HOW UNIMAGINABLY STRANGE the world would be if the constants of nature had different values. The
so-called fine-structure constant (o), for example, is about 1/137. Were it another value, matter and energy
would interactin bizarre ways; indeed, the very distinction between matter and energy could melt away.




- ByJohn D. Barrow and John K. Webb

ome things never change. Physicists call them the
constants of nature. Such quantities as the velocity of
light, ¢, Newton’s constant of gravitation, G, and the
mass of the electron, 7z, are assumed to be the same at all
places and times in the universe. They form the scaffolding
around which the theories of physics are erected, and they
fine the fabric of our universe. Physics has progressed by
king ever more accurate measurements of their values.
And yet, remarkably, no one has ever successfully pre-
ed or explained any of the constants. Physicists have no
a why they take the special numerical values that they
n SI units, ¢ is 299,792,458; G is 6.673 x 10711, and
e is 9.10938188 X 103! —numbers that follow no dis-
ible pattern. The only thread running through the val-
is that if many of them were even slightly different,
lex atomic structures such as living beings would not
ossible. The desire to explain the constants has been
of the driving forces behind efforts to develop a com-
e unified description of nature, or “theory of every-
ng.” Physicists have hoped that such a theory would
how that each of the constants of nature could have only
~ one logically possible value. It would reveal an underlying
- order to the seeming arbitrariness of nature.
~ Inrecent years, however, the status of the constants has
‘grown more muddled, not less. Researchers have found
that the best candidate for a theory of everything, the vari-
T “ant of string theory called M-theory, is self-consistent only
D 0 t h e - if the universe has more than four dimensions of space and

‘time—as many as seven more. One implication is that the
Innerworkings

. Spﬁstants we observe may not, in fact, be the truly funda-
0] f na tu re ' ~ and we see only their three-dimensional “shadows.”

~ mental ones. Those live in the full higher-dimensional space,
Meanwhile physicists have also come to appreciate that

C h an g e wi th ,tl m e ?,  the values of many of the constants may be the result of

CONSTANTS
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mere happenstance, acquired during ran-
dom events and elementary particle pro-
cesses early in the history of the universe.
In fact, string theory allows for a vast
number—103°0—of possible “worlds”
with different self-consistent sets of laws
and constants [see “The String Theory
Landscape,” by Raphael Bousso and Jo-
seph Polchinski; SCIENTIFIC AMERICAN,
September 2004]. So far researchers have
no idea why our combination was select-
ed. Continued study may reduce the
number of logically possible worlds to
one, but we have to remain open to the
unnerving possibility that our known
universe is but one of many—a part of a
multiverse—and that different parts of
the multiverse exhibit different solutions
to the theory, our observed laws of na-
ture being merely one edition of many
systems of local bylaws [see “Parallel
Universes,” by Max Tegmark; SCIEN-
TIFIC AMERICAN, May 2003].

No further explanation would then
be possible for many of our numerical
constants other than that they constitute
a rare combination that permits con-
sciousness to evolve. Our observable
universe could be one of many isolated
oases surrounded by an infinity of life-
less space—a surreal place where differ-
ent forces of nature hold sway and par-
ticles such as electrons or structures such
as carbon atoms and DNA molecules
could be impossibilities. If you tried to
venture into that outside world, you
would cease to be.

Thus, string theory gives with the
right hand and takes with the left. It was
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devised in part to explain the seemingly
arbitrary values of the physical constants,
and the basic equations of the theory
contain few arbitrary parameters. Yet so
far string theory offers no explanation
for the observed values of the constants.

A Ruler You Can Trust

INDEED, THE WORD “constant” may
be a misnomer. Our constants could
vary both in time and in space. If the
extra dimensions of space were to
change in size, the “constants” in our
three-dimensional world would change
with them. And if we looked far enough
out in space, we might begin to see re-
gions where the “constants” have set-
tled into different values. Ever since the
1930s, researchers have speculated that
the constants may not be constant.
String theory gives this idea a theoreti-
cal plausibility and makes it all the more
important for observers to search for
deviations from constancy.

Such experiments are challenging.
The first problem is that the laboratory
apparatus itself may be sensitive to
changes in the constants. The size of all
atoms could be increasing, but if the rul-
er you are using to measure them is get-
ting longer, too, you would never be able
to tell. Experimenters routinely assume
that their reference standards—rulers,
masses, clocks—are fixed, but they can-
not do so when testing the constants.
They must focus their attention on con-
stants that have no units—they are pure
numbers—so that their values are the
same irrespective of the units system. An
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= The equations of physics are filled with quantities such as the speed of light.
Physicists routinely assume that these quantities are constant: they have the
same values everywhere in space and time.

m Over the past six years, the authors and their collaborators have called that
assumption into question. By comparing quasar observations with laboratory
reference measurements, they have argued that chemical elements in the
distant past absorbed light differently than the same elements do today. The
difference can be explained by a change in one of the constants, known as the
fine-structure constant, of a few parts per million.

= Small though it might seem, this change, if confirmed, would be revolutionary.
It would mean that the observed constants are not universal and could be
asign that space has extra dimensions.

example is the ratio of two masses, such
as the proton mass to the electron mass.

One ratio of particular interest com-
bines the velocity of light, c, the electric
charge on a single electron, e, Planck’s
constant, b, and the so-called vacuum
permittivity, g9. This famous quantity,
a = e2/2gphc, called the fine-structure
constant, was first introduced in 1916 by
Arnold Sommerfeld, a pioneer in apply-
ing the theory of quantum mechanics to
electromagnetism. It quantifies the rela-
tivistic (¢) and quantum (h) qualities of
electromagnetic (e) interactions involv-
ing charged particles in empty space (&o).
Measured to be equal to 1/137.03599976,
or approximately 1/137, « has endowed
the number 137 with a legendary status
among physicists (it usually opens the
combination locks on their briefcases).

If  had a different value, all sorts of
vital features of the world around us
would change. If the value were lower,
the density of solid atomic matter would
fall (in proportion to o3), molecular
bonds would break at lower tempera-
tures (o), and the number of stable ele-
ments in the periodic table could increase
(1/a). If @ were too big, small atomic nu-
clei could not exist, because the electri-
cal repulsion of their protons would
overwhelm the strong nuclear force
binding them together. A value as big as
0.1 would blow apart carbon.

The nuclear reactions in stars are es-
pecially sensitive to a. For fusion to oc-
cur, a star’s gravity must produce tem-
peratures high enough to force nuclei
together despite their tendency to repel
one another. If a exceeded 0.1, fusion
would be impossible (unless other pa-
rameters, such as the electron-to-proton
mass ratio, were adjusted to compen-
sate). A shift of just 4 percent in « would
alter the energy levels in the nucleus of
carbon to such an extent that the pro-
duction of this element by stars would
shut down.

Nuclear Proliferation

THE SECOND experimental problem,
less easily solved, is that measuring
changes in the constants requires high-
precision equipment that remains stable
long enough to register any changes.
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LIGHT AND THE FINE-STRUCTURE CONSTANT

Even atomic clocks can detect drifts in
the fine-structure constant only over
days or, at most, years. If a changed by
more than four parts in 1015 over a
three-year period, the best clocks would
see it. None have. That may sound like
an impressive confirmation of constan-
cy, but three years is a cosmic eyeblink.
Slow but substantial changes during the
long history of the universe would have
gone unnoticed.

Fortunately, physicists have found
other tests. During the 1970s, scientists
from the French atomic energy commis-
sion noticed something peculiar about
the isotopic composition of ore from a
uranium mine at Oklo in Gabon, West
Africa: it looked like the waste products
of a nuclear reactor. About two billion
years ago, Oklo must have been the site
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of a natural reactor [see “A Natural Fis-
sion Reactor,” by George A. Cowan;
SCIENTIFIC AMERICAN, July 1976].

In 1976 Alexander Shlyakhter of the
Nuclear Physics Institute in St. Peters-
burg, Russia, noticed that the ability of
a natural reactor to function depends
crucially on the precise energy of a par-
ticular state of the samarium nucleus
that facilitates the capture of neutrons.
And that energy depends sensitively on
the value of «. So if the fine-structure
constant had been slightly different, no
chain reaction could have occurred. But
one did occur, which implies that the
constant has not changed by more than
one part in 108 over the past two billion
years. (Physicists continue to debate
the exact quantitative results because of
the inevitable uncertainties about the

conditions inside the natural reactor.)
In 1962 P. James E. Peebles and Rob-
ert Dicke of Princeton University first ap-
plied similar principles to meteorites: the
abundance ratios arising from the radio-
active decay of different isotopes in these
ancient rocks depend on a. The most
sensitive constraint involves the beta de-
cay of rhenium into osmium. According
to recent work by Keith Olive of the Uni-
versity of Minnesota, Maxim Pospelov
of the University of Victoria in British
Columbia and their colleagues, at the
time the rocks formed, a was within two
parts in 10° of its current value. This re-
sult is less precise than the Oklo data but
goes back further in time, to the origin of
the solar system 4.6 billion years ago.
To probe possible changes over even
longer time spans, researchers must look
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LOOKING FOR CHANGES IN QUASAR LIGHT

Adistant gas cloud, backlit by a quasar,
gives astronomers an opportunity to

probe the process of light absorption—and

therefore the value of the fine-structure

constant—earlierin cosmic history.

Lightfrom a quasarbegins its
journey to Earth billions of years
ago with asmooth spectrum

Onitsway, the light passes through

one or more gas clouds. The gas blocks
specific wavelengths, creating a series of
black linesin the spectrum. For studies of
the fine-structure constant, astronomers
focus on absorption by metals

By the time the light arrives on Earth,

the wavelengths of the lines have been
shifted by cosmic expansion. The amount
of shiftindicates the distance of the cloud
and, hence, its age

The spacing of the spectral lines can be
compared with values measured in the

laboratory. Adiscrepancy suggests that the fine-
structure constant used to have a differentvalue

QUASAR SPECTRUM, taken at the
European Southern Observatory’s Very
Large Telescope, shows absorptionlines
produced by gas clouds between the
quasar (arrowed at right) and us. The
position of the lines (arrowed at far right)
indicates that the light passed through
the clouds about 7.5 billion years ago.

to the heavens. Light takes billions of
years to reach our telescopes from distant
astronomical sources. It carries a snap-
shot of the laws and constants of physics
at the time when it started its journey or
encountered material en route.

Line Editing

ASTRONOMY FIRST entered the con-
stants story soon after the discovery of
quasars in 1965. The idea was simple.
Quasars had just been discovered and
identified as bright sources of light lo-
cated at huge distances from Earth. Be-
cause the path of light from a quasar to
us is so long, it inevitably intersects the
gaseous outskirts of young galaxies.
That gas absorbs the quasar light at par-
ticular frequencies, imprinting a bar code
of narrow lines onto the quasar spectrum
[see box above].
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Whenever gas absorbs light, elec-
trons within the atoms jump from a low
energy state to a higher one. These en-
ergy levels are determined by how tight-
ly the atomic nucleus holds the electrons,
which depends on the strength of the
electromagnetic force between them—
and therefore on the fine-structure con-
stant. If the constant was different at the
time when the light was absorbed or in
the particular region of the universe
where it happened, then the energy re-
quired to lift the electron would differ
from that required today in laboratory
experiments, and the wavelengths of the
transitions seen in the spectra would dif-
fer. The way in which the wavelengths
change depends critically on the orbital
configuration of the electrons. For a giv-
en change in a, some wavelengths shrink,
whereas others increase. The complex

pattern of effects is hard to mimic by
data calibration errors, which makes the
test astonishingly powerful.

Before we began our work seven
years ago, attempts to perform the mea-
surement had suffered from two limita-
tions. First, laboratory researchers had
not measured the wavelengths of many
of the relevant spectral lines with suffi-
cient precision. Ironically, scientists used
to know more about the spectra of qua-
sars billions of light-years away than
about the spectra of samples here on
Earth. We needed high-precision labora-
tory measurements against which to
compare the quasar spectra, so we per-
suaded experimenters to undertake
them. Initial measurements were done
by Anne Thorne and Juliet Pickering of
Imperial College London, followed by
groups led by Sveneric Johansson of
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Lund Observatory in Sweden and Ulf
Griesmann and Rainer Kling of the Na-
tional Institute of Standards and Tech-
nology in Maryland.

The second problem was that previ-
ous observers had used so-called alkali-
doublet absorption lines—pairs of ab-
sorption lines arising from the same gas,
such as carbon or silicon. They compared
the spacing between these lines in quasar
spectra with laboratory measurements.
This method, however, failed to take ad-
vantage of one particular phenomenon:
a change in « shifts not just the spacing
of atomic energy levels relative to the
lowest-energy level, or ground state, but
also the position of the ground state it-
self. In fact, this second effect is even
stronger than the first. Consequently, the
highest precision observers achieved was
only about one part in 10%.

In 1999 one of us (Webb) and Victor
V. Flambaum of the University of New
South Wales in Australia came up with a
method to take both effects into account.
The result was a breakthrough: it meant
10 times higher sensitivity. Moreover, the
method allows different species (for in-
stance, magnesium and iron) to be com-
pared, which allows additional cross-
checks. Putting this idea into practice
took complicated numerical calculations
to establish exactly how the observed
wavelengths depend on « in all different
atom types. Combined with modern tele-
scopes and detectors, the new approach,
known as the many-multiplet method,
has enabled us to test the constancy of «
with unprecedented precision.

Changing Minds
WHEN EMBARKING ON this project,
we anticipated establishing that the val-
ue of the fine-structure constant long
ago was the same as it is today; our con-
tribution would simply be higher preci-
sion. To our surprise, the first results, in
1999, showed small but statistically sig-
nificant differences. Further data con-
firmed this finding. Based on a total of
128 quasar absorption lines, we found
an average increase in a of close to six
parts in a million over the past six billion
to 12 billion years.

Extraordinary claims require ex-
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MEASUREMENTS of the fine-structure constant are inconclusive. Some indicate that the
constantused to be smaller,and some do not. Perhaps the constant varied earlier in cosmic
history and no longer does so. (The boxes represent arange of data.)

traordinary evidence, so our immediate
thoughts turned to potential problems
with the data or the analysis methods.
These uncertainties can be classified into
two types: systematic and random. Ran-
dom uncertainties are easier to under-
stand; they are just that—random. They
differ for each individual measurement
but average out to be close to zero over a
large sample. Systematic uncertainties,
which do not average out, are harder to
deal with. They are endemic in astrono-
my. Laboratory experimenters can alter
their instrumental setup to minimize
them, but astronomers cannot change
the universe, and so they are forced to
accept that all their methods of gather-
ing data have an irremovable bias. For
example, any survey of galaxies will
tend to be overrepresented by bright gal-
axies because they are easier to see. Iden-
tifying and neutralizing these biases is a
constant challenge.

The first one we looked for was a dis-
tortion of the wavelength scale against
which the quasar spectral lines were
measured. Such a distortion might con-
ceivably be introduced, for example,

during the processing of the quasar data
from their raw form at the telescope into
a calibrated spectrum. Although a sim-
ple linear stretching or compression of
the wavelength scale could not precisely
mimic a change in «, even an imprecise
mimicry might be enough to explain our
results. To test for problems of this kind,
we substituted calibration data for the
quasar data and analyzed them, pre-
tending they were quasar data. This ex-
periment ruled out simple distortion er-
rors with high confidence.

For more than two years, we put up
one potential bias after another, only to
rule it out after detailed investigation as
too small an effect. So far we have iden-
tified just one potentially serious source
of bias. It concerns the absorption lines
produced by the element magnesium.
Each of the three stable isotopes of mag-
nesium absorbs light of a different wave-
length, but the three wavelengths are very
close to one another, and quasar spec-
troscopy generally sees the three lines
blended as one. Based on laboratory
measurements of the relative abundanc-
es of the three isotopes, researchers infer
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SOMETIMES IT CHANGES, SOMETIMES NOT

According to the authors’ theory, the fine-structure constant should have stayed
constantduring certain periods of cosmic history and increased during others.
The data [see box on preceding page] are consistent with this prediction.
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the contribution of each. If these abun-
dances in the young universe differed
substantially—as might have happened
if the stars that spilled magnesium into
their galaxies were, on average, heavier
than their counterparts today—those
differences could simulate a change in a.

But a study published this year indi-
cates that the results cannot be so easily
explained away. Yeshe Fenner and Brad
K. Gibson of Swinburne University of
Technology in Australia and Michael T.
Murphy of the University of Cambridge
found that matching the isotopic abun-
dances to emulate a variation in « also
results in the overproduction of nitrogen
in the early universe—in direct conflict
with observations. If so, we must con-
front the likelihood that « really has
been changing.

The scientific community quickly re-
alized the immense potential significance
of our results. Quasar spectroscopists
around the world were hot on the trail
and rapidly produced their own mea-
surements. In 2003 teams led by Sergei
Levshakov of the Ioffe Physico-Technical
Institute in St. Petersburg, Russia, and
Ralf Quast of the University of Hamburg
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in Germany investigated three new qua-
sar systems. Last year Hum Chand and
Raghunathan Srianand of the Inter-Uni-
versity Center for Astronomy and Astro-
physics in India, Patrick Petitjean of the
Institute of Astrophysics and Bastien
Aracil of LERMA in Paris analyzed 23
more. None of these groups saw a change
in a. Chand argued that any change must
be less than one part in 10® over the past
six billion to 10 billion years.

How could a fairly similar analysis,
just using different data, produce such a
radical discrepancy? As yet the answer is
unknown. The data from these groups
are of excellent quality, but their samples
are substantially smaller than ours and
donot go as far back in time. The Chand
analysis did not fully assess all the ex-
perimental and systematic errors—and,
being based on a simplified version of
the many-multiplet method, might have
introduced new ones of its own.

One prominent astrophysicist, John
Bahcall of Princeton, has criticized the
many-multiplet method itself, but the
problems he has identified fall into the
category of random uncertainties, which
should wash out in a large sample. He

and his colleagues, as well as a team led
by Jeffrey Newman of Lawrence Berke-
ley National Laboratory, have looked at
emission lines rather than absorption
lines. So far this approach is much less
precise, but in the future it may yield use-
ful constraints.

Reforming the Laws

IF OUR FINDINGS prove to be right,
the consequences are enormous, though
only partially explored. Until quite re-
cently, all attempts to evaluate what hap-
pens to the universe if the fine-structure
constant changes were unsatisfactory.
They amounted to nothing more than as-
suming that a became a variable in the
same formulas that had been derived as-
suming it is a constant. This is a dubious
practice. If a varies, then its effects must
conserve energy and momentum, and
they must influence the gravitational field
in the universe. In 1982 Jacob D. Beken-
stein of the Hebrew University of Jerusa-
lem was the first to generalize the laws of
electromagnetism to handle inconstant
constants rigorously. The theory elevates
a from a mere number to a so-called sca-
lar field, a dynamic ingredient of nature.
His theory did not include gravity, how-
ever. Four years ago one of us (Barrow),
with Havard Sandvik and Joao Magueijo
of Imperial College London, extended it
to do so.

This theory makes appealingly sim-
ple predictions. Variations in a of a few
parts per million should have a com-
pletely negligible effect on the expan-
sion of the universe. That is because
electromagnetism is much weaker than
gravity on cosmic scales. But although
changes in the fine-structure constant
do not affect the expansion of the uni-
verse significantly, the expansion affects
a. Changes to a are driven by imbal-
ances between the electric field energy
and magnetic field energy. During the
first tens of thousands of years of cosmic
history, radiation dominated over
charged particles and kept the electric
and magnetic fields in balance. As the
universe expanded, radiation thinned
out, and matter became the dominant
constituent of the cosmos. The electric
and magnetic energies became unequal,
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and a started to increase very slowly,
growing as the logarithm of time. About
six billion years ago dark energy took
over and accelerated the expansion,
making it difficult for all physical influ-
ences to propagate through space. So a
became nearly constant again.

This predicted pattern is consistent
with our observations. The quasar spec-
tral lines represent the matter-dominat-
ed period of cosmic history, when o was
increasing. The laboratory and Oklo re-
sults fall in the dark-energy-dominated
period, during which « has been con-
stant. The continued study of the effect
of changing a on radioactive elements in
meteorites is particularly interesting, be-
cause it probes the transition between
these two periods.

Alpha Is Just the Beginning
ANY THEORY worthy of consideration
does not merely reproduce observations;
it must make novel predictions. The
above theory suggests that varying the
fine-structure constant makes objects
fall differently. Galileo predicted that
bodies in a vacuum fall at the same rate
no matter what they are made of—an
idea known as the weak equivalence
principle, famously demonstrated when
Apollo 15 astronaut David Scott dropped
a feather and a hammer and saw them
hit the lunar dirt at the same time. But if
a varies, that principle no longer holds
exactly. The variations generate a force
on all charged particles. The more pro-
tons an atom has in its nucleus, the more
strongly it will feel this force. If our qua-
sar observations are correct, then the ac-
celerations of different materials differ
by about one part in 101*—too small to
see in the laboratory by a factor of about
100 but large enough to show up in
planned missions such as STEP (space-
based test of the equivalence principle).
There is a last twist to the story. Pre-
vious studies of a neglected to include
one vital consideration: the lumpiness of
the universe. Like all galaxies, our Milky
Way is about a million times denser than
the cosmic average, so it is not expand-
ing along with the universe. In 2003
Barrow and David F. Mota of Cam-
bridge calculated that « may behave dif-
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IN THE GRAND SCHEME OF THINGS, our
observable universe is thought to be a small
part of a multiverse. Other regions could
have values of the fine-structure
constantdifferent fromours. In
principle, astronauts could venture

into those realms, but they would
encounter asurreal scene, where the
laws of physics that enable their
existence were pulled out

fromunder their feet.
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ferently within the galaxy than inside
emptier regions of space. Once a young
galaxy condenses and relaxes into grav-
itational equilibrium, a nearly stops
changing inside it but keeps on changing
outside. Thus, the terrestrial experi-
ments that probe the constancy of a suf-
fer from a selection bias. We need to
study this effect more to see how it would
affect the tests of the weak equivalence
principle. No spatial variations of a have
yet been seen. Based on the uniformity
of the cosmic microwave background ra-
diation, Barrow recently showed that «
does not vary by more than one part in
108 between regions separated by 10 de-
grees on the sky.

So where does this flurry of activity
leave science as far as o is concerned? We
await new data and new analyses to con-
firm or disprove that a varies at the level
claimed. Researchers focus on a, over

Universes with other values of o

U‘”&:

the other constants of nature, simply be-
cause its effects are more readily seen. If
a is susceptible to change, however, oth-
er constants should vary as well, making
the inner workings of nature more fickle
than scientists ever suspected.

The constants are a tantalizing mys-
tery. Every equation of physics is filled
with them, and they seem so prosaic that
people tend to forget how unaccount-
able their values are. Their origin is
bound up with some of the grandest
questions of modern science, from the
unification of physics to the expansion
of the universe. They may be the super-
ficial shadow of a structure larger and
more complex than the three-dimen-
sional universe we witness around us.
Determining whether constants are tru-
ly constant is only the first step on a path
that leads to a deeper and wider appre-
ciation of that ultimate vista.
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