distance of 10 pc. By convention 
absolute magnitude is capitalised and apparent magnitude is 
written in the lower ease. Remembering that luminosity follows 
the Inverse square»law| the apparent brightness, 1, of a star at 
distance, d, is linked to, L, the absolute brightness it would 
have at a distance of D « ten pc, via fv -Aj

Ilf ■

?log * log to the base 10

^Also called intrinsic bri ghtness
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If absolute magnitude M corresponds to L and apparent magnitude 
into 1,
Eq. 1 becomes m-M a 2.5 log|

a 2.5 log

p)
[(«! ] 
aSq. 2 = 5 logf" d

I 10

The quantity »-M is called; the distance modulus for it is directly 
related to the star’s distance in the above equation.

The apparent and absolute magnitudes that we see are 
really only the visible amount of luminosity.* The rest is either 
filtered by the earth’s atmosphere or we can’t perceive it visually 
The correction for this results in what is called the bolometric 
apparent and absolute magnitudes, designated as m^oi & ^bol.
The bolometric flux is the total rate of energy poutput at all 
wavelengths which is most commonly called “brightness.”
If 1 a radiative flux per unit wavelength then the total bolo

1bol

metric flux _

“ 1 "A
Jo

and

the apparent bolometric magnitude
®bol * constant -2.5 log(lbol)

Here the constant is called a “zero point” and its necessity is 
derived from the fact that unless a star is compared to a known 
given magnitude it would be impossible to define another star’s 
magnitude. The absolute bolometric magnitude is the bolometric 
magnitude the star would have if set at the standard distance of 
10 pc»

Beyond the earth’s atmosphere is one more obstacle-”inter-
stellar reddening.” This is caused by the interstellar dust found
in space. The dust particles absorb and scatter the short
wavelength radiation and allow the longer wavelengths to go thru.
As a result the star appears redder than it really is. (When
♦Remetober that the visible amount of light that we perceive is 
only a small part of a star’s spectrum.



5
this dust is thick enough it blocks the light of the stars behind 
it thus producing a dark spot which is usually surrounded by gas 
that is illuminated by closer star. (The Horsehead Nebula is an 
example of this phenomenon). (See color photo-library original.) 
Tests have shown that for every 1,000 parsecs a star changes by 
0.75 in its magnitude. This is why visual observation of the 
center of our galaxy is so extraordinarly difficult. A star at 
the center of our galaxy will have lost 20 magnitudes of brightness 
i.e. its brightness has been reduced by one million. This is where 
radio astronomy makes its breakthrough. Where optical telescopes 
can’t see, the radio-astronomers are picking up the "noise of 
space.”

Before this reddening was discovered the galaxy was 
considered to be much smaller than it is. It was assumraed that 
the gradual thinning out of stars was due to the fact that the 
edge of our star system was being reached. After the discovery 
of the reddening the galaxy was,then calculated to be 10 times 
larger than thought!

Parallax was used to find the apparent motion of the stars. 
True motion of the stars is found by use of the Doppler Effect.
(See diagram below)

0 » position of observer
S « position of star at 

given time.
S’ a position of star at 

later time

By the diagram SS’ is the motion of the star with respect to 
the observer and is called the space motion. By vector addition, 
SS* = SB + BS’. The term radial velocity is given to SB and BS* 
is called the tangential velocity. The radial speed is determined 
by Doppler's formula.? The tangential speed is not directly 
measurable but the angle is and is called the angular speed.

angular speed is measured in seconds of arc per year and it is 
also called proper motion.

?Magnitude of the tangential and radial velocities are called the 
tangential and radial speeds.



6

v^ s tangential speed 
vr a radial speed 
v = space motion 
d « distance to star

As the distance to the stars increase their space motion 
become exceedingly difficult to measure, since the angular speed 
becomes smaller and smaller.8 Refering to the previous 

diagram we note that
vt a d sin/x-

dx^ since at small/x. si^Zx-
If .yx- is measured ife radians per year* vt is in pc per year? 
when/x-is in secondt per year, Tt i® AU Per year. If we 
convert from AU to kilometers (km),, year to seconds^, we find

vt » 4.74** d km/ sec 
Eq. 3 vt = ^»74^ " km/sec 10

77 "
e.g* d = 100 pc

« O’.’l per year, therefore
vt as 47*4 km/sec

Knowing that the stars are in motion, astronomers have 
defined the stars in the vicinity of the sun within 100 pc as the 
solar neighborhood. The average velocity of all stars in the 
neighborhood defines the Local Standard of Rest or the LSR.
The velocity of a single star of this neighborhood with respect 
to LSR is called its peculiar motion. The Sun’s own peculiar 
motion is called its solar motion.11 The space motion of a star 

is therefore the vector difference between is peculiar motion 
and the sun’s solar motion. (Refer to diagram on next page.)

®Idea behind parallax-distant stars do not seem to move.
9i AU ^1.497 x 10 km, 1 year 3.15 x 10? sec,

10 7/" is the parallax measured in seconds of arc ” “
■^Through this method of definition it was discovered that the sun is 
moving thru space at 20 km/sec towards the constellation Hercules. 
This spot in Hercules is called the sun’s apex.
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Figure 4

line 
of

sight

peculiar motion 
of Star . Vp coaj1- 

vo coseA
It should be noted that the tangential velocity andthe solar 
motion are always in the same plane while the line of sight 
usually is not.

e.g.

star
sun S'

p*

apex

SUB

moving
star

vs tangential velocity 
I perpendicular to 

v^ and apex.

V » peculiar motion with 
1 respect to LSR

v « tangential motion 
vector in plane of 
apex and vt -
„ 2 2Vp » *r + *t

2 2 2 vt a vuz + ve
« » V 2 2 2
Vp 7r + v^, + v^

To show graphically the affects of stellar motion consider the 
case of the Big Dipper.

X \ * 50,000 years ago

X * *
X

Now

50,000 years from now

x
X X
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Moving star clusters exhibits a peculiar motion relative to 
the LSS. When a cluster subtends a '’large” angle in the shy their 
angular velocity is easier found than if the cluster is far away. 
Since the stars are 11 moving in the spatial direction, the 
cluster of stars seem to be converging or diverging from a single 
point in the sky.12

Q « angle between space velocity and line of sight to 
a member star of the cluster

Figure 5

Point
Convergence

V . Tr

COS<=>
Vfc as V sin© therefore the cluster distance, via its 

parallax is
” *» ».7juzH

vr tan(refer to Eq. 3)
In our galaxy about lO-^ stars exist. In the solar 

neighborhood the majority belong to binary or multiple star systems.
Of the binary systems there are six types: (1) visual, (2) optical1^ 
12Think of a set of railway tracks laid next to each other-They tend to 
i,converge” to a point when looking ahead and ’’diverge" from a point 
looking back. ___a O-__

13Not a true binary system-only appear that way to the naked eye 
due to positions in the sky.
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(3) astrometric, (4) spectroscopic (5) spectral and
(6) eclipsing. By studying these system important stellar 
characteristics such as mass, radius, composition and density, 
surface temperatures and luminosities are calculated*

The visual binaries are the ones that can be seen with a
telescope in such a way that the two stars are resolved. It is
through these systems stellar masses are found. In 1827 it was
discovered the binaries orbit in an ellipse about their centroid,
therefore they conform to Kepler*s laws. Using his third law,
the stars’ masses are calculated.

(Ml + Mg) P2 a wjjere gj' is measured in solar masses, I*1- 
P is the orbital period ia years and 
A is the orbital semi-major axis 
measured in AU.

Assume that by parallax we know the distance to the system.
A « a" , 

7T”
(m1+m2) p2 a"

7Z”

a.

The above equation gives the total sum of the masses of the 2 
stars. To find just one of the masses we must know the distance 
the center-of-mass from each star.

M1A1 « M2Aa

e.g. maximum separation » 3.0
parallax » OVIO
period of orbit a 30 years
companion is always 5 times further from the 
center-of-mass than the primary.15
(M1+M2) . 30<

(M!+M2)ct 30

A1 = 1 
a2 5

3”»0

L.0’.’10J

l^Kass of sun » M » 1.99 x 10-^ gm 
15
primary a brighter star 
companion « fainter star
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M1A1 = M2A2

^i = = I
M2 a2 5 

= 25 MO
M2 * 5 <% Mass of the sun

As distances increase gradually only one star is seen thru the 
telescope. If it is an astrometric binary its oscillatory 
motion will be noticed and reveal that it ha® an unseen companion 
When this happens the binary system can be re©olv©d by use of 
spectrography. It becomes apparent that the system is binary 
when periodic oscillations appear in the spectrum. At times two 
spectrums appear oscillating with different phases, These 
binaries usually have orbits that range from hours to a few 
months. The spectrum binary has two different spectra super
imposed on each other.

When the observed masses and luminosities for a number 
of stars in binary systems are graphed^ the rfesult is the 
’’Mass-Luminosity Relation”.
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(It should be noted that his diagram works for main sequence
stars* only and not for stars in late stages of evolution).
Note that while most stellar masses lie in the range of

—4 60.05Z M <50, stellar luminosities cover a span of 10 L<_10.
1©

The continuous spectrum from a star may be accurately 
calculated by the Planck blackbody energy distribut^on* ?or 
any given star this continuum, by utilization of the appropriate 
Planck curve, can be used for finding the color (or effective) 
temperature.

Bemembering Wien’s displacement law
X T » 2.898 x 107A°t which says that at 

max
a certain wavelength the Planck curve will reach peak intensity, 
and this wavelength varies inversely with the temperature T. 
Renee the star's color is determined by \ max. This implies 

that hot stars should be bluer and cool stars red. There are 
7 main classes or colors that stars have ranging from surface 
temperatures of 40,000 K° to 5,000°K:

Type Principal Characteristics
0 Hottest blue stars

Hell lines dominate in spectrum
B Hot blue stars

Hel line dominate
A 31ue Stars

Ionized metal 
Hydrogen dominates

F White stare
Hydrogen lines diminishing 
Signs of neutral metals

G Yellow Stars
Metal lines

K

M

When a star is in

Beddlsh
Neutral metals
Coolest red star 
Neutral metal spectrum 
Lines very strong.

stage M, it is considered to be a dying star.
In addition each classification is broken down into ten parts,
from 0 to 9. e.g. F8, F9, GO, G2, ... G9, KO
’Discussed later.



12

..supergiants. \
»*>v

main ' •• ' ‘
'.'bL-j.'Av. ’ " ■' giantsseauenaeb’ ;?£^*.,\

** * •

• * • • *•. •* •’•»* v» .
.white , '
dwarfs * * '

G . K 
5,000

A . F 
10,000

0 B 
25,000

M Spectral Class
5,000 Surface

Temperature 
(In Degrees 
Kelvin)

> above diagram, a large band runs from the left 
to the right lower. This band is called the

In 1911 and 1915 3jnar Hertzsprmg and Henry Norris Russell 
independently arrived at a two dimensional graph of observed 
stars. Their axis were the absolute magnitude vs spectral type, 
and the graph is given the name of Hertzsprung - Russell Diagram 
(abbreviated H-R diagram).

Figure 7
*10

-5
Absolute 
Magnitude

0

+5

+10

+15

In th 
upper-corner
main sequence and is so named because this is where a star will 
spend the majority of its life. While ’’residing” on this band 
a star is considered stable. When certain reactions occur in the 
stellar interior its composition, color, and temperature all 
change. This change causes the star to "move off” the sequence. 
When this happens the star is considered to be dying. The marked 
areas refer to what is called the luminosity class. The luminosity 
classes arise out of the stellar spectrum. It was first noted in 
1897 that for a given color distinctly different spectra were 
being formed. (It was first theorized that stars of a given color 
would have essentially the same spectra). This difference in

5Picture from Smith and Jacobs: Introductory Astronomy and. 
Astrophysics, Philadelphia, W.B.Saunders Company, 1975..
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spectra is explained fey the Saha ionization equation. The 
electron number density must fee lower in one to account for the 
difference in spectra.^ The luminosity class has six classes 

and each is given a name:
CLASS NAME
I Supergiant
II Bright Giant
III Giant
IV Subgiant
V Dwarf 10

VI Subdwarf
By Saha’s equation if a giant star and a smaller star are to have 
the same color, the giant’s surface temperature must fee lower to 
compensate for its lower electron density. The ration will

Ni+1
remain the same if both Ne and T change appropriately. It is seen 
that a star’s luminosity depends on both temperature and radius. 
Since a star radiates in all directions the total area shining 
is 4// r , where r = radius of the star. If a star has a luminosity 
L then the surface flux « L . Since a star is a good

approximation of blackbody we also know from the Stefan-Boltzmann 
equation that

k
surface flux «<>T therefore 

L r *
Since only the temperature determines the color class, I-IV have
radii much larger than those of class V.

e.g. Suppose a G2 supergiant is 12.5 times brighter than 
5the sun. By eq 1 there is a luminosity ration of 10 implying a 

19supergiant radius 300 times that of the sun’s.
l^Refer to introduction, p.21
^Since a giant star surface is further from the center than a 

smaller star’s surface, the electrons can escape easier tha® a
slower electron density. 

lttThe sun is G2 star.
•^The red supergiant Betelgeuse has a diameter a 800 times that 

of the sun, which is approximately the distance from the sun 
to a point halfway between Jupiter and Saturn.
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By knowing both the spectral type and luminosity class, 
a star’s position on the H-B diagram, is therefore fixed. From 
this we can read off its absolute magnitude. From the observed 
apparent magnitude we compute the distance modulus (Eq. 2) and 
therefore the stellar distance. This method is called spectro
scopic parallax. This method is very similiar to the method of 
main dequence fitting. In this method the apparent magnitude 
is plotted vs color. This plot is placed over, the H-B diagram 
until the two main sequences overlap. As a summary of what I 
have said refer to the diagrams below. This is the correlation 
between luminosity and temperature and from the preceding 
discussion they should be self-explanatory.

At this point there is only one method of distance finding 
I have not discussed Cepheid variables. Cepheid variables, I must 
say these are stars in one of the last stages of evolutionary 
process. They are dyingl The birth, Life, and death of the 
stars shall constitute the next portion of this thesis and in this 
portion the Cepheid variables will be explained.



IX. A STAR IS BORN

Consider now if you will a very large cloud of interstellar 
dust and gas with a diameter of a few light years. The bouncing 
and bumping of its particles produce a ’’shock wave” (similiar to 
a plane thru the earth’s atmosphere) in a region of this cloud.
This area heats up and then cools rapidly by radiation. As a result 
a compression will be exerted on these regions after their 
temperature is lower than the surroundings. This pressure causes 
the cloud to decrease in size and become distinct from the 
surroundings. This is the beginning of a ’’protostar”. As the 
protostar collapses, due to gravity, the interaction between its 
atomic components increase to a point where enough heat is 
generated for this object to become self-luminous. At thia point 
they are called "Herbig-Haro” object®. They are usually roundish 
and fuzzy and their appearance changes very quickly over the 
years. Gravity has the upper hand and the cloud collapses further. 
In about 10 million years the cloud will have collapsed to form a 
star. This is how our sun is formed and its origin is based far 
more on theory than it is on fact, nonetheless, from all the 
evidence collected, the theory appears to hold. (When clouds of 
total mass a few hundred times that of the sun’s collapse, 
the angular momentum imparted to them by the galactic rotation 
can become too great to become just one star. The cloud either 
condenses into a eupermassive star or instead of one star 
developing, the cloud breaks into clusters of stars. By analogy 
the same idea occurs for binary and multiple star systems. Since 
the stars formed at the same time in a multiple system their ages 
are equal. Until this was understood, it was puzzling as to how 
star systems could have stars of different colors and sizes.

20The nebula in Orien is considered to be a Berblg-Haro object.
It is hoped that observation of this area will be proof the 
theory of contraction.

15
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oFigure 9

dwarf

yellow
star

Three stars of the same 
age but in different
evolutionary stages*
Such a situation exists 
in the Zeta star system 
in Cancer*

As mentioned, the angular momentum given IP a star must be
conserved so as the cloud collapses the angular momentum must
increase. However, it has been found that stars have a very slow
angular momentum far below that which would be expected of a
contracting object. As a result, astronomer and astrophysicists
have concluded that the angular momentum of a condensing star can
be moved in two ways: (1) it can be transferred to the planets 

2*1
or other ’’solar" system bodies, as in "our" case or (2) to expel 

22material, such as the solar wind.
As seen before, there exists a "main sequence" for stellar 

characteristics. Once a contracting cloud has become a star it will 
spend the majority of its life on this line, but prior to this 
they are pre-main sequence stars. The first stage of a true star 
is called "T-Tauri" stage. (An example to T»Tauri stars if the 
Pleiades. (See color photo, library original).

Pre-main sequence stars by their very nature of contracting 
emit radiation in the infra red. This is because the surrounding 
dust and gas about what can be called the core, blocks all other 
wave lengths. As accretion continues the dust and gas thins and 
the star becomes visible at optical wavelengths.

As the protostar contracts, its central temperature 
increases. As a result, energy is transported throughout the 
cloud. There are three methods by which energy is transported.
The first of these is called conduction and occurs when energetic

211% of the total angular momentum in our solar system belongs to 
the sun. The other 99% is in the planets, their satellites and 
other "heavenly" bodies.

22^ continuous streain of gas given off by sun.
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atoms transfer their agitation to nearby '’calm'1 atoms via
collisions. The second method is that of convection. To imagine 
this, picture a boiling kettle. The hotter water moves up and 
the cooler down. In a pre-main sequence star the water is replaced 
by hot fluid masses and gas rising and falling. At this point, 
the surface temperature is about 45OO°K. At the point of 
convection a protostar becomes a pre-main-sequence star.

The third and last mode of energy transport is the most 
important, radiative transport. In this process, photons of high
energy are 
exactly how 
starts this kind of 
true star with a 
photons flow outward 
This scattering 
precisely this j 
below.

’’radiate” outward. Just 
(When a pre-main sequence star 

it is now considered to be a 
own on the main sequence. As these 

lose energy via scattering and absorption 
the ’’opacity” of the sun or more

Refer to figure A

r»R
____ . r « 0

At the base of the thin shell, the spherical surface is essentially 
a black-body emitter at temperature T(r), so that by Stefan-
Boltzmann the outward flux is F (r) « <7"T (r)
22The gas is not unlike a gas but not totally like a gas due to the 
density. Therefore a fourth state of matter was produced-plasraa: 
not gas, not liquid but in between.
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But at r + dr the temperature is T + dT and the outward flux is

F + dF = t?~(T + d?)2* 
h.

+ 4T^dT) 23
Now dT is negative, since the exterior of the shell must be cooler 
than its interior so that the flux absorbed within the shell is

(4) dF = + 4 (r) dT.
This absorption is due to the opacity. Let’s now look a little 
closer at this concept. We can only see that part of the sun from 
which radiation can escape unhindered. At any point interior to 
this point, radiation is absorbed, scattered and re-emitted by the 
hot gas atoms and ions. If the photons are at a given wave length 
there the opacity -k-^ (units cm /gm) is related to the amount of 
radiation absorbed by the equation.

- - Vkdx
This can best be visualized by considering what happens to radiation 
of flux F^ striking a ’’slab of gas” dx in thickness with a mass 
density of j3 •
If we are in a uniform medium 

"f- \>r
-\r>

s: dFx
fk

U’

dx

produced thus

x) « FX(O) exp (-k^J3 x)
which means that the flux dimishee exponentially with the depth of 
penetration. Note that if k^e 0 then the flux is constant and the 
gas is said to be transparent.

From this equation (4) and the equation by L (r) » r F (r), 
we see that the total energy flow thru the spherical shell per 
second is »

L (r) » - l6TTc7-r2T3 (r) dT 

k (r)yc’(r) dr
If this is integrated over all directions a factor of 4 is

L (r) = - 6^r2T5 (r) dT 
3k (r) y3 (rj dr

23since dt is small* dT2+ dT5 are negligible if a good approximation 
is all that is desired.



19

When the outward pressure caused by radiation exactly
balances the inward pull of gravity a state of hydrostatic
equilibrium ensues. This must occur at every point r within
the start As we approach the center of the star the radiation
pressure must steadily increase to counter balance the increasing
weight of the material above. Refering to Figure A, we see that 

2 2the surface area of the shell is r ; its volume = MTr dr.
Since the mass density is^Cr), the shell’s mass is 4TTry* (r) dr. 
Since the mass above the shell produces nor gravitational unfluence 
upon the shell( the entire mass inside r» is M (r) and it attracts 
the shell as a point of mass would at the star’s center. Therefore 
the inward gravity pull is,4.

GM (r

The pressure F (r) pushes outward on the shelli which the pressure 
p + dP pushes inward since dP is negative. Hence the net outward 
pressure force is

-4zTr2dP

Combining the above 2 equations we have
dP s - GM (r)y©(r)/r2, this is called the 

dr
equation of hydrostatic equilibrium. By this equation iwe see 
that the radiative pressure steadily decreases as r increases.

Note now that M (r) increases by the amount 
dM (r) s UrT.rV5 (r) dr. Therefore

dM (r) » fzfr2^(r) 

dr
If the total radius of the star is R then the total mass of the 
star is

M =it

={•

R
dM (r) 
r = 0

R
/•(r) r dr 

ir = 0
Until 1930 no one knew what kept the sun shining. Geolo

gical calculations put the age of the sun at about 5 billion years. 
The sun’s power therefore must be derived from a longlasting source
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At last there were two possibilities:

(1) Gravitational contraction and
(2) Thermonuclear reactions.

Lets consider first the case of gravity, Hefer to the diagram
below

Figure 11

kinetic energy » KS s mV' 
of 2~

satellite
Since the centripetal acceleration

A small satellite with 
mass * m moves in a 
circular path about a 
large mass M

Potential energy due to gravity 
PE « - GMm
’■V ■' r '

( v2 j is provided by

gravity: v_
r

ss - GMm , therefore

If the satelite

= ’ GMm = KS = PEI
K 2r ffl >

is moved to a smaller orbit at r-dr, the increase
in KE ss (decrease in PE). To conserve total energy the other 
half of the decrease in PS must be transmitted or released in 
some raanner-in the case of a star this energy is radiated away.
For each gram of solar material the potential energy available 
for radiation is

GM » 9.5^ x IO1* erg gm”1 
2r

If the rate of energy production per unit mass of solar material
is denoted by^(r), it relates to the mass by

€ (r) ■ L_
M
„ -1-1 2.0 erg sec gm •

By comparing the above two equations we see the sun can maintain 
this energy production for some 15 Million years. Obviously

something else is needed.

At the stellar core when temperatures reach 10 million
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degrees Kelvin, the pressure, density and temperature combine to 
form the only reaction that can possibly explain stellar lifetimes.
At these high temperatures, light atomic nuclei collide with such 
violence and frequency-that they combine and form heavier nuclei 
and simultaneously release tremendous quantities of energy. This 
is the process of thermonuclear fusion. This process is also calledd 
nucleosynthesis.

Since hydrogen is in high abundance throughout the universe
it is an important constituent in, the nuclear reactions. The 

4
next stable element is helium, He • Since one hydrogen proton has 
atomic unit of 1, k protons are required to make one helium.
Note, however the "more exact weight" of a proton * 1.0078 amu

4 protons « 4,0312 asm
He^ » 4.0026 amu, thus a mass loss of 0.0286 amu. 

This is converted into energy by Einstein’s equation
E » me2,

1 unit atomic weight « 1.66 x 102^ sm

The energy released by four hydrogen nuclei in. becoming a 
helium nucleus

E » (0.0286) X (1.66 X io“24) x (9x 1020)
-5s» 4,3 x 10 erg,

19This means that for every gram of helium formed about 10 ergs of
energy are released ( 250,000 kilowatt-hours). Since it takes

19one gram of helium formation to produce 10 ergs and approxi
mately one-hundreth of the mass of helium nucleus is converted 
into energy, the rate of mass loss to the sun is 4 x 10 grams/ 
second which is about 4,000 tons/second or 100 billion tons/year.

At this rate the sun should eventually die, but^hen?
33Right now the sun’s mass is 2 x 10 grams. At the present rate 

12of loss of 4 x 10 gms/sec the total expected lifetime of the 
sun should be 5 x 10 seconds = 150 billion years. However, 
thermonuclear reactions can occur only in the oore-which means 
that only about 10% of the sun’s mass is available for conversion 
into energy. Thus a more realistic estimate of the sun’s lifetime 
is 1010 or 10 billion years. The sun is therefore half-way on its 
trek from birth to death! From these calculations astrophysicists
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have derived a formula for ® star’s lifetime, T, on the main 
sequence

T « 1010 M , T in years, (note when using this
L formula what your units are!)

e.g.Sirius
Mass = 3 x Sun’s mass
Luminosity » 100 x sun’s 

8T s 3 x 10 years
What this equation Implies is that the brighter and hotter stars 
have shorter lifetimes than their duller and cooler companions!

It has been found that two different processes lead to a 
conversion of hydrogen into helium:
(1) proton-proton chain abbreviated p-p chain and
(2) the carbon cycle abbreviated CNO cycle.
The proton-proton chain domintes at higher temperatures. It must 
be noted here that no matter how hot the core is, if there is 
not sufficient carbon present this process cannot occur. This is 
the case of the first stars ever formed. Since no carbon existed 
no matter how high the temperature only hydrogen burned. The 
two processes are illustrated and explained below.

PROTON,
PROTON
CHAIN

Gamma
Ray

proton

positron

neutrino



Stage l:The cycle starts when a proton collides with another
proton. This collision produces: (1) a deuterium nucleus, (2) a
neutrino that shoots off into space and (3) a positron that
eventually meets an electron upon which annihilation occurs.

Stage 2{After a few seconds the deuterium nucleus is hit 
3

by another proton, producing: (a) a nucleus of helium-3,He y and 
(b) a burst of gamma rays.

Stage 3{Finally the helium-3 nucleus hitfe another heliura-3 
nucleus, producing: (1) a nucleus of inert helium He , and (II) two 
protons. These protons can then start this chain all over again.

Figure 13

1
ray

The above diagram is the CARBON CYCLE

24A positron is a sub-atomic particle that has the same charactistics 
as an electron. The only difference being that a positron’s charge 
is the opposite of an electron.
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State 1, A carbon nucleus is hit by a proton which 

(1) changes into nitrogen-15 and (2) emission of a gamma-ray.

The nitrogen-15 is unstable and A) quickly changes into 

carbon-15, B) releases a neutrino, C) releases one positron

which suffers the same fate of annihilation as in the p-p chain.

Stage 2: The carbon-15 is struck by a proton and a) 

changes into nitrogen-14 and b) gives off a gamma-ray.

The nitrogen-14 is hit by another proton and (I) changes into 

oxygen-15 and (IE) releases a gamma-ray. Being unstable 

ojcygen-15: (la) becomes nitrogen-15,(2b) emits a neutrino,

(5c) releases a positron and upon contact with an electron Is 

annihilated.

Stage 5f The nitrogen-15 is hit by a proton and (IA) 

splits into one helium nucleus, (IIB) forms one carbon-12 

nucleus (which can then start the cycle over again), and 

(IIIc) releases a gamma-ray.

While both processes get the same results, the time 

difference is tremendous. For the 1st stage of the p-p chain 

7 billion years is needed, a few seconds for the second and 

400,000 thousand years for the thirdI While the carbon cycle 

Jakes only 2.5 million years for the first stage, 4 million 

for the second and for the third only 23 years is needed.

What is more remarkable is that there is such a vast number

of atoms In any star that these processes happen continuously 

without any letup.
At the point of hydrogen-burning, the object is a true 

star. This is its zero-age. For the majority of its life the
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star will now spend its time on the main sequence. As 

nucleosynthesis continues the star’s chemical composition 

changes. At first this is gradual, and the star does not 

its position on the H-R diagram very much. This position 

the diagram is called the zero age main sequence (ZAMS). 

a star resides for the majority of its life. , Eventually,

change

on

Here

though, evolution catches up with the star and it begins to die



III. THE RED GIANT

As the hydrogen fuel becomes exhausted helium becomes the 
predoniate element in the core. At this point, because helium 
needs a higher temperature to react, there is not enough energy 
flowing out. Gravity therefore gains the upper hand, the core 
starts to contract on itself. As the core contracts, the gas 
surrounding the core contracts due to gravity. As this accretion 
continues, the core grows hotter until finally the gas becomes 
hot enough to cause hydrogen burning about the core. As a result, 
a hydrogen-burning shell is produced. At first the shell is 
large but due to contraction, it narrows. Finally, enough
material has collected in the core and its temperature has

o
risen to 10 °K. Now the hydrogen-burning in the shell is accele
rated and causes the gas in the regions around it to expand. 
Convection in the outer envelope occurs and causes an increase in

luminosity. This is the beginning of the red giant phase. Helium 
burning is taking place. This is called the triple- process and 
occurs in two sta

He

Two helium nuclef combine to form a beryllium nucleus. This
beryllium nucleus is extremely unstable and unless another helium
nucleus2^ reacts with it immediately it will decompose back into 

-12two helium nuclei. This decomposition takes only 10 seconds. 
But suppose it reacts immediately with another helium nucleus.
The result is a carbon nucleus and a gamma ray is released. The 
energy released is equivalent to + 7.^ MeV. Note that the first 
phase needs energy put into take place. This type of energy- 
needing reaction is called endogenic.
25a helium nucleus is also called an alpha particle therefore since 

there are three helium nuclei this process is called triple-alpha 
process. 26

ges.
n + Haf 8 B,

8
12 + * -95 KeV

+ X +7.^ MeVHe->C
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The star’s helium core now contains nearly a quarter of the 
star’s mass and is so compact that its density is 50,000 times that 
of iron. As the helium core burns, it and the hydrogen-burning 
shell cause the envelope to expand further and further. As a 
result there will be more area for the star to radiate off the 
energy. This increase in size therefore causes the star to change 
color and it changes to red. The star is now a red giant and 
occupies the upper right-hand portion of the Hertzsprung-Bussell 
diagram, (refer to diagram on page 12.)

For stars of a solar mass or smaller the helium burning 
is not gradual. So much mass has to coalesce before T ■ 10®°Kt 

that the helium core tends to act more as a solid that it does a 
gas. This results in a helium flash i.e., the core under goes 
explosion. Now the burning causes the temperature of the solid to 
increase since it can not expand like gas. This higher temperature 
increases the rate at which helium is converted into carbon which 
in turn causes the temperature to increase even more. The core, 
therefore, becomes an uncontrolled fusion bomb. As the core 
’'flashes” the hydrogen shell surrounding the core is dispersed 
by sheer energyI The core, due to the explosion, will cause a 
small increase in its size. This increase if followed by a 
cooling of the core. Once again gravity takes over until 
temperatures re-ignite the core. The star will grow again into 
another red giant phase. Here the star will stay for a few million 
years and then its carbon core will contract and cause a helium 
burning shell which causes another hydrogen burning shell. The 
contracting core will cause another, although extremely short lived, 
red giant phase. After this the core will contract until it can 
contract no longer, but this time contraction does not stop due to 
radiation. It is because the electrons have been brought close 
enough together that their electrostatic forces resist the pressure 
that the mass of the star exerts upon them. At this point, the 
material in the star is degenerate i.e., no more nuclear reactions 
can occur. The temperature can’t raise high enough to cause any- 
reactions to take place. The star is now a white dwarf and occupies 
the lower left hand corner of the H-R diagram. This stage will be
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discussed in more detail later. (Refer to diagram page 12)

The above is what will happen to our sun. But what will 
happen to a star whose mass is greater than that of our sun? 
Basically the path is similiar but instead of a helium flash the
core burns gradually due to the extra mass. The star will move 
thru the 1st red giant stage. The core will collapse, but due to 
mass, higher temperatures will be attained and heavier elements 
can be formed, e.g., carbon, neon, oxygen, silicon, magnesium, 
sodium, sulfur, aluminum, calcium. To form these elements 
temperatures of at least 10^°K are required! These stars will

undergo the second, third and possibly several red giant phases 
before their nuclear core becomes degenerate. If the star is 
massive enough, the final stages of its life will be marked with
eruptions and explosions before it finally becomes degenerate.

The sun undergoes 
2 main red giant 
phases (crosses) while 
a massive star may 
undergo several. 
(Drawings are not exact,
but are meant only as 
examples)

For some stars a mass loss is now a 
contraction and expansion of the 
below.

Figure 14

A
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A-Beginning of red giant phase
B«Contraction of core
-Surrounding gas contracts slower

C-Expansion due to heat of core.
D-Contraction of core after burning fuel 
-Surrounding gas contract slower.

E-Expansion due to increase of temperature of core.
F-Core contracts but this time the surrounding gas 

doesn’t contract noticeably. The ’’envelope” and 
the core are now separate entities.

As the surface of the star moves further from the core its 
temperature decreases. As the temperature decreases, the surface 
nuclei are more likely to ’’hold on to” their electrons. Since 
the temperature is ’’low” the number of collisions is also low.
By specifications of the Bohr atom, a neutral atom has less 

26energy than the nuclei and the electron have alone. Thus
energy is released in the formwhen a neutral atom is formed,

of photons. 
Free
electro©

Electrdl
capture

Free
Proton

These photons are absorbed and scattered by the rest of the gas
causing a small heating up. A further expansion ensues and a low
temperature results and more neutral atoms are formed. As a result,
this envelope is in a continual process of heating and cooling
and expansion. Finally the core can no longer exert enough
gravitational pull on the envelope and it ’’breaks free” of the
core* When this process of producing neutral atoms occurs, the
red giant phase is over and the resulting envelope is called a 

27planetary nebula. They are so named because early astronomers 
noted they resembled the distant planets, (Uran&s for example),

^^See introduction page 18

2?The Ring Nebula and Dumbbell Nebula are two examples of this process 
(See color photo, library original)
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when observed thru a telescope. Calculations show that a star 
may lose up to 20% of its mass in this formation.

This formation of planetary nebula is one explanation of
the phenomenon called novae. Novae appear at the present time to
happen when a star is of a binary multiple star combination.
Consider the binary. The explanation is that if two stars of
different masses are in a binary system, one will evolve faster
than the other. This star passes thru the red giant stage and
then collapses. Time goes by and finally the other star evolves
into the red giant stage. It ejects its envelope will fall into
the other stars gravity pull. Upon contact with the stellar
surface the star’s temperature increases. If enough material
hits the star, the temperature can rise high enough to set off
the proton-proton cycle. This high surface temperature causes
a nuclear explosion and the star ejects some of its own material.

28This increase in temperature causes an increase in luminosity 
and this change is called the ’’nova” of ’’new star.” These occur 
about 20 times a year in our galaxy. Observation shows that some 
stars may become novas more than once, i.e. these explosives 
repeat every few years. This suggests that the red giant is still 
ejecting material onto the collapsed star causing more explosionsI

It is apparent that as a star leaves the main sequence its 
structure under goes ’’rapid” change. In this phase the star’s 
interior is unstable and the star itself passes a portion on the 
H-R diagram called the instability strip. This instability 
causes the contraction and expansion of the star. The star is 
now out of hydrostatic equilibrium for the gravity becomes too 
large to be counteracted by the photon radiation and the star 
contracts. If it is massive enough this contraction will continue 
very rapidly and will over shoot the hydrostatic equilibrium 
point. Radiation takes over and pushes the star out at such a 
rate that it over shoots the equilibrium point again. At this 
point gravity pulls it back. This continual expansion and 
contraction causes a variation in the brightness of the star. Stars

28Absolute magnitudes of novae are around -7 to -8.
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that have this quality of variations in brightness are called 
variables* The variation isn’t always very great and the period 
of variation, (faint to bright to faint again or vice versa), will 
vary from days, (short period variables), to years, (long period 
variables), depending upon the star’s mass. A cluster of stars 
that exhibits conspicuous and large variability is found near the 
star Delta Cephei and are therefore given the name Cepheid 
variables. (Variable stars are sometimes called ’’Cepheids” even 
though they are not even close to the cluster. The mere name 
Cepheid implies variability.)

A plot of the brightness of a Cepheid through a full 
cycle of variability is called its light curve. These reveal 
that a pulsating star attains maximum brightness rapidly and then 
gradually goes to a minimum. However, some variables do have 
near-symmetric curves. As the star pulsates the radial velocity 
of the surfaee is constantly changing. This change in velocity 
has a cycle with the same period as the light curve. Since these 
two cycles are ’’equal” when there is no radial velocity, the star 
is either at minimum or maximum brightness. At these two points 
respectively, the star is compresse and very large. (When 
expanding the radial velocity’s spectrum is blue-shifted and 
red-shifted as it contracts.) The periods of the Cepheid 
variables are found to lie in the range from 1 to about 150 
days. From minimum brightness to maximum brightness the change 
can be as large as a factor 3» which means that the star may 
change in brightness 100J5 or better. This difference is called 
the amplitude.

= amplitude = change 
in absolute magnitude
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A problem arose when trying to explain why this 

pulsation continues for thousands of years. It was not enough 
to say that the star was out of hydro-static equilibrium. Surely 
as the star pulsates energy is dissipated. This is similiar to 
a bouncing ball. Sooner or later due to friction the ball will 
stop bouncing. The star therefore must have a way of replacing 
the lost energy.

Note-The core of the star itself does not pulsatef The 
changes that occur in the core cause the pulsation to start.
The envelope os the stellar core is the pulsating part!
E.S.Eddington conceived the idea of a valve mechanism. This 
valve mechanism is the opacity of the star. The opacity will 
”dam” the energy transported out. Since the opacity depends 
on the density and the density changes throughout a period of 
variability the opacity changes also. When compressed, density 
is great, therefore opacity is great thus the star is fainter. 
This excess radiation that is dammed up during compression 
provides the energy necessary to continue the pulsations.

free

Density Large, 
Radiation blocked

Eddington put this into an equation called the period-density 
relation. It relates the period of pulsation P to the mean 
stellar density, -w- and is given by the following:

PjT» Q, Q a pulsation constant.
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This means that if Q really is constant for all variables (has 
not been fully verified yet) then the long-variable stars must haveO <2
unusually low density (} x 10“ gm/cm , P « one year). At this 
density it becomes difficult to tell where the star leaves off 
and the interstellar median begins. The radius of such stars 
thus becomes a nebulous term.

In 1914 Henrietta Leavitt noticed that the brighter the 
apparent magnitude, the longer the period. The result of this 
is called the period-luminosity relationship. It is this 
relationship which is now a fundamental calibration for the 
distances of objects in space. To first use this method though, 
the distance to the Cepheid must be attained. This was 
accomplished very accurately by use of ma in^-sequence fitting.

18

ABSOLUTE -5 
MAGNITUDE

0

If a variable star Is found anywhere in the universe, then its
period and apparent magnitude can be measured. Knowing the
apparent magnitude the absolute magnitude is determined by as
comparison of graphs. The distance modulus is then calculated
and the distance to the variable is know.

e.g. In a faraway galaxy is a cepheid with a period of 
10 days and an apparent magnitude of 21.5 How far 
is it to the galaxy?

Since the galaxy is far off the distance to the Cepheid is 
considered the distance to the galaxy.

By the preceding graph the absolute magnitude = -3.5 
m-M s 25
25 = 5 log (d) - 5 (by Eq 2)
30 a 5 log (d)
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6 s log d 
6d a 10 , d in parsecs.

The galaxy is therefore 1 million, parsecs distant.
The above method for distance finding is called Cepheid or 
periodic variability.



IV. A STAR DIES
Any given star after its final red giant stage will end 

up in one of the three categories of stellar demise. It will 
be either: (1) a white dwarf, (2) a neutron star (also called 
pulsars) or (5) a black hole.

As I have noted, before white dwarfs are highly compact 
stars. The degree of compactness or density is the distinction 
between 1 and 2 of above. This density is a final result of the 
star’s mass. Since white dwarfs consist of a degenerate solar 
material, no more nuclear reactions can take place and the star 
gradually just cools off, ten billion years later. At about a 
surface temperature of 3000°k, the star is giving off so little 
light that for all practical purposes it is ’’black.” This is 
what's in store for our sun. It is doomed to become as black 
and cold as the space around itI

To explain the difference between white dwarfs and
neutron stars let’s look at the mathematical properties
possessed by degenerate matter. For white dwarfs, even though
degeaarate, the electrons can still move, therefore The Pauli
Exclusion Principle29 wm still be applicable. For pulsars the

mechanics will still be valid. Heisenberg's Uncertainty
Principle tells us that the possibility of distinguishing two
particles will be zero if the difference in momentum (£P)
multiplied by the difference in position (dr) is less than h,
Planck’s constant. For particles to be distinct! (d’P) (£r»h,

27h a 6.626 x 10 erg/sec. Therefore a particle can be
characterized by a point or position labelled (x, y, z, Px,PytPz)» 
Pi is momentum in the i-th direction. This six-dimeasional 
space is called phase space. Each particle is contained in a
29This principle state that if two electrons are in a given volume, 

they cannot have the same "spin.” They are distinguishable.

CARROLL COLLEGE LIBRARY
HELENA, MONTANA 59601
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6-dimesional phase cell.^° All particles in a given cell are 
indentical since ^P^r^ h.
Note that ( £ P ) ( £ xK h

( $ Py) ( £ y) i h 
P ) ( A z)< h

55 i'

Therefore
U>x)<£pyX&Ps) (£x)(S y)(S«)< h3

Consider now a volume in phase space between P and dP.
This can also be considered as the volume of a special shell in 
momentum space (Px, Py, Pa). The number of electrons that can be 
fitted into this volume is 2 (4tT) P^v» *k«re Pm is momentum of

the allowable electrons in this volume and V is the volume* The 
factor of 2 is used because this volume may include more than one 
phase cell implying different spins* Hence in a unit volume*, 
the maximum number of electrons that can occupy this volume is

ne * 8
3 h3

The number of electons present is proportional to the density of the 
star itself

therefore pJ BI or

r« VJ
Within this volume the electrons are moving in all directions and 
the pressure, Pe, due to this movement is

vdP
where v = the average

i electrons.

31

, m as mass 
of
electron

In the relativistic case v ~ c and E* 4 
/3

^Cells may be of irregular shape, not necessarily c&bic nor 
rectangular.

33-The inward pressure is due solely to the electrons alone.
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The difference in exponents determines whether the star will be 
a white dwarf or become a pulsar. If the nonrelativistic 
equation is true, white dwarfj if the relativistic equation is 
true, pulsar. The reason being that a star with a mass of 
1.4 solar masses** or loss will evolve into a white dwarf since 
the mass isn’t enough to crush the material any further. Above 
this mass of 1.4 solar masses the star will undergo a cataclysmic 
event due to its own rate of contraction. The star isn’t stable 
enough to support the crushing mass and a supernova occurs.
(More on this phenomenon later). This limit of 1.4 solar masses 
is called the Chandrasekhar Limit and marks the point at which 
degenerate material is relativistic or not.

Let’s return to the physical properties fof the white 
dwarf, now that we know why we have one. Since our sun will be 
typical lets consider its future. By now the core is composed 
mainly of carbon. Its density has increased to the point where 
one tablespoon of this matter would weigh 1000 tons! Its radius 
is now 10,000 kilometers roughly the same as the earth’s itself. 
Due to the small radius and large mass its surface gravity is 
exceptionally strong. The gravitational force is so strong that 
the photons leaving the surface are actually "pulled back” some
what making the escape from gravitational influence harder.
This results in a red-shift in its spectrum. As noted before,
10 billion years after this stage the sun will fade out, as dead 
as the earth it leaves behind!

When a star whose mass is greater than 1.4 M^ goes through 
its last red giant stage, its collapse will cause a core 
temperature of 600 million degrees (Kelvin). At this temperature, 
carbon will fuse to form heavier elements. This fusion will cause 
the contraction to slow but after a short time the carbon is 
used up and the contractions continues. Higher temperatures 
occur and the core again is ignited. Heavier elements are formed, 
and contraction stops. In an even shorter time this fuel is used 
up and the contraction continues. This process continues until 
after only several thousands of years, an iron-dominated core Is 
produced. This is as far as nuclear fusion can take place and 
•*Most research sources used 1.4,but some gave as low as 1.2.
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still give off energy. Iron has a peculiarity from all elements 
lighter than it instead of giving up energy when it reacts, it 
absorbs energyI Since the only energy available is the 
gravitational potential energy, the iron core contracts on itself. 
This contraction is extremely rapid and temperatures attained are 
so excessive that heavier elements are produced, but only in 
small quantities. The core is not 10 to 50 kilometers in diameter. 
The electrons and the nuclei have been pushed against each other 
so close that they can’t allow contraction to continue. As a 
result the star has no excess electrons nor any excess nuclei.
The star is now composed of neutrons. This collapse, however, 
is so violent that there follows and equally violent bounce back 
of the material. Implosion of the star causes the star to explode. 
She star ejects a large fraction gf its mass out into space.55 

This ejection causes an increase in brightness so great that these 
exploding stars can outshine and entire ggalaxy! These exploding 
stars are called supernova. The total luminosity of a supernova
can reach values billion times that of the sunt***

In 105^- AD such an explosion took place. The Chinese,
Japanese and the American Indians all made note of it. Today 
the results of this supernova is known as the Crab Nebula.
(See color photo, library original). The "nebula” is the material 
ejected and is still moving outward from the core. The core is 
still composed of neutrons. The most amazing thing is that this 
core blinks on and offl It is not a normal star, for it stays 
luminous very briefly. It flashes on and off with a period of 
0.05 seconds I In addition, pubes of radio waves and X-3ays are 
constantly emitted. These pulses are picked up by radio 
astronomers. These pulses and flashes are thought to be "hot spots"

55BeCause the earth and the sun are composed of heavy elements, (the 
sun has more heavy elements in it than should be expected if it w 
was pure hydrogen to begin with), our solar system is considered 
to be formed from interstellar matter mixing with this ejection.

34
The last supernova in our galaxy was in 1604.

♦ »*
Today, there is evidence of an even more powerful phenomenon 
called a super-supernova. These can completely disrupt a portion 
of a galaxy by the, sheer amount of energy it produces. It would, 
on the average, take 100,000 supernova to make 1 super-super nova.
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on the surfaces that are caused by the interaction of the magnetic 
field and the rapid rotation these stars are expected to have.
The pulsar is then considered to be the remnants of a supernova. 
Until 1967 no visual contact with a pulsar could be reported, only 
by radio astronomy did we know something was out there. The 
Crab Pulsar changed all that. These highly compact stars'^ do 

exist in reality, they do not exist just in theory. In theory, 
greater denities than those attained by neutron stars could 
happen. Trouble is Newtonian theory is Inadequate. The General 
Theory of Relativity led to a picture so strange that neutron stars 
can be considered as ordinary, non-surprising happenings.

To explain this, consider a star whose mass is 50M .
Scientists liked to believe that the star on its way to oblivion, 
would throw off enough mass that it would surely either be a pulsar 
or a white dwarf. But what if it didn’t? Then the star’s collapse 
would be so great that no amount of atomic nor radiative pressure 
could halt the contraction. The star would contract forever and 
in the ’’limit” produce a center of infinite density, finite mass 
contained in zero volume. As the star collapses, the surface 
gravity increases. It finally comes to a point where the escape 
velocity Is greater than the speed of light (300,000km/sec).
Any photon released would fall back on surface. No light can escape 
from this object. Anything coming too close would be pulled into 
the gravitational field never to sbe seen again or heard from 
again. The object is completely cut off from the rest of the 
universe. This object is called a black hole. In 1939 
Oppenheimer and Snyder had theorized the possibility of both neutron 
stars and black holes existing. With the discovery of pulsars
the black hole then was given some credibility for existence In 
reality# and not in some wild dreaffls of moderi1 physicists.

Consider now some of the properties possessed by these objects.
Next page is a possible relative scale of the sizes of stars. For 
comparison all these stars have the mass of the sun.

35Neutron stars are so dense that a tablespoon of this material 
would weigh 10 billion tonsI
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Figure 19
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If it were possible, a neutron star would only have to contract 
to one-third of its diameter to become a black hole! The radius 
that an object must contract to for it to becomes a black hole 
is called the Schwarzschild Radius, (For the earth this radius 
is about 5*58 cm.)

Since the star was rotating while collapsing the hole 
should have some rotation also. The mass and the angular 
momentum will determine the hble's shape. Angular momentum, for 
calculation sake, is often replaced by another quantity called 
the relation parameter.

Rotation parameter « (Speed of Light)(Angular Momentum) 
^Newtonian gravity constant) X
(Mass of Hole)^

or
a 3 c J 

Gm'
>2» by design 0 < a £ 1

Remember that the greater the angular momentum the flatter the 
rotating object,-o CZD

I
By the General Theory of Relativity space is curved in the presence 
of a strong gravitational field. Refer to diagram below.

Figure 20

Three-dimensional space is 
depicted as a plane that is 
warped by a massive object.
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The amount of curvature is dependent upon the mass of the object 
and affects the direction and travel times of light. Such a 
diagram is called an embedding diagram. As a star contracts the 
gravitation influence is space increases and the curvature about 
the star increases, flonsider now what happens to the light 
leaving the surface of the star. Due to the curvature, a star’s 
own light will be bent. (This is true for white dwarfs and 
neutrons stars, and black holes). At some point this bending 
can cause the light to fall back. Therefore, light can travel 
away from the star only when its deflection is not great enough
to stop it. Refer to the below.

Figure 21

SURFACE OF STAR

Only those light rays passing thru the cone can escape since 
their deflection is not enough to stop them. As the star contracts 
the curvature is increased, the cone grows narrower and narrower. 
Finally, 4$ some point, the deflection of light is so great no 
light escapes and the cone ’’closes up”. This cone is called the 
exit cone and when the exit cone closes up, due to relativistic 
effects, that particular point is called the event horizon. From 
here on, anything daring to cross this horizon is attracted to the 
center of the black hole. This event horizon is a well-defined, 
area about the hole. This warping along with the rotation 
parameter give ;5 distinct qualities of a black hole:
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(1) The hole’s attraction is proportional to its mass 

and inversely proportion to the square of the 
distance to an attracted object * (basically 
Newtonian)•

(2) The rotating hole creates a vortex? the greater the 
rotation, the stronger the vortex*

(3) A black hole cures space and warps time.
(4) The event horizon is a clearly delineated point 

into which anything can fall but from which nothing 
emerges.

(5) The event horizon has the size of the Schwarzbhild 
radius. For any mass this radius is

= 2mG 
° 2C where Schwarssehild radius 

m a mass of hole 
G a Gravitation constant 
c a Speed of light,

A sixth, but still debated question, is what does the star’s mas 
have to be in order to become a black hole? A more correct 
question is, what is the lower limit of the mass needed to 
become a black hole? If a star has a mass greater that 3 solar 
masses then theoretically a black hole lurks in its future.
Since many stars have masses large than 3 maybe black holes
aren’t very uncommon.

In the cases of the lighter stars the white dwarf and the 
pulsar were their fate. But what is the fate of the original 
body that collapsed to produce the black hole? General 
relativity tells us that the curvature of space-time increases 
as the body contracts. As mentioned before, the density increases 
to a limit of infinity since the curvature equals infinity!
The original body is virtually crushed out of existence! This 
point of ’’zero” volume and "infinite” density is called a 
singularity. This is also the fate of anything falling past the 
event horizon. Gravity is too strong and it literally rips 
apart the object? the material its made of, its molecules next, 
the atoms, the sub-atomic particles and finally-oblivion.
What happens at the point of singularity (other than death) is 
unknown. Physical laws do no apply. A singularity then is a 
point where all known physical laws break down!
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Since the density of a body is proportional to its mass 
divided by its radius cubed.

and the radius of a black hole is is proportional to its mass, 
ro^m

Then the density at which a black hole is formed is inversely 
proportial to the square of its mass

°< V
J m

Therefore, if a black hole of mass 10,000 to 10 million solar 
masses is formed, its radius would be enormous but this would 
occur when the density of the collapsing object is that of water. 
In the center of our galaxy stars are much closer, and 
theoretically the nucleus of the Milky Way could be a black hole 
that was formed at the above density. Scientists have 
considered this possibility as an explanation to detection of 
gravitation waves coming from the center of our galaxy. Black 
holes when merging give off these waves. Proving this though 
ia difficult. At first finding and verifying black holes was 
though impossible. But now scientists, astronomers and 
astrophysicists hope they have found one.

Since light cannot escape from a black hole-the difficult 
question of finding one arose.

One way would be to apply Newton’s laws of motion to a 
star group. If by calculation here is more mass than detected, 
maybe a black hole accounts for the missing mass. Then again, 
it might just be another star (or maybe cluster) that is too 
faint to be seen or detected. The other stars effectively 
block this (these) star (s) out.

Another way would be if the black hole had a companion 
star that could be seen. By making careful studies of this 
star’s behavior, if the conditions are met, maybe a black hole 
exists there. Since a limit of 3 solar masses may be used, by 
Kepler’s and Newton’s laws the mass of the primary star can be 
obtained. Star catalogues contain numerous spectroscopic binaries.
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(Bemember in those cases the stars appear to be one, but the 
spectrum of one continually shifts from red to blue as it evolves 
about the other.) By this method the list was reduced to eight 
most hopefuls. Along with was the notion that a black hole would 
be pulling gass off the other star. As the gas is pulled to the 
hole it would heat up enough to give off x-rays. To heat this gas 
to that high of a temperature to produce x-rays requires huge 
amounts of energy. This energy is available in the gravitational 
potential of a black hole. From satellites and other observa
tions came a verdict. In the constellation Cygnus exists a 
binary, one star of which hasn’t been seen. Also x-rays are coming 
from this area. This area is called Cygnus X-l, and today is one 
of the most studied regions in the sky. By even a worst case 
analysis, this star’s mass has been calculated to be 4 times that 
of the sun, which lends even more creedance. One more test was 
devised.

Suppose now that this gas isn't attracted toward the hole 
but instead orbits the hole in a spiral fashion. This would 
cause a ’’pulsed” emission of x-rays each htime a ’’hot spot” 
orbited. Cygnns X-l has met this condition. Is Cygnus X-l a 
black hole? Only time will tell. Nature has always given away 
her secrets grudingly. Perhaps Cygnus Is just one more.



SUMMART

Unlike most sciences, the subjects of astronomy and 
astrophysics cannot be taken into a laboratory and studied.J *
Instead of bringing the material to us we have to go to the
material. As a result these studies are mostly observational
are theoretical. The ’’laboratory" tests take years for the
results to come in. From the early Greeks to Einstein and
Hubble is a span of almost 25 centuries and the ideas and concepts
h»ve come from the primitive and gone to the extremely
sophisticated, by today’s standards. To the early people of the
Mediterranean Sea, the universe was only some 4,000 miles across* 

24Hubble extended this 4,000 miles to some 1.2 x 10 miles by 
use of his law

velocity s Hubble constant x distance 
v = Hr.

In this vast expanse of space are found the logical, the
illogical, the dreams and the nightmares of all physics. 

Eventually, the questions posed by astronomy and
astrophysics lead to the very question itself, as should all 
sciences and arts. But here in these two sciences, amn can see 
how little he really is, yet also how important. By the design 
of someone, mankind exists and has been given the ability to 
discoer and analyze. It’s not so important that he can’t stop 
phenomena from happening, but what he learns and how he benefits 
from it happening is. Man has progressed from the peaceful and 
tranquil bowl-type picture of the Greeks to a universe with 
observable limits filled with nova, black holes, singularities, 
and objects racing away at fractions of the speed of light. 
Throughout all this time, he has needed the guidance and existence 
of a higher being. May man never forget that God is on his 
side.
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