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ABSTRhCT

The avolution of X-ray astronomy up to the launche-
ing of the Einotoin Obsarvatory, procecded through
the following mijor steps, (1) The discovary in
L9602 of an extrusolar X-ray sowee, Sco Y-), orders
of magndtude stronger than antronomers bhelicved
might exdst; it turned out Lo helong to a class of
previously unknown galactic ohjeets; tha X-ray
starn, (2) The idepeification of a gtrong X~yay
souree with the Crab Nebula, (3) The identification
of Sco %~} with a faint, peculiar optical object.
(4) The demonstration that X-ray stars are binary
systent, each consisting of a collapsed object (a
nuatlron star, oceasionally a black hole) avecreting
matker from an "ordinary” star, (5) The discovery
of X-ray "bursts,” (6) The discovery of exceeding-
ly strong Y-ray emission from aclive galuxiosn,
quasars and clusters of galaxies. (7) The demon-
stratfjon that in these the prinecipual X-ray source
is a hot was £31ling the space between galaxles.
" .
Kcywordsf'ﬂx-nay Astronomy, Binary System,
supernova, Active Galaxy, Quasar, Cluster

1, THE EARLY HISPORY

"1.1 fhe Discovery of the Pirst Extrasolar X-ray
Source ‘

In the fall of 1959 a decision was made at American
- Science and Engineering, Inc., (ASE) - a young
Cambridge company - to start a major effort aiming
at the discovery of X-rays from celestial sources
other than the Sun. At that time, I was acling .as
a consultant for ASE, as were, among others, George
Clark and Stan Olbert., Riccardo Giacconi, whe had
recently joined the company, took charge of the .
program,

Despite the obvious potential interest of a scarch
for extrasolar X-ray sources, cxtrasolar X-ray
astroiomy had been e¢ssentially ignored in the early
planning of the national space program. Only one
group, that of Herbert Friedman at the Naval Re-
scarch Laboratory (NRL), had made some waitempts

at detecting X-rays from sources ocutside the solar
system, The results had been negative or anbigu-
ous., (Friedman informed me laker that the NRL
group was engaged in a development program of X-~ray
detectors to be used in an exploratory work in
extraublar X-ray astronomy.)

CSR-HEA-81-23
’ ¢

The reason for the low priority given to extnn-
golar Y-ray outronomy wuas, of course, that all
astronomical jnformation avajlable at that time
led to the conclunion that any concceivable X-ray
source located ontside the solar sysiem woy ox-
trenmwly unlikely to produce u saignal strouy enough
to be dotectad, except by instruments £ar beyond
the stato of the art.

Thesa predictions did not deter us from aur effort:;
instead we decided to follow two lines of attack,

The first was the development of an instrumont
many orders of magnitudu mbre sensitive than exist-
ing. X-ray detectorg, capable of dotécting the very
weak X-vay fluxes expected to originate fi-om extra-
solar X-ray sources, To actunlly produce such an
instrument was a very diffieult ‘task. It was not
enough to fmprove éxisting technologies; what was
needed was an entirvely new approach. The break-
through came with Giacconi's suggestion to concen-
trate on a swall arca deteclor A-rays from a point
souree that are jncident upon & Jarge collecting
aron, by making usec of total external rcflection

of X~rays under grazing incidence. The end pro-
duct was the X-ray telescope, an image-forming
device having a very fine angular resolution and

a very high sensitivity. '

Jt was c¢lear from the beginning that the davalop-

ment of such a novel instrumont as the X-ray tele-
scope would rqquire many ycars. In fact, the

first X-ray telescope suitable for extrasolar X-ray
astronomy was launched only in 1978 ahoard the
HEAO-2 satellite (the Einstein Observatory); al-
though smallex vexrsions had been used prewvicusly,
in obsexvations of the Sun in X-rays.

The second line of attack had o more modest aim;
namely to improve the thin-window gas counters
uged for solar X-ray astronomy, so as to cnhance
as much as possible their sensitivity, .

We knew, of course, that these detectors would not
even approach the sensitivity nccded to observe
the predicted fluxes from extrasolar sour¢es, On
the other hand, . we felt that, by looking at the -
sky with X-ray detectors substantially more sea-
sitive than those ugued previously, we were entex-
ing an entirely unexplored tercitory, where things
unpredictable might be encountered. Which is
exactly what happencd. :

' H .
Work on the improvement of thin-window X-ray
counters, extending over a period of -about two'
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yobrs ond carriod out to u groat cytcnt by Frank
Paolini, a sclentist in Glacconi's group, produced
¥=ray detlectors aboul 100 times moro sensitive than
thoge used previously in solor X-xpy astronomy.

The first successful {light with such instruments '
took place on Juno 18, 1962, This historic Llight’
detected an extraordinavily strong X-ray source
“located oulside the solar system., The same £light
also produigd evidence of a diffuge X-ray back~
ground (Ref, 1), (For the history, the "official®
purpose of this rocket flight was an attempt to
detect fluoreseent X-rays from the moon.)

Some early shepticism about our discovery was moon
dispelled by further obscxvations of the NSE group
(Ref, 2) and of tha NRL group (kef., 3)., Moreover,
the NRL ohservations, carried out with a collimated
detector, succeedod in loeating the X-ray source
more precisely than the ASE experiment had donc,
placing it in the constellation of Scorpio. Hence
the name of Sco X=1 by which this source bocame
known. The same obgservations also producaed evi-
dente for a seeond source in the constellation of
Taurug, in the general direction of the Crab
Nebula,

It was clear, of cpurse, that sounding rockets had
serious limitations ns platforms for agtronomical
observations, the most serious being the short use-
ful observation time (a few minutes). Consequently,
soon after the discovery of the figst extrasolar
X-ray sources, a proposal for an X-ray satellite
was presanted to the National Aerxonautics and Space
Administration (NASA) by Giacconi and his team. It
took many years hefore this project materialized,
In the meantime, however, substantial progress was
achieved despite the limited favilities available
to X-xay astropomers.
ls

1.2 Proqrass in the Pre- Satellite Period

(1962-1970)

Let me begin with the technical developments.

a) The early free~spinning rockets were gradually
replaced hy pointing rockets; i.e., by rockets
whose detectors could be pointed in a specified
direction, or made to swaeep slowly across a speci~
fied band of the sky.

]
]

b) 1In 1964 George Clark introduced the use of
high-flying balloons. Using scintillation counters
as well as gas counters, high-flying balloons
‘gathered important data concerning celestial X-rays
.with sufficiently high encrgy to traverse the upper-~
most layers of the atmosphere.

c) In 1965, Minoru Oda, then a quest of MIT,
invented a novel kind of collimator, the so-called-
modulation collimatox, which became an essential
component of many future rocket (and satellite)
instrumentations (Ref. 4). Without entering into
details of its operation, I shall just mention

that the modulation collimator combines two most
desirable features, that are mutually exclusive in,
the conventional collimators, i.e., a wide field

of view and a fine angular resolution, ;
d) Great progress was made in the development of t
jthe grazing incldence telescope during the 1960s.
rThis telescope, aboard rockets and as one of instru~
‘monts of Skylab, yiclded a large nunber of impres-l
jsive and highly informative X-ray images of the
:5un.

~
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Turhing nuxt to the obqurvationul ropults, I would
"like to mention, in the first placc, that by 1970,

ii,0,, by the end of the pro-satellite period, about!

l40 diserete Xeray sources had been discovered,
,Theix colestia)l distribution showed a astrong con- .
,centrution along tho galactic equator, a cloar '

dndication that most of them were galactic objocts,

 Ag goon ag the existenco of extracolaxr X-ray -
_souxces became established, vfforts were directed
~toward discovering their optical and/or radio
"counterparts. The first identification - a mile~
stone in the history of X-ray astronomy -~ waso
rachieved by the NRL group in 1964 (Ref. 5). I
.already mentioned that previous obscrvatjons by
the same group had detected an X-ray source in tho
general direction of the Crab Nebula, the xomnant
of the supernova observed the year 10%4, A lunar
occultation of this nebula, which took place on
July 7, 1964, provided the opportunity to deter-
mine whether this sowrce was, In fact, coincident
with the Crab, The NRL group succueded in launch-
ing a rocket equipped with ¥~ray detectors at the
beginning of the occultation. They found that the
X-ray flux dropped gradually to zero as the vige
ible nebula was being occulted, which proved con-
clusively not only that the Crab Nebula was indeed
the source of the obscxved X-rays, but also that
this particular source was appreciably e>'tended,
with a diamoter of soveral arc minutes.
The discovery of an X~ray emission by the Crab
Nebula was followed by the identifications of a
few additional X-ray:souxces with supernova rema-
nants. Some of the identifications were fairly
certain, others were tentative. The character~
istic feature of these sources was their finite
angular dimensions, ranging from a fow minutes of
axc for the younger remnants to a few degrees for
the older remnants. The great majority of the
X-ray sources, however, did not coincide with
supernova remnants. They appoared as point-like
"stars" and for this reason they became known as
"X-ray stars."

The optical identification of X-ray stars proved
to be more difficult than the detection of X-ray
sources in supernova remnants. The first and only
firm identification of an X-ray star achieved in
‘the pre-satellite era was that of Sco X-l, in
'1966 (although, shortly therxeafter, another pos-
sible identification, that of Cyg X-2, was pxro-
posed) . Tne identification of Sco X-1, sti)l
another landmark in the history of X-ray astron=-
omy, was the result of the collective efforts

by two X-ray teams [at ASE and at the
Massachusetts Institute of Technology (MIT)] and
of two teams of optical astronomers (at the
observatory of Tokyo and at the Palomar Observa-
tory (Refs. 6,7). The optical counterpart of
Sco X~1 was found to be a 13th magnitude star
(see Figure 1), with very peculiar properties.
Its optical emission exhibits a most unusual
flickering activity. The spectrum has a large
blue and ultravioclet excess. Both the optical
and the X-ray emissiorsare highly variable. at
all times the X-ray luminosity is about 1000
\times greater than the optical luminosity.

{ ‘ t
:An important property of X-yay stars was estab-
jlished during the early years of X-ray astronemy,
SMost, perhaps all of them, undexgo strong tem-
poral variations, with time scales ranging from
minutes to years. The first evidence of long-
term variation was found by the NRL group in the
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‘K=ray plax Cyg %=1, The firvpt gtriking example of
ahort=time variations woas an X-ray flaye of 5co X-)
obaerved 3n 1967 during a balloon £light, by Waltox
Lewin and his associates at MIT (kef. 8),

Bxtrome capes of vnxinhiliLy wore tyw transionts,
Cen X=2 and Con X-4, Observed in 1967 and 1969 by
an Mwstralian group {(Ref, 9) and by a group at the
Lo Adamos Selontific Laboratorios (Ref, 10) re-
ppoctively,  Those sources flaved up nt placos
whore proevious sucveys had failed to deteet any
X=ray wource; for some time they outshone most
other sources and then gradunlly faded, bocoming
again upohnorvable aftey sevoral months,

Finally, 1 wish to recall that already in the oarly
years of X-ray aslronomy evidence wag obtained for
powerful X-ray emission by some extragplactic
objects, In 1966 the NRL group reportad the obser-
vatdon of an X~ray source in tho Virge ¢luster,
tentatively Sssumed to be codneddent with the radio
galaxy M-87 (Ref, J1). In )970 the same group
found evidenea of X-ray cmission by the radio gol-
axy Con A (Ref, 12); in 1909 and 1971 xespectively
the X=~xay group ut tho Lawrence Radiation Labora-
tory datected X-ray emiscion from the Largo and

the Small Magellanie Clouds (Refs. 13,14).

In parxallel with the progress of obscrvational
X~ray astronomy, sctive interpretative work was in
progress, .

Ouly in the case of the Crab Nebula a eleay undex-
standing of the X-ray emission mechanism was
achieved.

As ls well known, the optical and radio emissions
of this object are due to a synchrotron process.
Since the X-ray spectrum appeared to be the more or
less n?tuxal continuation of the optical spectrum,
it was'Hatural to assume that the X-ray emission
was due Lo the same process; and this, in fact,
bacame the prevailing view, although the possibil-
ity of otheor emission procosses were suggested,
Anticipating a result obtained several years later,
I wish to mention that the synchrotron mechanism
was dofinitaly confirmed in 1976 by Novick's group
Wt Columbia University (Ref. 15); by means of an
X-ray polarimeoter mounted on the 0S0-8 satellite,
this group showed that the X-rays from the Crab
Nebula arc polarized; polarization, of course, is
a characteristic feature of the synchrotron radia-
tion,

‘There remained the problem of the origin of the
high energy electrons responsible for the synchro-
tron process. Let me remind you that the lifetime
of relativistic electrons in a magnetic field is
inversecly proportional to thelr enexrgy. Electrons
of the onergy needed to produce visible light via
the synchrotron process, in tbe magnetic fields
likely to exist in the Crab Nebula, have a life-
time comparable with the age of the nebula itself.
Therefore, hefore the discovery of the X-ray
emission, one could assume that the electrons were
somchow generated in the initial explosion. But
the eléctrons needed to produce X-rays had much
higher energies, and corresponidingly shorter life-
times. It was thus necessary to assume that an
clectron accelerator was even now at work in the
;C:ab Nebula. The problem was to identify this
‘accelerator.

sThe answer came in the late 60's, with the dis- :
covery of a 33 milliseconds pulsar within the Crab

,,,,, « T o B 1

e @

Nebula by David Staalin and Edward noifonutoin of
MIT; prasumably the collapsed residue of the supor~
nova oxplosion (Ref. 10),

2 Cms $CHASEIIET 1LY 3 EREG ¥ AmE 3 9d 3T

Like only another pulsar (the Vela pulsar), the
Crab pulpar has a spectrum extending up to the
gamma-ray reglon, [X-rays from tho Crab pulsar
vere obnerved first by 6. Fritz ond hiy coworkexs
at NRL (Fef, 17), and shortly thoroaftoer by Hale
Bradt and his coworkers st MIT (Ref, 18)). Pulsars
are bolicved to be rotating magnetized neutron
stars, Thore is little doubt that tho Crah pulsar
is responuibla for the acceleration processres
nocded Lo sustain the population of high cnergy
clectrons in the nebula. No satisfactory theory
of these processes hag yot been developed) but -
the identification of the electron acceleratoy
with the pulsar appears to be supported by the
following cnergy argument, The Croab pulsay was
found to be slowing down gradually, the pulsation
period inecreaning by one part in 2400 per year.

The coxyesponding loss of rotational kinetie cnergy
turns out Lo be close to the total radiation cnexgy
emitted by the Cxab. This coineddbnee strongly
suyggests that the radiation encryy of the Crab is
indeed derived from the rotational encrgy of

the pulsar,

Not iuch progress was made, in the pre-satellite
‘exa, in the interprotation of the X-ray emission
by supernova remnants other than the Crab Nelmla,
The ohservational data were scarece and of limited
accuracy. They did show, however, that the X=ray
spectra are generally mofter than that of the
Crab, suggesting a thermal radiation rather than
a synchrotron radlation.

Turning next to Sco X-1 and the other X-ray stars,
as late as 1970 thedr structure and cemission
mechanism were still obsoure. Crude spoctral
measurcments appeared to indicate that the bulk of
the X-ray emission (in the range from ~l to ~10
keV) was thermal bremsstrahlung by plasma clouds
with temperatures of several tens million degrees.
Howaver, in the case of Sco %X-1, for example, the
praesence of a high-encrgy tail and of optical
emission lines wexe evidence of a complex
structure.

Sevaeral hypotheses were proposed to explain the
peculiar properties of X-ray stars; one of the
basic problems being the very laxge energy supply
necded to power the X-ray emission., One of the
suggested models was the so-called accretion model
according tuv which X-ray stars wore close binary
systens, each consisting of a condensed object

{a white dwarf, a ncutron star, a black hole) and
of an "ordinary" star. Matter would accrete from
the "ordinary" star to the condensed component,
releasing a large amount of gravitational encrgy
which, in some way or another, was changed into
thermal energy (sce, e.g, Ref. 19). While this
model had many atrractive features, it lacked,any
obhservational support, because no evidence had
been found for a binary nature of X-ray stars.
Morcover, ‘there were serious doubts that a binary
system could survive the supernova explosion of
onc of its components, which was deemed necessary
for the generation of a collapsed cbject.

. 2. THE X~-RAY SATELLITES X
The launchzng, on Dec. 7, 1970, of SAS~-1l, the first
An the NASA series of Small Astroncmical Satellites
and the first satellite devoted to x—ray astronomy,
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wan o turning point in the him.ory or this f.'u:ld .
of neience,  Named Uhurw, it had been concelved by |
Ginceond, who had supervised the constyuclion (at ;
MSE) of ite scientific payload (msee Figure 2). I
This coneisted of two thin-window countors mounted |
haek to back, and pointing perpendicularly to the
spin axin,

Muny additional satellites woroe lawnched in the i
following yoars, some doveted cniirely to X-ray
astronomy, some instrumenied Lo carry out X-ray
ohgervations as purt of a more comprehonsive astron=
omy program, A partial list appeoars in Table 1,

In these sutellites, wish the exception of HEAO-2,
practically all X-ray oboorvations woxe performed

by instruments essentially similor to those cmploy=
od proviously in rocket and balloon exporimonts;
v,y by darge-arca, thin-window, collimated photon
counters,  Modplation collimators, operated in
various mannors, wero widely used, By thely means,
angular resolutions on the order of 20 are sccondsg
wore ofien achicved, Occasionally, some grazing
ineldence concontrators were also cmployed. As in
many rocket mispdomn, star sensors provided aspect
determination, The output sjgnals of the X-ray ‘
detoctors and of the star sengors woere tolemetered
to ground,

Satellites provided X-ray astronomers with far
superior obsorvational facilities than had boeen
proviously available., An poeential feature of
Uhuru and of the subsequent satcllites was aspect
control (an cxtension of the previous pointing
davice of rockeis), which could bo used, on command
from the Barth, to cause the X-ray detectors to
syecp slowly and repeatedly over a chosen band of
tha sky, and/or to point steadily, for long periods
of time, in a chosen direction. This feature re~
sulted,. ags expected, in a laxrge increasc of sénsi-
tivity,‘\Leaa predictable was the fact that the
long (intermittent or continuous) observation of
individual X-ray sources would play an essential
role in discovering the nature of these sources,
The launching in November 1978 of HEAO~2 (No. 2 in
the NASA series of the High-Enexgy Astronomical
Obsexvatories) was another step of fundamental
importance in the development of observational
X-ray astronomy.

As I alrecady mentioned, HEAO-2 carries a grazing
incidence tolescope, the first to be used for extra~
solar X-xoy astronomy. Conceived by Glacconi and
developed over an 18 yeazrs period, it has a sensi-
tivity almost 1000 times greater than that of de-
tectors flown on previous gatellites. Its angular
resolution (abeut 2") is comparable to that of
ground~based optical telescopes.

This telescope has produced a wealth of new and
most important results, I understand that these
will be presented by Dr. Murray. Hére I shall focus
on the most significant findings of satecllites
equipped with tha conventional thin~window gas
counters.

One of the purposes of the early satellites was to
discover weak X-ray sourxces and to determine, with
some accuracy, their position, This purpose was
achieved with great success already by Uhuru. The
‘final Uhuru catalogue contains 339 sources. Their
‘celestial distribution is shown in Figure 3

‘(Ref. 20). For comparatively bright sources, this:
map is still the most complete available to date,

H . . PYPEEN
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Many of thc sourcaos in tha Uhury map wero jdenti- |
fied optically on the basis of positions accurste %

to a few arc minutes or hotter, The clustering of
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‘the stronger sources along tha galactic equator, .

already noted on the basis of tha much more meager
samplo available in the pre-satellite era, was i
confirmed, Morcovor a crowding of sources axound
%“he galactie centor became avident, Ohviously ‘
most. of these sources are galactic objects, lHow-
ever, a nearly sphorical dlstribution of weak
sources is now clearly seen) most of these sourcos
are distunt galnxies,

3. BINARY X«RAY STARS
' »
3.1 Dincovory of the Binary Nature of Cyg X-1
and Con X=3

while the detection by Uhuru of a large number of
new X-rxay sources wag an important achiovement,

of even more fundamental significance weie the
regults conecexning individua)l sources, Among these
xesults two stand out, The first, in galoctic
X=xray astronony, is the discovery of the binary
nature of X-yay stars, “The socond, in extra-
galactic X-ray astronomy, is the dimcovory of X-xay
sources in clustoers of galaxies, the demonstration
that these sources have finite dimenspions (Ref. 21)
and that the X-radiation orxiginates, not in the

"individual galaxies, but in a hot gas cloud f£ill-

ing the space between the galaxies of the cluster,

Hare I shall discuss the fivst of these two find~-
ings. In view of the great importance of the dis-
covery of binary X-ray cmitters, a chronological
account of the events which led to this discovery
has some interest.

This discovery resulted from the observations of
two X-ray stars, Cyg X-1 and Cen X-3,

Cyg X-1 is onc of the brightest X-ray sources in
the sky. 1t has a very unusual spectrum, much
harder than the average spcectrum of Y-ray stary,
Since the carly days of X-ray astronomy, afforts
were made to discover its optical counterpart, but
these efforts had not been successful.

One of the early observational programs of Uhuru
wag an attempt to reduce the uncertainty in the
position of Cyg X-1 and, hopefully, to achieve an
optical identification. While these observations
were going on (in Decemboxr 1970 and January 1971),
Oda in collaboration with scientists of the ASE
group discovered very rapid fluctuationsg in the
X-ray emission of Cyg X-1; an unusual and puzzling
feature (Ref. 22).

In the meantime, Uhuru's ohservations produced a
new position for Cyg X-1 accurate to about 20
sguare minutes of arc (Ref, 23). Soon afterwards,
a rocket experiment by the MIT group furkthex
‘improved the positional accuracy, reducing the
"ared of uncertainty to little more than 1l square
‘minute of arc (Ref. 24).

In June 1971 (the date refers to the time when the
‘results were submitted for publication), within
1this area of wuncertainty, Braes and Miley and
'Hjellming and Wade observed a weak radio gource
'which they tentatively identified with the X-xay
.source Cyg X-1 (Refs. 25,26). This identification
received final confirmation in 1972 from the ob-
‘servation of correlated changes in the X-ray and ;
radio fluxes NRcf 27). j
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In July 197}, a gtoup of opLicnl ustzonomora
reported that many obseevers had noted the prescence
of a supergiont, HPE=220808, noar the radio pourca
and hod puggested that it may be ansociatod with
the X=ray source (Ref, 28), The awthors, however,
oxpressod strong doubts about this conclusion, But,
ghortly thereafter, Mirdin and Weboter presented
convincing avidence for the identification, banod
largely on the veéry small positional oxror (30 arc
soconds) of the radio source (Ref, #9)., Just on
the basis of positional coineldence hetween the
X~ray mource, the radio source and the superginnt,
they argued that the three ohjects were most likely
one and the pame celestinl body. Interestingly,
they thought that "the X-ray source way be a come
punion to the supergiasnt rather thon identical to
ity" perhaps the first tontative indication (other
than the consequ-nce of the atill highly hypotheti-
eal acerction modul) tha Cyg X-1 may be a binary
syatom.

Later in 1971, still stronger evidence for the
identification was produced by Wade and Hjellming
who vorificd the nearly perfeet spatial codncidence
butween the supergiant and the radio souree, aftor
having now reduced the positional erroyx for the
latter to less than 1 axe second (Ref. 30).

In the meantime Webgtor and Muxdin in Nov, 1971 and,
independently, Holton in Dee, 1971 reported obsex-
vational results of great significance, showing
that the optical spectral lines of HDE~226H68 dis-
played the characteristic Doppler shifts of ppoctro-
scopic binaries., These observations wexe onc wore
.corroboration of the proposcd identification.
Moreovir, they proved that the superglant was part
of a binary system (Refs. 31,32)., The authors
pointed out that the X~rays almost certainly origi~
nated from the unseen partner (no double set of
periodjenlly hoppler shifted spectral lines were
observéﬁ3, and that this object must be a collapged
‘star. ‘

b
From accurate Doppler curves (sea Figure 4), it was
possible to obtain information on the orbital
elements. In particular, it was found that the
orbital period was 5.6 days.

Meanwhile, the discovery of the fast fluctuations
in the X~ray emission of Cyg X-1 had prompted a
search of a similar phenomenon in othex X-ray
stars. The first X-star selected for this study
was Cen X¥-3, whose X-ray emission was known to be
highly variable. Early observations by means of
Uhuru, which were reported in May 1971, revealed
that the X~ray emission of Cen X-3 was indeed
pulsed. However thesge pulsations, unlike those

of Cyg X~1, were periodic, with a perled of about
4.8 sec. Moreover, sudden transitions were obsex-
ved between states of high intensity and states of
low intensty. Also the pulsation period was found
to undergo small changes (Ref, 33), :

In January 1972, after collecting a substantial
amount of data, and having developed an effective
method of analysis (illustrated below), the Uhuru
scientists rercognized that the observational re-
sults inevitably lud to the conclusion that the ,
X-ray source in Cen X-3 was part of a binary system,
with an orbital period of 2.87 days (Ref. 34). The
,variations in the pulsation frequency wore the re-:
sult of a Dopple: effect due to the orbital motion
of the source. The periodic obscurations of the
~ray flux were eclipses of the X-ray source by the
\binary companion. (This was optically identificd
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'by Krzemingki in 1974, and turnod out to be a
isupergiant,) !
i
'Thus, within a short time, the binary nature of §
(two, quite different X-ray stars, Cyg X-1 and |
.Con X=3, bhecame firmly eptablished, 5
l . 3
%
1
|
|
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Tho Uburu group prosented the datn obtained from
,the ohservations of Con X-3 in the form shown in
Flgure 5. The dots on tha uppor curve A are the
differences between tha measured delays of the |
pulgen, relative to a fixed time, and the "nominal"
delayu computed as if all pulse intervals had some
cconstant value (T = 4,8422 in the figure); note

the romarkable small scattering of the points,

curve B is the differential of curve p, and repre-
'sents (apart from a constant) the pulsation per-
dod, ap modificd hy the Doppler effect. Graph C
roprofnonts (schematically) the time variation of
.the dintensity, and clearly shows the oceurrence

of an cclipsa. This is centered at supexior con=-
Junction, where the motion of the X-ray souree is
porpendieudar to line of sight, and thovefore

the Doppler shift is zero, in agrcomont with curve
B, (Note that the sinusoida) shopes of curve A

and B signify a elreulax orbit.)

.3,2 High-Masg X-ray Binaries

In the following years, a numhexr of additional
pulsing X¥~ray binaries, similax to Cen %~3, ware
discovered [the first being Her X-1; discovered
by means of Uhuru (Ref. 35))., About 17 such binar-
-ies are known today. Their energy output varies
.from about: 1036 erg/sec to about 1030 erg/sec,
{¥oxr comparison, the total luminonity of tha sun
at all wavelengths is 2x1033 crg scc” =) fheir
poeriods range from 0.7 sec to 835 sec. Samples
of the pulse shapes of 14 pulsators are shown
in Figure 6.

‘The discovery that somc at least of the X-ray stuaxs
are binary systems provided crucial support for

the view that X-ray stars are powered by accretion;
a view which soon became gencxally accepted., As
‘I already noted, this assumption implles that the
acoreting partner of the binary system is a col-
lapsed object; i.e., a white dwarf, a neutron
star or a black hole. The fast pulsations supply
comfirming evidence of the very smal) dimensions
of the X-ray source.

There remained the question as to which of the
“threc possible collapsed objects was actually pre-
‘scnt in the X-ray stars. ;
| :
‘Let us consider first Cyg X-l. :

In their paper, reporting the cvidence for the
‘binary natpre of this X-ray star, Webster and
Murdin as well as Bolton estimated a minimum‘'value
rfor the mass of the collapsed partner; on the
‘basis of the optical data. They found values
.which appeared to be higher than the upper limit
ifor the mass of a white dwarf or a neutron star,
:and,; cautiously, advanced the hypothesis that the
‘collapsed object may be a black hole (W. and M.:
:"It is inevitable that we should speculate that |
!{the collapsed object) may be a black hole." . l
'B.: "Mhis raises the distinct possibility that theg

.secondary is a black hole.")
l

3

1Since then, the conclusion that Cyg X-1 contains
la black hole has been reinforced by more accurate
lcstimatcs of the mass of the collapsed ob)ect
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Pinae, for example, Ref, 36). It has alpo survived
caltornotoe tentative interprotations of the obnore
rvational data, dinveking a complex structure of

Cyg X=J.

I may udd that the vory unusunl speetrum and the
poculiar ocecurrenco QY very rapid fluctuntions in
the X-ray ominsion ptrongly suggest that the colw
lapsed obdec in Cyg X=) ip difforent from the
eo)lapaod objocts in the pulsing binaries which,
an we shall presently sce, have beon identified
with noutron stars,

In eonelusion, the obnervational data concerning
Cyyg %=1 are cortainly tho most convinedng dircet
evidonee for the existence of black holes in our
galaxy s far avallable; but whoether this evidence
should by regarded as decisive, is a matior still
subject. to debate,

Turning next Lo the pulsing X=roy binarices, wo can,
in the fivst place, rule out hlack heles as the
collapsed objeets bheeauss black holesg are not capa-
ble of producing the obsaxved extremely rogulay
palsations, White dwarfs can be ruled out in the
catie of the X-ray stars with pulsation porioeds of
the orxdor of one second (ler X1, SMC X-1), aimply
becanse white dwarfs cannot rotate that fost with-
out bheing disrupted by contrifugal foreces; nor, it
turns out, can they vibrate with such high freguen-
clap in tho extromaly stable manner obsorved.

There are other reasons, valid also for most of the
slower pulsators, which strongly speak against
white dwarfs, One of them is the unyreasonably
large rate of accretion that would be needed to
produce the observed X-ray fluxes, because of the
fuct that the potential woll created by a white
dwarf is about 1000’ times less decp than that
ereated by a ncutron star. [Actually, theoretical
argumentis have shown that acerction onto a white
dwaxf ‘cannot produce intrinsic X-ray luminosities
greator than a fow times 1036 erg sec™! (Refs. 37,
38,39)). Another very convineing argument is based
on the fact that the pulsation frequencies of most
X-ray pulsators for which sufficiently accurate
measurements are available have been found to
increase gradwally over periods of years. The
observed rates of increase are quite consistent
with estimates of the torques exerted by the aceret-
ing material on the collapsed objects, if these

are assumed to be neutrons stars; they are much too
large, however, if the collapsed objects are assum-
ed to be white dwarfs. The rcason, of course, is
that the moments of inertia of white dwarfs oxceed
by many orders of magnitude those of ncutron stars
(Refs. 40,41).

In conclusion, there is practically no doubt that
the collapsed objects in the pulsing X-ray stars

are neutron stars. The ohserved pulsations are
explained as due to the rotation of these stayrs,
This implies that the X-ray source is not axially
symmetric with respect to spin axis; magnetic fields
are supposed to be responsible for this asymmetry:

I shall return to this point later. :

In most cases, pulsing X-ray stars have been opti-
cally identified. The optical counterparts are .
generally found to be O or B stars, often in the i
giant or supergiant luminosity c¢lass. The optical;
‘counterpart of Hexr X-1 is an F star with a mass
equal to a small multiple of one solar mass. There
1is one pulsing X-ray star (3U 1627-27) with a mass |
.of only a small fraction of one solar mass; I shall
‘discuss this object lnter in some detail.

v wee R L e eiwe apm
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. magnetic poles.

It may be worth mentioning, at this peint, that
.otton an optical identificution, inltially sug~
gcatud by positicnal colnvidence, has been con-

; £irmod unequivocally by the observation of the
_ught curve of the optical candidate, Light '
i‘curves are periodic variations of the light £lux
in phasa with the orbital motion of the neutron
gtar, Thoy may be produced by two effocts. The
first offect is heabing and consequent bulging of
that portion of the ordinary star which faces the
X-ray omitting partner, f%he second effect is a
tidal offoct, i.e,, a doformation of tho ordinary
star by the gravitational f£icld of the partner.
This offect cougses the star to acguire the shape
of an ellipsoid, which rotatos in phase with the
orbitol motion., Heatiny offects tend to produee
a single light maximom at inferior conjuctiont
tidal effccts tend to produge two light maxima at
quadratura,

Summarizing the rosults presented above, we arrive

at the following pleture,

There oxists a class of X-ray stars consisting of
binary systems, cach formed by a collapsed object
and a nuclear-burning, heavy (usuully very heavy)
ordiiary star, In one case, among those reporied
to date, the collapsed objeet is (probably) a
black hole; in all other cases it is a neutron
star. To distinguish these from other X-ray stars
we may want to call them high-mass X~-ray binaries,
In these ohjeccts, matter gradually accretes onto
tho collapsod partners from the atmosphere of the
ordinary star. Since the collapsed partner has a
mags similar to that of the Sun, but much smaller
dimensions, it creates a deep wall of gravitation-
al potential. Falling i-to this well, the accret-
ing mattor roleases a large amount of gravitation-
al energy. 'This energy is somchaw convorted into
thermal energy; thug a very hot, ionized, plasma
is produced, whose thermal bremsstrahlung lies in
the spectral range of X-rays. Most neutron stars
are belioved o be strongly magnetized and in a
state of fast rotation. fThe accreting plarma is
guided by the magnetic field lines toward the

The result is an X~-ray source
unevenly distributed over the surfacae of the neu-~
- tron star and in its lowexr atmosphere. Rotation -
of the neutron star, then, produces the observed
pulsations. Absorption and scattering in the

stirrounding gases govern the detalls of the pulse

shapes. (Magnetization of the neutron stars orig-
inally hypothesized to explain the pulsations, .
Jhas since been confirmed by the obsexrvation of a .
cyclotron line in the X-ray spectrum of Hexr X-1;
sec Ref., 42).

Until now, our discussion has been of a qualita-
tive nature, It will be appropriate to add here -
some simple quantitative arguments.,

Lct us consider first the luminosity of X-ray
stars. ,

"It is well known that the luminosity of a source '
| powered by accretion of infalling plasma "is sub-
ject to the condition that the force exerted on

. the plasma by the radiation pressurc not exceed

; the gravita. .onal attraction by the accreting |

*bcdy.

™ot

I'tain the limiting luminosity value

In the case of a plasma of pure hydrogen, we ob-
(the so-
called Eddington limit) by equating the force
exortcd on a proton by the gravitational field N
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~to the forco oxerted on an eleetron by tho radin=

tion pressure. An elementary computation ylelds:

4i1e CM
LE "o—— (1)
T 4
e

whero G » 6,668%1070 dyn cmf,%n the gravitational
conatant, m, » 1,67x1072" ¢ is the proton mass,

Op @ 6.7%10%25 cn? ig the Trompson cross-moction
and M Is the neus, In grams, of the acereting body.

With the numerienl voluesn of the constants, and ox-
pressing the mass of the acsroting hady in terms of
the mans of the Bun, M (= 211033 g) wo obtaing

L, = 1,25%1030 Jﬁ-erg seg’ ) {2)
)] Mo

Tt ig interceting to pote that the luminosnity of
X=roy stors often approaches, in some coasoes seems
ingly exceeds, the Eddington limit, Of couwrse, a
variety of cavges may result in appreciable devia-
tions of the uppexr luminosity limit from the
Eddinglon limit, as given by Eq. (2). Tho numors
ieal coofficient in this aquation is computed for
the ease of pure hydrogon, Substantial admixture
of heavicr clements wonld incrense the value of Lo
Moreover the computation of Lp assumos symmotrie
inflow, an assumption hardly juﬁtificd in the pre~
sence of & magnetic field, Also no account hns
bean taken of the possible prescnce of forces othor
than those due to the gravitational f£ield and the
radiation pressure {such as might bo exerted by

the magnetic field on ithe moving plosma).

Let us tuxn next to the measuroment of the para-
metors which characterized tha binary system,

'0\
The pnrnmeter which is most easily derived from
the observations in {he orbital period T, This
may be doterminod from the eclipses (when praeseni),
from the optical light curves, from the Doppley
curves of the X-ray pulsations.

Knowledge of T makes it possible to estimate with
fair accuracy the overall dimensions of the system.

In the case of circular orbits, an elementary com-
putation yields the equation:

. 2 ,
meo o omy . i.(22) 2
(a, +a_ )3 CGAT
X op

where m, and m,. are the masses of the neutron’

stay and of tho optical partner respcctivcly, and
ay, 8pp axe the radii of their orbits in the centex
of mass system. One can show that Eq. (3) is valid
also in the case of elliptical orbits if ay and a, op
are interpreted as the major semiaxes.

wWith the numerical values of G, with the total
mass of the system, mg and my,, expressed in terms
of the solar mass, Mg, and wigh ay + agp expressed
in terms of the solar radius the solar radius,

Ro (= 6.955x10}0 cm) Eq. (3) yields:

1 »
a + a m_+m /3
X R g0 2SR T, % (4)
. R M d !
‘ ° - .
1 '
'where T, is the orbital period in days. The total
N O o o o . e

[

neutron star collapses into a black hole.

mass of the syltam, m_ 4 Mope Can always ho esti=
matae approximataly; Bince Fq, 4 contains only its
cuble xoot, its exact valug is of no consoquenca,
Thorefore, the exactly measurable quantity Tq is
sufficlient to detarmine a fairly accurate value
for the quuntity n + By 8 quantity which rapro-
sents the dimcnnionn of the binary system, exact)y
in the case of cirxcular orbits, approximately in
the case of wlliptical orbits.

Tho Doppler effect of tho X~ray pulsations, which
can be meanured with great accuracy, is a very
important source of informutdion.

To begin with, the shape of tho Doppler curve pro=
vidos information on the eceentricity of the
elliptical oxbit of the noutron star., (It is
found that porsistent pulsing X-xay stors, like
Cen X~3, have nearly circular orbits. Transionts,
like AQ535426 (mee bolow), have highly elliptical
orbits.)

From the Doppler curves one cun algo dorive an
accurate value for the major semiakis of the new-
tron stax orbit in the ccnter of maws nyotem, ay,
projected onto tho line of sight, i.c., for the
quantity a, sini, whera i io the inclination angle
of the orbiL (angle of tho plane of the orbit with
the plane of the eky).

Newtonian mochanics, then, yields the cquation:

3 2 (s 3
L 3 ain 12 } (%F) (ax :ini)
(mx + mop)

(5)

(the derivation is quite elementaxy in the speclal
cage of circular orbits).

The function:

3 3
m sin®i
f = 2

{ 2
L + mop)

containg only accurately measurable quantities.
Known as the mass function, it is an impoxtant
ingrediont for the evaluation of the parameters
of the binary system, As one can immediately see,
it represents a lower limit for the mass of the
ordinary star.

The mass functions and othex quantities kelonging
to. five among the best known X-ray pulsing X-ray
stars are presented in Table 2 (see Ref. 43).

Clearly the measurements discussed so far are not
sufficient to determine all parametors of the
binary systems. For this purpose one must make
use of other pieces of information, derived from
X-ray and optical obscrvations, most of which are
of limited precision. These informations include
the duration of the X-ray eclipses, the Doppler
effect of the optical spectral lines, the estimate
{from the theory of stellar structure) of the mass
of the optical partner.

The most interesting parameter of our binary sys-
tems is the mass of the neutron star, Theory
predicts that this mass cannot exceed a cerxtain
critical value at which the nuclear forces and the
Fermi pressurxre of the necutrons are no longer capa-
ble of withstanding self gravitation, and the
There
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"sti1} is some uncertainty ubout the exact value of into the potentisl well of the partner, This, in

the thoorotical limiting mass, Neutrons in a neu- fact, is supposed tc happen in the casc of Her X-1.
tron stor arxe more clokely, packed than nucleons in
an ordinary nuclous; thorefore tholr interaction Othor kinds of stars, such as the O and B stars
cahnat be dotermined from laboratory measurements, (particularly those in tho giant and supergiant
hut must be outimated,from an extrapolation of the luminosity classes) are suppogad to have atmo-
data provided by oxporinmntu in nuelear physics, spheres which expand continuously into sppace,
Bowover 3t is genorally boelioved that the lindting gonexating o stedlar wind, It is thought that,
mags of neutron ftars is near 2 solar masses, in in this caso, accretion oceurs through the cap-
any casg less than 3, ture by the neutron star of n gmal) fraction of

the stellar wind., It geoms, howover, that ofton
The complox problem of how to usc the ohscyvational even in the prosence of a stellar wind, the denso
data to obtain the most accurato values of the portion of the ntmosphore of the oplical star
binary parameters (and, in particular, of the masses £i)1s al) or a large portion of its Roche lobe.
of tho collapsed objects) was carofully oxamined In this case the occulting objeet colncides at
by Yoram Avil of the Welzmann Instdtute, hy John least approximately with the Roche loba, Since
Bahenll of the Instituvte foy Advanced Studien in the duration of tho eclipse dependg on the dimen-
Princoton, and jointly, by Sauld Rappsport and Pau) sions of the occulting object, and since the
Joss of MIT (Refs., 44, 36, 45), Rappaport and Joss dimensions of the Roche lobos depend on the ratio
applicd the methods devoloped in these studios to my/Mop the identification of the occulting ob-
five X=ray bhinavies stors for which the mopt upeful Ject with the Roche looe of the optical partner
datn were available. The analysis produged values furnishes still another useful relation hetween
of thoe nowtron gtar masses, accurate to about 30% the parameters of the system,
(soo Figure 7). None of tho mams values thus found
contradicts tho theoretical prodictions concerning Whether accerotion oceurs via a astellar wind or.
tho ma¥imum value of a neutron star mass, Xt is via overflow of a Roche lohe, the accxeling maLch,
of some Iinterest to note that the observational in general, will have a certain angular momentum
data aro consistent with the view that all neutron with respect to the neutron star, Therofore it
sturs have the sanme mase (cqual to 1,4%0.2 solar will not reach the neutron star dircetly; it is
masnes) bul, of course, do not prove that this is gencxally belioved that it will xamain temporarxily
so. (It may be noted, that the most nccurate detox- trapped in an accrotion disk, rotating around the |
mination of the mass of & neutron star came fxrom neutyron star with Keplerian velocity, until, in 3
tha data concerning the binarxy, radio pulsar some way or anothar, the angular momentum is i
PSR 1913416, Analysis by Joseph Taylor and co~ dissipated, j

workexs gave: m = (1,3%0,15) MG).

A fow of the X~stars classified as high-mase Xeray |
To provide some concrete fecling for the geometry binaries on the basis of their optical identifi-
of high~mass X-ray binaries, Figure 8 shows (scho- cations were found not to exhibit pulsatibns. It
aLically) the trajectories of the neutxon stars in is beliaved that, except, of course, for Cyg X-1,
seven $uch objects, estimated from available these X-ray stars are systoms similax to the
observational data. pulsing binaries. Absence of pulsatiwns can be
explained by the assumptjon that the noutron
Returning to the accretion process, let me stress stars are weakly magnetized, or that their gyra-
that this is a very complex phenomenon. It has tion and magnetic axes axe coaligned,
been the subject. of many elaborate theories, which
cannot be discussed here in any detail, These have I already mentioned the early findings that most
been reviewed by Frederick Lamb of the University X-ray staxs,undergo large intensity variations.
of Illinois and by Vytenis Vasyliunas of the Max~ This is txue, in particular, for X-ray stars
Planak—Institut flr Aeronomie (Refs. 46, 47). classified as high-mass X-ray binaries. Here,
asic to all theories is the structure of the grav- presumably, changes in the accretion rate and/or
itational fiold of a binary system, which may or in the abgorption by the plasma cloud surrounding
may not be modified by centrifugal forces, depend- the neutron star are yresponsible for the observed
ing on whether oxr not the atmospheric gases of the changes of flux,
donor star partake of the rotational motion of the
two stars around their common center of mass. In 1 also mentioned a striking phenomenon, noted in
either case, the equipotential surfaces in the the early work on X-ray astronomy, namely the
vicinity of the two stars have practically spher- occurrence of transients, Transients, at first,
ical shapes. With increasing distance, they become  wexe believed to form a class of objects intrin-
elongated and eventually join at a point, called sically different from othexr X-ray stars, This
the inner Lagrangian point. The two portions of view was abandoned following the discovery of some
this singular equipotential surface are the so- ¥~ray stars which, except for their transient
called Roche lobes, shown in Figure 9. Thelr dimen- behavior (Table 3), are entirely similar to the
sious depend on the distance between the two part- high-mass X-ray binaries (or to the low-mass X~ray
ners and on their mass ratio, Beyond the Roche binaries to be discussed later). f7The current
lobes the equipotential surfaces envelepe both ‘view is that in some binary systems, intrinsically
stars. similar to the persistent X-ray emitters, accre~ .
' tion occurs only on rare, widely separxated
Some stars, such as the optical counterpart of occasions, possibly because of episodic enhance-
Hex ¥X-1, havé normally stationary atmospheres, : ments in the agtivity of the¢ optical partners,
which are prevented from escaping by the gravita- and therxefore in the accretion rates.
‘tional forces. The situation is changed when a
star belongs to a binary system. In the course of 3.3 The Bulge Sources (Low-Mass Binaries) .
its evolution away from the main sequence, its i ! ’ ' Dt
-atmosphere expands; eventually it will £i11 the ! For some years, after the discovery of the binary
‘Rpche lobe and spill, across the Lagrangian po:lnt:.,rJ ;nature of Cyg X-1 and.CenAx-B, thqyénterest o£ »
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X=ray antronomors remained focussod on the high=-
mase X=yay binarxien, lNowever it wos slready clear
that not al), In fact not even most, X=ray stars
woere objects of this kind, 7Tho clearest axample
of on Xexay atar different from a high~mass binary
wat Bco X~1, the only X-ray star optically identi
fied before Uhuru, Caxtainly Sco X<l did not
contaln a massive, Juminous star, as shown by tha
fact that, for Sco X=-1, the ratio of X~rmy to optis
cal luminosity is about 1000, many ordors of mage
nitudo greatey than the same ratio for the high-
magg X=vay binaries,

Actunlly, since the caxly days of X-ray astronomy,
ovidonee had been produced for the existence of
two different familics of X-xay stars (&ee, 0.4,
Ref, 48), ‘he evidence wag hascd on the celentinl
distribution of tho mources, oun thedy intrinsic
Juminonity, and on their ¥-ray spectrum.

one family consioted of X-ray stars clustered
around Lhe galactic center. They came to be khown
aa the "galactic bulge sources,” Thias turned out
to be a misnomor, for X=rvay sources, physiecally
similay to those clustered around the galactic
centey, are found also ouvtside the galactic bulge.
Stil) I shall continuc, temporaprily, to use this
expreasion with the understanding that by "bulge
source," or "bulge-type séuvrce," I mean a souree
with propcrtiob similar to those of the sources in
the galactiec bulge, but not necessarily located in
tha bulge.

Thae second family of X-ray stars was composed of
gourcaes contained in a thin disk around the galace
tic cquator; these were called initially "disc
sources,” By the early 70's it had bacome clear
that the disc sources were, for the meat part, high-
mass X-ray binaries, But the nature of the bulge
sources yas still uncertain,

1"

As late ss 1975 the only fiym optical identifice-
tion of a bulge-typa source was that of Sco X-1,
ohtained, as we havs seen, in 196G with a rocket
expoeximent; although Lhuru had reinforced the ten-
tative optical identification of a second bulge-
typo source (Cyg X-2) suggested by Glacconi and
his collaborator on the basis of r(ckcc observa-
tions.

Only with the launching of satellites capable of
very precise positional determinations it became
possible to initiate a systematic search for the
very waak optical counterparts of bulge sources.
Parituclarly productive in this observational pro-
gram was the SAS-3 satellite, whose scientific
payload was designed and daveloped by Clark and his
associatas at MIT. Accurate positions of several
X~-ray sources, leading to their optical identifi-
cation, ware also obtained by mecans of the satel-
1ite HERO-1 (Ref. 49). A comprehensive list of
positions and ideptifications was published by
Hale Bradt and his associates at MIT (Ref. 43).
Figures 10a and 10b illustrate the identifications
of a high-mass binary and of a bulge~type source.

All optical counterparts of bulge sources turned
out to be remaxkably similar to the optical coun-
texpart of Sco X-1. Thelr optical luminosity is
very small (from ona part in 100 to one part in
10,000 of the X-xay luminosity; whereas for the
high~mass X-ray binaries the corresponding ratio
rangés from 1000 to 1/10). Their spectra are
dominated by a flat continuum, which implies a
" istrxong blue and ultraviolet excess, whén compared ;.
' AR

"

gity of an optical objact coincident with tho ‘
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with tho spoctra of ordinary atarvs. Generally
therc ars no abmsorption lines, such as thosu pro=
duced by the atmoppheres of ordinary stars, but
omission lines are usually detected, Typieal
prominent features urae the He A6B6 lino and

the AMOGA0=4050 complax.

Bulgn-typo sources have, on the average, a groater !
intrinsic X-ray luminogity but a softer spoctrum
than the high=masg X=ray binarics., None of tho
bulge pources phown celipses, Only one of them
(A01627=67) exhibits pulsations, Like the highe-
mase X=ray binarios, bulge source undexge strong
temporal luminosity changes., Soveyal cases of
tronsiont hehavior have been observed,

The guastion concerning the nature of the bulge
sources has not yet boon answored with the same
degree of confidence as that ¢oncerning the natwe
of the high-mass X~ray binarios. The provailing
view is that bulge sources, too, are binary syt~
toms formed by collopsed objects ncereting mattom
from non-degencrate partnexs. Tho latter; howaver,
are thought to be very low-mass, nuclear-burning
dwarfs (m < My) xather than high-mass (m > M)
gtars. Most likely, the collapsed objeete are !
neutron stars, although, at this time, one cammol !
rule out tho possibility that, in gome canes,

they may bo white dwaxfs ox black holes,

I should point out that, until now, evidence of a |
binaxy nature is available only for very fow !
bulge~type mpources, The belief that all of these
X-stars aro binary systems rosts upon the as yet |
unproven assumption that all bulge sources are
similar objacts. An additional argument is the
difficulty of finding an alternate credible modal
for these sourcca. (The suggoesiion that some of
them may ba collapsed objects jmmersed in small
dense clouds of intorstellar mattor runs countey
accepted astrenomlical views, and predicts a much
higher low-energy cut-off in the X-ray spectrum
than is obsexved),

Presentad beolow are the observational data suppoxts
ing the binary model for some bulge-type sources.

3.3.1 Direct optical observation of the non- 1
degenerate partner, Optical obserxvations, g

é

:

which, in the case of high-mass binarxy X-ray stare,
provide direct evidence for the presence of non-
degenerate objects and therefore for the binary
natura of the systems, do not afford the same
kind of avidence in the case of bulge sources.
Here one finds that the visible objects, although
very faint, still have a greater luminosity than
non-degenerage dwarfs (and a very different spec-
trum), It is thus practically certain that most
of the optical emission is a secondary effect,
due, presumably, to the heating o[ an accretion
disk by the X~-ray f£lux,

The predominantly secondary oxigin of +hé optical }
emission rules out, in general, the possibility |
of establishing the nature and the very existence

of a non-degenerate component by means of optical
observations. This posgibility, however, exists,

at least in principle, in the case of X-stars
exhibiting transient behavior.

Five transient bulge-type sources were studied in
detail (see Table 4). In all these cases, tha
sudden appearance of a "new" X-star was accompa-
nied by the sudden strong increasc in the luminos-
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X~star (soo Ref, L0) and Plgure 11). In there by a sudden increase in the Xeray flux, which, in

casos (Cen X=4, A0G20-00 and Aquila X=1) opticsl n tnw soconds oy lasg, reaches a penk of about
astronomers succoeded in measuring the spactra of 1038 erg soac” 1, comparable to the flux of the
the excecdingly faint optical objocts that woro utrongost parsistent sources, and is followed by
Jeft bohind after the oxtinction of the X-xay a more or lesg reyulay decay, with an encrgy=
sourcos, Theso spuetra woxe found to boe those dopandent time constant in the range from sev=-
charactoristic of K-dwarfs, leaving 1ittlo doubt eral saconds to soevoral tons of saconds,
that the three transionts were hinary systems, with
K-dwnrfy as thue non-dagencrate components. The first burst pourtes (or "bursters") ware
discovered, independently, in 1975, by Jonathan
3,3.,2 oOptical liaht curve, A poriodicity, proh= Grindlay and John Hedsg, vsing the ANS satellite
ably rolated to an orbitn) motion, has beoon observ= {(Ref, 54), and by Richard Delian, Jerry Conner,
ed in tho opticnl amipsion of Sco X-1 (nol, howovar, and Doyle £vans using tho 58 Vela military satel~
in tho X-ray emission). fThe period io 0.787 days. lite (kef. 55)., Intonsive studics by Waltexr Lewin,
Goorga Claxk, Jeffrey Hoffman and thoix associatoes
3.3,3 Aul627-67, The study of this object = the at MIT using tho SA8-3 patellite and by Jean
only pulsing hulgc pource dotected to this date - Swank and hLer agsoplaten at GSKC using the 060-8
has beon mout ilduminating, %The pulsations (7,60 gatellite are romponnible for much of our present
soc period) wore discovered in the SAG-3 records, knowladge concaxning these sources (see revicw
Howevor, cxtensive scarch for a Dopplor offect of poaper in Ref, 506).
tho pulgations gave negative ronults, From a )
critical discussion of all available evidence, Ahout thirty hursters are known today., With one
the coneclusion cmexged that, if the binaxy model exception, the buxsts from a given source follow
io correct, 4U1627-67 must be a very compiact systom cach othex at intervale of hours ox doys. BSomo=
consisting of a collapoed object, almost cortainly times tha time Intorvals betwoen bursts are noarly
a neutron stax, accrcting mattey from a dwarf star constant or change regularly with time. Sonmotimes
of not more than a fow tenths of onc polar mass thay are completely irregular, Periods of active
(Rof, 51), Subscquently J. Middleditch and his ity altexrnate with periods of quiescence. .
colluborators al the Lawronce kadiation Laboratory
of the Univoersity of California, Barkeley, pro= Tho excoption ip the so~called "Rapid Burster,”
duced convineing proof of the binary model by show- discovered by Walter Lewin and his associatces,
ing that the power denaity epectrum of the optical which produces sequences of bursts separated by
pulsations containg clear evidence of an orbital time intervals of only scconds or minutes (sece
motion with a period of only 2490 sec (Rof, 52), Ref, 57 and Figure 12), The same scientists noted
This means that the scparation of the two binary characteristic dlfferences béetween thase bursts
partners is less thun one half the solar radius and thosc produced by the "slow" bursters; to
(sce ¥g., 4y, Thus the opticusl data, confirming amphasizo these diffexence, the latter bursts wore
tho conclusions derived from previous X-ray obser- called type ) bursts, and the formor typa 2 bursis.
vation, show that 4U1627-67 38 an oxcecdingly
compaet hinary systom. \ Crude measuxcments of pulse~-hoight distributions
TN suggest that both types of bursts have black=
At this point one may reverse the argument and body spectra, However, in the fLype 1 bursts, the
inguire if the assumption that all bulge sources temporature appears to decreass during the decay,
arc binary systems yuns against any observational whexcas no significant temperature change is scon
evidence, One difficulty is the total absence to occur during the evolution of the type 2
of eclipses. The small masses of the non-degener- bursts, If indeed the radiation process is black-
ate partners, and the consequent small dimensions body emission, from the temperature (as givon by |
of their Roche lobes, moke eclipscs unlikely, but the spoctium), and the total X-ray flux it is
not to the extont needed to explain why not & poasible (assuming a distance of about 10 kpe for
single one has been observed among a fairly laxge the burster) to compute the dimensions of the §
sanple of bulge sources. Thus it appears that, in emitting area, It is probably significant that %
oxrder to salvage the binary model, special sclec- these dimensions. turn out to be of the order of i
tion affects must be invoked. One intercsting those of a neutron star {(about 10 km in radiug), ;
suggestion has been advanced by Mordechai Milgrom ,
of the Waizmanh Institute (Ref. 53). He argued Some birsters lie in globular clusters. The
that, since the occulting object is very small, majority, however, are isclated objects and appear
calipnes will occur only if the observer is very to coincide with persistent X-ray staxs. Of thgse,
close to the orbital plane of the neutron star. In £ix have been identified with optically faint
this case, the X~ray cmission may be obscured by ohjects; five of them exhibit the characteristic
an accreotion disk whose median plane coincides blue color, of low-mass binaries, while the spec-
with the orbital plane, and the X-ray star may tral character of the sixth is obscured by strong
escape detection, interstellay reddening. This is a strong indica-
tion that only low-mass binaries axe capable of
If, as it appears most likely, the bulge sources producing bursts,
are binary systems, it will be appropriate to
rename them "low-mass X-ray binaries," in line The burst mechanism has not yet been clarxified -
with the nomenclature adoptod for the othexr family with certainty, Following earlier suggestions by
of X-ray stars discussed previously. several scientists, in particular by Laura
: Maraschi and Alfonso Cavaliexe of the Milano
3.4 Bursting X-ray Stars . University (Ref. 58), that bursts may be causcd by
thermonuclear flashes, Paul Joss made a detailed
Great interest has aroused in.recent years the dis- quantitative analysis of the nuclear reactions
covery of a peculiar kind of temporal variations, that might occur at the surface of an accreting
which seems to bo typical of low-mass X-ray binaries., neutron star (Ref. 59).' This analysis produced
These variations, known as bursts, are charaterized & model which involves accretion of hydrogen by -
[ N [ AR PN ', !., ,0
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tha neutron star, non-gxplosive thexmonuclear
renctions changing hydsogen into helium, axplosive
theymonuelenr repctions chunging helium Into huavier
eloments, Pursis of type 1 wonld be the manifestu-
tion of thoge thermonuclear flashes. This modeld
has sttractive features although, I widerstund,
moets with some diffidudties,

Torning to the Rapid Dureter, a Xoey obacrvational
rosult wans the discovory by MIT selentints)using
BAS=3 that, in addition to type 2 huwists It, too,
produced typu 1 burseto, separated by long timo
intorvals (kef., 60), This ropult svggeats that the
Rapid Bursier is not Intrinsically diffoxont fyom
the slow bursters, except thak in the Rapid Durster,
for yeusons unknown, accretion occurs in spurts
rathor than continuounly; the spuxts manifoot thems
solvos & type 2 bursts, while the lons frequent
type 1 bursts would be produced by the same thormo-
nuclonr flashog pupponcd to bhe reoponpible for the
bursts in the slow bursters,

Sinece 1978, a program has heon undey way, aiming
nt tho obsorvation of the optical bursis which are
oxpucted to accompany the X-ray bursts,

soveral simultancoun oilpldcal/X-ray burets were
ebgorved during 1978 and 1979 (sce Ref, 61 and
Figurc 13). Tho program is continuing, with the
Japanege X~ray satellite Hakuecho playing a major
rola,

M important observational result has heus the timo

delay between tho X-ray and the optical buysts. In
all casos, the optical burst wap found to bo delay-
od by a fow seconds with respeet to the optiecnl
burst, This delay is evidence that the optical
burst is due to a roprocessing of the X-ray burst,
The delay, thon, represents the difforence in

travel time botweon the direct X-rays and the re-
processfod optical radiastion, Its magnitude shows
that reprocessing occurs at a distance of the oxdoer
of a few light soconds from the source of X-xays.
This means that it occurs mostly in soma matter
purrounding the neutron stax, presumobly on accra~
tion disk, rather thon at the surface of a non-
degenerate companion, Probobly the optical emission
by persistent low-mass binaries is also due to the
xeprocessing in an aceretion disk of the X~radiation
originating from the neutron star,

3,5 "The Problem of the Origin of X~ray Stars

No definitive answer bas yet been givan to the pro-
blem of the origin of X~-ray stars, What follows
ig a brief account of the prevailing views on this
matter, It is based largely on a review axticle
by Edward van don Houvel of the Astronomical
Institute of the University of Amstordam (Ref. 62),
whose work on this subject has been particularly
illuminating.

The non-dagencrate partners of the high-mass X-xay
pinaries are massiva, population I stars. These
stars are short-lived (~107 years). Thorcfore the
rate of production of the high-mass X-ray binaries
must be laxge, High-maso X-ray binarics are be-
lieved to originate from compact binary systems,
each consisting of two nuclearcpurning stara, one

of which, after receiving mass from its binary part-

nex, has reached the development stage where a
supernova explosion takes place, leaving bchind a
fast rotating, highly magnotized neutron star. The
large mass of the other partnex prevents the binary
system from being disrupted by thae explosion,

#
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The non=degenorate partners of the low=mass Xexray
binaries, instu: 1, ara population Il etara., 7The
galactic distribution of the low-mass X-yxay bina=
ries, showing a concentration in the galuctie
bulge, confirms this view. 8o dots tha comparhe-
tivaely large abundance of low-mass X-ray hinarles
in globu*~» nmlurtars, which are formed by popula-
tion XI etars,  Unlike tho highemass X=-ray hina=
rias, the lowemaus Xexyay binarioes are long lived
(about 10% yoarn)., ‘horefore a small rate of
production is sufficient to maintair tho present
population, (Of courao, both for the high-mass
and for tho low=mags binarios, tho X=xay sctive
period may well be ghortor than the life of the
binary itsclf,)

A low=mags X=ray binary cannot boe produced by the
supornova exjdonion of ona of the partners of a
pre~oxistont non=degonerate binaxy systeom, because
tho gravitational field of tho asurviving non=-
degenerate dwarf could not provone «tho disruption
of this syctem, It has been pointed out by Clark
that a likely production process of Lho low-mags
u-rny binaries located in globular clusters s

the capture of non~degonerate dwaxfs by noutron
staxs., Bocause of tho lorge density of population
IX stars in globular clunters, the frequency of
occurrence of this process sppears to bo suffi~
ecient to oxplain thoe obsorved abundunce of low~
nage X=ray binaries in such clustors,

It seoms wnlikely that a pimilar capture process
may account for the production of low-mass bina-
ries outride globular clusters, whoere the atar
density is much smaller, As originally suggested
by Gursky, these X-sgtars may represeni the ond
product of the ovolution of binary sysiems formed
by a non-degenerate dwarf and a white dwarf,
Matter accretes from the non~degonorate dwarf to
the white dwarf. As a consequence, the mass of
the latter indreases gxadually, until it reaches

i
]
|

~ the maximum allowed mass of the white dwarfs, at

which point the whito dwarf collapses into a

neutxon star, ,

Unlike neutron stars in the high-mias X-ray bina-
ries, thoso in the low~muss X-ray binaries are,

on tho averaga, very old. It is therefore guite
possible that thay may have dissipated tholr mag~
netic field; which could provide a natuxal cxplan~
ation for the ncarly complete absence of pulsa-
tions among this group of X~staru.

4. GALACTIC X~RAY SOURCES DIFFERENT FROM X=-RAY
STARS

While the nost striking achievement of the satel-
lite obsexvations prior to the launching of
Einstein was tha discovery of the binary nature
of X~-ray stnrs and the understanding of thoix
behavior, important results were also cbtained
concerning X-ray sources cothex than N-ray stavs.

4.1 Supernova Remnants

To the, supornova remnants detected as X-ray emit-
ters in the pre-satellite years, sevoral new ones
were added by observations with counter-equipped
satellites. Evidence was produced showing that,
at leagt in the older xemnants, the bulk of.the
X-radiation originates fxom a thin shell of hot
plasma immediately behind the shock front which
separates interstellar gas from the fast-expanding
cloud generated by the supernova explosion. The

interpretation of the X-ray emission as a thermal

.
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bramastrabilung reccived dofinitivo confiymation by
the orbsorvation; in geveral remiants, of a spec
trval fenture at about 7 keV, which is interproted
as Jine emiosion of highly denized ixon. [this
fanture was first doteeted in the Cas A remuant by
a xocket=horne oxpeximanc carrivd out by the group
at GHFC (Ref, 63)]1

4.2 Xerays from Opticolly Knwwe Gnlactie Objects

A small number of "exotie," comparatively noax=by
ptars ond stay syntews, known Lo optical ustrono=
mers before the heginning of X-ray nstronomy, wore
foundl to boe sources of Xsrays, mostly of soft
Awrays, with luminosities mueh greator than the
X~xay luminosity of tho Sun, bhut smaller than those
of the weakest X=ray stors. ({(Clearly, they were
the tip of an jceberg, whoso oxploration had to
walt for thoe louwnching of the Ninstedn observatory.)

Ineluded in this group ara objocts of the following
elhonen

4.2.1 Dwarf novae, Binary systems in which o
degcnurntv, non—mugnotic dwarf acecrotes mattor from
a late=type, nuglear=-burning stay, £illing its
Roche Jobar both a soft (% ) keV) and n medium
enorgy {up to » 10 keV) speetral components have
been ohsoervad, Typical X=xay luminositios are on
the order of 1037 cxg pee™), but occasionnd lavye
burpts occur with Sonk xéxay luminoniticn as

lurgoe ou 10 ~ 30%Y exg ooc”

4.2,2 DM Hoy binnrias (magnetie dwarf novaa).
Binary system» Bimilar to Awarf novac, except for
the presence of a strong magnetie field, which is
gupponed to caune tho white dwarf to be locked-in
with the orbital motion, and to produce an accro-
tion column, 7The ¥~ray spoctrum of some mombers
of tha‘group contain both a soft and fairly hard
(up to Ubout 30 kov) components, It la believed
that the formor is black-body radistion from the
bage of the acexation column, the lattor (when
present) is thormal bromsstrahlunyg from the column
itsolf X~ray luminosities up to ~ 10°% erg sec™
have boen obseczved. Orbital motions produce pexi-
odicities both in the optical and in the X-ray
emisaion.

4.2,3 stars with hot coronae (RS eVn systems).
Rapidly rotating, main sequence or subglant stars,
in binary systems, whose exceptionally hot coxonae
(T » 307 °K) produce abundant soft £=xays, prosum-
ably by thermal breomsstrahlung. It has heen
suggestad that tidal intaraction with the binary
companion might be responsible for the hoating, -
thaly X-ray 1umincsitios (in thc low-enor?y range)
are mostly betwoan 1029 and 1033 erg sec-

4.2,4 Hot whito dwarfs, White dwarfs with very
high surface temperaturcs. Two objects of this
clasyg (1243 and Sirius B) wore found to be X-ray
emitters, The obscrved soft X-raya appear to be
black-body radiution. The luminosities are on the
order of 1032 erg sec”

4.2,5 Flare stars. Cool star:; producing frequent
optical flarces witl, risctimes of seconds and decay
timps of minutes. 1wo flare stars (UV Ceti mnd
Y% Canis Minoxis) have beon observed to produce
X~-ray flares.

4.2,6 Algol. A rather anomalous X-xay source,
.which does not fit into any of tha categories list-
ed above., It scems to be a triplet, Both soft

N ] . I
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,and medium enoxgy X-rays have been chserved, 7The
pxoduction mechanism is not yet well undexstood.

S5¢  ENTRACAMIACTIC X-RAY BOURCEH

substantial advancos occurred also in axtraguluctic
X-ray astronomy, which, in the pre-sntellite era,
had barely begun, [8ce & roview pspax by Pounds
and Pabian, Ref. 64, which containg an extensive
bibliography),

By 1978, about 100 extragalactic Xeray sources
had been detected, moot of them by means of Uhury,
Arlaleb, SAB=3, 1EAO=1, Thoy include:

{#) One "mormal" galaxy," Andromeda (in addition

to the two Magellanic clouds), with an Xeray

luminosity similor to thnt of our own galaxy; i.q.
a omall multiple of 1039 org vec

(b) netwoon 40 and 50 active gnlanien (Boyfert
galaxion, Radio galoxics, 1ligh LXc4tation Emispion
Lines galaxion), with Xeray luminondticn ordors
of magnitude groator than normul galasics (2«10
kov Juminoeitien mostly in the range from anout
10"% Lo wbout 10"¢ org sec™l), .

{¢) 7 BL Lae Objecto; ill~undexstood objects,
characterized by a point=like or vory compoct
appearuncoy spectral lines absont or very weank,
strong radio emipgion, strong polarization of
optical and rodio omission, hright nucleous,
extyome vardabjlity; 2«10 Fev N=ray luminopities
in the ranga from about 10"3 to about 10" erg
soc”

(a) ‘Threo quasars, namely the bright, compava-
tively ncar=by quanar 3¢ 273 and two quasara
discovered through thq optical examination of two
faint X~ray sources dotected and aceurately
located by SAS=3. Thelr 2~10 kov x~ray Juminogi=-
ties are on the order of 10"" - 10%6 org wec3,

(e) About 40 c¢lustors of galaxica, with 2-10 keVv
X=xay luminosities in the range from about 1043
to about 1040 erg sec”

Active galaxies were found to havo oxceedingly
bright nuclei at all wavelengths, It is interest-
ing to note that in active galaxies and quasars |
the X-ray and y-ray luminosity may excaeed the l
luminosity at all other wavelengths, It was noted .
that the galactic nuclei are similar to guasars,

and it was suggestod that -guasars way be bare -
nuclei of active galaxles. Strong tempoxal vari-
ations had been obgserved in some active galaxies
and some quasars, with time scale ranging from
hours, to days, to years (see bolow).

Undoubtedly, quasars and theirx close relatives,
active galactic nucled, are among the most inter-
esting and puzzling celestial objects. Basic to
any attempt at establishing their structure and
interpreting their behavior is some information on
the sizes and the masses of thesc objects.

Radlo obsexvations by means of the Long Baseline
Interforometexr have placed an uppexr limit of
‘saveral times 10~% arc sec to the angulax dimen=-
-pions of some galacti¢ nuclei, With a typical
distance of .about 10 Mpc,, this angular size

r corresponds €6 a linecar size on the order of |
l10 parsec. . -

!Much more mtringent uppor limdts were derived from
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“the temporn) varintions of the luminosity, It

neemp that one ¢on safoly asoumo that the time scale
of a variation cannot be pmaller than the timg of
travornal of light through tho goureco. e uppoy
Yimit ot by thio condition will not bo invalidated
by a possible rovorboration of the radiation due

to penttexing In the medium purrounding the source,
an effect which can only lengthen the ohsexved

time mreale and cauge an oversestimato of the size
of the pourco,

Jhe fantest variotion puldished go for ip o flare
exhibiting on order of magnitwde change of flux in
730 pee, ohserved by the CFA group on tho Seyfort
galoxy NGCA15L by meann of Ubury (Ref, 65), Hows
ovar, to measurd, indoecd to oven eotablish tha
exintence of such u short evert in a very foind
source, is a vory difficult tusk., (Tho nuthors
thomuelven appear to have pome doubis about the
roality of tho effoct)., On the other hand, varia=
tiong with timo secales on the order of one day
appeny Lo be well eathablished,  Obucyvationn, by
moans of Ardcl 5, of 2B aetive galaxics hpve dn=
tocted, among o number of varistions with longey
time pealen, one Llure with a time scwle of about
one day in MEN 421, and one sudden inercase of
flux, with a tim: seale of about )1/2 day in tho
guashr 3¢ 273 (Refy 66),  The maximum plzo ccm»
patible with this time scale is about 1.3x103°% cm,
4.0,y doss than 171000 of one light yoar, a vory
short dimension indeed on o yalactic scale,

For mn eatimate of the mrss of an active nueleus
oxr pa quasar we are on loso golid ground than for
the ostimate of the size, The eimplost mothod ip
based on the eriterien of the Bddingten limlt
(nq. 2) to the obnorved 1un&non£ty. in the caepe
7¢ 273, for example, Ly z 1046 org gec™). By
rhuu, iy that Ly ¢ LB, we obtnsn for the maan M
A ¢¢nu1tion MEI05M. Ao alrcady cautioned,
the strajght *orward appiication of tho Eddington
1imt to obtain a minimum valuc for the mass 18 a
risky procedure, Therefore this mindmum value
might wel) differ, oven by an ordor of magnituvdo,
from that quoted above. Nonetholess, it is certain
that v 273 (end undoubtedly the othax quusare and
active nuclei as woll) have truly enormous masses.
That these masses axo contained in as small volumes
as indlcated by the occurxence of fast variations,
jJustifies tho wide spread belief that guasars and
active nuclei may contain supermassive black holes.
If this is so, the omission from these objects may
be powered by accretion to tiw black holes from
thp surrounding matter.

Early in the history of X-ray astronomy clusters of
galaxies had omoxrged as a prominent clams of extra-
galactic X-ray sourcos., I already.montioned that
X~ray obgsorvations played a prominent role in
establishing the physicul nature of those systems;
I noted that records (obtained by Uhuru) had shown
that tho X-ray emitting regions in the Pexseus and
Coma clusters oxtend through the volumes of the
clustors (Ref. 21). I also noted that observations
{by means of the Arlel 5 satellite) had shown that
the X-radiation of the Pexscus cluster originates
not from Lhe individual galaxies but from a hot
gas (T = ~ 108 x) £111ing the cluster's volume,
The latter rcsult was established by tho detection
of the same 7 keV spectyral feature, due to lina
emission of ¥Fe¢ XXIV-XXVI, which had been found in
the spectra of supernova remnants (Ref, 67}, This
obsexrvation also proved that the gas in the clus-
ters is not primordial but, presumably, has been
procassed in supernova axplosions.

- part of my arsignment, I shall stop at this point. |

6. THE DIFFUSI: RADIATION

ghe diffuse radiation, alreandy dotected in the
aaxly rocket flights, was investigated more
thoroughly by means of satu)lites,

One important result wag that below 1 or 2 kev
this radiation im very patchy end therefora, pre-
sumably, of galactic'origin (porhaps arising from ¥
the residucs of very old nupernova clouds)., At
higher photon enorgiaes, inptead, the hackground
sppears to be isotropie, & strong argument in
favor of ite oxtragalactic origin,

Cloarly, whut ig scon as 8 diffuse radiation by
any givon Instrument, arvisas, in part at least,
from faint sources whiech are not resolved by that
particulay inntrument. The quostion remaing
whothor all of the diffusc extragalactic radiation §
ern be accomted for in this manner, or whothor
a subptantinl fraction of it originates in the
spuco between galaxiens, In the latior cano the
mosh Likely production process is thormal hvemss-
stxahlung by a hot gao £illing Intergalactic
space, M pnewer to this queption i of great
cosmological significanco, for the totnl mass of
the nocopsary gas may come near to the mags necded 3
to "elope" the Universe, i.e., to pravent the
undverse from expanding Indefinitely.

Rosulta beaxing ¢n the problem of the nature of
the diffuse radiation hava beon obtalnod from
spoctral meagurements by maans of the satcllike
HEAO=1 (Ref. 68). Important data have also been
produced recently by thoe Einstein teolescope., By
Virtuo of its high scngitivity, this instrument
is copuble of detecting much fainter X-ray sources
than had Laen observed belfore, thexeby pushing
furthey down the upper intonpity limit of dis-
cxate wources whope cumulative affoct is undis~
tinguiphable from a true diffuge radiation.

o}
[+ ©

Summing up, wo L£ind that observativns with countexwj
equippod rockets and satellites have provided a .}
solution, rathoy compleie in its essentinl features
of the problem concerning the naturc and tho mode
of oparation of X-xay stars, Much remains to be
done to £i1l in important details; one may antici- B
pate  that collimated counters will continue to
ba the basic tool for these investigntions,

The counter technigue has played an assential role
in the dovelopment nf X-xay astronomy not only in
the study of X~ray stars, but also in the study of
x~xays from other sources (X-rays from supernova
remnants, from "known" galactic objects, from
extragalackic sources; diffuse X-rays). However,
in conncetion with many important obsexvational
problems encountered in this latter ficld, the
grazing-incidence telescope, with its high sen-
sitivity, its fine angular resolving power and

its image-forming capability offers opportunities g
unmatched by other instruments, Thoxefora, as fay
as this aspoct of X-ray astronomy is concerned, a
detailed discussion of early wesults, stopping
shoxrt of the recent obgervations by means of the
Einstein telescope, would be rather pointless.
Since a presentation of Einstein's data is not
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Partial list of X-xay astronomy satellites (not
included are the Alr ¥orce sponsored satellites

nor the USSR satellites).

Satellites marked with

a otar worae devoted entirely to X-ray astronomy.

Spéﬁccrnft Loaunch dato Organization Principal Investigators and pome
othor participants

'sns-; boe, 12, 1970 NASH R, Giacconi (American Scienco

{Uhuru) and Engineoring)

050~7 Sept. 29, 1971 NASA G, Clark, M. Bradt, H, Schnoppex,

(Oxbiting W. Lowin (Conter foxr Space Roscarch

Solay Obuery- Masoachusetts Institute of

atory No,7) Tachnology)

Orbiting Actro- |Aug, 21, 1972 NAGA R. Boyd (University Collega,

nomical Obsor- London)

vatory ¢

{Copernicun)

Astronomical Aug, 30, 1974 Netherland N, Brinkman (Space Raeseaxch Lab,,

Netherland Agency for Utrecht); H. Gursky (Caenter fox

Satellite No.l Aerospace Astrophysics, Harvard University);

(ANS~1) and NASA H. Schnopper (Center for Space

L]

Research, Massachusetts Institute
of Technology)

*U.K. 5 Oct. 15, 1974 U.K. Science |R. Boyd (University College,
(Axie) b5) Research London)} H, Elliot (Imperial
Council and |College); K. Pounds (University
NASA of leicester); S. Holt (Goddaxd
! Space Flight Center)
*sns-3 May 7, 1975 NASA G. Clark, H. Bradt, H. Schnopper,
S. Rappaport, W. Lewin (Center fox
.| Space Research, Massachusotts
Institute of Technology)
0s0-8 June 21, 1975 NASA E. Boldt (Goddard Space Flight
(Oxbiting Centerx) ; W. Xraushaar (University
Solaxr Obser- of Wisconsin); R. Novick (Astro-
vatory No.B8} physics Laboratory, Columbia
University) .
*High Energy Aug. 12, 1977 NASA 'H. Friedman (Naval Research Labora-

Astronomical
Observatory
No.l (HEAO-1)

tory)} E. Boldt, (GSFC) and G.
Garmire (Caltech) jointly; H.
Gursky (CFA) and H. Bradt (MIT)
jointly, L. Petersen (U. of Calif.,
S. Diego) and W. lewin (MIT)
jointly
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Spacecraft Launch date Organization Principal Invastigatoxs and some
, othax participants
*
High Energy Nov, 13, 1978 NASE R, ‘Glacconi (Center forx Astrophysios,

Barvard University) ) G, Claxk
(Centor for Space Reoearch,

(HENO-2, Masgachusotts Instituto of
Binatein) Technology) ; E, Boldt (Goddard
Space Flight Center); R. Novick
(Astrophysics Lab., Columbia
University); H, Tananbaum, Centex
for Astrophysics, Barvard University)
*
CORSA~D Feb, 21, 1979 Inst. Space |M, Oda (University of Tokyo)
(Hakuecho) Aoron. Sci.,
U. of Tokyo
*U.K. 6 June 2, 1979 U.K, Science |R. Boyd (Univeresity Colloge,
(Ariel 6) Reseaxch London)
Couneldl K. Pounds (University of Leicester)
/",,‘ '
e . TABLE 2
Properties of Some High~mass X-ray Binaries
T = pulsation period; T = orbital period, d = approximate distance;
Lx = approximate x-ray luminosity (~2 to ~10 keV); Lx/Lo = approximate ratio
of x-ray to optical luminosity (Raf, 43).
Companion
Spectral T (sec) | T(days) axsini/Ro f /MQ d(kpc) Lx(erg/s) Lx/Lo
type .
. ten X-3 ' 37
4U1119-60 | O giant 4,84 2.087 17.15 15.5 n 8 ~ 10 0. 05
Her X-1 37 .
4U1656+35 | F 1.24 1.700 5.69 0.85 N5 n 10 n10
Vela X~1 36 -3
4U00900-40 | B supergiant- 283 8.966 48,40 18,93 | ~ 1 N2X10 n3,%10 ~,
SMC X-1 ag
4U0115-73 i B supergiant .714 3.892 23.04 10.84 v 65 nGX10 nl,2
401538-52 | B supergiant | 529 3.73 23.79 13.0 | ~ 7. nax103® ~0.01
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High-mass X-ray Translents (Ref,, 43),

TABLE 3

+

Ml118=61 A0LIBE26 4U0115463
pato bDac. 1974 April 1975 Dec, 1977
Seven further outhursts| Previous outburst
£rom 4/75 to 4/76 in '7)

Optical Bo star ? Be star reddened

object B star

Puigation 405 104 3.6}

pexrjod (sec)

Orbital ? months? 244

period

Lx/Lo ~ 2 A0, n 2

i
TABLE 4
Low=-mass X-ray Transients
A0G20~00 Al1524-61 H1705~-25 301908~00 )

(Monocerxros Nova) (Triang. Austr. Nova) (Nova Ophiuchi) (Aquila X~1) Cen X-4
Date August 2975 Novembey 1974 Fall 1977 recurrent; July 1969

Previous outburst ~ once a year| May 1979 °

(optical) 1917
Max, X-ray | % 50 crab 3 Crab = 3 Crab % Crab = 35 Crab
Intensity ~ 4 Crab
Lx/Lopt nv o150 ~ 200 100 ~ 500 ~ 40
at max. (Ref. 69) (Ref. 69) (Ref. 70) (Ref. 50)

e
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Photograph of the region of the sky contuining Sco X~), reproduced
from tha Palomay fky suyvey print, 7The X-xay source wap found to
e in one or the other of the two rectangles (1' x 2! in size).
The optical counterpart of Sco X-) (arrow) g a 13th magnitude
OthCt- (RQE' 6).

Seiontific payload of Uhwru (Ref. 71).

™a X~xray map of thd sky, in tho range of photon enorgios
2 to 6 keV, according to the fourth Uburu catalogue. (Rof, 20),

Doppler curve of a speoctral ling of theo nuvporgiant HDE-226868, the
opticnl counte;paxt of Cyg %=1 (Ref, 32).

Cen %=3 observationnl dath ghowing the boppler effoect on the
pulsations and one celipsay soe’ text (Ref, 34).,

Pulse profiles of nine pulaing ¥-ray stoxs. The pulsation periods
are indicated (Ref, 72).

values of the neutron star mass derived from measurements on five
high-mass X-ray binarics and one pulsar  (Raf. 45),

Orbits of noutron stars in seven high-mass X-ray binuarles (schematic),
Masses of the non~degenerale partners are indicated; 4U0115-G3 is a
transient  (Ref. 45).

The Roche lobes of a high~mass X-ray bhinary. L is the inner
Lagrangian point; the ciogs indicates the center of mass of the
system (Raf. 73). ) ‘

(8) Optical identification of the hign~nass X-ray binaxy GX301-2;
parallelogram: crror hox from measurements of Uhuru; larger circle:
preliminary SAS-3 error box; smoller ciréle: final SAB-3 error box;
the optical partnex is the bright star at the center of the SAS-3
cirecles.

(b) Optical identification of the bulge-type source 25 °1627-673; the

optical partner is the faint “peculiax" star No. 4 within the SAS-3

error circle; all other stars within this cixcle have the appearance
of "ordinary" stars (Refs., 74, 75, 76).

Optical observation of the X-ray transient Cen X-4; (8) faint optical
object detected before the X~ray outburst; (b) bright optical object
observed after the X-ray outburst (Ref. 50). )

Bight typical sequences of bursts from the Rapid Burster  (Ref. 57).

Simultancous X-ray and optical bursts from a low~mass X-ray binary
(the object at the conter of the white circle; Ref. 61). .
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SAS -3 OBSERVATIONS OF RAPIDLY REPETITIVE
X-RAY BURSTS FROM MXB 1730-335

24 - minute snapshots from 8 orbits on March 2/3,1976

100 secs

ST T
VIS WATV N T PPV LY O WITY WVTTL S,
bbb oo aode
Mwmw’ WM,LLUJ\._.....NM.UM,
b M
o quMMwmwwwuf !

LSRN T ) SR T, SO TIY W




ORIGINAL PAGE Y , ]

-.-. .‘ " ‘.' .OPT|C,AL :' .'.3 ." .:. .

[ : . M I R

e vy . . .,

‘ v ‘a ¢ VIR . e = uly ® &

. . v f o TR SO
r oy ,. » 3 . *
LA0 B A . -~ ACER) R ‘.'
e n . - ! vy
.. PR e Y Y - T, e

\ \ ' . P

0
o, gy ¥
L.

S




	0001A02.pdf
	0001A03.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001A14.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001B13.pdf
	0001B14.pdf
	0001C01.pdf
	0001C02.pdf
	0001C03.pdf
	0001C04.pdf
	0001C05.pdf
	0001C06.pdf

