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F irst things first. Did you know that black holes are made of
warped space and warped time? They have mass, but no
matter. Their gravitational pull is so great that nothing, not even
light, can escape their grasp. They sound simple, until you try to
wrap your brain around them. Even Albert Einstein, a physicist
whose general theory of relativity (1915) predicted the
existence of black holes, refused to believe that they were real.
In a 1939 paper, Einstein said, “The essential result of this
Investigation is a clear understanding as to why the
‘Schwarzschild singularities’ [as black holes were known at the
timel do not exist in physical reality.” Or nice idea, pal, but hey,
we live in the real world.

To really understand black holes—and maybe to feel smarter
than Einstein when you realize they really do exist—it helps to
take a trip back in time. All the way back, in fact, to the late
seventeenth century. That's when an apple falling from a tree is
said to have led English physicist and mathematician Sir Isaac
Newton to formulate his law of universal gravitation.



Data from four different types of telescopes created this image of the
spiral galaxy Messier 106, also known as NGC 4258. At the center of this
galaxy is a massive black hole.



By the mid-sixteenth century, scientists had discovered that the
planets in our universe travel around the sun in an elliptical
(oval) pattern. Nobody knew why the planets moved that way or
what kept them in orbit. Newton tackled that problem in his
1687 book Philosophise Naturalis Principia Mathematica
(Mathematical Principals of Natural Philosophy)—known as the
Principia for short. In it, he described three laws of motion.
Although it took Newton more than five hundred pages to
explain his laws, they boil down to three sentences:

« Every object stays in its state of rest or uniform
motion in a straight line unless some kind of
force acts upon it.

« The force acting on an object is equal to the
mass of that object times its acceleration. In
mathematical form, it is expressed like this:
F=ma, where F is force, m is mass, and a is
acceleration.

« For every action, there is an equal and opposite
reaction.

“OH, THAT'S JUST A THEORY!”

In everyday conversation, people tend to use the word theory to
describe a hunch or guess. “Evolution?” say creationists (people who
believe in the biblical explanation for the creation of the universe).
“That’s just a theory.”

In fact, evolution /s a theory. To scientists, a theory is not a half-baked
idea. A theory explains a collection of facts about some aspect of the




natural world. It can be tested and used to make predictions. Peter
Godfrey-Smith, a philosopher of science at the City University of New
York and at the University of Sydney in Australia, compares theories to
maps. Just as a map represents an area of land, a theory represents a
territory of science. A road map shows highways, rivers, and cities that
we know exist. In the same way, a theory is made up of observable
facts. A good theory, like a good map, is an accurate depiction of the
physical world.

It's important to understand the difference between facts, laws,
hypotheses, and theories. When an apple drops from a tree, it falls
down, not up. That's a fact. Newton’s law of universal gravitation
describes the observation that the apple falls down. It allows us to
calculate all sorts of things about a falling apple: the strength of the
gravitational pull between it and Earth, its acceleration as it falls, how
long it will take to hit a daydreaming Newton on the head, and so on.

THE HOW AND WHY OF GRAVITY

What Newton'’s law doesn'’t tell us is why gravity exists or how it works.
Scientists develop testable hypotheses, or smart guesses, to explain
observations. Until the late nineteenth century, scientists believed that
gravity was due to what scientists call ether, tiny invisible particles all
around us that pushed things down. But the evidence didn’'t support
that hypothesis, so scientists rejected it.

Einstein proposed that what we perceive as gravity is actually the
result of a distortion in the fabric of space and time. Einstein’s
hypothesis held up through repeated observation and experimentation.
So it became a scientific theory: the general theory of relativity. Not
only did Einstein’s theory explain gravitational attraction, but it also
predicted gravitational waves and black holes. Theories may change as
scientists make new discoveries. They can be adapted to include that
new knowledge.

Newton used those laws in a thought experiment to try to
understand the motion of the planets. It went something like
this: What if he were to shoot a cannonball from the top of a
very high mountain where, just as in outer space, there is no air
resistance? Without a force to act on it, the cannonball would



continue in a straight line forever.
But, in reality, Newton knew that the
cannonball would move forward and
eventually drop back to Earth.
Newton came up with the idea of
gravity to name the downward-pulling
force acting upon the cannonball.

Newton reasoned that the faster
the cannonball was moving, the
farther forward it would travel before
dropping to Earth. If the cannonball
were moving fast enough, it would fall
into an orbit around Earth instead of
into it, much as the moon orbits
Earth. If it moved really fast, it would
reach escape velocity, leaving Earth
and its orbit altogether.

He realized that the same force—
gravity—that pulls an apple to Earth
when it falls from a tree could also
explain the orbits of the moon around
Earth and the planets around the
sun. Newton’s law of universal

PHILOSOPHI A

NATURALIS

PRINCIPIA
MATHEMA TICA.

Autore 5. NEWTON, Trin. Coll. Camab. Sse. Mathefcos
" Profeffore Lucafiomo, & Societatis Regalis Sodali.

IMPRIMATUR: -
S. PEPY S, Ky Se. PRESES
Fulii 5. 1686,

LONDRINI,

Juffis Sacictatis Regie ac Typis Fofephi Streater. Proftant Vena-
lesapud Saw. Smirhad iuﬁgnia Principis Wallie in Cemiterio

D, Pl aliofi; nannulles Bibliopolas. Amme MDCLXXXVIL

—_— lBd BN

Isaac Newton (1642—1727)
was a physicist and
mathematician. He laid out
what he understood about
laws of maotion, the behavior
of fluids, and gravitation in
his book Philosophiae
Naturalis Principia
Mathematica. The book
established Newton's
reputation as one of the
greatest minds of science.

gravitation, published as part of the Principia, states that the
gravitational force between any two objects in the universe is
proportional to the product of their masses. The gravitational
force is inversely proportional to the square of the distance
between the center of each mass. So more massive objects
have greater gravitational pull than less massive objects. And
that gravitational pull gets weaker with distance.
Fast-forward to 1783, in a village in West Yorkshire, England.




The head of the parish in the village, a brilliant clergyman named
John Michell, had an unusually keen interest in science. He met
with some of the leading scientists of the time, including
Benjamin Franklin, and published influential papers about the
nature of magnetism, astronomy, and earthquakes. He was
trying to figure out a way to measure the mass of distant stars.
He concluded that the gravity of some really massive stars
might be so great that not even light could escape them. Michell
published his calculations in a paper that described a universe
with many invisible “dark stars.” The only way to detect them, he
said, would be to observe their gravitational effects on nearby
objects.

French mathematician and astronomer Pierre-Simon Laplace
independently came to the same conclusion just over a decade
later. In his 1796 book Exposition du systeme du monde
(Explanation of the System of the World), Laplace referred to
black holes as black stars, writing, “It is . . . possible that the
greatest luminous [light-filled] bodies in the universe are
invisible.”

You've got to give Michell and Laplace major props for
predicting the existence of dark (or black) stars, but they made
one critical mistake. They believed, as did Newton, that light
was made up of tiny particles called corpuscles. These
corpuscles were thought to have mass, and because they had
mass, gravity would pull on them. Scientists such as James
Clerk Maxwell soon discovered, however, that visible light is
actually a form of electromagnetic radiation. Scientists
understood that electromagnetic radiation has no mass. As the
corpuscle theory of light lost favor, so too did the idea of a dark,
black star.



THE ELECTROMAGNETIC
SPECTRUM

Light, electromagnetic waves, and radiation all refer to the same thing:
electromagnetic energy (EM). Electromagnetic energy is created when a
charged particle, such as an electron, is accelerated through an electric
field. This movement produces oscillating electric and magnetic fields,
traveling back and forth at right angles to one another in a packet of
energy called a photon. Photons travel in a wavelike pattern at the
speed of light. Unlike sound waves, electromagnetic waves can travel
through the vacuum of space.

Scientists describe EM according to wavelength, frequency, and
energy. The wavelength, measured in meters, is the distance between
peaks (tops) of a wave. Frequency is the number of waves that form in a
given length of time. One wave, or cycle, per second is called a hertz.
Each photon varies in energy, measured in electron volts. We say that a
higher energy photon is more energetic. All three characteristics are
related: the shorter the wavelength, the higher the frequency of the
waves and the more energetic the photons. The opposite Is true too:
the longer the wavelength, the lower the frequency of the waves and
the less energetic the photons.

This range of wavelengths, frequencies, and energy is known as the
electromagnetic spectrum, from radio waves (low energy) to gamma
rays (high energy). In between are the wavelengths of the visible
spectrum—the light that our eyes can see.
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This infographic illustrates the range of electromagnetic wavelengths.
Longer radio waves are less energetic, while shorter gamma rays are
super energetic. Wavelengths in the middle of the range are

associated with the light we can see with our eyes. Scientists have
developed telescopes that can detect a wide range of wavelengths
across the spectrum. They play a key role in observing black holes.

As scientists were beginning to understand the nature of light,
they were also gaining new insight on matter—the “stuff” that
makes up the universe (at least the stuff that we can detect).
The concept of the atom had been around since the ancient
Greek philosopher Democritus (ca. 460—370 bce) upended the
accepted notion that the universe was made of four elements:
earth, air, fire, and water. He described the universe this way:
“by convention sweet and by convention bitter, by convention
hot, by convention cold, by convention color, but in reality atoms
and void.” Atoms (from the Greek word atomos, meaning
“indivisible”), Democritus said, were different sizes and shapes,
and they all moved about in a void of nothingness.

Centuries later, English chemist and physicist John Dalton



came up with a scientific theory about atoms based on his
experiments with gases. In 1803 he proposed that each
element—such as hydrogen, carbon, or iron—had its own kind of
atom and that these atoms varied in size and mass. He was
right, but like Democritus, he believed that atoms were
indivisible little spheres of matter.

It wasn’t until 1897 that English physicist J. J. Thomson
found a particle even smaller that the atom—the electron.
Thomson proposed that an atom was actually made of a ball of
positively charged matter, studded with negatively charged
electrons. It became known as the plum-pudding model, in which
the bulk of the atom—the paositively charged pudding—was
studded with negatively charged electrons.

In a series of ingenious experiments in 1909, Thomson's
student, a New Zealander named Ernest Rutherford, showed
that at the center of each atom is a small, dense, and positively
charged nucleus. He published his results in 1911. In the years
that followed, scientists established that the nucleus is actually
made of smaller particles—positively charged protons and
neutrons, which have no charge. A cloud of negatively charged
electrons surrounds the nucleus.

Over time, scientists found even more basic building blocks of
matter. In 1964, for example, physicists Murray Gell-Mann and
George Zweig proposed that neutrons and electrons are made
of even smaller particles. As further proof that physicists have
a good sense of humor, they named the particles quarks, after a
phrase—"Three quarks for Muster Mark!” —in James Joyce's
classic book Finnegans Wake (13939).

In the early twentieth century, a brilliant young German



physicist named Albert Einstein rocked the scientific world. He
realized that Newtonian physics and Maxwell's theory about the
nature of light couldn’t both be right. In 1905 the twenty-six-
year-old patent office clerk was living in Bern, Switzerland. That
year he published his first theory of relativity. Known as the
special theory of relativity, this theory overturned Newton's
long-accepted ideas about space and time—and eventually led to
the renewal of the conversation about the existence of

black holes.

Newton had written that the space of the everyday world is
made up of three dimensions: east-west, north-south, and up-
down. Space, according to Newton, is absolute. In his view,
distances never change. For example, the distance from your
bedroom to the kitchen is always the same. Newton also
believed in the absolute nature of time. He thought that people
all experience time in the same way. For example, whether your
fifty-minute physics class takes place in a classroom or on a
moving train, on Earth or in outer space, it will always last the
same fifty minutes.

Einstein’s special theory of relativity rejected the concepts of
absolute space and absolute time. He said that we live in a four-
dimensional world of space-time in which time and distance
(space) vary with an observer’'s frame of reference, or point of
view. Your frame of reference is based on where you happen to
be and how fast you are moving.

Let's say you're on a cross-country trip on a train going west
at 98 feet (30 meters) per second. You and your friend pass
the time by playing Ping-Pong in the club car. You're both pretty
evenly matched, so the two of you hit the ball back and forth,
east to west, at 6.6 feet (2 m) per second each way. That's
your frame of reference.



Observers standing by the railroad
tracks watching your train speed by
have a different frame of reference. If
they used a radar gun to clock the
speed of your Ping-Pong balls, they
would measure the speed of the
westbound ball at 105 feet (32 m)
per second (98 feet, or 30 m, per
second for the train plus 6.6 feet, or
2 m, per second for the ball). They
would clock the eastbound Ping-Pong
ball at 92 feet (28 m) per second (30
m per second minus 2 m per second).
So the speed of the ball depends on
the observer. This photo of Albert Einstein

Let’s speed things up a bit. (1879—-1955) was taken in

- - - 1921, the year he was
According to Einstein’s theory, the awarded the Nobel Prize

faster an object is moving, the more  jn Physics.
time will appear to slow down for the
object from the perspective of
someone who is not moving. Einstein called this phenomenon
time dilation. He explained it using two identical twins as
examples. Let's say that the twins, who are sixteen years old,
wear identical watches. The adventuresome twin travels into
space on a rocket traveling near the speed of light (186,000
miles, or 299,338 kilometers, per second) before returning
home. His twin, a homebody, decides to stay on Earth.
According to the traveling twin's watch, he was gone for two
years. He is now eighteen years old. But for the homebody twin,
thirty years have passed. He is now forty-six years old!

Each twin has a foot-long hot dog. Because distances grow




shorter in relation to motion, the traveling twin’s foot-long hot
dog would be a little shorter than his Earth-bound twin’s foot-
long. The only thing that remains constant in space and on
Earth, according to Einstein’s theory, is the speed of light—and
nothing can go faster than light.

If Einstein’s theory of relativity was true—and he was quite
sure that it was—then he recognized that Newton’s law of
gravity must be flawed. According to Newton, the force of the
gravitational pull between two objects—say, Earth and the sun
—depends on the distance separating them. In Newtonian
physics, the gravitational effects—regardless of force—would be
felt instantly no matter the distance between objects.

However, relativity predicts that the distance between objects
differs, depending on the observer’s frame of reference. This
would mean, therefore, that the force of gravity will differ and
that the impact of gravity would not be felt at all. Einstein
wrote, “If a person falls freely, he will not feel his own weight.”
So objects in free fall do not feel the effects of gravity, even as
they are plummeting toward the ground. In the theory of
relativity, the effects of gravity and acceleration are the same.
Think about it: Let’'s say you jumped off a cliff, hopefully with a
nice cushion at the bottom. You're in free fall—falling only under
the influence of gravity. As you fall, you won't feel your own
weight. It will seem as though gravity has disappeared—even
though you are accelerating toward Earth at an alarming rate! If
you drop a rock midway down, you'll fall together, side by side,
as if in space.

This led Einstein to the conclusion that objects in free fall
follow the shortest path through space-time. But space-time
itself is curved—and the thing that curves space-time is mass.
Think of placing a bowling ball in the center of a trampoline. The



bowling ball causes the trampoline to sag in the center, just as a
massive object in space bends the space-time around it. Then
think about placing a Ping-Pong ball on the edge of the same
trampoline. The ball will follow the curved path directly down to
the bowling ball. In this same way, the motion of everything—
from light waves to entire galaxies—is influenced by the curves
in space-time.

Einstein concluded that gravity is the warping of the geometry
of space-time based on the presence of matter. He published
this theory—known as the general theory of relativity—in 1915.

Einstein based the theory entirely on mathematics. He
suggested a way of putting it to the test. He knew that the sun
has a strong gravitational field. Its mass (about 1.99 x 1030
kilograms) should not only affect the orbits of its planets but
anything nearby. According to relativity, the sun’s gravitational
field should bend light traveling to Earth from distant stars.
Knowing the mass of the sun, scientists should be able to
calculate the apparent gravitational pull the sun should have on
the path of starlight. The only time scientists would be able to
prove the bending effect of light would be during a total solar
eclipse, when the moon passes between the sun and Earth.
During a solar eclipse, the glare of the sun no longer blocks the
view of the stars from Earth.



This illustration shows a simplified version of the curvature of space-time.
The warping caused by each colored sphere is proportional to its mass.
The curvature of space-time influences the motion of massive bodies. As
they move, the curvature changes. Gravity describes this relationship
between matter and space-time.

In 1917 the astronomer Sir Frank Watson Dyson proposed
the perfect experiment to test Einstein’s theory. He knew that
there would be a total solar eclipse in 1919. It would occur just
as the sun crossed the bright Hyades star cluster, in the
constellation Taurus, in the sky. The light from the stars would
have to pass through the sun’s gravitational field on its way to
Earth. Because of the eclipse, the light would be visible during
the day. This would be the big chance to prove the theory.

In May 1919, British astrophysicist Arthur Eddington sailed
down to Principe, an island off the western coast of Africa, in
time for the solar eclipse. In preparation, he spent January and



February observing and photographing the Hyades star cluster
at night from Oxford, England. That established his baseline.
Then, on May 29, he photographed the same stars during the
solar eclipse from his vantage point in Principe. From Earth the
light from the stars and the light of the sun were visible. Sure
enough, in comparing the photos, Eddington saw that the
positions of the stars were different in each image. They
appeared to have shifted! What's more, they shifted exactly as
Einstein’s mathematical theory predicted, based on the mass of
the sun. Eddington understood that the stars themselves had
not actually shifted. The sun’'s mass warped the space-time path
of their light so that on Earth, the position of the stars seemed
to have moved. Einstein was pleased, but not at all surprised.
When asked how he would have felt if the eclipse experiment
had not confirmed his theory, he replied, “Then | would feel sorry
for the good Lord. The theory is correct anyway.”

IMPACT OF SOLAR ECLIPSE ON
PERCEPTION OF STAR POSITIONING

apparent
position of star

real position

of star observer on
Earth
K
gravitational
field

Objects are not drawn to scale.

A large mass such as the sun deflects the light of a distant star that
passes close by. An observer on Earth perceives the star to be in a
different position. The shift is tiny, but it can be measured during a total
eclipse of the sun.



Einstein, for all his cheeky confidence, would nevertheless
acknowledge Newton’s contribution to physics. In his
autobiographical notes, he wrote the following:

Newton, forgive me; you found the only way which in your age was
just about possible for a man with the highest powers of thought
and creativity. The concepts, which you created, are guiding our
thinking in physics even today, although we now know that they will
have to be replaced by others farther removed from the sphere of
immediate experience, If we aim at a profounder understanding of
relationships.

Einstein was referring to the relationships between the sun
and other celestial objects, but he had long been mindful of the
relationships among scientists. And he felt it was important to
acknowledge the ways in which they construct theories based
on the accomplishments of their predecessors.

Not long after Einstein published his general theory of relativity,
he received two letters from Karl Schwarzschild, a physicist,
mathematician, and astronomer. Born to Jewish parents in
Germany, Schwarzschild had served in the German army on the
Russian front in World War | (1814—1918). While in the army,
he had found the exact solutions to Einstein’s field equations for
the general theory of relativity. These are a set of ten equations
that describe the interaction of gravity as a result of the
curvature of space-time by matter and energy. Schwarzschild
wrote to Einstein to tell him of the solutions, knowing that
Einstein himself had only come up with approximate solutions to
the mathematical equations. The equations and their solution
describe the space-time surrounding a spherical, nonrotating



object. The solution is known as the Schwarzschild metric.

Karl Schwarzschild solved ten mathematical equations that Einstein
developed to describe the interaction of gravity as a result of space-time
warping by matter and energy. In this undated photo, Schwarzschild works
at his desk in Potsdam, Germany.

From the math, Schwarzschild made some astounding
predictions. If a giant star with huge mass could be compressed
into a tiny sphere with a radius R (the distance from the center
of the sphere to its outer edge, or the Schwarzschild radius),
the mass would collapse into a point that mathematicians call a
singularity. The singularity—infinitely small, infinitely dense—
would create a gravitational field that would curve space-time to
the point that nothing could escape—not even light. Space-time
would curve infinitely too, and all the rules of physics as we
know them would break down. Crazy! Michell and Laplace’s dark,
black star had returned, at least as a mathematical possibility.

While a black hole itself is a singularity, the Schwarzschild



radius describes the ultimate point of no return—the event
horizon. Beyond that point, nothing can escape the pull of a
black hole. Its escape velocity would have to be greater than the
speed of light, which is impossible. And that radius depends on
the mass of the black hole. Theoretically, if you wanted to turn
Earth into a black hole, you would have to squash its event
horizon to the size of a pea. If you could squeeze the sun into
about thirty-one football fields, you'd have another black hole.

In the following years, physicists confirmed Schwarzschild's
calculations. In 1939, at the University of California, Berkeley,
J. Robert Oppenheimer and his graduate student Hartland
Snyder wrote a paper that convincingly described the fate of a
very massive dying star. They concluded that once nuclear fusion
shuts down, gravity would cause the star to collapse to an
infinitely dense point. (Nuclear fusion is an atomic reaction that
powers stars. As stars age and die, nuclear fusion slows down
and eventually stops.) Nothing could escape from a black hole,
they wrote, not even light. “The [dyingl star . . . tends to close
itself off from any communication with a distant observer,” they
wrote. “Only its gravitational field persists.”

It wasn't until 1967 that another physicist, John Archibald
Wheeler of Princeton University, gave these collapsing stars a
name. The term—black holes—captured the imagination of the
public. Wheeler also famously said that a black hole has no hair,
meaning that it doesn’t reveal any information about what's
inside. The material properties of any object are unknowable
once it falls into a black hole. Wheeler went on to explain, “l was
thinking of a room full of bald-pated people who were hard to
identify individually because they showed no differences in hair
length, style, or color.” (Some physicists propose that black
holes may have “soft” hair after all. So far, it's an unresolved



issue.)

We have no way, Wheeler said, of knowing whether black
holes were created from “neutrinos [tiny subatomic particles
with almost no mass and with no chargel, or electrons and
protons, or old grand pianos.” All the same, black holes do reveal
their mass, how fast they spin, and their charge. These are the
three elements that scientists use to determine the existence
and description of black holes. (The charge is so small, however,
that most physicists ignore it when they are describing a black
hole.)

In 1970 Italian engineers launched an X-ray satellite

telescope into orbit from the African nation of Kenya. Named
Uhuru (Ehe Swahili word for “freedom”), the satellite was part of
the Explorer satellite program of the National Aeronautics and
Space Administration (NASA) to detect high-energy X-ray
sources In space. Because Earth’'s atmosphere blocks most X-
rays, previous efforts to study astronomical sources of this
form of radiation relied on X-ray telescopes launched on rockets.
They climbed a few hundred miles above Earth before falling back
to the ground. The rocket-based telescopes gave scientists only
about five minutes to study X-ray sources before they plunged
back to Earth. Scientists were especially interested in a closer
look at a strong X-ray source they had already detected in the
direction of the constellation Cygnus, or the Swan. (Cygnus is
also known as the Northern Cross.) Scientists had dubbed the
X-ray source Cygnus X-1. Uhuru would give astronomers a
chance to study Cygnus X-1 for longer periods of time and in
more detail. Uhuru orbited Earth for more than two years,
opening a new and much wider window for astronomers to look



at the universe.
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The satellite Uhuru is shown here during preflight tests at NASA's
Goddard Space Flight Center in Maryland. Engineers launched the X-ray
telescope from Kenya on December 12, 1970, as part of a large project to
explore the universe. It was the first X-ray telescope to be launched for



this purpose.

Uhuru’s telescopes soon revealed that the energy from the X-
ray photons from Cygnus X-1 flickered in short, rapid bursts, up
to one thousand times a second. This was a clue that the
source was small. At first, astronomers thought it might be a
neutron star, which is a powerful X-ray source. Rapidly rotating
neutron stars produce a beam of X-rays that we see as pulses
of radiation, much like a sweeping beam of light from a
lighthouse. But the pulses of neutron stars are regular—and the
flickering from Cygnus X-1 didn't seem to have a pattern.

Soon astronomers realized that they might very well be
looking at a black hole—or at least at its signature. In fact,
scientists can't really see black holes. They're a bit like
tornadoes—you don’t actually see the furiously spinning column
of air. Instead, you see water droplets, dust, trees, or houses
caught up in the funnel. Likewise, astronomers “see” black holes
by observing the intense radiation they emit as material falls
into them and by observing the motions of nearby stars.

Follow-up studies using radio and optical telescopes showed
that Cygnus X-1 was not one but two objects. One was a giant
blue star that swung around an invisible partner once every 5.6
days. From the speed of the blue star’s orbit, astronomers
determined that the mystery partner's mass was at least ten
times greater than the sun—and only 55 miles (90 km) in
diameter. No neutron star could be that massive and support
itself without collapsing.

This was persuasive evidence of a black hole.

And those mysterious flickering X-ray signals? Astronomers
found that the black hole was pulling gas from the giant blue
star. The gas wasn't falling straight into the black hole. It was
orbiting the black hole’'s space-time In tighter and tighter spirals,



like water circling a drain. As the gas moved closer to the black
hole, the temperature of the gas rose tens of millions of
degrees. The gas emitted enormous amounts of X-ray energy in
pulses. Great clumps of gas broke off and fell into the black
hole, never to be seen again.

Scientists had discovered physical proof of their first black
hole.

“STAR-STUFF”

In 1973 the astronomer and author Carl Sagan wrote, “All of the rocky
and metallic material we stand on, the iron in our blood, the calcium in
our teeth, and the carbon in our genes were produced billions of years
ago in the interior of a red giant star. We are made of star-stuff.”

So what are stars made of? A star begins its life as a cloud of gas and
dust that comes together and collapses under its own gravitational
attraction. As the gas and dust collapse, the material in the center
heats up. That hot core is called a protostar. As the protostar’s gravity
pulls in more mass, the core becomes even hotter and denser. When
temperatures at the core reach about 15 million kelvin (K), hydrogen
atoms in the core begin to fuse (a process known as nuclear fusion),
forming helium. (Kelvin is a temperature scale designed with absolute
zero as the temperature at which all molecules stop moving. Absolute
zero is a hypothetical number, as it is impossible to completely stop all
molecular movement.) This is a full-fledged star. Stars continue fusing
hydrogen into helium throughout their lives, which can last millions or
even billions of years. Throughout the life of the star, radiation and heat
at the core prevent the star from collapsing.

Stars at this stage—main sequence stars—vary in size, mass, and
brightness. But they are all powered by the conversion of hydrogen to
helium, which releases a tremendous amount of energy.

Eventually—in millions or billions of years, depending on the size of the
star—the core of the star will run out of hydrogen. Then gravity begins
to take over and the inner layers of the star begin to collapse. This
again raises the temperature and pressure at the core. But the outer




layers expand outward—to as much as one hundred times the star’s
original size. The star, now a red giant, begins to burn hydrogen in its
outer core. When this happens to our sun—in about 6.5 billion years or
so—it will engulf Earth and fry it to a crisp.

WHITE DWARFS

Any star up to about seven times the size of the sun is considered a
medium-size star and is destined to become a white dwarf. As the core
continues to collapse, the heat and pressure cause helium to fuse and
create a very dense core of carbon and oxygen nuclei. When the star no
longer has enough energy to fuse those nuclei, the star will cool and
shrink. The star will end its life as a white dwarf star, about the size of
Earth but a million times denser. Over billions of years, it will
theoretically cool down to something resembling a lump of coal—a black
dwarf. It's theoretical, because the time scientists calculate it would
take a white dwarf to reach this state is longer than the current age of
the universe, about 13.8 billion years.

NEUTRON STARS AND BLACK HOLES

More massive stars come to a more spectacular ending. The beginning
of the end is similar to that of smaller stars, with the outer layers
expanding into a red supergiant. The core has so much mass that it has
enough energy to continue fusing atoms until the core is filled with iron
atoms. Then the core lacks the energy to fuse any more atoms, and it
loses the battle against gravity.

The core collapses, becoming even hotter and denser, crushing the
iron atoms together. As the positively charged nuclei are squeezed
together, the repulsive force between the nuclei causes the whole thing
to explode in a massive shock wave. Material from the star spews out in
space. The star loses about 75 percent of its mass (this is the star
stuff we are made of), but the rest collapses into a core.

If the remaining core is about 1.4 to 3 times the mass of the sun, it
will become a neutron star. Neutron stars are not quite massive enough
to become black holes, but they're impressive. They are one hundred
trillion times denser than Earth. They may have magnetic fields more
than ten million times stronger than we have on Earth. Still more
massive stars—those that started with more than twenty times the
mass of the sun—will collapse into the infinite singularity of a black hole.




About 3.6 billion years ago, around the time the first single-
celled organisms began to emerge on Earth, a black hole was
born one-quarter of the way across the universe, somewhere in
the constellation Leo. This particular black hole had once been a
huge star, at least thirty to forty times the mass of our sun—
and much hotter. Like other stars, this huge star ran on fuel
created by the natural fusing of atomic nuclei of hydrogen and
helium gases. The fusion formed even heavier elements. The
enormous amounts of energy released by these reactions
created an outward pressure. That pressure counteracted the
inward pull of gravity. At some point, the huge star inevitably
began to run out of fuel.

Once the star used up all its fuel, gravity won out. The star
began its inevitable collapse to a single point—and it didn’'t go
with a whimper.

As the star collapsed, it sent jets of gaseous material
outward at nearly the speed of light. Those jets slammed into
still-collapsing incoming gaseous material, creating an enormous
shock wave. The jets continued out into space, where they
collided with gas the dying star had already released. These
interactions created extremely high-energy photons called
gamma rays—about thirty-five billion times more energetic than
visible light—as well as other frequencies of electromagnetic
radiation.

Billions of years later, those gamma rays reached Earth and the
humans observing the universe. One of those humans was Tom
Vestrand, an astrophysicist at the Los Alamos National
Laboratory in New Mexico. Vestrand was interested in studying



the cosmic explosions that produce black holes and their calling
cards—gamma ray bursts (GRBs). “Those gamma ray bursts
are intense flashes of light that have energies all the way from
radio frequencies . . . to gamma ray energies,” Vestrand
explained. “And they can last anywhere from a fraction of a
second up to a minute.”

The Swift X-Ray Telescope took this 0. 1-second exposure of GRB



130427A. Gamma ray bursts are the most powerful explosion in the
universe. They last seconds or minutes. Astronomers associate GRBs with
the death of a star and the birth of a new black hole.

WORMHOLES: SCIENCE FICTION
OR SCIENCE FACT?

Fans of science fiction know that wormholes are tunnels that allow
travelers to journey from one point in space and time to another. For
example, astronomer Carl Sagan’'s 1985 book Contact (also a 1997
film) featured a wormhole that allowed astronauts to travel to the star
system Vega. The Doctor in television's Doctor Who travels through a
wormhole in his TARDIS spacecraft and time machine to visit different
points in space and time. In the 2014 movie Interstellar, an astronaut
travels through a wormhole to search for habitable planets.

To visualize a wormhole, think of an ant on an apple. The surface of the
apple is that ant’s entire universe. The top of the apple represents one
point in the space-time of that universe. The bottom of the apple
represents another point in space-time. If the ant wants to get from the
top of the apple to the bottom, it has to walk along its curved surface.
But if you were to take an apple corer and remove the apple’'s core, the
ant would have a shortcut—or wormhole—for getting from the top of
the apple to the bottom.

WHITE HOLES?

Are wormholes even possible, or are they just convenient ways for
science fiction writers to shuttle their characters around in space and
time? According to Einstein’s theories, they are possible, but not at all
likely. In 1916 Austrian physicist Ludwig Flamm was studying
Schwarzschild’'s solution to Einstein’s equations, which predicted black
holes. Flamm came up with another solution, which predicted the
opposite of a black hole. He predicted a white hole. While a black hole
draws matter into its event horizon, a white hole spews matter out of
its event horizon. Flamm thought that a white hole might be on the
other side of a black hole, in a totally different part of the universe—or
even in a different universe altogether! In 1935 another physicist,




Nathan Rosen, working at Princeton University with Einstein, came up
with the same idea. Their idea became known as the Einstein-
Rosen bridge.

Some theoretical physicists have proposed that wormholes are
entangled black holes. Or maybe radiation given off by one black hole is
captured by another black hole. If you were to separate the entangled
black holes, you'd find a wormhole linking one to the other.

No matter what, physicists think that wormhole tunnels would only
exist fleetingly. Once they formed, they would be so unstable that they
would collapse. Not even light could make it through the tunnel. So don’t
hold your breath about traveling through a wormhole.

A wormhole, or Einstein-Rosen bridge, is a hypothetical shortcut
connecting two separate points in space-time.

Gamma ray bursts can come from any direction. They can
also come without any warning. So in 2002, Vestrand and his
team designed a network of small robotic telescopes, known as
RAPId Telescopes for Optical Response (RAPTOR) telescopes.
The BAPTOR telescopes, networked and controlled by a
powerful computer, scan the skies for unusual events. When one
telescope finds something, the other telescopes swivel to the



same spot in the sky in less than three seconds to take digital
images of the event. “[RAPTORI can drive itself, like a Google
car,” said Vestrand. “It can detect when an important event is
happening, and | don’t have to stay up all night to see it.”

Vestrand’s hard work on the telescopes paid off. On April 27,
2013, the BAPTOR telescopes detected a shockingly bright
flash of visible light, along with a powerful burst of gamma ray
emissions. The initial burst was followed by an afterglow that
lasted for nearly a day. GRB 130427A (hamed for the date it
was detected) was one of the biggest and brightest GRBs ever
detected and the longest lasting by far.

What's more, the RAPTOR telescopes weren’t the only
witnesses to GRB 130427A. NASA's satellite X-ray and gamma
ray telescopes recorded the same event. One of the really
surprising things about GRB 130427A is that its energy is
higher than what scientists believed to be possible. What does
this mean for how scientists think about electromagnetic
radiation, black holes, and the structure of the universe? Does
it change their ideas? We don’t know yet. That's what makes
scientists like Vestrand so excited about researching GRBs.

PROFILE: TOM VESTRAND

Tom Vestrand'’s interest in science began one day in junior high school in
Livona, Michigan, when the science teacher was absent. The substitute
teacher played an old educational film, The Strange Case of the Cosmic
Rays (1957), directed by Frank Capra. It told the story of fifty years of
research into cosmic rays and the nature of the universe, with all the
red herrings, dead ends, and clues of a scientific mystery. “The narrator
challenged the viewer to get involved in this mystery story and explore
the nature of cosmic rays,” Vestrand said. “And it said, ‘Come back in
90 years, and we'll see how things have progressed.”




Vestrand was briefly interested in
oceanography in high school. “l thought
[French explorer] Jacques Cousteau was
cool, because he had this TV show, and
he went out on adventures and built
things like submarines and other stuff,”
Vestrand said. The message of the Capra S .|
film made a deeper impression on young 1N
Vestrand. Ten years later, in graduate _———
school at the University of Maryland at Tom Vestrand sits next to
College Park, he wrote a PhD dissertation the RAPTOR-T telescope,
on the role of cosmic rays and objects in  which began operating in
galaxies beyond the Milky Way. He was 2008 to study GRBs.
especially focused on objects near
supermassive black holes. That paper led him to search for cosmic
explosions and ultimately to his current passion: the gamma ray bursts
that signal the biggest explosions since the creation of our universe
through the big bang.

Twenty-first-century astronomers believe that large galaxies
likely have hundreds or even thousands of small black holes. The
entire universe may have billions. “Small” is relative, of course,
when you're looking at galaxies. A small black hole could have
mass that is a few times greater than that of our sun. Even
more astounding, scientists have come to believe that at the
center of most galaxies is a hulking giant of a black hole,
perhaps as massive as bhillions of suns.



Astrophysicist Neil deGrasse Tyson is the director of the Hayden
Planetarium in New York City. Among other things, he studies black holes,
wormholes, and star formation (opposite page). Check him out on the
Internet. He explains black holes in easy-to-understand language in this
short video clip at https.//www.youtube.com/watch?v=PtA/03A0CPU.

Scientists are still not sure how supermassive black holes
form, but they have a pretty good hypothesis. About 13.8 billion
years ago, our universe was created in a massive explosion of
space and time that we call the big bang. Less than one billion
years later, giant clouds of superhot gas cooled enough to
collapse and become stars. These stars burned out quickly,
becoming black holes. Those black holes attracted more matter
that formed a new galaxy. Those baby galaxies orbited around
one another, sometimes pulling so close they collided. When the
galaxies merged, their black holes did too. Astrophysicist Neil


https://www.youtube.com/watch?v=PtA7O3AOCPU

deGrasse Tyson, director of the Hayden Planetarium in New
York City, says, “There’'s no other way to say it: galactic
cannibalism. . . . It's just that simple: the big galaxies get bigger,
the little ones get eaten.”
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Atop Mauna Kea, a dormant volcano on the island of Hawaii,
the atmosphere is clear, calm, and dry for much of the
year. There are no nearby mountain ranges to unsettle the
atmosphere and few city lights to pollute the night skies. It's an
astronomer’s paradise.

This is the home of the Keck Observatory’s twin 33-foot (10
m) telescopes, each one roughly the size of a tennis court. They
are the largest optical and infrared telescopes in the world. And
it's the place where Andrea Ghez and her team discovered the
black hole at the center of the Milky Way galaxy.

When Ghez arrived at the University of California, Los
Angeles, in 1994, she knew she wanted to study black holes. In
the mid-1980s, scientists had discovered some galaxies that
had very active centers. “I like to call them the prima donnas
[leading ladiesl of the galaxy world,” she said in a TED talk,
“because they are kind of show offs.”



The Subaru and Keck 1 telescopes atop Mauna Kea in Hawaii are the
largest optical and infrared telescopes in the world.

The center of these galaxies, called active galactic nuclei, is a
lot brighter and more energetic than you'd expect if they were
simply made of stars. (Unlike the nucleus of a cell, the nucleus
of a galaxy is not a precisely defined structure. It is roughly the
central 1 percent of the galaxy.) For this reason, astronomers
believed that these galaxies had some voracious black holes.



Black holes are notoriously sloppy eaters. And when they devour
nearby materials, they belch jets of X-ray and radio wave
energy.

Scientists like Ghez suspected that most—if not all—galaxies
have giant black holes at their center. And many of them
seemed to be quiet and not at all greedy. Astronomers had just
the candidate for such a black hole at the center of the Milky
Way: a mysterious source of radio waves called Sagittarius A*
(Sagittarius A-star).

Ghez knew that if Sagittarius A* were indeed a black hole,
even a quiet one, it would affect the orbits of nearby stars.
Determining the mass of Sagittarius A*—critical to identifying it
as a black hole—would be a matter of measuring the speed and
radius of any stars orbiting Sagittarius A*. Ghez would use
math developed in the early seventeenth century by astronomer
Johannes Kepler. The third of his planetary laws describes a way
to calculate the mass of the sun (or any other massive object)
from measuring the orbital period (T) and orbit radius (R) of any
orbiting satellite. It's a straightforward calculation: R3/T2=M. R
is the distance from Earth to the sun, about 93 million miles
(150 million km). T is in years, and M is the mass of the central
massive object (in this case, the black hole).



X-RAY CLOSE-UP

This image shows X-rays (blue) from the Chandra telescope and infrared
emission (red and yellow) from the Hubble telescope. The inset shows a
closeup of Sagitarrius A* in X-rays only, covering a region half a light-year
wide. (A light-year is the distance that light can travel in a vacuum in one
year—about 5.9 trillion miles, or 9.5 trillion km.) Andrea Ghez and her
team discovered this giant black hole at the center of our Milky Way
galaxy.

Ghez knew that Keck telescopes would be powerful enough to
allow her to see all the way to the center of our galaxy. But
there was one problem. Even though the atmosphere at the
summit of Mauna Kea, nearly 14,000 feet (4,267 m) above the



surface of Earth, is fairly thin, “it’s like looking at a pebble at the
bottom of a stream,” she explained. “The stream is continuously
moving and turbulent, and that makes it very difficult to see the
pebble on the bottom of the stream. Very much in the same
way, it's very difficult to see astronomical sources, because of
the atmosphere that's continuously moving by.”

To solve her problem, Ghez used a new technique called
adaptive optics to correct for atmospheric distortions. Her
technique uses lasers and mirrors in the telescope’s optics
system to correct for the movement of the atmosphere.

The difference was amazing. Just as eyeglasses help people
see things clearly, the new technique helped Ghez see and
identify dozens of stars. She patiently tracked the orbits of
those stars for sixteen years. She plotted their orbits. She
determined their size and speed. One star, SO-2, took only
fifteen years to orbit the mysterious dark object! Think about it.
It takes our sun and our solar system about two hundred million
years to travel around the center of the Milky Way galaxy. Stars
closer to the center of the galaxy take five hundred years. The
unusually speedy SO-2 is Ghez's favorite star.

Using the data about S0O-2's orbit, Ghez calculated that the
radius of the dark object it was orbiting (Sagittarius A*) was
about the size of our solar system. Crammed into that area was
the mass of four million suns. There was only one logical
conclusion: Sagittarius A* was an enormous black hole.

Ghez had no aha moment with this discovery. It was the
result of decades of painstaking observations. “l wish | had kept
a diary,” she said, “because it's been such a journey.” She had
struggled to get funding. Reviewers of her project proposal had
initially said, “Your technigue won't work, you won't see
anything.” Ghez proved the naysayers wrong, and that, she



says, was pretty thrilling.

Some of Ghez's findings are puzzling, even to her. Scientists
know that a star is formed when gravity pulls together a cloud
of gas and dust. The increased pressure inside the cloud causes
the temperature at the core to rise to about 15 million°K,
nuclear fusion begins, and voila! A star is born.

A black hole should be a terrible place for a stellar nursery.
You would expect its strong gravity to pull matter away from a
developing star. And yet Ghez finds lots of young stars orbiting
Sagittarius A*. Scientists also expected to see a lot of older
stars clustered around the black hole. They have been around
the center of the galaxy for a long time, more than long enough
to be pulled toward Sagittarius A*. But Ghez only saw a few.
Why? Ghez doesn’t know, but she says that working to tease
out the solution to the puzzle is “great fun.”

PATROLLING THE COSMIC
HIGHWAY, OR HOW TO CATCH A
SPEEDING GALAXY

How do astronomers measure the speed of distant objects such as
stars and galaxies? After all, they're light-years away! (Astronomical
distances are so great that astronomers speak of them not in miles or
kilometers but in light-years. A light-year is the distance that light can
travel in a vacuum in one year—about 5.9 trillion miles, or 9.5 trillion
km).

To measure speed, astronomers rely on the Doppler shift. Depending
on a star’'s characteristics, including what it's made of and its
temperature, it will radiate light from a certain part of the
electromagnetic spectrum. For example, the coolest stars in the
universe, red dwarf stars, emit light at the red end of the visible




spectrum. The hottest stars in the universe emit light at the blue end of
the visible spectrum. The brightest visible star in our night sky is Sirius,
a hot blue-white star. We can measure the temperature and chemical
composition of Sirius and predict that it should radiate its light at a
certain wavelength.

If Sirius were to suddenly begin racing toward Earth (it won't), the
wavelengths would become even shorter and they would increase in
frequency. The star would appear even bluer than it is now.
Astronomers would say that the star had blue-shifted, and they could
use that information to calculate how fast the star is speeding toward
us. If Sirius began moving just as speedily away from us, the
wavelengths that reach us from the star would lengthen and shift
toward the cooler, red end of the spectrum. Astronomers would say
that Sirius had red-shifted, and they could use that information to
calculate how rapidly the star is receding. Blue- and red-shifting
terminology comes from light in the visible spectrum. Astronomers use
the terms, however, to describe a shifting in any part of the
electromagnetic spectrum. If an object emitting gamma rays is moving
away from us, for example, its wavelength might be stretched out into
the X-ray part of the spectrum.




REDSHIFT: increase in wavelength and decrease in frequency
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Astronomers can determine the speed and direction of a moving body
by observing changes in the length and frequency of the wavelengths of
that object. This infographic illustrates the changes associated with

red-shifting (moving away from the observer) and blue-shifting (moving
toward the observer).

And there are many other mysteries. In 2011 astronomers at
the Max Planck Institute for Extraterrestrial Physics in
Garching, Germany, discovered a strange object.

It appeared to be a cloud of gas, with a mass roughly three
times that of Earth, in a wild orbit around Sagittarius A*. The
object, dubbed G2, seemed to be making a beeline for the black
hole, only to whip around it and shoot straight back into orbit
again. Astronomers expected to see fireworks as G2 eventually



met its end in the black hole.

This view shows a simulation of how the gas cloud G2 approaching
Sagitarrius A* may one day break apart. G2’s orbit is shown in red. The
remains of the gas cloud are in red and yellow. The stars orbiting the black
hole are shown with blue lines to mark their orbits.

But G2 is still going strong. In 2014 Ghez and her team
observed (G2 continuing on its merry way around Sagittarius A*,
The exact nature of G2 is still unclear.

But Ghez does not believe it's a gas cloud. If it were, it would
have been torn apart by the black hole. In a press release, Ghez
confirmed, “G2 was basically unaffected by the black hole. There



were no fireworks.” Instead, Ghez thinks that G2 is probably a
star that was created when the black hole’s gravity drove two
binary stars (two stars that revolve around each other) to
merge into one.

PROFILE: ANDREA
GHEZ

When Andrea Ghez was a little girl in
Chicago, lllinois, she dreamed of becoming
a ballerina. Yet Ghez says she was meant
to be a scientist. When she was four
years old, she was fascinated by NASA's
1969 Apollo moon landing, the first time
humans had ever stepped onto the lunar _
surface. She told her mother that she Andrea Ghez is an

wanted to become NASA's first female astrophysicist at the
astronaut. Physicist Marie Curie and pilot University of California, Los
Amelia Earhart captured her imagination Angeles. She h?S always
too, and in school, she excelled in math ~ |0ved puzzles—jigsaw

and science. “The idea of the universe puzzles, crossword puzzles,
kept me up at night.” she said. sudoku, and Kenken. She

_ says that’s why she loves
She spent summers Worl.<|ng on science. It’s another type of
telescopes in Arizona and in the South puzzle.
American nation of Chile. She was

hooked.

In 1987 Ghez started graduate school at the California Institute of
Technology in Pasadena. She wanted to study black holes, but the
techniques for studying them were not very advanced. She ended up
studying the birth of stars instead and became very skilled at producing
images of stars from computer data. This skill was later key to her work
on black holes.

In 1992 Ghez received her PhD in astronomy. Two years later, she
joined the faculty at the University of California, Los Angeles, where she
specializes in black holes. Ghez has received many awards, including a




MacArthur Fellowship—often called a genius grant. She is sometimes
referred to as a stargazing detective!

In the 2014 movie Interstellar, Earth is an ecological disaster.
Former NASA astronaut Cooper (played by Matthew
McConaughey) leads a mission to search for another habitable
planet. He enters a black hole named Gargantuan and . . . no
spoilers here!

Kip Thorne is a theoretical astrophysicist at the California
Institute of Technology. He is an expert on black holes and was
the script adviser and executive producer on the film. So the
major plot points are based on real—or at least imaginable—
science.

What would happen if you fell into a black hole? Believe it or
not, scientists have been playing this what-if game for decades.
It's not just a party game. The answer depends upon our
understanding of the laws of physics as they work in black holes.
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This diagram shows how things could hypothetically disappear into a black
hole.

L et's say you are the captain of a crew of astronauts in a
spaceship nearing a stellar black hole—ten to one hundred times
the mass of our sun. Your ace first mate puts your spacecraft
into orbit a safe distance from the black hole’s event horizon:



the point of no return. It appears as a sharply defined, pure
black disk. It is surrounded by light from nearby stars, but the
black hole’s gravity has distorted the light so that it appears as
a distorted smear.

You, being a brave astronaut, want to get a closer look at the
event horizon. So you suit up in your space suit and climb into a
small space capsule and slow your orbit. The black hole’s gravity
pulls you in closer to the event horizon. Your bravery turns to
foolhardiness when you decide to take a little space walk. You're
too close—you find yourself falling into the black hole, feetfirst!
(Forget for a moment that you are being bombarded by a deadly
shower of X-rays and gamma rays. They are the least of your
worries!) As you get closer to the black hole, its gravitational
pull grows enormously. You don'’t feel it because, being in free
fall, you're weightless. But you'll feel something soon enough. As
you near the event horizon, the force of gravity is much
stronger at your feet than at your head, so they accelerate
faster. Scientists call this difference in gravity the tidal force—
exactly like the moon’s pull of gravity that produces tides here
on Earth.

As the black hole’s gravity continues its pull, your body
becomes stretched out. You eventually snap into two pieces.
Soon you are a mess of molecules and atoms, squeezed through
the fabric of space and time into nothingness at the center of
the black hole. Scientists call this process, no kidding,
“spaghettification.”

As your crew watches your demise in horror, they observe
something very odd. The closer you get to the event horizon,
the more you appear to move in slow motion. The light coming
from you takes on a redder and redder hue. The wavelengths
get longer until the crew needs a radio telescope to see you.



When you reach the event horizon, the black hole has warped
the space-time fabric so much that to outside observers, time
crawls to a near halt. If your crew were patient (and long-lived)
enough, they would eventually see your image just fade away.

Conventional theories say that you'd continue falling—for
hours, maybe—until the last second before you reached the
singularity. Only then would you become crushed into the
singularity.

Recent theories have proposed that you might not actually
disappear completely. These theories can be traced back to
English cosmologist Stephen Hawking, of the University of
Cambridge. In the mid-1970s, he tried to reconcile the general
theory of relativity, which describes the universe on a large
scale, and quantum mechanics, which explains the behavior of
the universe on a very small scale. Experiments have confirmed
predictions made by both theories, but in their current forms,
they cannot both be right.

The general theory of relativity says that when stuff falls into
a black hole, everything about its existence is erased—gone
forever, just like that. But quantum mechanics tells us that
information can never be lost. According to this theory, if you
were able to reach into a black hole, you should be able to
reconstruct what fell in. So which theory is right?

In the mid-1970s, Hawking predicted that based on quantum
mechanics, black holes would leak particles and radiation. Over
billions of years, they would eventually evaporate, or dry up. The
Hawking radiation, as the evaporation is known, would be
completely random. It wouldn’t carry any information at all about
the stuff inside the black hole. Hawking’s predictions started a



decades-long “black hole information problem.” Is information lost
or not?

Professor Stephen Hawking attends a screening of the 2013 documentary
Hawking. The film uses his own words and interviews with people who know
him well to tell the life story of this iconic physicist.

QUANTUM THEORY

Quantum theory is the science of understanding the behavior of very
small things such as atoms and subatomic particles, which are even

smaller than atoms. Danish physicist Niels Bohr was one of the
pioneers of quantum theory. He won a Nobel Prize in 1922 for his
groundbreaking theories. Quantum theory is mind-boggling. In fact, Bohr
himself once said, “Anyone who is not shocked by quantum theory has
not understood it.”




Quantum theory is based on some radical principles:

Both energy and matter are made of individual units, or quanta.
(The word comes from the Latin guantum, “a share or portion of
something.”)

On a large scale, energy and matter behave as waves. But on
the atomic and subatomic level, energy and matter may behave
either as particles or as waves. This theory is known as the
wave-particle duality.

It is impossible to accurately measure both the position and the
momentum of a particle at the same moment in time.

Any measuring device will affect the behavior of subatomic
particles. So quantum mechanics can only help determine the
probability of the location or momentum of subatomic particles.
This is known as the uncertainty principle.

ENTANGLEMENT

Quantum theory makes some pretty wild predictions. Matter can be in
more than one place or state at a time. An electron, for example, can
be in two places at once, or it can simultaneously spin in opposite
directions. It is only by measuring an object that it is forced into a well-
defined place or state. According to quantum theory, it is possible that
we live in a multiverse, a universe with many parallel worlds. Things can
disappear and reappear somewhere else.

The theory even predicts that when two particles interact, they
become entangled. Two entangled electrons, for example, will always
have opposite spins. One will spin in a clockwise direction and the other
will spin counterclockwise, for a net spin of zero. But in the tiny
guantum world, particles such as electrons do not have a defined spin
until they are measured. Once a scientist measures the spin of one
electron, the spin of its entangled partner immediately takes the
opposite spin, even if they are physically separated. Einstein was
skeptical of much of quantum theory, calling it “spooky action at a
distance.”

In 2015 scientists at Delft University of Technology in the Netherlands
proved quantum entanglement. They trapped two electrons inside two
diamonds—one per diamond—in different labs on the Delft campus, 0.8
miles (1.3 km) apart. They zapped each electron with a laser beam to
entangle each with a photon. They sent those photons down an optical




fiber to a third location, leaving the
electrons behind. If the two photons
arrived at precisely the same time (and
they did), they would interact with each
other and become entangled—and
entangle their distant electron buddies as
well. And whenever the scientists

measured the spin of one electron in its
diamond, the one across campus instantly
took on the opposite spin. The two
electrons were truly entangled.

In 2012 a team of scientists from

the University of California, Santa

Barbara, suggested a possible

answer. They proposed that an

energetic “firewall” exists just inside

a black hole’s event horizon. It would

fry any entering astronaut or star to

a crisp immediately. But based on

the theory of quantum entanglement

—which says that two particles separated by a great distance
can still communicate with each other—there is another
possibility. There could be two versions of the astronaut or star:
one inside the event horizon of the black hole, incinerated, and
another, whole, outside the event horizon.

Hawking and two colleagues at the University of Cambridge
and Harvard University have come up with what may be at least
a partial solution to the problem they first identified in the
1970s. In 2016 they wrote a paper “Soft Hair on Black Holes.”
The paper suggests that very low or even zero-energy quantum
particles (soft hair) sit on the edge of the black hole. These



hairs capture and store information from the particles falling
into the black hole. Hawking told the New York Times, “If you
feel you are trapped in a black hole, don’'t give up. There is a way
out.”

According to Hawking, the soft hairs would store whatever
fell into the black hole as something like a holographic image (a
3-D representation of a two-dimensional image). The image
would remain at the event horizon in a coded form.

This ongoing discussion among physicists won't be resolved
anytime soon. Meanwhile, it's probably best to steer clear of
black holes.



S cientific breakthroughs don’t always come when you expect
them. In the case of Vicky Kalogera, an astrophysicist at
Northwestern University in Evanston, lllinois, the news came on
September 14, 2015, when she was getting dinner on the table
for her family. Her busy day hadn’t allowed her to pay much
attention to the flurry of e-mails from her colleagues on the
Laser Interferometer Gravitational-Wave Observatory (LIGO)
project. This project to find and observe gravitational waves in
space is funded by the US National Science Foundation (NSF).
Two instruments operating in unison—one in Louisiana and the
other in Washington—offer astronomers a whole new way of
studying the universe. Unlike astronomical telescopes, LIGO
cannot detect electromagnetic radiation at any wavelength or
frequency. Instead, it “feels” invisible gravitational waves.
Decades in the making, LIGO had just begun collecting data
when the detectors hit the jackpot.

That fall day, a text message from one of Kalogera’s graduate
students spelled it out: “Have you been keeping up with LIGO
emails today? Loud trigger!” That's when she knew something
big had happened.



That “something big” was a signal from outer space, picked up
by the LIGO detectors. It confirmed the existence of
gravitational waves, predicted by Einstein a century ago.
Kalogera, along with one thousand other scientists and
engineers, had been working toward this moment for nearly two
decades.

On September 14, 2015, LIGO instruments detected gravitational waves



produced by two merging black holes. The waves in this image show their
approximate location on a sky map of the southern hemisphere.

Kalogera and the other members of the LIGO team—more
than one thousand scientists from ninety different institutions—
were sworn to secrecy until the data could be thoroughly
analyzed to make sure the signal was real. It was.

On February 11, 2016, LIGO laboratory executive director
David Reitze held a press conference. “Ladies and gentlemen,
we have detected gravitational waves. We did it. | am so pleased
to be able to tell you that. . . . These gravitational waves were
produced by two colliding black holes that came together,
merged to form a single black hole about 1.3 billion years ago.”

The announcement stunned the scientific community. Even US
president Barack Obama tweeted: “Einstein was right! Congrats
to @NSF and @LIGO on detecting gravitational waves—a huge
breakthrough in how we understand the universe.”

Why was the discovery so exciting? Remember that Einstein’s
general theory of relativity states that space and time curve in
the presence of mass. This curvature is responsible for the
effect we call gravity. When two objects interact with each
other, they stretch and squeeze space-time. If those two
objects are not very massive, like a couple of pool balls or you
and your friend, the effect is so small as to be unnoticeable.

If they are very massive, like orbiting or colliding black holes,
they send out gravitational waves in space-time, much as a
stone tossed into a pond creates ripples in the water.

The LIGO discovery was not only the first time physicists
were able to prove the existence of gravitational waves. It was
also the first experimental evidence for binary black holes. As
the black holes orbited around each other, gravitational forces
pulled them closer and closer together until they finally merged



in a colossal collision that LIGO was able to capture.
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These plots show the signals of gravitational waves detected by the twin



LIGO observatories at Livingston, Louisiana, and Hanford, Washington. The
signals came from two merging black holes, each about thirty times the
mass of the sun, lying 1.3 billion light-years away. These waveforms show
what two merging black holes should look like according to the equations of
Albert Einstein’s general theory of relativity. The LIGO data very closely
match Einstein’s predictions.

PROFILE: VICKY KALOGERA

Vicky (Vassiliki) Kalogera was born and raised in a small town in Greece,
where young people, especially young women, were not generally
expected to study math and science. But her parents encouraged her to
work hard and pursue her interests. She had a female teacher in middle
school who showed her that math was fun and a science teacher who
opened up the wide world of physics.

In Greece, as in much of Europe, students are expected to choose
their area of study before they go to college. Kalogera chose physics.
“Once | got into college for physics,” she said, “l got more and more
exposed to astronomy and astrophysics, and that became a true
passion. And | also discovered that people could be paid to actually do
research; this wasn't something that my family was aware of, or that |
was aware of! So this was when | realized | could go to graduate school
and pursue research.”

After Kalogera graduated from the Aristotle University of Thessaloniki
(Greece) in 1992, she went to graduate school at the University of
lllinois at Urbana-Champaign, where she studied compact objects. After
receiving her PhD in 1997, she continued her research at the Harvard-
Smithsonian Center for Astrophysics, where she learned of LIGO.

At the time, the project was a physics experiment to detect
gravitational waves as a way of confirming Einstein’s general theory of
relativity. “It was not thought widely as a new way of doing astronomy,”
she said. “Most people were doubtful and dismissive, and thought that it
would never really happen. . . . So at the time | decided to join the LIGO
project, | was not encouraged by my mentors. But | was really curious
about it . . . so | just dipped my toe into the LIGO collaboration.”
Kalogera has become one of LIGO's most senior astrophysicists, riding




gravitational waves to new frontiers in astronomy.

The LIGO scientists gained an astounding amount of information
from the signal. They could tell that the two colliding black holes
had twenty-nine times and thirty-six times the mass of the sun,
respectively. In the final, furious moments before the collision,
the black holes orbited each other 35 times per second. As they
moved closer, their orbital speed shot up to 250 times per
second before finally merging. The combined black hole had a
mass of about sixty-two times the sun’'s mass, a little less than
the combined mass of both black holes. The “missing” mass was
released as a result of the force of the collision, and it took the
form of gravitational wave energy. So about three times the
mass of the sun (13 million trillion trillion pounds, or 6 million
trillion trillion kg) was converted into gravitational wave energy.
That is more than ten times the combined light energy of every
star and galaxy in the observable universe!

The LIGO scientists didn’t have to wait long to find a second
black hole collision. On December 26, 2015, just as many
scientists were home enjoying the holidays with their families,
the detectors picked up the strong signal of yet another black
hole collision, 1.4 billion light-years away. These black holes
were smaller—just 7.5 and 14.2 times the mass of the sun.
While the first signal in September had lasted 0.2 seconds, the
second one in December lasted a full second. LIGO had also
recorded the final twenty-seven orbits of the black holes before
they crashed into each other. The merger of the two black holes
released only one solar mass of energy. The fact that these two



events happened so close in time is a strong indication that
black hole collisions are much more common than scientists had
originally thought.

This illustration shows a simulation of two galaxies—each with
supermassive black holes in the middle—in the process of merging. The
black holes orbit each other for hundreds of millions of years before they
merge to form a single supermassive black hole that sends out intense
gravitational waves.

Kalogera is excited about the LIGO discoveries. They make
her even more passionate about learning how binary black hole
systems form. Astrophysicists have two models to describe the
formation of these systems. One model says that two similar



stars are formed from the same cloud of gas, like identical twins
splitting from the same egg in their mother's womb. The twin
stars grow up together, orbiting each other throughout their
lives in relative peace. When they exhaust their nuclear fuel,
they explode into supernovas and collapse into black holes. The
binary stars become binary black holes.

The second model says that the two stars formed
independently but inside the same cluster of stars. Inside that
cluster, the more massive stars move toward the center and
become black holes. They eventually dance around each other
before finally colliding and merging into binary black holes.
Kalogera hopes that LIGO data will help determine which model
IS correct.

DARK MATTER?

One of the great scientific mysteries is the nature of the matter and
energy that make up our universe. Less than 5 percent of the universe
is made of ordinary matter—the stuff we can actually detect, such as
the protons, neutrons, and electrons that make up atoms. The rest of
the universe is made of dark energy (68 percent) and dark matter (27
percent).

Dark matter is nearly impossible to detect because it does not absorb,
reflect, or give off light in any part of the electromagnetic spectrum.
But scientists know that dark matter is out there because things
happen in the universe that can’t be explained without the existence of
something like dark matter. For example, the galaxies and galaxy
clusters in our universe are rotating at great speed. The gravity
generated by the matter we can observe in those galaxies—matter such
as protons and neutrons—is simply not enough to hold them together.
According to scientific theory, the matter we can see should fly apart,
scattering stars and gas. But it doesn’'t. So some type of matter must
be exerting enough gravitational pull to keep the matter together.

Dark energy is even more mysterious. Scientists think this form of




energy is embedded in the space-time fabric. In theory, the force of
gravity should be slowing the expansion of the universe. But the
redshifts in distant galaxies indicate that the universe is actually
expanding faster and faster. Scientists think that dark energy may be
behind the increasingly fast expansion of the universe.

MAMA BEARS

Various theories try to explain dark matter and dark energy. One theory
says that our understanding of gravity may be wrong. Another theory
suggests that dark energy may be a previously unidentified force in
nature. Most theories predict that dark matter is made of some as-yet-
undetected particle. Several experiments are under way at detectors to
either create or look for these particles.

LIGO’s results have at least one scientist thinking that a type of black
hole known as a primordial (very first) black hole might be the elusive
dark matter. Scientists haven't proven that primordial black holes are
actually a real thing. But if they do exist, they formed in the first
thousandths of a second after the big bang. They weren't created from
stars, like stellar black holes, because stars didn’t exist yet. Scientists
think that primordial black holes formed from the collapse of great big
balls of gas.

The first two black holes LIGO discovered are too large to fit the
predictions of the mass of most stellar black holes. But they're too
small to fit the predictions for supermassive black holes such as
Sagittarius A*, at the center of our galaxy. These “Mama Bear” black
holes—neither too big nor too small—might be primordial black holes.

Alexander Kashlinsky, an astrophysicist at NASA, has suggested that
primordial black holes could account for the “missing” dark matter. He
estimates that dark matter could be entirely accounted for with three
trillion solar masses’ worth of black holes.
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This diagram reveals changes in the rate of expansion since the
universe’s birth fifteen billion years ago. Astronomers theorize that

the faster expansion rate is due to a mysterious, dark force that is
pushing galaxies apart.

It's very likely that gravitational waves pass through our bodies
all the time. But since gravity is a weak force in the universe,
we don't feel a thing. A passing gravitational wave might change
the distance between you and the person sitting next to you by
about a millionth of the diameter of a proton. It would take an
awfully sensitive instrument to detect a gravitational wave. In
fact, Einstein doubted scientists would ever be able to detect
them.

The LIGO scientists decided to give it a go. They spent
decades planning and constructing two observatories, each one



functioning like an exquisitely sensitive pair of rulers. One is in
Hanford, Washington, and the other is in Livingston, Louisiana,
1,865 miles (3,002 km) away. The LIGO team put the two
detectors far apart on purpose. This way, they could tell
whether a little jiggle was due to local vibrations only or to a
gravitational wave from outer space. It would also allow them to
get a general sense of the direction from which the wave came.
Each observatory has an L-shaped vacuum tube, from which a
vacuum pump has removed all air and other gases. Each arm of
the tube is of equal length, a little more than 3.2 feet (1 m) wide
and 2.9 miles (4 km) long. The arms are so long that project
engineers had to raise them by 3.2 feet at each end so that
they lay flat above Earth’s curvature below.

A computer-controlled laser beam at the crook of the two
arms is split into two. Each beam shoots down and hits a mirror
at the end of the arm. The mirror sends the light bouncing back
to the source at the crook of the arms. The speed of light in a
vacuum is constant, so the beams should return to the source
at the same time. Unless, that is, a gravitational wave ripples
through LIGO’s arms. Then one arm of the L would be stretched
out while the other would be squeezed short. Since the beam in
the stretched arm would have to travel a longer distance than
the one in the squeezed arm, the two beams would arrive back
at the source at different times. The strength of the
gravitational wave would dictate this difference in time. So a
mild gravitational wave would lead to only a slight difference in
the time it took both beams of light to return. A stronger wave
would create a greater difference in the timing.
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Each arm of the LIGO observatory is 2.5 miles (4 km) long. This infographic
shows how mirrors and a beam splitter direct the light beams in the arms.
Changes in the behavior of the light waves indicate an interaction with
gravitational waves.

The LIGO instruments are supersensitive. They detect all
sorts of sound vibrations from nearby traffic, earthquakes, and
even distant ocean waves. To filter out all that noise, the team
outfitted each detector with complex suspension systems, like
sophisticated versions of those in a car, to insulate against
outside vibrations.



In September 2015, after years of hard work, the LIGO
scientists finally declared that the observatory was ready to
detect gravitational waves. It didn’t take long for the first signal
to arrive, first at the Louisiana detector and seven milliseconds
later at the Washington site. The “chirp” announced the
passage of the gravitational wave across the continent.

Gravitational waves are not actually sound or light waves. You
can’t hear or see them, so there is no literal chirp. So the LIGO
scientists devised a way of converting gravitational waves to
sound waves. The technology is something like the way a
mechanical wave you create by plucking a string on an electric
guitar can be converted to sound with an amplifier. When the
LIGO team first converted the gravitational wave to a sound
wave, it sounded like the thump of a heartbeat. If the team
shifted the frequency to make the wave easier to hear, it
sounded a bit like a raindrop falling into a bucket of water. LIGO
scientist Gabriela Gonzalez, speaking at a press conference in
San Diego, called it “gravity’s music.” You can go online and hear
the sounds of the collision at LIGO’s website at
https://www.ligo.caltech.edu/video/ligo20160211ve.

Ultimately, the LIGO collaboration would like to team up with
other astronomers to use X-ray, radio, and visible light
telescopes to further study colliding black holes. If telescope
astronomy creates a silent movie version of colliding black holes,
pairing it with LIGO’s soundtrack will give scientists a more
complete understanding of the event. The main challenge is that
the two LIGO detectors aren’t very good yet at pinpointing the
source of the gravitational waves they pick up. That the
September signal came first to the Louisiana site and then to
the Washington site indicated only that the gravitational wave



https://www.ligo.caltech.edu/video/ligo20160211v2

came from the Southern Hemisphere. It is difficult for
astronomers to figure out exactly where to aim their telescopes
if they are to coordinate their efforts.

“The [LIGOI detectors act more like our ears, and less like our
eyes,” Kalogera says. “Our eyes are like regular telescopes; we
point with our eyes. In contrast, our ears can hear sounds that
come from in back of us, from under the floor, in all directions.”
A larger network of detectors, Kalogera says, could work
together to help scientists zero in on the source of the
gravitational waves, much as a collection of satellites helps GPS
systems pinpoint a location on Earth.

LIGO can only detect gravitational waves within a certain
range of frequencies. But different sources in the cosmos emit
gravitational waves with different frequencies. Other detectors
can be designed to pick up waves with higher and lower
frequencies. A collection of gravitational wave detectors could
“hear” the entire orchestra of music from the cosmos, from the
high-frequency waves of binary neutron star systems to the low-
frequency rumble of a supermassive black hole.

Scientists plan to build a third LIGO observatory in India, and
Japan is building an underground one. ltaly and Germany have
smaller detectors similar to LIGO. These may become part of a
larger network of gravitational wave detectors. Scientists from
six nations are working to launch, in 2034, three networked
space-based observatories that could detect very low-frequency
gravitational waves.



After LIGO detected gravitational waves from two colliding black holes,
scientists from Johns Hopkins University's Department of Physics and
Astronomy published a hypothesis that the LIGO discovery could be a
signature of dark matter. This image, using data from the Chandra and
Hubble telescopes in 2012, shows the distribution of dark matter, galaxies,
and hot gas in the core of the merging galaxy cluster Abell 520. The
cluster was formed from a violent collision of massive galaxy clusters about
2.4 billion light-years from Earth.

DO YOU USE YOUR PHONE’S
GPS SYSTEM TO GET AROUND?

YOU CAN THANK EINSTEIN!




For many of us, the Global Positioning System (GPS) is part of our
everyday lives. We use it on our smartphones to find our friends, the
nearest pizza parlor, and to play games. Originally developed for military
navigation, GPS is based on an array of approximately thirty-two
satellites orbiting Earth. No matter where you are on Earth, you are
reachable by at least four of those satellites. At frequent intervals,
each one sends radio signals about its position and its current time.
Once your GPS device picks up signals from at least three satellites, it
can pinpoint your location on Earth, to within about 49 feet (15 m).

On board, each GPS satellite has an atomic clock (a superaccurate
clock that runs on atomic vibrations). Einstein’'s general theory of
relativity predicts that as gravitational pull becomes stronger, the more
time will appear to slow down. So the satellite clocks in space, where
the gravitational pull is weaker, will seem to run faster than those on
Earth. Yet special relativity also says that the satellite’s clocks are
moving relative to a clock on Earth, so they will actually seem to run
slower. Taken together—the effects of gravity plus the relative
relationship between space clocks and Earth clocks—the overall result
is that time on a GPS satellite clock runs faster than a clock on Earth
by about thirty-eight microseconds each day. That may not sound like

much, but without making the proper adjustments for time, the GPS
coordinates for where you are on Earth would be off by at least 6 miles
(10 km) each day. We'd be lost without general relativity!
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The US Air Force maintains GPS satellites in orbit around Earth. They
fly at an altitude of around 12,550 miles (20,200 km). Each satellite
circles Earth twice a day, sending radio signals to users. This G lock

IIIA will be the most current generation of GPS satellites. It is
projected to launch in 2018.




E veryone knows that it's impossible to see black holes, right?
We've observed the effects they have on nearby stars and
gases. We've detected the gravitational waves that come
crashing through the universe when black holes collide. We've
seen jets of energy that belch from ravenously feeding black
holes. Although scientists have seen blurry images that suggest
the presence of a black hole, we've never really, truly seen one.

A group of scientists from around the world is hoping to
capture an image of the black hole Sagittarius A*—or more
precisely, its event horizon—at the center of the Milky Way
galaxy. They've also got their sights set on a monster black hole,
estimated at six billion times the mass of the sun, in a galaxy
known as Messier 87 (M87). This galaxy is at the center of the
cluster of galaxies in the Virgo constellation of stars, about 50
million light-years away. The M87 black hole is much farther
away from us than Sagittarius A*, and it's also a whole lot
larger. An image of the event horizon of either black hole would
be the most direct evidence to date of the existence of black
holes.



This is an artist’s illustration of the corona (represented in purplish colors)
surrounding a black hole. Coronas surrounding supermassive black holes
are sources of highly energetic particles.

Scientists are starting with Sagittarius A*. They have
calculated that it would appear as a dark circle in the middle of a
gas cloud in the constellation Sagittarius at the center of the
Milky Way. Its tremendous gravity will distort and magnify any
image scientists take, sort of like the distortions of a funhouse
mirror. So scientists would expect to see a shadow of the black
hole about 50 million miles (80.5 million km) wide.

Sagittarius A* is so compact and so very far away that
getting a good look at it would be like someone on Earth trying
to take a picture of a grapefruit sitting on the moon. You would



need a very large telescope to get
enough focus and clarity to see the
grapefruit.

A radio telescope is the ideal
Instrument to look more closely at
Sagittarius A*. (Radio telescopes,
like other telescopes, detect
electromagnetic waves from sources
iIn space—in this case, radio waves.)
Because radio waves are very long,
they can pierce through Earth’s
atmosphere and through the galactic
dust between Earth and the center
of the Milky Way galaxy. Visible
wavelengths can’t do that. Scientists
also believe that the hot gas at the
Sagittarius A* event horizon will
shine brightly when the high-
frequency (0.05 inches, or 1.3
millimeter) radio wavelengths hit the
gas.

However, to get the kind of
resolution needed to see the event
horizon of Sagittarius A*, scientists
would need an Earth-sized radio
telescope. That's impossible. So the
next best thing is a network of nine

This is a combined image
from two Chandra
observations of the giant
elliptical galaxy Messier 87
—50 million light-years from
Earth. Bright arcs and dark
cavities in the multimillion-
degree-Celsius atmosphere
of M87 surround a central
jet. Much farther out, two
plumes extend beyond the
rings. These features, plus
radio observations, show
that repetitive outbursts
from the central
supermassive black hole
have been affecting the
entire galaxy for at least one
hundred million years.

radio telescopes situated around the world: the Event Horizon
Telescope (EHT). The trick—and it's not a small one—is getting
all the telescopes to work together, looking at the same object
at the exact same time, and coordinating all the data to create



a single high-resolution image.

In 2005 a team of astronomers led by Zhigiang Shen of the
Shanghai Astronomical Observatory in China caught a fuzzy
glimpse of Sagittarius A*. The team used an array of ten radio
telescopes stretching from Hawaii to the Caribbean island of
Saint Croix (one of the US Virgin Islands). Known as the Very
Long Baseline Array (VLBA), the networked telescopes provided
data to create an image showing that the diameter of
Sagittarius A* was less than 90 million miles (145 million km)
across—Iless than Earth’s distance from the sun. lonized
electrons and protons in space blurred the image, however, and
the black hole’s event horizon appeared larger than scientists
expected. This is not unlike the way frosted glass blurs and
enlarges the image of something on the other side of the pane
of glass.

EHT scientists hope to sharpen that blurry image. The EHT
telescopes are all over the world, which gives EHT images much
better resolution than VLBA images. And the additional EHT
radio telescopes will be tuned to slightly higher radio frequencies
so that the waves can more effectively make their way through
the cosmic haze.



Scientists check for ice on the dish of the Large Millimeter Telescope
(LMT) Alfonso Serrano. The LMT is part of a network of radio telescopes
known as the Event Horizon Telescope. The LMT sits atop a dormant
volcano in Mexico, at an altitude of 15,092 feet (4,600 m).

Radio astronomy is not always easy. Water vapor in Earth’s
atmosphere absorbs radio waves, so radio observatories tend
to be built at high, dry places. Still, powerful storms do
sometimes roll in at these high elevations, making observing
difficult to impossible. And because radio signals sent far into
space are very weak, it's important to filter out as much radio
frequency noise from Earth as possible. It's like tuning a radio to
get rid of the static between stations. The more remote and the
quieter the location, the better for radio astronomy!

One of the most powerful radio telescopes on Earth is the
Atacama Large Millimeter/submillimeter Array (ALMA). It is in
the Atacama Desert of Chile on a 16,400-foot (5,000 m)



plateau, one of the driest places on Earth. Filmmakers use it as
a location to shoot scenes that are meant to take place on
Mars. In fact, scientists have found that the soil of the
Atacama Desert is just as lifeless as that on the surface of
Mars. And because the plateau is at such a high altitude,
oxygen levels are low. Scientists and engineers working at the
ALMA site wear portable oxygen tanks to avoid passing out.
They are allowed to spend just six hours a day at this high
altitude.

ALMA is actually made of many small antennae that are 40
feet (12 m) in diameter. The antennae combine data to work
together as a single large telescope. The ambitious goal of the
EHT team is to network ALMA with other independent radio
observatories in similarly remote and forbidding places across
the world. This requires a mind-boggling degree of coordination.
For example, on an agreed-upon observation night, scientists at
each telescope point their dishes at Sagittarius A*. Each
telescope has an atomic clock. The clocks are synchronized to
an extreme level of accuracy—only a one-second shift every one
hundred million years. The telescopes track the black hole
throughout the night, using Earth’s rotation to view it at
different angles. The telescopes store data on hard drives,
shipping them off to MIT. There, a supercomputer puts all the
data together for analysis.

Coordinating the information from each observatory is tricky.
Katie Bouman, a graduate student in electrical engineering and
computer science at MIT, explained how the telescopes work
together. Imagine, she said, “that you have a big pond. You and
your friend are sitting very far apart on the shore at the edges



of the pond. There are a bunch of frogs jumping up and down in
the center of the pond, which causes ripples. You can't see the

frogs; you can only see the waves as they approach you at the
shore.”

The Event Horizon Telescope

A network of telescopes as big as Earth is trying to measure the boundary of what astronomers
suspect is a supermassive black hole at the center of our Milky Way galaxy. Placing the telescopes
as far apart as possible increases the array's ability to discern small details and increases the
resolution of the resulting images.

98-foot (30-m) telescope
Pico Veleta, Spain

CARMA
Combined Array for Research in
Millimeter-Wave Astronomy
Cedar Flat, CA

JCMT and SMA
James Clerk Maxwell Telescope |
and Submillimeter Array

Mauna Kea, HI
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Submillimeter Telescope
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LMT |
Large Millimeter Telescope
Volcan Sierra Negra, Mexico

APEX |
Atacama Pathfinder Experiment ——
Llano de Chajnantor, Chile

SPT
South Pole Telescope

Amundsen-Scott South Pole Station, Antarctica * Telescope site

— Network

Bouman points out that you can measure the wave patterns
that reach you and compare them to the patterns that reach
your friend a little farther away. The ripples, or waves, will
interfere with one another. Some will amplify the waves to form
crests (peaks). Some will cancel them out, forming troughs (low
points or valleys). By merging your information about the waves
in the water, you can figure out where the frogs are.



Similarly, the radio telescopes are like you and your friend at
the edge of the pond. Scientists can study the data they receive
from the radio waves emitted by a black hole. From the waves,
they can then create an image of the black hole at the center of
our galaxy. It's a technique called interferometry. It's a powerful
tool for merging data from different telescopes.

The EHT scientists face some additional challenges in creating
an image of Sagittarius A*. Radio waves from cosmic sources
usually reach any two telescopes on Earth at slightly different
times. Earth’s atmosphere can slow them down, exaggerating
differences in arrival time and throwing off the calculations
needed to merge the information from the two telescopes.

Bouman developed a new algorithm (a process or set of rules
to be followed in calculations) that she calls Continuous High-
resolution Image Reconstruction using Patch priors (CHIRP) to
address that problem.

It multiplies the data from three telescopes to cancel out the
delays caused by Earth's atmosphere.

CHIRP solves another problem for the EHT. With just a few
telescopes scattered across Earth, the EHT data is incomplete.
Scientists can use the data to make any number of images of
the black hole. The images could all match the data but not
necessarily be a true reflection of the black hole.

“This [situation of incomplete data creating an imagel poses a
real conundrum, because we've never seen a black hole,”
Bouman said. "We have some idea of what a black hole might
look like, but we don’t want to impose too much prior
information on that. We don’t want to get into a circular
argument where we're reconstructing something that we
expected to see.”

CHIRP helps create an image that both fits the data and



agrees with what we already know about black holes. To do this,
Bouman fed a huge database of real-world images, from pictures
of galaxies to cats and houses, into the computer’s algorithm.
“Even though there’'s a huge variation in these kinds of images, if
you break them up into 64-pixel patches [small visual unitsl,
there’s a lot in common,” she explained. Over time, the
computer learned which patches come together in a way that
produces an image that best fits the data. “When we’re trying
to reconstruct an image of the black hole, we're treating those
little patches [of galaxy imagesl] as puzzle pieces, fitting them
together in a collage to make an image that’s likely, based on
what we know about images in general.”

If everything goes well, EHT scientists hope to see a clear
picture of the Sagittarius A* black hole emerge sometime in
2017. So far, they have already taken terabytes (one terabyte
is one million million bytes) of radio frequency data, and they will
continue to take many more. You can follow the project at
http://www.eventhorizontelescope.org/.

PROFILE: KATIE BOUMAN

Katie Bouman got her first real taste of the thrill of scientific research
in sixth grade with her first science fair project at West Lafayette,
Indiana. It was supposed to be a tiny project, she said. But instead, she
baked three hundred loaves of bread to study the rising effects of yeast
on dough. Her efforts paid off, and she won the gold medal in her
category.

When she was a junior in high school, Bouman found herself with an
empty slot in her class schedule. A friend urged her to take a
programming class. Bouman balked. “"Programming sounds boring and
stupid,” she told her friend. But the friend persisted, convincing her that
she could do some cool projects. “So | took it, and | feel like that was



http://www.eventhorizontelescope.org/

really the start of when | seriously got
into research,” she said. “l got an offer to
be a research assistant for the summer
in an image processing lab [in her
hometown at Purdue Universityl.”

When she graduated from high school in
2007, she went to college at the
University of Michigan in Ann Arbor to
study electrical engineering. She found
that she really liked working with images. A high school computer
“You can see your results. | can visualize programming class opened
what'’s going on, and | really enjoy that,”  Katie Bouman’s eyes to the
she said. She went to graduate school at  Possibilities of image
MIT to continue her studies in image processing and electrical
processing and electrical engineering. engineering.

Her research adviser at MIT told her about a project called the Event
Horizon Telescope. She had a casual interest in astronomy as a girl, but
she didn’t know a lot about it. She suspected, though, that this project
just might offer her the image processing challenge she was looking for.
“At first | was really working on the project alone,” she said. She took
what she learned from textbooks and tried to come up with a new
algorithm for imaging a black hole. “It’s difficult if you don't know the
details of the specific physics. . . . It’'s a big learning curve.”

So she went to a meeting about black holes to try to learn more. “It
was a really cool experience; | got to hear all these physicists debating
about whether the black hole at the center of our galaxy has a jet or
not, crazy things like that,” she said. “It was a very different world than
the one | live in, engineering. It was kind of like something out of a movie.
But | met a lot of good astronomers who really took me under their
wing, and I've been working closely with them since.

“I'd like to continue with astronomy, but I'm not limited to it,” she
continued. “| just really like the computational imaging problems where
you pull out the hidden signal.” You can watch Katie Bouman's TEDx talk,
“How to Take a Picture of a Black Hole,” at
https://www.ted.com/talks/katie bouman what does a black hole look li
ke.
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What's the scientific payoff for the EHT? It’s not just that
scientists want to create pretty pictures of some of the most
mysterious objects in the universe, although that would be
fantastic. EHT will provide a laboratory of sorts to test the
predictions and limits of Einstein’s general theory of relativity.
For example, his theory predicts that the strong curvature of
space-time near a black hole will produce a dark shadow
surrounded by a bright ring of photons. If scientists do capture
an image of the event horizon shadow, it will be a major
confirmation of the theory.

Just as exciting is the prospect of watching Sagittarius A*
dine, perhaps on a blob of gas. We would expect to see the gas
orbit the event horizon at nearly the speed of light and watch its
last moments before it is swallowed into the black hole. The
fast-moving gas should emit light from a particular place in the
black hole, giving scientists a great tool for measuring how light
and matter are affected by extreme gravity.

Sagittarius A* is a picky eater, as black holes go. It's on a
near-starvation diet. The gigantic M87/ black hole in Virgo, on
the other hand, is a much less picky and messier eater. It has
swallowed an entire medium-sized galaxy over the past billion
years and regularly burps out huge jets of energy into the
universe. One day EHT scientists hope to capture an image of
this black hole too!



0 rbiting high above Earth, one-third of the way to the moon,
is the Chandra X-ray Observatory satellite. The
observatory is named in honor of Indian American Nobel prize-
winning astrophysicist Subrahmanyan Chandrasekhar (o,
Chandra, which means “moon” or “luminous” in Sanskrit). In
1930, when he was just nineteen years old, he calculated that
white dwarf stars could not exceed a certain mass—now
accepted to be around 1.4 times the mass of the sun. Once the
dying star exceeded this limit, which came to be known as the
Chandrasekhar limit, the object would no longer be able to resist
the force of gravity. It would explode in a fiery supernova. The
remote-controlled Chandra observatory carries a telescope
specially designed to detect X-rays from very hot regions in the
universe: supernovas, galaxy clusters, and the stuff around
black holes.



The crew that launched the Chandra X-ray Observatory took a series of
photos, including this one, of the satellite telescope as they launched it into
space. Chandra weighs 50, 162 pounds (22, 753 kG)J. In the background is
planet Earth, at an angle that shows a desert area of Namibia in

southwestern Africa.

In 2015 Eric Schlegel, an astrophysicist at the University of
Texas in San Antonio, was looking at some archived data from
Chandra. It showed a small galaxy, NGC 5195, merging with a



much larger spiral galaxy NGC 5194. Spiral galaxies are named
for their distinct spiral shape, in which stars, gas, and dust are
gathered in spiral arms that spread outward from the center.
Located 26 million light-years away, in the Hunting Dogs
constellation, the larger galaxy is nicknamed the Whirlpool
because of its curving spiral arms. Like a whirlpool, it is slowly
drawing its companion galaxy into its center. This little dance
has been going on for hundreds of millions of years. The
Whirlpool will eventually swallow its smaller partner.

Schlegel noticed two boomerang-shaped arcs of X-ray
emission close to the center of NGC 5195, the smaller of the
two galaxies. The arcs, Schlegel and his colleagues guessed,
indicate burps of gas from the Whirlpool. The curves mapped
right back to the home of the black hole at the center of the
galaxy. Because of the amount of belched gas, Schlegel thinks
that a lot of matter must have been dumped very quickly into
the black hole at the center of the Whirlpool—and been kicked
out just as quickly. It's as though you chugged a soda much too
fast. Like the Whirlpool, you belch a lot of gas quickly after
drinking the soda.



These images from Chandra and Hubble show two merging galaxies (NGC
5135, top lefi, and NGC 51594, bottom lefi) within the larger Messier 51
galaxy. The bright whitish-blue outburst at the center of the blue inset at
right is the galaxy's supermassive black hole. Two boomerang-shaped arcs
below it are burps of gas from NGC 5194.

The X-ray arcs represent cosmic fossils from two enormous
blasts from the Whirlpool that happened millions of years ago.
The arcs of X-ray emissions would have taken one to six million
years to reach their current positions. The radiation would have
taken another twenty-six million years to reach us.

That was interesting enough, but then Schlegel compared the



emissions to some twenty-year-old data of the same region.
These were from an optical telescope at the Kitt Peak National
Observatory in Arizona. In the older image, he found two slender
emission lines of relatively cool hydrogen gas just outside the X-
ray arcs. Together, the X-ray and optical images told a story. As
the two X-ray shocks traveled outward, they snowplowed
hydrogen gas from the center of the NGC 5195 galaxy off to
the sides. “Thank goodness for archives,” he said. “It was
picture perfect.” The images clearly supported the hypothesis
that black holes do indeed belch. In fact, Schlegel thought he
must have been cherry-picking the data. He wondered if he was
acknowledging only the evidence that supports a hypothesis—
and ignoring the rest. “I'd never seen anything work out that
well,” he said. “Usually, if you're at the edge of a research
frontier, there’'s a lot of noise. You spend a lot of time squinting
and thinking, ‘Is this really something?™

Schlegel walked away from the data for a couple of days and
then came back. He carefully walked through every step of the
data and came to the same conclusion. The X-ray burps had
indeed plowed through hydrogen gas at the center of the galaxy,
pushing the gas to the outer edges. This hydrogen gas was a
stellar nursery!

If you live in a part of the country with snowplows, you've
seen the huge mounds of snow they form at the sides of the
road. Just as snow plowed to the edges of the street can form
dense snow-packed hills, the X-ray blast waves created areas of
hydrogen gas dense enough to form stars farther from the
center of the galaxy. And Schlegel and his team have found
what appear to be new stars forming at the outer edge of the
blast wave from the Whirlpoal.

Schlegel and others believe this kind of black hole behavior



probably happened very often in the early universe. The black
holes shaped the evolving structures of galaxies. But it's rare to
catch them in the act. “If you look at a true color image of a
spiral galaxy, you immediately see that the outskirts are
relatively blue in color,” Schlegel said, “and the nuclear [interior]
region is relatively orange.” That blue radiation tells us that
stars in the outskirts are younger, because young stars tend to
be more massive and hot, and stars tend to form on the arms of
spiral galaxies.

The orange stars in the interior pose more of a puzzle,
Schlegel said. Stars don't seem to be forming there. “You could
just imagine that you've got older stars [in the interiorl, but we
think that galaxies are formed at roughly the same time. The
stars in the nuclear region ought to be roughly the same age as
stars out our way.” (Our solar system is roughly halfway
between the center of the Milky Way and its outer edge.) But
they're not. Stars in the nuclear region appear to be older than
stars closer to us. And the reason why, Schlegel said, is
probably because the black hole has blown the gas that could
have been used to form new stars into the outer parts of the
galaxy.

This kind of behavior, which astronomers call feedback, is the
way our universe helps regulate the size of a black hole and of
the galaxy itself. “Otherwise,” Schlegel said, a black hole that
keeps eating and picking up new matter “could become large
enough to engulf a galaxy.” So black holes not only consume new
matter, but they also spit out and create new things.

PROFILE: ERIC SCHLEGEL




Many successful people—scientists, artists, and entrepreneurs—can
identify an aha moment in their lives that steered them toward their
chosen fields. Not Eric Schlegel. It's not because he hasn't thought
about it. He has—a lot. He even went into hypnotherapy (a type of
therapy that explores the mind through hypnosis) to try to figure out
why he'd been interested in astronomy from a very young age. No dice.
It seems he was simply born an astronomer.

He had the good fortune of growing up in eastern Pennsylvania and
Maryland, where he could see clear night skies unpolluted by city lights.
His father worked for the Boy Scouts, maintaining campsites year-
round. There, he had plenty of opportunities to stargaze. His high schoaol
had a planetarium, which furthered his interest in astronomy.

Schlegel studied astronomy at the State University of New York at
Albany. Then went to graduate school at Indiana University—
Bloomington, earning a PhD in 1983. During those years of study, his
focus on astronomy and astrophysics never wavered. Schlegel teaches
and does research at the University of Texas in San Antonio, where he
has studied supernovas, binary stars, and galaxies. They are all related,

he says, because “you can go from one to the next, and each one has
an impact on the one that follows it."

Eric Schlegel studies supernovas such as these.




Sagittarius A*, the black hole at the center of the Milky Way, is
relatively quiet, but it wasn’t always. In fact, it's likely that
millions of years ago “our” black hole blew two huge bubbles.
They extended tens of thousands of light-years above the disk-
shaped Milky Way.

In 2009 astrophysicist Douglas Finkbeiner of Harvard
University was looking for dark matter in the Milky Way. He and
other scientists saw a mysterious microwave haze in the inner
part of the galaxy. Perhaps, they thought, the haze was dark
matter, pulled in toward the center of the galaxy by gravity. If
dark matter particles collided with one another in the crowded
core of the Milky Way, Finkbeiner thought, they would create
high-energy charged particles and gamma rays.

Finkbeiner turned to recently released data from the Fermi
Gamma-ray Space Telescope, a space observatory in low-Earth
orbit. The NASA telescope, launched in 2008, scans the entire
sky 24-7, 365 days a year, searching for the highest energy
form of light: gamma rays. Finkbeiner and his colleagues found a
lot of gamma rays in the inner part of the Milky Way galaxy, all
right. As they analyzed the data, they began to see that the
gamma rays were arranged in a big figure eight extending above
and below the disk of the Milky Way. The figure eight looked like
twin teardrop bubbles anchored one on top of the other at the
galaxy’s core. According to computer models, dark matter
wouldn’t do that. It would form a spherical halo. At first,
Finkbeiner was disappointed. He told colleagues he had “double
bubble trouble.”

Finkbeiner soon realized they hadn’t discovered dark matter.
But they had stumbled onto something very interesting. The
team named the gamma ray bubbles Fermi Bubbles, after the
telescope they had used to find them. (The telescope itself is



named after twentieth-century Italian American physicist Enrico
Fermi. He helped build the world’s first nuclear reactor, among
other accomplishments.)

What could the bubbles be? Scientists had discovered bubbles
In other galaxies, especially galaxies with supermassive black
holes one hundred or even one thousand times the mass of the
black hole at the center of the Milky Way. Sagittarius A* is puny
in comparison. It is a black hole of only four million solar masses.
Up until then, it had the reputation among astronomers as a
quiet wallflower among the louder, more boisterous black holes
in the universe. With Finkbeiner’'s discovery in 2009, it seems
that Sagittarius A* may have seen some wilder times, perhaps
as recently as the last one hundred thousand years.

“When stuff falls into that black hole, as you can imagine, it
makes a big mess,” Finkbeiner told Scientific American. “One of
the things that happens is very high-energy particles get
ejected, and probably shock waves, and you can get jets of
material coming off of the thing."Those jets might well have
formed the Fermi Bubbles.

Another possibility is that a burst of star births and deaths in
the inner galaxy occurred, probably within the last ten million
years. This flurry of activity could have propelled a great deal of
radiation and matter outward, forming bubble-like structures.

It may be that the Fermi Bubbles were created by a
combination of the two processes. Scientists have found
evidence in other galaxies that when a black hole feeds, it leads
to a burst of new star formation.



From end to end, the Fermi gamma ray bubbles discovered in 2009 extend
50,000 light-years, or roughly half of the Milky Way's diameter. X-rays
(blue) from ROentgen SATellite (ROSAT) observatory, a Germany-led
mission in the 1990s, are the edges of the bubbles. The gamma rays
(magenta) mapped by Fermi extend much farther.

The Milky Way’'s Fermi Bubbles are impressive. But in a galactic
bubble-blowing contest, our galaxy falls far short. About 250
million light-years away is Perseus, a gigantic galaxy cluster. Like
most galaxy clusters, it is anchored by a huge black hole at its
center. The Perseus cluster contains one thousand times the
mass of the Milky Way and stretches across 12 million light-



years. Much of that mass is really hot, up to tens of millions of
degrees Fahrenheit. It glows with X-ray frequency photons. In
fact, it's the brightest X-ray object in our neighborhood. It's a
great place to do X-ray astronomy.

Andrew Fabian, an astronomer at the Institute of Astronomy
in Cambridge, England, used the Chandra observatory to make a
detailed study of the Perseus cluster. He saw something
incredible: two huge, bubble-shaped cavities, each about 50,000
light-years wide, extending away from the central supermassive
black hole. Those cavities, bright sources of radio waves, are
packed with high-energy particles and magnetic fields. The
cavities pushed aside hotter, X-ray emitting gas, creating ripples
in space—actual sound waves. The period of each wave, from
one peak of the wave to another, is about ten million years.
Chandra had recorded a snapshot of these slow-moving waves.

The Perseus black hole sound waves are a sort of song. They
sing at a very low bass register, in a range far lower than we
could ever hear—a million billion times lower, to be exact. The
black hole sings just one note: a B flat that is fifty-seven
octaves below middle C on a piano. For a visual animation of the
sound waves generated by the Perseus cluster black hole, visit
http://chandra.harvard.edu/photo/2003/perseus/animations.html

The black hole seems to be doing much more than just
entertaining nearby galaxies with its musical abilities. For years,
astronomers have been puzzled about why so much hot gas is in
the inner regions of the Perseus cluster. That gas should have
cooled over the past ten billion years, forming trillions of stars.
But it hasn’t. Why not?

Chandra observations suggest that the energy in the cavities
Is carried by the sound waves as they travel through the gas.


http://chandra.harvard.edu/photo/2003/perseus/animations.html

That energy keeps the gas warm, preventing it from cooling.
Every few million years, some gas starts to cool and condense,
falling back in toward the black hole. The black hole feeds again,
spitting out jets of matter once again, creating more bubbles
and sound waves that send their rumbling energy outward into
the gas. Those black hole bubbles seem to be serving as a
thermostat for Perseus, keeping it at a steady hot temperature.

Galaxy clusters such as Perseus labovel are immersed in gas and are held
together by gravity. Chandra observations of Perseus show that
turbulence is preventing stars from forming there. The black hole at the
center of this galaxy cluster pumps out huge amounts of energy through
powerful jets of energetic particles. Chandra and other X-ray telescopes
have detected giant cavities that the jets create in the hot cluster gas.

Perseus and the Milky Way aren’t the only galaxy participants
in the cosmic bubble-blowing contest. Astrophysicists have



found evidence for bubbles in 70 percent of all galaxy clusters in
the universe. They have found evidence for sound waves
traveling through the bubble surrounding the giant galaxy M87
in the Virgo cluster. That black hole sings even lower than the
Perseus black hole, with notes as low as fifty-nine octaves
below middle C. Many scientists believe that these bubbles are
yet another indication that black holes shape entire galaxies.

SOUND WAVES IN SPACE?

Here on Earth, we can hear sound waves because they travel through
some sort of medium, like air or water. They cause surrounding air or
water molecules to vibrate, and these vibrations pass from one molecule
to another. Our ears pick up the vibrations as sound.

So how do sound waves travel in space, which is a vacuum with
neither air nor water? And can you even hear them?

Steven Allen, a professor of physics at Stanford University, explained
that when black holes shoot out gas jets traveling at nearly the speed of
light, they slam into the surrounding hot gas. “They beat a ‘galactic
drum,” he told Scientific American. The jets are the sticks, and the
surface of the gas is the drum. We can’t hear these sound waves,
because sound can't travel between the vacuum [that lies] between
Perseus and us. But we can see them with X-rays. As the sound waves
travel through the galaxy, we see the regions of greater pressure as
sound wave peaks and the regions of weaker pressure as troughs.

In a 1970 song called “Woodstock,” singer Joni Mitchell
famously sang about humans being made of stardust. American
astronomer Carl Sagan elaborated in a somewhat more
scientific, yet still poetic way. He said, “The nitrogen in our
DNA, the calcium in our teeth, the iron in our blood, the carbon



in our apple pies were made in the interiors of collapsing stars.
We are made of star-stuff.”

Both Mitchell and Sagan are right. With the exception of
hydrogen, which was made in the first few minutes after the big
bang, the stuff (matter) we are made of comes out of dying
stars that collapsed, went out in a blaze of supernova glory, and
spewed new matter into the universe. We know that black
holes, far from being simply greedy objects of destruction, can
also regulate star formation and the structure of galaxies.

We can’t say for sure that life on Earth (and possibly
elsewhere) would not exist without black holes. But it's clear to
scientists that the universe and its galaxies would be very
different without at least some of them. They might not be very
hospitable to life or at least to life as we know it.

For example, a galaxy anchored by a huge, voracious black
hole would, over time, see little new star formation. And that
means no carbon, oxygen, or other building blocks of life would
be present. A galaxy with a slacker of a black hole, on the other
hand, might create a lot of new stars. It might make massive
stars that burn up in a hurry and explode, blasting away the
atmosphere of any nearby planets. It wouldn’t be a very friendly
place for life.

Caleb Scharf is an astrobiologist at Columbia University in
New York City. He argues that the black hole at the center of
the Milky Way galaxy was instrumental in creating a place
suitable for life in the place and time in which life on Earth
exists. The Milky Way, he said, “is in something of a sweet spot.
It is neither one of those old-looking galaxies, nor one churning
out lots of new stars. It is in between, in what astronomers call
the green valley: it is still making some stars but not at a rate
that is hazardous to the development of complex structures.”



Long before Einstein published his general theory of relativity,
John Michell proposed the existence of dark stars so dense that
nothing, not even light, could escape their clutches. As if aware
of the reaction he would get (what a preposterous idea!), he
gave his paper a long, complex, and evasive title: “On the Means
of Discovering the Distance, Magnitude, &c. of the Fixed Stars,
in Consequence of the Diminution of the Velocity of Their Light,
in Case Such a Diminution Should Be Found to Take Place in Any
of Them, and Such Other Data Should be Procured from
Observations, as Would Be Farther Necessary for That
Purpose.”

We know that although Michell got the details wrong, he had
the right idea. Imagine what he might think if he could jump into
a wormhole and travel to our time. Surely he would be delighted
to join Andrea Ghez atop Mauna Kea to watch the stars in their
gravitational dance around Sagittarius A*. He would marvel at
the gamma ray burst that announced the birth of a new black
hole, the images of the burps and bubbles of black holes, and
the music of gravitational waves. Michell, who designed and built
his own telescopes, would be fascinated by the complexities of
the many amazing telescopes—both optical and radio wave—
that help us see the unseeable: the very edge of a black hole.

Equipped only with a homemade telescope and a top-notch
brain, Michell came up with the rudimentary idea for black holes.
In the two hundred-plus years since then, we have gained an
incredible amount of knowledge about black holes. We can thank
scientific advances in physics and astronomy, along with a
technology boom that brought us increasingly sophisticated
telescopes, detectors, and computers. And yet it seems clear
that we could spend several more lifetimes studying black holes



and working out what they can tell us about the way the
universe works as a whole.

The current generation of telescopes and detectors, along
with new ones in development, will be a source of scientifically
rich data for years to come. Some of that data will probably be
unexpected. It will probably lead to a deeper understanding of
the laws of the universe. That's how science progresses. Maybe
you, the reader, will be a part of it.



Scientists believe the universe holds an enormous number of black holes.
About one in one thousand stars have enough mass to become a black hole
when it dies. The Milky Way galaxy alone could harbor up to one hundred
million stellar-sized black holes. Presumably the hundreds of billions of
galaxies in the universe have a similar number of stellar black holes. And we
are pretty sure that a hulking supermassive black hole is at the center of all
those galaxies. It is impossible to profile all the black holes in the universe.
Here are some that scientists think are the most notable:

SAGITTARIUS A*

Type: Supermassive

Mass: About four million times the mass of the sun

Location: In the constellation Sagittarius, at the center of the Milky Way
galaxy, about 26,000 light-years from Earth

What makes it an all-star: Responsible for creating conditions favorable to
life on Earth

NGC 1600



Type: Supermassive
Mass: Seventeen billion times the mass of the sun
Location: In the constellation Eridanus, 200 million light-years from Earth

What makes it an all-star: The biggest black hole discovered to date

J0100+2802

Type: Supermassive
Mass: About twelve to thirteen billion times the mass of the sun
Location: 12.8 billion light-years from Earth

What makes it an all-star: Born about one billion years after the big bang;
still puzzling to scientists about how it grew so large, so fast

GRS 1915+105 (AND ITS COMPANION STAR)




Type: Stellar
Mass: About fourteen times the mass of the sun
Location: In the constellation Aquila, about 40,000 light-years from Earth

What makes it an all-star: The fastest spinning black hole ever discovered, a
whirling dervish that feeds off the material of its companion star, with
material on the edge of its event horizon spinning at about 350 million miles
(563 million km) per hour, or about half the speed of light

CYGNUS X-1

Type: Stellar

Mass: About 14.8 times the mass of the sun

Location: In the constellation Cygnus, about 6,000 to 8,000 lightyears away
from Earth

What makes it an all-star: One of the first black holes scientists discovered;
emits some of the strongest X-rays ever detected from Earth

IGR J17091



Type: Stellar

Mass: Less than three times the mass of the sun
Location: In the Milky Way, about 28,000 light-years from Earth

What makes it an all-star: The smallest black hole yet discovered, near the
theoretical minimum for the formation of a black hole; creates cosmic winds
clocked at 20 million miles (32 million km) per hour, nearly ten times faster
than has ever been observed from a stellar black hole
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absolute: something that is the same as measured in each and every frame
of reference. Newton thought that space and time were absolute. Einstein
said that space and time vary with an observer’'s motion.

astronomer: a scientist who uses telescopes to observe cosmic objects or
events

astrophysicist: a physicist who specializes in studying cosmic objects and
events

atom: a building block of matter. Atoms are made of protons, neutrons, and
electrons.

big bang: the scientific theory that says that all space, time, matter, and
energy in our universe originated from the violent explosion of a single point
of extremely high density and temperature about 13.8 billion years ago

binary system: two objects in orbit around each other. They may be two
stars or two black holes or a star and a black hole.

black hole: an object whose mass is concentrated in a point of almost infinite
density, with such powerful gravity that nothing can escape from it. Black
holes seem to be at the center of galaxies and are the place where stars
collapse and are born.

blueshift: a shift of electromagnetic waves from longer (red) to shorter
wavelengths on the blue end of the visible electromagnetic spectrum,
indicating that an object is moving away from the observer

corpuscle: the word scientists in the seventeenth and eighteenth centuries
used for light particles

cosmic ray: a high energy particle that bombards Earth from space

dark energy: a theoretical force that counteracts gravity. Scientists believe
it is the best explanation for the accelerating rate of the expansion of the
universe. Dark energy makes up about 68 percent of all cosmic matter.

dark matter: matter that exists in the universe but that humans cannot
detect because it emits no radiation that we can observe. Scientists
believe it exists because it exerts gravitational forces that affect
astronomical objects. Dark matter makes up about 27 percent of all
cosmic matter.

Doppler shift: the shift of a wave to a higher frequency (shorter wavelength)
when the source is moving toward the observer and to a lower frequency
(longer wavelength) when the source is moving away from the observer

electromagnetic (EM) radiation: energy that takes the form of electric and
magnetic waves, as well as a stream of photons, traveling at the speed of



light in @ vacuum

electromagnetic spectrum: the entire range of all the various kinds of
electromagnetic radiation, including (from short to long wavelengths):
gamma rays, X-rays, ultraviolet, optical (visible light), infrared, microwave,
and radio waves. The shorter the wavelength, the higher the frequency and
energy. The longer the wavelength, the lower the frequency and energy.

electron: a negatively charged elementary particle that exists in a cloud
surrounding the outer regions of atoms

elliptical: oval-shaped, like an ellipse

escape velocity: the minimum speed necessary for something to escape the
gravitational pull of a celestial body. A rocket launched from Earth must
accelerate to about 25,000 miles (40,234 km) to escape Earth's
gravitational pull and travel to another planet. Scientists calculate the
escape velocity from a black hole to be greater than the speed of light,
which is impossible. This means that nothing can escape a black hole.

ether: a historical term scientists used to talk about the medium or material
they thought filled the universe. In the nineteenth century, scientists
thought ether was the medium through which light could travel.

event horizon: a black hole’s point of no return. Any light or matter that
crosses beyond the event horizon cannot cross back. Although it is not a
physical boundary, the event horizon marks the exterior “surface” of a
black hole.

field: something that is distributed continuously and smoothly in space, such
as an electric field or magnetic field

frequency: the rate at which a wave oscillates, or vibrates. Frequency refers
to the number of cycles of oscillations per second. These oscillations are
measured from the crest (or peak) of one wave to the crest of the next.

galaxy: a collection of one billion to one trillion stars that all orbit around a
common center

gamma rays: electromagnetic waves with extremely short wavelengths and
high frequencies

general relativity: Albert Einstein’s theory, published in 1915, in which he
described gravity as a curvature of both space and time (space-time)

gravity: a fundamental force that causes two massive objects to be
attracted toward each other

infrared radiation: electromagnetic waves with a wavelength a little longer
than visible light. We can’t see infrared radiation with our eyes, but we can
feel and measure it as heat.

interferometry: the process in which two or more waves interfere with each
other. Scientists use interferometry to make very small measurements and
to measure tiny distances between objects.



jet: a beam of gas that carries energy outward from a black hole

light-year: the distance that light travels in one year, at the rate of 664
million miles (1.1 billion km) per hour. One light-year is equivalent to 5.9
trillion miles (9.5 trillion km).

mass: a measure of the amount of matter in an object. Mass is always a
fixed quantity for any given object and is not the same as weight.
Scientists measure mass in kilograms.

matter: anything that has mass

microwave: electromagnetic radiation with a wavelength a little shorter than
radio waves

Milky Way: the spiral galaxy in which we live. It is so named because it
appears as a faint whitish band stretching across the night sky.

molecule: a group of two or more atoms that are held together by chemical
bonds. Molecules do not have an electrical charge.

neutrino: a fundamental particle produced in massive numbers by nuclear
reactions in stars. They are very difficult to detect because they interact
very weakly with matter. All the same, scientists have found a variety of
sophisticated technologies to detect them.

neutron: an electrically neutral subatomic particle. Together with protons,
neutrons make up the nucleus of an atom.

neutron star: the compressed core of an exploded star composed almost
entirely of neutrons. They have strong gravitational fields. Some emit
pulses of energy along their axes and are known as pulsars.

nuclear fusion: the process in which two atomic nuclei merge to form a
larger nucleus. The process creates a great deal of energy and is the force
scientists use to make hydrogen bombs. In the sun and most stars,
hydrogen nuclei fuse together to form helium.

nucleus: in physics, the dense core of an atom

particle: in physics, a particle is a tiny bundle of mass or energy. Particles
are the building blocks of matter, including protons, neutrons, and
electrons, as well as photons, quarks, and neutrinos.

photon: a particle of light, a packet of electromagnetic radiation

planet: a spherical ball that orbits a star. Planets can be made of rock, gas,
or both. Earth, for example, is a rocky planet, while Jupiter is a gas planet.

primordial black hele: a black hole, typically less massive than a solar black
hole, thought to have formed shortly after the big bang

proton: a positively charged subatomic particle. Together with neutrons,
protons make up the nucleus of an atom.

quantum mechanics: the laws of physics that govern the realm of the very
small (atoms and subatomic particles). These laws are also known as
quantum theory.



radiation: energy emitted in the form of waves or particles

radio waves: electromagnetic waves of a very low frequency (long
wavelength). Radio waves are used to receive and transmit signals
between two objects, and astronomers also used naturally occurring radio
waves to study certain objects in space.

redshift: a shift of electromagnetic waves from shorter (blue) to longer
wavelengths on the red end of the visible EM spectrum, indicating that an
object is moving away from the observer

relative: an observation that depends on the observer’s reference frame

rotation: the spin of a body about its axis, or the imaginary line through its
center

shock: unusually high pressures that in the universe are produced by the
movement of exploding gas

singularity: a one-dimensional point that contains a huge mass in an infinitely
small space. In this point, space-time curves infinitely and the laws of
physics as we understand them no longer work.

space-time: the mathematical model that combines the three dimensions of
space with a fourth dimension, time. A point in space-time is defined by its
three space coordinates and its time coordinate. In the general theory of
relativity, the curvature of space-time is responsible for the phenomenon
we know as gravity.

special relativity: Albert Einstein’s theory, published in 1905, to explain the
fundamentals of space, time, and motion, in the absence of gravity. The
theory is based on the principle that the laws of physics, including the
speed of light, are the same for all non-accelerating observers. It leads to
the prediction that objects moving at nearly the speed of light contract and
that their time slows down.

speed of light: 186,000 miles (299,338 km) per second, the speed at which
electromagnetic radiation, or light, travels through a vacuum

star: a giant ball of hot gas held together by its own gravity that generates
nuclear energy in its core through nuclear fusion. The energy released in
that reaction is emitted as visible light and other forms of electromagnetic
radiation.

stellar black hole: a black hole formed by the gravitational collapse of a
massive star

supernova: a gigantic explosion of a dying star; the energy released when a
star’s inner core explodes and then powers the explosion of a star’s outer
layers

tidal force: the gravitational pull on planetary objects from nearby planets
and moons. For example, the movement of Earth’s oceans is impacted by
our moon. In a black hole, extreme tidal forces cause the vertical



stretching and horizontal compression of objects.

ultraviolet light: electromagnetic radiation whose wavelength is a little
shorter than the light on the violet end of the spectrum of visible light

vacuum: a region from which all particles, fields, and energy have been
removed or do not exist

wavelength: the distance between the two crests, or peaks, of a wave

white dwarf star: a small white star, about the diameter of Earth, that is
the remnant of a star that has exhausted all of its nuclear fuel and is
cooling off. The sun will one day become a white dwarf star.

wormhole: a hypothetical tunnel, or connection, that may link two widely
separated regions of space-time. Although there is no observational
evidence for wormholes, the mathematics of the general theory of
relativity predict that they are theoretically possible.

X-rays: electromagnetic waves with a wavelength between that of ultraviolet
radiation on the red end of the electromagnetic spectrum and gamma rays
on the blue end of the spectrum
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§6 THE NITROGEN IN OUR DNA, THE
CALCIUM IN OUR TEETH, THE IRON
IN OUR BLOOD, THE CARBON IN OUR
APPLE PIES WERE MADE IN THE
INTERIORS OF COLLAPSING STARS.
WE ARE MADE OF STAR STUFF. 33

—astronomer Carl Sagan, describing black holes
(collapsing stars) and the creation of the universe

§6 THE IDEA OF THE UNIVERSE
KEPT ME UP AT NIGHT. 33

—astronomer Andrea Ghez, describing her
interest in science as a young girl

6 LADIES AND GENTLEMEN, WE HAVE
DETECTED GRAVITATIONAL WAVES. 33

—David Reitze, LIGO laboratory executive director,
in a 2016 press release confirming the first-ever
detection of the formation of a black hole
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