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1.3 Billion years ago, in a distant galaxy...
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Then on 14 September 2015,
at the LIGO sites...
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« “Detection Committee” performed
rigorous internal review of all
aspects of the detection process
(hardware, software, environment,

people...) and how it was to be
presented
* Co-chair Frederigue Marion
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B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration), Observation of
Gravitational Waves from a Binary Black Hole Merger, Phys. Rev. Lett. 116, 061102 (2016)




Outline/Points of Emphasis

* History
» What are the physical effects of a gravitational wave?
» Why is this appropriate for a particle physics lab?

®* Detectors

» How do they work?
» Challenges

® The Future

» Detector and Network Development
» Future Physics and Astronomy
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Gravitational Wave Basics

* Einstein (in 1916) first derived gravitational waves in his General
Theory of Relativity

» Necessary consequence of Special Relativity with its finite speed
for information transfer

» Most distinctive departure from Newtonian theory
* Time-dependent distortions of space-time created by the

acceleration of masses . \/
&/

» Propagate away from the
sources at the speed of light

» Pure transverse waves

» Two orthogonal polarizations ’\ L/\/\
h =2AL/L j *\ﬁ‘

* Weakness of gravity means there is no feasible way to generate
detectable gravitational waves, must rely on astrophysical sources
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v||§'g The First Detectors

* Einstein’s view that the waves would
never have any practical role in
physics prevailed until the early 1960’s

* Joseph Weber conceived and built his
first bar detectors

» Announced in 1969 that he had seen
evidence for gravitational waves

* Atleast 19 different bar detectors
(in 8 countries) were built and used in
searches

» None were able to confirm Weber’s
claim

* Weber’s work triggered wide interest
» Theoretical studies of sources
» Alternate methods of detection

UNIVERSITY OF MARYLAND
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L,GW In the mid-1970s, a New Method of
VIRGL, Detecting GWs with Interferometry

Suspended mirrors act as .
“freely-falling” test masses AL=hL/2
in horizontal plane for

frequencies f>>f, ,

For a 3-4 km long detector, gtiamiag i

eter of proton) S e
Inherently broadband (unlike bars),
Terrestrial bandwidth 10 Hz - 10 kHz,
determined by “unavoidable” noise
(at low frequencies) and expected maximum
source frequencies (high frequencies)
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v|'§'§'y How Small is 10 Meter?

e — One meter

+10,000 ( Human hair ~ 104 m (0.1 mm)

=100 /\/ Wavelength of light ~ 106 m

+10,000 @ Atomic diameter 10-1° m \

10-12
+100,000 Nuclear diameter 10-1° m

+1,000 —f— GW detector 108 m
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1980°s: Developed Understanding of Noise
Sources and Designed Large Facilities

INITIAL INTERFEROMETER SENSITIVITY
LIS | ‘ L T R | ! IR UL P ¥ T E R R R

* Strain sensitivity
<3x10-23 1/HZz"2
at 200 Hz

INITIAL LIGO

e Sensing Noise
» Photon Shot Noise
» Residual Gas

e Displacement Noise
» Seismic motion
» Thermal Noise
» Radiation Pressure

ESIDUALYGASS, 10 TORR

S
e )
v

G}s,}

FACILITY

i RESIDUALYGAS, 107 TorrH,

-25 P4 ..‘...|\ | i ...‘..\| . N —
10 4 10 100 1000
Frequency (Hz)

10000

LIGO-G1602021-v2 LAPP Anniversary Celebration, Annecy 1



AG ~1990: Full-Scale Construction Proposals
VIRGA in US, UK, Germany, Italy, France

* Bold proposals, 107
considering the cost and
timescale for success

* Recognized that detectors
would evolve and improve

* Remarkable vision and
braveness of laboratory
directors, university
leaders, and government
funding agencies
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LIGO Hanford Observatory
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LIGO-G1602021-v2

The Detectors
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L](?j Basic (LIGO/Virgo)

VIRG! Interferometer Configuration

Power-Recycled,
Signal-Recycled,
Michelson
Interferometer
with Fabry-Perot
Arm Cavities

end test mass

Light bounces back
< and forth along arms
about ~100 times

Light is “recycled”

about ~50 times Input test mass

v

Laser
/ Reflecting signal back
beam splitter into interferometer tailors
sighal frequency response
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lized Laser

201

Pre-Stag

Smm— |
200 W, single frequency, single
mode, Nd:YAG laser

=

Challenging requirements:
* of ~10° Hz/HZz"?

= :Lﬂl:’PAnbivé[sa;yc;lé_bfétion,'/ﬁ'nn'e_" e

-
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= 2 - - - -




-

~35 cm diameter, 40 kg
Ultra-high purity fused silica

Challenging requirements:
A/1000 surface figure
< 1 ppm absorption
~10 ppm scatter
0.1 nm coating uniformity

(¢




Mirror

Suspension 10
* Multi-stage isolation system

for attenuating ground noise

""._- "‘5;';
* Completely
eliminates all

ground motion

. Low thermal
| 9. noise final
t“, .

suspension
stage
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Vacuum Chambers

* Provided to Virgo by LAPP

» Along with mirror installation
procedures and fixtures

i g F
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Ligj Schematic Interferometer
VIRG/ vs. Real Interferometer

Power-Recycled,
Signal-Recycled,
Michelson
Interferometer
with Fabry-Perot
Arm Cavities

end test mass

Light bounces back
< and forth along arms
about ~100 times

Light is “recycled”

about ~50 times Input test mass

v

Laser

Reflecting signal back
Into interferometer tailors
frequency response
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Detection Bench

* Filters and conditions light to
eliminate contaminating noise

* Ultra-low scatter, high efficiency

} * Supplied by LAPP
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aG Initial LIGO Sensitivity
VIRG Closely Matches Prediction

Strain Sensitivity for the LIGO Hanford 4km Interferometer
S5 Performance  LIGO-G060051-00-Z
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LIGO-G1602021-v2

What Can We Expect from
the Next Forty Years?
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Soon! The Next Observing Run

B Early

-
Q
®

B Mid
B Late
Il Design
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Advanced LIGO Advanced Virgo
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Living Rev. Relativity 19 (2016), 1

LIGO-G1602021-v2 LAPP Anniversary Celebration, Annecy 25




UG
VIRG!

Source Localization Requires
a Global Array of GW Detectors

LIGO-G1602021-v2

® Detectors are nearly omni-directional

» Individually they provide almost no directional
information

* Array working together can determine

source location

» Analogous to “aperture synthesis” in radio
astronomy

* Accuracy tied to diffraction limit

At = (D cos 6)/c
1

LAPP Anniversary Celebration, Annecy 26



LIGO-Virgo Network

s
T
i L% > - _.:.‘_-

. A::‘E-‘Q_‘_ »
;l.-lGi:ZII Hanford

Operational
Under Construction
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LIGy Localization Capability:
VIRG LIGO-Virgo Working Together

HLV

* LIGO, Virgo began as independent,
competing Projects
* International collaboration was

anticipated, but clearly put off to the
future

* In 2005, Virgo and LIGO negotiated
ground-breaking data-sharing
agreement

» Complete merger of Data Analysis efforts

S. Fairhurst, “Improved source localization with
LIGO India”, J. Phys.: Conf. Ser. 484 012007
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L{I%ﬂ Localization Capability:
LIGO-Virgo Working Together

ﬁ':]u Jo _-!'..r,rf

'-_.-._ﬂ"-"’fr.nr
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S. Fairhurst, “Improved source localization with
LIGO India”, J. Phys.: Conf. Ser. 484 012007
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The Global Network

+ LIGO Hanford

Operational
Under Construction

Planned
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Localization Capability:
LIGO-Virgo plus LIGO-India

LIGO-G1602021-v2

S. Fairhurst, “Improved source localization with
LIGO India”, J. Phys.: Conf. Ser. 484 012007
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Future Observing Runs

1 1 1 |
1Jan 1Jan 1Jan 1Jan 1Jan 1Jan 1Jan 1 Jan 1 Jan 1 Jan 1 Jan
015 2016 2017 20185 2019 2020 2021 2022 2023 2024 2025
Advanced LIGO Advanced Virgo
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“Gg) Scientific Prospects for

VIRGY Advanced LIGO
1000 |
ﬁ 30M ~ Black Hole Binaries S6 run
\ © === 01 run
3¢ Higher SNR for — Adv. LIGO design | |
more precise === Future upgrades

SNR
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100 \\
\
N \
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Hanford, Washington (H Ivingston, Louisiana

i H = L1 observed -
r?x | == H1 observed H1 observed (shifted, inverted)
o I 1 1 | I I 1 1
—l I I | I I I I |
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aG Source Parameters
VIRG determined from Waveform
Parameter Value Egr?;/: Unit
Secondary black hole mass 29 ig Mg
Final black hole ma nz
Total radiated energy 3.0 igg Mg
Final black hole spi
Luminosity distance 410 jgg Mpc
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LIGy
VIRGE

Scientific Prospects for
Advanced LIGO

SNR

1000

\ 30M® Black Hole Binaries
300

~

== 01 run
= Adv. LIGO design
=== Future upgrades

S6 run

RN
Detection rate
iIncreases with [j‘>
30F N distance cubed
N
® GW1509 \
[ S G | : ________ S
\ iﬁi Thlreshold (SNR\:S)
0.03 0.1 0.3 1 3
Redshift

LIGO-G1602021-v2
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V,k'gf?) Census of Black Holes in the Universe

* Previously known black holes (X-ray binary systems)

X-Ray Studies

LIGO & Caltech Press Office
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3lack Hole Merger and

age credit:W. Beng » Are black holes really characterized by only mass and spin?

®* Nuclear physics—neutron stars
» How does matter behave under extreme conditions?

Further Questions in
Physics and Astronomy

* |s General Relativity the correct theory of gravity?
» Wave propagation speed (delays in arrival time of bursts)
» Spin of the graviton (polarization of radiation)

Neutron Star Formation

-

%
=, -a" F s,
- :“'.g %' - »

» Determine the matter equation of state at nuclear densities =
* Astrophysics, Astronomy, Cosmology

»

»

»

»

»

»

What is the supernova mechanism in core-collapse of massive stars?

How bumpy are neutron stars? 5o UM i

ation [degree]

Do compact binary mergers cause GRBs?
Are there unexpected gravitational wave sources?
Can we observe a stochastical background of GWs? Fihtascension thous

Can binary inspirals be used as “standard sirens” to measure the local
Hubble parameter?

Declin:
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Future Detectors

* Advanced LIGO/Virgo are not the end!
* Another factor of 10 in sensitivity is technologically

possible
1049 R 1 L e aaaal ook
LIGO 2005
10-20
~ 107
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