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A long time ago…

…in a galaxy far, far away…

…two black holes collided…

…and echoed across the universe.



On September 14, 2015,  
the Laser Interferometer 

Gravitational-Wave Observatory 
heard this echo.



The Punch Line

• On September 14, 2015, the Laser 
Interferometer Gravitational-Wave Observatory 
(LIGO) measured gravitational waves 
originating from the collision of two black holes 
1 billion light years away. 

• This was the first direct detection of 
gravitational waves and black holes merging. 

• A new field of astrophysics is born.



What is all the excitement about?
• Einstein’s 100 year old (!) 

prediction of gravitational 
waves were finally 
observed. 

•  A new window into 
mind-bending phenomena 
in astrophysics 

• A chance to gain a deeper 
understanding of the 
universe



Roadmap

❖ Gravitational Waves 

❖ Black Holes 

❖ Laser Interferometer Gravitational-Wave Observatory 
(LIGO)



It all has to do with 
GRAVITY



Newton got us to the moon.
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1915: General Relativity 

• Space and time are inextricably 
linked — “spacetime”!

• Massive bodies distort spacetime.!

• The bending of spacetime affects 
the movements of everything.!

• Gravity is due to the curving of 
space-time, not a force as in 
Newton’s view.

http://www.physicsoftheuniverse.com/images/relativity_light_bending.jpg




–John Archibald Wheeler

“Spacetime tells matter how to move; 
matter tells spacetime how to curve” 





General relativity

Gravitational Waves Black Holes



Gravitational Waves

• Ripples in the fabric of spacetime



What do Gravitational Waves do?

The effect of gravitational waves on matter is to 
stretch & squeeze it … but the effect is really small. 



Visualizing Gravitational Waves



Gravitational Waves Are “Weak”
• Gravitational waves have a minuscule effect on 

matter they pass by.!

• A “loud” gravitational wave would only change the 
distance between our sun and the next closest star 
(4.3 lightyears away) by the width of a human hair! !

4.3 ly = 25 trillion miles

Our sun Alpha Centauri



Detection Prerequisites
A “loud” source 
of gravitational 

waves

REALLY 
precise 

detector



Black Holes

• Black hole: a region of 
spacetime from which 
nothing can escape. !

• Densest objects in the 
universe

Spacetime can infinitely warp!





How big are black holes?



Two black holes orbiting each other 
will produce gravitational waves!



Gravitational Wave Production



Black Hole Merger



Characteristic Signal: Chirp
Inspiral Merger Ring-!

down

Time

Amount of Warping



How are Gravitational Waves Detected?



Inception of LIGO







Multiple Interferometers
Use timing between 

two interferometers to 
find extraterrestrial 

signals

Two LIGO interferometers:!
• Hanford, WA!
• Livingston, LA



LIGO Scientific Collaboration

• Over 1000 scientists 
from 83 institutions in 
15 countries!

• Many types of scientists 
involved: theorists, 
experimentalists, data 
analysts, engineers, 
astrophysicists…



  

LIGO Scientific Collaboration



September 14, 2015





The Detection of Gravitational Waves
❖ LIGO sees chirp from merger of two black holes!

Time (ms)

Warping



Inspiral Merger Ring-!
down



They were each 30 times the mass of our sun.

They merged about 1 billion light years away.

Two black holes crashing into each other at 
over half the speed of light

This event emitted more energy than the 
entire rest of the Universe combined           

(for a fraction of a second).



The sound of 2 black holes colliding



The Announcement: Feb. 11, 2016

Streamed all over the world,!
including University of Chicago



UChicago LIGO Group
Hsin-Yu Chen 

Zoheyr Doctor 
Daniel Holz 

Ben Farr
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Reginald Abraham, left, an organizer for Hillary Clinton, at a barbershop in Orangeburg, S.C.

By RICHARD FAUSSET

ORANGEBURG, S.C. — When
Helen Duley was asked whom
she would vote for in the South
Carolina primary, she answered
as if the very question were ab-
surd.

“What I’m seeing is a bunch of
confusion, hearsay and foolish-
ness,” said Ms. Duley, 60, a re-
tired nursing assistant who is Af-
rican-American, shortly after fin-
ishing breakfast at the downtown
McDonald’s. “What I also see is a
veteran who’s already been in the
White House eight years. A vet-

eran: Hillary Clinton.”
But that was late January. In-

terviewed again Tuesday as Mrs.
Clinton’s rival, Senator Bernie
Sanders of Vermont, was surging
toward an overwhelming victory
in the New Hampshire Demo-
cratic primary, Ms. Duley found
herself suddenly intrigued by a

candidate she barely knew. “It
makes me feel good,” she said,
chuckling, “that young people
are listening to the elderly peo-
ple.” She now said she was an un-
decided voter and planned to do
some homework on Mr. Sanders.

Mrs. Clinton has long looked
forward to the Feb. 27 Demo-
cratic contest in South Carolina,
the first state where blacks will
make up a dominant part of the
primary vote. African-Americans
accounted for more than half the
voters in the 2008 Democratic
primary, and she has been count-
ing on them as a bulwark, not just

Long in Clinton’s Corner, Blacks Notice Sanders

Continued on Page A18

Courted Hard in South
Carolina, Loyalists

Listen Closely

By DENNIS OVERBYE

A team of scientists announced
on Thursday that they had heard
and recorded the sound of two
black holes colliding a billion
light-years away, a fleeting chirp
that fulfilled the last prediction of
Einstein’s general theory of rela-
tivity.

That faint rising tone, phys-
icists say, is the first direct evi-
dence of gravitational waves, the
ripples in the fabric of space-time
that Einstein predicted a century
ago. It completes his vision of a
universe in which space and time
are interwoven and dynamic,
able to stretch, shrink and jiggle.
And it is a ringing confirmation of
the nature of
black holes,
the bottom-
less gravita-
tional pits
from which
not even light
can escape,
which were
the most fore-
boding (and
unwelcome) part of his theory.

More generally, it means that a
century of innovation, testing,
questioning and plain hard work
after Einstein imagined it on pa-
per, scientists have tapped into
the deepest register of physical
reality, where the weirdest and
wildest implications of Einstein’s
universe become manifest.

Conveyed by these gravitation-
al waves, power 50 times greater
than the output of all the stars in
the universe combined vibrated a
pair of L-shaped antennas in
Washington State and Louisiana
known as LIGO on Sept. 14.

If replicated by future experi-
ments, that simple chirp, which
rose to the note of middle C be-
fore abruptly stopping, seems
destined to take its place among
the great sound bites of science,
ranking with Alexander Graham
Bell’s “Mr. Watson — come here”
and Sputnik’s first beeps from or-
bit.

“We are all over the moon and
back,” said Gabriela González of
Louisiana State University, a
spokeswoman for the LIGO Sci-
entific Collaboration, short for
Laser Interferometer Gravita-
tional-Wave Observatory. “Ein-
stein would be very happy, I
think.”

Members of the LIGO group, a 

WITH FAINT CHIRP,
SCIENTISTS PROVE
EINSTEIN CORRECT

A RIPPLE IN SPACE-TIME

An Echo of Black Holes
Colliding a Billion
Light-Years Away

CALTECH-M.I.T.-LIGO LABORATORY

A worker installed a baffle in 2010 to control light in the Laser Interferometer Gravitational-Wave Observatory in Hanford, Wash.

Continued on Page A12

This article is by Dave Semi-
nara, Richard Pérez-Peña and
Kirk Johnson.

PRINCETON, Ore. — They im-
plored the last holdout in the
armed occupation of a wildlife
refuge here to think about the
Holy Spirit. They explained that
the First Amendment was about
freedom of speech and the Sec-
ond was about the right to bear
arms, and said that they were in
that order for a reason. They
asked him what he thought Jesus
would have done in his situation.

He, in turn, asked for pizza and
marijuana, criticized a govern-
ment that condoned abortion and
drone strikes, and talked about
U.F.O.s and dying rather than go-
ing to prison.

In the final moments, a stand-
off fed by big ideas about the role
of government came down
Thursday morning to the griev-
ances and fears of one troubled
young man, and the tense but
successful efforts of his sympa-
thizers and F.B.I. agents to coax
him to surrender, ending the oc-
cupation of Malheur National
Wildlife Refuge in southeastern
Oregon.

“I’m actually feeling suicidal
right now,” said David Fry, 27, of
Blanchester, Ohio, the last of the 

Last Occupier
In Rural Oregon

Is Coaxed Out

Continued on Page A11

By AMY CHOZICK 
and PATRICK HEALY

MILWAUKEE — Hillary Clin-
ton, scrambling to recover from
her double-digit defeat in the
New Hampshire primary, repeat-
edly challenged the trillion-dollar
policy plans of Bernie Sanders at
their presidential debate on
Thursday night and portrayed
him as a big talker who needed to
“level” with voters about the dif-
ficulty of accomplishing his agen-
da.

Foreign affairs also took on un-
usual prominence as Mrs. Clinton
sought to underscore her experi-
ence and Mr. Sanders excoriated
her judgment on Libya and Iraq,
as well as her previous praise of
former Secretary of State Henry
A. Kissinger. But Mrs. Clinton
was frequently on the offensive
as well, seizing an opportunity to
talk about leaders she admired
and turning it against Mr. Sand-
ers by bashing his past criticism
of President Obama — a remark
that Mr. Sanders called a “low
blow.”

With tensions between the two
Democrats becoming increasing-
ly obvious, the debate was full of
new lines of attack from Mrs.
Clinton, who faces pressure to
puncture Mr. Sanders’s growing
popularity before the next nomi-
nating contests in Nevada and
South Carolina. 

She is wagering that even vot-
ers excited by Mr. Sanders’s in-
spiring message will reconsider
their support when they learn of
his lack of experience in foreign
policy and his vague explana-
tions for how he will pay for his
expansive government pro-
grams.

Mrs. Clinton pounced from the
start, after Mr. Sanders de-
murred in saying how much his
proposals would increase the size
of the federal government. She
stepped in and said that by econ-
omists’ estimates, the govern-
ment would grow 40 percent un-
der Mr. Sanders. 

And rather than bashing him
as she did at their debate last
Thursday, she appeared to try to
get under his skin by implying
that he had not been transparent
about the cost of his programs,
such as his proposed expansion
of government health care.

“This is not about math. This is

Clinton Paints
Sanders Plans
As Unrealistic

New Lines of Attack at
Milwaukee Debate

Continued on Page A16

Michigan officials are still scrambling
with local leaders on a plan to undo the
damage to the water. A look at why that
will be tough. PAGE A13 

NATIONAL A10-19

No Quick Fix for Flint’s Woes 

Gov. Chris Christie has re-
turned to New Jersey to tend to a
state he at times abandoned in
his run for president. Page A21.

Going Back to Trenton

Four people were charged with man-
slaughter and one faced lesser charges
in connection with a 2015 gas explosion
in the East Village that killed two men
and leveled three buildings. PAGE A21

NEW YORK A21-24

5 Charged in Deadly Blast
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Today, some sunshine giving way
to times of clouds, cold, high 28. To-
night, a flurry or heavier squall
late, low 15. Tomorrow, windy, frig-
id, high 21. Weather map, Page A19.
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By ERIC LIPTON

WASHINGTON — The hedge
fund manager boasted that he
had traveled to “every country”
in the world, studying overseas
stock markets as he fine-tuned an
investment strategy to capitalize
on global companies’ suffering
because of economic or political
turmoil.

But the fund manager had an
even more distinctive credential
to showcase in his marketing ma-

terial in June 2013: He was a
“U.S. congressman,” Representa-
tive Alan Grayson, Democrat of
Florida, a member of the House
Foreign Affairs Committee. Now
he is also among the leading
Democratic candidates for one of
Florida’s United States Senate
seats.

This highly unusual dual role
— a sitting House lawmaker run-
ning a hedge fund, which until re-
cently had operations in the Cay-
man Islands — has led to an in-
vestigation of Mr. Grayson by the

House Committee on Ethics.
The inquiry has become public,

but emails and marketing docu-
ments obtained by The New York
Times show the extent to which
Mr. Grayson’s roles as a hedge
fund manager and a member of
Congress were intertwined, and
how he promoted his internation-
al travels, some with congres-
sional delegations, to solicit busi-
ness.

Interviews and the documents
show that Mr. Grayson told po-

Lawmaker’s Hedge Fund Intrudes on Day Job

Continued on Page A3

A suit by a German speedskater called
into question the fairness of the Court of
Arbitration for Sport, possibly upending
the court’s international power. PAGE B8

SPORTS FRIDAY B8-12 

Sports’ Top Court Faces a Test

Paul Krugman PAGE A27

EDITORIAL, OP-ED A26-27

Elisabeth Louise Vigée Le Brun, known
for her portraits of women, is the subject
of a new exhibition at the Met.  PAGE C21

WEEKEND ARTS C1-30

A French Master in New York

Despite luring big investors, delivery
start-ups face steep challenges. PAGE B1

High Cost of Getting It There

The annals of business are studded with
messy power struggles like the one at
Viacom, James Stewart writes. PAGE B1

Wealthy, Fearful and Jealous

Stocks fell for the fourth day in a row as
concern rises that policy makers may be
hurting more than helping. PAGE B1

BUSINESS DAY B1-7

Losing Faith in Central Banks
President Salva Kiir, right, reappointed
his main political rival, Riek Machar,
left, as his vice president, fulfilling a
condition of a peace accord aimed at
ending the country’s civil war. PAGE A9

INTERNATIONAL A4-9

Foes Reunited in South Sudan

The United States and Russia have
agreed to a plan for the delivery of hu-
manitarian aid to besieged Syrian cities
and a path to a cease-fire. PAGE A6

Diplomats Broker Syrian Deal

A New York City police officer
was convicted of manslaughter on
Thursday for killing an unarmed
man who was hit by a ricocheting
bullet fired from the officer’s gun
in the stairwell of a Brooklyn
housing project in a case that
highlighted concerns over police
accountability.

The officer, Peter Liang, and his
partner were conducting a so-
called vertical patrol on Nov. 20,

2014, inside the Louis H. Pink
Houses in the East New York
neighborhood. At one point, Offi-
cer Liang opened a door into an
unlighted stairwell and his gun
went off. The bullet glanced off a
wall and hit Akai Gurley, 28, who
was walking down the stairs with
his girlfriend, and pierced his
heart.

Mr. Liang, a rookie officer who
had graduated from the Police
Academy the year before the
shooting, was also found guilty of
official misconduct for failing to

help Mr. Gurley as he lay on a fifth-
floor landing. Mr. Gurley’s girl-
friend, Melissa Butler, had testi-
fied that while she knelt in a pool
of his blood trying to resuscitate
him, the officer stopped briefly
but did not help before proceeding
down the stairs.

The verdict, delivered in State
Supreme Court in Brooklyn,
comes amid a national debate on
the policing of black neighbor-
hoods after a string of killings of
unarmed black men by police offi-

Officer Is Convicted in Fatal Stairwell Shooting
By SARAH MASLIN NIR

Continued on Page A21
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Future Possibilities



More Black Holes

• Only first 16 days out 
of 50 days of data 
analyzed!

• Increased sensitivity 
later this year



Merging Neutron 
Stars
• Made of just neutrons!!
• Second densest objects in the 

universe after black holes!
• Neutron star merger 

expected to produce flashes 
telescopes may be able to see



Supernovae

• Explosion of a massive 
star!

• Could detect if it 
happens in our galaxy



Maybe we’ll find something 
unexpected…



Questions?


