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Gravitational waves
Einstein 1916 and 1918

— Sources: non-spherically symmetric accelerated masses

— Kinematics:
* propagate at speed of light

* transverse waves, strains in space (tension and compression)
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— Sources: non-spherically symmetric accelerated masses

— Kinematics:
* propagate at speed of light

* transverse waves, strains in space (tension and compression)



Einstein 1916

a*J
A= 2( ")t;B‘) (21)
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Wiirde man die Zeit in Sekunden, die Energic in Erg messen, so
Y i
wiirde zu diesem Ausdruck der Zahlenfaktor = hinzutreten. Beriick-

sichtigt man auBerdem, daB x» = 1.87.107%, so sieht man, daB3 A in
allen nur denkbaren Fillen einen praktisch verschwindenden Wert

haben mull. “.....in any case one can think of A will have a practically
vanishing value.”

= 2 2
B Newton V' _ Gm v c’ c’ 36 2
h» =" —=—— s = (R’ +1’) = 7.8x10 ergsec/ cm
C C Rc* C 167G 167G
1916 examples: train colllision binary star decay
m = 10° kg m,=m,= 1 solar mass
v = 100km/hr T ..=1day
Tcollision = 1/3 sec R=10 KIy
R = 300km
hradlitg?lz h~ 10‘23 @ % day period
= My ~10"  decaytime ~ 10" years
Q= AR y y

Iperiod
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LIGO Gravitational Waves
the evidence

Neutron Binary System — Hulse & Taylor Emission of gravitational waves

PSR 1913 + 16 -- Tlmlng DprlSﬂl’S ﬁnmpurimn between observations of the binary pulsar
PSR1913+16, aond the prediction of general relotivity based on

loss of orbital energy via gravitational waves
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Michelson Interferometer Schematic and GW sidebands

gravitational wave
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The measurement challenge

Kip Thorne

DL

DL

DL -2

h=—<10

L
L =4km DL < 4x10*meters

110 *wavelength of light

110 *vibrations at earth'ssurface



Initial interferometric GW detector groups late 1970’s
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Advanced LIGO Fabry-Perot Michelson Interferometer Schematic
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Initial LIGO Interferometer Noise Budget
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Strain [1/VHz]
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Advanced LIGO design noise budget

—Quantum noise

—Seismic noise

—Gravity Gradients
—Suspension thermal noise
—Coating Brownian noise

1074 Coating Thermo-optic noise|
Substrate Brownian noise
Excess Gas
—Total noise
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Evoluticn of gravitaticonal strain sensitivity
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2 Enhanced LIGO 2009

3 Advanced LIGO 65Mpc NS/NS 2015

4 Advanced LIGO 150Mpc NS/NS Low Power

5 Advanced VIRGO
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Criteria for transient detection

e The same waveform must be seen at the Louisiana and
Washington sites within £ 10 msec

 The waveform at a site cannot be coincident with signals from

the environmental monitors at the site

* 3 axis seismometers

e 3 axis accelerometers on the chambers
* Tilt meters

* Microphones

* Magnetometers

* RF monitors

* Line voltage monitors

* Wind speed monitors

 The waveform at a site cannot be coincident with auxiliary
signals in the interferometer not directly associated with the

gravitational wave output
e Alignment control signals
e Laser frequency and amplitude control signals
* Approximately 10° sensing signals within the instrument



Strain (107%%)
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Strain (10721)
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Number of events

Generic transient search R.Essik
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umber of events

Modeled search followed by C’cut
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Results of O1 and O2 run announced June 1, 2017
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Black Holes of Known Mass
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The real start
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LIGO Laboratory Advanced LIGO Project
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Classes of sources and searches

Compact binary inspiral: template search
— BH/BH
— NS/NS and BH/NS
Low duty cycle transients: wavelets,T/f clusters
— Supernova
— BH normal modes
— Unknown types of sources

Triggered searches

— Gamma ray bursts

— EM transients

Periodic CW sources

— Pulsars

— Low mass x-ray binaries (quasi periodic)
Stochastic background

— Cosmological isotropic background
— Foreground sources : gravitational wave radiometry



GW150914
GW151226
LVT151012

75°

............... 20° 18 16" /14t 12t 10t 8 6 4




Localization with more detectors

Fairhurst 201 |
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LISA Pathfinder
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LIGO HANFORD OBSERVATORY STAFF



LIGO LIVINGSTON OBSERVATORY STAFF



MIT LIGO LABORATORY GROUP



CALTECH LIGO LABORATORY GROUP



Spare slides follow



Scientists found gravitational

waves in oyter space.  °
f only it were that eqsy

to find an apartment in NYC

with a walk-in closet.

\ SN ¢ss

“Was that you | heard just now,
or was it two black holes colliding

New Yorker Feb 12,, 2016

Matt Weber
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Quantum Noise In the Michelson Interferometer
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Gravitational Radiation in the Limit of High Frequency.
II. Nonlinear Terms and the Effective Stress Tensor*

RicHARD A, IsAACSONT
Department of Physics and Astronomy, University of Maryland, College Park, Maryland
(Received 14 July 1967)

The high-frequency expansion of a vacuum gravitational field in powers of its small wavelength is con-
tinued. We go beyond the previously discussed linearization of the field equations to consider the lowest-
order nonlinearities. These are shown to provide a natural, gauge-invariant, averaged stress tensor for the
effective energy localized in the high-frequency gravitational waves. Under the assumption of the WKB
form for the field, this stress tensor is found to have the same algebraic structure as that for an electromag-
netic null field. A Poynting vector is used to investigate the flow of energy and momentum by gravitational
waves, and it is seen that high-frequency waves propagate along null hypersurfaces and are not back-
scattered by the lowest-order nonlinearities, Expressions for the total energy and momentum carried by the
field to flat null infinity are given in terms of coordinate-independent hypersurface integrals valid within
regions of high field strength. The formalism is applied to the case of spherical gravitational waves where a

function is obtained and "Where the source 1s found to 105 exactly THe energy and momentum Con
tained in the radiation fhield, Second-order terms in the metric are found to be finite and Iree of aivergences of
the (nn)/r variety.

the (Inr)/7 variety.

R.AsaacsonfGravitationEtANSF)&

ARCHITECTURAL TEXTILES:

TENT BANDS OF CENTRAL ASIA
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Richard Isaacson
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Plane gravitational waves

Transverse Plane Wave Solutions with “Electric”

and “Magnetic” Terms

Geometric Interpretation

ds® = g;;da* d’
G = Wiy + By weak field

] 0
. ! Minkowski Metric of
= 1o =] Special Relativity
-1

Gravity Wave Propagating in the x; Direction

0 0 O 0
0 0 O 0
hij = 0 0 hgg hgg all hw |
Plane Wave
hyz = —hs3 hzz3 = hgzs
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And All Only Function of x;1 — ¢t



Timing light in the gravitational wave
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Advanced LIGO Fabry-Perot Michelson Interferometer with GW sidebands

gravitational wave
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A small amount of carrier needs to be
leaked to the photodetector to make
the GW sidebands detectable



PENDULUM THERMAL NOISE
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Pendulum Brownian motion |
Zener dampin g

Dissipation leads to fluctuations R
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Strain (1072!)

f(Hz)

T T T T T T T T T T
0.4+
0.2+
oo AMAVVAWVWWWANA
-02f B 5
L T
—0.4} /\/\/\
| AVAVAVA\
-0.94 -0.90 —-0.86 1
—0.48 —0.44 —0.40
Reconstructed (template)
— Numerical relativity | |
-0.01 0.00 0.01
n L n L n L L n L n L n L n L n L n L
800 F T T T T T T T T T T
400 F |—— GW Frequency
%88 : X  Peak GW amplitude /’J
40 : I | | | | | | | | |
-10 -09 -08 -0.7 -06 -05 -04 -03 -0.2 =01 0.0

Time (s)



What is needed

Requirements:
h= DLL <102 h(f) <107 strain /Hz @ 100Hz

X < 107 meters x(f) <10™ meters//Hz @100Hz

What stands in the way:

Sensing the displacement Believing that GW are causing the displacement
Quantum phase fluctuations: shot noise Seismic vibrations
Scattering at surfaces and gas Thermal fluctuations: suspensions and mirror surfaces
Optical distortion and loss Quantum amplitude fluctuations: radiation pressure

Laser amplitude and frequency noise Newtonian gravitational force fluctuations: f < 20 Hz

j(f) <107 radians/~/Hz @100Hz 1=1m F(f) <10 newtons /~/Hz @100 Hz
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LIGO  Low Smallis 10-'® Meter?

One meter, about 40 inches

+10,000 ( Human hair, about 100 microns
+100 /\/ Wavelength of light, about 1 micron

+10,000 & Atomic diameter, 10-1° meter

+-100,000 g Nuclear diameter, 10-'5 meter

+1,000 >l LIGO sensitivity, 108 meter
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Acoustic bar GW
Detector groups

R. Garwin W. Fairbank E. Amaldi

1965-1975 1975-1990+ 2000 ->
Room T bars Cryogenic bars Spherical cryogenic detectors

Bell Labs

Frascati Frascati Brazil

Glasgow Louisiana Netherlands

IBM Moscow

Rochester Perth

Max Planck Rochester

Rome Stanford

W. Hamilton

P. Michelson



Stanford Contributions to LIGO

1.06 micron solid state frequency
and amplitude stabilized laser
(1986)

Robert Byer Dan DeBra

Active hydraulic seismic
isolation system (2000)

Advanced Detector active
seismic isolation system
(2010)

Peter Michelson Brian Lantz

Low thermal noise optical
coating research (2017)

Marty Fejer Brett Shapiro




