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Gravitational waves

Gravitational waves are quadrupolar distortions of
distances between freely falling masses. They are
produced by time-varying mass quadrupoles.
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GWs from a NS-NS coalescence in the Virgo cluster (~16 MPc) has % ~ 10-?' near Earth, and
happens ~once every 50 years.



Numerical simulations

Animation created by SXS, the Simulating eXtreme Spacetimes (SXS) project (http://www.black-holes.org)
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Sources of gravitational waves
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Coalescing
Binary
Systems

Neutron Stars,
Black Holes

Continuous
Sources
Spinning neutron stars

crustal deformations,
accretion

‘Bursts’

asymmetric core
collapse supernovae
COSMIC strings
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- LIGO Livingston Observatory (LLO)
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2008+:

Advanced LIGO detector
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2008+:

Advanced LIGO detector _
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Advanced LIGO = Servo

Control

Laser

L

Length ARM = 3994 .485m
Length PRC = 57.656m
Length SRC = 56.008m
Schnupp = 8cm

DOF Definitions:
MICH = Ix-ly

PRCL = IPR+(Ix+ly)/2
SRCL = ISR+(Ix+ly)2
CARM = (Lx+Ly)/2
DARM = Lx-Ly

PR3
T = MR
mass = 12 g

REFL port
11 = 9.099 MHz|
yl1=01-03

f2=5xM
y2=0.1-03

- 10w

PRM
T«003
mass = 29k

Length RF Signals:
REFL: 9, 45, 27, 135
POP : 9, 45,18, 90
AS : 45,18, 90

Credit: Anamaria Effler, LIGO Livingston

BS
T=05

ISR

VWV ITs

mass = 14 kg

T = MR
mass = 79 kg

ITMX
f=0014
mads = &0 kg

ETMX

T = Sppm
mass » 40 kg

Lx

SR2

SRM
035

mass = 29w

Gravitational Wave signal




Initial (2001-2010) and
advanced (2015+) LIGO
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Advanced LIGO detectors
September 2015
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Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott ef al.’

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

Published by S

American Physical Society physie

Volume 116, Number 6

11



’ LIGO Hanford

.LIGO Livingston
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Image Credit: Caltech/MIT/LIGO Lab
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September 14, 2015 October 12. 2015 December 26, 2015
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Gravity’s music
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Nov 30, 2016: O2 started

Binary
Neutron ©2-80 Mpc  60-100 Mpc

Star
range
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Sky localization

GW170104

& |\V/T151012

GW151226

BY G\W150914

GW170814
Credit: LIGO/Virgo/NASA/Leo Singer

(Milky Way image: Axel Mellinger)
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LIGO Open Science Center
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Data Releases for Observed Transients

Data Releases: Compact Object Mergers
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e Masses in the Stellar Graveyard

In Solar Masses

Credit: Visualization: LIGO/Frank Elavsky/Northwestern 20
EM Black Holes: https.//stellarcollapse.org/sites/default/files/table.pdf | LIGO-Virgo Data: https.//losc.ligo.org/events/



Gravitational waves from black holes
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GW151226
GW170104

GW170814 q

And on Aug 17, 2017...
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Gravitational waves : not just black holes!

GW150914 ‘

LVT151012
GW151226 -
GW170104

GW170814 |

GW170817

15 20 25 30
time observable (seconds)




Gravitational waves : not just black holes!
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GW170817
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TABLE L. Source propertics for GW170817: we give ranges encompassing the 90% credible mtervals for dfferent sssumptions of the
waveform model 10 bound systematic uncertainty. The mass valoes are quoted in the frame of the source, accounting for uncertainty in
the source redshift.

1.36-1.60 M.,
LI7-136 M..

Chirp mams M LIS oMo . .
T VTSN Ta0 My, Or=1.0 EZ R
Total mass m, 27405 M, 2.82°905M,
Radiated energy £ > 0.025M..¢* > 0.025M .¢*
Lumincsity distance Dy 4077, Mpc 4077, Mpc
Viewing angle © < 55° < 5¢°




GW170817
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GW170817
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LIGO/Virgo localization:
optical counterpart found!
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Gravitational and Electromagnetic waves!

|2 Selected for a Viewpoint in Physics —
PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTOBER 2017

&

GWI170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

B.P. Abbott ef al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 26 September 2017, revised manuscript received 2 October 2017; published 16 October 2017)

Toor Axtecmsivacal Joviovas Larvees, 845012 (99ppi, 2007 October 20 hipa:/ /Sl org /103847 2040 5213 /a9
© 2007 P Ameriomns Amvonanncd Sty AR ngis rewrved

Multi-messenger Observations of a Binary Neutron Star Merger

LIGO Scsentific Collaboration and Virgo Collsboration, Fermi GBM, INTEGRAL, leeCube Collaboration, AstroSat Cadmium Zine
Tellunide Imager Team, IPN Collabomgion, The Insight-Hxmt Collaboration, ANTARES Collaboration, The Swift Collaboration, AGILE
Team, The IM2H Team, The Dark Energy Camera GW-EM Collaboration and the DES Collabomation, The DLT40 Collaboration,
GRAWITA: GRAvitational Wave Inal TeAm, The Fermi Large Area Telescope Collaboration, ATCA: Australia Telescope Compact
Amay, ASKAP: Austmban SKA Pathfinder, Las Cumbres Observatory Group, OzGrav, DWF (Decper, Wider, Faster Program), AST3,
and CAASTRO Collaborations, The VINROUGE Collaboeation. MASTER Collaboration, J-GEM, GROWTH, JAGWAR, Caltech-
NRAO, TTU-NRAO, and NuSTAR Collaboranons, Pan-STARRS, The MAXI Team, TZAC Cossortiom, KU Collsboration, Nordic
Optical Telescope, ¢PESSTO, GROND, Texas Tech University, SALT Growp, TOROS: Transient Robotic Observatory of the South
CoRaboration, The BOOTES Collaboration, MWA: Murchison Wideficld Amay, The CALET Collaborution, IKFGW Follow-up
Collaboration, HES.S. Collaboration, LOFAR  Collaboration, LWA: Long Wavelength Armay, HAWC Collsboration, The Pierre Auger
Collaboration, ALMA Collaborastion, Euro VLBI Team, Pi of the Sky Collaboration, The Chandra Team at McGill Universty, DFN:
Desent Firchall Network, ATLAS, High Time Resolution Universe Survey, RIMAS and RATIR, and SKA South Africa/MeerKAT
(See the end maner for the full kst of authors.)

Received 2017 Ocvoder 3; revised 2017 Ocsober 6; accepied 2007 October & published 2007 Ociober 16 30




Nuclear physics with GWs

PRL 119, 161101 (2017)

PHYSICAL REVIEW LETTERS
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Cosmology with GWs
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GW-GRB joint observation:
sGRB models
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GW-GRB observation:
Fundamental physics
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Past, present and (near) future

Advancod LIGO Advanced Virgo
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Figure 1: aLIGO (left) and AdV (right) target strain sensitivity as a function of frequency. The
binary neutron-star (BNS) range, the average distance to which these signals could be detected,
is given in megaparsec. Current notions of the progression of sensitivity are given for early, mid
and late commissioning phases, as well as the final design sensitivity target and the BNS-optimized
sensitivity, While both dates and sensitivity curves are subject to change, the overall progression
represents our best current estimates.,

Living Rev. Relativity 19 (2016), 1
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The next few years

Prospects for Observing and Localzing GW Transients with alIGO, AdV and KAGRA
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https://arxiv.org/abs/1304.0670
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The (farther) future:
3rd generation detectors
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Gravitational Wave Periods

Minutes Years Billions

Milliseconds
to Hours to Decades of Years




The era of GW astronomy is here!

Image credit: LIGO/T. Pyle
www.ligo.org
gonzalez@Isu.edu
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