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ASTRO MATHS

The following is a discussion with a few examples to refresh students on a variety of rele-
vant math skills and concepts that will be needed for this course.

Order of Magnitude
We often deal with a variety of large and small numbers. It is not always important to

know a certain number to great accuracy, but only roughly. For example, if you budget for
a week of groceries, you probably don't need to know ahead of time whether the bill will
be $49.96 or $52.31. Knowing that groceries will be somewhere in the “neighborhood” of
50 bucks is an estimate that can be close enough.

Here are some astronomical examples of estimates and order of magnitude. The
radius of the Sun (S), Jupiter (J), and Earth (E):

RS = 695; 700 km� 700; 000 km

RJ = 71; 400 km� 70; 000 km

RE = 6; 378 km� 7; 000 km

So, Jupiter is about 10 times the size of the Earth (actually 11.2 times); the Sun is about
10 times the size of Jupiter (actually 9.7 times); and the Sun is about 100 times the size of
the Earth (actually 109 times). These are order of magnitude estimates because they are
a factor of 10 analysis. They are not “exactly” correct, but are close enough for purposes
of discussion, unless more exact values are required for some particular formal calcula-
tion (like sending a rocket to the Moon).

Scale Models and Sketches
Suppose that you want to know the apparent angular size of the Sun. It might help to

draw a sketch (often so!) in order to visualize the problem. The dif�culty is that the Earth
is around 7,000 km in radius, the Sun 700,000 km in radius, and the distance between
the Earth and Sun is around 150,000,000 km. So if on a blackboard you drew the Earth
to be 1 cm in radius, the Sun would be 1 m in radius and the blackboard would have to be
20 meters long to accommodate their separation!

Instead, one draws a sketch that is not true-to-life in terms of the “scales” (i.e., the
relative sizes), but is representative. These sketches are useful for better picturing things
(especially for those who are visually oriented), but one should ALWAYS beware of the
limitations of such drawings. If the drawing is not to scale, you can sometimes be misled.
For example, the angular size of the Sun at the Earth is about 0:5� ; however, a repre-
sentative drawing might lead you to believe the angle should be bigger. You would be
misled in thinking so because the scale of your sketch is not properly represented and will
overestimate the angular size of the Sun as seen at the Earth.

Errors and Uncertainty
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A collegue of mine likes to say, “If it don't have errors, it ain't real!” Errors are a way of
saying how well a quantity is or is not known.

In science, there are different kinds of errors or uncertainties associated with data or
measurements that can in�uence one's interpretation of wha t is occurring.

1. Measurement errors – Suppose you wish to measure the length of the wall and
�nd it to be 100 feet. Is the wall perfectly straight? Was the r uler that was used
laid exactly end-to-end all the time? Were you measuring to the nearest foot or the
nearest inch or what? A measurement of the length of the wall should have some
associated error that takes these different issues into account. For example one
might say the wall is 100 feet plus or minus half an inch due to measurement error
(perhaps because your tape measure only has ticks for inches).

2. Statistical errors – Suppose I drop 50 pencils, one by one, noting their respective
locations when they come to rest on the �oor. They hit the �oor and scatter around,
but the pencils do fall around some central position. The question becomes, if I drop
one more pencil, where is it likely to land and with what con�dence do I expect this?
Well, the 51st pencil is most likely to land at the location that is central to the mess of
pencials about the �oor. However, if the �rst 50 are scattere d all over the room, I'm
not very con�dent that the 51st will actually land at that cen tral spot. It could end up
anywhere. On the other hand, if the �rst 50 all fell in a nice ne at pile quite near the
central spot, then I am pretty con�dent that one more pencil i s will land there too!
In this case by looking at the distribution of the 50 pencils (scattered everywhere
versus nice, neat pile), you can get a sense of con�dence or li kelihood of where the
next pencil will fall. For example, by counting the number of pencils with distance
from the center of the distribution, you might conclude that (say) 90% of them are
located within 1 foot of the center. Then the 51st pencil has a 90% chance of falling
within one foot of the center as well. So statistical “errors” are a kind of likelihood
estimate, relating to averaging the results of many repeated experiments.

3. Systematic errors – Suppose when viewed through a telescope, a star is seen to
move back and forth. Is that because the star was really moving back and forth, or
is the telescope just shaky, or could the Earth have suffered a tremor?

There is one other important issue, although it really is not in the same class as the
other errors, but it remains crucial for understanding scienti�c results and claims. The
issue is one of interpretative problems. Suppose I ask you to measure the distance be-
tween two people who are standing apart. Seems simple enough, but what does that
mean? Is it from nose to nose? Big toe to big toe? Maybe from the nose of one person to
the big toe of the other? Here an ambiguity exists in relation to how one de�nes where the
two people are. The uncertainty here has to do with the quality of communication in terms
of listing all the assumptions that have been made, and clearly indicating all the steps to
be taken in an experiment. So good communication is absolutely crucial for doing good
science.

Scienti�c Notation
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A convenience for displaying numbers using powers of 10 notation. Here are some
examples:

1000 = 103

0:001 = 10� 3

2156 = 2:156� 103

0:035 = 3:5 � 10� 2

The Metric System
This is basically scienti�c notation with words. For exampl e, 1 kilometer represents

1000 meters or 103 meters, or 1 milligram is 0.001 grams or 10� 3 grams. Here is a table
of common metric pre�xes:

giga- 109 1 billion 1,000,000,000
mega- 106 1 million 1,000,000
kilo- 103 1 thousand 1,000
centi- 10� 2 1 hundredth 1/100
milli- 10� 3 1 thousandth 1/1000
micro- 10� 6 1 millionth 1/1,000,000
nano- 10� 9 1 billionth 1/1,000,000,000

Basic Algebra and Units
All about how to manipulate equations with variables or symbols. Units such as mea-

sures of distance (e.g., meter) or mass (e.g., gram) and so on can also be manipulated
algebraically. Algebra is the art of doing nothing! In essence, all of algebra amounts to
multiplying by 1 and/or adding 0!

Algebra is like rearranging furniture where nothing can be added or taken away from a
room. There are better ways to do it and worse ways to do it, but as long as everything is
accounted for, nothing has really changed – it is all the same furniture. By “better”, what
is meant is better for people. For example, consider the relation 2x = 6. Obviously, x = 3
is the solution. But I can rewrite this as 2x + 1000 = 1006by adding one thousand to both
sides. It looks different, but is really still the same, because I didn't add or taken away
any “furniture”. But it certainly doesn't make it easier to see what x is! So it is fair, but not
helpful.

Here is one example based on Newton's second law states that force equals mass
times acceleration, so

F = m a:

Solving for the acceleration,

a =
F
m

:
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The two equations are the same. Yes, they look different, but are equivalent, because the
pieces have been rearranged slightly, but in such a way that I did not change the relation
in its essence.

Here is one that is just math: Given the equation y2 + xy = c, one can solve for x:

x =
c � y2

y
:

(Note that arriving at this solution requires multiple steps.)
Here is how to do unit conversion, which is just algebra with symbols better known as

“words” (but they are still symbols). A bike is traveling at y = 100 cm/sec. How fast is it
going in kilometers per hour (i.e., kph)?

y = 100
cm
sec

 
hr
km

km
hr

!

= 100
cm
sec

 
3600 sec

100; 000cm
km
hr

!

=
100� 3600

100; 000

 
cm
sec

sec
cm

km
hr

!

= 3:6 kph:

It's just coasting!

Powers
Some basic rules of powers. Here a, b, x, and y are variables. (So for example ax with

a = 3 and x = 2 means 32 = 9.) Powers are just a convenient shorthand for multiplications
or divisions.

a2 = a � a

a3 = a � a � a

a� x =
1
ax

1
a� x

= ax

ax ay = ax+ y
�
example :a2 a2 = ( a � a) � (a � a) = a � a � a � a = a4 = a(2+2)

�

(ax )y = ax�y

ax by cannot be reduced!

Note that powers can also be fractions (or decimal numbers). Fractional powers rep-
resent roots. For example

p
x = x1=2, or 3

p
x = x1=3.

Logarithms
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Logarithms (or “logs”) are just another way of talking about powers. It works like this:
Suppose certain variables are related by N = ax . The variable x is the power or exponent
and a is the base. Then the log is de�ned as

loga N = x:

We often use base 10 logs, in which case “log10” is just “log”. Some speci�c examples:

1 = 100 ! log 1 = 0

100 = 102 ! log 100 = 2

3 = 100:477 ! log 3 = 0:477

10 = 101 ! log 10 = 1

Some useful log rules:

log(x + y) is irreducible:

log(xy) = log x + log y

log(x=y) = log x � logy

log(xy) = y logx

Physical Quantities
Many measures can be related to length l, time t, and mass m. Here are some com-

mon ones in astronomy:

speed is length per time, l=t
acceleration is speed per time, l=t2

force is mass times acceleration, ml=t2

energy is force times distance, ml 2=t2

mass density is mass over volume, m=l3

number density is number over volume, 1=l3

power (or luminosity) is energy per time, ml 2=t3 (like wattage)
temperature is different, being given in degrees Celsius C or Kelvin K
area is length squared, l2

volume is length cubed, l3

perimeter of a circle is circumference C = 2�r
area of a circle of radius r is A = � r 2

volume of a sphere of radius r is V = 4�
3 r 3
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THE SKY

The subject of the sky is largely the subject of perspective issues. The Earth rotates about
an axis, and it orbits (or revolves) around the Sun. The Earth's orbit is in a �xed plane
(essentially the equatorial plane of the Sun's rotation), but the Earth's equatorial plane is
tilted (not coincident) with this plane. Another way of saying this is that the Earth's rotation
axis is tilted with respect to the orbital plane.

By and large the rotation and revolution of the Earth explain many of the effects of diur-
nal (daily) and annual motion of objects in the sky. Notable exceptions, such as planetary
motions, will be explained further below.

To begin the discussion, different coordinate systems are reviewed, consisting mainly
of jargon for getting around the sky.

Terrestrial Coordinates

Longitude (L) - angular coordinate measure around the Earth (East and West)

Latitude (B) - angular coordinate measure between the poles on the Earth (North and
South)

Prime Meridian - zero degrees longitude; the prime meridian passes through Greenwich,
England

Equator (Eq) - zero degrees latitude

North and South Poles - where media meet along the Earth's axis of rotation

Great Circles - a circle whose center is the Earth's center

Horizon Coordinates

Horizon - the ”sky line”, i.e. the line that traces where the sky apparently meets the land

Azimuth (Az) - angular coordinate measure around the horizon, starting from the North
point and moving Eastward

Altitude (Alt) - angular measure above the horizon along a great circle passing through
the zenith

North Point - the point that is on the horizon and directly North

Zenith - the point directly above you

Nadir - the point directly below you

Meridian - the great circle that passes from the North point through the zenith to the
South point

Celestial Coordinates
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Right Ascension (RA) - similar to Earth longitude but for the sky; RA is measured East-
ward starting from the Vernal Equinox

Declination (Dec) - similar to Earth latitude but for the sky; Dec is positive in the North
Celestial Sphere and negative in the South

North Celestial Pole (NCP) - projection of North Pole onto the sky

South Celestial Pole (SCP) - projection of South Pole onto the sky

Celestial Equator (CE) - projection of equator onto the sky

Ecliptic - apparent path of the Sun over the course of one year (same as the orbital plane
of the Earth around the Sun)

Vernal Equinox - �rst day of spring; the Sun lies exactly over th e equator and is passing
into the N. hemisphere

Autumnal Equinox - �rst day of autumn; the Sun lies exactly over the equator and is
passing into the S. hemisphere

Summer Solstice - �rst day of summer; the Sun is highest in the sky for N. observers
(lowest for S. observers)

Winter Solstice - �rst day of winter; the Sun is lowest in the sky f or N. observers (highest
for S. observers)

Angular Measure
Angles are central to what astronomers measure. Angular sizes and angular separa-

tions is fundamentally what is measured in the sky. For example, the angular diameter
of the Moon is about half a degree. What does this mean? Draw a circle around the sky
centered on the Earth, one that passes through the middle of the Moon. A circle has 360� .
The angle from one limb of the Moon along this circle to the other limb is 0:5� .

Angles are important because they are what is measured, but they are also related
to thing astronomers want to know, such as linear (or physical) size and distance. For
small angles, the big of arc of a circle (like the one in the example of the Moon) is nearly a
straight line. If that straight line is represented by a diameter D, for an object at distance
d, where the line has an angular size of � , then these three quantities are related by

D = � � d

This has 3 unknowns. The angle � is something that can be measured on the sky. Know-
ing the distance allows one to infer the diameter, or knowing the diameter allows one to
infer distance, but you have to know one or the other somehow. Astronomers have tra-
ditionally spent considerable effort in getting reliable distances to objects so that sizes or
separations can be deduced.
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It is important to note that the angle � in this relation is measured not in degrees but
in something called radians. In a circle of radius r , the circumference is C = 2�r . So C
is the distance around the circle, and r is the distance of the circle from the center. The
angle around the a full circle is 2� radians. Since a circle has 360� , the relation between
degrees and radians is that 1 radian � 57:3� .

Constellations
Constellations refer to humanly organized patterns of stars on the sky. Most people

are familiar with the Big Dipper or Orion the Hunter. There are 88 of�cial constellations,
although different cultures and times have had of course their own patterns. However, one
should not forget that constellations are essentially arbitrary. First, stars are in motion.
Over our lifetimes we will not perceive these motions perceptably (meaning Orion will stay
Orion for your entire lifetime), but over the course of millions of years, the stars in the
sky will change position, and in fact new stars will appear and old stars will fade away.
Second, be aware that stars are at different distances. Take for example the Belt stars of
Orion: just because they are relatively close together in the sky does not mean they are
physically associated (meaning not at the same distance). The stars are very far away. If
we lived at Pluto, the constellations would be the same. If we lived some place completely
different in our Galaxy, then the sky patterns would be totally different.

What then is the use of constellations? The Greeks used them to tell stories. Perseus,
Cepheus, and Andromeda are all fairly close in the sky for a reason. To one side of Orion
is Sirius, a (hunting) dog, and to the other side is Taurus, the bull, that Orion is attempting
to shoot with his bow and arrow.

Constellations also de�ne manageable patches of sky, so tha t people can talk about
where they see different objects. If Mars is near Gemini for us on the East Coast, it will be
near Gemini for observers on the West Coast as well. So they are a convenience (much
like having separate states within a nation).

The viewable constellations change over the course of a year. If there were no Sun,
then in principle contellations could be seen all day long. However, the brightness of the
Earth atmosphere during day time makes stars unobservable in the day. Fine, but why is
it that constellations are seasonal? Why is Orion a winter constellation but not a summer
one? This is answered in the sections that follow.

Basic Motions in the Sky
Stars appear to travel along circles around the sky over the course of one day. The

orientation of these circles depends on your latitude on Earth. At the North and South
poles, you can see only half of the entire sky. Stars neither rise nor set, but execute
circular paths around the zenith. At the equator observers get to see all stars in the sky
over the course of one year. Stars move on circles that come straight up out of the horizon
to the East, and set straight down to the West.

An observer at the South pole cannot observe any stars seen by a person at the North
pole, and vice versa. Rather the stars that are seen are always up. Those are called
circumpolar stars. At intermediate latitudes, some stars will be circumpolar (neither rising
nor setting), others will not, and some constellations are simply never observed.

Interestingly, the altitude of the north star above the horizon equals the latitude of an
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observer on the Earth. This is only useful for an observer in the northern hemisphere (for
there is no “South star”). At the North pole, the North star is overhead, or 90 degrees from
the horizon. And indeed you are at 90 degrees north latitude. At the equator, the North
star is at the horizon, with an altitude of 0 degrees. And again, at the equator the latitude
is 0 degrees.

Seasons, and the Seasonal Sky
The Earth's tilt causes the seasons. When the north is tilted toward the sun, the

sunshine strikes the ground more directly. Since light carries energy, and that energy is
more concentrated on a patch of ground, there is more heating per acre, and we have
summer. When tilted away, the sunshine is spread over a larger patch (meaning the
sunlight strikes the ground in a more slanted sense). The heating per acre is smaller
(meaning the same amount of light is now spread over more acres) and we have winter.

Actually, it isn't simply the tilt, but the fact that the Earth is round. Afterall, pretty
much the same amount of sunlight strikes the Earth every second of every day all year
long. But, relatively speaking, more will hit the north or south hemispheres because of
the tilt. The pathological cases are the north and south poles, which have 6 months of
light followed by 6 months of darkness – that is a pretty extreme summer/winter shift! We
have repeating seasons because the Earth's tilt is �xed in con junction with the fact that
the Earth continues to go around the sun.

Unrelated to the Earth's tilt, the constellations in the night sky also change over one
year. The stars in the sky are always there; only during the day, the stars are much fainter
than the bright sun and blue sky and so are not seen. Orion is a winter constellation. This
is because during the winter, the Earth lies between the sun and the stars that make up
Orion, so that on the dark side of the Earth (night) we see the Orion stars. Now thinking in
terms of the Earth's motion, the Earth moves to the other side of the Sun after 6 months.
That means that Orion and the Sun are in the same direction for a person stuck on the
Earth and traveling with it. So Orion can no longer be viewed because it is in the daytime
sky.

From the vantage of the Earth, the Sun appears to slowly drift through the constella-
tions of the Zodiac along a path known as the “ecliptic ”, but we know in fact that it is the
Earth's motion around the Sun that causes this effect. So, the plane of the Earth's orbit
around the Sun is the ecliptic plane, which is traced by the apparent annual motion of the
Sun through constellations.

We always have to keep two pictures in mind when interpreting motions of heavenly
objects. First, what is the motion of things we perceive in the sky? Then, how is that
perception explained in terms of the Earth's motion?
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ASTRONOMY OF THE ANCIENTS

Ancient cultures have long been interested in the motions of the stars and planets. Many
of them constructed calendars of one form or another (such as Stonehenge) to predict
seasons. Certainly the heavens held religious signi�cance for many peoples. At the same
time the regularity of the sky patterns and motions were useful for predictive purposes –
the dry and rainy seasons. These cultures were concerned with survival issues.

The ancient Greeks moved astronomy from purely predictive uses to something akin
to modern science. The Greeks suggested models for motions in the sky, and some of
the ideas were testable. Here are a few selected highlights from Greek contributions:

Pythagorus – Considered the Earth, sun, and planets to move around a central “hearth”.

Aristotle – Offered arguments for Earth's sphericity. One was that the Earth's shadow
against the Moon was always curved, and never a stripe as might be expected from a �at
Earth casting a shadow when on edge. A stronger argument (I think) was that people at
different latitudes saw different constellations.

Aristarchus – Applied Euclid's geometry to astronomy. Made predictions for the rela-
tive sizes and distances of the Moon and Sun. Claimed that the Earth went around the
Sun. Quite a modern view really. However, this Sun-centered claim was rejected by his
contemporaries because of the failure to observe stellar parallax (the apparent shift in
a star's position because the Earth is moving in space around the Sun). This is a valid
reason for rejecting that claim. What his contemporaries failed to appreciate was the
possibility that stars are so far away, that parallax could not be seen with the human eye
(which turns out to be the case!).

Erastosthenes – Estimated the circumference of the Earth from a shadow experiment.

Hipparchus – Invented the magnitude system. He also measured the precession of
the Earth. This precession is like the wobble of a spinning top. The Earth's rotation axis
is �xed at 23:5� but drifts in its orientation, executing a slow circular path in the sky. The
North star of today will not always be the North star. The period of this precession is about
26,000 years.

Ptolemy – Represents the culmination of Greek thought at his time. The motions of
Sun, Moon, planets, and stars were understood to be real motions of bodies around the
Earth, or a geocentric model. Greeks required that the bodies move along circular paths
(because circles are perfect) with uniform motion (constant speed). The problem is that
planets show retrograde motion, meaning they sometimes “back up” and go in reverse in
the sky, and then go forward (prograde) again. That is impossible for circular motion at
�xed speed. So the Ptolemaic model employed devices such as def erents and epicycles,
a series of nested and shifted circles to help account for retrograde motions of planets in
the sky. These complicated models were described in the book The Almagest.
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RENAISSANCE ASTRONOMY

Nicholas Copernicus
Introduced a detailed heliocentric model of the Solar System in preference to the geo-

centric model of Ptolemy. This is a sun-centered model. Copernicus still demanded that
motion of bodies in space be (a) circular and (b) uniform (or constant speed). The ad-
vantage of the Copernican model was that different planets–including the Earth– moved
around the Sun with different periods. This was a natural way of getting retrograde mo-
tions for planets, such as Mars. In effect, the Earth laps Mars every so often as the
two planets move around the Sun, and it is this relative motion that gives the effect of
retrograde motion in our sky for Mars. Although far more aesthetic (one circle for every
planet, instead of many complexly nested circles for the Ptolemaic system), the Coperni-
can model actually did no better than geocentric models for predicting retrograde loops.
Even Copernicus started to add epicycles to his model.

There are some differing views of how people viewed the idea of heliocentrism at this
time. It has been suggested that the Sun-centered model knocked Earth off its special
centrally located position. On the other hand, it has been suggested that the view actually
elevated the status of the Earth. In Aristotle's view, the Earth is where all the crap of
the universe collected. For the Greeks the “heavens” represented perfections (circles!),
and now Copernicus was adding the Earth to that membership. So the perceptions of his
comtemporaries may perhaps be more complex than previously thought.

Tycho Brahe
Brahe was the last and best of the pre-telescope astronomers. He made regular and

accurate measurements of positions of celestial objects. Rejected the Copernican model
because stellar parallax was not observed. However, he did offer a conceptual model,
with the Earth at the center, the Moon orbiting the Earth, the Sun orbiting the Earth, but
everthing else orbiting the Sun. In fact, this is our solar system! Rather it does represent
our solar system from our vantage point on the Earth.

Johannes Kepler
Kepler was a mathematician who started working for Brahe shortly before Brahe's

death. Kepler favored the heliocentric model, and he worked hard to develop models that
reproduced Brahe's data for Mars. After being repeatedly frustrated in his efforts, Kepler
did an amazing thing: he abandoned the use of uniform circular motion and adopted
elliptical curves to explain the motions of the planets around the Sun. Ellipses are like
squashed circles. The long axis is called the major axis, and the short one is the minor
axis. Half the major axis is called the semi-major axis usually given the variable a. The
degree of 'squashedness' is called the eccentricity e, with e = 0 a circular shape, and
e = 1 a straight line.
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Figure 1: Drawing ellipses (�gure credit: Astronomy, by Fix)

Kepler developed three laws of planetary motion (Kepler's Laws):

1st Law: Planets orbit on elliptical paths with the Sun at a focus.

2nd Law: Law of equal areas in equal times. (This is a consequence of conservation of
angular momentum).

3rd Law: The square of the orbital period P is proportional to the cube of the orbital
semi-major axis a, or P2 = a3, if P is in years and a is in Astronomical Units (AU),
where 1 AU is the average distance of the Earth from the Sun.

There is an interesting point of philosophy of science here. Kepler's laws work, but
they are not entirely complete as a theory of physics. The laws are empirically estab-
lished, but Kepler did not explain why they work. Actually, Kepler toyed with magnetism
for understanding the laws. But ultimately, without an explanation of the laws, one is left
wondering if they are simply mathematical relations that happen to give the correct an-
swers, or if they are true representations of planetary motions, namely that real planets
travel along real paths that can be described mathematically as ellipses. Did Kepler prove
that planets travel along ellipses, or just that ellipses are a good model? This is a deep
philosophical issues, but one that science is intimately concerned about.

Galileo Galilei
Galileo was the �rst person to study the sky using a telescope . He discovered sunspots,

the four major moons of Jupiter, and made sketches of craters on the Moon. Importantly
for the heliocentric model, Galileo observed the phases of Venus. The geocentric model
clearly predicted that the phases of Venus would range from a 'new' phase (seeing on
the dark shadowed side of Venus) to bright crescents. The heliocentric model predicted
a much greater range of phases, such as new, crescent, quarter, and even gibbous. (Full
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phase would not be seen, because Venus would be behind the Sun.) Galileo observed
phases that were consistent with the Copernican model, thereby placing that model on a
�rm observational foundation.
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THE NATURE OF MOTION

Some terminology:

� force - push or pull

� speed - rate change in distance with time

� velocity - a vector consisting of speed and direction (e.g., 50 mph traveling north)

� acceleration - rate change of velocity with time (also a vector)

� mass - measure of the quantity of matter

Galileo
Objects of different weight hit the ground at the same time, an experiment con�rmed

by astronauts on the Moon where there is no air resistance. Weight is a force, and so al-
though the force on the two objects are different, the acceleration of the objects by gravity
are the same. Acceleration tells objects “how to go”.

Hooke
Orbits of planets are not straight line trajectories, and therefore a force is required. To

maintain circular motion of speed vc of radius r for a body of mass m, the required force
must satisfy the equation that

F = m
v2

c

r

Hooke suggested that the same gravity that keeps us from �yin g up also acts as the cen-
tral force to keep planets in orbit.

Sir Isaac Newton
Newton's Laws of Motion:

1st Law: (Law of Inertia) An object remains at rest or continues in motion at constant
velocity unless it is acted on by an unbalanced external force.

2nd Law: (Law of Force) When an unbalanced force acts on an object, it produces a
change in momentum of an object in the direction in which the force acts. (F = m a)

3rd Law: (Law of Action Reaction) When one body exerts a force on a second body,
the second also exerts a force on the �rst. These forces are eq ual in strength but
opposite in direction.

Newton's 2nd law tells us what inertia is - a resistance to acceleration, as for example
a = F=m. So acceleration increases with the force, but is reduced when that force acts
on more matter.
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Momentum (p = mv) is an expression of the amount of motion (“motion content”).

Angular momentum (l = mrv ) is the momentum associated with motion around a point
(an example would be the Earth's orbit around the Sun). The nice thing about angular mo-
mentum is that for a central force (ala Hooke) such as gravity, the angular momentum is
conserved, meaning that its value is unchanged as for example when the Earth moves in
its orbit. I think of angular momentum as a content of “spinnedness”.

So what? Well, it turns out that orbits are not usually circular. The Earth is sometimes
closer to or further from the Sun. But if angular momentum doesn't change, then when
closer the Earth must be travelling faster, and when further the Earth must travel slower.
So the motion is not at uniform speed.

Newton's Law of Universal Gravitation
Newton also determined the force of gravitation. Already Hooke understood that the

force should decrease with distance from the Sun. Newton's law of gravitation is the
following:

FG = �
Gm1m2

d2

where m1 and m2 are masses for two different bodies, G is the gravitational constant (a
number with value G = 6:67� 10� 8 dyne cm2 g� 2), and d is the separation between the two
masses. The minus sign indicates simply that the force is attractive. The force depends
on the respective amount of mass in the two bodies (more mass means stronger force),
but becomes quadratically smaller for larger separations.

There are two interesting notes to be made. First, it turns out that any body of mass
acts on all other bodies of mass to attact them. But this action is a vector. For spherical
bodies like the Earth and Sun, the effect of gravity is as if all of the mass were at the
centers. So spherical objects act as if all of their mass were at the point of their centers,
which makes dealing with gravity much much simpler when spherical bodies are involved.

Second, gravity is indeed a central force, and so angular momentum is conserved.
Consider the Moon moving around the Earth. The Moon is at all points and all times
falling toward the Earth, but because it has sideways motion, it falls but ever misses, and
so remains in orbit. Throwing a simple ball up in the air is in fact an orbit problem. But it
is an orbit around the Earth such that it happens to strike the ground.

Now there are several important new quantities to introduce. First is the acceleration
due to gravity. Consider two masses 1 and 2. What is the acceleration of mass 1 versus
2? By Newton's 3rd Law, the force of gravity is the same on both objects, just oppositely
directed. That means the force of gravity by the Earth acting on you is the same as the
force acting by you on the Earth! But the accelerations are clearly not the same.

Let's take the case farther. Suppose you have mass m, and the Earth has mass M .
The force of gravity has a value of FG = GMm=R2, where R is the radius of the Earth
(assuming you are standing on the Earth, and not in orbit). But Newton's 2nd Law says
that F = ma. We have to be careful here. For gravity, acceleration normally gets a new
letter symbol, a = g. Let's �nd the value of g for your falling at the Earth:
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a(m) = gm = FG=m =
GM
R2

= 9:8 m=s2

What is the gravitational acceleration of the Earth because of your mass? (Or, how does
the Earth fall toward you?) The answer is

a(M ) = gM = FG=M =
Gm
R2

Aha! Even though the force is the same, the accelerations are not. The acceleration of
the Earth depends on your mass. The acceleration of you depends on the Earth's mass.
The Earth's mass is much much bigger than yours, so it is you that accelerates most. In
other words when you jump in the air, do you fall to the Earth, or does the Earth fall to
you? Well, the Earth technically falls a bit toward you, but it is mainly you that does the
falling.

Here are some other important items:

� The circular orbital speed vc for a body acting under gravity is given by

vc =

s
GM

r

where M is the mass about which a body is orbiting.

� The escape speed vesc is the speed necessary for a body to no longer go a full 360
degree around another object. The expression for this is

vesc =

s
2GM

r

The escape speed from the surface of the Earth is about 11 km/s. The Earth moves
in a circle around the Sun at about 30 km/s. If somehow the Earth were made to
move at 42 km/s, it would no longer revolve completely around the Sun, but would
head off into distant space. If the Sun were to instantaneously disappear, then the
Earth would start to move in a straight line at 30 km/s.

Newton and Kepler
Kepler's laws were mathematical contrivances that gave the right answers. But that

is not physics. Kepler did not understand why ellipses worked. Newton's laws combined
with gravity actually explains Kepler's laws.

Without proof, it turns out that the inverse square law of gravity predicts motions that
are conic sections, consisting of ellipses(!), parabolae, and hyperbolae. Ellipses (includ-
ing circles, which are just a special case in the family of ellipses) are bound orbits for
bodies moving at speeds less than vesc; hyperbolae are for speeds exceeding escape;
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and parabolae is the path for a body moving at exactly the escape speed. So the inverse
square nature of gravity accounts for Kepler's 1st law.

The second law is conservation of angular momentum, which explains the speeding
up and slowing down of planets along elliptical orbits.

The 3rd law is also explained by gravity. To make life simpler, let use consider circular
motion only (although it works also for ellipses). We know that vc =

q
GM=r for gravity.

We also know that circular speed is circumference over time, in this case the orbital period
P, so that

vc =
2�r
P

Here we have two equations for vc. Combining gives an equation relating orbital size r to
orbital period P:

r 3

P2
=

G(M + m)
4� 2

This relates the cube of the orbital size to the square of the orbital period, which is just
Kepler's 3rd law. I have taken the liberty of correcting the mass term. Kepler's 3rd law ac-
tually involves the sum of the masses for the two orbiting bodies (remember, both bodies
experience a force and acceleration). If M is for the Sun and m is for one of the planets,
then M is so much larger than m that we can usually ignore the planet mass. This how-
ever is not always the case when talking about, for example, pairs of stars or of galaxies,
for which Kepler's Laws still apply.
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PROPERTIES OF LIGHT AND TELESCOPES

Flux and the Inverse Square Law
Flux refers to the amount of energy crossing a given patch of area in a given amount

of time. So it is power per area with cgs units of erg/sec/cm2 or mks units of Joule/sec/m2

or Watts/m2. In astronomy the �ux represents a measure of brightness of r adiation (or
light).

The inverse square law describes how energy emitted in the form of light spreads out
through space. For distance r measured from a source (such as a light bulb or a star)
with luminosity L, the �ux will be given by

F =
L

4� r 2

This describes how brightness gets dimmer as one gets farther from the source. Con-
versely, it describes how a source appears brighter the closer one approaches. The �ux
is a quantity that astronomers can measure – it is how bright something in the sky ap-
pears to be. Astronomers want to know the luminosity, and so are stuck with the familiar
problem of having to �gure out distances r in order to get luminosity.

Electromagnetic Radiation
Light can act like a wave. A wave is characterized by wavelength � and frequency

� . For light traveling through a vacuum, the frequency, wavelength, and speed of light
c = 300; 000km/sec are related as

� � � = c

So, long wavelength light has high frequency, and vice versa. Blue light has a shorter
wavelength than red light.

Wavebands are subdivisions of the electromagnetic spectrum, the main ones being
(from short wavelength to long):

Gamma-rays, X-rays, Ultraviolet, Visible, Infrared, Microwaves, Radio

Atmospheric Transparency
The Earth possesses an atmosphere that acts to shield the ground from many dif-

ferent kinds of light, some of which is harmful to us. Although visible and radio light
easily penetrate the atmosphere, other wavebands such as UV and X-rays do not. That is
why space telescopes are important for astronomical studies in these wavebands. Some
objects were only discovered by viewing them in wavebands that are blocked by our at-
mospheres, such as the Gamma-Ray Bursters. An important lesson in astronomy is that
what you see depends on how you look!

Telescopes
Telescopes come in two common types: refracting or re�ectin g. The refractors use

lenses to focus light whereas re�ectors use mirrors.
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The light gathering power of a telescope depends on the area A of the aperture open-
ing that has diameter D as

A =
�
4

D 2

The speed of a telescope describes how the collected light is spread over area when
an image is produced. Speed is the ratio of focal length to aperture diameter. High speed
means larger but dimmer images.

The (angular) resolution of a telescope refers to how much detail, or “crispness” of the
image, can be measured. The best a telescope can do is diffraction-limited resolution as
given by the Rayleigh criterion:

� = 206; 265 arcsec� 1:22�
�
D

where � is the wavelength, D is the aperture diameter, and � is the angular resolution in
arcseconds. Note that � and D must be in the same length units. Smaller � means higher
resolution such that �ner detail can be imaged.

Note that the Earth's atmosphere is in constant motion. The jiggling of small air parcels
leads to a phenomenon known as “seeing”, which leads to a blurring of images. Tele-
scopes cannot normally have better angular resolution than is permitted by the seeing.
Consequently, another advantage of telescopes in space is that they circumvent the limi-
tations of seeing by observing astronomical sources above the Earth's atmosphere.

Some ground-based telescopes use “adaptive optics”. This technology allows tele-
scopes to make corrections for the blurring effects of seeing to produce images that are
extremely crisp.

Detectors
Astronomers make use of a wide array of detectors for studying light from astronomical

sources. Of course the eye is a detector. Astronomers also use photography, photometry,
charged-coupled devices (ccd's), and spectroscopy.

A spectrum refers to how a beam of light is dispersed (or split up) to produce a run
of brightness with wavelength or color. Spectroscopy is the process of measuring the
spectrum with a spectrograph. Similar to how a telescope has angular resolution, a spec-
trograph has spectral resolution (how much detail can be brought out in a spectrum). The
spectral resolving power R is given by

R =
�

� �

where � is the wavelength of interest, and � � refers to how �ne the light can be dispersed.
Large values of R imply better spectral resolution, or capacity to see details in a spectrum.
High spectral resolution means that different shades of color can be �nely distinguished.

Interferometry
This is a technique normally employed with radio telescopes (although it is now being

used somewhat with optical telescopes). The idea is to use more than one radio dish
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telescope to achieve better angular resolution of astronomical sources. The distance
between the telescopes becomes the effective aperture diameter (usually much much
bigger than the size of an individual radio dish) so that far superior resolution can be
achieved. Note that the level of faintness that can be seen is determined by the combined
area of the telescopes, but the imaging crispness is determined, through a trick, by the
separation between the telescopes.
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RADIATION AND MATTER

Photons and Planck's Law
Light can act like particles as well as waves. When acting like a particle, we refer to

“photons” of light, which are “bundles” of energy on the move.
Planck's law relates the energy E of a photon to the frequency � of the light:

E = h �

where h is Planck's constant. So E, � , and � are interchangable descriptors of light.

Kirchoff's Laws
These laws describe the scenarios under which different kinds of spectra will be pro-

duced. A spectrum is the subdivision of radiation (or light) into �ne shades of colors. The
laws are:

1. A hot solid, liquid, or dense gas produces a continuous spectrum of emission.

2. A thin gas seen against a cooler background produces a bright line or emission line
spectrum.

3. A thin gas seen against a hotter source of continuous radiation produces a dark line
or absorption line spectrum.

In the following sections, the laws are interpreted, and it is described how they can be
used in astronomy.

Blackbodies and Sundry Related Laws
A blackbody is de�ned as a perfect absorber of all incident li ght. That means it does

not re�ect any light. However, it does emit light by virtue of being warm (i.e., having a
temperature). The emission from a blackbody is a continuous spectrum, and an example
of Kirchoff's �rst law.

The blackbody spectrum has two broad characteristics. First, the spectrum is not
equally bright at all colors, but is faintboth at very very long wavelengths and very very
short wavelengths. That means there is a color where a blackbody is brightest. That color
is described by Wien's law. Then there is the overall brightness of a blackbody, which is
described by the Stefan-Boltzmann law. There is a mathematical formula to describe the
shape of the blackbody spectrum, but that it is not necessary for our purposes.

� Wien's law gives the color where a blackbody (BB) has its maximum emission in
terms of a wavelength � max that is related to the temperature of the blackbody. This
law is

� max =
0:29 cm
T(K )

where the temperature must be given in units of Kelvin (K). So hotter BBs have peak
emission occurring at shorter (sometimes referred to as “bluer”) wavelengths.
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� Since a blackbody emits light, it must have a �ux (i.e., it must emit a certain amount
of energy per second for a given area of its surface). The Stefan-Boltzmann law
relates the total amount of emitted luminous �ux by a blackbo dy from all wavelengths
(or colors) to the temperature of the blackbody:

brightness = � T 4

where the Greek letter � is a constant with a value of 5:65� 10� 5 erg/sec/cm2/K4. So
hotter BBs tend to emit far more light than cooler ones, because the dependence is
the fourth power. For example, if there were a star that was 3 times hotter than our
Sun but with the same size, it would be 34 = 81 times brighter than the Sun as seen
from the same distance.

The formula given for F is for a single patch of glowing surface that is just 1 cm by
1 cm in size. One can obtain the luminosity of a blackbody by multiplying the �ux
by the total area of the surface of the blackbody. In this example it would be the
total area of the patches combined. The process is like budgeting for tiling a �oor.
Perhaps you like a certain tile that costs $5 per square foot. How much will it cost to
tile a bathroom? Depends on how many square feet it has. In this example, the cost
per tile is like �ux, the number of tiles is like area, and the t otal cost is like luminosity.

Atomic Physics
An atom is composed of protons and neutrons that comprise the nucleus which is

orbited by electrons (really an electron “cloud”). The mass of a proton and a neutron is
nearly the same, but an electron is about 2000 times less massive than either.

In the Bohr atom model (for hydrogen), an electron is taken to orbit at only certain
distances from the nucleus. This is a little like the design of a building. Of�ces are found
on discrete �oors; no one keeps an of�ce on a landing in a stair well!

Each of these orbits has a different reference energy. An electron can move between
orbits only if it gains or losses certain discrete or “quantized” amounts of energy.

� An electron can move to a larger orbit by absorbing a photon and increasing its
energy.

� An electron can move to a smaller orbit by emitting a photon and losing energy.

� If a photon is energetic enough, it can knock the electron entirely free from the
nucleus. This is called “ionization”, and the atom is now referred to as an ion, and
the ejected electron a free electron.

� If a free electron wanders close enough to an ion, it can be recaptured. This is called
“recombination”, and the electron is captured to one of the quantized energy levels.

In a hydrogen atom, the Lyman series refers to the emission or absorption of photons
when an electron moves between the innermost orbit and any other orbit. The Balmer
series is similar, but refers to an electron moving between the 2nd orbit and any other
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larger orbit. The Rydberg formula relates the wavelength of the photon (absorbed or
emitted) for an electron to move between a lower orbit m and a higher orbit n (or vice
versa), where m and n are integers (such as 1 for the lowest orbit, 2 for the next, and so
on). The expression is

� � 912	A
� 1

m2
�

1
n2

� � 1

For an electron in any level that is not the lowest level of 1, the atom (or ion) is said to be
in an “excited state”. Generally, electrons prefer to be in level 1, or the “ground state”. The
value of 912 	A is the wavelength that a photon must have to just ionize hydrogren. Any
photon with this wavelength or shorter will kick the electron free of the nucleus.
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THE NATURE OF GASEOUS MATTER

Gases
A gas is atoms (or molecules) in motion. But the atoms have a range of speeds, some

moving fast and some moving slow. The typical (or average) speed of an atom is called
the “thermal speed” and relates to temperature T of the gas and the typical or average
mass �m of the atoms as given by

vth =

s
8k T
� �m

where k is the Boltzmann constant with a value of 1:38� 10� 16 erg/K.

Figure 2: Distribution of particle speeds (�gure credit: Astronomy, by Fix)

Temperature describes the amount of warmth arising from collisions among these par-
ticles with say your skin. So T relates to the energy content of the gas.

Gas pressure relates to the force from the particle collisions. That force is involved is
clear, since a collision involves a particle initially going in one direct to move in another
direction. Newton says that objects travel in a straight line at constant speed unless acted
on by a force. With this in mind, pressure represents the spread of these forces from
many collisions over the span of some area, so pressure is a force per area, hence

P =
F
A

A nice example of pressure is to consider leaning against a wall. If you lean such that
your outstretched hand supports you, then a certain fraction of your weight is supported
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by the wall, and the remainder by the �oor. The wall is pushing against your hand with
some force to keep you up. The push by the wall is spread (or shared) all across the
outspread hand. If instead of your hand, you try supporting yourself with just your �nger
(leaning in just the same way), you might experience some pain. Same force, but your
�nger has smaller area than your hand, and so the pressure is b igger.

Density is the amount of matter in a given volume. For a volume V containing a number
of particles Npart , the number density is

n =
Npart

V

Alternatively, one can speak of mass density � , which would be given by the amount of
mass M per volume. For a gas, the mass M = �m Npart , so

� =
�m Npart

V
=

M
V

In fact, the last part of this expression is really just an average density for anything, from
a gas to a person to a star, being just the total mass over the total volume.

For a gas, the pressure, density, and temperature are often taken as related via the
so-called “Ideal Gas Law”, as given by

P = n k T =
� k T

�m

This makes total sense. Pressure is related to forces from a collisions, and so must also
be related to the number (or rate) of collisions occurring. Temperature describes the
speed of particles in a gas, and so is a gauge of the force required to make a particle
change direction. The number density represents the number of collisions that are taking
place. The combination is how the total force from all of these collisions are spread out
across a surface, in other words, a pressure.

Doppler Shift
The Doppler shift refers to how the frequency, wavelength, and energy of light appears

to change when the source and detector are in relative motion. The formula is

� �
� 0

=
vlos

c

where � � = � � � 0, with � being the observed wavelength of light and � 0 the original
wavelength when emitted by the source. The speed vlos refers to the line-of-sight relative
motion. For example, two cars traveling along the road at exactly the same speed, with
one car directly behind the other, have no relative motion, so the relative speed vlos is
zero. The distance between them is �xed and they are neither c onverging nor diverging.
Similarly, you sit at a red light while another car crosses the intersection directly across
your road. When the car passes in front of you, it is moving sideways, neither toward nor
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away from you. At that instant there is zero relative motion between you and it, and so vlos

is zero.
When the source and detector are converging, the wavelength becomes shorter, and

there is a “blueshift”. When diverging, the wavelength becomes longer and there is a
“redshift”.

This explains why emission and absorption lines when viewed in a spectrum have
a “width”. The atoms that produce the line are moving at a range of �nites speeds in
random directions, some toward and some away. As a result, the Doppler shift causes
the line to be “spread out” in wavelength. Similarly for a star that is rotating, part of it is
rotating around to the back and therefore away from the observer, whereas the other half
is coming toward the front and toward the observer. Rotation also spreads out the line
absorption/emission feature in width.

There is an important difference between “broadening” and offset here. An object mov-
ing through space relative to the Earth will result in an offset of a spectral feature from
where it is expected to be found. Broadening effects arise from examples such as gas
temperature and rotation described above. The feature is located where it is expected,
but it may be thin or wide in shape. Generally, both offset and broadening are seen.

Abundances of Elements
Although there is relatively little hydrogen or helium on the Earth, in fact most of the

Universe is composed of these two gases. Other elements such as carbon, nitrogen,
oxygen, iron, and others are merely a trace component of gas in stars and galaxies. If
you were to capture a scoop of 1000 particles of gas from space, you would �nd that
about 900 of those particles are hydrogen atoms, about 90 are helium atoms, and the
remainder is everything else (but mostly C, N, and O).
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THE SUN, OUR NEAREST STAR

Components and Properties of the Sun
The Sun has a core and an atmosphere. Nuclear fusion in the core converts H to He

to produce energy (via Einstein's E = mc2) that fuels the Sun's shining. The outer half of
the Sun is convective, where the hot solar plasma is “boiling”.

When light reaches the atmosphere, it can shine out into space. We see this layer as
the photosphere. However, above the photosphere is a somewhat hotter region called the
chromosphere, and above that is an extended and very diffuse hot gas (about 1 million
K) known as the corona. Some of the gas in the corona actually leaves the Sun to make
a solar wind that �ows throughout the solar system (includin g past the Earth).

The Sun has a mass of about M � = 2 � 1033 g; a luminosity (or power of radiation) of
L � = 4 � 1033 erg/s; a surface temperature of about T� = 5800 K; and a radius of about
R� = 7 � 1010 cm. The lifetime of the Sun is about 10 billion (1010) years. The Sun is
currently about half-dead.

Core Conditions
The light produced in the center of the Sun's core is very intense; however, there is

a lot of gas between the core and atmosphere. It takes nearly 200,000 years for light to
emerge from the core (originally in the form of gamma rays) to shine out in space (now
largely as visible band light). So if nuclear fusion were to suddenly halt, the Sun would
continue to shine for about 200 millenia.

The core does generate particles called neutrinos, and these neutrinos interact weakly
with matter, so that they can emerge almost immediately from the core. They travel near
the speed of light, taking just 8 minutes to reach the Earth. We have detected these neu-
trinos from the Sun, which constitutes evidence in support of core nuclear fusion as the
energy source of our star.

Solar Activity
The Sun is a fairly dull star, which on the whole is good for life on Earth. Being so close

to it, we have studied the Sun in tremendous detail, and it is true to say that the Sun does
experience a variety of activity. Fortunately, all of this activity is fairly minor compared to
the luminosity of the Sun, but it is important in terms of being an interesting stellar and
plasma laboratory. The Sun has sunspots, prominences, and �a res. The coronal region
is extremely hot X-ray emitting gas. All of these phenomena seem in some way related to
the fact that the Sun has magnetic �elds. The following �gure s hows the Solar cycle as
sunspots come and go (about every 11 years).

The Solar Wind
The Sun does sport a wind, but it is puny, with a mass loss of only 10� 14M � =yr. The

Sun's lifetime is expected to be about 1010 years, so it would seem that the Sun, over its
entire lifetime as a star, will lose just 1% of 1% of its total mass (or 1 part in 10,000).
However, the Sun will one day become a red giant to experience much more signi�cant
mass loss, amounting to a loss of nearly half its current mass. So the wind will become
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far more powerful in the distant future.
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PROPERTIES OF THE STARS

The primary characteristics include the physical properties of mass, luminosity, temper-
ature, and radius. Beyond this astronomers would like to know about stellar rotation,
magnetic �elds, stellar winds, chemical composition, and h ow stars form, live, and die. All
of this requires a lot of hard work, but amazingly, astronomers have a pretty good picture
of what stars are and how they work. The following describes how many of the primary
characteristics are determined.

Spectral Classi�cation
Stars vary in the appearance of their spectra. These differences relate to how temper-

ature and luminosity vary among different stars. Stars are grouped into types O, B, A, F,
G, K, M, with O stars being hottest and M stars being coolest. Stars are also distinguished
in luminosity from class I (supergiant) to III (giant) to V (dwarf).

The Hertzsprung Russell Diagram (HRD)
The HRD is a “map” of the locations of stars of different temperatures and luminosities

(see Fig. 3). Most stars lie along the Main Sequence, where they spend most of their lives
corresponding to when hydrogen burning (i.e., nuclear fusion of hydrogen) occurs in their
cores.

The luminosity, radius, and temperature of stars are all related through the expression

L
L �

=

 
R

R�

! 2  
T
T�

! 4

In the HRD temperature is plotted in reverse for historical reasons. (Basically hot blue
stars are left, and cool red stars on right.) Small stars are located to the lower left in the
diagram and big stars are to the upper right.

The Mass-Luminosity Relation
Stars on the Main Sequence obey a special relation between mass and luminosity

given approximately by

L
L �

�

 
M
M �

! 3

This wonderful little expression indicates that the luminosity of a star is extremely sensitive
to the mass of the star. A star with just twice the Sun's mass will be 8 times more luminous.

Stellar Census
The most common type of star is a low mass, low luminosity, cool dwarf star. How-

ever, even though hot massive stars and cool supergiant stars are extremely rare, they
are incredibly more luminosity than dinky red dwarfs by factors of 10 million! This means
that most of the stellar mass in a galaxy is found in red dwarfs, but most of the stellar light
from a galaxy comes from the rare but bright stars.
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Figure 3: Example of a HRD. Top and bottom axes are temperature or temperature equiv-
alents (spectral type or color in terms of how blue compares to yellow brightnesses). Left
is luminosity and right is absolute magnitude, a different expression of star luminosity.
Stars are indicated by the black dots, and the lines show luminosity classes.
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Binary Types
Binaries consist of two (or more) stars mutually orbiting one another under the in-

�uence of gravity. Binaries are key because one can derive mas ses of the stars using
Kepler's Laws.

1. Visual Double: Two stars that appear close to one another in the sky but are acutally
separated by a great distance. The stars are not a true binary.

2. Visual Binary: A true binary in which each star can be seen. (An example for the
case of Castor is shown in Fig. 4.)

Figure 4: The orbit of the visual binary, Castor.

3. Spectroscopic Binary: The two stars cannot be separately distinguished, but binarity
is evidenced by the periodic movement of spectral lines as a consequence of the
Doppler Effect as the two stars execute their orbits.

Can have the double-lined variety, where one observes the combined spectra of
both stars, or the single-lined variety where only the spectrum of the brighter star is
detected, the companion star being too faint to see.

4. Eclipsing Binary: The orientation of the orbit is such that the two stars alternately
pass in front of each other. So a lightcurve shows periodic dips as the two stars take
turns passing in front of each other. (The �gure below shows a n example for the
case of Algol.)

One of the major dif�culties with binaries is that one does no t generally know how
obliquely the orbit is being viewed (except for the case of an eclipsing binary).

Getting Masses
Kepler's 3rd Law expressed in terms of Newton's gravity is
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a3 (AU)
P2 (yr)

=
M 1 + M 2

M �

The two stars are usually designated as the primary (1) and the secondary (2), such
that M 1 � M 2. The quantities a and P are observables associated with the binary orbit.
Measuring those allows one to deduce the mass of the system. In some cases there is
enough information to obtain the separate masses M 1 and M 2.

Wide binaries have the advantage that the two stars are so far apart they interact little.
The two stars evolve as if in isolation. However, if widely separated, the period can be very
long, so long that one has to wait a long time before much of the orbit can be measured.

Close binaries are nice because the period is short. However, the two stars can inter-
act. For example, suppose one of the stars were to become a giant star and swallow the
other!

Spectroscopic binaries suffer from the fact that the viewing angle of the binary orbit is
not known (again, unless it is an eclipsing binary). This means that the individual masses
cannot be computed exactly. In double-lined binaries, one can get a ratio of the masses
and a lower limit for the sum of the masses.

The Roche Potential
About half of all stars are in binaries (or multiple systems). The evolution of the stars

in close binaries can be quite different from what occurs in isolated single stars. The stars
in a binary can for example exchange mass (gas) between one another.

Astronomers would like to understand how this happens. One tool for doing so is the
Roche Potential. The Roche Potential is likened to a contour map of some terrain. Water
will tend to settle in low areas. Similarly for a binary, gaseous material near either of the
stars will tend to stay near that star. But there are places where gas can orbit both stars
together (as if there were only one star), places where gas can �ow between the two
stars, and places where the gas just “runs away” from the binary as a whole.
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The idea being stressed is that inbetween the stars, there exists a position known as
the Lagrange Point (L1) where gas can move between the stars leading to mass transfer,
or exchange. Mass is the most important factor in determining what stars do, so mass
transfer will be important when discussing the evolution of binaries.
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DISTANCES TO THE STARS

Touring the Universe by Light Travel
To get a feel for the size of things, here are some distance scales in terms of light travel

time:

1. It takes 8 minutes for light from the Sun to reach the Earth.

2. It takes over 5 hours for light from the Sun to reach Pluto.

3. It takes over 4 years for light from the nearest star to reach the Earth.

4. The center of our Milky Way Galaxy is about 30,000 light years (LY) away.

5. The nearest major galaxy to us is over 2 million light years (MLY) away.

6. The observable universe extends to about 14 billion light years (or giga LY = GLY)
distance.

In some sense, the study of the Universe is a kind of look-back exercise. We never
see all of the Universe as it is now, but instead see it progressively as it has been.

Magnitudes
Magnitudes are an astronomical system for measuring brightnesses based on loga-

rithms. The difference in magnitudes m between, say, two stars 1 and 2 is related to the
ratio of the �uxes F measured for the two stars as

m1 � m2 = � 2:5 log
� F1

F2

�

There are several things to note here:

1. Brighter objects have smaller magnitudes (even negative), whereas fainter objects
have larger magnitude values.

2. The system is arranged so that a difference in magnitudes of m1 � m2 = 5 corre-
sponds to a ratio of �uxes F1=F2 = 100.

3. The system is calibrated so that the star Vega has a magnitude of exactly zero.

Note that to �nd the ratio of �uxes given known magnitudes, on e uses

F1

F2
= 10� 0:4 (m1 � m2 )

Absolute magnitude M refers to the magnitude that an object would have if placed at
a distance of 10 parsecs (pc), where 1 pc is about 3.3 light years (LY) or 3:1 � 1018 cm.
The distance to an object can be found if one measures m and knows M by using the
equation
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m � M = 5 log

 
d

10pc

!

The quantity m � M is also known as the “distance modulus.”

Stellar Parallax
Parallax concerns the apparent shift of a star in the sky owing to the annual motion of

the Earth around the Sun.
A parsec is de�ned to be the distance at which 1 AU (the Earth-Sun distance) subtends

an angle of 1 arcsec when viewed from a distance of 1 parsec (pc). So, if a star is seen
to move back and forth in the sky by a small angle of 2� as measured in arcsecs, then its
distance in parsecs is

d(pc) =
1

� (arcsecs)

Spectroscopic Parallax
Another way to determine distances is to measure the apparent brightness and com-

pare against intrinsic luminosity (L). One can get L using the Hertzsprung-Russell Di-
agram (HRD) by taking a spectrum of a star. For observed magnitude m and absolute
magnitude M , the distance to the star is

d = 10 pc � 100:2(m� M )

The absolute magnitude M basically represents the luminosity L. Instead of taking a
spectrum, astronomers often use “color” magnitudes. Basically color relates to tempera-
ture. So by comparing the brightness of a star in blue light versus say yellow light, one can
estimate a star's temperature. Then using the HRD, one can estimate the star's luminosity.

Extinction and Reddening
Two hurdles to overcome when determining distances are extinction and reddening.

Extinction refers to how gas and dust in the space between stars (called the Interstellar
Medium or ISM) can act like a haze to make stars appear dimmer than they are. Because
the star appears dimmer, you will think it is farther away than it truly is.

Reddening refers to the fact that the gas and dust of the ISM is more effective at scat-
tering away blue light than red light. So reddening is really just extinction, but thinking in
terms of how extinction can be stronger for some colors and less so for others. Blue light
suffers more extinction than red light, so stars appear redder than they truly are. This
would lead one to think the star is cooler than it really is, again leading to mistakes in the
distance estimate.

Stellar Motions
Everything is moving! A star has a true space velocity v, with speed and direction.

It is relatively easy to measure radial velocity vr , which is the speed of a star either to-
ward or away from us, using the Doppler effect. The tangential velocity vt is more dif�cult,
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because to do so we have to see a star move “sideways”. Stars are so distant that this
sideways motion can be hard to detect. The speeds vr and vt are components of the true
space velocity and are related as v2 = v2

r + v2
t .

We do see some stars moving tangentially in the sky. We usually measure the angle
over which a star has moved in a given interval of time, t. Taking the ratio of this angle �
to the timespan t, gives an angular speed called the proper motion � , with

� =
�
t

The proper motion and tangential velocity are related by

� = 0:21 arcsecs=yr �
vt (km=sec)

d(pc)

The important thing is that more distant stars tend to have smaller proper motions (i.e.,
smaller angular deviations over time in the sky for a given �x ed tangential velocity). There-
fore stars with observed proper motions are likely to be nearby. Barnards star has the
highest observed stellar proper motion of about 10 arcsecs per year. That amounts to just
1 degree in 360 years!

The Brightest and Nearest Stars
The nearest stars tend to be faint, both in apparent brightness and in luminosity. Most

of the nearest stars cannot even be observed with the eye! On the other hand, the appar-
ently brightest stars in the sky are actually quite distant. Not only do they appear to be
bright, but in fact they are intrinsically quite luminous.
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INSIDE STARS

Except for neutrinos from the Sun, we cannot “see” into the interiors of stars. Is it possi-
ble to construct models for these interiors? Yes, we think we can. It turns out that stars
change only slowly with time, over millions and billions of years, which greatly simpli�es
the effort of model construction.

The Rules
Here is what is usually assumed about stars and the physics in terms of the ingredients

that goes into cooking up a model of stars:

1. stars are taken to be spherical and not changing with time (at least not rapidly so)

2. mass is conserved (relates density of matter to amount of matter)

3. energy is conserved (means the amount of energy created by fusion must equal the
amount of energy seen as light)

4. momentum is conserved (F = ma – since nothing is changing, forces are balanced
– Hydrostatic Equilibrium [HSEQ] )

5. energy transport (the way in which energy created by fusion gets out)

6. energy generation (how fusion works)

7. opacity (how light moves through gas that can absorb and emit)

8. composition (the amount of hydrogen, helium, etc – has relevance for opacity and
energy generation)

HSEQ
OK, gravity seeks to bring matter together, so how do the Earth, Sun, etc manage to

“hold themselves up” in resistance to gravity's tendency to bring stuff together? For the
stars gas pressure does the trick.

Consider weather patterns: a high pressure area causes air to move into regions of low
pressure. However, this is not HSEQ. For HSEQ there are no bulk motions by de�nition.
In a star the inner part has higher pressure than the outer part in order to balance the
weight (due to gravity) of the outer gas layers. Like the weather case, there is high and
low pressure, and the pressure difference (high at the middle, zero in empty space) leads
to an outward force that offsets the tendency of gravity to make matter fall to the middle.

Mathematically, the condition of HSEQ can be summed up in the expression

� P = � g � r

On left is the change in pressure (� refers to change in this case) across a layer of gas
that has a radial width � r . On the right is the weight of that layer as spread out over
the layer, with g being the gravitational acceleration and � representing the matter content
in terms of density. The equal sign means that the tendency of the pressure difference
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wanting to push out is balanced by the tendency of gravity seeking to make the layer of
gas fall in, which is the condition of HSEQ.

Conditions at the Centers of Stars
Now that we have this nifty expression, we can estimate the pressure at the center

of a star, which we can manipulate further to estimate the temperature. The pressure
difference from center to the outer surface is � P = Pc � 0, meaning the pressure at
center is Pc and at the surface is zero. In this case the layer is the whole star, so � r =
R � 0. For density we use the mean value from the total mass over the total volume,
� = M=(4� R 3=3). For gravity we just use the surface value g = GM=R2 as a convenience.
Combining we �nd

Pc �
3G M 2

4� R 4

Plugging in numbers for the Sun, Pc � 3 � 1015 erg/cm3. This is not particularly instruc-
tive. More familiar would be a temperature implied by this pressure condition. We can
estimate the central temperature Tc using the ideal gas law, with P � � k T=m H . Turning
the expression around, we can solve for temperature to obtain

Tc �
mH Pc

k �

Again plugging in for the Solar values, Tc � 23 � 106 K. This is really hot. The estimate
is a bit higher than the real value of 15 � 106 K, but is de�nitely in the ballpark given our
crude approach at deriving an estimate. What is interesting is that values in the vicinity of
10 million degrees or higher are required for nuclear fusion.

Energy Transport
Energy is generated in the star cores. Since we see star's shining, that energy must

get out somehow. How is the energy transported from the middle to the surface? There
are three main ways that are of interest for us:

1. Conduction – Transfer of energy by collisions of particles. (This is why a skillet heats
up when placed on a stove.)

2. Convection – Circulating currents of gas or �uid move from hot to cold. (Hot air rises,
cool air sinks.)

3. Radiation – Occurs when energy is carried by light, the photons. (This is why you
get hot when laying out on the beach under the bright Sun.)

Mostly convection and radiation carry energy in stars (see the Table).

Star Type Inner Region Outer Region
Massive Convective Radiative

Low Mass (like Sun) Radiative Convective
Really Low Mass Convective Convective
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Because of its high temperature, conduction is important for transporting energy in the
corona of the Sun and of other stars.

The Eddington Limit
Light diffuses out from the core (through a long chain of absorptions and re-emissions)

to the photosphere, from which it streams into space so that we can see the glow of the
star. Along the way photons can scatter or “bounce” off electrons. As photons do this, they
can actually give a “kick” to these particles. In other words, photons carry momentum. To
bounce off an electron implies a change of direction and a force. If the electron kicks the
photon, then by Newton's third law, the photon kicks back. Since the photons are trying to
get out, generally the average kick experienced by electrons is outward, opposite to the
sense of gravity wanting to drop electrons to the middle of the star. Amazingly, if the star
is bright enough, these kicks can overcome gravity, and the star can no longer hold itself
together: it becomes unstable or “unbound”.

This condition is referred to as the “Eddington Limit”, and occurs when

� Edd = 3 � 10� 5 L=L �

M=M �

A star is “super-Eddington' and therefore in big trouble when � Edd � 1. Indeed in the HRD,
stars in excess of about 10 million Solar luminosities are not observed, which corresponds
to masses of about 300 solar masses.

Nuclear Fusion

� Proton-proton chain: This fusion process operates in the Sun and other low mass
stars to convert 4H ! 4He plus light and neutrinos. How does this work? Note
that the mass of the original 4 hydrogens exceeds the mass of the resultant helium
atom. The question of how fusion works is related to where the missing mass goes.

Einstein's most famous equation says

E = m c2

meaning that mass and energy are interchangeable. In the process of fusion, the
missing mass is converted to radiant energy (light).

Let's be quantitative. The amount of missing mass is 0.7% of the original 4 hydrogen
nuclei (which are just protons). Using the Einstein relation, the energy of this mass
amounts to

E = (0 :007� 4mp) � c2 = 10� 5 erg

To account for the observed luminosity of the Sun, about 4 � 1038 such reactions
must occur every second! If that is the number per second, we can multiply by the
missing mass to get the amount of matter converted to energy every second, which
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works out to 2 � 1013 g/sec. That corresponds to 3 � 10� 13 M � =yr, or 10� 7 ME every
year! In effect, the Sun transform an amount of matter equivalent to the entire mass
of our planet on average once every 10 million years in order to sustain the power
of its intense glow.

� Carbon Cycle: In massive stars, the central temperature is much higher than for low
mass stars, and the conversion of hydrogen to helium occurs by a different route
known as the carbon cycle. The route still converts 4 hydrogens to 1 helium, but
carbon is used as a “catalyst”, such that the entire cycle takes a carbon and then
yields that carbon atom back after the transmutation of hydrogens to helium.

� Other Cycles: Stars have �nite hydrogen, so its fusion cannot continue forever. For
low mass stars, dwindling hydrogen in the core marks the beginning of the end.
All stars by de�nition burn hydrogen in their core, and they wi ll also burn helium to
produce carbon “ash”. But the low mass stars stop there. Massive stars are hot
enough in their interiors that they can burn many other elements – C, N, O, and so
on all the way up to Fe (iron). However, the process of burning iron requires extra
energy as input, instead of yielding energy as output. So even massive stars have
limits. The end analysis is that gravity never relaxes, but fuel runs out, so stars must
change.

Brown Dwarfs
Note that stars are by de�nition large balls of gas that under go H-fusion in their cores.

Not all big balls of gas do this. Only bodies with masses exceeding about 0:08M � will
have H-fusion and be stars. Bodies less massive are essentially 'failed stars', otherwise
known as Brown Dwarfs. Of course, if it is much much less massive, the object is called
a planet (e.g., Jupiter at 0:001M � is not considered to be a Brown Dwarf).
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FORMATION OF STARS

Most of the gas in our Galaxy lies in a �attened disk. In this sa me region, we tend to
�nd massive stars in cluster groupings. We also �nd stars wit h rapid rotation, disks, jets,
and magnetic �elds. We think that big gas clouds collapse und er gravity, fragment into
“pieces”, and form new stars.

Phases of Star Formation
There are four basic sequential components to the formation of new stars.

1. Collapse of cloud under gravity.

2. Large cloud fragments into smaller cloudlets that will become stars.

3. Cloudlets are rotating, so as collapse continues, the cloud takes on a �attened disk
shape.

4. As collapse continues, the gas becomes denser. Eventually there is enough material
for the cloud to become opaque. The cloud now heats up rapidly and emits Infrared
light. Gas pressure slows the collapse to a contraction phase which signals the birth
of a protostar.

It may be that slowly rotating cloudlets produce single stars whereas as fast rotating
cloudlets may produce binaries owing to “�ssion” (splittin g up). Of the nearest 32 stars,
about half are single and half binary or triple systems, so systems involving 2 or 3 stars
are fairly common.

Magnetic Effects
Big gas clouds are “threaded” by magnetic �elds, represented by “lines of force”.

These �elds have no effect on neutral particles, but charged particles (such as elec-
trons and ions) cannot cross the �eld lines. As a result the neu tral gas that is undergoing
gravitational collapse must �lter through the charged part icles that are “attached” to the
magnetic �elds. A kind of friction results that serves to aff ect the collapse somewhat.

Jeans Criterion
Recall that a star upholds itself against gravity by gas pressure. If the pressure is

not enough, the star collapses. This is exactly how cloud collapse gets started. One
way to think of this process is to consider the pressure or thermal content of a cloud
that seeks to “push out” versus its gravitational content that seeks to “pull together”. The
thermal content is NkT , with N the total number of particles (mostly hydrogen atoms).
The gravitational potential (i.e., the capacity to fall together) is GM 2=R, where M and R
refer to the mass and radius of the cloud, which is assumed spherical in shape for this
example. Note that the average number density of the cloud is n = N=(4�R 3=3) and the
total mass of the cloud is M = NmH , for mH the mass of a hydrogen atom.

The idea is that collapse begins when gravity overcomes the thermal content to resist
collapse. Mucking with the above expressions, one �nds RJ /

q
T=n and M J /

q
T3=n,
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where RJ and M J are the Jeans length and the Jeans mass. They refer to how large and
how massive a cloud must be for collapse to occur only just. If a cloud is warm, RJ and
M J must be larger for there to be suf�cient gravitational conte nt to overcome the thermal
resistance to collapse. On the other hand, if the cloud is quite dense, RJ and M J can be
smaller since there is a lot of matter (gravitational content) crammed into a small space.

As a quantitative example, a cool cloud of T = 30 K and density n = 1000 particles/cm3

has RJ � 0:7pc and M J � 40M � . Note that the size is typical of spaces between stars
and the mass has the same order as a massive star. Naturally, if such a cloud collapsed,
it could fragment to make littler stars like the Sun.

Cloud Collapse Phase
The collapse phase proceeds on a dynamical or freefall timescale. At this point the

cloud is transparent because density is low, so pressure is low, so gravity has its way.
An estimate for the collapse time can be derived by thinking of how long a particle at the
cloud edge needs to orbit (ala Kepler's 3rd law) to the cloud middle. The result is

tcollapse � 50 Myr

s
1

ncloud

For dense clouds with ncloud � 1000particles/cm3, the collapse time is around a million
years (give or take).

Contraction Phase
When a collapsing cloud becomes opaque (to infrared light), it heats up. Because it

heats up, temperature rises and so does gas pressure. The greater pressure retards the
collapse, and the star enters a slow collapse phase called “contraction”. At this point the
star is shining infrared light. But the luminosity is not fueled by fusion (which hasn't started
yet), but by gravity. The continued contraction leads to “jostling” of the gas layers, leading
to heating, and eventually visible light glow.

The lifetime of this phase, known as a Kelvin-Helmholtz time or gravitational time or
contraction time, can be estimated from:

t �
amount of fuel

rate of fuel consumption

This is the “economy” of this phase. The “fuel” is the gravitational self-potential GM 2=R
(which is energy), and the rate of consumption is the luminosity L (which is energy radi-
ated away each second). Taking the ratio, one obtains

tKH � 30 Myr

 
M 2

RL

!

where mass, radius, and luminosity are in solar values. So this phase typically lasts
several 10's of millions of years.

After this time, the core is suf�ciently hot to initiate hydro gen fusion, and the star settles
onto the “Main Sequence” (see next section).
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STELLAR EVOLUTION

Stars evolve (change with time) because of gravity. They pass through several different
phases loosely grouped into three main categories:

1. pre-Main Sequence (birth)

2. Main Sequence (life)

3. post-Main Sequence (demise)

Main Sequence Lifetime
The lifetime of a phase in a star's life can be represented as

t /
fuel

consumption rate

an expression that was used previously to estimate the duration of the protostar phase.
The luminosity is fueled by fusion of hydrogen, which comprises most of the mass of the
star. So the lifetime of the Main Sequence is

tMS /
M
L

However, we also known that MS stars obey a mass-luminosity L / M 3, relation, and so

tMS /
1

M 2

In the speci�c case of the Sun, t � � 1010 years, thus

tMS � 1010 years
1

(M=M � )2

There is a rather large range in star masses, from common stars at around 0:1M � to rare
massive stars at 100M � . A low mass star will live approximately 1 million times longer
than a high mass one!

Post-Main Sequence Evolution
Ultimately, stellar cores run out of hydrogen fuel for nuclear fusion. It has been noted

that stars can burn other elements, but the sequence events that follows hydrogen burning
depends on the mass of the star at its birth. There are three basic scenarios: low mass,
high mass, and really high mass stars.
LOW MASS STARS: (M < 8M � )

1. After H is exhausted in the core, fusion can occur in a spherical shell around the
now He-rich core. The atmosphere swells and the star becomes a Red Giant (RG).
Luminosity is up, temperature is down, and radius is up. This phase lasts for around
10% of the Main Sequence lifetime.
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2. The core contracts during this time. When it becomes suf�ci ently hot at around 100
million K, fusion of He to C starts, whereby 3 He atoms are converted to 1 C atom
(known as the Triple Alpha Process). The star becomes slightly smaller and hotter in
such a way that the luminosity does not change much. The stars become Horizontal
Branch Stars.

3. The He core changes to C. Although not hot enough to burn the C, there is fusion
of He in a shell outside the core, and there is still fusion of H in another shell.
The star now becomes an Asymptotic Giant Branch (AGB) star, with luminosity up,
temperature down, and radius up.

Interestingly, AGB stars suffer substantial mass loss in a “super wind” stage, with
much of the outer stellar layers being lost to space. The mass-loss rate can be up
around 10� 5M � =yr, or about 1 solar mass in 100,000 years. These stars start with
roughly one solar mass, so the AGB phase of a star's lifetime is relatively short.

4. The star is simply not massive enough to begin C-fusion, so it is basically doomed
now. The wind eventually strips away the outer layers revealing a hot dense core.
This core is a source of UV radiation that ionizes the wind gases that have been
blown out. The star becomes a Planetary Nebula (PN). Basically, a lot of the gas
that has been blown off is “lit up” to glow in the form of a dramatically colorful and
graceful nebular cloud surrounding the star remains.

5. The star is destined to become a White Dwarf (WD) corpse, becoming ever cooler
and diminishing in brightness. These will be discussed later.

HIGH MASS AND REALLY HIGH MASS STARS: (M > 8M � ).
High mass stars evolve somewhat similar to lower mass stars, but their cores are hot

enough to begin C-fusion as well as other heavy elements. However, there is a distinction
between high mass stars and really high mass stars.

1. For masses of 8 � 25M � , the stars will become Reg Supergiant (RSG) stars. They
can burn C, O, etc up to Fe and then will explode as Supernovae (SN) leaving behind
a Neutron Star (NS) corpse, also to be discussed later.

2. For masses exceeding 25M � , the stars do not become RSGs, but instead become
Luminous Blue Variables (LBVs). These LBVs suffer outbursts and eject large
amounts of mass. They then become hot Wolf-Rayet (WR) stars, which are ba-
sically He stars experiencing high mass loss. These then explode as SNe and are
thought to leave behind a black hole (BH), the ultimate in gravitational collapse.
Black holes will be discussed along with WDs and NSs.

Stellar Winds
All stars have mass loss. Although the winds are not always substantial, they appear

to be substantial in at least some phase of every star. The following summarizes the kinds
of winds observed among stars.
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1. Low Mass Main Sequence Stars: (e.g., the Sun) – Have thermal winds resulting
from gas that 'boils' away in a hot corona. The winds are pretty wimpy losing only
about 10� 14M � /year (that is just 10� 4M � or 30 Earth masses in the 1010 year lifetime
of the Sun).

2. Cool Evolved Stars – (e.g., RG, AGB, RSG) Usually have higher mass loss. Some
have “superwinds” with mass loss of 10� 5M � /year. These superwinds are driven by
the high luminosities of these stars shining on dust particles in their cool winds.

3. Hot Stars – (e.g., OB stars) Mass loss is driven by the high luminosities shining on
the atoms. Can be as low as 10� 10M � /year or as high as 10� 4M � /year in some rare
cases.

Winds are important for two reasons. First a star's mass determines its evolution and
eventual end product. If a star looses a lot of mass from a wind, that affects its future.
Second, the mass loss recycles gas into the Interstellar Medium. A star forms, it loses
mass, that gas becomes part of a cloud, a star forms, and so on. (Similar to the water
cycle on Earth: rain falls, water evaporates, clouds form, rain falls, etc.) However, stars al-
ways leave some remnant, and therefore the recycling is never 100%. Since each galaxy
has a �nite quantity of gas, the implication is that the gas in clouds will eventually run out,
thereby stopping star formation at some point.

Cluster of Stars
Stars evolve far too slowly (millions, and billions of years) for us to test our theories

of star evolution by simply watching a star pass through the various predicted phases.
Instead, astronomers have to �nd other ways to test their the ories. The basic idea is that
our Galaxy is �lled with about 100 billion stars, all of diffe rent masses and different ages
(therefore at different points in their evolution). So astronomers often adopt a statistical
approach to testing the models with observations.

Star clusters provide particularly important tests of stellar evolution theory. A cluster
of stars is a collection of stars roughly in the same spatial location with all its members
having formed at about the same time. There are two basic kinds.

(a) Galactic or Open clusters which are found in the disk of the Milky Way Galaxy. These
tend to have some hot massive stars.

(b) Globular clusters that are distributed around the Milky Way – above, below, and a
few in the disk. The stars tend to be older. They possess little gas and there are
essentially no massive stars in these clusters.

The key idea is that the more massive a star is, the earlier it will leave the Main Sequence.
So by creating a H-R Diagram of stars in a given cluster, the various stars being of different
masses will sequentially trace out an evolutionary progression. Such trends can be tested
against model predictions.

The place where stars are just leaving the Main Sequence (known as the MS Turnoff
Point) indicates the age of the cluster. For example, if you observe a cluster and �nd that
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there are no stars on the Main Sequence that have the mass of the Sun or greater, then
the cluster must be older than 1010 years, because it takes that long for stars like the Sun
to become giants. Astronomers can also use clusters to test detail effects, like how many
stars are expected to be red giants, or how many should be on the Horizontal Branch.

Evolution of Binaries
This topic is important since about half of all stars are in binaries. The primary things

to keep in mind are

1. The more massive star in a binary evolves faster.

2. Binaries can transfer mass, so that the less massive star can become more massive
at some point (in some cases).

3. Angular momentum is ultimately conserved. For example, as mass is transferred,
the orbit of the two stars can change. This is then a feedback mechanism for the
mass transfer.

LOW MASS BINARIES: In a binary where the separation of the two stars is fairly small,
the star that is �rst to grow to a giant may actually engulf or p artially engulf the second
star, and the two can share a “common envelope” (a shared atmosphere).

HIGH MASS BINARIES: The main difference as compared to low-mass binaries is that
(a) massive stars have strong winds and (b) massive stars can explode as supernovae.
There are some massive stars that are found far from the Milky Way disk, far from where
astronomers think they have formed. Some think that these stars were once in a binary,
where the more massive companion exploded, propelling the secondary away at high
speed.
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VARIABLE STARS

No star is exactly in HSEQ, but some stars deviate more from it than do others. Stars can
exhibit variations (in brightness for example) for a variety of reasons. Here we focus on
the class of radial pulsators. In such stars, the size oscillates with associated variations
in temperature and luminosity.

Pulsation Mechanics
If pressure forces exceed gravity, the outer layers will expand. Upon expanding, these

layers cool, so pressure drops. Gravity regains “control”, and the layers fall back. The
inertia of these layers carries them past the point where the pressure and gravity balance.
The star has become smaller, and pressure grows once again to overwhelm gravity, so
the layers expand. This becomes a repetitive cycle!

The Instability Strip
The pulsational variability just described is typically localized to a region of the H-R

Diagram, in a nearly vertical “strip”. There are two major classes of pulsating stars:

1. Cepheids – These have periods ranging from 1 to 100 days with luminosities from
1,000 to 10,000 or more L � .

2. RR Lyrae Stars – Periods are shorter, being only from an hour up to a day, and the
stars are fainter at around 100 L � . These stars are Horizontal Branch stars.

The Period-Luminosity Relation
It turns out that for these pulsators, the period P of the variation is related to the

luminosity of the star, so P / L. This fortunate circumstance means that by observing P
for the brightness variations, one can infer L without knowing the distance to the star. In
fact, having done this, one could actually �nd the distance u sing the apparent brightness
of the star.

Thus, Cepheids are good “standard candles”. This means they are like light bulbs of
known wattage (luminosity) and so are useful for gauging distances.

Fun with Pulsation Periods
Astronomers always look for physically motivated timescales. What timescale governs

pulsations? Pulsations are dynamical. Gravity makes layers fall, sorta like freefall (as
when a cloud collapses to form a star), so this is not unlike a body of mass on a radial
orbit: Kepler's 3rd Law again!

Recall

a3

P2
/ M

Here we are thinking about an orbit with a / R, the radius of the star. One can rearrange
Kepler's 3rd Law to appear as:

R3

M
/ P2
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Since average density � / M=R3, we have

1
�

/ P2

giving �nally

P /
1

p
�

So stars of low density have long periods. The more luminous Cepheids tend to have
larger sizes, and so lower average densities, and it is just these stars that have the longer
pulsation periods. Nice and tidy.

49



STELLAR CORPSES

When fusion ends, the star is shining but apparently has no source of energy to fuel the
shining. So the star is losing energy. It cools. Pressure drops, so gravity begins to contract
the star. This heats it (and so is a source of energy), but the object continues to shine,
which means cooling and more contraction needed, and so on.

Does gravity win? Sorta, yes, and sorta no.

Pauli Exclusion Principle
This is a rule from quantum mechanics that limits the amount of stuff that can occupy

a given space. Particles like electrons, protons, and neutrons in effect demand a bit of
“personal space”. When densities of matter approach this limit of personal space, the gas
becomes what is called “degenerate”. The ideal gas law no longer applies, but there is a
new rule in town. For degenerate matter the gas pressure depends only on density, and
not on temperature at all. In the ideal gas law, as a gas cooled the temperature dropped
and so did the pressure. This is no longer the case for a degenerate gas. So, it appears
that gravity can lose.

Heisenberg Uncertainty Principle
Here is one way to understand why the pressure rule for degenerate gases no longer

depends on temperature but density only. Heisenberg says that one cannot simultane-
ously know exactly where a particle is and also how fast it is moving. This principle is
expressed mathematically as

� p� x �
h
2�

h is the Planck constant (a way small number), p is momentum (so mass times velocity),
x is location, and the � symbols indicate the level of precision. So for example � x = 0
means the location is known exactly; � x = 1 cm means the location is known give-or-take
a centimeter (the particle lies somewhere between “here” and “there”).

So if matter is crammed together, the location of particles is highly constrained to a
small region, so the motion of the particles can take on a broad range of values regard-
less of the temperature of the gas! This motion leads to collisions. Collisions translate to
pressure, and so gravitational contraction can be halted even as a star continues to shine
and cool in temperature. The pressure comes about because of density only.

Electron Degeneracy
This is the case when atoms are crammed close together and occurs at a density of

about � = 106g/cm3. White Dwarf (WD) stars resist gravitational collapse via electron
degeneracy pressure.

Neutron Degeneracy
If gravity is too strong, electrons are forced into the nucleus with the protons. These

combine to make neutrons. Now nuclei are crammed together (a much smaller volume
than just cramming atoms together). This occurs at a density of about � = 1015g/cm3.
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Neutron stars (NS) resist gravitational collapse via neutron degeneracy pressure.

Low Mass Stars: M < 8M �

Low mass stars become WDs. These have several curious/interesting properties.

1. The Chandrasekhar Limit – Gravity can overcome the electron degeneracy pressure
if the WD mass exceeds 1.4 M � . So this mass value sets the limit for the most
massive WD possible.

2. For normal stars, larger mass means larger star. For WDs it is just the opposite!
Bigger mass means smaller (more compact) star.

3. WD stars just continue to become cooler and cooler. There is no energy source in
terms of fusion or gravitational contraction, yet they shine. So they live at constant
radius with ever diminishing T and L.

In binary systems, a WD can show rather violent behavior. Gas can transfer from the
normal star to the WD resulting in an accretion disk. This is a disk of orbiting gas that
slowly “seeps”' inward to the WD and can lead to explosive events.

NOVAE– The hydrogen gas builds up and heats up until fusion suddenly turns on.
This leads to an explosion and ejection of mass. It can then repeat.

TYPE IA SUPERNOVAE– Occurs when gas transfers more rapidly. The fusion is
ongoing (doesn't suddenly turn on), so gas continues to build up (although it is converted
from H to He). That means the WD mass is growing. When it exceeds the Chandrasekhar
limit, it blows up catastrophically as a supernova (SN). For a short time, a SN can exceed
the combined brightness of all the other stars in an entire galaxy.

High Mass Stars: 8M � < M < 25M �

These stars blow up as Type II supernovae, meaning as single stars without needing
a WD companion. Their explosions are different in spirit from the case of the Type Ia
supernovae.

1. Massive stars can burn elements up to Fe. However, the iron does not release
energy when undergoing fusion, and so a star gains nothing from its fusion. In fact,
fusion of iron requires the input of energy, which is exactly opposite of what the stars
need.

2. The core begins to contract. and starts becoming a WD. Fusion occurs in a shell
around the iron core, so the iron core continues building in mass. There is enough
mass that the Chandrasekhar limit is exceeded, and the core becomes a NS.

3. At this stage, further contraction is resisted and a violent “shudder” moves through
the gas layers.

4. Lots of neutrinos are being made, and these can actually accelerate the gas layers
to produce a SN.
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5. The NS remains with R � 10 � 15 km, M � 1:5 � 3M � , fast rotation, and strong
magnetic �elds.

Historical Supernovae
The Chinese recorded SNe in 1006 and 1054. The latter is associated with what is

now called the Crab nebula. This cloud of gas is the remnant from the SN explosion.
Brahe recorded a SN in 1572 and Kepler observed one in 1604. More recently there was
a SN called 1987A that occurred not in our Galaxy but in the nearby Large Magellanic
Cloud. It is the closest SN to be studied with modern instruments.

In 1967, pulsars were discovered. These are fast rotating NSs that beam radiation
(nearly) out along magnetic poles. They act like lighthouse beacons. The Crab nebula
possesses a pulsar that is the remnant from the SN explosion of a massive star.

Really High Mass Stars: M > 25M �

Also blow up as SNe. However, the remnant is more massive than 3M � which is too
big even for a NS! Thus gravity ultimately wins here, and the remnant collapses to a black
hole (BH).

A BH is an object with a suf�cient concentration of mass that ev en light cannot escape
it. Recall that the escape velocity from a body of mass is given by v2

esc = 2GM=r , for r
some distance from the body. We can �nd the radius at which lig ht just escapes from a
BH by setting vesc = c:

c2 =
2GM
RS

! RS =
2GM

c2

This special location RS is called the Schwarzschild radius. Nothing travels faster than
light, so anything passing within the distance RS from the BH will not re-emerge!

When a NS or BH is in a binary, it can produce a lot of X-ray emission. Gas from the
normal star can be captured (via winds or Roche Lobe over�ow) by the NS or BH. This
gas will form an accretion disk. As matter dribbles in through this disk, viscosity (or gas
friction) produces heating, so that the disk glows. The inner portions are hotter than the
outer portions. This “falling” of gas through the disk can actually heat the innermost part
of the disk to X-ray emitting temperatures. The best evidence for the existence of stellar
BHs come from binaries like these that seem to harbor an “unseen” companion with a
mass exceeding that of a NS or WD. The logical conclusion then is that the unseen object
must be a BH (there appear to be no other options).

With regard to jargon, WDs, NSs, and BHs are sometimes called “compact objects”.
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THE INTERSTELLAR MEDIUM

Inter-media
We have different descriptions for the space between different categories of objects:

1. Interplanetary – space between planets (e.g., in our Solar System)

2. Interstellar – space between stars (e.g., in our galaxy)

3. Intergalactic – space between galaxies

This “space” is by no means a vacuum, although in some cases it isn't far! The space
is permeated with gas and dust.

The Interstellar Medium (ISM)
To focus on the ISM, we need to “set the stage” in terms of the overall picture of our

galaxy, the Milky Way (MW). Most of the stars and gas in our MW galaxy reside in a
�attened disk that is roughly 40 kilo-parsecs (kpc) in diame ter and about 1 kpc in vertical
width. Our Sun and us are located in this disk some 8.5 kpc from the center.

The ISM gas and dust has an overall average number density of about 1 particle per
cm3. We can estimate the mass of gas in the MW by multiplying this average density with
the volume of the galaxy and the mass of each particle (assumed to be a hydrogen atom).
Doing all this, the mass of gas is around 1010M � . Interestingly, there are some 100 billion
or 1011 stars in the MW with a total mass of about 1011M � . So the gas component is only
about 10% of the mass that now exists in stars.

ISM Components
The ISM is very inhomogeneous or clumpy with multiple components. There are dense

cold clouds and regions of warm gas and even regions of very hot gas. The following table
summarizes these components.

T(K) n (cm� 3) Filling Factor (%)

Clouds:
H2 15 200 0.1
HII 8000 15 0.1
HI 120 25 2

Interclouds:
warm HI 8000 0.3 40
warm HII 8000 0.15 20
hot HII 106 2 � 10� 3 40

Note that �lling factor (as a percentage) refers to the fract ion of the volume of the galaxy
represented by each component. Also note that H2 is molecular hydrogen, HI is neutral
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atomic hydrogen gas, and HII is ionized hydrogen gas (or protons).

Nebular Types
A nebula is simply a cloud of gas and/or dust. There are several types of nebulae:

1. Emission Nebula – a cloud that is itself glowing (generally in visible light) and ap-
pears reddish in color

a) HII regions – around hot stars

b) Planetary Nebulae – after low-mass stars evolve to giants and blow off outer
layers of gas

c) Supernova Remnants – ejected gas during a supernova explosion of a massive
star

2. Re�ection Nebula – a cloud that is generally not glowing on its own (in visible light)
but instead re�ects light from other stars; usually bluish i n color, since dust is more
ef�cient at scattering blue light than red

3. Dark Nebula – a cloud that blocks light from more distant stars that lie beyond the
cloud from our perspective

HII Regions
Nebulae around hot stars. The H-gas is ionized by the strong UV light from the hot

star. This is called photo-ionization, because the high energy photons can “knock” an
electron free from the hydrogen atom. The reverse process, called recombination, is also
occurring. In recombination, an electron can be “captured” by a proton to make a hydro-
gen atom. The electron can end up in any of the different energy levels (1, 2, 3, etc). For
example, if the electron is captured into level 3, the electron could fall to level 2 and emit
a photon of light, which would be H� . This light is red, and it is this recombination pro-
cess that causes most emission nebulae including HII regions to glow in red light. Having
recombined, the hydrogen can again become photo-ionized, then recombine again, and
so on.

Cloud Sculpting
HII regions tend to become bigger with time as the winds of massive stars sweep out

a cavity containing the ionized gas. However, massive stars form out of cold molecular
clouds, and they form in a short time. So one can have the interesting situation of hot
stars with HII regions embedded in clouds of cold molecular hydrogen. The combination
of the expanding HII region (or “bubble”) and the strong UV light of the hot star can alter
the surrounding or adjacent cold cloud environment.
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OUR HOME, THE MILKY WAY

We live in a galaxy called the Milky Way (abbreviated as MW; also sometimes referred to
as just the Galaxy). Our Solar System resides in a �attened and r otating disk of gas with
spiral arms. Because we live inside this disk �lled with glowi ng gas and shining stars, the
Milky Way traces out a faintly glowing band that encircles the night sky.

Overview
A wee bit of history:

1. William Herschel (1785) – Attempted to infer the shape of the MW by counting stars
in different directions. He assumed that stars were uniformly spread throughout the
Galaxy, and since more stars were to be found in the MW band around the sky,
the Galaxy must be like a �attened disk. Because he was unaware of interstellar
extinction, his experiment indicated that the Sun was near the center of the MW.

2. Jacobus Kapteyn (� 1900) – Over 100 years later, Kapteyn attempted a similar star
counting experiment, only to get results that were fairly similar to Herschel's.

3. Harlow Shapley (1915) – This astronomer identi�ed RR Lyrae stars in globular clus-
ters. These stars obey a period-luminosity relation, so they can be used to gauge
distances. It was known that these clusters were not distributed equally in the sky,
implying that the Sun was not their center. Having determined distances to the clus-
ters, he found that they were instead centered about a point around 15 kiloparsecs
away from the Sun! (The distance is more like 8.5 kpc. Shapley did not correct for
extinction because it was still not known at the time.) This is the center of the MW.

MW Components

� Disk – contains most of the gas and stars

� Nucleus – central region of the MW, possibly with a 1–10 million solar mass black
hole at the center

� Bulge – a roughly spherical region of stars surrounding the nucleus

� Halo – an extended and roughly spherical region containing the globular clusters,
old stars, and “dark matter”

MW Properties
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Property Value
Diameter of Disk 40 kpc
Diameter of Halo 70 kpc
Diameter of Bulge 6 kpc

Location of Sun (from MW center) 8.5 kpc

Total Mass 1012M �

Mass of Gas 1010M �

Mass of Stars 1011M �

Mass of Dark Matter 1012M �

Spiral Arms
O and B stars form where there is gas. Distances reveal these stars appear to trace

curved arcs throughout space. Radio measurements probing the atomic hydrogen gas
clouds have mapped out these spiral arm shapes in some detail.

The existence of the spiral arms is thought to be explained by a model called the
Density Wave Theory. The idea is that the spiral arms are a pattern. Stars and gas are
orbiting around the Galaxy and are actually passing through the arms. But when stars
and gas enter an arm, they slow down owing to the increased gravity of all the matter in
that arm. They dwell in those places longer. Thus stuff “bunches” up in the arm which in
fact makes the arm apparent.

So the spiral arms are not to be thought of as con�ning stars and gas along an arm.
Stuff in an arm today will not remain there forever. Instead the whole spiral pattern orbits
around the Galaxy at a �xed rate (about once every 500 million years), and stars and gas
orbit around somewhat faster but tend to get slowed up when encountering an arm. This
is similar to how a “knot” in traf�c along a highway works. Fas t moving cars slow down as
they pass a slower moving truck. But having passed the truck, the cars then speed up. So
traf�c can become a little congested near every truck on the h ighway but is free �owing
inbetween successive trucks.

Note on Star Formation
We have discussed star formation in terms of how a cloud collapses and becomes a

protostar, etc. But why does this occur in spiral arms?
As gas clouds enter an arm, because they slow up and matter tends to congregate

in these arms, the clouds can become compressed. The density is increased and every-
thing is just a little clumpy. All this jostling is thought to trigger cloud collapse leading to
star formation. Then because the massive stars have such short lifetimes, they never live
long enough to actually exit the general vicinity of their birth (i.e., the arm). This is why
the hot massive stars are such good tracers of spiral arms – they are born, live, and die
there!

Formation of the MW
Pretty much like everything else in astronomy – collapse of a rotating cloud. Interest-

ingly, there appear to be two distinct classes of stars in our Galaxy.
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1. Population I Stars – These are stars that are located in the MW disk, they orbit
around the MW in the disk, and they have metallicities like the Sun (i.e., 70% H,
28% He, and 2% other – C, N, O, Fe, etc).

2. Population II Stars – These are stars that are located in the halo, they have “random”
orbits around the Galactic center (i.e., not in the disk but around Galaxy from all
directions), and they are extremely metal poor (having about 10 times less metals
than the Pop I stars).

So the idea is that while the cloud was still large and slowly rotating, globular clusters
and the halo stars formed. The gas then collapsed to make the MW disk. New star clus-
ters formed and the spiral arms developed. No new stars formed in the halo, because all
the gas had fallen to the disk. Thus two populations of stars with very different composi-
tions and kinematical properties result.

The Galactic Rotation Curve
The Sun, stars, and gas in the MW disk orbit around the Galactic center (GC). This

orbiting is governed by gravity. Let's consider an application of Kepler's 3rd Law of a3=P2 =
M , with a in AU, P in years, and M in solar masses. If we assume circular orbits with
radius r = a, then a star like the Sun should rotate with a speed vrot = 2�r=P . We can
re-express Kepler's 3rd Law as

M =
r v 2

rot

4� 2

Knowing vrot and the radius r of the orbit gives an estimate of the mass that lies interior
to that radius. Only the mass interior to r governs the orbit of matter at radius r and mass
exterior to r (larger distances) has no effect. This is actually only roughly true.

For the Sun, r = 8:5kpc = 1:7 � 109 AU and vrot = 220 km/sec = 46 AU/year. (We
need these units in AU and years for the mass to be in solar masses as desired.) So the
amount of mass interior to the Sun's orbit is around 1011M � .

This is just gravity, so we could use any star or cloud as a tracer of motion. In fact,
by using stars and clouds at different distances from the Galactic center, we can indeed
trace the mass of the Galaxy with radius in the disk.

Assuming that the Galaxy “ends” somewhere, what can we expect for the rotation
speed of stars far from the GC? Basically the same as for planets around the Sun (i.e.,
the Sun has an “end” in terms of its photosphere). We expect distant stars to have rotation
speeds that obey

vrot /

s
MGal

r

so the rotation speed should decrease with distance. However, what is actually observed
is a “�at” rotation curve. It appears that stars and gas cloud s rotate around the MW at
roughly constant speed out to a distance of around 50 kpc, which requires that the mass of
the Galaxy obey M / r ! Obviously as radius goes to in�nity, so does the mass of the M W.
This certainly cannot be the case, and the MW certainly does have an end somewhere.
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This unexpected behavior has created a rather strange problem. This rotation curve
implies a Galaxy mass around 1012M � . But if we add up the mass from all luminous (i.e.,
glowing) matter that we can see, such as stars and gas clouds, we only get about 1011M � ,
meaning there is 10 times more matter in our MW than what we have so far observed! So
90% of the matter in our Galaxy is “dark matter”, something having gravitational in�uence
but very low brightness.

Dark Matter Candidates
What could comprise this dark matter? Note that the term “dark matter” is really a

misnomer. If we could observe objects to arbitrary levels of faintness, then there would
be nothing that would be dark (except perhaps black holes, although even here there is a
technicality). Here are some potential dark matter candidates:

1. Old white dwarf stars (old implies cool and therefore faint)

2. Brown dwarfs (mostly IR sources and faint, so hard to see at great distances)

3. Planets (even fainter than the brown dwarfs)

4. Black holes (could the halo be �lled with little black holes ?)

5. Neutrinos (recent studies suggest that neutrinos may have a slight mass, and be-
cause such great quantities are produced in stellar cores and supernovae, perhaps
this could explain the missing matter)

6. extensive clouds of molecular hydrogen (seems a stretch, but molecular hydrogen
is rather dif�cult to detect, so perhaps there are massive cl ouds of the stuff �oating
around and undetected)

7. bizarre particles that have gravity but are dif�cult to de tect, such as WIMPs, axions,
and other such things

Basically, it remains unclear, but progress is being made to constrain the contributions
from these candidates. For example, our current understanding of neutrinos suggests
that these contribute to the dark matter, but fall far short of accounting for all of it. There
have even been suggestions that weak gravity is not adequately described by Einstein's
theory of General Relatively, but it may be some time before such claims can be tested.
For now, we simply have to live with dark matter.

The Galactic Center Environment

� We cannot see this region in visible light because of the large interstellar extinction
through the disk. Instead most studies of the GC are conducted at IR and radio
wavelengths for which gas clouds are much more transparent.

� The region of the GC is extremely crowded in stars, 10 to 100 times more so than
the vicinity of the Sun.
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� At the very center, there appears evidence for a large rotating ring of gas containing
around 10,000 solar masses of matter. This rotating ring rotates at around 110
km/sec, implying that there exists about 10 � 106M � of matter interior to the 2 pc
radius of the ring to keep the ring in orbit at the observed speeds.

It is dif�cult to cram so much matter in so little space near th e GC. The ring suggests
the existence of a supermassive black hole (SBH) with a mass of less than or about 10
million masses. (Note that such an BH has a Schwarzschild radius of about 0.2 AU.)

A compact and bright radio source of around 13AU in size is located at the GC. This
is referred to as Sgr� . This may be evidence for an accretion disk of gas rotating around
the central SBH and “feeding” material to it.
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GALAXIES

Another subject with an interesting historical development. Referred to as nebulae and
island universes, the nature of galaxies remained unclear up to the early 1900s. We now
know them to be collections of stars and gas glouds that are bound together by their mu-
tual gravity.

Galaxies as External to Milky Way
Early in the 1900s there was controversy as to whether “galaxies” were clusters and

nebulae that were part of the Milky Way, or if they were separate Milky-Way type objects.
In 1923, Edwin Hubble discovered Cepheid variables in the Andromeda galaxy. From

the period-luminosity relation, he was able to determine the distance to the Andromeda
and con�rm its extra-galactic nature, meaning that it was to o far away to be directly asso-
ciated with the Milky Way.

Galaxy Types

� Ellipticals – These are “roundish”. There are characterized by an “E” followed with
a number. E0 is essentially a spherical-shaped galaxy. E7 is a severely �attened
oval-shaped galaxy. The ellipticals come in a vast array of different sizes. Masses
range from 106� 109M � , diameters from a few kpc to 1000 kpc, and luminosities from
105 � 1012L � . These galaxies are generally gas poor and possess old red stars.

� Spirals – Two main types: normal (S) and barred (Sb). Spirals possess copious
amounts of gas and also young stars, in contrast to the ellipticals. Spirals are also
�attened disks with (naturally) spiral arm patterns. (They also presumably all have
roughly spherical halo regions too.)

� Irregulars – If its not elliptical or spiral, then it is irregular. These may have rather
“messy” appearances, or might even actually be spirals that have patchy bright-
nesses so that the spiral pattern is not easily seen.

Understanding Galaxy Types
Two favored possibilities to understanding why there are spirals and ellipticals.

1. Different formation histories: (Note that galaxy formation is still not well-understood.)

If a cloud happens to form little clumps rapidly, these clumps might form stars before
the big cloud can collapse to a �attened shape. The gas is used up and there is no
new star formation. These are the ellipticals.

If instead the cloud manages to collapse before many stars form, then stars will form
in a disk geometry after collapse.

2. Galaxy collisions: Near hits, mergers, and galactic cannibalism.

In a “collision”, what happens is that the gravity from two galaxies that pass close
(or through!) to one another can distort the shape of the galaxies. The two might
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even merge to become one galaxy. If the two galaxies are spirals, they might make
an elliptical. If the two are ellipticals, perhaps they will make a spiral.

Large ellipticals (called “cD” galaxies) are typically found at the centers of dense
galaxy clusters where collisions can be frequent. Such galaxies have probably
“eaten” several nearby galaxies, and lends support to the idea that mergers can
make ellipticals.

(Note that our own Milky Way is slowly “gobbling” up the nearby Large and Small
Magellanic Cloud galaxies.)

Dark Matter
Many spirals are observed to have �at rotation curves implyi ng large halos of dark

matter. Many galaxies are also thought to harbor central super-massive black holes, with
masses between 1 million and 1 billion solar masses. It appears that ellipticals also pos-
sess substantial amounts of dark matter.

Galaxy Clusters
Stars come in clusters and so do galaxies. Groups contain a few big galaxies and

several smaller ones. Clusters contain of order 1000 galaxies. Superclusters exist which
are clusters of galaxy clusters!

Apparently even clusters possess dark matter, meaning an excess of what each in-
dividual galaxy has on its own. Evidence for this intracluster dark matter comes from
observations of hot gas in the space between galaxies. The gas is hot enough that it
should escape from the galaxy cluster based on estimates of the gravity from the galaxy
constituency. That the hot gas remains signi�es additional dark matter content inbetween
the individual galaxies.

The Local Group
The Local Group is the smallish cluster of which we (the Milky Way) are a member.

There are some 35 galaxies in this group. The Milky Way and Andromeda galaxy (at 2.2
million light years distance) are near twins and among the largest members.

The Large and Small Magellanic Clouds (LMC and SMC) are nearby small satellite
galaxies of the Milky Way. Both are irregular types.

The Magellanic Clouds
These are located in the Southern hemisphere.

� LMC – About 50 kpc away with a mass of around 10 million solar masses. At this
distance, the LMC probably orbits around the MW about once every billion years.
(About 4 times longer than the Sun's orbit around the MW.)

There is an active star forming region called R136. This is a cluster of stars that
contains at lest 200 massive stars (as well as smaller mass stars). All 200 of these
will explode in supernova explosions over the next 10 million years or so!

� SMC – About 60 kpc away, the SMC is somewhat smaller and less massive than the
LMC, having only about 1 billion solar masses. The SMC is extremely metal poor,
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suggesting that little star forming activity has occurred there after the its �rst stars
were made.
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HUBBLE'S EXPANDING UNIVERSE

We now step away from galaxies themselves to begin a review of the Universe as a whole.

A few notable events are to be mentioned:

� 1868: First radial velocity measurement vr of a star.

� 1913: First radial velocity measurement of a galaxy. An astronomer by the name
of Slipher measured a value of 300 km/sec for the radial velocity of the nearby
Andromeda galaxy.

� 1917: From measurements for 25 galaxies, Slipher �nds that 21 (or 84%) have
redshifts, implying they are moving away from us with speeds up to 1100 km/sec.

� 1929: Hubble discovers that the observed speed of recession of galaxies is related
to their distance. The Hubble law is established with

vr = H d

relating speed of recession vr to distance d. The proportionality constant H is called
the “Hubble constant”. The power of this relation is that if one knows H and mea-
sures vr from a spectrum, the distance to a galaxy can be found from d = vr =H.

Note that the units require H to be measured as “per time”. Put another way, 1=H
has units of time.

Question: Are we at the center of the Universe with everything moving away from us?

Answer: Probably not. Instead, the entire Universe is undergoing expansion.

How does the idea of expansion occurring at all places help to explain why galaxies all
seem to be moving away from us? A common example to illustrate this point is to imagine
baking a raisin bread. As it bakes, the bread begins to expand. Inside it are little raisins.
The raisins are not expanding, only the bread. But as the bread expands, the raisins are
carried along, so that for any one raisin, every other raisin seems to be moving away. In
the case of the Universe, the thing which is expanding is space itself (the bread), and the
galaxies are just along for the ride (the raisins). For the case of the Universe, there is no
center anywhere, instead the expansion is everywhere.

Cosmological Redshift
In cosmology, it is common to de�ne redshift in the following way:

1 + z =
�
� 0
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where z is called the redshift, and the ratio of wavelengths is the measured wavelength
(top of fraction) to that originally emitted (bottom of fraction), so � is bigger than � 0 for a
redshift. Alternatively,

z =
� �
� 0

where � � is the change in wavelength. For objects traveling at speeds not too near the
speed of light c, the Doppler shift formula gives � �=� 0 = vr =c, and the Hubble Law gives
vr = Hd, so combining gives the redshift as

z =
H
c

d

This formula only works for rather smallish values of z, like less than one. But z is allowed
to take on large values, for which a more general formula relates the redshift z to the
speed of recession.

Especially note that because the speed of light is �nite, to se e light from distant galax-
ies is the same as seeing the Universe as it was in the past. This is referred to as “look-
back time”. The light we receive from the Andromeda today was emitted over 2 million
years ago. To know what Andromeda looks like today, we must wait 2 million years for the
light to travel from there to here. For example, objects known as quasars are at very large
distances. The light that we see from a typical quasar today is perhaps 10 billion years old!

How to Get H ?
This is based on the “distance ladder”, a convoluted scheme for measuring distances

to calibrate the value of H . For example, we use stellar parallax to measure distances to
the nearest stars. Understanding these stars, we can use similar kinds of stars in more
distant clusters to measure the cluster distances. But in these clusters are perhaps some
Cepheids. We know that Cepheids obey a period-luminosity relation, and because we
have distances to a few in clusters, we can now use Cepheids (which are relatively bright)
to measure distances to the nearest galaxies. But these nearest galaxies occassionally
have supernova explosions. And supernova explosions all have rather similar peak lumi-
nosities. Since we know the distances to the nearest galaxies, we also know the peak
luminosities of supernovae. We now use the much more luminous supernovae to gauge
distances of faraway galaxies.

OK, so now we have distances to a large number of galaxies. If we take spectra of
them all to get redshifts, we can derive the Hubble constant. Then we can use Hubble's
own law to infer distances to ever farther away galaxies!
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ACTIVE GALAXIES AND QUASARS

These objects are galaxies with unusually bright central regions (or “nuclei”). They can
have jets, strong variability, strong radio emission, and broad emission lines (akin to stel-
lar winds). Most are located at large distances of millions or even billions of light years
away.

Enter the Zoo

1. Seyferts – Spiral galaxies having bright pointlike nuclei. There are two types: (1)
those showing broad emission lines and X-ray emission are called “Seyfert 1” and
(2) those showing narrow emission lines and IR emission are “Seyfert 2”. These are
lower luminosity objects than the quasars (see below).

2. Radio Galaxies – Found in a few percent of ellipticals. These have jets originating
from the galaxy center and strong radio emission arising in extended (few million par-
sec sized) lobes. The radio emission comes from the synchrotron process, whereby
electrons are accelerated by magnetic �eld lines at near lig ht speeds to emit radio
light.

3. Blazars – Bright and extremely variable. These show X-rays but little or no emission
lines.

4. Quasars – These were discovered as radio sources. When looking in visible light,
the source appears to be pointlike, hence these were dubbed “quasi-stellar radio
sources” or just quasars for short. They are extremely luminous at values in the
range 1011 � 1015L � . (The lower value is like that for the entire Milky Way galaxy!)
They can show both broad and narrow emission lines, have lots of X-ray, UV, and
blue light. Rapid variations indicate that the source size in the nucleus is compact in
size (few parsecs or even as small as our Solar System!).

Supermassive Black Holes (SBHs)
How to get so much energy from so little space!?
One possibility is infall of matter onto a black hole, which ultimately can liberate grav-

itational energy to be emitted as light. For a black hole of mass M and Schwarzschild
radius RS, a bit of matter of mass m falling into a black hole will liberate an amount of
energy that may be used for shining that is given by

E =
G M m

RS

Supposing that a steady stream of mass falls into the black hole over time leading to a
production of radiation, then there will be a steady generation of light energy over time.
But energy over time is power, and if in light, we call that luminosity. So

L =
E
t

=
G M
RS

m
t

65



But the Schwarzschild radius is RS = 2GM=c2. If we substitute for RS, the black hole
mass goes away, and the luminosity of light generated from infall onto a black hole will
depend solely on the mass infall rate _M = m=t as given by

L � 1013L � � _M

where the mass infall rate is given in solar masses per year. So, if we could get a quantity
of gas equal to the mass of the Sun to ebb slowly into a black hole over the course of a
year, we should be able to power the tremendous luminosities of 1011 � 1015L � that are
observed from quasars. Note that this argument assumes that all of the liberated grav-
itational energy goes into making light. If this is not the case (i.e., energy generation is
not 100% ef�cient, which it never is), then a greater mass inf all rate will be needed to
generate the high luminosities.

One way to estimate the black hole mass in quasars is to use the Eddington Limit.
Remember that this limit describes when light pressure is so great that it exceeds gravity.
If quasars are too luminous, matter cannot fall to the black hole! Clearly, our mass infall
idea only works if the gravity is strong enough to overcome the light pressure.

The Eddington limit is

L
L �

= 30; 000
M
M �

meaning for example that if a 1 solar mass star were to shine with a luminosity of 30,000
L � , the outward pushing force of light pressure would exactly equal the inward attraction
of gravity. We turn this equation around to solve for the mass, so that for a given luminosity
of a quasar, the black hole must have the following mass or more for gravity to exceed the
light pressure force and actually allow matter to fall onto the black hole:

MBH = 30 � 106M �

 
L

1013L �

!

So a typical quasar black hole mass must be in the neighborhood of around 100 million
solar masses!

Uni�ed Models
We have one idea based on black holes – how can we explain the many different kinds

of active galaxies? The idea is the following.

� Gaseous material is “fed” to a central black hole through an accretion disk.

� The disk glows to produce the high luminosities as matter moves from large dis-
tances to small distances from the black hole through the disk thereby heating the
disk up.

� Magnetic �elds channel some gas along the axes to make the jet s.

� The zoo of active galaxies arise because of differing black hole masses, feeding
rates, and viewing perspectives.
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COSMOLOGY

Cosmology is de�ned as the study of the Universe, so in some se nse that about covers
everything! However, in astronomy it generally refers to the study of the physical Universe
in the broad sense of its overall structure, history, future, and development. So cosmolo-
gists are not so much concerned with galaxies individually, but rather with using galaxies
to understand better the nature of the expansion of the Universe. Let's look at some topics
pertaining to cosmology.

Olbers' Paradox
You can begin an inquiry into cosmology by just stepping out into the night sky. Al-

though not the �rst to ask, an Austrian by the name of Olbers po pularized the following
question in the early 1800's: “Why is the night sky dark?” Such a question appears in-
credibly naive at �rst. It is dark at night because, as everyo ne knows, the Sun has set!
But Olbers' question is actually a “deep” one. The word “Universe” normally provokes a
number of images to one's mind: perhaps it is an expanse �lled with galaxies, like a sky
covered with row upon row of dimpled clouds; or perhaps its just a sense of vastness.
One way or another, ideas about in�nitude come to mind. Space s tretching out forever in
every direction, galaxies of stars and planets that have always been and always will be.
Olbers simple little question actually tells us whether these ideas can be right.

For example, suppose the Universe were in�nite in extent and in�nite in age, having
always existed without beginning. Then if stars are spread everywhere throughout the
Universe equally well, it turns out that the entire sky should be ablaze, being as bright
as the surface of the Sun wherever and whenever one looks! The reason is that with a
Universe �lled with an in�nite number of stars, there is no po int in the sky where one can
look that does not somewhere intercept a star. Since a star would therefore be seen at
every point in the sky, the sky should be as bright as the stars themselves. Clearly this is
not the case, and an explanation is demanded.

It �nds a resolution in a few different and profound possibil ities. One is simply that
the Universe does not possess an in�nite number of stars. Alte rnatively, perhaps there
could be a �nite number of stars because the Universe is not in �nite but instead limited in
extent. The last possibility is that the Universe has changed with time, and the simplest
expression of this is that the Universe has a �nite age. Since l ight travels at a �nite speed,
then even if the Universe is in�nite in size, extending forev er in every direction, stars can
only be seen to a certain distance. So it may be that in any direction one looks, there is
a star at the end of that sight-line somewhere, but the Universe is simply not old enough
for light from very distant stars to have reached the Earth yet, so the night sky is dark.
A major achievement of cosmology in the 20th century has been the discovery that the
Universe does appear to be �nite in age, that it had a beginnin g. This then becomes
a natural solution to Olbers' simple yet profound question, one that you can appreciate
whenever you glance at the night sky.

Simple Cosmological Considerations
Hubble's Law can be used to estimate the age of the Universe. Consider
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vr =
d
t

= Hd

Ignore the velocity and use the portion on the right side to solve for t:

t =
1
H

� 15� 109 years

This suggests that the Universe had a beginning in time. And its age is somewhere around
15 billion years. This is only an estimate.

The Hubble Law can also be used to estimate the size of the observable Universe at
this time. Since nothing travels faster than light, we can at most see to distances where
expansion of space makes objects appear to recede with speed vr = c = HD . Taking for
the Hubble constant a value of H = 65 km/sec/Mpc, the size of the observable Universe
is about D � 15 � 109 light years. This is called our “horizon”. The Universe is not old
enough for the light from objects at greater distances to have reached us yet. Again, this
is relevant to Olbers' paradox.

Cosmological Principle
The Universe is assumed to be

1. homogeneous – observers everywhere and anywhere see the “same” thing, on av-
erage

2. isotropic – every direction presents the same view, on average

These statements simply say that we are not in a special location in the Universe, and
comprise what is called the “Cosmological Principle”.

Figure 5: Contrasting homogeneous with isotropic.

Since the �nite speed of light prevents us from seeing all plac es as they are now, but
instead all places as they were in some time in the past, the cosmological principle is
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critical for deducing a history of the Universe. If all places are rather similar, then seeing
some places as they were in the distant past is tantamount to knowing how our local cor-
ner of the Universe was in the distant past. So seeing different places at different times
amounts to seeing snapshots of every place through time, in a very crude sense.

Large Scale Structure
It would appear that the Universe has somehow managed to organize galaxies and

clusters of galaxies into structures. Our own Local Group dwells at the outreaches of the
Local Supercluster, a region of space some 40 Mpc across possessing several dozens of
galaxy clusters and groups.

Looking out into space, we see this pattern repeating. There appears to be large re-
gions bereft of galaxies (“voids”) and other regions where the galaxies fall along elongated
structures (“sheets”). Some of these voids can be 50 to 150 thousand light years across.
Note that these “voids” are not true vacuums; they do possess some gas and galaxies,
but relatively little when compared to the sheets and �lamen tary collections of galaxies.
They may also possess substantial quantities of dark matter. In contrast to the immense
voids, there exists for example a huge collection of galaxies in the form of a long narrow
sheet known as the “Great Wall”. This wall stretches to about 250 by 750 million light
years in size!

Figure 6: The appearance of large scale structure in our vicinity of the Universe.
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It is likely that the sheets and voids are a kind of clue to how clusters and galaxies
formed. However at the largest possible scales, it does appear that the Cosmological
Principle holds.

Standard Big Bang Model
The expansion of the Universe suggests that (a) there is a beginning to the Universe

in time and (b) the Universe “exploded” into existence, in the sense that the Universe is
expanding, so that everything was much closer together in the past than it is now.

A few brief highlights of the Universe are:

1. At its earliest moments of around time t = 10� 6 sec, the Universe was extremely hot
and dense and was expanding. The temperature soared to T � 1013 K.

2. It was a Universe full of light. The photons were so energetic that they could combine
to make basic particles of matter, such as protons, neutrons, and electrons.

3. At around t = 100 sec (about 20 minutes into its existence), the temperature had
dropped to T � 1011 K. Too cool for photons to combine and make matter, but just
right for nuclear fusion to occur and make Helium (plus some other “stuff”).

This provides an important observational test of the Big Bang model. Acknowledging
that stars convert hydrogen to helium and heavier elements, and these elements are
spewed into space through winds and supernova explosions, are observed quanti-
ties of say Helium and Lithium consistent with model predictions from the Big Bang?
Studies indicate in the af�rmative.

4. At around t = 700; 000years, the temperature had dropped to T � 3000K. Now the
photons are so weak they cannot even ionize Hydrogen atoms. This is referred to as
the “decoupling era”. The light in the Universe was no longer suf�ciently energetic
to interact with matter, so it didn't! The photons from that time continue to amble
along through space.

5. At t � 1 billion years, galaxies begin to form. Using the Hubble Telescope, as-
tronomers stared at a small piece of sky for 10 days to image the faintest, furthest,
and yougest galaxies ever seen. The Hubble Deep Field images reveal the exis-
tence of galaxies when the Universe was only about 1 billion years old.

The Cosmic Background Radiation (CBR)

� In the 1940's, Gamow developed the idea of a remnant glow from the early hot
Universe that should pervade space and be highly redshifted. Predicted that the
glow would be like a blackbody of temperature between 5 and 50 K.

� In 1964 while working for Bell labs, two scientists named Penzias and Wilson stum-
bled upon the CBR while looking for sources of radio interference. They found ra-
diation emananting from the sky with a temperature of T = 2:7 K peaking at a
wavelength of around 1 mm. This is very near to what was predicted years prior!
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� Space observations reveal that the CBR adheres to a blackbody spectrum better
than anything else that has ever been observed. The pattern of the CBR brightness
across the sky is very nearly the same in every direction, just as expected.

General Relativity
In 1915, Einstein developed a new description of gravity that would supercede New-

ton's. In Einstein's theory, the speed of light is a constant for all observers (whether
stationary or moving!), and matter is intimately related to the nature of spacetime.

Spacetime is a 4-dimensional space that includes the familiar 3-dimensions of space
(length, width, height) plus the time dimension (past, present, future).

Einstein postulated the Principle of Equivalence, which states that one cannot dis-
tinguish between a uniform gravitational �eld versus a fram e of reference undergoing
uniform acceleration. What does this imply? For example, if I were inside an enclosed el-
evator at the Earth and dropped a ball, the ball would accelerate to the �oor at 9.8 m/sec 2.
However, if my elevator were instead far away from any mass and was just accelerating
“upward” through space at 9.8 m/sec2, then when I dropped the ball, I would again see
it accelerate to the �oor just as if I were at the Earth. In other words, I couldn't tell the
difference between the two kinds of acceleration!

Another way of saying this is that the mass in Newton's F = ma is the same mass
as in the Newton's force of gravity F = GMm=d2. They don't have to be, but Einstein
postulated that in fact they were! (Experiments show that they are the same to a high
degree of accuracy.)

One of the interesting by-products is that Einstein's theory predicts the bending of light
when it passes near an object of mass. This is called “gravitational lensing” and is an
effect that is actually observed in the Universe.

The implication is that there is in fact no actual “force” of gravity. Instead, the presence
of mass leads to a “curving” of spacetime, the geometry of space through which things
move. This is a tricky subject, because we cannot really visualize things in 4-dimensional
space. But matter has the effect of altering the geometry of spacetime.

Dark Energy
Instrumentation is good enough and telescopes are big enough that Type Ia SNe can

be observed to very large distances, so large that we can see them in galaxies when
the Universe was really quite young. We believe that these SNe are standard candles,
and as such they are good distance indicators. Searches for distant SNe have revealed
an unexpected surprise, namely that high-redshift galaxies are farther away than we had
thought.

What does that mean? Galaxies are moving away from each other. Their mutual
gravity acts in opposition to this trend, sort of like putting on the brakes to the expansion
of the Universe. We had expected that the expansion has been slowing. The SN data
seem to indicate that the expansion is actually accelerating! That implies a component to
our Universe that contributes to the growth of space, in spite of the fact that the Universe
is peppered with matter all trying to resist that tendency.

This component has come to be known as “Dark Energy”. We can think of it as a kind
of pressure term to the expansion of space. It appears that the combination of normal
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matter, Dark Matter, and Dark Energy is just right so that our Universe will continue to
grow forever and never collapse. We think the Universe is expanding at very close to its
“escape speed”. The inventory of the Universe works out to about 30% Dark Matter, and
70% Dark Energy. Yep, that means all the other stuff like planets, stars, and clouds of gas
that we know and love are largely irrelevant in terms of the content of the Universe, and
Dark “stuff” that we we do not currently understand accounts for most of everything. And
yep, that is a bit annoying, although we can expect to learn exciting new things about how
the Universe works by studying Dark Matter and Dark Energy.

It is worth pointing out that in his expressions for how General Relativity works, Einstein
had included a factor known as the Cosmological Constant. He was motivated by the idea
that the Universe should be static. Without this additional term, it appeared that space
should either expand or contract. After Hubble established the expansion of the Universe,
Einstein indicated that the cosmological constant was of no use. Evidence for Dark En-
ergy has now resurrected Einstein's Cosmological Constant, only it need not actually be
a constant factor. Anyhow, this extra term is now more generally called “Quintessence”.
(The term comes from the Greeks to describe a mysterious 5th element in addition to
earth, water, air, and �re).

In�ationary Theory
The Universe has other problems that the standard Big Bang model does not seem to

address. For example, the Universe appears to be expanding at just its escape speed.
Of all the possibilities for the expansion to eventually halt and collapse, or to continue
to expand, that it should be expanding with the particular characteristic of being at the
border of forever expansion versus eventual collapse seems rather odd. Why that special
value?

This is also known as the “�atness problem”. Space seems stran gely �at, whereas it
could have any arbitrary amount of net positive or negative curvature. Why is that?

A related issue is the “horizon problem”. The CBR to the north has very nearly exactly
the same temperature of 2.7 K as the CBR to the south. But their separation would require
about twice the age of the Universe for the light from one region to reach the other. How is
that they both have the same temperature, if the Universe does not seem old enough for
heat to transfer from one side to the other? Or why is the whole sky at equilibrium in this
way? The Big Bang model offers no explanation for why the CBR should be so isotropic
from widely separated regions.

The in�ationary theory is a model that has been suggested to e xplain these two prob-
lems. It claims that the early Universe experienced a period of hyperexpansion (exponen-
tial!) by many many orders of magnitude.

How does this help? We know the Earth is round, but quite honestly it does not seem
so when walking outdoors. Aside from mild hills, much of the central Midwest of the United
States is quite �at! It turns out that the Earth is big, and we are small, and at the level of
human height, the Earth is relatively �at. So perhaps the very e arly Universe had a highly
non-�at curvature. What hyperexpansion would do is to spread that out so far that our
local part of the Universe appears exceedingly �at to us.

Relevant to the second case is that distant portions of the Universe were actually much
closer than we might have thought. In this way conditions to the north and to the south in
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relation to the CBR could talk to each other to establish an equilibrium (namely, they have
the same temperature) prior to this period of hyperexpansion.

What might cause this hyperexpansion? This involves deep physics about the nature
of the fundamental forces. Scientists have long sought ways to unify the fundamental
forces of electricity, magnetism, gravity, and so on, and there have been signi�cant suc-
cesses. It is thought that the generation of these different fundamental forces from a kind
of single uni�ed type led to a terribly short period of hypere xpansion.

It does appear that recent detailed observations of the CBR at least support the idea
of an early in�ationary era of expansion in the Universe. Odd , isn't it?
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EXTRASOLAR PLANETS

The search and discovery of extra-solar planets (i.e., planets around stars other than the
Sun) is an exciting and new event in astronomy. Here we turn our attention to searches
for planets and the properties of planets found to date.

Imaging Planets
One method of discovery and study is to just take a “picture” and look at a planet. The

dif�culty here is that the luminosity of an object is L / R2 T4, and planets tend to be both
small and cool, hence intrinsically faint and dif�cult to “s ee”. The following table gives
comparative examples:

Object R=R� T(K) L=L �

Sun 1 6000 1
Earth 0.01 300 10� 9

Jupiter 0.1 200 10� 8

Not only are planets faint, but they orbit relatively bright stars, so the imaging technique
must be capable of discriminating between a faint object adjacent to a bright object.

One thing to realize is that the cooler planets have peak emission at IR wavelengths,
whereas stars like the Sun emit mostly in the visible (recall Wien's Law for blackbodies).
This means that in the IR where planets are brightest, a star is relatively faint compared to
its visible light output. So for example, a star may be a billion times brighter than a planet
at visible wavelengths, but only 100,000 times brighter at IR wavelengths. Although the
star is still much much brighter than the planet, it is a huge improvement to look for planets
in the IR!

Indirect Detection
These are mostly gravity related phenomena, whereby we look for evidence of a planet

or planetary system not in terms of direct imaging, but indirectly in terms of how such
bodies in�uence their environment.

We normally think of the planets in our Solar System as orbiting about the Sun with
the Sun being �xed. But in fact the Sun actually moves and execute s an orbit about the
center of mass of the Solar System. (Center of mass is the like the position of a fulcrum
that would make a seesaw balance.) In fact, considering just the Sun and Jupiter, the
center of mass is just about at the Sun's photospheric radius. By virtue of orbiting, the
Sun or any star with a planet will (a) appear to move about in the sky and (b) show a
Doppler shift owing to the motion of its orbit.

1. Astrometric Detection – Suppose you watch a star move across the sky, meaning
you observe its proper motion. For a single star, this motion would trace out a
straight line. But with a planet, the star will trace out a “wobbly” line because it
moves back and forth in its orbit while at the same time moving around the Galaxy.

2. Doppler Detection – Because the star is moving in an orbit in response to the grav-
itational in�uence of a planet, it will have a projected spee d toward the Earth. This
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speed will periodically change between back and forth thereby leading to Doppler
shifts. One can observe this by taking a spectrum, and indeed this is the method
that has lead to the discovering of most of the extra-solar planets (but not all).

Using Kepler's 3rd Law and assuming circular orbits, we can � nd the circular speed
for the star to be

v =
m
M

s
GM

a

where m is the planet mass, M is the star mass, and a is the orbital radius of the
planet. For example in the case of the Sun and Jupiter, the speed of the Sun in
its orbit is about 0.013 km/sec, or 13 m/sec, or 47 kph. We usually drive faster
than that through town! This is really a very slow speed by astronomical standards
and we can expect that the associated Doppler shift of a spectral line will also be
small. However, modern technology allows us to measure astronomical Doppler
shifts down to just 3 m/sec!!

The major advantage of the Doppler method is that stars are much much easier to
see than planets.

3. Microlensing – Gravitational lensing refers to how the direction of travel for light is
altered or “bent” in the presence of mass. The idea is that when a massive body
(like a planet) passes between a distant source and us the observer, the observed
amount of light is altered. The massive body acts like a lens to focus the light
and lead to an apparent brightening of the distant source. The detailed nature of the
brightening depends on the mass of the object. There now appears to be a potential
example of a lensing event where the lens is a star with planet. So planets can be
indirectly detected in this way.

4. Transits – This is not an effect of gravity, but rather of geometry. In fact, it is just
the eclipsing binary scenario, but with a star and planet instead of two stars. For a
favorable geometry, a planet can pass in front of the star thereby dimming it. (We
assume that light emitted by the planet can be ignored at visible wavelengths.)

For a planet of radius Rp and star of radius R� , the fractional amount of dimming
will be R2

p=R2
� . For example with Jupiter that has Rp = 0:1R� , the brightness of the

Sun would be diminished by only about 1%. This is pretty small! However, if it is
truly an effect due to a planet, the transiting and associated dimming should repeat
periodically.

New space-based telescope missions, such as NASA's Kepler mission, are now
�nding increasing numbers of extrasolar planets with trans iting. It is expected that
Earth mass planets in small orbits will be identi�ed.

Comparison of Methods

75



Technique Comment
Imaging Best for big, hot planets far from star
Astrometric Massive planets far from star
Doppler Massive planets near star
Microlensing Complicated, but could detect Earth mass planets
Transits Large planet at any distance

Most of the methods are suitable for detecting massive Jupiter-like planets but not for
detecting Earth-like planets with present technology. Also note that some of the methods
require observing over a long period of time. From Kepler's 3rd Law, planets at large
distances also have long orbital periods, like decades or longer (e.g., Jupiter's period is
10 years and Saturns' is 30 years).

Hundreds of exoplanets have now been discovered. Some of them in multi-planet
systems, possibly like our own. So far, most of these were discovered using the Doppler
method. However, there is a growing number being found with the transit method that
uses space satellites Kepler and COROT.

Properties of Extra-Solar Planets
The �rst planets to be found around normal solar-type stars d ates back to the mid-

1990's. Since then hundreds of planets have been detected with the Doppler technique.
Around 2010, thousands of planetary candidates were reported from space-based mis-
sions using the transite method.

To look for planets using the Doppler method, astronomers target stars like that Sun
that are relatively old and inactive, that are single stars, and that are relatively slow rota-
tors. This ensures that the stars are stable. The method is biased to massive planets with
small orbits. The discovery rate is about a few planets for every 100 stars monitored.

The planets being discovered have generally come in three main groups.

1. Some have very small orbits of just a fraction of an AU in size, much smaller than
even Mercury's orbit. The planets are therefore quite hot and orbit the star in a mat-
ter of days. Perhaps these planets formed further out and somehow have spiralled
into a smaller orbit.

2. Some have large eccentricities (orbits that are quite oval in shape instead of circu-
lar). This is similar to known binaries with a Brown Dwarf companion, and so these
object may actually be Brown Dwarfs instead of planets. Recall that single lined
spectroscopic binaries give only a lower limit on the mass of the companion object,
because the viewing inclination is not known. So when the Doppler method gives a
companion mass of say 10 Jupiter masses, that means 10 or more Jupiter masses
(but not less!).

3. And then there are some that are “Jupiter-ish”, being similar in mass but somewhat
smaller orbits than our Jupiter. Although such planets are not likely life-supporting,
perhaps they may have a moon or moons that could be habitable but remain unde-
tected as let.
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4. Increasing numbers of Neptune-mass objects are regularly discovered now.

Astronomers continue to push technology to �nd smaller plane ts, multi-planet sys-
tems, and planets in larger orbits. Some have targeted low-mass red stars to look for
Earth-mass planets using the Doppler method, and there have been successes. The
lower mass planet leads to smaller motion of the star. But a lower mass star compen-
sates. Now some planets of a few Earth masses have been found. One or two have been
in the “habitable zone” (see the next chapter). One could even be a “water” world.

The transit method has been the most recent approach to revolutionize exoplanet
searches. For example, the Kepler mission by NASA stares at a particular patch of sky
looking for tiny and repeatable dimming in stars. Thousands of planetary candidates
have been announced. These results require the Kepler satellite to stare at millions of
stars. Some candidates have been con�rmed as planets with Dop pler follow-up searches.
Systems with both transit and Doppler detections are particularly interested. The transit
gives an indication of the planet size; the Doppler method gives an indication of the planet
mass. Together the mass and size provide an average density of a world which relates
to its composition. This helps astronomers to understand whether a world is rocky or
gaseous.
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THE SEARCH FOR LIFE

As far as we know, Earth is the only place where life exists. Let's talk about the astrophys-
ical aspects of life in the Universe, in terms of conditions necessary to support life and
methods to search for life.

Conditions for Life
Not entirely clear. Here is some current thinking:

1. Reproduction – Not merely a matter of sex! Something like DNA/RNA must operate
for a species to procreate itself.

2. Carbon – Carbon atoms can combine with other atoms to form large molecules. So
carbon is versatile in terms of chemical activity and diversity of particles. Silicon is
next best but not as good.

3. Water – There is perhaps no life on Earth that does not depend on water. It is a good
solvent in which many substances can dissolve to react with each other. It acts to
stabilize temperatures owing to its large heat capacity and heat of varporization.
Next best are ammonia and methyl alcohol, but these are generally inferior.

4. Starlight – Provides energy input via radiation and heat.

The suggestion is that although we may have no idea what form life might take in other
places, the above four things MIGHT be common for any kind of life anywhere.

The Habitable Zone
Suppose we focus on water as being key for life. The Earth resides in an orbit where

water can exist in liquid form. We de�ne a habitable zone as re ferring to distances from a
star where this can be the case. The inner edge of such a zone is determined by where a
runaway Greenhouse effect would occur (as for Venus). The outer edge by where water
would freeze. This is really determined by the distance where carbon dioxide CO2 freezes
to dry ice. CO2 is crucial for the Greenhouse effect, which can warm a planet and retain
water in liquid form. But if the CO2 freezes and is taken out of the atmosphere, there is no
Greenhouse effect to prevent water from also freezing. The habitable zone for most stars
typically has a width of a few or several tenths of an AU.

Of course, this is overly simpli�ed. There may be many factor s contributing to the
habitability or capability for survival of life. Consider:

� Planet not too small that atmosphere escapes.

� Planet not too big that it retains H and He.

� Stable orbit?

� Stable climate?

� Frequency of bombardment?
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� Activity of star?

� Single versus binary star?

� No nearby supernovae?

� Others?!

A question mark indicates the (or my) uncertainty about how important a given issue is.

Life in the Solar System

� Mars – Speculation since 19th century. Discovery of Martian meterite in August
1996 which was claimed to have fossilized microscopic life. The debate continues
on the validity of this claim. Future missions hope to actually return Mars samples
to Earth.

� Europa – Evidence for subsurface liquid water oceans, hence interior heat (via
strong tides from Jupiter). Still awfully cold to support life.

� Titan – Between Mars and Mercury in size. Has a thick nitrogen atmosphere with
methane and ethane, and even lakes of liquid methane as revealed by the Huygens
probe.

To date, we are the only life known in the Solar System.

Intelligent Life
Alien plants may be tasty, but they are no good for communication, without which it

may be very dif�cult to detect life from planets around other stars.
What is intelligent life? Capability for communication, technology, dominance (of envi-

ronment)?
Is intelligence advantageous? Can devise destructive weapons, do experimentation

(e.g., biological tampering, cloning), potential for space travel, can reason, can communi-
cate.

Interstellar Communication
SETI stands for the Search for Extra-Terrestrial Intelligence. This is mostly a listening

effort. But what frequency or band to listen at? Most favorable is in the radio regime where
interference from astronomical sources is least. Also might try for special frequencies that
would have meaning for all intelligent life (e.g., the 21 cm line of H atoms).

Where to look? Nearby stars or sweep sky to spot an alien “beacon”.
Why not beam signals to aliens? Elapse time is immense! Even for the nearest stars,

if we beam a signal, they receive and send a reply, it could be decades or even centuries
before we heard from them. Of course, we do broadcast weak signals with radio and TV
all the time.

Interstellar Travel
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It is thought that the speed of light c is �xed at 300,000 km/sec every place and for
all time. The nearest star is 4 LY distant, and the Milky Way is about 150,000 LY across.
Even travelling at 1% of c, it would take a spaceship 400 years to reach just the nearest
star. The moral is: space is vast and travel is slow.

The solution is to go “faster”. Here are some (bizarre) ideas:

1. Tachyons – theoretical particles travelling faster than c

2. “Warp Drive” – distort spacetime behind and ahead to permit superluminal travel
(like “in�ation” in cosmology)

3. Wormholes – “tunnels” in spacetime that connect distant points (permitted by Gen-
eral Relativity, commonly used in Sci Fi stories)

None of these may be subject to practical use for a long time, if ever.

Galactic Colonization
Issues involved:

� Size of Galaxy

� Distance between stars

� Speed of travel

� Development time – new ships and estabilishment of colonies

Travelling at just 30 km/sec with no stops, a spaceship could traverse the Milky Way in
about 1 billion years.

But hey! The Earth is probably 4.5 billion years old, and the Galaxy has been around
for 11 billion years. If intelligent aliens exist, Fermi asks, “Where are they?”

Scientists on the whole do not believe there is any compelling evidence of alien visita-
tions at any time. Reports of UFOs have risen dramatically with the rise of aviation and
satellite capability. (Hm, but so has the population and their spread across land...)

However, galactic colonization does seem in some sense “feasible”, so why has there
been no contact? Note even indirect contact, since SETI has no con�rmed detections of
alien intelligent signals.

Possible reasons:

1. Zoo hypothesis/prime directive

2. ET is rare (maybe in other galaxies)

3. ET is not motivated

4. intelligence kills (or kills better)

5. intelligence is rare
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6. maybe we have been visited/contacted! (conspiracy ala X-� les, or akin to movie
Contact)

7. future intended malice(?)

8. infrequent visits (like tourism?)

9. development out of phase (are we the �rst?)

The Drake Equation
The search for life is a dif�cult and challenging problem for many reasons. One is

that we do not seem to have any widely accepted examples of contact with life that is of
non-terrestrial origin (whether intelligent or not).

To help is addressing the challenges, an astronomer name Frank Drake broke the
problem up into a number of smaller, more bite-sized problems. If we focus on �nding
intelligent life in the universe, particularly nearby to us, it is helpful to estimate how many
such intelligent civilizations might now exist. A number of basic assumptions are that
civilizations will be on planets in habitable zones around stars. So what are the bite-sized
pieces? The number Nciv of intelligent civilizations will be

Nciv = Pplanets � P hab � ::: � N �

where each factor P represents the probability for something being favorable for a civi-
lization. All of these factors are multiplied by the number of stars.

So, the classic Drake equation is involves terms like what fraction of stars have planets,
what fraction of those planets are in the habitable zone, of those which have life, of those
which have intelligence, of those which develop technology for communication, and �nally
a factor in relation to the odds that they exist at the same time as us (or, what is the lifetime
of an technologically developed species?).

We do know the answer to some of these (or at least we have a suspicion). Lots
of stars have planets, it would seem. Our system has 9, with 1 in the habitable zone.
Of course, it is not clear how typical the solar system is. Most of the other factors are
really quite unknown, and can be chosen so that our Galaxy is teeming with life, or that
our Galaxy has just one technologically advanced civilization, and that is us. Scientists
continue to work hard on this problem.
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