

















LIGO’s two detectors and Virgo’s
one are designed so the photodetectors
record nothing if the arms stay the same
length. But if the beams travel a different light-years from Earth, astronomers hope

distance — as one would expect if pass
ing gravitational waves distorted space-
time — then the photodetectors will
record an interference pattern, and the
merged beam will appear brighter or
dimmer than the original one. The
interferometers can detect changes in
the lengths of their arms as small as
the width of a proton.

The detection of gravitational waves
doesn’t mean Einstein’s theory can rest,
however. In many ways, their detection
raises as many questions as it answers.

few theorists have started to poke at theGravitational waves also may reveal
observations to see if they reveal hints gthysics beyond relativity in other ways,

a quantum theory of gravity, or at least
some connections that don't violate
guantum mechanics.

In late 2016, for example, researcher
Jahed Abedi of the Sharif University
of Technology in Tehran, along with

Hannah Dykaar and Niayesh Afshordi ohe says. A graviton with mass means

the University of Waterloo, proposed
that “echoes” in the gravitational wave
signal might indicate there were some

tiny structures near the event horizons ofjuite small. “We can constrain it to no

the merging objects, pointing to physics

beyond general relativity. The idea wasnthe first detection, but beyond that, we

met with a lot of enthusiasm from fellow
scientists. In a set of back-and-forth

ervations about the theoretical basis. Th

next question is whether these echoes
will show up in future observations.
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“The puzzle
IS getting
completed
one piece
at a time.”

Nicholas Yunes

Left: The supermassive black hole at the
center of M87 emits a high-powered jet
of subatomic particles. Although this
elliptical galaxy lies more than 50 million

to image its black hole with the Event
Horizon Telescope because it is more than
1,000 times the mass, and thus diameter,
of the Milky Way’s central black hole.
NASA/ESAHE HUBBLE HERITAGE TEAKUEIS

Right: The Milky Way and aurora australis
shine down on the South Pole Telescope,
one of about a dozen instruments that
form the Event Horizon Telescope. This
virtual Earth-sized observatory seeks

to image a black hole’s event horizon.
DANIEL MICHALIK/SOUTH POLE TELESCOPE

A weighty particle

notes Kent Yagi, a theoretical astrophys
cist at the University of Virginia. One
way is simply by constraining param
eters like the mass of the graviton. If thi
particle has no mass, then gravitational
waves should move at the speed of ligh

that gravitational waves can't, by defini
tion, go that fast.
If the graviton has mass, it has to be

more than 16° eV [electron volt] with

don’t know. Maybe it's 1B eV,” says

| Iti This computer-generated model shows the
Yunes. (An electron volt Is a common “shadow” of the 4 million-solar-mass black hole

papers, skeptics stated that they had resmeasure of energy in particle physics; at the Milky Way’s center. Astronomers hope to

scientists often use it as a unit of massﬁmpare such models with images of the black
0

dividi ticle’ by th le made with the Event Horizon Telescope, to
Ividing a particie’s energy by the SPe€Qqok for any deviations from general relativity.

of |Ight Squal’ed, per Einstein’s famoOus avery BRODERICK UNIVERSITY OF WATERLOO/PERIMETER INSTITUTE

equation, E=mt) But at a certain point, pulsar passes behind the black hole. If “It's potentially very different physics,”

if there’s no mass detected, one has to quantum effects are important, then thaiStein says. “When curvatures are large,

wonder if it's massless — or even existsdelay would change in ways generalrelgyou need to use LIGO. When interested
Meanwhile, other scientists have tivity cannot predict, and might even  in physics on the millions-of-kilometers

taken a crack at looking for quantum  reveal something about how quantum scale, there are things you might be able

effects at large scales using combinatiomaechanics works with relativity. to test with the EHT. In the middle is

of black holes and neutron stars. Neutron But there’s another reason to do thesstuff we have got nailed down, at the

stars are the corpses of stars born with kinds of tests. It is far from clear that  solar system scale.

more than about eight times the Sun's gravity — and thus general relativity “Cosmologists are interested in

mass, but less than the 20 solar masses— applies the same way at different  changing the theory of gravity at very

needed to make black holes. They havescales. Leo Stein of Caltech notes that large distance scales,” he says. “String

powerful magnetic fields, and some sendhe physics one encounters near a supetheorists and high-energy physicists are

focused beams of radio waves in our massive black hole, like the one at the changing the theory of gravity at the

direction at regular intervals like a light center of the Milky Way, might be dif  quantum level.”

house beacon — pulsars. ferent from the physics near a stellar- As with many mysteries, however, we
John Estes of Long Island University mass black hole. may have to wait for observations to tell

and his colleagues have proposed using LIGO, for example, showed us that us one way or the other which theory is

the precisely timed signals from a pulsagravitational waves are generated in thecorrect. “The puzzle is getting completed

orbiting a black hole to probe the region expected way near a stellar-mass black one piece at a time,” says Yunes.

near the event horizon. Since black holeBole. The steepness of the curvature of

bend light, the pulsar’s signal would be space just outside the event horizon is Jesse Emspak is a science writer who lives

delayed by a discrete amount when the smaller for larger black holes, however. and works in New York City.
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THE LRUX

Decades of simulations suggest
this is what gas and dust look
like spiraling around a black hole.
We could soon see the real thing.

-
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Black Hole Close-Up

An Earth-sized telescope will capture the unseeable.

ASTROPHYSICIST JEAN-PIERRE LUMINET
didn’t have a supercomputer when he
showed the world what a black hole
looks like. He just had an IBM 7040
and a bunch of punch cards. He knew
from theory that black holes do not
emit light. But the material that swirls
around them — dust and gas stripped
from stars — shines all the way to

its inanimate death. Light from that
material, Luminet thought, would trace
the black hole’s shape, including warps
in space-time from its extreme gravity.

When the fridge-sized IBM spit out
results in the late *70s, Luminet used ink
and pen to plot out an image by hand.
He saw the black hole’s event horizon,
the point beyond which nothing can
escape; and an accretion disk, the
gathering of matter siphoned from
nearby stars. Although the black hole
had just one disk, gravity had morphed
its appearance, like a fun house mirror,
into two perpendicular disks. They
appeared brighter closer to the black
hole, and more luminous on one side
than the other.

Some four decades later, the basics
of Luminet’s black-hole predictions
still stand. But his image and all others
are paintings, not photographs. That’s
about to change. Scientists working
with the Event Horizon Telescope
(EHT) will soon release an actual
portrait of Sagittarius A* (pronounced
“A-star”), the supermassive black
hole at the center of our galaxy. As a
backup, they have data on another one
in a nearby galaxy called M87. The
image could help demystify one of the
universe’s most mysterious objects, and
even help explain how galaxies like the
Milky Way form and evolve.

The EHT isn’t just one telescope: It’s

a network of eight radio

The team did its first real observing
run in April 2017 with the Atacama
Large Millimeter-submillimeter
Array (ALMA) in Chile. It’s a
weapon powerful enough to let EHT
peer right into a puncture in space-
time. Wielding that secret weapon

wasn’t simple. The astronomers
> % had to combine data from

::’ 4 :f—: %‘\ B : 1 .
? G"h;f ‘;;jn S ALMAs 66 dishes into a

U single recording before

telescopes in Hawaii, R ' they combined it with
- . . AN Ve \
Arizona, Spain, Mexico, \gffﬁh . 2 \\) the other telescopes’
Chile and Antarctica. Sengfio, observations.
25 g A

Astronomers align these
instruments to study the
same object at the same

time. The scientists then
combine data from these

eight antennas into one The EHT

image that looks like it came

9 Still, even with

g ALMA, and nearly
' a year of analysis
time, they haven’t made
a picture yet. And it’s
the fault of a whole
continent: Antarctica

from a telescope as big as isn't justone and its South Pole
the biggest distance between tE|BSCDDEZ Telescope. Astronomers

It's a network

the telescopes. In other
words, they create a virtual

had to wait for southern
spring before they

telescope the size of Earth. of eight radio could fly the pallet of

It’s called very long
baseline interferometry, or

telescopes

data out. It arrived for
processing at MIT’s

VLBI. But there’s a trick in Hawaii, Haystack Observatory
to it. According to Shep Arizana, in December.

Doeleman, director of the
EHT, “the secret sauce to

Spain, Mexico,

Why is a black hole
snapshot worth all this

VLBI, the thing that makes Chile and effort? To Doeleman, it’s
it work, is that at each of the Antarctica about the strangeness

telescopes that participates
in our observations, we have
placed an atomic clock.”

As each telescope stares at
Sagittarius A*, the data gets stamped
with the atomic time, like it’s clocking
out of a shift. Then, scientists line up
each bit taken at, say, 5:13 p.m. GMT,
with all the other 5:13 p.m. GMT bits.

To do that alignment, though, the
clocked-out bits must meet in person,
at a central facility. Researchers
usually share their data online, but
this job, with its many petabytes, is
too big for the internet. “The only
way to get [the data] anywhere is
by flying hard disks around,” says
Docleman. Researchers call this the
“sneakernet,” and it’s the ultimate
analog-digital mash-up.

of the science. “These
are really the most
mysterious objects in the universe,”
he says. “There’s nothing that comes
close, except maybe life itself.”

And life itself, at least life as we
know it, doesn’t know what black
holes look like, what happens within
them, what that means for how
galaxies form and evolve, or how
that birth and growth led, at least on
Earth, to life that can look out and
learn how its galaxy works.

“There are very few topics where
we say we just really have no idea
what happens at that point in the
universe,” says Doeleman. “One
of those may be consciousness.

And another one is the black hole.”
—SARAH SCOLES
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FOUND: Einstein’s Ripples in Space-Time

LONG AGO in a galaxy 1.3 billion
light-years away, two black holes
collided. Each was dozens of
times heavier than the sun, and
they orbited each other 100 times
a second. As the behemoths
merged, they also shed a
tremendous amount of energy, the
equivalent of three times our sun’s
mass. That energy radiated away
as a gravitational ripple in space
and time, which swept across the
cosmos until it reached Earth.

BILLIONS OF YEARS AGO

Two black holes spiral
toward each other.

They merge,
releasing
energy as
aripple in
space-time.

Albert Einstein first suggested
massive objects distort space-time,
the fabric of the cosmos, almost
exactly a century ago (left).

The wave first hit the Laser
Interferometer Gravitational-
wave Observatory (LIGO) in
Hanford, Wash., in September
2015. Then, traveling at the
speed of light, it hit the twin
LIGO facility in Livingston, La.,
less than 10 milliseconds later.

At both observatories,
extremely sensitive laser
measurements inside miles-long
tunnels caught the waves’
tiny stretches and squeezes of
space-time. The disturbance
was so small, it would warp the
25 trillion miles to the nearest
star system by just the width of
a human hair — but LIGO saw
it. Soon, elated scientists were
receiving alerts across the planet.

“We have detected
gravitational waves. We did
it,” LIGO executive director
David Reitze said in early
February, when the research was
published in Physical Review
Letters.

No playwright could have
composed a more perfect script.
The historic finding arrived
almost exactly a century after
Albert Einstein used his general
theory of relativity — which

\ |

states that a mass creates gravity
by warping space-time — to
predict gravitational waves. For
generations of physicists and
engineers, the confirmation also
completed a decades-long hunt
for proof, as well as months of
excited rumors.

Because gravity is relatively
weak, only the most extreme
cosmic events — supernovas,
spinning neutron stars, colliding
black holes — generate waves
LIGO can detect. So scientists
were surprised to catch one
immediately after starting to
hunt in September following
an equipment upgrade; they
captured a second signal
Christmas night. For the first
time, astronomers had heard
the cosmos.

SHEDDING LIGHT
ON BLACK HOLES
Black holes are aptly named.
They emit and reflect no light.
Before LIGO, astronomers
could only infer a black hole’s
existence by watching the
behavior of objects caught

in its gravitational grip. But
LIGO isn’t bound by sight.

The ripple sweeps
across the cosmos.

These gravitational waves effectively
shrink then stretch everything they
pass through — though it's to a much
smaller extent than shown here.

BLACK HOLES MERGING BY LIGO/T. PYLE. BOTTOM ROW AFROM LEFT: LIOR MIZRAHI/GETTY IMAGES; LAMBERT/KEYSTONE/GETTY IMAGES; NASA

CLOCKWISE FROM TOP: MATT HEINTZE/CALTECH/MIT/LIGO LAB; LIGO LAB (2); ALISON MACKEY/DISCOVER

Its twin detectors and companion
supercomputers can pick apart

the strength and frequency of
gravitational waves to learn a black
hole’s mass, spin and location.

That makes LIGO akin to a new
kind of telescope, one capable of
listening to a previously invisible
universe. The first colliding binary
black holes that LIGO detected
were 36 and 29 solar masses — far
bigger than expected. The second
pair were more in line with
current theories.

And as LIGO continues to detect
more collisions, the data about
black holes will keep piling up.
“We should have tens of detections
over the next few years, and over
a hundred through the end of the
decade,” says LIGO scientist Chad
Hanna of Pennsylvania State
University. “That’s enough to do
some pretty significant astronomy.
That’s a big population.”

HOW DO STARS LIVE AND DIE?

By studying black holes, the

ultimate fate of many stars, LIGO

also could help rewrite the textbook

version of stellar evolution.
Scientists have a pretty good

idea of how single stars live and

SEPTEMBER 2015
Eventually it
reaches the LIGO
facility in Hanford,
Wash. ...

... and its twin

in Livingston,

La., less than 10
milliseconds later.

The Louisiana LIGO facility relied on precise observations
of lengthy laser beams to detect gravitational waves.

A LIGO technician tests one of the observatory’s mirror sy§tems by shining light on its

surface at an angle. The work, which took place before sealing the chamber, is extremely
sensitive, requiring a white “bunny suit” and zero contamination.

die. Stars like our sun will grow
into behemoths called red giants
before they shed their outer layers
and become an ethereal planetary
nebula. Larger stars — those with
more than about eight solar masses
— will explode as supernovas. And,
theoretically, any star at least 25
times bigger than the sun will end
its life as a black hole.

But most stars in the Milky Way
are actually binaries or multiples,
part of a set. What happens
to these stars when they die?
Understanding stellar pairs, and
how one’s individual development
affects the other, is fundamental
to understanding stellar evolution

as a whole. We’ve only barely
started to do that.

“Binary evolution is more
complicated than single star
evolution,” says LIGO scientist
Jolien Creighton of the University
of Wisconsin-Milwaukee. “There’s
a lot more processes that can
happen.” By cataloging their stellar
corpses using LIGO, astronomers
can learn more about how these
stars lived out their lives.

After its initial findings, LIGO
took a break for upgrades before
firing back up again in fall. As more
gravitational wave detections stream
in, from LIGO and its upcoming
ground- and space-based brethren,
astronomers will get a better
picture of this invisible cosmos that
Einstein saw so clearly. —ric Betz

The two facilities compare

data to verify the discovery.

— Hanford
— Livingston

See an exclusive LIGO gallery and more
at DiscoverMagazine.com/LIGO
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