
The idea that the universe as we know it was born in a split second of exponential growth is 
cosmological gospel. But no one can agree on a single version of the theory called inflation 

Which Way to the Big Bang? 
CHICAGO-Every story has a beginning, mysterious particle called the inflaton (pro- some cosmologists, that cacophony means 
and according to standard cosmology, the nounced IN-flah-tahn), would have sparked that the choiring angels of creation have not 
story of our universe began with a bang. In the big bang. If just "once in all of eternity," been heard quite yet. As Lawrence Krauss 
this story, an epic that resonates through says Guth, who is at the Massachusetts In- of Case Western Reserve University in 
decades of scientific studies, all the stars, stitute of Technology, the inflaton in a tiny Cleveland puts it, "Inflation is a beautiful 
galaxies, planets, and shadowy gases of the patch of space found itself in an unusual, idea in search of a model." 
heavens can be explained if the universe energetic state-analogous to a ball pushed Or, rather, a single believable model. The 
consisted of a superhot, superdense, out- far up a hill-the patch would have be- theory now comes in varieties called old, 
rushing ball of matter and light just a frac- haved as if gravity were thrown crazily into new, chaotic, hybrid, and open inflation, 
tion of a second after the moment of cre- reverse, expanding exponentially. with numerous subdivisions like supersym- 
ation itself. That very tale, however, begs the The concept of inflation is so venerated metric, supernatural, and hyperextended in- 
question of what happened in the mysteri- that Guth's notebook page, carefully dated flation, each a vision of just how the inflaton 
ous instant just before the conflagration be- "Dec 7, 1979," sits behind glass in a gallery might have touched off the birth of the uni- 
gan, some 13 billion years ago. If there was beneath the Adler Planetarium here. And so verse we see today. In fact, there now exist 
a big bang, what set it of?? far, the idea meshes with the broad outlines so many approaches, with such a wide range 

In the years since Alan Guth wrote the of what astronomers have learned about the of predictions, that a few cosmologists have 
words SPECTACULAR RE- suggested inflation could never 
ALIZATION in his notebook " t  be disproved by obsewation- 
in December 1979, cosmolo- . . ' ... = , .  a prospect Andrew Liddle of 
gists have come to think that :I I Imperial College in London 
the big bang might be ex- t . calls "a bit scary." 
plained by an idea they regard Such concerns have prompt- 
as a thing of beauty. Called in- "' ' :  '$ .ia .. 

' 

4d ed the search for alternative 
flation, the mechanism Guth I, ! theories of creation, whose 
proposed for igniting cosmic predictions could be com- 
expansion in all its glory pared mano a mano with 
might have operated for as lit- those of inflation (see sidebar, 
tle as seconds. Yet it p. 1450). But other cosmolo- 
could have whipped up all the gists think an avalanche of 
matter and energy in the uni- new data on the cosmic mi- 
verse and laid the seeds for crowave background radiation 
galaxies and galaxy clusters in (CMBR)-a sort of afterglow 
that brief sliver of time, while of the big bang-is about to 
the universe blossomed expo- put the inflationary frame- 
nentially from as small as , work to its toughest test yet. 

centimeters across to Each model has distinctive 
perhaps the size of a pumpkin. predictions about the ripples 
Ever since then the universe, of higher and lower density 
expanding at a more leisurely that inflation would have im- 
pace, has been living off the printed on the young cosmos. 
legacy of this episode. "Infla- " Those ripples should still be 
tion," says Michael Turner of visible in the CMBR, and new 
the University of Chicago, "is instruments that will fly 
the most important idea in aboard balloons and satellites 
cosmology since that of the over the next few years will 
big bang itself." Hybrid inflation. A recent version of the theory posits a 3D energy landscape. measure them. The new mea- 

The theory relies on the The universe inflated as it moved down a gently sloping energy ridge; then it surements "will consign to 
notion that the vacuum of plummeted from the ridge, shutting off inflation and igniting the big bang. the rubbish bin of history 
space is not empty. According most of the proposed models 
to particle physics, space can be suffused cosmos. Even so, there is no proof that in- of inflation," predict David Lyth of Lan- E 
with the energy of so-called scalar fields, flation is correct; and, to add to the uncer- caster University in the United Kingdom 5 
which control the symmetries and asyrnme- tainty, distinct versions of the theory have and Antonio Riotto at CERN in Geneva in 2 
tries of material properties, such as particle proliferated, as physicists grapple with the a forthcoming review article. 'i 
masses, and can dissolve into a storm of problem of finding an inflaton that could Some cosmologists are looking back 5 B particles when disturbed. A special kind of have produced the universe but is also com- even further, to ask what set the stage for in- 5 
scalar field, which owes its existence to a patible with known laws of physics. For flation itself. No one knows whether that 2 
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question even makes sense, although in Einstein's equations of relativity, he found fornia, Davis, and independently, Andrei 
some theories the beginning of the begin- that it acted like gravity in reverse. Linde, now at Stanford University, invented 
ning can be calculated and might even have "I discovered that it would affect the ex- new inflation. The idea was to make the 
subtle observational consequences in the pansion in a tremendous way," says Guth. transition from false to true vacuum very 
CMBR. "It's written up there in the sky,'' "It would cause a gravitational repulsive ef- gradually, so that instead of the quick 
says Chicago's Rocky Kolb, "and we have to fect that would drive the universe into a pe- jumpwhich left plenty of false vacuum 
figure out how to read it." riod of exponential expansion." Once the but not much of the or- space in whi~,. 

asymmetries finally froze in and the forces we live-an entire universe would have time 
Genesis of an idea took on separate identities, the vacuum to grow inside each bubble and there would 
Aiexei Starobinsky at the L. D. be no need for many of them 
Landau Institute of Theoretical to merge. (Separate bubbles 
Physics in Moscow worked out would still be separated by 
a somewhat complicated ver- huge tracts of false vacuum 
sion of inflation in 1979. But it and hence unobservable to 
was Guth's version in the same . each other.) 
year that jolted the scientific The change in the scalar 
community, because he pointed field's energy at each point 
out that it might solve several in the false vacuum of super-
cosmological puzzles. For one cooling can be envisioned as 
thing, the universe is remark- a ball rolling down a hill; old 
ably "flat9'-light travels great inflation was equivalent to a 
distances through space with- hill with a dimple at the top, 
out revealing any curvature- where the supercooled uni-
implying that it contains a cer- verse would get stuck before 
tain critical density of matter 0-- suddenly tunneling, via 
and energy. That flatness had as&- quantum-mechanical pro-
looked uncomfortably like a cesses, down to the true vac-
lucky coincidence; inflation Chaotic inflation. In this version of the idea, cosmic expansion generates a uum. New inflation simply 
made it into a natural conse- drag (parachute) that slows the universe's plunge from the heights of an ener- posited a hill with a nearly 
quence of early cosmic history. gy landscape,prolonginginflation. flat top, where the ball 

Guth's original idea, now would slowly roll out of the 
called old inflation, invoked the concept of would plunk into its "true" state, liberating false vacuum as the universe inflated, fol-
phase transitions, like water changing into the energy as an exploding ball of particles lowed by a drop-off as it suddenly crystal-
ice. The phase transitions Guth was inter- and radiation, like the latent heat given off lized into true vacuum. 
ested in, however, involved the forces of when a supercooled liquid freezes. Even By eliminating the bubbles from Guth's 
nature. Three of them-the strong, weak, better, the exponential stretching would cre- original scenario, this new version allowed 
and electromagnetic forces-should merge ate a geometrically"flat" space. inflation to explain a second cosmological 
into just one at extremely high tempera- Incredibly, creation seemed to be calcula- puzzle: the remarkable uniformity of to-
mes, according to certainuntested theories ble. But there was a problem with old infla- day's universe. By stretching a tiny region 
of particle physics, called grand unified tion, as Guth and Erick Weinberg of into the entire universe, inflation could ex-
theories (GUTS). Columbia University realized immediately. plain how regions so far apart that they 

Those temperatures, corresponding to Bubbles of true vacuum would form at vari- could have had no communication since 
energies of 1016billion electron volts, could ous times in various places in the false vacu- the big bang could appear so similar. 
never be reached in terrestrial particle accel- um and would have great m~ulty merging, But turning this beautiful idea into a 
erators. But an infhitesimal mote of space- because the space between them would still full-fledged theory was proving difficult. 
time at the very start of the big bang could be inflating. "You'd always end up with a Although the shape of the hill, called the 
provide them. That superhot mote (however cold, Swiss cheewlike 
it came about) could have cooled like a universe," says Paul 
spark in the wind, but Guth further sup- Steinhardt of Princeton 
posed that the high-temperature symmetries University, "with true 
persisted for a brief instant after the temper- vacuum contained only 
ature had dropped below the GUT scale. in growing bubbles ... A 

Such "supercooling" is familiar from or- and nothing there that 
d 
a \  

dinary phase transitions. Water, for exam- looked like the universe 
ple, can remain liquid even though it is in which we live." 
cooled below 0" Celsi-until it suddenly That mix of ethere-
freezes, losing its amorphousness and talc- al success and final 
ing on the jagged asymmetries of crys- disaster made Guth's 
talline ice. According to particle physics, talks both exciting and New inflation. A gradual 

supercooling would leave space itself hov- "profoundly depress- episode of inflation (gentle 

ering in a state of unnaturally high energy, a ing," Steinhardt recalls. slope) before the plunge 

condition called a "false vacuum." This en- Much of the depres- that shuts it off a 
complete universe to formergy can be thought of as residing in a sion lifted when he and 
in a single patch.scalar field filling that speck of space. Andreas Albrecht of 

When Guth plugged the false vacuum into the University of Cali- t 
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N E W S  F O C U S  

potential-energy curve, should ultimately 
be derived from particle physics theory, 
that was easier said than done. In the end, 
cosmologists decided not to worry for the 
time being about the physics that drove in- 
flation. They simply attributed the potential 
energy curve to a still-to-be-discovered 
particle, the inflaton. As Albrecht put it, 
inventing the inflaton was a way of say- 
ing, "Look, what's the point of putting in 
the whole baggage of the GUT when we 
really don't have a clue of physics at 
those energy scales?' 

After all, the idea was getting a boost 
from observation. Inflation should have left 
ripples of higher and lower density on the 
early universe, because quantum uncertainty 
means that the ball would roll at slightly dif- 
ferent rates in different places. The ripples 
could serve as the seeds around which grav- 
ity eventually gathers the colossal walls, fil- 
aments, and clusters of galaxies seen in the 
sky today. And in 1992, the Cosmic Back- 
ground Explorer (COBE) satellite mapped 
the CMBR-which records the state of the 
universe 300,000 years after the big bang- 
and detected huge, weak ripples crisscross- 
ing the early universe. 

Just as expected if the ripples in the uni- 
verse really did start out as quantum fluctua- 
tions in the microworld, the COBE observa- 
tions suggested that the intensity, or "power," 

in the ripples was nearly the same at all wave- 
lengths. "Inflation played this trick," says 
Linde. "It took something that was very, very 
quantum and enormously stretched it and 
made large, macroscopic objects." 

Many kinds of beginning 
With this boost, inflation theorists began 
enthusiastically spinning out their own ver- 
sions of creation. Linde, for example, 
showed that a plateau-shaped potential was 

Glimpse of mountains. The peaks in a predict- 
ed power spectrum of the microwave back- 
ground, showing angles where fluctuations are 
strongest, are an expected signature of inflation. 
Early data (crosses) seem to  fit predictions. 

not necessary after all; a simple parabolic 
slope or many others would do, as long as 
they were wide and shallow enough to let 
the ball start at a high energy-at the GUT 
scale or beyond. The ball still drops slowly 
because of a frictionlike term that can be 
traced to the rate of cosmic expansion. "It's, 
if you want, God's gift to us," says Linde of 
the friction term. He named the theory 
chaotic inflation, imagining a primordially 
random cosmos in which patches that hap  
pened to be high on the potential would in- 
flate, while others would not. Just one fa- 
vorable beginning could lead to a universe. 

Eventually it turned out that inflation 
didn't have to make a flat universe; it could 
also create "open" universe-those with a 
spatial curvature corresponding to the low 
cosmic matter densities that some observa- 
tions were pointing to. Although regarded 
by many cosmologists as less than elegant, 
the theories contrive to have the universe 
fall from the heights of the inflaton poten- 
tial, ending the inflationary epoch, before 
space has been completely flattened. 

The floodgates opened even wider with 
what came to be called hybrid inflation. , 
Those models allowed two coupled inflaton 3 
fields to form a sort of three-dimensional ; 
landscape, so that the ball could roll slowly $ 
along a ridge, but then shut inflation off by 2 
plummeting sideways (see figure, p. 1448). 
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Some cosmologists say hybrid inflation viewing it--the geometry of space. 
gives them more freedom to reestablish con- If space is flat, the peak should have an 
tact with particle theories-especially apparent scale of about 1 degree on the 
supersymmetry, a speculative theory that sky-twice the width of the full moon. 
predicts the existence of new particles. The COBE could not map the CMBR in fine 
idea, says Princeton University's Lisa Ran- enough detail to see this peak or the 
dall, is to find "natural" fields--"not some smaller harmonic peaks. But data from 
-cially designed potential that has what- more recent mapping efforts are already 
ever features you want." suggesting a peak at about 1 degree (see 

For all the inventiveness of inflationary graph on opposite page). 
modelers over the past 2 decades, says Tinner The kind of -011s that COBE saw, 
of the University of Chicago, no version which were created by quantum fluctuations 
stands out as more compelling than the rest. during inflation itself, should provide more 
"It's like 4day-old babies in the maternity stringent tests. Inflation predicts that the in- 
wad," he says. "Most of the theories are only tensity of the quantum fluctuations should 
amactive to the person who proposed them." have been nearly the same at all scales-but 
Fortunately, improving observations should not exactly. Ifthe cosmic ball was speed@ up 
supersede the theoretical beauty contest. 
Amongthemostpowerfddiscriminatorswill 
be follow-ons to COBE, measuring ripples 1. 

in the CMBR to high precision. These 
projects include the Calif& Insti- A 

tute of Technology-led Boomerang 
experiment, which flew a bal- 
loon-borne detector around 
Antarctica in December, yield- 
ing data that are now being 
analyzed; NASA's Microwave 
Anisotropy Probe (MAP) satel- 

next year; and the European 

1 
lite, scheduled for launch late ' 

Space Agency's Planck satel- 
lite, now planned for 2007. Space- 

Such measurements should k a simulated map . -.- - - 
provide a test of one predic- of the microwave backmnd, grcnrity waves m t e d  during in- 
tion that most variants of infla- Ration mlpt the rniarrwmres' polarization MI. 
tion still make, namely, that 
the universe is geometrically flat. In the f i  or slowing down at the end of the slow-roll 
years after the big bang, oscillations would epoch of inflation, the fluctuations should 
have resonated through the expanding ball depart just a bit from "scale invariance." 
of ionized gas as gravity tried'to compress Planck or MAP might measure the devia- 
some regions, generating acoustic waves. tions, which would say something about 
"It's quite like a musical instrument," ex- the shape of the inflaton potential-and 
plains Wayne Hu, a cosmologist at the Insti- therefore about which inflation models 
tute for Advanced Study in Princeton, New might be right. 
Jersey. 'You see one fundamental kquency Other cosmologists, such as Marc 
and then overtones." After 300,000 years, Kamionkowski of Columbia University, are 
the universe cooled enough to let h e  elec- focusing on another kind of signature infla- 
trons combine with nuclei, making the gas tion could have left in the CMBR Quantum 
transparent and releasing the radiation we processes during inflation could have left 
now see as the CMBR ripples in the curvature of space itself- 

The radiation emitted then should con- gravity waves, which might still be criss- 
tain an imprint of the density peaks and val- crossing the universe. Much as ripples on 
leys of the resonances. The wavelength of the surface of a swimming pool seem to 

ij the main resonance-called the first distort the bottom, these waves would leave 
S Doppler peak of the CMBR-represents their mark on the polarization of the micrc- 

the distance sound waves could travel in waves. "If you detect the gravitational back- 
$ 300,000 years. And because the speed of ground, it would be a smoking gun signa- 
$ sound and the distance the CMBR traveled ture of inflation," says Kamionkowski. 
a to us are both roughly known, the wave- 
5 length of the first peak is essentially a mea- Begin the begin 

suring stick laid out of the sky at a known The possibility that observations could 
distance. From its apparent sire as seen vouchsafe a glimpse of the universe's first 

g from Earth, cosmologists can calculate the second has cosmologists pondering 
properties of the lens through which we are the ultimate question of how and why infla- 

tion might have started. To paraphrase a 
line from the folk tune Alicek Restaumnt, 
''What put that ball at the top of that hill?" 

According to one line of reasoning 
based on separate work by Alex Vilenkin 
of Tufts University and Linde, the ulti- 
mate beginning could be forever hidden 
from our view. They noted that virtually 
any type of inflation is "eternal": The ini- 
tial patch of false vacuum will make not 
one inflating universe but will break up 
and generate infinitely many. As bubble 
universes are generated ad infiitum, the 
false vacuum becomes so stretched and 
smoothed that no trace of its beginning re- 
mains. For practical purposes, says 
Vilenkin, 'you would not have to think of 
the beginning of the universe." 

That hasn't stopped him from coming 
up with a vision of the beginning. He and 

Linde have tried to calculate the chances 
that the first inflating patch could 

tunnel into existence, quantum- 14 mechanically, from absolute noth- 
ingness. They took the point of 
view, as St. Augustine did in his 
Confessions, that neither time nor 

, ' space could have existed before 
' 

the instant of creation. Assuming 
r various inflaton potentiaba con- 

P cept outside Augustine's canon- 
Vienkin and Linde found that the most 

likely universes to burrow into existence 
would start out high on the potential, set- 
ting the scene for a cosmos like our own. 

According to another trio of cosmologists, 
however, questions about the moment of cre- 
ation have no meaning. The mathematical 
formalism developed by Stephen Hawking 
and Neil Turok of Cambridge University and 
James Hartle of the University of Califbrnia, 
Santa Barbara, makes it impossible to extrap 
olate the universe back to a singularity-a 
discrete starting point for time. "It's not cre- 
ation from nothing," says Wok, "which I 
think is a complete conlradiction." 

Most of the universes that emerge from 
their scheme contain too little matter and are 
much too open to be in accord with current 
data. Turok is searching for new inflatons 
that might do better, but meanwhile he nur- 
tures a hope that the universe will turn out 
to be open, even if only slightly, for that 
would mean that all traces of the beghung 
had not been completely stretched away to 
flatness and overlaid with the later quantum 
fluctuations. Although perfect flatness 
would be a victory for mainline inflation, 
W o k  says, it "would just say that what 
came before doesn't matter. It would, in a 
way, end the story." 

The answer to how far that story can be 
traced back will be di- Augus- 
tine said, for his own reasons-in the testi- 
mony of the heavens. -JAMESGLANZ 
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