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PREFACE

This is the Final Report for NASA Contract NAS5-11422. In broad
terms the objectives performed under this contract were to conduct
observations with the first satellite entirely devoted to X-ray as-
tronomy and to analyze the results obtained. A catalog of X-ray
sources was generated and results of discoveries and further de-
tailed observations of sources were presented in scientific journals

and meetings.

This report contains a list of the objectives and how they were met,
a brief description of the instrument, a selection of significant
results, the X-ray catalog and a complete Bibliography of results

presented under this contract.
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1.0 INTRODUCTION

The first satell.te entirely devoted to the study of cosmic X-ray
sources was placed into orbit on 12 December 1970 from the San
Marco launch platform off the coast of Kenya by the Centro Ricerche
Aerospaziali. The satellite is the first of a series of small astron-
omy satellites sponsored by the National Aeronautics and Space
Administration. December 12 was the seventh anniversary of the
Kenyan Independence, and in recognition of the kind hospitality

of the Kenyan people, the operating satellite has heen nained
“Uhuru" (Swahili for "Freedom").

This document is the Final Report for NASA Contract NASS-11422,
The scientific objectives of the original pest-launch proposal

{ASE-2484) are summarized as follows:

1. All-Sky Survey

Systematically survey in a period of about one month the entire sky
for sources emitting X-rays in the energy range 2 - 20 keV, Ex~-
pacted location accuracies range from 1 arc minute for stronger
sources to 25 arc minutes (radius of position error circle) for
sources at the minimum detectable sensitivity of about 5 x 10_5
Sco X-=1. At the same time map the cosmic X-ray background with
a statistical preciston of about 2 percent on a scale of 25 square

degrees or 20 percent on a scale of 2. 5 square degrees and look

for isotropy.

2. Time Variations

Study time variations of X-ray sources such as occasional outbursts,
changes over hours or days, sudden appearances of a source, rapid
fluctuations about a constant mean brightness, slow decay over
months, and changes on time scales of seconds or less for strong

sQurces.



3. Spectral Measuraments
Measure energy spectra of sources out to a maximum energy de-

pending on source strength.

4, X=Ray = Visible Correlated Studies
Make X-ray location measurements, communicate the locations to
optical astronomers, make reasconably certain optical identifications,

schedule and carry out simultaneous X-ray-optical observations.

5. Time Correlations (not wirh optical)
Simultaneous measurements at X-ray and other wavelengths such

as radio, IR, XUV, higher energy X-ray and y-ray.

6. Transient Phenomena
Maneuver satellite to observe supernova outbursts. Monitor data

for outbursts seen only in X-rays such as Cen XR-2 and Cen XR-4.

7. Interpretation of X-Ray Observations

Obtalin distributions of sources varsus measured parameters such
as source temperature, intensity, time variability and location.
Construct phenomenological models to explain overall electro-

magnetic emission of sources.

Everyone of these objectives has been met, in many cases with
results far beyond what was anticipated. The followirg are some

of the major findings from the data:

1. A third Uhuru catalog of X-ray Sources has been produced
containing 161 sources, with nearly complete sky coversge
to 10 counts per second sensitivity. The catalog gives the
location, intensity, any unusual properties and indicates
correlations in other portions of the electromagnetic

spectrum.

2. The discovery of what is probably the first black hole (Cyg X~1)

representing the most condensed state of matter possible.
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The discovery of binary X-ray pulsars, Cen X=3 and Her X~1,
which emit pulses of X-rays every few seconds, coupled with

other examples of bizarre behavior.
The detection of X-ray emission from clusters of galaxies.

The detection of X-ray objects at high galactic latitudes with
no optical counterpart, hence implying a very high X=-ray to
optical luminosity and possibly belonging to g new class of
objects, "X-Ray Galaxies, " not anticipated prior to the
launching of UHURU.

This documept contains a description of the instrument, the results

on galactic X~ray sources, the results on extragalactic X-ray

sources, an Appendix containing a reproduction of The Third Uhuru

Catalog 2of X-ray Sources and a Bibliography containing a list of

all the publications made undar this contract.
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2.0 INSTRUMENT DESCRIPTION AND SATELLITE OPERATIONS

Uhuru was launch 12 December 1970 from the San Marco launch
platform. Uhuru is in a nearly equatorial circular orbit of about
560 km apogee and 520 km perigee and 30 inclination with a period
of 86 minutes. The use of large area counters and the long time
available for observations permit us to study the X-ray sky with &
qualitative improvement upon the sensitivity and completeness
achieved by previous rocket and satellite experiments. In addition,
the capability to steer the spin axis to a desired orientation in the
sky permits us to perform conveniently X-ray measurements on a
specific object in conjunction with visible and radio ground obser=-
vations. In this sense we can consider Uhuru as a true X-ray

observatory.

2.1 Instrumentation

Figure 2-1 illustrates the major elements of the experimental portion
of the satellite containing the X-ray detectors and aspect sensors.
The spacecraft spins at a nearly constant rate of one revolution per
720 seconds. On command from the ground the spin axis can be
oriented to a particular location on the celestlial sphere by means

of magnetic torquing. A new orientation of the spin axis can, in
general, be achieved in a few orbits. Figure 2-2 shows the band

of the sky which i1s scanned during each spin for any given orientation.
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Figure 2—1 Major Elements of the UHURU Instrumentation
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Band of the sky swept by the two detectors during one
revolution of the satellite. The fields of view indicated
are full width at half maximum. The full width of the
band of sky scanned, taking into account the offset of
detectors and the precise values of the fields of view
is of 12.7°.




The X-ray detectors consist of two sets of proportional counters
each with about 840 cm2 effective area. The counters are sensitive with
> 10% efficiency to X-ray photons in the 1,7 to 18 keV range. The lower
limit is determined by the attenuation of the beryllium windows of the counter
plus a thin thermal shroud that is needed to maintain the temperature stability
of the spacecraft. The upper limit is determined by the transmission properties
of the filling gas, Pulse shape discrimination and anticoincidence techniques
are used to reduce the background due to particles and high energy photons.
Pulse height analysis in eight channels is used to obtain information on the
energy distribution of the incident photons, An in-flight calibration system
utilizing X-rays from a 551’-‘@ radioactive source and fluorescent X-rayvs from
Zr excited by a radiocastive 147'Prn source, is used to monitor the efficiency

and gain stability of the counters.

The two sets of counters are placed back to back and are collimated
t0,0.52° x 5.2 and 5. 2° x 5. 2° (full width at half maximum) respectively.
The center of the fields of‘ view of the two detector banks are displaced from
the equatorial plane of the =atellite at respective angles of 88, 90 and 91. 20
from th'e spin axis. (The full width of the band in the sky covered by the two
detectors during each spin is therefore 12. 7°)° This arrangement allows us to
evaluate roughly the elevation of isolated sources in a single pass, While
the 1/20 detector yields a finer angular resolution, the SO detector yields
high sensitivity for isolated scurces. The precise value of the increase in
sensitivity depends on the nature and value of the background and on the

angular extent of the source,

Two identical and independent visible light star sensors are rigidly
mounted to each of the two collimators, as shown in Figure 2-1. Star images
are focused onto an "N" shaped slit located in front of a photomultiplier.
Traversal of a star results in a triplet of signals whose time sequence is ana-
lyzed for two-dimensional aspect information to a typical accuracy of one arc

minute. Two sun sensors of similar design are also included to provide

2=4
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aspect information in the sunlit portion of the orbit.

Data from the 1/2D detector consist of total counts in the enargy
band 2.4-6.9 keV accumulated during successivae sampling intervals of
0.096 seconds. With a scan rate of 0. So/sec there are about 10 samples
for every 0, 50 element of angular resolution, In addition, the counts
accumulated in each of eight channels of pulse height from 1.2 to 20 keV
are sampled every C. 1392 seconds. Data from the 5° detector are obtained
in a similar fashion but over sampling intervals of 0, 384 seconds. Analog
voltage signals from the star sensors are sampled every 0. 048 zeconds,
When the sun is within the ficld of view, sun sensor data are sampled
instead. Data are telemetered in real time at 1 kHz and, in addition, a whole
orbit of data is recorded for delayed transmission at 30 kHz while the space-

craft passes over the principal ground receiving station at Quito, Ecuador,

A complete technical description of the instrument is given elsewhere,

N. Jagoda, G. Austin, S. Mickiewicz, R. Goddard. IEEE Trans. NS 19, 579
(1972)

2.2 Operations

The X-ray defaction portion of Uhuru has operated faultlessly over
its entire four year life time, demonstrating the longevity of proportional counters

and associated equipment. However, difficulties in data transmission

occurred ocn December 27, 1970, and on January 23, 1971, On the first date
telemetry transmission ceased. The temperature of the spacecraft depends

on the angle of the spin axis to the Sur and is at a maximum when the spin

axis is 90° to the Sun. ‘Since at the time of failure the spacecraft was ir its
ridximum temperature conditisn (about BSOF). it was conjectured that this

could have caused the failura, Upon achieving a lower temperature (about 759F)
condition with the spin axis at approximately 30° 1o the Sun, the telemetry

transmission was fully restored, Although the cause for this failure was not

understood, a racurrence has thus far been avoided by maintaining the spin




axis within a 300 cone of the Sun. Hence the pointing capability
of the spacecraft has been restricted resulting in a considerable

modification of the original observing program.

On January 23, the tape recorder failed making it necessary to rely
exclusively on the real time data transmission. Consequently
scveral other receiving stations along the equator have been re-
queste- . record data from Uhuru. This extended coverage has
allowed the recovery of at least half of the data obtained in sach

orbit.

The transmitter has continued to be a problem with further fears of
total loss occurring in June and July of 1971. In Lecember 1971,
after a year of operation, it was found that the star sensors no
longer per formed satisfactorily, most likely due to damage to the
reticle pattern caused by exposure to the Sun. Since the Sun
sensors and spacecrait magnetometer are perfectly functional,
they will be used in post December 1971 observations requiring

& superposition capability. A long radioactive calibration showed
the X-ray detectors and electronics still operating with no

degradation,

During April 1973 the battery on the spacecraft failed which caused
the loss of the rotor (stability was maintained by speeding up the
spacecraft spin rate to So/second) and the loss of the transmitter
output stage (resulting in a weak signal receivable only at Quito).
By switching to Solar-Only status, daytime data was obtained.

The entire month was spent searching for ways to increase the
amount of usable data. On April 26, 1973, we oriented the satellite
to the galactic plane, and detected the strong galactic sources,
thus assuring us that the onboard X-ray detectors were still

functional.



3.0 GALACTIC X-RAY SOURCES

Of the currently known sources (Giacconi et al., 1974), about 100
are galactic, 33 are tentatively identified (of which 24 are stars), 4 are
globular clusters, and 5 are supernova remnants. About 60 are
extragalactic, of which 20 are clusters of galaxies, 8 are active
galaxies, and 1 or 2 are QSO's. Also, about 30 sources well off

the galactic plane are as yet unidentified and may be an entirely

new type of object. Of the galactic sources, the properties of

the more interesting and well studied sources are given in Tables

3.1 and 3.2. The source SMC X~-1 is included even though it is
located in another galaxy of the local group since it has many

characteristics similar to sources in the Galaxy.

3-1
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Source

Her X-1

Cen X-3

Cvyg X-1

3U0900 -~ 40

3U1700 - 37

SMC X-1

Cyg X-3

* Values derived from observations of the optical candidate. The velocit: figure applie

visible companion.

A *
's - — s
e TO P S L
Table 3.1
Characteristics of X-ray Binaries
Approximate
Eclipse duration percentage Approximate
Binary Period {days) Transition duration Velocity of x-ray pulsed, possibly mass of X-rays
Center of Occultation {days} source {Km/se:) non-periodic source {Mo)
1.700165 + 0. 000002 0.24 + 0.1 169.2 + 0.4 B0 0.2 -1.2
1972 Nowv. 22.60587 0.025
2.08712 1+ 0.00004 0.48¢ + 0.012 415.1 + 0.4 70%, variable 0.3-0.2
1972 Sept. 14. 054 0.035 1 0.007
5.5999 + 0.0009%* none 68.2 + 1.7% < 50% 10 - 20
8.95 + 0,02 1.90 £ 0.05 26 + 6% = 10%
1972 May 9.04 undefined
3.412 + 0.002 1.10 + 0,07 23 + 5% = 17%
1972 May 15.64 undefined
3.8927 + 0. 0010 0.60 + 0.04 ? =10%
1971 Jan. 12.99 ={0.1
0.199667 + 0.000014 The eclipse is not unknown
total

3 not to the X-ray source but to its



Source

' Her X~1
; (3U1653 + 35)

Cen X-3
(3U1118 - 60)

Cyg X-1
{3U 1956 + 35)

300900 - 40
{GX263 + 3)
301700 - 37
Cyg X-3

{3U2030 + 40}

SMGC X-1
(3U0115 - 73)

Sco X~1
(3u1lsl7 - 15)

Cyg X-2
(3U2142 + 38)

CHARACTERISTICS OF X-RAY SQURCES

Table 3.2

Locgtion Short-term Long~term
Variability Variability
58.126 1.23782 sec Extended lows
pulsations 34.85 + 1.70
38.12 day period; turn
on 1973 March
1.4+0.1
282.07 4,842 sec Extended lows
0. 36 pulsations
71.32 Quasi-periodic Single low -
pulsations on energy tran-
3.08
scales of sition
milliseconds
263.07 Non-periodic No extended
3.93 pulsations on lows
) times of sec.
347.75 Non-periodic No extended
2.19 pulsations on  lows
. times as short
as 0.1 sec.
79.84 Neo pulsations  Transitions
0.71 observed on possibly
times of sec, similar to
Cyg X-1
300.45 Non-periodic Extended lows
on times of
-43.58 min.
359,09 Non-periodic Flaring:
21,77 variations on 10 - 30 min.
’ times of min.
87.32 Non-periodic ?
-11.32 pulsations on

o A B AT A L S ey« o i A 7 AR e e

times of min,

Power Law
Energy Index
-1.3~-0.2

-0.4 - +3.06

2.8 -« 4.1
before tran-
sition

0. 45

after tran-
sition

-0,2 ~ +6.7

-0.4=1L0

D.4-~1.%

‘0.0~ 0.3

6 - 10:
thermal
spoctram

3-7;

thermal
spectrum

Cutoff
(keV}

1.5~= 3.2

1.5+ 4,2

1A

1.5

2.5 = 4.4

2.1-5.5%

2.3+ 4.0

1.5~ 3.0

variable ?

~ 0.5

variable ?
T 005

Intensity
Max Max. Optical Peak Luminosity
{c/s) Min. Candidate 2 - 10 ke¥ erg/sec
100 e Hz Her 1 x 1037
15 - 13 mag.
160 =20 ? ?
37
1175 5 HDE226868 1 x 107 before
BOIbL transition
9 maqg.
iIx 1{]36 after
transition
36
100 10 HD77581 4 x 10
BO51b
6 mag.
102 =3 HD153919 3% 10°°
BOO7f
6 mag.
~ 37
194 -3 No optical; 6 x 10
Radio and
IR source
28 =9  SKl6O 31000
BOIb
13 mag.
36
17000 2.5 Sco X-1 1x10
12 - 13 magq.
540 = 2. Cyg X-2
14 mag.
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3.1 Hercules X-1

3.1.1 Observations

Since the original discovery of the periodically pulsating binary X-ray
source Her X-1 (Schreier et al, 1972; Tananbaum et al, 1972), intensive studies
of its characteristics have continued from the UHURU X-ray observatory. The
bulk of the data, which will be discussed here, was obtained in the energy range
from 2 to 6 keV, The UHURU instrumentation has been desecribed in a previous
Letter (Giacconi et al, 1971),

We have already discussed the periodic pulsation of Her X-1 observed in
January 1972 with a period of 1.24 scconds (Tananbaum et al, 1972). We also
discussed the sinusoidal variation of this pulse period, occurring in phase with
the orbital period of the binary system, which we interpreted as due to Doppler
effect, We have now obtained two new results on the 1,24 second pulsations

with regard to the pulse shape and the long term variability of the average period,

In a recent rocket experiment (Doxsey et al, 1973) the MIT group studied
the pulse shape with fine time resolution, The main pulse was observed to
have a double-peaked siructure with a dip in the center. The double peak and
dip occur in a few hundred milliseconds and the fall of the peak is considerably
faster than its rise., The UHURU data, with 0, 096-sec resolution, show a pulse
shape consistent with the MIT results. Moreover, the data show the average
pulse shape to be variable. In Figure 3~-1 we show the results of folding data,
obtained with 0. 096-sec resolution, modulo the 1. 24-gec period. The data were
acquired in two 60-second intervals separated by about an hour. We observe on
one occasion a douhle-peaked main pulse similar to the MIT data, followed by a
very shallow interpulse, but at another time a single broad peak in the main pulse

and an enhanced interpulse.

*The Astrophysical Journal, 1973, 184, 227. R, Glacconi, H. Gursky, E. Kellogg,

R. Levinson, E. Schreier, H. Tananbaum. Reproduced by permission of the
University of Chicago Press,

© 1973. The American Astronamical Society. All rights reserved. Printed in U.S.A.

34



[WTENSITY - CTS/SEC (2-7 keV)

HERCULES X-1 1972 MAY 1
DATA FOLDED MODULO 1.2378 SEC

60

40 UT=8830 sec

(60 sec)
20

60

UT=14375 skc
(60 sec)

50

2 "'_F_L\_
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PHASE ACROSS PULSE

Figure 3-1 Hercules 2-6 keV intensity data. Two sixty-second

passes folded modulo 1.24 seconds.

3-5



With regard to long term variations of the average period, we discussed
in our previous Letter the procedure we used to determine the be:t fit of a
sinusoidal function to the observed pulsation phases. The parameters for the
fit determine the average period during the entire observation time which
extends over several days. Thus, very precise values for the average period
of pulsation can be derived during each of the "on" states of Her X-1, which
occur approximately every 35 days with a typical duration of 11 days. Using
this trchnique, we have obtained the average period of the X-ray pulsation for
January 1972, February 1972, March 1972, April 1972, and July 1972, The helio-
centric corrected results are shown in Figure 3-2. The l¢ error bar associated with
each determination is derived from the quality of the fit. The data show that
significant changes in the average period of pulsation occur with an overall
decrease of about 4,5 microseconds from January to July. We cannot determine
from these data alone whether the changes occur gradually or abruptly. We can,
however, exclude a linear change with time which would be seen as a constant
slope in Figure ?-2. The period decrease gives strong evidence against the
possibility that the energy emitted in X-rays resulfs from the loss of rotational
kinetic energy of a neutron star, as is believed to be the case in the Crab Nebula
pulsar NP0532,

An additional result from the fitting of the sinusoidal function to the ob~-
served pulsation phases is that we now have an updated period and phase for
the orbit of the binary system. The period is 1.700165 + 0.000002 days and the
phase of the eclipse certer is 1972 Tuly 7.8921 + 0.0001. The new determina-
tions set an upper limit for change of the 1. 7-day eclipse period of 1 part in 105 per

year.
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In addition to the above findings concerning the puisations, a much
more complex picture of the system has emerged from the study of the variations
in the average source intensity occurring over time intervals long compared to
the pulsation period of 1,24 sec. As previously reported, Her X-1 is observed
to be intense and pulsing for 11 or 12 days and below the level of detectability
for 24 or 23 days, In addition, it exhibits regular eclipses every l.7 days,
which we had originally thought to be of variable width. We have studied the
variation of average intensity in much greater detail by analyzing all available
sightings of the source during several "on" states. In Figure 3-3 the behavior
during three of these "on" states is shown. Each data point represents the
average intensity measured during a single scan of the satellite across the source
and is corrected for aspect., Two types of error bars are shown in the figure:
(@) the statistical error bar, determined from counting statistics, and applicable
when considering variability between adjacent sightings; and (b) the larger
error bar which is an estimate of the possible systematic errors associated with
the aspect corrections. This last error is applicable when comparing data taken
on different days, since the satellite orientation is normally changed on a
daily basis., (The rather large error is due to the fact that since the
failure of the UHURU star sensors, we depend on sun sensors and magnetometers
which yield aspect information to about 1° precision.} The behavior of the source
in the three time periods shown in Figure 3-3 is typical of all our observations.
Some common qualitative features can immediately be recognized: (1)} there is an
overall modulation of intensity with a broad maximum and a gradual decrease
to below observable levels:; (2) the "on" state begins with a fast rise
.ime {less than 90 minutes): {(3) "dips" in intensity occur during which the
observed flux decreases by factors of 5 to 10; and (4) these "dips" typically
occur once per orbit, before the eclipse, and they occur progressively earlier in

phase as one approaches the end of the "on" state, It should be emphasized that

3-8



T o o S o e e i P )

- W -+ I Y

| ||
L-e] CvPe A e L v
JANGARY CEARE L J i AP L
1872 i ° | ‘ 1
20 ’ I L)
P T SR
o¥Ws - o
¥ °U+ °s L I L* s . ° ’*’- L .:~ i |
[] * 4 a o am | \ |
N{cA) w® = ° ol 4 '& :
60 t 8 e 'a : ¢ L) * : °.’ o | :
L] v . !
! ! : : ‘ ’ i o] h"go i
m: 8 2 ' K -. r‘ *e \
[ %! o)
H ° 0. | o LN . I oy,
L T S e S
ERRE i
50
MARCH
a7
- !
120 e o’ Moy .
\ % "2 o v :.3- El Y '
N {c/s) 90 RS ..". ” '.-‘%0'-.'
. R IR 72N K ¥ SR
f- : o ' . o.‘ ) ' ’ﬁﬁ L | f
&0 E o ~. * ° @ wfe e ]
° : . ° s. ° ’-.' # "D‘o
3 o ! o . L]
: [} ° . - .“JI o*
301 ' . * S eg ap ©
bt B & 3‘ %.-l" o ‘\
al . = A [ 3 e bl 2% ﬁ.-.._:ﬁli’" -
MAR 19 20 21 2 25 24 5, 26 er 78 29 o] & APR 1 2
I | | ! I |
| ! :
‘ | [ I . [ t |t
I | STt a aadint P (5-“.1-:?(;4;:5';";5‘
i | ymas e «I : wisbl Y ey RNDR
501y ] I i | | ||
1972 ! ' . ! ! |
| ‘ I [ | | I !
i ! ‘[ F st q I 1 ! !
| s , . .
a0 o % [ S gt . t T ¢
LI A TR 4 o P
N ie/s) ¢ R AN i ‘ "".B, | L‘,'., s Ty
o ° ‘o e o
€0 - ”‘: " e J‘ ° } ! :. ‘ n:‘ . r ® g
."' P ! : | | .:‘ :‘..g ® | . £ . °
- . & |
- 3 3 | ! | ! : I j ; 4 '.0.
. . . .
0 MR i ok 4 e
July 3 4 5 & 7 A G C " 12 3
Figure 3-3 Hercules intensity data (2-6 keV) during three "on"

states. The vertical lines represent the orbital
eclipses, whose positions are determined accurately
from the pulsation Doppler analysis. Typical errors
appropriate for different groups of data are shown:

the statistical error bar is relevant for point-to-point
comparisons and the aspect error bar {s relevant for
day-to-day comparigons. It should be noted that most

intensity points below about 10 cts/sec are upper limits,

3-9



these four features are observed in every "oa" sighting we have studied.
We have never observed an "on" state, for instance, which ended with a

sharp decrease in intensity, as might be expected for certain special models

(Shklovsky, 1972}).

For each of the available "on" states, we define two reference times:
an abrupt onset time and also a time characteristic of the entire "on" state.
Since the intensity maximum is broad (e.g. 1972 January and March), the time
of peak intensity is not well defined. The gradual intensity decrease, however,
does allow us to fit a straight line to the intensities in the later portion of each
on state, and to find the intercept of this fitted line with zero. For each on
state, we thus measure the "intercept” time along with an uncertainty, taking
into account both statistical and systemaiic aspect errors. The average time
interval between"or!' states is then computed by fitting the intercept times with
a linear function. We find that the results are consistent with a periodic
occurrence of on states with a period of 34.88 + 0. 12 days, although individual

points do exhibit large errors.

We then turn to the question of whether the onset times also occur periodi-
cally. Since the onset has a relatively fast rise time we can determine its time
of occurrence much more precisely. We have plotted in Figure 3-4a the time
difference between the actual onset times and those predicted on the basis of the
constant 34. 88 day period previously determined. It should be noted that the

error bars associated with each determination here are absolute limits,

If the turn-on were strictly periodic in time, we would expect all of the data
points to lie on a single straight line, which would have zero slope in the event
that the perlod exactly coincided with 34. 88 days, our chosen trial period. We
find that the onset times can occur at constant time intervals for a few cycles;
the first points led to the 35.7-day period we previously reported. Other points,
however, define a period close to 34.85 days, and still others are scattered in
no apparent systematic way. The last few points are from "quick look" data and
their precision may improve when production data are processed. The analysis

clearly shows that the tum-on is not periodic,
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The turn-on times, however, Lear a strict relation to the eclinse phase
as shown in Figure 3-4b, As previously mentioned, the limit bars associated with
each determination are absolute limits rather than statistical errors. The nine
tum-on times, which we have measured to better than 0.2 days, occur within
two ranges of phase values. The first is from phase 0,19 to phase (. 30; the
second, from phase 0.65 to phase 0.74. While it is possible that the turn-on
times do, in fact, exhibit a range of values as given above, it should also be
noted that all determinations are consistent with two much narrower intervals as
defined by the region of overlap of the absolute limits. These intervals are from
phase 0.218 to phase 0.235, and from phase 0,682 to phase 0.688. The
probability that this clustering is due to a random phenomenon is negligible,
The simplest conclusion we can draw is that the X-ray emission is initiated only

at specific positions of the X-ray source in its orbit about the companion star.

If we consider now in more detail the intensity variations during the "on"
state, we observe, in addition to a large amount of point-to-point variability,
the existence of definite decreases in intensity or "dips" cutside the well-defined
eclipses. We obtain the phase of the eclipse very precisely from the Doppler
shift of the pulsation period, and the lines shown in Figure 3-3 defining the eclipse
are centered via the null point of the sine curve. The existence of dips occurring
in close proximity to the eclipse in the early portions of the "on" state had led us
to conclude that the eclipse duration itself was variable. However, if we restrict
our attention to eclipses occurring late during the "on" state, we find that their
duration is consistent with a constant value of 0.24 + 0,01 days. The onset and
end of the eclipse appear to be extremely sharp. On occasion, we find the tran-
sition occurring in less than 700 seconds. (It should be noted, as pointed out by
R, Ruffini, that this value implies an absolute upper limit on the dimensions of the
X-ray emitting region of about 1010 cm.) The X-ray flux from Her X-1 during all

eclipses has been below detectable levels.
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The dips are qualitatively different from eclipses in some respects and very

similar in others. The transition into a dip takes place quite sharply in times

as short as tens of minutes, similar to the transitions into eclipse. However, the
X-ray flux can have a finite value within the dip, in sharp contrast with what
occurs in eclipses. The duration of the dips is on the average of the same order
as the eclipse duration, bu: on one occasion was half as long. We interpret the
occurrence of these dips as due to absorption of the radiation by intervening gas.
This interpretation stems from the detailed comparison of the spectral content of
the radiation from Her X-1 inside and outside the dips. In Figure 3-5 four different
spectra each obtained over a few tenths of a day during different portions of the
"on" cycle are shown. The spectrum corresponding to the highest intensity was
obtained during the central portion of the 11 day "on" state in January 1972

at an orbital phase corresponding to nighest flux. The spectrum appears to be
very flat, with a best fit power law energy index of 0.0 or with a best temperature
fit for an exponential spectrum of T > 150 x 10601{. The cutoff energy Ea
corresponds to less than about 1,5 keV, The second spectrum also obtained at the
highest intensity of the eclipse light curve, but near the end of the same "on"
state is shown by thg dashed line. While the intensity is reduced by a factor

of 2.7, the shape of the spectrum is the same within statistics. The third

spectrum is obtained in a dip adjacent to the time interval during which the second

2l SRR Nl Y El{. o

spectrum was obtained., While the intensity at energies above 10 keV is not toc
different in the last two cases, a substantial low energy deficit can be observed for
the spectrum obtained during the dip. Finally, the fourth spectrum is obtained during
the rapid rise at the onset of the January 1972 cycle. We see that the spectral shape
is essentially identical to the one observed in the dip, with a large, low energy

cutoff of the order of 4 keV. This similarity may have some significance in allowing

us to distinguish between different mechanisms that could give rise to the rather abrupt

onset of the radiation.
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If we thus interpret the low energy attenuation in the dips as due to
absorption by a gas with the standard cosmic abundances (Brown and Gould, 1970),
we can derive a typical column dens-ity of 1023 Hydrogen atoms/cmz.

With regard to the detailed behavior of the radiation within the dips, we observe
a great deal of variability in the flux. The intensity can change by factors of 5
or greater in times as short as 300 seconds. This would suggest that, if indeed

the absorption occurs in a gas, this gas does not present a uniform column density.

We wish now to turn out attention to the time of occurrence of the "dips”.
We find that the dips change their phase with respect to the 1,7 day-eclipses,
appearing progressively earlier before each eclipse in a given "on" state. We can
define a time of occurrence of the dips by the leadirg edge of the decrease in
intensity. In Figure 3-6 we plot for several different cycles the time difference be-
tween the leading edge of each dip and the nearest eclipse center as a function
of time. The data sets have been stacked vertically, subtracting an integral number
of 34. 88 days. The fact that in each "on" state the position of the dips moves regularly
with respect to the eclipse center is apparent in the figure. It ts also apparent that
they do not move at a constant rate. It is clear that the behavior of the dips bears
some relation both to the 35-day cycle and to the 1. 7-day orbital phase, but we
have not yet been able to establish any simple relationship between these phenomena.
The picture is also somewhat complicated by the observation of two extra dips
which appeared 0, 6 days after the source turned on in April 1972 and July 1972,
On these two occasions the source turned on at phase 0.23 and the trailing edge of the

extra dips mentioned above coincided with phase 0. 68.
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3.1.2 Discussion

Prom the above description it becomes apparent that Her X-1 is a more
complex system than originally described. It is, therefore, not surprising that
we are not yet able to fully understand all of the details of its X-ray emission.
However, from the study of the accretion process by many authors, among them
Zeldovich and Novikov (1971), Shklovsky (1967), Cameron and Mock {1967),
Prendergastand Burbidge (1968), Schwartzman (1971), Pringle and Rees (1972),
Ostriker and Davidson (1972), Lamb, Pethick and Pines (1972), there appears
to be convergence toward a model of the Her X-1 binary system which appears
to be, qualitatively at least, in agreement with the known observational facts,
While this model is not vet generally accepted, even with respect to the choice
of a neutron star as opposed to a white dwarf (Brecher and Morrison, 1973)
as the X-ray star, we have adopted it at least as a guide to the study of the data

and the interpretation of the results.

The star HZ Herculis was identified with Her X-1 by Bahcall and Bahcall
(1972) and Forman, Jones and Liller (1972), who demonstrated the existence
of periodic intensity variations with the same period and phase as the X-ray
eclipses, The optical data indicate that the binary system contains a normal
A or T type star and the X-ray data suggest its companion is a magnetic rotating
neutron star. Matter is lost from the atmosphere of the normal star and accreted
onto the neutron star giving rise to the observed pulsed X-rays. In this view,
the energy source for the X-rays ultimately resides in the gravitational energy
which is converted during the accretion process. The neutron star is rotating with
a l. 24-second period and furnishes the clock mechanism for the short pulsations.
The period of rotation of the binary system is 1,7 days and the X-ray eclipse is
due to occultation of the reutron star by the normal star. The 1. #day light curve
in the visible is due to absorption of the X-ray radiation by the side of the normal

star exposed to the X-ray source and re-radiation of the absorbed energy at 104°K.
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X-ray emission from the accreting material impinging on the magnetic
poles of the neutron star is beamed. This can give rise to the observed pulse
shape and can explain the existence of an interpulse. Several authors have dis-
cussed the effects on the angular distribution of the X-ray radiation of absorption
and scattering in the column of material being funneled into the magnetic pole
(Pines, 1972: Ostriker and Davidson, 1972; and Gnedin and Sunyaev, 1972).
Depending on the density distribution in the accreting column, these authors have
shown that a variety of beaming effects could result, since the emitted photons
are allowed to escape only in a hollow cone about the accreting column. The
variability of the pulse shape could then be explained on the basis of variations
in the column density of accreting matter. The time constants estimated for such
changes to occur (tens of seconds) are not in disagreement with the times in which

the pulse shape is in fact observed to change.

The rate of change of the 1,24-second period and its sign are consistent
with the prediction by Lamb et al (1972), and by Pringle and Rees (1972), who

consider the angular momentum transferred to the necvtron star bv the accreting matter,

Several effects that might cause the 34.86-day precession have been discussed
with the simplest picture being torque-free precession of an oblate spheroid neutron
star as described by Brecher (1972). Pines (1972) has pointed out that dynamical
analysis of the system requires a solid rather than liquid neutron core for the star

to account for the observed precessional period.

The sudden onset of the "on" state may be due to a triggering effect of the
accreting material piling up at the Alfven surface (Pines, 1972) until the precession
angle becomes such that accretion on one or the other of the magnetic pole regions
is no longer prevented by centrifugal and magnetic forces. This effect might explain
both the sudden onset and the more periodic nature of the onset time. Hopefully,

a detailed model may also account for the specific phases at which the onset can

occur,
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Finally, the dips are due to absorption by the gas streaming in the system
and ultimately being accreted. It should be noted that the energy absorbed by
the gas during a dip is a large fraction of the total energy emitted by the source,
The absorbing gas is heated to extremely high temperatures and would then act
as a secondary X-ray source. Depending on its location in the system, the
existence of such a secondary source may have observable effects on the visible

light curve.
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3.2 Centaurus X--3

This was the first X-ray source observed to be pulsing periodically,
(Glacconi, et al. 1971) and the first found to be a binary (Schreier
et al, 1972). Based on the X-ray data alone, it is known that the
bulk of the observed X-ray power ig in the form of a pericdic signal
with a period of 4, 84239 sec. Furthermore, we know that the

source 18 in a binary system; the X-ray emission is eclipsed every
2.08707 days: but more important, the period of the emission is
observed to vary sinusoidally with the same two day period. This
variation in period has a direct interpretation as a Doppler shift

of 415 km/sec corresponding to the motion of the X-ray source around
a central star. Furthermore, the center of the eclipse occurs whan the
Doppler velocity change is zero, consistent with a binary system,

The X-ray variations are illustrated in Figure 3-7,

There are many details of the X-ray emission which clearly relate
to the nature of the source of the system in which it is imbedded,
but which do not lend themselves to such a clean interpretation.
The pulsed portion of the X~ray emigsicn disappears for periods of
many days in an apparently erratic fashion. During this time and
during the eclipse, continuous X-ray emission is observed whose
intensity is about 10% of the peak intensity of the pulsed portion.
It can not be determined whether this portion of the radiation is
present during the time of the pulsing: however, its presence
during the eclipse implies that it is produced independently of the

pulsed portion.

The transition into and out of the eclipse requires about 0. 8 hrs:
spectral variations (deficiency of low energy photons) during this
period indicate that the X-ray flux is being absorbed rather than

being cutoff by a sharp edge; 1.e., the source appears to be "setting"

*From H., Gursky, LesAstres Occlus, Les Houches 1972, p. 295,
Ed. DeWitt and DeWitt, reproduced by permission of Gordon and Breach
Science Publishers
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Figure 3-7. X-ray variability of Cen X-3. The upper curve shows
the 4.8 seconds pulsations as they appear in the raw data (each
bin is 0. 096 sec). The fitted curve is the result of a fourler
analysis. The middle curve is the average intensity folded modulo
the eclipse period of 2 days. The perlod and phase of the eclipse

were obtained from the Doppler velocity variations of the pulsing.

The lower curve is the time varlability on a scale of months and
shows extended periods (e.g., February - April) when the source

{s weak or absent when it was predicted to be seen.
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into an atmosphere before going behind the central star. Also, the
time of the transition varies by an hour or more, indicating that
the "atmosphere" is not steady.

There is no optical candidate available for this object: however, it
is located right on the galactic plane in the direction of a gpiral
arm. Thug, it may be badly obscured optically.

Assuming this to be a binary system, the picture that emerges is

of a close binary system of radius 6 x 1011 cm {= 8 Ro), The
separation between the edge of the occulting disk and the X-ray
source is only about 1011 cm. Based on the D-npler velocity,

the mass function is 15 mo. The minimum mass of the secondary is
15 mo. However, if one accepts the view that this i{s @ mass-ex-
change binary system in which the unseen object (ms) fills its
Roche Lobe, an independent relation arises between the ratio of
the radio and the masses: which in turn allows placing limits on
the masses. However, there is some controversy here, Wilson
(1972) argued that the eclipse duration required a central star that
was tidally distorted and derived an upper lmit for the mass of the
X-ray source of about 0.2 mo. Van den Heuvel and Heise (1972),
on the other hand, derive an upper limit of 0.7 mo for the object
based on the central star filling its Roche Lobe. Ruffini and Leach
(1872) have derived somewhat higher masses; the main poirt, insofar
as the present discussion is concerned, is that the mass is within
the acceptable limits for neutron stars; i.e., one is not compelled
to make the X-ray source a black hole, Based on the value of the

mass function the other star is the order of 15 mo.

It i generally believed that the X-ray emission from Cen X-3
originates from a rotating, magnetic, neutron star based on the
similarity to NP0532. The period of 4.8 seconds of the pulsations

{3 within the range of permissible rotation for a white dwarf; how-
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ever, the only other X-ray source of this kind we know of, Hercules
X~1, has a period of 1.24 saconds which 1s below the limit of
stability for the rotation of normal White Dwarfs.

The shape of the pulse is not consistent with rotation of a source
of radiation on the surface which emits isotropically: the pulse is
too sharp. The most natural explanation is that it is produced
by the same process as is making the X-rays in NP0532. If this
is the case, the radiation is beamed, which has important con-
sequences regarding the average luminosity and number of sources
of this type,
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3.3 Cygnus X-1%*

Perhaps the most significant of the UHURU results for the galactic
X-ray sources has been the discovery of pulsations from Cyanus
X-1. These data led to further study of this obiect and to the pre-
sent belief that we are dealing with a black hole. 1 would like to
present the data we have on this object and consider the status of
the black hole identification. Figure 3-8 contains data showing
substantial variations in X-ray intensity on time scales from 100
milliseconds to 10's of seconds. Some 80 seconds of data are
shown here surimed on 4 time scales from 100 msec up to 14 sec.
I should point out that similar X-ray variability also reported by
Rappaport et al. (1971a), Holt et al. (1971) and Shulman et al.
(1971) compels us to consider a source region of 109 c¢m or less,
Figure 3-9 shows the X-ray location obtained from an MIT rocket
flight (Rappaport et al,, 1971 b) and from UHURU which led to the
discovery of a radio source by Braes and Miley (1971) and by
Hjellming and Wade (1971}, It is this precise radio location that
led to the optical identification by Webster and Murdin (1972) and
by Bolton (1972a) of Cygnus X-1 with the 5. 6 day spectroscopic
binary system HDE 226868. The central object of this system i=
a 19th magnitude star, most likely a B0 supergiant and first mass

estimates for the primary led to a mass in excess of 3 Mo for

*From "Stellar X-ray Sources” H. Tananbaum, 1973 IAU Symp. No.
60, Galactic Radio Astronomy, D. Reidel Publishing Co.
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Figure 3-9.
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X-ray location of Cygnus X-1. HDE226868 is the bright
star in the overlap between the MIT and ASE error
boxes. The insert shows the radio location which

was reduced to an uncertainty of less than 1 arc

second after this figure was drawn and is coincident
with HDE226868.
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the unseen companion. This came from the mass function determined

from the absorption line velocities

M sec sin’y == (0,2,

2
(Msec+ 1VIBO)

Even at i=900, which gives a minimum value of the mass of

the secondary,

M =20 =M =5 M
BO sec o}

If the secondary is the compact X-ray source, then it could well

be a black hole, a point to which we will return shortly.

We attempted to confirm the identification of the X-ray source with
HDE226868 by looking for a 5.6 day effect on the X-ray light curve,
In December 1971 and January 1972 we ocbserved Cygnus X~} con-
tinuously for 35 days. We folded the X-ray data with many different
periods including 5.6 days and the results are shown in Figure
3-10. 2-6 keV data are shown folded module 3.0, 5.6, and 6.2
days; the average is indicated by the dotted lines, and 2 o error
bars are indicated by the solid lines. We conclude that there is
no evidence for a 5.6 day eclipse here, and believe that previous
reports from balloon observations of such an effect at higher
energies were caused by the large scale time variability and not
bya 5.6 day effect. The report by Professor Boyd at Sydney of

a possible 5. 6 day effect at energies below 3 keV may be due to

a real effect or may be due to the variability of the source and

the presence of only two data points. In any case, the absence

ofa 5.6 day effect does not rule out the identification and can be
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understood in terms of an appropriate inclination angle for the

orbital plane of the binary system.

With the use of UHURU as an observatory, we have analyzed 16
months of data on Cygnus X-1 which are shown in Figure 3-11.

We have plotted the 2-6 keV intensity vs. day of 1970. The vertical
lines for a given day are not error bars, but rather show the range
of variability observed on that day. For some days we have only
the average intensity shown by a dash available in our analyzed
results. We see that a remarkable transition occurred in March
and April 1971, with the source changing its average 2-6 keV
intensity level by a factor of 4. We have also indicated in the
figure the 6~10 keV and 10-20 keV X-ray intensities and see that the
average level of the 10-20 keV flux increased by a factor of 2,

The figure also shows that at the same time the X-ray intensity
changed, a weak radio source appeared at the Cyg X-1 location

and was detected by the Westerbork and NRAO groups. Hjellming
(1973) has recently reported analysis of additional radio data which
shows the radio source first appeared some time between March 22
and March 31, esgentially the time during which the 2~6 keV X-ray
intensity first headed downward. This correlated X-ray radio
behavior is the major evidence in addition to the positional data

that Cyg X-1 is in fact identified with the optical and radio object.

With respect to the arguments concerning the mass of the secondary
and thereby the possibility of Cygnus X-1's being a black hole,
there are three recent papers that approach the question. One paper
by Bolton (1972 b) uses the absorption line velocities, the He II
4686 emission line velocities and the 2.2 Kpc distance derived

from the observed reddening and the equivalent width and velocity
of the interstellar lines to determine values of 20 Mo for

the primary, 13 MO for the secondary, and an inclination angle of 26o
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Figure 3-11. 16 months of observations of Cygnus X-1. X-ray data
are shown for 3 energy bands, 2-6 keV, 6-10 keV,
and 10-20 keV plotted vs. day of 1970. The transition
discussed in the text occurred near day 450. The
radio data are shown at the bottom of the figure to
which should be added the additional positive sight-
ing on day 455 reported by Hjellming (1973).
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Cherepashchuk, Lyutiy and Sunyaev {1973) use the absorption line
velocities, the He II emission line velocities with some allowance
that the emission region may not belong to the X-ray star, but may
lie between the two stars (the possible flaw in Bolton's work),

and the photoelectric observations showing 0,07 magnitude changes
due to a tidally distorted system. Then taking into account limb
darkening and gravity darkening, and making the not necessarily
correct assumption that the primary fills its Roche lobe they
determine a primary mass between 10,7 and 22 MO, a secondary
mass between 7.8 and 17 Mo’ and a distance of order 5 Kpc -~
although they appear to have neglected interstellar absorption
effects and could therefore have overestimated the distance by a
factor of 2. H. Mauder (1973} uses the mass function determined
from the absorption line velocities, the possible distances allowed
by the observed reddening and the absence of a bright infrared
source which would be produced by an absorbing circumstellar
shell around the source, the absence of any substantial reflection
effects as demonstrated by the photoelectric observations and the
X-ray to visible light energy ratio, and the photoelectric obser~
vations plus the assumption that the star cannot be any larger than
its Roche lobe, He determines a self consistent set of parameters
that gives for a distance of 2 Kpc, a primary mass of 25 1\/I0 and a

secondary mass between 6.0 and 7.3 MO.

What is the point of this rather lengthy, yet sketchy description.
Since we are talking about the first possible observation of a black
hole, we want to consider all the possibilities. The first optical
papers suggested a mass of ~ 20 Mo for the primary star based

on a BOlb spectral typing. Among others, Trimble, Rose and
Weber (1973), and Faulkner (1973) pointed out that a helium burning
star of much less mass could give a temperature and effective sur-

face gravity identical to that observed. Since such a source would
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be at a distance of 1 Kpc at most, a knowledge of the distance

is crucial for deciding the masses of the stars. Now the recent
distance measurements that have been made by Bregman et al,

(1973) and Margon et al. (1973) rule out the more exotic helium

stars, determine that the primary is a massive supergiant, and there-

by vield masses from 6 to 22 Mo for the secondary.

Thare are 3links in the chain of arguments leading to our conclusion
about Cygnus X-1 -~ {1} the identification where location agreement
plus the X-ray-radio correlation suggest the HDE226868 secondary
is the X-ray source; (2) the compactness where the short time
variations, accretion as an energy source, and the absence of
substantial visible light emission from the secondary indicate that
this object is compact; and (3) the mass estimates of > of 6 Mo

which therefore indicate that Cygnus X-1 is a black hole,

In the way of future work on this source, we have the promise of

a |l arc second X-ray location from the HEAO-B X-ray telescope

in the late 1970's to make the identification absolute, the large

area NRL experiment planned for the HEAO-A mission to study the
intensity variations on very short time scales to pursue the compact-
ness, and the continuing optical efforts to confirm the distance

measurements.
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3.4 2U 0900-40%*

3.4.1 Introduction

The X-ray source 2U 0900~40 (Vela XR-1, GX263+3) was first detected
by Chodil et al. {1#47) and subsequently the position was refined by Gursky,
hellogg, and Gorenstein (1968). Based upon first Uhuru observations, Kellogg
and Murray (1971} and Bradt and kunkel {1971) suggested HD77581, a BO. 3lb star
(Morgan, Code, and Whitford 1955) of visual magnitude 6.9 (Hogg 1958} as an
optical candidate for the X-ray source. This star had been observed by Feast,
Thackeray, and Wesselink (1956) to have a variable radial velocity which Brucato
and Kristian (1972} interpreted as caused by a binary with a pericd of less than
ten days. Hiltner, Werner and Osmer (1972) reported HD77581 to be a spectro-
scopic binary with a period of approxima-.:ly seven days. Most recently Ulmer
et al. {1372} have reported periodic intensity fluctuations of 8.7 + 0.2 days in
the 7 - 26 keV tiux from 21U 0900-40, which they interpret in terms of an eclipsing
binary system.

In this letter we report X-ray observations of 2U 0900-40 from the X-ray
observatory Uhuru which confirm the observations reported by Ulmer et al. and
yield an improved period of 8.95 * 0.02 days. An improved location for 21U 0900-40,
with an area of 4 square minutes of arc, contains the optical candidate HD77581.

The 2 - 20 keV energy spectrum and the variability of the source are also discussed.

*The Astrophysical Journal 1973, 182, 1103
W. Forman, C. Jones, H. Tananbaum, H. Gursky, E. Kellogg, and R. Giacconi
Reproduced by permission of the University of Chicago Press

(© 1973. The American Astronomical Society. All rights reserved. Printed in U.S.A.
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3.4.2 Observations

The discovery of the binary nature of HD77581, the bright star in the error
box of 2U 0900-40, prompted us to undertake a detailed study of the X-ray source
and to look for evidence of periodic occultations. The low average intensity and
the large variability of the X-ray source greatly complicated the search for occulting
phenomena. With the Uhuru satellite, 2U 0900-40 was monitored between May 8
and June 30, 1972, These continuous observations show regular intensity varia-
tions consistent with & period of 8.95 + 0.10 days. Analysis of these same data
eliminates other periods from fractions of a day up to 8.95 days. Aside from
multiples of 8.95 days, these data eliminate any possible periodicities less than
about 30 days. Figure 3-12 shows these data folded modulo 8.95 days. The data clearly
show the high and low intensity states for the source. In addition to the periodic
lows, there are occasional times less than half a day long, when the source is not
observed above the background. Although these data are not corrected for aspect,
the X-ray detectors were well-centered on the source during all of the X-ray lows
so that the upper limits shown do not result from the source's being out of the field
of view.

We have studied earlier observations of 20 0900-40 from Uhuru. ©On 1971
December 18 - 19 an occultation and subsequent turn-on was observed which agree
with data presented by Ulmer et al. for the same two days. The source was also
observed for about one day on each of 13 different occasions between 1970 December
and 1971 July, while the Uhuru star sensors were operational. In all but two intervals
average intensities corrected for aspect ranged from 10 to 75 counts/second, while
on 1971 February 5 - 7 and April 18 ~ 19 the source was not observed above the X~ray

background with 3-¢ upper limits of 3 counts/second. Combining all Uhuru data
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Figure 3-12. The 2 ~ 6 keVintensity of 2U 0900-40 is shown. The

data are from May ~ July 1972 and are folded modulo

the 8. 95-day period.
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on the source from 1970 December to 1973 January we have been able to determine
a unique period of 8.95 + 0. 02 days. The phase of the period as defined by the
center of the occultation is UTI1972 May 9, 04 + 0. 07. The duration of the occultation
is 1.90 + 0. 05 days. However, for 1971 February 5 - 7 the source was not
detected for a longer time than the normal eclipse duration. This behavior may
resuit from a variable occultation duration or it may be an interval of low intensity,
as was observed occasionally during the high state in the May - June 1972
data. The source has exhibited no extended low intensity states lasting several
times the orbital period, such as have been observed for Her X-1, Cen X-3, and
SMC X-1.

In addition to the observed occultations, 2U 0900-40 shows a remarkable
degree of variability on shorter time scales. {igure 3-13 shows the 2 ~ 6 keV intensity
corrected for aspect during half a day of observations in March 197]. The X-ray
luminosity changed by a factor of 30 in about two hours. Flares of this intensity
are rare, but irregular variability is the rule as is illustrated by the remainder of
the data in the figure. We have observed intensities above 100 cts/sec for at least
one pass on three of the 13 days for which star aspect was available. During these
13 days the overall average intensity was about 40 cts/sec.

Observations taken during the peak of the flare, shown in Figure 2,exhibit
short time-scale fluctuations. During one 20-second pass the intensity of the
source increased by 24 + 4% in less than 0.4 seconds. The intensity remained at
the higher value for three seconds before returning to the original level. Tourier
analyses of several observations of 2U 0900-40 did not reveal any short term peri-

odicities suchasare seen in Her X-1 and Cen X-3. We can set a 3-¢ upper limit of
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10% on the flux that is periodically pulsed for periods between 0.1 and 10
seconds.

Although the 2 - 20 keV energy spectrum of 2U 0900-40 is somewhat variable,
it is always flat with a large amount of low energy absorption. For a power law
energy spectrum the low energy cutoff varies between 2.2 and 4.4 keV and the
spectral index ranges from -0.2 to +0.7. Thermal spectra with T> 20 x 107 OK
and a low energy cutoff greater than 2.2 keV are also consistent with much of the
data,

Using data obtained after the completion of the 2U catalogue, we have refined
the source 10cation from an area of 25 square minutes of arc to 4 square minutes of

arc, Figure 3-14 shows both the old and the new positions. The star HD77581 remains

well within the reduced error hox, which is centered at:

h 5

a (1950) = 9" 00™ 15. 0 §(1950)=~-40° 21' 40~

with corners of the 90% region located at:

@ =29%00™ Ig, 78 9 5o™ 19. 75 oP 00™ 10. 35 o 0o™ j0. 35
§=-40° 22" 34~ -40° 20" 46" -40° 20" 46" —40° 22+ 34¢
3.4.3 Discussion

Jones et al. (1973) have recently discussed the similarities among the binary
X-ray sources. Most notably, the five known occulting X-ray sources, including
21U 0900-49, have flat spectra with variable low energy cutoffs. The observed range
in cutoffs cbserved in 2U 0900-40 implies hydrogen column densities between 3.7 x
1022 and 3.2 x 1023 a'coms/c:m2 (Brown and Gould 1970). The total HI column

density determined from 2l-cm 2mission observations in the direction of 21U 0900-40
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LOCATION OF 2U0900-40

. b ce. [ L - '-.‘. .". -7 s "

Figure 3-14, The location of 2U 0900-40 is shown on an enlarge-
ment of the Palomar Sky Survey print. Both the old
location from the 2U Catalog and a newer Uhuru
position are shown. The bright star in the small

arror box is HD773581,
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is approximately 6 x 1021 atoms/cm2 (Daltabuit 1972). Therefore, the high
absorption observed in the X-ray spectrum is intrinsic to the source, as is con=-
firmed by the variability of the cutoff., Intrinsic cutoffs lend further support to the
model in which X-rays are produced by accretion onto a compact object from a
circumstellar cloud or disk with the accretion material originating from a binary
companion.

The 8. 95-day pericdicity observed in 2U 0900-40 disagrees with the seven-
day periodicity reported by Hiltner et al. for HD77581, the star that is the prime
candidate for the optical counterpart to the X-ray source. However, ag Hiltner
(1972} has pointed out, the optical data are consistent with a 8. 95-~day period if
the observation of 1972 February 13 is put on the descending rather than the
ascending branch of the radial velocity curve. Observations indicate 2U 0300-40
is a member of a binary system and the star HD7758], located within the small
X-ray error box, has been observed to have a binary period consistent with that
determined for the X-ray object. Thus it is possible that 2U 0900-40 and HD77581
are members of the same binary system. Further optical observations of HD77581

are now most important to resalve this question.
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3.5 2U 1700-37%

3.5.1 Introduction

The X-ray source 2U 1700-37 was first detected by the Uhuru satellite in
December 1970. Observations have shown the source to have periodic occulta~
tions every 3. 4 days, indicating a binary nature. The source is highly variable
on short time scales but exhibitsno periodic short-term pulsations such as are
seen In the X-ray binaries Cen X-3 and Her X~1 (Giacconi et al. 197]; Schreier
et al. 1972a; Tananbaum et al. 1972a). The energy spectrum of 2U 1700-37 is
flat and cut off at low energies, similar to the spectra of other reported X-ray
binaries (Schreier et al. 1972a; Tananbaum et al. 1972a; Schreier et al. 1972b;
Forman et al. 1972). On the basis of close positional agreement and its similar-
ity to other stars associated with X-ray sources (Gursky 1972), the star HD153919

is suggested as an optical candidate.

*The Astrophysical Journal 1973, 181, L43
C. Jones, W, Forman, H, Tananbaum, E. Schreier, H, Gursky, E. Kellogg, and
R. Giacconi, Reproduced by permission of the University of Chicago Press

@ 1973. The American Astronomical Society. All rights reserved. Printed in U.S.A.
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3.5.2 Observations

The most extensive Uhuru observations of 2U 1700-37 were made in May 1972,
The 2 to 6 keV intensity measured for seven days during this set of observations is
shown in Figure 3-15. These data show two complete cycles of the source. Transi-
tions from the high-intensity state to the low state are clearly visible on May 11. 7
and May 15.1. Two upward transitions from states of low intensity to states of
high intensity are seen on May 12.8 and May 16. 2. Combining these observations
with others ranging over a year and a half, we have determined a period of 3.412 1
0. 002 days. The occultation is centered on U.T. 1972, May 15.64 + 0.04 I.D. =
2441454, 14)

We have examined data for 70 days on which 2U 1700-37 was surveyed between
December 1970 and May 1972 and have determined that its behavior is always
consistent with the derived period and phase. Observations obtained over this
time are shown in Figure 3-15 folded with the 3.412-day period. The data are plotted
twice for illustration. We conclude that there are no extended times of low
intensity during which the source is not observed.

The eclipse duration determined from the data in Figure 3-15 is 1.10 4 0.07 days.
We can set @ 3-0 upper limit of 6 counts/second on the intensity observed during
the occultation of 2U 1700-37. At times the occultation appears to be somewhat
longer than 1. 10 days, as in the first cycle in Figure 3-15. Tt is possible that the
large variability in intensity described below could account for this behavior or

that the eclipse duration actually does vary.

The data in Figure 3-15 also show a second minimum at phase 0.5. When all

the available sightings are folded with the 3. 412-day period and averaged into 25
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intervals, the average intensity in the center bin of the high state is half that

of the adjacent bins. The intensity at phase 0.5 is ten standard deviations

below that of the bins on either side, although it is not particularly meaningful

to consider the difference in terms of standard deviations since statistically
significant fluctuations in intensity are so prevalent in the data. There are, how~-
ever, no substantial upward fluctuations yet observed at phase 0.5. The intensity
averages without error bars are shown in the lower portion of Figure 3-15,

There is a large degree of variability in the intensity during the 2. 3-day "on"
time, as can be seen in Figure 3-15. Since the data in the top portion of Figure 3-15
were obtained after the failure of the Uhuru star sensors, only rough aspect infor-
mation was availahle to correct the source intensity for the location of the source
within the collimator field of view, so that the error bars on the intensities are
necessarily large. However, the large uncertainties do not mask the fluctuations
in which the intensity changes by as much as a factor of four in times of ten
minutes. Variability on the time scale of seconds also has been ohserved. On
several occasions the intensity has more than doubled from one second of observa-
tions to the next. All of this variability has also been detected during observations
made when the Uhuru star sensors yielded good aspect information.

Rapid intensity changes on time scales of A tenth of a second are also present
in the 2U 1700-37 data. These fluctuations are not so striking as those seern in
Cyg X~1, perhaps owing to the lower intensity of 2U 1700~37. However, even when
no significant flares on times of seconds are visible, the fits of the data to a

constant intensity are not good, implying that there 1s variability on even shorter
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time scales. When the intensities are averaged over a few tenths of a second
the fit is improved for about half the cases. For example, analysis of the center
seven seconds of one 30-second pass with the data taken every tenth of a second
gave a xz per degree of freedom of l. 47 with a sigma of 0.16; the same measurement
summed in 0. 3-second bins gave a xz per degree of freedom of 1. 04 with a sigma
of 0.28. We. interpret these results as indicating that the rapid changes occurred
on times of a tenth of a second or less, We have Fourier-analyzed and performed
autocorrelations on several 20 - 30 second observations of 2U 1700-37 with a
time resolution of 0. 096 seconds to search for a periodicity in the short-term
variability. We can set a 3-o upper limit of 17 percent on the percentage of the
fluxthat is periodically pulsed with a period ranging from 0.1 to about 10 seconds.

The 2 to 20 keV spectrum of 2U 1700-37 is flat and shows a large amount of
low-energy absorption. The spectrum is variable with a power law energy index
ranging from -0. 4 to +1. 0 and a cutoff varying between 2.1 and 5.5 keV, corres-
ponding to hydrogen densities of 4x 1022 and 4 X 1023 atoms/cm2 (Brown anc
Gould 1970)., Thermal spectra with temperatures greater than 108 %k and substantial
low~energy cutoffs are also consistent with many of the observations.

The position of the X-ray source (90% confidence level contours) is shown in
Figure 3-16. The large box is the position from the 2U catalog and the small box is
a new position obtained from additional source sightings not included in the 2U
catalog. The new box has an area of 0, 009 square degrees and is centered at

h

a(1950) =17 00™ 29° and § (1950)= -37° 46, 4, with the corners located at
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The location of 2U 1700-37 is shown on an enlarge-
ment from the Palomar Sk.y Survey. Both the old

location from the 2U catalog and the new Uhuru

In addition, a location recently
(1972) is given. The
bright star contained within all three location deter-
minations is HD153919,

candidate.

position are shown.

determined by Rappaport et al.

the suggested optical



‘,__,;,,__e__,,,h__ e e = i n s v
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(1950) § (1950)
177 oo™ 5,8 -37° 48'. 0
17" 00™ 518 -37° 44", 7
177 00™ 6° -37° 42°. 7
17" 00™ 6° ~37° 48'. 0
3.5.3 Discussion

The most conspicuous object at the new X-ray location is a 6. 6 magnitude O7f

(Crampton 1971) star HDI53919 fa)g .o = 17" 00™ 32%.7 § =379 46 2qn).
1950 1950

Rappaport et al. (1972) have communicated that data from a rocket flight on 1971
May 1 ha\‘re'yielded an independent X-ray location for 2U 1700~37, Their observa-
tions with a modulation collimator show a 40 peak centered at {1950) = 17h oo™ 29°, 5
and 5 (1950) = -37° 4¢° 44" with a radius of uncertainty of 1'. 5 (30% confidence).
This position, which includes the _andidate star, is also shown in Figure 3-16.

The high correlation of bright stars in X-ray error boxes noted by Gursky (1972)
provides further reason for considering this star as the optical candidate. Also
Heap (1971) has found that compared to O stars, Of stars have low surface gravities,
which would fit well with a model in which X-rays result from the accretion of mass
from the binary companion, in this case the O7f star, onto the compact X-ray source.
Compactness is inferred from the short time-scale pulsations. Spectra recently
obtained on this star (Koo 1972; Liller and Forman 1972) show Interesting features that
appear to come and go on time scales less than ten minutes. Further optical obser-

vations of HDI153919 are needed to test the identification with the X-ray s.ourc =,



Henry (1972) has suggested that for binary systems containing X-ray sources, the
amount of X-ray radiation absorbed by the optical companion and reradiated at UV
and optical frequencies is proportionai to the duration of the X-ray eclipse. For
2U 1700-37, the maximum observed X-ray luminosity from 2 to 10 keV is 3 x 1036
ergs/second, based on a distance of 1. 7 kpc to the optical candidate. However,
the luminosity of the optical candidate is about 1038 ergs/second so that even if
a large fraction of the X-ray energy were absorbed and reradiated, there would be
only a small (£ 1%) effect on the observed opti.al luminosity.

Six X-ray sources--Cen X-3, Her X-1, SMC X-1, Cyg X-1, 2U 0300-40 and
2U 1700-37--are now believed to belong to binary systems. Of the six, all except
Cyg X-1 show X-ray occultations. As for the other occulting binaries, the energy
spectrum of 2U 1700-37 is flat and has a large low-energy cutoff. Interstellar
absorption cannot account for the large cutoff and certainly not for the variability
observed in the amount of absorption. In fact, this source has the greatest amount
of absorption of any of the X-ray binaries observed so far. The eclipse duration of
2U 1700-37 is also the longest of any of the six binaries, lasting about 30 percent
of the entire period. Schreier et al. (1972b) have suggested that the large low-
energy cutoff observed in occulting X-ray binaries is due to an accretion disk or
circumbinary matter concentrated in the orbital plane. Also the presence of a
second intensity minimum, when combined with the compactness required by the
time variability and the parameters of the system that might be determined from an
optical identification, could be very important in understanding the nature of the

emission process.,
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A comparison of some of the p;opeﬂ:ies of 2U 1700~37 with those of the other
X-ray binaries is given in Table 3.3 For the power law energy index and the low-
eneray cutoff, the extremes in variability are given for each source, In several
respects. in addition to their both being in binary systems, 2U 1700-37 is similar
to Cyg X~-1. For both sources the X-ray energy is'pﬁlsed on short time scales
requiring compactness of the X-ray source, although neither shows periodic pulsa~
tions. Neither source exhibits extended lows during which it is not observed above
the X-ray background. In addition, the peak X-ray luminosities of 2U 1700~37 and
Cyg X-1 (post transition) are about the same if the optical tdentifications and hence
the distances are correct. The close similarity in the X~ray properties of Cyg X-1
and 2U 1700-37 suggests that 2U 1700~37 might be a black hole, as has been
advocated for Cyg X-1 (Webster and Murdin 1972; Bolton 1972a, b; Tananbaum et al.
1972b). In that case, as for Cyg X~1, the mass of the X~ray source would be con-
siderable and the mass ratio therefore would not be very different from unity. Hence
a search for radial velocities in the proposed optical candidate could prove most

informative.
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FS-€

Source

2U1700-37

2U0900-40 {GX263+3)

SMC X-1 (2U0115-73)

Her X-1 (201702 +35)

Cen X~3 (2U1119-60)

Cyg X-1 [2U1956+13)

Binary ¥: riod

(Days}

3.412 + 0.002

8.96 - 0.05>P

3.8927 + 0. lIl{][()f

1. 700167 - 0. 000006%*"

2. 08712 + 0. l]l:ll)DJll

5.600 + 0.003 from™ "™ °

optical. Not observed
in X-ray

Forman et al. 1972

. Ulmer et al, 1972

Kellogg and Murray 1971

Brucato and Kristian 1372

e. Hiltner, Werner, and Osmer 1972
f. Schreler et al. 1972b

g. Tananbaum et al, i972a

oo

T ir
.‘n_?r-‘??._fﬂ-‘ [P A

O IR

Y i

Table 3.3

CHARACTERIZTICS OF X-RAY BINARIES

Short Term

Non-periodic
pulsations as
short as 0.1 sec

a
N n-periodic
pulsations on
times of secs

f
Nen-periedic
pulsations on
times of mins

1.23782 sec™ !

pulsations

1
4.B42 sec
pulsations

Quasi-periodic;” &

pulsations as short
as 50 millisec

. Liller 19723

. Bolton 1972a

95 e Fe e F

. Webster and Murdin

Long Term
Varlability

No extended lows

No extended ]owsa

Extended lc:owsf

Extended lows® !

average cycle of
35. 3 days

Extended low51

Single lc:w-enerx;n.rS

iransition

Giacconi et at, 1372

. Bahcall and Bahcall 1972
. Forman, Jones, and Liller 1972
. Schreier et al. 1972a

1972

Power Law Cutofi Optical
Energy Index (keV} Candidate
-0.4+-1,0Q 2.1 =5.5 HDI33919
-0.2+-0.70  2.5=-4.47 Hp775815"¢
f " £ u
0.0 +0.3 l.3 =30 Sanduleak
Na. 160

-1.3 = +0.2 .5+3.2 B2 Her* "k
-0.4++0.6 I.L5-4.2 None

2.8 =4.1 <15 HDE226868™" "
before

transition

G. 45 after

transltion

o. Bolton 1972b

p. Rappaport et al, 1971

g. (Oda et al. 1971

r. Schreier et al, 1971

s. Tananbaum et al. 1972b

t Bradt and Kunkel 1971

u. Liller 19720

Distance

(kpc)

61

n;o

Peak Luminosity
(2 - 10 keV¥ ergs/sec)

3x1036

4 x]()36

Ix 1038

I x !037

1x ]037 before
transition

3Ix 1036 after
transition
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3.6 Cyagnus X-3%

If we now turn to Cygnus X-3, we find a different looking X-ray
picture. Figure 3-17 shows the 2-6 keV Uhuru observation of
Cygnus X~3 for 9 days in May 1972, The error bars contain both

the statistical and systematic uncertainties, The data show in-
tensity variations of about a factor of two with a period of 4. 8

hours first reported by Parsignault et al. (1972). Figure 3-18 shows
the 9 days data in three different energy bands from 1.8 to 10.0

keV plotted folded with the 4, 8-hour period. We see that the
minimum is observed in all three energy bands and that the intensity
variations across the 4.8 -hour cycle are essentially independent

of energy, Thus, the minimum is not due to photoelectric absorption
which would show a strong energy dependence, exp [:(~Ea/E)8/3 .
Among the possible models still being considered for this 4. 8-hour
light curve are a binary system with a 4, 8-hour orbital pertod and
intensity variations caused either by geometrical obstruction or by
different optical depths in different viewing directions due to only
weakly energy dependent Compton scattering in a hot-ionized

cloud, an idea suggested by Gursky (1973), Compton scattering
calculations by Tuckaer (1973} suggest an emitting region that

would be of order 10 com, a size consistent with short time scale

fluctuations now observed on at least some occasions, indicating
a compact component of the source. Other possibilities for the
4, 8-hour cycle would be pulsation or rotation of a single star.

For the 4. B-hour cycle we have a new, tentative period of 0.1996515
+ 0.0000032 days constant from December 1970 through June 1971
and a period of 0.1996787 + 0. 0000012 from June 1971 to May 1972,
an 8 o statistical difference. A word of caution concerning this 1

part in 104 increase in the period is in order. The method used to

* From "Stellar X-ray Sources” H. Tananbaum, 1973 IAU Symp. No.
60~Galactic Radio Astronomy, D. Reidel Publishing Co.
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Figure 3-17.
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Figure 3-18.
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PHACZE OF 4 B HOUR CYCLE

Counting rate data for Cygnus X- 3 for the same 9
days in May 1972 folded modulo 4.8 hours for 3
energy bands. The intensity scale is logarithmic
and the data show that the 4. 8 hour intensity
variation are essentially energy independent.



determine the phase of the mintmum consists of fitting a sine
function to the intensity variations. The period is then determined
by dividing the time between minimum phases by the appropriate
integer number of periods. Canizares et al. (1973) have reported
evidence for changes in the shape of the light curve and we must
investigate the effects of such a change on our anaiysis technique
before considering the period change as definite., Changes in this
period could prove very important in choosing among various models

for the 4. B-hour cycle.

Figure 3-19 shows several points over a 1 /2 year period where

we have determined the average intensity of Cygnus X-3. The
points with the smallest error bars are data for which the average
intengity was determined by the sine fitting technique: other points
are obtained as dally averages of randomly selected points or as
averages of selected quick look data points at various phases of

the 4. 8-hourcycle., The data suggest the Cyg X-3 may have average
intensity levels which persist for times of months with transitions
between levels sometir =s observed. Average intensity levels

of 60c/s, 125c/s, and 230c/s, are seen at various times, This
picture is somewhat similar to that observed for Cygnus X-1 and suggests
that the radio data be checked against the X-rav observations if
possible, for possible long term correlated changes in average

intensity.

Figure 3-20 shows new results for the X-ray intensity for 6 days at
the time of the first Seotember 1972 radio flare., We now include

production data whereas our earlier report of no significant X-ray

changes was based on quick look data only. We see that there are
several points of high intensity on September 1, the day before the
radio flare was first reported, although the radio data allow for the
possibility of an earlier start up since the flare was first observed

already in progress. The presence of X-ray intensities of at least
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JuLy 1 JAN. 1, 1972 Juty 1

Average 2 - 6 keV intensity for Cygnus X~3 on various
days from January 1971 until July 1971, Data are corrected
for agpect and the concept of "average" is discussed

in the text.
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2 - 6 keV X~ray intensgity for Cygnus X-3 in late
August and early September 1972. The time of the
first observation of the giant radio flare is indicated
at 220 on September 2. Note the Jifference in the
X~ray behavior around September | compared to the
preceding days.



600 cts /sec, an intensity greater than ever previously observed

for Cygnus X~3 and at least a factor of 2 higher than any intensities
measured on August 30 and 31 indicates a connection between the
X-ray and radio behavior. This is also supported by preliminary
observations of higher temperature energy spectra for the high
intensity data points. This observation is important since it con-
firms the X-ray radio identification previously only suggested by
positional coincidence of a few arc minutes. This identification Is
also confirmed as reported by Professor Boyd at the TAU General
Assembly in Sydney by the very .2cent cbservation by Becklin

et al, . (1973) of a 4. 8~hour period in the infrared obiect identified
with the Cyg X-3 radio source, with the infrared minimum in phase

with the X-ray minimum.

Wallace Tucker and I have performed some very rough, back of
the envelope calculations to see what the parameters of a system
might be in which 1038 ergs /sec is produced in a synchrotron
process X-ray flare and 1033 ergs /sec is produced in a radio flare.
We basically have a model in which the electrons are infected and
first produce X-rays in a small region with an intense magnetic
field and then expand into a larger region with smaller B and pro-
duce the radio emission. We assume an X-ray emitting region of

1
order 109 cm and a radio emitting region or order 10 S cm,

Assuming a radio lifetime of 10 days we find as already determined
by Gregory et al. (1972) a magnetic field of £ 5 gauss in the radio
emitting region; we now can dectermine a magnetic field of 5 x 109
gauss in the X-ray region, electron energies of ~ 10 MeV, and
number densities of ~ 5 x« 10_2 /cm3 for the radio emitting region

and ~ 5 x 103/ cm3 for the X-ray region.
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3.7 SMC X-1*

3.7.1 Introduction

Observations from UHURU have previously determined the presence
of a discrete, highly variable X-ray source, SMC X-1, in the direction of
the Small Magellanic Cloud (Leong et al. 1971}. This source came under
further scrutiny with the discovery that several variable X-ray sources
seen from UHURU are binary systems (Schreier et al. 1972, Tananbaum
et al. 1972a, Tananbaum et al. 1972b). Analysis of further data has
demonstrated that SMC X-1 is indeed a binary object with occultations
visible every 3.9 days. Except for the lack of regular pulsations, other
aspects of its behavior are also consistent with those of the previously
reported occulting binaries Cen X-3 and Her X-1. There is variability on
time sclales of hours as well as evidence for extended low states. Further-
more, its energy spectrum is both flat and cut off at low energies. If we
follow Leong et al. in putting the source at the distance of the SMC, then
the source is emitting in excess of 1038 ergs/sec in the enzrgy range
2 - 6 keV.

3.7.2 Observations

The X-ray source in the Small Magellanic Cloud SMC X-1 (2U0115-73)
was observed by UHURU on numerous occasions from 1970 December through
1972 April. As previo. sly reported (Leong et al. 1971) the source was seen
to be variable; its intcnsity (2-6 keV) changed by a factor of about twenty
in four hours on 1971 January 12.

*The Astrophysical Journal, 1972, 178, 171

E. Schreier, R. Giacconi, H. Gursky, E. Xellogg and H., Tananbaum
Reproduced by permission of the University of Chicago Press

©) 1972. The American Astronomical Society. All rights reserved. Printed in U.S.A.
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Upon aralyzing further data, we have found that this intensity
change was neither unique nor random, but represented a transition
between two levels. The lower p.-:t of Figure 3-21 shows the intensity of
the source between 197! January 1l. 5 and January 19. 5. The reported
transition between a level of approximately 20 counts/sec and one of
less than a few counts/sec is clearly visible on January 12. 7; other
transitions can also be seen on January 13. 4, 16, ¢ and 17.2. The data are
corrected for aspect and summed over several adjacent spins of the
satellite. The one-sigma error bars include both statistical and
elevation correction errors. The two regions with relatively large
errors represent scans when the source was near the edge of the field
of view; the source was completely out of the field of view for an interval
on January 18, causing the data yap seen. Significant intensity fluctua-
tions on the time scale of a few hours are seen in the data. In addition,
there is evidence for similar variations on the scale of minutes.

The data shown are suggestive of the periodic occulting behavior
already determined for Cen X-3 and Her X-l (Schreier ¢t al. 1972, Tananbaum
et al. 1972a). The period can be determined from these data as 3.895 + 0. 045
days, with a "low" state of duration 0. 60 + 0. 04 days. When we searched
the analyzed UHURU data for further SMC X-1 extended sightings, we
found a three day period irom 1971 june 9. 0 t¢ June 12. 3 which contains one

other complete occulation of duration 0. 63 + 0. 06 days as also shown in
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Data hag been corrected for elevation in the
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Figure 3-21, If we fit a constant period to the data in January and June we

can refine the period to 3.8927 4 0. 0010 days. The average low state
duration of 0. 60 + 0. 03 days is consistent with the three individual
detzrminations. At the present time, the duration of the transition is
only determined to be < 0.1days. The phase of the period as defined
by the center of the low state is 1971 January 12. 99 + 0. 02. The dashed line
in the figure shows a single periodic light curve extrapolated over the two
sightings.

In the remainder of the analyzed UHURU data, there are several times
in 1870 December, 1971 January, March, April and May and 1972 March and
April when the satellite was oriented so that SMC X-1 was in the field of
view. During the 1972 observations, the source was in its "high" state as
predicted by the periodicity established above. However, in the remainder
of the data there were definite times when the source was seen at or below
a few counts per second during predicted high states. Also, in 1971 April,
there were at least two occasions when the source was seen at an intermediate
level of between 5 and 10 cts/sec caring predicted high states. However, we
know of no instances in which the source is seen above ~3 cts/sec when a low
state is predicted. It should also be noted that the intensity of the SMC seen
by Price et al. (1971) in 1970 September is comparable to the UHURU "high
state”; this observation agrees with our predicted X-ray light curve. If we

compare the long term behavior of SMC X-1 with that of Cen X~3 or Her X-1 we
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find similarity with Cen X-3. There is no simple reqular cycle on the time
scale of a month as is known for Her X~1 (Tananbaum et al. 1972a). If one
does exist, it must be at least four or five months long. Further continuous
observations are planned to study the longer time scale behavior.

The behavior of SMC X-1 on time scales of seconds is harder to determine
due to its low counting rate. The two types of behavior we considered were
those associated with knowr X-ray binaries; the periodic pulsations character-
istic of Cen X-3 or Her X-1, and the random or quasi-periodic pulsations
observed from Cyg X-1.

Simulations were done in which actual UHURU observations of Cen X-3
and Cyg X-1 were scaled down to counting rates comparable to that of SMC X-1I,
added on to a typical background rate, and randomized according to Poisson
statistics. These simulations demonstrated that the pulsations of a Cen X-3
type source could be easily seen even at counting rates lower than that of
SMC X-1 by studying a few hundred seconds of data. Fourier analysis and
auto-correlations of actual SMC X-1 data showed no evidence of such
periodicity. We can place @ 3 - ¢ upper limit of 10% on the percentage
pulsed in the range of periods from a few tenths of a second to about ten seconds.
However, we cannot rule out Cyg X-1 type behavior from the simulations. The
short pulse trains often seen in Cyg X-1 data (Schreier et al. 1971) would

wash out in the length of data necessary for analysis., Aperiodic fluctuations

would not be apparent over statistical fluctuations in a source as weak as

SMC X~1, due to the much lower signal-~to-noise ratio.
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The energy spectrum of SMC X-1 is extremely flat above a few keV, but
has a significant low enerqgy cutoff. The best fit power law energy spectral
index is 0.15 % 0.10; a thermal bremsstrahlung spectrum with kT 230 keV
would fit equally well. The spectrum appears to show variability, especially
in respect to the low energy cutoff which has been measured in the range of 1. 5
to 2. 5 keV, corresponding to a hydrogen column density of about 2 X 1022
atoms/cmz. We emphasize that the qualitative behavior of the energy
spectrum is the same as that of the other known occulting X-ray sources,

Cen X-3 and Her X-1.
The position of SMC X-1 (2U0115~73) has been improved since the 2U

catalog and is centered at: a (1950) = 01h 15" 24°

§ (1950) = =730 41" 49"

with the corners of a 90% region given by

o =17 14" 518 § =-73° 40" 19"
14™ 35% 41' 38"
15" 58° 43" 19"
16" 1° 41' 53"

Due to the low density of X-ray sources detected by UHURU in this
region of the sky (Giacconi et al. 1972), we believe that the location of
this source in the direction of the Small Magellanic Cloud is not coincidental.
If we assume that the source is indeed in the Small Magellanic Cloud, then
the accepted distance of 61 kpc shows that the source is emitting in excess

of 1038 ergs/sec in the range 2 - 6 keV.
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3.7.3 Digcugsion

ST e —————

We may summarize the principal observations as follows: (1) SMC
X-1 occults with a period of 3.8927 days; (2) the energy spectrum is
cut off at low energies and flat; {3) there is no large amplitude periodic
pulsation. In addition, there exists variability at least on time scales
of from minute through months. The presence of occultations leads us
to compare the properities of SMC X-1 with those of the other known or
probable X-ray binaries as shown in Table 3.4. It is evident that in all
major respects other than (3) above, SMC X-1 is qualitatively the same
as Cen X-3. Indeed, the correlation most apparent in the table appears
between occulation and low energy cutoff; they are both present for the
first three souices, and neither appears with Cyg X-1 (Figure 3-22}. We
offer the tentative explanation that occulation requires the observer to be close to
the plane of the orbit, and that most of any matter being transferred between
the members of the binary system {e.g. an accretion disk) as well as any
circumbinary material would be concentrated also in the orbital plane.
Thus, low energy cutoff caused by abso:ption near the source would be
most pronounced in the orbital plane and be greatest for occulting sources.
We also note that the luminosity of over IOBBergs/sec makes the binary
source SMC X-1 comparable in strength to both the stronger galactic sources
and the discrete sources in the Large Magellanic Cloud {Leong et al. 1971).
This fact permits the interpretation that even the strongest X-ray sources

may be binaries., The high intrinsic luminosities of many galactc sources
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Table 3.4

Properties of Some X-ray Binaries

Periodic Long Term

Source Occultation Spectrum Pulsation Variability

SMC X-1 3.8927 days Flat, cutoff at No large Extended lows
1-3 keV amplitude

Cen X-B(a) 2.08712 Flat, cutoff at 4. 84 sec Extended lows
1-4 keV

Her X-l(b) 1.70017 Flat, cutoff at 1.24 sec Extended lows
1-3 keV (period = 35 days)

Cvyg X-l(c) None Flat, no None Single transition
cutoff {quasi-periodic) (at low energies)

References for Table:

(a} Schreier et al, 1972
(b} Tananbaum et al, 1972a
(c) Schreier et al, 1971
Tananbaum et al, 1972b and references therein
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shown represent relative counting rates with one-
sigma errors in seven PHA channels. The data have
been normalized by setting the total intensity (2-20
keV) equal to that of Cen X-3. The parameters shown
represent the best fits to the data of the power law
expression shown on top: exponential spectra with
kT > 25 keV could fit as well. Also note that since
variability is seen in the spectra, any given sighting

might diffe: from the representative spectra shown,



are therefore not in contradiction to the idea that most galactic X-ray

sources are binary systems., For such sources, accretion is the obvioas

energy source, whether the matter is supplied by a stellar wind or by over-

flow of the Roche lobe of the companion star. The fact that the luminosity
38 M

of many sources seems to come close to the Eddington limit of 10 (M—)

(0]
ergs/sec imposed by radiation pressure (Pringle and Rees 1972, Ostriker

and Davidson 1972, Shakura 1972) strengthens the hypothesis that

accretion is indeed the energy source.
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.8 Ycorpius X-1%*

Turning to Sco X-1 we have considerably more detailed observations,
particularly those obtained by collaborative efforts of a number of
radio and optical observers together with UHURU in February and
March 1971.

Figure 3-23 shows the X-ray intensity in ct.s/cm2 - sec, the hlue-
magnitude, and the radio intensity observed at NRAQO and Wester-
bork in milliflux units. The radio source is relatively quiet and
weak on February 23, 24 and 25; the optical intensity is relatively
bright and variable on February 23 and the X-ray source is also
highly variable. On February 24 and 25 the blue-magnitude is

fainter than 13th and the X-ray emission is relatively low and quiet.

Figure 3-24 shows a continuation of this optical and X -ray behavior
on February 26, with an enormous radio flare beginning around 18
hours on February 26. Unfortunately, the X-ray and optical ob-
servations are notably absent on the 2nd half of February and on
February 27, except for 3 hours of relatively faint blue ohservations.
When the radio data resume at 12 hours on February 27, the flare
has totally subsided, and then the X-ray and optical data for Feb-
ruary 28 show low intensity and not much variability. Data such
as these have buen used to infer that the radio behavior is not
related to the optical and X-ray emission, but the scarcity of X-ray
and optical observations during much of the time on February 26 and

27 makes this conclusion unwarranted,

In Figure 3-25 we pick up Sco X-1 on March 23, 1971. Much of

the data for March 23 and 24 show th. blue-magnitude brighte

than 12. 6 and the X-ray source intense and varying (although chere
are some quiet X-ray times). When the ¢ata are picked up on

*From "Stellar X-ray Sources" H. Tananbaum, 1973 IAU Symp. No. 60-

"Galactic Radio Astronomy" to be published by D. Reidel Publishing Co.
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March 25, the X-ray intensity {s very quiet and the optical is
fainter than 13th magnitude. What would be helpful in attempting
to understand how the source quieted down would have been more

complete coverage on March 24 and 25.

late on March 25, the radio data show a flare to about 500 milli~
flux units: the X-ray source remains low and quiet during this

time, although there is a 6 hour gap in the data during the actual
radio increase. On March 26 some 15 hours after the radio flare,
the optical brightness increases steeply, by several tenths of a
magnitude in about an hour. About 1 hour after the optical increase
began, the X-ray intensity increases substantially and a bright,
variable X-ray state follows. A few scattered radio points suggest
that the radio flaré may have disappeared some 2 to 4 hours before

the optical increase.

In Figure 3-26 we pick up the optical data showing the source still
bright and highly variable on March 27 and 28 with a large de-
crease early on March 29. The X-ray points are also bright and
variable on March 27 and most of March 28, and are definitly

faint and relatively quiet on March 29. The March 28 data suggest
that the X-ray decrease may have preceded the optical decrease
by as many as 6 to 8 hours, The X-ray and'optical data remain
low and quiet on March 29 and 30, with the radio data showing
another flare, beginning between 21 and 24 hours on March 29.

The previous data from March 25 and 26 suggest that we either look
for an optical and X-ray brightening some 15 hours after the start
of the radio ar.civity or some 2 to 4 hours after the radio activity
ends. Unfortunately, there are no X-ray data after 9 hours later
on March 30 nor any optical data at all on March 30, although
optical data later on March 31 show the source faint. Thus, no

conclusions can be drawn concerning repeated relationships between

the radio and the optical and X-ray data.
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Figure 3-27 shows a blue-magnitude occurrence histogram for

March 23-28 suggesting two states for Sco X-1, with most of its
time spent either bright or faint with little time in the middle, In
Figure 3-28 we see the X-ray intensity vs. blue-magnitude for

these days. This figure shows the correlation between the X-ray
and optical. When the optical source is faint the 2-6 keV X-ray
intensity is low and varying only slightly. When the blue-magnitude
passes 12.6, the X-ray intensity is greater by up to a factor of 2
and much more variable. This is also related to observations by
Hiltner and Mook (1970) that Sco X-1 only flares in the optical

when it is brighter than this same 12. 6 magnitude. Figure 3-29 is

2 days of these same data where we show the X-ray temperature

vs. the 2-6 keV intensity and find the source cooler when it is
weaker and hotter and more variable when it is more intense. A
better approach would have been to plot temperature versus emission
measure here, since the 2-6 keV intensity is of course greatly
affected by *he exponential temperature factor.

An effort of this type was undertaken by Kitamura et al, (1971) with
rocket data and optical observations which suggested a size of
108 to 109 cm and a density of 1015—16/0m3 for the X-ray emitting
region. These conclusions were based on the observation that the
emission measure decreased 1s the source became hotter. The
UHURU and MIT OSO-7 results suggest that this is not the case,
but rather the emission measure increases as Sco X-1 becomes
hotter. It may be that different laws govarn this relationship de-
pending on whether the source is in the bright flaring state or in
the quiet, faint state. Present modeis suggest the radio emission
occurs relatively far out from the X-ray emitting region, with the
optical emission coming from a region also outside of but much
closer to the X-ray emitting region, resulting in the correlation

between the optical and X-ray emission.
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Each point represents a single, simultaneous
measurement of the X-ray and optical intensity of
Sco X-1. Note the relatively quiet, faint state and
the highly variable, bright state.
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3.9 Cyg X-2

Cyg X-2 is believed to be similar to Sco X-1 except there is not
nearly so much information available concerning it. Its intensity
is only about 1/40 of Sco X-1. The optical identification was pro-
posed by Giacconi (1967), based on the discovery of a star with
characteristics similar to that of Sco X-1 within the area of un-
certainty of the X-ray source. The position ~f Cyg X-2 has been
considerably refined since then (S, Murray) as is shown in Figure
3-30. However, simultaneous X-ray-optical correlations have not
been reported; thus the identification cannot be regarded as being

positively established,

In both optical and X-ray, variations in intensity of order a factor
two are observed on a time scale of a day or less: however, the
two states characteristic of Sco X-1 are not yet reported from Cyg
X-2. The X-ray spectrum is best fit by an exponential with T =

4 3 107°K, somewhat lower than that of Sco X-1.

The optical Cyg X-2 is actually very dissimilar from Sco %-1 al-
though they share certain common features. The spectral lines
show large changes in radial velocity which were thought to be
evidence of binary motion; however, Kraft and Demoulin (1967)
showed that these variations, which are of the order of several
hundred Km/sec were not periodic. Furthermore, they found that the
bulk of the optical emission could be accounted for by the presence
of a G-type subdwarf star based on the absorption-line spectrum.
With this information the distance is estimated to be 500 - 700 pc.

Based on this distance, the X-ray luminosity is of order 1036 erg/
sec, the optical luminosity is lower by a factor of 100 and is
dominated by the G-type star. The optical emission from the X-ray

*From H., Gursky. Les Astres QOcclus, Les Houches 1972, p. 295, Ed.
DeWwitt and DeWitt, reproduced by permission of Gordon and Breach
Science Publishers.

3-88



ey e,

region could be, as in Sco X-1 about 10-3 of X~-ray emission.

Several other X-ray sources have properties, in terms of the
spectrum and varlabilities of the X-ray intensity, gimilar to Sco
X-1 and Cyg X-2; however, there has been no other identification
of a similar optical object. If, however, the ratio Lx/Lopt = 103
then this is not so surprising. Sco X-1 and Cyg X-2 are not only
bright in X-rays but located at high galactic latitude out of regions
of high optical cbscuration. The visible emission from a source
10“2 of Sco X-1 located in the galactic plane would appear of 17
m if its optical emission were 10-3 of its X-ray emission. Allowing
for several magnitudes of obscuration, such a star would be hcope-
lessly difficult te find.

Figure 3-30. X-ray position of Cygnus X-2. The position from the

2 UHURU catalog is the small ellipse and the arrow points to the
blue star believed to be the optical counter part. The large diamond
(partially cutoff) 1s the 1967 position.
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4.0 EXTRAGALACTIC X-RAY ASTRONOMY *

4.1 Introduction

The UHURU satellite, launched in December 1970, has had a great impact on
extragalactic X-ray astronomy. Before data from this satellite became available,
there were only a few extragalactic X-ray sources known. Sources near M87
(1,2) and 3C273 (3) and NGC1275 (4) had been observed definitely, and ones
near NGC5128 (3), the Coma Cluster (5) and the Large Magellanic Cloud (6).

had been reported using sounding rocket data. The first fairly complete sky
survey with UHURU has revealed more than 40 X-ray sources off the galactic
plane by 20 degrees or more. Figure 4-1 shows the iocations in galactic coordinates
of the sources (7), and it shows some shaded areas we have not yet surveyed.
At least fifteen of the high latitude sources are already identified with unusual
galaxies, or with clusters of galaxies. We believe that most of the remaining

unidentified high latitude sources will turn out to be extragaiactic.

As was expected, ordinary galaxies are detected as X-ray sources at
comparable luminosity to our own galaxy. We also confirm that inusual active
galaxies have enhanced X-ray luminosity. The most exciting discovery we have
made is that sources in clusters of galaxies are very luminous and are extended,
with sizes as large as a few megaparsecs. We also find that the luminosity
function of high latitude sources is consistent with a uniform volume distribution
as expected for distant extragalactic sources. Also, that the diffuse background

might be the superposition of many distant discrete sources.

4,2 Identified Sources

Figure 4-2 shows the identified extragalactic sources by class with thetr distances,
ranging from 50 kpc for the Magellanic Clouds to 600 Mpc for the most distant
objects. The top of each shaded area represents the distance of the nearest
member of each class. The nearest ordinary galaxies are the Magellanic Clouds,
located at the top of the shaded area for the class of ordinary galaxies. The

Small Cloud is dominated by emission from a single binary X-ray star (8, 9).

From "UHURU Results on Extragalactic X~ray Sources", E. Kellogg, 1973 1AU
Sym. 55-X-and Gamma~-Ray Astronomy, p. 171, D, Reldel Publishing Co.
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Figure 4-1.  The X-ray sources in the UHURU Catalog (7), plotted

in galactic coordinates.
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Figure 4-2. Identified extragalactic X~ray sources. The top of the
shaded region for each class indicates the distance
of the nearest known member of that class. The
Seyfert galaxies are the only group where the nearest
member, NGC4051, is not detected, but a more
distant member is detected. The table at the right
lists the ratio of X-ray to optical luminosity for

representative identified sources.
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The emission from the Large Cloud is due to four discrete sources (7). The
ratio of X-ray to oniuicai luminosity for ordinary galaxies is 10—4 or less, as
listed in the table at the right. We have detected the nearest giant radio
galaxy, Cen A (10,11), located at the top of the shaded area for radio galaxies,
and two much more luminous distant radio galaxies, Cyg A (7} and Herc A.
Figure 4-3 shows our best estimates of the locations for Cyg A and Herc A, The
updated Herc A location contains more recent data than that included in the
UHURU Catalog (7)s The X-ray to visible ratios have a large range from 6 x 10“3
for Cen A to about 200 for Herc A. However, the X-ray to radio luminosity ratio
does not vary so widely for these galaxies. We have detected the nearest great
cluster in Virgo, and several more distant rich clusters. Luminosity .atios range
from 10_3 for Virgo to about one in Perseus. We see only one Seyfert galaxy,
NGC4151. The top of the shaded area is at the distance of NGC4051, the

nearest Seyfert, which is not a source. NGC4051 and NGC1068 are less than

1/3 as luminous as 4151. We alsio see the nearest QS80, 3C273. If these
classifications are physically meaningful, we'd expect each class to have a
typical luminosity; then the nearest ones would be detectable first. It appears
that only the ordinary galaxies are well behaved in that sense, and possibly QSOs.
The other classes show a wide range of luminosities. The enhancecd X-ray to
visible luminosity ratios for radio galaxies, clusters, the Seyfert and the QSO
suggest that the X rays in these objects are not produced in stars as they are

in our own galaxy, but by some other mechanism.

The second major finding from UHURU is that scurces in clusters are
very luminous and extended. We have now identified about 8 sources associated
with ciusters. In Figure 4-4 we see four such sources from the great clusters
in Virgo, Cen, Perseus and Coma. The Virgo source is centered on M87, the
active giant elliptical galaxy (12). The bands are the source centers obtained
from 5 different UHURU scans. They intersect at M87. The inset shows the
error box obtained by combining the 5 scans. M87 is within 3' of the centroid of

the extended X-ray source. Its size is shown by the circle. The true shape of
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Figure 4-3. Locations of two UHURU sources identified with distant
radio galaxies. For Cygnus A, the quadrilateral is
the error box listed in the UHURU Catalog (7). The
ellipse is a more exact location contour from which
the UHURU error box was obtained. The peak of the
location probability distribution is shown by a vertical
cross. For Hercules A, new data obtained since the

UHURU catalog was generated were added to obtain
the updated locations.
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Figure 4-4., X-ray sources in clusters of galaxies These are the four strongest cluster
sources., In each case, we Indicate the extent of the source by the simplest

flgure, a circle, since we have no information on the details of the shape,

The Virgo picture also shows the one-directional locations for the centroid of
the extended source obtained from five scans, labeiled by the orbit number per-
taining to each scan. The inset 15 the two~dimensional error box obtained by
combining the five one-directional locations. The inner contour corresponds

to 68% confidence and the outer corresponds to 30% confidence. The Centaurus
source, 2Ul247-4] contains NGC4696 within its centroid error box, The Perseus
source contalns NGCI275, the exploding Seyfert galaxy, within the centroid
emor box. In Coma, both the giant elliptical NGC4874 and the kinematic center

of the cluster lle within the error box,
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each of these four extended sources is probably not circular, but we cannot
tell from our data, so we represent the source shape in the simplest way

possible, a circle,; whose description requires only a single parameter, its

diameter.

The Cen cluster is about 3 times further away than Virgo, and the source
is weaker. We have just developed a new technique for measuring the size of
weaker sources, and we find it to be extended. The giant elliptical galaxy
NGC4696 is located in the error box for the centroid of the extended X-ray source.
The size is again shown by a circle, 35' in diameter. The Perseus cluster source
is centered very close to NGC1275, a violen..y active Seyfert galaxy (13). The
source in Coma may be centered on either the giant elliptical galaxy NGC4874,

or on the kinematic center of the cluster which is very close to 4874 (13).

We have tried to measure the angular extent of nine sources located in
clusters (see (14) for the list of cluster sources). Five of these are definitely
extended, as summarized in Figure 4-5:; the other four were too weak to measure
sizes on. They are Abell 401, A* 2]l 1367, 3C129, and one Zwicky cluster, and
ZW 0444.7+0828. The last two sources listed are identified with individual
galaxies not located in clusters, and are found not to be extended. Abell 2256
is the most distant extended source we have yet detected and the most luminous.
These data show that the clusters have a large range of sizes and luminosities.
In fact, there appears to be some correlation between the X-ray luminosity of a
cluster and its velocity dispersion, as shown in Figure 4-6. This effect was
noticed by Solinger and Tucker (15). The observed luminosities are consistent
with & fourth power dependence on AV. If this type of correlation holds up
under future observations, we must interpret that there is a connection between
X-ray emission and cluster dynamics involving the presence of some fraction of
the virial mass in intergalactic gas, and that thermal bremsstrahlung is the
X-ray emission mechanism. This would be the first unambiguous observation
of intergalactic gas, whose presence has been suspected in the past, but not

confirmed.
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Some new UHURU observations of the spectra of extragalactic sources are
shown in Figure 4~7. The ordinates ara logarithmic and represent relative counting
rates. The abscissae represent photon energy. In the upper right corner, 18 the
spectrum of the Crab iTebula, which we use as a standard. We assumed inter-
stellar absorption corresponding to{l. 6 0. 16)x1 021 H atoms/cm2 as observed
in radio, which corresponds to Ea=0. 4540, 02 keV. The spectral index was
allowed to vary, with the best fit value being 0.99+0.05. The histogram for the
Crab represents both the observed count rate distribution in the UHURU pulse
height analyzer and the calculated fit, because the statistical errors are very
small. The middle column shows the count rate distributions from cluster sources
as histograms with 1 sigma error bars. The circles are the computed fits. Perseus -
NGC1275 is similar to the Crab which has a power law index of 1. MB87 has a steep
spectrum with a power law index close to two. The spectrum of the Coma cluster
fits better to isothermal bremsstrahlung than a power law; kT is 6. 0+0.3 keV.

Tk~ Cen cluster and Abell 2256 and 401 are similar to Coma and NGC1275. We

see no definite low energy cutoff in any cluster source.

The ie't ~olumn shows data from individual galaxies and 3C273. They all have
a cutoff. The top spectrum is from the source at the nucleus of our own galaxy,
GCX (16). The suggestion is that we are seeing X rays from the nuclei of these
other galaxies as well. Since we see no cutoffs in the cluster sources, we are
led to believe that the X-ray emission mechanism is different for clusters than
for individual galaxies. In particular, it appears that the cluster sources are

truly diffuse, and not just a collection of active galaxies.

As an example of how we can use these observed cutoffs, consider 3C273.
We find a cutoff of 2. 6 keV. This is probably not due to intergalactic material
since such material at the critical density would not have the heavy element
abundance required to give that much absorption; also it must be very hot if
present, so it would be ionized and absorb still lesse The absorption is most
likely at the source, and corresponds to 5 x 10 a‘coms/cm2 assuming normal

galactic abundance ratics in 3C273.
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Figure 4-7, Spectra of extragalactic sources, Counting rates versus energy are plotted as

histograms with one sigma error bars, The closed circles are the predicted

count rates assuming model spectra as inputs and computing the count rate after

accounting for counter efficlency, pulse height resolution and fluorescence

escape effects,

power law, or kT for an exponential,

assuming photoelectric absorption.

a drastic turnover at low energies.

The slope is given as a for the energy Index of a fit to a

Ea is the low energy cutoff in keV,

The four spectra in the left column show

The spectra in the center column and the

two lower ones in the right are from sources located in clusters, and show no

cutoff.

column for comparison,

The spectrum of the Crab Nebula Is shown at the top of the right
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If we assume that the X rays and the point radio source 3C273B are coming
from the nucleus of & galaxy, then the lack of a radio cutoff down to ~80 MHz
means that the cloud of material surrounding the source has a radius > 30 kpc
along the line of sight, assuming a temperature of 10‘4 degrees. This is con-

sistent with 3C273 being at cosmological distance.

Figure 4-8 shows NGCS5128 or Cen A, This is a glant radio galaxy with two
lobes several degrees in size. There are also two inner lobes just 7' apart
centered or; the optical galaxy, and a compact radio source (17) and red and IR
hot spots (18,19) which are at the center. We have found that the X rays are
coming from a source <10' in size whose location is centered on the optical
galaxy. Our upper limit on X rays from the outer lobes sets an upper limit on
the temperature of the universal blackbody radiaticn of 5. lOK, assuming a mag-
netic field strength of 4 x 10-6 gauss in the lobes which corresponds to equi-
partition between magnetic and electron energy density. Or, if we fix the
blackbody radiation at 2. 7OK, we obtain a lower limit of 1 x 10-6 gauss in the
giant lobes of Cen A (11). The X-ray source is probably coming from the nucleus
of NGC5128, since we see it strongly cut off. This must be the center of the
high energy activity which has produced the lobes in the past, but has been
obscured from us by the great amount of dust in NGC5182.

The unidentified high latitude sources are listed in Figure 4-9. The first group
are located near 3C or MSH radio sources. The second group are not associated
with strong radio sources. The six coincidences between X-ray sources and
strong radio sources are somewhat higher than would be expected on a chance
basis and may be due to a real physical association. Among the others there
are probably many chance coincidences, such as the three souvrces near undis-

tinguished NGC or IC galaxies.

The latitude distribution of these sources is shown in Filgure 4-10. This has
been corrected for nonuniform sky coverage. The horizontal line is the mean for
all latitudes above 20° and the dashed lines are +1 sigma, The apparent excess
in the 20 to 430 zone is not statistically significant, being ohly 1. 4 sigma.
Therefore, to the best of our knowledge, they are distributed uniformly on the sky.
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Suppose these sources were very close to us, within the disk of our galaxy.
Then we would have observed the integrated effect of other sources similar to
them but further away as a galactic ridge of X-ray Intensity. Such a strong
ridge has not been seen. Therefore, we believe these unidentified sources are

a new class of distant extragalactic object.

Figure 4-11 shows the luminosity function of high and low latitude sources (20).
The low latitude sources were discussed by Tananbaum (9). The high latitude
sources agree well with a 1.5 power law expected for a uniform volume distri-

bution, with constant space density and lumirosity.

Does the luminosity function continue to weaker sources than we have yet
observed? Figure 4-12 shows the fluctuations in the background counting rate
obtained as differences in adjacent 5¢ regions in the sky.(21). The curve is that
expected from counting statistics. The excesses at 1, 6 to 2.4 counts/sec are
most likely due to sources below our present threshold of detectability. The
estimated number at this intensity level fits well on the log N log S curve, which
predicts that we will observe about 300 high latitude sources down to 1 count/sec

with UHURU eventually.

With this positive indication that still weaker sources than we have yet
observed exist, we can integrate the contributions of the various types of
sources to the X-ray background. Figure 4-13 shows the estimated contributions
from identified classes of X-ray sources. About equal contributions are obtained
from Seyferts and clusters. We assume that one third of all Seyferts are X-ray
sources, based on our results for NGC4151, 405! and 1068. The contribution
from Seyferts could be much less than we have calculated if the fraction of

Seyferts which are strong X-ray sources like NGC415! is much less than 1/3.

We could approach the problem differently by integrating the log N log §
curve out to a faint source limit of § x 10'3 c/sec to explain the background. If

we assume that this intensity cutoff corresponds to the edge of the observable
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Lx df

TYPE erg/sec P (Mpc™3) erg/cm secster
NORMAL GALAXIES 2 X 105 .03 24 X 1078
RADIO GALAXIES 6 X 101 3 X107 .07 X 1078
SEYFERTS 1042 3% 107" 1.2 X 1078
Qs0S 3 X 10 1078 .08 X 1078
CLUSTERS 2 X 1044 1076 .8 X 1078

TOTAL = 2.4X 1078
OBSERVED = 3 X 1078 ergs/cms
sec ster

Figure 4-13. Contributions to the diffuse X-ray background (2-6 keV).
The two types of source which could contribute sig-

nificantly to the background are- Seyferts and clusters.
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universe, we have a distance scale for the twenty or so weak sources already
detected at about 3c/sec. They are about 150 Mpc away, perhaps not close
enough to have been noticed in earlier surveys in optical and radio. It seems
that a large fraction of the all-sky X-ray background is certainly contributed
by distant rich clusters of galaxies and possibly Seyferts. The rest may be

contributed by the unidentified class of sources extrapolated to great distances.

It is to be expected that further study of the powerful extended X-ray sources
in clusters of galaxies will tell us much about the evolution of clusters and
perhaps about cosmological phenomena. Based on the results presented here,
one may speculate that the Virgo and Perseus clusters are similar in that they
contain an active galaxy on which an extended X-ray source is centered; the
source has a power iaw spectrum. Also, these two clusters are irregular. In
Coma, we do not see such a prominent active galaxy. The source may be centered
on the kinematic center of the cluster, and seems to show a spectrum closer to
that of isothermal bremsstrahlung at a temperature corresponding to the RMS
velocity of galaxies in the cluster. Also, the cluster has a more symmetrical
appearance, and is believed by many to be bound. If the X-ray emission from
these clusters is due tv hot gas, we may be seeing the active galaxies in Virgo
and Perseus heating up the gas contemporaneously, whereas in Coma we see the

thermalized remnant of a heating process which ended more than 109 years ago.

The rich clusters, being very luminous and of great size, will be observable
with finite angular size out to distances where redshift effects dominate. At
3200 Mpc, with Z=1.4, sources like the Coma cluster will have an angular size
of one arc minute and should be observable with large orbiting telescopes of
the near future. We may even be able to detect clusters out to Z=3, and leam

about evolution of clusters in the early stages of the formation of the universe.
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THE THIRD UHURU CATALOG OF X-RAY SOURCES

R. Giaccon,* 8. Murray,* H, Gursky,* E. KELLOGG,* E. SCHREIER,*
T. MatiLsky, D. Kocir, AND H. TANANBAUM*
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ABSTRACT

A new edition of the catalog of X-ray sources observed with Uhuru is presented, About 125 days
of data have been analyzed for the 3U catalog, yielding a total of 161 X-ray sources, The distribution
of sources is similar to that obtamned for earlier editions of this catalop. Location error regions lor
many of the sources previously listed in the 2U catalog have been significantly reduced in size.

Subject heading: X-ray sources

I. INTRODUCTION

With the continued analysis of data received from
the Uhuru satellite, we have expanded the 2U catalog
(Giacconi et al. 1972) to include results from the night-
time portions of 125 days of observations. This
represents the major portion of the data from Uluru
for which high-precision aspect data are available.
Sky coverage is nearly complete to a sensitivity of
about 10 counts s~ 1.

Il. DATA ANALYSIS

The data analysis procedures are the same as those
used in the previous catalog (2U). The updated all-sky
map of automatically obtained lines of positions is
given in figure |. There are 1878 lines of position
which have been obtained from the analysis of 123
days of data. In addition, we have determined the
actual nighttime sky coverage to a sensitivity of
~ 10 counts s~ 1, and this is shown in figure 2,

The requirements for source existence are those
used in the 2U catalog which we summarize as
follows:

a) Two-way imtersections,—We require each line to
have less than a 10 percent chance of being spurious
which results in requiring =3.4 ¢ observations in
side | (075 x 5 and =2.4 o observations in side 2
(5° x 5").

b) Three-way intersections.—We require that either
the three lines all vield consistent source intensity and
that there be no more than a | percent chance of the
intersection being due to chance, or for variable
sources that at least one line have less than a | percent
chance of being spurious.

¢} Multiple intersections.—For more than three-way
intersections no further conditions are imposed.

The source locations are calculated with the same
algorithms which were first used for the 2U catalog.
We use a probability calculation which is equivalent
to a maximum-likelihood analysis. The basic assump-
tion 1s that for each scurce the lines of position are
uniquely assignablc to that source and are the only

* Present address: Center for Astrophysics, Cambridge,
Massachusetts 02138.
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data used in obtaining the location and error region.
For complex regions with high source density, there is
not necessarily a unique interpretation; in such
instances we have chosen a model which requires the
smallest number of sources consistent with the data.

1. COMPARISONS WITH THE 2U CATALOG

The 3U catalog is an extension of the vesults con-
tained in the earlier 2U edition of the Uhtru catalog
of X-ray sources. Of the 125 2U sources, all but one,
2U 0240444, are contained in the current catalog.
(This source has been found 10 be due to a spurious
line of position.) In table | we present an abridged
listing of the 3U catalog giving source name, location,
error-boxarea, intensity, and reference to the 2U listing.

With the inclusion of additional data beycnd that
used for compiling the 2U catalog we have reanalyzed
regions of high source density (complex regions). and
in these regions there have been significant revisions
of source locations, In table 2 complex regions at high
galactic latitudes are specifically noted and the 2U and
3U sources are listed. It is not always possible to make
a unique one-to-one correspondence between 2U and
3U sources in these regions. For many of the 2U
sources, additional data have yielded improved source
location precision. There ore also a few sources for
which larger uncertainties are now given. This is due
o reanalysis of the original source-lacation data. In
some extreme cases, updated positions for 2U sources
are outside the original error regions. However, the
number of such instances is within the expected 10 per-
cent based on the catulog criteria. In table 3 these
differences are summarized by listing those 2U sources
for which there is a significantly revised location and
error-box region,

1V. THE CATALOG

The data presented in the 3U catalog are contained
in table 4 and are in essentially the same format as the
2U catalog. We have updated the comments: counter-
part listings for each source reflect the new location
and error boxes. For new sources, standard lists of



sa1eUIpIoOod dNoeed ul Ays

ayy Jo uondafoid vase-|v

AIITVAD d00d i
SI IDVd "TVYNIDIH

-gjep pasodiadns a1 01 §)
nba ue uo panojd JE Tep pasodiadns jo ueds 12ndwo.

Fo—=

Rt

Y g

X Wnunuity oY1 4G PIUNUINAP SE o | T AU SUIPIM Ul YL

3 2y woly nsal yaym uontsod jo sauf gegl ULl IR

38



~TABLE 1

HARTHUM psqumiuv DENSTTY
b

SAuRLF LOCATICH OF
NAME Gaded 15500 NECALKF502
AN i2a) 120
uaani-31 1 1l =3 30
o0t 2=-0% a 12 3% - 6 I& 29
MCALL o2 621 64) | 42 .0. 0
Wan22eel N 22 318 | +63 54 &
JNA2e-~09: t2 0| =640
wiowered 032 47 | #2402 2
JUCNG2432 ¢ 42 %0 +32 46788
JIN:N5%=19 Y 5% 2& =79 41 13
300Q57-23 a 57 al =23 5% 29
unkys=-13 TG L9 | =73 &1 &l
WG 115 22 | o463 3% 36
WG [BELIRYY - ) 4 23
WiHad et § - 1 63 1o | bl 1T 47
bl k2R sl 512y *3b- 650
NP et 22T 1 03 &2 0
whasedpd ] 2 54-35 | w13 15 0
JuEAsnend ] . 248 98 *6D 53 11
WY NP =47 ¥ 2 33| -7 13 2
FICRLLILY S v s 0s | ey 1L
LCTLh 4] A kb 34 #el 21 10
CAL 4455 T8 (1l *55 0 5
{7l FERL TAMC =52 2 &7
pIHELFLRTH a2 21 4 56 55
A 1-64 A 021 | «40 0 9
Widense 10 4 4§l #1002 25
WG Fe=s & 26 61| -A¥ 33 0
WA IT | 4 30 47 *37 14 73
e l-1¢ LI T 1] =i 1T n
WL van 2| s 689 28
ETRLTTITY Y 4 hE 33 | 44 ST 35
MCAGFens 4 40 3L ent 50 24
IEH1 -4k 3 10 %4 | =¥k 39 35
S 4-T2? 5 2] 3% -¥2 11
WinS21=a9% % 2Y 3% -~ h R0
MSI-37F © 6 W 1| - 1 0
Wespery 5 11 27 #2169 41
W 15t S I 4G [ =ne AT B
Wi 3iens AER LAY | -hs 4 47
LS TR L] £ R0 5T [ =06 7
L NG48-27 e 45 | 3712 0
A IHATEIA] & 14 U4 910 1
NEZ T4 23 £ 232 [ #2376 0
kAL TF TR L M0 [ -85 & u?
AORTLY 2T t 57 3% -1% & 2
WA Fu=-5% o5 3 =54 9 0
WRISA-4G PR V| -6% 2T 0
METS e T ST 4y =26 26 )
WiItHY e=53 2 4 41 | =53 3 N0
WIGEP L 42 ¥4l 13 | =%2 37 8%
NEIA-4R q 47 3% | -4% 3 2
WIEGre=-4C 5 1% | -40 21 35
L UL T 5 1 W] ~82 0
WNING) 7453 » 17 &4 | #8322 D
IULSR-55 9 19 45 | =55 0 47
W9 SsTL L 3 s a5 ! #F1 15 35
56 =30 S 4h e | =30-45 0O
HU R L] 1% 27 2R «55 2972y
WITe6=33 11 46 o =3I 24 N
pesesay Hp 9N *59 &2 O
INITA-6C | 1L b 55 | -6 19 &
LI RRTET Y] ) % 24 | 61 36 2
RIURESLIRS R L R A i B
Wilen=T6§ 11 46 42 | =t6 &4 a7
Wliss-e 1 11 4% 3 | =81 53 24
M2ETeZa Y 12 72N | «30 an Ll
WIE2II-H G 2009 28 | -%6 3 26
11224-67 17 1 51 ~62 IV IS
AP LR 12 P4 55 | e 218 35
wn2anstz L2 23 | w12 420
w22iear f 47 A v ¥ 6 23
Jirk23t=-c7 12 AT uY =712 3.
WLXal-5] t2 &7 % | -0t 2 2%
30125228 12 92 20 | =2b 57 8
Mmp25uena § 12 26 21 | <48 gL
CRAR5TeRE. ) 1Z 57 28 ; N
MEHSEVY 17 e 2 LW
'Ii!?ﬂ-bl L1 4 =0l 43 20

ZLI’IVHB HOO«I JO

 S139Vd TVNIDIO

2¢c1
17.8%2
99.991
HIbih

" 120,11%
" 104,813

118,295
122,500
M2 €15
152,908

300,459

125,94
149,435
1294404
135,604
lalel5t

- 163,882
. Lide2n2
259,394

1924834

150,574

1434207
260.40 T
163,07
270011
181,723

274,704
T84, 35¢
15,8483
190,364

RL
"Lade62)

2%7.725
733,104
233,187
Zul.633

136.533

274,598

213,507
23,232
231,262

271,809
149,014
263,966
2454083
2065.60C

263,250
2444124

2nat.571

262,303
261,434

261,285

239.46)

150.9%
275,342
14%.467
267,895
280,237

273,25

141,052

292,040

294,254 |
_?cb.;uL

2384145
?95.5?7
1554142
733,875
300.138

239,014

- 2335545

250,693
29%.100
202,697

3h96
20 4,681
S 56,330
394895 |
TSI

1203

~18.958

=hta 239

20,118,
le%%8 |

=Tl o4B8

-38,252
~294R32

=A% 08

~864010

~43,615 |

1an

~b1,.39T.

»3.4539
~24:193
~}6e420

~59,220
Lo99%

51236

4,239
~1 3234

=1,4%4
514327

=41.113 )
=4y 543

«32945H

EETINTY;
-F.n28
T
~74452
Bedle

19.430
-35,4%2
~ 17,865
23,1448
= 11,089

.=fa 190
-32.5%%
«32.997
=11i4738
ht 2 TLPE]

~15.935
~11,35%

1,150
-11.213

~3.109
23.%16

4Nu657
~34977

39,244
S 17,319

1l=%20

74,947
51,437

Tedsl
-0,269
f4.290

=127l

=Je2\%
Ta.941

23

=017

68,257
T4, 507

53,324
§5.393
21959

33.61‘

3

4REA OF

FRACR AOK
N ) |

17000
D 180

[ ]
Y200
0.0%

0.004
0.200
o.nz?
- BG40
13,4000

0.220

aldo.

2,000
0,139
0.012

0,940
1«00
0006
Y uan
Q2520

0.870
12900
fro b D0
Je50n

Da053

3210
18,000
G.001%
Letsd0
t.600

.00

Qe lad
Uella
0,322
Fetadiy

0.04%

6y 100
04256

2,200
1.000

G 790
Cesh0

L0040
22,

0.0%2

o.00k
20}
a,190
I
5.300
0.k30
0.081

11.000
LYE)
0.001
0.01)
0130

0. 150
2.020
0,130
0,070
Gal0

L Dalad.
0.021

Y] o
Selslabs

INTENSETY
AVGIMAX | HANGE
(%)

-J‘I-I

- beB2let
T Te0e0.5

2488046
?e12044

28 a9

280,
4a28046

3048043
-2.930.2

3.3sd.8
2 4920,.8
4Tai20e6

Gafied,?
Lel2tdete
204280,5.
14020.6
EFLT U

Zahitles
60209

3,040,
Sebsiien
Uedslas

Sal82.3
242205
LesTulo 0
ay280.5
2uh2f )

FTe2Le
Vyhrdal

!.?on ]

D] -]
5.040,9
1,080 04
1.280.9
1e280.%

Pabo22, 3
Ju0200.5

-3H80.5

Ta580.6

[§]

2428069
2493048
169 223
A t2049
Totis0a3

Gettla b
b

Saizd.f
-ha080.6
L 3

SfrediilaGe
20iTe0,3

beTelat

TlaVaD. &

Gas0ed .

PREVIOUS
‘NANE

154
[ Z0ea98-29

200022 42
Judd2aess

200033824
200063032

2UlLLS=73

20114083

VD144 61
2un2atesd
200258% 13

20U3L5e4L

2un328-~52

‘240352030

2ubeld»Ld
200426-53

2UL426-10
2udsede 0T

Feuoeutees

U4k 465
20055%=-39

Jauusni-n2
Y ouusas-as

2U0515=23%

FUusIge 22

2U0932-68
2u405359~04
2uubsd-59
200575-33

2udbl3sdy

1 uosa ezt

2ulb28-5%

20uP57-26
2UGT5T-53
200a28=02
2upBiz-«5
240930 =43

2ul005-32
2u1922-55

U3 119860
20L13%-6]
2ulleesld. .

§
2 20re3
Teuyzti=se

2y 2¢3-02
dutdzenoz:
Jjizaesia

2Jl2ine0l.

i 201!51991

2uN253-26
2u)298-81

AR anyisteza .
5 20)250~54




TABLE i—Convinued

(A 1] (1Y 124) t2c) 1268 [3) [£13] L4B)
FLIES FSEUY | R RFF AN ¥ 42 4T 23 39445 19.39% Qa013 3,0£0.3
ULIese 4 1y &3 00 *24 27 O 24.C81L Th. 154 12.000 34020,9
Wirald=n34 16 12 %9 | = 3 3 3% | 39,113 53,732 UedsD ] ¥4520.5
ks 19-39 14 9 2 =38 1 &A 325271 La.rre 4,000 330004
ithedesld e 57 2 | s43 2 23 Tastht | B2.l66 L0150 | 3.080.0
WISIN-54 1% 1 7 =59 0 N 327,312 ~le2lte O.0l4 LT 1 M-
WELe=bn s te w3 | ~%8 59 2 2.l LIl 0. 0¢H 120 220
uysia-sy 18 28 14 =52 10 47 321.393 2238 d.Q10 11.320,7
IWNEH =42 1% 43 1 ~H3 24 1§ 2.3 =h,27) 0.003 L1 3
ptai=ar | 1F 4% Ay | w42 33 3 | yi9.921 Seda? v.oot | 2000 2108
WIGh4 =75 la a4 0| =73 4% % | 313,239 | -14.745 45075 Jals0,3
IIESEI4ES 15 21 12 | +1% 56 o0 27509 | 4h.299 15,000 ] 2.180.5
WLEG542T Y 15 75 29 | 27 12 B 43.91% | 49.8% 0:340 | 54120,7
3111 5%8-nC 15 5e tq -6 AT &? 124,132 ~5.9h} o.010 17.080.9
Wiat?-15 s 17 & | ~15 32 )% | a7 23.m47 1,002 L0302 2.5
Hiladvens ] 1a 23ty v 5 24 9 L34 34,841 12,007 | 2.520.4
Nilh2y-4% LE 24 18 | =49 § 24 [ 334,415 ] =).242 0.002 | 50 5
Nere-6T ] Lo e ) ~nl 21 43 321,745 | =13.057 0,008 10.280.6
WEOYI-47 | be 40 |7 | -4F Qe 22 | 336,904 Ja232 e.aul | 15y 3
W LEdrebb L6 12 &7 | -h4 8 24 [ 324,832 [=Lladi9 Oean | L1l
Miba-533F 1h Ve 54 | =53 39 % | 332,914 | -35.911 0.001 | 20183
WAV e6D 19 %% ¢} talt 13 &5 Gl 31y fa 300 LaD20at
WIHET-406 14 42 ¢ | =4t 4| 29 =Te )09 0,000 [E]] 3
tbase2] 16 %% 4 w33 24 8,410 talon | s.lsi,4
NIHE 4446 [EEEY N *35 14 9 50,284 { 38,120 0a T4l §no 26
UG LA LRI ] 1t Ra &/} ~4b 43 17 373,945 =5.322 iYL 00L Yot 3
Mater-3r b o1r o0 ope | 237 e ) 3al 144 2.1593 d.009 | 107 23
SLER-YA R T s | - 2L 36 | Ag9.094 2,756 0.091 fns 2
A IR VIV 17 2 4. =42 59 47 Ja i 137 =1 212 Nadlts Voot iots
L PR LR [Tt LA N B U Y ] 4,982 DDA § lbeMia?
WLR e-94 LEon 22 | —aq 3 2| 353,372 1 -2,%4% 2.001 | 240 3
MATHHe228 12 ¢ 24 | #33 & 0 Shebhhs | 4 0 FoHUD | Seltdee
WH Fine by Ir ¢y #lr 32 7} 110,421 H.a10 04054 3.289.%
LIER R R 1t o 231 21 3 Yo le Sal%d 0,007 u 5
IR EIETRN] 17 1a W5 -3¢ {9 & Iad.200 =u.342 PR Lt 2,0
WlTA-24 LKL Y “43 42 1 A544285 Tel?a 0,00 % iJ
Witri-2a 11 23 3y -4 4) ) b.914 LFE 1N, T.0073 o0,382.4
Wk 4-16d 1t 28 45 | -14 Re 92 q.471 EPCES ] defihy o0 1.7
LI R LT LESR LS N wh&u 25 |2 ERT T Y LRl N.un>» 1020
Mellatege g a7 aF o1 )28 21 9 | 385,57 1.%%¢ D.080 | 566 als
(IR EALTY R} 17 Fy L1 T R adeddy T 1.8J0 10.H22,4
il Tatnpy 2 a4 08 | 229y 41 | 359,951 ] -n,321 0,092 | a02%
el Pan=p LY 44 84 | =20 33 9y 2.272 LT 2.0G% f 8N 3
ULRATES EA B ICECTERS B BT T S BV LN I L ROPAN Iy e ERCIE $.Te1.8
LR FLURLE N I L B E ST R e | —aa3? Q4 | &f 3
WiEIER-2a b7 54 [ =25 4 at S.C%4 | =1a32 2001 12 2
[T EATER N 1P 03 s =21 32 a0t lala? J.aul 9% 2
M4 rhn 1y 5 s »h0 1 w! Ta.18.0 1 2a.951 1,380 Sel20ad
LIEESRES B4 LR Y BT R A T 19,588 0,142 o.not (S]] 3
M1} 13 17 4 -2 & ¥ 19.0u3 2etaul Jedif 172.1%1.2
W18 1y 1 v | -1 4 s 15.424 1.210 . it 584 1.%
LLUAETREE R S TR L =10 2y 1 2.MR% | =432 Geft0l | 289 ieb
MARZZ-VTL 1A 02 1a | <37 B 7Y § 158,787 { <11.290 03 ] 1h.981.4
L HEPAES ] 13 2 41 -n " 274451 SeTu? 0a0u9 1oetigle ?
LU EELTYT| la 26 1) *91 14 7 [ER M LY 27.961 C.5%0 212043
LI EREEFY) 1423 2 [ -2y 1y 11 13.4% | -6.9419 2,048 | h.920.9
WT442-08 3 1 a2 9 [ -5 19 g PER LT ta24) L+ 190 | nalsla0
LOEXEC RN SIS ERE EE T I ) [ L9 T ] %a93) .00 | 270 &
LTS ] FREES W1 4T 13 A SN | Mhuads 2,101 1.580.4
LR DLES § 11 49 3 =T o 0 HES TR EFI LY Qa1540 Je32d.5
LELIFRE] Te L& [ e 3 14 Maltdl | =bes? O.0% | a? [
[ILEITYS ] i & a7 | +sal 0 0 423 [ 2% L1400 | 521
Wilscreq b 1. e 23 | 2 58y 1) 4,621 [T ] 220 tubitla
WIST4e3 ] L4 8t | e o o3 o1t Yo tet | -4.072 3,002 | 198 3}
WA 2e0 T 15 12 & v T a2 3 &255) =Le99 [ 44 21a52k.D
Hil91 905 W 15 3% - & ia &7 EITS LT -8.321 0.120 23 59
I CFARTE ] 18 21 &0 *%3 24 4} 54509 13.019 n.2cn fhedsdats
Uit ye Is 8% &5 *} 58 N ad, 390 1.435 0.01Y 63 5
FITTE L EYY .Y 19 %8 *+4% 3 0 QT.U14 it.949n 2.8¢0 GaTelete
WsLeds | k5 Sk ¢? | 35 3 3 Fle.dig 3,034 2301 s 1
WIaSEel} 1% 56 4t +i1 38 5i.307 =3.265 Qa04T 1T.420.9
WitnsTean § 19 51 )¢ +0 36 0 thuide Ge8ab 0,230 Setitlats
WrESi-£3 4 kS 53 45 | <69 42 © | 325,853 | =3{.0609 G.AT0 | 2,940.4
LAY 4 21 4% 3 50 4T % 19,836 3. MO a.301 19% 23
3uslers B 20 4} %5 | #7626 12 | 199,461 | 19.8%7 Le210 |} ¥ou4e0,7
RS20l b 2D 52 23 | sa7 55 12 a2.34% *.090 3.h00 | 8.720.5
W22AeA] 25 23 ar a4l 3 0 164971 | 21.838 L.100 1.580.3
w2ineat | 7t 29 57 *4T 1 a8 51996 | =%.i0 0227 | Jlob20.5
JuZ1siell FANEI IR} +11 %9 11 654543 [=20.008 b400 Galddat
Wlaed 21 82 ¥ +38 5 13 BY.332 [=11.M18 0.001 Sty 2245
2233454 22 RIS +*54 29 23 11,074 =-12137 0. 100 So020.0
2230059 773y C *59 13 9 108,532 L.359 2.000 BeT20 4
W2I20e58 3 2% 21 12 | »58 37 28 | HI1.750 | -2.tis V001 | 53.42L,0
T23ahe 2y 2 48 7 26 33 2 10%,99C | ~ 34,920 F.000 1.001.2

i5)

AuiId2-a2
2Ul34Be24
201620-002
20144039
2ulAudesl

2ui509=58
2ul516=56
2ut5i6=52
24154262
YR LT

2U ) S~ TS

2U1556-00
2a16L1-15

2ULbeZ el
dULa2e-99
2ukodo-or
LT ED Sl g
2ub oY i-02
UinIr-53

2ulbel-4%

LULTO%+ 38

SULTIN=3T
2ul 13216
2d 1 %~ 42

A iTul-31
2UET Vanhy

Cul Fube g
241139-22

2uifia-w
Cutrle=3%%
2ui 12024
22L720-16
2ulaGi-ab

eulF5-2a
24138 eqd
duiTe¥=29
<dl Mag=24

20415733
LUl 15T =25
2uptsa-2)
AUidfesy
ULl =tT

2uldii-t2
2uiali-1s
LATRPURS T
du1832-3r
1422000

2ul828e81L

2uU{333-05
2ui 334405
Zuldedest

dulaes-1i
4U1907+02
£JedE2vnd

201904 +00

20192-05
2UL92beo)
2ul9sessi
£U2398e59
2UL56435

201957840
204958 -68

242730 49
WZINEeT5

2uzi2aeal
2u2130047

202idee)q
2u2i42ela
2U2208+54

2u2321 080

40

b

400d &V
oo NIDIMO

g govd TV



UHURU CATALOG OF X-RAY SOURCES

NORTH

41

FiG. 2.—The hatched area indicates the portion of the sky scanned by the spacecraft L'furu to a sensitivity of 10 counts s~ ! or
better. The blank areas have not been scanned. Due to the triangular response of the collimator, blank regions within 5° of the

borders may have been scanned to a sensitivity of greater than 10 counts s,

TABLE 2
CompPLEX REGIONS
Region 2U Sources 3U Sources

) LR e s 0515-34 ... 0510-44
0525-38 0530-137
0544 -39 0545-32
i 0757-53 ... 0705-55
0750-49
0804 - 53
s 1843467 ... 1843467
2006 + 59 1904 + 67
2012+ 62 1955+ 65
2041+ 75 2041 + 75
[ Rl 2346—32 ... 0001-32

2358-29

interesting objects have been checked for positional
coincidence. As a result of our experience with the 2U
catalog, we have deleted references to the Zwicky
catalogs of galaxies and clusters of galaxies. This is
due to the difficulty we have found in defining uniform
objective criteria for having possible counterparts
from these catalogs. For X-ray sources which have
been studied in more detail, we have added an annota-
tion (table 5) following table 4 which summarizes the
observational results.

The catalog lists 161 sources giving locations with
9% nt confidence error boxes, 2-6 keV intensities,
and comments on peculiar properties, previous X-ray
observations, and possible counterparts. In figure 3 a
nl:lap of the source locations in galactic coordinates is
shown.

TABLE 3A

Sources WHICH HAVE SMALLER
ERrRROR-BOX AREAS

i) By a Factor 10 or greater:
3U 094630 3U1735-44
3U 1258-61 3U 1837+ 04
3U 1641 —45 3U 1901+ 03
3U 1700-37 3U 2131+ 11
ii) By a Factor 5 to 10:
3U 0614 +09 3U1728-24
3U 0900 - 40 3U 1736+ 43
3U 1118-60 3U 174426
JU 1223-62 3U 1755-133
53U 1322-42 3U 1812-12
3U 151656 3U 182237
3U 1630--47 3U 1822-00
3U 1636-53 U 1915-05
3U 1702-36 3U 1953+ 31
3U 170432 3U 2321+58
3U 1709-23
iii) By a Factor 210 5:

U 0022 + 63 3U 1556—60
U 0352+30 JU 1624—49
3U 0405+ 10 3U1705-44
3U 0446 + 44 3U 1706+ 78
3U 0527-05 3U1727-33
3U 0624 - 55 3U 1728-16
JU 102255 3U 1757-25
3U 1210-64 3U 1809+ 50
U 1224+ 02 Jui1811-17
3U 1247-41 JUIsI3-14
3U 1252-28 U 1820-30
3U 1254-69 U 1832-05
3U 1410-03 3U 1908 + 00
3U 1510-59 3U 1921 +43
3U 153852 3U 2030 +40
3U 1543-62
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TABLE 3B corrected for elevation in the collimator fields of view,

Sovrcrs WHicH Have LaRGER Fur sources which are not observed to vary. the
ERROR-HON AREAS intensity given is the weighted average of individual

== = sightings. For variable sources, we list the maximum

.:L; 420 - 10 b .:l{ 141\:*@‘,‘:( » il observed intensity and the range of variabihty. In the
Uoddg a2 AU Looa+00 e case of nonvarying sources, the uncertainty in intensity
AU 145 =61 (-5 AU eZ-ad - D) & : et il = : akalhh
WL <07 (- 1s also given. This value is derived from the individual

uncertainties in cach sighting as determined trom the
minimum y* fit of the colimator response to the data.

TABLE 1C These uncertainties approximately reflect the statistical
S " a1 1oN sgnificance of the sources.
1R} S 1Y WA . . . ¥
ArHeEsTon WHICH THE BOCAT ¢y In addition to statistical uncertainties, the source

Has CHANGED SIGNFICANTLY ; ; h : :
intensities given in this catalog are subject to system-

AW 0115 - 63 1702 =42 atic uncertainties due to the elevation corrections
AL 025413 3L P09 - 23 which depend on source location. In general, sources
3L 0R20 - 23 W l‘il{f.w with poor location precision are subject to large
'& T‘;j:‘:-:\? :t 'H:_",:;ﬁ §_\'>‘.tlcmu'.ic unccrtuimics n imem‘il}. Lﬁr1!c~s plhcr\-i\e
U 1410-07 ’ : indicated by an asterisk. the intenwitics listed are

corrected  for elevation using the mest probable
cource location. Sources with identitied counterparts

The sources which comprise this catalog are histed have intensities corrected for the known Jogation ot
in table 4 with the following information: the counterpart.
a1 The source destgnation is given s the right o[y The histed intensities are n terms of Uhurie count
ascension and declmation (1930 epochy of the location rates from 2 to 6 keV. For typeal spectral shapes and
of the maximum of the joint probability distribution using an etfective area tor the Uhuru detectors of 840
truncated to minutes of night ascension and degrees of em- the comversion of these intensities to energy flux
dechimation. The error-hoy corners it the 90 percent w17 - L0 M ergsem TSyt oper count v LA dis
confidence level as discussed in the 2U catalog and the cussed 11 the 2U catalog, we gxpect ho more than a
error-hox area are abwo histed as s the most probable - 30 percent uncertamty in this value due to the
cource lecation. Locations are given in equatorial spectral shape. and an additional = 10 percent uncer-
coordiniates 1 hoth nme and are and decimal degree tinty which is due o uncertainties i the detector
notation. In addinon, the most probable location s etfective area.
also gnvenn galactie courdinates. ¢) The comments given for the sources consist of
h) For cach source an mtensity is listed which s the general remarks W hich pomt out pecubar N-rad
count rate medasured with Uheern from 2 1o 6 keV propertics. such as spectrum - or ume  scales o
a.-—
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Fi. 3 --The 161 sources seen by { hurnw The locations are determined irom the hines of position of fig. 1. The map s an equal-
area projection in galactic coordinates.
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TABLE 4A
——// I ———
SOURCE NANE‘ TOCATION OF WExINUM|  £arok REGLON FRE 90 PERCENT CONF LOENCE INTENSTTY CONMENT S
PAOBABILITY DENSITY 1 2 3 P ARES AVERAGE  MAKJIAS. GENERAL REMARNS
ALPHSLII50N i BLPHA ALPHA aLPHA arka | sa. an RiN.08S .| COUNTERPARTS PREVIOUS X-RAV
DELTACI95M) B OELTA DELTA 9ELTA DELTA | DEG HATIMUN
[ 1248 1281 132} 138} vact £30) 13E4 148} 1481 (58) 158}
3ug001-31 o 112 |10.9s | otraz{ 2351 26l 28 3L 24| 0 11 12| 5et000 | 3.7s0.4
a1 3 |-reies Jeso 27 af-30 21 of-3t 38 o|-31 33 D
0.30 2.80 | 357.65 | 357.65 2,80
-31.0% S30.65 | ~30.45 | =365 | -3l.S 2uz3ee-32 €
202358-29
300012-05 21236 | 99.98 | v1z 17| 0 938 3 29| 613 o] c.2300] 4-912.0
- 5 16 30 |-ee.2s |- B & 36|- 5 0 12)- 5 w5 k2|~ B 25 &8
2,150 3.07 2.40 z.62 2.25
-5.21% -5.11 -5.67 -5.07 -5.43
3UD071 042 021 s8 |rires2 | 1 o9 9] 0253 A ¢ ol o 20 ss|i5.0000 | B-G4e3° w31
G2t |lzois: | ez sy ) ez 57 0] el A2 o| st 12 ©
5445 12,25 5.23 17.25 5.23
42.00 42.95 42,95 4l.20 %1.20
\t I 2u0022 #42
(_)u. Wp02203 s 22 38 |120aan | o 22 22| 022200 021 %0 o 22 wal 0.0088 ] 9-5£0.5¢ TYCHNIS SNR = 3C10 CEe WR-1 (1)
o3 9 0 1a45 a3 59 48| &3 55 4B| &3 51 3 &3 91 36 TYCHD (2}
5.68 5.84 5.67 5.48 5.10 CEP L U3
©2.90 83.93 63,93 63,86 83,85
2u0022+53
3u0026-09 026 o |iow.ms | 038 20l 01s 0 248 0 o 38 Of L.2000| %.3i-1 NGLI9S 7
v a8z 0 [-71-09 | 9 2¢ |- 344 ol-137 a o935 O
be% 9.5 3.5 3.5 9.5
-9.7 ~9.4 -9.8 -10.0 -9.6
0032024 0 32 o8 luis.ze | 111 azy o3t asl A 26 0| & 10 #5)1B.200D | 6eB841.4 star: 3¢b anp ?
Q32 %% 1t3eizs |26 o0 af 2512 o) 2812 pl2218 @ p<50035¢33 10500 ?
5,20 11.8 1.9 1.0 17.7 anp 282 7
24.20 24.00 25.20 2%.20 22.30 NGCI60+169 24IC1559 7
2u0033024
3U0042+32 o 62 50 lizi.st | o #5551 g4 0f 340 rl o046 o] 9.1400) 7.C0.3
33 a6 ob |-29.80 | 33 3 3e] 32 30 0| 32 30 @ 3257 0
0.7 11,38 10,90 10.03 1150
32.73 33.08 32.60 32,50 32,95
200043032
30085-79 0 55 27 fa02.ea | 1 0 38| 095012} 350 121 1 o 28] o.1000 | 2.220.0
19 a1 13 |atin b s o|-7e 30 0i-T9 53 24 [-19 53 24
13,0062 15.15 12,55 12.55 15.1%
-19.687 _79.50 | -79.50 | -79.89 | -79.89

Reserences 10 TADLE 4A.—(1) Oda and Matsuoka 1970; (2) Kellogeg 1970; (3) Seward 1970; (4) Leong et al. 1971; (5) Kellogg et al. 1913a; (6) Fritz et
al. 1971, (7} Ciiacconi ef al, 1971; (8) Gursky er uf. 1971a; (9) Lewin et al. 1971a; (10) Ricker ef al. 1973; (11) Kellogg e? af 19Ma; {12) Margon et al.
1972; (13} Gursky et al. 19716; (14) Schreier ef al. §971; {15) Hunter and Lu 1969; (16) Bradt e? al. 1971; {17) Markert et al. 1973; (18) Kellogg ¥ al. 1971 b;
(19) Lewin er al. 19716: (200 Hawkins ef al. 1973,
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TABLE 4B
CATALOGS AND LISTS OF INTERESTING OBJECTS

. Abell 1958 7. Kraus 1966
. Arp 1966a 8, Markarian 1967, 1969a, b
. Arp 19665 9. Milne 1970

. Becvar 1962 10. Terzian 1973
. Bennett 1962 11, de Vaucouleurs and de Vaucouleurs 1964
. Downes 1971 12. de Veny, Osborn, and Hanes 1972

N LA L

variability, and a “counterparts” comment. The
counterparts comment results from searching
standard compilations of interesting objects which are
listed following the table. Counterparts followed by
a question mark (?) indicate either tentative identifica-
tion or that the object is in or near the error region of
the X-ray source. Counterparts with no question mark
indicate more certain identification based upon
particular properties of either the X-ray source or the
counterpart object. We also have searched some of the
previous X.ray literature, and under the **previous
X-ray” comment we list back-references for the X-ray
sources. This is intended to be not a complete literature
survey but rather an aid in corrclating the Uhuru

results with other observations. Again, comments with
a question mark indicate possible correspondence, The
numbers in parentheses following a comment refer to
the list of references which follows the table.

f) For several sources which have been studied in
detail we include a more detailed comment than allowed
for in the catalog format. The table of annotations
(table 5) follows the catalog. Sources for which there
are annotations are indicated by a dagger (}) in the
“previous X-ray'' comment.

oy
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TABLE 5
UNMIS-T3....... ... In SMC. Eclipsing binary, period 39895 + 04045, Flat spectrum with 1.5-2.5 keV variable cutoff.
Optical identification with Sanduleak star 160,12
U O03iE--41...... ... Perseus cluster. Centered on NGC 1275 ~ 037 extent, implying an X-ray diameter of ~750 kpe.*-*
JUO0S3I+21......... Time-averaged pulsed flux is about one-twelfth of the total X-ray flux.?
3U0833—-45.......... Centerad on pulsar PSR 0833 — 45 and emitting pulsed X-radiation.”*
3U0%00-40.......... Ectlipsing binary, period 8495 + 0901, Irregular variability on the time scale of hours. Flat spectruni
with 2.2-4.4 keV cutoff. Optical identification with HD 77581 0100112
3U 11860, ......... Cen X-3. Eclipsing binary, period 2808707 Pulsating with period 4.84239 s. Extended low states.'?
AU1228+12....... ... Virgo cluster. Centered on M87, ~ 027 extent, implying an X-ray diameter of ~ 200 kpc.®*
3UI257+28.......... Come claster: ~0°6 extent, implying an X-ray diameter of ~ [050 kpc.*®
JU322-42.......... NGC 5128. Emission associated with unusual radie galaxy, Spectrum cutoff at 3.4 keV.!*
JUIS3-47.......... Transient sourcs first observed in 1971 Arzust at 2000 counts s™7. Intensity in 1973 February about
20 counts s- !, Steep spectrumn, no observed cutofi.'?
JU1e17-15.......... Sco X-1. Variability on time scale of minutes and hours. Optical identification with 13th-mag irrcguiar

variable blue star, Correlated X-ray-optical variability.'™:2

IV 1653 4+35..........

Her X-1. Pulsating, eclipsing binary, period 19700165, Pulsation peried 1.2378 5. Long time variations

with time scale of about 35¢7. Optical identification with HZ Herculis. 2% 202!

WI700-37.......... Eclipsing binary, period 394, Variability on time scale of minutes. Spectrum flat, cutofl 2.1-5.5 keV.
Optical identification with O7f star HD 153919.22

IU1T735-28.. ... GX 359+ 2. Transient source observed for one week during 1971 March. Not seen in April with an
upper limit of 50 counts s~'.**

AU 174329, GCX. Extended source in the direction of the galactic center, ~2° extent. Location and size consistent
with infrared and radio sources, Low-energy cutoff 2.7 kev 3334

JUIBII=-14.... ..... GX 17+ 2. Exponential spectrum with 2.0 keV cutnff. Coincides with weak variable radio source.?®

U 1956435-. ....... Cyg X-1. Quasi-periodic fluctuation on the order of 0.1 5. Coincides with weak, variable radio source.

Optical identification with HDE 226868, binary with 5% period. No X-ray modulation detected on

this time scale,¥8.27.20.20

IV 2030440....... ... Cyg X-3. X-ray intensity not correlate

city.ao.ﬂl

d with large radio flares. Intensity exhibits a 4v8 + 0702 periodi-

U 21424-38.......... Cyg X-2. No X-ray optical correlations yet observed. Both intensities vary by a factor of ~2 on time
scales of minutes. Optical identification with 14th-mag irregular variable star,’®?*

REFERENCES TO TABLE 5.—(1) Leong et ai. 1971; (2) Schreier ef al. 1972a; (3) Liller 1972; (4) Forman ef al. 1972b; (5) Kellogg
ot al. 1973a: (6} Bradt er al, 1969; (7) Kellogg et al. 19734 (8) Harnden and Gorenstein 1973; (9) Forman er al. 1973; (10) Brucato
and Kristian 1973: (11) Hiltner er al. 1972; (12) Ulmer es al. 1972; (13) Schreier et al. 1972b; (14) Gursky ef al. 1972; (15) Tucket
et al. 1973; (16) Matilsky er al. 1972; (17) Forman er af. 1971 (18) Sandage ef al. 1966; (19) Giacconi ef af. 1973; (20) Bahcall and
Bahcall 1972; (21) Forman ef af. 1972a; (22) Jones er -1, 1973, (23) Kelioge e al. 1971b; (24) Hoffman et al, 1971; (25) Tananbaum
et al. 1971a; (26) Tananbaum ef of. 1972; (27) Hjelhaing and Wade 1971: (28) Webster and Murdin 1972; (29) Bolton 1972; (30)
Hiellming er al. 1972; (31) Parsignault et al. 1972; (32) Tananbauin ¢ al. 19715; (33) Giacconi er al, 1967.
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