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PREFACE

Q little over a century ago, over four consecutive Wednesdays in
November 1915, Albert Einstein described to the Prussian Aca-
demy of Sciences a theory of gravity that he had been working on

for eight years. Among the audience of German scientists, a few were
excited and impressed, many were mystified, and some were openly
hostile. Outside the world of German science, the lectures had almost
no impact. This was the middle of World War I, and, except for a few
neutral countries such as Switzerland and the Netherlands, Germany was
effectively cut off from the rest of the world. Einstein, seriously ill from
the grueling days and nights of calculating, and from the food rationing
and other privations of wartime Berlin, returned to his office to continue
toiling on his new theory in relative obscurity.

Just four years later, after British astronomers declared that Einstein
was right about the Sun’s gravity bending light, international headlines
proclaimed Einstein to be the successor to Isaac Newton, the herald of
a strange new universe governed by rubbery time, warped space, and
mathematics so abstruse that only a handful of people could possibly
comprehend it. Einstein became an overnight science superstar, a status
that he thoroughly enjoyed and occasionally disliked. But his brainchild,
called general relativity, soon languished, burdened by a shortage of
relevance, a lack of experimental support and a reputation for being
just too complicated. General relativity soon became little more than an
afterthought in the world of physics.

But by 2015, the hundredth anniversary of general relativity, Einstein’s
theory had assumed its rightful place in the pantheon of physics. Its
predictions had been tested and retested countless times, sometimes with
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mind-boggling precision. College bookshelves displayed textbooks on
general relativity alongside conventional tomes on quantum mechanics,
solid-state physics and astronomy, and physics departments routinely
taught general relativity to graduate and undergraduate students. The
theory’s relevance was being touted in fields ranging from high-energy
physics to astronomy to cosmology. And modern-day science superstars,
such as Stephen Hawking, could be seen or heard expounding on warped
spacetime on YouTube or in television shows such as The Big Bang
Theory. It was even said that general relativity helps you to navigate your
car or to find your misplaced smartphone, through the manner in which
its rubbery time must be accounted for in global navigation systems such
as GPS.

The crowning event of that centennial year was the September 14 2015
detection of gravitational waves emitted by a pair of colliding black holes
a billion light years away from Earth. Einstein first predicted these waves
in 1916, doubted their reality for a while in the 1930s, and believed that
it would never be feasible to detect them. That detection, announced at
a press conference in February 2016, made similar world-wide headlines
proclaiming that Einstein was right. More importantly, it initiated a new
way of doing astronomy, by “listening” to the universe rather than by
looking at it. It also opened up new ways of putting Einstein’s theory to
the test, using black holes, neutron stars and gravitational waves.

This book is about Einstein’s creation of over a hundred years ago, the
general theory of relativity, with a definite slant toward experiment and
observation. General relativity is a very beautiful theory. Einstein was
guided toward its final form by aesthetic criteria of beauty, simplicity and
elegance. In the end, while he appreciated the role of experimental tests,
deep down he believed that the theory was so beautiful that it had to
be correct. But, as the great American physicist Richard Feynman once
said, “It doesn’t matter how beautiful your theory is, it doesn’t matter how
smart you are. If it doesn’t agree with experiment, it's wrong?”

In this book we will describe how general relativity has passed every
experimental test to which it has been subjected, an almost unbelievable
perfect score. Yet the 1687 gravitation theory of Newton had a similar
perfect score until general relativity took over. There is no reason to
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assume that general relativity is the last word on gravity. The observation
of some anomalous effect or of a disagreement with Einstein’s theory
could tell us that it’s time for a new theory. The 1998 discovery that
the expansion of the universe is speeding up rather than slowing down
is an example of an anomaly that has many people scratching their
heads. Some of them are working hard on devising alternatives to general
relativity to account for this. Therefore, we must keep testing general
relativity, especially in new and unfamiliar arenas, such as near black
holes, or using gravitational waves, in order to discover where or how,
or even if, it might be superseded.

The authors are theoretical general relativists, but we have both spent a
substantial fraction of our research careers investigating how to verify (or
disprove) general relativity by experiment or observation. We don't actu-
ally do experiments or make observations; our experimental colleagues
get nervous when we get too close to their equipment. Yet, we have
spent enough time talking to them and collaborating with them that we
think we have a good feeling for what they do and how observations and
experiments can test Einstein’s theory. In this book you will learn about
some of the absolutely brilliant people who design the experiments, build
the apparatus and instruments, and analyze the data. Some of them work
alone or in small groups, some belong to enormous collaborations of
thousands of scientists, engineers and technicians. These are the people
who are doing the real work of finding out if Einstein is still right.
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In this book we will present “thought experiments” or situations where
an observer does something. Rather than referring to the observer as
“he or she” or “they”, we will go back and forth, sometimes using “he”
and sometimes using “she”. This is by no means meant to exclude the
possibility of observers or scientists who might be in gender transition
or gender non-binary. Indeed, as physicists, we are well aware that our
profession still needs to work hard to become more diverse in terms of
gender, gender identification, race, ethnicity and disability status, and we
are committed to doing our part. We hope that our usage of pronouns
in this way will keep our examples readable and enjoyable, while still

fostering a spirit of inclusiveness.



CHAPTER 1

A Very Good Summer

The summer of 2017 was a smashing success for Albert Einstein. On
Thursday 25 May, in the waning weeks of spring that year, the journal
Physical Review Letters posted a paper on its website. It described a
nineteeen-year campaign to watch two stars revolving around the gar-
gantuan black hole at the precise center of our own Milky Way. These
two stars are special because their orbits are very close to the black hole,
so they whirl around it at speeds as high as a few percent of the speed of
light, or 20 to 30 million kilometers per hour. These orbits are ideal to
test Einstein’s theory and to search for any possible deviations from its
predictions. No deviations were found by the team, headed by Andrea
Ghez of the University of California in Los Angeles. Einstein passed yet
another test, the first one to involve orbits around a black hole.

On Tuesday 18 July, at 8 p.m., standing in front of a forest of computer
monitors in the German town of Darmstadt, a scientist at the mission
operation center gave the kill signal. Five seconds later, 1.5 million
kilometers from Earth, the LISA Pathfinder satellite shut down. A sigh
of relief mixed with sadness was heard through the room. For sixteen
months, two identical cubes of a gold and platinum alloy, 1.8 inches on a
side, floated freely inside evacuated chambers in the satellite, maintain-
ing almost exactly the same separation. The satellite had to periodically
adjust slightly to account for shifts in its position caused by the bombard-
ment of protons and radiation from the Sun. If either cube made contact
with the walls of its chamber, it would be a disaster. Specially made
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spacecraft thrusters and delicate sensors were essential if this mission was
to succeed. For sixteen months, the inside of this satellite was the quietest
place in the universe. The success of the mission moved scientists one
step closer to fulfilling a dream: the observation of gravitational waves
with a space detector, known as LISA.

The month of August that summer was even better. On Monday 14
August the LIGO gravitational wave detectors in the USA and the Virgo
detector in Italy picked up the signal from two black holes that merged
1.4 billion years ago. This wasn’t the first gravitational wave signal
detected—that momentous discovery had happened almost two years
earlier—but it was the first to be detected simultaneously by the LIGO
instruments in Washington state, near the Hanford nuclear reservation,
and in Louisiana, near Baton Rouge, and by the newly operational Virgo
detector near Pisa, Italy. The triple detection enabled the scientists to do
a much better job of pinpointing the location of the source on the sky.

Three days later, another burst of gravitational waves jiggled the
sensitive mirrors of the LIGO and Virgo detectors. A few seconds after
that, the Fermi Gamma-Ray Space Telescope, orbiting 534 kilometers
above the Earth, sensed a burst of gamma rays coming from the same
part of the sky. Some rapid detective work located the galaxy where
both signals originated, and during the subsequent hours and days
astronomers around the world observed light in all its forms, from
X-rays to radio waves, arriving at Earth from that same location. This
time, the source was two neutron stars about 140 million light years from
Earth producing waves of gravity as the stars spiraled toward each other
and merged. This was followed by a nuclear fireball of unimaginable
power.

This single observation revealed wonders about the universe that not
even Einstein would have imagined. If you are wearing a gold necklace
or a platinum ring, then there is a good chance that those precious (and
expensive) elements were produced in a nuclear cataclysm just like the
one observed on that day. In fact, most of the gold and platinum in the
universe is now thought to have been produced in the explosions that
result when neutron stars collide.

If that wasn't enough, the mere fact that the gravitational waves,
emitted right before the neutron stars merged, and the first gamma
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rays, emitted right after the merger, arrived within 2 seconds of each
other after traveling 140 million light years revealed that the speed
of gravitational waves and the speed of light are the same to fifteen
decimal places. Amazingly, this is precisely what Einstein had predicted
in 1916.

The following week, on Monday 21 August, a lone amateur astro-
nomer named Don Bruns settled into a folding patio chair near the top
of Casper Mountain in Wyoming. With the press of a key, his laptop
began instructing a TeleVue Optics NP101is telescope to take a series
of photographs of the Sun during the total solar eclipse that crossed
the United States that day. His goal was to replicate a famous 1919
experiment carried out by a British team of professional astronomers
headed by Arthur Stanley Eddington. Eddingtons measurements
showed that gravity bends light exactly as Einstein had predicted, thereby
overturning Newtons theory and making Einstein an international
celebrity. Bruns wanted to see what could be done by a non-professional
astronomer armed only with a modern commercial telescope, a CCD
(charge-coupled device) camera, and computer-controlled instruments.
After analyzing his data Bruns also verified that light is bent by the Sun
just as Einstein predicted, and the accuracy of his measurements beat
Eddington’s by a factor of three.

Many of these events were covered by the press, using headlines
like “Einstein was right, again” They reinforced an almost fairy-tale
version of the story of general relativity that goes something like this:
in 1905, Einstein, working as a lowly clerk at the Patent Office in Bern,
Switzerland, created the Special Theory of Relativity. He then turned
his attention to gravity, and after ten years of hard work created the
General Theory of Relativity. In 1919 Eddington verified the theory by
measuring the bending of starlight. Einstein became famous, his theory
was triumphant, and everybody lived happily ever after.

The actual story of general relativity is more complicated. Back in
the 1920s there was considerable skepticism about Eddington’s results,
particularly among American astronomers. Attempts in 1917 to mea-
sure the shift in the wavelength of sunlight toward the red end of the
spectrum, an effect that Einstein considered another crucial test of his
theory, failed to detect the effect. This apparently hurt Einstein’s chances
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for the Nobel Prize until 1921, when it was finally awarded for his work
on the photoelectric effect, not for general relativity.

The theory was considered to be extremely complicated, with exotic
new concepts like curved spacetime that baffled most physicists and
astronomers at the time, to say nothing of the general public. The head-
line of an article on relativity in the 9 November 1919 issue of the New
York Times stated, “A book for 12 wise men / No more in all the world
could comprehend it, said Einstein when his daring publishers accepted
it” Einstein himself may have used some such phrase as early as 1916
in reference to a popular book on relativity that he had written. Another
story has this idea originating with Eddington. Soon after the publication
of the final form of general relativity in 1916, Eddington was one of
the first to appreciate its importance, and set out to master the theory and
then to organize a team to measure the bending of light. At the close of
the November 1919 joint meeting of the Royal Astronomical Society and
the Royal Society of London at which Eddington reported the successful
measurements, a colleague purportedly said, “Professor Eddington, you
must be one of three people in the world who understand general rela-
tivity!” to which Eddington demurred. The colleague persisted, saying,
“Don’t be modest, Eddington.” Eddington replied, “On the contrary, [ am
trying to think who the third person could be”

Perhaps only a handful of people understood it, but millions were
fascinated by it and wanted to read about it and about Einstein. In the
popular press, the scientific revolution engendered by general relativity
was placed on a par with the insights of Copernicus, Kepler and Newton.
Editorial after editorial marveled at what was called one of the greatest
achievements in the history of human thought, but at the same time
complained about the difficulty of understanding it. Einstein himself
wrote a long article for The Times of London in late 1919, attempting
to explain the theory to a general audience. His picture graced the
cover of the 14 December 1919 issue of the German news magazine
Berliner Illustrirte Zeitung, with the caption “A new great figure in world
history”

But there was a sense among scientists that the only thing this
complex theorizing was good for was to predict minute deviations
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from Newton’s grand theory. Experimentalists held sway in the
physics of that time, and they felt that general relativity would never
play a role in mainstream science.

As aresult of this skepticism, the science of general relativity gradually
became stagnant and sterile. By the mid 1920s Einstein had turned
most of his attention to what would become a futile quest for a uni-
fied field theory that would combine gravitation and electromagnetism,
and many other relativity researchers followed suit. With only a few
exceptions, most work in general relativity during the next thirty-five
years was devoted to abstract mathematical questions and issues of
principle, and was carried out by a small band of practitioners. Science
historian Jean Eisenstaedt has called this period the “low water mark” for
Einstein’s theory. A classic illustration of the attitude toward Einstein’s
theory at the end of this period is the advice given in 1962 to a newly
minted graduate of the California Institute of Technology, about to
head for Princeton to do graduate work. A famous Caltech astronomer
advised him that he should absolutely not work on general relativity
when he got to Princeton, because it would never have anything useful to
contribute to physics or astronomy. Luckily for many of us, the student,
Kip Thorne, ignored the advice.

As Kip headed east for the ivy covered walls of Princeton, Caltech
astronomers were on the verge of announcing the discovery of strange
objects that they called “quasistellar radio sources,” or quasars. These
were very distant, very energetic sources of radio waves that defied expla-
nation in terms of conventional physics. A few people started to wonder
if general relativity might help to provide an explanation, and convened
a special conference on quasars, bringing together astrophysicists and
general relativists. Held in Dallas in December 1963, this historic
conference would come to be known as the First Texas Symposium on
Relativistic Astrophysics. Within a few years, other discoveries pointed
to a definite role for general relativity in astrophysics. In 1965 came the
detection of the cosmic background radiation left over from the big
bang. In 1967 radio astronomers discovered the first of many pulsars,
now understood to be rapidly spinning neutron stars. And 1971 saw the
discovery of a compact, powerful X-ray source orbiting a normal star,
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the first black hole candidate. You needed general relativity if you wanted
to begin to understand these phenomena.

These discoveries helped bring about a renaissance for general
relativity, in which it would begin to rejoin the mainstream of physics
and astronomy. This was aided by advances in technology, such as atomic
clocks, lasers and superconductors, and by the development of the space
program, which would provide the tools to perform new high-precision
tests of Einstein’s theory, putting it on a solid experimental foundation.
Afterall, if you needed to use a relativistic theory of gravity to understand
quasars, pulsars and the cosmic background radiation, it would be very
good to know if Einstein’s theory was the correct one to use. For despite
Einstein’s fame, by this time there were alternative theories of gravity
competing with general relativity for primacy. One of these, known
as the Brans-Dicke theory, named after Princeton University’s Robert
Dicke and his student Carl Brans, made a credible claim that it was just
as viable as Einstein’s theory. This competition sparked a major effort to
carry out new and better experimental tests to determine if Einstein was
right or not.

Other factors helped set the stage for this rebirth of general relativity
research. Ironically, one of these may have been the death of Einstein
himself in April 1955. No other topic in physics was so closely tied to a
single, towering individual. It was not uncommon in those days for the
few practitioners of general relativity to make a pilgrimage to Princeton
to describe their work to the great one, and, hopefully, to receive his
approval. On the occasion of the centenary of general relativity in 2015,
the French mathematical physicist Yvonne Choquet-Bruhat wrote a
charming reminiscence of her visit to the Institute for Advanced Study
in 1951 as a 27-year-old postdoctoral researcher. She visited Einstein
several times during that year, explaining her mathematical work on the
existence of solutions of Einsteins equations, and listening to Einstein
describe his work on unified field theory. He pronounced himself very
pleased with her work, which actually turned out to be one of the
major milestones of the field. His work on the unified theory ultimately
went nowhere. But after Einstein passed from the scene, the field was
somehow free to make its own way forward.
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Another factor may have been an emerging sense of community
among the small group of specialists in relativity. Beginning with a
conference in July 1955 in Bern, Switzerland to commemorate the fiftieth
anniversary of special relativity, regular international meetings on the
subject were organized. By 1959, at the third such meeting, held in
Royaumont, France, leaders of the field formed the “International Com-
mittee” on general relativity, to aid the organization of future meetings, to
disseminate lists of published papers in the field and to provide informa-
tion on research groups around the world. This would ultimately evolve
into the International Society on General Relativity and Gravitation, with
elected officers, annual dues and its own scientific journal.

The fact is that science is more than a body of knowledge. It is also a
community of researchers who advance the field by sharing knowledge,
collaborating and competing with one another, and even correcting each
other, so that scientific facts can be established and progress can be made.
Some historians of science believe that the emergence of this community
of relativists in the late 1950s made it possible for them to respond
nimbly and effectively to the new astronomical discoveries of the 1960s.

By the time of the 1979 centenary of the birth of Einstein, the rela-
tivistic renaissance that had begun in the 1960s was in full swing. The
outpouring of books commemorating that birthday attested to the vigor
and excitement of research in the field. A “toolbox” of techniques for
solving Einstein’s complicated equations in a wide range of situations
had been developed, and researchers were turning to computers to help
solve the more complex problems. Many experimental tests of general
relativity had been performed. Some exploited new technologies to do
improved versions of “classic” experiments, such as measurements of the
bending of light using radio waves from quasars rather than using visible
light from stars. Others were new tests never envisioned by Einstein,
such as the “Shapiro time delay,” an excess delay in the propagation of
radar signals as they passed near the Sun on their way to track the orbits
of planets or spacecraft.

Black holes were an accepted and understood part of the theory, and
observational evidence that they actually exist was mounting. A model
for the basic structure and evolution of the universe was in good shape,
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and cosmologists were beginning to explore what might have happened
in the first trillionth of a second after the big bang. The nature of quasars
ironically remained a mystery after twenty years of study, while a pretty
good theory of pulsars was in hand.

The centenary year itself was inaugurated by a stunning announce-
ment. At the ninth Texas Symposium on Relativistic Astrophysics, held
in Munich in December 1978, Joseph H. Taylor of the University of
Massachusetts described the latest result from a remarkable new testing
ground for general relativity that he and his student Russell Hulse had
discovered in 1974. This new arena for experimental relativity was a
pulsar in orbit about a companion star, colloquially called the “binary
pulsar” Taylor reported how observations of the orbit of the pulsar since
1974 had led to the first confirmation of one of the most important
predictions of Einstein’s theory: the existence of gravitational waves.
Nineteen years later, Taylor and Hulse would win the Nobel Prize in
Physics, the first ever bestowed for work related to general relativity.
If general relativity seemed to be triumphant in 1919, it was surely
triumphant now.

But there were some clouds on the horizon, and there would be
more to come. None of them posed a direct threat to the supremacy
of Einstein’s theory—as of 1979 it had not failed a single experimental
test, and that perfect record continues to today—but they suggested the
possibility that Einstein might not have had the final word on gravity.

The first cloud was theoretical. In addition to developing special
and general relativity, Einstein was one of the pioneers of quantum
mechanics. And although Einstein ultimately found himself at odds
with some of the interpretations of quantum physics, he would have
been the first to admit that it was spectacularly successful in its ability to
account for measurable effects in the subatomic world. And even some
of the “spooky” probabilistic effects that he frequently railed against
(“God does not play dice!”) have been shown by recent experiments to
be true and unavoidable. Quantum mechanics rules everything from
the practical (chemistry, semiconductors, MRI, nuclear energy, the
workings of your smartphone, the list is almost endless) to the exotic
(quarks, the Higgs boson, quantum computers, ...). The basic forces
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of the inner world—the strong force, which governs atomic nuclei,
the electromagnetic force, which governs charged particles and light,
and the weak force, which governs some forms of radioactive decay
and is intimately linked to the elusive particles called neutrinos—are
all understood today using quantum mechanics. This notion that “the
quantum” rules everything is so pervasive in physics that it is almost an
act of faith that the weakest of the forces, gravity, must also somehow be
“quantized”

It is more than just faith, however. When treated as a pure, exact
theory, general relativity actually seems to sow the seeds of its own
destruction. The most common example of this is the black hole, which,
as we will see later in this book, contains a “singularity” at its cen-
ter. A singularity is a point in space where the warpage of spacetime,
the density, the pressure and the energy all become infinite. Similarly
singular behavior occurred at the instant of the universal “big bang,
according to standard general relativity. But the appearance of infinities
in the predictions of a theory has frequently been interpreted as a signal
that the theory itself is breaking down. For example, when experiments
carried out in 1911 indicated that the atom consists of a tiny positively
charged nucleus surrounded by orbiting negatively charged electrons,
scientists realized immediately that there was a problem. The revolving
electrons should emit electromagnetic radiation, lose energy and spiral
inward toward the nucleus, emitting along the way a potentially infinite
amount of energy. This was theoretically untenable, and of course it also
contradicted experiment. The quantum mechanical model of the atom
devised by Niels Bohr came to the rescue by requiring that electrons stay
on fixed orbits. They would only radiate light when they made a “transi-
tion” or a jump from one orbit to an adjacent orbit of lower energy. And
every atom had a “ground state,” an orbit of lowest energy, from which
no further jumps were permitted. The more fully developed quantum
mechanics of Erwin Schrédinger and Werner Heisenberg refined this
picture in terms of probabilities and the uncertainty principle.

In the case of the black hole or big bang singularities, the hope was
that quantum mechanics might come to the rescue in a similar way, for
example by somehow preventing things from falling all the way to the
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black hole singularity, the way the atomic ground state of an atom keeps
the electron from falling all the way into the nucleus.

But therein lies the rub. After almost a hundred years we still do not
have an acceptable quantum theory of gravity. This is not for a lack of
trying, and there is a sizable, worldwide research effort attacking this
problem from a dizzying array of directions, with arcane names like
canonical quantum gravity, superstring theory, causal set theory, loop
quantum gravity and the AdS/CFT correspondence, to name just a few.
We won't burden you with a list of reasons why this problem is so difficult,
but instead we will skip to the bottom line: general relativity as Einstein
formulated it in 1915 cannot be the quantum theory of gravity. Whatever
that theory turns out to be, it will be different from general relativity.
The questions are how different, and can we ever detect those differ-
ences? One viewpoint asserts that quantum gravity becomes relevant
only between the big bang and about a tenth of an atto-yottosecond (or
10~*? seconds) later, or at energies a million billion times higher than the
levels achieved by the Large Hadron Collider in Geneva. Inside a black
hole, quantum effects would kick in only at similarly incredibly short
distances from the singularity, and in any case, since the event horizon
that surrounds the singularity prevents the escape of any information
about what is going on, why would we care? Consequently, according to
this viewpoint, we will never be able to perform an experiment capable
of detecting a quantum gravity effect. This raises a scientific conundrum.
If you have two theories and there is no conceivable, practical way ever
to perform an experiment to test them, how do you decide which one
is correct? Elegance? Simplicity? A democratic vote? Faith? And is that
science?

Our viewpoint on quantum gravity is agnostic. As you will discover
in this book, we will be mostly concerned with experiments that can be
performed in a finite amount of time, with a finite (if sometimes rather
large) budget. As a result, the book will not contain a detailed description
of the different attempts to develop a theory of quantum gravity, a topic
with along and complicated history of its own. We must admit, however,
that the scientific community knows so little about how to make general
relativity compatible with the quantum that it is entirely possible that
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some future experiment might stumble on an effect in conflict with the
predictions of general relativity. If so, such an experiment or observation
could point the way forward toward a theory of quantum gravity. For
now, we can only continue to test Einstein’s theory to higher precision
and in new regimes.

Another cloud on Einstein’s horizon is called dark matter. Most physi-
cists and astronomers are now convinced that only about 4 percent of
the mass of the observable universe is made up of the normal matter
that we know and love because we are made of it: protons, neutrons,
electrons and other elementary particles that comprise what physicists
call the Standard Model. About 23 percent is called “dark matter” (We'll
get to the remaining 73 percent in a moment.) The evidence supporting
dark matter is compelling. The velocities of stars and gas around spiral
galaxies, the velocities of galaxies within clusters of galaxies, and the
bending of starlight around galaxies and clusters are all too large to be
explained by the mass of ordinary matter making up the visible galaxies
themselves. There is additional mass around these objects that does not
emit light, but that attracts gravitationally, hence the name “dark” matter.
Observations of the pattern of tiny fluctuations in the intensity of the
cosmic background radiation confirm the presence of dark matter. Even
the formation of galaxies themselves, beginning about a million years
after the big bang, cannot be properly understood unless there is dark
matter, using its gravitational attraction to tug the ordinary matter into
the blobs that ultimately collapsed and coalesced to form the stars and
galaxies that we observe.

A leading candidate for dark matter is an elementary particle that
is not part of the Standard Model; by suitably tweaking that model,
particle theorists have come up with numerous plausible candidates.
If so, millions of these particles should be passing through your body
every second as you read this book, and thus a sensitive enough detec-
tor ought to be able to sense some of them. But despite almost forty
years of experimental effort carried out by physicists around the world,
no detection has been made. To some, this has become a bit of an
embarrassment, and so they have turned to an alternative approach: why
not modify gravity itself? Although, as you will discover in this book,



12 | IS EINSTEIN STILL RIGHT?

general relativity has been confirmed in many different arenas, it has
not been well tested on the very large distance scales of galaxies, clusters
of galaxies, or the observable universe as a whole. So perhaps a suitable
modification of general relativity would solve the dark matter problem.
So far, while most of these “modified gravity” theories have not been very
successful, a future theory could be, with its predictions confirmed by
future observations, especially ones that focus on these large distance
scales.

What is the remaining 73 percent? Enter the final cloud on the hori-
zon: “dark energy” In 1998, astronomers studying very distant supernova
explosions were forced to conclude, from the pattern of their data, that
the expansion of the universe is speeding up, not slowing down. Given
that we have known since 1929 that the universe is expanding, your
intuition is perhaps telling you that the expansion should be slowing
down. After all, mass makes gravity and gravity attracts, so, just as the
Earth’s gravity causes a ball thrown in the air to slow down and come
back down, the universe should make its own expansion slow down
(whether it continues to expand but ever more slowly or halts and
starts to contract is a separate question). And indeed, Einstein’s general
relativity predicts unambiguously that the expansion of the universe
should slow down or decelerate, not speed up. So when this accelerated
expansion was detected, it was a major shock.

But then theorists got to work coming up with ideas to account for
this new phenomenon. One set of ideas was dubbed “dark energy” by
University of Chicago cosmologist Michael Turner, in analogy with dark
matter—the adjective is rather prophetic, because we are still pretty much
in the dark about both of them. If you ascribed to this substance the
right gravitationally repulsive or “anti-gravity” properties, and if you
let it contribute about 73 percent of the total mass and energy in the
observable universe, then it fits all the observational data beautifully. In
fact the cosmological model based on this, called the “Lambda-CDM”
model, has proven to be remarkably successful in explaining a diverse
array of data on the universe at the largest scales. Here, the Greek
capital letter lambda (A) refers to dark energy, while CDM refers to
cold dark matter. But trying to understand what dark energy is from
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deeper principles of quantum mechanics and particle physics hasled toa
plethora of competing models, which are very hard to distinguish among
through experiment or observation.

Another idea was to resurrect what Einstein called his “greatest blun-
der” Already in 1916 he was thinking about applying his new theory to
the universe as a whole. But to his horror, he realized that the equations
demanded that the universe must either expand or contract. It could
not be static. At the time, conventional wisdom held that the universe
was actually static, perfectly unchanging. In fact, it was not even known
that there were galaxies outside the Milky Way. To get around this, he
added what he called a “cosmological term” to his original equations.
This term would have the effect of introducing a repulsion that would
counteract the natural tendency of the universe to contract under its own
gravitational attraction, leading to a nicely balanced, static universe. The
size of the term was governed by a “cosmological constant,” which came
to be denoted by the Greek letter A (in homage to Einstein, dark energy
aficionados have adopted the same symbol). So by picking the “right”
value for his cosmological constant, Einstein could make everything
right with the consensus view of the universe.

But along came data to mess with Einstein’s world view. First was
the discovery of galaxies external to our own, along with evidence that
many of them were moving away from us. And then, Edwin Hubble, an
astronomer at the Mount Wilson Observatory in California, announced
in 1929 that the data on the motions of galaxies implied that the universe
was not static but was expanding. Einstein was now forced to drop his
cosmological term, since its sole purpose was to make the universe static.
With the new knowledge that the universal expansion is accelerating, it
is a simple matter to bring back Einstein’s cosmological term, since it
naturally provides the repulsive effect needed to counteract the grav-
itational deceleration. The value of the cosmological constant needed
to explain the acceleration of the universe is much smaller than what
Einstein needed for a static universe, and so the effect of adding this
term to his equations is utterly negligible for everything but cosmol-
ogy itself. You might call this the “minimal” modification to Einstein’s
theory.
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A third idea is to modify general relativity more drastically, but still
with enough fine tuning so as not to violate the agreement with the many
experiments that we will be describing in this book. This turns out to
be not so easy. In developing general relativity, Einstein was driven by a
desire for elegance and simplicity in the structure of the theory, and he
was remarkably successful. For all the talk about how complicated his
theory appeared at the time of Eddington’s announcement, from a more
modern perspective, general relativity is the simplest theory of gravity
you could possibly imagine. And it turns out that efforts to modify it for
cosmological purposes generally lead to very ugly, complicated theories.
Of course, it is not clear that the true theory of nature needs to be elegant
or beautiful, since after all, these are human concepts that may have
nothing to do with the physical world. In other words, the universe is
a messy and dirty place, so it may be that the correct theory to describe
it is equally messy and dirty.

None of these “clouds,” quantum gravity, dark matter or dark energy
(and others we don't have space to discuss), directly invalidates general
relativity. Still, they leave us with the disquieting feeling that it might
be necessary to take gravity “beyond Einstein”; to develop a theory
that agrees with general relativity in all the realms where it has been
tested precisely, but that might deviate from it, either in the realm of
ultra-short scales and ultra-high energies, as in quantum gravity, or in the
realm of ultra-large scales as in cosmology.

This book will focus on the many precision experiments and obser-
vations that have been carried out to test Einsteins theory in different
realms (laboratory, solar system and astrophysical). But after reading
about how general relativity has passed test after test, you might be
tempted to say “Einstein is still right;” so let’s be done. However, in science
in general, and in physics specifically, the acceptance of any theory is
always provisional, because no theory can be fully tested in all possible
realms of its applicability to perfect or infinite precision. The best we can
do is to extend our experimentation into wider and wider realms and
to higher and higher precision, in the hope of either building further
confidence in the theory, or finding a deviation that might lead us to
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a new, more fundamental, and more complete theory. The history of
science is full of examples of both outcomes.

For general relativity, the arena for experimental tests began with the
solar system, notably with the famous measurement of light bending
in 1919. By the 1970s, the arena had been extended to astrophysical
scales, with the discovery of the binary pulsar. But since the 1970s, the
precision to which tests can be performed in both of these realms has
greatly improved, and completely new arenas have opened up, to include
gravitational waves and black holes, for example. The events of Einstein’s
wonderful summer of 2017 illustrate all these arenas for putting general
relativity to the test.



CHAPTER 2

Wrinkles in Time

Midway through the movie Interstellar, the crew of the Endurance discuss
how to explore Miller’s planet, which orbits just outside the event horizon
of the supermassive black hole Gargantua:

COOPER (Matthew McConaughey) Look, I can swing around that neutron star

to decelerate ...

BRAND (Anne Hathaway) It’s not that, it’s time. That gravity will slow our clock

compared to Earth’s. Drastically.
COOPER How bad?

ROMILLY (David Gyasi) Every hour we spend on that planet will be maybe ...

seven years back on Earth.
COOPER Jesus ...

ROMILLY That’s relativity, folks.

Until the twentieth century, it was accepted by everybody that time
was the universal time of Newton, flowing at the same rate everywhere
and forever, the same for everybody. Einstein upended that comforting
absolutism with his 1905 special theory of relativity, pointing out that
time could flow at different rates for people who are moving relative
to each other. And this is not just a funny effect of clocks. It is actual
physical time that flows at different rates, making people age differently.
And in 1911 he argued that gravity could also affect time in a similar way.
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This striking prediction was based on what Einstein later called his
“happiest thought.” It was 1907, eight years before the general theory of
relativity, and Einstein was doing well. The five papers he had published
in 1905 on the photoelectric effect, the quantum nature of light, Brow-
nian motion, special relativity and the mass-energy equivalence were
generating a lot of buzz, and he would soon leave the patent office in
Bern, Switzerland, where he had been working for the last six years, for
a faculty position at the nearby University of Bern. He had also been
invited to write a review article on special relativity for the scientific
journal Jahrbuch der Radioaktivitit und Elektronik. Part of the article
would be a standard review of his special relativity theory, plus work that
he and others had done on it since 1905, but part of it would be devoted
to his latest preoccupation: gravity.

For all its successes, special relativity had a weakness. It was based on
the premise of the “inertial reference frame,” a laboratory that moves
with constant speed in the same direction. Inside this laboratory, free
particles (those not acted upon by forces such as electric or magnetic
forces) move on straight lines at a constant speed. By analyzing the laws
of physics within such frames of reference, Einstein was able to account
in a natural way for the experimental fact that the speed of light was
independent of the speed of the emitter or of the observer. He could also
make sense of the interrelations between electric and magnetic fields as
seen by observers in relative motion. His theory of special relativity had
led to some surprising, and at that time untested, predictions, such as the
idea that a moving clock would tick more slowly than clocks at rest, and
that energy and mass were really the same thing, related by his famous
E = mc? equation, destined for T-shirts and coffee mugs everywhere.

It was not too difficult to imagine an inertial reference frame, such as
a spaceship with its engines turned off, in outer space far from any stars
or galaxies, but what about on or near the Earth? Any freely moving
particle would experience an acceleration, a change of its speed and
of the direction of its motion, because of Earth’s gravity. No reference
frame could be truly inertial in the presence of gravity. Already in 1907,
Einstein realized that he would have to find a way to make special
relativity compatible with gravity.
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It was here that Einstein demonstrated his special genius for tak-
ing a simple experimental observation, combining it with an idealized
imaginary experiment (called a gedanken or “thought” experiment) that
incorporates the essence of the original experiment, and pushing the
result to its logical limit. In this case, the observational result was the
commonplace one that bodies fall with the same acceleration, regardless
of their internal makeup, in the absence of air resistance. This brings
to mind the image of Galileo Galilei dropping objects from the top of
the Leaning Tower of Pisa, although there is no actual contemporary
account of his ever doing such a thing. But by the turn of the twentieth
century this observational result had been verified to a few parts in
a billion by a Hungarian physicist, Lorand Eotvos. Einstein took this
simple observation and imagined what it would imply for an observer
inside an enclosed, freely falling laboratory.

Of course, in 1907, when Einstein first began to ponder this question,
it had to be a pure thought experiment, for the dawn of the space age and
of astronauts floating around their space capsules was still fifty years into
the future. There is also a story that he once observed a worker falling
from a roof, and began to imagine what it would be like to be weightless
(forgetting about what would happen when the worker encountered the
ground, which from the worker’s point of view would be rising ever
more rapidly toward him!). Nevertheless, the weightlessness, or van-
ishing of gravity, that such an observer would experience seemed so
significant to Einstein that he elevated it to the status of a principle. He
called it the principle of equivalence.

“Equivalence” came from the idea that life in a freely falling laboratory
should be equivalent to life with no gravity. It also came from the con-
verse idea that, if you were in an enclosed rocket with no windows, far
away from any star or galaxy, and accelerating with the right amount
(called “one g”) of constant rocket thrust, then you would not be able to
tell that you are inside a rocket, as opposed to being safely inside a build-
ing on Earth. To Einstein, the acceleration due to a rocket and an acceler-
ation due to gravity were the same thing! From this principle of equiva-
lence, Einstein was able to conclude that time at the top of a tower at rest
in a gravitational field ticks a little more quickly than time at the bottom.
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Fig 2.1 Gravitational redshift thought experiment. A laboratory is released at the
moment the emitter sends the pulse of light (left panel). The observer inside can use
the gravity-free laws of special relativity to analyze the emission, propagation and
reception of the pulse. Second panel: the laboratory has started to fall downward, but
because the observer inside senses no gravity, she sees the packet of light propagating
with the same frequency as before. Third panel: the laboratory is falling faster, and the
observer sees the receiver coming up toward her. Because the light packet still has the
same frequency as seen by her; the ascending receiver will see a higher frequency
(a blueshift), because of the Doppler shift (fourth panel). The velocity that determines
the amount of the shift is just the speed that the laboratory picked up in the time it
took for the light packet to go from the emitter to the receiver:
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The easiest way to understand this is to consider a simple thought
experiment involving the Earth, an emitter and receiver of light, and
a freely falling laboratory (Figure 2.1). This thought experiment is a
somewhat modernized version of what Einstein wrote in a 1911 paper,
but the idea is the same. Imagine a device that emits light at a well-
defined frequency or wavelength, placed at the top of a high tower with
its beam directed downward. A tunable receiver is placed on the ground
and is tuned to receive the incoming signal from the emitter on the
tower. Relative to the emitted frequency, is the received frequency larger,
smaller, or the same?
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To answer this question, lets imagine a laboratory that is suspended
next to our tower by a mechanism that can release the laboratory in an
instant, letting it fall freely toward the ground. For a more visceral idea,
picture being at the top of the 200-foot vertical drop of a roller coaster
ride, such as “SheiKra” at Busch Gardens in Tampa, Florida, where the
cars stop momentarily before being released, followed by a few seconds
of breathtaking vertical free fall (and screaming). In this ride, the roller
coaster obviously follows the curved tracks before hitting the ground,
while in our thought experiment, the lab does crash against the ground,
although this is irrelevant to our physics problem.

Let us also imagine that the laboratory is released at the precise
moment that a short pulse or “packet” of light is also released by the
emitter. Inside the laboratory, an observer prepares to measure
the frequency of the emitted packet of light as she falls freely toward
the ground. Clearly, the wave packet will travel toward the receiver at the
speed of light, therefore faster than the laboratory and the observer
are falling. The packet will thus overshoot the observer and reach the
receiver before the laboratory hits the ground, as depicted in the four
panels of Figure 2.1.

Now, let us think about what the observer measures at each stage of
her descent. At the very start of the drop (the first panel in Figure 2.1),
the laboratory is initially at rest with respect to the emitter, if only for a
moment, and so the emitted frequency is the “rest” frequency, unaffected
by any slowing down of moving clocks predicted by special relativity.
The measured frequency would therefore be the standard value for that
emitter, and could be looked up, say, in standard tables of physical
constants, or calculated using the standard laws of atomic or nuclear
physics.

At the next instant (the second panel of Figure 2.1), the wave packet
travels down while the laboratory and observer begin to fall because of
the Earth’s gravitational pull, so what does the observer measure now?
She realizes that throughout her descent she is in free fall, and because
she is well versed in the principle of equivalence, she also realizes that,
from her point of view, gravity is absent! The wave packet thus obeys the
laws of special relativity, which state that light moves at a constant speed
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with an unchanging frequency. She thus measures that the frequency of
the wave packet remains unchanged, as seen by her, during every stage
of her fall.

A little while later, however, the observer notices that from her view-
point the ground, and in particular the receiver, are coming up toward
her! She is falling, so of course this is what she will experience, even
though from the viewpoint of a person standing on the ground the
receiver is clearly not moving (the third panel of Figure 2.1). Thus,
from our observer’s viewpoint, when the onrushing receiver absorbs the
packet of light (the fourth panel of Figure 2.1), it will measure a higher
frequency than our observer measured in the freely falling laboratory
because of the Doppler effect, the effect that causes the frequency or pitch
of an ambulance siren to be higher when the ambulance is approaching
you and lower when it is moving away from you. And that is the answer to
our question! Relative to the emitted frequency, the received frequency
is higher.

The emitter and receiver, of course, are still at rest with respect to
each other, but this is not the point. The important point is that from
the point of view of the observer in the freely falling laboratory, in which
the frequency has its standard value, the receiver is moving toward her.
The velocity of the laboratory relative to the receiver is the same as the
velocity that the freely falling laboratory has picked up in the time taken
for the wave packet to travel the distance between the emitter and the
receiver, and from this one can calculate the shift in frequency of the
light. For example, for a difference in height of 100 meters, the shift
would be only ten parts in a million billion, or one trillionth of a percent!
If the emitter and receiver are at the same height, but separated in the
horizontal direction, there is no frequency shift at all.

In this thought experiment the observed shift was toward higher
frequencies—the blue end of the visible spectrum—because the freely
falling frame was heading toward the receiver. If the emitter had been
at the bottom and the receiver at the top, the shift would have been
toward lower frequencies—the red end—because by the time the wave
packet reached the top, the freely falling frame would be falling away
from the receiver. Even though the result can be either a redshift or a
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blueshift, depending on the experiment, the generic name for this effect
is the gravitational redshift. It is called a “gravitational” shift because
it occurs only in the presence of a mass (the Earth in our case) that
exerts a gravitational force on the lab (forcing it to accelerate down in
our example).

It should be apparent from our thought experiment that the gravita-
tional redshift is a truly universal phenomenon. It was the behavior of
the freely falling laboratory that was the crucial element in the analysis.
The nature of the emitter and receiver did not play a significant role, nor
did our treatment of the nature of light. The light could have been in the
visible spectrum, or it could have been in the radio or X-ray wavelengths.
The signal could have been a continuous beam, or it could have been in
the form of packets, such as might be emitted by a strobe light set to
flash once per second. In the latter example, the observer at the bottom
of the tower would observe not only that the intrinsic frequency of the
light emitted by the strobe was shifted toward the blue, but also that the
flashes arrived more quickly than once per second. Thus, all frequencies
appear to be shifted. If the strobe’s flashes were timed by some sort of
clock, then the observer on the ground would argue that the clock at the
top of the tower was ticking faster than his ground clock; in other words,
that the clock rate was “blueshifted”

In fact, the distinction between clock and emitter/receiver of light
that we have used is purely a semantic one. The term “clock” really
means a device that performs some physical activity repetitively at a well-
defined, constant rate. The activity could be the mechanical sweep of a
second hand, the flashes of a strobe or the waves of an electromagnetic
signal. Modern atomic clocks are based on the latter phenomenon—the
emission of light with a constant, stable, well-defined frequency. The
gravitational redshift affects all clock rates equally; this includes biolog-
ical clocks, since, after all, biological processes fundamentally involve
atoms and molecules, which are governed by the laws of physics. This
can all be summed up in the simple statement that gravity warps time.

Another thing that should be apparent is that we did not use general
relativity itself anywhere in the discussion. The gravitational redshift
depends only on the principle of equivalence. Even though the full
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version of the general theory predicts the redshift effect, and Einstein
viewed the redshift as one of the three main tests of his theory, we
now regard it as a test of the more fundamental equivalence principle.
Any theory of gravity that is compatible with the equivalence principle
(and there are many, including, for instance, the theory by Brans and
Dicke) automatically predicts the same gravitational redshift as general
relativity.

A question that is often asked is: Do the intrinsic rates of the emitter
and receiver or of the clocks change, or is it the light signal that changes
frequency during its flight? The answer is simple: it doesn’t matter! Both
descriptions are physically equivalent. Put differently, there is no way to
carry out an experiment to distinguish between the two descriptions.
Suppose that we tried to check whether the emitter and the receiver
agreed in their rates by bringing the emitter down from the tower and
setting it beside the receiver. We would find that indeed they agree.
Similarly, if we were to transport the receiver to the top of the tower and
set it beside the emitter, we would find that they also agree. But to get
a gravitational redshift, we must separate the clocks in height; therefore,
we must connect them by a signal that traverses the distance between
them. But this makes it impossible to determine unambiguously whether
the shift is due to the clocks or to the signal. The observable phenomenon
is unambiguous: the received signal is blueshifted. To ask for more is to
ask questions without observational meaning.

This is a key aspect of relativity, and in fact of physics as a whole.
We concentrate only on quantities that we can measure with physical
devices, and avoid unanswerable questions.

There is one way to see the effect of the gravitational redshift without
an intervening signal, however, and that is to measure its effect on the
elapsed time of two clocks. Begin with two clocks side by side, ticking
at the same rate, and synchronized, so that at some chosen moment they
read the same time and tick at the same rate. Take one clock slowly to the
top of the tower and let it sit there for a while. Then, bring it back down
slowly and compare it with the ground clock. While the rates at which
they tick will once again be the same once the clocks are reunited, the
tower clock will be ahead of the ground clock. The inference from this



24 | IS EINSTEIN STILL RIGHT?

is that the tower clock ran faster while it was on the tower, but unless we
connect the clocks by a light signal, we cannot see the difference in the
ticking rate except after the fact, once we reunite them. This idea actually
was the basis for a 1971 experiment using atomic clocks and jet aircraft,
to be described shortly.

Early attempts to measure the gravitational redshift focused on light
from the Sun. When an atom undergoes a transition from one electronic
level to another, it emits light at a frequency or wavelength that is a
characteristic of the atom. In the laboratory, the frequencies of these
“spectral lines” can be measured with high accuracy. The same atom on
the surface of the Sun will emit light whose frequency is redshifted as
seen from Earth because, in a thought experiment using a tower sitting
on the surface of the Sun and stretching all the way to the Earth, the atom
would be at the bottom of the tower and the receiver on Earth would
be at the top of the tower (Figure 2.2). In this example we can ignore
the effects of Earth’s gravity and of its orbital motion; these produce a
correction of order 0.03 percent to the dominant effect due to the Sun.
For a wavelength of 5,893 angstroms (an angstrom is ten billionths of
a centimeter), corresponding to the bright-yellow emission line of the
sodium atom, one of the most intense in the solar spectrum, the shift is
0.0125 angstroms toward longer wavelengths (lower frequencies), well

within reach of standard measurement techniques.

Fig 2.2 Gravitational redshift of light emitted by the Sun and received by an observer
on Earth. The “tower" is used only to analyze the amount of the shift.
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In 1917, however, Charles E. St. John of the Mount Wilson Obser-
vatory in California reported that he had found no “Einstein” redshift
of spectral lines from the Sun, and a 1918 report from an observatory
in Kodiakanal in India was inconclusive. One can only imagine how
Einstein must have felt! Science historians think that these results had a
direct negative impact on Einstein’s candidacy for the 1918 Nobel Prize.
The prize would not be awarded to him until 1921, and then only for
his 1905 explanation of the photoelectric effect, and not for any of his
relativistic theories. His theory of the photoelectric effect was verified
definitively by experiment, whereas in 1921, verifying relativity still had
a long way to go.

Looking back, we see the results of St. John and others not as a
failure of Einstein’s prediction but rather as a lack of understanding
of the solar surface at the time. The gas at the surface of the Sun
experiences violent and turbulent motions, with rising columns of hot
gas and falling columns of cooler gas, which lead to Doppler shifts of
the emitted frequencies both to the blue and to the red. The gas is also
under high pressure, which causes shifts in the intrinsic frequencies
emitted by certain atoms. These and other effects made it impossible
in those early years to separate the gravitational shift clearly from other
complex effects. It wasn't until the 1960s, when these effects were better
understood, that astronomers were able to measure the gravitational
redshift of solar lines. A measurement in 1991 confirmed the prediction
to about 2 percent.

The problem with the Sun is that the relativistic shift is so tiny
compared to other contaminating effects. But by 1920 astronomers
had identified a few examples of a different kind of star, a white
dwarf, which could be used to measure Einsteins predicted redshift.
A white dwarf is a star with a mass comparable to that of the Sun, but
compressed into a ball the size of the Earth, a hundred times smaller
than the Sun. The gravitational redshift is thus about a hundred times
larger than that from the Sun, and accordingly easier to detect. But
the prediction of the redshift depends on the mass and radius of the
white dwarf, which are not as well known as those quantities are for
the Sun.
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Fortunately, there was an exception to this even as far back as the
1920s. One of these unusual stars, called Sirius B, was actually in orbit
around the “dog star,” Sirius (called Sirius A), the brightest star in the
night sky. This allowed astronomers to determine that Sirius B has
about the same mass as the Sun, as inferred from its orbital motion
around Sirius A. In 1924, Arthur Stanley Eddington (1882-1944), who,
in addition to his talents as an astronomer, was the world’s leading
expert in stellar structure at the time, used his mathematical models
to argue that the radius of Sirius B is about forty times smaller than
that of the Sun. From that, he made a prediction of the gravitational
redshift of spectral lines from Sirius B. At the same time, the noted
spectroscopist Walter S. Adams of the Mount Wilson Observatory in
California, who had first measured the spectrum of Sirius B in 1915,
was engaged in making improved measurements with a view toward
detecting the Einstein redshift. The spectrum was difficult to interpret, in
part because of contamination of light from the much brighter Sirius A.
But in 1925 Adams reported his results, in remarkably close agreement
with Eddington’s prediction. The New York Times reported “New Test
Supports Einstein’s Theory”

In time, however, it all began to unravel. First, it was realized that
the models used by Eddington to study white dwarfs were wrong. His
Cambridge University colleague Ralph Fowler pointed out in 1926 that
the white dwarf was an entirely new kind of astronomical beast, with
an internal constitution radically different from normal stars, governed
by the quantum mechanical principle that no two electrons can occupy
the same state. In addition, as more white dwarfs were discovered and
their unique spectral signatures identified, Adams’ interpretation of his
spectra also came under heavy fire.

The world would have to wait another forty years before the white
dwarf test could be carried out correctly. It was not until 1961 that
the orbit of Sirius B would bring it far enough away from Sirius A as
seen from Earth to enable new and improved spectral measurements,
now using the Mount Palomar 200 inch telescope. Meanwhile, modern
theories of white dwarf structure had been developed that could make
better predictions of the radius and of the redshift. Finally, in 1971 results



