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ASTROPHYSICS fQ.-f& I 

Astrophysics,  a b r a c h  o f  astronomy t h a t  d e a l s  w i t h  co de 
t h e  phys ica l  and chemical nauure o f  c e l e s t i a l  ob jec ts  and e f -  f l 3  37 

events ,  covers  a v a s t  scope s ince  everything that l i e s  be- 

yond t h e  dominant inf luence o f  t h e  e a r t h  fa l l s  n a t u r a l l y  i n t o  
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a3$ 3" In  c o n t r a s t  t o  t h e  g r e a t  v a r i e t y  of  ob jec t s  t h a t  i ts  domain. 
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are under t h e  j u r i s d i c t i o n  of i ts  s t u d i e s ,  t h e  means of s tu-  

dying t hen  a r e  very l imi t ed  because f o r  obvious reasons these  

o b j e c t s  cannot be subjected t o  con t ro l l ed  experimentation. 

While t h e  advant of space research has somewhat modified t h i s  

s i t u a t i o n ,  t h e  bas i c  c h a r a c t e r i s t i c  of  as t rophys ics ,  l i k e  

astronomy i n  genera l ,  is its observat ional  nature .  

We may d i g r e s s  t o  note that as t rophys ics  has been oc- 

c a s i o n a l l y  dgfinecl as t h e  ap2 l i ca t ion  of  phys ica l  laws t o  

a s t ronon ica l  ob jec ts .  

f o r  example, c e l e s t i a l  mechanics wnich s t u d i e s  t h e  motion o f  

p l a n e t s  and o t h e r  Sodies i n  the s o l a r  sys tez .  

t i a l  mecbxlics t r e a t s  cotking but  ap2lication.s of physical  

l a w s  of not ion and g r a v i t a t i o n ,  it is never 

considered a p a r t  of as t rophysics .  

Such a d e f i n i t i o n  would have included, 

While ce les -  

Actual ly  as t rophys ics  has i ts  empir ical  o r i g i n ,  r e s u l t -  

i ng ,  as w e  shall see ,  from some s p e c i a l  m e a s  of observation. 

As it develops,  i t s  scope changes. T h i s  is o f  course t r u e  

f o r  a l l  branches o f  science.  For  exa iq le ,  t he  donain of 

physics  as understood by modern p h y s i c i s t s  is g r e a t l y  a i f f e r -  

e n t  frcm what would be conceived by t h a s e  wbo l i ved  a century 

before.  

i 

L 

I n  f a c t  even a t  a given epoch it is d i f f i c u l t  to 
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d e f i n e  t h e  scope of a d e f i n i t e  subjec t .  Thus, i n  modern 

t imes few w i l l  venture  t o  s e t  t h e  boundary l i n e  where physics 

ends while c h e n i s t r y  begins. 

water i n  t h e  oceans, i s  all-pervading and s e e s  no boundary. 

T h i s  i s  because knowledge, l i k e  

Its subdiv is ion  i n t o  d i f f e r e n t  sub jec t s  i s  made only by m a n  

for h i s  convenience. 

t o r i c a l  development in order  t o  obtain a c l e a r  view of  a par- 

t i c u l a r  subjec t  study. T h i s  br ings us t o  t h e  quest ion of 

t h e  o r i g i n  of as t rophys ics  as a branch o f  science az-d o f  i t s  

For t h i s  r e a s m  we must r e s o r t  t o  his- 

under 

development as a r e s u l t  of advancements made i n  o the r  branches 

o f  sc ience  acd technology. 

T W E  U A E S  OF ASTiiOliSPlIChL Oi3S&VATXOh. I n  o rde r  t o  

i n v e s t i g a t e  tfie o r i g i n  of as t rophys ics ,  l e t  us first g ive  a 

b r i e f  review of what can be observed of c e l e s t i a l  bodies. 

H i s t o r i c a l l y  it w a s  t h e  pos i t i ons  of  shining ob jec t s  i n  t h e  

sky t h a t  f i rs t  caugnt the  a t t e n t i o n  of  clan ( p o s i t i o n a l  as- 

tronony).  Perhaps i n  t h e  dawn of h i s t o r y  we can not  c l e a r l y  

d i s t i n g u i s h  as t ro logy  -- t h e  art  of  p red ic t ing  t h e  events  on 

t h e  e a r t h  f rom t h e  pos i t i ons  o f  c e l e s t i a l  bodies i n  t h e  sky 

-- from astronocy,  t h e  science of studying c e l e s t i a l  bodies  

as an end i n  i t s e l f .  I n  m y  case,  cons tan t  observat ions of  

t h e  n igh t  sky convinced e a r l y  man t h a t  t h e r e  were two kinds - 
of  c e l e s t i a l  o b j e c t s :  (1)  the  f ixed  stars wnich revolve i n  

t h e i r  d i u r n a l  motions across  t h e  sky without changing t h e i r  

r e l a t i v e  p o s i t i o n s ,  and (2) the p l ane t s ,  i . e .  wanderers 
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according t o  t h e  Greeks, t h a t  a r e  moving on t h e  background 

o f  t h e  f ixed  stars. 

The study of motion of p lane ts  i n  t h e  sky l e d  t o  Kepler 's  

discovery of  h i s  t h r e e  famous l a w s  which i n  t u r n  provided t h e  

clue for t h e  formulation of liewton's law of g rav i t a t ion .  

Thus, t h e  observation of t h e  pos i t i ons  o f  p l ane t s  i n  t h e  sky 

l a id  t h e  fcundation of c l a s s i c a l  mechanics. Then it w a s  found 

(by E. Halley i n  1718) t h a t  stars were not  a f t e r  a l l  f i xed  on 

t h e  c e l e s t i a l  sphere 5 u t  showed over t h e  c e n t u r i e s  some sinall 

displacements,  c a l l e d  F r o p e r  motions, w i t h  r e s p c t  t o  one 

another. The aiscovery of proper motion introduced a new e r a  

of astronomical research  because t h e  i n t e r e s t  aroused by it i n  

measuring accu ra t e ly  the  pos i t i ons  of stars (a s t rone t ry )  l ed  

W i l l i a m  Herschel i n  1802 t o  t h e  discovery of t h e  exis tence of  

r e l a t i v e  o r b i t a l  motion i E  some v i s u a l  binary stars, and 

I?. W. Sesse l  in 1838 t o  t h e  successful  d e t e m i n a t i m  o f  t h e  

s t e l l a r  d i s t a n c e  f o r  the  first time by t h e  tr igonometric me- 

thod. The ex is tence  of b i n a r i e s  i n  which two stars revolve 

around each o t h e r  showed the  u n i v e r s a l i t y  of  Newton's l a w  

of  g r a v i t a t i o n .  Together w i t h  the  d i s t a n c e  de t e rn ina t ion ,  

t h e  o r b i t a l  motion of  v i s u a l  b i n a r i e s  provides a means f o r  

measuring t h e  masses of stars. 

tance  d e t e m i n a t i o n  a l so  paves t h e  way t o  de r iv ing  t h e  in -  

t r i n s i c  br iEhtnesses  ( i - e . ,  luminos i t ies )  o f  stars. 

A t  t h e  same t h e  the  dis-  

If Newton's l a w  of g rav i t a t ion ,  a bas i c  law of ?hysics ,  

r e s u l t e d  d i r e c t l y  from pos i t i ona l  astronony and i t s  univer- 
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I s a l i t y  w 2 s  confirmed by a s t rome t r i ca l  s tudy of v i s u a l  b i n a r i e s ,  i 

and i f  t h e  measureaent of pos i t i ons  02 stars in t h e  sky a l s o  

produced two bssic  q u a n t i t i e s ,  i .e .  the mass and luminosity 

of s ta rs  on which as t rophys ica l  s t u d i e s  can be made, one would 

n a t u r a l l y  guess t h a t  as t rophys ics  begins  a t  p o s i t i o n a l  as t ron-  

omy. Such a guess t u r n s  out  t o  be wrong because by conven- 

t i o n  as t rophys ics  excludes any study of p o s i t i o n s  of  ce l e s -  

t i a l  o b j e c t s  although it does n o t  h e s i t a t e  t o  use i t s  r e s u l t s .  

Another q u a n t i t y  o f  c e l e s t i a l  bocies  t h a t  can be d i rec t -  

l y  measured is t h e i r  apparent br ightnesses .  

belongs t o  as t ronamical  photometry and nay be t r aced  t o  t h e  

Greeks who graded t h e  stars, according t o  t h e i r  asparent  

Such a s tudy 

b r igh tnesses  i n  the sky ,  into s i x  magnitudes. The stars o f  

t h e  s i x t h  magnitude are t h e  f a i n t e s t  v i s i b l e  t o  t h e  naked eye 

w h i l e  t h e  first magnitude comprised about twenty of  tr;e 

b r i g h t e s t .  

t h e  invent ion  of t h e  te lescope by which f a i n t e r  and f a i n t e r  

The scale was a r b i t r a r y  and became more s o  a f t e r  

stars become accessible f o r  observation. A d e f i n i t e  nagni- 

tude  scale based on exact  photometric measures was s e t  up i n  

t h e  first h a l f  of t h e  n ine teenth  century.  According t o  t h i s  

scale one magnitude d i f f e rence  amounts t o  a l i g h t  r a t i o  of 

5fi, o r  ap2roximately 2.512. In o t h e r  words t h e  b r igh t -  

nesses  of stars of successive magnitudes bear  t h e  cons tan t  

r a t i o  o f  2.512 t o  one anotLer. 

ra ther  non-linear scale w a s  due t o  t n e  f a c t  t h a t  s ensa t ion  

o f  t h e  eye var ies  as t n e  l o g a r i t m  of t he  l i g h t  s t imulus and 

t h e  ear ly 'works on t h e  br igntnesses  of s t a r s  depenced s o l e l y  

TLe reason f o r  usixg t h i s  
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upon t h e  d i r e c t  v i s u a l  perce?tion, T k i s  magnitude scale 

is maintained even when t h e  br ightness  is  now measured by 

photographic and pho toe lec t r i c  methods. 

Stars have d i f f e r e n t  colors. It becomes obvious t h a t  

when w e  measure the  br ightness  of a s tar  w e  nus t  first s p e c i f y  

t h e  reg ion  of  wave l eng ths  ( i , e ,  t he  c o l o r )  i n  which t h e  measure- 

meot is being made. . I n  t h e  e a r l y  days when t h e  human eye was 

used d i r e c t l y  f o r  de t e rz in ing  s t e l l a r  magnitudes, t h e  measured 

b r igh tness  w a s  of caurse  always r e f e r r e d  t o  t h e  s 2 e c t r a l  region 

of l i s h t  t o  which t h e  eye i s  s e n s i t i v e .  This is tLe v i s u a l  

magnitude o f  s t a r s .  With t h e  use o f  t h e  photographic method 

f o r  measuring stellar magnitudes, t h e  measured br ightness  i s  

i n  t h e  sr>ectral reg ion  t o  which t h e  ghotographic p l a t e  i s  sen- 

, s i t i v e ,  T h i s  g i v e s  t h e  photographic magnitude. Sy p r o p e r l y  

choosing t h e  l i g h t  f i l t e r  and t h e  d e t e c t i n g  in s t ruxen t  w e  can 

nowadays neasure t h e  br ightness  of  a s t a r  i n  m y  color .  S i m e  

t h e  c o l o r  i s  r e l a t e d  t o  t h e  e f f e c t i v e  temperature o f  a s t a r ,  

t h e  d i f f e r e n t  br ightnesses  of t h e  same s t a r  seen in d i f i e r e n t  

c o l o r s  g ive  a good estimate o f  i t s  tenqera ture .  

Perhaps t h e  mos t  important br ightness  measurement should 

. be such t h a t  it takes r a d i a t i s n  of a l l  wave l e a g t h s  i n t o  con- 

s i d e r a t i o n .  I n  o t h e r  worcis, it should deal  wi th  t h e  t o t a l  

energ7 over  the e c t i r e  spectrum of t h e  e l e c t r o n s p e t i c  radi-  

a t i o n ,  f r o n  r z d i o  waves t t r o u g h  o p t i c a l  l i s h t  t o  '1( r ays .  

Such a measure i s  called.  t n e  bolometric nagcitude.  Since t h e  

ear th ' s  atmosphere absorbs r a d i a t i o n  i n  wide ranges of wave 



- 6 -  

l eng ths  t h e  bolometric magnitude of  a s t a r  was not a d i r e c t l y  

measurable quant i ty .  

stars whose r a d i a t i o n  l i e s  mostly i n  t h e  u l t r a v i o l e t  region. 

However, w i th  observations c a r r i e d  ou t  above the  e a r t h ' s  atmos- 

phere we may expect t o  determine the bolometric magnitude 

d i r e c t l y .  

T h i s  i s  e s p e c i a l l y  t r u e  f o r  ho t  b l u e  

The photometric measurement of course does not  l i m i t  i ts 

usefu lness  i n  t h e  determination of e f f e c t i v e  temperature a t  

which t h e  s t a r  r ad ia t e s .  When t h e  d i s t a n c e  is  known, t h e  

br ightness  measured can be immediately converted i n t o  t h e  

a c t u a l  r a t e  of energy output ,  i . e .  t 5 e  luminosity,  of t h e  

star.  

minations , photometric observations of s t a r s  provide a rnear-s 

o f  examining the l i g h t  v a r i a t i o n s  wi th  time ( ca l l ed  t h e  l i g h t  

curve)  o f  c e l e s t i a l  ob jec ts .  

may be s t u d i e e  i n  d e t a i l ,  wi th  v a r i a t i o n s  ranging froin a s  zuch 

a s  a mi l l ion  t i n e s  increase  i n  b r igh tness ,  as i n  t n e  case  o f  

supernovae, t o  t h e  bare ly  de t ec t ab le  change i n  br ightness  of 

one t e n t h  o f  one p e r  cent .  

prove t o  be most rewarding as they r evea l  same physical  events 

t h a t  a r e  happening t o  t h e  s t a r s .  

and many nova-like ob jec t s  c l e a r l y  i n d i c a t e  t h e  ca t a s t roph ic  

explcsion of  stars. Among stars  of l e s s  a r a s t i c  v a r i a t i o n  

I n  aCidition t o  t h e  t e r q e r a t u r e  and lun inos i ty  a e t e r -  

Various i n t e r e s t i n g  o b j e c t s  

The s t u d i e s  of l igfi t  v a r i a t i o n  

Thus, supernovae, novae, 

i n  l i g h t  some r e s u l t  i n  s t e l l a r  pu l sa t ion ,  while o t h e r s  may 

be due t o  t h e  e c l i p s e  of one component s ta r  bx t h e  o t h e r  i n  

a binary system when o u r  l i n e  o f  s i g h t  l i e s  c lose  t o  i ts  
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o r b i t a l  plane. 

That t h e  photometric study o f  stars is  rewarding may 

be seen f rom t h e  discovery i n  1912 by Miss E. S. Leav i t t  of  

a c o r r e l a t i o n  between t h e  per iods of l i g h t  va r i a t ion  and t h e  
- 

_ _  

stars i n  the  Small ivlagellanic Cloud. Since the  Cloud which 

apparent br ightnesses  f o r  a group of pu lsa t ing  v a r i a b l e  

is ou t s ide  our own galaxy i s  f a i r l y  d i s t a n t ,  t he  va r i ab le s  
being 

i n  it may be taken nea r ly  as a t  the  same d i s t znce  f r o m  t h e  
A 

ea r th .  Then t h e  r e l a t i v e  ap;?arent br ightnesses  represent  a l s o  

t h e  r e l a t i v e  i n t r i n s i c  br ightnesses .  It f o l l o w s  t h a t  a r e l a t i o n  

e x i s t s  between t h e  periods and t h e  l m i n o s i t i e s  f o r  t hese  va r i -  

ab les .  T h i s  discovery not only had a far-reaching imgact on 

t h e  determination o f  d i s t ances  o f  cosnic ob jec t s  b u t  a l s o  

s t imula te6  t h e  study of t h e  nature  of t h e s e  var iab les .  I n  

more than a ha l f  century s ince  then, it has  been found t n a t  

v a r i a b l e s  r e s u l t i n g  from pulsa t ion  a r e  cons is ted  of  s e v e r a l  

phys ica l  groups each having a d i s t i n c t  pe r iod - lminos i ty  r e l a -  

t i o n  o f  i t s  own. Therefore, t h e  pu l sa t ing  va r i ab le s  become 

an outstanding problem i n  as t rophys ics  a t  present and it a l l  

s t a r t e d  f r o m  photometry. 

These do not  exhaust all t h a t  photometrical  observat ions 

can do f o r  t h e  2ur2ose of  understanding t h e  z 
- 

__ -4 /- - 
/ 

; na tu re  of  c e l e s t i a l  ob jec ts .  irle owe t o  photometry 

much of o u r  'knowledge concerning the  p r o p e r t i e s  of i n t e r -  

s t e l l a r  mecia, as i n t e r s t e l l a r  space is not  e n t i r e l y  empty 

but  i s  permeated with gases and d u s t  a t  low 2 e n s i t i e s .  

i n t e r s t e l l a r  medium inpresses  s e v e r a l  e l ' fects  on t h e  l i g h t  

- -  
The 
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t h a t  passes  through it  . I n  the first place s t a r l i g h t  w i l l  

be dimmed by t h e  e f f e c t  of s c a t t e r i n g  and absor2tion. fience 

t h e  s t a r s  appear f a i n t e r  t t a n  they would have ap2eared i f  

> Secondly t h e  d u s t  p a r t i c l e s  i n  

sgace were empty. 

7 
__ 

i n t e r s t e l l a r  space s c a t t e r  the blue l i g h t  (of s h o r t  wavelengths) 

more e f f e c t i v e l y  than r ed  l i g h t  (of long wavelengths), The 

rer;oval of b lue  l i g h t  leaves  t h e  s t a r l i g h t  r eaae r  as it pro- 

pagates i n  the s c a t t e r i n g  medium. T h i s  is the  so-called " in t e r -  

s t e l l a r  reddening" and can be most  e f f i c i e n t l y  s tudied by pkoto- 

metry o f  d i s t a n t  h o t  stars. 

Another means of photonetr ic  s t u d i e s  t h a t  i s  o f  g rea t  

i q o r t a n c e  t o  o u r  understanding of  i n t e r s t e l l a r  media is t h e  ,*" 

polarization, It was discovered in _ -  - 

-- -. - 

- 

1949 t h a t  l i g h t  of d i s t a n t  stars becomes Golarized a f t e r  

having passed through clouds o f  i n t e r s t e l l a r  matter. The 

p o l a r i z a t i o n  is  believed t o  be caused by alignment of elonga- 

t ed d u s t  g ra ins  i n  i n t e r s t e l l a r  space. There is  no d i f r ' i cu l ty  

i n  having elongated p a r t i c l e s  i n  space, as lzboratory experi- 

ments show t h a t  growth of crystals has a tendency t o  produce 

p a r t i c l e s  o f  j u s t  such a shape. Bowever, why should  they be 

al igned? The most l i k e l y  explanation i s  t h a t  a weak magnetic 

f i e l d  p r e v a i l s  i n  i n t e r s t e l l a r  space. M s  created mny new problems 
concerning the n a p e t i c  f i e l d  & pmtic les  i n  space. 

?o l a r i za t ion  o f  l i g h t  was discovered i n  another ce les -  

It is t h e  Crab lu'ebula which h a s  been thought  t o  be t h e  remnant 
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of a supernova explosion t h a t  t o o k  place i n  1054 according 

t o  t h e  h i s t o r i c a l  record of China and Japan. The de tec t ion  

o f  p o l a r i z a t i o n  confirmed t h e  suggestion t h a t  r ad ia t ion  f r o n  

t h e  Crab Nebula a r i s e s  from r e l a t i v i s t i c  e l ec t rons  i n  magnetic 

f i e l d ,  namely t h e  synchrotron r ad ia t ion .  

I n  add i t ion  t o  t h e  amorphous i n t e r s t e l l a r  aedium j u s t  

descr ibed ,  t h e r e  a r e  i n  t h e  universe many extenaed o b j e c t s  

t h a t  can be seen or photographed with o r  w i t h o u t  a te lescope.  

The sur faces  of 'the moon, t h e  sun, and t h e  p l ane t s  2rovide 

i n t e r e s t i n g  o b j e c t s  f o r  study e i t h e r  v i s u a l l y  o r  by photo- 

graph. Another example i s  the ga l ax ie s ,  which can be c lass -  

i f i e d  sirngly on t h e  b a s i s  o f  t h e i r  morphological character-  

i s t i c s ,  such as s p i r a l ,  e l l i p t i c a l ,  o r  i r r e g u l a r .  A11 t hese  

s t u d i e s  may be regarded as photometric Secause b a s i c a l l y  they 

t r a c e  the  l i g h t  d i s t r i b u t i o n  i n  a n  a rea  ( i . e . ,  t h e  sur face  

photometq o f  an extended o b j e c t ) .  The3 have provided a 

quick over-all  ae sc r l2 t ion  f o r  extended c e l e s t i a l  obgects as  

revea l ing  as a snapshot of a man cn a "3anted" Soster.  

Thus we have seen thz t  photometry r a i s e s  a s  well as kelps  -- -- solve many groblens concernixg ce les -  

t i a l  ob jec ts .  Wi thout  any doubt it f o r m  a p a r t  of a s t r o -  

physics.  Xowever, it shou ld  be noted t h a t  t h e  name llAstrophys- 

icsl' was not  introduced a f t e r  s t e l l a r  9 h o t ~ m e t r y  nad become a 

sc ience  o f  exact measurements because w i t n  photometrical r e -  

s u l t s  alo=le we c o u X  never have succeeee6 i n  conprehending 

the  physical  na tu re  o f  s t z r s ,  i n t e r s t e l l z r  nedia,  or  

o t h e r  c e l e s t i a l  bodies. The founding o f  as t ro2hysics  had t o  
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await t h e  advent o f  the t h i r d  neans of observation, namely 

s t e l l a r  spectroscopy . 

ASTBOEiiSICS.  !t%ile photometry ( inc luding  photography) nay 

have a n t i c i p a t e d  t h e  coming of a s t r o p h y s i c s ,  it is spectros-  

copy t h a t  founded t h i s  branch o f  nodern science,  because 

before  t h e  l i g h t  could be analyzed spectroscDpically,  it would 

be meaningless t o  ask such quest ions as t h e  chenica l  coapo- 

s i t i o n  and phys ica l  s t a t e  of t h e  c e l e s t i a l  objects .  Therefore, 

i n  o r d e r  t o  see how as t rophys ics  beczme a branch of  sc ience  

we  m u s t  go back t o  h i s t o r y  of  sFectroscopy. 

It is w e l l  known t h a t  s p e c t r a l  decomposition of s u n l i g h t  

by t h e  prism w a s  denonstrated by liewton a s  e a r l y  as 1666, but  

t he  dark l i n e s  i n  t h e  s o l a r  s2ectruI-c were f ' i r s t  no t i ced  by 
-- W. E. Wollaston only i n  1802. Lowever, t h e  l a t t e r  k=as rcade 

no a t t e m p t  t o  i n v e s t i g a t e  tkese  6ark l i n e s .  Therefore, it 

may be said t h a t  t h e  spectrosco2ic  study of  c e l e s t i a l  o b j e c t s  was 

s ta r ted  by the Bavarian o p t i c i a n  Josef Praunhofer who i n v e s t i -  

gated sys t ema t i ca l ly  t h e s e  aark l i n e s  and published n i s  r e s u l t s  

o f  i n v e s t i s a t i o n  i n  1817. Iie showed by exper iaents  t h a t  t h e  

da rk  1i;les and bands were in t r ins ic  t o  t h e  na tu re  of s u n l i g h t  

and d id  no t  a r i s e  f r o n  d i f f r a c t i o n ,  o p t i c a l  i l l u s i o n ,  e tc .  

H e  measured hundreds o f  what has  s ince  been called F rawhofe r  

l i n e s  a& t o  t h e  p r i n c i p a l  ones a s s i g e d  l e t t e r s  A, 3, C ,  D, 

L 

... some of which have maintained t h e  usage till now. 
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Late r ,  Fraunhofer found t h a t  the  moon 

had dark- l ine  s p e c t r a  which 

t h a t  of t h e  sun, T h i s  also 

such as Pol lux  ( p Gem 
o t h e r  stars, notab ly  S i r i u s  

and the  p laEets  

were i n  gene ra l  i d e n t i c a l  w i t h  

held f o r  some of t h e  fixed stars 

and Capella ( oL fiW' ). But 

( d C P k  ) showed q u i t e  d i f f e r e n t  

h- 
A 

p a t t e r n s  of  t h e  l i n e  s t r u c t u r e ,  

t roscopy w a s  founded and ever  s i n c e  the  s t u d i e s  of t h e  spec- 

t r a l  l i n e s  -- whether absorpt ion o r  emission -- of cosmic 

obJects have added boun t i fu l ly  t o  man's knowledge about t h e  

universe . 

I n  t h i s  way, s t e l l a r  spec- 

O f  course,  Daunhofer  had no idea of t h e  meaning of  

these l i n e s .  

as t h e  person who a c t u a l l y  founded a s t rophys ic s  because from 

h i s  i n t e r p e t a t i o n  of t h e  Praunhofer l i n e s  have emerged a l l  

t h e  p o s s i b i l i t i e s  f o r  learn ing  t h e  phys ica l  na tu re  o f  cosmic 

ob,iects, as we sha l l  see, I n  c o l l a b o r a t i a n  w i t h  t h e  chemist 

2. Bunsen, Kirchhoff s tud ied  spectra o f  f l a n e s  and s e t a l l i c  

vapors i n  t h e  e l e c t r i c  a r c  and discovered t h e  coincidence i n  

wave l e n g t h  of t h e  dark D l i n e s  i n  sun l igh t  wi th  a double 

b r i g h t  l i n e  i n  t h e  l i g h t  o f  a sodium flame. After  similer 

coincidence of b r igh t  l i n e s  due t o  o t h e r  chemical elements 

with o t h e r  Fraunhofer l i n e s ,  Kirchhoff enunciate2 t h e  famous 

l a w s  which now bear  h i s  nane and which nay be s t a t e d  t h a t  

(1) each chemical sgec ie s  has i t s  own c h a r a c t e r i s t i c  s g e c t r z  

and (2) it absorbs r a d i a t i o n  a t  wave l eng ths  where it is 

capable t o  e m i t  and v i c e  versa.  

Perhaps we should a t t r i b u t e  t o  Gustav Kirchhoff 
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It fol lows from Rirchhoff 's  l a w  t h a t  t h e  photosphere of 

t h e  sun and stars emits continuous r a d i a t i o n  while vapor in 

t he  so-called r eve r s ing  layer above it s e l e c t i v e l y  absorbs 

r a d i a t i o n  t o  produce Fraunhofer l ines  because t h e  r eve r s ing  

l a y e r  G a s  lower tenperatures t h a n  the photosphere, 

t i f y i n g  t h e  absorp t ion  l i n e s  i n  the s p e c t r a  of the sun, Kirch- 

hof f  was a b l e  t o  announce i n  1861 t h e  presecce i n  i t s  atmos- 

phere va r ious  chemical elements such  as sodium, i r o c ,  c a l c im,  

e tc ,  t h a t  are comaon on t h e  ear th .  

discovery i s  obvious, f o r  what has been found i s  not  only t h e  

chemical composition of t h e  s o l a r  atmosphere but a l s o  t h e  

fac t  t h a t  t he  temperature  even at  t h e  very surface of t h e  sun 

must be high enough t o  vaporize the  metals. 

By iden- 

The importance of t h i s  

That t h e  s t e l l a r  matter is i n  the gaseous s t a t e  has a 

far-reaching consequence, because i t s  equation o f  s t a t e  (which 

g ives  t h e  d e n s i t y  as a func t ion  of the pressure  a d  terz2era- 

t u r e )  is sim?le and best  kaown. 

t y  of gaseous matter, t he  i n t e m a l  s t r u c t u r e  of t he  s t a r  can 

be s tud ied  t h e o r e t i c a l l y  by imposing t h e  condi t ions o f  hydro- 

s ta t ic  equi l ibr ium as  well as t h e  energy t ranspor t .  I n  t h i s  

way a mathenat ical  theory  of s t e l l a r  s t r u c t u r e  can be estab- 

l ished.  

As a r e s u l t  of  t h i s  s i n p l i c i -  

Stellar spectroscopy t( - 
. -1 - -  ---- opened up t h e  fol lowing 

f i e l d s  o f  a s t rophys ica l  research: 

(1) Line i d e n t i f i c a t i o n .  T h i s  i s  a cont inuat ion of Hirchhoff's 

o r i g i n a l  work of ident i fyicg the  s p e c t r a l  l i n e s  found i n  the  



s p e c t r a  o f  c e l e s t i a l  o b j e c t s  with those  2roduceC i n  t h e  I 

l abo ra to ry ,  s t ra ight forward  a s  the i d e n t i f i c a t i o n  may seem 

t o  be, t h i s  work is not  c o ~ p l e t e d  cow because t h e r e  a r e  s t i l l  

many l i n e s  a r i s i n g  from ce les t ia l  sources t h a t  Ere n o t  i den t i -  

f ied .  For exazple,  about 30 p e r  cent  o f  so la r  l ines ,  most 

of them being f a i n t ,  remain unident i f ied .  Most of t h e  uniden- 

t i f i e d  l i n e s  i n  t h e  sun ane i n  t h e  stars must be 2rotuced by 

molecules. I 

.? r , -L 

(2) Chernical abundance . From i d e n t i i i c a t i o n  of spec t ra l  

l i n e s  t o  t h e  2e t e rn ina t ion  of  t h e  chezical abuncmce f r o m  t h e  

l i n e  s t r e n g t h s  i s  a n a t u r a l  and l o g i c a l  s t e p ,  although t h e  

a c t u a l  procedure f o r  determining the  abundance is t ed ious  and 

depends upon t h e  n a t u r e  of t he ' ob2ec t s  ( i . e , ,  whether they  

are s t a r s ,  nebulae o r  i n t e r s t e l l a r  media). The r e s u l t  shows 

an approxi ra te  uniformity o f  chemical abundance i n  t h e  universe  

but  w i t h  some noted exce2tions. 137 f a r  hydrogen is  n o s t  abun- 

dan t .  It is followed by celiurn w i t h  an ix2uritL; of  cerbon, 

n i t r o c e n ,  ar,d ord7gen and only t m c e s  of t h e  o the r  e lenents .  

3ere we see  t ha t  even if t h e  spectrosco2ic  observation i s  n o t  

t h e  s o l e  reason f o r  concluding t h e  p s e o u s  na tu re  o f  tine s t a r ,  

t h e  success o f  theory  o f  t h e  s t e l l a r  s t r u c t u r e  owes much t o  

o u r  knowledge o f  t h e  chenica l  abirndace t n a t  has been obtairred 

f r o m  spectroscopic  s tud ie s .  

( 3 )  S?ect ra l  c l a s s i f i c a t i o n .  iLs a r e s u l t  of t h e  cheni- 

c a l  uniforrr i ty  i n  stars, we can a t t r i b u t e  t h e  differesce i n  

t h e  appearance of  s p e c t r a  f o r  t h e  mazoritz o f  s t a r s  t o  be 

due t o  d i f f e r e n c e  i n  temperature and p res su re  i n  their 
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atmospheres. 

c a l  schemes classifying s t e l l a r  spec t r a  i n  terms o f  two para- 

meters: temperature and pressure i n  t h e  atmospheres. 

T h i s  nakes possible  the development of empiri- 
for 

A 

T h a t  t h e  temperature and the  pressure can a f f e c t  d r a s t i -  

c a l l y  t h e  appearance of s t e l l a r  spec t r a  i s  due t o  t h e  exci ta-  

t i o n  and i o n i z a t i o n  process of atoms and the  d i s soc ia t ion  pro- 

c e s s  o f  molecules. Since t h e  pressure is r e l a t e d  t o  t h e  sur -  

f a c e  gravit2- which i n  t u r n  de2ends upon the  rad ius  and conse- 

quentlF t h e  luminosity of t h e  s tar ,  we can express t h e  pressure 

i n  t h e  atmosphere i n  t e r n s  of t h e  luxriinosity. I n  t h i s  way we 

can t e l l  t h e  e f f e c t i v e  ten2era ture  a s  wel l  as t h e  l u i n o s i t y  

o f  t h e  s t a r  sililply by looking a t  i t s  spectrum. 

I n  any case ,  t he  e f f e c t i v e  ten2era ture  and t h e  lun inos i ty  

a r e  two d i r e c t l y  observable q u a n t i t i e s  o f  t h e  s t a r .  Idhen one 

s t u d i e s  a group o f  stars, it i s  usefu l  t o  p l o t  the  l m i n o s i t y  

aga ins t  t h e  temperature of the stars i n  what is c a l l e d  t h e  

Hertzsprung-3ussel1, o r  simply, E-R diagram. The r e s u l t i n g  

diagram a e s c r i b e s  t h e  physical na ture  of  t h e  cons t i t uen t s  in 

t h e  group a t  a glance,  because stars do not  s c a t t e r  randomly 

i n  t h e  E-R diagram b u t  form d i f f e r e n t  sequences which a r e  
EI-R 

r e l a t e d  t o  t h e  age o f  t he  group. Therefore, t h e  diagram is  

a powerful t o o l  f o r  studying s t e l l a r  evolut ion i n  s t a r  c l u s t e r s .  
/\ 

(4) m i s s i o n  l i n e s .  The presence of emission l i n e s  r a i s e s  

ma2y i n t e r e s t i n g  l i n e s  o f  i nves t iga t ion  because t h e r e  a r e  
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1 s e v e r a l  circumstances under which they  may be formed in 
, 
i cosmic sources.  Cften t o e  appearance o f  some kina of 

emission l i n e s  p re sen t s  t h e  a s t r o p h y s i c i s t  t h e  clue a s  t o  t h e  

n a t u r e  of t h e i r  o r ig in .  

t h e  s p e c t r a  of gaseous nebulae l ed  fo the proposal (192'7-Wt 

&---y----they are forbidden l i n e s  emitted only i n  a gas of  

very  l o w  dens i ty .  Another example is t h e  i d e c t i f i c a t i o n  of  

t h e  s o l a r  corona l i n e s  (19&19&) - a_S due O0 those? 

For example, t h e  eniss ion l i n e s  i n  

- 

1 
1 

.. 
_. 

- -  - 

/ions i n  which more t h a n  t e n  e l e c t r o n s  have been 

s t r i 2 p e d  off f r o m  t h e  atoms, It helped e s t a b l i s h  t h e  

f a c t  t%zt  t h e  s o l a r  corona i s  a t  high t e q e r a t u r e s  o f  t h e  

order  of  mi l l i on  degrees. 

(5) Radial  ve loc i ty .  

cI/ 

I 

The s m a l l  s h i f t s  i n  wave length  

o f  l i n e s  i n  t h e  s p e c t r a  of the c e l e s t i a l  saurce as compared 

wi th  t h e  corresiocding l i n e s  i n  the  labora tory  q e c t r a  re-  

s u l t  c h i e f l y  from t h e  Doppler e f f e c t .  T h i s  Lact gives  t h e  

a s t r o p h y s i c i s t  an opsortuni ty  t o  l e a r n  t h e  l ine-of-sight corn- 

ponent of t h e  motion of a c e l e s t i a l  ob jec t  with respec t  t o  

t h e  ea r th .  Since t h e  e a r t h  i t s e l f  is moving around the  sun, 

i t . i s  t h e  usual  p r a c t i c e  t o  sub t r ac t  t h e  e a r t h ' s  notion f r o n  

t h e  measured value znd t o  r e f e r  t he  l ine-of-s ight  component 

w i t h  r e spec t  t o  the sun as the r a d i a l  v e l o c i t y  of the  s t a r .  

Ihch of  o u r  present  understanding o f  t h e  ob jec t s  i n  universe 

cone f r o n  the  measurement of  t h e i i  r a d i a l  v e l o c i t i e s .  O f  t h e  

foremost s ign i f i cance  is ,  o f  course,  t n e  es tab l i sknent  by 
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of 

E. P. Hubble i n  1929 an empirical  l i n e a r  r e l a t i o n  between t h e  

r e d  s h i f t s  of s p e c t r a l  l i n e s  of  e x t r a g a l a c t i c  nebulae (ga l ax ie s )  

and t h e i r  d i s tances .  I n t e r p e t e d  a s  a r e s u l t  of  t he  Doppler 

e f f e c t ,  t h e  red  s h i f t s  represent  r eces s iona l  v e l o c i t i e s ,  

t h e  Hubble l a w  i n d i c a t e s  tha t  t he  universe we l i v e  i n  i s  an 

e x p n d i n g  one, as  ga lax ie s  a r e  f l y i n g  away f r o n  each o t h e r  

a t  t h e  r a t e  i nc reas ing  w i t h  t h e i r  d i s t ance ,  Combined with 

t h e  genera l  t heo ry  o f  r e l a t i v i t y ,  it provides f o r  t he  first 

time a s c i e n t i f i c  theory f o r  t he  universe.  

To be s u r e ,  cosmology by i t s e l f  is not  regarded a s  a p a r t  of 

a s t rophys ic s  b u t  i t s  empirical  foundation i s  b u i l t  on t h e  

l a t t e r .  

Thus 

Xext we f i n d  t h a t  radial  v e l o c i t i e s  o f  s t a r s  supply i m -  

por ta l l t  data a s  regards  t o  t he  notion o f  stars such as galac- 

t i c  r o t a t i o n  i n  ou r  own galaxy ( t h e  i-iilky 'days system). T r a -  

d i t i o n a l l y ,  t h e  s tudy  o f  t h e  g a l a c t i c  s t r x t u r e  is not  regarded 

as  z p a r t  o f  as t rophys ics  mainly because it concerns w i t h  t h e  

dynanical  bu t  no t  t h e  physical  and chenica l  na ture ,  of t n e  

g a l a c t i c  system. Sut it has become inc reas ing ly  d i f f i c u l t  

nowadays t o  s epa ra t e  t h e  as t rophys ica l  problems of  t h e  r e l a -  

t i o n  between s t e l l a r  and g a l a c t i c  evolut ion f ron  t h e  p u r e l r  

s t r u c t u r a l  problem of t h e  galaxy. 

Measurements o f  s t e l l a r  radial  v e l o c i t i e s  c rea ted  many 

new problems. 

v i sua l17  as s i n g l e  a r e  a c t u a l l y  b i n a r i e s  w i t h  two congonents 

revolving around each o the r  according t o  Eewton's law. 

It was found tha% many stars which a??ear 

Their 



- 17 - 
o r b i t a l  motion makes t h e  s p e c t r a l  l i n e s  o s c i l l e t e  back a d  

f o r t h  w i t h  time. Such s t a r s  a r e  c a l l e d  spectroscopic  b ina r i e s .  

Sometimes we s e e  two s e t s  of l i n e s  corres2onding t o  t h e  t w o  

component stars moving i n  opposite d i r e c t i c n s .  a u t  i n  most 

c a s e s  only t h e  spectrum of: one component can be seen as t h e  

o t h e r  component i s  t o o  f a i n t  t o  show u? even i n  t h e  spectrum. 

The v a r i a t i o n  o f  r a d i a l  v e l o c i t y  r e s u l t i n g  from t h e  o r j i t a l  

motion gives t h e  na tu re  of t he  binary o r b i t .  Thus t h e  spec- 

t ro scop ic  study provi6es a n e m s  t o  understand t h e  dp-iaxical 

n a t u r e  o f  a binary system. According t o  our d e f i c i t i o n ,  it 

should  not  be incluaed I n  astrophysics ,  because it concerns 

t h e  dyrianrical na ture .  Acttlally the study of spectroscopic 

b i n a r i e s  bas t r a d i t i o n a l l y  been regarcleci'as 2 par t  of a s t r o -  

shj-s ics  because it relies on stellar spectra. - - -  

- 

Needless t o  sz?, 2hysical proSlelzs that ray be solved 

by t h e  s p c t z a s c o p i c  s t u c y  d o  e x i s t  i n  connection wi th  binar ;  

systems i f  t h e  segarz t ion  between t h e  two coinponent s t a r s  

becomes s o  c l o s e  t h a t  they phgsical lg  i n t e r a c t .  Such problems 

inc luae  t h e  m a s s  e j e c t i o n ,  gaseous stream e t c . ,  all of  which 

have a g r e a t  as t rophys ica l  i n t e r e s t .  
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The v a r i a t i o n  of radial  v e l o c i t y  r e s u l t i n g  from t h e  or- 

b i t a l  motion o f  b inary  stars g ives  an inpor t an t  f a c t o r  of 

measuring s t e l l a r  masses. 

determinat ion cannot be descr ibed here, t h e  reason can be sin;- 

p l y  s ta ted because t h e  ve loc i ty  i n  t h e  o r b i t a l  motion re f lec ts  

Mhile the  de ta i led  process  o f  mass 

the  f o r c e  o f  at tracti’on which i s  determined by t h e  mass as w e l l  

as the  separa t ion .  

b u t  f o r  a l l  systems i n  t h e  s t a t e  of dynamical equilibrium. 

For example, t he  mass of o u r  galaxy may be estimated from the  

v e l o c i t y  of g a l a c t i c  r o t a t i o n .  

whether of s tars  o r  of galaxies,may be de te rn inea  from radial  

v e l o c i t i e s  of t h e i r  cons t i t uen t  ob jec ts .  

T h i s  is t r u e  not  on ly  f o r  b inzry  systems 

Also, t h e  mass of a c lus te r , ,  

The radial  v e l o c i t y  measurement is of g r e a t  importance 

i n  ou r  search  f o r  t h e  understanding of t h e  pu l sa t ing  and ex- 

ploding stars.  In  f ac t ,  it is the  r ad ia l -ve loc i ty  measures 

t h a t  conclusively put intrinsic pulsationbinstead of geometrical eclipse,  

as the c m s e  of l i g h t  variation in _. some stars.+ - 
r-- [ I n  t h e  case of novae and super- 

novae it is again the r ad ia l -ve loc i ty  measure t h a t  a c t u a l l y  

shows t h e  c a t a s t r o p h i c  e q l o s i o n  by t h e  high v e l o c i t i e s  with which 

matter is e j e c t e d  from t h e  s ta r  during t h e  sudden brightening. 

(6) Line broadening. The n a t u r a l  w i d t h  of t h e  s p e c t r a l  

But  i n  s t e l l a r  at-  l i n e  due t o  r a d i a t i o n  d a n i n g  i s  narrow. 

mospheres, t he re  are nany e f f e c t s  such as c o l l i s i o c a l  damping, 

thermal motion, turbulence,  e t c . ,  t h a t  broaden t h e  l i n e s .  Sat 
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by f a r  t h e  most conspicuous mechanism of  broadening o f  

s t e l l a r  l i n e s  i s  t h e  a x i a l  r o t a t i o n .  

va r ious  p a r t s  o f  t h e  s t e l l a r  d i s k  have d i f f e r e n t  v e l o c i t i e s .  

Thus, t h e  l i n e s  produced i n  d i f f e ren t  su r f ace  elements a r e  

When a star r o t a t e s ,  

s h i f t e d  by varying amounts. Taken as a whole, they show a 

g r e a t l y  widened s i n g l e  l i n e .  mom t h e  width, we nay est imate  

t h e  speed of  r o t a t i o n .  However, because the  broadening r e s u l t s  

f rom t h e  Dop2ler e f f e c t ,  t h e r e  i s  a proJec t ion  f a c t o r  which 

we caE never determine by t h e  spectroscopic  study. T h i s  can 

be seen bF t h e  f a c t  t h a t  no r o t a t i o n a l  broadexing w i l l  be ob- 

served i f  th.2 spiLming axis coincides  with t h e  l i n e  of  s igh t .  

Even s o ,  much about s t e l l a r  r o t a t i o n  has been learned f rom 

spec t roscopic  studies. 

(7) Zeerar, e f f e c t .  The etomic energy l e v e l s  a r e  s p l i t t e a  

i n  t h e  presence o f  a mzgnetic f i e l d .  Hence, each s p e c t r a l  

l i n e  i n  t h e  ordinary case becomes corressondingly s p l i t t e d  

i n t o  seve ra l  con?onents i n  the magnetic f i e l d .  T h i s  i s  o f  

course t h e  well-known Zeenan e f f e c t .  -4s t h e  separa t ion  be- 

tween con;?onents i n  t h e  Zeeman s p l i t t i n g  is  very small, t h e  

s p l i t t i n g  i s  washed out i n  s t e l l a r  s p e c t r a  by t h e  var ious 

broadening mechanisms rnentioned before.  Eowever, d i f f e r e n t  

c o q o n e n t s  i n  t h e  Zeenm s p l i t t i n g  a r e  po la r i ze2  i n  d i f f e r e n t  

ways. Consequently, by tak ing  t h e  advantage of  t h i s  po la r i -  

za t ion  e f f e c t ,  one can d e t e c t  t h e  presence of t h e  Zeenan s p l i t -  

t i n g  ar,d consequently llieasure t h e  magnetic f i e l d  s t r e n g t h  i n  

t h e  s t a r s  € I n  t h e  case  o f  t he  sun, t h e  
4 -  
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I magnetic f i e l d  a t  d i f f e ren t  2o in t s  of t h e  d i s k  can be quick- 

l y  obtained by what i s  c a l l e d  t n e  s o l a r  magnetograph-, - 
- -  -- 

G n e d  on t h e  same p r i n c i s l e -  of  po lar iza t ion .  

I n  any case,  much has been learned a b o u t  s t e l l a r  magnetic 

f i e l d  although t h e  cause and the  e f f e c t  of mzgnetism i n  stars 

have y e t  t o  be studied.  

(8) Spec t rohe l iogaph.  This  is 'an instrument designed 
I 

for observing -+ - t h e  solar  sur face  i n  t h e  l i g h t  o f  

a s i n g l e  s s e c t r a l  l i n e .  

v i t i e s .  

It aides t h e  s t u d r  o f  t he  solar a c t i -  
I 

Thus, we have seen t h e  means of observat ion opened u2 

by the  spectroscopy. The name, as t ro? tys ics ,  was introduced 

I 

I 

i n  t h e  very beginning t o  denote vaguely t t e  physical  2roblems 

r e s u l t i n g  d i r e c t l y  or i n d i r e c t l y  from t h e  spectrosco?ic  obser- 

l 
va t ion  o f  cosrsic objects .  It acqairea a iaore d e f i z i t e  meaning 

and became a term of  cormon usage when G. E. Eale  and J. E. 

Keeler fomded i n  1895 t h e  " S s t r o ~ h y s i c a l  Journal1'  s u b t i t l e d  

11,9n I n t e r n a t i o n a l  Revieti of Spectroscopy and Astronomical 

Physic s. l1 

Yiiile t h e  r e s u l t s  of observat ion provide t h e  f o n d a t i o n  

of as t rophys ics ,  we should not fo rge t  t h e  cont r ibu t ions  by 

t h e o r e t i c i a n s  who, w i t h  mathematics as t h e i r  instrument ,  help 

b u i l d  t h i s  magnificent s t r u c t u r e  t h a t  i s  our understanding 

of t h e  universe  and i t s  contents.  Some o f  tLem, for exaple  

S. Chaaarasekhar, have never observed i n  t h e i r  whole l i f e  but  

t h e i r  in f luence  is f e l t  i n  every corner  o f  t h i s  branch o f  

sc ience  . 
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DEV3LO22li3iY AND EESITBTICX. I n  o r d e r  t o  g;ather nore 

l i g h t  f o r  saectral  ana lp i s  o r  photametric measurement o r  t o  

penetrate deeper  i n t o  space,  we need a l a r g e  telescoge. 

Therefore,  t h e  development of a s t rophys ic s  goes hand in  band 

w i t h  t h e  cons t ruc t ion  of t h e  larger  and la rger  telescope. 

The situation resembles the  present  s t a t e  of high-energy phy- 

s ics  whose problem i s  t o  bu i ld  l a r g e r  and l a r g e r  acce le ra to r s .  

The b igge r  t h e i r  instrumeat ,  the be t t e r  they  can e f f e c t i v e l y  

do  t h e i r  jobs  of uncovering t h e  secret  of a tomic  nuc lg i  i n  

t h e  l a t t e r  and of l ea rn ing  the  mystery of  t he  universe i n  t h e  

former case. 

Thus, with t h e  cons t ruc t ion  of big observa tor ies ,  one 

would t k i n k  t h a t  as t rophys ics  w a s  en t e r ing  a golden age before  

the  tmr. Perhaps it w a s  thought s o  by a s t r o p h y s i c i s t s  a t  t h a t  

t i n e .  However, w i th  the  advantage o f  hindsight  we can see  

t h a t  t h i s  is  not t rue .  The cons t , -u~t i~n  of l a r g e  observa tor ies  

could n o t  h ide  t h e  f a c t  t h a t  it was a l s o  a s e r i o d  o f  h e s i t a t i o n  

on t h e  par t  of  a s t ropnys ic i s t s .  They developed what they  al- 

ready had but  f a i l ed  t o  grasp w h a t  would t u r n  out t o  be revo- 

l u t i  onary . 
In  order  t o  see t h i s  po in t ,  l e t  u s  remember t h a t  a s t ro -  

A ,  ,l..?:-<i<..J *, .7 7 :  

physics  &*&es- p h y s i i a l  and chemic21 n a t u r e  of  a l l  o b j e c t s  

t h a t  l i e  beyond t h e  eartn's atmos2here wi th  whatever means 
h 

t h a t  is w a i l a b l e .  Since f o r  c e n t u r i e s  t h e  only czems t h a t  

t h e  man on t h e  ear th  could nake a con tac t  w i th  extra-terres- 

t r i a l  o b j e c t s  was tkrougi; l i g h t ,  i .e . ,  e lec t romsgre t ic  radi-  

, 1 
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a t i o n  i n  t h e  o p t i c a l  region,  astronorny and consequently as t ro-  

physics, had beec i n v a r i a b l y  assoc ia ted  with the o p t i c a l  t e l e -  

scope. Suc’a an a s s o c i a t i o n ,  r e s u l t i n g  pure ly  from ewediency ,  

g r a d u a l l y  took t h e  shape of t r a d i t i o n  a f t e r  c e n t u r i e s  o f  prac- 

t i ce .  As a r e s u l t ,  astronomy and as t rophys ic s  have become 

synonymous wi th  o p t i c a l  observat ions through the  t e l e scope  

and t h e  i n t e r p e t a t i o n  of t h e i r  r e s u l t s .  

no t ion  would n o t  encounter any d i f f i c u l t y  i f  our means of con- 

t a c t  w i t h  extra- terrestr ia l  ob jec t s  should remain througn op- 

Such a synonymous 

t i c a l  r a d i a t i o n ,  as was t h e  case i n  t h e  e a r l y  p a r t  of t h i s  

c e n t u r y  and before. But it is  no longer  t r u e  a f t e r  t n e  t h i r -  

t i e s  . 
The discovery of cosmic r a y s  g u t  a s t r o p h y s i c i s t s  i n  an 

acid t e s t ,  a l though it w a s  not  even r e a l i z e d  a t  t h a t  t i ae .  

Eere we encountered something coming from e x t r a - t e r r e s t r i a l  

sources  % k a t  could n o t  be s tud ied  b;; t h e  conventional t e le -  

scope. 

i n f o r n a t i o n  concernifig cosmic o b j e c t s  might t h e r e f o r e  be ex- 

pected.  

rays? 

tirne. 

A new con tac t  w i t h  cosolic o b j e c t s  was found; soae new 

Should a s t r o 2 h y s i c i s t s  undertake t h e  s tudy of cosmic 

Actual ly  such a quest ion w a s  n o t  even asked z t  t h a t  

Q u i t e  n a t u r a l l y  and f o r  good reasons ,  a s t r o p h y s i c i s t s  

kept  busy with t h  ir te lescopes  and l e t  p h y s i c i s t s  work 

on cosa i c  ra3-S. iIowever, i n  r e t r o s p e c t  t h i s  w a s  the  first 

sign t h a t  shows t h a t  cen tu r i e s ’  t r a d i t i o n  in astronomical 

s c i e n c e  Ls going t o  be  bmken by t h e  fo rce  t h a t  has  been 

c r e a t e d  i n  t t e  o t h e r  f i e l d s  of sc ience  and technology. In any case 

lC-7 . 
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for a long tiiile astrophysicists and cosmic ray physicists went their separate 

ways without much comnunication. 

The other tide of revolution came about the same tine when in1932 K. 

Jan- discovered cosmic rnaio noise while he was investigating atzospheric 

interference in radio recestion at the vavelength of U.7 meters. 
I 

Again 

the astropwsicists were slow in realizing the potentiality of raclo mission 

from comic BOUI'CBS. 

Thus, the two decades before the Second "Tar may be termed as the hesi- 

tation period on the part of astrophysicists. The means fo r  stuclying c o d c  

objects other than optical telescopes were there, but astrophysics was still. 

imprisoned under the big dome of the optical observatories reluctant to 

-lore the cosmos through the new techniques. 

AST+WFBYSICS COHIXG QF AGE. 

t o  let the hesitation last long. 

soon becanie interested in their solutions and liberated astrophysics fron 

the opticd observatories. 

knowledge of atomic nuclei turned their attention t o  energy generation in 

T'ne astrophysical problem are too important 

Scientists in other fields of learxling 

For -le, physicists with their powerful 

s t a r s ,  

understandable. 

&en the stellar energy source is ~ O S M ,  stellar evolation becomes 

This created an entirely new field of stuciy of stell2r 

evolztion in recent years. 

men radar technique developed during the war set the stage for the 

rapid pro$ress of radio astronoqy, aciio waves have the advzntege of not 

being easily attenuated in the interstellar nediun. However because of 

long wavelengths tIne agular resolution of the redio telesco2e 
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i s  poor  compred  w i t h  t h e  o p t i c a l  t e l e scope .o f  t h e  same aper- 

I t u r e .  Thus, t h e  c e n t r a l  point  i n  t h e  design of t h e  r a d i o  te le -  

scope i s  t o  increase  t h e  e f f ec t ive  ape r tu re  and thereby t o  

o b t a i n  a higher reso lv ing  power, whi le  f o r  t h e  o p t i c a l  t e le -  

sco?e it is  the c o l l e c t i o n  of l i g h t  t h a t  is nos t  important. 

Unlike t h e  o p t i c a l  region wherein s p e c t r a l  l i n e s  abound, 

t h e  r a d i o  region has .only  a few l ines .  

2 o r t a n t  one is, of course,  t h e  21 cn hydrogen l i n e  a r i s i n g  

f r o n  t h e  t r a m i t i o n  between two h m e r f i n e  s t r u c t u r e  l e v e l s  

o f  t h e  ground s t a t e .  lq i th  t h i s  l i n e ,  we cu l  study t h e  d i s -  

t r i b u t i o n  of n e u t r a l  hydrogen clouds and t h e i r  no t ions  i n  oui' 

own galaxy, which enable u s  t o  t race t h e  g a l a c t i c  a rm of our 

galaxy. 

i3y f a r ,  t h e  most i m -  

2Jeutral hydrogen i n  o t h e r  galaxies can now be s tudied  

by t h i s  same l i n e .  It provides a measure of mass of n e u t r a l  

hydrogen i n  t h e  galaxies, 

Observations of  cosDic  ob jec ts  througn r i d i o  wves  nave 
lines 

created many i n t e r e s t i n g  of study. F i r s t ,  t h e r e  is  t h e  general  

background no i se  both i n s i d e  an2 outs ide  our  galhxg. The me- 
A 

chanisn f o r  producing tbe noise  provides material f o r  theore- 

t i c a l  investigation. 
As a result the 

,,synchrotron-radiation process has Seen 

suggested,  

The continuous r a d i o  noise  coining from the  extragalactic 

background has an inpor t an t  bearing on cosnology. Indeed, 

tlie radio emission observed a t  c e n t i z e t e r  wave 1engs;hs appears  

t o  put  t he  theory  o f  an e x p a d i n g  universe  f a r  ahead o f  t h e  

competing theory  of a s teady  s t a t e  universe.  But more reward- 
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i n g  i s  t h e  s tudy of r a d i o  emission from t h e  d i s c r e t e  saurces  

which a r e  superimposed on t h e  general  background o f  noise .  

The d i s c r e t e  sources  f a l l  i n t o  t h r e e  groups :  sources i n  t he  

s o l a r  system (such as t h e  sun, J u p i t e r ,  e t c . ) ,  sources  i n  ou r  

own galaxy (such as the  Crab Nebula) and e x t r a g a l a c t i c  sources 

(such as t h e  Cygnus A source).  Radio emission of t hese  ob jec t s  

helped us  understand s t h e i r  physical  nature .  For exangle,  r ad io  

emission of t h e  sun has been found t o  be r e l a t e a  t o  t h e  s o l a r  

a c t i v i t y .  1% becoines an i zpor t an t  p a r t  of s o l a r  physics  (which 

i s  a p a r t  of as t rophys ics ) .  Radio observat ions of J u p i t e r  and 

o t h e r  p l a n e t s  have supplied r e s u l t s  which w i l l  r evea l  t h e  phy- 

s i ca l  condi t ions  of these p l ane t s  (such a s  t h e  magnetic f i e l d ,  

the r a d i a t i o n  b e l t s  resembling the  van Allen b e l t s  of t h e  ear th ,  

e t c . ) .  S imi la r ly ,  s t u d i e s  of r ad io  emission of t h e  Crab Nebula 

have increased our knowledge about t h e  physical  condi t ions  i n  

supernova e j e c t a .  T h i s  l e d  t o  a Dossible i d e E t i f i c a t i o n  of  

t h e  sources  i n  which t h e  prircary component of  cosmic r ays  may be 

generated.  

By f a r  t h e  most  s i g n i f i c a n t  discovery i n  t h e  recent  years  

came as a r e s u l t  of studying exbraga lac t ic  sources  of  r ad io  

emission. Through t h e  combined e f f o r t  o f  radio a d  o p t i c a l  

observat ion a group o f  d i s c r e t e  r a d i o  sources  was i d e n t i f i e d  

w i t h  t h e  a s soc ia t ed  o p t i c a l  objects .  These ob jec t s  t u r n  out  

t o  be most i rnportant  i n  o u r  search f o r  t h e  conten ts  i n  t h e  

universe  because the? show l a rge  red  s h i f t s .  While t h e  red  

s h i f t  could be cause& by a s t rong  g r a v i t a t i o n a l  f i e l d  accor6- 



i ng  t o  general  theory of r e l a t i v i t y ,  it is  now generallyassuned 

- . t h a t  the  disglacement i n  wave lengths  i s  c?ue t o  reces- 

s i o n a l  v e l o c i t i e s  assoc ia ted  with the  exgansion o f  t h e  universe.  

If s o ,  these  ob jec t s  which have been c a l l e d  t t quss i - s t e l l a r  

r ad io  sourcet t  o r  ttquast?rff (abbreviated Q S M  o r  QSS) must be 

loca ted  f a r  away i n  t n e  f r o n t i e r  of t h e  observable universe.  

It follows t h a t  t h e  i n t r i n s i c  luminos i t ies  of quasars n u s t  

. be enormous. Both t h e  l a r g e  d i s t ances  and t h e  enormous lumi- 

n o s i t i e s  make quasars  one o f  t he  most i n t e r e s t i n g  o b j e c t s  i n  

t h e  universe.  There i s  no doubt t h a t  s t u d i e s  of quasars 

w i l l  be one of t h e  c e n t r a l  problems in t h e  years  t o  come and 

w i l l  t h r o w  new l i g h t  on t h e  universe. 

If we a r e  impressed by the  a d v a c e  in as t rophys ics  made 

a f t e r  t h e  s ta r t  o f  rad io  astronomy, we must be prepared t o  

s ee  soae equal ly  i f  not  more spec tacu la r  a i scove r i e s  i n  as t ro-  

physics  by observations made above the  e a r t h ' s  atmosphere. A s  

we know, t h e  e a r t h ' s  atzlosphere absorbs electromagnetic radi-  

a t i o n s  i n  a l l  wave l ens ths  except two narrow b m d s  -- one i n  

t h e  o p t i c a l  and another i n  the  r ad io  range. By observing 

above t h e  atnospheres we a r e  a b l e  t o  s tudy a wide range o f  

t h e  electromagnetic spectrum. We a r e  only i n  t h e  beginning 

o f  t h i s  space age bu t  a l ready we have witnessed t h e  discovery 

of  t h e  X ray  sources i n  t h e  galaxy t h a t  a r e  o f  t he  upnost i m -  

portance t o  as t roghys ics .  Their discovery induced nuch spe- 

c u l a t i o n s  about t h e i r  nature .  Without douSt these sources  

and o the r s  ye t  t o  be discovered w i l l  provice heated d iscuss ions  
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I i-lowever, t h e  e f f ec t  of space research  oil as t ro2hys ics  i s  
I 

- f e l t  most s t r o n g l y  in s t u d i e s  o f  objects  wi th in  our p l ane ta ry  

system, because w e  are now capable t o  send a space vehicle t o  

t he  o b j e c t s  of ou r  in te res t .  

s o f t  landing on the  surface of t h e  moon. It w i l l  be a matter 

h'e have a1reaQ- witnessed t h e  

of t i n e  t o  see a s i n i l a r  laxdipg on t h e  su r face  of p l a n e t s  and 

a s t e r o i d s  Thus, t h e  e G l o r a t i o n  of t he  s o l a r  system needs 

the  cooFeration n o t  only of p h y s i c i s t s  zad chemists but  a l s o  

I .  -f< p C t ' L 1 ;  4 Q-1. ! X J  . ., 
A 

geophys ic i s t s ,  geo log i s t s ,  and even biochemists as well as 

b i o l o g i s t s  s i n c e  t h e  problem o f  ex t rh te r res t r ia l  l i f e  i s  cer- 

t a i n l y  one of o u r  major i n t e r e s t s .  

o b j e c t s  i n  t h e  s o l a r  system and each is overwhelmingly l a r g e  

I n  s h o r t  there  are s o  many 

i n  terms of human e q e r i e n c e .  IJow i f  we remember how great  

has  been t h e  t a s k  t o  s tudy t h e  earth,  t h e  work lyizig before  

u s  f o r  a s imi l a r  s tudy  of t h e  moon, planets, s a t e l l i t e s , a s t e -  - 
roids, comets and t h e  in t e rp l ane ta ry  medium w i l l  be beyond. 

imagination. If  peace r e i g n s  on t h e  e a r t h ,  it w i l l  be s a f e  

t o  pred ic t  t h a t  man w i l l  spend much of h i s  energy t o  explore  

the  s o l a r  system i n  the  next  few cen tu r i e s .  O r  t o  ?u t  it 

more o 2 t i m i s t i c a l l y  because man has found a way t o  d i s s i p a t e  

h i s  restless energy i n  space ex?lorat ion,  peace nay p r e v a i l  

on the  ear th .  If so ,  t h e  study of heavenly bocies  may t u r n  

out t o  be t h e  s a l v a t i o n  of t h e  mankind. 

as t ropkys ics  w i l l  f i n d  i t s e l f  er,tering i n t o  8 Dew age. 

I n  t h e  meantixe, 
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