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Still, Makris says that the team’s
population estimates are accurate to
within 1 dB, and the dynamic range
in the images spans more than three
orders of magnitude.

School rules
Evolution has hardwired fish to con-
gregate into schools, and those schools
into larger shoals. The behavior max-
imizes eating opportunities and mini-
mizes the risk of being eaten; herring,
for instance, typically open their gill
rakers wide and filter-feed on plank-
ton for longer times and with less risk
while swimming in groups. A large
school also presents a confusing tar-
get to predators, as individual fish
blur into the crowd. To combat a
threat—a shark following closely be-
hind the school, say—fish resort to de-
fensive tactics. A compact school may
suddenly explode like a hand grenade,
whereby the fish dart off in all direc-
tions thanks to special nerve cells. Al-
ternatively, individuals may gradually
peel off from the school, just outside of
visual range, only to reassemble some-
where behind the predator.5

Makris’s team noticed the rapid
fluctuations in shoal populations,
whether in response to predation or
some other prompt, that bear out such
behavior dynamics. The numbers
could vary by as much as 20% over the
course of a few minutes as a few mil-
lion fish were observed to migrate be-
tween schools within the shoal or
through narrow bridges that briefly

connect one region to another. 
The behavior is tied to the evolu-

tionary preference of fish to quickly
assemble and reassemble into
schools, explains Tony Pitcher of the
University of British Columbia’s Fish-
ery Centre. Indeed, schooling fish are
biologically adapted to copy the move-
ments of their neighbors. Special sen-
sory hairs in a fish’s lateral line sys-
tem, located within shallow canals
just below its skin and scales, pick up
transient pressure waves from close
neighbors. 

Uwe Kils, while working at the In-
stitute for Marine Research in Kiel,
Germany, realized in the late 1980s
that the evolutionary behavior goes
beyond simply maintaining a school’s
organizational coherence. It can serve
to pass a signal through the school, an
effect Kils termed synchrokinesis. As
a few fish quickly turn to avoid a pred-
ator, say, nearby ones follow suit as
the pressure wave travels through the
crowd. Such fish density waves can
exceed the typical speed at which fish
swim by an order of magnitude,
Makris says. Monitoring the large-
scale internal motion and migration
patterns in shoals should address the
degree of coordination and interaction
between different species that may co-
exist in shoals in the wild. 

Apparently, what happens at small
scales also happens at large scales.
Makris’s observation of synchrokine-
sis, structure, and rapid reassembly
dynamics at large scales bears out

what biologists have observed in far
smaller schools—on a scale of tens of
meters. 

The preference to rapidly form
large shoals from smaller subunits
makes fish populations especially vul-
nerable to overfishing, cautions
Pitcher. Even though overfishing has
diluted the stock of fish in the world’s
oceans to roughly 1% of estimated
abundances 100 years ago, fishermen
remain able to reach their catch quo-
tas. The trick lies in finding the
shoals, whose individual densities
may be little changed. The true de-
pletion in fish stock may then appear
invisible even to the fishermen, as
populations shrink under their feet.
Pitcher remains sanguine, arguing
that what fishery regulators really
want—an accurate record of the bio-
mass in the oceans—is within reach.

Mark Wilson
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Gravitational Microlensing Reveals the Lightest 
Exoplanet Yet Found
Since 1995, almost 200 extrasolar

planets have made themselves
known by spectral Doppler oscillation
as they tug their host stars to and fro.
In the last two years, a very different
technique—gravitational microlens-
ing—has revealed only three planets.
But the most recent microlensing dis-
covery makes clear the special advan-
tages of that technique for finding
Earth-like planets. In January, a
worldwide collaboration of three mi-
crolensing groups—PLANET, OGLE,
and MOA—reported1 the discovery of
a planet of roughly 5.5 Earth masses
(M−) circling a red-dwarf star with an
orbital radius of about 2.6 astronomi-
cal units (1 AU is Earth’s orbital ra-
dius). It’s the lightest extrasolar
planet ever discovered.

The great majority of the planets
found by the Doppler method have
been Jupiter-like gas giants, two or
three orders of magnitude heavier

than Earth. That’s because the ampli-
tude of the telltale Doppler oscillation
of the host star’s spectrum increases
as the mass of the planet that’s mak-
ing it wobble. The technique also fa-
vors planets much closer to their hosts
than 1 AU; the Doppler oscillation am-
plitude increases with proximity, and
close-in planets, with orbital periods
of days or weeks rather than years,
can be discerned in comparably brief
observations.

Even before the recent announce-
ment of the 5.5-M− planet, simula-
tions had suggested that microlensing
could reveal planets substantially
lighter than Earth.2 Furthermore, for
typical microlensing events within
our galaxy, the technique is most sen-

sitive for planets orbiting a few AU
from their stars. Hence the fond hope
that microlensing would soon discover
Earth-like planets. It’s not just a mat-
ter of loneliness or geochauvinism.
Discovering the relative abundance of
gas giants and Earth-like rocky plan-
ets around different kinds of stars is
important for testing theories of
planet formation.

Gravitational microlensing
The deflection of light by gravitation
is a central feature of general relativ-
ity. The historic 1919 solar-eclipse ob-
servation of the deflection of starlight
by the Sun made Albert Einstein and
his theory famous. In 1936 he pointed
out that the image of a stellar source
perfectly aligned behind a foreground

Earth-like planets halfway across the galaxy can disclose themselves by
bending light from background stars.
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star of mass M would be distorted by
gravitational lensing into a ring of an-
gular radius

where G is the gravitational constant
and DS and DL are the observer’s dis-
tances from the background source and
the foreground lensing star. If the
alignment is less than perfect or if the
foreground object is more complicated
than a lone star, the distorted image of
the background object can take a vari-
ety of shapes (see the article by Leon
Koopmans and Roger Blandford in
PHYSICS TODAY, June 2004, page 45.)

Such distorted images are common
when the sources are distant galaxies

and the lenses are massive fore-
ground galaxy clusters. But when the
background object is effectively a
point star and uE, the angular radius
of the so-called Einstein ring, is too
small to be resolved by a telescope,
one sees only magnification brighten-
ing, rather than distortion, of the
source as the lensing object passes in
front of it. That’s called microlensing.
It’s what happens, for example, when
the source star is in the Milky Way’s
central bulge and the intervening lens
star is about half as far away. In that
case, uE is less than a milliarcsecond,
far below the resolution of any exist-
ing telescope.

Microlensing has been exploited
for more than a decade to survey the

Figure 1. Finding planets by microlensing. Gravitational lensing by a fore-
ground star passing near the sightline to a much brighter background star 
distorts the latter’s image. If the Einstein radius RE, the characteristic parameter
of the lensing event (indicated in the middle panel), is too small to resolve,
the only lensing manifestation is a light curve (red) of brightening and waning
as the passing lens star magnifies the source star. A planet accompanying the
lensing star at a distance comparable to RE can show itself as a brief bump 
on the light curve. (Adapted from David Bennett’s website:
www.nd.edu/~bennett/moa53-ogle235.)



24 April 2006    Physics Today www.physicstoday.org

population of red-dwarf stars in the
galactic disk. These very abundant
stars are too faint to be seen outside
their immediate neighborhoods. But a
distant red dwarf can announce itself,
and its mass, by microlensing if it
chances to pass close to an observer’s
line of sight to a bright star in the
galactic bulge.

Looking for planets
In 1991, Princeton University astro-
physicist Bohdan Paczynski and his
student Shude Mao pointed out that
such microlensing events could po-
tentially reveal a planet orbiting the
foreground lensing star at a distance
comparable to the “Einstein radius”
RE given by DLuE. Such a planetary
companion, they argued, could intro-
duce observable structure into the
otherwise smooth, bell-shaped light
curve of source-star brightening and
dimming over several weeks as the
lensing star passes in front of it (see
figure 1).

Paczynski and Andrzej Udalski
(University of Warsaw) founded the
OGLE group, which has been moni-
toring bright stars in the galactic
bulge for microlensing events since
the early 1990s with the modest
1.3-meter Warsaw telescope in the
Chilean Andes. OGLE records the
same large star field night after night.
By electronically subtracting each
night’s image from the subsequent
image, one can promptly identify the
rare star that’s getting brighter. In the
last few years, MOA, a Japan–New
Zealand collaboration with a tele-
scope in New Zealand’s Southern
Alps, has been doing much the same.

Once-a-day monitoring is adequate
for simple microlensing events; the
light curves are many weeks wide.
But the blips that disclose planetary
companions typically last for less than
a day. Therefore, because round-the-
clock monitoring requires a world-
wide network of telescopes, OGLE
and MOA announce their new finds to
collaborations like PLANET, a net-
work headed by Jean-Phillipe
Beaulieu (Paris Institute of Astro-
physics), with telescopes in Australia,
Hawaii, Chile, and South Africa.

OGLE finds about 500 microlens-
ing events per year, and MOA another
50 or so. Early in the microlensed
star’s brightening phase, the tele-
scope networks are alerted to the most
promising incipient light curves—
those that indicate a very bright
source star or particularly high peak
magnification. For three years now,
collaboration between OGLE, MOA,
and several networks has been in high
gear. In that time, the collaboration

has reported evidence of three plan-
ets. The first two were Jupiter-mass
objects orbiting their stars at a few
AU, not unlike many discovered by
the Doppler method.3

The Doppler method estimates or-
bital radius directly from the orbital
period manifested by the Doppler os-
cillation. But deducing planetary and
host-star parameters from a micro-
lensing event requires model fits to
the overall light curve and its telltale
planetary bump. Determining plane-
tary orbits in that way is less precise.
But, unlike the Doppler method, it
doesn’t require continuous observa-
tion for the better part of a full orbital
period—which can take decades.

Jackpot
In mid-July of last year, PLANET and
MOA were alerted by OGLE to yet an-
other microlensing event. As shown in
figure 2, OGLE had been monitoring
a relatively bright giant star in the
galactic bulge for almost four years
before the star began to brighten early
in July. On 31 July, its light curve
peaked at three times the star’s nor-
mal brightness.

The jackpot came 10 days later,
when the collaboration recorded a
bump interrupting the smoothly wan-
ing light curve for less than a day. The

best fit to the main light curve yields
a lensing-star mass of 0.22 solar
masses. That’s typical for red dwarfs,
the most common stars in the galaxy.
The curve that fits the little excursion
best (see the expanded inset in fig-
ure 2) yields a planet of approximate
mass 5.5 M− (with large, asymmetric
error bars), whose orbital radius is
about 1.6 RE. The only competing fit to
the bump assumes that the lens is a
binary-star system with two objects of
stellar mass and no planet. That al-
ternative, indicated by the gray
dashed curve in the inset, “is strongly
rejected by the data,” says Beaulieu. 

Microlensing is most sensitive to
planets with orbital radii near 1 Ein-
stein radius. Translating 1.6 RE into
an explicit distance requires estimat-
ing the observer’s distance from the
lensing and source stars. Knowing the
lensing light curve, the spectral type
and brightness of the source star, and
the celestial direction of the event rel-
ative to the galactic center, the col-
laboration got rough estimates for DS
and DL from a standard model of the
distribution of stars in the Milky
Way.4 The best resulting estimate is
that the source star, at about 26 000
light-years, is just a little beyond the
galactic center, and that the lensing
star, about 4500 light-years closer to

Figure 2. On 10 August 2005, a brief bump (detail in right inset) on the
waning light curve of a microlensed bright star in the Milky Way’s central
bulge revealed the existence of a planet accompanying the faint lensing star.
The OGLE team had been monitoring the bright star without incident for 
almost four years (left inset) when it began brightening last July. OGLE joined
forces with MOA and the worldwide network of PLANET telescopes to meas-
ure in detail the light curve and any planetary bump it might manifest. The
best fit to the bump (solid curve in inset) yields a planetary mass of 5.5 Earth
masses and an orbital radius 2.6 times Earth’s. The gray dashed curve is a
much poorer fit that assumes a binary star system with no planet. (Adapted
from ref. 1.)



www.physicstoday.org April 2006    Physics Today 25 See www.pt.ims.ca/7375-19

us, is still inside the galaxy’s central
bulge.

Those distance estimates yield the
best estimate of 2.6 AU for the newly
discovered planet’s orbital radius. To-
gether with the low luminosity of its
red-dwarf parent, that orbital dis-
tance suggests a surface temperature
of about 50 K. Hardly a habitable
place. “But the fact that one in three
of the planets found by this exciting
new method is so light,” says plane-
tary theorist Douglas Lin (University
of California, Santa Cruz), “suggests
that terrestrial planets are common,
and that we might soon find one with
a more hospitable climate.”

Planets big and small
What is the population ratio of jovian
to terrestrial planets in the galaxy?
Just like the Doppler method, mi-
crolensing is biased in favor of heav-
ier planets. The discovery paper ar-
gues that a jovian planet is about 50
times easier to find by microlensing
than is a 5-M− one. So, one might
argue that the 2:1 score to date in
favor of gas giants implies a great pre-
ponderance of much smaller rocky
planets.

But the statistics of small samples
are treacherous. And in any case, the
Doppler and microlensing groups
have been looking at disparate popu-
lations. Doppler works best for bright
nearby stars. In fact, the Doppler
teams have undertaken to look for
planets around every solar-type star
within 150 light-years of the Sun.
Thus far, they’ve found gas giants
around roughly 10% of all the Sun-
like stars they’ve monitored. They
also look occasionally at nearby red-
dwarf stars. And around one of them,
Paul Butler’s team recently found the
lightest planet (7.5 M−) ever discov-
ered by the Doppler method.5 Two
years ago, Butler and company found
a 21-M− planet orbiting another local
red dwarf. 

It’s presumed that dwarf stars,
born with skimpier circumstellar
disks than those of larger stars, are
less likely to produce gas giants. The
microlensing teams find mostly red
dwarfs simply because their popula-
tion dominance makes them the most
likely foreground lenses for bright
stars in the galactic bulge. Finding a
planet a few AU from its host requires
that the observer’s distance from such
a lensing duo be of order 104 light-
years. A source-star distance of 2DL is
optimal for microlensing. At such
galactic distances, following up a
planet discovery with direct imaging
must await a future generation of
very big space telescopes. Unlike

Doppler monitoring of nearby stars,
microlensing is, for the present, “a
one-shot deal,” as Lin puts it.

The provenance of gas giants and
its effect on the abundance of smaller
rocky planets are matters of some dis-
pute among theorists. Lin supports
the majority view that gas giants
form gradually, starting with the ac-
cretion of a rocky core from disk ma-
terial until the core becomes massive
enough to begin pulling in a gigantic
mantle of gas. This scenario suggests
that “failed Jupiters,” manifesting
themselves as smaller rocky or icy
planets, may strongly outnumber 
the gas giants. “It’s still early days,”
says Lin, “but the microlensing data
suggest that many more dwarf stars
have Earth-mass planets than have
gas giants.”

The alternative disk-instability
model favored by theorist Alan Boss
(Carnegie Institution of Washington)
posits a more abrupt formation of
full-grown gas giants when circum-
stellar disks become gravitationally
unstable. The model assumes that
rocky planets do form by accretion of
solid material, but closer in, well
away from the region of gravitational
instability. It does not predict that ei-
ther terrestrial or jovian planets pre-
dominate. “I don’t think this wonder-
ful new discovery tells us much yet
about the relative abundance of rocky
planets and gas giants, or about how
gas giants form,” says Boss. “The one
clear lesson from it and recent
Doppler discoveries is the existence of
a new class of middleweight planets
with masses from about 5 to 25 M−.
And we won’t know if they’re terres-
trial or Neptune-like ice giants until
we can see a nearby one transiting in
front of its star.”

At press time, a microlensing col-
laboration headed by Andrew Gould
(Ohio State University) has an-
nounced6 the discovery, in another
OGLE event, of a 13-M− planet orbit-
ing a star at a radius of about 3 AU.

Bertram Schwarzschild
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