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P R E F A C E

T h e s e p r o g r a m s a r e i n t e n d e d t o h e l p n o n - s c i e n t i s t s l e a r n
a b o u t a s t r o n o m y a n d s p a c e e x p l o r a t i o n . T h e y r e q u i r e n o k n o w
l e d g e o f m a t h e m a t i c s o r c o m p u t e r p r o g r a m m i n g . I h a v e t r i e d
t o i n c l u d e a l l t h e n e c e s s a r y i n s t r u c t i o n s f o r t h e i r u s e i n t h i s
manua l .

T h e s e p r o g r a m s a r e m e a n t t o s u p p l e m e n t t r a d i t i o n a l m e t h o d s
o f l e a r n i n g a s t r o n o m y s u c h a s b o o k s a n d l e c t u r e s . A l t h o u g h
t h e s e p r o g r a m s c a n n o t r e p l a c e t h e o l d e r t y p e s o f p r e s e n t a t i o n s ,
t h e y c a n m a k e m a t e r i a l m o r e i n t e r e s t i n g a n d e a s i e r t o u n d e r s t a n d
b y m e a n s o f p i c t u r e s a n d s i m u l a t i o n s t h a t c a n b e c o n t r o l l e d b y
y o u , t h e u s e r . N o m a t t e r h o w l o n g y o u s t a r e a t a b o o k ' s p h o t o
g r a p h o f J u p i t e r ' s m o o n s , y o u w o n ' t s e e t h e m m o v i n g a r o u n d t h e
p l a n e t , o r s e e t h e m a s t h e y w o u l d l o o k f r o m a p o i n t a b o v e
J u p i t e r ' s N o r t h P o l e . T h e p r o g r a m e n t i t l e d J U P I T E R ' S M O O N S l e t s
y o u d o b o t h - - a n d a l o t m o r e b e s i d e s .

Computer programs are a more dynamic medium than books.
Yo u , t h e u s e r , c a n i n t e r a c t w i t h t h e m , t e l l t h e m w h a t t o d o a n d
w h a t t o s h o w y o u . E v e r y p r o g r a m o n t h i s d i s k e t t e c a n b e r u n
o v e r a n d o v e r a g a i n i n a l m o s t i n fi n i t e v a r i a t i o n s . B y r u n n i n g
a p r o g r a m r e p e a t e d l y, c h a n g i n g w h a t i t s h o w s y o u a b i t e a c h
t i m e , y o u c a n r a p i d l y l e a r n m a t e r i a l t h a t i s f a r h a r d e r t o
g r a s p u s i n g o t h e r m e t h o d s .

I t ' s a l s o s u p p o s e d t o b e f u n , o f c o u r s e . A s t r o n o m y i s
f a s c i n a t i n g t o n e a r l y a n y c u r i o u s a n d i n t e l l i g e n t p e r s o n , a n d I
s e e n o r e a s o n w h y i t n e e d s t o b e p r e s e n t e d i n a d r y a n d t e d i o u s
w a y. O n t h e o t h e r h a n d , y o u W I L L n e e d t o s p e n d t i m e a n d t h o u g h t
o n t h e p r o g r a m s . T h e y a r e e a s y t o u s e , b u t a d e e p u n d e r s t a n d i n g
o f w h a t t h e y p o r t r a y a n d r e p r e s e n t c o m e s o n l y w i t h s o m e e f f o r t
o n y o u r p a r t . A s t r o n o m y i s a w e - i n s p i r i n g ; n o o n e s h o u l d e x p e c t
t o u n d e r s t a n d i n a f e w m i n u t e s a c o n c e p t w o r k e d o u t a f t e r y e a r s
o f r e s e a r c h . T h e s e p r o g r a m s w i l l h e l p y o u t o l e a r n a s t r o n o m i c a l
c o n c e p t s f a s t e r a n d m o r e t h o r o u g h l y, b u t t h e y c a n ' t d o y o u r
t h i n k i n g f o r y o u .

M y e f f o r t s i n p r o d u c i n g t h e s e p r o g r a m s w e r e g r e a t l y a i d e d
b y m y i n t e r a c t i o n w i t h s e v e r a l h u n d r e d s t u d e n t s w h o h a v e s t u d i e d
a s t r o n o m y w i t h m e a t G u i l f o r d C o l l e g e o v e r t h e l a s t n i n e y e a r s .
T h e i r a d v i c e , c r i t i c i s m s , a n d c o m p l i m e n t s h a v e m a d e m e a b e t t e r
t e a c h e r a n d p r o g r a m m e r. I h a v e b e e n i n s p i r e d a n d e n c o u r a g e d b y
m y w i f e , D r . R o s e S i m o n , w h o s e c o n s i d e r e d b e l i e f i s t h a t n o t h i n g
w h a t e v e r w o r t h w h i l e h a s b e e n d o n e s i n c e 1 7 9 9 , s a v e f o r t h e
i n v e n t i o n o f t h e m i c r o p r o c e s s o r . I w o u l d a l s o l i k e t o t h a n k o u r
c l o s e f r i e n d s , P a u l a a n d K e n J o r d a n , w h o s e t a l e n t s , a m b i t i o n ,
r e s o u r c e f u l n e s s , a n d p o w e r f u l v o c a b u l a r i e s h a v e s e r v e d a s s t r o n g
e x a m p l e s t o m e t h r o u g h o u t t h i s w o r k . F i n a l l y , I g r a t e f u l l y
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acknowlege the efforts of Dr. Bob Dukes of the Col lege of
Char les ton and Dr. La r ry K i rpa t r i ck o f Montana S ta te Un ive rs i t y,
w h o c a r r i e d o u t t h e i r r e s p o n s i b i l i t i e s a s r e v i e w e r s w i t h v i g o r
and enthusiasm.



I N T R O D U C T I O N

T h e s e p r o g r a m s a r e s u p p o s e d t o h e l p p e o p l e l e a r n
a s t r o n o m y . I n o r d e r t o a c c o m p l i s h t h i s , I ' v e w r i t t e n t h e m s o
they can be run by peop le w i t h no know ledge o f p rog ramming .
H o w e v e r , y o u c a n ' t j u s t w a l k u p t o t h e A p p l e a n d a s k i t f o r
h e l p i n u n d e r s t a n d i n g d o u b l e s t a r s . T h i s i n t r o d u c t i o n w i l l
g i v e y o u t h e i n s t r u c t i o n s y o u n e e d t o g e t s t a r t e d . A f t e r t h a t ,
e a c h i n d i v i d u a l p r o g r a m h a s i t s o w n i n s t r u c t i o n s i n t h i s
manua l .

B e f o r e I e v e n g e t s t a r t e d , t h o u g h , I w a n t t o g i v e y o u a n
i n v i t a t i o n . I w a n t t h e s e p r o g r a m s , a n d t h e i n s t r u c t i o n s ,
t o b e a s u s e f u l a s p o s s i b l e t o y o u . ' F o r t h i s r e a s o n , I w a n t
y o u r c o m m e n t s a n d s u g g e s t i o n s . Te l l m e w h a t y o u l i k e a s w e l l
a s w h a t y o u d o n ' t l i k e ; I p r o m i s e n o t t o b e i n s u l t e d . T h e
a d d r e s s i s

Sher idan A . S imon
P h y s i c s D e p a r t m e n t
G u i l f o r d C o l l e g e
G r e e n s b o r o , N C 2 7 4 1 0

F o r m a l i t i e s c o n c l u d e d , l e t ' s g e t o n w i t h t h e i n s t r u c t i o n s .
Yo u s h o u l d h a v e a v a i l a b l e t h i s i n s t r u c t i o n b o o k , a n A p p l e I I
c o m p u t e r w i t h a T V m o n i t o r a n d a d i s k d r i v e , a n d a d i s k . T h e
d i s k i s t h e s q u a r e t h i n g w i t h t h e h o l e i n t h e m i d d l e , a b i t
o v e r fi v e i n c h e s o n a s i d e .

Yo u m a y n e v e r h a v e r u n a c o m p u t e r b y y o u r s e l f b e f o r e .
I f s o , s i t d o w n i n f r o n t o f t h e A p p l e ' s k e y b o a r d , w i p e t h e
s w e a t o f f y o u r h a n d s , a n d c a l m t h e b e a t i n g o f y o u r h e a r t .
A p a r t f r o m t h e p o s s i b i l i t y o f e x p l o d i n g w i t h s u f fi c i e n t f o r c e
t o v a p o r i z e t h e s o l a r s y s t e m , w h i c h I a s s u r e y o u i s v e r y
u n l i k e l y , t h e A p p l e i s h a r m l e s s , a n d e v e n f r i e n d l y . S e e ?
Yo u ' v e b e e n s i t t i n g t h e r e t h i r t y s e c o n d s a l r e a d y w i t h n o
i l l e f f e c t s .

T h e c o m p u t e r p r o g r a m s y o u ' r e g o i n g t o r u n a r e r e c o r d e d
o n a t h i n g c a l l e d a d i s k . A d i s k h a s m u c h i n c o m m o n w i t h a
r e c o r d . I t s p i n s a r o u n d i n s i d e t h e d i s k d r i v e , w h i c h a c t s
l i k e a h i g h - s p e e d t u r n t a b l e , a n d t h e d i f f e r e n t p r o g r a m s c a n
b e t h o u g h t o f a s c u t s o n t h e d i s k . O n e d i f f e r e n c e b e t w e e n
d i s k s a n d r e c o r d s i s t h a t d i s k s , l i k e t a p e s , a r e m a g n e t i c .
They can be e rased and reco rded ove r.

Yo u r d i s k i s s e a l e d i n s i d e a b l a c k , s q u a r e p a c k a g e , a n d
y o u s h o u l d n ' t o p e n i t . I f y o u d o , y o u ' l l r u i n t h e d i s k a n d
h a v e t o b u y a n e w o n e . D i s k s a r e m o r e d e l i c a t e t h a n r e c o r d s ,
a n d y o u h a v e t o t r e a t t h e m w i t h r e s p e c t . H a n d l e t h e m b y t h e i r
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e d g e s a n d d o n ' t l e a v e t h e m s i t t i n g n e a r m a g n e t s , o n s t o v e s ,
o r i n p l a c e s t h e y ' l l b e s a t o n .

S i n c e a l l t h e p r o g r a m s a r e o n t h e d i s k , l e t ' s l o o k a t
i t . I t ' s p r o b a b l y i n s i d e a p a p e r s l e e v e o f s o m e k i n d . P u l l
i t o u t , b l a c k s e a l e d p a c k a g e a n d a l l . O n e s i d e h a s a l a b e l
o n i t , a n d t h a t ' s i m p o r t a n t b e c a u s e t h a t s i d e m u s t b e u p
w h e n y o u p u t t h e d i s k i n t o t h e d i s k d r i v e . Yo u c a n s e e t h e
d i s k i n s i d e t h e s e a l e d p a c k a g e ; b e c a r e f u l n o t t o t o u c h i t .
W i t h t h e l a b e l s i d e u p y o u ' l l n o t i c e a n o v a l o p e n i n g i n t h e
s e a l e d b l a c k p a c k a g e . T h e o v a l e x t e n d s n e a r l y f r o m t h e h o l e
i n t h e c e n t e r o f t h e d i s k t o n e a r l y t h e e d g e . T h e e d g e t h a t
t h e o v a l n e a r l y t o u c h e s m u s t b e t h e fi r s t o n e i n t o t h e d i s k
d r i v e .

N o w o p e n t h e d o o r o f t h e d i s k d r i v e . T h i s w o r k s l i k e
t h e l a t c h o n a s u i t c a s e , a n d fl i p s u p i f y o u p u l l i t a b i t
f r o m t h e b o t t o m . I f t h e r e a r e t w o d i s k d r i v e s , o p e n t h e
d o o r o f t h e o n e l a b e l l e d " D r i v e 1 " o r s o m e t h i n g s i m i l a r .

O p e n i n g t h e d o o r p r o v i d e s a h o r i z o n t a l s l o t j u s t b i g
e n o u g h f o r a d i s k . W i t h t h e l a b e l - s i d e u p , t u r n t h e d i s k
s o t h e e d g e t h e o v a l n e a r l y t o u c h e s i s r i g h t i n f r o n t o f
t h e s l o t i n t h e d i s k d r i v e . R e a d y ? S l i d e t h e d i s k i n t o
t h e d i s k d r i v e . W h e n t h e d i s k i s e n t i r e l y i n s i d e t h e d i s k
d r i v e , y o u ' l l h e a r a s l i g h t c l i c k a n d t h e d i s k w o n ' t s l i d e
a n y f u r t h e r . N o w c l o s e t h e d o o r o f t h e d i s k d r i v e .

T h e n e x t s t e p i s t o t u r n o n t h e T V m o n i t o r . S i n c e t h e
m o n i t o r i s n o t h i n g b u t a T V c o n n e c t e d t o t h e c o m p u t e r , t h e
s w i t c h o u g h t t o b e i n t h e u s u a l p l a c e a n d w o r k t h e u s u a l
way .

N e x t * , t u r n o n t h e A p p l e . T h e s w i t c h i s u s u a l l y l o c a t e d
o n t h e l e f t i n t h e b a c k . I d o n ' t t h i n k t h i s m a k e s s e n s e
e i t h e r , b u t t h e n I ' m n o t a C o m p u t e r m a n u f a c t u r e r . W h e n y o u
fl i p t h e s w i t c h y o u ' l l h e a r t h e d i s k d r i v e s p i n n i n g t h e d i s k
a r o u n d f o r a f e w s e c o n d s , t h e n t h e c o m p u t e r w i l l s t a r t
r u n n i n g t h e i n t r o d u c t o r y s h o w . I ' l l l e t y o u a p p r e c i a t e m y
a r t i s t i c g e n i u s w h i l e t h i s g o e s o n . I f y o u g e t b o r e d w i t h
w a i t i n g f o r i t t o fi n i s h , p r e s s C T R L ( t h e s e c o n d k e y f r o m
t h e b o t t o m o n t h e l e f t s i d e o f t h e k e y b o a r d ) a n d , w h i l e
h o l d i n g i t d o w n , p r e s s t h e C k e y . T h i s w i l l a u t o m a t i c a l l y
s t o p t h e i n t r o d u c t i o n , i f y o u w a n t i t t o , o r y o u c a n l e t i t
e n d b y i t s e l f . O n c e t h e i n t r o d u c t o r y s h o w fi n i s h e s , t h e d i s k
d r i v e s p i n s a g a i n w h i l e m o r e s e r i o u s m a t t e r s a r e l o a d e d
i n t o t h e c o m p u t e r .

O n c e t h e d i s k d r i v e s t o p s s p i n n i n g , y o u w i l l b e l o o k i n g
a t s o m e t h i n g c a l l e d t h e M E N U . I t i s a t a t t l e o f c o n t e n t s ,
a l i s t o f t h e p r o g r a m s o n t h e d i s k :



A EARTH SATELLITE
B MULTI-STAGE ROCKET
C EXPEDITION TO MARS
D ELLIPTICAL ORBIT
E STARSHIP
F JUPITER'S MOONS
G SATELLITES
H COMETS
I SOLAR SYSTEM
J TEMPERATURE AND COLOR
K SPECTRAL TYPES
L BUILD A WORLD
M DOUBLE STARS
N INSIDE STARS
0 EVOLUTION OF STARS
P SPIRAL GALAXIES

Below the l is t o f programs is

TO RUN ONE OF THESE, TYPE ITS LETTER, OR
TYPE Q TO QUIT:

This means exact ly what i t says. I f you press A, the computer
spins the disk for a moment, then starts running the program
EARTH SATELLITE. The instruct ions for indiv idual programs are
i n t h e r e s t o f t h i s b o o k l e t .

The th ings you type are " input . " What the computer
responds wi th is "output . " Somet imes something you input has
to be followed by pressing RETURN, a key on the right side of
t h e k e y b o a r d . T h e i n s t r u c t i o n s f o r i n d i v i d u a l p r o g r a m s t e l l
you when this is necessary.

One th ing that may be comfor t ing is that you can' t "hur t
the computer" by typing something by mistake, no matter how
dumb i t i s . Usua l l y, the compute r can figure ou t wha t k ind o f
mistake you made and te l l you how to correct i t . For example,
i f you are asked to input your age and you type "-18", the
computer might say

THIS HAS GOT TO BE POSITIVE. TRY AGAIN.

and then ask you again to type your age. Occasional ly, you
may make a more creat ive error, l ike typing "&" for your age.
The computer may respond with

THIS HAS GOT TO BE A NUMBER. AGAIN?

a n d l e t y o u t r y a g a i n . I f y o u d o s o m e t h i n g s u f fi c i e n t l y
we i rd tha t the computer can ' t figure ou t what to do nex t , i t
au tomat ica l l y re tu rns to the menu so you can s ta r t over.
None of these things causes any damage, and most of them
happen only by accident. No hassle if you make a mistake
once in a whi le ; computers are very pat ient and won' t te l l



on you .

P l e a s e n o t e t h a t t h e z e r o k e y i s l o c a t e d j u s t t o t h e r i g h t
o f t h e 9 . T h e z e r o k e y l o o k s j u s t l i k e a n 0 w i t h a d i a g o n a l
s l a s h r u n n i n g t h r o u g h i t . D o n ' t c o n f u s e i t w i t h t h e l e t t e r 0 .

When you type a number for the computer to use, DON'T USE
C O M M A S . 1 0 0 0 0 i s r i g h t ; 1 0 , 0 0 0 i s w r o n g . 1 0 0 0 0 0 0 i s r i g h t ;
1 , 0 0 0 , 0 0 0 i s w r o n g .

Yo u c a n q u i t a n y t i m e y o u w a n t e x c e p t w h e n t h e d i s k d r i v e
i s s p i n n i n g t h e d i s k . Y o u c a n t e l l i f t h i s i s h a p p e n i n g i f t h e
r e d l i g h t b e l o w t h e d o o r o f t h e d i s k d r i v e i s l i t ( t h e l a b e l
n e x t t o t h e l i g h t s a y s " I N U S E " ) . T h e d r i v e n e v e r s s p i n s f o r
l o n g . W a i t u n t i l i t s t o p s b e f o r e y o u o p e n t h e d o o r , s l i d e
o u t y o u r d i s k , r e c l o s e t h e d o o r , a n d t u r n o f f t h e c o m p u t e r a n d
m o n i t o r . Yo u c a n e v e n q u i t r i g h t i n t h e m i d d l e o f a p r o g r a m
i f y o u w a n t t o , a n d n o t h i n g b a d h a p p e n s . J u s t m a k e s u r e t h e
d i s k i s n ' t s p i n n i n g .

I f t h e d i s k d r i v e d o e s n ' t s t o p s p i n n i n g w i t h i n s i x t y
s e c o n d s , s o m e t h i n g i s m e s s e d u p . U s u a l l y y o u ' v e f o r g o t t e n t o
p u t t h e d i s k i n t h e d i s k d r i v e b e f o r e t u r n i n g t h e c o m p u t e r o n .
I f t h i s h a p p e n s , p u s h t h e b u t t o n l a b e l l e d R E S E T. T h i s s t o p s
t h e d i s k d r i v e a n d l e t s y o u s t a r t a l l o v e r f r o m t h e b e g i n n i n g .

Yo u c a n g e t a t h o r o u g h u n d e r s t a n d i n g o f e a c h p r o g r a m ' s
m a t e r i a l i n r o u g h l y a n h o u r . Yo u s h o u l d a c t u a l l y s a v e m o r e
t i m e t h a n t h i s , s i n c e y o u ' l l n e e d l e s s r e r e a d i n g o f t h e t e x t
b o o k a n d s u c h t o g a i n a g o o d g r a s p o f a p a r t i c u l a r t o p i c .
D i f f e r e n t p e o p l e w i l l n e e d d i f f e r e n t a m o u n t s o f t i m e , h o w e v e r ,
a n d s o m e p r o g r a m s a r e m o r e c o m p l i c a t e d t h a n o t h e r s , s o t h e t i m e
e s t i m a t e i s o n l y a r o u g h o n e . L e t m e k n o w i f t h e y t a k e y o u
a l o t l e s s o r a l o t m o r e a n d w h y.

S i n c e t h e r e a r e a t o t a l o f s i x t e e n p r o g r a m s , y o u ' l l b e
r u n n i n g r o u g h l y o n e a w e e k d u r i n g a o n e - s e m e s t e r c o u r s e . S o m e
t o p i c s I ' v e w r i t t e n p r o g r a m s f o r w o n ' t b e c o v e r e d i n y o u r
c o u r s e , t h o u g h , a n d a c o u r s e w i l l c o n t a i n s o m e t o p i c s f o r w h i c h
t h e r e a r e n o p r o g r a m s . I f y o u ' d l i k e t o s e e p r o g r a m s f o r o t h e r
t o p i c s , l e t m e k n o w w h i c h o n e s .

R e a d t h r o u g h t h e i n s t r u c t i o n s f o r e a c h p r o g r a m b e f o r e
r u n n i n g i t , t o f a m i l i a r i z e y o u r s e l f w i t h w h a t i s g o i n g t o
h a p p e n . T h i s o n l y t a k e s a f e w m i n u t e s a n d i t m a k e s i t a l o t
e a s i e r t o u s e t h e p r o g r a m s .

The p rog rams a re supposed t o be run seve ra l t imes each ,
c h a n g i n g t h e i n p u t s . T h e r e a r e s u g g e s t i o n s a b o u t t h i s i n t h e
i n s t r u c t i o n s f o r i n d i v i d u a l p r o g r a m s , b u t a k e y p o i n t i s t o
h a v e p a t i e n c e . N o b o d y l e a r n s a s t r o n o m y i n fl a s h e s o f i n s p i r a
t i o n ( A h a ! I ' l l b e t E = m c 2 ) . Yo u ' v e g o t t o l o o k a t a p r o g r a m ' s
o u t p u t a n d s e e h o w i t c h a n g e s w h e n y o u c h a n g e i n p u t q u a n t i t i e s .



A f t e r a f e w t r i e s , y o u ' l l g a i n s o m e i n s i g h t i n t o t h e s i t u a t i o n
being descr ibed by the program. You should s t r ive to understand
the rea l phys i ca l s i t ua t i on t ha t t he p rog ram rep resen ts . These
programs are supposed to make that s tep easier, but they st i l l
only symbol ize what is happening in the real wor ld.

I wrote the instruct ions (and the programs) so you could
have some fun with them while using them. There is no reason
why ast ronomy has to be dry or humor less. But don ' t le t th is
hide the fact that astronomy is an incredible and even awe-
i n s p i r i n g s u b j e c t . I t c e r t a i n l y i s t o m e . T h a t ' s w h y I w a s
i n t e r e s t e d i n i t i n e l e m e n t a r y s c h o o l , a n d t h a t ' s w h y I ' m s t i l l
in terested in i t . The enormous s izes and enormous t ime-sca les
involved in s tudy ing the universe are daunt ing to human beings--
but that hasn' t s topped us f rom t ry ing to learn more about
i t . Amer ican space probes have prov ided us wi th c lose-up
photographs of a l l the p lanets f rom Mercury to Saturn, and four
of these are headed out beyond the solar system, bound for the
stars. We have become a people with a very long reach. I hope
tha t t he p rac t i ca l app l i ca t i on o f compu te rs t o t he s tudy o f
astronomy can help you share in the excitement of a new adven
ture for the whole human race.



EARTH SATELLITE

T h i s p r o g r a m d i s p l a y s t h e m o t i o n o f a s a t e l l i t e a s i t
o r b i t s a b o v e t h e e a r t h ' s e q u a t o r . T h e s a t e l l i t e a n d t h e
e a r t h a r e s e e n i n t h e m o n i t o r f r o m a p o i n t f a r a b o v e t h e
N o r t h P o l e .

T h e p a t h f o l l o w e d b y a s a t e l l i t e a s i t m o v e s a r o u n d t h e
e a r t h i s a n e l l i p s e , a s h a p e s i m i l a r t o a n o v a l . S o m e
s a t e l l i t e o r b i t s a r e n e a r l y c i r c u l a r , o t h e r s a r e v e r y
l o n g a n d n a r r o w.

Yo u g e t t o c h o o s e b o t h t h e s i z e a n d t h e s h a p e o f y o u r
s a t e l l i t e ' s o r b i t . T h e c o m p u t e r fi r s t a s k s y o u t y p e t h e
o r b i t ' s " s e m i - m a j o r a x i s . " T h i s i s t h e t e r m f o r h a l f t h e
l o n g e s t d i a m e t e r o f t h e e l l i p s e . I t h a s t o b e a n u m b e r
b e t w e e n 6 5 0 0 a n d 1 0 0 0 0 0 0 i n t h i s p r o g r a m . I t c a n ' t b e s m a l l e r
t h a n 6 5 0 0 ( k i l o m e t e r s ) b e c a u s e i t w o u l d r u n i n t o t h e e a r t h - -
a w a s t e o f a g o o d s a t e l l i t e , n o t t o m e n t i o n a n y o n e u n l u c k y
e n o u g h t o b e u n d e r n e a t h . T h e r e a r e n ' t m a n y r e a s o n s t o p u t a
s a t e l l i t e a s f a r o u t a s 1 0 0 0 0 0 k i l o m e t e r s , s o I a r b i t r a r i l y
p i c k e d t h i s a s a n u p p e r l i m i t .

O n c e y o u d e c i d e o n a s e m i - m a j o r a x i s , t y p e i t s v a l u e .
I f y o u h a v e n ' t r u n t h i s p r o g r a m b e f o r e , t y p e 1 0 0 0 0 . ( D O N ' T
P U T I N C O M M A S . 1 0 , 0 0 0 i s w r o n g ; 1 0 0 0 0 i s r i g h t . ) A f t e r
you 've typed the number, p ress the RETURN key.

T h e c o m p u t e r n o w a s k s y o u t o t y p e t h e o r b i t ' s e c c e n t r i c i t y
T h i s d e s c r i b e s t h e o r b i t ' s s h a p e . I t r a n g e s f r o m 0 ( a p e r f e c t
c i r c l e ) t o a l m o s t ( b u t n o t q u i t e ) 1 , w h i c h i s a v e r y l o n g ,
s k i n n y e l l i p s e . I n t h i s p r o g r a m e c c e n t r i c i t y m u s t b e b e t w e e n
0 a n d . 7 . O n c e y o u ' v e c h o s e n a n e c c e n t r i c i t y , t y p e i t ,
t h e n p r e s s R E T U R N . I f t h i s i s y o u r fi r s t t i m e u s i n g t h i s
p r o g r a m , t y p e 0 , w h i c h g i v e s y o u a c i r c u l a r o r b i t .

T h e c o m p u t e r n o w a s k s i f y o u w i s h t h e o r b i t t o b e t r a c e d .
You mus t p ress Y o r N (no RETURN i s needed he re ) . Y r esu l t s
i n t h e s a t e l l i t e l e a v i n g a " p a t h " b e h i n d a s i t m o v e s a r o u n d
t h e e a r t h s o y o u c a n s e e t h e s h a p e o f t h e e n t i r e o r b i t e a s i l y .

T h e c o m p u t e r n o w d r a w s a w h i t e d i s k t o r e p r e s e n t t h e
e a r t h . I f y o u r s e m i - m a j o r a x i s i s r e l a t i v e l y s m a l l , t h e
e a r t h w i l l n e a r l y fi l l t h e s c r e e n ; i f y o u r s e m i - m a j o r a x i s
v e r y b i g , e a r t h m a y b e o n l y a s m a l l d o t . T h i n k o f y o u r T V a s
a w i n d o w l o o k i n g o u t o n t h e e a r t h a n d t h e m o v i n g s a t e l l i t e
f r o m a v e r y l a r g e d i s t a n c e . I f t h e o r b i t » h a s a b i g s e m i - m a j o r
a x i s , t h e " w i n d o w " h a s t o b e a l o n g w a y o u t f o r t h e w h o l e
o r b i t t o b e s e e n a t o n c e , a n d e a r t h l o o k s v e r y s m a l l .



T h e c o m p u t e r p u t s t w o b l a c k d o t s o n t h e e a r t h . O n e , a t
t h e c e n t e r o f t h e d i s k , r e p r e s e n t s t h e N o r t h P o l e . T h e
" w i n d o w " w e a r e l o o k i n g t h r o u g h i s l o o k i n g s t r a i g h t d o w n o n t o
t h e N o r t h P o l e . T h e s e c o n d b l a c k d o t i s a t t h e p o s i t i o n o f
B u f f a l o , N . Y. , w h i c h h a p p e n s t o b e m y b i r t h p l a c e . I t i s p u t
t h e r e s o y o u c a n s e e h o w t h e e a r t h r o t a t e s a s t i m e p a s s e s . T h e
b l a c k d o t a t B u f f a l o w i l l s w i n g i n a c o m p l e t e c i r c l e e v e r y
24 hou rs .

Yo u r s a t e l l i t e i s r e p r e s e n t e d b y a w h i t e d o t . A s t h e
e a r t h r o t a t e s , t h e s a t e l l i t e i s s e e n m o v i n g a l o n g i n i t s o r b i t ,
w i t h t h e s e m i - m a j o r a x i s a n d e c c e n t r i c i t y y o u c h o s e .

B e l o w t h e p i c t u r e t h e c o m p u t e r p r i n t s t h e s a t e l l i t e ' s
p e r i o d ( t h e l e n g t h o f t i m e i t t a k e s t o m a k e o n e c o m p l e t e o r b i t )
a n d a " c l o c k " t h a t s h o w s h o w m a n y d a y s ( D ) , h o u r s ( H ) , a n d
m inu tes (M) have passed .

O n c e t h e s a t e l l i t e h a s m a d e a f e w o r b i t s t h e c o m p u t e r s t o p s
i t s m o t i o n a n d a s k s y o u i f y o u w a n t t o c o n t i n u e w a t c h i n g t h e
s a t e l l i t e o r i f y o u ' d l i k e t o q u i t . To c o n t i n u e , p r e s s t h e C
k e y . To q u i t , p r e s s t h e Q . I f y o u p r e s s Q , y o u a r e o f f e r e d
a c h o i c e o f r u n n i n g t h e p r o g r a m ( p r e s s A ) o r r e t u r n i n g t o t h e
m e n u ( p r e s s M ) . N o R E T U R N i s n e e d e d . I f y o u p r e s s A , y o u c a n
t r y a n e w c h o i c e o f s e m i - m a j o r a x i s o r e c c e n t r i c i t y .

To g a i n s o m e u n d e r s t a n d i n g o f s a t e l l i t e o r b i t s , t r y t h i s .
R u n t h e p r o g r a m w i t h t h e s e m i - m a j o r a x i s e q u a l t o 1 0 0 0 0 ,
2 0 0 0 0 , 3 0 0 0 0 , 4 0 0 0 0 , a n d 5 0 0 0 0 k i l o m e t e r s a n d e c c e n t r i c i t y 0
i n e a c h c a s e . D o y o u u n d e r s t a n d w h a t h a p p e n s t o t h e p i c t u r e ?
N o t i c e w h a t h a p p e n s t o t h e p e r i o d o f t h i s s a t e l l i t e . N o w , r u n
t h e p r o g r a m w i t h e c c e n t r i c i t i e s o f 0 , . 1 , . 3 , . 5 , a n d . 7 a n d
s e m i - m a j o r a x i s 5 0 0 0 0 e a c h t i m e . N o t i c e w h a t h a p p e n s t o t h e
s h a p e o f t h e o r b i t , a n d t h e p e r i o d o f t h e s a t e l l i t e . N o t i c e
a l s o w h a t h a p p e n s t o t h e s p e e d o f t h e s a t e l l i t e a s i t g e t s
c l o s e r t o t h e e a r t h , t h e n f u r t h e r a w a y . A n o t h e r t h i n g t o t r y
i s t o s e e h o w f a r f r o m e a r t h a s a t e l l i t e m a s t b e i n o r d e r t o
a l w a y s b e d i r e c t l y a b o v e B u f f a l o . I t s p e r i o d m u s t b e e x a c t l y
t w e n t y - f o u r s f o r t h i s t o b e t r u e . S u c h s a t e l l i t e s a r e c a l l e d
" g e o s y n c h r o n o u s " ( s y n c h r o n i z e d w i t h t h e e a r t h ) a n d a r e v e r y
u s e f u l f o r c o m m u n i c a t i o n s p u r p o s e s , l i k e T V r e l a y i n g .

E a r t h ' s g r a v i t y c o n t r o l s t h e m o t i o n o f s a t e l l i t e s j u s t a s
i t c o n t r o l s t h e m o t i o n o f t h r o w n b a l l s , b u t a l l o f o u r
e x p e r i e n c e a n d i n t u i t i o n d e a l w i t h g r a v i t y ' s e f f e c t s o n o b j e c t s
n e a r t h e s u r f a c e o f t h e e a r t h . T h i s p r o g r a m a l l o w s y o u t o g a i n
s o m e i n s i g h t i n t o t h e i n fl u e n c e o f g r a v i t y o v e r m u c h l o n g e r
r a n g e s .



B MULTI-STAGE ROCKET

T h i s s i m u l a t i o n a l l o w s y o u t o d e s i g n a m u l t i - s t a g e r o c k e t
i n t e n d e d t o l a u n c h a p a y l o a d a t a s p e e d g r e a t e r t h a n e s c a p e
s p e e d f r o m e a r t h .

Yo u g e t t o c h o o s e t h e n u m b e r o f s t a g e s ( 1 - 4 ) , t h e m a s s o f
e a c h s t a g e ( 1 - 1 0 0 0 t o n s ) , a n d t h e b u r n r a t e o f f u e l f o r e a c h
s t a g e ( . 1 - 1 0 t o n s p e r s e c o n d ) . T h e c o m p u t e r fi r s t a s k s h o w
m a n y s t a g e s y o u w a n t y o u r r o c k e t t o h a v e . Yo u c a n c h o o s e t h i s
t o b e 1 , 2 , 3 o r 4 , b u t i f y o u h a v e n ' t r u n t h i s p r o g r a m b e f o r e
i t ' s b e s t t o s t a r t w i t h 1 . T h i s p r o b a b l y w o n ' t w o r k , b u t i t
w i l l h e l p y o u i n u n d e r s t a n d i n g h o w r o c k e t s b e h a v e i f y o u s t a r t
w i t h a s i m p l e s i t u a t i o n . A f t e r t y p i n g t h e n u m b e r o f s t a g e s y o u
des i re , p ress RETURN.

Yo u n e x t g e t t o c h o o s e t h e m a s s o f e a c h s t a g e . S t a g e s a r e
n u m b e r e d s t a r t i n g w i t h t h e o n e t h a t ' s o n t h e b o t t o m w h e n t h e
r o c k e t i s l a u n c h e d . T h i s m e a n s t h a t s t a t e # 1 i s t h e fi r s t o n e
i g n i t e d . S i n c e i t h a s t o p u s h t h e o t h e r s t a g e s u p w a r d o n t o p
o f i t , i t ' s u s u a l l y t h e b i g g e s t a n d h e a v i e s t . I f y o u h a v e n ' t
r u n t h i s p r o g r a m b e f o r e , y o u m i g h t t r y c h o o s i n g t h e m a s s o f
y o u r o n e - s t a g e r o c k e t t o b e 1 0 0 t o n s . A f t e r c h o s i n g t h e m a s s
of each s tage, press RETURN.

F i n a l l y , t h e c o m p u t e r a s k s y o u f o r t h e b u r n r a t e o f t h e
f u e l i n e a c h s t a g e . T h e b u r n r a t e h a s t o b e a n u m b e r b e t w e e n
. 1 a n d 1 0 . I t i n d i c a t e s h o w m a n y t o n s o f f u e l p e r s e c o n d t h e
r o c k e t e n g i n e s o f e a c h s t a g e b u r n u p . T h e b i g g e r t h e b u r n
r a t e , t h e h a r d e r t h e r o c k e t i s p u s h e d u p w a r d a n d t h e f a s t e r i t s
s p e e d i n c r e a s e s . H o w e v e r , i f t h e b u r n r a t e i s l a r g e t h e f u e l
i s u s e d u p f a s t e r t o o . I f y o u u s e u p a l l y o u r f u e l b e f o r e
r e a c h i n g e s c a p e s p e e d , t h e r o c k e t i s b l o w n u p b y t h e R a n g e
S a f e t y O f fi c e r s o i t w o n ' t f a l l s o m e w h e r e a n d h u r t s o m e o n e . I f
t h i s i s y o u r fi r s t t i m e r u n n i n g t h i s p r o g r a m , t r y a b u r n r a t e
o f 2 . A f t e r t y p i n g t h e b u r n r a t e f o r e a c h s t a g e , p r e s s R E T U R N .

O n c e y o u ' v e t y p e d a l l t h e n e c e s s a r y i n f o r m a t i o n , t h e
c o m p u t e r i s r e a d y t o s t a r t t h e s i m u l a t i o n a n y t i m e y o u p r e s s
R E T U R N . I t w a i t s f o r y o u t o d o t h i s s o t h a t y o u c a n w r i t e
d o w n t h e n u m b e r s y o u i n p u t , i f y o u w a n t t o . S i n c e y o u w i l l
p r o b a b l y m a k e a l o t o f u n s u c c e s s f u l t r i e s b e f o r e y o u s u c c e s s
f u l l y a c h i e v e e s c a p e s p e e d , i t i s a g o o d i d e a t o n o t e w h a t
y o u ' v e t r i e d a n d w h a t t h e r e s u l t s w e r e .

O n c e y o u p r e s s R E T U R N t o s t a r t t h e s i m u l a t i d n , t h e c o m p u t e r
s h o w s y o u q u i t e a b i t o f i n f o r m a t i o n . A c r o s s t h e b o t t o m o f t h e
s c r e e n i s a s e t o f c h a n g i n g n u m b e r s . T h e s e a r e t i m e s i n c e
l a u n c h , h e i g h t a b o v e t h e g r o u n d , s p e e d o f t h e r o c k e t , w h i c h



s t a g e i s fi r i n g , a n d h o w m u c h f u e l i t h a s l e f t . A b o v e t h e s e
a r e t w o g r a p h s . O n t h e l e f t i s a g r a p h o f t h e r o c k e t ' s h e i g h t
a s t i m e g o e s o n . 1 0 0 k i l o m e t e r s i s i n d i c a t e d n e a r t h e t o p o f
t h i s g r a p h s o y o u c a n g e t a n i d e a o f i t s s c a l e . O n t h e r i g h t
i s t h e c r u c i a l o n e : t h e g r a p h o f t h e r o c k e t ' s s p e e d a s t i m e
g o e s o n . I f t h e r o c k e t r e a c h e s e s c a p e s p e e d ( 11 . 2 k i l o m e t e r s
p e r s e c o n d , o r a b o u t 2 5 , 0 0 0 m i l e s p e r h o u r ) y o u r d e s i g n i s a
s u c c e s s . T h i s s p e e d i s i n d i c a t e d o n t h e g r a p h b y E S C .

T h i s s i m u l a t i o n a l l o w s y o u a l o t o f f r e e d o m o f
t h a t m e a n s t h a t y o u h a v e t o p r o c e e d c a r e f u l l y o r y o
l e a r n a n y t h i n g f r o m i t . T r y i n g a l o t o f r a n d o m n u m
t h i n k i n g a b o u t t h e m w i l l e v e n t u a l l y g i v e y o u a d e s i
w o r k s , b u t t h a t i s n o t t h e p o i n t . T h e p o i n t i s t o
t h i n g a b o u t h o w r o c k e t s w o r k . T h e b e s t w a y t o p r o c
s t a r t s i m p l e : o n e s t a g e . T r y r u n n i n g t h e p r o g r a m r
w i t h t h e c h o i c e o f o n e s t a g e , 1 0 0 t o n s m a s s , a n d d i
c h o i c e s f o r t h e b u r n r a t e ( s a y, 2 , 4 , 6 , 8 , a n d 1 0 ) .
w h a t h a p p e n s i n e a c h c a s e . W h i c h o n e c o m e s c l o s e s t
e s c a p e s p e e d ? A t w h a t h e i g h t s d o t h e r o c k e t s u s e u
f u e l ? C a n y o u s e e a n y k i n d o f p a t t e r n ? N e x t , f o r
r o c k e t t r y m a s s e s o f 2 0 0 , 4 0 0 , 6 0 0 , 8 0 0 a n d 1 0 0 0 , e
w i t h a b u r n r a t e o f 1 0 . W h i c h o n e g e t s c l o s e s t t o
C a n y o u d e t e c t a p a t t e r n a m o n g y o u r d i f f e r e n t t r i e s
t h i n k y o u t h o r o u g h l y u n d e r s t a n d o n e - s t a g e r o c k e t s ,
t w o - s t a g e r s .

c h o i c e , a n d
u ' l l n o t
b e r s w i t h o u t
g n t h a t
l e a r n s o m e -
e e d i s t o
e p e a t e d l y
f f e r e n t

Watch
t o r e a c h i n g

p t h e i r
a o n e - s t a g e
a c h t i m e
escap-e speed?
? O n c e y o u
go on to

T h e i d e a h e r e , a s i n m u c h s c i e n t i fi c w o r k , i s t o b e
p a t i e n t , t o p r o c e e d i n a n o r g a n i z e d f a s h i o n , a n d t o k e e p a l e r t
f o r p a t t e r n s . S i n c e t h i s i s i n t e n d e d f o r n o n - m a t h e m a t i c i a n s ,
y o u s h o u l d n ' t t r y t o fi n d a " f o r m u l a " o r a n y t h i n g f r o m t h e
n u m b e r s t h e c o m p u t e r p r i n t s o u t . B u t i t ' s e a s y t o s e e t h a t a
r o c k e t t h a t g e t s t o 1 0 k i l o m e t e r s p e r s e c o n d b e f o r e b u r n i n g o u t
i s a m o r e s u c c e s s f u l d e s i g n t h a n o n e t h a t o n l y g e t s t o 9 k i l o
m e t e r s p e r s e c o n d .

N A S A e n g i n e e r s h a v e t o t a k e i n t o a c c o u n t a l o t o f f a c t o r s
n o t i n c l u d e d i n t h i s s i m u l a t i o n , o f c o u r s e , b u t t h e b a s i c i d e a
i s m u c h t h e s a m e . T h i s p r o g r a m w i l l g i v e y o u a g o o d i d e a o f
w h a t s o r t o f c o n s i d e r a t i o n s a n d w h a t s o r t o f t h i n k i n g g o i n t o
d e s i g n o f l a u n c h v e h i c l e s .



EXPEDITION TO MARS

T h i s p r o g r a m w i l l a l l o w y o u t o a t t e m p t t o r e n d e z v o u s w i t h
M a r s a f t e r l e a v i n g a p a r k i n g o r b i t a r o u n d t h e e a r t h .

T h e p r o g r a m i m m e d i a t e l y s h o w s y o u a p i c t u r e o f t h e s u n ( a
w h i t e d o t i n t h e m i d d l e o f t h e s c r e e n ) , t h e e a r t h , a n d M a r s .
T h e d o t r e p r e s e n t i n g e a r t h i s t h e o n e c l o s e r t o t h e s u n . T h e
b a s i c p r o b l e m h e r e i s t h a t t h e M a r s e x p e d i t i o n w i l l f o l l o w a
p a t h f r o m e a r t h t o M a r s t h a t i s p a r t o f a n e l l i p t i c a l o r b i t
a r o u n d t h e s u n . T h i s m e a n s t h a t u n l e s s e a r t h a n d M a r s a r e
o r i e n t e d c o r r e c t l y w i t h r e s p e c t t o e a c h o t h e r , t h e e x p e d i t i o n
m a y a r r i v e a t a p o i n t o n M a r s ' o r b i t w h e n M a r s i s s o m e w h e r e e l s e
i n i t s o r b i t . T h e i d e a i s s i m i l a r t o w h a t h a p p e n s w h e n a
q u a r t e r b a c k t h r o w s a p a s s . H e h a s t o t h r o w i t t o t h e p l a c e
w h e r e h i s r e c e i v e r W I L L B E w h e n t h e p a s s a r r i v e s .

A s u s u a l , y o u s h o u l d e x p e c t y o u r fi r s t f e w a t t e m p t s t o b e
u n s u c c e s s f u l , u n t i l y o u g a i n s o m e i n t u i t i o n f o r h o w t h e
e x p e d i t i o n ' s o r b i t b e h a v e s . D o n ' t g e t d i s c o u r a g e d . T h e r e h a v e
b e e n h u m a n b e i n g s o n t h i s p l a n e t f o r f o r t y t h o u s a n d y e a r s , a n d
t h e fi r s t s p a c e c r a f t d i d n ' t l a n d o n M a r s u n t i l 1 9 7 6 .

T h e r e a r e t w o i m p o r t a n t k e y s i n t h i s s i m u l a t i o n . O n e i s
t h e " s p a c e b a r . " T h i s m i g h t b e a p l a c e f o r a s t r o n a u t s t o g r a b
a b e e r b e f o r e a s h u t t l e fl i g h t , b u t i t i s n ' t ; i t ' s t h e l o n g ,
h o r i z o n t a l b a r b e l o w t h e k e y s o n y o u r A p p l e . T h e s e c o n d k e y i s
R E T U R N , o n t h e r i g h t o f t h e k e y b o a r d . W h e n t h e p i c t u r e o f t h e
s u n , e a r t h , a n d M a r s a p p e a r s , t h e p l a n e t s ' p o s i t i o n s i n t h e i r
o r b i t s a r e c h o s e n r a n d o m l y b y t h e c o m p u t e r . I t i s v e r y u n l i k e l y
t h a t t h e y a r e e x a c t l y r i g h t f o r t h e l a u n c h i n g o f t h e e x p e d i t i o n .
Yo u c a n " w a i t " t e n d a y s b y p r e s s i n g t h e s p a c e b a r ; t h e p l a n e t s
w i l l m o v e a l o n g i n t h e i r o r b i t s . b y t h e c o r r e c t a m o u n t s . Yo u
c a n d o t h i s a s m a n y t i m e s a s y o u l i k e .

O f c o u r s e , t h e fi r s t t i m e y o u r u n t h i s y o u w o n ' t h a v e t h e
v a g u e s t i d e a o f w h e n t o l a u n c h t h e e x p e d i t i o n . T h i s i s O K ; i f
y o u a l r e a d y k n e w, y o u w o u l d n ' t n e e d t o r u n t h i s s i m u l a t i o n .
P ress t he RETURN key t o l aunch you r exped i t i on , and wa tch wha t
happens.

Once you 've pressed RETURN, the computer takes over and
a u t o m a t i c a l l y m o v e s t h e p l a n e t s a n d t h e e x p e d i t i o n ' s s p a c e s h i p
a l o n g i n t h e i r o r b i t s . E v e r y t e n d a y s , t h e c o m p u t e r w i l l p l o t
t h e p o s i t i o n o f t h e e a r t h , M a r s , a n d t h e s h i p s o y o u c a n s e e
t h e o r b i t a l p a t h s t h e y a r e f o l l o w i n g .
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Th
e x p e d i t
l a u n c h .
poles ,
w a t e r a
hydroge
voyage .
w i t h i n
by you r
you may
O t h e r t

e s c e n a r i o f o r t h i s s i m u l a t i o n a s s u m
i o n i s c o u n t i n g o n r e a c h i n g M a r s w i t

M a r s h a s i c e o n i t s s u r f a c e ( p a r t i
l i k e e a r t h ) w h i c h t h e e x p e d i t i o n c a n
n d e l e c t r o l y z e t o p r o d u c e o x y g e n ( f o
n , w h i c h , w i t h t h e o x y g e n , c a n m a k e

I f t h e e x p e d i t i o n f a i l s t o r e n d e z v
2 6 0 d a y s , y o u w i l l b e s h o u t e d a t b y

c o l l e a g u e s , a n d l y n c h e d b y a n a n g r y
b e s u e d b y t h e f a m i l i e s o f t h e u n f o

h a n t h a t , y o u c a n l a u g h t h e m a t t e r o

e s t h a t t h e
h i n 2 6 0 d a y s a f t e r
c u l a r l y n e a r i t s
m e l t f o r d r i n k i n g

r b r e a t h i n g ) a n d
f u e l f o r t h e r e t u r n
ous w i th Mars
you r boss , snubbed

m o b . I n a d d i t i o n ,
r t u n a t e a s t r o n a u t s ,
f f a n d t r y a g a i n .

T h e p o i n t o f t h i s s i m u l a t i o n i s t o a l l o w y o u t o g a i n
f a m i l i a r i t y w i t h t h e m o t i o n s o f t h e p l a n e t s a n d s p a c e c r a f t
a s t h e y m o v e a r o u n d t h e s u n . A f t e r a f e w r u n s o f t h i s p r o g r a m
t h e s e m o t i o n s w i l l b e g i n t o m a k e s e n s e . T r y t o k e e p i n m i n d
t h e s c a l e h e r e , h o w e v e r : t h e m o n i t o r c a n b e t h o u g h t o f a s a
w i n d o w l o o k i n g d o w n o n t h e e a r t h , M a r s , a n d t h e s u n f r o m a
d i s t a n c e o f a b o u t t w o B I L L I O N m i l e s .
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D ELLIPTICAL ORBIT

T h e o b j e c t s i n o r b i t a r o u n d t h e s u n i n c l u d e t h e n i n e k n o w n
p l a n e t s , s e v e r a l t h o u s a n d a s t e r i o d s , a n d a n u n k n o w n ( b u t v e r y
l a r g e ) n u m b e r o f c o m e t s . A l l o f t h e s e m o v e i n p a t h s t h a t t r a c e
o u t s h a p e s c a l l e d e l l i p s e s . A n e l l i p s e l o o k s m u c h l i k e t h e
s h a p e c o m m o n l y c a l l e d a n o v a l . S o m e o f t h e s e e l l i p s e s a r e v e r y
l o n g a n d n a r r o w : c o m e t s m o v e i n s u c h o r b i t s . O t h e r o b j e c t s ,
s u c h a s m o s t o f t h e p l a n e t s , m o v e i n o r b i t s t h a t a r e m o r e n e a r l y
c i r c u l a r .

T h e s i z e o f a n o r b i t i s g i v e n b y a n u m b e r c a l l e d t h e
s e m i - m a j o r a x i s . A n y e l l i p s e h a s t w o d i f f e r e n t d i a m e t e r s : a
l o n g o n e a n d a s h o r t o n e . H a l f t h e l o n g e r d i a m e t e r i s c a l l e d
t h e s e m i - m a j o r a x i s o f t h e e l l i p s e . H a l f t h e s h o r t e r d i a m e t e r
i s c a l l e d t h e s e m i - m i n o r a x i s . I f t h e s e a r e n e a r l y e q u a l , t h e
e l l i p s e l o o k s v e r y m u c h l i k e a c i r c l e ; e a r t h ' s o r b i t i s l i k e
t h i s , o n l y s l i g h t l y n o n - c i r c u l a r . I f t h e s e m i - m i n o r a x i s i s
m u c h s m a l l e r t h a n t h e s e m i - m a j o r a x i s t h e o r b i t l o o k s l i k e a
v e r y s k i n n y e l l i p s e . T h e s e m i - m a j o r a x i s i s m e a s u r e d i n u n i t s
c a l l e d A . U . ( f o r A s t r o n o m i c a l U n i t ) . O n e A . U . i s e q u a l t o t h e
a v e r a g e d i s t a n c e f r o m t h e e a r t h t o t h e s u n . A p l a n e t l i k e
Ve n u s , w h i c h i s c l o s e r t o t h e s u n t h a n e a r t h , h a s a n o r b i t w i t h
a s e m i - m a j o r a x i s l e s s t h a n 1 A . U . - - a b o u t . 7 A . U . , f o r
V e n u s . A p l a n e t l i k e M a r s , f a r t h e r f r o m t h e s u n t h a n e a r t h ,
h a s a n o r b i t w i t h s e m i - m a j o r a x i s b i g g e r t h a n 1 A . U . - - a b o u t
1 . 5 A . U . , f o r M a r s .

T h e s h a p e o f a n o r b i t i s d e s c r i b e d b y a n u m b e r c a l l e d t h e
e c c e n t r i c i t y . A n o r b i t t h a t i s a p e r f e c t c i r c l e ( t h e r e a r e n ' t
a n y ) h a s a n e c c e n t r i c i t y o f 0 . A n o r b i t t h a t i s e x t r e m e l y l o n g
a n d n a r r o w h a s a n e c c e n t r i c i t y o f a l m o s t ( b u t n e v e r q u i t e ) 1 .

T h e c o m p u t e r w i l l fi r s t a s k y o u t o t y p e a v a l u e f o r t h e
s e m i - m a j o r a x i s . T h e p r o g r a m w i l l a l l o w y o u t o u s e a n y n u m b e r
b e t w e e n . 1 a n d 1 0 0 0 0 0 f o r t h i s . . 1 A . U . i s q u i t e c l o s e t o
t h e s u n , i n s i d e t h e o r b i t o f M e r c u r y . 1 0 0 0 0 0 A . U . ( D O N ' T
T Y P E C O M M A S . 1 0 0 0 0 0 i s r i g h t ; 1 0 0 , 0 0 0 i s w r o n g ) i s m o r e t h a n
a t h o u s a n d t i m e s a s f a r f r o m t h e s u n a s P l u t o . S o m e c o m e t s
m a y h a v e o r b i t s t h a t h a v e s e m i - m a j o r a x e s t h i s l a r g e . A f t e r
y o u t y p e t h e s e m i - m a j o r a x i s , p r e s s R E T U R N . I f y o u h a v e n ' t
r u n t h i s p r o g r a m b e f o r e , c h o o s e t h i s t o b e 1 . T h i s w i l l s h o w
y o u t h e o r b i t o f t h e e a r t h .

T h e c o m p u t e r n e x t a s k s y o u t o t y p e t h e * e c c e n t r i c i t y . T h i s
can be any th ing be tween 0 and .99 , bu t remember tha t 0 means
c i r c u l a r a n d . 9 9 m e a n s a v e r y , l o n g s k i n n y e l l i p s e . A f t e r
y o u ' v e t y p e d t h i s , p r e s s R E T U R N . F o r y o u r fi r s t r u n , t r y 0 .
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The computer wi l l output your values of the semi-major
ax i s and eccen t r i c i t y and a l so t he pe r i od o f t he o rb i t , i n
yea rs . The pe r iod o f an o rb i t i s j us t how long i t t akes an
ob jec t t o make one comp le te t r i p a l l t he way a round i t . I f
you chose semi-major axis to be 1 and eccentr ici ty to be 0
( m u c h l i k e e a r t h ' s o r b i t ) , t h e p e r i o d i s ( o f c o u r s e ! ) o n e
year. The computer wi l l a lso produce a p ic ture of the sun and
t h e e l l i p t i c a l o r b i t y o u ' v e s p e c i fi e d s o y o u c a n s e e w h a t i t
l o o k s l i k e .

Try running th is program wi th semi-major axis taken to be
1, 2, 3, 4 and 5 and eccentricity chosen to be 0 each time.
What happens to the per iod o f the orb i t? Is th is what you
expected? What does i t say about the length of t ime i t takes
more d is tan t p lane ts to c i r c le the sun? Now t ry runn ing the
program wi th semi-major ax is equal to 1 and eccentr ic i ty equal
to 0 , .2 , .4 , .6 , and .8 . What happens to the per iod?
S u r p r i s e d ? I s u r e w a s t h e fi r s t t i m e I s a w t h i s . Yo u m i g h t
look up the semi-major axes and eccentr ic i t ies of some objects
in the solar system and use this program to see what their
o r b i t s l o o k l i k e .

13



E STARSHIP

I t i s 2 2 4 7 A . D .

N e w A m e r i c a i s t h e t h i r d p l a n e t o f t h e s u n l i k e s t a r A t h e n a
O n J u n e 2 3 , 2 2 4 7 i t s s m a l l h u m a n c o l o n y i s a t t a c k e d w i t h o u t
w a r n i n g b y a l i e n s p a c e c r a f t . T h e a t t a c k e r s b o m b t h e c o l o n y ' s
i n d u s t r i a l c o m p l e x a n d s p a c e p o r t .

B y t h e t h i n n e s t o f m a r g i n s , y o u a n d a g r o u p o f 9 9 o t h e r
c o l o n i s t s m a n a g e t o e s c a p e i n t h e s o l e u n d a m a g e d s h u t t l e c r a f t .
Yo u a r e a b l e t o r e n d e z v o u s w i t h t h e c o l o n y ' s o n l y i n t e r s t e l l a r
s p a c e c r a f t , a B u s s a r d R a m j e t p a r k e d i n s y n c h r o n o u s o r b i t a r o u n d
A t h e n a . W i t h l u c k , y o u w i l l b e a b l e t o u s e t h e s t a r s h i p t o
r e a c h t h e s a f e t y o f a n o t h e r s t a r s y s t e m .

A B u s s a r d R a m j e t i s a r o c k e t t h a t u s e s a n e l e c t r o m a g n e t i c
s c o o p t o s w e e p i n t e r s t e l l a r h y d r o g e n i n t o i t s f u s i o n r e a c t o r
( t r i v i a l t o b u i l d , a s a n y c h i l d k n o w s ) w h e r e i t u n d e r g o e s
h e a t i n g t o v e r y h i g h t e m p e r a t u r e s a n d i s e x p e l l e d a s e x h a u s t .
B e c a u s e t h e f u e l s u p p l y i s e f f e c t i v e l y u n l i m i t e d , t h e R a m j e t
c a n a p p r o a c h ( b u t n e v e r q u i t e r e a c h ) t h e l i m i t i n g v e l o c i t y o f
l i g h t .

T h e a c c e l e r a t i o n o f t h e R a m j e t d e t e r m i n e s h o w f a s t i t s
s p e e d c h a n g e s . A c c e l e r a t i o n i s m e a s u r e d i n g e e s . O n e g e e i s
t h e a c c e l e r a t i o n e x p e r i e n c e d b y a n o b j e c t d r o p p e d n e a r t h e
s u r f a c e o f t h e e a r t h - - a c o i n , f o r e x a m p l e . I t s s p e e d
i n c r e a s e s b y a l i t t l e o v e r t w e n t y m i l e s p e r h o u r f o r e v e r y
s e c o n d i t f a l l s ( 2 0 m p h a f t e r o n e s e c o n d , 4 0 m p h a f t e r t w o
s e c o n d s , a n d s o o n ) . A n o b j e c t w h i c h i s s l o w i n g d o w n , l i k e a
c a r b e i n g b r a k e d , h a s n e g a t i v e a c c e l e r a t i o n . A n o b j e c t s l o w i n g
down by 20 mph eve ry second has an acce le ra t i on o f -1 gee .

Yo u c a n c o n t r o l t h e a c c e l e r a t i o n o f y o u r s t
a p o i n t . I t c a n b e s e t a t a n y v a l u e b e t w e e n - 3
e x c e p t 0 . U n f o r t u n a t e l y , b e c a u s e t h e s t a r s h i p i
c l u m s y o b j e c t y o u o n l y g e t t o c h a n g e t h e a c c e l e r
s i x m o n t h s - - o n c e y o u c h o o s e a n a c c e l e r a t i o n v a
w i l l a c c e l e r a t e a t t h a t r a t e f o r t h e n e x t s i x m o
w h i c h y o u c a n a d j u s t i t f o r t h e n e x t s i x m o n t h s
Yo u w i l l w a n t t o s t a r t w i t h a p o s i t i v e a c c e l e r a t
y o u u p a n d g e t a w a y f r o m t h e a l i e n s . E v e n t u a l l y
w a n t t o u s e a n e g a t i v e a c c e l e r a t i o n t o s l o w d o w n
y o u r d e s t i n a t i o n s t a r . I t m a k e s n o s e n s e t o fi n
home and go zooming by i t a t .95 l i gh t (95% the i
Yo u s h o u l d b e a b i t c a r e f u l , t h o u g h . I f y o u u s e
a t i o n , e v e r y o n e o n t h e s h i p w i l l w e i g h m o r e t h a n
t o . N o r m a l w e i g h t i s 1 g e e ( o r - 1 g e e ) . I f p e o
t w i c e w h a t t h e y a r e u s e d t o ( 2 g e e o r - 2 g e e ) , t

a r s h i p , u p t o
and +3 gees
s a r a t h e r
a t i o n e v e r y
l u e , t h e s h i p
n t h s , a f t e r
o f t r a v e l .
i o n , t o s p e e d
, y o u w i l l
as you near

d a safe new
s p e e d o f l i g h t ) .

h i g h a c c e l e r -
t h e y a r e u s e d

p i e w e i g h
h e y c o u l d
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e a s i l y b e i n j u r e d i n f a l l s o r d e v e l o p h e a r t o r c i r c u l a t o r y
t r o u b l e . A c c e l e r a t i o n s l i k e 1 . 5 g e e a r e e a s i e r t o t a k e t h a n
2 gee; 2.4 gee (for example) would be worse than 2.

One chal lenge you have is picking out a sui table
d e s t i n a t i o n s t a r , o n e l i k e l y t o h a v e h a b i t a b l e p l a n e t s . I ' l l
only give you some rough hints on this, and wi l l ( in my
b lood th i r s t y way ) l e t you sac r i fice a mu l t i t ude o f sh ips and
crews before you figure out how to get your starship to a
safe haven.

S ta rs a re c lass i fied acco rd ing to spec t ra l t ype and
l u m i n o s i t y c l a s s . S p e c t r a l t y p e t e l l s y o u h o w h o t a s t a r i s .
F rom ho t t es t t o coo les t , s t a r s a re c l ass i fied as 0 , B , A , F,
G, K, and M. ("Oh, Be A Foolish Guy; Kick Me"). There are
subc lasses as we l l , i nd ica ted by numbers a f te r the le t te rs
(l ike 05 or K6, or A0) but you won't need to worry about these
here. The sun is a spect ra l type G2 s tar, temperature about
5800 degrees. Type 0 stars are much h.otter -- sometimes
50000 degrees -- whereas type M stars are a lot cooler, down to
just over 2000 degrees.

A s tar a lso has a luminos i ty c lass, which te l ls you how
b ig the s ta r i s . Th is i s a Roman numera l . F rom b igges t to
s m a l l e s t , s t a r s a r e c l a s s i fi e d a s I , I I , I I I , I V , o r V. A l l
of these except V are a good deal bigger than the sun. Not ice
that a smal l , very hot s tar, l i ke 05 V, might put out more
to ta l ene rgy t han a l a rge r bu t coo le r s t a r, l i ke an M8 I I I .

A good bet is to try to head for a star that is as much
l i ke t he sun as poss ib le . Lum inos i t y c l asses o the r t han
c lass V inc lude s ta rs tha t a re no t s tab le in the i r hea t and
l i gh t p roduc t i on l ong enough fo r l i f e t o ex i s t on nea rby
p l a n e t s . Ve r y h o t s t a r s " b u r n o u t " q u i c k l y a n d t h e r e i s
p robab ly no t ime fo r l i f e t o evo l ve on the i r p lane ts .
Very cool s tars may not warm thei r p lanets enough for l i fe .

In order to make the s imula t ion more rea l is t ic , the program
includes measurements of t ime and distance from both the
des t ina t ion s ta r and your sh ip . S ince you w i l l be mov ing c lose
t o t h e s p e e d o f l i g h t , r e l a t i v i t y c o m e s i n t o p l a y. D o n ' t
pan ic — you don ' t need to unders tand re la t i v i t y theory to run
th is . But moving at speeds near the speed of l ight means that
the d is tance you measure f rom the ship to the dest inat ion star
wi l l be d i f fe rent f rom the d is tance measured f rom the dest ina
t i on s ta r t o t he sh ip . Someone a t t he des t i na t i on s ta r
(hope fu l l y no t an a l ien ! ) w i l l a l so d isagree w i th you as to how
much time has passed since you left New America. I wanted you
to be able to get some idea of these di fferences. They seem
to make no sense — but relativity has been checked by thousands
o f expe r imen ts , and i t wo rks . We j us t have no i n tu i t i on f o r
what happens when things move at speeds near the speed of light.
No t su rp r i s ing ; no one 's done i t ye t . The eas ies t way to
unders tand the d is tance you s t i l l have to cover is to watch the
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dis tance as measured f rom the s tar. Don ' t fo rget that you have
to s low down to rendezvous with your dest inat ion!

A l l d i s t a n c e s a r e i n l i g h t - y e a r s ( o n e l i g h t - y e a r i s a b o u t
s i x t r i l l i o n m i l e s ) . T i m e s a r e i n y e a r s . S p e e d s a r e i n u n i t s
o f t h e s p e e d o f l i g h t : . 2 5 l i g h t i s a q u a r t e r t h e s p e e d o f
l i gh t , f o r examp le . Acce le ra t i ons a re i n gees , as men t i oned
above. I f you can't slow down in t ime and zoom past your
des t i na t i on s ta r, t he d i s t ance w i l l be shown as nega t i ve . To
ge t back , you ' l l have t o app l y nega t i ve acce le ra t i on ( l i ke -1
gees) un t i l your speed i s nega t i ve ( l i ke - .5 l i gh t ) , wh ich means
backwards.

Just to make th is a real chal lenge, you are operat ing
u n d e r a k i n d o f t i m e l i m i t . Yo u ' v e o n l y g o t s u f fi c i e n t f o o d
for ten years on board ship ( though i f you have casual t ies,
the food may l as t l onge r ) . I f you run ou t o f f ood . . . you
s t a r v e .

Th is is a compl ica ted s imula t ion . You have two bas ic
p rob lems : choos ing a des t ina t ion s ta r l i ke l y to have hab i tab le
p lane ts , and success fu l l y nav iga t ing your sh ip to the
d e s t i n a t i o n b y c a r e f u l c h o i c e o f a c c e l e r a t i o n s . T h e s i m u l a t i o n
is mean t to teach you severa l th ings . These inc lude c lass i f
i ca t ion o f s ta rs by spec t ra l t ype and luminos i t y c lass ; how
pushes forward (posi t ive accelerat ion) and pushes backward
(negat ive accelerat ion) can be used to move a spacecraft ;
how s t range re la t i v i t y can be . You w i l l have to run th i s a
number o f t imes before you ' re successfu l , and the dest inat ion
choices are randomly picked by the computer each time, so you
won ' t run ou t o f hass les qu ick l y. You w i l l have to pay c lose
attent ion to what happens to speeds and distances, watching
for patterns unt i l you can successful ly reach a new home.

I f you* get f rust rated and want to qui t in the middle of
this one, press the CTRL key (second from the bottom on the
le f t s ide o f the keyboard) and , wh i le ho ld ing i t down, t ype
C. You w i l l au tomat ica l l y be re tu rned to the menu.
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F JUPITER'S MOONS

T h i s p r o g r a m w i l l a l l o w y o u t o w a t c h t h e m o t i o n s o f
J u p i t e r ' s f o u r g i a n t m o o n s , I o , E u r o p a , G a n y m e d e , a n d C a l l i s t o ,
a s t h e y c i r c l e t h e s o l a r s y s t e m ' s l a r g e s t p l a n e t .

T h e c o m p u t e r fi r s t a s k s y o u f o r t h e i n c l i n a t i o n a n g l e y o u
d e s i r e . J u p i t e r ' s l a r g e r m o o n s m o v e a r o u n d t h e p l a n e t i n
n e a r l y c i r c u l a r o r b i t s l y i n g a b o v e t h e p l a n e t ' s e q u a t o r . I f
t h e o r b i t s a r e s e e n f r o m a p o i n t f a r a b o v e t h e N o r t h P o l e o f
J u p i t e r , t h e y a p p e a r t o b e c i r c l e s . T h i s o r i e n t a t i o n - - a b o v e
J u p i t e r ' s N o r t h P o l e - - i s c a l l e d i n c l i n a t i o n o f 0 d e g r e e s .
A n i n c l i n a t i o n o f 9 0 d e g r e e s p l a c e s y o u a t a p o i n t a b o v e
J u p i t e r ' s e q u a t o r . F r o m h e r e , t h e m o o n ' s o r b i t s a r e s e e n
"on edge" and the moons appear to move back and fo r th i n
s t r a i g h t l i n e s . T h i s i s t h e o r i e n t a t i o n f r o m w h i c h w e o b s e r v e
the moons he re on ea r th , and un t i l a f ew yea rs ago no human
b e i n g h a d e v e r s e e n t h e m o o n s f r o m a n i n c l i n a t i o n v e r y
d i f f e r e n t f r o m 9 0 d e g r e e s . Yo u c a n c h o o s e a n y i n c l i n a t i o n
b e t w e e n 0 ( o v e r t h e N o r t h P o l e ) a n d 1 8 0 d e g r e e s ( o v e r J u p i t e r ' s
S o u t h P o l e ) . A f t e r c h o o s i n g t h e i n c l i n a t i o n y o u d e s i r e , p r e s s
R E T U R N . I f y o u h a v e n ' t r u n t h e p r o g r a m b e f o r e , s t a r t w i t h 0 .

T h e c o m p u t e r t h e n a s k s y o u f o r t h e d i s t a n c e f r o m w h i c h y o u
d e s i r e t o v i e w t h e s c e n e . O n c e a g a i n , y o u s h o u l d t h i n k o f y o u r
T V m o n i t o r a s a k i n d o f " w i n d o w " t h r o u g h w h i c h y o u c a n s e e t h e
p l a n e t a n d m o o n s . Yo u c a n c h o o s e t h i s d i s t a n c e t o b e a n y t h i n g
b e t w e e n 1 a n d 5 m i l l i o n k i l o m e t e r s . Ty p e a n u m b e r b e t w e e n 1
a n d 5 ( f r a c t i o n s l i k e 2 . 5 a r e a l l o w e d ) , t h e n p r e s s R E T U R N . I f
y o u h a v e n ' t r u n t h e p r o g r a m b e f o r e , t r y 5 .

T h e c o m p u t e r d i s p l a y s t h e a n g l e a n d d i s t a n c e y o u i n p u t ,
a " c l o c k " ( i n d a y s a n d h o u r s ) t h a t s h o w s p a s s i n g t i m e , a n d a
m o v i n g s k e t c h o f t h e s a t e l l i t e s a s t h e y c i r c l e t h e p l a n e t .

I n o r d e r t o g e t a f e e l f o r t h e s i t u a t i o n , I s u g g e s t t h a t
y o u r u n t h e p r o g r a m w i t h i n c l i n a t i o n a n g l e 0 a n d d i s t a n c e 5 ,
t h e n 4 , t h e n 3 , t h e n 2 , t h e n 1 m i l l i o n k i l o m e t e r s . T h i s m e a n s
t h a t y o u a r e v i e w i n g t h e m o o n s y s t e m f r o m c l o s e r a n d c l o s e r
p o i n t s . D o t h e r e s u l t s m a k e s e n s e t o y o u ? N o w t r y i n c l i n a t i o n s
o f 0 , 2 0 , 4 0 , 6 0 a n d 8 0 d e g r e e s w i t h d i s t a n c e e a c h t i m e k e p t a t
2 . 5 m i l l i o n k i l o m e t e r s . C a n y o u u n d e r s t a n d w h a t i s h a p p e n i n g
a s y o u i n c r e a s e t h e i n c l i n a t i o n ? F i n a l l y , t r y i n c l i n a t i o n 9 0
d e g r e e s a n d d i s t a n c e 5 m i l l i o n k i l o m e t e r s . T h i s g i v e s y o u a
r e s u l t t h a t l o o k s s i m i l a r t o w h a t i s s e e n t h r o u g h a s m a l l
t e l e s c o p e h e r e o n e a r t h .
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G SATELLITES

T h i s p r o g r a m a l l o w s y o u t o d i s p l a y a n y o f t h e m o o n s y s t e m s
i n t h e s o l a r s y s t e m , o r , i f y o u p r e f e r , t o d e s i g n y o u r o w n a n d
s e e w h a t t h e y ' d l o o k l i k e .

T h e c o m p u t e r fi r s t a s k s y o u i f y o u w i s h t o s e e a s i m u l a
t i o n o f o n e o f t h e r e a l p l a n e t s ' s a t e l l i t e s ( p r e s s R ) o r i f y o u
w i s h t o d e s i g n o n e o f y o u r o w n ( p r e s s D ) . N o R E TU R N i s n e e d e d .
I f y o u t y p e R , y o u a r e o f f e r e d s i x c h o i c e s , o n e f o r e a c h o f t h e
p l a n e t s k n o w n t o h a v e m o o n s ( e x c e p t N e p t u n e ) . P r e s s t h e n u m b e r
o f y o u r c h o i c e ( n o R E T U R N i s n e e d e d ) . Yo u c a n s t o p t h e
s imu la t i on a t any t ime by p ress i ng RETURN.

I f y o u p r e s s D t o d e s i g n y o u r o w n s y s t e m , t h e c o m p u t e r
fi r s t a s k s y o u f o r t h e p l a n e t ' s r a d i u s . T h i s i s i n k i l o m e t e r s ,
and must be a number between 100 (a VERY smal l p lanet) and
1 0 0 0 0 0 ( e v e n b i g g e r t h a n J u p i t e r ) . R e m e m b e r, D O N ' T T Y P E
C O M M A S . 1 0 0 0 0 0 i s r i g h t ; 1 0 0 , 0 0 0 i s w r o n g . Ty p e t h e p l a n e t ' s
r a d i u s , t h e n p r e s s R E T U R N . I f y o u h a v e n ' t r u n t h i s p r o g r a m
b e f o r e , t y p e 6 5 0 0 , t h e r a d i u s o f t h e e a r t h .

T h e c o m p u t e r n e x t a s k s y o u f o r t h e n u m b e r o f s a t e l l i t e s
y o u w i s h t o s e e d i s p l a y e d . T h i s c a n b e a n y n u m b e r f r o m 1 t o
2 0 . T y p e i t , t h e n p r e s s R E T U R N . I f t h i s i s t h e fi r s t t i m e
y o u ' v e r u n t h i s p r o g r a m , t r y m a k i n g t h i s 1 .

The compu te r runs th rough a l l t he moons (as many as you
t y p e d i n t h e l a s t s t e p ) , a s k i n g y o u t o t y p e t h e o r b i t a l r a d i u s
o f e a c h o n e . O r b i t a l r a d i u s i s t h e d i s t a n c e o f t h e m o o n f r o m
t h e p l a n e t . I t h a s t o b e b i g g e r t h a n t h e r a d i u s o f t h e p l a n e t
a n d l e s s t h a n 2 0 0 0 0 0 0 0 ( t h a t ' s t w e n t y m i l l i o n - - a 2 f o l l o w e d
b y s e v e n 0 s . N O C O M M A S , r e m e m b e r. ) . A f t e r t y p i n g e a c h o n e ,
p r e s s R E T U R N . I f y o u h a v e n ' t r u n t h i s b e f o r e , t y p e 3 8 4 0 0 0 .
T h i s i s t h e a v e r a g e d i s t a n c e o f t h e m o o n f r o m t h e e a r t h .

The computer now produces a moving sketch o f the moon
s y s t e m y o u d e s c r i b e d , d r a w n t o s c a l e a n d w i t h t h e m o o n s m o v i n g
a t s p e e d s t h a t a r e c o r r e c t l y p r o p o r t i o n a l ( t h o u g h f a s t e r t h a n
r e a l l i f e , o f c o u r s e ) . Yo u c a n s t o p t h e " m o v i e " a n y t i m e y o u
w i s h b y p r e s s i n g R E T U R N . T h e c o m p u t e r w i l l t h e n a s k y o u t o
p r e s s C ( t o c o n t i n u e t h e s a m e m o o n s y s t e m ' s m o t i o n ) , A ( t o r u n
t h e w h o l e p r o g r a m o v e r a g a i n f r o m t h e b e g i n n i n g ) , o r M ( t o g o
b a c k t o t h e m e n u ) .

T h e p o i n t o f t h i s s i m u l a t i o n i s t o a l l o w y o u t o s e e w h a t
w h o l e s y s t e m s o f s a t e l l i t e s a t v a r i o u s d i s t a n c e s f r o m t h e i r
p l a n e t s l o o k l i k e i n m o t i o n . Yo u m i g h t t r y t h i s w i t h t w o
s a t e l l i t e s t o l e a r n s o m e i n t e r e s t i n g t h i n g s . C h o o s e t h e p l a n e t
t o h a v e a r a d i u s o f 6 5 0 0 . P l a c e o n e s a t e l l i t e a t 1 0 0 0 0 a n d t h e
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other at 40000 ki lometers from the planet. How many t imes
does t he i nne r sa te l l i t e c i r c l e t he p l ane t be fo re t he ou te r
one completes one orbit? Now try 10000 and 90000, then 10000
and 160000. I f you are clever with squaring and cubing numbers,
you migh t see a pa t te rn here . I f you do , t r y o ther d is tances
and see i f the pat tern works out .

Another thing to try is placing two or more moons at the
s a m e d i s t a n c e f r o m t h e p l a n e t . T h i s s i t u a t i o n a c t u a l l y a r i s e s
in Saturn 's moon sys tem, and the computer t reats i t cor rec t ly.
The two moons orbit in such a way that they and the planet
a lways f o rm an equ i l a t e ra l t r i ang le .

One wa rn ing : I f you have sa te l l i t es i nc l uded w i t h ve ry
d i f f e ren t o rb i t a l r ad i i ( some ve ry c l ose t o t he p l ane t , some
very far away), the closer moons wil l al l end up bunched very
near the p lane t i n the p i c tu re and i t w i l l be ha rd to see the i r
mot ions as a resu l t . Th is is one reason why on ly the inner
moons of Jupiter and Saturn are shown ' in those planets'
s i m u l a t i o n s .
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H COMETS

T h i s p r o g r a m a l l o w s y o u t o s e e a s c a l e m o d e l o f t h e s u n
a n d t h e f o u r i n n e r p l a n e t s a s w e l l a s a n y o f t e n c o m e t s ,
i n c l u d i n g t h e f a m o u s H a l l e y ' s C o m e t . A l t e r n a t i v e l y , y o u m a y
e n t e r o r b i t a l d a t a f o r a n y o t h e r c o m e t y o u d e s i r e , i f y o u h a v e
t h i s d a t a a v a i l a b l e . T h e p i c t u r e m o v e s a s t i m e g o e s o n , s h o w i n g
y o u t h e d e v e l o p m e n t o f t h e c o m e t ' s t a i l a s i t f a l l s t o w a r d t h e
s u n a n d t h e s h r i n k i n g o f t h e t a i l a s i t f a l l s a w a y f r o m t h e s u n
a g a i n . Yo u c a n v i e w t h e s c e n e f r o m a w i d e v a r i e t y o f a n g l e s t o
g a i n s o m e i m p r e s s s i o n o f t h e t h r e e - d i m e n s i o n a l m o t i o n s i n v o l v e d .

C o m e t s u s u a l l y t r a v e l i n l o n g , n a r r o w e l l i p t i c a l o r b i t s ,
t i l t e d a t v a r i o u s a n g l e s t o t h e o r b i t s o f t h e p l a n e t s . T h e y
s p e n d m o s t o f t h e i r t i m e a t l a r g e d i s t a n c e s f r o m t h e s u n , w e l l
b e y o n d t h e o r b i t o f M a r s , b u t t h e i r o r b i t s a l w a y s b r i n g t h e m
b a c k t o t h e w a r m r e g i o n s n e a r t h e s u n f o r b r i e f p e r i o d s .
S i n c e t h e y a r e m a d e m o s t l y o f f r o z e n m a t e r i a l , t h e i r s u r f a c e s
t h a w a n d t h e n b o i l a s t h e y d r a w n e a r t h e s u n . T h i s b o i l i n g
v a p o r i s p u s h e d a w a y f r o m t h e s u n b o t h b y s u n l i g h t i t s e l f a n d
b y f a s t - m o v i n g p r o t o n s c a l l e d t h e s o l a r w i n d . T h e f o r c e s
e x e r t e d b y s u n l i g h t a n d t h e s o l a r w i n d a r e b o t h v e r y s m a l l ,
b u t t h e o n l y o t h e r i m p o r t a n t f o r c e a c t i n g o n t h e v a p o r i s t h e
s u n ' s g r a v i t y , w h i c h i s e v e n s m a l l e r . T h e v a p o r p u s h e d o f f
t h e w a r m i n g s u r f a c e o f t h e c o m e t ' s h e a d f o r m s t h e c o m e t ' s
t a i l . T h i s c a n r e a c h e n o r m o u s l e n g t h s i f a c o m e t w i t h a l a r g e
m a s s o f f r o z e n m a t e r i a l g e t s c l o s e t o t h e s u n , b u t o n c e t h e
c o m e t f a l l s o u t w a r d a g a i n i n t o t h e c o l d e r r e g i o n s b e y o n d t h e
o r b i t o f M a r s t h e c o m e t ' s h e a d c o o l s o f f , r e f r e e z e s , a n d t h e
t a i l d i s a p p e a r s .

T h e p r o g r a m fi r s t a s k s y o u i f y o u w i s h t o i n p u t y o u r o w n
c o m e t ' s d a t a . B e w a r n e d t h a t i f y o u t y p e Y ( f o r Ye s ) y o u w i l l
b e a s k e d f o r s u c h i t e m s a s t h e a n g l e f r o m t h e a s c e n d i n g n o d e o f
t h e c o m e t ' s o r b i t t o t h e o r b i t ' s p e r i h e l i o n . I f y o u d o n ' t
u n d e r s t a n d t h i s , i t i s b e s t t o p r e s s N ( f o r N o ) t o g e t a
s i m u l a t i o n o f o n e o f t h e c o m e t s w h o s e o r b i t a l d a t a i s a l r e a d y
i n c l u d e d i n t h e p r o g r a m .

T h e p r o g r a m o f f e r s y o u a c h o i c e o f t e n c o m e t s , n u m b e r e d
0 - 9 . P r e s s a n u m b e r ( n o R E T U R N i s n e e d e d ) . 9 i s H a l l e y ' s
C o m e t , w h i c h m i g h t b e a g o o d o n e t o s t a r t w i t h . C o m e t s a r e
n a m e d f o r t h e i r d i s c o v e r e r s ( w h o m i g h t b e a n y n a t i o n a l i t y a t
a l l ) , s o s o m e o f t h e n a m e s m i g h t s e e m a b i t o d d . T h e c o m p u t e r
n e x t a s k s y o u t o t y p e a " t i l t a n g l e . " T h i s i s t h e a n g l e t o
t h e e a r t h ' s o r b i t f r o m w h i c h y o u ' d l i k e t o s e e t h e d i s p l a y .
A t i l t a n g l e o f 0 p l a c e s y o u i n a p o s i t i o n s u c h t h a t y o u a r e
l o o k i n g d o w n o n e a r t h ' s o r b i t a n d i t l o o k s c i r c u l a r . A t i l t
a n g l e o f 9 0 d e g r e e s l e t s y o u s e e e a r t h ' s o r b i t " o n e d g e . "
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You can choose any angle between 0 and 180 degrees. After you
type i t , press RETURN. I f you haven ' t run th is program before,
t r y 0 .

Once you've typed th is, the computer wi l l take about ten
seconds to do some ca lcu la t ions . I t then p r in ts the comet ' s
name and i ts per iod , in years . The comet 's per iod is the
leng th o f t ime i t takes to comple te one orb i t . The computer
wil l pause now for about twenty seconds to do some addit ional
c a l c u l a t i o n . A t t h e e n d o f t h i s t i m e y o u ' l l s e e t h e s u n
and the four inner p lanets, Mercury, Venus, Earth, and Mars.
The computer a lso d isp lays a da te . The p lanets are in the i r
p roper p laces fo r th is da te . The comet p robab ly won ' t ye t be
i n t h e p i c t u r e . I t ' s s t i l l f a r f r o m t h e s u n , f a l l i n g s l o w l y
towards the inner so lar sys tem. Press the space bar ( the long,
horizontal bar below the keys on the keyboard) and the date
— and p lane ts - - w i l l l eap ahead. A f te r a few taps on the
space bar, you ' l l see the comet come in to the p ic ture . Watch
i t s mo t i on as we l l as t he da te . As the comet f a l l s c l ose r t o
the sun, i t moves fas ter and fas ter, cover ing more d is tance in
a s h o r t e r t i m e . Yo u ' l l a l s o s e e t h e t a i l d e v e l o p a s t h e f r o z e n
mate r i a l o f t he head beg ins t o bo i l i n t he fie rce , unsh ie lded
s u n l i g h t . T h e t a i l a l w a y s p o i n t s d i r e c t l y a w a y f r o m t h e s u n ,
pushed ou t by l i gh t p ressure and the so la r w ind . Even tua l l y,
the comet w i l l round the sun and s tar t fa l l ing away f rom i t ,
f u r t he r and f u r t he r ou twa rd . I t w i l l move s l owe r and s l owe r,
tak ing much longer to cover d is tances, and as i ts temperature
f a l l s a g a i n t o w a r d s f r e e z i n g t h e t a i l o f v a p o r i z e d m a t e r i a l w i l l
d im in i sh and fina l l y d i sappea r comp le te l y.

Once the comet has left the picture, a few more taps of
the space bar wil l make the computer give you the option of
e i therof the fo l lowing: same comet through i ts next passage
through the inner p lanets , t ry ing another comet , o r go ing back
to the menu. Press N to con t inue , A to run aga in , o r M fo r
the menu (no RETURN needed) as your fancy pleases.
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SOLAR SYSTEM

T h i s p r o g r a m a l l o w s y o u t o s e e t h e p l a n e t s i n t h e i r c o r r e c t
p o s i t i o n s f r o m a v a r i e t y o f d i s t a n c e s a n d d i r e c t i o n s a t a n y
da te be tween 1500 and 2500 A .D . You can a l so advance t he
p l a n e t s i n t h e i r o r b i t s t o g e t a n i m p r e s s i o n o f h o w t h e y m o v e
w i t h r e s p e c t t o e a c h o t h e r a s t i m e g o e s o n . T h i s s i m u l a t i o n
i s m u c h m o r e d e t a i l e d t h a n t h e o t h e r s s h o w i n g s o m e o f t h e
p l a n e t s . A l l o f t h e e c c e n t r i c i t i e s , i n c l i n a t i o n s , a n d o t h e r
c h a r a c t e r i s t i c s o f t h e o r b i t s a r e i n d i c a t e d a s e x a c t l y a s t h e
s c r e e n r e s o l u t i o n a l l o w s . T h i s p e r m i t s y o u t o s e e t h a t t h e
p l a n e t s ' o r b i t s a r e n o t p e r f e c t c i r c l e s a n d t h a t t h e y a r e
t i l t e d a t v a r i o u s a n g l e s a n d i n v a r i o u s d i r e c t i o n s w i t h r e s p e c t
t o e a c h o t h e r .

T h e c o m p u t e r fi r s t e s t a b l i s h e s t h e d a t e o n w h i c h y o u w i s h
t o s t a r t t h e s i m u l a t i o n . T h e c o m p u t e r a s k s y o u t o t y p e a y e a r
be tween 1500 and 2500 . Type you r cho ice , t hen p ress RETURN.
I t n e x t a s k s y o u f o r t h e m o n t h y o u d e s i r e . Ty p e a n u m b e r 1 - 1 2 .
A s i s c u s t o m a r y, J a n u a r y i s 1 , F e b r u a r y i s 2 , M a r c h i s 3 , A p r i l
i s 4 , a n d s o o n t o D e c e m b e r, w h i c h i s 1 2 . Ty p e t h e n u m b e r o f
t h e m o n t h y o u d e s i r e , t h e n p r e s s R E T U R N . N e x t , t h e c o m p u t e r
a s k s y o u f o r t h e d a y o f t h e m o n t h . Ty p e t h i s n u m b e r , t h e n
press RETURN.

T h e c o m p u t e r n o w a s k s y o u t o t y p e e i t h e r E o r N . I f y o u
t y p e E , i t e r a s e s t h e i m a g e s o f t h e p l a n e t s a s t i m e p a s s e s ,
s h o w i n g o n l y w h e r e t h e p l a n e t i s a t e a c h p a r t i c u l a r d a t e . T h i s
i s m o r e r e a l i s t i c t h a n t h e o t h e r o p t i o n , b u t I a d v i s e y o u t o
p r e s s N h e r e i f y o u h a v e n ' t r u n t h i s p r o g r a m b e f o r e . I f y o u
t y p e N , t h e c o m p u t e r l e a v e s e a c h i m a g e o f t h e p l a n e t i n t a c t
a s i t g o e s o n t o d r a w t h e o n e i n t h e p l a n e t ' s n e w p o s i t i o n .
T h i s m e a n s t h a t a s t i m e g o e s o n y o u ' l l s e e a s t r i n g o f d o t s
i n d i c a t i n g a p l a n e t ' s p o s i t i o n a t v a r i o u s t i m e s . T h i s g i v e s
y o u a g o o d i d e a o f t h e s h a p e a n d o r i e n t a t i o n o f t h e p l a n e t ' s
o r b i t . A f t e r y o u h a v e t y p e d e i t h e r E o r N , p r e s s R E T U R N .

T h e c o m p u t e r n o w a s k s y o u t o t y p e a t i l t a n g l e . T h i s
mus t be a number be tween 0 and 90 deg rees , and re fe rs to the
a n g l e t o e a r t h ' s o r b i t f r o m w h i c h y o u w i s h t o s e e t h e s o l a r
s y s t e m . A n a n g l e o f 0 i s d i r e c t l y a b o v e e a r t h ' s o r b i t , l o o k i n g
d o w n o n i t . T h e e a r t h a p p e a r s t o m o v e i n a c i r c l e . I f y o u
c h o o s e t h i s t o b e 9 0 d e g r e e s , y o u l o o k a t e a r t h ' s o r b i t " o n
e d g e " a n d t h e p l a n e t a p p e a r s t o m o v e b a c k a n d f o r t h i n a
s t r a i g h t l i n e . A v a l u e o f a b o u t 7 0 f o r t h i s g i v e s a g o o d
g e n e r a l i m p r e s s i o n o f t h e p l a n e t ' s m o t i o n s a n d r e l a t i v e
p o s i t i o n s , b u t y o u s h o u l d t r y s e v e r a l t o s e e t h t s y s t e m f r o m
v a r i o u s v a n t a g e s . A f t e r y o u ' v e t y p e d t h i s n u m b e r , p r e s s
RETURN.
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Final ly, the computer asks you for the d istance f rom the
sun you wish your viewpoint to be. Think of your TV monitor
as a window looking out at the solar system; you are choosing
the window's distance from the sun. This can be any value
between 3 and 500 A.U. One A.U. is the average distance of
earth f rom the sun, so you' l l have to be several A.U. out
before you can see many of the planets through your "window."
I f you get too far out , some of the inner p lanets may get lost
in the g lare o f the sun.

Once you've typed the distance (and pressed RETURN), the
computer pauses for about fi f teen seconds to ca lcu la te the
p l a n e t a r y p o s i t i o n s . I t t h e n p r i n t s a l i s t o f t h e p l a n e t s
to be displayed. Some of these may not appear in the "window"
for a wh i le . They are fa r f rom the sun and you ' l l have to
wa i t fo r them to d r i f t ac ross your v iew.

The computer next displays the view of the solar system
you requested. You can advance t ime by pressing the space
bar ; t h i s causes the p lane ts to move in the i r o rb i t s . You can
press the space bar as many times as you wish to see the planets
move forward. The program can be ended any time you wish by
pressing RETURN. If you have chosen the No Erasure option the
c o m p u t e r w i l l s t o p r e c a l c u l a t i n g a p l a n e t ' s p o s i t i o n a f t e r i t
has made one complete orbit.
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J TEMPERATURE AND COLOR

T h i s p r o g r a m a l l o w s y o u t o r u n a n e x p e r i m e n t t o d e t e r m i n e
t h e c o l o r o f a s t a r . Yo u c a n c h o o s e e i t h e r t h e s p e c t r a l t y p e
o r t h e t e m p e r a t u r e o f t h e s t a r .

A l l s t a r s e m i t l i g h t o f a l m o s t a l l p o s s i b l e c o l o r s ,
i n c l u d i n g s o m e l i k e u l t r a v i o l e t a n d i n f r a r e d t h a t a r e n o t
v i s i b l e t o o u r e y e s b u t c a n b e d e t e c t e d b y i n s t r u m e n t s . B u t
a t a n y g i v e n t e m p e r a t u r e a s t a r e m i t s m o r e l i g h t o f s o m e c o l o r s
t h a n o t h e r s . A v e r y c o o l s t a r , f o r e x a m p l e , w i t h a s u r f a c e
t e m p e r a t u r e o f 2 5 0 0 K e l v i n , e m i t s s m a l l a m o u n t s o f b l u e a n d
g r e e n l i g h t , b u t t h e l a r g e s t a m o u n t s a r e r e d a n d i n f r a r e d , a n d
t o o u r e y e s s u c h a s t a r l o o k s r e d . T h e i d e a h e r e i s s i m i l a r t o
m i x i n g p a i n t s . A s m a l l a m o u n t o f b l u e o r y e l l o w m i x e d w i t h a
l o t o f r e d l o o k s m o r e r e d t h a n a n y t h i n g e l s e .

T h i s p r o g r a m s i m u l a t e s a n e x p e r i m e n t i n w h i c h y o u p o i n t
e i g h t d e t e c t o r s a t a s t a r . T h e e i g h t d e t e c t o r s ( w h i c h a r e
r a t h e r l i k e m e t e r s o n c a m e r a s ) c a n " s e e " l i g h t c o m i n g f r o m
t h e s t a r o f e i g h t d i f f e r e n t c o l o r s : u l t r a v i o l e t , v i o l e t , b l u e ,
g r e e n , y e l l o w , o r a n g e , r e d , a n d i n f r a r e d . O n t h e s c r e e n , t h e s e
c o l o r s a r e i n d i c a t e d b y a b b r e v i a t i o n s : U V, V I O , B L U , G R E ,
YEL, ORA, RED, and IR.

T h e c o m p u t e r fi r s t a s k s y o u i f y o u w i s h t o p o i n t y o u r
d e t e c t o r s a t a s t a r o f a p a r t i c u l a r t e m p e r a t u r e ( h i t T ) o r
s p e c t r a l t y p e ( h i t S ) . N o R E T U R N i s n e c e s s a r y f o r t h e s e . I f
y o u p r e s s T f o r t e m p e r a t u r e , t h e c o m p u t e r n e x t a s k s y o u t o t y p e
t h e s t a r ' s t e m p e r a t u r e i n d e g r e e s K e l v i n . Ty p e a n u m b e r
between 2000 and 50000 (DON'T TYPE COMMAS. 50000 is r ight ;
5 0 , 0 0 0 i s w r o n g ) , t h e n p r e s s R E T U R N . I f y o u p r e s s S f o r s p e c
t r a l t y p e , t h e c o m p u t e r a s k s y o u t o t y p e t h e s p e c t r a l t y p e o f
t h e s t a r . F r o m h o t t e s t t o c o o l e s t s t a r s , s p e c t r a l t y p e s r u n
0 , B , A , F, G , K , a n d M ( " O h B o y ; A s t r o n o m y F i n a l ' s G o n n a K i l l
M e 11 ) . S u b c l a s s e s a r e i n d i c a t e d b y n u m b e r s f o l l o w i n g t h e l e t t e r s .
T h e s u n i s u s u a l l y c l a s s i fi e d a s G 2 , w h i c h a t 5 8 2 0 K e l v i n i s
s l i g h t l y h o t t e r t h a n G 3 a n d s l i g h t l y c o o l e r t h a n G l . T h e
h o t t e s t G s t a r s a r e G O , j u s t c o o l e r t h a n F 9 . T h e c o o l e s t
G s t a r s a r e G 9 , j u s t h o t t e r t h a n K 0 . T h e v e r y h o t t e s t s t a r s
s h o u l d b e 0 0 , b u t t h e y a r e n ' t ; t h e h o t t e s t c l a s s i fi c a t i o n
o r d i n a r i l y u s e d i s 0 5 , f o l l o w e d b y s l i g h t l y c o o l e r 0 6 , e t c .
T h e c o o l e s t o f a l l s t a r s a r e s p e c t r a l t y p e M 9 . T y p e y o u r
d e s i r e d s p e c t r a l t y p e , t h e n p r e s s R E T U R N .

W h e t h e r y o u c h o s e a t e m p e r a t u r e o r a s p e c t r a l t y p e , t h e
c o m p u t e r n o w s t a r t s r u n n i n g y o u r e x p e r i m e n t . . T h e e i g h t
d e t e c t o r s a r e p o i n t e d a t t h e s t a r y o u w a n t t o s e e t h e c o l o r o f ,
a n d y o u s e e t h e m c o u n t i n g i n c o m i n g l i g h t w a v e s o f t h e v a r i o u s
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c o l o r s . I n a r
e x a c t l y t h e s a m
random th ings 1
f o r t h . F o r t h i
c o m p u t e r ' s r e s u
wha t happens i n
h a v e t o r u n t h e
o r s p e c t r a l t y p
p r o m i n e n t i n t h
u s u a l l y o n e c o l
s t a r s r e a l l y i s
the p rog ram you
G2, to see what
y o u w o n ' t b e t o
nonetheless .

e a l e x p e r i m e n t l i k e t h i s , t h e r e s u
e e v e r y t i m e i t i s r u n . T h i s i s b
i k e h a z e , s m a l l e l e c t r i c a l p r o b l e m
s r e a s o n , I a d d e d a b i t o f r a n d o m n
I t s s o y o u c a n s e e a m o r e r e a l i s t i

a r e a l e x p e r i m e n t . T h i s m e a n s t h a
p r o g r a m s e v e r a l t i m e s w i t h t h e s a

e t o g a i n a n i d e a o f w h a t c o l o r s a
e s t a r ' s l i g h t . Y o u w i l l n o t i c e t
o r d o e s n ' t d o m i n a t e a l l t h e o t h e r s

a m i x t u r e o f c o l o r s . T h e fi r s t t
s h o u l d c h o o s e t o i n p u t t h e s u n ' s
c o l o r s a r e p r e s e n t i n s u n l i g h t ,

o s u r p r i s e d , b u t i t ' s i n t e r e s t i n g

I t s a r e n o t
ecause o f
s , and so
e s s t o t h e
c v e r s i o n o f
t you may
me tempera tu re
re most
o o t h a t
; l i g h t f r o m
ime you run
s p e c t r a l t y p e ,
Chances are
t o s e e
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K SPECTRAL TYPES

T h i s p r o g r a m a l l o w s y o u t o s t u d y s i m u l a t e d s t a r s p e c t r a
a n d a t t e m p t t o a s s i g n t h e m t o p a r t i c u l a r s p e c t r a l t y p e s . I t
c a n b e r u n a t f o u r l e v e l s o f d i f fi c u l t y .

W h e n s u n l i g h t o r s t a r l i g h t i s p a s s e d t h r o u g h a p r i s m , i t
i s s e p a r a t e d i n t o a s p e c t r u m o f c o l o r s . I t w a s d i s c o v e r e d
n e a r l y t w o h u n d r e d y e a r s a g o t h a t i f t h e s u n ' s s p e c t r u m w a s
e x a m i n e d c l o s e l y i t w a s n o t c o m p l e t e . S o m e v e r y n a r r o w c o l o r
r e g i o n s w e r e a b s e n t , l e a v i n g d a r k l i n e s i n t h e m i d d l e o f t h e
s p e c t r u m . I t w a s d i s c o v e r e d l a t e r t h a t t h i s w a s t r u e o f
s t a r l i g h t a s w e l l . F o r a t i m e , t h e s e " d a r k l i n e s " w e r e a
c o m p l e t e m y s t e r y. To d a y t h e y a r e w e l l u n d e r s t o o d , a n d w e k n o w
t h e m t o b e d u e t o a b s o r p t i o n o f c e r t a i n c o l o r s b y p a r t i c u l a r
k i n d s o f a t o m s , i o n s , a n d m o l e c u l e s i n t h e o u t e r r e g i o n s o f t h e
s t a r s . T h e p r e s e n c e o r a b s e n c e o f l i g h t o f p a r t i c u l a r c o l o r s
i n a s t a r ' s s p e c t r u m d e p e n d s c r u c i a l l y o n i t s t e m p e r a t u r e , s o
f r o m l o o k i n g a t t h e p a t t e r n o f d a r k l i n e s i n a s t a r ' s s p e c t r u m
w e c a n fi n d o u t i t s t e m p e r a t u r e . B e f o r e t h i s w a s r e a l i z e d ,
b a c k w h e n t h e d a r k l i n e s w e r e a m y s t e r y, s t a r s ' s p e c t r a w e r e
c l a s s i fi e d a c c o r d i n g t o p a r t i c u l a r p a t t e r n s a n d w i d t h s o f
d a r k l i n e s . T h i s g a v e r i s e t o t h e s p e c t r a l t y p e s w e a s s i g n
t o s t a r s t o d a y . Yo u c a n l o o k a t t h e d i s c u s s i o n o f s p e c t r a l
types in the TEMPERATURE AND COLOR program to review these i f
y o u w i s h .

T h e t r i c k t o c o r r e c t l y c l a s s i f y i n g s p e c t r a i s t o u s e a
a s e t o f s t a n d a r d s . I f a s t a r ' s s p e c t r u m o f d a r k l i n e s l o o k s
v e r y m u c h l i k e t h a t o f a s t a r p r e v i o u s l y c l a s s i fi e d a s G 6
( f o r e x a m p l e ) , t h e n w e c a n s a y t h a t t h e n e w s t a r , t o o , i s G 6 .

T h e fi r s t t h i n g t h e c o m p u t e r a s k s f o r i n t h i s p r o g r a m i s
a l e v e l o f d i f fi c u l t y . T h i s c a n b e 1 - 4 . I f y o u h a v e n ' t r u n
t h i s b e f o r e , t y p e 1 ( n o R E T U R N n e c e s s a r y ) . L e v e l 2 i n c l u d e s
D o p p l e r s h i f t e d s p e c t r a , l e v e l 3 r e d g i a n t a n d w h i t e d w a r f
s t a r s , a n d l e v e l 4 i s s o fi e n d i s h I ' l l l e t y o u d i s c o v e r i t s
t r i c k s f o r y o u r s e l f .

The compute r chooses a random spec t ra l t ype and d raws a
s k e t c h o f i t f o r y o u a s a n " u n k n o w n " y o u a r e t o c l a s s i f y . N o
c o l o r s a r e s h o w n w i t h t h i s , b u t t h e p o r t i o n o f t h e s p e c t r u m
s h o w n r u n s f r o m v i o l e t ( l e f t e n d ) t h r o u g h b l u e t o a b o u t g r e e n
( r i g h t e n d ) . Yo u c a n s e e a v a r i e t y o f d a r k l i n e s i n t h e
s p e c t r u m , s o m e w i d e , s o m e n a r r o w . B e w i l d e r i n g , i s n ' t i t ?
N o w y o u k n o w w h a t 1 9 t h c e n t u r y a s t r o n o m e r s f e l t l i k e . T h e
c o m p u t e r n o w a s k s y o u f o r " t o p s p e c t r a l t y p e . " T h e c o m p u t e r
a l l o w s y o u t o c h o o s e t w o s t a n d a r d , k n o w n s p e c t r a t o c o m p a r e
w i t h t he unknown one . One i s d rawn above t he unknown , one
b e l o w . A f t e r y o u ' v e t r i e d a f e w , y o u ' l l n o t i c e s i m i l i a r i t i e s
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Examinat ion of a s tar 's spectrum te l ls an ast ronomer an
enormous number o f fac ts about the s tar. These inc lude i ts
tempera ture , sur face grav i ty, compos i t ion , speed towards o r
away f rom us, and magnet ic fie ld s t rength. The spect rum helps
us t o i n f e r a s t a r ' s s i ze , mass , and age , as we l l . Th i s
p rog ram i s i n tended to g i ve you a b r ie f i ns igh t i n to spec t ra l
a n a l y s i s .
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L BUILD A WORLD

T h i s p r o g r a m a l l o w s y o u t o d e s i g n y o u r o w n p l a n e t . Yo u
d e t e r m i n e w h a t k i n d o f s t a r i t h a s , i t s d i s t a n c e f r o m t h a t
s t a r , t h e p l a n e t ' s m a s s a n d s i z e , a n d s o m e t h i n g a b o u t i t s
s u r f a c e .

T h e c o m p u t e r fi r s t a s k s y o u f o r t h e s p e c t r a l t y p e o f t h e
p l a n e t ' s s t a r . S p e c t r a l t y p e t e l l s w h a t t e m p e r a t u r e a s t a r i s .
F r o m h o t t e s t t o c o o l e s t , s p e c t r a l t y p e s a r e 0 , B , A , F, G , K ,
and M ( "Ot to Brough t Me A Fu l l y Grown Kangaroo Monday" ) .Sub types
a r e i n d i c a t e d b y n u m b e r s . K 0 i s t h e h o t t e s t k i n d o f K . K l
i s a b i t c o o l e r , K 2 a b i t c o o l e r t h a n K l , a n d s o o n , K 9 b e i n g
t h e c o o l e s t k i n d o f K t y p e , o n l y a l i t t l e h o t t e r t h a n M O , t h e
h o t t e s t o f t h e M t y p e s . T h e v e r y h o t t e s t s t a r s o u g h t t o b e 0 0 ,
b u t t h e y a r e n ' t . T h e h o t t e s t t y p e u s e d i s 0 5 . 0 6 a r e s l i g h t l y
c o o l e r , a n d s o o n . O u r s u n i s u s u a l l y c l a s s e d a s t y p e G 2 , w i t h
a s u r f a c e t e m p e r a t u r e o f a b o u t 5 8 0 0 K e l v i n . O n c e y o u ' v e t y p e d
a s p e c t r a l t y p e , p r e s s R E T U R N . I f y o u ' v e n e v e r r u n t h i s b e f o r e ,
t r y G 2 ( l i k e t h e s u n ) .

T h e c o m p u t e r n e x t a s k s f o r t h e s t a r ' s l u m i n o s i t y c l a s s .
L u m i n o s i t y c l a s s t e l l s h o w b i g a s t a r i s , a n d i s i n d i c a t e d b y
a R o m a n n u m e r a l . F r o m l a r g e s t t o s m a l l e s t t h e s e c l a s s e s a r e
I , I I , I I I , I V , a n d V . O r d i n a r y s t a r s a r e s m a l l , l u m i n o s i t y
c l a s s V. C l a s s I V a n d I I I a r e s u b g i a n t s a n d g i a n t s ; c l a s s I I
a n d c l a s s I a r e b i g s u p e r g i a n t s a n d g i g a n t i c s u p e r g i a n t s . T y p e
t h e l u m i n o s i t y c l a s s y o u w i s h , t h e n p r e s s R E T U R N . I f t h i s i s
y o u r fi r s t t i m e r u n n i n g t h i s p r o g r a m , t y p e V, l i k e t h e s u n .

T h e c o m p u t e r n o w m o v e s o n t o t h e p r o p e r t i e s o f y o u r p l a n e t .
I t fi r s t a s k s f o r t h e p l a n e t ' s r a d i u s i n e a r t h u n i t s . T h i s
m e a n s t h a t i f y o u t y p e . 5 , y o u r p l a n e t w i l l b e h a l f t h e s i z e o f
t h e e a r t h . Yo u r c h o i c e m u s t b e b e t w e e n . 1 a n d 2 0 . A f t e r y o u
t y p e t h i s , p r e s s R E T U R N . O n y o u r fi r s t t r y , u s e 1 , l i k e t h e
e a r t h .

N e x t i t a s k s y o u f o r t h e p l a n e t ' s m a s s , o n c e a g a i n i n
e a r t h u n i t s . Ty p e a n u m b e r b e t w e e n . 0 1 a n d 1 0 0 0 , t h e n p r e s s
R E T U R N . F o r y o u r fi r s t t r y , u s e 1 , l i k e t h e e a r t h .

F i n a l l y , t h e c o m p u t e r a s k s f o r t h e p l a n e t ' s a l b e d o .
A lbedo i s a number be tween 0 and 1 tha t i nd i ca tes how much
l i g h t t h e p l a n e t r e fl e c t s . I f i t r e fl e c t s a l o t , l i k e a fi e l d
o f s n o w , i t s a l b e d o i s n e a r l y 1 . I f i t r e fl e c t s v e r y l i t t l e ,
l i k e c h a r c o a l , i t s a l b e d o i s n e a r l y 0 . E a r t h ' i S a l b e d o i s a b o u t
. 5 . Ty p e y o u r c h o i c e f o r a l b e d o , t h e n p r e s s R E T U R N .

T h e c o m p u t e r n o w p r i n t s s e v e r a l p i e c e s o f i n f o r m a t i o n a b o u t
b o t h t h e p l a n e t a n d i t s s t a r . B e s i d e s y o u r o w n i n p u t s , t h e s e

28



i n c l u d e t h e l e n g t h o f t h e p l a n e t ' s y e a r, i t s s u r f a c e g r a v i t y,
escape speed (ear th 's is about 25,000 mi les per hour) , dens i ty,
a n d s u r f a c e t e m p e r a t u r e . A l s o p r i n t e d a r e t h e s t a r ' s c o l o r,
mass, rad ius, luminos i ty ( that is , how much energy i t emi ts per
second) , and how b ig i t would look in your p lanet 's sky. The
last quant i ty is g iven in terms of how b ig our sun looks in
our own sky.

This simulat ion can be used in many ways. You wi l l note
t h a t f o r t h e " fi r s t t r y " c h o i c e s I i n d i c a t e d a b o v e t h e p l a n e t ' s
su r face tempera tu re i s 70 degrees Farenhe i t , qu i te l i veab le .
This is not surpr is ing, s ince you typed in numbers for an
ear th l i ke p lane t and a sun l i ke s ta r. Bu t can you find a way
to produce a habi tab le p lanet o f say, a spect ra l type B5 s tar
o f l um inos i t y c lass V? Or a spec t ra l t ype M2 s ta r o f l um inos i t y
c l a s s I I I ?

You can s tudy what de termines a p lanet 's g rav i ty. Keep ing
a l l the o ther numbers the same as in your fi rs t t ry, type 2
fo r the p lane t ' s mass . Wha t happens to the g rav i t y? Nex t ,
run aga in typ ing 2 fo r the rad ius but keep ing a l l the o ther
numbers the same as in the fi rs t t ry. What happens to grav i ty
th is t ime? Use d i f fe ren t masses and rad i i un t i l you see a
p a t t e r n i n t h e i r e f f e c t o n g r a v i t y. N o t i c e a l s o t h e e f f e c t s o n
escape speed and the planet 's densi ty.

Next, you can experiment with temperature. What happens
i f e v e r y t h i n g i s t h e s a m e a s t h e fi r s t t r y b u t t h e d i s t a n c e i s
changed to 2? How about .5? Do the results make sense?
Notice what happens to the length of the year and the size of
the sun in the p lane t ' s sky. Now t ry ing chang ing a lbedo to .9 ,
leav ing a l l the o ther numbers the same as in the fi rs t t r y.
An albedo of .9 means the p lanet reflects more l ight than the
earth does, and absorbs less. What happens to i ts temperature?
Now try albedo of .1, which would be very dark and absorbent.
See what happens?

This program is very flex ib le , and you can learn a lo t f rom
i t . Be care fu l to change on ly one quant i ty a t a t ime so you
can see what happens when you change it.
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M DOUBLE STARS

T h i s p r o g r a m a l l o w s y o u t o s e e a n a n i m a t i o n o f a d o u b l e
s t a r . T h e m a s s e s o f t h e s t a r s a n d t h e s i z e a n d s h a p e o f t h e
o r b i t a r e c h o s e n b y y o u , s o y o u c a n d e s i g n a w i d e v a r i e t y o f
s y s t e m s a n d e x a m i n e t h e i r b e h a v i o r.

L i k e t h o s e o f p l a n e t s , s a t e l l i t e s , a n d c o m e t s , t h e o r b i t s
o f d o u b l e s t a r s a r e e l l i p s e s . T h e s i z e o f t h e e l l i p s e i s
s p e c i fi e d b y t h e q u a n t i t y c a l l e d t h e s e m i - m a j o r a x i s . J u s t
a s i s t h e c a s e f o r p l a n e t s a n d c o m e t s , t h e s e m i - m a j o r a x i s o f
a d o u b l e s t a r o r b i t i s u s u a l l y m e a s u r e d i n A . U . O n e A . U . ,
o r A s t r o n o m i c a l U n i t , i s t h e a v e r a g e d i s t a n c e o f t h e e a r t h f r o m
t h e s u n , a b o u t 9 3 m i l l i o n m i l e s . T h e s e m i - m a j o r a x e s o f
d o u b l e s t a r s a r e o f t e n i n t h e r a n g e o f 5 t o 2 0 A . U .

T h e s h a p e o f t h e d o u b l e s t a r ' s e l l i p t i c a l o r b i t i s s p e c i
fi e d b y a q u a n t i t y c a l l e d t h e e c c e n t r i c i t y . E c c e n t r i c i t y
r a n g e s f r o m 0 ( f o r a p e r f e c t c i r c l e ) t o n e a r l y , b u t n o t q u i t e ,
1 . E c c e n t r i c i t i e s n e a r 1 , l i k e . 9 o r . 9 5 , m e a n o r b i t s s h a p e d
l i k e v e r y l o n g , n a r r o w e l l i p s e s . T h e t w o s t a r s ' o r b i t s a l w a y s
h a v e t h e s a m e e c c e n t r i c i t y .

A s m e n t i o n e d a b o v e , p l a n e t s , c o m e t s , a n d s a t e l l i t e s a l l
m o v e i n e l l i p t i c a l o r b i t s , t o o . I n t h o s e c a s e s , t h o u g h , w e
have a compara t i ve l y huge mass i n t he m idd le w i t h a much
s m a l l e r o n e o r b i t i n g i t - - l i k e a p l a n e t a r o u n d t h e s u n , o r a
m o o n a r o u n d a p l a n e t . I n t h e c a s e o f d o u b l e s t a r s , t h e t w o
o b j e c t s m a y b e n e a r l y t h e s a m e m a s s . A s a r e s u l t , o n e o f t h e m
d o e s n ' t s t a n d m o r e o r l e s s s t i l l w h i l e t h e o t h e r m o v e s a r o u n d
i t - - b o t h o f t h e m m o v e s i g n i fi c a n t l y . T h i s i s q u i t e h a r d t o
p i c t u r e a n d c a n ' t b e i l l u s t r a t e d i n b o o k s v e r y w e l l , s o I
t h o u g h t t h i s p r o g r a m m i g h t b e u s e f u l t o y o u .

T h e c o m p u t e r fi r s t a s k s y o u f o r t h e e c c e n t r i c i t y o f t h e
o r b i t . T h i s h a s t o b e a n u m b e r b e t w e e n 0 a n d . 9 5 . Ty p e y o u r
c h o i c e , t h e n p r e s s R E T U R N . I f t h i s i s y o u r fi r s t a t t e m p t w i t h
t h i s p r o g r a m , t y p e 0 . T h i s g i v e s a c i r c u l a r o r b i t , w h i c h i s
e a s i e s t t o u n d e r s t a n d .

T h e c o m p u t e r p a u s e s a t t h i s p o i n t f o r a b o u t t e n s e c o n d s
w h i l e i t d o e s s o m e c a l c u l a t i o n , a n d t h e n a s k s y o u t o t y p e t h e
m a s s o f t h e p r i m a r y s t a r . S i n c e t h e r e a r e t w o s t a r s , o n e i s
h e a v i e r , a n d t h a t o n e i s c a l l e d t h e p r i m a r y s t a r . T h e l i g h t e r
o n e i s c a l l e d t h e s e c o n d a r y s t a r . W h y d i d n ' t t h e s e g e t c a l l e d
t h e h e a v i e r a n d l i g h t e r s t a r s i n s t e a d o f t h e p r i m a r y a n d
s e c o n d a r y ? I h a v e n o i d e a . I t ' s a t r a d i t i o n . C a n ' t a s t r o n o
m e r s h a v e t r a d i t i o n s ?

S t a r m a s s e s a r e m e a s u r e d i n u n i t s c a l l e d s o l a r m a s s e s .
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One solar mass is exactly equal to the mass of our sun, so a
star with a mass of 2 solar masses is twice as heavy as our
sun, one with a mass of .5 solar masses is half as heavy, and
so forth. The two stars in your double star can have masses
between .1 and 20 solar masses. After you type each one, press
R E T U R N . I f t h i s i s t h e fi r s t t i m e y o u ' r e t r y i n g t h i s p r o g r a m ,
use 1 fo r bo th s ta rs , wh ich g ives very s imp le resu l ts .

F inal ly, the computer asks you to type the semi-major ax is
of the orbit . This can be any number between 1 and 100. As
mentioned above, i t is measured in A.U. Once you've typed your
cho i ce , p ress RETURN. On you r fi r s t t r y, use 10 fo r t h i s . The
computer now pauses for about twenty seconds to calculate
pos i t i ons o f t he two s ta r s .

The computer next pr ints the semi-major axis (cal led S-M
AXIS) and eccentr ic i ty (ca l led ECC) you chose, the per iod of
the orb i t (how long i t takes each s ta r to comple te one orb i t ) ,
and the separa t ions o f the two s tars a t c loses t and fu r thes t
approaches. I t a lso produces a "c lock" showing the passage of
t ime as the two s ta rs move in the i r o rb i ts . The an imat ion runs
smooth ly enough to g ive you a good and fa i r l y rea l is t ic p ic ture
of the two moving stars.

To learn about double stars, you should run this program a
number o f t imes . Keep ing eve ry th i ng as i t was i n t he fi r s t t r y
except the semi -major ax is , t ry mak ing th is b igger o r smal le r
than 10 . What happens to the pe r iod o f the o rb i t? I s th i s wha t
you expected? Next , t ry keep ing every th ing as i t was in the
fi r s t t r y b u t c h a n g e t h e e c c e n t r i c i t y . T r y . 2 , . 4 , . 6 , a n d . 8 .
What happens to the period? What about the speed of the two
stars when they are close together as opposed to far apart?
F ina l ly, t ry chang ing the mass o f the pr imary s tar wh i le keep ing
t h e o t h e r q u a n t i t i e s a s t h e y w e r e i n t h e fi r s t t r y. U s e v a l u e s
of 2, 4, 6, 8, and 10. Watch the mot ions of the stars and the
per iod of the orb i t . Do the resu l ts make sense to you?

Roughly hal f of al l stars in the sky are members of double
o r mu l t i p le s ta r sys tems . Be low I ' ve l i s ted a few o f t he more
famous ones you might l ike to see using this program. In each
case, the semi-major axis is in A.U. and the masses in solar
masses .

N A M E E C C E N . S - M A X I S M A S S # 1 M A S S # 2

A l p h a C e n t a u r i . 5 2
S i r i u s . 5 9

P r o c y o n . 3 1

K r u g e r 6 0 . 4 1
7 0 O p h i u c i . 5 0
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N INSIDE STARS

T h i s p r o g r a m l e t s y o u h a v e a l o o k a t t h e t e m p e r a t u r e s o f
t h e r e g i o n s i n s i d e s t a r s . A l t h o u g h w e c a n o n l y s e e t h e
o u t s i d e s o f s t a r s , t h e o r e t i c a l a s t r o p h y s i c s g i v e s u s a r e a s o n
a b l y g o o d i d e a o f w h a t t h e i r i n t e r i o r c o n d i t i o n s m u s t b e l i k e .
Th i s p rog ram makes use o f one o f t he s imp les t me thods o f
a p p r o x i m a t i n g t h e t e m p e r a t u r e s i n s i d e s t a r s o f a w i d e v a r i e t y
of masses.

T h e p r o g r a m a s k s y o u f o r o n l y o n e q u a n t i t y t h i s t i m e , t h e
s t a r ' s m a s s . T h i s i s i n s o l a r m a s s e s ( 1 s o l a r m a s s e q u a l s t h e
m a s s o f o u r s u n ) a n d m u s t b e b e t w e e n . 5 a n d 1 0 . A f t e r t y p i n g
t h i s , p r e s s R E T U R N . O n y o u r fi r s t r u n o f t h i s p r o g r a m , t r y 1 ,
s o y o u c a n s e e a n a p p r o x i m a t i o n t o w h a t t h e s u n i s l i k e .

The program now pauses about ten seconds to do some ca lcu
l a t i o n , t h e n p r i n t s t h e m a s s y o u c h o s e , t h e s t a r ' s s p e c t r a l
t y p e , r a d i u s , a n d s u r f a c e t e m p e r a t u r e . T h e c o m p u t e r a l s o p l o t s
a g r a p h w i t h t e m p e r a t u r e o n t h e v e r t i c a l a x i s ( i n m i l l i o n s o f
d e g r e e s ) a n d d i s t a n c e f r o m t h e c e n t e r o f t h e s t a r o n t h e
h o r i z o n t a l a x i s ( i n m i l l i o n s o f k i l o m e t e r s ) . A l l s t a r s
c o n s i d e r e d a r e M a i n S e q u e n c e s t a r s , l u m i n o s i t y c l a s s V.

Yo u c a n l e a r n t h i n g s a b o u t s t a r s b y r u n n i n g t h i s p r o g r a m
r e p e a t e d l y w i t h d i f f e r e n t m a s s e s . O n c e y o u ' v e s e e n w h a t t o
e x p e c t f o r t h e s u n , t r y m a s s e s o f 2 , 4 , 6 , 8 , a n d 1 0 . W a t c h
w h a t h a p p e n s t o t h e t e m p e r a t u r e a t t h e c e n t e r o f t h e s t a r . W h y
do you suppose th i s happens? Can you unders tand wha t happens
t o t h e r a d i u s ? H o w a b o u t t h e s u r f a c e t e m p e r a t u r e ?

To g a i n a t h o r o u g h u n d e r s t a n d i n g o f t h i s , y o u r e a l l y n e e d
m o r e b a c k g r o u n d t h a n I c a n g i v e y o u h e r e , b u t t h e p r o g r a m d o e s
a l l o w y o u t o e x p e r i m e n t w i t h t h e s t r u c t u r e o f s t a r s a n d t o l e a r n
s o m e t h i n g a b o u t t h e s t r u c t u r e o f s t a r s o f h i g h o r l o w m a s s
compared to t he sun .
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0 EVOLUTION OF STARS

T h i s p r o g r a m a l l o w s y o u t o s t u d y t h e e v o l u t i o n o f
i n d i v i d u a l s t a r s o r o f w h o l e c l u s t e r s o f s t a r s .

S t a r s p r o d u c e l i g h t a n d h e a t b y m e a n s o f g r a v i t a t i o n a l
s q u e e z i n g a n d b y n u c l e a r r e a c t i o n s i n t h e i r i n t e r i o r s . T h e
g r a d u a l c h a n g e s t h a t t a k e p l a c e d u e t o t h i s l o s s o f l i g h t a n d
h e a t e n e r g y l e a d o v e r v e r y l o n g t i m e s t o g r e a t c h a n g e s i n s t a r s '
s t r u c t u r e a n d s i z e . T h e s e c h a n g e s a r e t h e s u b j e c t o f i n t e n s e
s t u d y b y a s t r o n o m e r s a n d a s t r o p h y s i c i s t s , a n d t h e r e a r e s t i l l
m a n y u n a n s w e r e d q u e s t i o n s t h a t a r e t h e o b j e c t s o f p r e s e n t
r e s e a r c h . T h e d e t a i l e d d e s c r i p t i o n s o f w h a t t h i s p r o g r a m
d i s p l a y s a r e b e y o n d t h e s c o p e o f t h i s s h o r t p a m p h l e t , a n d I
h a v e t o r e f e r y o u t o y o u r t e x t b o o k o r y o u r i n s t r u c t o r f o r
g u i d a n c e .

T h e p r o g r a m fi r s t d i p s l a y s a g r a p h c a l l e d a H e r t z s p r u n g -
R u s s e l l ( o r H - R , f o r s h o r t ) D i a g r a m . O n t h e v e r t i c a l a x i s i s
a q u a n t i t y c a l l e d " L O G L " a n d o n t h e h o r i z o n t a l a x i s i s " L O G
T. " I u s e d t h e t e r m " l o g " h e r e n o t t o p a n i c y o u b u t a s a n
a b b r e v i a t i o n . T h e t e m p e r a t u r e s c a l e h a s t h r e e n u m b e r s o n i t :
3 , 4 , a n d 5 . T h e s e r e f e r t o t e m p e r a t u r e s o f 1 0 0 0 , 1 0 0 0 0 , a n d
1 0 0 0 0 0 d e g r e e s r e s p e c t i v e l y. " L o g " j u s t m e a n s t h e n u m b e r o f
z e r o s a f t e r t h e 1 i n e a c h c a s e , s i n c e I d i d n ' t h a v e r o o m t o p u t
t h e m a l l i n . N o t i c e t h a t t h e h i g h e s t t e m p e r a t u r e i s a t t h e
L E F T, t h e l o w e s t i s a t t h e R I G H T. T h e t e m p e r a t u r e s r e f e r r e d t o
a r e t h e s u r f a c e t e m p e r a t u r e s o f s t a r s , w h i c h a c t u a l l y r a n g e
f r o m a b o u t 2 0 0 0 t o a b o u t 5 0 0 0 0 d e g r e e s . F o r a s i m p l e p i c t u r e
o f w h a t ' s h a p p e n i n g , r e m e m b e r t h a t c o o l e r s t a r s f a l l t o t h e
r i g h t , h o t t e r t o t h e l e f t .

T h e v e r t i c a l a x i s i s t h e l u m i n o s i t y , o r b r i g h t n e s s , o f a
s t a r . I t , t o o , i s w r i t t e n a s a l o g t o s a v e s p a c e . I f " L O G L "
i s 4 ( f o r e x a m p l e ) i t m e a n s a l u m i n o s i t y 1 0 0 0 0 t i m e s t h a t o f
t h e s u n . A " L O G L " o f - 3 m e a n s a l u m i n o s i t y 1 / 1 0 0 0 t h a t o f t h e
s u n . G e t t h e i d e a ? M o s t s i m p l y , b r i g h t e r s t a r s w i l l f a l l n e a r
t h e t o p o f t h e g r a p h , d i m m e r o n e s n e a r t h e b o t t o m . O n t h i s
g r a p h , t h e s u n a s i t i s a t p r e s e n t f a l l s h a l f w a y f r o m t o p t o
b o t t o m a n d a b i t t o t h e r i g h t o f t h e 4 o n t h e " L O G T " a x i s .

T h e c o m p u t e r fi r s t a s k s y o u i f y o u w i s h t o s e e a n e v o l v i n g
c l u s t e r o f s t a r s , t h e e v o l u t i o n o f a s i n g l e s t a r , o r t h e H - R
d i a g r a m o f a c l u s t e r a t a s i n g l e a g e ( " c l u s t e r f r e e z e - f r a m e " ) .
P r e s s C f o r t h e e v o l v i n g c l u s t e r , S f o r t h e s i n g l e s t a r e v o l u
t i o n , a n d F f o r t h e " c l u s t e r f r e e z e - f r a m e . " N o R E T U R N i s
n e c e s s a r y.

N o m a t t e r w h i c h c h o i c e y o u m a k e , t h e c o m p u t e r p a u s e s f o r
a b o u t fi f t e e n s e c o n d s w h i l e i t d o e s s o m e c a l c u l a t i o n s .
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I f y o u c h o s e C , t h e c o m p u t e r p r o d u c e s a s e t o f a b o u t
t w e n t y s t a r s o f v a r i o u s m a s s e s ( r a n g i n g f r o m . 5 t o 1 5 s o l a r
m a s s e s ) f o r y o u r c l u s t e r . I t t h e n p l a c e s b l a c k d o t s o n t h e H - R
d i a g r a m a t p o i n t s s t a r s o f t h e s e m a s s e s o c c u p y a t a t i m e w h e n
t h e y a r e v e r y y o u n g , b e f o r e n u c l e a r r e a c t i o n s h a v e b e g u n i n s i d e
t h e m . Yo u m a y c h o o s e t o f o l l o w t h i s c l u s t e r ' s e v o l u t i o n e i t h e r
m a n u a l l y ( h i t M ) o r a u t o m a t i c a l l y ( h i t A ) . T h e c l u s t e r e v o l v e s
a s i t s a g e c h a n g e s . T h e p o i n t s c o r r e s p o n d i n g t o s t a r s o f
v a r i o u s m a s s e s c h a n g e t h e i r p o s i t i o n s a s t h e y b u r n t h e i r n u c l e a r
f u e l a n d t h e i r i n t e r n a l s t r u c t u r e c h a n g e s . I f t h e d o t c o r r e s
p o n d i n g t o a p a r t i c u l a r s t a r m o v e s t o t h e l e f t , t h e s t a r i s
g e t t i n g h o t t e r ; t o t h e r i g h t , t h e s t a r i s g e t t i n g c o o l e r . I f
t h e d o t m o v e s u p w a r d , t h e s t a r i s g e t t i n g b r i g h t e r , u s u a l l y
b e c a u s e i t i s e x p a n d i n g . I f t h e d o t m o v e s d o w n w a r d , t h e s t a r
i s g e t t i n g d i m m e r , u s u a l l y b e c a u s e i t i s g e t t i n g s m a l l e r .

I f y o u c h o o s e m a n u a l e v o l u t i o n , y o u a r e o f f e r e d t h e c h o i c e
o f a " t i m e s t e p " - - h o w m u c h t h e c l u s t e r ' s a g e i s t o i n c r e a s e .
Yo u r c h o i c e i s a n u m b e r 0 - 9 ( n o R E T U R N n e c e s s a r y ) . T h e c l u s t e r
w i l l a g e b y a n u m b e r o f y e a r s e q u a l t o 1 f o l l o w e d b y a n u m b e r
o f z e r o s e q u a l t o t h e n u m b e r y o u t y p e d . F o r e x a m p l e , i f y o u
p r e s s 3 , t h e c l u s t e r w i l l a g e b y 1 0 0 0 y e a r s . I f y o u p r e s s 6 ,
t h e c l u s t e r w i l l a g e b y 1 , 0 0 0 , 0 0 0 y e a r s .

I f y o u c h o o s e a u t o m a t i c e v o l u t i o n , t h e t i m e s t e p i s a l w a y s
t h e s a m e : 1 0 , 0 0 0 , 0 0 0 y e a r s , a n d y o u d o n o t g e t t o c h a n g e i t .
Yo u c a n o b s e r v e t h e c h a n g e i n t h e c l u s t e r ' s H - R d i a g r a m a s t i m e
g o e s o n . W i t h a u t o m a t i c e v o l u t i o n o f t h e c l u s t e r , t i m e i n t h e
p r o g r a m p a s s e s a t a b o u t 1 , 0 0 0 , 0 0 0 y e a r s p e r s e c o n d o f y o u r t i m e .
The s ta r s whose do t s move t he mos t a t each t ime s tep a re t he
m o s t m a s s i v e s t a r s . T h e s e e v e n t u a l l y d i s a p p e a r f r o m t h e g r a p h
a l t o g e t h e r w i t h a " b e e p " a s t h e s t a r b e c o m e s a s u p e r n o v a . T h e
INSIDE STARS program shows you that more mass ive s tars are
h o t t e r i n t h e i r i n t e r i o r s t h a n l i g h t e r s t a r s . T h i s m e a n s t h a t
t h e y b u r n t h e i r f u e l f a s t e r , w h i c h m e a n s t h a t t h e y e v o l v e - -
a n d d i e - - f a s t e r t h a n l i g h t e r s t a r s .

" C l u s t e r f r e e z e - f r a m e " g i v e s a r e s u l t s i m i l a r t o t h e a b o v e ,
b u t y o u g e t t o c h o o s e e x a c t l y w h a t a g e y o u w i s h t h e c l u s t e r t o
b e . Yo u t y p e t h i s ( D O N ' T U S E C O M M A S . 1 0 0 0 0 0 0 0 0 i s r i g h t ;
1 0 0 , 0 0 0 , 0 0 0 i s w r o n g ) , t h e n p r e s s R E T U R N . I n t h i s w a y y o u c a n
a t t e m p t t o p r o d u c e H - R d i a g r a m s s i m i l a r t o t h o s e o f c l u s t e r s
l i k e t h e P l e i a d e s , t h e H y a d e s , o r a n o l d g a l a c t i c c l u s t e r l i k e
M 6 7 . T h e p r o g r a m t a k e s a b o u t o n e m i n u t e t o c o m p l e t e i t s r u n
a n d p r o d u c e s p o i n t s f o r 1 0 0 s t a r s o f m a s s e s r a n g i n g f r o m . 5 t o
15 so la r masses .

I f y o u c h o o s e t o e x a m i n e t h e e v o l u t i o n o f a s i n g l e s t a r ,
y o u a r e o n c e a g a i n p r e s e n t e d w i t h t w o c h o i c e s : m a n u a l ( h i t M )
o r a u t o m a t i c ( h i t A ) t i m e s t e p s . I n e i t h e r c a s e y o u g e t t o
c h o o s e t h e m a s s o f t h e s t a r y o u w i s h t o s e e e v o l v e . T h i s h a s
t o b e a n u m b e r b e t w e e n . 5 a n d 1 5 . A f t e r y o u t y p e i t , p r e s s
R E T U R N . A s i n t h e c a s e o f c l u s t e r e v o l u t i o n , t h e c o m p u t e r
b e g i n s b y p l a c i n g a d o t o n t h e d i a g r a m a t a p o i n t w h o s e
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t e m p e r a t u r e a n d l u m i n o s i t y c o r r e s p o n d t o w h a t a s t a r o f t h i s
m a s s i s l i k e w h e n i t i s v e r y y o u n g , b e f o r e n u c l e a r r e a c t i o n s
b e g i n i n s i d e i t . I f y o u a r e u s i n g m a n u a l t i m e s t e p s , t h e
program produces a beep and asks you to type a number 0 -9
( n o R E T U R N n e c e s s a r y ) . I f y o u t y p e 4 , f o r e x a m p l e , t h e c o m p u t e r
a l l o w s 1 0 , 0 0 0 y e a r s t o p a s s ( 1 f o l l o w e d b y 4 z e r o s ) a n d t h e n
p l o t s a b l a c k p o i n t c o r r e s p o n d i n g t o t h e s t a r ' s t e m p e r a t u r e a n d
l u m i n o s i t y 1 0 , 0 0 0 y e a r s a f t e r t h e l a s t t e m p e r a t u r e a n d l u m i
n o s i t y . I f y o u t y p e 8 , t h e t i m e s t e p i s 1 0 0 , 0 0 0 , 0 0 0 y e a r s
( 1 f o l l o w e d b y e i g h t z e r o s ) , a n d s o f o r t h . T i m e s t e p s o f 0
( 1 y e a r ) , 1 ( 1 0 y e a r s ) , o r 2 ( 1 0 0 y e a r s ) a r e p r o b a b l y t o o s h o r t
e v e r t o b e u s e f u l . I n t h e s i n g l e s t a r e v o l u t i o n , t h e c o m p u t e r
l e a v e s t h e p o i n t s c o r r e s p o n d i n g t o e a r l i e r c o m b i n a t i o n s o f
t e m p e r a t u r e a n d l u m i n o s i t y s o y o u c a n g e t s o m e i d e a o f w h a t
h a p p e n s t o t h e s e q u a n t i t i e s a s t i m e p a s s e s .

I f y o u a r e u s i n g a u t o m a t i c t i m e s t e p s w i t h t h e s i n g l e s t a r
e v o l u t i o n , y o u g e t t o c h o o s e t h e s i z e o f t h e a u t o m a t i c t i m e
s tep , once aga in by t yp ing a number 0 -9 (no RETURN necessa ry ) .
O n c e y o u c h o o s e t h i s , t h e c o m p u t e r s t a r t s w i t h a v e r y y o u n g
s t a r o f y o u r d e s i r e d m a s s a n d e v o l v e s i t b y y o u r c h o s e n s i z e
o f t i m e s t e p a u t o m a t i c a l l y a t a b o u t t w o s t e p s p e r s e c o n d o f
r e a l t i m e .

The EVOLUTION OF STARS program can be ended at any time by
p r e s s i n g t h e C T R L k e y ( o n t h e l e f t s i d e o f t h e k e y b o a r d ) a n d
w h i l e h o l d i n g i t d o w n , p r e s s i n g t h e C . T h i s a u t o m a t i c a l l y s t o p s
t h e p r o g r a m a n d a l l o w s y o u t o r e t u r n t o t h e m e n u . Yo u w i l l
p r o b a b l y w i s h t o m a k e u s e o f t h i s f e a t u r e f a i r l y o f t e n , a s t h e
p r o g r a m s w i l l o t h e r w i s e n o t s t o p u n t i l t h e y r e a c h a n a g e o f
1 2 , 0 0 0 , 0 0 0 , 0 0 0 y e a r s .

A g o o d w a y t o s t a r t u s i n g t h i s p r o g r a m i s t o c h o o s e t o
e v o l v e a s i n g l e s t a r w i t h a m a s s o f 1 ( t h e s a m e a s t h e s u n ) .
C h o o s e a n a u t o m a t i c t i m e s t e p o f 7 ( 1 0 , 0 0 0 , 0 0 0 y e a r s ) a n d
w a t c h w h a t h a p p e n s . T h e p o i n t o n t h e H - R D i a g r a m w i l l m o v e
q u i t e r a p i d l y a t fi r s t , b u t t h e n t h e s u n ' s a g e w i l l r e a c h t h e
t i m e w h e n h y d r o g e n b e g i n s t o u n d e r g o n u c l e a r f u s i o n r e a c t i o n s
t o p r o d u c e h e l i u m i n i t s c o r e . T h e s u n i s t h e n s a i d t o b e a
" M a i n S e q u e n c e " s t a r . I t s s t r u c t u r e c o n t i n u e s t o c h a n g e , b u t
m u c h m o r e s l o w l y. W h e n i t s a g e r e a c h e s a b o u t 1 , 0 0 0 , 0 0 0 , 0 0 0
years you may wish to s top by press ing CTRL and C a t the same
t i m e . Yo u s h o u l d t h e n r u n t h e s i n g l e s t a r e v o l u t i o n w i t h t h e
s a m e a u t o m a t i c t i m e s t e p ( 7 , w h i c h m e a n s 1 0 , 0 0 0 , 0 0 0 y e a r s ) a n d
a m a s s o f 2 ( t w i c e t h e s u n ' s m a s s ) . N o t i c e a n y d i f f e r e n c e s ?
T r y a g a i n w i t h 3 , 4 , a n d 5 s o l a r m a s s s t a r s , a n d fi n a l l y w i t h
o n e o f . 5 s o l a r m a s s e s . Yo u ' l l s e e a n i n t e r e s t i n g p a t t e r n b e g i n
to emerge .

O n c e y o u t h i n k y o u u n d e r s t a n d s i n g l e s t a r s y o u c a n
e x p e r i m e n t w i t h c l u s t e r s , w h i c h a r e j u s t c o l l e c t i o n s o f a l o t
o f s i n g l e s t a r s o f d i f f e r e n t m a s s e s . M u c h o f w h a t w e k n o w a b o u t
s t e l l a r e v o l u t i o n c o m e s f r o m m e a s u r e m e n t s o f l u m i n o s i t i e s a n d
t e m p e r a t u r e s o f s t a r s i n c l u s t e r s . S i n c e a l l t h e s t a r s a r e
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f a i r l y c lose toge the r, t hey a re a l l a t abou t the same d is tance
from us and i t is suspected that they al l formed at about the
s a m e t i m e . T h i s s i m p l i fi e s a l o t o f c o n s i d e r a t i o n s f o r
a s t r o p h y s i c i s t s .
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SPIRAL GALAXIES

T h i s p r o g r a m a l l o w s y o u t o p r o d u c e a p i c t u r e o f a s p i r a l
g a l a x y s e e n f r o m a n y i n c l i n a t i o n a n g l e y o u w i s h .

S p i r a l g a l a x i e s a r e e n o r m o u s g r o u p s o f t e n s o r h u n d r e d s o f
b i l l i o n s o f s t a r s . O u r s u n i s p a r t o f o n e c a l l e d t h e M i l k y W a y .
A l t h o u g h n o t a l l g a l a x i e s a r e s p i r a l s , t h e s e h a v e t h e m o s t
i n t e r e s t i n g s t r u c t u r e . T h i s p r o g r a m d i s p l a y s t h r e e p r o m i n e n t
f e a t u r e s o f t h e s e o b j e c t s : c o r e , s p i r a l a r m s , a n d n e b u l a e . T h e
r e g i o n w h e r e s t a r s a r e c l o s e s t t o g e t h e r i s n e a r t h e c e n t e r ;
t h i s i s c a l l e d t h e g a l a c t i c c o r e . I t i s m o r e o r l e s s e l l i p t i c a l
i n s h a p e . E v e n h e r e t h e s t a r s a r e a l i g h t - y e a r o r s o a p a r t , s o
d o n ' t g e t t h e i d e a t h e y a r e p a c k e d s h o u l d e r - t o - s h o u l d e r o r
a n y t h i n g . S u r r o u n d i n g t h e c o r e i s a r e g i o n s h a p e d l i k e a c o i n
c a l l e d t h e d i s k o f t h e g a l a x y . W i t h i n t h i s r e g i o n a r e t h e
s p i r a l a r m s , c o m p o s e d l a r g e l y o f y o u n g s t a r s , a n d t h e d a r k
c l o u d s o f g a s a n d d u s t c a l l e d n e b u l a e w h i c h a r e t h e b i r t h p l a c e s
o f n e w s t a r s .

Yo u fi r s t g e t t o c h o o s e t h e t y p e o f s p i r a l y o u w i s h t o
s e e . T h e t h r e e t y p e s a r e A ( t i g h t l y w o u n d s p i r a l a r m s ) , B
( i n t e r m e d i a t e w i n d i n g ) , a n d C ( l o o s e l y w o u n d s p i r a l a r m s ) .
O u r o w n g a l a x y i s t y p e B . P r e s s A , B , o r C . N o R E T U R N i s
n e c e s s a r y.

T h e c o m p u t e r a l l o w s y o u t o c h o o s e a n y i n c l i n a t i o n a n g l e
y o u w i s h b e t w e e n 0 a n d 9 0 d e g r e e s . S p i r a l g a l a x i e s a r e a r r a n g e d
a t r a n d o m i n t h e u n i v e r s e , s o f r o m o u r v a n t a g e p o i n t h e r e o n
e a r t h t h e y c a n b e t i p p e d a t a n y a n g l e a t a l l . A n i n c l i n a t i o n
o f 0 d e g r e e s s h o w s t h e g a l a x y " f a c e - o n , " s o y o u c a n s e e t h e
s p i r a l a r m s i n g r e a t e s t d e t a i l . A n i n c l i n a t i o n o f 9 0 d e g r e e s
s h o w s y o u t h e g a l a x y " e d g e - o n , " m a k i n g t h e s p i r a l s t r u c t u r e
i m p o s s i b l e t o s e e ( b u t s t i l l s h o w i n g s o m e i n t e r e s t i n g e f f e c t s ) .
I n t e r m e d i a t e a n g l e s s h o w y o u w h a t m o s t s p i r a l g a l a x i e s l o o k
l i k e t h r o u g h o u r t e l e s c o p e s .

A f t e r y o u t y p e t h e i n c l i n a t i o n a n g l e , p r e s s R E T U R N . T h e
c o m p u t e r fi r s t p r o d u c e s t h e c o r e i n w h i t e ; t h e s t a r s a r e c l o s e
e n o u g h t o g e t h e r h e r e t h a t i t i s i m p o s s i b l e t o s e e i n d i v i d u a l
o n e s a t o u r w i n d o w ' s d i s t a n c e f r o m t h e g a l a x y ( a b o u t a m i l l i o n
l g i h t y e a r s ) . N e x t , t h e c o m p u t e r d r a w s i n s o m e o f t h e v e r y
b r i g h t e s t s t a r s o f t h e s p i r a l a r m s , t h e m o s t p r o m i n e n t o f w h i c h
a r e s p e c t r a l t y p e s 0 a n d B . A l o n g w i t h t h e s e i t p r o d u c e s t h e
r e g i o n s o f t h i c k n e b u l o s i t y . T h e s e l o o k b l a c k b e c a u s e t h e y
b l o c k o u t t h e l i g h t o f s t a r s b e h i n d t h e m , a n d c a n b e s t b e s e e n
w h e n t h e y a r e p r o j e c t e d a g a i n s t t h e b r i g h t c o r e , a t i n c l i n a t i o n s
nea r 90 deg rees .
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The ent i re process of drawing the galaxy takes about for ty
seconds. A t the end o f th is t ime, the computer o f fe rs you the
usua l op t ions o f runn ing aga in (p ress A) o r re tu rn ing to the
menu (press M).

T H E E N D
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P r o g r a m s \

SPACE TRAVEL \

Earth Satellite allows you to place a satellite in an orbit of your choice and then
displays the orbiting satellite and the rotating earth
Multi-Stage Rocket gives you the opportunity to design and test-fly your own
launch vehicle with as many as four stages
Expedition to Mars show§ you the trajectory of a spacecraft intended to ren
dezvous with Mars
Elliptical Orbit displays an orbit of your choice for any object held by the sun's
g r a v i t y \
Starship simulates the flight of a spacecraft capable of traveling near the speed
of light, showing the effects of relativity during the trip

T H E S O L A R S Y S T E M \

Jupiter's Moons allows you to display the four largest satellites as they move in
their orbits, with the scene shown from a point of your choice
Satellites allows you to construct your own planet-and-satellite systems and
simulates the motion of the moons in their orbits
Comets displays the motion of ten important comets, including Halley's, as they
move through the inner planets
Solar System shows the positions and motions of the planets of our solar
system at any date f rom ad 1500 to 2500 \

T H E S T A R S \

Temperature and Color shows the relative amounts of the various colors of light
emit ted by a star whose temperature you choose \
Spectral Types shows you how to recognize the features in the spectra of a wide
v a r i e t y o f s t a r s \
Build a World allows you to design a star and planet of your own and calculates
the important properties of the resulting world
Double Stars displays the motion of both stars in a binary system for which you
choose the stars' masses and their orbits
Inside Stars shows you how the internal structure of stars is influenced by their
masses
Evolution of Stars uses an H-R diagram to display the changing properties of in
dividual stars or whole star clusters as the stars age
Spiral Galaxies allows you to display a spiral of any type as seen from an angle
of your choice
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