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P
ierre Teilhard de Chardin, a paleon-
tologist, geologist, philosopher, and
Jesuit priest, wrote, “The history of

the living world is an elaboration of ever
more perfect eyes in a cosmos in which
there is always something new to be
seen.” Teilhard’s epigram provides a stun-
ning description of mankind’s longing to
understand the natural world, which is
to say mankind’s instinct for science.  

Today it is essential that science con-
tinue to flourish because society desper-
ately needs science to deal with the
growing problems due to our changing
climate—ocean-level rise, destructive
storms, forest fires, drought, and above
all, the need for new sources of energy.
But society also desperately needs sci-
ence that although not focused on those
problems could be crucial for solving
them. A glance at some modern develop-
ments shows why.

Teilhard’s phrase “ever more perfect
eyes” accurately portrays the evolution of
telescopes from crude optical devices at
the dawn of the 17th century to today’s
space telescopes. That fabulous develop-
ment was driven by curiosity about the
nature of the universe: It was the product
of basic research, which is motivated by
the joy in understanding the natural
world, in contrast to applied research,
which is motivated by the need to solve a
particular problem. Teilhard’s phrase is a
pretty good description of basic research.

Albert Einstein’s search for a theory of
gravity—his general theory of relativ-
ity—is an iconic example of basic re-
search. The problem he struggled to
solve, to create a theory that avoided
some inconsistencies in Newton’s theory
of gravity, worried hardly anyone else
and had no conceivable use, at least not
at that time. 

A startling consequence of Einstein’s
theory is that gravity affects time. A clock
on top of a mountain runs faster than an
identical clock at sea level, although not
by much: At the peak of Mount Everest,
a clock runs fast by only a few millionths
of a second each month.

Einstein’s prediction for the effect of
gravity on time stimulated an experi-

mental search. It originated on 21 Janu-
ary 1945 when a New York Times article
carried the headline “‘Cosmic pendu-
lum’ for clock planned.” It was the report
of a speech at an American Physical So-
ciety meeting in New York City; the
speaker was I. I. Rabi, a physicist at Co-
lumbia University. Rabi proposed creat-
ing a clock whose “ticks” were governed
not by the swing of a pendulum but by
pulsations in an atom on one of its natu-
ral frequencies that could be measured
by a technique he had invented. 

The accuracy of such an atomic clock
could be fabulously high. The newspaper
article reported, “Professor Rabi said that
he would like to see someone build an
atomic clock that would be capable of pro-
viding, for the first time, a terrestrial check
on the Einstein postulate that the gravita-
tional field produces a change in the fre-
quency of radiation.” Thus the creation of
atomic clocks sprang directly from curios-
ity about whether gravity affects the rate
of a clock—that is, whether gravity affects
time. Lacking any other conceivable appli-
cation for such an accurate clock, the quest
is a perfect example of basic research.

Nobody rushed to build an atomic
clock after Rabi’s 1945 talk. The research
establishment was in disarray from
World War II, and there were some tech-
nical barriers. Serious work on atomic

clocks started around 1950, and in 1954
the first such clock was demonstrated
in the UK. It came to be known as the
cesium-beam atomic clock.

In 1956 Norman Ramsey, a former stu-
dent of Rabi’s, proposed a different type
of atomic clock that would be capable of
investigating Einstein’s prediction about
gravity and time. The device, known as
the hydrogen maser, was demonstrated
in 1960. Today hydrogen masers are
found in most primary timekeeping lab-
oratories along with other atomic clocks
that set the international time.

Although the hydrogen maser was
created to verify Einstein’s conjecture
about time and gravity, its unanticipated
applications are noteworthy. For in-
stance, it made the radio astronomy tech-
nique known as very long baseline inter-
ferometry (VLBI) possible. In each radio
observatory, a nearby maser provides a
time-stamp signal that permits distant
laboratories to synchronize their obser-
vations. With VLBI, astronomers can cre-
ate radio telescope antennas that are ef-
fectively the size of Earth; they enable
astronomers to create maps of hydrogen
throughout the universe with astonish-
ing detail and to look back in time to-
ward the infancy of the cosmos. 

Recent progress has been reported on a
new frontier of gravity. At the center of our
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THE GREENLAND TELESCOPE is one of more than 
eight in the global Event Horizon Telescope array that
aims to observe the immediate environment of black
holes. The technology used to synchronize the mem-
ber telescopes derives from the same basic research
that enables detailed, synchronous climate-change
measurements by today’s weather satellites. (Photo
by Nimesh A. Patel.)



galaxy, a massive black hole is swallow-
ing nearby masses. Matter falling into the
black hole vanishes forever, but as the mat-
ter crosses a surface called the event hori-
zon, it radiates brilliantly. The Event Hori-
zon Telescope, an advanced VLBI array,
is letting us see that process by combining
signals from radio telescopes around the
world. Last month the EHT team released
its first remarkable image, of the central
black hole in galaxy M87. The EHT is mak-
ing it possible to study the predictions of
general relativity for phenomena never
before witnessed: matter moving in fan-
tastically strong gravitational fields.

The greatest effect of atomic clocks on
society is from the creation of the global

positioning system. It is fundamentally a
timing system, and atomic clocks are at its
heart. To my knowledge, nobody had
thought about such a system before
atomic clocks became a reality, and no-
body could have imagined its powers.
Today GPS enables the air control systems
that guide planes in flight and the ground
navigational systems in smartphones
and automobiles. It keeps our communi-
cations networks and power grids syn-
chronized and is crucial for medical emer-
gency systems. Above all, GPS is critical
for understanding the existential threat
that climate change is to civilization.

Understanding the global climate re-
quires data on a vast number of variables:
radiant energy flow to and from Earth,
vertical and horizontal temperature pro-
files, cloud covering and temperature,
sea- and land-surface profiles, ocean-
surface temperature and wind speed,
global precipitation, water content of the
atmosphere, the list goes on. And the
quantity of data gathered is enormous.

The primary source of data on Earth’s
climate is a fleet of weather satellites in
polar orbits, some from the US and some
from Europe. The fleet scans Earth’s en-

tire surface four times a day. Often, the
satellites work together in pairs, ex-
changing radar and lidar signals to
measure the water content of the highest
region of the atmosphere. That particular
measurement is vital because most of the
atmospheric water is stored there. In ad-
dition to the polar fleet of weather obser-
vatories, clusters of synchronous satel-
lites from different nations continuously
view Earth. The US has two clusters
viewing the entire country, one looking
east, the other west.

Because few of those global climate
measurements could have been made
without GPS, it is valuable to keep in
mind the system’s origin: mere curiosity
about general relativity. GPS is a trans-
formational technology that grew out of
basic research. One can cite many other
examples of how basic research drives
transformational advances. In physics,
for instance, investigations of molecules
in space by Charles Townes led to the
 invention of the laser, and studies of
atomic nuclei by Edward Purcell and
Felix Bloch led to the invention of MRI. 

I stress the unexpected rewards from
basic research because society urgently
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needs new ways to deal with the rapidly
growing crises of climate change. The
latest report of the Intergovernmental
Panel on Climate Change (IPCC) con-
cludes that previous reports erred in
being too cautious: The time to stem the
flow of greenhouse gases is shorter than
had been estimated. We face the possibil-
ity of a runaway situation in which an in-
crease in global temperature feeds back
to accelerate global heating. Such a
process would lead to a massive change
in climate and a catastrophic elevation of
sea level. We face a threat to civilization.

In the US today, support for basic re-
search is dwindling. Opportunities for a
career in basic research are decreasing,
and our ability to attract excellent stu-
dents from home and abroad is declining.
When considered in the context of the
most recent report of the IPCC, the neg-
lect of basic research may be disastrous.

If our civilization succeeds in learn-
ing to live in harmony with the natural
world, science will have played a crucial
role in the transition. The immediate
problem in the US is to convince Con-
gress that the situation is urgent. Hap-
pily, the years of developing STEM edu-
cation in the US are starting to pay off.
The numbers of scientifically literate cit-
izens and members of Congress are
growing. Our representatives will listen
if citizens—both scientists and nonscien-
tists—speak up for science and particu-
larly for the value of basic research.

Daniel Kleppner
(kleppner@mit.edu)

Massachusetts Institute of Technology
Cambridge
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Rediscovering the
roots of our work

A
cknowledging the priority of ideas
in the scientific literature can be dif-
ficult. One can hardly be faulted for

not being aware of all papers on a topic.
The problem is hard enough with the
many foundational papers that get cited
but rarely read; it is much worse with
the masses of others that have faded
into obscurity along with their preco-
cious insights.

Charles Day’s editorial “Crediting
our predecessors” (PHYSICS TODAY, Sep-
tember 2018, page 8) and Ray Goldstein’s
article “Coffee stains, cell receptors, and
time crystals: Lessons from the old liter-
ature” in the same issue (page 32) re-
mind us of the pleasurable thrill (and for
those who thought their ideas were orig-
inal, the disappointment) of rediscover-
ing those old gems.

My favorite example of the form is a
not-so-obscure paper, “Gravitational
machines,” by Freeman Dyson.1 That
brilliant article, ostensibly about the lim-
its of power generation by a spacefaring
civilization, is occasionally cited for its
insights into the gravitational-wave radi-
ation of binary systems. 

But Dyson’s article made a series of
other remarkable scientific leaps that are
rarely cited. He offered what is appar-
ently the first published speculation on
the existence of tight binaries comprising
two neutron stars; his comment predated
the discovery of pulsars by five years. He
also calculated the gravitational-wave
signal strength of those binaries and
identified them as an observable source
of gravitational waves, even at inter-
galactic distances. He did not imagine
that such binaries could form naturally,
but he speculated that they could be the
by-product of deliberate energy extrac-
tion and argued that the detection of a
merger event would constitute evidence
for alien technology. 

Despite having presaged the discov-
ery of gravity waves from the inspiral
of binary neutron star GW170817 by
more than 50 years, Dyson’s work is not
cited in that paper2 or any other paper I
can find on that topic, presumably be-
cause most people are unaware of that
particular aspect of Dyson’s publica-
tion. Many who cite his paper thus ap-
parently do so without reading it, which
is a shame because it is a model of clar-
ity, simplicity, and brevity and is a joy
to read.

1. F. Dyson, in Interstellar Communication: A
Collection of Reprints and Original Contribu-
tions, A. G. W. Cameron, ed., W. A. Ben-
jamin (1963), p. 115.

2. B. P. Abbott et al., Astrophys. J. Lett. 848,
L12 (2017).
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