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G r’”’a’/V itational Waves:

L
Elnst@ms Messengers "

ht2=h, "™ = h+(t— z/¢)+h(t-2z/c)

| = mass quadrupole moment

Dimensionless strain:.
e of the source

R = source distance
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Prior Evidence for GW
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- How to Detect
Grawtatlonal Waves

Physically, gravitational waves are strains A_L 1072
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t=0 t=T./4 t=T.,/2 t=3T./4

On Earth: if L=1km, AL=10""m

AL = 0.0000000000000000001 m
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The Advanced LIGO detectors

More than 300 control loops
needed to keep the interferometer
optimally running

40 kg high quality fused

silica mirrors, isolated ‘ Fabry-Perot cavities
from the ground in the Michelson arms

~100kW laser power in O1

(750 kKW at full power)

&

150W laser, 1064nm Output photodetector:
(20-25W during O1) Interferometer noise +

gravitational wave signal



LIGOLIGO Scientific Collaboration [EsYes

~ 000 members ~ 90 institutions, |6 countries
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4 irst Science Run
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LIGO-G1701157

S&pt I2 2015 - Jan 12,2016

Hanford

I/

100
Frequency (Hz)

PRL 116, 131103 (2016)

S6 run

= 01 run

= Adv. LIGO design
Future upgrades

x3 improvement in 100-300 Hz
x100 improvement @ 50 Hz
~50% duty cycle
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~ Second Science Run
Nov 30,2016 - Aug 25,2017

Livingston

Strain Noise [Hz /2]

PRL 118,221101 (2017) Suppl ™~~~
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A Global Quest

>

Operational
Under Construction
Planned

-
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Virgo is a European collaboratlon W|th about 280 members

Advanced Virgo (AdV): upgrade of the Virgo interferometric detector
Participation by scientists from France, Hungary, Italy, Poland, Spain, and The Netherlands
» 20 laboratories represented in VSC, about 280 authors

APC Paris — INFN Perugia LAL Orsay — ESPCI
ARTEMIS Nice — INFN Pisa Paris

EGO Cascina — INFN Roma La LAPP Annecy

INFN Firenze-Urbino Sapienza LKB Paris

INFN Genova INFN Roma Tor Vergata LMA Lyon

INFN Napoli INFN Trento-Padova Nikhef Amsterdam

Advanced Virgo project has been
formally completed on July 31, 2017

Part of the international network of 2nd
generation detectors

Joined the O2 run on August 1, 2017

s - i g

6 European countries

W e ™

POLGRAW(Poland)
RADBOUD Uni.
Nijmegen

RMKI Budapest
Univ. of Valencia
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- Observing Scenario

I '

Early w=s=Mid Late  =smDesign

60-80 60-100 120-170 190
Mpc Mpc Mpc Mpc

LIGO o e _ -

65-115
Mpc Mpc Mpc Mpc

Virgo oz 0s

25-40 40-140
Mpc Mpc Mpc

KAGRA |

I I I I I I I I I
2015 2016 2017 2018 2019 2020 2021 2022 2023
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LIGO, NSF, Illusttation: A: Simonnet (SSU)
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GWI509I4 CLVTISI012 GWISI226
36+29—>62M,@,SI\;R— 23+13-35Me, SNR=10 14+7.5—2 Mo, SNR=13

FAR<I/] Myn/ (>5sigma)  FAR=1/4y (1.7 sigma) | " FAR<I/IMyr (>5sigma)

b 420Mpc (z 0, . :;j;’j-|000Mpc (z=0. 2) d=440Mpc (z=0.09)
| September14 2015(" October 12, 2015 ' ' f» A X .Decembet. 26, 2015
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LIGO s first observing run
September 12, 2015- January 19, 2016
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[ GW 170104

A nu ce d in Ju ne 31+19—51Mo, SNR=13

: FAR<1/70,000 yr

Al N d=880Mpc (z=0.18)

i/ ) .
VR | | AR

week ending

PRL 118, 221101 (2017) PHYSICAL REVIEW LETTERS 2 JUNE 2017

PHYSICAL B s

GW170104: Observation of a 50-Solar-Mass Binary Black Hole Coalescence
REVIEW ' at Redshift 0.2
1.0
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— Hanford
— Livingston

Frequency (Hz)

( PRX 6,041015 (2016)

GW170104

0 sec. 1 sec. 2 sec.

time observable by LIGO
Image credit: LIGO/Caltech/MIT/U. of Chicago (B. Farr)
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2030 40 50

20 30

Search Result
Search Background
Background excluding GW150914

Number of events

PRX 6,041015 (2016)

M

|

GW150914

1 __
(R | L .

PRL 118,221101 (2016)

14 16 18 20 22 24
Detection statistic pc

30

>50

GW170104 |

Number of events
Number of events

Early O2

10~ m Search Result
—— Background

'm Search Result |
— Background excluding GW150914

___ Background excluding
GW150914 and GW151226

-

LVT151012 T
GW151226

8.0 8.5 9.0 9.5
Detection statistic o
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— Average

Most robust evidence for the

existence of ‘heavy’ stellar mass
BHs (> 20 M)

—— Effective Precession
—— Full Precession

BBH most likely formed in a low-
metallicity environment: < %2 Z

&\

i/
Merger rate of stellaf%massBBHs:
12 — 213/Gpc3/yr |

GW170104

©

PRL 118,221101 (2016)
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“Solar Mass’
Black Holes

70

60

LIGO

50

40

30

GW150914

Solar Masses

X-Ray Studies
20

. o O O o e‘o GW170104
o

0000,0000000000 LVT151012

GW151226

Credit: LIGO/Sonoma State (Simonnet)
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GW150914

LVTI151012

S./cm2) I prior

N

o08T 08T

B

0.0 04 0.8 1.2 1.6 20 24 28 32x1073
posterior probability per pixel

N

N

GW 170104: evidence for spin-orbit misalignment

Beginning to inform formation models: |
isolated binary evolution vs dynamical formation in dense clusters
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[ p7 ~ Numerical Simulations
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Credit: A. BabuI/H.v Pfeiﬁ’er/CITA/SXS
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19.4 + 31.2 solar masses, from 20 Hz B ox ﬂ_—MD//li
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B<0 .
Superluminal

Aa = oo, (GR, black)

AVAYAVN G TRVO TRV e

Aa = 0.5 x 103 km (blue)

B>0 Subluminal (massive graviton, compton Wavelength) lenght scale for lorentz

. -9
-5.x 10 invariance violation

Credit: thtenberg - R

®  With GWI1701I 04 we«could test for generic dispersion relation for gravitational
waves

\

® \We found no evidence for dispersion of gsravitational waves
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A Global Quest

>

Operational
Under Construction
Planned

-
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Sky Locatlons of Gravitational-wave Events

" GWI150914, GW 151226, GW170104
e (’// and Candldate LVTI151012

GW170104 £ R G\\/170104 suco

V1151012 e LVT151012 +virco
GW151226 3B GW151226 sumeo

P GW150914 Y GW150914 wirso

SRR g

Image Credit: LSC/Singer (Milky Way image: Axel Mellinger)
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Multi-messenger Astronomy with
Gravitational Waves
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Future The Next Decade

Advanced LIGO Plus (A+)

htts//dcc I| o.0or /LIGO G1600769/
ngrade to \aLIGO that Ieverages e i e 311t

An mcremental

new mvestment and moderat‘}' risk B

Target: x| 7 increase in range//over aLIGO
x5 grea{er eventrate T

Strain noise h [1/v Hz]

\

EX|st|ng mfrastructure I<nown technology (frequency-
depen\dent squeezed light, lmproved coatlngs) 01 ka NS 74 2k e

aLIGO full power: NSNS 191 Mpc, BHBH 1366 Mpc
A+: NSNS 354 Mpc, BHBH 2240 Mpc

10°
Frequency (Hz)

L‘IGO Voyager e

additional x2 sensitivity broadband |mprovement lower
frequency 20Hz -> |0Hz |

larger Si masses, cryogenic operation, new laser wavelength
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Emstem Te escope
. European conceptual

esign study
‘@ Multiple |hterferomet/éars "
underground 10 km‘arm length, in
| trlangle Assumes IO 15 year
fﬂtechnology development
° _~ |05 blnary coalescences per year

\ W\,
Cosmlc Explorer"

o US- based« design just starting

° Based on LIGO Voyager technolegy,

expanded to 40 km arms._

arXiv:1607.08697
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