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Gravity

The history of our understanding of gravity goes back to a long time ago...

Avristotle (350 BC) Galileo Galilei (1638) Isaac Newton (1687) Albert Einstein (1915)

i i




Observed Effects of Gravity’s Distortion of
Space

Gravitational Lensing — light
bends around massive object

JO73728.45+321618.5 JOB5629.77+510006.6 J120540.43+491029.3 J125028.25+052349.0

- . - »

J140228.21+632133.5 J162746.44-005357.5 J163028.15+452036.2 Je 20.83-003810.2

Einstein Ring Gravitational Lenses
Hubble Space Telescope + Advanced Camera for Surveys

NASA, ESA A Bolton (Harvard-Smithsonian ClA), and the SLACS Team

“Einstein’s Cross” — quasar’s light bends
around a galaxy.

22



Gravitational Waves in General Relativity (Einstein 1916,1918)
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Gravitational Radiation
is a Quadrupolar Strain

in space-time %\/gég’v v \\///
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Proxima Centauri

- a ..
: | -
4.2 light years ~Imagine measuring this
. * distance to a precision. of

. * ten microns g




In the 1960-70’s
-| Joseph Weber built

a bar to directly
detect grav1ty waves

TR A N
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\ y
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—

e

Bars are resonant detector
designs to detect the energy left
by a passing gravity wave

.
-

Modern bars are cryogenic, see .
Nautilus and MiniGrail | Rt N



An Early LIGO proposal

Rai Weiss of MIT was teaching a course on GR
in the late ‘60s
Wanted a good homework problem for the

(V. GRAVITATION RESEARCH) students
P Why not ask them to work out how to use
o~ /} e laser interferometry to detect gravitational
\\1 ; : waves?
} Es : Weiss wrote the instruction book we have been
! F ,"r,,-ﬂ“w“ following ever since
POCKEL EFFECT \

PHASE SHIFTER -

cajﬁf:im k. POCKEL EFFECT
e T = SPHERICAL MIRROR N _~ PHASE SHIFT
’ n‘::_ — s -. MODULATOR
Lo (T s N )| [o= APRLL 15, 1972
ha i N - MASSACHUSETTS INSTITUTE OF TECHNOLOGY

- -
HORIZOMNTAL .
SEISMOMETER yoeriog N 7 RESEARCH LABORATORY OF ELECTRONICS
SEISMOMETER
oHoro CAMBRIDGE, MASSACHUSETTS 02139

LOW- [V, GRAVITATION RESEARCH)

PASS CORRELATOR CSQILLATOR

FILTER

! - ] 8, ELECTROMAGNETICALLY COUPLED BROADBAND

TO RECORDERS AMD SIGNAL PROCESSING EQUIPMENT GRAVITATIONAL ANTENNA

Fig. V-20. Proposed antenna. 1)
1. Introduction

The prediction of gravitational radiation that travels at the speed of light has been



ART. XXXVI.—On the Relative Motion of the Earth and the
Luminiferous [Lther ; by ALBERT A. MICHELSON and
EpwaArp W. MORLEY.*

Used light interferometry to achieve sensitivity in measuring
distances down to 0.01 A or ~5x10-° m = 0.000000005 m

1907 Nobel Prize in Physics to A. Michelson i



SIMPLE MIChASLSOUN INTERFERUMETER




Simple Michaelson Tntes€esometes
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LIGO HANFORD OBSERVATORY
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e GlOobal Network

of Gravitational Wave Detectors
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GEO600
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The binary pulsar

= Period speeds up 14 sec from 1975-94
= Measured to ~50 msec accuracy
= Deviation grows quadratically with time
= Merger in about 300M years
(<< age of universe!)
shortening of period <= orbital energy loss
Compact system:
negligible loss from friction, material flow
= Beautiful agreement with GR prediction
= Apparently, loss is due to GWs!

=GW emission will be strongest near the end:

— Coalescence of neutron stars!
= Nobel Prize, 1993
= By 2013, there are ~8

Ly HnomDycedang on

]
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STOCHASTIC BACKEGROUND™

Radio waves Microwaves Infrared Uitraviolet M-rays

WAVELENGTH (meters) SHORTER——> I
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LIGO The GW Spectrum

BH and NS Binaries

Cosmic Strings . e

L —

: s el L] T .
= Relic radiation : 7 N ¢ o
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. k _.‘ | | %
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Simulation of the merging
of two black holes




Strain (1027)
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Strain (1027)
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Inspiral Merger Ring-
down

—— Numerical relativity

B Reconstructed (template
I I | ]

. [ I [ |
S 0.6 _
2 0.5 || — Black hole separation _
o === Black hole relative velocity _
<2 0.4

m —
= 0.3

OHN WM
Separation (Rs)



Warped Space and Time Around Colliding Black
Holes
-0.76s

)

100(04d (SXS) Sawnoeds awanya bunenwis ayl ‘SXS :pal) abeuw|


https://www.ligo.caltech.edu/video/ligo20160211v10

1 | SRS

14 Sept 2015

date
time 09:50:45 UTC
observatory LIGO WA, LA

black hole binary

source type

distance, redshift

SNR 24

false alarm prob. < 2x 107

false alarm rate 1 in 200,000 yr

410 Mpc, 0.09

peak frequency 150 H=z
QNM frequency 250 Hz
peak strain 1021

peak luminosity 3.6 x 10°° erg s

peak speed 0.6 c

radiated energy 3 Mo, 5% of mass

=i

Detector Frame Masses M©

chirptime at 35 Hz 200 ms total mass 70
cycles from 35 Hz=z 8 chirpmass 30
remnant size, area 210 km, primary BH 39
inferred rate 2-400 Gpc™= yr! secondary BH 31
BH spins remnant BH 67

primary < 0.7 Source Frame Masses Mo©
secondary < 0.9 total mass 65
remnant 0.7 chirpmass 28
graviton mass < 1.2 x 1022 eV primary BH 36
resolved to 600 sq. deg. secondary BH 29
orientation face-on/off remnant BH 62
sky location southern hemisphere mass ratio 0.8

CPU hours used ~ 50 million




How much energy was radiated away in GW?

 The two black hole merged to form a single black hole of 62
times the mass of the sun

 As they merged, the equivalent of ~3 times the mass of our Sun

was emitted in gravitational waves ‘ ‘ ‘

e Thatis a lot!!! Let's compare: > 1 PeV /m? at Earth!

e Our Sun has lost 0.03% of its mass in 5 billion years, through
electromagnetic emission (so this was 10,000 times more, in < 1s)

« The power output was briefly large than all of the light from all of the
stars in the visible universe

And still, it produced only a tiny distortion here on Earth:
space-time is very, very stiff (roughly 1022 times stiffer than steel)

May 15,

2016 Matthew Evans at JHU 34



Sensitivity: past, present and future
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Credits

Image by Beverly Berger

Cluster Map by Richard Powell



Noise sources: the O1 budget
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A‘j_uGo Maore Photans

200W high
power laser

35 W MOPA

beam shutter (external)

Long range actuator

beam shutter (internal)

High-power oscillator

High-power
Faraday isolator

Electrical interface —

Winkelmann et. al, Appl. Phys. B. (2011)
LIGO-G1100452 DOI 10.1007/s00340-011-4411-9



MONOLITHIC CONSTRUCTION
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How to Beat the Quantum
Limit

=16

. 10

Quantum noise

Seismic noise -
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LIGO Noise: “Range’
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Early Noise Progression Livingston 4km
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Event Time (UTC)  FAR (yr™ 1) F A Mg) m; (Mg) my (Mg) XAeff Dy, (Mpc)
14 September 7% 108
2 +5 +4 +0.17 +160
GW150914 2015 58x107  (>530) 282 3613 2974 —0.061917 4101190
09:50:45 ’ N
26 December 745 10-8
GW151226 2015 I 8.870% 1413 82 0.2019-2) 49071180
03:38.53 5.8x 10 (>530)
12 October 0.05
LVT151012 2015 (' 15+ 23718 13+4 0.0103 1100+3%
1.90) 1 5 5 0.2 500
09:54:43

TABLE 1. Parameters of the three most significant events. The false alarm rate (FAR) and false alarm probability (%) given here were
determined by the PyCBC pipeline; the GstLAL results are consistent with this. The values for the second and third events are calculated
after the more significant events are removed from the background. The source-frame chirp mass .#, component masses m », effective
spin Xefr, and luminosity distance Dy, are determined using a parameter estimation method that assumes the presence of a coherent compact
binary coalescence signal starting at 20 Hz in the data [59]. The results are computed by averaging the posteriors for two model waveforms.
Quoted uncertainties include both the 90% credible interval and an estimate for the 90% range of systematic error determined from the
variance between waveform models. Further parameter estimates of GW 150914 are presented in [19], GW 151226 in [2] and LVT151012 in

Appendix A.



Solar Masses
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Noise Cartoon

Seismic Noise -I

test mass (mirror)

Quantum Noise

Residual gas scattering

beamsplitter

& amplitude —
x am, — Thermal
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Noise



Advanced Ligo
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Equivalent test mass motion (miHz)
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as not to be a limiting
noise source
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Quad Suspensions

Q Fused silica fiber

« Seismic isolation and
suspension together:




A comparison of the GW150914 and GW151226 merging black hole binary
systems: This artist's illustration depicts the merging black hole binary systems for
GW150914 (left image) and GW151226 (right image). In the GW150914 event, the
black holes were 29 and 36 times that of our Sun, while in GW151226, the two black
holes weighed in at 14 and 8 solar masses. Image credit: LIGO/A. Simonnet. - See
more at: http://ligo.org/detections.php#sthash.drzqF9rW.dpuf




GW sources for ground-based detectors:
The most energetic processes
in the universe

5 >

"o

Credit: AEl, CCT, LSU

Casey Reed, Penn State

Asymmetric Core
Collapse Supernovae

Coalescing
Compact Binary

Systems: Neutron
Star-NS, Black
Hole-NS, BH-BH

- Weak emitters, not
well-modeled
(‘bursts’), transient

- Strong emitters,

- Cosmic strings, soft
well-modeled,

gamma repeaters,
- (effectively) Credit: Chandra X-ray pulsar glitches also
transient Observatory in ‘burst’ class

Cosmic Gravitational-
wave Background

Spinning neutron stars

- (effectively) monotonic

waveform - Residue of the Big Bang,

long duration

- Long duration - Long duration,

stochastic background

54
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