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tronomy could be shifted dramatically. 
The first half-year of the mission was de- 

voted to an all-sky survey, the first to use 
imaging x-ray telescopes and the first at all 
in the EUV. This survey brought a large jump 
in the number of sources; whereas 840 sources 
were known from High-Energy Astronomi- 
cal Observatory 1 (HEAQ-I), a preliminary 
analysis of the ROSAT survey yielded some 
60,000 x-ray sources (5) and 384 E W  sources 
(only a dozen were known before) (6). The 
ROSAT survey includes almost every kind 
of astrophysical object. The largest classes 
are active galactic nuclei (>25,000), normal 
stars (>20,000), clusters of galaxies (-5000), 
and normal galaxies (a few hundred). 

In addition, the x-ray survey revealed the 

ROSAT-A New Look at the 
X-ray Sky 
Joachim Triimper 

During the last 30 years x-ray astronomy 
has become one of the cornerstones of obser- 
vational astrophysics. At x-ray wavelengths, 
we see the "hot universe"--objects at tem- 
Deratures of millions to billions of deerees. - 
We also see large concentrations of relativis- 
tic electrons interacting with dense photon 
fields or magnetic fields. Often the emission 
of x-rays is connected with explosive events. 
The brightest objects in the x-ray sky are 
neutron stars and black holes in the process 
of accretine matter. - 

The field of x-ray astronomy has evolved 
in steps. Major milestones include the 1962 
rocket experiment in which the brightest 
steady x-ray source in the sky was discovered 
( 1  ); the Uhuru satellite, launched in 1971, 
which was the first astronomy satellite to 
perform an all-sky survey at x-ray wave- 
lengths (2); and the Einstein observatory 
(1978). the first satellite-borne x-rav tele- , , 

scope, which led to a gain in sensitivity and 
angular resolution by orders of magnitude 
(3). 

A new era of x-ray astronomy began on 1 
June 1990 when the German satellite 
ROSAT was boosted into the sky over Florida 
by an American rocket. Since then, ROSAT 
has made a wealth of discoveries on the hot 
and relativistic matter in our universe. The 
acronym ROSAT stands for Roentgen Satel- 
lite, named after Wilhelm Conrad Rontgen, 
who discovered x-rays in 1895 in Wiirzburg 
and won the first Nobel Prize in Physics in 

The auhor is director at the Max-Planck-lnstitut fur 
Extraterrestrische Physik, W-8046, Garching, and is 
principal investigator of ROSAT at the University of 
Munich, Germany. 

1901. The satellite was conceived at the Max- 
Planck-Institut fiir Extraterrestrische Physik 
(MPE), which has also taken the scientific 
lead in this international project (4). The 
satellite comprises two powerful instruments: 
a large German x-ray telescope sensitive to 
photon energies from 0.1 to 3 keV and a 
smaller British extreme ultraviolet (EUV) 
telescope covering the adjacent band between 
25 and 100 eV (Table 1). With these tele- 

large-scale structure in the sky connected with 
the distribution of hot and cool gas in our 
galaxy and some 100 new supernova rem- 
nants were found in x-rays (7), whereas only 
about 50 had been known before. Owing to 
the "unlimited field of view" of the survey, 
the large galactic structures and old super- 
nova remnants could be mapped as a whole, 
and the spectral resolution of the image de- 
tectors allowed measurement of their tem- 
Derature distributions for the first time in 
hetail. A special highlight was the discovery 
of sharp conical structures in supernova rem- 
nants (such as Vela) (Fig. I) ,  indicative of 
Mach cones produced by clumps of matter 
moving with Mach numbers of -3 in the hot 
interstellar medium. 

This enormously productive survey took 
only half a year. For more than 2 years, 
ROSAT has been used for detailed observa- 

scopes, the frontiers in x-ray and EUV as- tions of selected sources, with some 3400 
observations made so far 
for hundreds of guest ob- 
servers all over the  
world. Compared with 
its famous predecessor, 
the Einstein observatory, 
ROSAT imaging offers a 
substantial increase in 
sensitivity (factor 3-10), 
angular resolution (fac- 
tor lo),  spectral reso- 
lution (factor 2.5), and 
imaging quality. 

In the well-known 
Crab nebula, structural 
features were discovered 
that reflect the beaming 
geometry of the Crab 
pulsar's ultra-relativistic 
electron and positron 
wind, which canies par- 
ticles with energies up to 
- 1014 eV. Several other 
pulsars were observed at 
x-ray energies that had 

Fig. 1. X-ray shocks. Color map of Vela and Puppis A supernova been for a long 
remnants. Supersonic wakes preceding the main shock front are seen time, such as the Vela 
in the east (left), west, and north. and Geminga pulsars. 
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Whereas the Vela pulsar (89-ms period) had 
been known as a radio, optical, and gamma- 
ray pulsar, Geminga was just a very bright, 
mysterious gamma-ray source in the sky. The 
Geminga pulsar (237 ms) is the first single 
pulsar discovered at other than radio wave- 
lengths (8). Actually, it has remained unde- 
tected in radio, whereas ray pulsations were 
immediately found with the Compton obser- 
vatory once the x-ray period was known. 

In total, there are now seven single pul- 
sars showing x-ray pulsations. The three 
youngest ones (Crab, 940 years old; PSR 
0540-69, 1660 years old; and PSR 1509-58, 
1550 years old) show sharp pulses, a large 
pulse fraction (nearly loo%), and power-law 
spectra indicating magnetospheric emis- 
sion. The three older ones (Vela, 10,000 years 
old; PSR 0656 + 14, 10' years old; and 
Geminga, 3 x lo5 years old) exhibit rather 
smooth light curves, a small modulation 
(15%), and spectra consistent with thermal 
emission from the neutron star surface. Four 
of these six objects (Crab, PSR 0540-69, PSR 

Tho Moon 
Juri.2alam 

Fig. 2. X-ray moonglow. Image of the moon 
taken in soft x-ray shows the crescent as well as 
a distinct x-ray shadow in the diffuse x-ray 
background cast by the dark side of the moon. 

Fig. 3. X-rays of deep space. The deepest 
observation by ROSAT of a field in Ursa Major 
had 42 hours of integration time. The image 
shows the inner part of the ROSAT PSPC field of 
view. The density of objects in this image is 435 
sources per square degree. 

1509-58, and Vela) are surrounded by syn- 
chrotron nebulas that are fed by the relativ- 
istic winds from their pulsars. The seventh 
pulsar is a special case: It is the first millisec- 
ond pulsar (5.75 ms) for which x-ray pulsa- 
tions were detected. I t  is part of a binary 
system with a 5.75-day period, and the faint 
optical counterpart (magnitude m, = 22 ) is 
probably a white dwarf (9). Millisecond 
pulsars are believed to be spun-up in binary 
systems during the mass accretion phase. Such 
a pulsar must be old, and this is consistent 
with the spin-down age measured at radio 
wavelengths of lo9 years. The x-ray pulsa- 
tions are smooth and consistent with black- 
body radiation of 2 x lo6 K emitted from a 
small polar spot on the neutron star surface 
that must be continuously reheated. 

Exciting results have been obtained with 
ROSAT on nearby galaxies. In Andromeda, 
407 sources were found, more than Uhuru 
saw in the whole sky (1 0). This demonstrates 
in an impressive way the progress that x-ray 
astronomy has made during the last 20 years. 
Of special interest is the ROSAT discovery 
of a class of sources in nearby galaxies (An- 
dromeda, Large and Small Magellanic Clouds, 
M101, and M253) characterized by very low 
temperatures (400,000 K) but luminosities 
close to the Eddington limit (about erg 
8 ) .  These sources are probably white dwarves 
in binary systems accreting matter at a rate 

Table 1. The international ROSAT collaboration 

Component Source 

iust sufficient to sustain steadv nuclear bum- 
ing on their surfaces and thus represent a 
long-sought class of sources. 

The large collecting power of the ROSAT 
telescope and the low intrinsic background 
of the position-sensitive proportional counter 
(which shows one background count per pixel 
per day) has allowed the study of diffuse emis- 
sions from objects with very low surface 
brightness, which is important for investiga- 
tions of galactic halos and clusters of galax- 
ies. The halo of the starburst galaxy NGC 
253 has a temperature of 1.6 x lo6 K and can 
be seen out to distances of 10 kpc above the 
galactic plane (10). This giant plasma cloud 
is produced by winds driven out of the galac- 
tic disk by enhanced supernova activity, car- 
rying along magnetic fields and relativistic 
particles responsible for the radio halo. 

Clusters of galaxies are bright, extended 
x-ray sources representing local density 
maxima in the universe. The current pro- 
gram of measuring redshifts of a large number 
of clusters detected in the ROSAT sky sur- 
vey is therefore of great cosmographical rel- 
evance. O n  the other hand, measurements 
on nearby objects (Virgo, Coma, Perseus, 
Abell 2256, and others) show that relaxed 
clusters of galaxies are the exception rather 
than the rule. With ROSAT, investigators 
have found that almost all nearby clusters 
show structures indicative for interaction 

processes and merging events 
(1 1 ). This gives strong sup- 
port to hierarchical clustering 
models. 

ROSAT also allowed the 
measurement of cluster x-ray 

Germany 
Satellite DornierIMBB emission out to about one 

Ground station German Aerospace Abell radius (around 3 Mpc), 

Research Establishment leading to new determinations 

(DLR)/GSOC of the hot plasma mass and the 

X-ray mirrors Carl Zeiss gravitational - .  (binding) mass - of 
~ocal-plane assembly 
Two-position sensitive 

proportional counters 

MPE Garching 
MPE Garching 

ROSAT Data Center MPE Garching 
German XUV Data Center Astronomical Institute of 

Tubingen University 
Overall Project Management DLR-PTIDARA 

United Kingdom 
Wide-field camera University of Leicester 

(XUV telescope) (leading a consortium of 
U.K. institutes) 

U.K. Project Management Science and Engineering 
Research Council (SERC) 

the cluster as well as of the 
dark matter (1 2). In rich clus- 
ters of galaxies (such as Per- 
seus or Coma), the x-ray lumi- 
nous gas accounts for 10 to 30% 
of the gravitational mass. For 
small groups (NGC 2300 or 
Hickson 62, for instance), val- 
ues of 5 to 10% might be more 
typical. In any case, most of 
the determined eravitational 

.2 

mass of galaxy clusters is still 
unobserved and one has to re- 

High-resolution imager 
(x-ray telescope) 

Launch (Delta-2) 

United States course to hypothetical forms 
Smithsonian Astrophysical of "dark mat t~r"  for explana- 

Observatorv tion. The large ratio of the mass 

~ ~ ~ i ~ ~ ~ l  Aero;lautics and of the gas to the mass in visible 
Space Administration galaxies with values Up to a 
(NASA) factor of 5 or 6 in rich clusters 

Ground station backup NASA may indicate, on the other 
U.S. Project Management NASAIGoddard Space hand, that most of this gas is 

Flight Center primordial and there are a lot 
more baryons in the universe 
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than we observe in galaxies " 

Finally, there are observations that con- 
nect ROSAT with the beginnings of x-ray 
astronomy. The  historical rocket flight in 
1962 aimed at the detection of x-rays from 
the moon but discovered the brightest x-ray 
source (Sco X-1) in the sky and the diffuse x- 
ray background (1 ). Twenty-eight years later 
a ROSAT snapshot produced the first x-ray 
image of the moon (Fig. 2). It shows scat- 
tered solar x-rays from the sunlit side and the 
occultation of the diffuse sky background by 
the dark side of the moon (1 3). T o  reveal the 
nature of this diffuse background-the "holy 
grail" of x-ray astronomy-the longest 
ROSAT observation (42 hours) has been 
made in the constellation Ursa Major (14) 
(Fig. 3). A t  the source flux level reached (2  x 
lo-" erg cm-'s-', which is afactor of 20 fainter 
than that of the deepest Einstein survey), 
435 sources per square degree show up. A t  
least 75% of the total "background" is re- - 
solved into discrete sources. Optical identifi- 
cation shows that most of the brighter sources 
(>lo-'+ erg cm-2 s-') are quasars with a wide 

distribution in redshifts. Identification of the 
faintest ROSAT sources has to await the 
next generation of optical telescopes, which 
shall become available soon. 
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Natural Selection at Work on the 
Surface of Virus-Infected Cells 

Andrew McMichael 

I n  the last 7 years, considerable progress has 
been made in understandine how foreign " 

antigens are presented to cytotoxic T lym- 
phocytes (CTLs), a process that enables the 
CTL to "look inside" other cells and detect 
abnormalities within, such as a virus infec- 
tion, and ultimately ;o destroy the infected 
cell. 

The  key element in this recognition of 
foreign proteins (antigens) by CTLs is the 
class 1 glycoprotein encoded by the major 
histocompatibility gene complex (MHC- 1 ) .  
These MHC-1 molecules bind peptide frag- 
ments of internal cellular proteins that have 
been degraded in the cytoplasm (1 ) (see fig- 
ure). Cytoplasmic proteases, such as those of 
the proteasome complex, degrade cytoplas- 
mic proteins to peptide fragments. Many of 
these pieces may be further degraded, but 
some are taken into the endoplasmic reticu- 
lum bv a transuort mechanism that involves 
a dimkric pro;ein of the adenosine triphos- 
phate (ATP)-binding cassette family (2.  3).  
(Other members of this family are the cystic 
fibrosis gene product and the multidrug resis- 

The au-hor I S  in the Molecular Immunology Group, lnst- 
tute of Molecular Medicne John Radciffe Hosp-a1 
Headngton Oxford OX3 9DU, Unted Kingdom 

tance protein, also involved in transport 
across cell membranes.) The  two chains of 
the transporter are encoded in the M H C  ( 2 ,  
3) ,  as are 2 of the 28 or so subunits of the 
proteasome (4). 

The  peptides generated and transported 
into the endoplasmic reticulum are derived 
from many intracellular proteins. Peptides 
from viral proteins are mixed into this pool. 
Some genetic polymorphism in the trans- 
porters may influence the type of peptides 
that reach the lumen of the endoplasmic re- 
ticulum 15): some viruses mav also influence 

\ , ,  

the general composition of this peptide pool 
by inhibiting host cell protein synthesis. In- 
side the endoplasmic reticulum, newly syn- 
thesized class 1 glycoprotein molecules need 
peptides to stabilize their folded structure (6).  

T h e  MHC-1 molecules comprise two 
chains, the a (heavy) chain of 45 kilodaltons 
and a light chain, P2-microglobulin. The  for- 
mer is the product of the M H C  and is unique- 
ly polymorphic. The  MHC-1 a chains are 
encoded by genes at three loci-in humans 
HLA-A, -B, and -C. There are at least 40 
alleles at A, 80 at B, and about 10 at C (7). 
(As more ethnic groups are studied, more 
alleles are being found, often differing in only 
a few amino acids from previously sequenced 

molecules.) HLA-A and HLA-B are ex- 
pressed at much higher levels than HLA-C 
and are found on the surface of most nucle- 
ated cells. The structures of four MHC-1 
molecules, HLA-A2, HLA-A68, HLA-B27, 
and H-2K"have been determined (8); all are 
closely related, and on  the surface of the 
molecule that is farthest from the cell mem- 
brane is a groove that contains a peptide, 8 to 
11 amino acids in length (9).  Identical MHC- 
1 molecules on  a cell bind many different 
peptides: the 10' HLA-A2 molecules on lym- 
phocytes bind about lo3 different peptides 
(1 0). When the mature MHC-1 peptide com- 
plex reaches the cell surface, the bound pep- 
tides are displayedfor many hours; some empty 
molecules can reach the cell surface but tend 
to be unstable and fall apart ( 1 1 ). 

Most of the polymorphism in MHC-1 
molecules is found in amino acids with side 
chains that contribute to the peptide-bind- 
ing groove (1 2).  Thus, the groove of different 
allelic products differs in its fine structure 
and binds different peptides. However, the 
ends of the groove are remarkably conserved, 
and invariant tyrosines and threonines form 
hydrogen bonds with the amino-end carboxyl 
termini of the peptides, so that all peptides 
bind with the same orientation (13). When  
the bound peptides are eluted from the puri- 
fied MHC-1 molecules and sequenced, they 
show similarities at the residues that are in- 
volved in binding to the groove (14). For 
instance, in peptides that bind to HLA-B27 
there is invariably an arginine at its second 
residue, often followed by an aromatic resi- 
due at position three and an arginine or lysine 
at the carboxyl terminus (15). This is ex- 
plained by the way the peptides bind to the 
HLA-B27 molecule; the side chain of the 
arginine-2 fits into a pocket with features 
unique to HLA-B27, and the other anchor- 
ing side chains also fit into pockets within 
the groove. Other MHC-1 molecules require 
different characteristics in their bound pep- 
tides. Therefore, different allelic products of 
the MHC-1 loci present different families of 
peptides at the cell surface. Among these 
will be abnormal or foreign peptides if the 
cell is damaged (for example, by abnormal 
expression of oncogenes) or infected with a 
virus, bacterium, or protozoal parasite. 

CTLs are crucial for the immune response 
to viral infections (1 6).  They cannot neu- 
tralize free virus, but by eliminating virus- 
infected cells they are often largely respon- 
sible for the recovery of the organism from 
the viral infection (17). CTLs are designed 
to monitor the MHC-1 molecules of cells 
within the body; if the antigen receptors (also 
called T cell receptors) on  the T cells are 
bound by antigen, the T cells are activated 
and they kill the target cells. As CTLs de- 
velop in the thymus, those with T cell recep- 
tors that react withselfpeptide-MHC-1 com- 
plexes are eliminated (negative selection) or 
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