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Gravitational waves detected 100 years after Einstein’s prediction

LIGO opens new window on the universe with
observation of gravitational waves from colliding
black holes

For the first time, scientists have observed ripples

in the fabric of spacetime called gravitational waves,
arriving at Earth from a cataclysmic event in the distant
universe. This confirms a major prediction of Albert
Einstein’s 1915 general theory of relativity and opens an
unprecedented new window to the cosmos.

Gravitational waves carry information about their
dramatic origins and about the nature of gravity that
cannot be obtained from elsewhere. Physicists have
concluded that the detected gravitational waves were
produced during the final fraction of a second of the
merger of two black holes to produce a single, more
massive spinning black hole. This collision of two black
holes had been predicted but never observed.

The gravitational waves were detected on Sept. 14,

2015 at 5:51 a.m. EDT (09:51 UTC) by both of the twin
Laser Interferometer Gravitational-wave Observatory
(LIGO) detectors, located in Livingston, Louisiana,

and Hanford, Washington. The LIGO observatories are
funded by the National Science Foundation (NSF), and
were conceived, built and are operated by the California
Institute of Technology (Caltech) and the Massachusetts
Institute of Technology (MIT). The discovery, accepted
for publication in the journal Physical Review Letters,
was made by the LIGO Scientific Collaboration (which
includes the GEO Collaboration and the Australian
Consortium for Interferometric Gravitational
Astronomy) and the Virgo Collaboration using data from
the two LIGO detectors.

Based on the observed signals, LIGO scientists estimate
that the black holes for this event were about 29 and 36
times the mass of the sun, and the event took place 1.3
billion years ago. About three times the mass of the sun
was converted into gravitational waves in a fraction of

a second -- with a peak power output about 50 times
that of the whole visible universe. By looking at the time
of arrival of the signals -- the detector in Livingston
recorded the event 7 milliseconds before the detector in
Hanford -- scientists can say that the source was located
in the Southern Hemisphere.

According to general relativity, a pair of black holes
orbiting around each other lose energy through the
emission of gravitational waves, causing them to gradually
approach each other over billions of years, and then much
more quickly in the final minutes. During the final fraction
of a second, the two black holes collide at nearly half the
speed of light and form a single more massive black hole,
converting a portion of the combined black holes’ mass to
energy, according to Einstein’s formula E=mc?. This energy
is emitted as a final strong burst of gravitational waves.
These are the gravitational waves that LIGO observed.

The existence of gravitational waves was first
demonstrated in the 1970s and 1980s by Joseph Taylor,
Jr., and colleagues. In 1974, Taylor and Russell Hulse
discovered a binary system composed of a pulsar in orbit
around a neutron star. Taylor and Joel M. Weisberg

in 1982 found that the orbit of the pulsar was slowly
shrinking over time because of the release of energy

in the form of gravitational waves. For discovering the
pulsar and showing that it would make possible this
particular gravitational wave measurement, Hulse and
Taylor were awarded the 1993 Nobel Prize in Physics.

The new LIGO discovery is the first observation of
gravitational waves themselves, made by measuring the
tiny disturbances the waves make to space and time as
they pass through the earth.

“Our observation of gravitational waves accomplishes an
ambitious goal set out over five decades ago to directly
detect this elusive phenomenon and better understand
the universe, and, fittingly, fulfills Einstein’s legacy on
the 100th anniversary of his general theory of relativity,”
says Caltech’s David H. Reitze, executive director of the
LIGO Laboratory.
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The discovery was made possible by the enhanced
capabilities of Advanced LIGO, a major upgrade that
increases the sensitivity of the instruments compared
to the first generation LIGO detectors, enabling a large
increase in the volume of the universe probed -- and
the discovery of gravitational waves during its first
observation run. NSF is the lead financial supporter of
Advanced LIGO. Funding organizations in Germany
(Max Planck Society), the U.K. (Science and Technology
Facilities Council, STFC) and Australia (Australian
Research Council) also have made significant
commitments to the project.

Several of the key technologies that made Advanced
LIGO so much more sensitive were developed

and tested by the German UK GEO collaboration.
Significant computer resources were contributed by
the AEI Hannover Atlas Cluster, the LIGO Laboratory,
Syracuse University and the University of Wisconsin-
Milwaukee. Several universities designed, built

and tested key components for Advanced LIGO:

The Australian National University, the University
of Adelaide, the University of Florida, Stanford
University, Columbia University of the City of New
York and Louisiana State University.

“In 1992, when LIGO’s initial funding was approved,
it represented the biggest investment NSF had ever
made,” says France Cérdova, NSF director. “It was

a big risk. But NSF is the agency that takes these
kinds of risks. We support fundamental science

and engineering at a point in the road to discovery
where that path is anything but clear. We fund
trailblazers. It’s why the U.S. continues to be a global
leader in advancing knowledge.”

LIGO research is carried out by the LIGO Scientific
Collaboration (LSC), a group of more than 1,000
scientists from universities around the United States

and in 14 other countries. More than 90 universities and
research institutes in the LSC develop detector technology
and analyze data; approximately 250 students are strong
contributing members of the collaboration. The LSC
detector network includes the LIGO interferometers and
the GEO60 detector. The GEO team includes scientists at
the Max Planck Institute for Gravitational Physics (Albert
Einstein Institute, AEI), Leibniz Universitat Hannover,
along with partners at the University of Glasgow,

Cardiff University, the University of Birmingham, other
universities in the United Kingdom and the University of
the Balearic Islands in Spain.

“This detection is the beginning of a new era: The field
of gravitational wave astronomy is now a reality,” says
Gabriela Gonzalez, LSC spokesperson and professor of
physics and astronomy at Louisiana State University.

LIGO was originally proposed as a means of detecting
gravitational waves in the 1980s by Rainer Weiss,
professor of physics, emeritus, from MIT; Kip Thorne,
Caltech’s Richard P. Feynman Professor of Theoretical
Physics, emeritus; and Ronald Drever, professor of
physics, emeritus, also from Caltech.

“The description of this observation is beautifully
described in the Einstein theory of general relativity
formulated 100 years ago and comprises the first test
of the theory in strong gravitation. It would have been
wonderful to watch Einstein’s face had we been able to
tell him,” says Weiss.

“With this discovery, we humans are embarking on a
marvelous new quest: the quest to explore the warped
side of the universe -- objects and phenomena that are
made from warped spacetime. Colliding black holes and
gravitational waves are our first beautiful examples,”
says Thorne.

Virgo research is carried out by the Virgo
Collaboration, consisting of more than 250 physicists
and engineers belonging to 19 different European
research groups: six from Centre National de la
Recherche Scientifique (CNRS) in France; eight from
the Istituto Nazionale di Fisica Nucleare (INFN)

in Italy; two in the Netherlands with Nikhef; the
Wigner RCP in Hungary; the POLGRAW group in
Poland; and the European Gravitational Observatory
(EGO), the laboratory hosting the Virgo detector
near Pisa in Italy.
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Fulvio Ricci, Virgo spokesperson, notes that: “This is a
significant milestone for physics, but more importantly
merely the start of many new and exciting astrophysical
discoveries to come with LIGO and Virgo.”

Bruce Allen, managing director of the Max Planck
Institute for Gravitational Physics adds: “Einstein
thought gravitational waves were too weak to detect, and
didn’t believe in black holes. But I don’t think he’d have
minded being wrong!”

“The Advanced LIGO detectors are a tour de force

of science and technology, made possible by a truly
exceptional international team of technicians,
engineers, and scientists,” says David Shoemaker of
MIT, the project leader for Advanced LIGO. “We are
very proud that we finished this NSF-funded project on
time and on budget.”

At each observatory, the 2 1/2-mile (4-km) long,
L-shaped LIGO interferometer uses laser light split into
two beams that travel back and forth down the arms
(four-foot diameter tubes kept under a near-perfect
vacuum). The beams are used to monitor the distance
between mirrors precisely positioned at the ends of

Image credits: (all images) LIGO Laboratory

the arms. According to Einstein’s theory, the distance
between the mirrors will change by an infinitesimal
amount when a gravitational wave passes by the
detector. A change in the lengths of the arms smaller
than one-ten-thousandth the diameter of a proton (10
9 meter) can be detected.

“To make this fantastic milestone possible took a global
collaboration of scientists -- laser and suspension
technology developed for our GEO600 detector was used
to help make Advanced LIGO the most sophisticated
gravitational wave detector ever created,” says Sheila
Rowan, professor of physics and astronomy at the
University of Glasgow.

Independent and widely separated observatories are
necessary to determine the direction of the event causing
the gravitational waves, and also to verify that the
signals come from space and are not from some other
local phenomenon.

Toward this end, the LIGO Laboratory is working closely
with scientists in India at the Inter-University Centre

for Astronomy and Astrophysics, the Raja Ramanna
Centre for Advanced Technology, and the Institute for
Plasma to establish a third Advanced LIGO detector

on the Indian subcontinent. Awaiting approval by the
government of India, it could be operational early in the
next decade. The additional detector will greatly improve
the ability of the global detector network to localize
gravitational-wave sources.

“Hopefully this first observation will accelerate the
construction of a global network of detectors to enable
accurate source location in the era of multi-messenger
astronomy,” says David McClelland, professor of physics
and director of the Centre for Gravitational Physics at
the Australian National University.




1979

1970s

The National Science Foundation (NSF) funds a new
group at Caltech for laser interferometer research and a
prototype interferometer. It funds MIT to complete its
prototype and design and lead industry study of
technology, costs and sites for a kilometer-scale
interferometer.

Early work on gravitational-wave detection by laser
interferometers, including a 1972 MIT study describing a
kilometer-scale interferometer and estimates of its noise
sources.

1983

1984

LIGO founded as a Caltech/MIT project. National
Science Board approves LIGO development plan.

1990

The National Science Board (NSB) approves LIGO
construction proposal, which envisions initial
interferometers followed by advanced interferometers.

1994-95

Site construction begins at Hanford and Livingston
locations.

MIT and Caltech jointly present results of the
kilometer-scale interferometer study to NSF. Receive
NSF committee endorsement on new large programs
in physics.

1986

Physics Decadal Survey and special NSF Panel on
Gravitational Wave Interferometers endorse LIGO.

1992

NSF selects LIGO sites in Hanford, Washington, and
Livingston, Louisiana. NSF and Caltech sign LIGO
Cooperative Agreement.

LSC EE&
Scientific
Collaboration
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1997

First coincident operation of initial LIGO interferometers
with GEO600 interferometer.

12006

The LIGO Scientific Collaboration (LSC) is established
and expands LIGO beyond Caltech and MIT,
including the British/German GEO collaboration,
which operates the GEO600 interferometer in
Hannover, Germany.

2004

Initial LIGO design sensitivity achieved. First
gravitational wave search at design sensitivity.

NSB approves Advanced LIGO.

2007

12008

Start of Advanced LIGO construction.

2011-14

Advanced LIGO installation and testing.

2014-15

Advanced LIGO sensitivity surpasses initial LIGO.

Image credit: Werner Benger/ Max Planck Institute for Gravitational Physics

Joint data analysis agreement ratified between LIGO
and the Virgo Collaboration, which operates the Virgo
interferometer in Cascina, Italy. Joint observations
with enhanced initial LIGO interferometer and Virgo.

2010

Initial LIGO operations conclude; Advanced LIGO
installation begins.

2014

Advanced LIGO installation complete.

9/2015

During an engineering test a few days before the first
official search begins, Advanced LIGO detects strong
gravitational waves from collision of two black holes.
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NSF and the Laser Interferometer Gravitational-Wave Observatory

In 1916, Albert
Einstein published the
paper that predicted
gravitational waves —
ripples in the fabric of
space-time resulting
from the most violent
phenomena in our
distant universe,

such as supernovae
explosions or colliding
black holes. For 100
years, this prediction
has stimulated
scientists around the
world, who have been
seeking to directly
detect gravitational
waves.

Approximately 40 years ago, the National
Science Foundation (NSF) joined this quest and
began funding the science and technological
innovation that would ultimately lead to

direct detection of gravitational waves. More
importantly, it would also lead to a scientific
capability to observe and study our universe

in new ways, much like the advent of radio
astronomy or even when Galileo first used a
telescope to view the night skies.

NSF’s funding of the Laser Interferometer Gravitational-
Wave Observatory (LIGO) and the science behind its
operation and research began in the 1970s. On February
11, 2016, NSF organized a press conference for scientists
from LIGO to announce they had directly observed
gravitational waves arriving on earth that resulted from
merging black holes approximately 1.3 billion light-years
away.

What is LIGO?

LIGO consists of two widely separated interferometers
within the United States — one in Hanford, Washington,
and the other in Livingston, Louisiana — each a laser
interferometer inside an L-shaped ultra-high vacuum
tunnel and operated in unison to detect gravitational

waves. Caltech and MIT led the design, construction and
operation of the NSF-funded facilities.

What are gravitational waves?

Gravitational waves are emitted when any object that
possesses mass accelerates. This can be compared

in some ways to how accelerating charges create
electromagnetic fields (e.g. light and radio waves) that
antennae detect. To generate gravitational waves that
can be detected by LIGO, the objects must be highly
compact and very massive, such as neutron stars and
black holes. Gravitational-wave detectors act as a
“receiver.” Gravitational waves travel to Earth much like
ripples travel outward across a pond. However, these
ripples in the space-time fabric carry information about
their violent origins and about the nature of gravity

— information that cannot be obtained from other
astronomical signals.

How does LIGO work?

Einstein himself questioned whether we could create
an instrument sensitive enough to capture this
phenomenon. Inside the vertex of the L-shaped LIGO
vacuum systems, a beam splitter divides a single
entering laser beam into two beams, each travelling
along a 4-km-long arm of the L. The beams reflect back
and forth between precisely positioned and exquisitely
configured mirrors that are suspended, like a child on a
swing, near each end and near the vertex on either side
of the beam splitter.

As a gravitational wave passes by, the lengths of the
paths that the divided laser beams take along each arm
will actually stretch the laser beam ever-so slightly —
by only 1/10,000th of the diameter of a proton. It’s
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this signal change — occurring at both interferometers
within 10 milliseconds of one another — that indicates
a gravitational wave. And from that minute change,
scientists are further able to identify the wave’s source
and very broadly where in the universe it originated.

Worldwide commitment to world-class research
The LIGO Scientific Collaboration (LSC), which carries
out this work, is a group of some 1,000 scientists

at universities around the United States and in

14 countries. The LSC network includes the LIGO
interferometers and the GEO600 interferometer, a
project located near Hannover, Germany, designed and
operated by scientists from the Max Planck Institute
for Gravitational Physics, along with partners in the
United Kingdom funded by the Science and Technology
Facilities Council (STFC). Additionally, a new node of
the LIGO network in India may be operational around
2022.

The LSC works jointly with the Virgo Collaboration

— which designed and constructed the Virgo
interferometer, with 3-km-long arms and located

in Cascina, Italy. Virgo is currently undergoing an
enhancement to the original facility — Advanced Virgo —
and is expected to be operational later in 2016.

International partners have contributed equipment,
labor and expertise to LIGO, including Britain’s
STFC supplying the suspension assembly and some

mirror optics; the Max Planck Society of Germany
providing the high-power, high-stability laser; and an
Australian consortium of universities supported by
the Australian Research Council offering systems for
initially positioning and measuring in place the mirror
curvatures to better than nanometer precision.

NSF investment

LIGO is one of the largest experiments the agency has
ever funded. It was the biggest NSF investment ever
when the National Science Board gave the go-ahead

to fund initial construction in 1990. Since LIGO’s
inception, NSF has invested approximately $1.1 billion
in construction and upgrades, in operational costs, and
in research awards to individual scientists, who study
LIGO data to learn more about our universe.

Maximizing what we learn from LIGO

NSF supports basic research that drives innovation

and innovators that transform our future. Basic
research offers no promises and is often risky but is also
potentially revolutionary. LIGO is a perfect example.
The direct detection of gravitational waves is not only an
historic moment in science, it also has already spawned
other scientific innovations. For example, a laser
developed by LIGO Scientific Collaboration scientists
has many applications. The same technique used to
stabilize LIGO’s sensitive laser frequencies also helps

to build the semiconductors in our computers and cell
phones. Other spin-offs are being realized in areas such
as measurement science, seismic isolation, vacuum
technology, mirror coatings and optics.

As is often the case with research in fundamental
science, few would have invested in LIGO from the
beginning. However, this discovery significantly changes
what we can learn about the universe. With plans to
further increase LIGO’s sensitivity between now and
2018 and the potential addition of other countries’
interferometers to the network, LIGO provides an
opportunity to detect more gravitational waves and

also hone in more precisely on the whereabouts of the
universe’s most violent phenomena.

Image credits: (front top) Caltech/MIT/LIGO Lab; (front bottom) Matt Heintze/Caltech/MIT/LIGO Lab; (back) LIGO Laboratory
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Q&A with Scientists of the LIGO and Virgo Collaboration (LVC)

Dr. Madeline C. Wade

Assistant Professor of Physics at Kenyon College

Co-chair of the LVC calibration working group

Member of the LVC data analysis software working group (DASWG)
Member of the LVC compact binary coalescence (CBC) working group

Dr. Grant David Meadors

Junior Scientist/Postdoc at the Max Planck Institute for Gravitational Physics
(Albert Einstein Institute)

Member of the LVC continuous waves working group

Dr. Samaya Nissanke

Assistant Professor of Physics at Radboud University

Member of the LVC electromagnetic counterparts working group
Member of the LVC compact binary coalescence (CBC) working group
Member of the LVC diversity committee

Ms. Marissa B. Walker

PhD Candidate in Physics at Louisiana State University

graduate representative in the LIGO Academic Affairs Council (LAAC)
member of the LVC burst analysis working group

member of the LVC detector characterization working group

Mr. Corey Gray
Lead Operator, LIGO Hanford Observatory
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What are the most challenging and rewarding aspects of working in the LVC?

MCW: The most challenging aspect of working in the LVC is probably coordination. However, the most
rewarding aspect is related to this: It’s amazing to be part of a 1000+ person science engine that can achieve
such a high quality level of cutting edge research. Additionally, being a member of the LVC awards me the
opportunity to work closely with many amazing, bright people on a regular basis. I know my personal research
abilities have grown exponentially due to the support from the LVC community.

GM: Uncertainty! We have faced uncertainty in many forms. Some of my best advisers cautioned me about
going into gravitational waves. I read intently about the detector and got familiar until I could justify that

my trust was based on good science. Then we had to wait for a signal! Yet lack of certainty is a window for
possibility. Our international collaboration abounds in opportunities to work with dedicated scientists,
whose experiences and curiosities are more diverse than I imagined. The LIGO-Virgo Collaboration is a sort
of family; some branches are growing better detectors, others reaching for sensitive analyses, but its roots
remain anchored in general relativity, in the fabric of space-time. I have learned how much more exists, even
in gravitational-wave astrophysics, than any one person could comprehend. While I may not always know the
destination, the journey is an adventure. The universe is full of surprises — that is why I joined the LVC.

SN: I love working with and being part of a truly international and diverse team of scientists and engineers —
the collaboration’s expertise spans experimental, observational and theoretical aspects of gravitational waves
physics, with members coming from all backgrounds and with their own unique ways of approaching science.
Personally, I find supervising undergraduate and graduate students particularly rewarding — their enthusiasm
and endless curiosity reminds me daily of how amazing the instruments and the scientific goals are of the LIGO
and Virgo detectors. Perhaps the most challenging aspect is the sheer number of emails per day that I receive
but this in itself is an illustration of how gravitational wave physics is a worldwide effort 24/7!

MBW: It is quite a challenge to be part of a large collaboration working on such a complex endeavor. But I'm so
grateful to be a member of this amazing community. The LVC has given me opportunities to travel, get to know
wonderful people from around the world, and contribute to some spectacular science!

CG: Currently my most challenging and rewarding work is helping to ensure we have the best Operator Team
running the LIGO Hanford interferometer. This is a complex machine: helping to lead my excellent staff of
operators to run this machine was a daunting task. A truly rewarding experience was being on shift in the
Control Room, and being humbled by the big picture: from starting with the project almost two decades ago and
turning my first bolt to collecting data in the middle of the night in search of events that are truly mind-blowing
is unequivocally rewarding.

How did you come to join the LVC team?

MCW: I joined as a graduate student, but I really made the decision to join as an undergraduate. I specifically
targeted graduate schools that were strong in LIGO research. I saw a seminar given by Larry Price my senior
year of undergrad, and I got more excited about physics research during that talk than I had been any time in
my physics career thus far.

GM: In my freshman year at Reed College, I noticed posters on the physics department wall for Research
Experiences for Undergraduates (REU) internships funded by the National Science Foundation. LIGO was
seeking undergrads for an REU. I had heard of it in the news a few years earlier, when LIGO started its first
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science run, so I decided to apply. A few months into 2005, Dick Gustafson, at LIGO Hanford Observatory, invited
me out to the high desert of Eastern Washington. After ten weeks of hands-on time with the electronics and optics
of a gravitational-wave observatory — and another ten weeks on data analysis at Caltech in 2007 — I applied to
grad school. In 2008, Keith Riles at Michigan hired me to study the detectors and search for neutron stars. I have
been an LVC member ever since.

SN: I joined the LVC team first at Caltech and then at Radboud University in the Netherlands. It is incredibly
exciting to be building a new group in gravitational-wave astronomy at Radboud, with so many enthusiastic and
passionate young scientists in this frontier field of observational astronomy!

MBW: For my undergraduate general relativity class, I chose to do a presentation about LIGO because I have
family living in Washington near Hanford. As I did research for that assignment, I was fascinated by the LIGO
project. I was currently working on my teaching certification and was not planning to go to graduate school, but I
decided to spend that summer doing LIGO research at Louisiana State University. I enjoyed the summer so much
that I returned to LSU the following year to pursue my PhD.

CG: I first joined Caltech in 1997 when I accepted a position as an Operations Specialist at the LIGO Hanford
Observatory. I helped install the initial LIGO Seismic Isolation System, then operated the iLIGO detectors, then
helped build/install the aLLIGO Seismic Isolation System, and then became the Lead Operator for LHO.

How did your background prepare you for work in the LVC?

MCW: I've always been good at working with other people, which is certainly required in the LVC. I've also served
in leadership roles throughout my life (from captain of a sports team to vice president of student council), and I
believe this experience in leadership roles has helped me co-chair the calibration team in LIGO.

GM: An observatory in the Pacific Northwest is no common sight. I was delighted to discover LIGO Hanford is just
a drive down along the Columbia River Gorge from where I grew up, though the tumbleweed-strewn landscape was
a world apart. Computers connect those two worlds. Tinkering with machines feels familiar, and the concomitant
patience and experimental zeal helps with every aspect of the LVC. I was lucky to have a mechanical family in
youth and to have a fantastic lab science program, and even reactor experience, in undergrad. While I rarely derive
equations in my work, every so often math offers a profound insight into a knotty problem. I am grateful to all my
professors who insisted on rigorous solutions. My parents encouraged me to explore both nature and culture: that
above all nurtured the excitement I have now for this world-spanning research.

SN: I discovered gravitational wave physics as a second year undergrad working on a summer project in Princeton
— and have literally been hooked ever since! Over the past 15 years, I have been fortunate to have worked in

many aspects of gravitational wave astronomy from source modeling and analytical relativity to Bayesian source
characterization to transient astronomy.

MBW: My physics and math courses were important for me to be able to understand the research in the LVC, but

I'm also glad to have had some teaching experience, which helped me develop communication and collaborative
skills.

CG: My B.S. degrees in physics and applied math were big tools for getting my foot in the door with my work. I
always keep in my role as a role model especially to Native American youth. In my academic career there were
not many role models like myself. I hope my work and my example can inspire other underrepresented groups to
consider pursuing studies and work in physics.
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What does this discovery mean to you?

MCW: This discovery means not only the validation of the field that I've dedicated my career to, but it also
establishes a supremely exciting future for the field of gravitational-wave physics. We have now entered the
era that I've always been longing for — the days when gravitational-wave observations can become a routine
contributor to our understanding of the universe and the remaining mysteries it holds.

GM: Even though it may be a cliché, I am eager for “a new window on the universe” to “hear” the cosmos.
Someday we will sort out our metaphors. Right now, I am more interested in knowing what comes next. Until
recently, few would have guessed we would see a binary black hole this soon. This discovery already promises to
tell us much about how the biggest stars in the universe formed. When will we see binary neutron stars? Will our
partners see a gamma-ray burst simultaneously? Or a supernova, and neutrinos? At the moment I am looking for
neutron stars that continuously emit gravitational waves, a serene and steady tone, in contrast to the sudden chirp
of an inspiral. Eventually, I hope we see the Big Bang’s gravitational waves — directly. As we go through these
firsts, something is bound to appear that we did not expect, and that will be even more wonderful. Whether out
among the stars or amidst our equations, such strange novelties are welcome. I am only sad that, besides particles,
there is not another fundamental force such as electromagnetism and gravity that can radiate waves across the
universe. Perhaps, though, we will learn about those forces from seeing gravitational waves: what lies beyond
Einstein? This discovery may be just the beginning.

SN: The discovery and seeing the actual gravitational wave strain in the detection paper is awe-inspiring, beautiful
and mind-blowing. It is difficult to find the words to express the intense emotions that I have felt since last
September — the scientific method relies on testing one’s theories with measurements and observations, and for
the first time in a hundred years and after enormous challenges and perseverance from so many folk, we have now
reached this point of studying the universe in a truly unique way... and it is simply amazing!

MBW: Part of what drew me to LIGO was the fact that the goal seemed nearly impossible to me, but through the
tenacious efforts of hundreds of scientists over several decades, the first detection of gravitational waves actually
appeared to be just over the horizon. This discovery shows how much people can accomplish by working together,
and it is only just the beginning, the dawn of a truly exciting era of astronomy.

CG: It’s life-changing! I remember waking up the morning after the discovery (I had been on shift until midnight)
and still feeling like I might be dreaming. After so many years of focusing microscopically on only pieces of LIGO
(i.e. hardware and running the machine), everything changed in one fell swoop. Honestly, up until the discovery,
my work was just a job; I really didn’t think a lot about the potential of a discovery. But after the discovery, it really
puts so many things in perspective. I can appreciate the broad strokes of humanity which led to this point starting
a century ago with Einstein’s general theory of relativity, to Rai Weiss’ visions of a detector, to my turning of a bolt
years ago, and to the mad rush of phone calls early in the morning on September 14, 2015. Everything changes,
and this is only the beginning!
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Some Thoughts and Impressions about the Arrival of GW150914

Nutsinee Kijbunchoo

Operations Specialist, LIGO Hanford Observatory

The post-midnight hours on September 14 were quiet in the LHO control room, just like
every other graveyard shift. The H1 detector was locked and running smoothly. I was so
focused on some work I was doing that at one point during the shift I ignored a teleconference
conversation that was playing over the speaker; it was LIGO Livingston personnel. I stayed
for the 8:30am LIGO Hanford weekly meeting and nothing was mentioned about an event. I
went home with no idea that something big had happened. When I woke up on the evening

of September 14 a friend sent me a text from LIGO Livingston and jokingly asked if I had
walked around with a slide whistle during my shift. That’s when I knew.

T
Courtesy N. Kijbunchoo

This event (that I TOTALLY MISSED) could be a life-changer for me. I decided to become an operator before
going to graduate school in order to participate in observing runs. This discovery will shape the nature of my
graduate studies when I return to school for my Ph.D.

Peter Saulson

Martin A. Pomerantz ’37 Professor of Physics, Syracuse University

| W= 1 spent Monday September 14 in prayer at my synagogue, in observance of Rosh Hashanah, the

Jewish New Year. (And no, I wasn’t praying for a beautiful gravitational wave signal to arrive .
..) My computer remained completely shut down until the end of the day. I ought to also have

observed the second day of the holiday on Tuesday, but I didn’t feel that I could do that, so after

sunset on Monday evening I decided to catch up on my email. I couldn’t believe my eyes when I

saw all of the email traffic about the event!

Courtesy Syracuse We're all optimists in this business, otherwise we wouldn’t be here. Here’s proof that I'm an
University optimist. In 1983, while I was a postdoctoral scholar with Rai Weiss, I asked him how long it

was likely to take before we discovered a gravitational wave signal. Rai worked it out for me:
one year to convince the NSF to fund LIGO, two years for construction, one year for commissioning to design
sensitivity, and one more year to observe until we found signals.

Thus, we should expect to discover gravitational waves before the end of the 1980s. And I believed him. It is
thrilling to see that optimism finally justified!

Daniel Holz
Associate Professor, Physics Department, Enrico Fermi Institute, and Kavli Institute for Cosmological Physics,
Unwerszty of Chlcago

¥ 2 It was a Monday morning, the beginning of a beautiful fall day in Chicago. I scanned my cell
phone before getting out of bed and saw an email about a “very interesting event” in LIGO.
I assumed it was a false alarm or injection, especially since the other search pipelines hadn’t
noticed it. I didn’t take it very seriously, and went to the office in no particular hurry. By
the time I got there it had already become apparent that this was a high mass event, which
meant LIGO’s other online searches weren’t looking for it. At that point I allowed myself a
little excitement. This continued to build as it became apparent that the interferometers were
operating well, that the data was clean, and that the signal was strong. But the first time I
genuinely thought this might be *real* was when I saw the time-frequency plots. The event
looked just like the signal we had dreamed about for all those years; it sent shivers down my spine. (It *still*
sends shivers down my spine!) Now the excitement was approaching a fever pitch, but it was still tempered

(fouHesy D. Holz
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by the possibility that this was a blind injection. Then I heard that there were no blind injections during the
engineering run and the excitement changed to complete delirium. And here I am, months later, and this feeling
hasn’t subsided. Every day I have to pinch myself that this is really happening, and we have truly heard the
echoes of two black holes swallowing each other at hundreds of millions of light years away. This has been an
insanely intense and marvelous experience, and I feel so lucky to be a part of it.

Keith Riles
Professor of Physics, University of Michigan

e AP My first news of GW150914 came from checking my smartphone on the morning of September
' 14. Sergey Klimenko had just sent an email inquiring about a loud event in the data several
lll hours before. The tone of Sergey’s message got my attention; it was clear he thought the data
quality looked fine and that this event was very significant. My immediate conclusion was that a
hardware injection had been made but had not been flagged. I thought that Eric Thrane might
have inserted the injection, but he reported a short time later that he did not. I concluded that the
blind injection team must have done a test without telling the rest of us. This surprised me, given
Courtesy K. Riles that they provided no advance warning, but it seemed within their prerogative to do such a thing.

Shortly into the weekly detector characterization call at noon, Andy Lundgren announced that the blind
injection team had stated definitively they had done no injections. I sat upright at that point and listened (in a
bit of a daze) as Alan Weinstein asked -- very slowly -- for confirmation: “Do you mean to say that this was not a
blind injection?” When Andy confirmed that yes, there had been no injection, I realized that we had just entered
uncharted territory.

Anamaria Effler

Caltech Postdoctoral Scholar stationed at LIGO Livingston Observatory

Robert Schofield and I were testing the L1 detector’s sensitivity to environmental noise at

LIGO Livingston on the night of September 13. Our tests were part of LIGO’s preparations

for the O1 run. We were still working at 2am on Monday, September 14. Pausing until about
4am to evaluate our data, we debated whether or not to do “car injections” in which one of

us would drive a large car near the main detector building and apply the brakes violently

every five seconds to see if the seismic noise from the car would appear in the interferometer
data. But the GPS wristwatch that we needed for the test had become disconnected from the
satellite signal. This was the last straw. We said, “Fine, we can live without this test.” I distinctly
remember (because I was asked many times during the next few days) looking at my car clock
as [ was driving away from the site and seeing that the time was 4:35am. I knew that my clock was three minutes
in error, which annoyed me.

LIGO/Kai Staats

The next day or the following, I saw some email traffic on GW150914 and my heart stopped because of the
possibility that it occurred during our tests (although this couldn’t have happened because we keep the detector
out of observation mode while we’re testing). Nevertheless I experienced a second or two of “oh no . .. “ (the
polite version of what I thought). Then I breathed a giant sigh of relief knowing that we were off-site by the time
of the event and that we didn’t do the last few tests. But knowing how close we were . . .

I didn’t expect a detection during this run and I didn’t believe that GW150914 was real for quite a while. Not
until it was established that no injections had occurred and that the signal didn’t appear in other data channels;
even then I didn’t dare believe. The realization slowly seeped in over time. The event was too big and I can’t
imagine how people feel who have been in the field for a long time.

Interviews courtesy of LIGO Magazine, www.ligo.org/magazine.php
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Other Searches for Gravitational Waves

Astronomers study the universe with light, radio
waves, X-rays, and other radiations. These are all
made from oscillating electric and magnetic fields —
“electromagnetic waves” they are called. They differ
only in the waves’ oscillation frequencies. In light the
waves oscillate about a thousand trillion (10%) times
per second; in X-rays, roughly a million trillion (10®)
times per second; in radio waves, roughly a hundred
million (10%) times per second. When astronomers use
each of these kinds of electromagnetic waves, we refer to
them as “looking through the optical window” onto the
universe, or the “X-ray window” or the “radio window.”

Gravitational waves are radically different from
electromagnetic waves. Instead of being made from
oscillating electric and magnetic fields, they are

made from oscillations in the shape (the “fabric”) of
space and time. And as with electromagnetic waves,
astronomers will study gravitational waves through
several different “windows,” each differing in the
frequency at which the gravitational waves oscillate —
though in the gravitational case, it is more convenient
to state the waves’ oscillation period (one divided by
their frequency). In the coming one or two decades,
physicists and astronomers will open up four different
gravitational windows onto the universe:

High Frequency Window
— Periods: 0.1to 100
Milliseconds

This is LIGO’s window, and it
was opened on September 15,
2015, when LIGO discovered
the gravitational waves from a
collision of two black holes.

Low Frequency Window — Periods: Minutes
to Hours

This window will likely be opened
by LISA, the Laser Interferometer
Space Antenna, a huge laser
interferometer in space millions
of kilometers long. LISA will
comprise three spacecraft at the
corners of a triangle, trailing the
earth in its orbit around the sun,
and tracking each other with
laser beams. LISA will observe,
throughout the universe, merging

pairs of supermassive black holes, millions of times
heavier than the sun (by contrast with LIGO’s black
holes, which are only ten to 100 times heavier than
the sun), and will also observe small black holes or
stars being swallowed by supermassive black holes.
It will enable us to trace the evolution of galaxies

all the way to the beginning, and it might allow us

to watch amazing processes in the first fraction of a
second of the universe’s life, such as the births of the
electromagnetic force and the weak nuclear force.

LISA’s precursor mission, LISA Pathfinder, was
launched last December by the European Space Agency
(ESA). It will test all of LISA’s important technologies.
The satellite has now arrived at the Lagrange point

L1, that is the place between earth and the sun where
their gravitational attractions almost cancel, and its
technology tests will commence on March 1, 2016. LISA
Pathfinder is expected to give us confidence that the
technologies needed for LISA will all work flawlessly,
paving the way for a LISA launch by the end of the
2020s. For more information, see http://lisamission.
org.

Very Low Frequency Window — Periods: Years
to Decades

Gravitational waves with these
periods can be detected by
monitoring tens of millisecond
pulsars using radio telescopes. Each
pulsar-Earth system responds to a
gravitational wave much like each
arm of a LIGO interferometer, but
replaces the laser beam with radio
waves, and the arm’s two mirrors
with the radio-emitting pulsar far away in our galaxy

and the radio telescope on Earth. Gravitational waves
passing through Earth cause minuscule oscillations in the
ticking rates of clocks on earth, and thence oscillations

in the measured rates of arrival of pulses — similar and
simultaneous oscillations for all the pulsars. The set of
pulsars is called an “array,” and the set of radio telescopes
and pulsars used in the gravitational wave search is called
a Pulsar Timing Array (PTA).

An International PTA collaboration--IPTA, which
includes American, Australian and European radio
astronomers and telescopes--is likely to open this
gravitational window within the next decade. The
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American telescopes that contribute most effectively are
the Arecibo Observatory in Puerto Rico and the Green
Bank Telescope in West Virginia.

The IPTA is likely to see very low frequency gravitational
waves from the inspiral and merger of gigantic black
holes, tens to hundreds of times heavier than those
observed by LISA, and may also see gravitational waves
from vibrating cosmic strings. These cosmic-length
strings are thought to have been created shortly after the
Big Bang by the inflationary expansion of fundamental
strings — the building blocks of all matter.

For more information, see http://www.iptaggw.org/ and
http://www.nanograv.org/ .

Binary Pulsar and the First Discovery of
Gravitational Waves

The IPTA builds on technology that was developed
several decades ago to detect gravitational waves at
their source. In 1974 Russell Hulse and Joseph Taylor
discovered radio pulses from a pulsar (a spinning
neutron star) orbiting a second neutron star — a so-
called “binary pulsar.” Over the next eight years, Taylor
and Joel Weissberg measured changes in the pulses’
rate of arrival, and from those changes they inferred
that the two neutron stars were spiraling inward toward
each other at just the rate that relativity predicts due to
loss of energy to gravitational waves. This discovery,
announced in 1982, was the first demonstration of the
existence of gravitational waves. Hulse and Taylor
received the 1993 Nobel Prize for discovering this binary
pulsar and for realizing that it could be a powerful
observational tool for studying gravity.

Extremely Low Frequency Window — Periods:
Billions of Years

A gravitational wave with a billion year period will vary
imperceptibly during a human lifetime, so such waves
appear as a frozen pattern on the sky. Gravitational
waves in this extremely low frequency window are

predicted to have been produced
in the earliest moments of our
universe, when fluctuations from
the Big Bang were amplified by an
exceedingly rapid inflation of our
universe’s size. If the resulting
“primordial” gravitational waves
can be detected and measured,
they will reveal details of our
universe’s inflation, details that are considered a holy
grail of cosmology today.

The primordial gravitational waves are predicted to
have stretched and squeezed the hot gas that filled the
universe 280,000 years after the Big Bang, when that
gas was giving rise to the cosmic microwave background
radiation (CMB) — electromagnetic waves that we see
filling the universe today. This stretching and squeezing
is predicted to have placed a swirling “B-mode” imprint
on the polarization pattern across the sky. Such an
imprint was discovered two years ago by the BICEP2
telescope at the South Pole, but some or all of it could
have been produced by microwaves from intergalactic
dust, rather than by primordial gravitational waves.

Removing dust’s influence requires measurements

of the CMB polarization over a much wider range of
electromagnetic wavelengths than heretofore. This

will be done by improved instruments at the South

Pole and at high altitudes in Chile, and by others flown
to higher altitudes on balloons, and ultimately by
instruments flown on a specially designed satellite, a
successor to Planck. At some point along this sequence
of instruments, the predicted, swirling, B-mode
polarization will be measured, free of interfering dust.
This will open the extremely low frequency gravitational
window on to our universe and reveal details of our
universe’s inflationary epoch — an epoch when the
universe’s age was only 1034 seconds (ten trillionths of a
trillionth of a trillionth of a second after the Big Bang).
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Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
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On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 102!, It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
18 Mpc corresponding to a redshift z = 0.09750;.
In the source frame, the initial black hole masses are 36:? M, and 29jM - and the final black hole mass is
6274 M o, with 3.0 M ¢? radiated in gravitational waves. All uncertainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct

than 5.16. The source lies at a luminosity distance of 410

week ending
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detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102

I. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].

Also in 1916, Schwarzschild published a solution for the
field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8-10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14-16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17-19], black hole mergers have not
previously been observed.

“Full author list given at the end of the article.
Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-

bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOIL.
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The discovery of the binary pulsar system PSR B1913+16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.

Experiments to detect gravitational waves began with
Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29-32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33-36].

A century after the fundamental predictions of Einstein
and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the

Published by the American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.116.061102
http://dx.doi.org/10.1103/PhysRevLett.116.061102
http://dx.doi.org/10.1103/PhysRevLett.116.061102
http://dx.doi.org/10.1103/PhysRevLett.116.061102
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/

k endi
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

properties of space-time in the strong-field, high-velocity  the coincident signal GW 150914 shown in Fig. 1. The initial
regime and confirm predictions of general relativity for the  detection was made by low-latency searches for generic

nonlinear dynamics of highly disturbed black holes. gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
IL. OBSERVATION matched-filter analyses that use relativistic models of com-

pact binary waveforms [44] recovered GW150914 as the
On September 14, 2015 at 09:50:45 UTC, the LIGO  most significant event from each detector for the observa-

Hanford, WA, and Livingston, LA, observatories detected tions reported here. Occurring within the 10-ms intersite
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FIG. 1. The gravitational-wave event GW 150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35-350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9f8’2 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35-350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].

Only the LIGO detectors were observing at the time of
GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg® (90%
credible region) [39,46].

The basic features of GW150914 point to it being
produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m; and m,, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

(m1m2)3/5 C3 5 ~ g .13/5
M = — | = -8/3p-11/3 ,
(m1 —|—m2)1/5 G 96” f f

where f and f are the observed frequency and its time
derivative and G and c are the gravitational constant and

speed of light. Estimating f and f from the data in Fig. 1,
we obtain a chirp mass of M = 30M, implying that the
total mass M = m 4+ m, is 270M  in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM/c? > 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only =350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO
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FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto HI1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(Ry = 2GM/c?) and the effective relative velocity given by the
post-Newtonian parameter v/c = (GMzf/c>)'/3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
L, =L, =L =4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is AL(t) = 6L, — 6L, = h(t)L, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational
waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20 W of laser input is increased to 700 W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes
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FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47]. Narrow-band features include calibration lines (33-38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.

the gravitational-wave signal extraction by broadening the  suspensions: the test masses are 40-kg fused silica substrates
bandwidth of the arm cavities [51,52]. The interferometer with low-loss dielectric optical coatings [58,59], and are
is illuminated with a 1064-nm wavelength Nd:YAG laser,  suspended with fused silica fibers from the stage above [60].

stabilized in amplitude, frequency, and beam geometry To minimize additional noise sources, all components
[53,54]. The gravitational-wave signal is extracted at the = other than the laser source are mounted on vibration
output port using a homodyne readout [55]. isolation stages in ultrahigh vacuum. To reduce optical

These interferometry techniques are designed to maxi-  phase fluctuations caused by Rayleigh scattering, the

mize the conversion of strain to optical signal, thereby  pressure in the 1.2-m diameter tubes containing the arm-
minimizing the impact of photon shot noise (the principal ~ cavity beams is maintained below 1 uPa.

noise at high frequencies). High strain sensitivity also Servo controls are used to hold the arm cavities on
requires that the test masses have low displacement noise,  resonance [61] and maintain proper alignment of the optical
which is achieved by isolating them from seismic noise (low  components [62]. The detector output is calibrated in strain
frequencies) and designing them to have low thermal noise by measuring its response to test mass motion induced by
(intermediate frequencies). Each test mass is suspended as  photon pressure from a modulated calibration laser beam
the final stage of a quadruple-pendulum system [56], [63]. The calibration is established to an uncertainty (1¢) of

supported by an active seismic isolation platform [57]. less than 10% in amplitude and 10 degrees in phase, and is
These systems collectively provide more than 10 orders  continuously monitored with calibration laser excitations at
of magnitude of isolation from ground motion for frequen-  selected frequencies. Two alternative methods are used to

cies above 10 Hz. Thermal noise is minimized by using  validate the absolute calibration, one referenced to the main
low-mechanical-loss materials in the test masses and their  laser wavelength and the other to a radio-frequency oscillator
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[64]. Additionally, the detector response to gravitational
waves is tested by injecting simulated waveforms with the
calibration laser.

To monitor environmental disturbances and their influ-
ence on the detectors, each observatory site is equipped
with an array of sensors: seismometers, accelerometers,
microphones, magnetometers, radio receivers, weather
sensors, ac-power line monitors, and a cosmic-ray detector
[65]. Another ~10° channels record the interferometer’s
operating point and the state of the control systems. Data
collection is synchronized to Global Positioning System
(GPS) time to better than 10 us [66]. Timing accuracy is
verified with an atomic clock and a secondary GPS receiver
at each observatory site.

In their most sensitive band, 100-300 Hz, the current
LIGO detectors are 3 to 5 times more sensitive to strain than
initial LIGO [67]; at lower frequencies, the improvement is
even greater, with more than ten times better sensitivity
below 60 Hz. Because the detectors respond proportionally
to gravitational-wave amplitude, at low redshift the volume
of space to which they are sensitive increases as the cube
of strain sensitivity. For binary black holes with masses
similar to GW150914, the space-time volume surveyed by
the observations reported here surpasses previous obser-
vations by an order of magnitude [68].

IV. DETECTOR VALIDATION

Both detectors were in steady state operation for several
hours around GW150914. All performance measures, in
particular their average sensitivity and transient noise
behavior, were typical of the full analysis period [69,70].

Exhaustive investigations of instrumental and environ-
mental disturbances were performed, giving no evidence to
suggest that GW150914 could be an instrumental artifact
[69]. The detectors’ susceptibility to environmental disturb-
ances was quantified by measuring their response to spe-
cially generated magnetic, radio-frequency, acoustic, and
vibration excitations. These tests indicated that any external
disturbance large enough to have caused the observed signal
would have been clearly recorded by the array of environ-
mental sensors. None of the environmental sensors recorded
any disturbances that evolved in time and frequency like
GW150914, and all environmental fluctuations during the
second that contained GW 150914 were too small to account
for more than 6% of its strain amplitude. Special care was
taken to search for long-range correlated disturbances that
might produce nearly simultaneous signals at the two sites.
No significant disturbances were found.

The detector strain data exhibit non-Gaussian noise
transients that arise from a variety of instrumental mecha-
nisms. Many have distinct signatures, visible in auxiliary
data channels that are not sensitive to gravitational waves;
such instrumental transients are removed from our analyses
[69]. Any instrumental transients that remain in the data
are accounted for in the estimated detector backgrounds

described below. There is no evidence for instrumental
transients that are temporally correlated between the two
detectors.

V. SEARCHES

We present the analysis of 16 days of coincident
observations between the two LIGO detectors from
September 12 to October 20, 2015. This is a subset of
the data from Advanced LIGO’s first observational period
that ended on January 12, 2016.

GW150914 is confidently detected by two different
types of searches. One aims to recover signals from the
coalescence of compact objects, using optimal matched
filtering with waveforms predicted by general relativity.
The other search targets a broad range of generic transient
signals, with minimal assumptions about waveforms. These
searches use independent methods, and their response to
detector noise consists of different, uncorrelated, events.
However, strong signals from binary black hole mergers are
expected to be detected by both searches.

Each search identifies candidate events that are detected
at both observatories consistent with the intersite propa-
gation time. Events are assigned a detection-statistic value
that ranks their likelihood of being a gravitational-wave
signal. The significance of a candidate event is determined
by the search background—the rate at which detector noise
produces events with a detection-statistic value equal to or
higher than the candidate event. Estimating this back-
ground is challenging for two reasons: the detector noise
is nonstationary and non-Gaussian, so its properties must
be empirically determined; and it is not possible to shield
the detector from gravitational waves to directly measure a
signal-free background. The specific procedure used to
estimate the background is slightly different for the two
searches, but both use a time-shift technique: the time
stamps of one detector’s data are artificially shifted by an
offset that is large compared to the intersite propagation
time, and a new set of events is produced based on this
time-shifted data set. For instrumental noise that is uncor-
related between detectors this is an effective way to
estimate the background. In this process a gravitational-
wave signal in one detector may coincide with time-shifted
noise transients in the other detector, thereby contributing
to the background estimate. This leads to an overestimate of
the noise background and therefore to a more conservative
assessment of the significance of candidate events.

The characteristics of non-Gaussian noise vary between
different time-frequency regions. This means that the search
backgrounds are not uniform across the space of signals
being searched. To maximize sensitivity and provide a better
estimate of event significance, the searches sort both their
background estimates and their event candidates into differ-
ent classes according to their time-frequency morphology.
The significance of a candidate event is measured against the
background of its class. To account for having searched
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multiple classes, this significance is decreased by a trials
factor equal to the number of classes [71].

A. Generic transient search

Designed to operate without a specific waveform model,
this search identifies coincident excess power in time-
frequency representations of the detector strain data
[43,72], for signal frequencies up to 1 kHz and durations
up to a few seconds.

The search reconstructs signal waveforms consistent
with a common gravitational-wave signal in both detectors
using a multidetector maximum likelihood method. Each
event is ranked according to the detection statistic

ne =+/2E./(1 + E,/E.), where E, is the dimensionless
coherent signal energy obtained by cross-correlating the
two reconstructed waveforms, and E,, is the dimensionless
residual noise energy after the reconstructed signal is
subtracted from the data. The statistic #, thus quantifies
the SNR of the event and the consistency of the data
between the two detectors.

Based on their time-frequency morphology, the events
are divided into three mutually exclusive search classes, as
described in [41]: events with time-frequency morphology
of known populations of noise transients (class C1), events
with frequency that increases with time (class C3), and all
remaining events (class C2).

Generic transient search

Detected with 7, = 20.0, GW150914 is the strongest
event of the entire search. Consistent with its coalescence
signal signature, it is found in the search class C3 of events
with increasing time-frequency evolution. Measured on a
background equivalent to over 67 400 years of data and
including a trials factor of 3 to account for the search
classes, its false alarm rate is lower than 1 in 22 500 years.
This corresponds to a probability < 2 x 1076 of observing
one or more noise events as strong as GW150914 during
the analysis time, equivalent to 4.66. The left panel of
Fig. 4 shows the C3 class results and background.

The selection criteria that define the search class C3
reduce the background by introducing a constraint on the
signal morphology. In order to illustrate the significance of
GW150914 against a background of events with arbitrary
shapes, we also show the results of a search that uses the
same set of events as the one described above but without
this constraint. Specifically, we use only two search classes:
the C1 class and the union of C2 and C3 classes (C2 + C3).
In this two-class search the GW150914 event is found in
the C2 4 C3 class. The left panel of Fig. 4 shows the
C2 + C3 class results and background. In the background
of this class there are four events with . > 32.1, yielding a
false alarm rate for GW150914 of 1 in 8400 years. This
corresponds to a false alarm probability of 5 x 107°
equivalent to 4.4¢.

Binary coalescence search
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FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show the
number of candidate events (orange markers) and the mean number of background events (black lines) in the search class where
GW150914 was found as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the
significance of an event in Gaussian standard deviations based on the corresponding noise background. The significance of GW 150914
is greater than 5.1¢ and 4.6¢ for the binary coalescence and the generic transient searches, respectively. Left: Along with the primary
search (C3) we also show the results (blue markers) and background (green curve) for an alternative search that treats events
independently of their frequency evolution (C2 + C3). The classes C2 and C3 are defined in the text. Right: The tail in the black-line
background of the binary coalescence search is due to random coincidences of GW150914 in one detector with noise in the other
detector. (This type of event is practically absent in the generic transient search background because they do not pass the time-frequency
consistency requirements used in that search.) The purple curve is the background excluding those coincidences, which is used to assess
the significance of the second strongest event.
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For robustness and validation, we also use other generic
transient search algorithms [41]. A different search [73] and
a parameter estimation follow-up [74] detected GW 150914
with consistent significance and signal parameters.

B. Binary coalescence search

This search targets gravitational-wave emission from
binary systems with individual masses from 1 to 99M ),
total mass less than 100M ,, and dimensionless spins up to
0.99 [44]. To model systems with total mass larger than
4M , we use the effective-one-body formalism [75], which
combines results from the post-Newtonian approach
[11,76] with results from black hole perturbation theory
and numerical relativity. The waveform model [77,78]
assumes that the spins of the merging objects are aligned
with the orbital angular momentum, but the resulting
templates can, nonetheless, effectively recover systems
with misaligned spins in the parameter region of
GW150914 [44]. Approximately 250 000 template wave-
forms are used to cover this parameter space.

The search calculates the matched-filter signal-to-noise
ratio p(r) for each template in each detector and identifies
maxima of p(z) with respect to the time of arrival of the signal
[79-81]. For each maximum we calculate a chi-squared
statistic y2 to test whether the data in several different
frequency bands are consistent with the matching template
[82]. Values of y? near unity indicate that the signal is
consistent with a coalescence. If y? is greater than unity, p(t)
isreweighted as p = p/{[1 + (¥2)3]/2}'/% [83,84]. The final
step enforces coincidence between detectors by selecting
event pairs that occur within a 15-ms window and come from
the same template. The 15-ms window is determined by the
10-ms intersite propagation time plus 5 ms for uncertainty in
arrival time of weak signals. We rank coincident events based
on the quadrature sum p,. of the p from both detectors [45].

To produce background data for this search the SNR
maxima of one detector are time shifted and a new set of
coincident events is computed. Repeating this procedure
~107 times produces a noise background analysis time
equivalent to 608 000 years.

To account for the search background noise varying across
the target signal space, candidate and background events are
divided into three search classes based on template length.
The right panel of Fig. 4 shows the background for the
search class of GW150914. The GW150914 detection-
statistic value of p. = 23.6 is larger than any background
event, so only an upper bound can be placed on its false
alarm rate. Across the three search classes this bound is 1 in
203000 years. This translates to a false alarm probability
< 2 x 1077, corresponding to 5.16.

A second, independent matched-filter analysis that uses a
different method for estimating the significance of its
events [85,86], also detected GW150914 with identical
signal parameters and consistent significance.

TABLE 1. Source parameters for GW150914. We report
median values with 90% credible intervals that include statistical
errors, and systematic errors from averaging the results of
different waveform models. Masses are given in the source
frame; to convert to the detector frame multiply by (1 + z)
[90]. The source redshift assumes standard cosmology [91].

Primary black hole mass 3673Mg
Secondary black hole mass 291’2M o
Final black hole mass 623 M

Final black hole spin 0673?_1%5
4107159 Mpe

0.09 04

Luminosity distance

Source redshift z

When an event is confidently identified as a real
gravitational-wave signal, as for GW150914, the back-
ground used to determine the significance of other events is
reestimated without the contribution of this event. This is
the background distribution shown as a purple line in the
right panel of Fig. 4. Based on this, the second most
significant event has a false alarm rate of 1 per 2.3 years and
corresponding Poissonian false alarm probability of 0.02.
Waveform analysis of this event indicates that if it is
astrophysical in origin it is also a binary black hole
merger [44].

VI. SOURCE DISCUSSION

The matched-filter search is optimized for detecting
signals, but it provides only approximate estimates of
the source parameters. To refine them we use general
relativity-based models [77,78,87,88], some of which
include spin precession, and for each model perform a
coherent Bayesian analysis to derive posterior distributions
of the source parameters [89]. The initial and final masses,
final spin, distance, and redshift of the source are shown in
Table 1. The spin of the primary black hole is constrained
to be < 0.7 (90% credible interval) indicating it is not
maximally spinning, while the spin of the secondary is only
weakly constrained. These source parameters are discussed
in detail in [39]. The parameter uncertainties include
statistical errors and systematic errors from averaging the
results of different waveform models.

Using the fits to numerical simulations of binary black
hole mergers in [92,93], we provide estimates of the mass
and spin of the final black hole, the total energy radiated
in gravitational waves, and the peak gravitational-wave
luminosity [39]. The estimated total energy radiated in
gravitational waves is 3.01“8_‘55M o¢?. The system reached a
peak gravitational-wave luminosity of 3.6107 x 10°® erg/s,
equivalent to 200130Mc?/s.

Several analyses have been performed to determine
whether or not GW150914 is consistent with a binary
black hole system in general relativity [94]. A first
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consistency check involves the mass and spin of the final
black hole. In general relativity, the end product of a black
hole binary coalescence is a Kerr black hole, which is fully
described by its mass and spin. For quasicircular inspirals,
these are predicted uniquely by Einstein’s equations as a
function of the masses and spins of the two progenitor
black holes. Using fitting formulas calibrated to numerical
relativity simulations [92], we verified that the remnant
mass and spin deduced from the early stage of the
coalescence and those inferred independently from the late
stage are consistent with each other, with no evidence for
disagreement from general relativity.

Within the post-Newtonian formalism, the phase of the
gravitational waveform during the inspiral can be expressed
as a power series in f!/3. The coefficients of this expansion
can be computed in general relativity. Thus, we can test for
consistency with general relativity [95,96] by allowing the
coefficients to deviate from the nominal values, and seeing
if the resulting waveform is consistent with the data. In this
second check [94] we place constraints on these deviations,
finding no evidence for violations of general relativity.

Finally, assuming a modified dispersion relation for
gravitational waves [97], our observations constrain the
Compton wavelength of the graviton to be 4, > 10" km,
which could be interpreted as a bound on the graviton mass
m, < 1.2 x 10722 eV /c?. This improves on Solar System
and binary pulsar bounds [98,99] by factors of a few and a
thousand, respectively, but does not improve on the model-
dependent bounds derived from the dynamics of Galaxy
clusters [100] and weak lensing observations [101]. In
summary, all three tests are consistent with the predictions
of general relativity in the strong-field regime of gravity.

GW150914 demonstrates the existence of stellar-mass
black holes more massive than =25M , and establishes that
binary black holes can form in nature and merge within a
Hubble time. Binary black holes have been predicted to form
both in isolated binaries [102—104] and in dense environ-
ments by dynamical interactions [105-107]. The formation
of such massive black holes from stellar evolution requires
weak massive-star winds, which are possible in stellar
environments with metallicity lower than =1/2 the solar
value [108,109]. Further astrophysical implications of this
binary black hole discovery are discussed in [110].

These observational results constrain the rate of stellar-
mass binary black hole mergers in the local universe. Using
several different models of the underlying binary black hole
mass distribution, we obtain rate estimates ranging from
2-400 Gpc~ yr~! in the comoving frame [111-113]. This
is consistent with a broad range of rate predictions as
reviewed in [114], with only the lowest event rates being
excluded.

Binary black hole systems at larger distances contribute
to a stochastic background of gravitational waves from the
superposition of unresolved systems. Predictions for such a
background are presented in [115]. If the signal from such a

population were detected, it would provide information
about the evolution of such binary systems over the history
of the universe.

VII. OUTLOOK

Further details about these results and associated data
releases are available at [116]. Analysis results for the
entire first observational period will be reported in future
publications. Efforts are under way to enhance significantly
the global gravitational-wave detector network [117].
These include further commissioning of the Advanced
LIGO detectors to reach design sensitivity, which will
allow detection of binaries like GW150914 with 3 times
higher SNR. Additionally, Advanced Virgo, KAGRA, and
a possible third LIGO detector in India [118] will extend
the network and significantly improve the position
reconstruction and parameter estimation of sources.

VIII. CONCLUSION

The LIGO detectors have observed gravitational waves
from the merger of two stellar-mass black holes. The
detected waveform matches the predictions of general
relativity for the inspiral and merger of a pair of black
holes and the ringdown of the resulting single black hole.
These observations demonstrate the existence of binary
stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of
a binary black hole merger.
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VIEWPOINT

The First Sounds of Merging Black

Holes

Gravitational waves emitted by the merger of two black holes have been detected, setting the
course for a new era of observational astrophysics.

by Emanuele Berti*t

or decades, scientists have hoped they could “lis-

ten in” on violent astrophysical events by detecting

their emission of gravitational waves. The waves,

which can be described as oscillating distortions in
the geometry of spacetime, were first predicted to exist by
Einstein in 1916, but they have never been observed di-
rectly. Now, in an extraordinary paper, scientists report that
they have detected the waves at the Laser Interferometer
Gravitational-wave Observatory (LIGO) [1]. From an analy-
sis of the signal, researchers from LIGO in the US, and their
collaborators from the Virgo interferometer in Italy, infer that
the gravitational waves were produced by the inspiral and
merger of two black holes (Fig. 1), each with a mass that is
more than 25 times greater than that of our Sun. Their find-
ing provides the first observational evidence that black hole
binary systems can form and merge in the Universe.

Gravitational waves are produced by moving masses, and
like electromagnetic waves, they travel at the speed of light.
As they travel, the waves squash and stretch spacetime in the
plane perpendicular to their direction of propagation (see
inset, Video 1). Detecting them, however, is exceptionally
hard because they induce very small distortions: even the
strongest gravitational waves from astrophysical events are
only expected to produce relative length variations of order
10721

“Advanced” LIGO, as the recently upgraded version of
the experiment is called, consists of two detectors, one in
Hanford, Washington, and one in Livingston, Louisiana.
Each detector is a Michelson interferometer, consisting of
two 4-km-long optical cavities, or “arms,” that are arranged
in an L shape. The interferometer is designed so that, in
the absence of gravitational waves, laser beams traveling in
the two arms arrive at a photodetector exactly 180° out of

*Department of Physics and Astronomy, The University of Missis-
sippi, University, Mississippi 38677, USA

TCENTRA, Departamento de Fisica, Instituto Superior Técnico,
Universidade de Lisboa, Avenida Rovisco Pais 1, 1049 Lisboa, Por-
tugal

Figure 1: Numerical simulations of the gravitational waves emitted
by the inspiral and merger of two black holes. The colored
contours around each black hole represent the amplitude of the
gravitational radiation; the blue lines represent the orbits of the
black holes and the green arrows represent their spins. (C.
Henze/NASA Ames Research Center)

phase, yielding no signal. A gravitational wave propagat-
ing perpendicular to the detector plane disrupts this perfect
destructive interference. During its first half-cycle, the wave
will lengthen one arm and shorten the other; during its sec-
ond half-cycle, these changes are reversed (see Video 1).
These length variations alter the phase difference between
the laser beams, allowing optical power—a signal—to reach
the photodetector. With two such interferometers, LIGO can
rule out spurious signals (from, say, a local seismic wave)
that appear in one detector but not in the other.

LIGO'’s sensitivity is exceptional: it can detect length dif-
ferences between the arms that are smaller than the size
of an atomic nucleus. The biggest challenge for LIGO is
detector noise, primarily from seismic waves, thermal mo-
tion, and photon shot noise. These disturbances can easily
mask the small signal expected from gravitational waves.
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® Photodetector

Video 1: (Animation appears online only.) A schematic depiction
of LIGO’s interferometric gravitational wave detector. Light from a
laser is split in two by a beam splitter; one half travels down the
vertical arm of the interferometer, the other half travels down the
horizontal arm. The detector is designed so that in the absence of
gravitational waves (top left) the light takes the same time to travel
back and forth along the two arms and interferes destructively at
the photodetector, producing no signal. As the wave passes
(moving clockwise from top right) the travel times for the lasers
change, and a signal appears in the photodetector. (The actual
distortions are extremely small, but are exaggerated here for
easier viewing.) Inset: The elongations in a ring of particles show
the effects of a gravitational wave on spacetime. (APS/Alan
Stonebraker)

The upgrade, completed in 2015, improved the detector’s
sensitivity by a factor of 3-5 for waves in the 100-300 Hz fre-
quency band and by more than a factor of 10 below 60 Hz.
These improvements have enhanced the detector’s sensitiv-
ity to more distant sources and were crucial to the discovery
of gravitational waves.

On September 14, 2015, within the first two days of Ad-
vanced LIGO’s operation, the researchers detected a signal
so strong that it could be seen by eye (Fig. 2). The most
intense portion of the signal lasted for about 0.2 s and was
observed in both detectors, with a combined signal-to-noise
ratio of 24. Fittingly, this first gravitational wave signal,
dubbed GW150914, arrived less than two months before the
100-year anniversary of the publication of Einstein’s general
relativity theory.

Up until a few decades ago, detecting gravitational waves
was considered an impossible task. In fact, in the 1950s,
physicists were still heatedly debating whether the waves
were actual physical entities and whether they could carry
energy. The turning point was a 1957 conference in Chapel
Hill, North Carolina [2, 3]. There, the theorist Felix Pi-
rani pointed out a connection between Newton’s second
law and the equation of geodesic deviation, which describes
the effect of tidal forces in general relativity. This connec-
tion allowed him to show that the relative accelerations of
neighboring particles in the presence of a gravitational wave

Hanford, Washington Livingston, Louisiana
T
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Figure 2: On September 14, 2015, similar signals were observed
in both of LIGO’s interferometers. The top panels show the
measured signal in the Hanford (top left) and Livingston (top right)
detectors. The bottom panels show the expected signal produced
by the merger of two black holes, based on numerical simulations.
(B. P. Abbott et al. [1].)

provide a physically meaningful—and measurable—way to
observe it. Sadly, Pirani, who laid the groundwork for our
modern thinking about gravitational waves and how to de-
tect them, passed away on December 31, 2015, just weeks
before the LIGO scientists announced their discovery.

Other prominent physicists at the meeting, including
Joseph Weber, Richard Feynman, and Hermann Bondi, were
instrumental in pushing Pirani’s ideas forward. Feynman
and Bondi, in particular, developed Pirani’s observation into
what is now known as the “sticky bead” thought experi-
ment. They argued that if beads sliding on a sticky rod
accelerated under the effect of a passing gravitational wave,
then they must surely also transfer heat to the rod by friction.
This heat transfer is proof that gravitational waves must in-
deed carry energy, and are therefore, in principle, detectable.

Interest in carrying out such experiments wasn’t imme-
diate. As Pirani noted in his 1964 lectures on gravitational
radiation [4], Weber thought that meaningful laboratory
experiments were “impossible by several orders of magni-
tude.” At about the same time, William Fowler (the future
Nobel laureate) suggested that a large fraction of the en-
ergy emitted by so-called massive double quasars—what we
now know as black hole binaries—might be in the form of
gravitational radiation. Pirani, however, felt that the direct
observation of gravitational waves was not “necessary or
sufficient” to justify a corresponding theory, arguing that un-
less physicists figured out a way to quantize gravity, such a
theory would not “have much to do with physics” [4].

What galvanized the field was a 1969 paper from We-
ber, who claimed he had detected gravitational radiation
with a resonant bar detector (see 22 December 2005 Focus
story). The finding was controversial—physicists could not
duplicate it and by the mid-1970s, most agreed that We-
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ber had likely been incorrect. However, a few years later a
young professor at the Massachusetts Institute of Technol-
ogy named Rainer Weiss was preparing for his course on
relativity when he came across a proposal by Pirani for de-
tecting gravitational waves. Pirani had suggested using light
signals to see the variations in the positions of neighboring
particles when a wave passed. His idea, with one key mod-
ification, led to the genesis of LIGO: rather than using the
timing of short light pulses, Weiss proposed to make phase
measurements in a Michelson interferometer [5]. Ronald
Drever, Kip Thorne, and many others made crucial contribu-
tions to developing this idea into what LIGO is today. (See
Ref. [2] for a historical account.)

Now, what was once considered “impossible by sev-
eral orders of magnitude” is a reality. To confirm the
gravitational-wave nature of their signal, the researchers
used two different data analysis methods. The first was to
determine whether the excess power in the photodetector
could be caused by a signal, given their best estimate of the
noise, but without any assumptions about the origin of the
signal itself. From this analysis, they could say that a tran-
sient, “unmodeled” signal was observed with a statistical
significance greater than 4.60. The second method involved
comparing the instrumental output (signal plus noise) with
a theoretical signal from numerical simulations of merg-
ing black holes using general relativity. From this so-called
matched-filtering search, the researchers concluded that the
significance of the observation was greater than 5.1¢.

The most exciting conclusions come from comparing the
observed signal’s amplitude and phase with numerical rela-
tivity predictions, which allows the LIGO researchers to es-
timate parameters describing the gravitational-wave source.
The waveform is consistent with a black hole binary system
whose component masses are 36 and 29 times the mass of
the Sun. These stellar-mass black holes—so named because
they likely formed from collapsing stars—are the largest of
their kind to have been observed. Moreover, no binary sys-
tem other than black holes can have component masses large
enough to explain the observed signal. (The most plausible
competitors would be two neutron stars, or a black hole and
a neutron star.) The binary is approximately 1.3 billion light
years from Earth, or equivalently, at a luminosity distance of
400 megaparsecs (redshift of z ~ 0.1). The researchers esti-
mate that about 4.6% of the binary’s energy was radiated in
gravitational waves, leading to a rotating black hole remnant
with mass 62 times the mass of the Sun and dimensionless
spin of 0.67.

From the signal, the researchers were also able to per-
form two consistency tests of general relativity and put a
bound on the mass of the graviton—the hypothetical quan-
tum particle that mediates gravity. In the first test, they used
general relativity to estimate the black hole remnant’s mass
and spin from the pre-merger parameters. They then also
determined the remnant’s mass and spin from the oscilla-

tions in the wave produced by the final black hole [6]. They
found that the values inferred from these oscillations agreed
with those they had calculated. The second test was to an-
alyze the phase of the wave generated by the black holes as
they spiraled inward towards one another. This phase can
be written as a series expansion in v/c, where v is the speed
of the orbiting black holes, and the authors verified that
the coefficients of this expansion were consistent with gen-
eral relativity predictions. By assuming that a graviton with
mass would modify the phase of the waves, they determined
an upper bound on the particle’s mass of 1.2 x 10722 eV /¢?,
improving the bounds from measurements in our Solar Sys-
tem and from observations of binary pulsars. These findings
will be discussed in detail in later papers.

In physics, we live and breathe for discoveries like the one
reported by LIGO, but the best is yet to come. As Kip Thorne
recently said in a BBC interview, recording a gravitational
wave for the first time was never LIGO’s main goal. The
motivation was always to open a new window onto the Uni-
verse.

Gravitational wave detection will allow new and more
precise measurements of astrophysical sources. For ex-
ample, the spins of two merging black holes hold clues
to their formation mechanism. Although Advanced LIGO
wasn’t able to measure the magnitude of these spins very
accurately, better measurements might be possible with im-
proved models of the signal, better data analysis techniques,
or more sensitive detectors. Once Advanced LIGO reaches
design sensitivity, it should be capable of detecting binaries
like the one that produced GW150914 with 3 times its current
signal-to-noise ratio, allowing more accurate determinations
of source parameters such as mass and spin.

The upcoming network of Earth-based detectors, compris-
ing Advanced Virgo, KAGRA in Japan, and possibly a third
LIGO detector in India, will help scientists determine the
locations of sources in the sky. This would tell us where
to aim “traditional” telescopes that collect electromagnetic
radiation or neutrinos. Combining observational tools in
this way would be the basis for a new research field, some-
times referred to as “multimessenger astronomy” [7]. Soon
we will also collect the first results from LISA Pathfinder,
a spacecraft experiment serving as a testbed for eLISA, a
space-based interferometer. eLISA will enable us to peer
deeper into the cosmos than ground-based detectors, allow-
ing studies of the formation of more massive black holes and
investigations of the strong-field behavior of gravity at cos-
mological distances [8].

With Advanced LIGO'’s result, we are entering the dawn
of the age of gravitational wave astronomy: with this new
tool, it is as though we are able to hear, when before we could
only see. It is very significant that the first “sound"” picked
up by Advanced LIGO came from the merger of two black
holes. These are objects we can’t see with electromagnetic ra-
diation. The implications of gravitational-wave astronomy

physics.aps.org

© 2016 American Physical Society

11 February 2016 Physics 9, 17


http://www.bbc.com/news/science-environment-34298363
https://lisapathfinder.org/
https://www.elisascience.org/
http://physics.aps.org/

PhysiCs

for astrophysics in the near future are dazzling. Multiple de-
tections will allow us to study how often black holes merge
in the cosmos and to test astrophysical models that describe
the formation of binary systems [9, 10]. In this respect, it’s
encouraging to note that LIGO may have already detected
a second event; a very preliminary analysis suggests that
if this event proves to have an astrophysical origin, then it
is likely to also be from a black hole binary system. The
detection of strong signals will also allow physicists to test
the so-called no-hair theorem, which says that a black hole’s
structure and dynamics depend only on its mass and spin.
Observing gravitational waves from black holes might also
tell us about the nature of gravity. Does gravity really be-
have as predicted by Einstein in the vicinity of black holes,
where the fields are very strong? Can dark energy and the
acceleration of the Universe be explained if we modify Ein-
stein’s gravity? We are only just beginning to answer these
questions [11, 12].
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