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Lollaboration

Black Holes

Regions of space created by super
dense matter from where nothing can
escape due to the strength of gravity

Some may form when very large stars
collapse and die

Expected to have masses from around 3
to 100s of times the mass of the Sun

Others may have been created in the
Big Bang

Supermassive black holes weighing as

much as millions of stars reside in the

centers of most galaxies (including oyr
own)
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Gravitational Waves Travel to the Earth



Coming up from
Southern Hemisphere



Strain (1027)

~ 20 msec later
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Strain (1027)

After another 7 msec
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Strain (1027)
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GR Prediction for BH merger
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Newton’s Theory of Gravity

1687

Universal Gravity: force between massive
objects is directly proportional to the
product of their masses, and inversely
proportional to the square of the distance

between them. b



Urban le Verrier
Mathematician — Celestial Mechanics.

Famous for validation of “Celestial Mechanics.” He
predicted the existence and position of Neptune by
calculating the discrepancies between Uranus’s orbit and
the laws of Kepler and Newton.

He sent his prediction to a German astronomer who
found Neptune within 1 degree of prediction the same
night. (1846)

Then, in the 1850s he discovered a problem
with the orbit of Mercury around the sun

13



MERCURY'S ORBIT

Mercury's elliptical path around the Sun. Perihelion shifts forward with each
pass. (Newton 532 arc-sec/century vs Observed 575 arc-sec/century)
(1 arc-sec = 1/3600 degree).

14



Einstein’s Theory of Gravity
1915

1 STCr

~ ) -
CT:‘.‘:.r.’:- — Rr:.h _ SfjﬂhR — 7-:1.3}

¢

Space and Time are unified
in a four dimensional

spacetime
AVAVAVAVAVAVAVAVAVAVS




BENDING LIGHT
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First observed during the solar eclipse of 1919 by Sir Arthur Eddington, when

the Sun was silhouetted against the Hyades star cluster
16



GPS: General Relativity in Everyday Life

Special Relativity

(Satellites v = 14,000 km/hour
“moving clocks tick more slowly”
Correction =-7 microsec/day

Pinpoint location

General Relativity
Gravity: Satellites = 1/4 x Earth
Clocks faster = + 45 microsec/day

GPS Correction = + 38 microsec/day

(Accuracy required ~ 30 nanoseconds
to give 10 meter resolution

17



Einstein Predicted Gravitational Waves in 1916

Niherungsweise Integration der Feldgleichungey

der Gravitation.

e 1st publication indicating the existence of gravitational

waves by Einstein in 1916
e Contained errors relating wave amplitude to source motions

* 1918 paper corrected earlier errors (factor of 2), and it contains the
quadrupole formula for radiating source



Einstein vs Physical Review

1936

Einstein and Rosen Submited an t,.
article to Physical Review o

A. Einstein N. Rosen

~Johh Tite
Editor= Physical Review

19



The Chapel Hill Conference

Could the waves be a coordinate effect only, with no
physical reality? Einstein didn’t live long enough to
learn the answer.

In January 1957, the U.S. Air Force sponsored the
Conference on the Role of Gravitation in Physics, a.k.a.
the Chapel Hill Conference, a.k.a. GR1.

The organizers were Bryce and Cecile DeWitt. 44 of the
world’s leading relativists attended.

The “gravitational wave problem” was solved there,
and the quest to detect gravitational waves was born.

(Pirani, Feynman and Babson)




Agreement: Gravitational Waves are Real

* Felix Pirani presentation: relative
acceleraton of particle pairs can be
associated with the Riemann tensor.
The interpretation of the attendees
was that non-zero components of the
Riemann tensor were due to
gravitational waves.

* Sticky bead argument (Feynman)

o Gravitational waves can transfer
energy?

pA



Einstein’s Theory of Gravitation

A necessary consequence of
Special Relativity with its finite
speed for information transfer

Gravitational waves come from
the acceleration of masses and
propagate away from their R HE ORI
sources as a space-time grawtatlonal radiation

warpage at the speed of light binary inspiral
of

compact objects

22
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0 the effect is incredibly small

-

ass

binary Merging Bla
— M= 30 Mg
R =100 km
f= 100 Hz
r=310% m (500 Mpc)

2 2 §2
h=AL/L = %:h~10—21 | L

cr
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1

- known

~1000 cycles
~1 min

Compact Binary Collisions

— Neutron Star — Neutron Star
* waveforms are well described
Ringdown — Black Hole — Black Hole
* Numerical Relativity waveforms
— Search: matched templates

[ -]
< >
A
>
< S

|

time

supercomputer= known 2
simulations
?
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Gravitational Waves

Ripples of spacetime that stretch and
compress spacetime itself

The amplitude of the wave is h = 1021

Change the distance between masses
that are freetomove by AL=h x L

Spacetime is “stiff” so changes in
distance are very small

AL=hxL=10*"x1m=10"%*m

26



How Small is 101 Meter?

10,000
10,000 [

100000 i
000 e

One meter

Human hair, about 100 microns
Wavelength of light, about 1 micron
Atomic diameter, 10-1° meter

Proton diameter, 101> meter

LIGO sensitivity, 10-18 meter

27



Suspended Mass Interferometry

tesl
Ml ils 5 hz&glo_zj-
L

L =4km DL < 4x10 **meters

I' test
I

DL ~ 10 *“wavelengthof light
DL ~10 *vibrationsat earth'ssurface
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Credit: LIGO/T. Pyle

Interferometry — The scheme

O O




LIGO Sites
iz roject Approved 1994

LIGO
Hanford

Caltech [FECEESE
5= ‘.’~" 0’"

Livingston
Observatory



LIGO Interferometers

Hanford, WA

Livingston, LA

31






Interferometer Noise Limits

—

Seismic NoiseC—> test mass (mirror)

Wavelength & splitter
amplitude Thermal

fluctuations photodiode (Br;:;\;:;an)
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Advanced LIGO GOALS

S5 (LLO 2007.08.30) [
Initial LIGO goal ]
S6 (LHO 2010.05.15)|]
— —— = Advanced LIGO goal ||

Better
seismic

Better test
masses
and suspension

Frequency (Hz)




Sensitivity for Advanced LIGO
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Reported Black Holes Mergers

I

LVT151012

NW\ANWWV\ANWWW\W

GW151226
W;llru'uw

N\MWWWN* GW170104

WWVW\W!LL GW170814

] N 1 v I
0 sec. 1 sec. 2 sec.

time observable by LIGO-Virgo
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Testing General Relativity
graviton mass

If vy <c,gravitational waves then have a modified
dispersion relation. There is no evidence of a modified inspiral

GW150914 90% exclusion region

LIMIT 90% Confidence

T e e o Phys. Rev. Lett. 116, 221102 (2016)

my <12 x 1072 eV/c”
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New Astrophysics

Stellar binary black holes exist

40
They form into binary pairs

They merge within the
lifetime of the universe

The masses (M > 20 M) are =
much larger than what was
known about Steuar maSS Knawwn Meutron Stars . : ‘

Black Holes. R ¢ 0 L%

Image credit: LIGO



First Binary Neutron Star Merger

Normalized amplitude
4

Low-spin priors (|y| < 0.05)

; Primary mass m, 1.36-1.60 M

Secondary mass m, 1.17-1.36 M
High-spin priors (|y| < 0.89)

Primary mass m; 1.36-2.26 M,
Secondary mass m, 0.86-1.36 M,

LIGO-Livingston
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Fermi Satellite GRB detection 2 seconds later
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Multi-messenger Astronomy
with Gravitational Waves
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Observations Across the Electromagnetic Spectrum

Frad LIGO - Virgo

INTEGRAL/SPI-ACS

counts/s (arb. scale)

600 1000 2000
wavelength (nm)

LIGO, Virgo

y-ray

Formi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, HE.S.S., HAWC, Konus-Wind

X-ra

Swift, MAXI/GSC, NUSTAR, Chandra, INTEGRAL

Suope. DECam, DLT40. REM-ROS2. HST. Las Cumbres, SkyMapper, VISTA MASTER, Magellan. Subary. Pan STARS:
HCT TZAC. LSGT, T17. Gemini South NTT. GROND, SOAR, ESO-VLT, KMTNat, ESOVST VIR, SALT, CHILESCOPE,
N EA

BOGTES-5, Zadks, iTelescope.Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, T80S.

REM-ROS2, VISTA, Gemini-South, 2MASS, Spitzer, NTT, GROND, SOAR, NOT, ES( Telescope, HST \

NI BIITALLIM al

VLA, ASKAP. VLBA, GMRT, MWA, LOFAR, LWA, ACMA, 0, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Efielsberg

107
t-t. (days)

Chandra

Birth of Multimessenger
Astronomy

“Kilonova”

NSF/LIGO/Sonoma State Umversuty/A Simonnet




The Origin of Heavy Elements

Periodic Table of the
Elements

Yellow: Formed by Merging Neutron Stars
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The Birth of a New Astronomy
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