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The earth'  s atmosphere strongly absorbs most. electrcntm@etic 

waves tha t  reach our planet from outer space. I n  t h i s  opaque screen 
T L .  

there exis t  : only a few .tdndars, of which the most important - as 
' 

. .. 
f a r  as l i f e  on earth i s  concerned. - extends from about 3000 t o  about 

7000 8ngstrona ' (one hstrom i s  lom8, cm; i. e, t he re  are one hundred 
. . 

million &stram i n  one' centimeter). ..The f ac t  tha t  these wave-, ' 
, 

lengths correspond roughly t o  the limits of the spectrum of v is ib le  

I l igh t  means tha t  the human 'eye and tha t  of the  other. higher, animals 
' _ '  

i s  sensitive t o  the radiations that pass through t h i ~  vindow. This 

I coincidence i s  certainly not due. t o  chance; it i s  rather the resu l t  

of natural  selection, which favored the development of organisms 

I capable of using solar rays thal; reach the surface of the  earth . fo r  

I the purpose of f inding.their  way i n  t he i r  surroundings. A s  a 

by-product of natural selection, w i n d  found i t s e l f  endoted with an 

instrument by mans of which it could observe ce l e s t i a l  ob jec-bs ' 

through one of' the windows in the atmosphere. Indeed, from ancient 
1 
I 

times almost t o  present days,practically everything tha t  man leasned 
I 

about the structure of the universe was the resu l t  of observations 

with visible l i gh t . ,  

There are no other windows on. the s H o r h m ~  side of the opt i c d  
. . 

window. On the long-wave'side,.hoyever, there are several narrow 

windows i n  the infraked, and one .rather ,@de window i n  the spectral  ,. 

region of radio waves. The lat ter .extends from a minimum yavelength 

of the order of one centimeter t o  a maximum wavelength of .'rieveral-.;:' 
' ,  . 
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. teno of meters. The lmr limi-1; i s  determined by the absorp- 

, t ion of oxygen and water vagor, the upper l M t  by the absorption 

O f  f ree  electrons i n  the ionosphere. 

Several yease wo, technical developments i n  the f i e l d  of 

radio comrmmications enabled man t o  look at the sw t h r o w  t h i s  

window. I cannot dwell here,on the far-reaching changes i n  our 

ideas about the surrounding world brought about by radio astronomy'. 

. ' Among other things, trhere the ,telescope of c lass ical  astronomers 

had seen a universe populated by isolated ce les t i a l  bodies moving 

i n  an essentially empty space, the antenna of the radio astronomer 

. perceived an &tirely different picture. Rather than th= stars, 

there appeared now i n  the foreground the in ters te l lqr  space itself' 

f i l l e d  with very th ingases ,  with f a s t  electrons, with magnetic 

f i e ld s  . . . 
To-day space vehicles provide astronomers with the opportunity 

, of observing, free from any atmospheric obstacle, the whole spectrum 

'of electromagnetic wavesrcabliingthe ea r th .  A new chapter i n  the 

history of aslaonow is  thus about t o  open, and there i s  no doubt 

. tha t  we sha l l  witness another fast and perhaps revolutionary 

development i n  our knowledge of the universe. This pr&diction i s  

based i n  par t  upon the existence of important astronomical problems 

tha t  to-day, f o r  t'he first time, become ticcessible t o  a direct  

experimental investigation; but it is  based mainly on the  well-tested 

fac t  tha t  nature i s  more imaginative than man and m a l t r a y s  ]surprises 

i n  store fo r  the sc ient is t  who.first  ventures in to  unexplored ground. 



. , lb what follow+, I sha l l  t a l k  sometimes of radiations of a 

given wavelength, somethnes of photons of a given energy. The two 

expressions are equivalent, f o r  i't i s  w e l l  known that  the energy 
' 

of electromagnetic' radiation i s  quantized &d th&t,;the. magnitude of the 

radiation quantum i s  i.nvcrsely proportional to--the travclength.. 

To begin with, l e t  us examine in more de t a i l  the atmospheric 
,. . . .  . . 

absorption of electromagnetic r@iation. of. d i f  ferent mye'lengths . This 
' 

i s  i l lus t ra ted  i n  Fig. 1.; plotted on the horizontal axis  are the 

photon energies. in electron-volts ( e ~ )  and the.  corresponding wave- 

lengths i n  meters,' centimeters or &&stroms; plotted on the ver t i ca l  

axis i s  the height above sea level  i n  kilometers and also the fract ion 

of the atmospheric mass above each given height. The curves represent 

the atmospherfc'levels where the inteneit ies.of  rays with different  

photon energies are reduced t o  1/2, 1/10 and 1/100 of t he i r  initial 

values. The graph shows, fo r  exmgle, that  photons with energies 

'of several thousands eV (which belong. t o  the u)qmtral region of sof t  

x-rays) canfbe :observed only1 at altituden greater than about 80 lun, 

'such ' a s  be reached .by rocjiets .. . or  a r t i f i c i a l  nate l l i tes .  
' C  

A t  f i rs tg lance it ~0uI.d seeni that  photons of greater energy 

( i . .  , photons belonging t o  the spectral regions of hard x-rays 
:cho~Clcl be 

I 

and r ' -rays)  detectable a t  much la re r  al t i tudes.  However,, i n  

these spectral  regions,secondary radiations produced i n  the atmosphere 
. . , . 

by cosmic rays seriously. interfere with the observations, even at 
. . 

alt i tudes where. the igttenuat ion i s  re la t ively  small.   he si tuation 

changes only at energies greater th& 1012 or lox3 eV; In principle, 



at l eas t ,  rays of these exceediwly high energies can be detected 

even at moderate a l t i t u d e s  by means of the  "showers" of secondmy 

p a r t i c l e s  which they iroduce i n  the  atmosphere. 

Beyond t h e  te r res t r ia l .  atmosphere, l i e s  the  interplanetary 

, space, occupied by a very d i l u t e  ionized gas, mostly hydrogen, with 

3 
' . a mean density of several  ion p a i r s  per cm . Electrmagnet ic  waves . 

' of all wavelengbhs, up t o  a maximum v d u ?  of several kilometers, - 

can t raverse the  interplanetary medium with p rac t i ca l ly  no absorption. 

Thus, once out of the  atmosphere and t h e  ionosphere, nothing i n t e r f e r e s  

with the  observation of radiat ions o r i&i i a t ing  from the  sun or t h e  

planets,  @ i t e  na tura l ly  the sun was the  f i r s t '  c e l e s t i a l  object t o  

which space astronomers directed t h e i r  a t tent ion.  They found, amow 

other  things, t h a t  t he  sun i s  a source of x-rays those in tens i ty ,  

unlilce t h a t  of l i gh t ,  var ies  ' over a very wide range w3th changing 5, 

so lar  ac t iv i ty ,  although it i s  always a very minute f r ac t ion  of the  
. . 

l i g h t  in tens i ty .  

Thesun i s  one . o f t h e  . 100 b i l l i o n  stars. t h a t  form our Most 

of these,  par t icu lar ly  "ihe young ones, a re  contained i n  a flast d isk  . .. I 

. . 
~ ~ r i t h  a l;hicluzess . . . ... of the  . . .  order of 1000 l i g h t  years a ' a i m e t e r  . of the 

I ,  ord.cr of 100.000 l i g h t  years. m e  space betman the 'stars i n  the  d isk  .. . ; 
. . .  
i s  , f i l l e d  with a gas . consisting .- . again mainly of hydrogen but,, . ' for  .. t h e  . 

. mo:it p x t ,  i n  . the  . form of neut ra l  atoms. 1t.s. density i s  somethat . " . . .. 

. . 3 
~ M l e r  than . . one . . .  atom cm . . The 11;alact-if . . disk  i s  stu-rounded by a 

newly  spherical  halo consisting rna.il11y . .. of . old s t a s ,  .. . where' the  . $QS . 
. . .  . . 

.density i s  m&h loner than i n  t he  disl:. ' 

. . 

Golactic distances we so great  t h a t  the i n t e r s t e l l a r  gas, despi te  



i t r  extreme dilution, cnn absorb appreciably radiat ions of cer ta in  

. travclenath3 originating from c e l e s t i a l  objccts outcide the solcr  

system. The absorption of i n t e r s t e l l a r  gas i s  i l l u s t r a t e d  in Fic. 2. 

IIcre wain, a n  i n  rig. 1, both photon e n c r ~ i e s  a d  ~ m v c l c n ~ t h s  are s11mm 

on the  horizontal axis; t.rhile on the  ve r t i ca l  axis i s  now plot ted the  

distance ( i n  l i g h t  years) fmn a given source t o  L11e earth,  multiplied 

by the  average density of i n t e r s t e l l a r  Gas along the  path ( i n  atoms per 
. .  , n. 

3 cm ). 
. . .  

. . One then sees that ,  fo r  g,dectic 

distances, the absorption of i n t e r s t e l l a r  gas i s  negligible d l  the  

t ~ a y  from W e  radio waves t o  u l t ravio le t  fays of 912 8 wavelength. 

' A t  t h i s  wavelength, trhichcorresponds t o  a photon energy of 13.5'eV., 

t h e  i n t e r s t e l l a s  gas suddenly becomes very opaque. This i s  due t o  . 

the  f a c t  t h a t  13.5 eV is  the e n e r a  needed t o  ionize hydrogen atoms 

so tha t ,  beyond t h i s  energy, photons,are rapidly abk6rbed i n ' t h e  
. . 

process of ionizing in te r s t e l l ax  hydrogen. A s  the energy increases ' 

. . 
further,  the  probabili ty of ionization of hydrogen decreases and, 

so  does the  absorption of photons through t h i s  process. The ,graclual 

decrease of absorption with increasing energy i s  interrupted by 

discontinui t ies  occurring at the..ionization energies of helium and' 

of the  other i e s s  abundant components of i n t e r s t e l l a r  gas. Eventually, ' 

a t  energies greater than several thousand eVj i.e.,' at wavelengbhs 

smaller than a few h s t r o m s ,  the  absorption of i n t e r s t e l l a r  gas 
. . . . 

over ga lac t ic  distances becomes again negligible. 



Eesides gas, the galexy .contains also a certain amount of dust, 

concentrated near i t s  equatorial plane.. Start ine from the inf'ra-ed, 
g.5 t' . J thrw Elelre o S c  S 

the ' dust' produces an appreciable absorption, ~ h i c h ~ i n c r e r r s e s ~ t h  

decreasing wavelength. ~or'wavelengths smaller than 912 2, however, 

' the absorption of dust i s  negligible ' compared with t h a t  of inter-  

s t e l l a r  gas. 

In what folluws, I sha l l  confine my remmlcs t o  radiations 

from extrasolar sources, belonging t o  tha t  portion of the spectrum tha t  

l i e s  on 'the short-wave side of the  "blind region" due t o  the 

absorption of in te r s te l l a r  gas; the se radiations include x-rays and 
i 

gamma-rays . 
X-rays and gamma-ray astronomy i s  s t i l l  i n  i t s  infancy. So 

far, sc ient is ts  have made pre lMnary  investigations of &&a 

Eelr s m a l l  of the enormous spectrum ranginp, from several' hundred & 
(where in ter  s t e l l a r  gas becomes again transparent) t o  energies of 

. , ' 

the order of 1014 or 1015 eV (the highest energies tha t  one may . 

hope t o  reach by the use of a i r - s h m r  techniques). Here I sha l l  

discuss only two groups of ex~eriments. These are 1) some experi- 

ments on x-rays of severaL thousand,' eV energy - the only experi- 

ments fo r  the moment tha t  have revealed the existence of previously . . 

' unlmown ce les t i a l  radiations, and 2) some experiments on &&ma- 

rays of about one hundred million eV energy whlch, without giving 

clearly positive results,affordedneverthlese .same interest ing 



3; shall, start with the l a t t e r  group of experiments, among 

which the moat precise are, those carried aut by Kraushaar end Clark 

of the Massachusetts Ins t i tu te  of Technology. 

To appreciate the . . significance of these experiments, I would 

l i k e  t o  point out, that,  for  what we know, the only important source 

O f  photons with energies above some tens of millions eV i s  the 

spontaneous decay of go-'mesons. The go -meson i s  a neutrsl  par t ic le  ,: 

tha t  can be produced i n  high-energy nuclear interactions as weU. as 

i n  the : d i h i l a t l o n  I , of protons or neutrons with antiprotons or 

antineutrons* Its decay products a,re two photons: 

-16 and i t s  mean l i f e  i s  of the order of only 10 seconds. 

no -mesons and, therefore, high-energy 7-rays are certainly 

generated in our galaxy  as  a consequence of collisions of primary 

' Cosmic rays (which are mainly high-energy . protons) with the 

nuclei of hydrogen and of the other atoms found i n  in te r s te l l a r  

space., The computed spectrum of these P r a y s  has. a ma.xhum 'around 

50 million; eV; it drops rapidly t o  zero toward the small  energies 

and falls off more slowly tmkrd the high energies. . , 

The solar system is located near the galactic equator. There- 

fore, at the earth, the 7-kays produced i n  the manner described 

abwe should a.rr5ve with maximum intensi ty from directions close 

t o  the galact ic equator 0 i a e .  ficamthe Mim Way. 

In t e r s t e l l a r ,  gas i s  so diluted tha t  a cosnic-ray proton has 

only m e  chance in several hundred t o  undergo a coll is ion over a 



/ 

distance equal t o  the diameter of the w a x y .  Therefore, the 

in tensi ty  of p r a y s  arisiw from such collisions i s  very small. 

It has been computed, fo r  example, tha t  a spherical detector 'with 

2 a cross-section of U) cm would count a-rays produced by 2 -decay 

at a ra te  of about 2 per minute; whereas a cosmic:.rray detector of 

t h e  same .;;ize would count about 7000 par t ic les  per minute. 

The measurements of Kraushaar and Clark were performed by 

means of a 8k t e l l i t e  . . - m l o r e r  XI-launched in March, 1961. The 

"7-ray telescope" used by these sc iebt is ts  (see ~ i ~ . '  3) took advwt&e . . of 

the f ac t  that ,  i n  passing through matter,' p r a y s  of the  energy here 

Considered undergo a materialization process, g i d n g  r i s e  t o  pa.irs 

of f a s t  electrons (positive .and negative). The diff iculty,  of course, 

was tha t  02 distinguishing p r a y s  from the. &ch more abundant 

ardinary cosmic rays. ..The instrument achieved . this  purpose by 
. I 

&ine;-..aQ ' of t he ' f ac t  tha t  cosmic-ray par t ic les  leave a 

trail of ions all along ' thei r  paths, while y-%s begin t o  ionize 

aily st the moment when they change, in to  e lect ron pa i r s  (see Mg. 4); 

Using t h i s  cri terion and various other devices t o  suppress ' 

. . 

spurious effect4 Kraushaar rtnd'clark observed'what seemed t o  be a 

- small 7-ray f lux of ce les t i a l  origin. This f lux was about ten times 

greater than t ha t  computed. This discrepancy i n  i t s e l f ,  was,not 

seriou8,because of the uncertainties i n  the  computations due,to a 
. . 

large extent t o  our imperfect knuwledge of the average density of 

f n t e r s t e l h r  matter. ,.,.'. More disturbing $':' % .  ' ,-was the observation tha t  

the  p r e s m d  p r a y s  came from aY directions,. and not. preferential ly 

. . from the galact ic plane. This, of caurse,does not necessarily mean 

. . tha t  the  observed effect  is due t o  spurious causes; it :is possible, 
. . . . 

, ., 
f o r  ex'rnltj ,that, 3n a.dktion t o  galactic :Xrrays, there ex i s t  7-rays 



of extra+gilactic origin, more abundant than the former and 

distributed isotropically. However, i n  the absence of an anisotropy, 

it i s  advisable t o  reserve Judgement and use the resul ts  of Kraushaar 

. . and Clark only t o  s e t  an upper l i m i t  t o  the f lux o f  ;&raySincident 
. . ' 1. 

upon our planet. 

F'urther experiments, with imprwed equipment, are i n  preparation 
, . as 1re1I as . 

by '. . .. .". .. Kraushaar and C h k  . . I . ' :  by other scientists .  But t h i s  upper 
: A 

l i m i t  i s  already of great cosmological signLf .: . icance i n  the . following 
a. 

context. Many scient is ts  believe that ,  while ' the universe expands, 
. . 

nev matter i s  created i n  space so tha t  the  mean density of the 

un ive r se  remains constant. Moreover, somehave suggested tha t  the 

new matter may appear i n  the fonn of proton-antiproton pairs. This 

hyp0 thes i s . i~  now ruled out by the experhent described above. For 

the antiprotons born i n  our. g 9 d q ,  colliding wa ins t  the ordinary 

protons found i n  in te r s te l l a r  space, , owht t o  , undergo annihilation, 

thereby producing $-mesons. According t o  the computations, the decay 

of such mesons would produce a flux of 7-rays about 500 times greater ' 

than the upper l i m i t  s e t  by the experiment of Eraushaar and Clark. . .  . 

I sha l l  come next ' to the experiments on x-rays which, as  I 

already mentioned, are .the only ones s'o. far tha t  have' groduced 

clearly positive results .  Throe research teams have taken par t  i n  

t h i s  work; one at American science and Engineering . ( ~ i a c c o n i  e t  a1 ); -- -. 

one at the Naval Research Laboratory of 'Washington : (~riedman e t  a1 '); -- 
one at Lockheed lo is her - e t  --. al.). . . . A l l  exper-nts were carried out 

with rockets launched ver t ica l ly  t o  a maximum heieht of w e r  200 km, 



which gave useful obserwition times: of about 5 minutes. 'me  detectors , 

were e i ther  Geiger counters or proportional counters, with very th in  , 

wlndoir3 opaque t o  l ight and ultraviolet  rays but transparent t o  x-ray 

photons ddm t o  f a i r l y  low enerw. Indeed,these detectors had 

maximum sensi t iv i ty  fo r  photons of several thousand: :. eV energy ( i .  e . , p r  
x-rays of several &strnns *:v?velength). To reduce the cosmic-ray 

baclcground,Giacconi had used the fac t  tha t  x-rays stop i n  the counter 

, m i l e  cosmic rays go clear through it; Friedman and Fisher, on the  

other hand, had talcen advantage of the difference i n  size between 

the pulses produced i n . a  proportional counter by x-rays a d  by cosmic 

. . rays : .;,,. , One should notice tha t  these c r i t e r i a  did not 

ru le  out electrons of moderate energy which, i f  present i n  sufficient  

numbers, might have interfered k i th  the experiments. I n  h i s  . l a t e s t  

f l ight ,  Giacconi used also two sc in t i l l a t ion  counters, of. which one 

was sensitive t o  photcms with energy greater than about 8000 eV and . ' 

. , electrons +h energy' greater than about P ,000 eV, while the  other 

. . 

h a d  the same. response t o  electrons, but was practical ly insensitive 

t o  photons,. ' , ' 

\ 

Fig. 5 shows, as  an example, the instrumentation of .one of thc 

rockets used by . Giacconi . and h i s  collaborators. 

The interpretation of the resul ts  reported by Fisher's group 
. , 

i s  s t i l l  doubtful, mainly because 'of the i r  low s t a t i s t i c a l  accuracy. 

Therefore, I shaU confine my discussion t o  the resul ts  of the  other 

two groups. 8 ' ' 

These results ,  which check and supplement each other, have 



demonstrated Lhe.existence of one strong c e l e s t i a l  . . source of x-rays 

and, i n  a l l  likelihood, of trro additional sources o f  smaller s t r c n ~ t h .  

Moreover., they have suggested the existence of a diffuse x-rai iot ion 

Corning app&ently from all directions. The positions of the  three 

Sources are  s h m  on the map of the  olcy t h a t  appears i n  Fig. 6.. 

Let us consider f i rs t  t h e  main source (k-1). This source tras 
. f 

seen fo r  the flrst time by Mrr GiacconiS team i n  June 1962, with 

two counters of high sens i t iv i ty  but low angular resolution. The 

rocket was spinning around a v e r t i c a l  axis, and Fig. 7 s h a ~  the ' .  

angular dependence of the counting r a t e s  of b o t l ~  counters. The 

very pronounced maximum obtained with t h e  more. s e n s i t i v e  counter, 

a d  the  l e s s  pronounced maximum obtained with the l e s s  ~ e n s i t i v e  counter, 
' -I;hroLlc;$ 

I a r e  due t o  the  . . .  passage ' of the  . source . . the f i e l d s  of view of the  two' 

The same source. was seen, i n  ~ p r i l  1963, by Friedman's team, 
. . 

: , usine; a detector with a narrower f i e l d  of "vier?, and having ,theref ore, 

smaller sens i t iv i ty  bui be t t e r  angular resolution; these measurements 

yielded the  most precise data on the position of the  source; moreover:, 

they -proved - t h a t  i t s  angular dimensions do not exceed about 5'. 
. . 

Source X - 1  was seen f o r  the  t h i r d  time by Giacconi i n  Zune 1963, both 

with a .Geiger counter and 115th the s c i n t i l l a t i o n  counter sensi t ive 

' t o  photons ... : . 

From the resu l t s  of t h e i r  first, f l i h t ,  Giacconi and his co- 

workers were able t o  conclude. (through a s e t .  of arguments m c h  I . 

Cannot develop here) t h a t  the  observed radiatiori coneisted of x-rays 

ra ther  than electrons. Moreover, i n  t h e i r  l a t e s t  f l igh t ,  they obtained 



di rec t  confirmation of t h i s  conclusion..- from . . : . the i r  observa- 

t ions  with the two s c i n t i l l a t i o n  counters. 

In a l l  three experiments the  source was suff ic ient ly  high above 

the horizon t o  ru le  'out an atmospheric origin. ~oreov&, X - 1  was 

observed at three d i f ferent  times i n  the  same position re la t ive  t o  

the  f ixed s t a r s p  and i n  a control  experiment performed by Giacconi 

i n  October 1962; when X-1 should have been under the  horizon, no . 
. . . 

x-ray source .of in tens i ty  comparable t o  X - 1  was i n  f a c t  detected. ; . .  , 

. . . . 

The data concerning ' the other two sources (x-2 and X-3) axe ' 
. .. 

l e s s  complete and t h e i r  interpretat ion is  perhaps somewhat l e s s  
' 

. . 

certain. X-2 was observed, alt'hough not .a& c lear ly  a s  X-1, i n  a l l  

three f l i g h t s  of Giacconi. In. the -observations made with Geiger . 

counters i n  June 1962 &d June 1963, X-2 was  held responsible f o r  

an asymmetry i n  the  main peak of the  c k e  of . counting . r a t e  vs. 

azimuth (see Fig. 7); i n  the observations made in 0ctober 1963, the  

presence of X-2 was. indicated by a, small 'separate peak; X-2 gave , . , 

rise a l so  t o  a separate peq& i n  the  curve obtained i n  June 1963 with the: 

" photon-sensitive s c i n t i l l a t i o n  counter,.. X-2 m e  not seen by 

Friedman because it was 'below the horizon at . the  time of h i s  f l i g h t .  

The existence of X-3 had been suggested by the  presence of 

a small peak i n  the  azimuthax d is t r ibut ion  of counting r a t e  obtained 
. .  . 

by Giacconi i n  October 1962. I n  ~ ~ r i l . _ 1 9 6 3 ' . ~ r i e d m a n  produced mDre . : 

: conclusive evidence . . f o r  . -. . . . , i t s  . existence and was a lso  able t o  show that. 
. . . . .  3 

i t s  position coincided Kith tha t  of the Crab Nebula, within the  

experimental uncertainty of a few degrees. X - 3  was below the  horizon 



at the time of Giacconi 's f l igh t s  i n  June 1962 and June 1963. 

Nothing that  was previously knotm about physical processes 

occurring'in ce les t i a l  bodies made it possible t o  foresee tho . , 

existence of x-ray sources. at the observed strength.. And, indeed,' 
a 

the nature of these sources is still,,matter of speculation. Before . . 
. , 

mentioning some of the,  hypothekes that  have been put foward,  I 

would l ike  t o  present some general considerations tha t  & help . to  

explain why the ' discovery of such sources was received f i r s t  with 

a certain amount of skepticism, with' considerable in teres t .  

In the first place, the streng;th of the observed sources i s  

remarkably great. The energy flux reaching the earth from X - l  i n  the 

form of x-rays with wavelength less than about 10 &Igstroms 

2' " ' i s  of the order' of lon7 e r d c n  sec. . In the same spectral  region 

' the energy f l u x  from the quiescent&.h is. only 10 t o  100 times greater.  

A t  the time of large. solar flares,. the x-ray f lux from the sun 

Can temporarilyreach valltis A.om 100,000 t o  one million ti,mcs 

greater than tha t  of X-1; but even i f  X-1 were a source .as strong 
. .  . 

as  the sun a t  the maximum of i t s  act ivi ty,  it would have t o  l i e  at 

a distance not greater than 1000 times tha t  of the  sun.   his distance 

i s  about 3000 times l e s s  than th& of Sirius, . . one of , the nearest 
. . 

stars .  This pract ica l ly  rules but: any possibil i ty t ha t  a source 

such as  X-1 for,  : fo r  tha t  matter, X-2 or X-3 ) may be a celes%ial 

body even distantly . . similar t o  the . . sun o r  t o  ordinary stars. 

Another important f ac t  t o  consider i s  tha t  i n  the regions of 

the s l ~  where the th ree  x-ray so&ces. were observed, there are no 

ce l e s t i a l  obJects of' . e x c e p t i o d  . brlghtnesa. Thus the  sources we 



1 .  
I are tallcine about must have the property of producing an abundant 

x-ray flu trithout producing at the same time a large flux of ordinary 

l i gh t ;  or e lse  they must l i e  behind dust clouds of such thickness 

as  t o  absorb l igh t  but not x-rays.. . ' 

coming' nar. t o  the possible interpretations, it' has been sug~es ted  
C h l u  ond by ' ' 

recently by Friedman tha t  the observed x-ray sources may be the .so- 
A 

~al1ed '"neutron s'ta.rstl, about whose existence there had been much 

theoret ical  speculation but;. no experimental evidence. . Supposedly, 
e .  

. . 

these s ta r s .  are ce les t i a l  objects, of enormous density, f o m d  
i 

almost e n t i r e 1 y . b ~  neutrons, with a mass similar t o  tha t  of the sun, 

but with a diameter. of only 10 kilometers or so. They are supposed 
. . 

t o  be surrounded by a th in  but opaque "atmospllere" of ordinary matter, 
. #  

at a temperature of abaut.10 millionl;i; degrees;. Kelvin. . 

, It i s  well known tha t  the  maximum of the:thermal emission 

spectrum sh i f t s  towards small wavelengths with increasing temperature, and 
t-h c 

reachcs,,~ spectral region of x-rays. at a 'Lemperaturc"0f ' t he .  order' . . 'of 

. t .  . . ., , . 10 million degrees ;: 

. . Thus,a body at 10 million degrees would be a powerful source of 

x-rays. Indeed, if  it had the size ascribed t o  neutron stars, and 

were at a distance of the order of 1000 l igh t  years, it could send 

upon the earth an x-ray flu of . t he  order of those arriving from the 

. .  three observed x-ray sources. On the other hand, because of the 

small size, the emission of such an object i n  the spectral region of 

. ordinary l ight  would be so weak a s  t o  make it practically. invisible. 
I 

It is  believed tha t  neutron stars msy be born i n  those violent 

s t e l l a r  explosions known as supernovae. . In  these explosions, part  

. . 
of the s t e l l a r  .material is : .  blown off, giving r i s e  



I ~ t o  a r a p i U y  expanding plasma cloud; while, at l e a s t  i n  some cases, 

t h?  reminder  undergoes a catastrophic collapse, ending i n  a neutron 

A s  I already mentioned, X-3 seems t o  coincide with the  Crab 
1 

Nebula, the  remnant of a supernova t h a t  appeared i n  the  sky the  

Yeax 1054 and l i e s  at  a distance of '  about 3000 l i g h t  years. Thus 

, X-3 might be the  h i ther to  invis ib le  nucleus of t h i s  nebula. . . 

If,  on the  other hand, the  observed x-ray sources &e not hot 

ob Sects such as neutron stars, then .it becomes necessary t o  assume 

t h a t  they contain f a s t  electrons. 

Electrow can radia te  electromagnetic waves through three  

d i f ferent  processes. The first i s  ordinary b&?msstrahlwe -. + ( F I ~ .  8a). 

It occurs as a r e s u l t  of the ,def lec t ion  t h a t  electrons undergo i n  

passing near atomic nuclei :.(in our case, the  atomic nuclei i n  

i n t e r s t e l l a r  gas or  in the  somewhat denser matter found in some 

regions of space). The energy of the  photons produced i n  t h i s  

manner Ls often a substant ial  f rac t ion  of the  energy of the  ~ r i m a r y '  
b 

electrons.  Thus, i n  order t o  produce photons of several  thousand 

eV, only electrons with energies of the  order of 10,000 eV a re  needed. 

The second process i s  the  so-called -- inverse Compton e f fec t  

(FQ. 8b). This i s  a process whereby a fast electron, cpl l iding 

against a low-energy photon ( i .  e., a &hoton belonging . t o  infrared roys 

o r  r : i s : i~ /~  l i gh t ) ,  t r ans fe r s  par t  of i t s  energy t o  the  photon and 

.br ings it i n t o  the  energy range charac ter i s t ic  of x-rays. In our 

case, the  low-energy photons are  those of ordinary star l igh t .  One 

can ahow t h a t  only electrons with energy greater  than about 20 or 

30 million eV can produce x-ray photons of the  observed energy by 

the inverse Compton ef fec t .  



7 The t h i r d  process i s  the  so-called - mape t i c  bremsktrahlung, .--.- whereby 

a f a s t  electron radia tes  electromagnetic waves a s  a consequence of 

itf; deflection i n  a magnetic f i e l d .  ,This kind of radiat ion has been..  

observed experimentally . . i n  the  synchrotrons, and therefore:'  is a l so  

lmo~m as synchrotrori radiation. . Magnetic f i e l d s  of several  millionths 

of a gauss (microgauss) e x i s t  i n .  i n t e r s t e l l a r  space; it i s  believed 
L dtte -to 

t ha t  many of the s ignals  detected by rndiotelescopes are, synchrotron 

radiat ion by fast electrons moving throu& i n t e r s t e l l a r  space. 

IIm,rever, only ' electrons of exceedingly high energy can produce. x-rays 

. v i a  synchrotr?n radiation. For example ,even i n  magnetic f i e l d s  of 

100 microgauss (which i s  much more than the  average f i e l d  s t r engh  i n  

i n t e r s t e l l a r  space) the  necessary electron energy is,  greater  t h m  

. .  The question w i k e s  a s  t o  hm.r electrons of suf f ic ient  enerGy t o  . . .  . . 

. produce x-rays through 'one o f '  t he  processes, described above may be 

generated. One: poss ib i l i ty  i s  a d i rec t  e.cceleration, mechanism due 

. . t o  time-varying w n e t i c  f i e l d s  associated trith a plasma i n  a s t a t e  . . 

O f  f a s t  and disorderly motion - t he  same phenomenon held responsible 

fo r  the acceleration of protons and other nuclei ,of the  primary 

cosmic radiation. A second poss ib i l i ty  i s  f o r  high-energy electrons 

t o  be generated indi rec t ly  as a f i n a l  product of nuclear interact ions 

Of protons accelerated by a s iklar  mechanism. 

~ o n d i t i o n o  favorable t o  the d i rec t  or  indi rec t  production of 

fast electrons occur i n  the  clouds of magnetized plasma i n  a violent  

s t a t e  of agi tat ion t h a t  a re  produced by supernovae 'outbursts. 
b e e n -  

m i c a 1  of these clouds i s  the  Crab Nebula which has already h mentioned 

and vhich, appears t o  coincide with X-3. , According t o  some estimates, 



the crab IJebula' con-1;aino a magnetic f i e l d  of the  order of 100 

mtcrogauss. It contains electrons trith energies of the  order of 

9 10 ',. ?;hose synchrotron radiat ion produces strong radio noises; 

it a l so  contains electrons with energies of the  order of 10' 
I2 

eV, vhose synchrotron radia t ion  produces a diffuse luminosity, 
nny 

, .  n 

-. The observed X-rays,, t o q z r i g i n a t e  from 

electrons i n  the  cloud - ( p z z 2 s 2 ( 5 - ~ d  ra ther  

than from the  hypothetical..neutron star at the  center of the  

cloud. 
. : I _. 

It i s  possible t h a t  the  other two sources =are a l so  . plesma 

clouds resul t ing  from 'supernovae outbursts and containin8 high- 

energy electrons.  In t h i s  case, horiever, t he le  remains t o  explain 

why X-1, trhich i s  about t en  times stronger than X-3,' i s  not , l ike 

Crab Nebula,' a source of l i g h t  and of strong radio signals.  

Speaking of X - 1 , i t  has a l s o  been s u ~ g e s t e d  t h a t  it maybe the  

. : residue of an explosion, much more violent than a supernova;:, t h a t  

would have occurred near the  center 'of. our 'galaxy some millions of 

yams ago. Astronomers h&e recently detected i n  other galaxies ' 

explosions of t h i s  kind, apparently involvingmil l ions of s t e r s .  

,These are only some of the p o s s i b i l i t i e s  under consideration. - 
Clearly much more experimental work w i l l  be needed t o  determine 

. the  nature of the  observed x-ray sources with .any degree of 

cer tainty.  It i s  par t icu lar ly  urgent t o  measure t h e i r  spectrum, 

f o r  different  production mechanisms .'give, r ~ i s e  t o  d i f f e ren t  spectra. 



 oreo over, i n t e r s t e l l a r  absorption (see Fig. 2 )  produces, i n  t h b  

X-ray spectrum, a l&?-enerl~y cut-of f rihose position depends c r i t i c a l l y  
. . 

: ,', on the  distance; of the  source. Therefore, an experimental determination 

of t h i s  cut-off might tell us how far the  observed sources l i e .  

E q u a l l y  urgent i s  a measurement of the  angular dimensions of 
. . 

the  sources, and a more accurate determination of t h e i r  positions.  

. . When t h i s  i s  done, one @ll have t o  examine careful ly whether or  not 

there  i s  any v i s ib le  object (although not par t icu lar ly  conspicuous) 

o r ,  m y  source of radio noises (although not par t icu lar ly  strong) i n  

the  direct ions of X - 1  and X-2. 

. . Finally, it i s  necessary t o  see i f  there a re   source^ of strength 
. . 

. ' Contparable t o  X-1, 2-2 ahd X-3 i n  the  regions o f  the  s'q t h a t  have 

not ye t  been explored; it i s  necessry t o  develop detectors  of Greater 

sens i t iv i ty  t o  discover other possible weaker sources; and it i s  
. . 

necessary t o  determine the  origin of the  diffuse x-ray baclcground. 

In  'conclusion, I would l i k e  t o  s t r e s s  the  f a c t  tha t ,  lrhile w 
the  

have barely made a s t a r t  inhnew branch of astrohoqy discussed here, 

. t he  r e s u l t s  already obtained are extremely encourwing. For there  

i s  nolonger  . . any doubt t h a t  i n  t h e  past  the  atmospheric . . screen, 
. , 

. now eliminated by space vehicles, had prevented us frhn receiving 

, c e l e s t i a l  messages capable of revealing important and qui te  unexpected 
! , '  ' . ;  

fea tures  of the  surrounding universe. . .  
. . . . 

.. . 



, . 

Pi&. 1. The absorption of the radiations of d i f f e r e n t  wavelength, i .e . ,  of 

photons of d i f ferent  energies, i n  the atmosphere. 
. , 

, . 

Fia. 2. The absorption of radiations of d i f ferent  mvelengtho, I. e., of 

photons of d i f ferent  energies, i n  i n t e r s t e l l a r  gas. 

Fig. 3 . '  Gamma-ray "telescope" flm by Kraushaar and Clark on Explorer X I .  

Big. 4. How the g r a y  telescope shown i n  Fig. 3 distinguishes between high- 

energy. photons and ordinary cosmic rays; ( a )  a cosmic-ray p'jmton 

recorded by the  detec-bors B and C produces a pulse a l so  i n  

detector A; (b) a photon produces pulses i n  B and, C without prod.ucing 

a pulse i n  A. . , 

Fig. 5. ~ n r t r u m e n t ~ t i o n  of the rocket flown i n  June 1962, bymeans of 

~rhich Giacconi, Gursky, P m l i n i  and Rossi detected f o r  the  first 

time extra-solar sources of x-rays. 

Fig. 6. ' Mercator map of the sky showiw! the pa; i t i o n s  of the  three x-ray 

sources X-1, X, ,.. 72 and X-3 .  C i s  the center of the galaxy. 

Fig. 7. Counting r a t e s  a s  a function of azimuth as observed by Giacconi 

e t  al. Open dots represent data obtained wlth the  Geiger counter -- 
h a v i n ~  a thinner window and, therefore, higher sens i t iv i ty ;  so l id  

the 
dots represent data obtained withA= counter having a thicker  window 

and, therefore, a lmr  sens i t iv i ty .  . . . 

::. . 

C'. 



: Fig. 8. Three processes by which high-energy electrons can produce f-roys ; 

(a) Ordinary bremsstr.&lung. . . (a photon, b(, Is produced i n  the  p a ~ o ~ @  

, .  o z  an electron, i, near an atomic nucleus) ; (b) -.- i.&versc cdnpton e f f e c t  

( the  col l i s ion  of a high-energy electron, et )  with a l a ~ - e n e r g y  photon,: 

.gl) r e s u l t s  i n  a high-energy photon, b;, and a low-energy electron, 

e ); w n e t i c  bremestrahlun& (an electron, e ,  i n  a magnetic f i e ld ,  
2 .  . . - ' 

(~adually loses  energy by emitting photons, 8;). 
t . . 
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