
tidal forces is thought to be incredibly short 
by astronomical standards (less than lo5 
years), so the the system is either being ob- 
served at a very unique time or some 
mechanism that is not well understood may 
be stablizing the double nucleus against 
orbital decay. This image of the closest spi- 
ral galaxy serves as a reminder that even 
so-called normal galaxies are not yet well 
understood. 
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Recent Advances of X-ray Astronomy 
Yasuo Tanaka 

Among  the great astronomi- 
cal discoveries of the 1960s 
was the totally unexpected 
finding by Giacconi et al. ( I  ) 
of a bright x-ray star, now 
known as Scorpio X-I. Be- 
cause cosmic x-ravs are ab- 
sorbed by the ~ar ih ' s  atmo- 
swhere, astronomers were ef- 
kctively blind in the x-ray 
wavelength band until they 
were able to send instruments 

logical distances, is the sub- 
ject of x-ray astronomy inves- 
tigations. 

The first x-ray astronomy 
satellite, UHURU (1970), re- 
vealed a great many x-ray 
sources, galactic as well as ex- 
tragalactic. One of UHURU's 
most important discoveries 
was that the brightest galactic 
x-ray sources were close bi- 
naries of which one member 

into space. The discovery of was a gravitationally col- 
Sco X-1 was truly surprising Fig. 1. X-ray image of M81 lapsed, compact object-usu- 
because no bright x-ray obtained with ASCA on 7 ally a neutron star, but possi- 
sources other than the sun April 1993. The source near blv a black hole (2). The in- . . 
were considered to exist. the top (north) is the nucleus. teise x-ray emission arises as 

The bright source below is 
Since then, x-ray astronomy SN 1993J (3 arc min from the matter dragged from the nor- 
has developed very rapidly, nucleus), Another source ad- mal companion star falls into 
especially in the last 20 years, jacent to the supernova is a the extremely deep potential 
after satellite observations probable x-ray binary in M81. well of the compact object, 
became possible. releasing 100 MeV per 

X-rays are emitted either thermally, nucleon of gravitational energy in the form 
from hot plasmas with temperatures of mil- of heat. This process, called mass accretion, 
lions to tens of millions of kelvins. or non- wroduces a varietv of whenomena in the x- 
thermally through relativistic processes in- 
volving high-energy electrons. Therefore, 
many high-energy astrophysical processes 
are manifested most directly in the x-ray 
and gamma ray bands, and x-ray observa- 
tions have become indispensable for the 
studies of high-energy astrophysics. At 
present, every class of astronomical object, 
from nearby stars through quasars at cosmo- 

, . 
ray band, allowing detailed investigation of 
the nature of these comwact obiects. 

The richness of the x-ray sky was further 
disclosed as exploration progressed with 
succeeding x-ray satellites. The Einstein 
Observatory (1978) carried the first focus- 
ing x-ray telescope and had a sensitivity 
that was improved by several orders of mag- 
nitude over wrevious exweriments. This 
enormously expanded the horizon of the . - 
x-ray sky and made x-ray studies of extra- 

The author is with the Institute of Space and Astronau- 
tical Science. 3-1-1 Yoshinodai. Saaamihara, galactic sources an important branch of - 
Kanagawa-ken 229, Japan. astronomy. 

The Einstein Observatory revealed that 
many active galaxies, including quasars, 
were strong x-ray emitters (3). An active 
galaxy emits an immense quantity of elec- 
tromagnetic radiation from a tiny region at 
the center of the host galaxy, called an ac- 
tive galactic nucleus (AGN). The emission 
is clearly of nonthermal origin, and the 
spectrum extends up to the gamma ray re- 
gime, indicating that complex relativistic 
processes are involved. From various argu- 
ments, an AGN is suspected to be a 
supermassive black hole, but the mecha- 
nisrn of the "central engine" of the AGNs 
still remains enigmatic. 

Observations at x-ray wavelengths re- 
vealed that clusters of galaxies contain a 
large amount of hot (several tens of mil- 
lions of kelvins) plasma (4). The mass of 
this intracluster gas is comparable with or 
more than the total mass of the constituent 
galaxies and accounts for a substantial frac- 
tion of the baryonic matter in the universe. 
The formation and evolution of clusters of 
galaxies have become increasingly impor- 
tant topics of x-ray astronomy. 

More recently, the German x-ray satel- 
lite, the Roentgen Satellite (ROSAT), was 
launched in 1990. It was equipped with a 
larger x-ray telescope than that of the 
Einstein Observatory and, in the limited 
soft x-ray band of 0.3 to 2 keV, has the 
highest sensitivity of any soft x-ray tele- 
scope flown to date. Naturally, many dis- 
coveries are being made with ROSAT. The 
ROSAT all-sky survey vastly expanded 
the previous catalog to include nearly 
100,000 x-ray sources. 

In the past, despite great scientific need, 
high-energy astronomy satellites have been 
scarce, too few compared to the ground- 
based observatories. Today, fortunately, 
several x-ray and gamma ray satellites with 
unique capabilities are simultaneously in 
operation: ROSAT (Germany), GRANAT 
(Russia), the Compton Gamma-Ray Obser- 
vatory (CGRO) (United States), and the 
most recently launched Japanese satellite, 
ASCA. Significant advances in high-en- 
ergy astrophysics can be expected. 

In the remainder of this article, I shall 
focus on several topics in x- ray astronomy, 
using recent results obtained mainly with 
Ginga and ASCA. Ginga (1987-1991), 
the Japanese x-ray satellite before ASCA, 
had an x-ray collecting area of 4000 cm2, 
the largest of its kind, covering a wide en- 
ergy range between 1 and 40 keV. 
Launched in February 1993, ASCA is the 
first x-ray observatory capable of simulta- 
neous imaging and spectroscopic observa- 
tions over the range 0.5 to 10 keV. Al- 
though the angular resolution is modest (1 
arc min), the x-ray charge-coupled device 
(CCD) cameras provide spectra of an un- 
precedented energy resolution. 
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Lmge Magellanic Clotud. It did not emit x- 
rays at k t ,  but after 5 months, Ginga and E the R d i  Mir-Kvant iasrnunent detected 
x-rays from the radioactive decay of %Ni, 
synthe.sizad during the supemom explosion 

P and emerging b. the expanding de- 
bris (7, 8). Five &eks after ASCA was 

3 - launched, a q e r m v a  (SN 1993J) oc- 

8 emred in Ma1 (a nearby g a h q  about 10 
d i o n  light years away). This supemova 

8 .  emitted intense x-~~Ys,  which RosAT and 
As24 detect& [Fi. 1) (9, 10). This was 
the fins rirae that x-rays were obsewed 

C,..p. .. h a  supemmaso soon (within 10 days) 
jia&&!& & orbra Ttc spectrum obtained by 

L the temperature of 
, =. plasma was initially 

I 

,-- . - .  gaaaicsupefilova 
lo00 2ooo 5000 ~ t s ( W ) m e k n s w m ,  a n d m y  are 

. , . Enesgy(kW ' r* , sttong The best known is 
. . y, . -+a+' . &., .- .+in_ rhe Crab M e h l ~ ,  *E054), which emits : -,- <.y* 

~ ~ ~ 0 . ~ m w ~ 8 ~ ~ d a i e ~ a r r n ~ ~ ~ & n e d v n t h h x - ~ ~ ~ ~ c & w a  s y d m F m m r a d M m f i n . ~ t h r o u g h  
i 

of h%$CA. Charactwistk lines flm 9 H i i .  sulfur, z%gma OafciLlrn, and iron are clearly resolwd. 
li 

gamma rays g e n e d  by the mattron 9tar. 
However, sync- n&&e ace h e r  

There are about 200 x-ray b i i  in these binaries (Cyghus X-1 is a well-known rare, and most SNRf emit r h d  radia- 
our galaxy. About 30 of &em hd& a example) for which such optical obsewa- tion from shock-heated plasmas. X-ray 
strongly magnetized mtrmt  saw aEtd ap- tiom were made, the lower limit to h e  spectroscopy of SF&, combined with de- 
pear as x-ray pulsars. Ging;l daetyed the mass was found to exceed three sdar tailed plasmadiagnostics, d l e  us to study 
spectra of many binary x-ray p h z s  and masses. According to standard theory, a chemical ab&ces and dynamics of 
f d  cyclopon resmmce feanntes in 10 of neuEton stat wt& a mass greater than SNRs. This information is very impctr*mt 

because ail elements k v i e r  than helium - 
ofthe surface magnett fiehd d ttbe neutron black hole, so in the galaxy were s$n&esM in the irKe- 
stars. These m d ,  field s t r q g b  fall systems are riardstats.andepdwerthe~ellar 
within a narrow rmge, 1 x 1012 to 4 x 1012 Even if opt ~~%supermvae.SpectradSNRofun- . 
G-(S), which casts doubt on h e  hypothesis mass estimates, are not avaWk3 souras ' pr&cx&md q d i i  are being obtained 
that the magnetic field of neutron stars de- with similar x-ray sjwctra are a h  c o d 7  with h ASCN x-ray CCD fameras, as the 

I on a time seale of millions of years. ezed to be good candidates for Ha& htAs irpeiwm of& S.NR W49B &SVS (Fig. 2). 
c Most x-ray binaries, however, do nar because of the unique spectral fonns. I.RdisW -tic lines from variom 
$ pulsate because the newm a m  in them For some unknown reason, most aE&e elenkms up to iron are clear%y reshred. A 
E h a v e a d w d e r m a g n & e W b  d i c b b M t h l e t 7 t n a t i  major adwxe in SNRphysics is expected. ' 

those in the x-ray pulsars. Their c o p -  sients. The records of previous Ttie intesstellar space of am galaxy is 
ions are almost always low-mass s ~ ,  so and observations from Ginga, , comp1ex. Moat interstellar matter is in a 
the systems are called low-mass x-ray b- and CGRO indicate an ocammce xate.fot. cool phase, consisting of 100 K atomic hy- 
ria. Sco X-1 is this kind d x-ray binary. such transients of roughly one per year. dr- el& and even & m01& 

. How these low-mys x-ray binaries are These statistics lead to an estimate of- clouds and dust. Hawever, x-ray obsewa- 
fbrmed is still an utksolved problem. The than several h& biack hole 6+es in tions have revealed that a large 
spectrum of a typical bright hw-mass x-ray our galaxy (6). interstellar space is OC* by 

actually consists cff two emqonents: Interestingly, the G e a  d t s  shaw at millions to tens of millions of hieins. In 
a mft component from the a e d o n  d& Eact, the solar system is within a huge vol- 

azound the compact &st $ the ume filled with a tenuous 106 K plasma. 
&Falling matter, d a harder blackbody The Gbga amey of the galactic plane 
~ ~ f s o m  the neutron showed that there exist regions that are 

Akq 32 ;hrl& ,x-ray pracess~s are much hotter, a d  several 107 K as char- 
w h o s e ~ ~ ~ ~  4espb Pfie &- acterized by emission line8 from higly ion- 
eih the x-ray pubam or magdmde ta I& izad iron, which are W b u t e d  all along 

the low-ma% x-ray binaries (6). One goup syaem scale d m q .  ROW&=, the mure the galactic plane ( I  I )- The ori.$in of these 
hasasof icornpanentc~te~t icsfan u f s u c h ~ ~ L ~ d l g l B e r s t o o d ~  h o t p ~ i s y e t ~ . f f t f i e y ~ o f  
accretion disk and is accompanied by a present. Multiwavelength studies dAG& supkrmva origin, ,ir w d d  qirm srrper- 

mil;. the other group has a spectrum lrom radio waves tksortgh gamma rays are nova rate of one In iQ yeas3 18 t h s  ' 
ed by a single pciwer law. The considered d fix a better understaml- higher than -7 believed. 
component expected from the ing of AGNs. Inadditlan,$&re is asaongpk&of 

nmt~n star surface is absent in both types A supemova is a violent ouhrst of a emission t d  & 
of spectra. Optical abewations of binary massive star at the end of its evolutitm. The pmount of pl 
orbital m o k  allow us t~ estimate the Three weeks after Ginga was lamxhed, a peak conespprrCls 
mass of the compaa object. For five of supernova (SN 1987A) o c c d  i x i  the vae. The center dm 

, . 
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x-ray source. Yet, this huge amount of hot 
plasma may indicate intermittent activity in 
the galactic nucleus. There is other obser- 
vational evidence for a large mass concen- 
tration at the galactic center, suggestive of 
a massive black hole. Observations with 
ASCA have also revealed x-ray luminous nu- 
clei in several spiral galaxies like ours ( the 
nucleus of M81 in Fig. 1 is an example), in- 
dicating an activitv similar to that in AGNs - 
even in normal galaxies. These nuclei are less 
luminous than the previously known AGNs 
and hence may be called "mini AGNs." 

ASCA is the first x-ray observatory able 
to provide spatially resolved spectra of the 
hot gas in clusters of galaxies. T h e  results of 
such studies are important as they have 
significant implications for the cosmologi- 
cal evolution and the problem of dark mat- 
ter which determines the  gravitational 
potential of clusters of galaxies. Investiga- 
tions of clusters of galaxies with ASCA 
have just started, and we anticipate signifi- 
cant advances. 

Finallv, the origin of the intense cosmic 
x-ray badkground "(cxB), whose existence 
has been known since the birth of x-rav as- 
tronomy, is an important but still unre- 
solved issue. As the sensitivity of observa- 
tions has improved, the CXB has been in- 
creasingly resolved into discrete sources. 
The  ROSAT deep survey has resolved 
more than 70% of the CXB below 2 keV 
into discrete sources, of which the maioritv " ,  
are found to be AGNs, but there remains 
the puzzling "spectral paradox": T h e  CXB 
has a slope ( the exponent of a power law) 
of -1.4 in the photon number spectrum, 
whereas most AGNs have softer spectra, 
with an average sloue of -1.7. Known " 

AGNs therefore cannot account for the en- 
tire CXB, and a significant fraction of the 
CXB must be due to galaxies with flatter 
(harder) spectrum in order to account for 
the CXB spectrum. Capable of determining 
the spectral shape with its wide-band cov- 
erage, ASCA will be able to find the yet 
unidentified contributors to the CXB. 
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The Case of the Blue Stragglers 
Charles Bailyn 

Globular  star clusters, dense aggregations 
of up to a million stars, have long been a 
favorite target for observers. Seen through 
a modest telescope, they provide a spec- 
tacular visual disulav for amateur astrono- . , 
mers. For professionals, the opportunities 
provided by a homogeneous group of stars 
of the same age, distance, and chemical 
composition are no less enticing. Recent 
observations by the Hubble Space Tele- 
scope (HST) of the dense cores of globular 
clusters have revealed a varietv of exotic 
stars, hotter and bluer than the typical clus- 
ter stars. 

Globular clusters provide crucial obser- 
vational tests of theories of stellar evolu- 
tion. Theoretical models that predict the 
properties of a population of stars of uni- 
form age, distance, and chemical composi- 
tion can be compared with the observa- 
tions. Such a comparison not only tests the 
stellar models, but also provides estimates 
for the physical parameters of the cluster as 
a whole. In addition, the clusters are almost 
perfect manifestations of the classic "grav- 
itational N-body problem," in which one 
wishes to solve the eauations of motion for 
a large collection of objects interacting 
solely through gravity. 

The  advent of large computers and effi- 
cient programs has led to great progress in 
the N-body problem (1).  Numerical studies 
show that the densitv of stars at the core of 
a globular cluster increases with time, lead- 
ing in principle to a central "cusp" of infi- 
nite density. Such an endpoint is clearly 
unphysical, and when the core density be- 
comes high, close encounters between stars 
and binary star systems begin to radically 
alter the stellar velocitv distribution. En- 
ergy can be added to the motions of stars in 
the core, halting core collapse in much the 
same way that the initiation of nuclear fu- 
sion prevents the collapse of the gas in the 
center of an individual star. These colli- 
sions and near collisions control the overall 
evolution of the cluster but may also do 
drastic damage to individual stars and may 
provide an explanation for the existence of 
certain stars whose presence in globular 
clusters has long baffled students of stellar 
evolution. 

It is almost im~ossible to observe indi- 
vidual stars in globular cluster cores from 
ground-based telesco~es. The  Earth's atmo- " 

sphere blurs the stellar images, combining 
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the light from hundreds of stars into a sin- 
gle fuzzy blob. The  HST was expected to  
revolutionize studies of cluster cores bv re- 
solving the fuzzy blurs into hundreds of in- 
dividual points, but the problem with the 
HST primary mirror set back these hopes; 
the malformed mirror spreads the light 
from a single star over a large area, just as 
the atmosphere does. But there is a crucial 
difference between images blurred by the 
atmosphere and those blurred by the HST 
mirror. T h e  H S T  images concentrate " 
about 15% of the starlight into a central 
"spike" of light. By studying this central 
spike and ignoring the remaining 85% of 
the light, astronomers have been able to 
distinguish the individual stars in the cen- 
ters of several globular clusters despite the 
HST's optical flaw. 

There are limitations to what can be 
done with HST. Accurate measurements of 
the br~ghtness of the stars are ~mposs~ble 
because the fraction of light ln the central " 
spike varies with time, the position of the 
star within the image, and the wavelength 
of the light in ways ;hat are difficult to Cali- 
brate. Exposure times have to be increased 
because only 15% of the light is being used: 
Faint stars are often lost in the blur from 
their brighter neighbors and cannot be 
measured at all. Nevertheless, the uositions 
and approximate fluxes of stars in crowded 
cluster cores can be determined with HST 
far better than has ever been done from the 
ground. 

The  advantages of HST are particularly 
acute for blue stars because it can observe 
ultraviolet KJV) ~ h o t o n s ,  which are , L 

blocked by the Earth's atmosphere. In the 
UV, blue stars stand out against the back- " 
ground of generally red globular-cluster 
stars, which obliterate them in images at - 
optical wavelengths. Standard models of 
stellar evolution predict that there should 
be no blue stars in globular clusters; as in 
all old stellar systems, the blue (brighter 
and more massive) stars should long ago 
have evolved through the red giant stage 
and then died. T h e  onlv blue stars e x ~ e c t e d  
in globular clusters are exotic objects cre- 
ated by stellar collisions and interactions. 
The  HST is therefore particularly well 
suited to identifv stars that have undergone 
such cataclysms. In particular, HST" has 
broken new ground in the study of two 
kinds of blue cluster stars: blue stragglers 
and x-ray-emitting binary systems. 

Blue stragglers have been a thorn in the 
side of students of stellar evolution since 
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