
CHAPTER 4

MONSTERS IN THE SKY

Look up at  the n ight  sky.  I f  you ean escape c i ty
l i gh ts ,  f l i c ke r ing  beams  f rom myr iad  s ta rs  dance  i n  the
c1ear ,  da rk  heavens  o f  t he  coun t r ys ide .  On  a  summer ' s  n igh t ,
you can see the broad sweep of  our  Gala:gz,  the Mi lky Way,  and
i f  you know where to  cast  your  gaze you mAy perceive the
misty  out l ines of  a  neighbor ing galaxy,  the €f reat  ga la- :<y in
the conste l la t ion Andromeda - -  a  system l ike our  own wi th
hundreds of  b i l l ions of  s tars .  Humankind have wondered at
the heavens probably  s inee f i rs t  gaz ing,  upward,  but  on ly  in
th is  century have we understood what  l ights  the s tars .

In  th is  chapter  we employ c lass ica l  phys ics and the
theo ry  o f  re la t i v i t y  t o  t race  the  l i ves  and  fa tes  o f  s ta rs ,
inc lud ing s tars  wi th  p lanetary systems such as our  own sun.
E ins te i n ' s  spec ia l  t heo ry  o f  r e l a t i v i t y ,  i n  pa r t i cu l a r ,
expla ins why they sh ine,  and the genera l  theory of  re la t iv i ty
desc r ibes  such  exo t i ca  as  neu t ron  s ta rs ,  pu l sa rs  b l i nk ing
beacons in  the sky - -  and b lack holes,  ob jects  so dense not
even  I i gh t  can  escape  the i r  g rav i t a t i ona l  pu l I .

The  rea lm o f  neu t ron  s ta rs ,  pu l sa rs ,  and  b lack  ho les  i s
the realm of  E lenera l  re la t iv i ty .  Even near  avera€fe-mass
s ta rs  l i ke  ou r  sun ,  re la t i v i s t i c  changes  a re  ba re l y
d i sce rnab le .  On Iy  a round  ce les t i a l  beheno ths  does  the
warping of  spacet ime become obvious.

UNITS OF STRUCTURE IN THE UNIVERSE

A star  is  as a gra in of  sand in  the over-a11 st ructure
of  the Universe.  On the scale of  the Universe,  t ,he basie
uni t  o f  s t ructure is  the galaxr .

Typ i ca l  ga lax ies  eompr i se  hundreds  o f  b i l l i ons  o f  s ta rs
and perhaps ten t imes as much addit ional mass in the form of
g&s,  dust ,  and other  more exot ic  mat ter  (b laek holes,
p lanets,  and,  perhaps,  exot ic  e lementary par t ic les) .  Our  own
Mi lky Way is  a tJr l r ica l  sp i ra l  ga laxy.
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There  a re ,  i n  t u rn ,  abou t  1OO b i l l i on  ga lax ies  i n  t he
observable Universe.  Our  nearest  ne i€fhbor  major  ga laxy,  the
g rea t  ga laxy  i n  Andromeda ,  i s  abou t  2 .5  n i l l i on  t i gh t  yea rs
dis tant .  The far thest  ga laxy yet  detected l ies about  13
b i l l i on  l i gh t  yea rs  away .

Galax ies themselves are d is t r ibuted in  c lusters
hundreds or  thousands of  ga lax ies ponderously  orb i t in€ l  a
common center  of  mass,  t rapped by the i r  mutual  grav i ta t ional
at t ract  i  on.

STELLAR COMPOSITION

A typ ica l  s tar  inc ludes a mixture of  gases,
predominant ly  hydrogen and hel ium, the s inp lest  chemieal
e lements and the major  components of  tbe Universe as a whole.
In  fact ,  by propor t ion the Universe is  (and most  nevrborn
stars are)  about  75% hydrog:en and 24% hel ium, wi th  only
t races of  the other  chemical  e lements.  (How hydrogen and
he l i um o r i g i na ted  i s  ou r  s t o r y  i n  Ch .9 . )

A  s ta r ,  un l i ke  p lane t  Ea r th ,  l acks  a  so l i d  su r face :  i t
i s  a  g low ing  ba l l  o f  gas .  I t  has  an  i n te rna l  s t ruc tu re ,
however, determined by the temperature and gas density at
d i f ferent  depths in  the s tar .  The inner  layers are
eompressed by the outer  layers,  and d i f ferent  proeesses occur
the re .

At  the center  o f  a  typ ica l  s tar ,  such as our  sun,  is  the
core,  a  re€ l ion compressed by the in tense g: rav i ta t ional  f ie ld
to about  twelve t imes the densi ty  of  lead and in ' *h ieh
tempera tu re  (abou t  1O m i l l i on  deg rees  Ke lv in )  and  p ressu re
are Ereat  enough to dr ive fus ion react ions.  Over ly ing the
core is  a  convect ive layer ,  where boi l ing gasses t ransfer
heat from the core to the photosphere. The photosphere is
the radiati .ve surface, where energy leaves the star as
elect roma€net ic  rad iat ion,  inc lud ing l ight ,  and as a s t renm
of  h igh  ene rg i y  pa r t i c l es ,  t he  s te l l a r  y ind .
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As  a  genera l  ru1e ,  t he  mass  o f  a  sba r  de te rm ines  i t s
s t ructure and i ts  faLe.  The more massive the s tar  - -  that
i s ,  t he  more  hyd rogen  and  he l i um i t  was  g i ven  a t  b i r t h  t he
denser  i t s  co re  and  the  ho t te r  i t  bu rns  i t s  nue lea r  f i r es .
Pa radox i ca l l y ,  t he  mos t  mass i - ve  s ta rs  l i ve  the  sho r tes t
1 i ves .

STAR BIRTH

Stars are born f rom vast  e louds of  gas d is t r ibuted
in  the  ga lax ies ,  and  sLa rs  a re  usua l l y  bo rn  i n  l i t t e rs  o f
hundreds or  thousands f rom the same c loud.  To s tar t  the
process,  some t r igger ing event  compresses the c1oud.  The
t r i gge r  may  be  a  nea rby  supernova  exp los ion  o r  a  co l l i s i on
between two c louds.  Such events p i le  up €fas in  the c loud
in to  a  shock  f ron t ,  l i ke  a  bu l l doze r  p i l i ng  d i r t .  The
grav i ta t i ona l  f i e l d  assoc ia ted  w i th  shoek  f ron t  pu I I s  ye t
more €fas f rom the surrounding c loud.
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Gas c louds have an uneven d is t r ibut ion of  gas,  and
beeause the gas is  in  mot ion,  l ike everybhinEl  e lse in  the
Universe,  eddies of  turbulent  E las form.  A Protostar  (a
denser-than-average concentration of Elas) beeomes the eenter
o f  a  mae ls t rom:  l i ke  a  ska te r  pu l l i ng  i n  he r  a rms ,  i n -
fa l l ing gas swir ls  faster  as i t  approaches the protostar .
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The in terp lay between grav i ty  and "eentr i fugal  foree"
( the  momen tum o f  t he  sp inn ing  gas )  c rea tes  p lane ta ry  sys tems
and mul t ip le-s tar  systems.  The force of  E l rav i ty  is  unopposed
a long  the  ax i s  o f  sp in ,  so  ma te r ia l  f a l l s  a long  the  ax i s  i n to
the  p ro to -s ta r .  I n  t he  p lane  o f  t he  sp inn ing  d i sk ,  however ,
centr i fugal  force opposes the foree of  grav i ty ,  just  as a
skater 's  arms,  i f  she were to  re lax them, would f1y away f rom
her  to rso  as  she  sp ins .  Ma te r i a l  su r round in€ l  t he  p ro to -s ta r ,
then,  becomes concentrated in  the p lane of  the d isk,  where i t
may form a companion s tar  or  p lanets.
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FUSION

As gas accumulates in  the proto-star ,  core densi ty  and
temperature r ise.  When temperature and densi ty  reaeh a
e r i t i ca l  po in t ,  hyd rogen  fus ion  reac t i ons  i gn i te .

We can understand the r ise in  temperature qual i ta t ive ly :
I f  we drop a bal l  f rom three feet ,  i t  s t r ikes the f loor  wi th
a cer ta in  k inet ic  energy.  Drop i t  f ron ten feet ,  i t  s t , r ikes
wi th € i reater  k inet ie  energ:y ,  s inee i t  has aceelerated for  a
longer  t ime  in  the  Ear th ' s  g rav i t a t i ona l  f i e l d .  Gas  i n  a
proto-star  behaves s imi lar ly :  as i t  fa l ls  in to the proto-
star ,  i ts  k inet ic  energy inereases.

Temperature is ,  in  fact ,  a  measure of  the k inet ic  energy
o f  t he  mo lecu les ,  a toms ,  and  suba tomie  pa r t i c l es  i n  a  sys tem.
In  a  s ta r ,  i n - fa l l i n€  gas  ga ins  k ine t i e  ene rgy ,  hence
increases in  tenperature.

More formal1y,  vre ean understand the increased
temperature in  terms of  conservabion of  energ ly .  Gas atoms
in i t ia l ly  were d is t r ibuted at  some (great)  d is tance f rom the
proto-star :  they had a large potent ia l  energy.  As they fa l l
into the proto-star, that potential energy is converted into
k inet ic  ener€fy .
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High  tempera tu res  (La rge  k ine t i e  ene rgy )  i n  t he  co re  o f
an  evo l v ing  p ro tos ta r  s t r i p  a toms  o f  t he i r  e lec t rons ,  and  the
gas  ex i s t s  i n  a  s ta te  ca lLed  a  "p lasma"  - -  f r ee  e lecb rons  and
f ree  nuc le i  f l y i n€  he l te r - ske1 te r .  Under  such  cond i t i ons ,
two protons may col l ide head-on wi - th  enough momentum to
overcome thei r  mutual  e lect romagnet ic  repuls ion,  and they
fuse :  i f  t hey  app roach  w i th in  10^ -13  cm. ,  t he  range  o f  t he
s t rong  nuc lea r  f o rce ,  t he  s t rong  nuc lea r  f o rce  b inds  them
to€e the r .  (W i th in  i t s  ran€ le ,  t he  s t ron€  fo ree  i s  lOO t imes
s t ronE le r  t han  the  e lec t romagne t i c  repu ls ion .  )  I n  a  se r ies  o f
reac t i ons ,  f ou r  p ro tons  (hyd rogen  nuc le i )  even tua l l y  f use  to
fo rm one  he l i um nucLeus .  I n  t he  p rocess ,  some mass  i s
conver ted to  ganma rays,  a  form of  energ iy  - -  just  as Einste in
p red i c ted  i n  t he  spec ia l  t heo ry  o f  re la t i v i t y .
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Ign i t i on  o f  f us ion  reae t i ons  i n  t he  co re  he ra lds  the
bi r th  of  the s tar .

THE BALANCE OF FORCES

A star is a balance between the force of gravity, tryind
to  co l l apse  the  s ta r ,  and  the  rad ia t i on  p ressu re  re leased  i n
fus ion react ions,  t ry ing!  to  bal loon the s tar .  I f  fus ion
reac t i ons  i n  t he  co re  i nc rease ,  t he  s ta r  swe l l s .  I f  f us ion
reac t i ons  s low  and  the  co re  coo ls ,  t he  s ta r  con t rac ts .

I t  is  impor tant  to  note that  e leet roma€lnebic  rad iat ion
exer ts  a pressure.  The gamma rays produced by fus ion
interact  wi th  the p lasma,  and a ganma rqv impar ts  some of  i ts
energy to  any e lect ron or  proton i t  s t r ikes.  In  the process,
the par t ie le  gains k inet ic  enerEly ,  and the El ' rmma rqv drops to
a lower energ ly  (  lower  f requency) .  The h iEh-veloc i ty  e lect ron
or proton then pushes with Elreater foree on any neighbor i t
happens to impaet, and helps to suPport the weight of the
s ta r ' s  ou te r  l aye rs .
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on average, because they r icochet off  charged part i -c les 
( ' r '  e. t tgy)

in  the  p lasma,  € famma rays  produced in  the  core  o f  our  own sun
take one mi l l ion  years  to  reach the  sur face  and escape in to
s p a c e .
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Most  neutr inos,  on the other  hand,  pass d i rect ly  out  o f

s te l lar  cores and do not  contr ibute to  the s t ruetura l
equ i l i b r i um.  Neu t r i nos  i n te rac t  w i th  o the r  pa r t i c l es  on l y
v ia grav i ty  and the weak nuelear  force,  which has a ranEfe of
on l y  10^ -16  cm.  Even  i n  the  dense  co re  o f  t he  sun ,  i t  i s
un l i ke l y  a  neu t r i no  w i l l  app roach  ano the r  pa r t i e le  bha t
e lose1y ,  so  i t  l eaves  the  co re  unh inde red .  (We w i l I  d i seuss
the  pa r t i e les  and  fo rces  i n  more  de ta i l  i n  Ch .6  and  7 . ' )
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D u r i n g  i t s  b i  r t h  p a n E : s ,  a  s t a r  m a y  o s c i  1 l a t e  v i o l e n t  I y .
E v e n t u a ] l y ,  i t  s e t t l e s  d o w n  t o  r e l a t i v e  q u i e s c e n c e ,  b u t  e v e n
r e s p e c t a b l e  m i d d l e - a g e  s t a r s ,  I i k e  o u r  s u n ,  o s c i l l a t e .  T h e y
expand and cont rac t ,  d r iven  by  the  push, /pu1 l  o f  fus ion  vs
g r a v i t y :  i f  t h e  c o r e  c o o l s ,  t h e  s t a r  c o l l a p s e s  a  b i t .  T h e
c o l l a p s e  i t s e l f  r e h e a t s  t h e  c o r e  ( b y  t h e  c o n v e r s i o n  o f
po ten t ia l  to  k ine t ic  energ ,y  d iscussed above and by  inc reased
f u s i o n ) .  T h e  h o t t e r  c o r e  c a u s e s  t h e  s t a r  t o  e x p a n d ,  b u t
e x p a n s i o n  c o o l s  t h e  c o r e ,  a n d  t h e  c y c l e  s t a r t s  a l l  o v e r
a g a i n .

THE LIVES OF

The  l i f e
determined by
shor ter  I ives
remnanEs.

The smal lest  mass capable of  suppor t ing fus ion is  about
O.  01 so lar  masses.  Stars less than about  a tenth the mass of
the sun have long l ives - -  tens of  b i l l ions of  years and
end the i r  ex is tence as "brown dwarfs .  "  Once they have
conver ted a l l  the hydrogen in  the i r  eores to  hel ium, they
s imp l y  f l i c ke r  ou t .

S ta rs  the  mass  o f  t he  sun  to  abou t  I  t imes  the  sun ' s
mass  l i ve  a  f ew  b i l l i on  yea rs .  (The  sun  i t se l f  was  bo rn
about  5 b i l l ion years ago and has an expeeted l i fe  span of
ano the r  5  b i l l i on  yea rs .  )  They  end  the i r  ex i s tence  as  wh i te
dwar f s .

I t  i s  wor th  exp lo r i ng  the  sun ' s  l i f e  cye le  i n  a  b i t  more
de ta i l ,  s i nce  i t  i l l us t ra tes  impor tan t  genera l  po in t s .  When
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Eventual ly ,  the core runs out  o f  fue l ,  and the s tar
co l l apses  more  d ramat i ca l l y ,  i n i t i a t i ng  a  new phase  i n  the
l i f e  o f  t he  s ta r  o r  i t s  u l t ima te  demise .

STARS: BROWN DWARFS AND WHITE DWARFS

span of a star and its ult imate fate are
i ts  mass at  b i r th .  The more massive s tars  have
and violent ends, and they leave more exotic
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the sun exhausts the hydro€ren in  i ts  core and the core cools ,
i t  w i l l  co1 lapse .  The  sun  i s  so  mass i ve  t ha t  t he  eo l l apse
w i l l  d r i ve  eo re  dens i t y  and  tempera tu re  h igh  enough  to  fuse
he l i um in to  ca rbon .

@
Cc.rbon n trc)e-ur5

The excess heat  g :enerated by the eol lapse and by hel ium
fus ion  w i l l  i gn i t e  fus ion  i n  t he  hyd rogen  she l l  su r round ing
the eore.  Dur ing Lh, is  phase,  the sun 's  atmosphere,  heated by
the events underneath,  wi .1 I  expand enormously  and become a
" red  g ian t ,  "  swa l l ow ing  p lane ts  ou t  t o  abou t  Mars .

Once the sun has conver ted i ts  core hel ium to carbon,
i ts  core wi l l  co l . lapse onee a€ain.  Energy re leased by the
f i na l  co l l apse  w i l l  b low  o f f  t he  sun ' s  ou te r  l qye rs ,  l eav ing
a bare core,  a  "whi te  dwarf ,  "  gradual ly  rad iat ing away the
ene rgy  o f  i t s  f i na l  eo l l apse .

DEGENERATE ELECTRON PRESSURE

"Degenerate e lect ron pressure"  s tab i l izes a whi te  dr+ar f
aga ins t  f u r the r  co l l apse .  As  we  sha l l  d i scuss  i n  more  de ta i l
in  the next  ehapter ,  e lect rons (and a l l  o ther  subatomie
par t i c l es )  res i s t  con f i nemen t :  Lhe  more  an  e lec t ron  i s
rest r ie ted,  the faster  i t  moves.
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white dwarf, the plasma has been compressed and the
are t ight ly  conf ined.  Henee they have Iarge
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momenta .  The pressure  genera ted  by  the  e lec t rons '  momentum
s u p p o r t s  t h e  s t a r  a € a i n s t  f u r t h e r  c o 1 1 a p s e .
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The  "Pau1 i  exc lus ion  p r i nc ip le "  p rov ides  ano the r
mechan ism s tab i l i z i ng l  wh i te  dwar f s :  no  two  e lec t rons  can
occupy the same energy s tate.  In  a whi te  dwarf ,  a l l
ava i l ab le  ene rgy  s ta tes  a re  f i l I ed ,  and  no  e lee t ron  can  be
squeezed in to a lower  s tate.  The e lect rons suppor t  the
ove r l y ing  we igh t  o f  t he  s ta r .

THE LIVES OF STARS: NEUTRON STARS

Stars born wi th  about  8 to  3O t imes the mass of  the sun
l ive a few tens to  hundreds of  mi l l ions of  years.  They burn
the i r  co res  fu r i ous l y ,  d r i ven  by  the  i n tense  p ressu res  and
temperatures created in  the i r  se l f -grav i ta t ional  f ie ld .  Such
stars can fuse proElress ive ly  heavier  e lements in  the i r  eores.
Fusion ceases wi th  the creat ion of  i ron,  however .  The star
then co l lapses and rebounds in  the cataelysmic explos ion we
cal l  "supernov&,  "  perhaps the most  dramat ie  event  in  the
heavens.  The remnant  is  a  neutron s tar .

We 've  desc r ibed  how ou r  sun ,  i n  i t s  o ld  ag ,e ,  w i l l  f use
hel iun to  carbon.  A more massive s tar  can fuse carbon to
oxygen ,  o {yE len  to  s i l i eon ,  and  f i na l l y  s i l i con  to  i r on .
Fus ion  p roduces  o the r ,  i n te rmed ia te  nuc le i  as  we I l ,  i . nc lud ing
neon and maElnesium along wi th  the o)(yElen,  su l fur  a long wi th
the  s i l i con .  A t  t he  end  o f  each  phase  o f  f us ion  the  s ta r
co l lapses and heat  generated by the co l lapse ign i tes fus ion
in the next  phase.  The star  develops an onion-sk in
st rueture,  as b iElher  core temperature and densi ty  ign i te  the
adjacent ,  outward layer .
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T o  f u s e  i r o n  r e q u i r e s  m o r e  e n e r g y  t h a n  i s  r e l e a s e d  b y
t h e  f u s i o n  p r o c e s s ,  s o  a  s t a r  w i t h  a n  i r o n  c o r e  c a n n o t
s u s t a i n  s t a b l e  f u s i o n .  R a d i a t i o n  p r e s s u r e  i n  t h e  c o r e  f a i l s ,
and the  s ta r ' s  ou ter  layers  p lummet  toward  the  core ,
r e h e a t i n g  a n d  c o n d e n s i n € i  i t .  W i t h i n  a  f e w  s e c o n d s ,  t h e  c o r e
i s  c o m p r e s s e d  t o  t h e  d e n s i t y  o f  a n  a t o m i c  n u c l e u s .
In fa l  1  ing  mat te r  bounces  o f f  the  super -dense core ,  and the
r e s u l t i n g  s h o c k  \ . / a v e  b l o w s  o f f  t h e  s t a r ' s  o u t e r  l a y e r s .  I n
the  process ,  energy  de l i vered  by  the  shock  wave fuses
m a t e r i a l  i n  t h e  o v e r l y i n g  l a y e r s  i n t o  t h e  h e a v i e s t  n u e l . e i ,
such as  lead and uran ium.  In  fae t ,  i t  i s  in  supernovas  tha t
a l l  the  heavy  e lements  in  the  Un iverse  - -  inc lud ing l  those
found on Ear th - -  are formed.

For  a few seconds,  the energy
exceeds the conbined energy output
t he  Un i ve rse l

released by the supernova
of  a l l  the other  s tars  in

In- &JUS iurlt^ce- \aYo'a

SEEDS OF LIFE

The outer  layers of  the supernova,  s ix  or  more so lar
masses,  in i t ia te new star  format ion and carry  wi th  them the
seeds  o f  l i f e .  Mov ing  a t  re la t i v i s t i e  ve loe i t i es ,  t he  e jec ta
plow in to nearby Efas c louds,  compress ing the gas and
in i t ia t ing a new eyc le of  s tar  format i .on.  The new stars and
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the i r  p lanetary systems
elements produced in  the

rneorporate the
supernova and

heavy  chemica l
i t s  p r o g e n i t o r .
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ou r  sun  i s  a  second-  o r  t h i rd -genera t i on  s ta r .  Tha t  i s ,
i t  con ta ins  a tom ic  nuc le i  f used  by  i t s  mo the r  ( s ta r )  and ,
perhaps,  grandmother .  The p lanets a lso incorporated those
elements as they condensed f rom the swir l ing ias around the
proto-sun.  A11 the heaw e lements on Ear th every atom
heavier  than hydrogen and her ium --  were forged in  ine core
of  an ancestra l  s tar .  A l l  the carbon,  o)eagen,  n i t rogen,
phosphorous,  ca le ium, and other  heavy atomi  of  l i fe  bn Ear th
\ {ere forg led in  s tars .  h le  are,  indeed,  "ch i ldren of  the
s ta r s .  "

NEUTRON STARS AND PULSARS

rf the iron eore of the supernova progenitor is between
L .4  and  3  so la r  masses ,  s t e l l a r  co r rapse  p rec ip i t a t i ng  t he
supernova can overcome degenerate electron pressure and"squeeze"  the  e lee t rons  " i ns ide "  o f  p ro tons .  r f  an  e lee t ron
is  foreed c lose enou€lh (  less than about  10^-16 cm) to  a
proton, i t  may reaet vri th the proton, producing a neutron and
a neutrino. The supernova remnant is a neutron star, a
spinning bal l  o f  nucrear  mat ter  on ly  a few k i lometers in
d iameter  but  eonta in ing the eore mass.

The d iameter  of  the neutron s tar  is  rou€hly  in  the sFrne
propor t ion to  the d iameter  of  the or ig ina l  eore as an atomi .c
nuc leus  i s  t o  t he  d iamete r  o f  an  a tom - -  abou t  1o^ -L3 / ro^ -g ,
o r  1 , /1OO,0OO.  I f  t he  Ear th  co l l apsed  to  nuc lea r  dens i t y ,  i t
would be about  one- tenth of  a  rn i le  in  d iameter .

Neutrons,  l ike e lect rons,  res is t  conf inement ,  and
degenerate neutron pressure supports the weight of a neutron
star (exeept when the stel lar rernnant exceeds about 2 solar
masses our  next  s tory .  )
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After  the supernova event ,  three t raees of  the
p rogen i to r  s ta r  rema in .  A long  w i th  the  mass  o f  i t s  eo re ,
angular  momentum is  eonserved in  the supernova event ,  and the
magne t i c  f i e l d  r ema ins .

Dur j .ng co l lapse,  the eore conserves angular  momentum.
Al l  s tars  sp in - -  our  own sun revolves about  once every 27
days ( though i t  has a d i f ferent  sp in at  the poles than at  the
equator) .  Some of  the ang:uIar  momentum is  t ransfered to  the
ejecta in  a supernova,  but  as the core eol lapses,  l ike a
ska te r  pu l l i nE l  i n  he r  a rms ,  i t  " sp ins  up , "  i nc reas ing  i t s
ra te  o f  ro ta t i on .  I f  ou r  sun  co l l apsed  to  nue lea r  dens i t y ,
and al l  the angiular momentum vlas preserved in the remnant, i t
wou ld  sp in  abou t  42 ,OOO t imes  pe r  seeond .

A/er<hot t s)w.r
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Neutron s tars  typ ica l ly  sp in on the order  of  one
revolut ion per  second,  but  some spin as raPid ly  as a thousand
t imes  pe r  second .

I f  the magnet ic  ax is  of  the neutron s tar  l ies of f  the
spin ax is ,  the s tar  mqy become a pulsar :  the sp inning
magnet ic  f ie ld  accelerates char€ed par t ic les in  nearby
plasma,  and those par t ic les rad iate.  Neutron s tars  are
surrounded by plasma -- debris left over fron their own
demise  o r  gas  pu l l ed  o f f  a  compan ion  s ta r .  Pu l l ed  by  i t s
in tense €rav i ta t ional  f ie ld ,  p lasma p lummets toward the
neu t ron  s ta r .

In- fa l l ing p lasma radiates by two mechanisms.  F i rs t ,
charged par t ie les in  the p lasma are ehanneled a long the
ma€ fne t i c  f  i e l d  l i nes ,  t oward  the  s ta r ' s  magne t i c  Po1es .  As
they fa l1 ,  they radiate.  (See sect ion on e lect romagnet ie
radiat ion,  be low.  )  S ince the na€net ie  ax is  ro tates wi th  the
star, i ts beam sweeps around the sky. If  the benm haPPens to
be a l igned wi th  Ear th,  we see the s tar  as a Pulsar ,

in",itr5

111



f l i e k e r i n € l  o n  a n d  o f f  p r e c i s e l y  a s  t h e  s t a r  r e v o l v e s  a
k i n d  o f  l i g h t h o u s e  i n  t h e  h e a v e n s .

In  the  second mechan ism,  the  ro ta t i -nB magnet ic  f ie ld
a c t s  a s  a n  e l e c t r i c a l  g l e n e r a t o r ,  a c c e l e r a t i n g  c h a r E l e d
p a r t i c l e s  i n  t h e  p l a s m a  o n e  d i r e e t i o n  a s  t h e  n o r t h  p o l e
s w e e p s  p a s t ,  t h e  o p p o s i t e  d i r e c t i o n  w h e n  t h e  s o u t h  p o l e
s w e e p s  b y .  T h e  a c c e l e r a t e d  p a r t i e l e s  r a d i a t e .

- fa,.atp.&ian c'\rye<.*er-Q.
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MECHANISMS PRODUCING ELECTROMAGNETIC RADIATION

An accelerated e lect r ic  charge emi ts  e lect romagnet ic
radiat ion,  and the energy of  the radiat ion depends on the
amount  of  aecelerat ion.  We can d iagram th is  phenomenon by
d raw ing  the  f i e ld  l i nes  a round  an  acce le ra t i ng  cha rge .

The e leet r ic  f ie ld  or ig inates at  the eharEfe,  and the
f i e ld  I i nes  emana te  rad ia l l y  f rom the  cha rge .  S ince
informat ion eannot  t ravel  faster  than l ight ,  f ie ld  l ines at
some d is tance f rom the eharge do not  "know" tbe charge has
moved for  some t ime - -  the t ime i t  takes l ight  to  t ravel  that
d i s t ance .  The re  i s ,  t hen ,  a  " k i nk "  i n  t he  f i e l d  I i nes ,
t ravel inEl  a t  the speed of  l ight .  This  t ravel ing wave is  the
elect roma€lnet ie  rad iat ion emanat ing i  f rom the aecelerated
charge .
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As  a  fam i l i a r  examp le ,  rad i -o  t ransmi t te rs  acee le ra te
charEles up and down an antenna, and the result ing
eleet roma€lnet ic  waves carry  the broadcast .

4nJennaa'

Charged par t ic les,  such as e lect rons,  fa l l ing in to a
g rav i ta t i ona l  f i e l d  a l so  acce le ra te  and ,  t he re fo re ,  rad ia te .
I f  the grav i ta t ional  f ie ld  is  very s t ronEf ,  the charg les emi t
h ig f ,  energy e lect ronaSnet ic  rad iat ion,  in  the X-ray region of
the speetrum. This  process is  ca l led "synchrot ron
rad ia t i on .  "
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THE LIVES OF STARS: BLACK HOLE FORMATION

Stars born wi th  gteater  than 3O t imes the mass of  the
sun  l i ve  on l y  a  few  m i l l i on  yea rs .  They  may  end  as
supernovas ,  l eav in€  the  nos t  b i za r re  o f  remnan ts  a  b lack
ho1e ,  o r  t hey  may  s imp ly  w ink  ou t  as  a  b lack  ho le  w i thou t  t he
supernova '  s  f i reworks,

The  mos t  mass i ve  s ta rs  l ead  l i ves  s im i l a r  t o  t he  neu t ron
s ta r  p rogen i to rs :  t hey  fuse  p rog : ress i ve l y  heav ie r  nuc le i  i n
the i r  co res ,  even tua l l y  p roduc ing  i ron .  I f  t he  i ron  co re
exceeds two solar  masses,  degenerate neutron pressure cannot
suppor t  the overburden,  and grav i ty  crushes the s tar
comp le te l y .  The  s ta r  co l l apses  i n to  i n f i n i t e  dens i t y  a t  a
geome t r i c  po in t .

The re  a re  o the r  mechan isms  tha t  may  p roduee  b lack  ho les :

In - fa l l i ng  ma t te r  i n  a  supernova  may  compress  a
bo rde r l i ne -mass  co re  i n to  a  b l ack  ho Ie .

A neutron s tar  may steal  enouElh mass f rom a nearby
eompanion to  exceed the deglenerate neutron pressure.

At  the b ig bang ( t ,he or ig in  of  the Universe)  e: rbreme
pressures and densi t i .es may have created numerous smal l  b lack
ho les  (masses  abou t  t he  nass  o f  a  moun ta in ) .  No  such
pr imord ia l  b lack  ho le  has  been  de tec ted ,  and  the i r  ex i s tence
rema ins  con jec tu ra l .

B lack holes apparent ly  occupy the nuele i  o f  most ,  i f
no t  a l l ,  ga lax ies .  I t  i s  no t  known ,  how they  fo rmed ,  whe the r
they preceeded the galax ies,  8S kernels  for  the galax ies '
accret ion,  or  coalesced f rom the mat ter  o f  establ ished
ga lax ies .

BLACK HOLES

Black holes are among the nost  in t r igu ing predic t ions of
genera l  re la t iv i ty .  They are re€f ions of  spacet ime f rom which
noth inEl ,  not  even l ight ,  can escape.  In  the terminolo€ly  of
re la t iv i ty ,  a  b laek hole is  the re€l ion around a mass densi ty
so great  that  i t  c reates an in f in i te ly  deep and steep "p i t "
in  spacet ime.  Spacet ime is  curved so much that  the path of
l ight  in  the b lack hole bends baek in to the hole,  and e locks
a t  t he  edge  o f  t he  b lack  ho le  s low  down  to  a  s top .  (C locks
ins ide  the  b lack  ho le  theo re t i ca l l y  run  backward  - -  t ime
reve rses .  )
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We can  v i sua l i ze  a  b lack  ho le  somewha t  more  eas i l y  i n
te rms  o f  escape  ve loc i t y .  The  escape  ve loc i t y  ( v )  f rom the
su r face  o f  a  mass i ve  ob jec t  i s  p ropo r t i ona l  t o  t he  square
root  o f  the mass and inversely  propor t ional  to  the square
roo t  o f  t he  rad ius  o f  t he  ob jec t  ( see  the  sec t i on  on  escape
ve loc i t y  i n  Ch .  3  )  :
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The more massive an object ,  the h igher  the ve loei ty  needed to
escape  f rom i t s  su r face .  The  sma l l e r  t he  rad ius ,  a l so ,  t he
h ighe r  the  escape  ve loc i t y .  I t  f o l l ows  tha t  t he  h ighes t
escape  ve loc i t i es  ob ta in  i n  t he  v i c in i t y  o f  compac t  ( sma l1
rad ius )  ex t reme ly  mass i ve  ob jec ts ,  sueh  as  co l l apsed  s ta rs .

The  escape  ve loc i t y  f rom Ear th  - -  t he  ve loe i t y  requ i red
to  l auneh  a  sa te l l i t e  i n to  o rb i t  i s  abou t  11  k i l ome te rs
per  second.  Escape veloc i ty  f rom Jupi ter  is  about  6O km,/sec,
and from the sun about 350 km,/sec. From a neutron star, the
escape veloc i ty  is  o f  the order  1OO, O0O km,/see.

R-i

vo.3 ,/ooeoo Flr.-

o.oo2 R.q

16 ooo t'\e

f^tir\i+e}l

f/ 5fr.<eline.

v.:.= 
2

R.= I

i^eile'r

A
€
--t Arf



N o w  i m a g i n e  a n  o b j e e t  s o  m a s s i v e ,  o r  o c c u p y i n l l  s u e h  a
s m a l ]  v o l u m e ,  t h a t  t h e  e s c a p e  v e l o c i t y  e x c e e d s  t h e  s p e e d  o f
1 i g h t .  N o  i n f o r m a t i o n  c a n  e s e a p e  i t .  I n  e s s e n c e ,  i t  l i e s
o u t s i d e  o u r  U n i v e r s e .  I t  h a s  f o l d e d  s p a c e t i m e  a r o u n d  i t s e l f
a n d  p i n c h e d  i t s e l f  o f f  f r o m  t h e  r e s t  o f  u s .

BLACK HOLE STRUCTURE

A b lack  ho le  has  a  s inp le  s t ruc tu re :
s inEfu lar i - ty  and an event  hor izon.

i t  cons i s t s  o f

The  s ingu la r i t y  i s  t he  geomet r i c  po in t  i n to  wh ich  a l l
t he  b l ack  ho le ' s  mass  has  co l l apsed .  A t  sone  d i s t ance
outward f rom the s ingular i ty  1 i .es the event  hor izon,  the
space t ime  su r faee  a t  wh ich  the  escape  ve loe i t y  j us t  equa ls
the speed of  l ight .  In format ion cannot  reach us f rom below
the  even t  ho r i zo r . :  i t  de f i nes  the  boundary  o f  t he  b lack
ho le .

E-e-'-l.
5i ,',S.,t lc..ri* hon*or^

t-"g. ) is*

BLACK HOLES ARE POINT MASSES

There is  a  popular  not ion that  b lack holes act  as
"cosmie vacuum c leaners,  "  gobbl ing up everyth in€ l  in  the
v ie i n i t y .  Th i s  i s  n i s l ead ing .

I f  t he  sun  co l l apsed  to  fo rm a  b lack  ho le  ( i t  won ' t ) ,
the p lanets would eont inue the i r  orb i ts  as before ( though
there would be some t rans ient  e f feets  of  pass ing grav i ty
waves  genera ted  by  the  co l l apse ) .  Ou ts ide  the  even t  ho r i zon
of  a b lack hole,  o ther  masses behave the same as i f  an
equal ly  massive s tar  occupied that  reEl ion in  spacet ime.

liSr+
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DETECTION

If  noth ing escapes a b lack hole,  how can we detect  i t?
Cer ta in l y  we  canno t  " see"  i ns ide  a  b lack  ho le ,  bub  the re  a re
o the r  c lues  to  i t s  p resence .

Theore t i ca l l y ,  a  b lack  ho le  can  ea r ry  th ree  measurab le
quan t i t i es :  mass ,  e lec t r i c  cha rge ,  and  angu la r  momen tum.  We
can  "we igh "  a  b lack  ho le  by  measur ing  i t s  g rav i t a t i ona l
e f fecb  on  o the r ,  nea rby  masses .  We ean  ca l cu la te  cha rge  by
measur ing  the  e lec t r i c  f i e l d ,  and  v ie  can  measure  b lack  ho le
sp in  by  e f fee ts  on  l oca l  space t ime .  (A  sp inn ing  b laek  ho le
draels  local  spacet ime and wraps spaeet ime around i tse l f .  )  Of
these three,  ast ronomers are most  l ike ly  to  detect  the mass
ef feets :  sp in d is tor ts  spaeet ime only  in  inmediate prox imi ty
to  the  even t  ho r i zon ,  and  a  b laek  ho le  wou ld  mos t  l i ke l y  be
elect r iea l ly  neutra l ,  s ince a net  charge at t racts  opposi te
eharge  f rom ou ts ide .

The mass of  a  b lack ho1e,  of  course,  a f fects  other ,
nea rby  masses .  Seek in€  b lack  ho1es ,  as t ronomers  l ook  fo r
ev idence of  a  larEle,  unseen mass orb i ted by a v is ib le
companion.  Most  s tars ,  born in  bunches f rom the same c loud,
occur  in  El rav i ta t ional ly  bound systems of  two or  more,  so the
chances of  detect ing a b lack hole are not  so remote as one
migh t  t h ink .

By  measur ing  the  o rb i t a l  ve loc i t y  o f  t he  v i s ib le
companion and est inat ing l  i ts  mass,  ast ronomers can ca lcu late
the  mass  o f  t he  b lack  ho le .  I t  i s  poss ib le  to  measure  the
o rb i ta l  ve loc i t y  d i rec t l y ,  w i th  a  se r ies  o f  obse rva t i ons  ove r
t ime,  t rack ing the v is ib le  eompanion in  i ts  orb i t .  And
astronomers can est imate the companion 's  mass fa i r ly
aecurate ly  by s tudy ing i ts  l ight :  Iow-mass stars ,  wi th
eoo le r  eo res ,  em i t  redder  I i g lh t  and  more  mass i ve  s ta rs ,  w i th
ho t te r  co res ,  em i t  b lue r  l i gh t  j us t  l i ke  i r on  i n  a  b las t
furnaee Elows dul l  red as i t  s tar ts  to  warm, then b lue-whi te
at  the h ighest  temperatures of  the furnaee.  Chenica l
e lements ev ident  in  the s tar 's  spectrum also d ive in fornat ion
about  the s tar 's  age and mass:  more massive s tars ,  and o lder
stars ,  conta in heavier  e lements.  (More about  atomie spectra
in the next ehapter. )
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Knowing  the  mass
ca l cu la te  t he  mass  o f
t he  cen t r i f uga l  f o r ce
compan ion  mus t  ba lance
toward  t he  (p resumed)

e
nu7g.

VA

A
whsr< A = nnqrJ o,} bt^.A h"l.

re-)de,< \bh+

)a 1,,...r I i5Xt

o f  t he  v i s lb le  compan j -on ,  as t ronomers
the  b l ack  ho le  by  o rb i t a l  nechan i cs :
due  to  momen tum o f  t he  v i s ib le

the  g rav i t a t i ona l  f o r ce  pu l l i ng  i t
b l ack  ho le .
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This der ivat ion shows that  the mass of  the b lack hole is
propor t ional  to  the square of  the companion 's  orb i ta l
velocity and proport ional to the distance between the
companion and the b lack ho1e.  We can understand t ,h is
qua l i t a t i ve l y :  A  compan ion  s ta r  mus t  o rb i t  t he  b lack  ho le
rapid ly  enough or  at  large enough d is tance - -  to  keep f rom
fa l l i ng  i n to  t he  b l ack  ho le .

The mass of  the b laek hole a lso determines the speetrum
of  synchrot ron radiat ion f rom the region.  charged par t ie les
screaming in to the b laek hole,  under  t remendous gf rav i ta t ional
accelerat ion,  emi t  h igh-energy X-rqys.  Detect ing synchrot ron
X-rqys,  then,  g ives ast ronomers a c lue to  the hole 's
p resence .
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As t ronomers  have  de tec ted  seve ra f  s ta rs  w i th  unseen
compan ions  tha t  a re  b lack  ho le  cand ida tes .  One  i s  t he  X - ray
source  Cygnus  X -1 ,  i n  t he  cons te l l a t i on  Cygnus  ( the  Swan ,  o r
No r the rn  C ross ) ,  i n  wh i ch  a  v i s i b l e  s ta r  o rb i t s  an  i nv i s i b l e
compan ion  tha t  em ibs  h igh -ene rgy  X - rad ia t i on  and  i s  abou t
f i ve  so la r  masses .

HAWKING RADIATION

A su rp r i s i nE l  t heo re t i ca l  d i scove ry  by  the  B r i t i sh
physic is t  Stephen Hawking ind icates that  b lack holes may
evaporate:  they radiate mass/er .ergy other  than synchrot ron
rad ia t i on .  Acco rd in€  to  Hawk ing ,  b lack  ho les  rad ia te
pa r t i c l es  p rodueed  by  the  quan tum mechan ism o f  " v i r t ua l  pa i r
p roduc t i on .  "  The  phenomenon  o f  Hawk ing  rad ia t i on  b r i ngs  us
to a meet ing point  o f  genera l  re la t iv i ty  and quantum
mechan i cs .

Pa i r s  o f  v i r t ua l  pa r t i c l es  pop  i n to  ex i s tence
eve rywhere ,  i nc lud ing  a t  t he  even t  ho r i zon  o f  b lack  ho1es .
(We '11  f i nd  ou t  why  i n  the  nex t  chap te r .  )  I f  a  v i r t ua l  pa i r
emergies near  the event  hor izon,  there is  a  chance one of  the
pa i r  w i l l  f a I l  i n to  the  b lack  ho le  and  the  o the r  escape .
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Another ,  equiva lent ,  in terpretat ion of  th is  phenomenon
is  that  an ant i -par t ic le  t ravels  backward in  t ine f rom ins ide
the b lack hole to  the event  hor izon,  where ib  energes as a
pa r t i e le  t rave l i n€ l  f o rward  i n  t ime  in  ou r  Un ive rse .  I n  t h i s
w&y,  the b lack hole rad iates a\ {ay i ts  mass.  This  " t ime
par i t y "  i s  a  we l l  es tab l i shed  tene t  o f  pa r t i c l e  phys i cs :  an
an t i -pa r t i c l e  t rave l i ng  baekward  i n  t i ne  i s  equ iva len t  t o
i ts  associated par t ic le  t ravel j .ng forward in  t ine.  Nature
makes  no  d i s t i nc t i on .
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P rac t i ca l l y  speak ing ,  ave rag :e -s i ze  b lack  ho res  rad ia teundetectably smalr amounts of enErgy bv the Hawking
mechanism, br- r t  as the nass of  a  uratx  i rore d.eereases over  theeons ,  i L  rad ia tes  more  and  more  v ig lo rous l y .  A  b lack  ho le  mayeventual ly  evaporate and end i ts  e* is t " r rc .  in  a f lash ofh igh -ene r€y  pa r t i c res  and  an t i -pa r t i c l es ,  mos t  o f  wh iehann ih i l a te  and  p roduce  € lamma rays .

WHERE THE VERY LARGE MEET$ THE VERY SMALL

[^ le  are s tanding at  a  cusp in  phys ics,  a  meet ing point  o fre la t iv i tv  and quantum roechanies.  
-Tte 

laws of  the-- iery  rargemergew i . t h the Iawso f t heve rysma11 :b1ackho1es
monsters in  the sky - -  evaporate accord ing to  meehLi=msa f fec t i ng  the  sma l l es t  cons t i t uen ts  o f  ma t te r .

Le t ' s  exp lo re ,  nex t ,  t he  rea rm o f  t he  smar res t  b i t s  andp ieces  o f  t he  Un i ve rse .

SUMMARY:

Speeia l  and genera l  re la t iv i ty  descr ibe the phys ics ofs tars  and the i r  remnants - -  whi te  dwarfs ,  neutron s tars ,  andb laek  ho les .

Stars are born f rom Balaet ic  gas c louds,  and the ] i fespan of  a  s tar  depends on i ts  mass,  more massive s tars  haveshor ter  l ives.  The fa te of  a  s tar  a iso-depends on i ts  mass:the  smar res t  s ta rs  end  the i r  l i ves  as  b rown  dwar f s ;  s ta rsabout  the mass of  the sun end as whi te  dwarfs ;  s tars  bornwi th between I  and 30 so lar  masses end as neutron s tars ;  andmore  mass i ve  s ta rs  end  as  b lack  ho les .

A  b lack  ho le  i s  an  ob jee t  so  nass i ve  and  con f i ned  tosuch a sma1l  rad ius not  even l ight  can escape f rom i t .  There
l fer  however ,  e f fects  we can detect ,  due to  the El rav i ta t ionalf ie ld  of  the b lack hole and synchrot ron rad. ia t ion.  Theseof fer  c lues to  the ex is tence of  b tack hores,  and severa l
candidates have been found.
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I n  t h a t  t h e y  r a d i a t e  H a w k i n g l  p a r t i c l e s ,  b l a c k  h o l e s
prov j .de  a  theore t ica l  meet ing  ground o f  re la t i v i t y  and
quantum mechan ics  - -  the  laws o f  the  very  la rge  and the  very
s m a l  I  .
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REVIEW QUESTIONS
CHAPTER 4

1 .  T race  the  evo lu t i on  and  even tua l  f a t , e  o f  a  s ta r  w i th  a
bi r th  mass of  the sun.  Trace the evolut ion and fa te of  s tars
o f  10  so la r  masses  and  50  so la r  masses .

2 .  l l ha t  i s  t he  escape  ve loc i t y  f ron  ou r  sun?  (The  sun ' s
mass  i s  abou t  1 .99  X  10^30  kg .  and  i t s  r ad ius  i s  abou t  6 .96  X
10^5  km.  The  g rav i t a t i ona l  cons tan t ,  G ,  i s  6 .7  X  1O^ -11
m^3 ,zkg -see^2 . )  A t  wha t  rad ius  wou ld  the  sun  become a  b lack
ho le?

3.  Comment  on the s tatement
the r rnonuc lea r  reac t i ons  wh ich
s ta r .  "

"mass  i t se l f  d r i ves  the
conver t  mass to  energy ins ide a

4 .  Ca lcu la te  the  ve loc i t y  o f  a  hyd roE len  nuc leus  (p ro ton )
fa l l i ng  f rom i -n f  i n i t y  t o  t he  eo re  o f  t he  sun .  Conver t  t h i s
ve loc i t y  t o  tempera tu re .  (Use  the  i n fo rma t ion  i n  number  2
above .  P ro ton  mass  =  I . 67  X  10^ -24  E .  Grav i ta t i . ona l
potent ia l  ener9y is  equal  to  GMm,/R.  Assume potent ia l  energy
i s  comp le te l y  conve r ted  i n to  k ine t i c  ene rgy .  One  deg ree
Ke l v i n  i s  equ i va len t  t o  abou t  1 .4  X  10^ -16  e rgs  o f  ene rgy . )

5 .  Ca lcu la te  the  de€ lene ra te  p ressu re  o f  e lec t rons  a t  t he
ve ry  cen te r  o f  a  s ta r  o f  1 .5  so la r  masses .  (The  e lec t rons
mus t  suppor t  t he  ove r - l y i ng  we igh t  o f  t he  s ta r .  )

6 .  How much  ene rE ly  i s  requ i red  to  b low  o f f  I  so la r  masses
of  overburden dur ing a supernova? Assume the neutron s tar
remnant  has 2 so lar  masses and a radius of  10 kn.  Use the
informat ion in  number 2 above.  Grav i ta t ional  potent ia l
energy is equal to GMrn,/R.

7 -  Suppose ast ronomers f ind a v is ib le  s tar  o f  5  so lar
masses  i n  o rb i t  a round  an  i nv i s ib le  compan ion .  The  v i s ib le
star  orb i ts  wi th  an average ve loc i ty  of  10^6 m/sec,  and the
ave rage  rad ius  o f  i t s  o rb i t  i s  670  X  lO^9  m.  Cou ld  the
inv is ib le  eompanion be a b lack hole? Show your  work.

8.  How ean the mass of  a  s tar  co l lapse to  a geometr ic
po in t?  Where  does  a l l  t he  mass  go?

L Diagram the spaeet ime curvature around a b lack hole.

10.  Ast ronomers est imate the d ianeter  o f  d is tant  ob jects  by
the i r  " f L i eke r  t ime : "  t he  l i gh t  f r om ce r t a i n  s ta r s  and
galax ies var ies in  in tens i ty  over  seconds to  days.  What  does
the f l icker  t ime te l I  us about  the maximun s ize of  an objeet?

11.  What  is  synchrot ron radiat ion? l fLrat  determines the
energ,y ( f  requency) of the synchrotron photons?
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12 .  D iscuss  the  no t i on  Lh .aL  the  Un ive rse  i t se l f  may  be  a
b laek  ho1e .

13 .  D iag ram the  mechan ism tha t  p roduces  e lec t romagne t i c
rad ia t i on  by  compar ing  the  f i e ld  l i nes  o f  i ne r t i a l  and
acee le ra ted  e lec t r i c  cha rg les .

elccl ' ic
14 .  The r rcu r ren t  i n  a  common house  c i reu i t  osc i l l a tes  a t
s i x t y  cye les  pe r  second  (a l t e rna t i nd  cu r ren t ) .  Wha t  i s  t he
wavelength of  e lect romagnet j -c  rad iat ion produced at  that
f requeney?

15 .  Ou t l i ne  the  mechan ism by  wh ich  the  heavy  a tom ic  nue le i ,
such as carbon and i ron,  are produeed in  the eores of  s tars .

16 .  T race  the  even ts  i n  a  supernova  exp los ion ,  f rom the  t i ne
a t  wh j .eh  the  p rogen i to r  s ta r  has  p rodueed  an  i ron  co re .  I n
you r  answer ,  d i scuss  how the  shock  f ron t  deve lops ,  t he  ro le
o f  t he  shock  wave ,  t he  ro le  o f  neu t r i nos ,  and  the  mechan ism
by  wh ich  a  neu t ron  s ta r  i s  f o rmed .

17 .  Comment  on  the  i dea  tha t  "we  a re  ch i l d ren  o f  t he  s ta rs .  "

18.  Why does i t  take so long for  e lect romagnet ic  rad iat ion
to reach the sur faee of  the sun f rom the eore? Why ean
neu t r i nos  p rodueed  in  the  co re  pass  essen t i a l l y  un impeded
into outer  space?

19 .  I n  o rde r  f o r  as t ronomers  to  de tec t  a  pu l sa r ,  t he  pu l sa r
mus t  have  a  pa r t i cu l -a r  o r i en ta t i on  i n  re la t i on  to  the  Ear th .
Why,  and what  is  the specia l  or ientat ion?
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DEMONSTRATIONS
CHAPTER 4

S te l l a r  osc i l l a t , i on :

Par t i a l l y  f i l l  a  ba l l oon  w i th  a i r ,  t hen  warm i t  gen t l y
ovar  a candle or  bunsen burner  (be earefu l  not  to  burn the
ba l l oon )  .  Wha t  happens?

Now put  the bal loon in  a ref r igerater  or  ice water .
What  happens?

In th is  demonstrat ion,  we subst i tu te an external  heat
sou rce  (o r  hea t  s i nk )  f o r  t he  i n te rna l  ene rgy  sou rce  ( f us i on )
in  a s tar .  What  about  the bal loon is  analagous to  the force
o f  g rav i t y?

2 .  C o o l  i n € f

H o l d  t h e

wr- tn  expans] .on :

e x h a l e  E l e n t l y .
i n  y o u r  l u n € s .

back  o f  your  hand c lose  to  your  open mouth ,  and
FeeI  the  warm a i r ,  ra ised  to  body  tempera ture

Now purse  your  l ips  and b low a  je t  o f  a i r  a t  the  baek  o f
your  hand.  What  i s  the  tempera ture  o f  the  je t  compared to
body temperature? Why?

3 .  G r a v i t a t i o n a l  c o l l a p s e  a l o n g  t h e  s p i n  a x i s :

F i n d  a  r e l a t i v e l y  l o o s e  s p r i n € ,  s u c h  a s  a  s l i n k y  o r
c o i l e d  t e l e p h o n e  c o r d .  S p i n  y o u r s e l f  a r o u n d ,  w i t h  t h e  s p r i n g l
extended away frorn the axis of your body. What happens Lo
the  spr ing? Why?
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Now sp in  you rse l f  a round ,  bu t  w i th  the
to  you r  t o rso ,  a long  the  ax i s  o f  sp in .  Wha t
sp r i ng?

I f  you \ , rere a sp i .nn ing proto-star ,  what
mater i .a l  exbended in  the d isk perpendicu lar
ax is? What  would happen to mater ia l  located
to )  you r  sp in  ax i s?

s p r i n g  h e l d  e l o s e
happens to  the

wouLd happen to
t o  y o u r  s p i n

a l o n g  ( p a r a l I e l

4 .  Genera t ion  o f  e lec t roma€lne t ic  waves  by  an  acee l  e ra ted
e l e e t r i c  c h a r g e :

F ix  a  s l inky  or  co i led  te lephone cord  to  a  damped anchor
(an anchor that moves with the rope and suppresses any
re f lec t ion  - -  perhaps  a  f r iend  can ho ld  the  fa r  end and demp
t h e  w a v e s  a s  t h e y  a r r i v e ) .  H o l d  t h e  f r e e  e n d .

I m a E l i n e  y o u r  h a n d  i s  a n  e l e c t r i c  c b a r g e ,  a n d  t h e  c o i l  i s
a  f i e l d  l i n e  o f  t h e  e l - e c t r o m a g n e t i c  f i e l d  e x t e n d i n g  a w a y  f r o m
t h e  c h a r B e .

wave- *r ve\'r9 4o.-. slinky
a$lc-r yo,^- abr,^plly r4,i5e, o)\c er"c,\

Move your hand abruptly up or dowo, and watch the wave
that  t ravels  a long the co i I .  I t  is  anala€lous to  the
eleetroma€lnet ic  wave ( t ravel ing at  the sPeed of  l ight )  f rom
an accelerated char€ le.

Now osc i l l a te  the  co i l  a t  a  f i xed  f requency ,  and  obse rve
the pat tern of  t ravel i .ng waves on the co i l .  The waves are
analagous to  e leet romagnet ie  waves radiat ing f rom a radio
an tenna ,  as  e lec t rons  osc i l l a te  uP  and  down  the  an tenna ,
dr iven by the s tat ion 's  t ransmi t ter .  What  happens to  the
wavelength as you increase the frequency?
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5 .  D e g e n e r a t e  e l e e t r o n  p r e s s u r e :

p ^ -
{ v P

a1  um inum
- r u  u l I

thermal
s t a r .

Now compress the popped
such  as  a  l a rge  sy r i nge ,  t o
Imag ine  the  ke rne l s  a re  f ree
them c lose r  t oge t ,he r ,  wo  a re
s ta tes .

a pan o f  popcorn  under  a  l igh t  l i_d
f o i L .  I f  t h e r e  i s  e n o u € : h  p o p c o r n ,

t h e  p a n .  T h i s  " p o p c o r n  p r e s s u r e "  i s
pressure  genera ted  by  ho t  p lasma a t

8z
#
€,+
b

corn.  You can use a p is ton,
compress  seve ra l  ke rne l s .

electrons and that as we press
Pushin$ them into more eonf ined

At  f i . rs t ,  the system is  analoErous to  the core p lasma,
th f ree kerne-Ls rat t l ing arounO ihe syr inge.  When
mpressed so that  the kernels  abut  one-another ,  i r r "  systemproximates the degenerate e leet ron pressure in  a whi te
a r f :  t he  eon f i ned  e lec t rons  res i s t  f u r the r  eo r rap re .  Ase  ke rne l s  a re  compressed  s t i I I  f u r the r  ( i nag ins  p ress ing
e  ke rne l s  back  i n to  the i r  hu l l s ) ,  t he  sys tem i s  ana logous

the degenerate neutron pressure suppor t ing a neutron s tar :have  squeezed  the  "e lec t rons "  i ns ia l  t ne  a tom ie  , , nuc leus , , ,
ansformin€r  protons to  neutrons,  which res is t  fur ther
1  l apse .

o r  p iece  o f
i t  w i l L  t i f t  t he
analogous to  the

the  co re  o f  a
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6 .  B lack -body  rad ia t i on  - -  dependence  o f  co lo r  on
tempera tu re :

Hea t  a  th in  s tee l  w i re  i n  a  f l ame .  (The  w i re  l oops  used
in  hosp i ta l  m ic rob io logy  l abs  work  r ve I l ,  hea ted  ove r  a  bunsen
burner .  )  what  happens to  the wi re 's  co lor  as i ts  temperature
i nc reases?

7 .  A  s imp le  demons t ra t i on  o f  chemica l  spee t ra :

Spr ink le tab le sa l t  in to the f lame of  a  bunsen burner .or  <a- .a i le , .
What  eo lor  does the sa l t  produce? Try other  chemicals ,  such
as copper  su l fa te,  and note the co lors  wben they f lame.

Astronomers can determine the chenieal  composi . t ion of  a
s ta r  by  l ook ing  (w i th  more  soph is t i ca ted  appara tus )  f o r  t he
charac te r i s t i c  co lo rs  o f  chemica l  e lemen ts  i n  t he  s ta r  I i gh t .
(See  a l so  t he  demons t ra t i on  o f  a tom ic  spec t ra  i n  Ch .5 .  )
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