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Abstract. A review of the observational status of X-ray sources detected in the 20 ~ 500 keV range is 
presented. Of the approximately 115 sources listed in the March 1972 edition of the U H U R U 2-6 keV 
sky survey catalog, about 15 sources have been studied in hard X-rays. Most of the data have been 
obtained from balloons, although the OSO-3, and more recently the OSO-7, have contributed. With 
the exception of CEN A, the SMC, and possibly M-87, all the sources detected at higher energies are 
galactic and heavily concentrated in the galactic plane. The Crab Nebula has been measured to about 
500 keV in continuous emission and a component at the ~ 33 ms pulsar period comprising about 
20% of the total emission has been detected to ~ 1 0 MeV. Objects such as SCO-1 and CYG-2 are 
characterized by an exponential spectrum, which varies over a 10 min. time scale about a factor of 
two, and a flatter spectrum extending to above 40keV which exhibits independent variability. 
Objects such as CYG-1 and possibly CYG-3 have a multi-component power law spectrum extending 
to over 100 keV, and may vary many factors over a period of weeks. Other sources generally not yet 
identified with optical or radio candidates, located in the Galactic Center and the Centaurus/Crux 
region also show considerable variability, and in one case may have been detected to nearly 500 keV. 
Only upper limits at about 2 x 10~ 4 photon (cm 2 s keV)" 1 in the 20-50 keV range exist for most super
nova remnants and extragalactic sources. 

1 . Introduction 

This is a brief review of the observational knowledge of cosmic X-ray sources in the 
twenty to several hundred keV range. This work is not intended to be complete, but 
will summarize recent results, indicate future directions, and update a similar review 
given at a preceeding IAU Symposium (Peterson, 1970). We will also include data 
obtained by UCSD on the OSO-7 satellite and on recent balloon flights which have 
not yet appeared in the open literature. In particular, observations of hard X-rays 
will be interpreted in terms of the catalog of sources generated from the U H U R U 
data (Giaconni et al, 1972). 

The majority of X-ray emitters observed by rockets and by the U H U R U satellite 
have a soft spectrum, therefore, the relative sensitivity must be increased at higher 
energies to detect the same number of sources. Since sensitivity is a more difficult 
problem at these energies (Peterson et al, 1971), the number of observed sources is 
less. Of the 115 sources listed in the U H U R U 2-6 keV catalog, only about 20 have 
been detected above 15 keV. The sensitivity level with detectors available at the present 
time is in the range of 1 to 2 x 1 0 " 4 photons (cm 2 s k e V ) " 1 in the 20-50 keV range. 
The most useful work in this range has been obtained by extending the spectrum, 
which must be a signature of the radiating mechanism, and studying the time variabil
ity which relates to models based on compact sources or binary configurations.Discov-
ery and identification is best accomplished at lower energies. 

Only two objects, the Crab Nebula (Peterson and Jacobson, 1970) and a source 
near the Galactic Center (Johnson et al, 1972) have a measured spectrum extending 
significantly beyond 300 keV. Several cosmic sources, G X 1 + 4, G X 304 - 1 , and 
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G X 301-2, all of which are variable, have been discovered first from balloon ob
servations. All confirmed measurements thus far have been limited to continuum 
type of spectra, although y-ray lines have been searched for to a sensitivity level of 
about 1 0 " 3 photons (cm 2 s ) " 1 , and Haymes (Johnson et al, 1972) has reported a 
barely significant measurement of a line near 0.511 MeV from the Galactic Center. 
Two extra-galactic sources, C E N A or N G C 5128 (Lampton et al, 1972) and the 
Small Magellanic Cloud (Price et al, 1971) has been positively detected at energies 
greater than 20 keV. A number of results have also appeared on the Virgo Cluster, or 
possibly M 87, which indicate a detectable spectrum beyond 50 keV. 

2. Instrumentation 

Before discussing measurements of various sources and their physical significance, it 
is useful to indicate some concepts of detection technique. Detectors used in the 20 -
500 keV range usually consist of scintillation counters with active or semiactive anti
coincidence collimators (Peterson, 1970; Peterson et al, 1971), although Glass (1969) 
has used proportional counters to obtain very large areas. Scintillation telescopes have 
thus far been less than a few hundred c m 2 with apertures not smaller than a few de
grees. Table I indicates instruments used to obtain certain significant observations in 
the > 20 keV range, and includes reference citations in this paper. 

Fig. 1. The telescope used by UCSD on the OSO-7 satellite consists of a combination of scintillation 
counter elements providing detection and active anti-coincidence collimation features. This detector 

is similar to those used by others in the 20-500 keV energy range. 

https://doi.org/10.1017/S0074180900100270 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900100270


HARD COSMIC X-RAY SOURCES 

<L> Z 
-a 

ON 
NO 
ON 

• a 

O O 

ON ON ON 

Q Q Q 
c a c 

* O ON" 

. s £ .*= n _ 
4> ON <D 

J C J ^ ^ 

T 3 
C 
cd 

O 

£ 
o 
U 

u < S 
H 0 

o 
u 

^ T ^ S ^ 

U H U 0 oo 

CM 
I 

© _ 

O S 
3 3 2 
U oo 0 

VI 
~ ~ K 

S S + + VI 
n « H m v 1 

X X X X £ 
O O O O n 

> o 

N 

£ £ 5 
£ 2 ON 

5s
 ON 

ON ON ON ° > ON 

«, 8 8 t 
^ 0 O I O i r t 

£ 3 S s -5 I O « N 

a < 

r-- r -

NO NO VO 

ON ON ON 
> > <U 
cd cd C 

§ 2 S n-» 

^ I N h 

- - <N ( N 
0 5 

8 5 

5 

a 

PQ 
< 

cd 
& 
C/5 

O 
*o 
G 
cd 

IS 

€ 8 6 

' i f ! 4 

> 
J * 

o 

7 
0 0 

> 
JS 
o 

I 

-2J 4 ) 

" "2 
c c 

cd o 

C cd cd 

3 2 

a « 
cd £ 

£ ^ S 
£ S o 
E £ 
cd ft » 

ON 
NO 
ON 

so 

7 3 

~ * o 

<T* «tH ed 

OH 
I 

https://doi.org/10.1017/S0074180900100270 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900100270


In
st

itu
tio

n 
an

d 
da

te
s 

D
et

ec
to

r 
ty

pe
 

En
er

gy
 

ra
ng

e 
(k

eV
) 

D
et

ec
to

r 
ge

om
et

ry
 

A
re

a 
Th

ic
kn

es
s 

FW
H

M
 

(c
m

2
) 

(c
m

) 
(d

eg
re

es
) 

U
CS

D
 

19
67

-1
96

8 
N

a 
I(

T
/)

 w
ith

 C
s 

i(
T/

) 
co

lli
m

at
or

 
7.

7-
19

0 
9.

4 
0.

5 
25

 

RI
CE

 
19

67
-P

re
se

nt
 

N
a 

I(
T/

) 
w

ith
 N

a 
i(

T/
) 

an
d 

Pl
as

tic
 a

nt
i 

co
lli

m
at

or
 

31
-5

44
 

- 
18

 
18

 

23
-9

30
 

TA
TA

 
in

st
. 

19
68

-1
97

1 
N

a 
1(

T/
) w

ith
 p

as
si

ve
 

- 
20

-1
50

 k
eV

 
97

 
0.

4 
18

.6
 

gr
ad

ed
 c

ol
lim

at
or

 

V
eh

ic
le

 a
nd

 
Pu

bl
is

he
d 

R
ef

er
en

ce
s 

ob
s.

 d
at

es
 

re
su

lts
 

ci
te

d 

O
SO

-II
I 

1 
M

ar
. 

19
67

 
D

iff
us

e 
C

om
p.

 
Sc

hw
ar

tz
 e

t 
al

. 
to

 8
 J

un
e 

(1
97

0)
 

19
68

 a
nd

 i
n

Sc
hw

ar
tz

 (
19

70
) 

te
rm

itt
en

tly
 

SC
O

-1
 

H
ud

so
n 

et
 a

l. 
th

er
ea

ft
er

 
(1

97
0)

 
Pe

lli
ng

 (
19

71
) 

C
Y

G
 r

eg
io

n 
) 

M
87

 
> 

Pe
te

rs
on

 (
19

70
) 

r 

N
or

m
a 

R
eg

io
n 

) 
m

 

C
E

N
 R

eg
io

n 
Sc

hw
ar

tz
 e

t 
al

. 
m

 
H

 
(1

97
1)

 
m

 
50

 

Ba
llo

on
 

8 
29

 A
ug

. 
19

67
 

C
Y

G
-1

 
H

ay
m

es
 a

nd
 

z 
23

 A
pr

. 
19

68
 

H
ar

nd
en

(1
97

0)
 

Jo
hn

so
n 

et
 a

l. 
4J

un
.1

96
9 

G
al

. 
C

en
te

r 
(1

97
2)

 
25

 N
ov

. 
19

70
 

V
E

L
A

 P
ul

sa
r 

H
ar

nd
en

 e
t 

al
. 

(1
97

2)
 

H
ay

m
es

 e
t 

al
. 

(1
97

2)
 

Ba
llo

on
 

28
 A

pr
. 

19
68

 
SC

O
-1

 
A

gr
aw

al
 e

t 
al

. 
(1

96
9)

 
27

 D
ec

. 
19

68
 

C
Y

G
-1

 
A

gr
aw

al
 e

t 
al

. 
(1

97
1b

) 

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/S

00
74

18
09

00
10

02
70

 P
ub

lis
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/S0074180900100270


Ta
bl

e 
I 

(c
on

tin
ue

d)
 

U
CS

D
 

19
70

-P
re

se
nt

 

19
68

-P
re

se
nt

 

N
a 

1(
17

) w
ith

 g
ra

de
d 

co
lli

m
at

or
 a

nd
 P

la
st

ic
 

an
ti 

N
a 

I(
T/

) 
w

ith
 C

s 
i(

T/
) 

ph
os

w
ic

h 
an

d 
C

s 
i(

N
a)

 h
on

ey
co

m
b 

co
lli

m
at

or
 

' 2
0-

15
0 

ke
V

 
80

.5
 

15
-5

00
 k

eV
 

'3
4.

2 

0.
4 

1.
0 

12
.6

 

5.
9 

19
71

 
N

a 
I(

T7
) w

ith
 C

s 
i(

N
a)

 
- 

7-
55

0 
ke

V
 

co
lli

m
at

or
 

64
 

1.0
 

6.
5 

16
 A

pr
. 

19
69

 
5 

A
pr

. 
19

71
 

28
 J

an
.1

97
0 

5 
M

ay
 1

97
0 

Ba
llo

on
 

9 
Ju

ne
 1

96
8 

15
 A

pr
. 

19
69

 
10

 J
un

e 
19

69
 

17
 J

ul
y 

19
69

 
9 

Se
pt

. 
19

70
 

25
 S

ep
t. 

19
70

 

20
 O

ct
. 

19
70

 

O
SO

-7
 

29
 S

ep
t. 

19
71

 
to

 p
re

se
nt

 

C
Y

G
l-

1,
-2

, 
-3

 
G

al
. 

C
en

te
r 

T
A

U
-1

 
T

W
X

-1
 

SG
O

-1
 

C
Y

G
 

C
P 

19
19

 
C

Y
G

-1
 

C
Y

G
-2

 
C

Y
G

-3
 

C
Y

G
-1

 

M
87

 

M
31

 
3C

27
3 

G
al

. 
Pl

an
e 

V
E

L
A

 

A
gr

aw
al

 e
t 

al
. 

(1
97

2a
) 

f 
M

at
te

so
n 

^ 
09

71
) 

Pe
te

rs
on

 (
19

72
) 

(t
hi

s 
pa

pe
r)

 
La

ro
s 

et
 a

l. 
(1

97
2)

 

Pe
te

rs
on

 (
19

72
) 

(t
hi

s 
pa

pe
r)

 

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/S

00
74

18
09

00
10

02
70

 P
ub

lis
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/S0074180900100270


56 L. E. PETERSON 

Most observations have been obtained from balloons or satellites because of the 
short exposure during a rocket flight. Although atmospheric cut off at depths of 2-3 
gm/cm 2 usually limits measurements to above 20 keV, MIT (McClintock et al., 1972) 
has succeeded in using exceedingly large balloons to carry instruments to a depth less 
than 1.5 gm/cm 2 . Recently, significant satellite observations have been obtained by 
UCSD onOSO-3 (Schwartz al., 1970; Schwartz, 1970), by Frost (1969) on the OSO-5 
and Brini on the OSO-6. The UCSD experiment on OSO-7 will add further knowledge 
on cosmic X-ray sources. 

The telescope configuration on the OSO-7, shown in Figure 1, is described here 
since it is also typical of those used recently on balloons. The sensitive element con
sists of a 1 cm thick Na i(T/) crystal inside a massive Cs i(Na) anticoincidence shield. 
Holes drilled in the Cs i(Na) collimator define the aperture. This detector has an effec
tive area of 64 cm 2 , a F W H M response of 6.5°, and operates over the 7.0-550 keV 
range. Instruments located in the rotating wheel of an OSO usually point radially 
outward, and therefore scan great circles with the nominal two-second rotation period. 
In the UCSD instrument, each event is analyzed into 128 energy-loss channels and 
transmitted as an event signature which also contains satellite clock time to 0.625 ms. 
This time may be used to obtain the X-ray direction, knowing the instantaneous satel
lite rotation vector, or as event timing for pulsar analysis. 

3. Source Location and Identification 

Here we discuss hard X-ray sources by regions on the celestial sphere, indicating re
lative source strengths, variability, and identification. In particular, we attempt to iden
tify sources measured from balloon or satellite work with entries in the U H U R U 
catalog (Giacconi et al., 1972). Source identification is difficult because of variability 
in strength and spectral shape, and because of confusion due to close spacing. 

A . G A L A C T I C P L A N E S C A N 

Here we present preliminary results obtained from the UCSD instrument on the OSO-
7, which was launched September 29, 1971. These results were obtafned in December 
1971 when the OSO-7 was scanning along the galactic equator, and represent about 
five 90-min orbits of quick-look data for an exposure per source of about 50 s. The 
sources, locations and scan range are shown on the map in Figure 2, where pre-
U H U R U source names are used. The counting rate as a function of galactic longitude 
is shown in Figure 3 for the energy ranges 7.0-26 keV and > 26 keV. Also shown is 
an equivalent U H U R U scan (Giacconi et al, 1971) obtained approximately one year 
earlier. Sources which appear consistently in both U H U R U and OSO scans are in
dicated. 

The most striking feature is the softness of the X-ray sources. Although the 7-26 
keV range shows nearly as many sources as in the U H U R U scan, the > 2 6 keV shows 
only two sources, CYG-1 and the Crab Nebula. The OSO-7 scan does not show the 
Galactic Center on this date since it coincided with the Sun, and a solar cell inhibits 
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24 2 2 2 0 18 16 14 12 10 8 6 4 2 0 

Fig. 2. This map of the celestial sphere shows most of the X-ray sources detected previous to the 
UHURU. The scan path along the galactic plane of the OSO-7 on 18 Decenber 1971 is also shown. 

readout to prevent excessive telemetry deadtime due to solar X-rays. No correction 
in either of these scans has been made for the aperture response; in particular, the 
Crab Nebula was nearly out of the OSO-7 aperture. It is not immediately clear that 
differences between U H U R U and 7-26 keV OSO-7 scans occur because of a soft spec
trum, the aperture response, or are due to time variations in the one year interval. 

The relatively strong source 2U0613 + 09, at approximately 200° galactic longitude 
was not observed in the OSO-7 data. The source VEL-1 (2U0900-40) is observable 
in the OSO-7 data, and additional results on the Vela Region will be indicated later 
in this paper. The pulsating source CEN-3 (Schreier et al, 1972) apparently has a 
significantly softer energy spectrum than the Crab Nebula. CEN-2, the first source 
observed to have a nova-like behavior, is apparently not indicated in either the U H U R U 
catalog or the OSO data. The source as identified CEN-1 in Figure 3 may actually 
be G X 304-1, which was discovered by Lewin et al. (1971a) and is indicated as 
2U1258-61 in the AS & E catalog. Furthermore, the OSO-7 data clearly indicates more 
than one source in this region. The sources in the Lupus/Norma complex are not also 
well resolved in the OSO results, however, the rather strong source CIR X-1 at /" = 322° 
(2U1516-56) either has an exceedingly soft spectrum or was unobservable one year 
later in hard X-rays. In general, sources in the Lupus/Norma region have been reported 
as being variable both by the U H U R U and by balloon (McClintock et al., 1972) and 
satellite results (Schwartz et al., 1971). The source ARA-1 (2U1641-45 ?) reported as 
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GALACTIC P L A N E S C A N 

280 320 0 40 
GALACTIC LONGITUDE 

Fig. 3. Sources identified in the OSO-7 galactic plane scan compared with those seen at lower ener
gies one year earlier by the UHURU. An obvious feature 

is the softness of the typical X-ray source spectrum. 

variable in the U H U R U catalog, is apparently soft, although it may be confused with 
other strong variable sources within a few degrees galactic longitude. A source within 
20° of the Galactic Center, possibly SCO-2 or SCO-6, may just show in the > 2 6 keV 
data. Galactic Center sources, as already indicated, h ive been gated out by the OSO-7; 
they will be discussed in a later section. 

Northward from the Galactic Center, SER-2 (2U1813-14) also shows strongly. 
The strong source identified as SER-1 was nearly out of the aperture, and therefore 
the structure near / " ^ 30° may be associated with other sources in this region. CYG-1 
and CYG-3 are clearly resolved in the 7-26 keV range, however, at the higher energies 
only CYG-1 is well above background. According to Gorenstein et al (1970), the 
supernova remnant CAS A has a steep spectrum, and may therefore not be expected 
to show in the OSO-7 data. 
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B . G A L A C T I C C E N T E R R E G I O N 

Earlier observations of the Galactic Center are somewhat confused by the wide aper
ture telescopes (Peterson, 1970; Boldt etal., 1968; Riegler, 1969; Agrawal etal., 1971a; 
Overbeck and Tananbaum, 1968) and the apparent high variability of the sources. 
Recent observations by Lewin etal. (1971a) over the 18-50keV range have indi
cated the presence of a strong source GX 1 + 4, and possible fluxes from G X 3 + 1 and 
G X 5 - 1 . The spectrum of G X 9 + 9 has also been measured by the Tata Institute (Agra
wal et al, 1971a). Sources at these locations are identified in the U H U R U catalog, 
and most have also been indicated in earlier rocket surveys by M I T (Bradt et al., 
1971), as shown in Figure 4. Although possibly not completely resolved, GX 1 + 4 is 

G A L A C T I C C E N T E R R E G I O N 

G X 9 + 9 

G X I + 4 

• 
GXi7 + 2

 G X 9 + , G * 3 t l 

IT 

+ 10 

+ + 5 

r i 5 ° 
- I — • -

10° 

G X 5 - I 

* G X 3 5 8 - 8 

Fig. 4. Source locations in the galactic center region as identified by MIT and UHURU surveys. 
Only the source GX 1 + 4 , and possibly GX 3 + 1 have been isolated in > 2 0 keV X-rays, although 

numerous results obtained with wide angle telescopes on the total region have been reported. 

* M I T S o u r c e s 

• L E W I N 

• U H U R U 

G X 3 4 9 + 2 

3 5 5 3 5 0 # 3 4 5 

reported by Lewin as having a hard spectrum corresponding to a temperature of 28 + 1 2 
keV, or a power law number spectrum with an index of —2.4 + 0.7. Agrawal et al. 
(1971a) report a similar spectrum from the galactic center region, even though the 
sources were not resolved. Haymes (Johnson et al, 1972) has also measured this region 
with a wide aperture detector and determined a hard spectrum with a power law index 
of 2.37 + 0.05 from 23-930 keV. Although this was tentatively associated with G X 5 - 1 , 
most likely it should be identified with G X 1 + 4 since the power law index agrees 
with Lewin. According to the U H U R U catalog, there is a diffuse source (2U1743-29) 
of about 2° extent associated with the Galactic Center which balloon measurements 
have not yet been able to resolve. Haymes has also identified a y-ray line structure at 
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approximately 0.5 MeV with an intensity of 1.8 + 0.5 x 10~ 3 photons (cm 2 s ) " 1 asso
ciated with the Center region. Although there are qualifications to this observation, 
verification would add a new and exciting element to y-ray astronomy. 

C . C E N T A U R U S / C R U X 

This region is characterized by outstanding examples of source variability and 
flaring (Lewin et al, 1971b; McClintock et al, 1971; Schwartz et al, 1971). CEN-2, 
which was first observed to have a nova-like behavior in soft X-rays in early 1967 
(Chodil et al, 1968), was thought to have been observed in a series of balloon flights and 
by OSO-III in hard X-rays. There is no source identified in the U H U R U catalog at the 
improved galactic longitude of 310.2+1° given by Francey (1971). It is not obvious 
that CEN-1, CEN-4 and CEN-5 were ever observed from balloons. 

During 1969 and 1970, Lewin (McClintock et al, 1971) has reported two new sour
ces, G X 3 0 4 - 1 and G X 301 —2, both with high variability. The former is certainly 
identified with 2U1258-61; it had been observed earlier and mistakenly thought 
to be C E N 2 (Lewin et al, 1970b, 1971b). The factor of 7 decrease reported for 
C E N 2 between October 1967 and March 1969 is probably associated with G X 304 - 1. 
G X 3 0 1 - 2 is identified with 2U-1223-62. Figure 5, adapted from Schwartz et al. 
(1971) shows the location of sources in the Centaurus region, compared with the 
U H U R U catalog. CEN-1 , CEN-2 and CEN-5 apparently have not been verified by 
the U H U R U . Little has been published on the spectra of these sources at higher 
energies, although some lower energy data are available (Hill et al, 1972). 

+ 3 0 ° 

+ 2 0 ° 

UJ 
o + 1 0 ° 
z> 
h-

S 0 ° 

< - 2 0 ° 
o 

- 3 0 ° 

3 4 0 ° 3 3 0 ° 3 2 0 ° 3 1 0 ° 3 0 0 ° 2 9 0 ° 2 8 0 ° 2 7 0 ° 2 6 0 ° 

G A L A C T I C L O N G I T U D E 

Fig. 5. The Centaurus region showing known X-ray sources. The ellipses and diamonds are variable 
sources observed by the MIT balloon group. The scan lines are those of the OSO-III. The sources 
GX 304-1 and GX 301—2 have been observed to exhibit considerable variability in hard X-rays. 
The redetermined position of CEN-2, shown here, implies hard X-rays earlier associated with it 

are due to other sources. 

CENTAURUS REGION 
• U H U R U 

J I L 
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CEN 3, the remarkable modulated pulsating source (Schreier et al, 1972) believed 
associated with a rotating neutron star as a binary companion to a larger star, has 
not yet been observed from balloons, although it is evident from the OSO-7 data that 
the spectrum cuts off rather steeply above 26 keV. 

D . C Y G N U S S O U R C E S 

Early balloon and satellite observations failed to resolve the Cygnus sources so that 
interpretation in terms of variability and spectrum may be unclear. CYG-1, assumed 
to be the strongest source in this region has a hard spectrum (Haymes and Harnden, 
1970; Webber and Reinert, 1970) and has been observed many times from balloons. 
In particular, the work of Overbeck and Tananbaum (1968) showed this source to be 
highly variable in hard X-rays. These sources are resolved in more recent observations, 
so unambiguous knowledge of their spectrum and variability is now available. 

C Y G N U S REGION SCANS 

<—i FLIGHT 4 6 - 10 JUNE 1969 

21 20 

RIGHT A S C E N S I O N ( H O U R S ) 

Fig. 6. This shows the location of identified X-ray sources and other interesting objects in the 
Cygnus region. The scan paths are those of Matteson during his high resolution balloon survey of the 

region. Only CYG-1, -2, and -3 have been detected > 2 0 keV. 

Figure 6, taken from the thesis of Matteson (1971) shows the location of the principal 
sources, CYG-1, CYG-2 and CYG-3. Apparently, CYG-4 has never been observed 
from balloons; furthermore, it is not indicated in the U H U R U catalog. Only upper 
limits exist for the Cygnus Loop and the radio source C Y G A (Matteson, 1971). 
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E . S U M M A R Y 

From the spatial distribution of hard X-ray sources, inferences can be made about 
the nature of the emitting objects. Except for a paucity of sources in Orion and in the 
Galactic anti-center direction, these tend to cluster in a manner which delineates 
spiral arms. These sources are therefore probably not of extreme Pop. I, but may be 
old Pop. I, and perhaps even some Pop. II objects distributed toward the Galactic 
center. This suggests X-ray 'stars ' are not associated with the formation of normal 
stars, but are a part of stellar evolution not yet understood. The spatial distribution of 
similar X-ray emitting objects provides information relative to their place in stellar 
evolution and their distance. At present, these sources are not well enough understood 
to permit these investigations. 

4. Source Types 

This is a more complete discussion of the various sources in terms of their charac
teristic spectra and the type of objects with which they have been identified. 

A . T H E C R A B N E B U L A 

Observations on this unique source have been summarized by Peterson and Jacobson 
(1970). The number spectrum is represented as a power law with an index of — 2.25 from 
about 1-500 keV, as shown in Figure 7. Long term time variations have not been 
noted. Following the discovery in 1969 of the 33 ms radio pulsar located near the 
center of the nebula, optical and X-ray pulsed emission were soon measured. Pulsed 
X-ray measurements now extend to 3.5 MeV, (Kurfess, 1971; Orwig, et al, 1971), 
and account for at least 20% of the total flux as shown in Figure 7. A compilation of 
data on the pulsed and steady components (Figure 1 of Fazio's review, this volume 
p. 303) shows that at higher energies an increasing fraction of the energy is pulsed. 

The steady emission presumably has its origin within the 1' or 2' size identified by 
rocket observations with the amorphous nebulosity. N o information is yet available 
on the source size as a function of energy. Since the synchroton process is thought to 
be responsible for the continuous component, such measurements would provide 
information regarding the diffusion and life-time of energetic electrons in the nebula 
itself. Observations to detect y-ray line emission have been performed, but only upper 
limits at an intensity of about 1 0 " 3 photons (cm 2 s ) " 1 are available (Peterson and 
Jacobson, 1970). Based on the C f 2 5 4 hypothesis for the explanation of the 55 day
light curve of type I supernovae, intensities of about 3 x 1 0 " 4 photon (cm 2 s ) " 1 are 
expected for y-rays due to A m 2 4 1 at 62 keV, C f 2 5 1 at 180 keV and C f 2 4 9 at 390 keV. 
Although the status of observational data on the C f 2 5 4 hypothesis has not changed 
since last reviewed, the entire idea seems less likely in view of the association of the 
central pulsar with a collapsed star. 

B . S U P E R N O V A R E M N A N T S 

N o other observed X-ray source or supernova remnant has all the characteristics of 

https://doi.org/10.1017/S0074180900100270 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900100270


HARD COSMIC X-RAY SOURCES 63 

1.0 10 100 

ENERGY (keV) 

Fig. 7. The spectrum of the Crab nebula determined between 1 and 500 keV, assembled from 
rocket and balloon results. Only certain selected data are shown here, though all the published data 
were taken into account (see Gorenstein et al, 1970, and Pounds [this volume] for references). The 
power law spectrum is thought to be indicative of the synchroton process. About 20 % of the emission 

in this spectrum is pulsed. 

the Crab Nebula with the possible exception of VELA X; other supernova remnants 
have not yet been observed above 10 keV despite many attempts. Such objects, observ
ed in the 2-10 keV range (Gorenstein et al, 1970) have a spectrum characteristic of a 
hot gas not exceeding 10 or 20 x 10 6 K and a relatively low luminosity of about 1 0 3 6 

ergs s " 1 . In particular, CAS A, Tycho, and the Cygnus Loop (Matteson, 1971) have 
limits ~ 6 x 1 0 " 4 photons ( c m 2 s k e V ) " 1 in the 20-50 keV range. A hard X-ray com
ponent, if it exists in these objects, must have a luminosity less than a few percent of 
the total. 

Figure 8 shows the Vela region which contains the Vela supernova remnant, radio 
pulsar PSR 0833-45, and an U H U R U source identified with this object. Harnden 
et al (1972) have reported a source in this region, and have found marginal evidence 
for pulsed X-ray emission in the 23-80 keV range with a period 150 ns less than the 
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O S O - 7 SCANS OF V E L A REGION 
DECEMBER 1971 - JANUARY 1972 

Fig. 8. This shows locations of the X-ray source VEL-1, and objects associated with the Vela X 
supernova remnant, together with scan paths of the OSO-7 X-ray instrument in 

December 1971 /January 1972. 

nominal 89 + ms. Except for the pulsed feature, this emission could be associated with 
the variable X-ray source VEL-1. The OSO-7 scanned this region from December 17, 
1971 through January 10, 1972 and failed to detect X-rays from the location of VEL X 
at a 2a limit of 4 x 1 0 " 2 keV (cm 2 s k e V ) " 1 in the 7-26 keV range. 

C . S C O - 1 T Y P E S O U R C E S 

SCO-1 is characterized by an exponential spectrum whose equivalent temperature is 
on the order of 50 x 10 6 K and is identified with a flickering blue star-like object. The 
X-ray spectrum in the 1-10 keV range varies a factor of 2, apparently at random, 
although a recent analysis (Angel et al, 1971) has indicated oscillation in the 1-10 Hz 
range persisting for a minute. Early observations indicated the spectrum above 
40 keV also contained an additional variable competent . This has now been verified to 
about 120 keV (Agrawal al, 1969; Lewin et al, 1970a; Haymes etal, 1972). Simul
taneous optical observations (Toor et al, 1970; Pelling, 1971) have shown a cou
pling to the lower energy X-rays, and therefore indicated a common region. Radio and 
optical variations show no such correlation (Lampton et al, 1971). Soft X-ray and 
optical observations may be interpreted in terms of a hot gas model which becomes 
optically thick in the UV. The hard X-ray and radio fluxes are inconsistent with this 
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simple model and may require an additional source region. Perhaps simultaneous 
observations of these components are also appropriate, since both have demonstrated 
time variability. 

In addition to the random variations, SCO-1 also exhibits a flare-like phenomenon 
which extends into the hard X-ray region (Lewin et al, 1968a) and is associated with 
an optical increase (Hudson et al, 1970; Pelling, 1971). The bursts have about a ten-
minute duration, a factor of two increase in X-ray intensity and a spectrum similar to 
that of the quiescent state. 

Because of its intensity, SCO-1 has been the most studied source of this type. How
ever, CYG-2 has also been tentatively identified with a star-like flickering object 
(Kraft and Demoulin, 1967). The compilation of data shown in Figure 9 taken from 
Matteson's thesis (1971) indicates the exponential spectrum believed associated with 
the 50 x 10 6 K gas and the flat, high energy component. Both features of the spectrum 
in this source may also show variability. 

D . C Y G - 1 T Y P E S O U R C E S 

CYG-1 is characterized by a spectrum which extends to several hundred keV (Haymes 
and Harnden, 1970); rapid, possibly quasi-periodic variations in soft X-rays (Terrell, 

>-
en 

40 60 

ENERGY (keV) 

Fig. 9. Spectral data on CYG-2, taken from Matteson's thesis (1971), where the references may be 
found. At energies below 15keV a thermal spectrum with factor two intensity and temperature 
variations is observed, while higher energies show a hard spectral component which is also variable. 

A similar high energy feature is seen in the spectrum of SCO-1. 
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1972); and large changes in hard X-ray intensity (Overbeck and Tananbaum, 1968). 
Recent observations have indicated that the hard X-ray spectrum of CYG-1 is charac
terized by 'high' and 'low' states. Figure 10 shows the results obtained by Matteson 
(1971) together with other spectral data. A flight on 10 June 1969 indicated a hard 

i.o 
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- I 0 2 
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FL IGHT 50 
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i I . • . . I , 
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Fig. 10. A compilation of rocket and balloon spectral data on CYG-1, taken from Matteson (1971). 
During a series of balloon observations, May to June 1969, large variations in intensity and complex 
spectral changes occurred at energies above 20 keV. The intensity on 17 July 1969 is the lowest ever 

measured from CYG-1 at energies above 20 keV. 

spectrum, in agreement with other observations which were made during the pre-
ceeding month. Less than one month later, an additional observation found CYG-1 in 
a much weaker state, as did an observation by USCD about a year later. Reference 
citations shown in Figures 9,10, and 11, may be obtained from Matteson (1971). 

The source has now been tentatively identified with a 5.6 day binary (Bolton, 1972; 
Webster and Murdin, 1972). Unlike CEN-3, 5.6 day variations possibly associated 
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with an occultation of the X-ray emitting neutron star by large central star have not 
been observed in the soft X-ray region by U H U R U . The OSO-7 observed CYG-1 
between 16 and 22 December 1971 when the source was generally in a 'high' state. 
Although large changes in hard X-rays were observed, no turn-off occurred at the 

10 

10 

l(T 

I 0 5 

CYG X - 3 

T_ 

\ 
I 

I 

l GORENSTEIN et al 
T OCTOBER 1966 

MACREGOR et ol 
NOVEMBER 1968 

B L E A C H et al 
21 S E P T . 1 9 7 0 

T PETERSON 
H f 22 MAY 1968 

_ ROTHENFLUG et al 
1 5 JULY 1968 

T i ROTHENFLUG et al 
i 4 SEPTEMBER 1968 
L FLIGHT 47 
I 17 J U L Y 1969 

1.0 

ENERGY (keV) 

Fig. 11. CYG-3 has a remarkable similarity to CYG-1 as this collection of data (Matteson, 1971) 
shows. The flux at 100 keV is sometimes that of CYG-1 with a factor of ten variations occurring at 
energies above 20 keV. The relative lack of X-rays at energies below 4 keV may be due to absoprtion 
in a column density of more than 10 2 3 atoms/cm 2 . Extrapolation of fits to the low energy spectrum 

indicated by the solid and broken lines cannot account for the high energy spectra. 

time predicted from the optical observations. Furthermore, no evidence has been 
found for periodic fluctuations in the 160 ms to 1.2 s range by Agrawal et al (1971b). 
Matteson (1971) has also searched for longer period variations and found none. 

CYG-3, whose composite spectrum is shown in Figure 11 (Matteson, 1971), has 
many characteristics similar to CYG-1. At present no optical candidate exists for 
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CYG-3, nor is there convincing evidence for binary modulation. This source does how
ever exhibit absorption at lower energies (Bleach et al., 1971; Gorenstein et al., 
1967). 

E . N O V A - L I K E A N D V A R I A B L E S O U R C E S 

These sources, such as CEN-2 (Chodil et al., 1968), are characterized by a sudden 
increase in soft X-rays and a decay on a time scale typically that of galactic novae, 
30 days. 

In view of the re-determination of the position of CEN 2 (Francey, 1971) and the 
consequent re-evaluation of previous balloon observations, (Lewin et al., 1971b) 
it is not clear that these sources are observable in hard X-rays. It is clear that some 
sources, such as G X 1 + 4 and GX 301 — 1 have appeared after not being seen in earlier 
surveys of the same region, and continue to be observed. The time behaviour of these 
sources in soft X-rays is presently unknown. 

Some sources such as GX 304— 1 have general variability. VEL-1, identified with 
2U0900-40, may also be in this class. This object was scanned by the OSO-7 from 
December 17, 1971 to January 10, 1972. Observed time variations shown in Figure 12 
are obtained from about four orbits per day of quick-look data. Each point represents 
an average of one hour of data for each available orbit. Despite clear evidence of 
variability, there is no obvious periodicity or pattern in these preliminary observations. 

— i 1 1 1 — - — i 

VEL X R - I 
- 6 . 8 - 2 6 keV AVERAGE FLUX P E R ORBIT 

UCSD O S O - 7 OBSERVATIONS 

V 
- j , _ i i n 

353 354 355 356 357 358 359 
1971 

360 361 362 363 364 

365 001 002 003 004 005 006 007 008 009 010 

DAY NUMBER 1971/1972 

Fig. 12. Averages of the 7-26 keV X-ray flux from VEL-1 over selected one hour intervals during a 
two week period show considerable variability but no obvious periodicities 

in the ~ 1 day to 10 day regime. 
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5. Extra Galactic Sources 

CEN A is the only extra-galactic source whose measured spectrum clearly extends to 
high energies. The total spectrum, taken from the work of Lampton et al (1972) is 
shown in Figure 13, and is represented by a power law whose index is between —1.45 
and —2.0 over the 1-180 keV range. This object has been compared with other extra
galactic emitters detected by U H U R U (Kellogg et al, 1971). 

ENERGY (keV) 

Fig. 13. Spectrum of NGC 5128 extending over the 1-180keV range. Errors are ±\a statistical 
confidence. The broken line shows the best power-law fit to rocket data only, while the solid line is the 
best power-law fit to all data. The inset shows contours of constant probability for the fits. 

(Lampton et al, 1972). 

Price et al (1971) have detected the SMC to about 50 keV and determined an energy 
spectrum with an index a = 0.15±0.20. This flux seems to disagree with an upper limit 
reported by Lewin et al (1968b). Since the hard source noted by the U H U R U (Leong 
et al, 1971) in the Small Magellanic Cloud is apparently compact and variable, these 
observations may be consistent. 

Data from the Virgo region is usually reported as relevant to M87, even though 
telescope apertures do not separate M 87 from other objects in Virgo. Although 
Haymes (Fishman et al, 1970) has reported detectable fluxes on several occasions, 
other workers (Peterson, 1970; McClintock et al, 1969) have indicated substantially 
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lower upper limits. Figure 14 shows a summary of recent measurements and upper 
limits taken from Laros et al. (1972), reporting recent observations by UCSD on extra
galactic emitters. UCSD may have detected a flux from the Virgo region at the 2o 
confidence level. If all observations are assumed correct, a two component model is 
required, one of which produces a soft spectrum associated with the radio galaxy M 87, 
and the other a hard component due to at least one other compact and variable object. 

The Andromeda Nebula (M31), 3C273, and the Large Magellanic Cloud have also 
been searched for hard X-ray emissions. The most recent upper limit obtained by 
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Fig. 14. Selected X-ray observations of M87 (Laros et al., 1972) showing observation dates. Mc 
Clintock et al. (1969) also has an upper limit in the 35-52 keV range of 1 x 10" 4 photons (cm 2 s keV)" 1 

at the l a confidence level. A power law average of all the data in the 1-10 keV (dashed line) is shown 
along with the single most sensitive measurement (solid line) and the extreme measurements which 

have been taken as evidence for variability. 
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Fig. 15. X-ray observations of M31, including recent upper limits by UCSD. The positive result 
obtained by the U H U R U satellite has yet to be confirmed by other experiments. 

UCSD on M31 is shown in Figure 15. A comparable limit has also been obtained for 
3C 273. A2a upper limit of ~ 6 x 1 0 " 4 photons (cm 2 s k e V ) " 1 over the 24-52 keV 
range was also obtained by Matteson (1971) for C Y G A. 

6. Conclusion 

This paper summarizes the present status of X-ray observations in the 20 ~ 500 keV 
range on galactic and extra-galactic sources. Because of limitations of sensitivity and 
observing time, results have not been as extensive as those in the range where the 
U H U R U has produced a wealth of new discoveries. Hard X-ray emission is a certain 
indicator of non-thermal particle populations, and must, therefore, be associated 
with energetic processes in extreme astrophysical situations. In the immediate future, 
the OSO-7 will provide new results. By 1975 the HEAO-A will carry instruments to 
provide a further increment in sensitivity and observation time. 
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