The power of the approach, Chris-
takis points out, is that in the event of an
outbreak, the behavior of a small sub-
group of the population presages the
evolution in the much larger, and essen-
tially unobservable, global network—
without requiring details of anyone’s ac-
tual social ties. “We’re not claiming that
people necessarily got the flu from the
friends they nominated, nor that the
local network maps the path along
which the pathogen flows,” he says. “A
‘friend’ is just a proxy for an actual loca-
tion in the network.” Armed with an ad-
vance warning from the health data
about friends—or even friends of friends

for a yet more central set of nodes—
health officials could then decide how
best to forestall an epidemic.

Ideally, Christakis and Fowler note,
groups should be selected before data
are collected to avoid any hidden bias
creeping into the data. Thanks to the
proliferation of internet- and GPS-
equipped mobile phones and social net-
working sites like Facebook, re-
searchers can, at least in principle,
quickly access staggering amounts of
information in real time: where people
are; with whom they interact; and what
they like, buy, and blog about.

As people increasingly reveal them-

selves online and computational power
grows to better handle the volume, re-
searchers may gain insight into spread-
ing processes in networks and how to
anticipate their effects. In 2009 the HIN1
virus infected over 50 million Ameri-
cans. There are now more than 150 mil-
lion active Facebook users in the US.
Mark Wilson
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Relativistic effects seen at everyday distances

and speeds

Recent results highlight the precision reached by the latest optical clocks.

In George Gamow’s popular ac-
count of special relativity, his title char-
acter, Mr. Tompkins, dreams of a “Won-
derland” in which passing bicyclists
appear flattened by length contraction.
Gamow achieved the effect in his fiction
by setting the speed of light at a mere
30 miles per hour. Recently, researchers
at NIST in Boulder, Colorado, also
made relativity seem more common-
place, but not by resorting to a literary
artifice. Instead, they used accurate
clocks to measure the much smaller but
very real relativistic effects that occur at
everyday time and distance scales.

The NIST team has developed the
most precise optical clocks in the world,
based on the optical frequency of an
electron transition in a single aluminum
ion trapped nearly at rest (see the article
by James C. Bergquist, Steven R. Jef-
ferts, and David J. Wineland in PHYSICS
ToDAY, March 2001, page 37). In the re-
cent experiment, the clocks could detect
the minuscule relativistic effects that
arise when the ion in one clock oscil-
lates with an average speed of just 10
meters per second (about 22 mi/hr) rel-
ative to the stationary ion in a second
clock, or when the elevation of one
clock changes by as little as 33 cm.!

The first of those effects is the equiv-
alent of special relativity’s twin para-
dox. The oscillating ion plays the role of
the traveler, whose clock runs more
slowly than that of its look-alike at
home. The second effect is the gravita-
tional frequency shift experienced by
clocks at different points in a gravita-
tional potential.

The experiment is an excellent
demonstration of the high performance

16 November 2010 Physics Today

reached by NIST’s optical clocks, states
Christophe Salomon of the Ecole Nor-
male Supérieure in Paris. The more ac-
curate of the two clocks used in the ex-
periment was unveiled last February?
and has a systematic frequency uncer-
tainty of 8.6 x 107'. By contrast, the cur-
rent SI standard for time is a cesium-
atom fountain clock, operating at
microwave frequencies, with an accu-
racy on the order of 107,

The NIST group is certainly not
claiming to have made the most precise

test of relativity; many other techniques
at various scales have put the theory
through its paces. James Chin-Wen
Chou, lead author on the new NIST
paper, points out that among laboratory
measurements, Maossbauer spectros-
copy and atom interferometry have
greater sensitivities to gravitational ef-
fects than atomic clocks, although the
two clocks have the distinction that they
can be located in separate laboratories.
Holger Miiller of the University of Cali-
fornia, Berkeley, finds a philosophical
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Figure 1. Time dilation is measured by comparing the frequencies of two ion clocks.
In the left-hand clock of the inset, the ion remains stationary at the center of a

trap. In the other, the displaced ion executes harmonic oscillations. The larger the
root-mean-square velocity of the second ion, the greater is the frequency difference
between the clocks. The blue curve is the theoretical prediction. (Adapted from ref. 1.)
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appeal to the optical-clock measure-
ments. Unlike the other two techniques,
which involve extremely high oscillation
frequencies, he says, “the new work op-
erates on everyday scales with a clock
you can use to measure heartbeats.”

To see the relativistic effects, Chou
and his colleagues required not only
highly sensitive clocks but also a low-
noise 75-meter-long optical fiber to
transfer the signal from a clock in one
laboratory to a reference clock located
down the hall.

lon clocks

To achieve high accuracy in the clocks
used in the recent demonstration, NIST
researchers needed a way to efficiently
cool an Al ion and to detect its optical
transition. For those tasks, they ex-
ploited a logic operation developed for
quantum information science (see
PHYSICS TODAY, October 2005, page 24).
The technique pairs the Al ion with a
fluorescing magnesium-25 ion, which is
used to monitor whether a clock laser is
on resonance with Al's narrow 'S < 3P,
line (8 mHz). As Chou explains it, if the
clock laser has not excited the Al ion, a
second probe laser will be able to in-
duce a collective motion between the Al
and Mg ions. The kinetic energy can be
translated into a change in the internal
state of the Mg ion, turning off its fluo-
rescence signal. If, however, the pump
laser has succeeded in exciting the ¥Al,
the probe laser will fail to induce collec-
tive motion and the Mg ion will con-
tinue to fluoresce. The fluorescence
then signals that the clock laser is tuned
to the atomic transition.

In the older clock used as a reference
in the recent experiment, the logic ion
was beryllium-9 rather than *»Mg. The
cooling and detection work better when
the logic ion has a mass that’s closer to
that of the Al ion because then the two
ions more equally share the energy of
collective motion.

To measure time dilation due to mo-
tion, Chou and his colleagues nudge
the Alion in the AI-Mg clock a bit away
from the ion trap’s center so that it ex-
periences harmonic motion, while the
Al in the Al-Be clock remains essen-
tially at rest. As seen in figure 1, the
faster the oscillation of the traveler ion,
the greater is the downward shift of its
clock frequency.

To determine the gravitational fre-
quency shift that makes the two clocks
beat at different rates, the NIST group
put the Al-Mg clock on a table whose
height could be altered with a jack. It
was connected to an Al-Be clock that re-
mained at one elevation in another lab.
The Al-Mg clock started out 17 cm
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Figure 2. Gravitational redshift is measured by comparing the frequencies of
the clocks at different elevations. After the first 13 measurements (blue data), one
clock is raised 33 cm (red). The elevation change produces a measurable shift in
the averaged fractional frequency difference (horizontal lines). Yellow shading is
the statistical uncertainty. (Adapted from ref. 1.)

below the other clock and then was
raised by a total of 33 cm. Figure 2
shows the shift in the clocks’ frequency
difference.

Geodesic applications

Salomon notes that the NIST experi-
ment has important implications for ge-
odesy, the mapping of Earth’s gravita-
tional potential and changes to it. A
succession of satellite missions—
CHAMP, GRACE, and GOCE—have
been mapping Earth’s potential (see
PHYSICS TODAY, February 2003, page
18). Satellites can now determine the
geoid, the hypothetical surface of con-
stant gravitational potential, to about
1 cm but that’s averaged over areas hun-
dreds of kilometers on a side. Optical
clocks could complement those meas-
urements with readings at distributed
points on Earth’s surface if clock design-
ers reach their goal of one part in 10
accuracy and if researchers can find a
way to accurately compare clocks at
widely separated locations. MIT’s
Daniel Kleppner has pointed out some
challenges that arise when clocks be-
come so accurate (see PHYSICS TODAY,
March 2006, page 10).

Rather than comparing distant
ground-based clocks to one another,
one might compare them to a reference
clock on board a satellite. Researchers
plan to launch a laser-cooled cesium
clock and a hydrogen maser into space
in a European Space Agency program,
Atomic Clock Ensemble in Space

(ACES). One of its missions is to pro-
vide high-precision space-to-ground
and ground-to-ground comparisons of
clock frequencies.

The clocks aboard ACES will also
test relativity and measure the con-
stancy of fundamental constants. The
most accurate test of the gravitational
redshift to date has been the 1980 meas-
urement by Robert Vessot and col-
leagues using a hydrogen maser
launched to an altitude of 20 000 km on
a rocket. Recently, Miiller and two col-
leagues reinterpreted® a decades-old
atom interferometry experiment, ini-
tially performed as an accurate deter-
mination of the acceleration of gravity,
in terms of a very precise measurement
of the relativistic gravitational fre-
quency shift (see PHYSICS TODAY, April
2010, page 19). A Paris-based group has
questioned that reinterpretation.* At
issue is essentially whether the gravita-
tional redshift can be measured inde-
pendently of the acceleration of free fall.

Barbara Goss Levi
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