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GravitationaWaves

Originate from accelerating masses




Generating gravitational waves

A Time varying mass quadrupole
generates gravitational waves

A Binary system is ideal

L (GMY (GM
2R c2r

GM?21°
c° R

P ~




Yot

o = e ” , 3 2 A;m y
- LIGO Hanford

GEO600

Operational
Planned



-

GEO600

e

.‘Han‘ford'







ground motion:
10°m
(10% x bigger)

gravitational
wave: 10%m

thermal vibrations: & |aser

102m wavelength:
(1C° x bigger) & 10°m



2015
Sensitivity

o
~—

— H1

Test
Mass ‘ 10-2 L —u
T i
N
L
€ 2
v = —22
- o 10
Il c
E
bl
1072 -
c 1 [ R A | | | TR T T N B |
Test 20 100 1000
Mass
Frequency (Hz)
Power
; Beam -
Recycling Splitter bx =4 km =
| 100 kW Circulating Power ‘
Source Test Test
Signal Mass Mass
Recycling

""" Photodetector

CNRY | 00 Plisérvai®ii of GravEatioaal \Waves
from a Binary Black Hole MergeE H n M cC

11


https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102

| | | |
—~ 10 | LIGO Hanford Data (shifted)
Howto go & os
TNRY (ER
= -0.5 u h -
N 0 .
LIGO Livingston Data
| 1 1 1
0.30 0.35 0.40 0.45
Primary black hole mass Time (sec)

Secondary black hole mass

Final black hole mass

.’. .’.
Final black hole spin X U 2 U K

Luminosity distance

Source redshift z

12




Measurement Accuracy
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AFor ‘gravitational waves, waveforms
"Q A1 " are indistinguishable if
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where

VS(f) and 2r(f)|VF (strain/v/Hz)
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Source
localization

ALocalization primarily from
time delays between
detectors

AUsing relative amplitude ant
phase improves accuracy

SFATriangulation of gravitational wave sources
with a network of detector§ ¥  H n n

Credit: LIGO/Virgo/NASA/Leo Singer (Milky Way image: Axel Mellinger)
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Source
localization

12h

ALocalization primarily from
time delays between
detectors

AUsing relative amplitude and
phase improves accuracy
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GW1/0817: Neutron Stars anc
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Masses

AOrbits decay due to
emission of gravitational
waves

Aleading ordeevolution
of waveform determined

08 AGOKANLI Y
3/5
M =

S(f) and 2h(H)|VF (strain/v/Hz)

(myma)

M1/5

a a
3
G

10-21

10**L

Strain

10 |

- — Hanford
| — L|V|ngston

102 103

Frequency (Hz)

1 s J 5
10 Time from 30 Hz (s)

£
- - 3/5

O —8/3 p—11/3 ¢
6"

- - 17




50

q
40| 1/2 i
——— 1/4
Masses iy — |
= |
S 20- ¥, i
AQrbits decay due to 10- _
emission of gravitational ;
waves 0 20 40 60 80
Aleading ordeevolution m1(Mg)
of waveform determined CN2Y ! 00 Bidaily BiSdk HdlefMErgeds in

the first Advanced LIGO Observing®a2n H 1 M cC

60 AaOKANLI Yl €

a a
- (m1m2)3/5 ¢’ [5 ~8/3 p—11/3 ¢
M= =Gl 1T

- - 18

-3/5



https://doi.org/10.1103/PhysRevX.6.041015
https://doi.org/10.1103/PhysRevX.6.041015

> ]—[ i l Events Posterior

2- ——————— v - .
M z . E ;S 10 e B g N Observed Distribution
7 z ’
7 . / \\
N

S
Population
Overdensitybetween 8V, Corr My 0 0 % e omw
and 10M, and around =" oo ™
27 10! ) A:_Strqphysmal
2 6 M1/4. 'i Distribution
S 10" 4
AAweaker featureat : »;
around 14M, "
5 6 7 8 9 10 N [7\0[ | 30 40 50 60 70 80

AAbsenCG)f mergers CNRY ! 00 Pdbiiatic® of Merding Ca@mpact Binaries
between 10'\/1'/4 and 12M/4_ Inferred Using Gravitational Waves through GVBEG  H N H M

19



https://doi.org/10.1103/PhysRevX.13.011048
https://doi.org/10.1103/PhysRevX.13.011048

- Full Waveform
(2, 2)
—- (3, 3)
- (4, 4)

[
o
|

N

N

Higher Multipoles

N
Ny
<
=

©

—
-+
L
Yo
&
=
~
o

c

©
o
n

AGravitational wave can be
decomposed as infinite sum
of spherical harmonics

A(l, m) = (2, 2) is dominant

AOther harmonics contribute,
particularly (3, 3) and (4, 4)

AMany modes vanish for equal § Frequency (Hz

Mass and/or face)n Systems CNRY { @len8fying heb\y stallar black holes at cosmoloqmal
distances with nexgieneration gravitationalvave observatories >~
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GW190412Unequal mass and higher harmonics
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Spins

Spins can teach us about

binary formation

scenarios

A Aligned spins in
Isolated binary

A Arbitrary orientation in
dynamical binary

A Larger spins in
hierarchical mergers
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Spin
Population

A Spinmagnitudesgenerally small but
non-vanishing.

A Significanspin-orbit misalignment

A Despite misalignment, spin orientations
arenot isotropic; challenge to purely
dynamical origin
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q=2.00 NRSur7dg2 + surfinBH7dqg2
xa=1[0.71,0.30, 0.00]
xs=1[0.61, —0.17,0.23]

Precession

Alf spins are misligned with orbital
angular momentum, then orbital
plane changes over time

ADirection of angular momentum

7.5

remains (approximately) constant R T, ,
_ t= —4487.2M x, 25 5o 75
ALeads to modulations of the | '
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From: https://vijayvarma392.github.io/binaryBHexp



Precession

m— || Waveform
Approx Waveform

Alf spins are misligned with orbital - = e2o
angular momentum, then orbital oy 05,0
plane changes over time

VT (strain/y/Hz)

ADirection of angular momentum
remains (approximately) constant

ALeads to modulations of the
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GoSIFOGAY3IE 2F RA | T ot
with similar frequency |

_i
]
©
c
©
|

CNR Y { Sim@8diparanief®r estimation using
observable features of gravitationalave signas> H T H O



https://doi.org/10.1103/PhysRevD.108.082006
https://doi.org/10.1103/PhysRevD.108.082006

GW190814: Neutron Star or Black Hole




