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FOREWORD 

This document is the final report on contract NASW-1583 which 
called for the reduction and analysis  of data obtained from NASA Aerobee 
4. 149 which was flown from White Sands M i s s i l e  Range on 11 October 
1966. The rocket payload was developed at AS&E under NASA contract 
NASW-1505. The rocket payload was capable of performing a moderate 
angular resolution scan  for X-ray sources and of recording the  position of 
the sources and the  spectral content of the detected X-rays. The objec- 
t ive of the flight was to scan  the  Milky Way between galactic longitudes 
-ZOO to  +goo. The bulk of the observational t i m e  was spent in scanning 
the Cygnus region centered at longitude 80 . The authors of this report 
a re  R. Giacconi, P. Gorenstein, H. Gursky, P. Usher and J. Waters. 
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INTRODUCTION 

The resul ts  prese i ted  here are the continuation of a n  observational 
program of X-ray astronon;y that began at  AS&E in 1961. 
experiment was performed from a n  Aerobee rocket flown from the White 
Sands Miss i le  Range on 11 October 1966. The payload was developed 
under contract NASW-1505 and has been described in the  final report on 
that contract in NASA document CR-752 (April, 1967). 
is also described in  that document. 

The present 

The experiment plan 

The status of X-ray astronomy at the  t i m e  that  this  rocket experi- 
ment was planned can be described as follows: 

1. The strong source Sco X-1 had been identified with a faint blue 
s tar-like object (1). 

2. It was reported that X-ray sources coincided with Cygnus A and 
W - 8 7 ,  the  well-known extragalactic radio sources (2). 

3. The remaining X-ray sources were reported to be concentrated 
along the  Milky Way with a possible correlation with spiral  arms (3, 4).  

The objectives of the present experiment were chosen to obtain 
information on the nature of the  galactic X-ray sources.  In the first place,  
we wished to determine whether any X-ray sources could be identified with 
optical  objects ,  such a s  the  one assoc ia ted  with Sco X-1. 
place,  we wished to local ize ,  with moderate resolution, the X-ray sources 
that are grouped in  the Sgr-Sco region of the  Milky Way: 
t o  obtain spectral  information on the  X-ray emission of the  sources.  

In the second 

Third, we wished 

The Cygnus region of the sky  was chosen as the  primary area to be 
observed for the  following reasons: 

1. The region contained two relatively strong and  isolated X-ray 
sources ,  Cyg X-1 and Cyg X-2. 

2. The region contained Cyg A, one of the reported extragalactic 
X-ray sources.  
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3. Cygnus is favorably si tuated for optical observations from the  
Northern Hemisphere; and one of the known X-ray sources,  Cyg X-2, was 
about 10 off the Milky Way, making it more accessible  to observation 
than other X-ray emitters. 

’ 
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The rocket payload used to carry out t h e s e  objectives contained 
beryllium-window proportional counters to detect the  X-rays, narrow field- 
of-view collimators to isolate the  X-rays, and a camera to photograph the  
star field to determine vehicle attitude. The rocket, itself, was equipped 
with a gyroscope-referenced attitude control system (roll-stabilized ACS) 
which permitted the scan  of selected regions of the  sky  at controlled rates.  
This control system was utilized to scan  the Milky Way from Sagittarius 
to Cygnus in  a single,  continuous sweep and to then crisscross the  Cygnus 
region. The latter comprised the major fraction of the  available observa- 
tion t i m e .  In scanning Cygnus, the maneuvers were arranged to maximize 
the t i m e  spent on Cyg A ,  Cyg X-1 and Cyg X-2. 
allow good location determinations, the objects were traversed along sev- 
eral  different scan  l ines.  

In addition, in order to 

The reduction of the flight data was accomplished using techniques 
developed for earlier rocket flight data. Individual pulses from the propor- 
tional counters were recorded on paper records. The t i m e  and amplitude of 
each recorded count were punched onto cards for u s e  on a n  IBM 1620 com- 
puter. The computer was used to sort the individual counts according to  
various t i m e  and amplitude intervals. Star positions were recorded from 
enlargements of the flight f i l m  that recorded the s tar  field. 
program was used to analyze these  positions to yield the rocket attitude 
on a second-by-second basis.  Additional ana lyses  involved drawing the 
position of the X-ray detector axes on the celestial sphere at particular 
t i m e s ,  determination of the transit  t i m e  of the  detected X-ray sources by 
fitting the  known angular response function of the collimators to the  actual 
data, and analysis of the spectral content of the detected X-rays. 

A computer 

This effort has resulted in  the  publications that a re  incorporated 
The principal results and conclusions are  as  appendices to this  report. 

l i s ted below, grouped according to the papers in which they appear. 

I. ASE-1587 - An X-ray Survey of the Cygnus Region. 

The positions of four X-ray sources were presented, of which two 
had not been previously reported. 
X-rays; the upper l i m i t  on its intensity was about 1/5 that reported earlier. 
N o  other X-ray sources were observed in  the Cygnus region with a n  inten- 
s i ty  greater than between 1/100 and 1/200 that of Sco X-1. 

Cygnus A was not observed to e m i t  

One of the 
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detected X-ray sources,  Cyg X-3, was centered within the Cygnus X radio 
complex. 
single objects in the area. 

11. 

None of the  recorded X-ray sources coincided with any outstanding 

ASE-1610 - On the  Optical Search for the X-ray Sources Cyg X-1 
and Cyg X-2. 

In collaboration with the Mount Wilson and Palomar Observatory 
the positions reported in  ASE-1587 for Cyg X-1 and Cyg X-2 were searched 
for optical objects that might be the X-ray sources.  A candidate object 
was found for Cyg X-2 that bas many of the optical properties of Sco X-1. 
N o  candidate optical object was found for Cyg X-1; however, the region is 
badly obscured and the optical counterpart may be highly reddened or even 
invisible. Subsequent investigations (5, 6,  7) of the candidate for the 
optical Cyg X-2 have revealed that object as highly peculiar in  its own 
right and lends support to the possibility that it is ,  in  fact, the X-ray 
source. 

111. ASE-1712 - The Distribution of Galactic X-ray Sources from Scorpio 
to Cygnus. 

Positions of 1 7  X-ray sources were presented based on data obtained 
from the experiment. 
ASE-1587; six of the positions were for X-ray sources not previously repor- 
ted. These positions were precise to  within from 1 0  to 1 5  arc minutes in  
galactic longitude. Except for the Cygnus sources,  positions in  galactic 
latitude were uncertain to the order of degrees. 
apparent correlation with extreme population I objects such as HI and HI1 
regions, as opposed to correlating with population I1 objects such  a s  old 
novae. 

Of these, four positions were those presented in  

These positions showed a n  

IV. ASE-1713 - The Spectra of Several X-ray Sources in Cygnus and  
Scorpio. 

The spectra of the 0bserved.X-rays from a number of the sources 
observed during this  experiment were presented. These spectra were ana- 
lyzed in terms of a number of the  popular theoretical models for X-ray 
sources. The outstanding feature of t hese  data was that several  of the 
spectra showed a deficiency of photons at low energy that could only be 
interpreted as absorption effects, possibly by the  interstellar medium or 
within or adjacent to the X-ray sources themselves.  The largest  deficiency 
was noted in  Cyg X-3, the source that is centered within the Cygnus X 
region. 
spiral arm which, from 21 c m  radio studies,  is known to be a region of 

It thus coincides with the  tangential direction of the Cygnus 
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particularly high neutral hydrogen density; and it is plausible that the 
effect is indeed one of interstellar absorption, although other possibil i t ies 
cannot be excluded. 

These resul ts  along with earlier work by AS&E and other groups 
have established the existence of X-ray sources as well-defined galact ic  
constituents. Some, but not the majority, a r e  supernovae remnants. The 
majority may belong to the class of objects characterized by Sco X-1 and 
Cyg X-2. Of course,  there may be additional classes of X-ray sources. 
The major questions regarding the nature of these  objects have yet to be 
answered, by this  we mean, the mechanisms by which the X-rays a re  gen- 
erated,  the  source of energy for the X-rays, and, finally, where the  X-ray 
sources f i t  with respect  to other objects in  the galaxies;  namely, from what 
conditions did they evolve and to where are  they evolving. 
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ASE-1587 
P 

AN X-RAY SURVEY OF THE CYGNUS REGION 

R. Giacconi, P. Gorenstein, H. Gursky, and J.R. Waters 
American Science and Engineering 

In order to localize and identify X-ray sources,  we have scanned 

t h e  Cygnus region with large area proportional counters flown on an  

attitude controlled sounding rocket. We find four X-ray sources in  the 

region between 70 5 PI1 5 100 , -16 5 bI1 5 +10 for which we have 

derived locations precise  to about 10  a rc  minutes. Two of these sources, 

the most intense, were previously known; we report the two others as new 

sources,  although they may have been observed previously i n  coarser 

surveys. The scanned region included Cyg A, the strong, extragalactic 

radio source, which is not observed to be a n  X-ray source. An optical 

search of two of the regions (described in the accompanying letter, 

Giacconi, Gorenstein, Gursky, U s  her, Waters,  Sandage, Osmer and Peach ,  

1967) has  revealed an object a t  the location of t h e  source Cyg X-2 which 

has visible light characteris t ics  similar to those of the  optical counterpart 

of Sco X- 1 (Sandage, Osmer, Giacconi, Gursky, Waters, Bradt, Garmire, 

Sreekantan, Oda, Osawa, Jugaku, 1966; Johnson and Stephenson, 1966). 

Another of the X-ray sources is in. the Cygnus X radio region and along the 

Cygnus spiral  arm. During the early portion of the same rocket flight, t he  

region -20° 5 1" 5 70  , centered at bl' = 0 was  scanned and included 

the observation of Sco X-1. T h e  data  gathered in that region will  be  dis-  

cussed i n  a forthcoming paper. 

0 0 0 0 

0 0 
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The existence of X-ray sources in Cygnus is already well  established. 

The very first  observations of celestial X-ray sources by  Giacconi, Gursky, 

Paolini, and Rossi (1962) i n  June 1962, in  conjunction with observations 

by the same group i n  October 1962, indicated the exis tence of a source in 

Cygnus (Gursky, Giacconi, Paolini, and Rossi, 1963). Subsequently, 

Bowyer, Byram, Chubb, and Friedman (1965) of the Naval Reserach Laboratory 

(NRL), reported observing two X-ray sources in  Cygnus during a June 1964 

rocket flight; Fishar, Johnson, Jordan, Meyerott, and Acton (1 966) of Lock- 

heed reported sr?eing a single source during an  October 1964 flight, and 

Byram, Chubb, End Friedman (1966) reported 4 sources based on an April 

1966 rocket flight, ont? of which was identified as  Cygnus A. By comparing 

t h e  data obtained durir.3 t h e  June 1964 and April 1965 flights, Byram et al. 

(1966) reported that the source denoted as  Cyg XR-1 had undergone a four- 

fold change in  intensity. 

two groups a re  summarized in  Figure 1. 

the Cygnus region with balloon and rocket-borne instrumentation to measure 

the spectra of the X-ray radiation originating i n  these regions, but with 

angular resolution too coarse to distinguish and locate discrete  X-ray sources. 

Except for the identification of Cyg A, which now appears to be incorrect, 

none of the X-ray sources has been associated with visible or radio objects.  

The  locations of the sources as  reported b y  the  

Other groups have also explored 

There were several  reasons that made the Cygnus region an  interesting 

one for observation. First, we wished to tes t  our working hypothesis that 

many of the known galact ic  X-ray sources are similar i n  their optical  char- 

acter is t ics  to Sco X-1. The X-ray sources in  Cygnus appear to be  isolated 

and, thus, eas ie r  to  local ize  than those near the galact ic  center where the 

X-ray source density is much higher. Second, t h e  region contains many 

interesting visible and radio objects that  might be X-ray sources; e.g. , 
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old novae, to which a connection is suggested by a current interpretation 

of the optical  data on Sco X-1. Finally, as noted, Cyg A had been 

reported to be an X-ray source at a power level  that  greatly exceeded t h e  

visible and radio emission from the galaxy. Such an  observation clear ly  

required verification. 

. The instrumented rocket utilized to achieve these objectives was  an  

Aerobee 150, flown from the White Sands Missi le  Range on 11 October 1966. 

The X-ray detectors were argon-filled, beryllium window proportional counters 
2 with a n  effective area of about 800 c m  . The low energy cutoff (counter 

efficiency < 25%) was  about 1 .5  keV and was determined by the thickness 

of t h e  beryllium window of 9.1 mg/cm The  high energy cutoff was  about 

1 2  keV and was  determined by the gas filling of argon which had an  equi- 

valent thickness of 9 .0  mg/cm The energy resolution of the counters was  

21%, full width half maximum (FWHM) for 5.9 keV X-rays. Counter signals 

originating from penetrating particles were eliminated by the u s e  of a veto 

signal from a group of guard counters. A l l  other signals were telemetered to 

the ground with their amplitudes preserved; however, only those signals 

corresponding to energies between 2 and 5 keV were used in  the analysis  

leading to the location of the sources. 

2 

2 

The detectors were arranged with two different f ields of view corres- 

ponding to what will be referred to a s  the (A t C) and the (B t D) counters. 

The shapes  and dimensions of t h e  two f ie lds  were identical  ( l ox  40°, FWHM) 
0 but did not exactly overlap. 

other along t h e  direction of the 40 dimension, as shown in  Figure 1. Thus, 

a source traversal would appear simultaneously in  t h e  two s e t s  of detectors, 

but the peak counting rate  would be  different depending on the location of 

the  X-ray source within the  field of view a s  the  source was  being traversed, 

The  centers were displaced by 20 from each  
0 
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The observations were made by slowly traversing the Cygnus region 

along several  different s can  l ines  which were obtained by having t h e  

rocket maneuver between fixed points i n  the sky  a t  preset rates.  

l ines  (see Figure 1) represent the  position of the  center of the  field of 

view of t h e  combined detectors.  

was approximately perpendicular to  the scan  l ines.  Thus, along l ines  1, 

2,  3 and 4, a band of sky  - 4 0  width was  scanned. The average rate  of 

scan  along these l ines  was  0 .4  /sec, 0.23 /sec,  0.5 /sec, and 2 /sec 

respectively. To make t h e  change in  orientation required to go from line 

1 to  l ine  2 and from l ine  3 to l ine 4, the rocket was  rotated about points 

A and B respectively. 

of - 4 0  diameter was scanned. T o  make t h e  change required to go from 

line 2 to l ine 3, t h e  rocket was  rotated in  such a way to carry t h e  X-ray 

These  

T h e  long dimension of the f ie lds  of view 

0 

0 0 0 0 

During these rotations, a portion of a circular sector 
0 

axis i n  the direction of the long dimension of the X-ray field of view. The  

purpose of this maneuver was  to reposition the detector axis in  preparation 

for the scan  along l ine 4. 

The instantaneous att i tude of the vehicle w a s  obtained by photographing 

the star field a t  a 1 second rate  with a 1 6  mm camera that  was equipped with 

a f / O .  9, 2 5  mm focal length lens.  

that of the X-ray detectors. 

was a function of t h e  scan  rate, and varied from about t3 m a g  to t6 mag. 

The orientation of the f i lm plane was found by reference to a minimum of 

four stars in each frame. Whenever possible  t h e  validity of the orientation 

measurement was  determined by comparing the calculated position on the 

f i l m  of those stars not used in  the analysis  with their measured position. 

The deviations between the two were typically 2 arc  minutes and represent 

the  reading error on t h e  individual stars.  

T h e  field of view of t h e  camera overlapped 

The magnitude of the faintest  detectable s tars  

The calculated orientation 
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of the f i l m  plane, s ince  i t  was  based on measurements of a number of 

stars, should b e  better than this ;  i n  fact, the scatter in  the curve that 

connects consecutive measurements of orientation (i. e., the scan  line) 

was  less than 1 a rc  minute. The relative orientation of the X-ray detec- 

tors with respect  to the film plane was  determined by a pre-flight survey 

that utilized parallel beams of light and X-rays. 

The X-ray data obtained during the times corresponding to t h e  scans  

shown in  Figure 1 are  plotted in  Figure 2. A number of peaks,  each corres- 

ponding to the transit  of an  X-ray source, appears i n  the  data.  A peak was  

defined as a one degree region. (i. e . ,  one resolution element) in  which the 

observed number of counts exceeded the  expected background counts by a t  

l e a s t  three times the square root of the observed counts (30-1. 

ground level was  obtained during the  interval of 230 - 255 sec, a t i m e  

when the detectors were viewing a region removed from t h e  galact ic  equator 

and where no sources are apparent. The background, which mostly resul ts  

from gamma-rays and t h e  inefficiency of the anticoincidence counters, as 

well  as a contribution from the  isotropic X-ray background, was  sensi t ive 

to the orientation of the vehicle and was  observed to change slowly by about 

20% during the flight. These changes did not significantly affect our ability 

to  select the peaks. A s  noted earlier, because of the offset  of t h e  detector 

axes, the peaks do not appear with the same intensi ty  i n  t h e  two sets of 

detectors. For example, the peak marked g appears much stronger i n  

(A t C )  than i n  (B t D), and the shong peak i i n  (A t C) does not appear a t  

all i n  (B t D). The data  a re  plotted as a function of time and the  widths 

of the peaks vary according to  the  instantaneous rate  of scan; e. g. , peak a 

is much narrower than peak g . The actual  angular widths are roughly a s  

expected on the basis of the known angular response of the detectors to 

X-ray sources with angular s i z e s  smaller than the angular resolution. 

The  back- 
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The data represent a series of one dimensional s cans  across  a 

Each  region that is known to contain a number of discrete sources. 

peak in  the data defines a l ine of position (actually the arc of a great 

circle) on which the source must lie. The relative counting ra tes  i n  t h e  

two sets of detectors res t r ic ts  the source position to  a portion of the l ine 

of position; precise  location is obtained from the  intersection of two or 

more l ines  obtained during the several  scans  a t  different orientations. 

The locus of possible source posit ions for all the peaks in  Figure 2 are  

drawn i n  Figure 3.  

unique s e t  of locations that agree with the data. 

sources be a t  the intersections of two or more l ines  of position, but the 

locations must also yield the correct relative source intensi t ies  as seen 

i n  the several  traversals. We  a l so  keep i n  mind the possibil i ty that a 

weak source may be  masked by a strong source. On this basis, the 1 4  

lettered peaks have been reduced to 5 sources, as  shown i n  Figure 3, and 

discussed in the following paragraphs. For convenience, we denote the 

sources as  S-1, S-2, etc.  

The problem of pinpointing the sources is to find a 

Not only must the 

- S - 1  This  source is a t  t h e  intersection of l ines  a, g and i. The 

greater intensity of peaks g and i i n  (A t C)  than in  (B t D) indicates a 

position south of scan l ine  2 .  Peak e is apparently also caused by S-1. 

I t  occurs during a time when the rocket made a transition from one maneuver 

to  another and was  undergoing a rapid excursion compared to the normal 

scan  rates.  

the other l ines  and was not drawn. 

The l ine of position corresponding to  e was  not a s  precise as 

- S-2 This source is a t  the intersection of l ines  d, 1 and m, a location 

that is consistent with peak d appearing in  (B t D) but not (A t C). 
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- S - 3  This  source is at t h e  intersection of l ines  b, f and j .  The 

position is consis tent  with these three peaks being of comparable .intensity 

i n  t h e  two detectors. 

source actually being traversed twice within a short t ime. A s  with e, 

t h i s  peak occurs at  a t ime when t h e  rocket was  switching between maneuvers 

and the motion was not steady. However, the s ta r  photographs allowed u s  

to plot the motion i n  detail,  and t h e  l ine of position could still be drawn 

with only a slight loss of precision. 

The doubling observed for peak b is a resul t  of the 

- S-4 The s m a l l  peaks c, k and n appear to have a common intersection 

within the expected errors which w e  use  to define this source. 

is c lose  to the limit of sensit ivity of this survey. 

i n  counters (B t D) which is consis tent  with t h e  source location. Peak c 

cannot be part of peak b (5-3), the correct shape of which can  be  seen in 

(A t C).  

A t  this time the rocket was  beginning to  re-enter the atmosphere, as shown 

by  the decreasing background, so t h a t  the decrease in intensity is as  

expected. 

tations are possible for peaks for cy k, n; the interpretation that we have 

chosen is the simplest  one that  accounts for the data.  I t  is possible  to 

interpret these peaks i n  terms of more than one source located i n  the scan  

region. 

either because the peak due to the source is obscured by the presence of a 

strong source, or that  the peak does not meet the 3~ requirement. 

Its intensity 

The peak c appears only 

The peak n does not m e e t  the 3u requirement in  each of the counters. 

Peak n was not used to determine location. Alternate interpre- 

T h i s  implies tha t  certain count ra te  peaks  a re  missing from the data, 

- S-5 This  source shows up only as peak h i n  (A + C). Since i t  does 

not appear i n  (B t D) nor along scan  l ine 1, i t  must be  well  south of scan  

l ine 2 and not consis tent  with being masked by peak a. I t  is apparently 

t h e  result  of a source outside t h e  Cygnus region at  around 1'' = 50 and 

observed earlier than 130 sec. These  data will  be discussed in  a forth- 

coming paper. 

0 
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The sources for which two or more intersections a re  obtained are 

l is ted in  Table I along with their intensity and location, the location 

always being taken as the intersection of t h e  two more precise l ines  of 

position. In each case the third l ine of position was  consis tent  with the 

derived location. We a l so  ass ign  a name to each  source in  accordance 

with the nomenclature we f i rs t  adopted i n  reporting X-ray sources i n  

December 1964, (Giacconi, 1964). The s i z e  of the error boxes for each 

location was determined from the uncertainty i n  drawing the individual 

l ines  of positions. 

t he  precision of the alignment between the camera and the X-ray fields of 

view, the knowledge of instantaneous orientation a s  found from the star 

photographs, and t h e  determination of the exact  t i m e  of transit  of the  

X-ray source in the counters. The 

actual  transit t i m e  was found by fitting the measured response curve of t h e  

collimator to the observed data,  and the error in  transit time was  determined 
2 from the X variation as the peak time was  varied. I n e a c h  case the  several  

errors were combined i n  quadrature. We have considered the  possible  sys- 

tematic errors which m a y  affect this  measurement. The largest  systematic 

error that we can  evaluate stems from the uncertainty i n  the  laboratory 

measurement of the relative position of the field of view of the X-ray detec- 

tors with respect  to the f i l m  plane of the a spec t  camera. If the spread 

between t h e  several  measurements that  were made of t h i s  quantity is inter- 

There a re  several  sources of possible error, namely, 

The largest  of these was the last. 

preted a s  a true displacement, rather than simply the random scatter around 

a mean value, w e  find that there may be present a 2 '  systematic error. 

Accordingly, this amount was added directly to the uncertainties in drawing 

l ines  of position to give the resulting error boxes shown i n  Figure 3 .  

The source posit ions are  shown in  Figure 1 along with the resul ts  of 
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earlier measurements carried out  i n  the Cygnus region. Cyg X-1 and Cyg X-2 

agree with earlier reported locations for X-ray sources in  the region. W e  find 

the two to be of comparable strength, although of somewhat lower intensity 

than reported by Byram e t  al. (1966) who also find the two to b e  of near equal 

strength based on their April 1965 flight. 

1/3 the intensity of Cyg X-2 (we will d i scuss  intensi t ies  relative to Cyg X-2 

rather’than Cyg X-1 which, as noted earlier, may be  variable) has  not been 

reported by  either Byram et al. (1966) or Fisher et al. (1966). 

The source Cyg X-3, which is about 

W e  do not see Cyg A a s  a n  X-ray source. This object was  traversed 

three separate times as shown i n  Figure 2. 

yields a counting rate  above background of 

2 to  5 keV region. The upper l i m i t  (3u) for 

0.03 c t s / cm -sec, about 1/15 of CygX-2. 
2 

Summing the data from these t ransi ts  

0.004 It 0.01 cts/cm -sec i n  the 

the intensity of Cyg A is thus 

2 

W e  also examined the data i n  

the  5 - 7keV energy range. W e  find a counting rate above background of 

11 8 x c t s / cm -sec i n  the region of Cyg A which is 1/6 that observed . 

from Cyg X-2 i n  the same energy range and consis tent  with zero. W e  conclude 

that our data a re  inconsistent with those reported by Byram e t  al. (1966), who 

report t h e  X-ray emission from Cyg A to be about 0.4 of Cyg XR-2, the source 

that w e  denote as  Cyg X-2. 

source was based on a n  unresolved peak adjacent  to Cyg XR-1, which it may 

be  possible to interpret i n  terms of a source a t  another location, perhaps Cyg X-3. 

2 

The earlier identification of Cyg A as a n  X-ray 

We do not see Cyg XR-4 or Vu1 XR-1. The former is reported to have a n  

intensity 1/3 Cyg XR-2, which we could not have failed to detect  (c. f . ,  peaks 

b, f or j i n  Figure 3 which correspond to t h e  s a m e  relative intensity). Cyg X-4 

is within the area of uncertainty of t h i s  source, but its intensity is found to 

be only 1/9 of Cyg X-2. Vu1 XR-1 may b e  masked by  Cyg X-1 on scan  l ine 1 

and too weak to be seen  on scan  l ine 3. 
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We turn now to the nature of the X-ray sources  themselves. Only 

two sources have been posit ively identified with known visible or radio 

objects.  One of these is t h e  Crab Nebula which was  first identified as 

a n  X-ray source by Bowyer, Byram, Chubb, and Friedman (1964) on the 

bas i s  of a lunar occultation observation. The X-ray emission region was  

found to be  at  l e a s t  2 ’  i n  diameter and centered with respect  to the optical  

emission of the  Crab b y  Oda, Bradt, Garmire, Spada, Sreekantan, Gursky, 

Giacconi, Gorenstein, and Waters (1967). The f lux  densi ty  (power per 

unit frequency) in  both visible and radio exceeds that i n  X-rays by many 

orders of magnitude. 

extending to a t  l ea s t  100 keV (Peterson, Jacobson and Pelling, 1966). 

The  other identified X-ray source, Sco X-1, (Sandage e t  al .  1966) is found 

to be a blue, star-like object in  which the flux densi ty  i n  t h e  visible con- 

tinuum is comparable to that found in  X-rays, and which is not observed to 

be  a radio source. 

decreasing between about 2 and 40 keV (Peterson and Jacobson, 1966). 

The X-ray spectrum appears to obey a power law 

The X-ray spectrum itself appears to be exponentially 

Regarding the  radio emission from t h e  sources examined in  t h i s  survey, 

we find that no radio source is l isted in the 4C catalogue (Pilkington and 

Scott, 1965) a t  t he  locations of Cyg X-1, Cyg X-2 and Cyg X-4 which puts  
2 a limit of about 2 MKS units ( w a t t d m  -sec (c/s)) for their radio emission 

a t  178 mc/s.  

reported by McCracken (1965) (who a l so  noted the  lack of a radio source) 

and by Bleeker, Burger, Deerenberg, Sc heepmaker, Swanenburg, and Tanaka 

(1967) to have a power-law X-ray spectrum extending to a t  l ea s t  60 keV, 

similar to that of the Crab Nebula rather than that of Sco X-1. However, the 

radio emission from the Crab Nebula is given as 1500 MKS units in  the 4C 

catalogue: thus,  Cyg X-1 is deficient in  radio by almost three orders of 

magnitude compared to the Crab even though the object is weaker than the 

Crab in  X-rays by only a factor of two or three a t  most .  

Th i s  limit m a y  be significant in the case of Cyg X-1 which is 
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Cyg X-3 lies directly along the projection of t h e  Cygnus spiral  arm 

as defined by the distribution of galact ic  hydrogen, (Kerr and Westerhout, 

1965) and almost centered within the Cygnus X radio complex: however, it 

does not coincide with any  one of the many individual radio sources into 

which this region h a s  been resolved by Downes and Rinehart, (1965). 

object is within the s m a l l  diameter (- 1/2 ) 0 associat ion VI  Cygni, 

(Munch and Morgan, 1953) which, i f  the coincidence is real ,  p laces  

Cyg X-3 a t  a dis tance of about 1500 pc. A possible connection between 

X-ray sources and 0 associat ions has been noted by O'Dell (1966). In 

view of the very heavy obscuration i n  this part of the sky  (the extinction 

i n  front of one member of the VI Cygni associat ion h a s  been reported as  

being between 9 and 10m by Morgan, Johnson, and Roman (1954)) i t  may not 

be possible to attempt a n  optical  identification, It is interesting to note 

in  this connection that from a preliminary analysis  of the data we find 

tentative evidence of a cutoff in  the X-ray spectrum of this object a t  low 

energy that  could be  indicative of interstellar absorption of the X-rays 

The 
0 

There are a number of prominent objects in Cygnus that, a priori, were 

considered a s  possible  candidates for X-ray emitters, but that  we do not 

observe as  sources. In particular, we  can se t  an  upper limit on t h e  X-ray 

emission from a number of old novae which were within our field of view. 

Regions containing P Cyg, Q Cyg, CP Lac, V404, DI Lac and V450 were 

scanned with no detectable signal. 

limits are,  we have computed the .expected X-ray intensity from these sources 

on the  bas i s  of their visual magnitude, assuming the ratio of X-ray to visible 

l ight outputs is identical  to the one observed for Sco X-1. W e  then compare 

our upper limit with t h e  expected value and we find that  we  observe 1/50 to  

1/6 of the computed intensity. 

To assess how meaningful our upper 

Q Cygnus, for example, which was traversed 
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a t  182 sec and a t  289 sec does not appear to  be a n  X-ray source. Its 

emission i n  X-rays is less than 1/200 of Sco X-1, while its visible’light 

,emission is about 1/10 of Sco X-1; i t  is thus deficient i n  X-rays compared 

to  Sco X-1 by  a factor of 20. 

P ayne-Gapo schkin, (1 9 6 4). 

The data on the old novae were taken from 

However, the failure to observe X-rays from a given object as  an  

X-ray source in the energy range 2 to 5 keV does not place a very signifi- 

can t  limit on i t s  X-ray emission a t  a slightly lower energy. 

are radiating by thermal bremsstrahlung, the high energy end of the spectral  

distribution will be of t h e  form exp (-hv /kT); if, a s  suggested by Manley 

(1966), the X-rays represent the synchrotron radiation of a flat  distribution 

of electrons with a high energy cutoff, the high energy end of the spectral  

distribution will be of the form (v / v ) l / ’  exp (-v/vC) where v varies as 

the square of the electron cutoff energy. At higher photon energies, where 

the exponential term becomes large, a s m a l l  change in  the properties (e.g., 

temperature or cutoff energy) of the X-ray source will have a substantial  

e f fec t  on the X-ray emission. We can, however, conclude that the tempera- 

ture of the gaseous envelopes that a re  frequently invoked to account for the 

optical continuum i n  old novae cannot exceed 10 

If the sources 

C C 

7 0  K. 

We can  summarize the resul ts  of this experiment as  follows. Except 

for the observed X-ray sources and excluding s m a l l  regions adjacent to  t h e  

sources, there is no X-ray source in Cygnus a s  strong a s  1/100 to  1/200 of 

Sco X-1. In particular, neither Cyg A or a number of the known old novae 

are  observed to be X-ray sources. 

are associated with even a very weak radio source; this includes Cyg X-3 

which is i n  a region where the density of resolved radio sources exceeds 

l/(deg) . 

Furthermore, none of the X-ray sources 

2 Of the X-ray sources for which an  optical search was  made, (as 
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discussed i n  the  accompanying paper) one, Cyg X-1, may be obscured 

optically; t he  other, Cyg X-2, is found to be associated with a visi'ble 

.object that  is similar to Sco X-1. 

is not unique and with Cyg X-2 belongs to a class of celestial objects 

in  which the  dominant radiative energy loss is in  t h e  form of X-ray, and 

which appear in visible light as a blue star-like object. 

sources were the only ones for which posit ions have been measured with 

sufficient accuracy to attempt a search for an  optical counterpart (apart 

of course for the Crab Nebula) and which are  not badly obscured. Thus, 

i t  must be presumed, on the bas i s  of what we  now know, that several  of 

the other known galactic X-ray sources a l so  belong to this s a m e  class. 

Thus, i t  would appear that  Sco X-1 

These  two X-ray 

We wish to acknowledge a number of illuminating discussions with 

Professor Bruno Rossi of MIT, Dr. Oscar Manley of ASStE, and Dr. Allan 

Sandage of t h e  Mount Wilson and Palomar Observatories. The work was  
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nautics and Space Administration under Contracts NAS W-1505 and NAS 

W-1583. We wish also to acknowledge t h e  cooperation and support of 

the staffs of the Goddard Sounding Rocket Branch and of the White Sands 

Missile Range. 
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Figure 1. The l ines of the center of the field of view of the X-ray detectors on the celestial  sphere for the 
Cygnus portion of the flight are  shown a s  a solid line with numbers and letters denoting the 
various maneuvers described i n  the text. The locations of the sources observed in  this experiment 
(AS&E) are  shown together with some previous determinations made by the NRI. (Friedman, Byram 
and Chubb, 1967) and Lockheed (Fisher e t  al. 1966) groups. Several prominent novae found in  the 
Cygnus region are shown as circles with a central dot. The insert labeled "Individual Fields of 
View" gives the collimator transmission plotted as a function of angle from the center of the field 
of view in  the direction of the long dimension. 
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Figure 2 .  The histograms of actual counts per one second interval versus t i m e  for the Cygnus portion of the 
flight is shown for pulses failing within the photon energy interval 2 to 5 keV. The numbers and 
upper case letters above the t i m e  scale  refer to various maneuvers described in  the text. Indivi- 
dual source transits are observed a s  peaks marked by lower case  letters and are  discussed in the 
text. 
instantaneous rate of scan. 

The width of the individual peaks reflects the angular width of the detector field of view and 
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RIGHT ASCENSION 

Figure 3.  The l ines  of position as determined by each individual peak i n  the counting rate  data is shown on 
the ce les t ia l  sphere. 
The ratio of counts i n  the detectors (A t C) to (B + D) restr ic ts  the length of the line. 
the length includes 2 l u  uncertainty as determined by the counting s ta t i s t ics  and a possible  2 
degree systematic error due to  differences in  counter efficiency. Arrows indicate lines which 
continue somewhat beyond the diagram. Intersections between l ines  representing counting rate  
peaks  of comparable intensi ty  determine the location of the four sources  shown. 
of the intersection region show the actual  location and the associated error box. 

The lower case le t te rs  show the correspondence to  the peaks in  Figure 2. 
A s  shown, 

Enlargements 
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ON THE OPTICAL SEARCH FOR THE 

ASE-1610 

X-RAY SOURCES Cyg X-1 and Cyg X-2 

R. Giacconi, P. Gorenstein, H. Gursky, P.D. Usherand  J.R. Waters 
American Science and Engineering 

A. Sandage, P. Osmer and J.V. Peach 
Mount Wilson and Palomar Observatories 

In an  attempt at  identification, a n  optical search of the sky  has  

been made near the new X-ray positions of Cyg X-1 and Cyg X-2 given 

in  the previous letter (Giacconi, Gorenstein, Gursky and Waters, 1967) .  

Anticipating the resul ts  of the rocket flight, we obtained photographic 

plates in August 1966 using the 48 inch Palomar Schmidt with the Haro- 

Luyten (19 62) three-color-image technique, The plates covered an  area 

7 

Byram, Chubb, and Friedman (1965). 

0 on a side and were centered near the early positions given by b w y e r ,  

The plates were inspected for objects  which were peculiar in their 

ultraviolet intensity, adopting again the working hypothesis that  the 

power spectrum of the source, expressed as  energy per unit frequency, 

would be flat between the X-ray and optical region of the spectrum. The 

physical bas i s  for such an  extrapolation is X-ray and optical energy 

production by either bremsstrahlung in an  optically thin plasma or by the 

synchrotron process for electrons possessing a flat energy distribution. 

This hypothesis had previously proved to be successful in the case of 

ScoX- 1 (Sandage, Osmer, Giacconi, Gorenstein, Gursky, Waters, Bradt, 
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Garmire, Sreekantan, Oda, Osawa, and Jugaku, 1966; Johnson and ' 

Stephenson, 1966). For that  source extrapolation of the spectrum from 

the observed X-ray region of the 10 keV to 1 keV into the optical  region 

( A  = 5500A) predicted V = 11.8, B-V = +0.10, U-B = -0.91 i f  no optical  

extinction were present, and indeed the optical  image of ScoX-1 was seen 

a t <  V > ~ 1 2 . 7 ,  B - V =  +0.2, and U-B z -0.8-values which a re  consis- 

tent with the prediction when the observed corrections for interstellar 

extinction and reddening of Av z 0.7 mag, E(B-V) z 0.2  3,  and E(U- B) z 

0 .17  a re  applied. 

The parallel predictions for Cyg X-1 and Cyg X-2 a r e  a s  follows: 

the X-ray intensity of both sources is about 2 0  t i m e s  smaller than for 

ScoX-1 (although the sources may be variable) giving A mag. = 3.2 

compared to the Scorpio object.  Therefore, in the absence of absorption, 

the optical counterpart of either object should appear at V =: 15 .1 ,  

B-V +0.1, U-B -0.9.  

The optical absorption in front of the two sources i s ,  however, not 
0 I1 0 negligible. Cyg X-1 a t  1" = 71 , b = +3  is in a region of extremely 

heavy absorption with A > 3 mag. The optical  image will, therefore, 

be faint and highly reddened with V > 18, B-V > 1.0,  and U- B > -0  2 .  

On the other hand, Cyg X-2 at  1 'I = 87O, b = -1 1 is well out of the 

galactic plane and there is no heavy, variable absorption visible on the 

Palomar Sky Survey prints. The cosecant  law of galactic obscuration 

gives A z 1.0  mag, E(B-V) 0.25, and E(U-B) z 0.18, i f  we adopt 

Hubble' s half layer absorption of 0 .2  5 mag. Consequently, the predicted 

magnitude and colors for Cyg X-2 a r e  near V = 16, B-V z +O.  4 ,  U- B -0.7. 

v -  

I1 0 

V 
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While the predictions for magnitude and color hold quite independ- 

ently from the angular s i z e  of the sources,  the predicted surface bright- 

n e s s  depends directly on it. The X-ray measurements themselves do not, 

in the case of Cyg X-1 and Cyg X-2, furnish an  upper l i m i t  to the angular 

size and do not exclude the possibility that  the sources may appear as 

nebulosit ies sufficiently extended to be undetectable. We have in this 

search assumed as an additional hypothesis that  the sources would appear 

starlike. A s  noted in the previous letter,  th i s  was not the case in the 

search for ScoX- 1 where a minimum surface brightness could be computed 

on the basis  of the X-ray data themselves. 

Inspection of a one degree, square field of the three-color plate 

in  the Cyg X-1 region revealed no peculiar ultraviolet image to an  estimated 

l i m i t  of V 

Sky Survey blueprint near the source. The s i z e  of the illustrated field 

is 4O by 5O and is centered about 1/4O north and lo east of the X-ray 

position, which is indicated by a square whose dimensions are f 10 minutes 

of a r c  on a side - the  X-ray position being a t  the center. Our inability to 

detect  the optical counterpart of Cyg X- 1 may be due to the heavy obscura- 

tion in the field and cannot be considered a s  evidence against  the working 

hypothesis. We a re  looking almost exactly along the inner edge of the 

local spiral arm (see, for example, maps in Kerr and Westerhout, 1964, 

Plate I1 and Figure 9; and Sharpless, 1964, Figure 10) - a region known 

to be filled with heavy dus t  clouds in many normal Sb and Sc galaxies.  

18 mag. Figure 1 is a reproduction of the 48 inch Schmidt 

The search was apparently more successful  in the case of Cyg X-2. 

A region 4 on a s ide,  centered near the X-ray position, was inspected to 

V 

properties, only one of which was near the new X-ray position, the other 

0 

18 mag. Three candidate objects  were found with peculiar ultraviolet 
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two being 0?9 and 3?2 distant.  The first object  is suggested as the 

tentative identification of Cyg X-2. It is marked in Figure 2 which is 

a n  enlargement from the Sky Survey print. The illustrated area has  

21h  42m 48', 

of the error area shown as  ,veil. The optical ca;ididate i s  a t  CY (1950) = 

. dimensions of 19' by 25'  2f arc with the X-ray position a t  CY (1950) = 

&(1950) r- +38O 1l'"marked a s  a cross a i d  with a portion 

h 21 4Zm 36f91, d(1950) = t-38' 5' 27:'9 with an  accuracy of about 0'!5 in 

both coordinates. The objecl is well within the X-ray error box. It is 

the prime candidat? because 0 %  its peculiar colors of l3-V = +O .4 ,  U- B 

= -0 .4  with V = 15.5 mag. - values which agree well enough with those 

expected on the basls  of our working hypothesis. The colors and magnitude 

have not been measured photoeleztrically but have been estimated by eye 

from the three-image plate using two photoelectric s ta rs  on the same plate.  

From the 48 inch Palomar Schmidt plates  no evidence for variability 

could be derived. While we have a s  yet no physical basis  for predicting 

variability, we felt that this was an  important phenomenological 

characterist ic of ScoX-1 that could perhaps be common to all objects  

belonging to the same class and, in particular, to Cyg X-2. At the sugges- 

t ion of 0. Manley, the variability of this object was  investigated by Usher 

using plates from the Harvard plate collection. Only two collections of 

plates,  those taken with the 8 inch Ross-Lundin l ens  (IR ser ies)  and those 

taken with the 3 inch Ross-Fecker lens  (RH ser ies)  had more than one  plate 

with the object above plate l i m i t .  The RH plates were more numerous but 

were of poorer photometric quality and no statements on s m a l l  amplitude 

( 5 1 mag) l ight fluctuations were possible.  The IR series had better 

images, but only 5 plates were found which showed the candidate object. 
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In addition to the candidate object,  twenty stars shown in Figure 3 

were measured on the Harvard Askania iris photometer. The probable 

error of a single measurement is * O .  02 mag. , but this  indicates  only 

the internal consistency of repeated measurements on a given plate and 

does not include systematic differences between plates .  An approximate 

magnitude sca le  for the s ta rs  was established using the nearby Selected 

Area 41 and the Palomar Sky Survey prints. The total amplitude, 

of the deviations from the mean magnitude, < m > , are  given in Table I 

along with the standard deviations 

candidate object in brightness. The comparison stars a re  l is ted in order 

of decreasing brightness. While cr increases  towards plate limit, we 

see that objects  9 and the candidate object 10 show the greatest  variation 

with amplitudes of 1.35 and 0 .90  mag. respectively.  On the assumption 

that the other 18 s tars  do not vary, probable errors of * O .  15 mag. for 

A m, 

cr for twelve s tars  that  bracket the 

< m > can be established. The finite t i m e  resolution of the plates could 

increase the amplitude, i f  the  brightness fluctuations a re  of the order of 

the exposure t i m e  (- 60 min) . 
The 5 IR plates  cover a t i m e  interval of from November 1939 to 

September 1948. Two of the plates ,  IR 10778 and I R  10859, were taken 

19 days apart. Figure 4 presents a portion of these  two plates  from which 

the variability of objects  9 and 10 can be seen.  The emulsion type is 

103a-0 and the exposure t i m e s  of the plates a re  60  minutes and 78 minutes, 

respectively.  

Our conclusion is that the candidate object 10 varies. Although 

object 9 a l so  var ies ,  it is not considered as a candidate because its 

color index is quite red, as determined by inspection of a pair of blue 

and yellow plates  taken simultaneously with the Damon patrol camera a t  

Harvard and it has  no peculiar ultraviolet excess on the 48 inch Schmidt plates .  

I P 



The a priori probability of finding an  optical  object  within the 

error box for Cyg X-2 that  meets the predicted magnitude and color 

requirements, and that  appears  to be variable as well, is quite s m a l l .  

We believe that this represents strong evidence that the candidate 

object may, in fact, be the X-ray source. We recognize that the area 

of uncertainty around Cyg X-2 contains many objects  brighter than +16 

mag., a lbei t  not with the correct color. This was not the case in the 

ScoX- 1 identification, where the optical  candidate was  the brightest 

object in the error box. 

In order to make a better comparison to ScoX-1 and to gain more 

confidence in this  identification, all efforts will be made by the Mount 

Wilson and Palomar group to obtain spectra and photoelectric photometry 
h of the candidate this  season when the 2 1  

with the Sun. The area around Cyg X-I. will a l so  be more carefully 

region passes  out of conjunction 

inspected for evidence of the X-ray source. 
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TABLE I 

0- 

0.11 

0.07 

0.07 

0.13 

0.60 

0.07 

Standard deviation u and total range of variability A m from 

5 plates  of the IR series for twelve stars in  order of increasing mean 

magnitude. 

A m  

0.25 

0.15 

0.15 

0.30 

1.35 

0.15 

Star 

2 1  

20 

8 

17 

9 

11 

Star 

18 

13 

10 

5 

16 

1 5  
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0- 

0.09 

0.11 

0.40 

0.13 

0.18 

0.27 

A m  

0.20 

0.25 

0.90 

0.30 

0.40 

0.60 
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Figure 1. Reproduction of a 4' x 5' part of t h e  Palomar Sky Survey blue photograph 
near t h e  X-ray position o€ Cyg X-1. The marked square is centered on the X-ray 
position and is the ac tua l  area of uncertainty determined for the  object. Copy- 
right National Geographic Society - Palomar Observatory Sky Survey. 

13-9 



N 

Figure 2. Enlargement of a 19' by 25'  of arc position of the Sky Survey 
print near the position of Cyg X-2. The X-ray position is marked 
by  a cross. The prime cangidate optical object at ~ ~ ( 1 9 5 0 )  = 21h 
42m 36f91, s(1950) = -38  5' 27:'9 is marked by an  arrow. The 
X-ray error box is indicated. The elongation of the optical image 
of the candidate object is caused by a neighboring 19th mag field 
s ta r  and is not due to an  intrinsic structure of the candidate object 
itself. 

N 
0 17 

2.5' 
1 

9 

Figure 3.  Finding chart for objects whose optical brightness fluctua- 
tions have been examined. Object 10 is the candidate. 



Figure 4. Portions of plates  IR 10778 and I R  10859 taken on September 
6-7, and September.24 - 25, 1948. The brightness fluctuations of 
objects  9 and 10 are clearly visible. The emulsion type is 103a-0. 
The exposure t i m e s  are 60 min. for I R  10778 and 78 minutes for 
IR 10859. 
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ABSTRACT 

The isotropic X-ray background may be interpreted by means of the 

superposed contributions from normal galaxies, provided that one takes 

into account evolutionary effects of the type suggested by the radio source 

counts. 
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THE DIFFUSE X-RAY BACKGROUND 

Joseph Silk 
Harvard College Observatory 
Cambridge, Mas sa chu s e tts 

Beyond about 1 keV (Strom and Strom 1961, Felten and Gould 1966) 

our galaxy, and indeed the universe, is remarkably transparent to X-rays. 

Early experimental results (Gursky, Giacconi, Paolini and Rossi 1963) 

showed that a substantial  contribution to the flux in the 1-10 keV region 

of the spectrum was  in the form of a n  apparently isotropic background. The 

suggestion was  made by Gould and Burbidge (1963) that this X-ray back- 

ground may be attributable to a superposition of unresolved extragalactic 

sources. A recent experiment (Seward, Chodil, Mark, Swift, and Toor 

1967) confirmed that the diffuse component (4-40 keV) was  isotropic, to 

within roughly 10 percent, on scans  perpendicular to and in the galactic 

plane. Various authors have chosen to interpret the X-ray background by 

means of inverse Compton radiation, which involves the scattering of a n  

assumed spectrum of high energy electrons by thermal photons (Felten and 

Morrison 1966), or by the superposition of unresolved galactic sources 

(Oda 1965; Friedman, Byram, and Chubb 1967). We are concerned here with 

the latter interpretation, specifically with the statement that the superposed 

contributions from normal galaxies give a n  isotropic X-ray flux which is 

roughly a n  order of magnitude below the flux actually observed. This result  

is misleading in that no account is taken of cosmological effects which may 

entirely change the intensity and spectrum of the background radiation. 

The cosmological effects that we  have in mind concern the evolution 

of galaxies in space and/or in t ime.  

available to a sufficiently low flux l i m i t  to enable quantitative statements 

to be made concerning the luminosity function and distribution of galaxies 

Data from radio source counts are now 
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in earlier epochs (Oort 1961; Davidson and Davies 1964; Gower 1966; 

Longair 1966). The observed excess of faint radio sources may be attri- 

buted, according to Longair, either to a luminosity evolution of the strong 

radio sources of the form 

-1 with a cut-off at z = 3, where f(v)  is the power of a source in ergs sec 

(C/S)-' ,  and z is the red-shift, or to a density evolution relative to the cos- 

- mic expansion of the form 

with a cut-off at  z = 4. Also, Schmidt (1967) has recently presented evi- 

dence for the density evolution hypothesis (with an index of about 3) based 

on his determination of the optical and radio luminosity functions for quasars. 

Clearly, one would expect analogous evolutionary effects to occur in the 

X-ray region of the spectrum. 

source counts are limited by the radio background temperature; in a similar 

fashion, the X-ray background will determine an effective cut-off. 

However, the cut-offs calculated fo; the radio 

In this communication, we show that if other galaxies emit X-rays at 

a rate comparable to that of our own galaxy, then the observed X-ray back- 

ground may be attributable to a superposition of X-ray emission from normal 

galaxies, provided that evolutionary effects of the type believed to occur at  

radio or optical frequencies are taken into account. It is assumed that the 

strong radio sources (and possibly .quasars) represent an early stage in the 

evolution of normal galaxies. 

Consider then a model for the power emitted by our galaxy over 1 - 100 keV. 

There are believed to be two types of galacticx-ray sources, characterized by 

Sco X-1, with exponentially decreasing spectrum, and the Crab Nebula, with 

spectral index a = 1. 32 2 0. 1 over 1-100 keV (Gould 1967). Unfortunately, 

these are the only two sources forwhich adequate spectral data are available, 

althoughrecent evidence indicates that CygX-2 may possess a spectrum similar to 

2 
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cr that of Sco X-1 (Gursky 1967), and that Cyg X-1 posses ses  a Crab-like 

power-law spectrum (Clark, Lewin, and Smith 1967). 

distribution of Sco X-1 type X-ray sources, a realistic estimate places the 

X-ray luminosity of our galaxy a t  about 10 e r g s / s e c  over 1-10 keV.’ For 

Crab-type sources, the overall X-ray luminosity is somewhat lower, at 

about 10 

tially at photon energies >, 10 keV (Peterson and Jacobson 1966), However, 

over 1-10 keV an  adequate representation of Sco X-1 is a power-law spectrum 

with index 4 = 1. 1 2 0. 3 (Giacconi, Gursky, and Waters 1965). A t  ener- 

gies >, 1 0  keV we expect Crab-type sources to contribute to the total X-ray 

luminosity. Therefore, the total X-ray spectrum of our galaxy may be approxi- 

mately represented by 

If we  assume a random 

39 

38 e r g s / s e c  over 1-10 keV. The flux from SCO X-1 falls off exponen- 

between 1 and 10 keV 

(3) 
f 2 ( V )  o( v- a2 ’ between 1 0  and 100 keV. 

-m -1 We shal l  introduce a correction factor C (u) = u 

which represents a n  evolutionary comection, equal to unity a t  the present 

epoch ( z  = 0), and expresses  the higher X-ray flux occurring in the past, be- 

cause of either a luminosity evolution (1) or density evolution ( 2 ) .  The value 

of the index m is approximately 3, according to the work of Longair and 

Schmidt. 

f (v )  = 

[where u = (1 t z )  1 ,  

-1 -2  c m  The total flux of radiation in ergs sec sterad-’ observed a t  

frequency v over a bandwidth A V  

Friedmannuniverse (A= 0) is given by the expression (McVittie 1965) 

from all galaxies in a zero-pressure 
0 0 

S(vo) = n c ’/’ du 

12q0 t ( l - 2 q o )  u 1  1/ 2 
vo/ v* 
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-75 3 , 
Here, n 

(Allen 1963), qo = 4 .rrG go/3Ho (where 

Hubble's constant a t  the present epoch) and V* is a cut-off frequency for f (  v )  

which can  be estimated by means of the following considerations. 

2 x 10 /cm is the present mean value of the density of galaxies 

(30 
2 9 

is the mean matter density and 

- 

The cut-off frequency v * must be such as to prevent S ( v ) from exceed- 

Moreover, v * must lie within the range ing the observed background flux. ' 
'We wish to  emphasize that since Sco X-1 type X-ray sources do not have any 
significant radio emission, the cut-offs deduced by Longair for the radio source 
counts (in order that  the extragalactic component of the radio background shal l  
not be exceeded) are not necessarily applicable in the soft X-ray region. 

over which our expression for f ( v ) is valid, and account must be taken of 

opacity due to Thomson scattering by free electrons. Absorption of photons 
6 by pair production is appreciable only at photon energies of 210 MeV (Gould 

and Schreder 19 67). 

We shal l  evaluate S ( v )  for two cosmological models, given by q = 1/2, 
0 

corresponding to the Einstein-de Sitter cosmology (or f la t  universe), and by 

qo = 0, corresponding to an  open universe. 

The latter c a s e  is a convenient approximation to  a Friedmann universe 
-3 1 -3 40 = 7 x 10 with mean density 

sec Mpc-' (for which q = 0.02) .  
0 

gm c m  andHubble constant H = 100 km 
0 -1 

We first  estimate the opacityof the universe due to Thomson scattering. 
3 There is a significant ( >10-6/cm ) density of free electrons in  intergalactic 

space  if the intergalactic temperature > l o 4  OK, a s  seems to be indicated by 

available evidence (Ginzburg and Ozernoi 1 9 6 6 ) .  Optical depth unity implies 

a red-shift z1 given by (Scheuer 1967) 0,046 2q0z13'2-l, for z >  '1. For 1 
= 0.02, we obtain z 2.22. These = 1/2, this gives z1 -8, and for q qo 0 1 
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values of z represent upper l i m i t s  to  v *  = v (1 + z ) i n  our integration 

over a l l  galaxies in  the universe. Any photons emitted a t  a frequency 
1 0 1 

-1 

1' 

vo(l + z )  

i f  z > z  

will not reach the observer a t  a t i m e  less than the Hubble t i m e  

Carrying out the integration i n  equation (1) for f (v) of the form (31, 

we obtain the resultant flux (for q = 0 or 1/21; 
0 

We see that the contribution to  the f lux due to  the first term in the 

expression for S(vo) is approximately of spectral  index m-1 for q = 0 or 
0 

2 m - 1 . 5  for qo = 1/2, while the spectral index for the second term is s( 

(= 1.32 2 0 . 1 ) .  

A value for the cut-off frequency v * may be chosen in each c a s e  to  
-2 -1 

make S(vo) agree with the observed flux of 9 .3  x erg c m  sec sterad-' 

over 4-40 kev (Seward et a l ,  1967). The value of the corresponding red-shift 

z 
* 

(= v*/l)o -1) is about 10  i f  the evolutionary index m is in the range 3 to 

3 . 5  i n  the q = 0 model (allowing for the uncertainty i n  f and 9). The 
0 1 

= 1/2 model explains the  background i f  m is between 3 .5  and 4, and in 

8. The low density universe provides a reasonable fi t  to the 
qO * 
this c a s e  z 

data on the X-ray background over the range 1-100 keV, i f  we assume a n  

evolutionary effect consis tent  with both radio and optical observations, and 

an  X-ray cut-off a t  a red-shift of z -10. The Crab-type sources do not make 

an  appreciable contribution to the background unless  the evolutionary index 
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is somewhat steeper than the values we have used. The predicted spectral  

index is in the range 2 - 2.5, in rough agreement with the observed value of 

2. 3 & 0. 2 (Gould 1967). If this interpretation of the X-ray background is 

correct, then a low density universe is implied, with a n  X-ray source cut-off 

at  z - 10. If one attempts to use  a significantly lower value of the cut-off 

redshift, then a correspondingly larger value of m is required, which tends 

to  s teepen the resultant spectrum beyond the observed slope. 

is open to  observational test by means of better determinations of the spectra 

of the diffuse X-ray component and galactic X-ray sources, together with de- 

tection of X-ray fluxes from other spiral galaxies,  such as M31. 

i t  should provide significant information about the manner in which galaxies 

evolve. 

This suggestion 

If confirmed, 

In conclusion, it seems possible that the early s tages  of galaxy forma- 

tion may be associated with intense emission in the X-ray region. 

seem at  least as plausible a s  the suggestion that the anomalously high in- 

tensity of the X-ray background (when evolutionary effects are neglected) is 

due to  a large number of peculiar galaxies having X-ray luminosities in excess 

of our own (Oda 1965, Friedman, Byram, and Chubb 1967). 

This would 

I would l ike to  thank Drs. H. Gursky and 0. Manley of American Science 

and Engineering and J. P. Wright of the Harvard College and Smithsonian Astro- 

physical Observatories for numerous enlightening conversations. 

performed while the author was at American Science and Engineering in Cambridge, 

Massachusetts and was  supported in part by contract NASW-1583. 
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APPENDIX D 

Preprint of a paper submitted to  the 
Astrophysical Journal, August 25,1967 

ASE -1712 

THE DISTRIBUTION OF GALACTIC X-RAY SOURCES FROM SCORPIO TO CYGNUS 

H. Gursky, P.  Gorenstein and R .  Giacconi 
American Science and Engineering 

Cambridge, M a s  sachuse t t  s 

I .  INTRODUCTION 

ray w The prevalence of 1i -ray sources on or near the Mil,,y th the 

highest concentration at  low galactic longitude is a well-established feature 

of their distribution. This clearly indicates a galactic origin for the majority 

of these objects of which about 30 are  reported. Observation of these sources 

in the denser regions of the Milky Way requires high angular resolution a t  

l ea s t  in the direction along the galactic equator; a survey by Fisher, Johnson, 

Jordan, Meyerott and Acton (19 66) of the Sagittarius-Scorpio 

a 1.8' x 2 0  

+ZOO < I" < -2OO. A t  least four X-ray sources occur in the Cygnus region 

of the Milky Way (Giacconi, Gorenstein, Gursky and Waters: 1967 a, 

Byram, Chubb and Friedman; 1966) and perhaps five sources are in the 

Cepheus-Lacertus region (Friedman, Byram and Chubb; 19 67) . The remainder 

of the Milky Way has  not been scanned with a s  high sensitivity a s  the above- 

named regions, although isolated sources a re  reported elsewhere. 

region utilized 
0 slit-shaped field of view and revealed six sources between 

The objective of the present survey was to es tabl ish the position of 

galactic sources between I 'I = -1 5' and 1'' = +90° with a higher precision and 

sensit ivity than had been previously attained and to measure the energy 
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spectrum of the X-rays from the stronger sources.  The survey was 

accomplished during a rocket flight on 11 October 1966; the rocket was 

equipped with a n  att i tude control system that was used to scan restricted 

. regions of the sky. The principal elements of the instrumentation were 

beryllium window proportional counters with an effective area of about 
2 800 c m  , sensit ive in the energy range 1 . 5  to 10  keV and collimated by 

s l a t s  to give a lo x 40 0 field of view at  half-maximum response.  

A major portion of the observational t i m e  was spent on scanning the 

Cygnus region and the resul ts  have been reported in a n  earlier paper 

(Giacconi, Gorenstein, Gursky and Waters; 1967a). In the present paper 

we report on source locations obtained when the galactic equator from 

B1'= -15' to 1'' = +70° was  scanned. Spectral data obtained throughout 

the flight are reported in the companion paper (Gorenstein, Giacconi and 

Gursky; 1967). We find 13 discrete sources in this region of which 10 are 

concentrated between 1" = -15' and B 'I = +20°. These resul ts  combined 

with those in  Cygnus and those reported earlier in Cepheus-Lacertus by 

Friedman et al, (1967), show an  apparent correlation with the spiral arms of 

the galaxy. Further considerations, based on the results of the X-ray 

spectra of these sources (described in the accompanying paper), allow u s  

to  construct models for the distribution of X-ray sources in the scanned 

region of the galaxy. 

I1 EXPERIMENTAL DETAILS 

Many of the detai ls  of the experiment are  reported by Giacconi et a1 

(1967a) and in the accompanying paper. The rocket carrier was a n  Aerobee 150 

equipped with an  att i tude control system. The init ial  scan  was along the 

galactic equator beginning a t  about I"= -15O. The rate of scan was 2' sec 

between 1 'I = -15' and 1'' = 25O, and 4' sec 

1" = +65O. Starting a t  I" =+65 , the rocket went through a series of more 

-1 

-1 between I" = 25' and 
0 
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complex maneuvers in  order to criss-cross the Cygnus region which, as 

noted, was the primary objective of the flight. The precise orientation 

of the field of view was determined from photographs of the s ta r  fieId 

taken during the flight. 

111. INTENSITY AND LOCATION OF THE X-RAY SOURCES 

X-ray data obtained in the energy range 2-5 keV were used to localize 

sources. The detectors were divided into two groups, designated (A -t C) and 

( B  + D).  Each group had an effective area of about 400 c m  . The data in 

Figure 1 show the scan of the region from 1" = -15' to 1" = +20 : Figure 2 

shows the data taken between 1" = +20 

the long dimension of the field of view was essent ia l ly  normal to the galactic 

equator. 

2 

0 

0 0 and 1'' = +65 . In these two scans 

0 We define a peak as  a time-interval of the data equivalent to a 1 

of scan (lo is the half-width of the field of view) in which the counting rate 

exceeds the background counting rate by three times the expected s ta t is t ical  

fluctuation based on the number of counts occurring within that data interval. 

The background level was determined during those t i m e s  when apparently no 

sources were in the field of view. On this basis ,  eleven peaks a re  found in 

the data of Figure 1, and two are  found in Figure 2 .  Each of these peaks is 

taken to resul t  from the transit  of a n  X-ray source which, for convenience, 

we identify as  S6 through S18, S1 through S5 being used to designate sources 

observed in the Cygnus scan  and referred to by Giacconi et a1 (1967a). The 

t i m e  corresponding to the maximum of the peak, which is the same i n  the 

two groups of detectors, defines a l ine of position along which the source 

must lie, The centers of the fields of view of (A + C) and ( B  + D) were 

displaced by 20': thus,  the relative counting rates  observed by the two groups 

of counters give crude information on the position of the source along the line. 

For example, S13, which is apparently caused by Sco X-1, appears in  counters 

angle 
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(A + C), but not a t  all in (B + D), which is consistent with the distance of * 

that source from the galactic equator. Another source, S17, also appears 

only in (A + C) which indicates a position at  least 10' off the equator. 

The l ines of position of the X-ray sources are shown in Figure 3. 

Because of the orientation of the field of view at the instant of transit,  

these are  nearly normal to the galactic equator and give the galactic longi- 

tude of the source with high precision. The position of the source along the 

l ine (galactic latitude) is given by the ratio of the counting rates in  the two 

detectors. The length of the l ine is given by the statistical uncertainty in 

the ratio. Also plotted in Figure 3 are  positions of X-ray sources a t  low 

galactic longitude reported by Clark, Garmire, Oda, Wada, Giacconi, Gursky 

and Waters (1964) and by Fisher e t  al. (1966) based on surveys of that region 

with instruments having comparable angular resolution to those used in the 

present observation. There appears to be good agreement between the 

various surveys. Apparent disagreements can  be resolved on the basis of 

the somewhat poorer angular resolution of earlier surveys and differences in 

sensitivity, although, as  discussed in  the companion paper, there is some 

evidence for variations in  intensity of these sources.  Fisher et a1 (1966) 

do not report seeing 512 which may  not have been resolved from the nearby 

and more intense S 11. The remaining unreported sources may simply have 

been too weak to have been observed, or too close to other sources to have 

been re solved. 

0 Low angular resolution surveys of the region between +ZOO < I 'I < -20 

(c.f . ,  Friedman et al, 1967) show considerable source confusion and cannot 

be directly compared to the present observations. We do show the position 

of Ser XR-1 as reported by Bower ,  Byram, Chubb and Friedman (1965) which 

is out of the region of high source density. 
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Although the present data contain only crude information on the 

galactic latitude of the X-ray sources,  it is apparent from Figure 3 that  

we can  use  earlier observations to l i m i t  the range of lati tude for some  of the 

X-ray sources.  Fisher et al, (1965) state that the sources a t  1'' < ZOO are 

within 3 of the plane and the same conclusion was reached by Friedman 

et a1 (1967). The earlier experiment of Clark et al, (1964) shows similar 

dispersion in latitude for these sources.  We are s t i l l  left with a n  uncertainty 

of a t  least 4 3 

0 

0 for the latitude for any given source. 

A few details  require further discussion. A s  was discussed by Giacconi 

e t  a1 (1967a), one of the X-ray sources observed during the scan of the Cygnus 

region (designated as S5) was actually located south of the Cygnus region. 

A s  shown in  Figure 3, the l ine of position for 55  intersects  both S6 and S7, 

and there is no bas is  in the counting rate  data for deciding which of these 

two sources actually gave r i se  to S5. We note that S5 passes through the 

region of Ser XR-1 which is clearly the same source as S7. 

With one exception the widths of the peaks are consistent with the 

angular response of the collimators, indicating a n  angular s i z e  of the sources 

of less than about 1/2'. The peak, 99, does appear broader than is allowed 

by the collimators and indicates either a n  emission region of about one degree 

extent or, what is more likely in  view of the high density of sources,  the 

presence of two sources of near equal strength within one degree of each  

other . 
The lines of position of the X-ray sources observed in  the present 

survey are  shown more precisely in Figures 4 and 5. For the purposes of 

identification, we designate the source by the prefix GX followed by the 

galactic longitude ( I  ) of the intersection of our l ine of position and the 

galactic equator. Since our l ine of position is not precisely normal to the 

galactic equator, the true longitude is a weak function of the actual  position 

of the X-ray source on the l ine.  

I1 
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The sources a re  l is ted in  Table I and include the sources in  Cygnus. 

For the GX sources we list the uncertainty in position in the direction 

normal to the l ine of position (&) which is composed of the product'of the 

uncertainty in  determining the t i m e  of transit of the source and the rate of 

scan and a possible systematic error of 3',  as discussed by Giacconi et a1 

(1967a). The remaining sources of error, such as  knowledge of instantaneous 

position of the rocket, give smaller uncertainties. Additional errors may, 

of course, be introduced by the possible overlap of weaker unresolved sources.  

The l ine of position we obtain for Sco X-1 (S13) comes within 8 a rc  minutes 

of the recent position reported by Gursky, Giacconi, Gorenstein, Waters, 

Oda, Bradt, Garmire and Sreekantan (1966) for that object.  The 8 a r c  minutes 

is actually consistent with timing and position uncertainties. Since Sco X-1 

is about 25' from the pasition of the center of the field of the detectors, a 

small error in rocket position produces a much larger error in source location 

than for the other sources.  

In Figures 4 and 5, we have also plotted the positions of the radio sources 

given by Westerhout (1958) and several other objects. Fisher  et a1 (1966) noted 

a possible correlation of one of h i s  X-ray sources and the diffuse nebula M16 

(identified as W37) and Minkowski and Johnson (1967) have noted the proximity 

of the peculiar nebulosity NGC 6302 and another source. 

falls on one of the X-ray l ines  of position, and we feel that the uncertainty of 

positional accuracy is such tha t  we can exclude the possibil i ty that either of 

these is one of the observed X-ray sources. The galactic center (1 
-2 traversed a t  T = 110 sec, and there is a t  most a weak source (less than 10 

Sco X-1) at that  position. Sco X-1 blocks the galactic center region as seen  

in  the (A t C) counters. In Figure 2 in  the (B t D) counters, Sco X-1 is not 

apparently recorded but the  counting rate is higher there than the background 

elsewhere. While i t  is possible tha t  this increase is caused by weak, unresolved 

sources, w e  cannot exclude some residual count-rate due to Sco X-1. 

Neither of these 

I1 = 0) was  
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'TV THE DISTRIBUTION OF THE X-RAY SOURCES 

The Crab Nebula remains the only well-known object that is positively 

identified as an X-ray source. The recently discovered optical  counterparts 

* of Sco X-1 (Sandage, Osmer, Giacconi, Gorenstein, Gursky, Waters, Bradt, 

Garmire, Sreekantan, Oda, Osawa, and Jugako, 1966) and of Cyg X-2 (Giacconi, 

Gorenstein, Gursky, Usher, Waters, Sandage, Osmer, and Peach, 1967 b) 

have revealed the existence of a class of galactic objects in  which X-ray 

emission is the dominant radiative process. There is evidence that C a s  A 

and C a s  B are weak X-ray sources (Friedman e t  al, 1967); however, the 

nature of the remaining galact ic  sources is not known. 

Gross correlations with prominent features of the galaxy can  be used 

to reveal the nature of the X-ray sources. Braes and Hovenier (1966) using 

locations given by Bowyer et al,(1965) and Clark e t  a l ,  (1965), first pointed 

out that t he  X-ray sources were located c lose  to the OB associations and that 

Sco X-1 and Cyg X-2 were on a l ine between OB associations and "runaway" 

s tars .  O'Dell (1967) attempted to demonstrate an  actual coincidence between 

the sources l is ted by Fisher e t  al, (1966), and OB associat ions i n  the region 

20' < I 'I < -20 . These  correlations suggest that X-ray sources are young 

objects and that they lie in the spiral  arms. Using the present data, we make 

similar comparisons. W e  first  note the  general distribution of certain galact ic  

objects between I = -15 and I = +90. In Figure 6, we  replot the locations 

0 

I1 0 I1 

of the X-ray sources reported here, along with reproductions of the radio emission 

obtained by Westerhout (1958), and the distributions of the optical H I1 regions 

prepared by Plaut (1965) and the old novae prepared by Sharpless (1965) plotted 

on the same longitude scale. 

spiral arms, while the old novae are considered representative of older objects 

that do not coincide with the spiral arms. 

The H I1 regions are used as indicators of 

The distribution of the directions to the X-ray sources can be summarized 

as follows: 

1. Most of the X-ray sources lie within several  degrees of the 

galact ic  plane. D-13 
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RADIO DISTRIBUTION(I390 mc/d 
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Figure 6 Comparison of the distribution of X-ray sources with known 

galactic objects. 

hout (1959), the HI1 distribution is that prepared by Plaut (1965) 

and old novae distribution is that of Sharpless (1965). The 

angular scale is identical in  all four plots. 

shown are based on the present survey only. 

The radio distribution is taken from Wester- 

The X-ray positions 
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2. 

3.  

4. 

The distribution in  longitude is highly unsymmetrical. A large 

number of sources f i l l  the Sgr-Sco region from I = -15 to 

I 'I = t 1 7  ; there are very few sources from 17 to 70 , and 

finally four sources appear i n  the Cygnus region. 

I1 0 

0 0 0 -  

The region of high source density at low galactic longitude does 

not extend pas t  I 'I = 1 7 O  which is in  agreement with the distribution 

of H I1 regions. 

Outside the Sgr-Sco region there is a high degree of correlation 

with tangential directions of the spiral  arms. Based on various 

optical and radio studies,  spiral  arms are  indicated as encom- 

passing several  degree regions at I 'I = 30 , SO0, and 80' (Kerr 

and Westerhout, 1965); and we observe X-ray sources a t  

I 'I = t80.  Oo, t48 .  7, and t36.3', the latter two being the only 

sources observed between I = 1 7  and I = 70 . The coincidence 

is very striking in  the  case of GX t80 .0  (Cyg X-3) which is essent ia l ly  

centered within the Cyg X radio complex, and GX t48.7, for which 

our l ine  of position p a s s e s  close to the radio sources W51. This 

radio source has been resolved by Gol'nev, Lipovka, and Pariiskii, 

(1966) and by Mezger and Hoglud, (1967) into several  dist inct  

sources within the t 5 0  arm a t  a dis tance of 6. 5 kpc. 

0 

0 

I1 0 I1 0 

0 

Points 1 and 2 suggest large dis tances  (- kpc) for the X-ray sources. 

Closer  objects would be expected to  show a larger dispersion i n  latitude and 

more symmetry in  longitude. Points 3 and 4 support the idea that many of the 

X-ray sources lie within t h e  spiral  arm. 

I t  is possible to place groups of X-ray sources within specific spiral arms, 

a t  least as a working hypothesis. However, we are  faced with the difficulty 

that there is no commonly accepted picture of the spiral  arm structure. In 

Figure 7 we reproduce the map of the galaxy constructed by Sharpless (1965) 

which is a composite of the  arms as defined by optical data and by the 

distribution of neutral hydrogen as determined from the 2 1 c m  radio studies.  
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4 

Sgr - s c o  

DO-076 

Sources 

Figure 7 Direction of X-ray sources superposed on a map of the galaxy 

prepared by Sharpless (1965). The map shows the isodensity 

contours of neutral hydrogen a s  derived from the 2 1  c m  radio 

studies and the spiral arms (shown a s  curved segments of solid 

and dashed l ines) a s  deduced from optical data. 

used for the arms (Sgr, Orion, and Perseus) are those given by 

S harple s s . 

The names 
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On this map we superimpose the X-ray source directions. The data on the  

Cep-Lac sources are taken from Friedman e t  al, (1967). 

I1 0 The failure to observe sources beyond I = 17 in  the Sgr-Sco region 

suggests placing that group of sources in the Sagittarius arm which, as 

defined by the optical data, is at a distance of 2 kpc. As seen  from Table I, 

the Cygnus group of sources is weaker than the  Sgr-Sco sources, and, as 

reported by Friedman e t  a1 (1967), the Cep-Lac sources are even less intense. 

Assuming all these sources a re  of comparable intrinsic luminosity, their 

relative intensity can be  used as an indication of distance.  

prefer to place the Cep-Lac sources in the Perseus arm a t  a distance of 3-4 kpc 

rather than in the much closer  Orion arm. Also, t h e  Cygnus sources should 

be  a t  greater distances than is indicated for t h e  Orion arm as  defined optically. 

They may be associated with the spiral arm revealed in  radio that pers is ts  

for about 4 kpc i n  the 80 In view of the differences in the radio 

and optical resul ts  on t h e  a rm structure, i t  is not possible to reach definite 

conclusions on the source distribution without reliable estimates of the 

distances to the X-ray sources.  Low energy absorption data of the kind 

presented in the accompanying paper, in  conjunction with the distribution 

of neutral hydrogen, can  form one basis for estimating distances.  It is, of 

course, possible that t h e  observed absorption occurs i n  the immediate proximity 

of the different X-ray sources. However, we note t h e  apparent correlation 

between absorption and galactic features - sources nearer to the galactic 

plane apparently exhibit a greater degree of absorption, which suggests  

absorption in  the interstellar medium. Assuming normal abundances of the 

middle z element relative to hydrogen, the  absorption noted for the Sgr-Sco 

sources requires from 1 to 3 x 10 

implies path lengths between 3 and 9 kpc. 

the experimental data and t h e  absorption properties of the interstellar medium, 

the range of uncertainty in distance must be increased even further. 

largest  absorption effect is observed in Cyg X-3, a 'source which lies along 

Thus, we would 

0 direction. 

22  2 H atoms(cm along the line-of-sight, which 

In view of the uncertainties in  both 

The 
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the denses t  portion of the neutral hydrogen along I 'I = 80'. The required like- 
2 of-sight hydrogen (3 x loz2 H atoms/cm ) is consistent with a distance of 

several  kpc to this object. 

From the directional information and the spectral  measurements we  thus 

derive a G1ialitaLive model of the X-ray source distribution i n  t h e  galaxy: 

namely, that the presently observed X-ray sources are located in the spiral  

arms. This m,3y be indicative of their young age or of the rapidity of their 

evolution to the present stage. Many of the X-ray sources are several  

kiloparsec distance from us.  This model can be used to  estimate the intrinsic 

brightness of the  X-ray sources and their abundance in  the galaxy. I t  can a l so  

be used to compare absorption features of the interstellar material as measured 

in X-rays with the predictions based on optical and radio observations. 
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ASE-1713 

THE SPECTRA OF SEVERAL X-RAY SOURCES IN CYGNUS AND SCORPIO 

P. Gorenstein, R. Giacconi, and H. Gursky 

American Science and Engineering 
Cambridge, Massachuset ts  

I. INTRODUCTION 

We have analyzed the spectra of several  X-ray sources that were ob- 

served during a sounding rocket flight on 11 October 1966 described i n  the 

preceding paper (Gursky, Gorenstein, and Giacconi, 1967). These include 

the three strongest sources i n  Cygnus and six at low galactic longitude. 

The results indicate that the spectra exhibit variations i n  their degree of 

hardness and in  their behavior at the low energy end. 

is a deficiency of low energy photons that  is consistent with either self ab- 

sorption i n  the source or interstellar attenuatiop. The most notable example is 

the recently discovered source Cyg X-3 which is located i n  the Cygnus X radio 

complex. 

hibit this  effect but it is present in  several  of the sources in the Sagittarius- 

Scorpio region. 

In several  cases there 

Neither Sco X-1 nor the two strongerx-ray sources in Cygnus ex- 

11. EXPERIMENTAL DETAILS 

The X-ray detectors consisted of eight identical  proportional counters 

measuring 16" x 2" x 2 I' and containing a 1 a t m  mixture of 90% argon and 

10% methane. The thickness of the beryllium entrance windows was about 

0. 003". A collimator limited the field of view to lo x 40°, full width at 

half maximum. The spectral data  are  based on events occurring while a source 

was between the half transmission points of the  1 0 direction. Except for 
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' +  0 Sco X-1 all these  sources were observed near the center of the  40 

tion. 

direc- 

Since the rate and direction of the scans  were variable,the number 

of observed counts from each source does not necessar i ly  correspond to 

.its strength. The total  effective area after collimation was about 800 c m  

Several radioactive sources with energies between 1. 5 keV and 2 2 . 1  keV 

were used in  the calibration of the amplitude and resolution response of t he  

system. The detectors proved to be fairly uniform in  response over m o s t  of 

their length. 

the expected variation with energy. 

radioactive sources were made through the telemetry system several  days 

prior to flight. Continual calibrations of the telemetry input s ignals  were 

2 

The resolution a t  5. 9 keV was 21% ( F W M ) ,  and it showed 

Calibration irradiations using a set of 

made daily up to several  hours before flight by means of a pulse height 

analyzer. No  X-ray sources 

were aboard during the flight itself but the expected changes in  gain (on 

the basis  of measured temperature increases during previous flights) were 

not significant. 

No significant drift in  gain was observed. 

The amplitude of each individual event was telemetered to ground a t  

the t ime it was  observed. 

of its energy. 

The dead t i m e  following an  event was independent 

At all t imes  during the flight (including the observation of 

Sco X-1) the counting rates were below the level at which spectral  distor- 

tions would become significant. 

111. ANALYSIS OF THE DATA 

The intent of the analysis was to ascertain whether or not the f i t  of 

the observed data to an  optically thin source model would be improved by 

the inclusion of a finite amount of low energy attenuation, and to quanti- 

tat ively determine the amount needed. 

optically thin, the spectrum will typically be monotonically decreasing 

except for the possible effect of spectral lines. 

increase indefinitely with decreasing energy. 

eventually become opaque to X-rays and it is possible that  some of the X-ray 

If the X-ray emitting region is 

However, the flux cannot 

The interstellar medium mu st 
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sources are surrounded by cooler gasous envelopes that cause  a significant 

absorption effect. 

itself totally transparent to  X-rays. 

the primary absorption mechanism is photoeffect by middle and low Z ele- 

ments; ignoring the effect of edge discontinuities the attenuation will vary 

as the minus 8/3 power of the energy. 

Finally, it may be  that the actual source region is not 

Whatever the nature of the attenuation 

The individual spectra were analyzed by calculating the response of 

After correction for dead the detectors to an  assumed photon distribution. 

t ime,  background, and position in the field of view, the observed histograms 

of counts versus energy were compared to  calculated histograms covering the 

same energy intervals. 

tered at 1. 75 to  7. 75 keV plus one 2 keV bin a t  9. 25 keV. 

affecting the performance of proportional counters were included in the 

calculation of the expected response histograms, such as the counter window 

attenuation, the gas  absorption probability, the e scape  of fluorescence 

radiation, the amplitude dispersion due to resolution and escape,  and the 

finite width of each entry of the histogram. The calculated and observed 

histograms were compared (after normalization) and the bes t  f i t  was chosen 

on the basis  of the minimum chi  square. 

spectra such as  a temperature or low energy attenuation parameter were 

determined from the bes t  f i t .  

Events were grouped in seven bins of width 1 keV cen- 

Various factors 

Free parameters i n  the assumed 

Within the observed range of energies the statistical accuracy is not 

sufficient for discriminating among the various possible spectral  types, i. e. , 
exponential, power law, e tc .  Consequently, except for Sco X-1 and 

Cyg X-1, where measurements do exist over a broad range of energies, there 

is no basis  for choosing the spectral  function. The energy spectrum of 

Sco X-1 is bes t  represented by the exponential function characteristic of 

bremsstrahlung from a thin hot gas  while the spectrum of Cyg X-1 is more 
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consistent with a power law behavior. The other sources have not yet  Been 

observed in sufficient detail  at the higher energies, but there are strong in- 

dications tha t  they are not as eas i ly  seen  as  Cyg X-1. 

following functions (number per unit energy) were considered: 

In the analysis  the  

brems s trahlu ng with attenuation 
8/3 - ( W E )  e 1 )  Ae 
8/3 - E- )-/E 2)  Ae 

-1.) -E/ KT 
3) AE2/(e 

power law with attenuation 

black body 

The first function was fitted to the ddta from all the  sources, the second to 

Cyg X-1 and the third to Cyg X-3. 

free parameters. 

energy at which the optical depth is unity i n  the absorbing region. 

normalization was determined by minimizing the chi  square with respect  to 

A for each fixed Ea and T or X. 

T ( X )  for which the chi  square was a minimum. 

the t rue spectral function means that the temperature parameter, T, (ex- 

ponent, X) of the bes t  f i t  should be interpreted merely as an  index of spectral  

hardness rather than a true physical quant;.ty. 

a re  obtained from a two parameter analysis the magnitude of Ea is correlated 

with T(X).  At any point away from the absolute minimum chi  square, i f  T (1) 

is incremented positively by A T (AX) there is a negative (positive) increment 

AEa which leaves the chi  square unchanged. 

express E a  and its uncertainty AEa independently of T(X). 

The  quantities Ea, T, and X were left as 

Ea is the 

The 

T and A have their cmvent ional  interpretation. 

The ”bes t  f i t ”  was the parameter set Ea and 

The lack of knowledge of 

Furthermore, s ince the quantities 

Hence, it is not possible to  

There are  several  systematic errors which must l i m i t  the sensit ivity 

of the measurement, the most important being the characterist ics of the detec- 

tor window. At bes t  as could be determined its average value was 0 .003”  beryllium 

with variations of about 10%. 

somewhat greater than the value indicated by the thickness of beryllium i f  there is 

The actual detector wall attenuation may be 
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heavy me ta l  contamination. Also, a window support structure extended into 

the counter interior creating a small dead region of electric field irregularities. 

Considering these uncertainties one must allow a systematic error that places 

a lower l imi t  of about 1 keV upon the minimum value of Ea that can  be deter- 

mined. 

IV. RESULTS 

Cygnus Region 

The spectral  analysis of each of three X-ray sources in  Cygnus is 

based on observations made during three separate  t i m e  intervals. 

Figure 1 in  Giacconi, Gorenstein, Gursky, and Waters, 1962)  These intervals 

include scans  with the40° field of view direction both parallel and perpendicular 

to  the galactic equator. 

conditions that  are  approximately equivalent with regard to total  observation 

t i m e ,  scan  rate, and field of view orientation. Between the source observa- 

t ions there were a 5 second and a 2 5  second t ime interval i n  which no sources 

a re  apparent. The spectra derived from these  two intervals a re  consis tent  and 

were taken a s  the  background for a l l  three sources. 

the calculated response corresponding to the bes t  f i t  are  shown in  Figure 1 

for the three sources, and the resul ts  of the fitting procedure are  summarized 

in  Table 1. 

tivity of the chi  square to the parameters Ea and T. The Cygnus sources are  

discussed individually below. 

(See 

Data from each of the three.sources was  obtained under 

The observed counts and 

The quoted errors are statistical only and are  based on the sensi-  

cyg x-1 

Observations of the X-ray emission from Cyg X-1 have been made with 

both rocket and balloon borne instrumentation. 

of 1-80 keV. 

brightest source in  the sky. 

Results cover a dynamic range 

In fact ,  for energies greater than 40 keV i t  appears to be the 

Spectral data a t  lower energies was reported by 
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PHOTON ENERGY (keV) 
Figure 1: The histograms of counting rate versus  energy are  shown for 

three X-ray sources in Cygnus. The curves are  continuous histrograms 
which result  from the calculated response of the detectors to  an  assumed 
photon distribution, dN/dE ^'(Ea /E)* / exp (-E /KT) /E. Various factors 
affecting the performance of proportional counters and the finite width ' 

of each energy bin are included. The quantit ies Ea and T were left as 
free parameters. The values quoted are associated with the curve re- 
presenting the bes t  f i t .  

. 
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Grader, Hill, Seward, and Toor (1966). A t  the higher energies resul ts  have 

been reported by McCracken ( 19 66), Bleeker, Burger, Deerenberg, Scheepmaker, 

Swanenburg, and Tanaka (1967), Overbeck, Womack, and Tananbaum (1967), 

and Clark, Lewin, and Smith (1967). Most of these other observations can- 

not completely exclude a contribution from Cyg X-3 which i s  about 10 distant. 

The bes t  f i t  of a power law spectrum to the present data gives 

an exponent,X=-0. 7, which is consistent with the higher energy experiments. 

Both the power law and the exponential function succeeded in fitting the data 

about equally well with no low energy attenuation required. 

0 

cyq x-2 

A s  seen  from the bes t  values of the fitted temperatures, the spectrum of 

This is con- Cyg X-2 appears to be considerably softer than that of Cyg X-1. 

s is tent  with most of the experiments in the higher energy range in which the 

latter is readily observed while the former is not. 

some low energy attenuation beyond the s ta t is t ical  uncertainty in the spectrum 

of Cyg X-2,  which is seen  only in the lowest energy bin. 

There does appear to  be 

CY9 x-3 

The most interesting aspec t  of the spectrum of Cyg X-3 i s  i t s  apparent 

low energy attenuation in comparison to the other two sources in Cygnus. 

effect goes considerably beyond the s ta t is t ical  and systematic uncertainties. 

It is not possible to attribute this  feature to instrumental effects. The effect 

is not confined to the first energy bin: in fact, the actual peak in the counting 

rate is between the third and fourth bins, a t  a higher energy than for any other 

source observed in this experiment. 

which Cyg X-1 and Cyg X-2 are a l so  seen, all give the same result; these in- 

clude observations with the long dimension of the field of,view both perpendi- 

cular and parallel t o  the galactic equator. Examination of additional data out- 

side the collimator half transmission points indicates that the effect is not the 

result  of a systematic error that is related to the difference in strength between 

the Cygnus sources. 

The 

Three separate scans  of the region, in 
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It is possible to attain a n  equally good f i t  to the observed spectrum 

of Cyg X-3 with an  attenuated bremsstrahlung spectrum and a black-body dis- 

tribution having no additional low energy attenuation. With the limited wave- 

length range of this  observation it is not possible to determine which is the 

more appropriate spectral type for this  source. 

spectral f i ts  for both types are shown in Figure 2. 

The data for Cyg X-3 and the 

s c o  x-1 

Because of its high galactic latitude, Sco X-1 w a s  observed in only half 

of the detectors. 

ments led to a dead t i m e  correction of a factor of three that w a s  uncertain by 

30%, but which should not have distorted the spectrum. 

observed counts to the bremsstrahlung spectrum gave a temperature of 

T = 48 

Giacconi, Gursky, and Waters (1965), Grader et a1 (1966), and the higher 

energy measurement of Peterson and Jacobson (1966). 

The large rate in combination with the telemetry require- 

The best  fit of the 

6 x 10' OK. This is consistent with the temperatures arrived at by 

The quality of the f i t  

to the present data w a s  relatively poor. Referring to the chi square the pro- 

bability that the deviation is within the counting statistics is 8%. The bes t  

f i t  yields a low energy attenuation parameter Ea of 1. 1-. 7 keV. The quoted 

errors are statistical only and are based on the variation of the chi square in 

the two parameter fit. 

clude that the attenuation of the spectrum of Sco X-1 is probably below the 

level of sensitivity of this experiment. 

Figure 3A along with the spectra of two other sources observed during the 

s a m e  portion of the flight. 

t. 2 

Considering possible systematic uncertainties we  con- 

The spectrum of Sco X-1 is shown in 

Sagittarius-Scorpio Cluster 

Ten individual sources in addition to Sco X-1 were resolved between 

I = t20. Their names and locations are  given in the pre- 

ceding paper. About 6 of these gave enough counts for a spectral analysis  

which are shown in Figures 3A and 3B; the data were obtained during a single 

= -15' and I 
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PHOTON ENERGY (keV) 

Figure 2: For the source Cyg X-3 the observed histograms of counting rate 
versus energy are compared to the calculated counter response to two 
assumed photon distributions: (1) dN/dE”(Ea/E)8/3 exp (-E/KT)/E, 
(2)  dN/dE ->E2/ (exp (-E/KT)-1). 
bes t  f i t .  Both spectra f i t  the data about equally well. 

The parameters Ea and T represent the 
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1 5 10- - 1 5 IO 
PHOTON ENERGY (keV) 

Figure 38 & 3B: 
shown for six sources which lie between 1'' =-16O and t2Oo, including 
Sco X-1. Further details  are given in the caption for Figure 2. 

The calculated counter response and the observed data are 

. . . .  . -  
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pass across the sources with the long direction of the field of view orienfed 

normal to  the galactic equator. The large source density made it difficult to 

evaluate the background: The counting rate in the 2-5 keVrange observed during 
* this pass is shown in Figure 4 .  The sources GX-10.7, +9.1, +13.5 and 16.7 are qual- 

itatively different from Sco X-1, Cyg X-1 or Cyg X-2 in that the highest 

number of net counts is recorded in the bin centered a t  3.75 keV. Even 

though the s ta t is t ical  precision of the individuals points is not large, the 

combination of the adjacent points in a given spectrum and the general appear- 

ance of the several spectra, indicates a significant low energy deficiency 

compared to  those other three sources. 

the data points expresses this  quantitatively, in that  the Ea's for this  group 

The resul ts  of making spectral fits to 

of sources are between 2 and 2.5 keV. 

The exact value of Ea is difficult to determine for an individual Sgr-Sco 

A s  was discussed earlier, the value Ea is depen- source for several  reasons. 

dent on the spectral  function used in the f i t  and one 's  ability to determine 

these functions is limited by the observed energy range and counting statistics. 

A s  is apparent in Figures 1, 2, and3 ,  except for Sco X-1, the counting statis- 

tics are poor in the high energy bins, In this situation, not only is the analy- 

sis subject to s ta t is t ical  fluctuations, but also to  systematic effects caused 

by uncertainties in the background subtraction. 

bins where the deficiencies are observed, the signal to  background ratio and 

the counting statistics are  still adequate to  show the effect. The calculated 

values shown in the figures are obtained from the best f i t  of the assumed 

However, in the lower energy 

spectral  function to  the data. 

errors places an  uncertainty of about 20% in these numbers for each of the GX 

sources. The best values of the spectral parameters are summarized in Table 

11. 

cause of the large statistical errors. 

density are  relatively insensit ive to  the actual fitted functions. 

tainty in these two numbers resul ts  primarily from such factors a s  the effi- 

ciency and the effective area of the detectors. 

The combination of s ta t is t ical  and systematic 

Temperature differences among the GX sources are not significant be- 

However, the l is ted intensity and flux 

The uncer- 

E-12 



CD 
CD 

d 

d 

4 
d 

- 
-4 r: 
0 u u 
rb 

G 

a, 
5 

i7 z 
4 

0" rec 

N 

~* N 

w 

N b  

v) 

d N 

4& I' 
N 

N 

N 

N 

N 

N 
0 
H n 
5 u cn 

CD 

+ I  
co m m 

N w 
co 
m 

0 
v) 

E m  E m  E m  E r n  

m a  m a  m a  m a  
2 2  2 2  e 2  e 2  : s 

W 
PI 
m 

rl 
I 

u 
m 
% 
U 

* 
b 

0 

I 
d 

b 

co 
d 

+ 

m 
d 
1 

N 

v) 

+ 

d 

m 
+ 

m 
d 

+ 
8 8 8 

E-1 3 



1 

Figure 

I I I I i I I I I I 

I -I 

I I I I I I I I I 
O0 - 20° +20° 

t 

! 4: The Lockheed survey of 30 September 1965 (Fisher et a l ,  1967 a ,  b) 
and the AS&E survey on 11 October 1966 are shown on a common sca le  of 
galact ic  longitude. Both measurements were carried out with a f ie ld  of 
view that  w a s  narrow in the  scanning direction along the galact ic  equator 
and broad in  the perpendicular direction. In the ASstE survey events 
were seen  in two sets of counters, (A t C) and@ t D), whose f ie ld  of 
view differed by 20° in the long dimension. Hence, Sco X-1 is seen  in 
the (A t C) counters but not the others. Events in  the figure relating to  
the AS&E survey are restricted to the photon energy interval 2-5 keV. 
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Variabil itv 

Intensity variations of Cyg X-1 and of several  sources in the Sagittprius- 
, 

Scorpio cluster have been reported by Friedman, Byram, and Chubb (1967). 

It is exceedingly difficult to make comparisons of absolute source strengths 

as observed by different experimental groups because of large differences in 

the detector spectral  response, angular resolution and field of view orienta- 

tion. 

group of sources should give some indication of possible variability. 

Nevertheless, the comparison of the relative intensity distribution of a 

The intensity of Cyg X-1 seen  in  this experiment is in agreement with 

the observation of Grader e t  a1 (1966). We are also in agreement with the 

April 1965 observation by Freidman et a1 (1967) that  Cyg X-1 and Cyg X-2 are 

about equal in strength although the values reported here are lower. 

case of Sco X-1 the uncertainty in the large dead t i m e  correction makes it 

difficult to compare its intensity with other published values. 

In the 

Sources in the Sagittarius - Scorpio region were observed on 30 September 

1965 by Fisher, Jordan, Meyerott, Acton, and Roethig (1966 and 1967) in a 

survey of the galactic equator in which the resolution (1.8O FWHM) was  com- 

parable to  the one in this  experiment ( 1  ). 
0 Both surveys are  shown in Figure 4. 

I t  appears that sources #3 and #4 of the Lockheed scan  are further resolved 

into three and two sources respectively. A comparison of the intensity of the 

common sources is shown in Table 111. AS&E intensit ies were obtained by f i t -  

ting an exponential energy spectrum with T = 5 x l o 7  OK to  the observed count ra te  

distribution between 4 and 8 keV for all the sources. 

a Lockheed source corresponds to  more than one AS&E source, the resultant in- 

tensity is corrected to the Lockheed field of view. Four out of the five sources 

are in relatively good agreement. 

For the two cases in which 

The lack of agreement between Lockheed source #3 and the three AS&E 

sources apparently does exceed the systematic difference between the two 

surveys. 

It would be interesting to compare future high resolution surveys with the 

However, it is difficult to  know precisely which source is varying. 

present results. 
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DISCUSSION 

The deficiency in the number of low energy photons in the spectrum 

of some of the sources can  only be an  absorption effect. The continuum 

spectrum of X-rays produced in optically thin sources, independent of the 

production mechanism, would not give the observed decrease at low energy. 

On the bas i s  of the present data we cannot identify the origin of the absorp- 

tion -- it could be in the interstellar material or it could be intimate to the 

source. Assuming the normal cosmic abundances, we can  estimate the 

amount of material involved. The X-ray absorption coefficients of inter- 

stellar material have been calculated by Strom and Strom (1961), Hayakawa, 

Matsuoka, and Sugimoto (1966) and by Felten and Gould (1966). In the energy 

range around 1 keV, the X-rays will be absorbed primarily by middle Z ele- 

ments, notably Ne and 0. We will use  the calculated values of Felten and 
2 

Gould and give attenuation lengths in terms of H atoms/cm , assuming a 

fixed ratio of H to the middle Z elements. The attenuation observed for Cyg 
2 X-3 (Ea = 2. 5 keV) requires about 3 x H atoms/cm along the line-of- 

sight. For the Sgr-Sco sources,  which show an Ea between 2 and 2.5 keV, 

the integrated line-of-sight density must be between about 1. 5 and 3 x 10 

H atoms/cm . 
22  

2 

There is a t  least circumstantial evidence that the absorption is taking 

place in interstellar matter; namely, the two sources Sco X-1 and Cyg X-2, 

which are furthest off the galactic plane, do not show any marked absorption 

effects, and the source showing the largest effect, Cyg X-3, lies along the 

densest  portion of the Cygnus arm at P 'I = 80.0'. 

On the other hand the mass required to give r ise  to the observed 

attenuation could be intimate to the source. Cameron has  proposed a model 

of an X-ray source which is not optically thin and where the spectrum would 

be l ike  that of a black body (Cameron, 1967). The Planck distribution ade- 
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quately fits the data of Cyg X-3 and the Sgr-Sco sources. Still another 

possibility is that some of tne X-ray sources are surrounded by a cooler 

shel l  which acts as an absorbing gas cloud. 

ements on the absorbing layer are modest only if  the X-ray sources are s m a l l  

diameter objects. For example, in the case of Cyg X-3, the absorbing shell  

However, the mass require- 

would have a thickness-density of 3 x H a toms/cm2.  If the radius of 
-7 

the shell  is 1 A. U. , then the mass of the shell  would b e  only about 10 MQ. 

If the shel l  were surrounding a large diameter X-ray object such as  the Crab 
3 Nebula (about 1 pc), then the total mass required becomes greater than 10 

solar masses, an  unacceptably large figure. Hence, a measurement of the 

spectrum of the Crab should be decisive. 

effect could only be attributed to interstellar absorption and could be used 

to determine the X-ray opacity of the interstellar medium. 

The observation of an attenuation 

Should interstellar attenuation not be the principal reason for the 

attenuation in Cygnus X-3 and the other sources, then one must consider 

a new class of X-ray objects in addition to the two exemplified by Sco X-1 

and the Crab Nebula. 
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