~Astronomy

For Mere Mortals

An Introductgt Astronomy Text

. “ e ok

.P

Aaron Clevenson




Astronomy for Mere Mortalg An IntroductoryAstronomyText

Copyright © 2@6 Aaron B. ClevensonAll Rights Reserved. No part of these materials may be
reproduced or distributed without the prior written permission of the author.

Acknowledgements / Credits

All Photographs, unless otherwise indicated, are public domain. All astronomical photographs
in this text are provided courtesy of NAS/less otherwise indicated. (www.nasa.gov)

All diagrams are original to the author, Aaron Clevenson, unless otherwise indicated.

Special thanks to David Tomlin and John Wakefield for their contributions, comments, edits,
feedback, and supportAlso, special thanks to the astronomy students at Lone Star College
Montgomeryin the fall of 2A6 for their tireless identification of mistakes in the text.

Nam et ipsa scientia potestas est

Knowledge is power

Per aspera ad astra!

Through hard work we reach the stars.




Astronomy for Mere Mortalg An IntroductoryAstronomyText

Introduction

Welcome to the universe! We earthlings spend our lives here on Hauy in our affairs; we

are born, we learn, we work, we have families, and we grow old. We are so consumed by the
things we do, that we do not take the time to look up, to look at the heavens, and to enjoy the
wonders of the universe.

Learning about astronomy is a way for all of us to share in that universe. There are planets,
stars, and galaxies waiting to be found. We just need to look. The more we understand about
how it all works and how it all fits together, the greater its grandeur.

There are many quality téxavailable for astronomy, but they are often at a higher level than is
appropriate for introductory astronomy courses taught often to rmmence majors. New
astronomersneed a textbook that will facilitate learning and provide a way for them to
incorporate astronomy components with things they already knowe want to incorporate
astronomical terminology as theeader progresses through the material, but in a way that is
clear and seamless for nestientists

Rather than create chapters that contain multiglemponens, we have broken the material
into individualcomponens. They are arranged in a logical progression from the basics through
planetary astronomy, theSun stellar astronomy, and on through cosmology. This makes it
easy for thereaderto studycomponensin the order that works best for them

Anotherdriving principle is to lower the financial thresholdiew astronomers that are ready
to take the plunge. This texs provided free toreaders electronically. The knowledge
contained in this text is free.

The purpose of this text is to take a break in our busy lives, look into the depths of the universe,
and to try to understand what we see. Astronomy is part of physics, so to truly understand and
appreciate what we see, there will be some physics involvAithough thecomponens do

often build on previougomponens, they also stand alone to teach information on a specific
topic.

At the conclusiorof studying this textthe readerwill have an understanding of the universe
and will see how the many piecestfigether.

Aaron Clevenson
Astronomer
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How to Use This Text

The text assumes that this information may be conveyed as a single course, or as two courses of
study: Solar SysterAstronomy and Stars and Galaxiesstronomy. Rather than conventiah
chapters, the material is organized arou@dmponens. If you learn the material of the entire

text, then you will have a complete picture of the universe.

If you are learning the material as two courses, there are sdiomponens that are
fundamental to both courses and are part bbth courses, Components 1 through 3&nd
components 96 through 102 These are théBasis, History, Measurementgshe Sun,and
Cosmology

1 Solar System Astronomy includ€omponents 1 through02
1 Stars and Galaxies Astronomy incudesmponents 1 through 35 and 96 through 191

The courses have also been broken up ir@achingunits to make the material manageable.
The Solar System Astronomy Course has four teaching units, and dhe &td Galaxies
Astronomy ©Gurse has five teaching units due to a larger amount of content. The first two units
are identicawhen taught as two separate courses

Teaching Units| Solar System Astronomy| Stars and Galaxies Astronom)
1 Components 1 to 17 Components 1 to 17
2 Components 18 to 35 Components 18 to 35
3 Components 36 t&0 Components 96 to 117
4 Component$l to 77 Components 118 to 153
5 Components8to 102 Components 154 to 191

This textbook and associated learning materials are part of a comastenomy course. The
courseshould also include laboratory sessions to study the tools used in astronomy as well as
observing sessions. In the observing sessieadersshould experience using various types of
telescqes, binoculars, and their eyefou are encouragetb keep detailed observation logs
which include sketchesnd relevant observational data
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Component 1 z How we fit in

Ly GKS ¢g2NRa 2F {0 N ¢NBlY & { LJav® Bnly hegush toCA v |- €
explore spacewe have only begun to understand the mechanics of the universe. The purpose

of this text and this course is to introduce you to the universe, what we have seen out there,
what we think we understand about how it all works, and to fit it into the perspective that we

have as Earthlings bound to our planet.

Like any science there is terminology to learn and concepts to grasp, but astronomy is
something you will have with you for the rest of your lifét is something you can share with
your children and grandchildren. When you go camping in the wilds, or even when you walk
from your car to your house, the sky is there in all its wonder and variety. Enjoy!

Putting it all to Scale

Figurel: Earthq 7917.5 miles diameter

Our planet,Earth, is what we all know
and love. It is home.lt providesair to

breathe, food to eat, wateto drink, and
a comfortable environmenin which to

live. Although it seems quite large whe
you are standing on its surface, thg
universe is a very vast place, and on t
scale of the universe, the Earth is but g
YAONRAO2LIAO &LISO] d
how things measure up.

Earth The earth is a roughly spheric
ball with an average planetary diamete
of 7,917.5 miles. It is the only planet i
the solar systenwith liquid wateron its
surface, oxygen in its atmospherand life

The Earth has:
1 Liquid Water

1 Oxygen
M Life
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The Sun While Earthis the center of our Figure2: TheSung 870,000 miles diameter
lives, theSunis the center of theSolar
System TheSunis considerably large
than the Earth. In fact, you could f >
roughly1ln 91 NI KQa | ONB : 1KS RAIFYSGSN
of theSun TheSuQa RA Ll YSi A NRdzIKf &

870,000 miles. It has sunspots and sojr
flares that are larger than the Eartilhe
Earth is an averag®3,000,000 miles
from the Sun This is called an A
(Astronomical Unjt The diameter of the
9 NIKQa 2NDBAG A& ™ 111 2 nign N YAf Saa

The Solar System Everything that is
affected by theSunis part of the Solar
System. This includes all of the planef
moons asteroids comets meteoroids dust, and gas that arelose enough to thé&unto be
effected by theSuQ & 3. NThigregiod extendsearly?2 lightyears out from theSun Thisis
1.17569996X 103 milesor about 12 trillion miles.

Nearest Stellar Neighbor TheSuR & y S NB&G ySAIKo2NI Aa t NRPEAYL
dwarf starthat is4.243 lightyears away. It is padf the Alpha Centauri multiptstar system.

Tablel: Measuring Distances in Astronomy (using miles)

1 foot = 12 inches

1 mile 5280 feet

1 AU = 92955807.5 miles
1 light-year 63,239.7263 AU

1 parsec 3.26 lightyears

Table2: Measuring Distance in Astronomy (using kilometers)

1kilometer = 1000 meters
1AU = 149,597871km
llight-year = 63,239.7263 AU
1 parsec 3.26 lightyears
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The Local Stellar NeighborhoodThe limit on how far the local neighborhoedtends is not
well defined. 30 lighyears diameter is a reasonable limiEigure3 shows the plane of our
solar system extended outward 15 ligy¢ars. The red lines drawn to the stars extend outward
from the Sunand then either upwards or downwards to represent their height above or below
that plane.

Figure3: Local Stellar Neighborhood 30 lightyears diameter

Kruger 60

Groombridge 34

Struwe 2398
Ross 248

Teegarden's Star

DX Cancri

Lalande 21185 15 light-years

Luyten's Sta[__,r-}':::
Erdcyon||

e
[

EZ Aquarii/
-

---\-\-"""m___y__.,-o-""-
— | 18h

| Prosama Cemtaor— -
a Certaur .
Lacaille 9352

Ross 154

&) 1061
Gl 628

Kapteyn's Star
Lacaille 8750

DEM 1048-3358
:SCR 1845-6357

Drawing by InductiveLoad

18



Astronomy for Mere Mortalg An IntroductoryAstronomyText

Stars in the NeighborhoodThe stars inth&uQa Yy SA I K06 2 NK 2 2ABper@dix ¥¢ 6 S T2
¢ KS {dzyQa { ( S.fThdniNdrebtStar Bid:onCiitaud R

The Milky Way Galaxy Our local galax
is called theMilky Way. It is roughly
100,000 lightyears in diameter. The
yellow arrow inFigure 4 points to the
location of theSun

Figure4: The Milky Way Galaxy

The Milky Way galaxiias a number of
smaller companion galaxies These
galaxies orbit the Milky Way.

Figure5: Andromeda Galaxy

Andromeda Galaxy Our nearest large galactic
neighbor is the Andromeda Galaxy. It is located
2.4 million lightyears away. The Andromeda
Galaxy has many more companion galaxiesn
the Milky Way.
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The Local Galaxy Group
The Andromeda Galaxgnd
the Milky Way Galaxglus all
of the companion galaxies
comprise the Local Group
Its diameter is 10 million
light-years and it s
composed of 54 galaxiedn
Figure 7, members of the
local galaxy group are
shown. The blue ovals
represent distances in the
plane of the Milky Way
Galaxy and the lines
represent the distance to the
other galaxies in the plane
and also above and belo
that plane. The Local Galax

Figure7: The Local Galaxy Group

Drawing by Andrew Z. Colvin

Group consists of three Spir
Galaxies: The Milky Wa
Andromeda(M31), and M33.
There are also many Irregulg
Galaxies and Elliptic
Galaxies.

Figure6: Virgo Supercluster

The Virgo Supercluster The
Local Group of Galaxies
one part of the Virgo
Supercluster Thisis defined
as the local space out to 1
million light-years containing
over 100 galaxy groups arj
clusters.

Drawing by Andrew Z. Colvin
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The Local Galaxy Supercluster Figure8: The Local Supercluster
The Local Supercluster of galaxifs
is the Laniakea Supercluster. I$
diameter is 520 million lighyears ’
and is composed of over 100,00 '

galaxies. The Milky Way Galasy v

part of one section of the ';"._,
supercluster called the Virgd s

Supercluster

TheUniverse As we gaze out int§l | »
the far reaches of space we r "y
into a problem. The further ou
we look, the farther back in timg
we are looking. It is not possibjg
to get a true picture of what the
universe actually looks like.
are able to look at galaxieand
structures, but there is a limit tq
how far we can see. We also i Figure9: The Universe
not know how big thdJniverseis.
We know thatit is larger than the
portion that we are able to see
Figure9 represents a piece of the
universe. It includefilaments of
galaxies andvoids where there
are very few galaxies.

Drawing by Klaus Dolag
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Component2 z) 660 !'11 | AT OO - /

Although we are not the center of the universe, we are the center of our lives: our families, our
activities, ourselves. It is only ta@al that when we look outwardt the world around us, at

the solarsystemor at the universe overall, we think of it in terms of ealves After all, we
perceive the universe through our eyes everything we see is outward from those eyes.

There is great pleasure and enjoyment in gazing at the heaver@ild do it for hours and

hours. Bit astronomy is a sciencand that means as astronomeng need to make accurate
observationsandi KSy Y| 1S OFNBFdzZ YSI adaNBYSyida 2F (K232
look at how we measure what we observe.

Parts of a Circle

When we measure distances in a room, we measure distance up and down (height), distance
right and left (width), and distance away from us (length). But when we measure distances to
objects in the celestial sphere, we need to use spherical coordinates. These coordinates are
alsothe distance along the sphere to the right and left, distance along the sphere up and down,
and distance away from us. Tliest two, since they are along a sphemmre measured as
anglesthe angleto the right orleft andthe angle up or down.

Coordinatesvhen measured in angular distancese measuredn degrees(®), arcminutes6 W0 X
and arcsecondsO d(see Figure10). These are parts of a cie. A complete circles 360
(degrees). Edcdegreeis 60Waramminuteg, and each @minuteis 6t 0 | ND.A SO2y Ra 0

FigurelQ: Parts of a Circle

A Quarter Circle: 90 ° 17 (1 degree) 1' (1 arc-minute)

17 (1 arc-minute) ™ 1“1 arc-secand) .
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The way we maphte universe is based on u Figure11: Lines of Altitude
and the things with which we aramost

familiar. the Earth There are many coordinate
systems that are used by astronomers. E3
has its prosind cons.One way of mapping the
universe is very similar to the way we map t
adz2NFF OS 2F (GKS 9 NIK
we map the Earth. The Harizon: 0

Lines of Altitude

Zenith: 50°

Altitude and Azimuth

When we are in the field observing, we do not always know where the lines of Right Ascension
and Declinatiorare. Sometimes we want a system that lets us easily, and without equipment,
tell the observers around us where an object is located. To do this weAliisede and
Azimuth.

. . . Figurel2: Lines of Azimuth
Altitude (see Figurell) is the angular

height above thenorizon. The horizon North: Oc
o

itself is O degrees Altitude. The poi

. Northwest: 31% Northeast: 4%

directly over your head, called thé

Zenith, is located at 90 degree

Altitude. West: 27@ € > East: 9@

Azimuth (seeFigurel?) is the angular
distance around the horizon, startind| southwest: 22% Southeast: 136
with 0 ° Azimuth at North, 90 at East, v
180° at South, and®70 ° at West. The South: 18@
Altitude and Azimuth coordinate
sysem is based on the center of w K S| R ® SATFSNBYil 20aSNUSNRBQ
locations, so the center of this coordinate systesndiferent for everyobserver. If they are

close to you, then the differences so small it is usually negligable.
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Component 3 7z How We Measure Angles

Astronomers have sophisticated equipment that lets them very accurately measure angles in
the sky. But that im0 help to nost of us We find ourselves out in a field with a modest
telescope or binoculars. How do we take measurements? And once we have those
measurements how can we convert them into distances?

Anaqular Distances

Using an agular distance does not talishow many miles or kilometers wide that angle is. The
actual width in miles or kilometers depends on how far away the object is.

As you move away from the observer, the angle stays the same, but the width of that angle a
the object grows (sed-igure13). If you keep the angular width the same and double the
distance, then you also double the safethe width whether in miles dkilometers.

To measure the actual size of an object, you can calculate it from the angular distance if you
know the distance to the object.

Figurel3: Angles vs. Width

Angles vs. Width

| Width of Object 2 = 2Y ‘

Width of Object1 =Y

Y

Object 1 Object 2

6‘ Distance to Object 1 = X »
ﬁ Distance to Object 2 = 2X ﬁ

Observer

Measuring Angles with Your Hands

. 2dz Oy YSIadaNB® Fy3ftSa Ay (K S-enyth.@Yowdan dasily® 2 dzNJ
measure an angular distance of 1°, 5°, Hhd 15° (seeFigurel4).
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Figurel4: Angles by Hand

5° 10°

Photo by Aaron Clevenson

Figurel5: Width and Distance
You start at a know

location, for example Of Calculating Width

Altitude, the horizon. Yo or Distance
add hand measurementg
until you reach your object Width of Object, Y

Or you could start at sout
180 ° Azimuth and add
hand measurements unt Observer
you reach your object. €

Yo ]

I 1
‘ Distance to Object, X |

Equationl: Calculating Width and Distance

Calculating the Width
Definition of the Tangent function: If you know the angular width of an
o 6 né YR OOOEmD O gbject,and you know hpw far awa;_/ it
OA|l 5 000 GIROT 6 ODED © 6 fs, ygu can galculate its a(?tugl width
in miles or kilometers. This is called
Calculate the Width of the Object: Triangulationand only requires basic

trigonometry. You can also calculate
its distanceif you know its actual

Calculate the Distance to the Objecty —— width and its angular width.

& OAT z®

Equation 1 defines the mathematical meaning of tangent. We then use that function to
OF t Odzf + S GKS 202S00Qa ¢ARGK 2NJ GKS 2025010 Q:
measurements: distance, width, and angle. We can then calculate the third value.
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What You See is Not Always Whatlt Is

Figurel6: Orion
When you look into space, it appears that all of t

stars, planetsand galaxieyou seeare all painted
on a giant sphere far overhead. We refer to t
sphere as theCelestial Sphere It is an illusion. The
objects are all at various distances from the Ear
To see this for yourself, close one eye, hold a fin
up about 6 inches from that eye, and then hold
finger from the other hand as faaway from that

Betelgeuse

Belatrix

Alnilam Mintaka
Alnital

Figurel7: Orion in Profile

eye as possible, but in the same
direction. Both fingers appear to be
close together, but in reality they are
over a foot apart. This is the same for
objects in spacethey may be aligned
and appear close together, when in
reality they could be many lightears
apart.

Celestial Sphere Location of Stars

Consider the constellatio®rion.
the cekstial sphere the stars appea

Table3: Distances to Stars in Orion

to be dl at roughly the same distancq| | Star Distance from Earth
(see Figure 16). But as we see i Betelgeuse 642.5 lightyears
Figure 17, the stars are not reall Belatrix 244.6 lightyears

close together. Table3 shows their Alnitak 800 lightyears

actual distancefrom Earth. Mintaka 916 lightyears
Alnilam 1342 lightyears

Saiph 171 lightyears
Rigel 772.9 lightyears
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Component 4 7z Scientific Theories, Scientific Method

Scientific Theories

Everytheory is not aScientific Theory If you are trying to figure out how something works, or
why it works, you develop a theory. But, to be a Scientific Théonyust be pushe further. A
Scientific Theory must be:

¢ Testable Scientific Theories must b
1 Continually Tested Testable, Continuously

1 Simple :

i Elegant Tested, Simple, and Elega

Testable This meanthat there has to be some way to test the theory.

Continuously Tested This means thalthough we have tested the theory in the past, we must
continue to test it. One job of a scientist is to try to find ways to disprove a Scientific Theory

Simple. This means that &cientific Theorghould only be as complex as it needs to be.

Elegant This means that &cientific Theorghouldbe pleasing to the mind. A Scientific Theory
that pulls togetherpieces that were previously separate, is elegant.

Scientific Theories can Never be Provenbe True Scientific Theories can be peovto be

false by one example of @peatable outcome. It just takes onentoadiction to tear down

part or all of a theory. But since it is impossible to test every possible case of a situation, you
OFyQi LINRP@GS GKFG Ad Aa Fftgleéa (G§NHzSo

| AAAT 8O 2AUT O

h OO Y Qawasnhmied® ditdr William of Ockham who livd®85-1349 CE This assertion

says thatf you have more than one hypothesis that prediatresult equally well, the one with

the smallest number of assumptions should be selected. A more complicated solution may
ultimately make better predictions, but initially if they all make equally good predictions, the
smaller the number of assumptions that are made, the bett&/hat this means issimpler is
better.
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The Scientific Method

Figurel8: Scientific Method

There is a process that scientists follow when trying
understand something new and different. It is called t
Scientific Method(seeFigurel8). The three steps are:

Observation

1 Observation

1 Theory Prediction
M Prediction

Observation As scientists do their work, there a

things we do not understand

These things are brought to ouff The Scientific Method involves:
attention as we do observations.

Observation, Theory and Predictio

Theory. To try to understand
why and how things happened,
scientists develop a theory of what could have caused what they have seen. Sins&this a
Scientific Theoryit must be tested.

Prediction Based on our Scientific Thepwe make a prediction about what should happen in
the future. We then test our Prediction by making more Observations.

Although you can start anywhere in the circle, most often we initially see something we want to
understand, so usually we start with Observation

Working the Process

Some examples of Scientific Theories and how they were tested are:

 NewtonQa [ | ¢a& .2The lwXependi @ a gravitational constant. If the
theory is correct, then everywhere we look in the universe we should see the same
gravitational constant. When we look at Venhdars or Jupiter we see that they
behave as Newton predicted with his laws.

f Einsteima ¢ &f&ensiBlRelativity. This theory says that space is curved in the
vicinity of massive objects. If this is true, then when there is a Total Solar Eclipse
stars that are slightly behind th8unshould appear beside th8unas their light
curves around thesun During a Total Solar Eclipges is seen to be true, in the
amountpredicted by the Theory of General Relativity.
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Component5 z Remembering Which Star is Which

Since early prehistoric times, humans have needed to know what time of year it was. This
information would tell them when to expect the annual floods or heavy rains. It would tell
them when the last frost can be expectelt.would tell them when to expect the yearly animal
migrations. As humans began to leave land and go forth in boats, the stars could also tell them
information on their latitude, and eventually even their longitude. These early humans
discovered that the cycles in the stars would repeat year after year. To use the sky as a
calendar, you need to be able to identify specific stars and groupings of stars. Although those
groupings have changed over the years and from culture to culture, many cultures have created
constellations to identify those groupings.

The BabyloniansThe earliest evidence that we have found that demonstrate the use of
constellations to map the sky datback to approximately 3000 BC They were found in
Mesopotamia(in modern Irag. It appears that most of their constellations were created from
1300 to 1000 BE These constellations were often adopted by the Greeks and Romans and
modified to utilize their myths. The Babylonians had two functions for their constellations.
One was related to their gods and symbols, the other was a farming calendar and contained
everyday items such as farm workers, animals, and tools related to farming.

The ChineseThe oldest record of a stahart with constellations dom by the Chinese is from

1092 CE There is much evidence of the Chinese charting the night sky for thousands of years
prior to this. There is some evidence that suggests that the Chinese constellations may have
been influenced by those of Mesopotamia. Chinese astronomers were very accurately
recording astronomical events and phenomina for mitie.

The Indians(of India). Indian astronomers were also influenced by the Mesopotamians. But
there is evilence that they were recaing astronomical eventgor many millennia. Tdse
constellatiors were largely basg on their religion. Their o&lt texts date back to 1400 to 1200
BE

The Egyptians Egyptian astronomy began earlier than 400EBChere are ancient stone
circles that appear to be based on astronomical events and alignments. Starting at about 300
BEthe Greek and Babylonian astronomy began to influence the Egyptian astronomy.

The Greeks Much of the astronomy from the Greeks was adopted from the Babylonians
before 300 BE The constellations were often changed to reflect Greek mythology and gods.

The Romans Roman astronomy was very closely related to the Greek astronomy.
Constellations were again changed to reflectrRo mythology and legends.
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Arabians Between 700 and 1500 @te Islamic world was making great strides in astronomy.
This coincides with the Dark Ages in Europe. During this time, the Europeans were not
progressing much in astronomy. Many of the stames in use today as well as some of the
terminology can be traced to Islamic roots.

The Modern Era Stars and constellations of the f3g The International
south were not visible from northern Africa, Asia, a Astronomical Union

Europe. These constellations and stars were nameqg
explorers from those areas that first awvelled (IAU) set the current

southward around 1600 CE list of constellations

Modern Constellations The modernconstellations

were defined by thdnternational Astronomical Unior(IAU) in1922CE There are officiall8
constellations defined. These constellations, although often represented by images or stick
figures actually occupy a region of the sky. The IAU defined the limits of those regions and the
lines follow lines of Right Ascensiand Declination

Figurel9: Ursa Minor

\ 5% T s 8 X
\' o ; . g ; P ’\},\'

o\ |\ . 4 ¥ v, %

> \ N2 3 77 o
T R ¢ e 3 \'\ Y \

%{‘ I /l\ X XX _ 4

Drawing by John Flarhsteed (1729)  Stick Figure IAU Boundaries

Note: All of the stars within the IAU Boundaries are considered part of that constellation
whether they are part of the stick figure or noBoundaries are
along lines of Right Ascension and Declination. There are 88
Note: The IAU boundaries cover the entire sky. There will ne
be a need to change the existing constellations and we will ng
need more constellations.
Note: The curved boundaries in the image on the right are due to the constellagorg so
close to the North Celestial Pdleat the lines of Declinatioappear as curves.

constellations.
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Component 6 z Nothing is Perfect in Astronomy

Perfectionis a unique state. A circle is a unique case of the broad class of ellipses. A sphere is a
unique case of the broad class of ellipsoids. Although it is possible with billions and billions of
cases that one will sometimes approdatiese unique cases, they arare and unexpected.

Planets

According to the definition of Planet developed by the Internation Astronomical Union, the first
requirement is to be massive enough to have grapityl an object into a roughly spherical
shape. But no objects in the universe are perfect spheres. Since all objects rotate, and since
rotation creates a centripil force of the material of the object, all objects tend to bulge
slightly at the equatar Spheres become oblate spheroids.

Orbits

A perfect orbit would be a circle. But during the formation of stgstems collisions occur so
things that might initially starbut as a circle will evolve into an ellipse. Orlofsplanets
around stars, and mooreround planetsare ellipses.

The Sun

Aristotle believed that beyond the ion all of the universe was perfect. When Galifgzered
through his telescopeand noticed that theSunhas darkareason its face(sunspots, this
showed that theSunwas not perfect. A perffect Sunwould have a uniform color with no
markings whatsoever.
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Component 7 z Space is Really Big!

Here on the planet Earthwith an average planetary diameter of 7,917.5 miles, we tend to
measure things in miles arldlometers. And locally we measure in feahd inches, or meters

and millimeters. But when we move out into space we have to have larger scales to work with.
For example, the distance that light travels in a year is about 6 trillion miles (6,000,000,000,000)
or 10 trillion kilometers. That is way too many zeros to keep track of. So in astronomy we refer
to this distance as a ligiytear.

Astronomical Distance Scales

1 Astronomical Unit This ighe average distarne from theSunto the Earth It is equal to

92,955,807.3 miles or 149,5871 kilometers.

1 LightYear A lightyear is the distance that light travels in a vacuum in a year. tjuale

to 5,878,499,810,000 milex 9,460,528,400,000 kilometers.

o Note: Although the term lightyear contains the word yeawhich relates to
time, a lightyear is actually a unit of distance.
o0 Note: Although the speed of lighis an upper speed limitight travels at

different speeds through different materials.
1 Parsec A parsec isqual t03.26163344ight-years, omearly3.3light-years
o Note: This isthe distance from

Earth required to see thmean
radius of the Earth's orbit around
the Sun as 1 arsecond of
angular distance

3.3 light-years = 1 parsec

Table4: Metric Conversion Factors

Unit

Conversion

Example

¢ SNNIJ X

1,000,000,000,000 standard units

Terrasecond

DAl X T

1,000,000,000 standard units

Glgasecond

aS3arx r

1,000,000 standard units

Megasecond

YAf2X T

1,000 standard units

Kilosecond

Second

1 Standard Unit =

mann [ SydAaXx

Centisecond

1 Standard Unit =

mMmZnnn aAffAX

Millisecond

1 Standard Unit =

1,000,000 Micro

Microsecond

1 Standard Unit =

MZnaonnzZnnnnnan

bl

Nanosecond
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Component 8 z Everything in Space is Moving

Einstei@ a ¢ &f Spetid Relativitindicated that there is n@bsoluteframe of reference in
the universe. You can relate to objects from your personal frame of reference, but it is no
different than any other frame of reference.

Thiscomponenttakes us directly to motion of us on Eartltarly people thought that the Earth
was the center of the universe because it appears that we are not moving and that everything
else is revolving around us. This is not the case.

The Motiors of the Earth In

an airplane, travelling at 550 Figure20: Precession

miles per hour at 35,000 fee

in the air, if there is no Vega- 14,000 AD
turbulence, and if the window Thuban — 3000 BC

shadesare closed we would Polaris — 2,000 AD

feel the same motion that we (L =X N Equator
would feel sitting on the Y= Ecliptic
ground at the gate. But o :
take-off and landing, we feel
acceleration, the changes in
velocity (acceleration anc Earthi's Asis of Rotation
decekration).

There aremany motions for
which people on the Earth experience no Figure21: Nutation

accelerations or decelerations, which include
 EarthQa w2 (Bvéni 2 iours people o

0KS 91 NIGK NRGFGS | NER

 EarttQa wS @ Dhcdzi yed tfie Earth completely revolves aroundthe

' Precession Every 26,000 yearsthe Eatii LJ2f S NRGIF G4Sa | NRPdzy R A
The angular radius of this Precession g

roughly 23.5 degreesThis is the same type o Precessiod each turn
motion that you see on a top aswobbles as

it is slowing down. takes 26,000 years
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Nutation. There is also a small change in the axial tilt of the Eadim year to year.
This is called Nutation. The principal sources of Nutation ar&timand theMoon. The
term having the largest effect has a pmtiof 6798 days and is caused by tiieon.

Galactic Rotation TheSunis Figure22:¢ KS  { dzy Q& h ND AU
orbiting the center of the
Milky Way Galaxy One
orbital  revolution takes
roughly 250 nilion Earth
years.

The Sum a h
Oscillations As the Sun Figure23: ¢ KS { dzy Qa hNDBA G f h
orbits the center of the Milky
Way Galaxyhere is also an
up and down motion. This
oscillation has a period o
about 35 million years.

Galactic Atraction. But even Galaxies are in motion relative to one another. The
Andromeda Galaxis approaching the Milky Way Galaatya speed of roughly 250,000
miles per hour. Since there is no absolute frame of reference, this means that to
creatures in the Andromeda Galaxy, we are approaching them at 250,000 mph.

Location on Earth An observers latitude affects the times of sunrise and sunset. On

0KS 9FNIKQa Sljdz-r 62N 6KS €t Sy3adkKa 2F Rle&a |y
the north and south poles, the dayight cycle becomes quite extreme due to the tilt of

the Earth and its orbit around the Sun. There are many days when the Sun does not set.

And there are many moreX These are some of the manwyotions that we are
experience living on the Earth
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Component 9 z Motions of the Earth

Humans measure the passage of tinWe measurédased on the motions of the Eatrtthe
Sun and theMoon. Motions discussed i@omponent have a direct effect on time
measurements on Earth.

Sidereal Time Sidereal relates to th

As we discuss different time measurements, there 4| POSItion of the stars
often two different values depending on which bodié
are used to determine the cycle. One of the terms is cdigiéreal These terms are based on

the positions of the relatively fixed locations of distant stars. An easy way to remember this is

the REAIln Sidereal. Since the distaatd  NA R2y Qd | LIISIFNJ 2 Y2@3S Y
locations are essentially fixed in spatieese are the REAL coordinate$he other term used

relates to the specific bodies that are involved: Tropical Year, Synodic Month, and Solar Day.

Years

The Earthis orbiting theSun Due to our axial tilt, there is a point each year when 8wn

appearsas far above the equatas it gets.If we measure the time from one of these points to

the next, we measure @ropical Year This is the time required for the Earth to experience the
F2dz2NJ 4SSt azyao . dzii R dz®%e aiezslovilykKcBangihg oLl ériendation NBE OS
towards the stars. Th8idereal Years the time it takes to return to the point where the stars

are in the same location in the sky, about one year later. A Tropical Year is approximately 365
days, 5 hours, 48 minutes, and 45 secoffois roughly 365.25 days) A Sidereal Year is 20

minutes and 24.5 seconds longer than the Tropical Ye@aoughly 20.5 minutes longer).

Months

Asthe Moon orbits the Earthit makes one orbit in a month. Ti&ynodicMonth is the time it

takes theMoon to return to the exact same phasad is dpendent on the location of th&un

relative to the Earth and th&oon. This is the time it takes to go from one Full Mpthimough

the phasesand back to the next Full Moon. A Synodic Month is on aveét@giays, 12 hours,

44 minutes, and 2.8016 seconds (or roughly 29.5 daysidéreal Monthis the time required

for the Moon to return to the sameRight Ascensiom the skyas it was the previous monthA
Sidereal Month is 27 days, 7 hours, 43 minutes, and 11.5 seconds (or roughly 27.5 days). The
Sidereal Month is about 2 daghorterthan the Synodic Month.This difference is due to the

fact that the Earth is moving in its oratound theSunwhile theMoon is orbiting the Earth.
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Figure24: Earth Months

Earth's Orbit
Moon's Orbit
Distant Star
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%

4 New Moon

Days

Asthe Earthrotates on its axis, sometimes we are facing 8imand sometimes we are facing
away from theSun ASolar Dayis defined as the time it takes for tH&unto go from directly
south on one day to directly south the next désplar transits) ASidereal Days the time it
takes a stato go from directly south on one day to directly south the next day. But during that
day, the Earth has moved about 1 degree around $um A Sidereal Day is 23 hours, 56
minutes long. The Solar Day is about four minutes longer and is eur4day.

Figure25: Earth Days

Earth’s Orbit
Distant Star

a £y

Initial Orientation

Solar Day, 4 minutes longer than Sidereal
Day, the Earth has rotated 360.986° to put
The sun back in the same position of the sky.

L
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Seasons

Figure26Y ¢ KS 9 NIKQ& ! EALFE ¢Aft

As the Earth revolves
around the Sun, the
91 NI KQa =
pointed at the same
point  in the  sky- B @ |, i soutern Hamispere
Currently that point is

very close to the star
Polaris in Ursa Minor,
This means that some o
the time the axis is tilted
in the direction of the
Sun, and sometimes it is tilted away from the Sufrigure26) When your hemisphere is
pointing towards the Sun, you experience summer. When your hemisphere is pointing away
from the Sun, you experience winter.

hy GKS 9FNIKQa SljdzZ 62NE GKAA YSlIya az2vYSdAaySa
the Sun is to the south.Throughout the year though, the Sun is close to overhead and the
amount of sunlight reaching the ground is constant throughout the year. As the latitude of an
observer increases ang
moves away from the Figure27: Concentration of Sunlight
equator, the changes areg
more significant.  Light

rays from the Sun arg e et
more concentrated when
the sun is higher in the
sky and they are spread
over a larger area whe
the Sun is lower in the
sky.(Figure27)

Summer in the Winter in the
Northern Hemisphere Northern Hemisphere

The Summer Solstices
the time of year when
the Sun is at the highest point north of the equator. The Winter Sol&itlee time when the
Sun is at the lowest point south of the equator. The Vernal Eq@ndxthe Autumnal Equinox
are the two times when the Sun crosses the equator.
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Component 10 z Lunar Phases

Each Synodic Montithe moon orbits the Earth Sometimestiis between the Earth and the

Sun and sometimes it is on the opptes side of the Earth from th&un As it travels around

the Earth we sesurlight on the side of theMoon that is facing theSun but usually the sunlit

side is not facing the Earth. As a result we see different amounts of the sunlit face. This is what
produces the phasesf the Moon that we see.

Tidally Locked

The Moon rotates in exactly the satime

Over billions of years
the moon has been]| @S it takes to revolve around the Earth
tugging on the Earth
with its gravity On tle Earth, this causetidesin our oceans. On th®loon, this has slowed
the M2 2 y Qa .N@uirdnify xhe&Mbon is Tidally Lockedto the Earth. This means that its
rotational periodis equal to the time it takes to corlgie one orbit around the Earth. As it
moves around the Earth, it rotates just enough to keep one side facied=thrth all the time.

This tugging on th&loonisincreasingts speed in its orbit. This has the effect that ttleonis
moving away fran the Earthat a rate of about 1.4&ches per year.

Just as theMoonQa N U | (i Héwd down LtaStididily2idRk thévloon to the Earth the
alYS STFSOUO Aa KFELWSyAy3dI (G2 GKS 9FNIKQa NRGOLF G
nevea become tidally locked to th®oon. There are two reasons for this:

1. AstheMoonmoves away from the Eartlthe effect decreases.

2. In about three billion years the oceans will boil away. When this hapieneffect will
further lessen since it is largely caused by the ocean tidelSarth

Cause of the Phases

The Moon o0

. New Moon

. Waxing Crescent Moon
. First Quarter Moon

. Waxing Gibbous Moon

Phasesare @usedby the algnment of the Sun Moon,
and the Earth When te side that is facing th8unis
lit, the side facing away from th8unis dark. As the
Moon orbits the Earth, the lit side is sometimes t
same side facing the Earth. This is the Rublon.

. Full Moon
About two weeks later, the dark side is facing the Eafih. . Waning Gibbous Moon
This is the New MoanDuringthe month we see less o . Third Quarter Moon

. Waning Crescent Moon
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more of theM2 2 Yitk#e depending on where thdoon s in its orbit around the Earth.

Waxingg increasing in ge. Starting at New Mogrthe noonis waxing until it reachethe Full
Moon. This includes the phaseWaxing CrescenfirstQuarter, andWaxing Gibbous

Waning ¢ decreasing in ge. Starting athte Full Moon the Moon is Waning until it reaches the
New Moon This includes the phases§WaningCrescent Third Quarter, andWaningGibbous

Figure28: Moon Phases

O Sunlight
O First Quarter

Waxing Gibbous

O Full Moon

Waning Gibbous \‘ Waning Crescent
O Third Quarter O

. @

(The outer circle of moons shows the shape or the phase we see from Earth)

From our perspective on Earthhe QuarterMoons are half illuminated. The term Quarter
relates to the monthly lunar cycle. If you consider the cycle from New Muoihthe next New
Moon, the Quarter Moons are a quarter of ttompletecycle. The Full Mooris really the
Second Quarter Moon, but we call it the Full Moon.
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Component 11 7 Eclipses

Eclipses

An eclipse is when one object moves in front of anothefeoband blocks the light from the
Sun The Eartls involved with two categories of eclipsdsunar Eclipseand Solar Eclipses

EarthQa { K RBKS 91 NI KQa { KUnbadnd kdPanunibia@eeRigurdblli & Y
29). If an object is inside the Umbra, the Earth is blocking all sunlight from reaching the object.
If an object is in the Penumbra then the Hais partially covering up thBunand some of the
sua fA3IKG A& adAftft NBFOKAy3d GKS 2062S00o

Lunar Eclipses Lunar Eclipsesre caused Wwen theMoon moves into the shadow of the Earth
(seeFigure29). Sunlighis blocked from reaching thoon by the Earth.The Moon ig-ull.

Figure29: Lunar Eclipse Mechanics

Moon's Orbit

%

oy N

There are three types of Lunar
Eclipses Total Eclipse Partial
Eclipse andPenumbral Eclipse
A Total LunaEclipse (positior2
in Figure 29 and left side of
Figure 30) is when theMoon
moves completely inside the
Umbral shadow of the Edrf so
the entireMoon does not reeive anyight from the Sun A Partial Lunar Eclipgeosition 1 in
Figure29 and center ofFigure30) is when theMoon is onlypartially in the Umbral shadow of
the Earth. Part of théMoon receivesno sunlight, but the rest of thevioon is only partially
blocked by the Earth andome sunlightreaches that part of thevloon. A Penumbral Lunar
Eclipse (position 3 iRigure29) is when theMoon is in the Penumbral shadowof the Earth, but
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is not inthe Umbral shadow at all. In this case tMeon appears darker than it usually is when
it is Full, but the change is not obvious to the casual observVeere are also times when the
Moon does not even enter t Penumbral shadow of the Eartpositon 4 inFigure29 andright
side ofFigure30). At these times we see a normal Full Moon

Note: Anyone on the Earth who can see the

Moon, can see the eclipse, no matter what type { Lunar EC“pSGS happen
eclipse it is. In fact even if you are elsewdén

space, if you can see thdoon then you can see if| ONly during a Full Moon
in Eclipse

Note: When theMoon s in Total Lunar Eclipsi is usually not lack; it does not disappear. It
usually turns red. This is because the red light fromS3kg although not reaching théloon
directly, does bend through the EaQ & | { Y andl telkcBskhiB Moon indirectly.

The Danjon ScaleTheDanjon Scalgrovides a means to measure the darkness of an eclipse.

Table5: Lunar Eclipses

0 - Very dark eclipse: The Moon is almost invisible, especially attotality.

1 - Dark Eclipse, gray or brownish in coloration: Details are distinguishable only
with difficulty.

2 - Deep red or rustolored eclipse: There is a very dark central shadow, while
the outer edge of the umbra is relatively bright.

3 - Brick-red eclipse: The Umbral shadow usually has a bright or yellow rim.

4 - Very bright coppered or orange eclipse: The Umbral shadow has a bluish
or very bright rim.

Solar Eclipses Sola
EC”pSGS are cause( Figure31: SolarEclipses
when the Moon moves
between the Earthand
the Sun TheM2 2y
shadow reaches theg
Earth and you have 4
Solar Eclips¢see Figure
33). The Moon iNew.

. Moen’s Orbit

41



Astronomy for Mere Mortalg An IntroductoryAstronomyText

There are three types of Solar Eclipsétal EclipsePartial Eclipseand Annular Eclipse A
Total Solar EclipsseeFigure32) creates a shadow that follows a narrow path acrtssface
of the Earth If you are

Figure32: Solar Eclipses within that path you will
see the Total Solar
Eclipse. If you are

outside of that path, but
not too far away you will
see a Partial Solar Eclipse.
Annudar Solar Eclipses are
a special caseTheMoon
and the Earth bothorbit

in ellipses, not in circles
This meanghat someof
the time they arecloser —
together and sometimes \The Shadow of the moon does not reach the Earth.
farther apart. When an \ o
object is closer it | \
appears larger. Wheit
is farther away it
appears smaller.  This
means that tle Sunmay
be too large for theMoon to compldely cover, or theMoon may be too small to cover thBun
In either case, instead of a Total Solar Ecligee, will see an Annular Solgclipse(seeFigure
33). There will be a ringf Sun(an annulus) around the oon.

Figure33: Annular Eclipse Mechanics

Total Solar Eclipse of August 2017

_ | | Solar Eclipses happen
For information on the next Total Solar Eclip

that will be in North America, go to NAGA  { onIy during a New Moon
Eclipsepage:
http://eclipse.gsfc.nasa.gov/SEplot/SEplot2001/SE2017Aug21T.Gl€ut and paste this
address into an internet browser.)
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Total Solar Eclipses 7z Recent and Near Future

Figure34: EclipsePaths

Total Solar Eclipse Paths: 2001-2025

""2’0'173‘.;;;9

“»
2024 Apr 08

: 3
T e

Dwz;md 11 2019J|.:I02 )
NI

2012 Nov 13 ;; 2020 Dec 14
N, ™ =

L L | L L | L ‘ I I ‘ L I | L | L L | L L
o

1800 W 1800 W 1200 W i i 30° W i} 30° E 60° E a0°
Longitude

E

120° E

150° E

180° E

Perfect Alignment

The MoonQ&a 2 NDB A G f LX FyS Aa 2 {

i KS

same as the Earfhd 2 ND A(see
Figure 35). Onlywhen the Sun the
Moon, and theEarth are in a straight
line will you see an eclipse. The Eclip,
Ad RSTAYSR a GKS
orbit. By definition theSunand the
Earth arealways in that plane. But the
M22y Q& 2NDBAGEE LI
p RS3INBSa FNRY
plane Eclipsesoccur where the two

Figure35: Moon's Orbital Axis Tilt

orbital planes intersecfsee Figure &),
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and only when theMoon is in a place in its orbit that is crossing that intersectidmese two
events are called lunar nodes. The ascending node is where the Moon is moving from south of
the ecliptic to north of the ecliptic. The descending node is where the Moon is moving from
north of the ecliptic to south of the ecliptic.

Note: This means that you will see Lunar Eclipstes L Solar Ecli
the most twice each year, wheiné¢ Line of Nodes unar or solar EClpSes

points to the Sun This is also true for Sold| occur twice each year
Eclipses There will be at most two per year.

Figure36: Perfect Alignments

Earth’s Orbital Plane  / . Orientation for Eclipse

The Moon is New when
1 on the same side of Mo Eclipse |
The Earth as the Sun.

No Eclipse

- Line of Nodes

o

The Moon is Full when on the Moon’s orbital Plane

Far side of Earth from the Sun. Orientation for Eclipse

44



Astronomy for Mere Mortalg An IntroductoryAstronomyText

*** SECTIONI. ASTRONOMY7z HISTORY

Photo by Citypeek

Photo bykristian H Resset

A more thorough discussion of astronomical history is available in Appendix 6 ¢ The History of
Astronomy
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Component 12 7z The Science ofEarly People

Why the Stars?

It all began so long ago that there are no records. Early people, with no modern technology,
but they were beginning to learn new skills; Farming and Sailing.

If you lived somewhere like the Nile River valley, you would be washed out by floods each year.
There was a flooding season, but you had no calendars, so you had no way to know when it was
going to happen If you planted your crops before the flood, the seeds would be washed.away

If you wait too long, you may not have enough time for your seeds to grow and produce food.
There were locusts too. You needed to know when they were likely to arrive so you can harvest
your crops before they arrive. Too early, and you will get less to eat. Too late, and the locusts
will eat your harvestKnowledge of the stars was usefulAgriculture.

If you stay near shorethen sailingthen you are probably ok, but if you venture far from shore
you need to know where you are. Without it, you may run out of food and wagéore you
reach landor the winds may carry you far off course and you could land in an unfriendly land.
Knowledge of the stars was usefulNlavigation

The solution is in the stars. Early people, sitting around the campfire would notice rhythms in
the movement of the stars. A few things move separately (the mtuwan planet3, but mostof
the stars behaved and moved like clockwork. They could beasadcalendar or a map

Early Records of Tracking Movements in the Sky

The earliest records date back to around 1800 BCE and are from the Babylonians (in current day
Irag). Initially, the observations focused on the Sun, Moon, and Venus; but later included
Mercury, Jupiter, and Saturn as wellhey were able to use this data to create predictions of
their motions. The primary purpose of this study appears to have been for religious redsons.

is believed that early people used these early tools to more clas®ipectthemselves to the
greater universe.

Early Structures for Reading the Sky

Early people found ways to build structures that they could use to predict the seasons. They
worked with the tools they had and the materials-band and build astronomical toolsThe

study of these early structures is called Archeoastronomy. There are lists of these sites from all
over the world.

46



Astronomy for Mere Mortalg An IntroductoryAstronomyText

Stone Circles Initially, they would mark
points in a circle that would enable the
to watch for events in the sky. Whe
these events happened they would kno
the seasons would be about to chang
The easiest way for them to do this was
set stones on the ground in a big circl
sometimes with spokes A good example
of one of these is thdighorn Medicine
Wheel located atop Medicine Mountain
near LovellWyoming.

Figure37: Bighorn Medicine Wheel

Photo by US Forest Service

Deciphering the
layout. The arly Figure38: Bighorn Medicine Wheet the Astronomical Connection
people did not
leave instructions
for their tools.
Astronomers and
historians  have
tried for years to jJ| Sunset-

understand how | *“mme St NG S

they would have LG R Sy Sunrise-
been used. T < By ‘ Summer Solstice

The large stone
circle has a
central circle and
six smaller circles
or cairns aroud
the edge These
seem to have
served as focal
and observation
points. Photo by a composite of multiple photos

Rigel Rises

Sirius Rises
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Figure39: Stone Circle in Ireland

Photo by Ardfern

Figure40: Stonehenge

Photo byAdrian Pingstone

There are also many stone circles in Europe and elsewhere in the world.

Stonehenge In England, early people dragged huge stones many miles and set them in the
ground in the form of a great circlé&stonehengewas built between 3000 BC and 2000 BC. Itis
amid a large collection of burial mounds and other prehistoric structures.

ElCaracol El Caracois an astronomical observatory built at Chichen Itza by theGoRimbian
Maya civilization in Mexico. It was built around 906 AD. The tower is badly damaged, but of
the 29 celestial events that were important to the Maya, 20 can be observed from the tower.
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Other Sites vith an Astronomical Twist There are many othe
sites around the world where, although they may not hal
been observatories, their construction was based

astronomical phenomina. These were often related to t
Odzf G dzNBQa YedkKz2f 238 2NJ NBf A

Figure4l: El Caracol

The Great Pyramidsof Egypt at G&za These are buria
chambers to the pharaohs. Their bases and some passage
are aligned to north and to celestial objects.

Photo by Daniela
Bertienova

Newgrange Thisis a burial mound in Ireland. The uppt
passageway is situated so that on the Winter Solssizelight

will travel down the passagewa
and illuminate the burial chambe
at the end.

Figure42: The Great Pyramids of Giza, Egypt

Figure43: Winter Solstice

Figure44; Entrance to Newgrange

Photo vby Dentp

Photo by Superchilum
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Temple of Abu Simbeln Egypt The emple is constructed such thabn October 22 and
February 22, the rays of the first rays of the morning Sun penetrate the sanctuary and illuminate the
sculptures on the back wall, except for the statue of Ptah, the god connected with the Underworld,
who always remained in the dark. The other statues are (from left to right) Amun Ra, Ramesses, and
Ra-Horakhty.

Figure45: Temple of Abu Simbel Figure46: Sanctuary at Abu Simbel

Photo by Fanny Schertzer

Photo by Man77

Early people built stone structures to tell the seasons for
planting, harvesting, and when to expect the annual floof
Knowing the patterns and timing of the stars helped with
navigation.
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Component 13 7z The Beginning of Scientific Thinking

If you do not have a scientific approach to analyze what you see, you do not have a complete
scientific method. In the early days of science this limited people to two steps: Observe and
Think About It

Observe

Humans have always observed the world around them. It would initially be to look for edible
plants, game animals, sheltand water As humans began to have more leisure time, they
would have more time to think about what they see around thewihen humans began to use
language, they would be able to discuss the things they observe with others. When humans
began using writing, they then had a way to keep a record of their thowagidobservations

Think About It

When you think about what you observe, you must try to fit what you see into your view of the
world. If you see things you have never seen before, then you need to try to understand what
you see. But, if you do not have a scientific method to analyze what you see, you only have the
ability to apply whatou know. This was the case #arly scientists.

As early as 2900 BC thinkers were beginning to apply the principles of philosophy. Around 400
BC philosophy had evolved to tipdace where thinkers like Aristotlere trying to define the
world around themincluding the science that would grow into astronomy

Early Scientists

Eudoxus of Cnidug408355 BC) Eudoxuswas aGreek astronomer mathematician and
scholar. He created models of the universe. The BEeaga sphereat the center. To explain

the moonsmotion he needed three sphereghe outermostfor daily motion, the second for
monthly motion, and a third to explain the changes above and below the ecliptic. He had a
similar model to explain the motions of theunincluding three spheres: the outermost for
daily motion, then yearly motion, and a third for changes in Declinatibime five visible planets
(Mercury, Venus Mars Jupiter and Saturp each had models consisting of four spheres: the
outermost for daily motion, motion through the signs of the zodiac, and two inner spheres to
explain Retrograde Motion. Lastly there was a sphere for the distant stars. He is credited with
being the first person to try to apply mathematical solutions to the observed motions of the
heavens. Aristotland Callippusvere his studerg.
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Callippus(370-300 BC) Callippuswas a Greelastronomer
and mathematician. He added 7 more spheres to th Figure47: Aristotle
models of Eudoxus; 2 for the sun, 2 for thn®on, and one
for each of the inner planetdMercury, Venus and Mars His
observations of theSunindicated that the seasons werg
different lengths which implied th&undid not move at a
constant speed along the ecliptic. He called this the sq
anomaly. He created an accurate lunisolar calendar.

Aristotle (384-322 BC) Aristotle was a Greek Philosophe
who wrote 8 books relatedto Physics Some of his

conclusions that relate to astronomy include:

1 A void is not onlyunnecessary butleads to
contradictions.

1 Time is a constant attribute of movements and does not exist on its own but is relative
to the motions of things. Time is defined as "the number of movement in respect to
beforeandafter”, so it cannot exist without succession.

1 He described the celestial bodies thus: the first thingdb¢éomoved must undergo an
infinite, single and continuoumovement, that is, circular.

1 Theplanetsand stars which have their source of motion within themselves (by virtue of
aethern), aspire to emulate theauniform circular motionof their particular mover. Thus
captivated, their tireless performance is entirely the result of their own desire. This is
one way in which the movers are said to be unmoved.

1 He viewed the aether as a fifth elemenlt was divinend perfect.

These conclusions implied a number of things that wanftbencehow humans would view
the universe for centuries. Some examples are:

= =4 =4 4

The heavens arperfectbeyond the moon

The universe is filled with aaether. There is no vacuum.
Timeis unchanging as it marches forward.

Everything travels in circles and spheres.

Theearth is thecenter of the Universe (Geocentrig by Ptolemy)
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Figured8t 12f SY@ Q& a2 RS{Gesdntridi KS |

»” * 5

. SATURN

| -
AN
SUN E?H MEHCUJR\]’
(©); JUPITER

Drawing by Pearson Scott Foresman

The Earth appeared to early humans to
the center of the universe. This is the
Geocentric Model. It is wrong.
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Component 14 z A Scientific Approach is Born

For 2000 years the philosophy of Aristotl@s dominating the science of astronomy. It was not
until some brave scientists decided to challenge this philosophy based on new observations
that the science of astronomy began to move ahead.

Those Who Cleared the Field and Planted the Seeds

Figure49: Nicolaus Copernicus

Nicolaus Copernicufl4731543) Copernicus did not creats
a heliocentric model of the solar systerbut he is given
much credit for popularizing it. He was a Germ
mathematician and astronomer. His model put tBenat

the center with the planet®rbiting the sun, and the moo
orbiting the Earth The problem with his model was he w3
unable to go beyond orbits being circles. His model was
bad at predicting future positions of the planets. T
shortcoming played a major role in the delay of t
acceptance of the heliocentric model

Tycho Brahe(15461601) Figure51: The Quadrant Figure50: Tycho Brahe
Tycho Brahe was the bed]| | = :
observer ofall time who
did not use a telescope
He was a Danis
nobleman.

His observations were
done using a quadrant ang
he provided very accuratg
positiomal information for
many stars and planets
His accuracy was typicall
within 1 arcminute

He also made observations$ the Supernovan Cassiopeian 1572.
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Johannes Kepler(15711630)

Kepler was a grea
mathematician. Due to his
poor eyesight he was not a ver
good astronomer. However, a
an apprentice to Tycho Brah
he eventually had access to th
best available observational
data. Usinghis mathematical
skills, Kepler was able t
determine the rules by whic
the planets appeared to
behave.

Figure53: Johannes Kepler

Kepler used Tychi
Braheos
determine the
Laws of Planetary
Motion

Figure54:. NI KSQa a2 RSt

Figure52Y SLJX SNDa a2 RSt -Heliocéritib
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. Lo L Figure55:Y S L SN &
KepleQa [l ga | NBY
1. Planetsmove in ellipses, not
circles, and theéSunis at one
focus.
2. A line connecting the plane
to the Sunwill sweep out an ¢h
equal amount of space in a
equal amount of time.
3. The square of the orbital
period of a planet is
proportional to the cube of

Planet

Focal Point

the semimajor axis of its

orbit.
KepleQda [l 6a&a Y26 L
for a heliocentric model of the sola
systemthat was accurate enough tg
beat the accuracy of the geocentri
models, and it was simple an
elegant.

Figure56:Y SLJX SNDa HyR [ &

t —1

>

Figure57: Y S LJ S NI
Diagram by RJHall

Orbital Period

is the time for

one planetary orbit.

The Heliocentric
Model places the

Semi-Major Axis

Sun at the center o
the Solar System
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GalileoGalilei (15641642) Based on the telescops )
invented in 1608 by Harlsippershey(1570-1619 in Galileo observed:
t,heA NetAherIeEnds, GAaIiIeo was ablf: to deveJop his o ﬂ Sunspots

uSt Sa02LIS o ¢KS YeuK 2
telescope is that his children were in his spectag M Ju P | ter O
shop, and while playing with two lenses they we .

able to see things across the street much ma ﬂ Lunar Mountains
clearly. Galileo, upon hearing of the inventid fTVenus 0O P
createdone.

[ A LILJS

Figure59:DI £ Af S2 Qa

Galileois given credit for being the first person of record to
point the new telescop¢owards the heaens and to record
what he saw.Specificallyhe observed:

Sunspoton the surface of the sun.
Moons orbiting Jupiter

Mountains on the moon

Phase®f Venus

== =4 4 A

Figure58: Galileo Galilei
Hisobservations provide
significant evidence th4
much of what was
Pt believed in the geocentri

Sketch by Galileo model of the universe an !

based on Aristotl@ l
conclusions was incorrect. The mdpa 2 NDb A l
proved that not all objects revolved around the Ea
Sunspotson the Sunproved that not everything beyond thg
Moon was perfect. And lastly, the phasesf Venus
O2yiNI RAOGSR (KS KStA20S¢
The heliocentric model showed Venus to be close tojd

Earth. Its phases could not have been t ) ) )
approximately 18 months that Galilebserved. || Galileo is the first person

That would put Venus much further away fro on record to have turned
the Earth. ]
telescope to the night sk
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Figure60: Isaac Newton

Isaac Newton (16421726) Newton was an Englis
physicist. He was able to provide the scientific theory t
explained why Kepl€¢d Y2 RSt 2 7F dtksd:

How gravityg 2 NJ] SR ® b S mdtianypvded ah
answeruntil Einsteindeveloped relativity.

NewtorQa [l g4 | NBY

1. An object either remains at rest or continues to move at
a constant velocity, unless acted upon by an
external force .

2. A force i s an nwbiglies c by 0 its
acceleration: F=m*a.

3. For every action, there is an equal and opposite
reaction.

Figure6lb Sg 2y Qa ¢Rakt NE G [ | &
First Lawg part 1. With no outside
influence the pool balls remain atse

Newton developed the
Laws of Motion that
explained why
Kepl er s L

Drawing by Rcsprinter123

First Lawg part 22 When the cue hits
the cue ball aforce is applied to the Figure62b S 6 (12 y Q& cRaltRBA G [ | 6
cue ball and it moves.

Third Law When the cudall hits the
red ball, if it is a perfect shot, the cug
ball will stop, and the red ball whic
was not moving will move at the
speed and in the direction in whic
the cue ball was moving.

Photo byEscuela Virtual de Deportes
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In the late 1800s andearly 1900s the
astronomcal community was  bus
investgating the luminosities and spectra o
stars. Harvard University had thousands (
images that were taken that needed to b
analyzel. They hired women to computé
the data of the stars on those images.

Figure63: Harvard College Computers892

These women astronomers analyzed
hundreds of thousands of stars, taki
millions of measurements. They were pa
25 centsper hour.

Their first major publication to come from their work was
catalog of the luminosity and spectra of tens of thousands
stars in 1890.

Annie Cannorwasawarded the first honorary degree awarde
to women at Oxford for her significant contributions to t
classification of stars.

In 1897, Antonia Maury
undertook the most detailed
study to investigate star
spectra that had even been
done. Her data formed the
basis for theHRDiagram She
proposed the classificatio
system that we still use today.

Figure65: Antonia Maury

In 1908 Henrietta Leavitt
discovered the Cephedl
Variable Star period

e PR luminosity relationship.
Public Domain

17N
Public Domain
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Component 16 z Modern Astronomy

Since the time of Newtormany men and womenhave contributed to our progress and
knowledge in astronomy. There are too many to enumerate all of them. Instead, we will focus
onthe first American woman astronomer aadfairly recentand familiarastronomet

Women in Astronomy

Figure67 Maria Mitchell
Maria Mitchell (18181889). While many women hav
contributed to our knowledge in astronomiaria Mitchell

is credited with being the first professional Americg
woman astronomer. She discovered con@tl847 T1lin
MmynTt dzaAy3d | GStSaodoz2LIs |y
Cometary Medal.

YAy 3

A Modern Theoretical Astrophysicist

Albert Einstein(18791955) Albert Einsteinhad the ability
to imagine things that most of us would never imagine
imagine. His thought experiments that he used to thi
through new and different explanations for the way t
universe works are legendary.

Painting by H. Dasell (1851
Public Domain

Figure68: Albert Einstein

Einsteinreceived a Nobel Prize for his explanation of t
Photoelectric HEect which paved the way for ou
understanding of how light behaves as photdparticles).

He also created theSpecial Theory of Relativity and
GeneralTheory ofRelativity over 100 years ago. Relativit
explains why NewtoRa [ ga R2 y2i0
MercunQ& 2NBAG | NBdzyR (GKS
possible.

60



Astronomy for Mere Mortalg An IntroductoryAstronomyText

*** SECTIONII. ASTRONOMYz MEASUREMENT
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Component 17 z Earth-Based Coordinates

Earth Coordinates

Here on Earth, we use a sphericj
coordinate system of Latitude and
Longitude

Latitude (seeFigure69) defines how far
above or below the equatoan object is
located. The drawing to the right sho

how the linesof Latitude are arrangec
on the surface of the EarthLatitude is
measured in degrees, aminutes, and
arcseconds. 0 degrees is the equat
and the poles are at 90 degrees. Thefe
angles are measured from the center

Lines of
Latitude

Figure69: Lines of Latitude

The Earth's Axis of Rotation

The Earth's North Pole: 90 " North

The Earth's Equator

The Earth’s South Pole: 90 South

the Earth.

Figure70: Lines of Longitude

The Earth’s Axis of Rotation

Lines of
Longitude

The Earth’s North Pole: 90 * North

The Earth’s South Pole: 90* South

The Earth’s Equator
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Longitude(seeFigure70) defines where
an object is located as you move around
the Earth The drawing to the left shows
how the lines of longitude are arranged
on the surface of the Earth. Lines of
longitude start at the North Pole, circle
the Earth, and pass through the South
Pole. Longitude is measured in degrees,
arcminutes, and arseconds. We need
to define a starting point, or where the
longitude equals zero. This line was
defined as the longitude line that passes
through the Royal Observatory in
Greenwich, England. These angles are
measured from the center of the Earth
too.
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Right Ascension and Declination Figure71: Lines of Declination

A coordinate systenthat astronomers Lines of Tre Eachiviodeof Rotkion
The Celestial North Pole: 90 * North

use extends the Latitudand Longitudefl| Declination
system that we use on Earth It is
measured in Right Ascension and
Declination  Declination values (see
Figure71) are Latitude values extendeg

. ! - / < ' The Celestial
Into Space ——— — Equator:0°©

Declination is measured from the
Celestial Equator in degrees, arc
minutes, and arseconds. 0 degrees i
on the Celestil Equator. +90 degrees, [ e ¢estal
South Pole: S0 * South
90° N, is the North Celestial Polg
(Celestial North), and-90 degrees, or 90
S, ighe South Celestial Pale

¢KS 9 NIKQa SljdzZ G§2N Aa SEGSYRSR 2dzi Rigfti 2 a LJ
Ascensionvalues are Longitudealues extended out into space. But, we do not use degrees;

we useHoursto measure the Right Ascension values. Each hour of Right Ascension is equal to

15 degrees. This means there are 24 hours of Right Ascension, just as there are 24 hours in a
day. They are measured in hours, -armutes, and arseconds. The 0 hour line for Right
Ascension passes through the Royg
Observatory in Greenwich, Englamh the Figure72: Lines of Right Ascension
Vernal Equinox Looking down from the
Celestial North Pole at the Celestial Equa
we would see a circle marked off in 24 hou
of Right Ascension(0 hours through 23
hours).

Hight Ao miicn

7h 5P s5h

This coordinate systemRight Ascensioand
Declination,is a good system for conveyin
information to other astronomers or peopld
who are not standing right next to you. Sta
and Deep Space Objects do not move
relation to Right Ascension and Declinatio
except over very long periods of time. T
means that anyone can look up th
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coordinates on a stachart and find the - -
object with their telescope and the nght Ascension and

coordinates are all the informain they N Declination are extensions
need from you to find it. ) .

of Earthly coordinates into
However, the Sun, thé/oon, the planets d the Celestia
asteroids cometsand transient events (suc Space and are

as Meteorsand manmade satellites) move}| Coordinates
independently of the background stard
Their location in Declinatiomnd Right Ascensionhange rather quickly, over years, days,
minutes, and sometimes even seconds. In these cases someone needs to know the Right
Ascension, Declination, Date and Time, and sometimes your Laattieongitudes well.

Which to Use?

The accuracy of the Altitude and Azimuth Coordinate System and the Right Ascension and
Declination Coordinate System is the same. It depends on how accurately you measure the
angles. Using your hands is not very accurate, but using a calibrated telescoé can be

very accurate.

The coordinate systento use depends on what you are observing and who you are
communicating those coordinates to. For objects beyond the solar systken you are
communicating to other observers who are not standing beside you, then Right Ascansion
Declination are best. They provide a coordinate system that is independent of you, the
observer. But these coordinates are tough to generate if you are describing the location of a
new object.

But when you aref| The accuracy of either coordinate system i

describing  theli gnly a function of how accurately you meas
location of a new

object. or an || the coordinates for the object. If you usey

object that is I hands, they will be less accurate than if yo
within the Solar ) ) )
system  then || US€d a well calibrated piece of equipment.
these objects may
move relative to the background stars. This means that their Right AscemrsibDeclination
may not be known, or it may be changing.
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When you are talking to another observer who is standing right next to you, the easiest system
to use is Altitudeand Azimuth This lets the other observer see where you are looking at that
time.

The difficulty with communicating an Altitudend Azimuthis that for a distant observer to
recreate the situation you are seeing, you must also communicate the date, time, your latitude,
and your longitude.
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Component 18 z The Nature of Light

We can relate tolight. It is the thing that lets us see our surroundinBst there are many
interesting characteristics of light.

Light as Waves

Figure73: Diffraction
Rings

Diffraction. To see light behave as a wave, you only need to shi
through a small holen a wall The image that the light makes on
screen beyond the wall is not a welkfined spot. Insteadthere are
diffraction rings. Figure 73 shows this effect from light show
through a pinhole. This is the same effect you see in a telesq
when the objects are far out of focus.

Figure74 shows the apparatus to produce diffraction rings. The
lines represent the peaks of the light waves. The white between the red lines represents the
valleys of the light waves.

Refraction As light passes from one mediu Figure74: Diffraction Ring Generation
to another the pathfollowed bythose waves Barrier
is bent. For example, passing from air in with Hole

the glass of a lenwill cause the light waveg
to bend(seeFigure75).

) (©

Resultant Pattern

Figure75: Refraction

Screen

Incoming
Light

This is the principle involved in lenses used in
refracting telescopes and binoculars. Different
frequencies of light will bend different
amounts. Red light will bend less than Blue
light as it passes through a lens

Photo by Ajizai
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Reflection Light that comes into
contact with a reflective surface wil
bounce off the surface at an angl
equal to the angleat which it
arrived.

This is the principle involved i
mirrors in reflecting telescopes. Iti
also the principle involved in the
prisms in binocularéseeFigure76).

Figure77 shows a wave and label
the significant parts. These part
include:

T
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Figure76: Reflection

Crest ¢ the top of each Photo byZatonyi Sandor
wave.

Troughc the bottom of each
wave.

Wavelengthd < the distance between any two Crests or Troughs. It is usually shown in
nm (nanometers).

Amplitude (a) ¢ the height of the wave above the equilibrium state

Equilibrium Stateg the line where the amplitude is zero.

Figure77: Parts of a Wave
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In addition to these features, there are additional characteristics that need to be understood.

1 Velocity (c)x Light in the vauum of space has a maximum speed. It is callecSgeed
of Light The Speed of Light is 299,792 km/sec in a vaccuum or 186,282 mi/sec. In this
class we will use 300,000 km/sec or 186,000 mi/sec. The Speed of Light is shown by the
aedyYoRftAyd Sldzr GA2yaad

1 Frequency(f) ¢ when a light wave passes you, this is the number of crests that pass you
per second. 1 crest per second is dmextz. The Frequency is equal to the speed of
light divided by the wavelength

91 Period (P)¢ The Period of a light wave is the time it takes for the wave to pass you
measuring from crest to crest. The Period equals one divided by the Frequency

Equation2: Frequency, Wavelength and Period

Figure78: The Photoelectric Effect

Light as Particles (photons )

Infrared Red Green Blue Ultraviolet

Light also behaves like sma 2,
massless particles callephotons.

Einstein won his Nobel Prize i
Physics for his studies of th
Photoelectric Effect  which
demonstrated the particle nature of
light.

No electrons Electrons emitted

Light can behave as waves and &

Light of lower frequencies (infrare . .
ght of lower frequencies (nfrareq o+ times as particles (photons)

and red) is too low energy to ejeg
electrons from the metal surface.

As the frequency increases, the energy increases. Once you have enough energy electrons can
be ejected. Higher energy photomssult in higher velocity electrons. More photons of the
same frequency cause morg
electrons to be emitted. Equation3: Photon Energy

Q EQ

K Ad tflyO] eeeelre yeijdulesedodds.
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Electromagnetic Radiation and the Vacuum of Space

Sound waves in air and waves in watequire atoms and molecule® move from place to

LX I OS o ¢tKS fAYS FNRY (GKS Y20AS 1 fASYY G4GLYy
space is a vacuunsound waves are not able to travel through space. Electromagnetic
radiation is different. Light waves can travel through a vacuum. If this were not true, then
space could not be a vacuum or we would see nothing beyond our atmosphEne Earth
would be cold and dark. But we dee stars and we do receive sight, and we now know that
space is indeed mearvacuum.

Electromagnetic Radiation does not
need a medium in which to travel. It

can travel through the vacuum of spac

69
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Component 19 z Electromagnetic Radiation

Visible Light

Colors We see light that ranges from Red to Violet. This is called the vigbtespectrum

Although this is a gradual transition from Red to Orange and eventually to Violet, we break the
colors that we see into groupsked, Orange, Yellow, Green, Blud Violet. We remember

the listbyROYGBW b 2 1S GKSNX Aa y2 GLEO® LYRAI2 Aa NBI
We will discuss the characteristics of light in more detail under later principles, but for now the
basics are useful to know.

Figure79: Visible Light Spectrum

Visible Light is: Different frequencies tell us
Red, Orange, Yellow, information about events at
Green, Blue, and Viole; many different energy levels

Frequency Frequency increases as you move from Red to Violet.
Energy The energy of the photonscreases as you moveofn Red to Violet.
Wavelength Wavelength gets shorter as you move from Red to Violet.

The Big Picture

But, the Visible Light part of the spectrumonly a tiny part of the overall Electromagngfdv)
Spectrum There are many larggrieces that we do not see.

Radio Waves This is very low energy, and low frequemagdiation. We use Radio Waves in
our daily lives for radio transmission, television transmissions, mobile phones, and GPS. This is
how we communicate witlsatellites and spacecraft
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) — Infrared. Infrared Light is redder than
Electromagnetic radiation types|| red light, and is not visible to our

Radio, Infrared Light, Visible eyes When you go outside on a
sunny day and you feel all warm and

Light’ UltraViO|et Lightv X—Ray, snugly, that warmth is infrared
and Gamma Ray radiation coming fran the Sun.

Ultraviolet. Ultraviolet Light is more violet than violet light. This too is not visible to our. eyes
This is the type of radiation they use when you go to a tanning salon. It is responsible for
sunburns, skin cancer, and cataracts.

X-Rays Even higher energy and higher frequency are tita}{s. We use this to see bones and
teeth without the interference from muscles and skin.

Gamma Rays And at the top of the scale are the Gamma Rays. These are very high energy
with very high frequency. There are no typicaldayday uses for this type of radiation.

Electromagnetic Spectrum

Figure80: Electromagnetic Spectrum
Visible

=

700,600 500.-400 Wavelength (nm)

< Radio Waves ‘ IR " uv ‘ X-Rays ‘GammaRa>

STTTTTTTTTTTTTTTTTTTT T freauency (hz)

0> 10° 107 10° 10% 102 10 10Y  10¥® 10% 102

STTTTTTTTTTTTTTTTT T T T Wavelength (m)

0% 10% 1 10 10 10° 10® 10° 10%2 10W

AN R

Mountain Human Bacteria Atom Nucleus
Building Fingernail Virus

[y oA A S Atmospheric Opacity
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Component 20 7 Tools for Mere Mortals

Most celestial objects are too far away for us to travel to them to study them. Humans have
only been to theMoon. Even our spacecradire just now at the edge of the solar systestill
light-years from the nearest stars. The only information we are able to get about those objects
is brought to us on electromagnetic radiation.

Our eyeshave pupils that dilate in the dark to about 5 mm in diameter. Atheflight that we

see from distant celestial objects must come in through those two tiny openiigsenable us

to gather more information, we must gather more light. We build large telescopes, some with
diameters of 30meters, whichcollect light coming from those distant objects and focus it down

G2 GKS p YY FT2NJ 2dzNJ SeSaQ LlzZhAatasz 2N G2 aSyR

Refracting Telescopes - Refractors

Galileowas familiar with optics, and that meant he could make lens€he original telescopes
usedlensesto focus the light. These aRefracting TelescopesThey refract the light through
the glass of the lensesGalileo assembled his first telescopel609.

Figure81: Galileo's Telescope

Galile®a ( S hafl dife@ntdPticsthan what isin modern Refracting Telescope$he light
coming from a distant sourcarrivesas parallel rays of light. The objective I€oa the left)
bends the light. On the right end of the telescopefore the light reaches the focal pojra
concaveconcave eyepiece straightens the light before it goes to the eye of the obsefgs.
resulted in rather low magnification and a small field of view.
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Figure82: Kepler's Telescope (Refractor)

Focal Plane

Refractingtelescopes have different optics than what was inside Gdlldo ¢ St Sa 02 LIS @
coming from a distant sourcarrivesas parallel rays of light. The objective I€oa the left)

bends the light. On the right end of the telescomdter the light reaches the focal point, a
convexconvex eyepiece straightens the light before it goes to the eye of the observer. By using
different eyepieces, those with different focal lengths, it is possible to get different
magnifications.Jolannes Kepledesigned this type of telescope in 1611.

Chromatic Aberration There is a problem with this simple design for a refracting telescépe

is called Chromatic Aberration. Tilssthe resultof the fact that different wavelengths of light
focus at different distances from a leng his means the red, blue, and green light will all focus
at differentfocalplanes (sed-igure83).

Figure83: Chromatic Aberration and an Apochromatic Lens

Blue Focus
Green Focus

Red Focus

Incoming Light

Lens drawing by Egmason

73



Astronomy for Mere Mortalg An IntroductoryAstronomyText

Telescopesvith additional lenses to eliminate this are called Apochromatic Refractors.

Reflecting Telescopes - Reflectors

Newtonian Telescope In 1668, Isaac Newtotonstructed the first known reflecting telescope
Newton realized that light could be focused using a parabmlitor. Light that reaches the
mirror will always focus at the focal point for the parabaloitlewtonian Telescope use a
secondary mirror to deflect the light before the focal point to an eyepiece in the side of the
telescope

Figure84: Newtonian Telescope

Newtonian Focus

Prime Focus

Drawing by Krishnavedala

Note the Newtonian Focal Point and thefl TwoO categories of telescope
Refracting and Reflecting

PrimaryFocal Poinin Figure84.

Coude Telescope A telescopéhat uses the
CoudeFocal Point is similar to a Newtonia
Telescope, but the secondary mirror seng
the light back towards the primary mirror|
Before it reaches the primary mirror it i
redirected by a tertiary mirror out of the
telescope. In large research facilities this e
is often done through the Altitudeaxis of Coude Focus
rotation. This is simpler if you want to us
fiber optics to send the signal to a contrg
room or additional instruments.

Figure85: Coude Focus

Drawing by Jailbird
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Cassegrain Telescoped.arge aperture newtonian telescopes become very large. It is easy to
imbalance them by connecting a heavy camera or @Clhe NewtonianFocus. Cassegrain
Telescopes were developed to provide shorter telesclgpgiths and centerline installation for
cameras and CCDs. These often called Catadiopric TelescopeshisTmeans that they
incorporate mirrors and lenses in their design.

Figure86: Cassegrain Telescope

- —

Cassegrain

Focus

Drawing by Griffinjbs

The light is folded inside the telescqpso the length of the telescope is roughly half of the
length of a similar Newtoniaifelescope. The light reflects off a Primary Mirror, reaches the
secondary mirror and is then reflected back through a holghi& primary mirror to the
Cassgrain Focal Point.

Two common types of Cassegrain Telescapesthe SchmidCassegrain and the Maksutov
Cassegrain. These variations have a thin glasshanthe light passes through as it enters the
telescope

Focal Points Sodepending on the mirror configuratiorihere arefour focal pointsused in
astronomical telescopes

Prime Focus The four focal points:
NewtonianFocus ﬂ Prime Focus
Coude Focus _
Cassgrain Focus M Newtonian Focus
9 Coude Focus

9 Cassegrain Focusg

= =4 =4 4
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Other Designs There are many other designs Figures7: Altitude/Azimuth Mount
telescopes that have been developed to try
enhance the quality of the image. The on
presented here are the types that are most
common, and that we will encounter in this clasg

Altitude/Azimuth (Alt/Az) Mount. An Alt/Az
mount is a simple mounting for a telescopk lets
the telescope move up and down (altitude) a
the telescope can rotate (azimuth). This is idg
for a manually operated telescope since t
movements align with the orientation of thg
observer. If you are using this mount and takir®
images with your telescope, it is necessary to make guiding adjustments in both altitude and
azimuth. This is more complex and not ideal for taking images. The maintpke, easy to

use and much lighter than an equatorial mount.

Photo by Bashir001

Equatorial Mount Anequatorial mount is designed Figure88: Equatorial Mount
to follow objects in the night sky as they move acrg '
the sky due to the Earhbad NG| (0WRY
movements are in Declinatior(angle above and
below the Celestial Equatprand Right Ascensio
(angle along the Celestial Equator). Once you h
found an object, it is only necessary to adjust t
Right Ascension to guide the telescopeDeclination
will not change. This means that Equatorial Mou
(see Figure 88) are better suited to taking images
The mount tilts the telescope at an angle equal to t
20 &SNS NDKis griented thvaai@sSnorth ang Photo by Gn842
it is ready to observe or to take images. Theunt is
heavier than the Alt/Az Mountdue to the counter
weights.

Two types of mounts:

Alt/Az and Equatorial
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Dobsonian Telescope A Dobsonian Telescope is Figure89: Dobsonian Telescope
telescopedesigned to sit on a flat surface. It can
pointed up and down (altitude) and can be rotate
(azimuth). This design was inventdsy John Dobson
in the 1950s (se&igure89). These telescopes are
simple design with a simple mount, and are a ved
cost effective way to make a telescope. The
telescopes are responsible for bringing large apert
telescopes into the hands of the the gener
population. Dobsonian Telescopes are always Al
mounted.

Parts of a Typical Telescope

Phot yJamesSteart69

A refracting telescope has far fewer parts than
reflecting telescope.

Figure90: Parts of a Refracting Telescope

Optical Tube
: - - o Eyepiece -
- Objective | | |
. Lens E

Figure91l: Parts of aNewtonian Telescope

p Eyepiece

Optical Tube

Primary

s
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Component 21 z Recording What We See

When we view objects with our eyewe may marvel at the detail, we may be in awe of their
beauty, but they are fleeting glimpses and are soon goriko continue studying the objects,
and to be able to review them at our leisure, weent want some way to record whate see.

In the early days, this was done on glass plates or withddmeras. Today there are better

tools to capture those images.

The CCD
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The CCDchip (ChargeCoupled Device) ig
an electronics chip that senses photorfs ;'_:
and converts them into electricity. Th§{ =
chip may contain thousands or noihs of
cells, called pixels. Ashd influx of
photons increases the chargeincreases
proportionately. As the number opixels
increases the resolution of the image

also increases.
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CCDchips in astronomy cameras ofte
are black and wie, not color. This
means thatevery pixel is used to capturd
a piece of the image. Color cameras use neighboring pixels for different colors, so the
resolution is reduced. To get a final colg
image, pictures are taken through colg
filters. Each color filter sees only th
specific color of light. When the picture
are combined (stacked) on a compute
the result is a color image. Theost
common set of color filtersare red,
green, and blue. Drawing by Lozere

Figure93: CCD Chip Color Mask

CCDHilters. Standard filters used ta
generate color images are red, green, and blue. Images are taken with no filter and also with

each of the color filters. These images are then combined (stacked) using computer software to

create a fulcolor image.
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Using the CCDData

Spectroscopy If the light from the celestial object is sent through a spectroscope, it will be
broken down into its individual components. This can then be recorded by theaGChe
spectrumcan be analyzed on the computer.

Photometry. Photometry is the study of brightness of the light from an object. @&€ctors,

unlike filmcameras record light coming in linearly. This means ifhadu collect an amount of

light from a star(X) over a time (T), then if you have an object twice as bright it will collect two
times the amount of light (2X) in the same amount of time. tBe, same object recorded for
twice as long will also capture twice the amount of light (2X). This analysis is most often done
using a computer to analyze the pixels in the image.

Astrometry. Another activity that uses Cdbages is Astrometry. With the accuracy of CCD
detectors it is possible to use the computer to calculate the precise location of an object
relative to known objects in the image. This is valuable for tracking theement of asteroids

and comets
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Component 22 z Seeing More Detall

If you are observing with a telescopéting on the ground on Earttihere is only so much you
can do with the telescope itself to improve the images it records.
optics, larger apertures, and higher resolution Gfips, but that is the extent of that which
you control. You still have th@mospherebetween your telescope and the objects. We will
explore technigues that have been pursued to overcome challecgasedby the atmosphere.

Location, Location, Location

For a long time astronomers have bu
their telescopes in locations where thg
atmosphere produces less of a
challenge.  Criteria for placeme
include:

1 High High altitudesc to get

above much of the
atmosphere
1 Dry. Desert climates¢ to

reduce the impact of humidity.
1 Remote to reduce the impact

To eliminate problems from the
atmosphere and light pollution,
we place telescopes:

1 At high altitudes to get

above the atmosphere

9 In the deserts to have low
humidity

1 Remote from civilization

of light pollution from civilization.

¢tKAa Aa oKe Ylye

mountain tops.

and even the mountains of West Texas.

Active Optics

But location is not all you can do. You c
build the mirrors of your telescopso that
in use to

compensate for changes in the atmospherg
This is done by employing computers %
analyze the images and make quick corrections for disturbanddgs can compensate for

changes in the mirror due to temperatuesnd barometric presure changes, changes in the air

they can be adjustedwhile

Figure94: Active Optics Actuators, the Microlensing

2 T GRZ0p 2 NIROYES MOD ReES Y
most productive observatories are located g
Examples would include thg
mountains of Chile, the mountains of Hawa
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temperature inside he dome, and even turbulence in tretmosphere. Changes in dome
designs, mirror temperature control, and mirror shape control all contribute to better imaging
from the telescope. Resolution can be improved to tenths of arsacond, far better than can

be obtained without active optics.

Adaptive Optics

Figure95: The Keck Il telescope on Mauna
Kea, Hawaii with Adaptive Optics Laser

In an effort to further improve the capabilities of
telescope and to compensate for additiona
disturbances in the atmospherastronomers employ
Adaptive Optics Adaptive Optics provides a means
adjust the parts of the mirror in redgime. Using a
laser, an artificial staris created high in the
atmosphere. This artificial star is above most of t
atmosphere and when changes are noted in t
appearance of this star, the mirrors can be adjusted
compensate These changes can be done thousa
of times per second.This provides sharper images ( Photo by Paul Hirst
real stars and other celestial objects. The lowees t
frequency of the light beingbserval, the easier it is
to apply Adaptive Optics. Thisdseto smaller affects on Infraredight in the atmosphere than
Visible Light. Also, the lower the frequency, the greater the tolerances for making adjustments.
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Component 23 7z Space from Space

The Earta | Y 2&iHaligls X8/ valuable to lifen Earth, is a hindrance to most
astronomy. Somefrequenciesare able to penetrate the atmosphere to telescopes on the
ground, but some cannot. Visible Light and Radio Wavesiot hindered by the atmosphere
itself, but there are air currents in thatmosphere light pollution, dust, clouds, birds, and
humidity that reduce the quality of images taken in the visible part of the spectrum
Fortunately,Radio Waves are not impacted.

To eliminate these problems, all you need to do is eliminate the atmosphE&ne solution is to
place telescopes in space. Initially, small telescopes and observatories at many different
frequencies were placed on satelliteschese were followed by larger and higher resolution
observatories. These large observatories 3

often referred to as the Great Space Observatorie We put telescopes in

SpitzerTelescope (Infraredight) space to overcome

HubbleTelescope (Visible Light) _ _
Chandrax-Ray Telescope prOblemS with |00klﬂg

ComptonGamma Ray Observatory through the atmosphere
1 James Webldelescope (Infrared Light)

= =4 =4 A

In 1946 Lyman Spitzer proposed placing telescopes in space. The result of his lobbying was the
launch of the Hubble Space Telescapd990. But there were many observatories befaad
since,Hubble.

Figure96: Hubble Telescope

Visible Light Observatories

was to accurately measure the locations of stars. It
followed by the Hubble Telescope in 199@Hubbleand
James Weblhave yielded an incredible number of imageg
of objects and deep space fieldhe Hubble UltrdDeep
Field image is roughly the size of a full moofhe early galaxiessible in the image are 13.2
billion lightyears away. This means they are the universe as seen roughly 450 million years
after the Big Bang Almost esery object inthe Hubble Ultra Deep Fieldhageand the James
Webb Deep Field imags a galaxpr proto-galaxy.
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Figure97: James Weblbeep Field Image
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Component 24 7z Seeing Beyond the Visible

There are many forms of electromagnetic radiation that we are not able to see. Some we can
sense (Infrared.ight makes us feel warm, Ultravioleight causes sunburns and skin cancer),
some we use (Radio Wavies communications, -Rays
to see broken bones), but all of them are travelli Figure9g: FAST Observatory
through the universe with information to share.To
GasSsS¢é GKSasS 20KSNJ T2Nxa
special instruments that can detect it and that ca
provide the information they contain in a way that
can understand it.

Radio Observatories

Copyright Jeff ai, )

We construct very large telescopes to detect Ra( Used with permission.

Waves The largest singldish radio telescopeis the
FAST (Fivehundredmeter  Aperture  Spherica
Telescope)ocated inChina It wasbuilt using mountains ag Figure99: Off-Axis Optics
the base and began operation in September 201@he
sensors that detect the radio waves are located at the pri
focus and are suspended from cables. Since the telesq
OFyQiu LRAY(d {d alLIS Ganbdndved
along the cables to point in slightly different directions.

The largest radio telescope in th

world, FAST, is located in China

The largest steerable radio telescopethe world is the
National Radio Astronomy Observatory (Breen Bank
WV. It has a dish that is over 300 feet across and sta
at a total height of over 450 feet. The receiver
located at the prime focus, but the dish is designed
0KS LINAYS F20dza A-BEREF

IS no obstruction to the incoming light.

azZ2¥¥

Photo by NOAA
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Infrared Observatories

Infrared and Ultraviolettelescopes are very similar i
design to Visible Light Telescopes. The detectors
designed to detect light at the different wavelength
Since these frequencies of light do not penetra
through the atmospherevery well, these are not
productive as groundbased telescopes.

Thefirst large Infrared Telescope is the Spitzer Spay

Figurel0Zl Spitzer Telescope

Telescope This telescopavas launched 003 and
was placedinEarhba 2NDAG F2ff26Ay3
it to be far from the infraredadiation of the Earth.

0KS 9 NIK

The position of the Spitzer Telescope is the mectanglein the blue orbit inFigure102.

is the blue dot. The whitdot is Venusand the reddot is Mars

02

Earth

Figurel02 Spitzer Telescope Orbit
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The most recent Infrared telescope is the James Webb Sf| Figure102 James webFelescope
Telescope. It was launched on December 25, 2021.
telescope observers near and mrared light. The mirror
is gold to better reflect infrared light.

To increase its sensitivity to infrared light, the telescope
located in an orbit around the Earfioon L2 Lagrange Point.

Figurel04: James Webf@elescope Orbit

Ultraviolet Observatories

Figurel05 GALEX Telescope

In 1968 the OAQ observatory was launched to study t
stars in ultraviolet. There was no Great Space Observato
study ultraviolet light from space, but there is an instrume
on the Hubble Telescope that images in the ultraviolet.
most notable being the Galaxy Evolution Explof@ALEX)
launched in 2003.
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X-Ray Observatories

The firstX-RayObservatory was launched in 1970 called tf| F9uret04 Chandra Telescope
Uhuru. The ChandraRay Telescop@ne of the Great SpacH
Observatorieswas launched in 1999. Unlike telescopes t
observe in other parts of the electromagnetic spectruXa
Ray Telescopes must use nested concentric rings to foc
Ray photonsbecause they are so powerful they would f
through parabolic dishes.

X-Ray Telescopes use nested rings
focus the powerful )Ray photons.

Figurel07: Chandra Telescope Structure

4 Nested Paraboloids
4 Nested Hyperboloids

Field of View
%+.5 Deg

10 meters

Mirror elements are 0.8 m long and from 0.6 m to 1.2 m diameter
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Gamma Ray Observatories

Gamma Raysire very powerful photons They
are so powerful that the cannot be focussed a
all. So there are no Gamma Ray Telescopes

1972 the Second Small

(SAL) was launched to study Gamma Rays.
1991 the Compton Gamma Ray Observatq
was launched as one of the Great Spa

Observatories

Figure08: Compton Gamma Ray Observatory

Astronomy Satell

Gamma Rays are sowerful

t hat t hdogusdt an

Figure109 Moon Image
(Gamma Rays)

The mission for the Compton Gamma Ray Observanded in
2000. It completed an adlky survey in Gamma Ray frequencies.
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Component 25 z Seeing it All

Different telescopes have taken surveyfghe entire sky. At different frequencies they tell us
information about different sources of photon§Vithout information at all these frequencies,
we are still in the dark.

Figurell0: Radio All Sky Survey Figurelll Ultraviolet All Sky Survey
(PLANCK) (GALEX)

Figurell2 Infrared All Sky Survey
(WISE)

Figurell6: Visible Light All Sky Image Figurell7: Gamma Ray All Sky Survey
(EGRET)

Information at different frequencies: combine
we have a more complete picture of the unive
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Component 26 7 Interferometry

Another technique that will improve the resolution in an image is cdliéerferometry. This is

the combining of signalsom multiple telescopes that are taken at the exact same tifhbere

is a difference in the signal that each telescaopeeives because of the distance between the
telescopes.Sometimes the signals are synchronized and sometimes they aré/Moen these
signals are combined the result is constructive and destructive interference that emphasizes
the signaland enhances the resolution of the objects in the image

The improved resolution is equivalent to a telescojge
with a mirror or dish that is the diameter of thg Interferometry uses

grouping of telescopes. This means that rag omultiple telescopes t
telescopescar_l at.tgln rgsolutlons similar to those th improve resolution
are available in visible light telescopes.

Timing however is critical. The shorter the wavelengktie more difficult it is to synchronize

the telescopes. Radio Wave Interferometry is the easiest to do. It can also be done with
Infrared Lightand Visible Light Shorter frequencies require coordination and timing that is not
available today.

Figurel18 VLA in New Mexico

VLA Zz Very Large Array

One Radio frequency interferometer i
called theVLA the Very Large Arrayit is a
group of 27 radio telescope | a
pattern. Each telescopes 82 feet in
diameter and the dishes can beovedto ‘
positions22 milesacross e

Photo by CGP Grey

VLBAZ Very Long Baseline Array

Another even larger configuration of radio telescopsscalled the Very Long Baseline Array
(VLBA. 10 Telescope are located across the Eartth can be configured to a total baseline size
of 4970 miles.
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Figurel19 VLBA World Map

VLT z Very Large Telescope

The Very Large Telescofd ) array is a group of fou
Visible Light Telescopes located in the mountains
Chile. Each telescopge 8.2 meters in diameter.By

using all four telescopes and

astronomers get a resolution 25 times better thg
when they use a singe telescope.

objects at magnitud&0.

interferometry, t

They are able to

Figurel21 Horsehead
Nebula

Photo by the ESO

Photo by the ESA

Interferometry can be done with
Radio, Infrared and Visible Ligh
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Component 27 z Photons from Electron Energy States

Photons are the patrticles that transmit energy of the electromagnetic for8ait where do
photons come from? Photons are created hybrating chargedparticles: electrons and
protons. Photons of different frequencies come from different sources.

Figure122 The Hydrogen Atom Electron Energy States

Electrons surround the nucleus of atoms. Different
atoms have different numbers of electrondt is easiest
to understand how these electrons behave we start
with the simplest atom of all, Hydrogen

Hydrogen has one electronand one proton. The
electron does not orbit the nucleus like a planet orbits
the sun, but it exists in a shell surrounding the nucleus.

Hydrogen

_ For comparison, Carbon has 6 protons, 6 neutrons, and 6
Figurel23 The Carbon Atom L.
electrons. The electrons exist in two shells.
< Ground Stateand Excited States When you have more
electrons you have more shells. Each of these shells
represents an energy level. In an undisturbed atom the
electrons will be in their lowest energy state, their
Ground State But when photonswith just the right
amount of energy impact the electrons they are
absorbed and the electrowill move to a higher energy
state, andExcited State There is an unlimited number
of these Excited StatesThere is also one ultimate state,

where the electron is ejected from the atom. This is caldedzation

Carbon

Photon Emissions When an electrondrops )
from an Excited Stat® a lower Excited State of| NOt all photons emitted b

to the Ground S'.[ateit emits a photon Each atoms are Visible Light
photon for every jump by each electron in eadt

atom has a unique frequency.
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Electrons on their way back to the Ground Sta )
may either jump to itdirectly, or they may]| Photons returning to the

cascadethrough multiple jumps. Each jump cdh Ground State may jump

be through one or more energy states. Eqth .
jump emits a photon Directly to the Ground

State, or they may Cascau
lethrough multiple jumps

HydrogenElectronTransition Series There are
groupings of the transitions based on

destination of the jumps. These are calj
series, and some of them have specific names.

d

1 LymanSeries; Jumps ending in the Ground State (infrared)

1 BalmerSeries; Jumps ending in the®Excited State (visible light)
{1 PascherSeries; Jumps ending in the"2Excited State (ultraviolet)
1 BrackettSeriesg Jumps ending in the8Excited State (ultraviolet)
{1 Pfund Serieg Jumps ending in the™Excited State (ultraviolet)
1 Humphreys SeriesJumps ending in the'5Excited State (ultraviolet)

Figurel24: The Hydrogen Emission Series

Lyman Series

[

Brackett Series
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The concept continues to higher levels as well, but
they do not have specific names.

The two that you
should know by name
are the Lyman Series
and the Balmer Series

Transition for electrons in the hydrogertom can be
calculated. Since there is only one electionthe
atomthe process is rather simple.

Table6: The Greek Alphabet

h -alpha
I ¢ beta

I ¢ gamma
1 ¢ delta

5 ¢ epsilon
Yy ¢ zeta

' Ceta

‘ ¢theta
‘ciota

¢ ¢ kappa
<¢ lambda
>-mu

A-nu
V- Xi

To do this, us¢he Rydberg Formula

~ - omicron
- pi

" -rho

* -sigma
_-tau

. -upsilon
» - phi

. -chi

- -psi

. -omega

Equation4: The Rydberg Formula

<=Wavelength

R = Rydberg Constant:097 x 10" m'
nl = Final Energy State

n2 = Initial Energy State

To use this formula you need to input the two Ene8ygates. For the Ground Statse n = 1.
For the P Excited Stateise n =2. For th"?Excited State use n=3, etc.

Examplel: The Rydberg Formula, an Example

The name of the Series tells you the Final Energy State. Lyman = 1, Balmer = 2,
¢KS DNBS]T [SGGSNI G0Stfa &2dz aFdesH2yek.G A

For the BalmebDelta transition: N1=2 N2 =

6

P

P

p

Pt wdp i 2
P

P
¢

P
oo

P

P8t wedp it
P

p
T

. g
Pt WP i 2 o

TPpTEpMT & T PAE &

P8t w?
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A photonof that wavelengththat impacts the hydrogerelectron will cause that electron to
jump from the ! Excited Statéo the 5" Excited State. If the electron then jumps back directly
to the It Excited State, it will emit that same wavelength photon.

Figurel25 Hydrogen 1st Excited State

Figurel26: To the 5th Excite State

Figurel27: Direct Back to Ground State

S

Figure128 Cascade Back to Ground
State
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Component 28 z Black Body Curves

In the ideal case, an object with a temperatuealiates a continuous spectrum the shape of a
black body curve

Blackbody Curves

Asthe temperature ofan objectincreases
the curvechanges:

l

Total area under the curvetotal
energyemitted increases.
Peakintensity gets higher.
Peakfrequencygets higher.

Peak wavelengtlgets shorter.

As temperatur
1 Peak Intensity Increases
1 Peak Frequency Increas

91 Total Energy Emitted
Increases

Figurel29 Black Body Curves

Intensity

Wavelength (nm)

. 40,000K
30,000 K

25,000 K
20,000 K
15,000 K
12,000 K
10,000 K
8,000 K
6,000 K
5,000 K
4,000 K
3,000 K
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Temperature Scales

In astronomy, temperatures are most often shown in Kel). In the United States,
temperatures are most often shown in degrees Fahrenl{&i). Much of the world uses
degrees CelsiusC).

Celsiusand Kelvinare the same temperaturscale]] AStronomers measure

bgt Kelvin is 273° more than Celsius. Fahrenised] temperatures in Kelvin
bit more complicated.

Equation5: Converting Between Temperature Scales

Y Y ¢xo or Y 'Y ¢XxoO

Water freezes at 32° F. This is equal to 0° Z78K.
Water boils at 212° F. This is equal to 100° E78K.
Absolute zerpthe point where all motion stops, K. This is equal t273° C or459° F.

Hydrogenfusion occursat 10 million® C. This is equal to 10,000,273 K or 18,000,032° F.
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Component 29 z Kirchhoff6 O , Ax O

Gustav Kirchoff noticed that there was a relationship to spectra observed and their path to us.
He summarized his findings Kirchh2 ¥ ¥ Q aGoVelniggahe Formation of SpectraHis laws
state:

1. FirstLaw A hot solid, liquid, or dense gas will emi€antinuous Spectrum

Figurel30: Continuous Spectrum

2. Second Law A low density gas will emit light in a spectrtimat has bright lines that are
specific to the elements and moleculiesthat gas. Tha areEmissiorLines

Figurel31 An Emission Spectrum

3. Third Law A Continuous Spectruriat travels through a cool thigas will have dark
lines that are specific to the elements and molecutethat gas. These awbsorption
Lines

Figurel32 An Absorption Spectrum

The application of this to astronomy is that we can learn information about the source and the

history of light from distant objts by ) ~ -
examining their spectra. Kirchho f f 0 defihedhe s

type of spectrum we see
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Figurel33 What WeSee

Absorption Dust Cloud
Spectrum

Continuous
Spectrum

Emission
Spectrum

The observer on the left would see an Absorption Specthenause the dust in the cloud
would remove specific frequencies from thHight reaching the Earth The observer at the
bottom would see some of those frequencies reemitted in their direction as bright lines of an
Emission SpectrumThe observer on the right would see the continuous spectofitine star
because there is no intervening gas and dust cloud

When we examine spectra seen on Easttme
of the frequencies are absorbed by thg
atmosphere  The vyellow in the drawing Spectrum of Solar Radiation (Earth)
represents the spectrumof the Sun as it is ""” ireres g
emitted from theSund ST2NB A 0 Syl B g KS. 9. NI KQ&
atmosphere. The red in the drawing represergs o

Figurel34: Blackbody Curve with Absorption Lineq

N
n

w
Wh%/nm)
—

nce (
=
i

N

Ideal blackbody, (5250 °C),

(iKS &LISOGNMzy & asSsSy i dza3 K UKS 9 i KQ&
atmosphere. The black line represents the iddal = | N
blackbody curve for an object the samg b o

_—

ofo
1 H 250 500 750 1000 1250 1500 1750 2000 2250 2500

temperature as the sun. This represents th Wavelength ()

image as seen by the observer on the left in the

drawing above.

Drawingby Nick84
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Component 30 z More Energy States

As was noted previously, many bright lines seen in spectra come from phetoitted when
an electrondrops from an excited state to a lowésgvel. But there are many morevents
which can cause a photdo be emitted.

Figurel35: 21-Centimeter Radiation

Atoms
Excited State

Electron energy state changes can generat®tons that
are infrared visible light, and ultraviolet. When you havg 1
more than one electronyou get bright lines from each o g

. Ground State
the electrons and there is an effect from other electrons
the atom. So unlike the Rydberg Formthat is useful for
calculating the emission lines for hydrogensimilar formula does not exist for other element

There is an additional form of radiation that is emitted when an electhat is excitedwith a
spin that matches the proton in the hydrogeratom returns to ground state It is called?1-
CentimeterRadiation. This is part of the Radio Spectrum.

Molecules TheEmission Spectra
When you have atoms combined to formolecules || for Molecules is More

there are more emission lines than you wo
expect from the atoms individually. The spectr Complex than for Atom

for molecules is more complex than for atoms.

Figure136: Atomic Hydrogen vs. Molecular Hydrogen Spectra

Atomic Hydrogen

Molecular Hydrogen
]
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Molecules also have pierred states for theirrotation Figure137: Molecular Rotation
and vibration. When they are excited and return to tH
ground state they emit a photon A change to a lowe
energy state in Rotatiomill emit a photon in theRadio ~ Q@@ L0 Faster Rotation
part of the spectrum A change to a lower energy state
Vibration will emit a photon in thelnfrared part of the
spectrum.

L OOO Slower Rotation

Figure138 Molecular Vibration

g B

L QOO Faster Vibration

1

L QOO | Slower Vibration

Molecules emit photons when:
1 their vibration state returns to the ground state
1 their rotation state returns to the ground state
1 the rotation direction for their electron returns to the
ground state
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Component 31 z The Doppler Effect

There are times when astronomers look at lines in spectra, and they are not at the frequency
that they should be. Sometimes they are moved toward the red end of the spectath
sometimes they are moved towards the blue end. This is due to radial motion of the object
being observed.

Radial Motion Figure139 True Motion

Radial Motionis the movement
of an object towards or awa

from the observer. It is one Transverse Motion
part of True Motion The other

component of True Motion i True Motion

Transverse Motion We can

measure Transverse Motion Radial Motion

taking images at two differen
times and measuring the
movement of the staiover the
time between the images.

Doppler_Effect

Figurel40: Doppler Effect

{3 Star

Lines Appear
Normal

Star

Lines Appear  Spacecraft Lines Appear
Red-shifted — Blue-shifted
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As a spacecrafis moving, the light from the stars in front of the ship appears to be shifted
toward the blueend of the spectrum(blueshift). This is because as each crest arrives at the
spacecraft the spacecraft has moved a little closer towards the stdre crests arrive faster
than they should. They are closer together, thhequencyis higher, and gpears to have
moved in the blualirection.

Light from the stars behind
The Doppler Effect is a change in the ship appears to be shifted

frequency due to radial motion. It let

toward the red end of the
spectrum (redshift). This is
us cal cul at e an (] because as each crest arrives
at the spacecraft the
spacecraft has moved a little
further away from the star The crests arrive slower than they should. They are further apart,
the frequency is lower, and appears to have moved in the red direction.

Equation6: Doppler Effect Calculation

e 7,,(“)‘r‘],r‘]c‘bicii'b"r‘bb‘Qd‘Qéé‘Qf‘)c‘) @d Qo V& Ko
YQwQi Xt & e e —
0 WO W@ Qua V& Qo

Recession Velocity how the object is moving away from you.

Actual Wavelength = the wavelength that the object should be displaying.
Apparent Wavelength = the wavelength that the object appears to have.
C = the speed of light.

This is the same effect we hear with sound waves. Police sirens, train whistles, and other noises
change from a higher frequency as the object is approaching to a lower frequency after the
object has passed. We use the Doppler Effacbur daily lives when the Police use radar
detectors to measure our speed, and when the weathermen measure the motion of raindrops
in a thunderstorm.

We use a common line in the spectra with a known wavelengtith as the Balmer Series
HydrogerAlpha: 656.3 nm. We measure the apparent wavelength from the lines that appear
in spectra.

We can then combine this radial velocity with the transverse velocity that we can measure from
AYF3Sa FyR ¢S OFy OFfOdAFGS GKS 262S00Qa G NHzS
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Component 32 z The Language of Light

There are many things that we can learn about an object by studying its spectiims is a
summary of the things we can measure and what they tell us.

Peak Frequency the Temperatureof the object.

By determining the peak frequency of the light ¢l from an object we can telts surface
temperature Some stars are so hot that their peak temperature is not in the visible part of the
spectrum it is in the ultraviolet.

Doppler Shift¢ the RecessiorVelocity of the object.

A change in the frequency of known lines in the specttalis us the recession velocity of the
202S00® CKAA Ad SALISOALf & foldistd dafaxieg KSy O2Y0 A
Presence of Linesthe Compositionof the object.

Every element has a unigue signature; a unique set of lines. By deciphering those lines it is
possible to identify individual elements and molecupgssent in the object or an intervening

dust cloud These lines may be present outside of the visible part of the spectitimey could
be radio, infraredvisible, or ultraviolet.

Figurel4l Light from a Rotating Star

Width of the Lines ¢ Rotation, Temperature
Turbulence, Magnetic Field

Lines have different widths depending on tRE
environment where they were born. Many differe
factors have an impact on line width. If an objectlfis
rotating, one side of the object will be reghifted. The
other side will be blueshifted. These effects from acrogs
the disk of the object combine to create broader lin
centered on the frequency of the line.  Highgr
temperatures cause the atoms and molecutesmove
faster. If they are moving away from the observer whgn
they emit their photonghen the light will be reeshifted.
Otherwise they will be blushifted. The combination of all these photons will yield a broader

line. Turbulence works the same way. Magnetic fields have the effect of creating multiple lines
for each transition. Often these lines are so close together that they appear as broader lines.
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Component 33 z How Far is That?

Measuring the distance to an object is an important part of astronomy. Depending on how far
away the object isdifferent techniques are needed to measure the distance. On Eastltan

use a tape measure to determine a distance, but sometimes the distances are still too great to
measure them manually. When this is the case, there are technological solutions we can use.
There are also many different techniques for measuring astronomical distances.

The Distance Tools

We will discuss 7 differenechniques used to measure ashomical distances.

Table7: MeasuringAstronomicalDistances

Technique

Minimum Distance

Maximum Distance

Radar

0

10 AU

Stellar Parallax

0

660 lightyears

Spectroscopic Parallax

0

66,000 lightyears

Cepheid Variable Stars

100 lightyears

10 million lightyears

Tully-Fisher Relation

1 million lightyears

1 billion lightyears

Type la Supernovae

1 million lightyears

3.3 billion lightyears

Hubble's Law

660 million lightyears

(no upper limit)

Equation7: Measuring Distance with Velocity

Inside the Solar System Velocity:

Table7 shows the distances that areeasurable
by each of the techniques we will discuss. Ins
the solar system we measure distances in A
The Oort Cloud, in the most distant reaches

WQa £ OOURDHO dYARQ

Distance:

the solar system, is at a distance of roughl OQl ow 30
light-year. This means thaRadarand Stellar

Parallaxwill meet our needs.

Velocity is the Speed of Light
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Radat Radar transmits
radio waves in the directio
of an object. They bouncsg
off that object and return in
our direction. Since w¢g
know that radio waves
travel at the speed of light
we can calculate the
distance based on how long
it takes the signal to return.
In astronomy, radar will
work for distances out to
about ten AU. This would
be a circle centered on the
Earth reaching to Saturn
Mercury, Venus Mars and
sometimes  Jupiter are
within the circle and we
would are able to measure
their distances from Earth.

Stellar Parallax Stellar Parallax is based on
technique that we use on Eartto measure long
distances in  surveying:
Triangulation and Stellar Parallax use trigonome
to measure the distance to a far object based o
measured baseline distance and a measured an(

Figurel42 Using Radar in the Solar System

Triangulatio

Figurel43 Triangulation
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