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T h e  universe has been putting on weight tecting more and more mass as they survey the theory and even reintroducing one of the 
lately, and astronomers, like anxious parents, the universe on larger scales, with few excep- most notorious ideas in the history of cos- 
are pleased to see it filling out. They have tions they are not finding more than about a mology: Albert Einstein's cosmological con- 
been searching for the unseen matter that third to half of the critical amount, which stant, which would flesh out the universe 
seems to control the motions and organiza- leaves cosmologists, like the optimist or the with energy instead of mass 
tion of galaxies and will also determine the pessimist staring at a glass of water, wonder- The problem begins at home, wtth the 
universe's fate-whether it will continue ing if the universe is half full or half empty. most familiar kind of cosmic stuff. Even with 
expanding to infinity or will ultimately While some cosmologists remain confi- the 40 billion new galaxies implied by recent 
recollapse. And in recent years, Hubble Space Telescope obser- 
they have had an aesthetic rea- vations of the distant universe, 
son for seeking extra mass: an el- luminous matter only amounts 
egant theory of the universe's first ut 1 % of the mass needed 
moments implying that it con- the critical density sug- 
tains enough heft to poise it ex- gested by Guth's in- 
actly on the borderline between a flation theory. Calcu- 
closed big-crunch universe and lations of how much 
an open ever-expanding one. In 
short, astronomers these days want 
to weigh the universe to find out tions. Most of the rest was the do- 
whether it is beautiful. theory. As cosmdogist Craig Hogan g amount of baryonic, or 

Armed with new techniques niversity of Washington-himself a ordinary, matter could 
rrom charting the motions of gal- be several times larger 
axies across vast tracts of sky to than this paltry amount 
looking through gravitational (seep. 1429), and some 
lenses far out in the cosmos- No longer. A battery of new telescope&, of the missing mass is 
astronomers are now finding at by the Hubble Space Telescope and the turning up. For ex- 
least some of the mass they have -meter Keck Telescope--which has just ample, several teams of 
sought. They do not know the een joined by a twin-together with new astronomers recently 
fate of the universe yet, but they announced that about 
are optimistic about finding an half of the Milky Way's dark 
answer. "We can stop thinking halo-which is estimated tc 
about cosmological parameters contain five or 10 times more 
as gedanken," says Saul Perlmutter mass than the visible part of the 
of the Lawrence Berkeley Na- galaxy-might be accounted 
tional Laboratory, "and go out for by dim stars, giant planets, 
and measure them." Or, as Marc and other cosmic riffraff collec- 
Davis of the University of Califor- tively known as MACHOS 
nia, Berkeley, puts it, "We're get- And this has led some astrono- 
ting close to having an answer. 
That is kind of neat." 

But to date, the answer is not 
made of ordi- 

ow to Duel With Deuterium 
as beautiful as many cosmologists 
had wished. Inflation, a theory 
that has been the backbone of 
big-bang theorizing ever since 
Alan Guth of the Massachusetts no matter how much ordinarj 
Institute of Technology (MIT) matter turns up, the nucleosyn- 
invented it in 1980, holds that thesis calculations imply thal 
the universe underwent a massive growth dent that more dark matter will be found, a the total can be no more than between 5% 
spurt just after the big bang and is now "flat." growing number are beginning to suspect and 15% of the critical density. That leave 
In the simplest model of the universe, that that the universe will remain half empty. the fate of the universe in the hands of what- 
means the ratio of the universe's actual mass "Maybe we should stop insisting that the ever nonbaryonic dark matter may exist in 
density to the borderline density between big universe is a higher density when there is no the form of clouds of exotic elementary par- 
crunch and infinite expansion-which as- evidence for it," says Davis. To save infla- ticles left over from the big bang. The large1 
tronomers designate as omega-is exactly tion, the theorists among them are tinkering the scale on which the universe is surveyed, 
one. But while cosmologists have been de- with it, proposing new low-omega versions of the more of this elusive stuff there seems to be. 
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Looking not at single galaxies ing the universe. 
but at rich clusters of them, astro- As Avishai Dekel of the Hebrew Uni- 
physicists see a haze of hot, x-ray versity in Jerusalem points out, the Great 
emitting gas. Recent observations Attractor itself is only one factor in the 
by the German ROSAT space- flow, which should be seen as the sum total 
craft have made it clear that this of the smaller tugs that result from the un- 
gas outweighs the stars in a cluster even distribution of mass in this vast region 
by a large factor, says Simon White ~ of space. Dekel is the driving force in a 
at the Max Planck Institute for shifting and expanding army of collabora- 
Astrophysics in Garching, Ger- tors at a range of institutions attempting to 
many, who has been analyzing use this insight to "weigh" the entire 100- 
ROSAT data. And when astrono- megaparsec expanse. 
mers calculate the total amount 
of mass that must be holding the Mapping mountains 
gas in place, they find evidence of One of their main weapons is a computer 
still more. These calculations typi- program called POTENT, invented by Dekel 
cally point to an omega of 0.2 if and Ed Bertschinger of MIT in 1989, which 
clusters are representative of the averages the velocities of individual galaxies 
cosmos as a whole, which would in 12-megaparsec bins and replaces them 
require at least some exotic, non- with a continuous field, as if the galaxies 
baryonic dark matter. mass in this gravitational lens, which refracts multiple im- were a kind of fluid flowing under the pres- 

These calculations may under- ages of a blue galaxy behind it. sure of gravity. By a series of integrations and 
estimate the amount of mass in differentiations this flow can be transformed 
clusters, however. For one thing, they as- may be hiding in structures that are even larger into a map of the mass density. "Velocities," 
sume that the clusters are in equilibrium, so than clusters, which are typically 5 mega- explains Dekel, "are honest tracers of mass." 
that the gas is a good tracer of gravity, but parsecs in diameter (about 16 million light- The end result, now in its third incarnation, 
many of them look irregular, as if they are still years). "Is there a more diffuse component of is a map of mountains and valleys of mass 
coming together. Moreover, the hot gas can dark matter!" asks Carnegie Observatories density that bears an encouraging resem- 
only be seen at their cores, leaving much of astronomer Alan Dressler. "Only on scales of blance to the clusters and voids in the dis- 
their mass uncharted. 10 megaparsecs or more would you see it. If tribution of galaxies themselves. 

A more recent technique for weighing you don't see it there, you're cooked." POTENT, however, can only measure 
clusters, which doesn't depend on measuring The largest scale on which the universe the relative heights and depths of those 
the gas, may offer a way around these prob- has yet been weighed is some 100 megapar- hills and valleys; the whole cosmic moun- 
lems. It has its roots in 1990, when Tony secs. The region in question tilts slightly tain range could still be sitting on aplateau 
Tyson of AT&T invented a way to deter- southward from twin conglomerations of or in a depression of mass. T o  calculate 
mine the distribution of the matter in a clus- galaxies in the constellations Perseus and absolute elevations-and thus measure 
ter from the lensing effect of its gravity on Pisces, across a great void in Sculptor past 

glight from faint galaxies that lie behind it. our own Local Group of galaxies at the Gr 
;Two years ago theorist Nick Kaiser and his center, and through the nearby Virgo and 
ggraduate student Gordon Squires at the Uni- Coma clusters to another great chain o 
4versity of Toronto added a twist to Tyson's galaxies in Hydra and Centaurus on 

scheme that allows astronomers to deter- the opposite side of the sky. This en- 
mine the total mass, and not just its distri- tire swath of sky, with its tens of 
bution, in a cluster. The result has been an thousands of galaxies, is on the 
explosion of activity and a race to build move, sliding southward at 
large-format cameras that can take in the an average speed-a "pecu- 
large expanse of sky a typical cluster fills. liar velocity," calculated by 
"We hope to push off into the suburbs of the subtracting out the expan- 
clusters and stumble into a giant overdensity sion of the universe-f 500 of mass distribution over a SOO million light- 
of dark matter not associated with galaxies," kilometers per second to- year region, compiled from galaxy motions, 
says Tyson, who dreams of a dedicated "dark- ward a gigantic and poorly points to a high omega. 
matter telescope." mapped accumulation of 

Tyson has surveyed about 30 clusters of galaxies hiding beyond the Hydra-Centau- omega-Dekel and his collaborators have 
galaxies so far. Like his x-ray counterparts, rus cluster. to fit their map to the observed distribution 
he is finding that clusters contain a bigger Dressler, one of a group called the Seven of galaxies. The first time they did this, using 
fraction of dark matter than galaxies do, Samurai who discovered this cosmic migra- a galaxy map derived from an all-sky survey 
but not that much bigger. At  large distances tion 10 years ago, has dubbed this concentra- done by the IRAS satellite, they got results 
from the cluster cores, Tyson reports, the tion the Great Attractor. Since then the consistent with values of omega near the 
dark matter seems to be truncated. "We find flow's ebbs and surges have been mapped magical unity, giving the flat universe a ma- 
less dark matter than we had thought," in detail by a varied assortment of observ- jor boost. When these results were an- 
Tyson concludes. "Clusters have big halos, ers who have among them compiled a cata- nounced in 1991, David Schramm of the 
galaxies have big halos, but not enough to log of distances and peculiar velocities for University of Chicago said, "This is the first 
close the universe." more than 3000 galaxies within the 100- evidence that omega really is one." Dekel is 

Advocates of an omega of one are not megaparsec neighborhood. This river in now in the midst of a new comparison of the 
discouraged, however,foryetmoredarkmatter the sky yields yet another means of weigh- density maps, using an improved third- 
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generation peculiar velocity catalog and a Brent Tully of the University of Hawaii, and 
newer version of POTENT. He and his col- Ed Shaya of the University of Maryland used 
laborators still get a high value for omega. a slightly different data set of peculiar veloci- 

But there are many ways to play the ties and treated the galaxies as discrete point 
omega game with cosmic flows. In a recent masses rather than as a fluid. They calcu- 
review Dekel listed about 20. Naturally they lated the trajectories of "tracer" galaxies in a 
give conflicting results, ranging from an omega 30-megaparsec volume, jiggling omega un- 
of 1.0 all the way down to 0.15. The last figure til the predicted and actual positions of 
comes from outside Dekel's group, but "even these galaxies statistically coincided to get 
in our own group there is disagreement," says 0.15 for omega. "If the measurements are 
Jeffrey Willick of Stanford University. For right," says Peebles, "we have to get used to 
example, when Willick, Michael Strauss of living in a low-density universe." 
Princeton University, and Dekel used an al- In spite of their success at finding more 
gorithm called VELMOD, which produces a mass density as they take an ever wider view 
finer scale velocity field than POTENT, to of the universe, more and more cosmologists 
analyze a smaller, 30-megaparsec region of are coming to agree with him. "I've been 
the flow, they got an omega of 0.3 to 0.55. persuaded that omega probably is 0.2 or 0.3," 
"The dust has not settled," concludes Dekel. says Dressler. Peebles recalls that people used 

The disagreements, Dekel says, may re- to think he was being silly when he advo- 
flect aflaw in the assumption underlying most cated a low-density universe. "Now I hear a 
of these methods: that there is a simple rela- lot oftalk of low omega. Fashions move around; 
tionship between the visible galaxies and otherwise they wouldn't be fashions." 
the underlying, invisible mass, and that this 
relationship is the same everywhere in the Einstein's blunder 
universe. But the way in which light traces Some flat-universe cosmologists are hedging 
mass, the so-called bias factor, could vary by their bets by adding a complication to their 
scale or environment. Some conceivable forms equations that was first introduced by Albert 

Einstein: the cosmological constant, 
denoted by the Greek letter lambda. 
Einstein inserted the constant-the 
most famous "fudge factor" in the 
history of science-into his cosmo- 

long-range repulsive force to keep 
the universe from collapsing under 
gravity. He rejected it a decade later, 
calling it his greatest blunder, after 
learning that the universe was in 

Hot and hazy. X-ray-emitting gas that swathes a galaxy 
would allow the universe to be 

cluster traces the unseen mass holding the gas in place. than it appears from the ex- 
uansion rate todav, thus resolving a 

of dark matter-massive neutrinos, for ex- 
ample-would cluster on larger scales than 
do galaxies themselves, in which case they 
would not show up in small-scale motions. 
"Omega can change a lot if we have reason to 
believe the bias is different," says Willick. 

The one thing the results from POTENT 
and its descendants have in common is that 
they point to a greater mass density than do 
surveys done on smaller scales. "Everybody 
looking in one way or another gets 0.3 to 0.5, 
all very much higher than you get from the 
galaxy halos," summarizes Davis. 

All but one, that is. A separate collabora- 
tion consisting of James Peebles of Princeton, 

, . - 
potential conflict between some measure- 
ments of the expansion and the age of the 
oldest stars. Finally, the vacuum energy den- 
sity, like any other form of mass-energy, would 
increase omeea to make the universe flat. as u 

required by the latest versions of inflation 
theory. "Six years ago I gave a talk in which 
I said the best fit was a universe with a cosmo- 
logical constant. I apologized up one wall and 
down the other," says Michael Turner of the 
Universitv of Chicago and the Fermi Na- - 
tional Accelerator Laboratory. "Six years 
later I gave a talk and said it was still the best 
fit, and nobody said it was a dumb idea." 

Turner and the others emphasize that this 

time the cosmological constant is not a fudge 
factor, but rather a prediction that can be 
tested. In a universe with a substantial cos- 
mological constant, the expansion would 
actually be speeding up instead of slowing 
down, as expected from mass alone. That 
effect can be detected by measuring yet an- 
other cosmic number known as the decelera- 
tion parameter, qo. In principle the decelera- 
tion parameter can easily be measured by 
comparing the redshifts of distant objects- 
an indicator of velocitv-with their dis- 
tances. If the universe is expanding at an 
unchanging rate, the ratio of redshift to dis- 
tance should be constant no matter how far 
off, and hence how far back in time, an object 
lies. In practice measuring the deceleration 
parameter is devilishly difficult, because it 
requires the use of a "standard candle" whose 
distance can be accurately gauged from its 
apparent magnitude. 

In recent years two groups, one led by 
Robert Kirshner at the Haward-Smithsonian 
Center for Astrophysics in Cambridge, Mas- 
sachusetts. and the other bv Perlmutter. have 
pursued this quest using what has become the 
favored standard candle, Type Ia superno- 
vae-believed to be the explosions of white 
dwarf stars. And in Februarv. Perlmutter an- , , 
nounced the first, tentative results of the 
analvsis of his first batch of seven suuerno- 
vae. Perlmutter declined to quote a specific 
number for qo lest someone take it too seri- 
ously. But he was willing to say that the out- 
look is not bright for a substantial cosmologi- 
cal constant. "We do want to sav it is verv 
difficult to have an accelerating universe," 
Perlmutter said in Februarv. "We live in a 
decelerating universe." 

"This could be a lambda killer," Peebles 
said when told the result. "Lambda killer!" 
said Perlmutter when Peebles's comment was 
related to him. "That's what we were after: 
Get lambda out of the wav so it won't be a 
spoiler anymore." 

Whether or not the universe is decelerat- 
ing fast enough to come to rest given infinite 
time, as an omega of one requires, is a question 
that will be answered, at the earliest, only when 
Perlmutter, Kirshner, Dekel, Tyson, and the 
rest of the apostles of dark matter finish their 
work. But Dekel already sees signs of progress. 
"In the last 5 years there has been a revolu- 
tion," he says. "All this field of large-scale 
dynamics became more quantitative, a pre- 
mature science becoming a science." 

In time, cosmologists may find out just 
how beautiful the universe is. "I think every- 
one agrees that if we are going to build a 
universe it would be [flat]," says Peebles, "but 
maybe we have some things to learn yet." 

-Dennis Overbye 

Dennis Overbye is the author of Lonely Hearts of 
the Cosmos. 
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