
22 August 1980, Volume 209, Number 4459 

The Einstein Observatoi 
New Perspectives in Astronor 

Riccardo Giacconi and Harvey Tananb; 

X-ray astronomy has become a major 
branch of observational astronomy since 
its beginning less than 20 years ago. The 
pace of discovery in this field can be 
compared to the great surge in radio as- 
tronomy over the. past quarter-century. 

The first exploratory phase occurred 

vided us with a unique k 
study of relativistic astro 
discovery of the interga 
perature gas associated 
galaxies, a previously u 
ponent of the universe 
much luminous mass as 

Summary. High-sensitivity x-ray measurements with the recently la 
Observatory are having a major impact on wide areas of astronomic 
x-ray luminosity of young 0, B, and A stars and late K and M star 
several orders of magnitude greater than predicted by current the 
heating. Detailed x-ray images and spectra of supernova remnants a 
information on the temperature, composition, and distribution of mE 
supernova explosions as well as of the material comprising the inte 
Observations of galaxies are yielding insights on the formation and e) 
systems and galaxies over a wide range of variables. X-ray time vari 
used to probe the underlying energy source in quasars and active gal 
distribution of mass in clusters of galaxies is being traced throug 
images, and the data are being used to classify clusters and trace th( 
evolution. Substantial progress is being made in several areas of 
search, particularly in the study of the diffuse x-ray background. 

with rocket flights in the period 1962 to 
1970 and with crude satellite instruments 
for exploratory surveys in the period 
1970 to 1978. The astonishingly rich re- 
turns from even these relatively in- 
sensitive instruments were due in large 
part to the discovery of extremely lumi- 
nous galactic and extragalactic x-ray 
sources whose existence was previously 
unsuspected. Perhaps most important 
among these results were the discovery 
of x-ray emission from mass-exchange 
binary systems containing a collapsed 
star (white dwarfs, neutron stars, and 
possibly black holes), which has pro- 
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objects. The rich pheno 
high-energy sky reveale 
missions had only little 
interests of the mainstre 
astronomy, since only e 
minous galactic source 
nearest and most power 
sources could be observ 

The situation change( 
the launch on 13 Noven 
Einstein (HEAO-2) Obs 
introduced the use of foc 
lution optics to x-ray asti 
provement in sensitivity 
brought about by this mi 
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ed in a qualitative change in the scope of 
the discipline. At one stroke, x-ray ob- 
servations have been extended to all 
known classes of stars in our galaxy and 
to the most distant discrete objects 
known in the universe. Although the 

ry,* analysis of the data is still in preliminary 
form, it is already clear that x-ray obser- 

ny vations are again revealing new and un- 
suspected aspects of astronomical ob- 
jects. 

aum X-ray observations have emerged so 
rapidly as a powerful tool for astronomy 
because of the prevalence of high-energy 
phenomena in the universe and the im- 

iboratory for the portant and at times determinant role 
)physics, and the that they play in its dynamics and evolu- 
Llactic high-tem- tion. This view of a universe in constant 
with clusters of turmoil, created in an enormous initial 
nobserved com- explosion, with components being torn 
e containing as apart again and again by impulsive 
all other known events, is one that has developed over 

the last few decades through observa- 
tions at all wavelengths from the micro- 

iunched Einstein wave band to the gamma-ray region of 
al research. The the spectrum-the highest energy radia- 
s is found to be tion accessible for study. Modern astron- 
oories of coronal omy has adopted an all-wavelength ap- 
re providing new proach to the study of the heavens and to 
aterial ejected in the extraction of crucial information 
;rstellar medium. about the processes that determine the 
volution of stellar evolution of stars and galaxies. 
iations are being In particular, many of the violent pro- 
lactic nuclei. The cesses of formation and collapse of stars 
ih detailed x-ray and galaxies give rise to high-temper- 
eir formation and ature gases or high-energy particles. 
cosmological re- When this occurs, copious x-ray fluxes 

are produced, either through thermal 
emission from gases with temperatures 
of millions of degrees or by interaction of 

menology of the the high-energy particles with electro- 
d by these early magnetic fields or photons. The x-rays 
overlap with the thus produced can readily traverse the 
am of traditional vast interstellar and intergalactic dis- 
-xceptionally lu- tances separating us from their point of 
s and only the origin, although they cannot penetrate 
ful extragalactic the earth's atmosphere. The develop- 
red. ment of space observatories has made it 
d radically with possible to use this rich new channel of 
nber 1978 of the information. 
,ervatory, which 
:using high-reso- 
ronomy. The im- 
y and resolution 
ission has result- 
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The Einstein Observatory 

The first surveys and discoveries in x- 
ray astronomy were made primarily with 
mechanically collimated detectors. 
However, the sensitivity of these early 
observations fell short of that required to 
realize the full potential of x-ray astrono- 
my for the study of low-luminosity ob- 
jects in our galaxy, for the study of extra- 
galactic objects, and for serious cosmo- 
logical research. This limitation in sen- 
sitivity was essentially due to the 
background-limited nature of the instru- 
mentation; sensitivity could increase on- 
ly in proportion to the square root of the 
product of the detector area and the ob- 
serving time. Further progress in the 
field required instruments built on entire- 
ly different principles. 

At visible light and radio wavelengths, 
astronomers are well aware of the in- 
crease in sensitivity that results from the 
use of focusing optics. By concentrating 
the signal into a relatively small detector 
element, through focusing, the observer 
achieves a great reduction in background 
and increases the angular resolution as 
well. However, the application of this 
concept to x-ray astronomy is quite diffi- 
cult, since under normal conditions 
lenses and mirrors tend to absorb rather 
than focus x-rays. It had been discov- 
ered in the 1930's that one could achieve 
high efficiency of reflection if x-rays 
were made to reflect from a surface at 
very small angles of incidence (grazing 
incidence). This effect is possible be- 
cause the index of refraction of some ma- 
terials is slightly smaller at x-ray wave- 

lengths than the index in vacuum. Radia- 
tion incident at angles less than the criti- 
cal angle (grazing angle) can therefore 
undergo total external reflection. By 
1952 Wolter (1) had generated optical de- 
signs for an x-ray microscope based on 
this principle, but no practical implemen- 
tation was possible because of the inabil- 
ity to polish the very small surfaces in- 
volved to the very high accuracies re- 
quired. By 1960 Giacconi and Rossi (2) 
had recognized the great advantage that 
focusing optics could bring to x-ray as- 
tronomy, as well as the feasibility of con- 
structing the required optical surfaces on 
the large physical scale appropriate for 
telescopes. 

During the ensuing decade the re- 
quired fabrication techniques and tech- 
nology were developed and first applied 
to studies of the sun, culminating with 
the many thousands of highly resolved 
pictures of the solar corona which the as- 
tronauts brought back from Skylab (3). 
As a result of the developments in x-ray 
astronomy as a whole and in the use of 
focusing optics for solar studies, NASA 
accepted a 1970 proposal for an x-ray 
telescope mission to study extrasolar 
sources. This proposal was submitted by 
a consortium including Columbia Uni- 
versity, Massachusetts Institute of Tech- 
nology (MIT), Goddard Space Flight 
Center (GSFC), and our scientific group, 
then at American Science and Engineer- 
ing and now at the Harvard-Smithsonian 
Center for Astrophysics (CFA). The mis- 
sion was finally realized with the launch 
on 13 November 1978 of the Einstein Ob- 
servatory. 
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Fig. 1. Schematic diagram showing the major scientific elements comprising the Einstein Obser- 
vatory. [This figure originally appeared in Astrophysical Journal] 
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The scientific portion of the satellite is 
diagrammed in Fig. 1, which shows the 
0.6-meter-aperture x-ray telescope, the 
optical bench, and the focal plane trans- 
port assembly, a lazy-Susan arrange- 
ment that permits one of several imaging 
instruments or spectrometers to be 
brought to the focus (4). Three star sen- 
sors are flown for on-the-ground aspect 
determination and as part of the on-orbit 
attitude control system, which also uti- 
lizes gyroscopes, reaction wheels, and 
reaction control gas to unload momen- 
tum from the reaction wheels. 

The grazing incidence telescope con- 
sists of four nested paraboloids of revo- 
lution followed by four nested hyper- 
boloids. The nearly cylindrical surfaces 
are nested inside one another to increase 
the effective collecting area. The mirrors 
are made of fused quartz, which is fig- 
ured and polished to very high precision. 
A very thin nickel coating provides the 
desired index of refraction for focusing 
the x-rays. Two reflections are required 
for each x-ray (one by a paraboloid and 
one by the following hyperboloid) to 
achieve a reasonable resolution over the 
1? field of view of the telescope. At low 
energies (0.25 kiloelectron volts) the to- 
tal effective area of the mirror is - 400 
square centimeters, and this decreases to 
30 square centimeters at the high-energy 
cutoff (4 kiloelectron volts). Since the 
grazing angles are c 1?, approximately 
60 x 400 cm2 of total surface area was 
actually figured and polished for the set 
of four paraboloids and four hyper- 
boloids. The total area of each of these 
sets corresponds to slightly more than 
the area of the Hale Observatory-Mount 
Palomar 200-inch optical reflector. 

Our group at CFA developed two 
types of complementary imaging detec- 
tors to employ at the focus of the tele- 
scope. A high-resolution imager (HRI) 
utilizes two multichannel plates oper- 
ating in cascade to convert individual x- 
rays to an electron cloud, whose cen- 
troid is determined by using a crossed- 
grid charge detector and associated elec- 
tronics. The position and time of each 
event (up to 100 per second) are inserted 
as digital data into the telemetry stream 
and can be combined with the aspect 
data on the ground to reconstruct the x- 
ray image of the sky. This detector has 
the highest spatial resolution available, I 
arc second, to be used in conjunction 
with the 3.5 arc second angular resolu- 
tion (full width at half-maximum) of the 
telescope. It covers the central 25 arc 
minutes of the telescope field of view, 
has a detection quantum efficiency that 
varies from 30 to 6 percent over our en- 
ergy band, and has no inherent spectral 
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resolution, although it can be used in 
conjunction with interchangeable broad- 
band filters and transmission gratings 
that can be placed into the x-ray beam. 

The second type of imaging detector is 
an imaging proportional counter (IPC), 
which has 1 arc minute spatial resolu- 
tion, a 1? field of view to cover the full 
telescope aperture, a high-quantum effi- 
ciency, and moderate spectral resolu- 
tion. Imaging is accomplished by use of 
two planes of cathode wires with an 
anode plane in between. An incident x- 
ray is converted to an electron, which 
creates an avalanche at the anode while 
still preserving spatial information. In- 
duced signals are sensed on the cathodes 
and used to generate the position infor- 
mation. 

The observatory also carries two sen- 
sitive spectrometers for use at the tele- 
scope focus. One is a cooled, solid-state 
silicon spectrometer developed by 
GSFC, which combines high efficiency 
with good resolution (- 150 electron 
volts). The other is a curved crystal 
Bragg spectrometer developed by MIT, 
which features very high resolution (in 
some cases of order 1 eV) accompanied 
by relatively low efficiency. 

Although Einstein was originally pro- 
posed and approved as a principal inves- 
tigator experiment, we have long recog- 
nized the desirability of making its great 
capabilities available to all interested as- 
tronomers. Therefore, the observatory 
has been operated as a national facility 
since its launch, and more than 330 guest 
observers were approved during the first 
11/2 years. A series of guest and con- 
sortium observing targets, now number- 
ing more than 7000, are entered and 
stored in our computer. Approximately 
ten different targets are selected each 
day so that more than 3000 have been ob- 
served in the first year. Commands are 
generated to configure and point the ob- 
servatory for sequences approximately 
12 hours long. Once per orbit the on- 
board tape recorder transmits - 100 
minutes of data to a NASA ground sta- 
tion. These data are then relayed to 
GSFC and forwarded to the CFA. At the 
CFA a specialized data handling system 
is used to manipulate the data stream, 
determine the instantaneous pointing di- 
rection of the telescope as a function of 
time, and produce x-ray images of the 
sky. These images can then be searched 
for sources before further detailed scien- 
tific analyses are carried out. The data 
can also be displayed and manipulated 
on one of several television screens pro- 
vided as part of the computer system. 

The satellite has operated without seri- 
ous problems since its launch and, as dis- 
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Fig. 2. High-resolution x-ray photograph of 
nearby binary star system, Alpha Centauri. 
The brighter x-ray source corresponds to the 
K star and the other x-ray source to the G 
star, contrary to theoretical expectations for 
the relative x-ray emission from these two dif- 
ferent classes of stars. 

cussed below, has fulfilled our ex- 
pectations with regard to increased sen- 
sitivity and angular resolution. The only 
serious limitation of the observatory is 
its finite lifetime. At the time of launch, 
the nominal lifetime was 1 year. Through 
judicious target scheduling designed to 
minimize net perturbing torques, we 
have been able to extend the life expec- 
tancy of the finite amount of gas avail- 
able to remove momentum from the re- 
action wheels. At present we expect the 
gas to last through 1981 -2 years beyond 
the nominal 1 year. It is also probable 
that the continued high level of solar ac- 
tivity will cause the satellite orbit to 
decay by 1982, leaving us without an on- 
going high-sensitivity x-ray astronomy 
facility possibly until the launch of the 
Advanced X-ray Astrophysics Facility 
(AXAF) around 1987 or 1988. 

X-rays from Stellar Systems 

Considerable progress has been made 
in the last 50 years in understanding the 
formation and evolution of stars, particu- 
larly during the long period of time they 
spend in the quiet burning of their nucle- 
ar fuels after they reach the main se- 
quence. However, the answers to many 
important problems remain incomplete. 
These include the details of the stellar 
formation process, of the energy trans- 
port processes in main sequence stars, of 
the collapse of massive stars, and of the 

behavior of matter in superdense col- 
lapsed stars. 

The full range of these problems is 
being attacked by astronomers, using all 
the observational tools at their disposal. 
For example, infrared observations have 
given us the opportunity to study many 
aspects of the early phases of stellar evo- 
lution (5). Spectroscopic studies in the 
visible range of wavelengths and more 
recently in the ultraviolet from the Co- 
pernicus satellite have provided funda- 
mental clues to the behavior of stars 
throughout their evolutionary track (6). 

In its first decade, x-ray astronomy ap- 
peared to be mainly capable of giving in- 
formation about the later stages of stellar 
evolution. The discovery by UHURU of 
binary x-ray sources (7), which contain a 
collapsed star accreting matter from its 
normal companion, provided startling 
new information regarding the endpoints 
of stellar evolution. It first demonstrated 
that the formation of a neutron star (pre- 
sumably through a supernova explosion) 
need not disrupt the binary system in 
which the star is contained. It provided 
an astrophysical laboratory in which the 
properties of the collapsed object itself 
could be studied as they manifested 
themselves in response to varying 
torques and forces due to changes in the 
accretion flow. The internal structure of 
neutron stars could be studied and their 
angular momentum, crust-to-core cou- 
pling, and other characteristics mea- 
sured. 

The binary x-ray systems provided the 
first independent measurements of neu- 
tron star masses. For one system, Cyg- 
nus X-l, combined x-ray and optical 
observations revealed the existence of a 
compact object less than 10 kilometers in 
radius with a mass of more than 6 solar 
masses and incompatible with any equi- 
librium solution predicted by general rel- 
ativity except for a black hole. Cygnus 
X-1 still furnishes the most promising 
and convincing evidence we have for the 
existence of black holes of stellar mass 
(8). 

The discovery of x-ray bursts (9) with 
the ANS satellite led to an intensive 
study of these objects by SAS-3, 
HEAO-1, and most recently Hakucho, 
the Japanese x-ray satellite. In these sys- 
tems the general characteristics of the lu- 
minous x-ray sources described above, 
namely their very high absolute luminos- 
ity (- 1037 to 1038 ergs per second) and 
very rapid time variability, appear to be 
carried to an extreme. Extremely lumi- 
nous (1038 to 1040 erg/sec) flashes of 
radiation appear to originate from other- 
wise inconspicuous objects located 
sometimes in the center of globular clus- 
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ters but often outside as well. Although 
we still cannot fully decide between 
models involving massive accreting 
black holes and binary systems contain- 
ing a neutron star, the present consensus 
seems to prefer the latter interpretation; 
in that case these objects would be of the 
same general class as the binaries pre- 
viously described. With the HEAO-1 
spacecraft other types of lower luminosi- 
ty binaries, such as RS CVn systems 
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containing a K star and a G star, were 
discovered to be x-ray emitters. A few 
lower luminosity binaries containing 
white dwarf secondaries had also been 
detected as x-ray sources by rocket and 
satellite experiments, as had a few isolat- 
ed stars (10). 

With its qualitative improvement in 
sensitivity, the Einstein Observatory has 
brought about a revolutionary change in 
the prospects for stellar studies through 
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Fig. 3. Ratio of x-ray 
to visible light flux 
plotted logarithmi- 
cally against (vis- 
ible light) spectral 
type to summarize the 
Einstein x-ray obser- 
vations for various 
main sequence stars. 
Spectral type ranges 
from 0 and B stars, 
which are the hottest, 
bluest, and youngest, 
to M stars, which are 
the coolest, reddest, 
and oldest. The B-V 
scale is a visible light 
color difference in- 
dex. For several stars 
not detected in the x- 
ray observations, up- 
per limits are in- 
dicated. 
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Fig. 4. High-resolution x-ray image of the shell-like supernova remnant Cas A. Various features 
seen in this image are discussed in the text. The data are digitized into 2 arc second by 2 arc 
second pixels (picture elements), and the overall exposure time is - 30,000 seconds. 
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x-ray observations. All classes of known 
stars have now been detected in their x- 
ray light (11), with x-ray luminosities 
ranging from 1026 to 1034 erg/sec. The 
predictions for main sequence stars 
based on coronal heating mechanisms 
through the acoustic noise of convective 
motions have been found to be widely at 
odds with observations. From young 
stars of the 0, B, and A spectral types, as 
well as from the late K and M stars, the 
observed x-ray fluxes are 1000 to 1 mil- 
lion times greater than expected. Figure 
2 shows, for example, an IPC image of 
Alpha Centauri. The x-ray emission from 
the K star is found to be more intense 
than that from the G star, contrary to 
theoretical expectation. In Fig. 3 the ob- 
served ratio of the x-ray to visible light 
flux is shown as a function of spectral 
type (as well as blue color excess in the 
visible) for main sequence stars. Pre- 
vious theoretical calculations based pri- 
marily on our knowledge of one star, the 
sun, predicted substantial x-ray fluxes 
only for late A, F, and G stars, whereas 
the observations show substantial x-ray 
emission for all spectral types. These 
findings will form the foundation for new 
theoretical modeling of the energy trans- 
port mechanisms from the core and heat- 
ing of the outer atmosphere of stars. We 
suspect that any new model will have to 
take fully into account the roles of the 
magnetic field and of stellar rotation. 

For early stars and stars possibly still 
embedded in their parent nebulas the 
Einstein observations also seem to open 
a new avenue of study. The discovery of 
x-ray emission from young 0 and B stars 
in associations (12), from the Orion vari- 
ables and the stars in the Orion Trapezi- 
um (13), from the Eta Carinae nebula (14), 
and other peculiar objects show that 
high-energy photons are produced at the 
seat of stellar formation and can reach us 
through the gaseous envelope that pre- 
vents us from seeing the objects in vis- 
ible light. If stellar winds furnish the 
means of shedding excess material and if 
bubbling up and annihilation of magnetic 
fields furnish the means of removing 
magnetic energy and possibly angular 
momentum, we can expect x-ray obser- 
vations to provide crucial clues to the 
formation process of stars in the pre- 
main sequence period. 

Important new information has also 
been provided by the Einstein Observa- 
tory on the remnants of supernova ex- 
plosions. In some of them the burnt cin- 
der of the explosion, a pulsar, can easily 
be detected. The cover, for example, 
shows an x-ray picture of the Crab Neb- 
ula pulsar and the surrounding nebulosi- 
ty. The entire x-ray emission in this case 
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appears to be powered by high-energy 
electrons accelerated in the high magnet- 
ic field of the spinning neutron star. As 
the electrons interact with the surround- 
ing magnetic field, they roduce the ob- 
served x-rays by synchrotron emission. 
No trace is seen of the external layers of 
the star presumably blown off in the ex- 
plosion that created the pulsar. The two 
parts of the cover picture are time 
phased X-ray photographs comprised of 
data folded with the 33-millisecond peri- 
od of the Crab pulsar. Each photograph 
represents 10 percent of the period 
summed over many cycleS. For the data 
centered on the main pulse (phase 0.0) 
the pulsar is very bright (overexposed) 
and dominates the picture, while for the 
data centered off the pulse (phase 0.6) 
only a very weak point component is 
found at the pulsar location (15). By us- 
ing the data away from the main and sec- 
ondary pulses, we can search for steady, 
blackbody emission from the surface of 
the rotating neutron star. Our prelimi- 
nary analysis indicates that the weak 
point emission during the off phase cor- 
responds to 1.4 x 1034 ergsec in the en- 
ergy range 0.1 to 4 keV, which corre- 
sponds to a temperature of about 25 mil- 
lion kelvins if we assume blackbody 
emission from a neutron star with radius 
10 km. Even if the off-state, emission is 
not from the neutron star surface, these 
data set an upper limit for blackbody 
emission and require rapid cooling for 
the Crab neutron star. 

It is also quite interesting that no evi- 
dence has yet been found for pulsed or 
unputsed emission from a neutronstar at 
the center of any ofthe historic super- 
novas except for Crab and Vela. We are 
left wondering whether a, supernova ex- 
plosion must always result in the produc- 
tion of a pulsar or, if this is the case, 
whether more efficient cooling mecha- 
nisms than neutririo cooling may make 
the pulsar undetectable (16). Pion cool- 
ing has been suggested, for example, to 
explain the possibility that the neutron 
star may be so cold as to no longer be 
detectable at x-ray wavelengths. 

Some of the historical supernova rem- 
nants, such as SN 1006, Tycho, and Cas- 
siopeia A, have an appeararce very dif- 
ferent from the Crab, with the x-ray 
emission showing a well-developed shell 
structure. The HRI image of Cas A is 
shown in Fig. 4. We are able to recognize 
several regions of x-ray emission:(i) an 
emission shell lying outside the region 
of the optical filaments, due presumably 
to the interaction of the shock front with 
the interstellar material; (ii) a region as- 
sociated with fast-moving knots from 
which material may be either evaporated 
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due to heatng by the shock or ablated 
due to the passage df these knots in the 
interstellar medium (the material of the 
knots was presumably ejected during the 
supernova explosion itself;: (iii) a region 
of x-ray emission associated with sta- 
tionary flocculi, possibly the remains of 
material ejected from a star prior to the 
explosion and heated to x-ray temper- 
atures by the shock and (iv) a region con- 
nected with rado emissin, presumaby 
from high-energy electrons spiraling in 
the local magnetic field and producing x- 
rays by nonthermal processes. From a 
preliminary analysis the total amount of 
mass involved in the supernova can be 
estimated as 10 to 30 solr masses (17)> 

Spectroscopic .observations by the 
GSFC group with the solid-state spec- 
trometer on the Einstein Observatory 
provide detailed information on the ele- 
mental composition and temperature of 
the material blown off in the explosion 
(18). A spectrum of a large region in the 
Cas A supernova shell is shown in Fig. 5. 
The data show substaial line emission 
consistent with transitions of helium-like 
ions of silicon, sulfur, and rgon with 
abundances ranging from 1.7 to 6.9 times 
the solar abundances. The helium-like na- 
ture of the transitions limits the temper- 
ature in the emitting region to less than 
10 x 106 K. The absence of excess iron 
group material suggestst that at the time 
of the explosion the stelar core had ot 
yet advanced to the stage of substantial 
burning of silicon group material to fort 
iron group material. The data also sup- 
port models in which the iron group ma- 

Fig. 5. Solid-state 
Spectrometer 6bser- 
vations of Cas A, 
showing the spectrum 
for the overall x-ray 
source in the energy 
band 0.9 to 4.5 keV 
The lower dashed 
curve, represents the 
continuum contribu- 
tion from hydrogen, 
helium, carbon, nitro- 
gen, oxygen, and 
neon components of 
the hot gas. The tota 
emission (top cutve) 
is comprised f this 
continuum plus line 
emission from magne- 
sium, aluminum, sili- 
con, sulfur, argon 
caciumn, and iron* 
The three largest 
peaks in the top curve 
are associated with 
silicon, sulfur, and ar- 
gon. [Courtesy of S. 
S. Holt; this figure 
originally appeared in 
Astrophysical Journal] 

terial formed in the supernova explosion 
is located close to the center and is 
ejected less forcefuuly than the silicon 
group material. As a result, the more 
slowly expanding iron group material is 
located to the inside of the silicon-rich 
shell we observe and has not yet been re- 
heated to x-ray-emitting temperatures 
by the inward-oving reverse shock 
(19). 

Even from the preliminary account of 
the supernova observations made pos- 
sible by the imaging techniques and high 
sensitivity of Einstein, it is apparent that 
spectrally resolved x-ray images of such 
explosive events may give us a unique 
tool for studying pre- as well as post 
supernova conditions, Far from being a 
bizarre and rare event, supernovas are 
the factory where the heavy elements are 
manufactured and dispersed into the in- 
terstellar medium. The transfer of the ki- 
netic energy of the explosions deter- 
mines the temperature of the interstellar 
medium. It is clear that the x-ray contri- 
bution to our understanding of these 
events will noticeably advance our 
knowledge of stellar evolutionary pro- 
cesses. 

X-ray Emission from Galaxies 

Over the past 50 years, visibe- light 
and radio observations have idenified 
characteristic properties that have been 
used to classify galaxies and to investi- 
gate their formation and development. 
For example, "normal" galaxies have 
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been described as elliptical, spiral, or ir- 
regular with several subclasses on the 
basis of their optical morphology. The 
presence of a very bright nucleus in a 
faint galaxy has been a primary signature 
for a Seyfert galaxy. Spectroscopic ob- 
servations of broad hydrogen lines and 
broad forbidden lines (widths r 1000 km/ 
sec) have been used to characterize a 
subset of Seyfert galaxies as type 2, 
while Seyferts with hydrogen line widths 
of order 10,000 km/sec have been called 
type 1 (20). Similar spectra with very 
broad emission lines characterize the 
quasars (quasi-stellar objects, or 
QSO's), although surrounding faint neb- 
ulosities have, in general, not yet been 
detected for these objects, perhaps be- 
cause they are considerably more distant 
than most Seyfert galaxies. Another 
class of galaxies recently identified and 
thought to be related to quasars are the 
BL Lacertae objects. BL Lacs are char- 
acterized by weak or absent emission 
lines, rapid optical variability, strong and 
variable optical polarization, and radio 
emission. Among the other categories of 
galaxies that have been established are 
those characterized by narrow emission 
lines, radio galaxies, and N-type galax- 
ies. 

This great variety of characteristics 
raises many questions about the forma- 

tion and evolution of galaxies a 
the relationships between differ 
phological types. When did gala 
form? How do the gas conten 
content, and morphological c 
tion evolve as a function of tim 
ferent types of normal galaxies? 
1 Seyfert galaxies and normal 
remnants of quasars that were 
minous at an earlier time? In ac 
these types of questions, a very 
known is the nature of the centr 
source that powers the nuclei c 
and active galaxies, including q 

While still in a relatively earlb 
development, our studies of th 
emitting properties of galaxies 
be directed toward these quesi 
described earlier, the x-ray 
from our own galaxy is comprise 
eral elements including mass-< 
binary systems, supernova r 
and normal stars, as well as a 
diffuse component arising from 
stellar gas. Our observations c 
normal galaxies provide inforn 
these same phenomena, but wit 
ditional feature of having al 
sources for a given galaxy at e, 
the same, known distance. 

Thus the Einstein observatic 
supernova remnants in the Larg 
lanic Cloud (at a distance of 55 

Fig. 6. High-resolution imager exposure to the center of M31. North is to the top, 
left. The many individual x-ray sources are apparent. On the basis of the observed v 
nosities, we believe that most of these sources are mass-exchange binary systems c( 
collapsed star accreting gas from its companion. 
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nd about secs, or 180,000 light-years) have permit- 
rent mor- ted our colleagues at Columbia Universi- 
ixies first ty (21) to determine the x-ray lumi- 
it, stellar nosities and in several cases the remnant 
:lassifica- temperature and x-ray shell size. These 
e for dif- observations have been combined with 
Are type radio and optical data, and the Sedov so- 
galaxies lution for a symmetrical blast wave prop- 
more lu- agating into the interstellar medium has 
Idition to been used to solve for the age of the rem- 
basic un- nants, the initial energies in the super- 
al energy nova explosions, and the ambient den- 
f normal sities of the interstellar medium. The Co- 
uasars. lumbia group finds that the ages range 
y stage of from 1,000 to 20,000 years; the initial 
ie x-ray- energies range from 0.8 x 1050 to 3.4 x 
can now 1050 ergs, similar to energies derived for 
tions. As supernovas in our galaxy; and the inter- 
emission stellar medium densities range from 5 x 
-d of sev- 10-2 to 10 cm-3. They find that the den- 
exchange sities are highly correlated with observed 
emnants, remnant diameters; this correlation is 
n overall not consistent with a simple blast wave 
hot inter- propagating into a homogeneous medi- 
)f nearby um. A lower density interstellar medium 
lation on studded with higher density clouds 
th the ad- might fit the observed correlation be- 
1 of the tween density and diameter in a reason- 
ssentially able manner. 

Another example of a normal galaxy is 
)ns of 13 provided by our twin, M31 or Androm- 
;e Magel- eda. At a distance of 700,000 par- 
,000 par- secs (- 2 million light-years), M31 oc- 

cupies a region of about 2? on the sky, 
and several x-ray observations have to 
be combined in a mosaic to obtain an 
overall picture of the galaxy. At least 80 
individual x-ray sources have been re- 
solved in the combined HRI-IPC Ein- 
stein data (22), whereas previous obser- 
vations were able to detect as a very 
faint source only the integrated emission 
from M31 as a whole. The individual 
sources observed by Einstein have lumi- 
nosities of at least 9 x 1036 erg/sec and 
are probably mass-exchange binaries in 
most instances, although at least one su- 
pernova remnant has been identified. In- 
dividual normal stars would be too faint 
for us to detect, and the data have not 
been analyzed for extended interstellar 
emission. Many of the luminous x-ray 
sources are associated with the spiral 
arm structure of M31. Spiral arms are re- 
gions containing much gas and dust and 
are bright because many young, massive 
stars are being formed. Such conditions 
are conducive to the formation of mas- 
sive binaries that eventually evolve into 
mass-exchange binary x-ray sources. 

In the HRI image of the central region 
of M31 shown in Fig. 6, the outermost 
sources are probably associated with 

east to the 
-ray lumi- gas, dust, and spiral arm features. How- 
)ntaining a ever, the 20 or so sources located within 

a central radius of 2 arc minutes may 
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well be a separate "inner bulge" popu- 
lation. These sources, as well as nine or 
ten probably associated with globular 
cluster systems in M31, may represent a 
different class of sources possibly con- 
nected with older, low-mass binary sys- 
tems formed by a capture process. The 
average luminosity of the inner bulge 
sources in M31 is 4.5 x 1037 erg/sec, ap- 
proximately twice the average luminosi- 
ty of the spiral arm sources. More impor- 
tant, this inner bulge region, with a 400- 
parsec radius, contains about 1.5 percent 
of the mass of M31 and is responsible for 
- 33 percent of the 0.5- to 4.5-keV x-ray 
emission. It is also very much smaller 
than the inner bulge region of x-ray 
sources in our own galaxy. This concen- 
tration of x-ray-emitting systems in the 
center of M31 and the large x-ray output 
from a relatively small fraction of the gal- 
axy's mass indicate that further x-ray 
studies of M31 and other nearby normal 
galaxies can teach us much more about 
the stellar evolutionary processes at 
work in different galaxies. 

In addition to using observations of lu- 
minous binaries to study normal galax- 
ies, we can apply observations of normal 
stars to study the stellar content of galax- 
ies. For example, some models for ellip- 
tical galaxies invoke a population of M 
stars of low mass and low optical lumi- 
nosity to account for a substantial frac- 
tion of the overall mass of the galaxy. 
For a galaxy containing 1011 to 1012 M 
stars we would expect an x-ray emission 
of 1038 to 1040 erg/sec from these stars 
alone. Einstein observations can detect 
such galaxies at least out to the Virgo 
cluster of galaxies (a distance of 20 mil- 
lion parsecs) and may provide the means 
of detecting the optically dark halos the- 
orized to surround galaxies and comprise 
much of their mass. 

The Einstein x-ray observations of the 
radio galaxy Centaurus A, located at a 
distance of 5 million parsecs, illustrate 
several different phenomena (23). A 
point x-ray source is associated with the 
nucleus of the galaxy. Extended x-ray 
emission has also been detected from a 
region 2 arc minutes in radius around the 
nucleus. This emission may be due to the 
superposition of presently unresolved lu- 
minous binaries or to a cloud of hot gas 
in the interior of the galaxy. Still farther 
away from the nucleus, x-ray emission is 
detected from the radio-emitting regions 
known as the inner lobes. Centaurus A 
shows two pairs of radio lobes aligned on 
opposite sides of the nucleus and thought 
to have been ejected in two separate ex- 
plosive events. The data suggest that the 
x-ray emission from the inner lobes is 
produced by inverse Compton scattering 
22 AUGUST 1980 
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Fig. 7. Isointensity contour map of the HRI x-ray image obtained around the nucleus of the 
radio galaxy Centaurus A. The nucleus and x-ray jet toward the northeast are indicated, as is 
the optical jet. [This figure originally appeared in Astrophysical Journal] 

of the radio-producing electrons off the 
photons responsible for the 3 K black- 
body background. This then permits a 
first determination of the magnetic field 
for this region, which we calculate as 
4 x 10-6 gauss. 

Figure 7 is an isointensity contour plot 
of the HRI observations of Centaurus A, 
showing the pointlike source associated 
with the nucleus and an additional jetlike 
x-ray feature to the northeast of the nu- 
cleus. This x-ray jet is aligned with, but 
just within, a previously reported optical 
jet (24), and both are aligned in the direc- 
tion of one of the inner radio lobes. Our 
calculations indicate that the x-ray emis- 
sion in the jet can arise from thermal 
bremsstrahlung radiation, produced by 
the Coulomb acceleration of the hot elec- 
trons in the plasma. At the same time, 
the kinetic energy carried by the dense 
subrelativistic plasma comprising the jet 
is sufficient to power the inner radio 
lobe, which may resolve the question of 
the energy supply required by such long- 
lived radio-emitting regions. 

In our description of x-ray emission 
from normal galaxies, we separate the 
galactic nucleus from the remainder of 
the galactic emission. It may well be that 
the emission from the nuclei of normal 
galaxies is closely related to the emission 
from the nuclei of active galaxies and 
quasars. Many astrophysicists believe 
that the nuclei of active galaxies are the 
sites of massive black holes and that the 

emission from these objects is powered 
by the gravitational energy released by 
infalling matter (25). One way of provid- 
ing the infalling material is through tidal 
disruption of stars that wander too close 
to the black hole. Normal galactic nuclei 
might contain "dormant" or "fossil" 
black holes, which are quiet because of 
the temporary or permanent absence of 
infalling material. X-ray luminosities for 
galactic nuclei range from 1035 erg/sec for 
our galactic nucleus to 1038 erg/sec for 
M31, 1042 to 1045 erg/sec for type 1 Sey- 
fert galaxies, and 104 to 1047 erg/sec for 
quasars. Narrow-emission-line galaxies, 
type 2 Seyfert galaxies, radio galaxies, 
N-type galaxies, and BL Lacs also fit 
within this range. Thus the x-ray lumi- 
nosities may be useful in establishing 
specific relationships among these vari- 
ous classes of active galactic nuclei. In 
the context of the massive black hole 
model, the observed luminosity can be 
used to estimate a minimum black hole 
mass through the Eddington limit, which 
establishes a maximum rate for the in- 
falling gas due to the pressure created by 
the outward-moving radiation. For a 
1047 erg/sec source, a minimum black 
hole mass of 109 solar masses is required. 

Additional evidence that the activity in 
galactic nuclei occurs in very small re- 
gions was obtained by monitoring source 
intensities as a function of time. It now 
appears that our x-ray observations are 
capable of probing the innermost (or 
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smallest) regions of active galaxies and 
quasars. The data shown in Fig. 8 were 
obtained during a 2-day Einstein IPC ob- 
servation of the Seyfert galaxy NGC 
6814 (26). The data have been summed in 
2000-second intervals and the count rate 
(in counts per 100 seconds) is plotted 
against time. Since the background 
count rate is monitored simultaneously 
elsewhere in the imaging detector (at less 
than 1 count per 100 seconds), we can be 
confident that the intensity variations 
seen in Fig. 8 are not due to background 
changes or instrumental effects. The er- 
ror bars indicate the uncertainty in the 
count rate based on the actual number of 
counts. The mean for all of the data is 
shown by the dashed line. A chi-squared 
test indicates a negligible probability that 
the source intensity is constant. The data 
point at ~ 40 ksec is 5 standard devia- 
tions above the mean, indicating that sig- 
nificant changes occur in times no great- 
er than 20,000 seconds. The average x- 
ray luminosity for this source is 4 x 1042 
erg/sec and the observed variations in- 
dicate that a substantial fraction of this 
luminosity is produced in a region no 
more than 1/4 light-day in size. Similar 
variability has been observed in several 
type I Seyfert galaxies and quasars, al- 
though it has not been found in several 
others. Our findings of high luminosities 
and small x-ray-emitting regions, along 
with optical data showing high lumi- 
nosities and rapid variability in some BL 
Lac objects and "violently variable" 
quasars, may be the most compelling 
evidence to date for the existence of 
massive black holes in active galactic nu- 
clei. 

X-ray Emission from Clusters of Galaxies 

As is well known, stars are not uni- 
formly or randomly dispersed in space, 
but are aggregated along with gas and 
dust to form galaxies. In a somewhat 
similar fashion, galaxies are not uniform- 
ly distributed, but tend to occur in 
groups or clusters with tens to thousands 
of members in regions of space typically 
a few million light-years across. In addi- 
tion to their component galaxies, clus- 
ters also contain substantial amounts of 
hot gas, as was first conclusively demon- 
strated by the UHURU observations of 
extended x-ray emission from clusters 
(27). The Einstein observations of clus- 
ters have been directed toward improv- 
ing our understanding of how the cluster 
environment affects the evolution of in- 
dividual galaxies and how the clusters as 
a whole form and evolve. 

Our studies of the development of in- 
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Fig. 8. X-ray intensity plotted in 2000-second 
intervals as a function of time for the type 1 
Seyfert galaxy NGC 6814. The mean counting 
rate for the 2 days data is shown by the dash- 
ed line. Significant intensity variations are ap- 
parent in the data. 

dividual galaxies in a cluster environ- 
ment are perhaps best illustrated by the 
x-ray results obtained for a portion of the 
Virgo cluster of galaxies, shown in Fig. 9 
(28). Here we have plotted the isointen- 
sity x-ray contours superimposed on a 
visible light photograph (from the Kitt 
Peak 4-m telescope). The two brightest 
galaxies, the ellipticals M86 and M84, 
are both relatively bright x-ray sources. 
X-ray emission is also observed from the 
tidally disrupted galaxy NGC 4438 to the 
northeast and from the narrow-emission- 
line galaxy NGC 4388 to the southwest. 
Since M84 is a radio galaxy, we initially 
hypothesized that the x-ray emission 
might be related to activity in the galaxy 
nucleus. Subsequent observations with 
the Einstein HRI, utilizing the arc-sec- 
ond resolution capability, demonstrated 
that the x-ray emission from M84 is dif- 
fuse and not primarily associated with 
the nucleus of the galaxy. Our present 
understanding of the x-ray emission from 
M84 is probably best discussed in the 
context of the M86 data. 

The contours in Fig. 9 for M86 show 
that the x-ray emission is extended over 
several arc minutes with an apparent 
asymmetry to the northeast. A prelimi- 
nary spectral analysis of this extended 
emission indicates that it is produced by 
hot gas with a temperature of - 10 x 
106 K. From the observed x-ray lumi- 
nosity of 2 x 104' erg/sec and the tem- 
perature and size, we can compute the 
central particle density as - 4 x 10-3 
cm-3. This leads to a mass estimate of 
several billion solar masses for the x- 
ray-emitting gas. This gas is thought to 
be generated by mass lost from stars and 

heated by supernova explosions within 
the galaxy itself. If the overall mass of 
M86 is 1012 solar masses, then this hot x- 
ray-emitting gas cannot be completely 
bound gravitationally to the galaxy. Re- 
cent calculations (29) suggest that the gas 
may be confined by the external pressure 
generated by the hotter, lower density 
gas that has been observed through its x- 
ray emission to fill the Virgo cluster. The 
cooling time for this hot, low-density in- 
tracluster gas is greater than the age of 
the universe, which rules it out as the 
source of the x-ray emission from M86. 

The confinement of the gas associated 
with M86 by the hotter, lower density 
cluster gas must compete with ram pres- 
sure forces trying to strip the gas from 
the galaxy as it moves through the clus- 
ter. Since M86 is probably in an eccen- 
tric orbit, it has spent much of its time 
moving at relatively low velocity far 
from the center of the Virgo cluster. 
Thus a stripping-free time of up to 5 bil- 
lion years has been available to generate 
the gas that we are now observing. As 
M86 moves at higher velocity through 
the cluster core, most of this gas associ- 
ated with the galaxy will be decelerated 
and stripped away by the ram pressure of 
the intracluster gas. On the other hand, 
M84 is a well-bound member of the Vir- 
go cluster core, spending most of its time 
in the denser central region of the clus- 
ter. In this case the gas produced in the 
galaxy is continually stripped from all 
but the innermost regions, which ex- 
plains the much smaller size observed in 
x-rays for M84. 

It is interesting to note that the intra- 
cluster gas exerts two opposing effects 
on the gas produced in these elliptical 
galaxies. On the one hand, the tenuous 
external medium provided by the cluster 
gas may be sufficient to confine the gas 
and prevent its being lost from the gal- 
axy. On the other hand, when the galaxy 
moves through a sufficiently dense part 
of the intracluster gas at sufficiently high 
velocity, the gas will be stripped from 
the galaxy. It is likely that this gas 
stripped from the galaxies is sub- 
sequently heated to become part of the 
hot intracluster gas, which is further dis- 
cussed below. By comparison, we ex- 
pect that gas generated in isolated ellip- 
tical galaxies will be lost from these gal- 
axies through a galactic wind in the ab- 
sence of the confining pressure of the 
intracluster medium unless very massive 
dark halos are present to gravitationally 
bind the gas. As mentioned above, x-ray 
observations have the potential for de- 
tecting low-mass M stars, which may 
comprise such massive halos, as well as 
the hot gas that would be bound. 
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This capability for detecting hot gas 
makes x-ray observations a most sensi- 
tive probe of the intracluster medium 
and thereby of the gravitational potential 
of the cluster as a whole. Various sce- 
narios have been developed to describe 
the formation and evolution of clusters 
of galaxies, and we can use our x-ray 
data to evaluate these different formula- 
tions. An example of a cluster believed 
to be in an early phase of its develop- 
ment is shown in Fig. 10 (30). This is the 
cluster Abell 1367 at a distance of about 
120 million parsecs. The x-ray emission 
is several times 1043 erg/sec and the 
isointensity contours shown in Fig. 10 
demonstrate the broad, highly clumped 
nature of the emission. The x-ray picture 
is superimposed on an optical photo- 
graph and some of the x-ray peaks are 
associated with bright galaxies in the 
cluster, much as was the case for the Vir- 
go cluster galaxies. In both of these ex- 
amples we believe that the x-ray emis- 
sion is dominated by gas that originates 
in the individual galaxies and is still at 
least partially bound to the galaxies. The 
gravitational potential of these individual 

pected to be high. The optical data also 
show a very bright central dominant (cD) 
galaxy at the cluster center. The forma- 
tion of such a massive, bright galaxy may 
be enhanced by the high density of galax- 
ies and/or gas in the cluster core, al- 
though not all highly evolved clusters 
contain such a cD galaxy. Further clus- 
ter evolution may lead to a smooth but 
somewhat relaxed or less concentrated 
distribution of gas and galaxies, which 

Fig. 9. Isointensity 
IPC x-ray data super- 
imposed on a Kitt 
Peak 4-m visible light 
photograph of a por- 
tion of the Virgo clus- 
ter of galaxies. Ex- 
tended x-ray emission 
associated with gal- 
axy M86 is apparent, 
as are sources associ- 
ated with galaxies 
M84, NGC 4438, and 
NGC 4388. [This fig- 
ure originally ap- 
peared in Astrophy- 

will also be reflected by the x-ray mor- 
phology. Examples of such clusters may 
be the Coma cluster, Abell 2319, and 
Abell 2256. 

These models suggest a trend toward 
increasing cluster x-ray luminosity and 
temperature as a function of time, since 
the amount of gas available is increasing 
and the strength of the central gravita- 
tional potential is also increasing with 
time. In addition, gas that has been pro- 

galaxies is apparently more important for sical Journal] 
containment than the gravitational po- 
tential of the entire cluster. The galaxies 
move about the cluster with relatively 
low velocities and the gas temperature is 
also relatively low-about 15 x 106 K 
for Abell 1367. In some instances Fig. 10 i:l 
shows x-ray enhancements or clumps of 
hot gas where no bright optical galaxy is ~~~~~~~ l~:;i?i!i:::i!i i i:ii.i 
present. We are scheduling higher reso- 
lution x-ray observations for this cluster 
to pursue the possibility that the x-ray 
enhancements are indicators of optically 
dark, previously undetected mass con- 
centrations. 

As the cluster continues to evolve, gas 
generated in the galaxies Will be stripped i~i 
by processes such as we discussed above 
for M86. This may affect the distribution 
of morphological types of galaxies in the 
clusters, with fewer gas-rich spiral galax- 
ies in more highly evolved clusters. With 
the passage of time the gas and galaxies 
will interact with each other and a '; 

smooth, centralized distribution will de- 0 
velop following the cluster gravitational ': ?i4 

: 

potential. Figure 11 shows the x-ray 
~;~!iii:11i ~;!ii~:~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~i 

isointensity contours superimposed on 
an optical photograph of the cluster 
Abell 85, which we believe to be in this ii4li! 
more highly evolved state. The data 

show a smooth, centrally peaked x-ray 
distribution, indicating that the gas dis- 
tribution is, in fact, dominated by the 
overall cluster gravitational potential. 
The x-ray temperature for this cluster is 

i 
The x-ray temperature for this cluster is 

Fig. 10. Isointensity contour map of IPC x-ray data for cluster Abell 1367 superimposed on 
at least 100 x 106 K, and the relative visible light photograph. Note the broad, highly clumped nature of the x-ray emission. [This 
velocities of the galaxies are also ex- figure originally appeared in Astrophysical Journal] 
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cessed through stars in galaxies and then 
released into the intracluster medium has 
been observed to be enriched in iron, 
with detectable iron emission lines in the 
x-ray spectra. This evolutionary picture 
can be tested in a statistical manner by 
observing the x-ray emission from a 
number of clusters at great distances (or 
large redshifts) and comparing it with 
data for relatively nearby clusters. On 
the average, clusters at large distances 
will appear earlier in their development 
than nearby clusters, since the radiation 
we observe now has taken millions or 
even billions of years to reach us. With 
Einstein we have initiated such an ob- 
serving program. We have already de- 
tected some of the most distant known 
clusters out to a redshift (z) of 0.8, which 
corresponds to a distance of -~ 5000 
million parsecs (31). Although we have 
not yet obtained sufficient data to con- 
clusively test the picture, the data ob- 
tained so far are consistent with this 
evolutionary scenario. More sensitive 
observations with an x-ray observatory 
following Einstein will be required to ac- 
curately map the cluster gas distribution 
in very distant clusters and to determine 
the iron content and spatial distribution 
in these clusters. It is also possible that 

this next-generation x-ray telescope will 
be capable of determining the largest 
redshift at which clusters exist and there- 
by establishing the age of the universe at 
which the clusters first formed. 

Since the mass of the x-ray-emitting 
gas in the clusters is usually at least as 
large as the mass corresponding to the 
visible galaxies in the clusters, we can 
see the importance of using x-ray obser- 
vations to trace the gas and determine its 
mass distribution and total mass. One of 
the more puzzling questions in astrono- 
my involves the so-called missing mass 
in clusters. Observations of galactic ve- 
locities indicate that the mass required to 
keep the clusters bound exceeds the 
mass corresponding to visible galaxies 
by as much as a factor of 10. One pos- 
sible explanation was that the missing 
mass was in the form of gas. While the x- 
ray observations confirm the presence of 
considerable amounts of gas, there is still 
not enough in the core of the cluster to 
hold the cluster together. Substantially 
more gas may exist outside the cluster 
core although the contribution of such 
gas to the binding of the cluster is still the 
subject of some controversy. Another 
possibility is that the missing mass may 
exist in dark, massive halos of individual 

Fig. 11. Isointensity contour map of IPC x-ray data for cluster Abell 85 superimposed on visible 
light photograph. Note the bright, central galaxy and the highly peaked, smooth x-ray distribu- 
tion. [This figure originally appeared in Astrophysical Journal] 
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galaxies, a possibility that we discussed 
earlier. In each of these cases the x-ray 
data will be required to provide critical 
detailed information on the distribution 
of matter within the clusters. 

Origin of the X-ray Background and 

Cosmological Research 

The application of x-ray observations 
to the study of cosmological problems 
has been a tantalizing possibility since 
the very beginning of x-ray astronomy. 
The rocket flight that discovered extra- 
solar x-ray sources in 1962 (32) also dis- 
covered the existence of an apparently 
isotropic background of radiation in the 
energy range 2 to 8 keV. The results 
were immediately compared to the pre- 
dictions of the hot-universe model of 
steady-state cosmology and were found 
to be incompatible. At energies below 1 
keV, rocket experiments showed the 
presence of a structured galactic com- 
ponent of the background, while the re- 
sults of the UHURU and other satellite 
observations made it clear that at higher 
energies the background was primarily 
extragalactic. 

Once this was established, it was 
shown that a substantial fraction of the 
radiation must originate at redshifts 
greater than 1 (33). Even in the extreme 
assumption of a uniform distribution of 
sources in a Euclidean universe, this 
fraction is greater than 20 percent. 
Therefore, the study of the cosmic x-ray 
background may provide information 
about the early epochs of the universe, 
particularly in the range of redshifts in- 
termediate between those accessible to 
optical observations (z < 3) and those 
from which the observed microwave 
background radiation appears to orig- 
inate (z - 1000). It is in this intermediate 
range of redshifts that we may hope to 
study the transition from density en- 
hancements in a largely homogeneous 
universe to the first stages of formation 
and evolution of stellar and/or galactic 
systems. 

Until the advent of the Einstein Obser- 
vatory we could not, however, use this 
powerful new tool of cosmological re- 
search because we did not understand 
the origin of the x-ray background radia- 
tion and we did not have the sensitivity 
to observe directly the x-ray emission of 
even the most powerful extragalactic ob- 
jects at large redshifts. The great im- 
provement in sensitivity as well as angu- 
lar resolution brought about by the Ein- 
stein mission has given us the opportu- 
nity to attack the problem along two 
distinct, but complementary, lines. The 

SCIENCE, VOL. 209 



Fig. 12 (left). An HRI image obtained during Einstein deep x-ray survey of field in Eridanus. Three sources-two quasars and one star-are 
visible in the x-ray data. Fig. 13 (right). Forty-eight-inch Schmidt plate showing the visible light photograph corresponding to the x-ray 
exposure of Fig. 12. The optical counterparts of the three x-ray sources are indicated. 

first is to ascertain directly whether the 
x-ray background is due to a collection 
of unresolved individual sources or to 
truly diffuse processes. The second is to 
study the x-ray emission from individual 
classes of sources back to the largest 
redshifts at which they have been detect- 
ed and to compare their summed contri- 
bution to the total background flux. 

The first approach was needed be- 
cause the data from earlier satellites did 
not provide sufficient constraints to de- 
cide the issue. The observed granularity 
of the background (- 3 percent) and its 
spectrum could be reconciled with either 
of two hypotheses: that the background 
was due to the superposition of individ- 
ual sources or that it was due to a single 
diffuse emission process. Although the 
totality of the background could not be 
explained in terms of any known class of 
extragalactic emitter without taking into 
consideration evolutionary effects, once 
such effects were taken into account, 
several classes of objects could yield a 
large fraction, if not all, of the back- 
ground (34). 

Among a number of plausible theories 
that were advanced, the view that the 
background was due to thermal brems- 
strahlung emission from a hot intergalac- 
tic plasma appeared most attractive (35) 
and seemed to be supported by the 
results of HEAO-1 experiments (36). 
Boldt et al. (36) confirmed and refined 
previous work on the spectrum of the 
background and showed that to a high 
degree of accuracy it appeared to follow 
an exponential law, as would be predicted 
for thermal bremsstahlung emission from 
a gas with a temperature of 45 keV, or 
22 AUGUST 1980 

500 x 106 K. For gas that was not ex- 
cessively clumped, it could be shown that 
the mass associated with the gas could 
exceed the mass of every other compo- 
nent of the universe and, in fact, provide 
a non-negligible fraction of the mass 
required to slow down and eventually 
reverse the present expansion of the uni- 
verse. In spite of the apparent attractive- 
ness and simplicity of this explanation, 
several problems remained unresolved 
regarding the origin and heating mecha- 
nisms of the gas; in addition, such an 
explanation limited the contribution from 
discrete extragalactic sources, contrary 
to expectation (37). 

The deep surveys carried out with the 
Einstein Observatory address this prob- 
lem by extending the number-intensity 
relationship to intensities three orders of 
magnitude fainter than those detected by 
UHURU, or in other words by directly 
imaging the background (38). If the num- 
ber of sources increased with decreasing 
intensity according to a 3/2 power law, as 
expected for a uniform distribution of 
sources in a Euclidean universe, we 
would observe several million sources in 
the sky or several tens of sources per 
square degree. At this source density, 
imaging is essential to avoid source con- 
fusion. 

We select regions of the sky that have 
no known x-ray source or peculiar radio 
or optical features. This is to ensure that 
they represent as unbiased a sample of 
the sky as we can choose. We obtain ra- 
dio and optical coverage of the regions at 
the very limit of ground-based telescopes 
and then cover the regions with a mosaic 
of x-ray exposures. Using automated de- 

tection algorithms to reveal the presence 
of sources, we cross-correlate the infor- 
mation from different detectors or ex- 
posures to ascertain the existence of 
these sources. We then attempt first-cut 
identifications to determine the galactic 
or extragalactic nature of the objects. An 
example is given in Figs. 12 and 13, 
where the x-ray image and optical photo- 
graph of a small region of the sky are 
shown. The three x-ray sources that can 
be seen are identified with visible light 
counterparts, marked by arrows on the 
48-inch Schmidt plate. Two of the ob- 
jects are newly discovered quasars and 
one a sunlike star, a few hundred light- 
years away. The quasars are at redshifts 
of 0.5 and 1.96, respectively. 

This example is typical of the findings 
in the two deep-survey regions analyzed 
to date. Some of the objects (about one- 
third) turn out to be stars; the remainder 
are extragalactic, and of these several 
are identified with quasars. The survey 
of the number count of sources indicates 
that at least 30 percent of the extra- 
galactic background is due to discrete 
sources, up to our current limit of sensi- 
tivity. It is not too daring to surmise that 
if one could image even fainter sources, 
perhaps all of the background could be 
resolved into individual discrete sources. 
The data are consistent with the view 
that the bulk of the sources may be qua- 
sars at redshifts greater than 1, in agree- 
ment with what we could expect from 
our knowledge of quasar evolutionary ef- 
fects. 

This view is very much strengthened 
by the complementary study of x-ray 
emission from quasars at large redshifts 
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(39). Only three quasars, among the lished through the Einstein observations 
nearest to us, had been detected before as a powerful tool for cosmological re- 
the launch of Einstein. The Einstein x- search. Future progress in these areas, 
ray telescope has made it possible to ex- as in many areas of astronomy, will re- 
tend the detection of quasar x-ray emis- quire the combination of sensitivity ra- 
sion to the most distant known objects, dio, optical, and x-ray studies. 
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