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COSMOLOGY

Maybe not.

The observations that led astronomers to
deduce its existence could have another

explanation: that our galaxy lies at the center
of a gr’ant cosmic void

KEY CONCEPTS

a The universe appeats to be

expanding atan accelerat-
ing rate, implying the exis-
fence of a strange new
form of energy—dark eper-
gy. The prabilem: no one s
sure what dark energy 15

Cosmologists may not ac-
Lually need to invoke exatic
forms of energy. If we live
in an emptier-than-average
region of space, then the
COSIMIC Expansiorn rate
wanes with position,

which could be mistaken
{or a variation in tme,

or acceferation.

A giant vold strikes most
cosmolaiisis as highly un-
likely but so for that matter
does dark energy. Observa-
fions over the coming years
will differentiate between
the two possibilities.

—Phe Beditoars
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n science, the grandest revolunions are often

triggered by the smallest discrepancies. In the
lach century, based on what struck many ol
his contemporaries as the esoteric minutiae of ce-
lestial motions, Copernicus suggested that Farth
was not, in fact, at the center of the universe. In
our own era, another revolution began to unfold
11 vears ago with the discovery of the accelerat
ing universe. A riny deviadon in the brighrness of
exploding stars led astronamers to conclude thar
they had no idea whar 70 percenr of the cosmos
consists of. All they could rell was that space is
flled with a substance unlike any other—one

thar pushes along the expansion of the universe

rather than holding it back. This substance be
came known as dark energy.

It is now over o decade lager, and the existence
of dark energy 1s still so puzzling that some cos
mologists are revisiting the fundamental postu-
lates that led them to deduce its existence in the
first place. One of these is the product of that
earlier revolution: the Copernican principle, that
Earth is norin a central or otherwise special po
sition in the umiverse. IF we discard this basic
principle, a surprisingly different pacture of whai
could account for the observations emerges.

Moast of us are very familiar wich the idea thar
our planet is nothing more than a tiny speck or
biting a typical star, somewhere near the edge of

an otherwise unnorewaorthy galaxy. In the midse
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of a universe populated by hillions of galaxies
that stretch our to our cosmic horizon, we are led
to believe thar there is nothing special or unigue
.!I"“li'. aur ll.l'i.'JTil”'l- ut ".'-'I'..'Ir i5 :i|L' {'1‘i1’.j".'f|1."..' tor
this cosmic humility? And how woold we be able
tio tell if we rerere in a special place? Astronomers
typically gloss over these questions, assuming
our own typicalicy sufficiently abwious to war-
rant no further discussion. To entertain the no
tion that we may, in fact, have a special location
in the universe is, far many, unthinkable. Never
r|'l{.'if'.‘-.‘i, thatise '\.h‘.Tl} what some sm all Broups W]
physicists around the world have recently been
considering.

[ronically, assuming ourselves to be insignih
cant has granted cosmologists grear explanatory
power. It ks allowed us to exrrapolare from
what we see in our own cosmic neighborhood o
the universe at large. Muge efforts have been
made in constructing state-ol-the-art models of
the universe based on the cosmological princi
ple—a generalization of the Copermican principle
thar states that at any moment in time all points
and directions in space look the same. Combined
with our modern understanding of space, time
and marrer, the cosmological principle implies

thar space is expanding, thar che universe 1s get

ting cooler and that it is populated by relics from
irs hot beginning—predictions that are all borng

ourt by observations,
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UNEVEN EXFANSION OF SPACE, caused by variations
in the density of matter an an epic scale,

could produce the effects that astronomers
conventionally attribute to dark energy.
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COPERNICUS'S
LEGACY

The Copernican principle holds thal
Earth does not ocoupy a special place
It the universe. The universe has a
uniform density (homogenelty) and
laaks the same in every directien
(isotropyl.

Though powerful, the principle
applles only on scales much larger
than a galaxy. After all, if the cosmes
were completely uniform, It would be
a thin gruel of atoms rather thana
constellation of galaxies, Also, the
principle applies in space but not in
time, Wa live in a special era—long
enough alter the big bang that
complex life can form but not so lang
that stars have all died off.

Copernicus is commaonly associat
ed with a dethroning of humanity
from any pesition of impostance. But
as historian Dennis Danlelzon of the
Urtlversity of British Columbia argues,
afthaugh pre-Copernican Europeans
placed Earth at the center of the
universe, they did not consider the
center a posttion of impartance buy
quite the opposite—as Galllea put it,
"the sump where the unlverse's filth
and ephemera collect.”

B0 scientieic amenican

Astronomers find, for example, that the light
from distant galaxies is redder than that of near-
by galaxies. This phenomenon, known as red-
shifr, s neatly explained as a sorecching of light
waves by the expansion of space. Also, micro-
wave detectors reveal analmast perfectly smooth
curtain of radis
times: the cosmic microwave background, a relic
of the primordial fireball. Tr s fair to say that
these successes are in part a result of our own hu-

ition emanating from very early

mility—the less we assume about our own signif-
icance, the more we can say about the universe,

Darkness Closes In

So why rock the boat? 1f the cosmological prin-
ciple is so successful, why should we question it?
The trouble is that recent astronomical observa-
tions have been producing some very strange
results. Over the past decade astronomers have
found thar for a given vedshift, discant superno-
va explosions look dimmer than expected. Red-
ghift measures the amount thar space has
expanded, By measuring how muach the light
from distant supernovae has redshifred, cosmaol

oirists can then infer how much smaller the uni-
verse was ar the time of the explosion as com-
pared wirh its size roday, The larger the redshidy,
the smaller the universe was when the supernova
occurred and bence the more the universe has
expanded berween then and new,

The observed brightness of a supernova pro-
vides g measure of its distance from us, which in
turn reveals how much cime has elapsed since ir
occurred., If a supernova with a given redshift
lotiks dimmer than expected, rhen that superno-
va must he farther awav than astronomers
thought. Trs light has taken longer to reach us,
and hence the universe must have taken longer to
Rrow to its current size |see box on opposite
page). Consequently, the expansion rare of the
universe must have been slower in the past than
previously expected. In fact, the distant superneo-
vae are dim enough that the expansion of the uni-
verse must have accelerated to have caughr up
with its current EXPAnNSIOn rare |hr_'|: '“‘~i1|rvr1_.'ing
Spacerime with Supernovae,” by Craig ]. Hogan,
Robert P. Kirshner and Nicholas B, Suntzeff; Sci-
ENTIFIC AMERICAN, January 1999

This aceelerating expansion is the hig sur-
prise that fired the current revolution in cosmol-
oey. Matter in the oniverse should tug ar the fab-
ric of spacetime, slowing down the expansion,
but the supernova data suggest atherwise, 1f cos-
malogises accept the cosmalogical principle and
assume that this acceleration happens every-

where, we are led to rhe conclusion thar the uni-
verse must be permeared by an exotic form of én
erpy, dark energy, that exerts a repulsive force.

Mathing meering the descriprion of dark en
ergy appenrs in physicists’ Standard Model of
fundamental particles and forces. it is a sub-
stance that has not as yer been measured directly,
has properties unlike anything we have ever seen
and has an energy density some 107" times less
than we may have naively expected. Physicists
have ideas for what it might be, but they remain
speculative [see *The Quintessential Universe,”
by Jeremiah P. Ostriker and Paul |, Sreinharde;
SCIENTIFIC AMERICAN, January 2001). In short,
we are very much in the dark about dark energy.
Researchers are working on a number of ambi
tious and expensive pround- and space-based
missions to fiind and characterize dark encrgy,
whatever it may be. To many, it is the greatest
challenge facing modern cosmuology,

A Lighter Alternative

Confrented with something so strange and
seemingly so improbable, some researchers are
tevisiting the reasoning that led them o it One
af the primary assumptions they are guestioning
is wherher we live in a tepresentative part of the
universe. Could the evidence for dark energy be
accounted for in ather Ways i we were to do
away with the cosmological principle?

[ the conventional picture, we talk abour the
expansion of the universe on the whole. Tvis very
muich like when we talk about a balloon blowing
up: we discuss how big the entire halloon gers,
not how much each individual parch of the bal-
loon inflares. But we all have had experience with
those annoving party balloons thar inflate un-
evenly, One ring stretches quickly, and rhe end
takes a while to circh wp. Inan alernative view
of the universe, one that jercisons the cosmologi
cal principle, space, too, expands unevenly, A
more eomplex picture of the cosmos emerges.

Consider the following scenario, first sugges:
ed by George Ellis, Charles Hellaby and Nazeem
Mustapha, all ar the University of Cape Town in
South Africa, and subsegquently followed up by
Marie-Noélle Célérier of the Paris-Meudon Ob-
servatory in France, Suppose that the expansion
rate is decelerating everywhere, as matter tugs on
spacetime and slows it down, Suppose, further,
thar we live in a gargantuan cosmic void—not o
completely empry region, but ane in which the
average density of matter is only a half or maybe
i third of the density elsewhere. The emptrier a
patch of space is, the less maceer it contains w
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[THE BASICS]

Three Ways of Expanding a Universe

Astronomers have found that distant supernovae explosions are dimmer es like a rubber sheet. The supermova goes off when the universe is about
than expected. To see what this discovery means {or cosmic expansion, half its current size (which occurs at different times depending on whether
consider a reqion of space that encompasses a superncya and our Milky the expansion 1s decelerating or accelerating). Light irom the explosion

Way galaxy. Over time this regicn gets bigger as the fabric of space stretch-  spreads out and eventually reaches us on the outskirts of the Mitky Way.

OLD VIEW: EXPANSION IS DECELERATING

Prict 1o 1998, most cosmalbgists assomad that cosmic expanston was-lowlieg down aver lime. In each time
increment, the region of space increases in size by a diminishing factarn Thiey bas
supsrnioud hrightness op this assimgtion

o thedl expectations o

Light from
suparnova
Hegiog of space Milky Way )
® » ®

13 BILLION

YERRES AGD

*

B WILLICIA
YEARS AGO

4 BILEECHN
YEARS AGI {THAY

SCENARID 1: EXPANSION I5 ACCELERATING

i the wsual interpraistion of supermova ahserations, the rite of cosmic expansion used tohe skower than If is
neny: Consaguently, the aiiverse has taken longer to grow 10 |1s present size end sipernova liaht bas had more
Lirme b spread out, so that [t appears dimmes to s To drive this scoelication requires dark snergy

Fd BN E
YEARS AGD

i BILLICRN
YEARY AGD

(DAY

SCENARIO 2: UNIVERSE IS INHOMOGENEDUS
Afternatively, pethapsexpansion i decelurating but st ditfeen rates in different places, it owr neighborhend
18 atngebier than other ateas, It has fess matter to retard the expamntionand decelurates b gquickly,

Rupidiy
enpanding

region
Slowly
expanding
reqion
1 HLLHON

YEARS &G0

WEILLIDR
YEARS ALD

4 FILLIDN
YEARS AGD
As light Tram a supemova spresds out, It enters 2o of Ins reasmgly rigaid £
wiiich has the same ellect as coimic acceleration but without ny'nesd hor dark =megy
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[THE BIG PICTURE]

A Special Place for Us

In his Hitchhiker's Guide to the Galaxy series of novels, Douglas Adams
imagines a torture device that drives people insane by showing them the utter
insignificance of their place in the universe. One would-be victim emerges

HOMOGENEOUS UNIVERSE: OUR LOCATION 1S TYPICAL

In the standard view, galaxtes are lined up in a spidery pattern, but tverall
space looks much the same everywhere, and Earth’s position i nothing special.

slow down the expansion of space; accordingly,
the local expansion rate is faster within the void
than it is elsewhere, The ex Pansian rate s tnstest
at the very center of the void and diminishes to-
ward the edie, where the higher-density exterior
hegins to make iself felt. At any given time dit
ferent parts of space will expand at different
rares, like the unevenly inflated parey halloon.
Now imagine supernovae exploding in differ
ent parts of this inhomogeneous universe, some
close to the center of the void, others nearer the
edge and some outside the void. If we are neas
the center of the void and a supernova is farther
out, space expands faster in our vicinity than i
does at the locaton of the supernova, As light
from the supernova rravels toward us, it passes
through regions that are expanding at ever fast
er rates. Each region strerches the light by a cer
rain amount as it passes though, and the cumu-
lative effect produces the redshift we observe.
Light traveling a given distance is redshitted by
less than it would be if the whole universe ex-
panded at our local rate. Conversely, to achieve

a certain redshift in such a universe, the light has

52 SCIENTIFIC AMERICAN

unscathed when it lurns out that the universe does. in tact, revolee around
him. In a case of life imitating art, many cosmologists are investigating wheth
er our planet indeed has a special place within the grand scheme of things.

INHOMOGENEOUS UNIVERSE: QUR LOCATION IS SPECIAL

Alernatively, the density of matier could vary on large scales, and Earth
may lie at ar pear the center of a relatively less dense region, o void.

to travel o greater distance than it would ina
uniformly expanding universe, in which case the
supernova has to be farther away and therefore
appear dimmer,

Another way to putit is thata variation of ex
pansion rate with position mimics a variation in
time. In this way, cosmoplogists can explain the
unexpected supernova ohservations without in
voking dark energy. For such an alternative ex
planation to work, we would have o live in
vioid o}'tr|1|_\ COATNIC Proj wrtions. The Supernova
observations extend out to billions of Hghe-veurs,
a significant fracrion of the entire observahle

wrverse. A void would have to be of simil

Enormous by {almeost) anyone's standards.

A Far-fetched Possibility

So how outlandish is this cosmic void? At first
glance, very. It would seem to fly in the face of
the cosmic microwave hackground, which is
uniform te one partm 100,000, not to mention
the apparently uniform diseribution of galaxies
[see *Reading the Blueprinty of Creation,” by
Michael A. Strauss; ScrenTiric AMeERICAN, Feb-
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ruary 2004, On closer inspection, however, this
evidence mav not be so conclusive.

The umifarmity of the relic radiation merely
reguires the universe to look nea |}- the same in
ction. [Fa voud is roughly spherical and

fwe lie reasonably close to s center, these ob

I not necessarily pre

dition, the cosmic microwave backeraund has
1 ; ;

;ome anoroaious features thar could porentially

he explained by large-scale inhomogeneity |3

As for the ganlaxy distr

vivs Jdo not &

ile out a vend

nel e e
end fa

of thie size thar would mimic cnergy. They
wentify smaller vouds, Alaments of marter and

other structures hundreds of millions of

VEATs I sze

ipmitude larger, A lively debace is now under

way in astronormy as to whether galaxy surveys

ITTCR BT I:'II'I:' CENE I--."-'I i :I| prnciple. A\ recent

of Mew York Universicy

nitlysis by Pravid Hog
ind his collaborators indicates thar the lareest

structures in the aniverse are abour 200 million

hght-years it size; on larger scales, matter ap-

pears smoothly distributed, in accordance with
the principle. Bur Francesco Sylos Lobini of the
Enrico Fermi Center iy Bormi |"!'|-'~"|"'-“'.':‘-'
yrpue that the larpest stroctures discovered so far
ze of th

| |.-'._.|..'||'. iy the s ..dl:'l\'f SUTVCVS

that found them. Sall larger structures might

stretel beyvond the s 16 SUTVEVS,

1 map showing
a region 10 miles wide, on which a road stretched

r, [t would be a mismake

i 1
1 CONC is 1

de that the longest possible ro
miles 'u'l;,l Tt determine the length of the |f|:||_=‘r-.|'
rod, vou would need a map that clearly showed
the end points of all roads, so that yvou would
know therr full extent. Similarly, astronomers
need a palaxy survey that 1s larger than the big-

rest SErRetures in the universe if they are to prove

the cosmological principle. Whether survevs are

big enough vet is the subject of the debate.
v theorists, too, a colossal void is difficul

: ol ! ;
torstomach. Al available evidence suggests that

3 1
CAIXICS a2 Ill IFECr SIrUcCiares *-II_I' as hlaments

el voids grew from microscapic quantum sceds
that cosmi CXPRINSION ||.II'_,-.li tO asrronomca
proportions, and cosmological theary makes
firm predictions for how many structures should
exist with a certain size, The larger 2 strucrure
s the rarer it should be. The '.--"'-.ll'lll'-l_'.' of a

void big enough ro mimic dark enecey is less

than one part in 10, Gianr voids may well ex-

stout there, but rthe chance of our fnding one in

www. SciAm.com

. vt the putative vood 15 an order of

our observable universe would seem to be tiny,

Sl there is a possible loophole, Tn the early

19905 one of the puthors of what is now the

"._! |':|ll|.|| | of the <_-.‘||y LUMIVETRE, Andren | :|1l|i'.

and his eollaborators ar Stanford Universi

showed that although giang voids are rare, the y

»
expand faster early on and come to dominate the

vorunme ot ‘l'-' universe. [ he 1“-*1:_" |""‘?i[l. (‘.“l'. 1-

servers Anding themselves in such a strucrure

may not be so tny afrer all. This result shows thar
the cosmological principle (thar we do not live in

. r
aspecial place) is not always the same thing as th

principle of mediocrity {that we are typical ob
servers). One can, it seems, be borh typical and

live in a special place.

Testing the Void
Whar observations could rell whether the expan-

siom of the universe is driven by dark ene

whether we are living in a special place, such as

ar the center of a giant void? To test for the pres

aice of o voud, cosmologists need a working
model of how space, rime and marter should
wehave in its vicinity, Just such 2 model was for

mutlared in [933 by Abbé Georges Lemaitre,

independently rediscovered a vear later by Rich

ard Tolman and further devels iped after Weorld
War LI by Herm

envisaged had expansion ra

ynn Bondi., The universe they

- thar depended

not only on nme bor also on distance from a spe
cific point, just as we now hy

Wirh the Lemaicre

hand, cosmologists can m:

worhesize

Tolman-Bondi model i

A4 l!ll.'Lll. tians for a

SUPERNOVA 19940 {arrow) and similar explosions
are used as tracers of cosmic expansion,

Although a casmic void mimics
dark energy, the match is not ex-
act. Upcoming ohservations will
laok for telltale differences

{onal sunem

e 1T,
wmEmalions

will pin dowwn the
and check

positian, as a void moded predicts.

rpansion rate
£ it varles with

1 light and, in
i eosmic nedah

xy clusters eyalye

pends an the ex-

nand

wesence of a vokd

® Neutrings left over from the peimaor

dial universe cauld reveal a vald
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range of observable quantities. To begin, consid-
er the supernovae that Arst led to the inference of
dark energy. The more supernovae that astrono-
mers abserve, the more pocurately chey can re-
construct the expansion history of the universe.
Serictly speaking, these observations cannot ever
rule out the void model, beeause cosmologists
could re-creare any ser of supernova data by
choosing a suitably shaped void. Yet for s void to
be completely indistinguishable from dark ener-
gy, itwould hove to have some very strange prop-
erties indeed,

The reason is thar the putative accelernting ex-
pansion occurs right up to the present moment.
Fora void to mimic it exactly, the expansion rate
imiist decrease sharply away from us and in every
direction, Therefore, the density of matter and
energy must increase sharply away from us in ev-
ery direction, The density profile must look like
an upside-down witch's har, the tip of which cor-
responds o where we live. Such a profile would
go against all our experience of whart structures
in the universe look like: they are usually smaooth,
not pointy. Even worse, Ali Vanderveld and Ean-
na Flanagan, both then at Cornell University,
showed that the tp of the har, where we live,
waould have to be a singularity, like the ultradense
region at the center of a black hole.

It, however, the void has a more realistic,
smooth density profile, then a distiner observa-
tional signature presents itself, Smooth voids still

produce observations thar could be mistaken for

Surrender to the Void

Most suggestions that we live in a cosmic void place us at its

[THE AUTHORS]

limothy Clifton and Pedro G
Farrales are cosmologists at the
University of Oxford. Both study
the physics of the early universe
and potential modifications to

Einstein’s general theory of relativ-

ity. Cliftan, a keen cenophile, says
his true interest in life is Burgundy
wine. Ferreira is the author of a
popular-level astrenomy book, The
State of the Universe, runs a
program for artists in residence at
Oxford, and participates in various
projects to support science educa-
tion in Africa.

acceleration, but their lack of pointyness means
that they do not reproduce exactly the same re-
sults as dark energy. In particular, the apparent
rate of acceleration varies with redshift in a rell-
tale way. Ina paper with Kate Land, then at the
University of Oxford, we showed that several
hundred new supernovae, on top of the few hun-
dred we currently have, should be enough to set
the the issue. Supernova-ohserving missions scand
a very good chance of achieving this goal snon.

Supernovae are not the only observables
available. Jeremy Goodman of Princeran Uni-
versity suggested another possible test in 1995
using the microwave background radiation. At
the time, the best evidence for dark energy hod
not yer emerged, and Goodman was not seeking
an explanation for any unexplained phenomena
but proof of the Copernican principle irself, His
idea was o use distant clusters of galaxies as
miirrors o look at the universe from differenr po-
sitions, like o celestial dressing room. Galaxy
clusters reflecr a small fraction of the microwave
radiation that hits them. By caretully measuring
the spectrum of this radiation, cosmologists
could infer some aspects of what the universe
woald look like if viewed from one of them. [fa
shift of viewpoint changed how the universe
looked, it would be powerful evidence for g void
ora Hil11||.1r sfructure.

Two teams of cosmologists recently put this

idden o the test, Robert Caldwell of Dartmouth

conter, but what iFwe lived away from the middle? The
universe would then ook shghtly lopsided. Havard Alnes and
Morad Amarzguioni, bath at the University of Oslo, have
sliawn that the cosmic microwave background radiation
would ook shghtly hotter in one direction than in the other.,
Such an asymmetry, called a dipale, has indeed been observed in
the microwave background, 11 s usually attributed 1o our solar system’s
smtion through space but could also be a sign of a lumpy universe,

Furthermore, sl Huctiations in the miciowave background appear to align in
specific diractinn - dubbed the “axis of evil” by Joao Magueijo and Kate Land, both then at Imperial College
London fs2e “Is the Universe Out of Tune!" by Glenn D. Starkman and Dominik J. Schwiarz; SCENTIFIC AMERICAN,
Atigust 2005 This alignment plcks out a preferred direction in the sky, which, though hard to imagine [0 i
Copernican uplvierse, might be explained in lerms of our displacement from the center of a void. A preferred
dhirection would slso have ather effacts, such as large-scale coherent motions of galaxies and galaxy clhisters,
Several researchers have claimed 1o have detected such a “dark flow,” but it remains controversial.

Althaugh it s tempting to attribute these anamalies to a giant void, this explanation does not really hoid
taaether. For a start, these offects each pick cut different directions. Furthermore, the strength of the cosmic
dipnle would suggest that we are only about 50 million light-years from the center, which is only a very smail
fraction of the toral size of the putative void. —1LC and P.G.F

-
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Aligrment
ol fsatures

AKIS OF EVIL, an alignment of
features in the cosmic micro-
wave background radiation,
could be a sign that we live in
an inhomogeneous universe.
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Collepe and Albert Stebhins of the Fermi Nation-
al Aceelerator Laboratary in Batavia, UL, studied
precise mensurements of distortions m the micro-
wave background, and Juan Garcin-Bellido of
the University of Madrid apd Troels Haugholle
of the University of Aarhus in Denmark looked
at individual clusters directly, Neither group de-
tected o void; the best the rescarchers could do
was to narcow down the propertics that such a
void could have, The Planck Surveyor satellie,
scheduled for launch this month, should be able
o place stronger limits on the void properties
and maybe rule out a void alrogether.

A third approach, advocated by Bruce Bassert,
Chris Clarkson and Teresa Lu, all at the Univer
sity of Cape Tawn, is to make independent mea
surements of the expansion rate at different loca-
tions. Astronomers |h|:|.|.||j.' IMeasure L'!\'ﬂ‘-llhil?ll
rates in terms of redshifr, which is the cumulative
effect of the expansion of all regions of space be-
tween a celesual body and us. By lumping all
these regions together, redshift cannor disein-
guish a varntion at expansion rate in space from
a variation in time. [t would be betrer to measure
the expansion rate at specific sparial locations,
separating out the effects of expansion ar other
lecarions. Tharis a dithcult proposition, though,
and has vet to be dane, One possibility is ro ob-
serve how strucrures form ac ditferent places.
The formation and evolution of galaxies and gal
axy clusters depend, in large part, on the local
rate of expansion. By studyving these ohjects at
ditferent locations and accounting for other ef
tects that play a role in their evolution, astrono-
mers may be able to map out subtle differences in
eXpansion rate,

A Not Soa Special Place

The possibility thar we live in the middle of a
giant cosmic void is an extreme rejection of the
cosmological principle, bur there are gentler pos
sibilities. The universe could obey che cosmiologi-
cal principle on large scales, but the smaller voids
and filaments that galaxy surveys have discov-
ered tmght collectively mimic the effects of dark
energy. Tirthabie Biswas and Alessio Motari,
both ar MeGill University, as well as Valerio
Marra and his collaborators, then ar the Univer-
sity of Padua in ltaly and the University of Chi-
cago, have stndied this idea. Tn their models, the
universe looks like Swiss cheese—uniform on the
whole but niddled with holes. Consequently, the
expansion rate varies slightly from place w place.
Bavs of light emitted by distant supernovae trav-
el through a multitude of rhese small voids before

www.SciAm.com

WALKING
THE PLANCK

The latest spacecraft 1o measure
the cosmic microwave background
ratiation, the Eyropean Space Agen-
cy's Planck Surveyor, is scheduled 1o
launch this month

Planck shauld provide a complete
Imventory of fluctuations in the
temperature of the microwave
background, thereby completing an
abservational effort that began in the
1960s. These fluctuations reveal
what the universe looked llke at the
tender age of 400,000 years and hew
It has grawn since then: it cauld tell
us whether we live in a giant void

Planck will alse measure luctua-
tions in the palarization {or direction-
ality) of the radiatian, which could
reveal whether gravitational waves
coursed through the ancient universe
as a result of high-energy processes a
fraction of a second after the big
bang—or even before it

= MORE TD
EXPLORE

Geocentrism Reexamined. leremy
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158-161; March 12, 2008.
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reaching us, and the vanations in the expansion
rate tweak rheir brighrness and redshifr. 5o far,
however, the idea does not leok very promising,
One of us {Chifton), rogether with Joseph Zunrz
af Qxford, recently showed that reproducimg the
effects of dark energy would take lots of voids af
very low density, distributed i o special way.

Another possibility is thar dark energy is an
arrifact of the mathemarical approximations
thar cosmologists routinely use. To caleulare rthe
Cosmic cxXpansion riate, we I}.',‘.‘:u'.l“j{ COLr up
howe much matter a region of space contains, di-
vide by the volume of the region and arrive at the
average energy density. We then inserr this aver-
age density into Einstein's equations for gravity
and determine the averaged expansion rate ol
the universe, Although the density varies from
place to place, we treat this seatter as small -
tuations about the overall averape,

The problem is that solving Einstein's equa-
tions for an averaged matter distribution s nof
the same as solving for the real marter diseribu
tion and then averaging the resulting geomerry.
In ather words, we average and then solve, when
really we should solve and then average.

Solving the full set of equations for anyvrhing
even vaguely approximating the real universe is
unthinkably difficule, and so mose of us resort to
the simpler route. Thomas Buchert of the Uni-
versity of Lyon in France has taken up the rask
of determining how good an approximation it
really is. He has introduced an extra set of rerms
into the cosmological equations to account for
theerror introduced by averaging before solving,
1f these terms prove to be small, chen the approsx-
imation 15 good; if they are large, it is not, The
results so far are inconclusive. Some researchers
have suggested that the extra rerms may be
enough to account for dark energy enrirely,
whereas others claim they are neghgible.

Observational tests to distinguish berween
dark energy and the void models are serto becar
ried out in the very near furure. The Supernova
Legacy Survey, led by Pierre Astier of the Univer-
sty of Paris, and the Joint Dark Energy Mission,
currently under development, should pin down
the expansion history of the universe, The Planck
Surveyor satellite and a variety of ground-hased
and balloon-harne instruments will map out the
microwave background in ever grearer derail.
Uhe Square Kilomerer Array, a gigantic radio
telescope planned for 2020, will supply us with
asurvey of all the galaxies within our observable
horizon, This reveluton in cosmology began a
decade ago, and it is far from over. =
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