& frontiers | Frontiers for

ASTRONOMY AND PHYSICS
Published: 01 November 2022
doi: 10.3389/frym.2022.858203

GRAVITATIONAL WAVES—A NEW WINDOW ON THE

UNIVERSE

Barry Barish*

LIGO Laboratory, California Institute of Technology (Caltech), Pasadena, CA, United States

YOUNG REVIEWER:

JIARUI
AGE: 13

Imagine you could choose a new set of eyes that would help you
see things you have never been able to see before. Maybe you
would choose Superman’s X-ray vision, or maybe you would prefer
to zoom into tiny things and see the wonders of the microscopic
world. Science has recently gained a new set of eyes—a new way
to look into the mysteries of the universe—using gravitational waves,
which are waves produced by gravity itself. In this article, | will take
you on a journey that begins with an explanation of gravity—from
the classical perspective of Isaac Newton to the modern and more
complex view of Albert Einstein. | will then explain how movements of
massive objects create gravitational waves, which are ripples in space
and time, and how they might be used to explain some mysteries
of the universe, and even help us to understand the origins of our
planet Earth.

Professor Barish won, jointly with Profs. Rainer Weiss and
Kip Thorne, the Nobel Prize in Physics in 2017 for decisive
contributions to the LIGO detector and the observation of
gravitational waves.
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GRAVITY

A force that causes
objects to move
toward one another.

Figure 1

Isaac Newton's
successful theory of
gravity has several
limitations. (A) Have
you ever wondered
why you fall back to
Earth when you jump
up, instead of flying
into the sky? What
attracts you back to
Earth? Newton's theory
could not answer this
question. (B) When an
apple falls from a tree,
it takes time for an
observer to know that it
happened, because the
information travels at
the speed of light.
Newton's theory
assumes that the
observer sees the apple
falling instantaneously,
at exactly the same
moment that it falls.
Both limitations were
solved by Einstein’s
theory of gravity.
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GRAVITY—FROM NEWTON TO EINSTEIN

In 1687, the great English mathematician and physicist Sir Isaac
Newton published his famous book, Principia [1], in which he
presented his theory of gravity—the first “universal” theory in science.
Newton’'s theory proved that the gravitational force between two
objects is proportional to the product of their masses and inversely
proportional to the square of how far apart they are. This sounds
complicated, but it means that the more mass the objects have, and
the closer they are to each other, the stronger the gravitational force
they have on each other. While this is true, it turned out that Newton's
wonderful theory has a few limitations.

First, have you ever wondered why, when an apple falls from a tree,
it falls down and not up? When you jump, why do you come back
down to Earth rather than flying upwards? Newton's theory does not
actually answer these simple questions. It only tells us the amount
of gravitational force the two objects exert on each other, like the
force between the apple and the Earth or between you and the Earth.
Newton's theory does not consider the direction of the force between
objects (toward each other or away from each other) nor does it
explain where gravity comes from in the first palace (Figure 1).

(A)

Figure 1

The second difficulty with Newton's theory is a little harder to grasp.
Imagine that the Sun suddenly disappeared. If it disappeared right now,
it would take about 8 min before we could see that it was no longer
there, because it takes 8 min for light to reach us from the Sun. The
same is true for everything else that happens in the universe—it takes
time for the information to travel from the event to the observer. So,
when an apple falls from a tree, it should take some time (even if only
a tiny fraction of a second) for the observer to know what actually
happened (Figure 1). Newton's theory does not take this time interval
into account so, according to his theory, the observer sees the apple
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Figure 2

Gravity according to
Albert Einstein. (A)
When you put a marble
on a flat trampoline, it
stays in place. This
represents the situation
of space when there
are no massive objects
present. (B) When you
put a heavy bowling
ball in the middle of the
trampoline, the
trampoline becomes
curved. If you now
place the marble on the
trampoline, it will move
toward the center. This
represents the gravity in
Einstein’s model, where
a massive object (like a
star) curves space and
time, and therefore
attracts another object
(like an apple, or
yourself) toward it.
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falling at exactly the same moment that it actually falls. We know
that this is not the case in reality; therefore, we can conclude that
something is missing in Newton's theory.

How can we solve these two puzzles posed by Newton's theory?
Luckily, more than 200 years after Newton, the beloved physicist Albert
Einstein produced a solution. In 1915, Einstein published a new theory
of gravity called the Theory of General Relativity [2]. Einstein’s theory
has a completely different way of looking at gravity, and it helps us to
understand things that Newton'’s theory was unable to explain. This
does not mean that Newton'’s theory was wrong or unhelpful—it just
means that it was incomplete, and that the newer theory helps us
understand things in a deeper way. Einstein’s theory says that, around
any massive object, space and time are affected and get distorted or
curved, and this creates a pull toward that object.

Here is a simple way to understand Einstein’s idea of gravity. Imagine
placing a marble on a flat trampoline. The marble stays still and does
not move (Figure 2A). However, if you put a large bowling ball at
the center of the trampoline, which makes the trampoline curve, the
marble will fall toward the center of the trampoline (Figure 2B). The
presence of the heavy bowling ball distorted the space occupied by the
trampoline in a way that made the marble move toward the bowling
ball, as if attracted by it. That is basically what happens in Einstein’s
theory of general relativity. The presence of any mass distorts the
space around it in a way that creates an attraction between masses.
This picture of gravity answers the question that Newton could not
answer: why (and how) does gravity create an attractive force, and why
do you fall toward the Earth when you jump up? The second problem,
which relates to time, was also solved by Einstein because his theory
takes the speed of light into account. In the next section, we will see
an interesting and important phenomenon called gravitational waves,
which Einstein’s theory of gravity predicts.

(A) (B)

Figure 2
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GRAVITATIONAL
WAVES

Disturbances in space
and time that result
from the motion of
massive objects and
spread as waves, at the
speed of light.

Figure 3

Gravitational waves. (A)
When you throw a rock
into a quiet pond, you
can see ripples (waves)
moving across the
surface of the water,
even when the rock is
already standing still at
the bottom of the
pond. According to
Einstein's theory of
general relativity, this is
similar to the way
gravitational waves are
formed when massive
objects collide. (B)
Gravitational waves are
created when two
massive objects collide
with each other. The
waves continue to
travel through space,
even after the collision
has happened.
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WHAT ARE GRAVITATIONAL WAVES?

One of the predictions of Einstein’s theory of general relativity is that
gravity should have waves—gravitational waves [3, 4]. A simple way
to think about gravitational waves is to imagine yourself by a still
pond...then you throw a rock in the pond. The rock makes a splash
and drops to the bottom of the pond. Although the rock is now resting
at the bottom of the pond, you can still see the effect it had on
the surface of the water, where waves are moving from the center
outwards (Figure 3A). This is also the way to visualize what happens
with gravitational waves. What makes a gravitational wave is not a rock
falling into a pond, but rather the motion or collision of massive objects
in space (Figure 3B).

(B)

Figure 3

CHALLENGES AND SUCCESSES OF DETECTING
GRAVITATIONAL WAVES

After Einstein’s theory predicted the existence of gravitational waves,
experimental physicists started trying to detect them. | myself have
dedicated more than 20 years of my life developing methods to
detect gravitational waves—and | am still doing so. It turns out that,
when it comes to gravitational waves, we have both a big misfortune
and a big fortune. The misfortune is that we cannot currently make
gravitational waves in our laboratories because they are just too weak
for us to detect with the techniques we have available. This is a
misfortune because good experiments are ones where we understand
all that is going on, and that is accomplished much more easily in
the laboratory.

On the other hand, we were blessed with a great fortune—nature
itself creates gravitational waves that are much stronger than any we
could make in the laboratory. This means that some astronomical
events that create gravitational waves—two of which | will mention
below—can potentially be detected with our present, state-of-the-art
detectors. Though these events must be the most violent and
energetic astronomical events in the universe for us to detect
them, they still occur frequently enough to study. The most violent
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SUPERNOVA

When a massive star
gets old, it runs out of
fuel, cools down, and
collapses inward. This
produces an enormous
amount of energy,
triggering nuclear
fusion that leads to a
massive explosion.

! To learn more about
runaway, see
Thermal runaway.

NUCLEAR FUSION

A reaction in which the
nuclei of atoms fuse to
create heavier nuclei,
which releases a great
amount of energy to
the surrounding
environment. The
warmth and light of the
Sun result from
nuclear fusion.

BLACK HOLES

The most massive
objects known in the
universe, where gravity
is so strong that
nothing, including light,
can escape.

NEUTRON STARS

The remains of
supergiant stars that
collapse when they run
out of fuel. They are
typically only 10 km
across and are
extremely dense.

PROTON

A positively charged
particle present in the
nucleus of all atoms.
Protons are less than a
billionth of the width of
a human hair.

INTERFEROMETRY

A measurement
technique that uses
laser beams to detect
very small phenomena,
such as gravitational
waves in our case.
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events in the universe are explosions and collisions of extremely
heavy objects.

One excellent possible source of gravitational waves that we can
detectis a type of explosion called a supernova. A supernova happens
when a massive star gets old and collapses rapidly inward. The
collapse creates a huge increase in temperature and pressure, which
can enhance the nuclear fusion, when lighter nuclei in atoms are
combined into heavier nuclei and release energy. This can trigger what
is called a “runaway nuclear fusion,”t which causes the star to explode
with enormous energy creating, according to Einstein’s theory, strong
gravitational waves.

When it comes to violent collisions in space, some of the most
energetic are between massive objects such as black holes and
neutron stars. Black holes are the most massive objects known in
the universe, and they have such powerful gravitational attraction that
they “swallow” anything that comes near them, even stars. Nothing
can escape from inside black holes, not even light—hence their name.
Neutron stars are the remains of supergiant stars that have collapsed
and are extremely dense and consist mainly of neutral subatomic
particle called neutrons.

In 2015, the first gravitational waves were discovered [5]. With my two
colleagues, Rainer Weiss and Kip Thorne, | won the Nobel Prize in
Physics for this discovery, just two years later, in 2017. Usually, it takes
at least 20 years before scientists receive a Nobel Prize for their work,
but the discovery of gravitational waves was of special significance,
for reasons | will explain below. Since those first observations of
gravitational waves from the collision of two black holes, we later
detected other collisions that produced gravitational waves—one in
2017, between two neutron stars [6], and another in 2020, between a
black hole and a neutron star [7].

MEASURING GRAVITATIONAL WAVES

When we measure gravitational waves, we actually measure the
distortions (ripples) that they create in space and time. When these
distortions arrive at our detectors, they are incredibly small—much
smaller even than the size of a single proton. To measure such small
signals, our detectors must have greater accuracy than 1/1,000 the size
of a proton! As you canimagine, this is extremely hard to achieve, and it
requires the use of a very special technique called interferometry. | will
not describe it here in detail, but interferometry uses the interactions
between laser beams to spot very small contractions and expansions
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2 To learn more about
interferometry and
how it is used to
detect gravitational
waves, see:
Interferometer facts
for kids or
Gravitational Waves
Explained Using
Stick Figures. For
more in-depth
exploration of
gravitational waves,
see this introductory
book. For a more
advanced book on
general relativity and
gravitational waves,
see this book or this
one.

Figure 4

The LIGO Gravitational
Waves Detector
(Livingston, Louisiana,
United States). A
bird's-eye view of one
of the two gravitational
wave detectors that
detected the first-ever
measured gravitational
waves in 2015. Each
LIGO detector consists
of two arms, each 4 km
(2.5 miles) long, made
of 1.2-m-wide steel
vacuum tubes arranged
in an “L" shape, and
covered by a 3-m wide,
3.7-m tall concrete
shelter that protects
the tubes from the
environment. LIGO can
detect gravitational
waves coming from
any direction, even
from below
(Photograph credit:

Caltech/MIT/LIGO Lab).
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of space?. To make such sensitive measurements, we need to isolate
our equipment so nothing can disturb our measurements—even a tiny
movement could swamp the signal we are looking for. One source
of disturbance is the movement of Earth itself, which shakes as it
revolves on its axis (this shaking is too mild to be felt by humans, but
it is detectable by sensitive instruments). This means that we need
to float our measuring instrument so that it does not pick up the
Earth's movements.

It has been extremely challenging to build instruments for measuring
gravitational waves. The instrument we use is called LIGO, which
stands for Laser Interferometer Gravitational-Wave Observatory. LIGO
is a few kilometers long (Figure 4). Building and operating it cost
more than 1 billion dollars. Much of my work still involves developing
the technologies that enable us to achieve greater sensitivity in
the detection of gravitational waves, without unwanted movements
ruining our measurements. Many people ask me if it is frustrating to
work on the same problem for more than 20 years. My answer is
absolutely not! | have had a great deal of fun solving problems along
the way, and it is a great privilege to do something that no one has
ever done before.

Figure 4

GRAVITATIONAL WAVES: THE NEW WINDOW ON THE
UNIVERSE

So, what is the importance of gravitational waves when trying to
understand the universe? First, gravitational waves help us verify that
Einstein’s theory of general relativity is indeed correct. Even though
Einstein’s theory seems valid and very accurate, it is not the only theory
that predicts gravitational waves. To confirm that Einstein’s theory is
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3 We know that

heavier elements
can be made from
lighter elements by
nuclear fusion in
stars. But, as we
studied the lifecycle
of stars, we saw that
the heaviest element
created that way is
iron (atomic number
26). After the stars
burn and use up all
their iron, they
collapse and do not
continue producing
heavier elements.
Therefore, there
should be another
mechanism to
create the heavier
elements. Currently,
the most
widespread
hypothesis is that
heavier elements are
created in the
collisions of neutron
stars, which are
detectable using
gravitational waves
(for more
information, see this
MIT News article).
We hope that, in the
next years, enough
data will be
collected using the
LIGO and Virgo
detectors to validate
this hypothesis with
higher certainty.
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correct and can explain what gravity is and how it functions, we need
to measure details of the gravitational waves that we detect.

Second, gravitational waves can help us learn new things about the
universe. You can think of it as a new era in astronomy, much like the
one that the famous astronomer Galileo Galilei initiated 400 years ago,
when he made a telescope and looked at the sky with it. We can use
gravitational waves to look at the universe in a completely different
way than we could before—using a “gravitational telescope.” Studying
gravitational waves can help us better understand how cataclysmic
(very powerful) astronomical events occur, such as collisions between
black holes and neutron stars. This information could provide insights
about events that occurred in the early stages of the universe's
formation, and could also help us find answers to intriguing questions
about our own planet, such as how heavy elements like gold and
platinum arrived on Earth?®.

However, we are not yet very sophisticated in working with
gravitational waves, so we usually combine the information that
we get from measuring gravity with data that we already have
from telescopes. This is enabling us to build a picture of cosmic
events that goes well beyond what we could understand without
the use of gravitational waves. In the future, as we get better at
detecting gravitational waves, we hope to see cosmic phenomena
by using only gravitational waves. These are very exciting times in
cosmology, as our ability to detect gravitational waves opens a hew
window on cosmological events, which will help us to understand our
universe better.

RECOMMENDATIONS FOR YOUNG MINDS

One of the lessons | have learned in life is that it is important to pay
attention to your dreams and to try to fulfill them. Your dreams of the
future tell you something about what you want in life—whether it is to
be a physicist or an artist, or just to do something that is enjoyable, like
travel or pursue a hobby that you love. You do not have to succeed in
everything your dreams call you to do, but your dreams are telling you
something about which routes to follow.

Another huge lesson that | have learned is that everything | do in my
life is driven by one word: curiosity. Young people are naturally very
curious, and you should treasure your curiosity and not let anything
dim it—not your teachers, not your parents, nor anyone else. So, my
advice is to pursue your curiosity, have fun, follow your dreams, and
ignore everything that might limit your enthusiasm.

For those of you interested in science, science can be a lot of fun.
There is nothing better in life than doing something good, having fun,
and making a living. So, for me, science is a really good occupation.
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But you must remember that failure is a part of science and accept
that not everything you do will succeed...and that failure can be a good
thing. When you are at the forefront of science, doing something that
has never been done before, it is frustrating at times. Each day, you
will be in a situation where you do not really know whether you will
make progress or perhaps even a new discovery, or whether you will
do something that does not work at all. For individuals like me, this
unknown contributes to the fun of doing science!
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in physics. | also like baking and cooking. | love dogs and have two poodles.
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