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The s u n ,  b e i n g  t h e  s t a r  n e a r e s t  t o  u s ,  is t h e  only  one 

whose disc can be resolved and whose outer  s t r u c t u r e  can be 

s t u d i e d  w i t h  g r e a t  precision. Y e t  desp i te  i t s  proximity,  

o n l y  a small  amount of information regard ing  the  p a s t  h i s t o r y  

and t h e  f u t u r e  course of evolu t ion  of the sun comes from 

direct  observat ion.  Most knowledge about  the evolu t ion  of t h e  

sun comes from i n d i r e c t  reasoning from p lane ta ry  obse rva t ions  

and from comparing t h e  sun with other s t a r s  which a r e  so 

d i s t a n t  t h a t  they  appear  as p o i n t s  of l i g h t  even i n  t he  

l a r g e s t  te lescope.  

To the naked eye,  the sun appears  t o  be a s t r o n g l y  i l l u m i -  

na ted  disc w i t h  an angular  diameter  of t h i r t y  minutes of arc. 

Although during s o l a r  eclipse the sun is seen t o  possess an 

extended o u t e r  envelope known as the corona, which extends t o  

several solar r ad i i  away from t h e  s u r f a c e  of the sun, the mass 

of the corona is only  a minute  f r a c t i o n  of the e n t i r e  mass. 

Although the corpuscular  r a d i a t i o n  from the sun,  i n  t h e  

f o r m  of s o l a r  cosmic rays  and the s o l a r  wind, can s e r i o u s l y  

a f f e c t  the cond i t ion  of the  e a r t h ' s  ionosphere and magneto- 

sphere ,  the  energy of these p a r t i c l e s  is i n s i g n i f i c a n t  compared 

to  the  t o t a l  energy r ad ia t ed  by the sun. A t  the s u r f a c e  of 

the e a r t h ,  each square  centimeter of a r e a  r e c e i v e s  two c a l o r i e s  

of energy per minute, enough to r a i s e  t h e  temperature of one 
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gram of water  by t w o  degrees  p e r  minute. The sun  i s  t h e r e f o r e  

t h e  main energy s o u r c e  to  t h e  e a r t h .  A t  p r e sen t ,  t he  energy 

o u t p u t  r a t e  is s u r p r i s i n g l y  c o n s t a n t  and so f a r  no v a r i a t i o n s  

i n  the  luminosi ty  of t h e  sun have been de tec t ed .  

F o s s i l  evidence from t h e  pre-Cambrian e r a  have i n d i c a t e d  

t h a t  l i f e  has  e x i s t e d  on e a r t h  for more than two, and poss ib ly  

t h r e e  b i l l i o n  years .  [l]. During t h i s  period of t i m e ,  i f  t h e  

energy output  of t h e  sun v a r i e s  by more than a f a c t o r  of t e n ,  

for  example, t h e  development of elementary f o r m s  of l i f e  i n t o  

h ighe r  ones w i l l  be hampered and may even be terminated. Thus ,  

f o s s i l  evidence s t r o n g l y  suggests  t h a t  t h e  energy ou tpu t  of the 

sun has  remained f a i r l y  cons t an t  i n  the p a s t  t w o  b i l l i o n  years .  

From the  p re sen t  s o l a r  luminosity (Lo= 4 x 10 33 
* .  - - 

e r g s  p e r  second) ,  

t h e  t o t a l  energy o u t p u t  i n  t h e  p a s t  t w o  b i l l i o n  y e a r s  is est i -  

mated t o  be 2.4 x 10 ergs.  Averaged ove r  t h e  mass of t h e  sun 

( s o l a r  mass = o = 2 x lo grams) 8 t h i s  amounts t o  over  1.2 x 10 

50 

33 17 

e r g s  pe r  gram. This is Over 100 t i m e s  t h e  g r a v i t a t i o n a l  energy 

of t he  p r e s e n t  sun. S ince  t h e  beginning of t h i s  cen tu ry ,  the  

energy source has  been a major problem of a s t rophys ic s .  S i n c e  

t h e  development of nuc lea r  phys ics ,  it h a s  been accepted  t h a t  

t h e  nuc lea r  energy of hydrogen is t h e  energy source of t h e  sun 

and the  s t a r s .  

F o s s i l  evidence only gives t h e  lower l i m i t  for t h e  age of  

t h e  sun.  By us ing  r a d i o a c t i v e  m a t e r i a l  i n  t h e  rock a s  a clock, 
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t h e  oldest rock on e a r t h  has been es t imated  to  have an age of 

ove r  3.2 b i l l i o n  years .  

n o t  known, thim number can hardly bo used a6  the true age of 

t h e  sun .  The oldest ma t t e r  tha t  den have been a b l e  t o  a c q u i r e  

i s  - n o t  too s u r p r i s i n g l y  - the meteorites. Recent deter- 

mination of the age of i r o n  meteorites g i v e s  an age of 4.5 x 10 

yea r s .  r2] From d i scuss ions  t h a t  w i l l  be given below, t h i s  

is the closest t o  t h e  age of the sun. 

S t i l l ,  if t h e  h i s t o r y  of t h e  e a r t h  is  

9 

Figure 1 shows the s i t e  where the  oldest rock in North 

American was found. [3] I 

f . .  

Formation of the Sun and the P l a n e t s  

There is good evidence from r a d i o  astronomy t h a t  i n t e r -  

s t e l l a r  space i s  almost  uniformly f i l l e d  w i t h  hydrogen gas  

throughout t h e  Galaxy, a t  a d e n s i t y  of one hydrogen atom per 

c u b i c  cent imeter .  For a gas  cloud of uniform d e n s i t y  p , 

dimension R 4n 3 mass M ( = y p  R ) 8 the g r a v i t a t i o n a l  energy 

is given by: 
EG 

where G ,  t h e  g r a v i t a t i o n a l  cons t an t ,  is 6.670 x lo-* i n  C .  g. 8 .  

u n i t s .  The k i n e t i c  energy of t h e  gae c loud  ET, is: 
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where R ie t he  gas 

u n i t s )  and T is the 
9 

ET M R  g T 

7 cono’tant (R = 8.27 x 10 i n  C .  g. 8 .  

k i n e t i c  temperature of the i n t e r s t e l l a r  
Q 

gaa. The total onergy E io tho mum of ET and E : 
9 

where 
4 

RO 

If R > Ro , then E < 0 , and the gas cloud i s  g r a v i t a -  

(4) 

t i o n a l l y  bound. Equation 3 t hus  states t h a t ,  i f  the dimension 

of the gas  c loud is s u f f i c i e n t l y  l a r g e ,  then i t  can be bound 

by i ts  own g r a v i t a t i o n a l  field. A g r a v i t a t i o n a l l y  bound g a s  

c loud  can  cont inue  condensing t o  form s t a r s  and p l ane t s .  . 
R g e n e r a l l y  decreases  w i t h  decreas ing  T and i n c r e a s i n g  p b 
0 

I f  w e  s u b s t i t u t e  i n t o  Equation 4 the observed va lue  of the 

i n t e r s t e l l a r  gas d e n s i t y  (one hydrogen atom p e r  c u b i c  c e n t i -  

meter) and the observed i n t e r s t e l l a r  temperature of 4 K, 0 

21 t h e n  Ro is around 10 cm, or  a l i t t l e  over 1000 l i g h t  years .  
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The mass contained i n  t h i s  gas  cloud is around 1000 s o l a r  

masses. This  is too l a r g e  t o  become t h e  s o l a r  system. On 

the  other hand, t h e r e  sxistscosmic d u s t  i n  i n t e r s t e l l a r  space. 

This  cosmic d u s t  w i l l  c o n t r i b u t e  t o  E 

t h e  dimension c r i t i c a l  t o  condensation can become much less 

b u t  n o t  t o  ET. Thus, G 

than t h a t  of Ro. It i s  g e n e r a l l y  be l i eved  t h a t  cosmic d u s t  

p l a y s  an important  role i n  t he  formation of t h e  s o l a r  system. . 
Equation 3 expresses  what is known a s  t h e  "necessary 

c o n d i t i o n "  for  t h e  formation of t h e  sun and t h e  p l a n e t s .  How- 

ever, i n  a cloud, a magnetfa f i e l d  and r o t a t i o n  adds compli- 

c a t i o n s  t o  t h e  problem. So f a r ,  d e t a i l s  about  t h e  formation 

of s t a r s  and t h e  sun and p l a n e t s  a r e  n o t  w e l l  known. 

A s  t he  cloud condenses f u r t h e r ,  t h e  speed of r o t a t i o n  

w i l l  i n c r e a s e  and t h e  shape of t h e  cloud becomes f l a t t e n e d .  

Its d e n s i t y  a l s o  i n c r e a s e s ,  decreas ing  t h e  va lue  of 

Consequently, condensation of sma l l e r  bodies can t ake  p lace .  

It i s  t h e r e f o r e  be l i eved  t h a t  P l a n e t s  and t h e  sun a r e  formed 

a t  approximately t h e  same t i m e .  I n  t h i s  manner t h e  p l a n e t s  

a r e  formed a t  v a r i o u s  d i s t a n c e s  from t h e  sun. The p r e s e n t  

t heo ry  is a b l e  to  exp la in  the Titius-Bode law, which r e l a t e s  

t h e  l o c a t i o n  of p l a n e t s  r e l a t i v e  t o  t h e  sun. 

p l a n e t s  happened to have too l i t t l e  mass to form a complete 

p l a n e t ,  and the m a t e r i a l  never  condenaed. 

R 0 . 

One of t h e  proto- 

It became t h e  a s t r o i d  
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v 

bel t .  Hence, i t  is  be l i eved  t h a t  the a s t r o i d s  a r e  t h e  p r i -  

mordia l  ma t t e r  l e f t  over  from the formation of t h e  s o l a r  system. 

The o r b i t  of some of the a s t r o i d s  i n t e r c e p t  t h a t  of t h e  e a r t h ' s ,  

and occas iona l ly  one or t w o  ae t ro ide  plunge i n t o  e a r t h ' s  atmos- 

phere. Many of them a r e  completely destroyed du r ing  re -en t ry ,  

b u t  sometimes they a r e  l a r g e  enough t o  su rv ive  the r e -en t ry  

hea t ing .  The remaining fragment i s  the meteorite. Thus, 

meteorites a r e  of extremely high va lue  t o  us  i n  adding knowledge 

to  the p a s t  h i s t o r y  of the s o l a r  system. 

9 
A s  w e  have s a i d ,  m o s t  meteorites have an age of 4.55 x 10 

y e a r s ,  and none of them have an age g r e a t e r  than t h i s  value.  

T h i s  age i s  the re fo re  adopted a s  the age of the s o l a r  system. 

Hertzsprunq-Russell  Diaqram (H-R diaqram) . 
Two important  parameters which c h a r a c t e r i z e  t h e  s t r u c t u r e  

of a s t a r  a r e  t h e  su r face  temperature Te and the luminos i ty  L. 

The r ad ius  of a s t a r  can be obta ined  from XI and T from t h e  

blackbody r a d i a t i o n  law: 

8 

2 4 II = 4 n R  o T e  (5 )  

where CT the Steffan-Boltzmann r a d i a t i o n  cons t an t ,  is 5.67 x lo-' 
' *  

in C. g. s a  system of uni t s .  
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A p l o t  of L a g a i n s t  Te for s t a r s  i s  known 88 t h e  Hertzsprung- 

R u s s e l l  diagram (€I-R diagram), named a f t e r  the t w o  astronomers 

who f i rs t  used them. Figure 2 ehows the H-R diagram for oome 

nearby e t a r e .  Figure 3 ehows the nomenclature of s t a r e  i n  the 

H-R diagram. 

A*sxncf e- cf ad2 s % z ~  fnmd in a narrow 

s t r i p  c u t t i n g  a c r o s s  the middle of the H-R diagram. 

s t r i p  is cal led the main sequence, and to  it the sun belongs.  

About t e n  pe rcen t  of the  s t a r s  be long  t o  a group of very  h igh  

s u r f a c e  temperature and l o w  luminoai ty  ( L m  loo3 L ) . 
Equation 5 it is  thus  concluded t h a t  the  r a d i u s  of these s t a r s  

i s  t e n  thousand kilometers (a f e w  t i m e s  the e a r t h ' s  r a d i u s ) .  

The mass of t h e s e  stars i a  a th i rd  lese than t h a t  of the sun. 

Consequently the d e n s i t y  of t hese  stars is  very  g r e a t ,  about  10 

This narrow 

From 
0 

6 

f 

grams (one ton) p e r  c u b i c  cent imeter .  These stars a r e  known a s  

w h i t e  dwarfs. It i s  be l ieved  t h a t  t h i s  w h i t e  dwarf popula t ion  

r e p r e s e n t s  the graveyard of s t a r s .  I 

A sma l l  f r a c t i o n  of s t a r s  is  found to have high luminosi ty  

and low s u r f a c e  temperature (hence a l a r g e  r a d i u s ) .  They a r e  

knovn a s  red giants, An even sma l l e r  f r a c t i o n  of s t a r s  is i n  

the populat ion k n m  a s  the p l a n e t a r y  nebula. 

of extremely high temperature (over one hundred thousand degrees) 

These a r e  stars 

w i t h  most of their r a d i a t i o n  i n  the  u l t r a v i o l e t .  These s t a r s  

appear  to  be in a s t a t e  of e j e c t i n g  mass, the ej&ted mass 
, *  
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forming a b e a u t i f u l  nebula surrounding the star, i l l umina ted  

by t h e  u l t r a v i o l e t  l i g h t  from t h e  c e n t r a l  s t a r .  This nebula 

is c a l l e d  "p lane tary  nebula",  b u t  they have nothing t o  do with 

p l a n e t s .  

There is a l e o  a sizeable population of s tars  in the '"hori- 

z o n t a l  branch". These s t a r s  inc lude  t h e  RR Lyrae type v a r i a b l e s ,  

which a r e  s t a r s  whose luminosi ty  v a r i e s  r e g u l a r l y  w i t h i n  the 

period of a f e w  hours. 

I n  the fol lowing w e  s h a l l  use the  H-R diagram to discuss 

the h i s t o r y  and t h e  f u t u r e  course of evo lu t ion  of the sun. 

Condensation of the S o l a r  Nebula t o  form the Proto-Sun. 

One way to expres s  t h e  equi l ibr ium cond i t ion  for  a s t a r  i s  

t h e  v i r i a l  theorem, which s t a t e s  t h a t  the thermo-kinetic energy 

is  roughly one h a l f  the g r a v i t a t i o n a l  energy EGO For a given ET 
s t a r ,  us ing  Equatiom (l)-and (2) .  for E* and EG , w e  f i n d  the 

fol lowing r e l a t i o n  between the i n t e r i o r  temperature of a s t a r  

and i ts  radiuB: , 

= R T  1 GM 
Z R  g 

Thus, a s  a g a s  cloud loses energy through r a d i a t i o n ,  i t  c o n t r a c t s  

and i t s  rad iuo  thus  decreases .  Paradoxica l ly ,  however, its 
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temperature  i n c r e a s e s  . Half t h e  g r a v i t a t i o n a l  energy r e l eased  

is r a d i a t e d  by t h e  s t a r ,  b u t  t h e  o t h e r  h a l f  is  used t o  i n c r e a s e  

t h e  temperature of the star. Thus, the temperature of the s t a r  

i n c r e a s e s  a s  condensation proceeds. I n  this way t h e  temperature  

of t h e  s o l a r  nebula i n c r e a s e s  from 4 K to  Over t e n  m i l l i o n  0 

degrees .  

The a c t u a l  condensation process  is n o t  so simple,  b u t  w e  

s h a l l  n o t  be concerned wi th  t h e  d e t a i l e d  theory.  In s t ead ,  w e  

s h a l l  d i s c u s s  t h e  r e s u l t s .  Ezer and Cameron have s t u d i e d  t h e  

e a r l y  evo lu t ion  of t h e  sun,  and have found t h a t  the sun fol lows 

a p a t h  n e a r l y  co inc id ing  wi th  t h a t  of t h e  r ed  g i a n t s .  r 4 1  This 

pa th  i s  known a s  t h e  Hayashi t r a c k ,  a f t e r  t h e  a s t r o p h y s i c i s t  

w h o  f i r s t  p red ic t ed  t h i s  phenomena. However, t h e  t i m e  dur ing 

which t h e  sun s t a y s  i n  t h e  upper p a r t  of t h e  Hayashi t r a c k  i s  

ve ry  s h o r t ,  be ing  a round ' a  f e w  thousand y e a r s  o r  less. It is  
, I  

t h e r e f o r e  be l i eved  t h a t  V e r y  f e w  of t h e  red g i a n t s  a r e  a c t u a l l y  

p r o t o - s t a r s  c o n t r a c t i n g  towards t h e  main sequence. F igure  4 

shows Ezer and Cameron's results for  t h e  evo lu t ion  o f  t h e  proto- 

sun. From t h i s  graph it can be seen t h a t  t h e  temperature  a t  

t h e  s u r f a c e  of t h e  e a r t h  must have been a t  one t i m e  ve ry  hot .  

The Sun a s  a Nuclear Furnace: The Beqinninq. 

S u b s t i t u t i n g  i n t o  Equation (4) the mass and the p r e s e n t  



r a d i u s  of t h e  sun, w e  f i n d  t h a t  the i n t e r i o r  temperature of 

t h e  s u n  i s  p r e s e n t l y  around lo7 OK. 
r a d i a t i o n  r a t e  of the sun has  remained p r a c t i c a l l y  c o n s t a n t  i n  

the p a s t  2 x 10 years .  This means t h a t  nuc lea r  energy m u s t  

be r e l e a s e d  to r e p l e n i s h  the energy r a d i a t e d  a t  t h e  "surface of 

the  sun .  

As w e  have s a i d ,  t h e  

9 

I n  1938 Bethb and Cr i t ch f i e ld  suggested the fol lowing 

r e a c t i o n  sequence for t h e  genera t ion  of nuc lea r  energy from 

hydrogen burning processes  : [ 5 1 

2 + p + p - D  + e  e v e  

D + p - + H e  

He3  + H e  - He + 2p 

2 3 

3 4 

( 7 )  

I n  short ,  hydrogen is converted i n t o  helium, T h i s  i s  accom- 

panied by an energy r e l e a s e  amounting t o  6 x 10l8 ergs per gram 

of hydrogen, 

nuc lea r  f u e l  dep le t ion ,  the t o t a l  nuc lea r  enerqy c o n t e n t  f r o m  

hydroqen burninq could keep the sun sh in inq  for over one hundred 

b i l l i o n  years! This i s  however, an over -opt imis t ic  c a l c u l a t i o n ,  

for a s  w e  shall see, a f t e r  around t e n  pe rcen t  of the  hydrogen 

of the  sun ie used up, t h e  s t r u c t u r e  of the sun w i l l  change 

I f  the s t r u c t u r e  o f  the sun w e r e  n o t  a f f e c t e d  by 

d r a s t i c a l l y .  In any case ,  t h e r e  is p l e n t y  of n u c l e a r  energy 
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a v a i l a b l e  from hydrogen reac t ions .  

I n  more massive s t a r a ,  the  proton-proton r e a c t i o n  sequence 

( 5 )  is  rep laced  by the more rap id  carbon-nitrogen cycle, which 

was first suggeated by Bethe i n  1939: [6]  

13 - . N  
12 

P + C  
'' N13 

C13 + e + + ve 

14 - . N  13 
P + C  

15 p + N14 - 0  

p + N1' C12 + H e  4 

0 15 - , N  ' ' + e  + + v e  

I n  t h i s  reaction cycle, carbon c a t a l y z e s  f o u r  protons t o  

become a helium nucleus. I n  the sun, around t e n  pe rcen t  of 

n u c l e a r  energy i s  re l eased  through the  carbon-nitrogen cycle. 

The Sun a s  a Nuclear Furnace: Hydroqen Exhaustion and R e d  Giants.  

A s  hydrogen exhaust ion proceeds i n  the core, the energy 

producing l a y e r  m o v e s  outwards, r e s u l t i n g  i n  a g radua l  i n c r e a s e  

i n  the o v e r a l l  luminosi ty  a s  w e l l  a s  in the rad ius .  

p e r c e n t  of the hydrogen i n  the  core is used up, the i n c r e a s e  

i n  b o t h  luminos i ty  and r ad ius  suddenly speeds up. I n  a l i t t l e  

When t e n  
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over  t e n  m i l l i o n  yea r s  t h e  luminosi ty  w i l l  i n c r e a s e  t o  around 

one hundred t o  one thousand times i ts  p r e s e n t  va lue ,  and t h e  

radiua will incramme to s l m o r t  one to three  hundred t i m e 6  i t a  

p r e s e n t  value.  I n  t h e  H-R diagram t h e  sun w i l l  m o v e  a long the  

red g i a n t  branch. When the sun becomes a red g i a n t ,  i ts  r a d i u s  

w i l l  have extended t o  beyond t h e  orbit  of Venus. The s u r f a c e  

0 temperature  of the e a r t h  w i l l  be a l i t t l e  over  800 

A l l  l i f e  forms on t h e  e a r t h  w i l l  then become terminated,  and 

a l l  oceans w i l l  boi l  away. The es t imated  lifetime of t h e  sun 

from t h e  onset of hydrogen burning t o  i t s  u l t i m a t e  evo lu t ion  t o  

a r e d  g i a n t  i s  around t e n  b i l l i o n  years .  

accepted  age for  t h e  sun (4,s b i l l i o n  y e a r s ) ,  w e  conclude t h a t  

K (500 OC) . 

From t h e  p r e s e n t l y  

t e r r e s t r i a l  l i f e  forms w i l l  d i sappear  a t  t h e  end of another  5 . 5  

b i l l i o n  years .  

H e l i u m  Reaction and Ultimate Fa te  of t h e  Sun. 

A t  t he  t i p  of t h e  red g i a n t  branch t h e  i n t e r i o r  temperature 

8 0  of t h e  sun w i l l  be around 10 K and t h i s  is h igh  enough t o  

burn  helium through t h e  following reac t ion :  

4 12 
3 H e  4 C ( 9 )  

A s  helium 

branch to  

burning proceeds, t he  sun moves a long  t h e  red g i a n t  

t h e  h o r i z o n t a l  branch of t h e  H-R diagram, Across t h e  
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gap the  s u n  w i l l  become an RR Lyrae type v a r i a b l e  s t a r ,  i t s  

luminos i ty  varying r e g u l a r l y  wi th in  a per iod  of a f e w  hours. 

The dun will epend a few m i l l i o n  years a t  th is  otage,  (16 if 

i t  w e r e  sending o u t  t h e  l a s t  distress s i g n a l a  t o  t h e  rest of 

t h e  universe  t h a t  i t  is  dying. 

P l a n e t a r y  Nebulae and White Dwarfs. 

From t h i s  stage on, for a s t a r  l i k e  t h e  sun,  t h e  dea th  

is r a t h e r  uneventful .  It i s  be l ieved  t h a t  t h e  sun w i l l  become 

a p l a n e t a r y  nebula,  cont inuing  t o  eject i ts  mass for a per iod  

of  around twenty thousand years .  A t  t h i s  t i m e ,  t h e  sun e m i t s  

a g r e a t  number of neut r inos .  C71 Eventual ly ,  when t h e  l a s t  b i t  

of mass t h e  sun can g e t  r i d  of i s  gone, t h e  sun q u i e t l y  becomes 

a wh i t e  dwarf. From then on t h e  sun i s  nothing b u t  a corpse  

and it w i l l  s h i n e  a s  long a s  i ts  dead body is st i l l  warm. Fig- 

u r e  5 shows t h e  evo lu t ion  t r a c k  of t h e  sun i n  t h e  H-R-diagram 

and i n d i c a t e s  t h e  t i m e  s c a l e  a t  va r ious  s t ages .  

When the  sun becomes a white  dwarf, it w i l l  s t i l l  s h i n e  

f o r  another  one b i l l i o n  y e a r s ,  b u t  w i t h  g r e a t l y  reduced i n t e n s i t y .  

It is  n o t  l i k e l y  t h a t  a f t e r  t h e  scbrching h e a t  from t h e  red g i a n t  

s t a g e ,  t h e r e  w i l l  be any i n h a b i t a n t s  on t h e  e a r t h .  

were any, t h e  sun will appear  t o  them to  be no l a r g e r  than  t h e  

p l a n e t  Venus, and the b r i g h t n e s s  of t h e  sun w i l l  be around one 

But i f  t h e r e  

I 
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thousand times t h a t  of a f u l l  moon. (The b r i g h t n e s s  of the 

p r e s e n t  s u n  i s  one m i l l i o n  times t h a t  of t h e  moon.) Although 

reading  by s u n l i g h t  would s t i l l  be possible, the  chance of 

s u s t a i n i n g  l i f e  i s  a l l  b u t  gone. The s u r f a c e  temperature  of 

t he  e a r t h  would be only  a f e w  degress above a b s o l u t e  zero.  The 

sun ,  a f t e r  having shone for t e n  b i l l i o n  y e a r s  and s u s t a i n e d  l i f e  

on t h e  f o u r t h  p l a n e t ,  for eons of t i m e  now w i l l  rest u n t i l  

e t e r n i t y .  

I 1 ,* 

, , . I  

i 

, .  .. . , . . .. 
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FIGURE CAPTIONS 

F i g u r e  1. Morton G n e i s s  from t h e  Minesota River Val ley ,  

southwestern Minnesota f r o m  which z i r c o n ,  dated by 

the uranium-lead isotopic method, gives an age 3.6 

b i l l i o n  years .  (Courtesy of Professor Goldich [ll) . 
Figure  2. Hertzsprung-Russell diagram for a number of s t a r s  

and c l u s t e r s .  

F igu re  3.  Nomenclature of s t a r a  i n  the H-R diagram fo r  l o w  

mass stara. 

Figure  4. Pre-main sequence c o n t r a c t i o n  of the  sun a s  computed 

by Ezer and Cameron [47. The evo lu t ion  t i m e s  a r e  

i n d i c a t e d  a t  s e v e r a l  pos i t i ons .  
t v  

Figure  5.  The evo lu t ion  of the sun a f t e r  l eav ing  the  main 

sequence. Compare w i t h  F igure  3. The arrows show 

the d i r e c t i o n  of evo lu t ion  and. the numbers refer t o  

time a t  each s tage .  


