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Nobel
Prize
Work
Took
Black
Holes
from
Fantasy
to Fact
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By Daniel Garisto




AS THE CARNAGE OF THE EASTERN FRONT RAGED AROUND HIM,
a German lieutenant in World War I digested Albert Einstein’s new theory. Less than two
months after Einstein published his general theory of relativity, Karl Schwarzschild, who had
enlisted despite being older than 40 and a physicist, found a way to use it to describe the
spacetime of a spherical, nonrotating mass such as a stationary star or planet. Hidden inside
Schwarzschild’s work was an implication that hinted at the ultimate warpers of spacetime:
black holes. He was just 42 when he died months later, in May 1916. But the quest Schwarzschild
started has continued for a century, eventually leading to this year’s Nobel Prize in Physics.

The 2020 prize was awarded to mathematical physicist

Roger Penrose for his “discovery that black hole forma-
tion is a robust prediction of the general theory of rela-
tivity” and to astrophysicists Andrea Ghez and Reinhard
Genzel “for the discovery of a supermassive compact
object at the center of our galaxy.” It is the first Nobel giv-
en specifically for black holes—an acknowledgment of
their unmistakable existence (notwithstanding the hedg-
ing in the language of the second half of the award).
“Nowadays we take these things for granted,” says Leo
Stein, a physicist at the University of Mississippi. “We've
come so far that, at least within our astrophysical com-
munity, we think, ‘Of course, there are black holes.”

But it was not always so. For decades the concept of
black holes was no more than a mathematical aberra-
tion. In the years following 1916, Schwarzschild’s solu-
tion caused interest and some consternation among
mathematicians and physicists. His work predicted a
“Schwarzschild radius”—a radius that denotes how com-
pact an object would need to be to prevent light from

escaping its gravitational pull. The sun, for example, has
a real radius of nearly 700,000 kilometers, but its
Schwarzschild radius is only three kilometers.

Spacetime curves by an amount relative to an object’s
Schwarzschild radius divided by its actual radius. The
closer the two values are, the more spacetime bends. So
what happens when the object’s radius is equal to its
Schwarzschild radius? And what happens if an object’s
radius is zero? The answers to those questions were
known as singularities—undefined solutions equivalent
to dividing by zero on a calculator. At a singularity, space-
time seems to bend to a breaking point.

In the next few decades physicists made some prog-
ress, but the search was mostly a mathematical diversion
with no ties to the real world. The exotic—and, at the
time, entirely theoretical —objects suggested by Schwarz-
schild’s work could be as heavy as the sun but smaller
than Central Park or, stranger yet, contain a star’s mass
within a radius of zero. “People thought, ‘Okay, this is just
fanciful. We're completely outside of the realm of where
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our physical theory should apply,’” says Frans Pretorius,

a physicist at Princeton University.

MONSTROUS MATH

In the 1960s Schwarzschild’s solutions started to seem
more relevant. Astronomers began to observe extreme
phenomena, such as distant galaxies spewing jets of par-
ticles at energies and amounts impossible for a normal
star (dubbed “quasars”—short for “quasi-stellar objects™—
these energetic eruptions were eventually traced to feast-
ing supermassive black holes). At the same time, theorists
began to model the dynamics of ultracompact cosmic
bodies, finding clever ways to avoid the pitfalls associated
with singularities. Penrose, then a young mathematician
with a keen interest in astrophysics, was in an optimal
position to help scientists stymied by the math.

“[Physicists] would argue. They would get answers that
didn't agree with each other,” says Daniel Kennefick, an
astrophysicist and historian of science at the University of
Arkansas. “It turned out the reason was that they didn’t
really understand the structure of infinity, and Penrose
solved that problem.”

To deal with the complexities of general relativity
where spacetime curved in the extreme, as with objects
the same size as their Schwarzschild radius, Penrose
came up with a set of mathematical tools. In particular,
he introduced the mathematical notion of “trapped sur-
faces” that allowed physicists to confidently pinpoint an
event horizon—the point at which even light can never

escape the inexorable tug of gravity. (The event horizon
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of a nonrotating black hole is located at its Schwarzschild
radius.) Event horizons helped deal with the trickiness of
singularities by putting an inescapable barrier around
them. “We really don’t like having singularities,” Stein
says. “In fact, we could cut out the inside of the black hole
spacetime and replace it with ... pink elephants or what
have you. And from the outside, you would never be able
to tell the difference because it’s all hidden behind the
horizon.” Penrose’s idea of “cosmic censorship” was that
there could be no “naked” singularities: all of them would
have to be “clothed” by an event horizon. Even when
black holes crashed together and merged, the singulari-
ties—or pink elephants—would remain hidden by their
event horizons, preventing their existence from throwing
the outer cosmos into chaos.

A fascination with geometry and artists such as M. C.
Escher also led Penrose to develop powerful, intuitive

diagrams that captured dynamics of spacetime that were
previously out of reach. His diagrams compacted space
and time, placing infinities on the page instead of having

them stretch off into the distance. “Once it’s on the page,
you can study it,” Kennefick says. “Penrose was a tool
maker par excellence. He invented many of the tools that
were used in that period to understand black holes and
that we still use today.” By the end of the 1960s the term
“black hole” had become the accepted nomenclature to
describe these hypothetical —but now much less improb-
able—consequences of general relativity.

ASTROPHYSICAL JUMP SCARE
It is hard to pinpoint exactly when a majority of physicists
became believers, but by the mid 1990s black holes were
taken for granted even without direct observations of
them. Some of the most concrete evidence would come
from Ghez’s and Genzel’s separate work on Sagittarius A*,

the then suspected supermassive black hole at the center
of the Milky Way. “Often when we’re interpreting astro-

“[Physicists] would argue. They would
get answers that didn’t agree with each
other. It turned out the reason was that

they didn’t really understand the
structure of infinity, and Penrose
solved that problem.”
—Daniel Kennefick

nomical observations, there’s some wiggle room for some
other possibilities,” says Suvi Gezari, an astronomer at the
University of Maryland, College Park. “What’s so beautiful
about our galactic center is that the measurements don't
allow for any other possibility than a four-million-solar-
mass black hole”

To arrive at that level of precision, Ghez and Genzel
each independently led teams that spent more than a
decade following the path of S02, a star with a short ellip-
tical orbit around Sagittarius A*. In the 16 years it took for
S02 to orbit the galactic center, the researchers dramati-
cally improved their telescopes’ measurements with a
technology called adaptive optics, which uses lasers to
correct for blurriness caused when light travels through
Earth’s atmosphere.

By the time S02 made a complete orbit around a dark
patch of nothing, the existence of black holes could not
have been clearer. Since then, astronomers have made
other direct observations of black holes.

In 2012 Gezari led a team that observed, with unprec-
edented detail, a tidal disruption event—a tame name for

a black hole ripping apart the entrails of a star that got
too close. A stellar homicide in another galaxy looks a bit
like a brighter, longer supernova, thanks to the rest of the
star being flung apart. “I used to call it the ‘fingerprints’
of the victim—which, in this case, is the star,” Gezari says.

More events, such as the merger of two black holes and

the ensuing gravitational waves captured by the Laser

Interferometer Gravitational-wave Observatory (LIGO)
and the Virgo experiment, have given further proof that
these objects exist. But perhaps the most stunning evi-
dence thus far is the Event Horizon Telescope’s (EHT’s)

image of a supermassive black hole with billions of solar
masses at the center of the galaxy Messier 87 (M87). The
now iconic image of a black circle ringed with the intense
light of an accretion disk the size of our solar system has
eliminated any room for doubt.

These observations of black holes and their shadows are
more than just confirmations of Einstein’s theory. As the
EHT'’s resolution increases, it will test the very theories
that first predicted their existence. “Black hole shadows
are a good test in that alternative theories predict some-
thing different than what general relativity predicts,” says
Feryal Ozel, an astrophysicist at the University of Arizona
and the EHT.

Earlier this month, by carefully scrutinizing the shape
of the shadow seen by the EHT, Ozel and her colleagues
made some of the most precise measurements of general

relativity. So far those measurements agree with predic-
tions, but it is possible that with more precision, devia-
tions from general relativity that hint at a deeper underly-
ing theory will show up.

For astronomers, astrophysicists and mathematicians,
black holes are, by turns, monstrous and beautiful; they
are extraordinary in their physics but ordinary in their
ubiquity. They continue to attract researchers hoping to
unlock new secrets of the universe. For a watching pub-
lic, there is some appeal, too. Evolutionary biologist “Ste-
phen Jay Gould famously wondered, ‘Why have dino-
saurs become so popular?’ and argued that it isn’t obvi-
ous that they should be,” Kennefick says. Black holes, he
suggests, have some of the same features as dinosaurs:
they seem big, they eat things, and they’re a little terrify-
ing—but comfortably far away.
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® OPINION Hilton Lewis is director of the W. M. Keck Observatory.

How Andrea Ghez
Won the Nobel
for an Experiment
Nobody Thought
Would Work

She insisted on doing it anyway—and ultimately
provided conclusive evidence for a supermassive
black hole at the core of the Milky Way

tanding in my office 25 years ago was an
unknown, newly minted astronomer with a
half-smile on her face. She had come with
an outrageous request—really a demand—that
my team modify our exhaustively tested software
to make one of our most important and in-de-
mand scientific instruments do something it had
never been designed for—and risk breaking it. All
to carry out an experiment that was basically a cheerful but unwavering determination. It was my
waste of time and couldn’t be done—to prove that first encounter with a force of nature: Andrea
a massive black hole lurked at the center of our ~ Ghez, one of three winners of this year's Nobel
Milky Way. Prize in Physics, for her work on providing the
My initial “no way” (perhaps | used a stronger conclusive experimental evidence of a supermas-
expression) gradually gave way in the face of her  sive black hole with the mass of four million suns

residing at the center of the Milky Way galaxy.
That determination and the willingness to take
calculated risks has always characterized Andrea.
For 25 years she has focused almost exclusively
on Sagittarius A*—the name of our own local
supermassive black hole. It is remarkable that an
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entire field of study has grown up in the interven-
ing quarter century, of searching for and finding
evidence of these monsters thought to lie at the
heart of every large galaxy. And Andrea is without
question one of the great pioneers in this search.

Andrea’s co-prizewinner Reinhard Genzel has
been involved in the same research from the
outset—and it is the work of these two teams,
each led by a formidable intellect and using two
different observatories in two different hemi-
spheres that has brought astronomy to this
remarkable result—the confirmation of another
of the predictions of Albert Einstein’s more than
century-old theory of general relativity.

As in so many fields of science, the competi-
tion has been intense, sometimes brutal, but out
of this has been forged an unshakable result that
has been tested and retested over a quarter
century. And at the heart of the competition,
two colleagues, great astronomers each, whose
work has been as much defined by the science
as by the availability of telescopes and instrumen-
tation almost perfectly suited to this exact
scientific endeavor.

Andrea did her work at the W. M. Keck Obser-
vatory’s twin telescopes on Maunakea, Hawai'i, in
the calm and clear air almost 14,000 feet above
the Pacific Ocean. She started using the very first
instrument commissioned on Keck Observatory’s
Near Infrared Camera (NIRC), now gracing
the lobby at our headquarters. NIRC was never
designed to do what Andrea needed—an ultrafast
readout of images and then a restacking of the
result to remove the effects of the atmosphere’s

turbulence. But she was not to be denied—and
we made the changes. And it worked! It was
supremely hard and time-consuming to make
sense of the data, but Andrea persisted.

Out of that effort came the first evidence—not
just hints—of stars orbiting the black hole. It was
a fantastic result but a long way from full confir-
mation. At around that time, a new technology,
adaptive optics (AO), was being installed on
telescopes worldwide. Keck Observatory was the
first of the most powerful observatories to be so
equipped—and the results were electrifying. No
surprise: Andrea immediately switched to using
AQ for her work. She always pushed for more
performance and more capability—and the
scientists and engineers at Keck Observatory and
in our community of instrument builders respond-
ed. This push for more and more, and the scientific
rewards that followed, is what helped make AO
the immensely powerful tool it is today.

Andrea is fond of pointing out that one of the
reasons for her success has been this tight and
rapid loop between the needs of the astronomers
and the engineers who respond to the challenge.
In a way reminiscent of the tight synergy between
mathematics and physics, science questions beget
new technology and new technology begets new
science. Andrea has always been in the forefront
of this virtuous cycle, an enthusiastic proponent
of “we can do more.”

Andrea is a great scientist; not only does she
do the science, she molds events to make it
possible. In addition to doing research, she has
created the U.C.L.A. Galactic Center Group to

coordinate research and technical developments.
And she imbued a cohort of graduate students
and postdoctoral fellows with her passion and
thrill of the chase. It is no exaggeration to say that
Andrea has personally inspired aspiring scientists
everywhere, and she serves as a role model for
what ability, grit and commitment can accomplish.

Today Andrea sits at the pinnacle of scientific
recognition for her achievements. But as she
would be the very first to acknowledge, this
triumph represents the combined efforts of so
many. From the theoretical predictions of the
peerless Einstein, through those who had the
vision to build the amazingly complex machines
we call simply “telescopes,” to the siting at the
best locations on Earth for this research,
to those who conceive of and build the instru-
mentation and run the operations, to the science
teams that do the research—all of it essential,
the product of the work of thousands.

But in the end, one person had the idea for
the research. One person had the chutzpah to
propose it, and one person had the determination,
tenacity and focus to make it happen, undeterred
by all who said it was a waste of time. That
person is my friend and longtime colleague, the
one who refused to take “no” for an answer and
who probably doesn’t even have it in her vocabu-
lary: Andrea Ghez, winner of the 2020 Nobel
Prize in Physics.
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