The scientific debate

continues to rage

between the majority

who champion the

existence of dark

matter, and the few

who want to modify

Newton’s theory of : o
gravity. n o
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Battletield Galactica:

By Govert Schilling

Dark matter is one of astronomy's biggest mysteries.
Without its gravitational muscle, rotating galaxies
would fly apart, galaxy clusters would dissipate, and
the universe’s large-scale structure would differ dra-
matically from what we observe. But no one knows
what dark matter is, and laboratory experiments have
failed to detect any. Does it really exist, or could there
be something wrong with our ideas about gravity?
Physicist Mordehai Milgrom (Weizmann Institute,
Rehovot, Israel) thinks it's the larter. And he's not

alone. Twenty-five years ago Milgrom conceived Modi-

fied Newtonian Dynamics (MOND), a radical idea that
gravity's behavior changes over galaxy-scale distances.
Despite many attempts to squash the theory, it's still
very much alive and kicking. “We're accumulating
observational evidence,” says Milgrom's collaborator

Who is right,

Robert Sanders (University of Groningen, Netherlands),
“and the theory is becoming stronger and stronger.”

But the vast majority of astronomers and physicists
strongly disagree. They accept the prevailing “concor
dance model” of a universe dominated by dark matter
and an even more mysterious dark energy. One of the
model's founding fathers, cosmologist Joel Primack {Uni-
versity of California, Santa Cruz), says the idea behind
MOND is quixotic. He asserts, “Milgrom and his col-
laborators are on a quest that is not likely to succeed”

Astrophysicist David Spergel (Princeton University)
agrees. “MOND has many observational failures,” he
says. Spergel argues that the concordance model beau-
tifully fits all current data on the structure and dynam-
ics of galaxy clusters, so there’s no need for a new
theory of gravity {see page 16).

and how and when will scientists resolve the controversy?
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Modifying Newton

lronically, Milgrom became interested in galaxy dynamics
during a sabbatical year in Spergel’s hometown of Prine
etan, New Jersey, in 1979. A few years earlier Vera Rubin
and Kent Ford had discovered that the outer, low-density
regions of galaxies rotate much faster than expected, pre-
sumably under the influence of more gravity than that
exerted by the visible stars and gas. Invisible (dark) matter
could explain the ohservations. But, thought Milgrom, so
could a different force law of gravity,

According to Isaac Mewton's well-tested inverse-square
law, gravity’s strenpth falls off with the square of the dis-
tance: A planet three times farther from the Sun than an
ather feels only onemninth the gravity. As a result, Neptune
orbits much slower than Saturn, But the outskirts of galax-
ies, where gravitational fields should be relatively weak,
behave differently. There, stars and gas clouds generally
have the same orbital velocities as objects much elaser 1o
the galaxy’s center.

That's precisely what would happen if, below a certain
field strength, gravity becomes inversely proportional to
distanee, not to its square. Milgrom wondered why hypo
thetical dark matter should be distributed in just such
a way that its gravitational effect would mimic such a
different but very simple force law. Astronomer Stacy
McGaugh {University of Maryland) puts it this way: “Sup-
pose Newton, upon studying the solar system, would have
formulated an inverse-cube law, claiming that the observed
inverse-square law is the result of some mysterious, unde-
tected dark matter. That would clearly be less satisiying
than simply adopting the observed force law)”

Milgrom originally doubted his own idea, “T expected
to be able to kill it in & few days” he reealls. But he never
could. Instead, after the publication of the first MOND

Vizibla galoxy
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papers in 1983, the theory has steadily grown stronger. Me-
Gaugph at first thought he would be able to falsify Milgrom's
idea with ohservations of low-surface-brightness [LSB] gal
axies, which contain very little luminous matter, But to his
surprise, MOND suceessiully predicted arbital velocities in
these faint objects, which have proved particularly trouble-
gome for dark-matter models. “All sorts of silliness has been
published trying to explain this fact” says MeGaugh.

MeGangh admits that Milgrom's original theory had
some fundamental problems, but, he adds, “A lot of prog
ress has been made sinee then” Tn 2004 renowned theo-
retical physieist Jacob Bekenstein (Hebrew University of
lerusalem) put forth a relativistic version of MOND, which,
according to HongSheng Zhao (Scottish University Physics
Allianee, S5t. Andrews], was “a crucial development to get
people serious about this”

Bekenstein's relativistic version improves upon the
original MOND theory, just as Einstein's general theory
of relativity improves upon Newtonian gravity. Spergel
admits that Bekenstein®s theory [known as TeVeS, for ten
sor/vectaracalar) “is a much more interesting model from
a theoretical point of view in that it can be tesied against
observations in modern cosmology” But, 4= the name im
plies, TeVesS introduces three different fields in space-time
to replace one gravitational field, and many physicists feel
uncomfartable with this contrivance. As Primack says,
“Bekenstein's paper is monumentally complex and wgly”

Biting the Bullet
Spergel arpues that recent observations of gravitationally
lensed systems such as the Bullet Cluster of galaxies in
Carina cannot be explained by MONIYs relativistic incarma-
tion. Indeed, in an Angust 21, 2006, MASA press release,
Douglas Clowe (then at the University of Arizona) says tha
his team's X-ray observations of the Bullet Cluster consti
tute “direct proof that dark matter exists”

The Bullet {officially known as 1E 06537-36) is actually
two clusters in collision. Clowe's team mapped the systeny’s
hat gas, which makes up most of the luminous material,
using NASA's Chandra Xoray Observatory. The group
charted the cluster's gravity with gravitational-lensing tech-
migues, The two maps don't overlap, leading Clowe and his
colleagues to conclude that most of the mass must be inan
invisible, dark form (S&T: December 2006, page 46)

The failure of MOND to explain cluster observations
on the basis of visible mass alone “is bad for the theory”

T other cosmologists

want to WASTE
their time on MOND,

that's great — it
means less competitior
for me.

— Joel Prime



piost people won't
€ their mind about
V1D, because they’ve
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Oark energy
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— Mordchai Milgrom:

admits McGaugh, but it's not an insurmountable problem,
If neutrinos — ghostly subatomic particles that emit no
light — are a bit more massive than is generally thought,
they could solve the cluster problem. Indeed, in a paper ac-
cepted {or publication in Astrophysical Journal Letters, Zhan
and his colleagues show that they can explain the Bullet
Cluster with Bekenstein's TeVes theory and neutrinos,
Sanders says that a large part of the Bullet Cluster's proof-
of-dark-matter hype “is due to NASA's formidable public
relations miachinery” Like miost MOND adherents, Sanders
thinks many astronomers are too strongly wedded to dark
matter, *There’s certainly a sociological eficer involved,
Paradigm shifts usnally oceur very gradually” he says,
MeGangh says that many mainstream scientists “have a
predisposition to be disrespectful” but that the respective
communities “arc cordial socially as long a3 we don't talk
science” He adds, “1 often run into an irrational wall that
sometimes has an almost religious feel to it, When T ask

Doften run into an irrational
wall that sometimes has an almost
religious feel to it. When I ask
people what proof T could offer to

convinee ﬂ-’:rm of MDND they

often say

‘none.’

— Stacy McGatich

people what [_Jnmf [ could oifer to convinee them, they
often say ‘none.!

Spergel is less dismissive, “If they came up with a relativ
istic version of the theory that fits cosmic-microwaveback
ground data, large-scale-structure data, gravitational densing
data, and matches solarsystem tests of relativity, 1 would
be very interested in exploring the theory” he says. “And if
this new theory made predictions that were confirmed by
experiment and contradicted the feoncordanee] madel, it
would be widely accepted by the scientifie EOmMMm ity

But convineing evidence will be hard to come by In sci-
Ence, you can never prove that a theory is right. You can
only hope to gather more support for a theory, or to prove
it wrong (March issue, page 8).

Folsifying MOND

Could anything convinee MOND proponents to abandon
their theory? “Of course,” says Milgrom. “If dark matter is
detected, the question will be answered”
Also, if observations contradict a solid
MOND prediction, that would settle the
issue. For instance, if MOND predicted less
matter in palaxy clusters than astronomers
actually see, the theory would be dead,

In fact, MOND predicts that galaxy clus
ters should contain about twice as much
matter as astronomers have detected. Bul
this unseen stuff would consist entirely of
matter that we already know about, such as
neutrings, protons, neutrons, and electrans,
The Big Bang theory actually predicts that
the universe should contain more familiar
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matter than astronomers have observed, which firs nicely
with MOND. In contrast, the concordance model predicts
about six times more unseen matter than MOND does, and
maost of this mass is in the form of particles that have never
been detected,

Sanders isn't worried by the fact that MOND may also
need some nonluminous matter. He points ot that dark-
matter proponents also have trouble explaining cluster
observations. Indeed, Glennys Farrar and Rachel Rosen
{New York University) wrote a paper, now being refereed,
claiming that the velocities in the Bullet Cluster cannot
be explained without invoking a new force that acts only
on dark matter. “MOND needs some dark matter, but that
eould bie in the form of neutrinos, which we know to exist,
says Sanders. “But apparently, the concordance model nat
only needs mysterious dark matter, but also additional new
physics. This makes you wonder what is worse”

All MOND researchers agree that the theory's strongest
point iz its huge phenomenological success in explaining
and predicting the orbital velocities in galaxies. “Even if
MOND is ingorcect,” says Zhao, “we have to understand
its predictive power” Zhao also thinks it's much easler to
prove MOND wrong than to prove dark matter wrong, “The
theory has made itself vulnerable and falsifiable” he says.
“In faet, it's amazing that it-has survived for so long?

T iltustrate this point, McGangh and Erwin de Blok
(Mount Stromle Observatory, Australia)l constructed 2

20

10

Rotation velocity {km per secand)

o}

*fake” galaxy, combining the light distribution of one gal
axy with the velocity distribution of another. Since MOND
has no free parameters, it would not be able to explain this
object, so if such a galaxy were ever found, MOND would
have to be discarded. But this crazy galaxy would nat fal-
sify dark-matter models, since a theorist eould coneoct a
particular mix of dark-matter particles to explain the “ob
served” velocities.

A Woste of Time?

Primack concedes that MOND does a remarkably good job
of explaining the velocity distributions of galaxies, but, he
adds, “atternpts to turn this into a successful theory have
failed. Clearly, MOND doesn't work at other scales”
fact that only a few researchers are involved in MOND
reveals that it's “an irrelevant theory™ he savs, “If other cos
mologists want to waste time on it, that's great — it means
less competition for me”

Primack points to the concordance model's phenom-
enal suceess in explaining a wide variety of ohservations,
including the dimming of supernovae at large distances
{March issue, page 20}, large scale clustering of galaxies

{S&T: December 2006, page 19), gravitational lensing, and
the cosmic microwave background [S&T: June 2006, page
22). “We now have what appears to be a totally reliable

theory” he says. “As far as I know, there is no single piece
of contradicting evidence. It's a continuous success SEOTY.
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Meanwhile, we're making new predictions, so the theory
sticks its head out.”

Spergel disputes Milgronv's charge that the concordance
model is a loose concept, “Onee you have fit the latest ob
servations of the cosmic microwave background, you have
basically determined all of the parameters in the madel to
an accuracy of 5 to 10%, and there’s no flexibility left to
fit the astronomical data” he says, “Yet, remarkahly, the
madel fits a host of observations,”

Moreover, MOND's physical basis remains an utter
mystery. Why would gravity change its apparent behavior
below a certain field strength? The lack of a known physi-
cal basis might be due to a lack of interest in the theory.
As Zhao points out, “There haven’t been too many brains
working on this problem "

Sanders expresses optimism that this situation might
change. “Young people are far more open to the idea of
modifying gravity than older people,” he observes. And
Milgrom himself is confident: “I like to read about the his
tory of science, and it's always like this, It's going to be a
gradual process, but I'm patient” If dark-matter particles
continue to elude laboratory physicists, says Milgrom,
people will gradually take MOND more seriously.

Worst Nightmaore

Mew evidence supporting MOND may come from studies
of globular clusters, which are presumably not dominated
by dark matter. If gravity behaves in 4 non-Newtonian

IND has many

»
observational fdﬂ Uur.
— Dapid Sperg

way in the putskirts of globulars, where gravity is weak,
that would be good news for MOND. Riccardo Scarpa
|European Southern Observatory) and his colleagues have
already tested this idea in five globular clusters, including
Omega Centauri [NGC 5130). Although the team's results
have been challenged, Scarpa sticks to its original elaim
that a MOND:like velocity distribution has indeed been ob-
served in the cluster's outskirrs,

Meanwhile, theorists Bekenstein and Jodo Magueijo (Im
perial College, London) have pointed out that MOND could
be tested in our solar system. There are various wandering
points where the gravity of the Sun and the planets cancel

out one another. In very small bubbles around these points,

MOND effeets might become observable. A relatively inex-
pensive space mission might be ahle to test this idea. But
MeGaugh doubts such a mission will happen anytime soon,
because “there is a huge funding bias against MONDY

MOND's next greot chollenge will come from studies of stellar metions

inglobulor clusters, such es Omegn Centaur
q

P (NGL 5139}, which are

thouwght to contaln very little dork matter.

For Primack, decisive proof of dark matter will come in
future particle experiments, such as the Large Hadron Col-
lider at the European CERN laboratory in Switzerland. “1f
dark matter consists of weakly interacting massive particles
such as predicted by the theory of supersymmetry” he
says, “they should be detected within 10 years or so” (see
"A Particle Physicist's Perspective on Dark Matter,” page
350, Another dark-matter candidate, the axion, should also
show up in at most 10 to 15 years. And even though cre-
ative physicists have proposed many weird dark-matter can

¢ accumulating observa-

tional evidence for MOND,
and the theory is becoming

stronger and STYON g eL:

— Robert San -::f-.{:‘i'::a' :

ERRE CRMELL

didates that could easily clude detection, Primack says not
finding dark matter in the laboratory within two decades is
‘one of my worst nightmares” But he {s confident the new
particles will eventually turn up.

Milgrom also expects the issue to be settled within
20 years or so. “Right now” he says, “most peaple won't
change their mind, because they've become very en-
trenched” in the idea of 2 universe dominated by dark mar
ter. “Tut there's now a new generation of selentists willing
10 at least consider MOND as a serious option.” MONTYs
founding father, who turns 61 this month, says he’s not
distressed by the fact that his idea is still up in the air, 25
years after its original conception. But, he adds, “I hope to
see an answer within my lifetime” »

Contributing editor GovERT SCHILLING covers modern mysteries
of astronomy from his hometown Amersfoort n the Netherlands,
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By Dan Hooper

For decodes o lorge ond growing body of observationol evidence
has convinced most ostronomers that dark metter exists. But-this
is not the only reason to suspect thot our universe would be filled
with invisible matter. Particle physicists hove long held very dif-

ferent reasons for anticipoting dork matter's reality.

Since the 19705 physicists hove been studying o theory thot not-
urally leads to the existence of dork matter. They began working on
this theary, known os supersymmetry, for rensons that have noth-
ing to do with dork maotter. Supersymmetry con solve problems os-
socioted with many ospects of thearatical physics, from the origin
of moss to unifying the forces of noture. The foct that supersymme-
try exploins ostronomical dork matter is just on added bonus:

Supersymmetry is g fundomentol relotionship between matter
and force. All types of particles fall into one of two cotegories:
fermions ond bosons. Fermions are particles such as goarks and
electrans, which moke up the type of matter we're familior with.
Bosons, in contrast, ore the porticles résponsible for the forces.
Photons — particles of light — ore bosons, for exomple: Electri-

4 colly chorged porticles "feel” the electromognetic force by emit-
ting and ohsorbing photons. Without photons, there would be no
electromagnetic force.

According to supersymmetry, each type of fermion must hove
a corresponding bosan with many of the some properties, and
vice versa. Every particle thus hos o supersymmetric counterport,
colled its "superpartner.” The electran’s partner is the super-elec-
tron, and the photon's superportner is called the photino. Through
sipersymmetry, motter and force ore intertwined ond insepaorable
ospects of noture, each unoble to exist without the other.

Muost superpartner porticles ore thought to be considerably
heavier thon their known counterports, moking them difficult to
produce and study in experiments. To date, no superportners hove
been discovered. Despite this tock of experimental confirmation,

A Particle Physicist’s Perspective on Dark: M '}

CERN | MATIMILELN BIEL

~

One superpartner in particulor h-thu_uﬁlit
fected by the Etecimmugnetic and strong n

nucleor force, ond wauld thus Emit no I'ight._'!"}u_&_-s_
symmetric particle, the nedtraling, is a kind of co;

Neutrolinos may very well make up our univers r
As we speak, an extensive experimental search fo

most powerful porticle accelerator, the Tevotron.
the physicists operoting the Tevatron could be the.
and ohserve superpartners. An even larger occelerato g
lond, the Large Hadron Collider, is plunned to begin St
erations in 2008, If supersymmetry exists in nature, th
facility is olmost guorantesd toses it b
Experiments in deep underground mina&umtryhg; 104
supersymmaetric dork-motter porticles p&sshg ﬂmﬁiﬁl
scapeson the ground ond in spoce ore glso lnuﬁngafbl g
of such particles. Other experiments ore looking for ¢
dork matter being coptured in the Sun's core.
Today, we do not yet know whot mokes up dar
this arroy of experiments under way, the elusiveid
matter maoy soon be revealed.
DaN HooPER is o theoretical physicist at Fermilab o
new book Dark Cosmos: In Search nf'ﬂur.univerﬁ-’_s
ond Energy (HarperCollins, 2006).
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“What we've got
here is failure to
- communicate.”

Cool Hasp LUuke, 1967

Lost in Translation

BRITISH PLAYWRIGHT George Bermard Shaw once famously
quipped, *England and America are two countries divided

1 0fF scientists

by a commeon langwage”™ This also coul

and nonscientists. We use the same words, but not always
with the same meaningy

A prime example 1s the word *theony” whose definition
|5 central to the debate over how evolution is taught in the
Linited States, Most people consider
“theary” 10 be ssmonymous with
“idea” “hunch,” or “gucss” But to a
scientist, a theory is a logical, coher
ent set of facts and principles that
naturally explains multiple observed
phienomena and makes predictions
that can be tested and thereby confirmed or refuted

Oops, | just used another word that scientists and non

seientists often interpret differ Iv: “tacts”™ Lots of us in
stinctively aeCepl as a fnct any assertion made by someone
we trust (or weant to trust), But 1o a scientist, a-rtact 15 some

thing that's heen confirmed through so many independen

ohservations that we no longer question i, Put another
way, science holds fae1s 1o a higher standard of truth than
mere AsSErtinmns or statements
What gt me thinking about
ences of meaning was a string of press releases and media
reports on recent discoveries in astropomy. It started [ast

se not-so-subtle differ

. Angust, wihen NASA ¢l
data from the Chandra X-ray Observa
tory and the Hubbie Space Telescope
constituted “direct proof” of the exis
tence of dark matter |S&T: December
2006, page 40). Then, in October
Space Telescope Science Institnte
trumpeted Habble's “direct proof
af mass segregation in globular

clusters [that is, massive stars

TEO5LT 58 MAZL Finds Dirmes Preaf of Dark blasw
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ey B e et weet e = e et pew S By By
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move slowly and sink to the cluster’s center, while stellar
flyweights pick up speed and zoom into the outskirts).

Finaily, in carly December, the Newe York Times van a story
about recent changes in two Martian craters {see Page 17

of this fssuel, under the headline *Strongest Proof Yet of
Water Flow on Mars.”

It you ask a jury of astronomers whether the existence of
dark matter in galaxy clusters, mass segregation in globular
clusters, and running water on Mars are established beyond
a reasonable doubt — the same standard used in criminal
trials — you'll probably get an acquittal, or pechaps a dead
lock. We have no proof of any of these things, What we
do have is some very compelling evidence — enough to
convinee many astronomers, but not encugh o eonvinee all
In the stories cited above, “direct proot” or "strongest proof"
should properly have been written “best evidence yer !

In science, proving an idea 1o be rght is very difficult,
SOMmermnes |||-||'H"-'-|i'|" But PTOWINE A1 iden wronwe 149 casy

a single counterexample will suffice. As in law, we're
almost always dealing with evidence, not proof. In seience,

as in law, some cases are decided beyond @ reasonable

doubt and others by préponderance of the evidence. Espi
cially in astronomy, where we study objects far removed In

space and time, absolute proof s rare indeed. There's noth

CITY just the way sclence works:

I WrOne Wit t
I think the best way to bring everyone's understanding

of coneepts like *fact,” “theory” “evidence,” and *proof" into

concordanee 15 to teach young people to think more scien

fically. Here incthe US, though, we seem to be daing the

e authorities want o change the definition

science” itselt to make it more consistent with specific

eligious tenets. If that Scares vou, as it dees me, you mirht
want to sign and circulate the Deéfend Science statement
at www.defendscience.org. In the meantime, watch your

languaee!

EDITOR IN CHIET

B3 If vou're a long-term subscriber, you may find your
copy of S&T arriving 4 week orso |ater than it used to,
This i3 an unintended CONSEqUence of our c¢ha nging the
way we bundle magazines 1o enter the postal stream. Our
goal was to lower costs so we wouldn't have to raise the
price you pay. We are working with our printer and the US
Postal Service 1o identify choke points and minimize de
lays, and we appreciate vour iorbearance




