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Gravitational Vaves:
° ° 9
Einstein’s Messengers
e
Perturbations of the space-time metric produced by rapid changes in
shape and orientation of massive objects. Gy = M £ s
Gravitational waves carry information from the e =
coherent, relativistic motion of large masses »\\%\
- L L < A 2
\\ \ » :Vih/\i; . \/g/g‘/
speed of light s el

2 polarizations (plus, cross)

< Credits: R. Hurt - Caltech / JPL

Dimensionless strain: | = source mass quadrupole moment

R = source distance
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Deformation of a ring of free-falling p
due to the + and x polarization

LIGO-G1801289
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Deformation of a ring of free-falling particles
due to the + and x polarization
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Goal:

T measure
(~~ ~ Q e difference in
cumas (S e length to
Deformation of a ring of free-falling particles TR ',) P one part N
due to the + and x polarization R b S 1022, or |0-19
mirror o) power recycling mirror meters

o g ©
detector
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LIGO: Laser Interferometer Gravitational-wave Observatory

|
&

v gRetlo. N .
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e
|

® ||GO Observatories construction: 1994-2000
® |nitial LIGO operation: 2002-2010

The LIGO Laboratory is jointly operated .
by Caltech and MIT through a ® Advanced LIGO:
Cooperative Agreement between Caltech o OlI: Sept 12,2015 - Jan 12,2016
and the National Science Foundation e O2:Dec |.2016 - Aug 25 2017
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More than 300 control loops needed
to keep the interferometer optimally
running

40 kg high quality fused
silica mirrors, isolated
from the ground

Fabry-Perot cavities
in the Michelson arms
~100kW laser power in O1
(750 kW at full power)

é el |
')

150W laser, 1064 A d d Output photodetector:
(20-25\7\/Szruring (91”)] Van Ce Interferometer noise +
LI G gravitational wave signal
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A Global Quest

"‘Hagﬁfg"dg
" LIGO Livingston

N

Planned

Graw tlonal Wave Observatories
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ALIGO

LIGO Scientific Collaboration

~ [200 members ~ 100 institutions, |8 countries
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GW150914 and GW|70817:

Iwo ground-breaking discoveries that opened a
new era in Gravitational VWave Astronomy
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Binary Black Hole Coalescence Binary Neutron Star Coalescence
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Hanford, Washington (H1) Livingston, Louisiana (L1) Inspiral Merger Ring-

| | | | | | ) down

¢ 200

H — L1 observed
— H1 observed H1 observed (shifted, inverted)
| | |

Strain (10~%%)

Ll — Numerical relativity Ll — Numerical relativity
Reconstructed (wavelet) Reconstructed (wavelet)
I Reconstructed (template) I Reconstructed (template)
| | | |

| | ' | — Numerical relativity

Reconstructed (template)
I I

— Residual — Residual
|

- Black hole separation
=== Black hole relative velocity

¥ ’
o4 0.30 0.35
32
0.40 0.45 0.40 0.45

030  0.35 | 030  0.35 | ; l/gime (s)
Time (s) Time (s) v/c = (GMrf/c”) Rs~200km

Separation (Rg)

Frequency (Hz)
Normalized amplitude

o N B~ O O©

. ~ Observation of Gravitational Waves from a Binary Black Hole Merger — PRL 116:061102, 2016
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— Hanford
— Livingston
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— Background excluding GW150914
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GW150914 and GW151226
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i
15
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Binary Black
" Hole Mergers
in LIGO’s First
Science R\\u\ n

~ 250,000 templates
16 million time lags

False Alarm Rate < 1 in263_,'000/yr

Binary Black Hole Mergers in the first
Advanced LIGO Observing Run
Phys. Rev. X, 6: 041015, 2016
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Black Hole Masses

70

Most robust evidence for
60 existence of ‘heavy’ stellar
10

o 0 mass BHs (> 20 M,,)

40 0 : BBH most likely formed in a

0 S J 0 O low-metallicity environment:

Solar Masses

30
GW150914 < Vo Z@
: ]9 o o .©
o 6W170104 e Merger rate of stellar mass
0 LVT151012 © Y BBHs:
GW151226 ©
; GW170608 12 — 213/Gpc3/yr

Credits: LIGO/Caltech/Sonoma State (Simonnet) LIGO /VIRGO
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PRL 118,221101 (2016)

GW 170104:

evidence for
- spin-orbit
misalignment

N

GW151226
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posterior probability per pixel

. - beglnnin ._./co mform formation models:

RSN isolated blnary evolutlon vs dynamical formation in dense clusters
\ L4 ' : . ' .
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Spin, Orientation and Polarization

-0.4 —0.3 —0.2
Time (s)

Credit: A. Babul/H. Pfeiffer/CITA/SXS
LIGO alone can only measure one of the polarizations and therefore obtains only limited information

about the orientation of the binary. More than 2 locations are needed to disentangle polarization.
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A Three Detector Observation of Grawtat/onal Waves“j’.ﬂ... ofm a Bmary Black Hole Coalescence
Phys Rev Lett., 119 141101, 2017
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~ The inclusion
- Plausibl 2 \(O‘!
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LIGO-G1801289
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of Virgo |mproesthe sky localization from 1160 deg? to 60 deg?

Ime (==> number of possible host galaxies) decreases from 71 to 2.1 x106 Mpc3

after noise
removal and
final calibration

D=0 250 500 750 1000
Mpc

posterior probability distribution

for the luminosity distance,
marginalized over the whole sky.

. \- ? -\ A Three-Detector ObseNatién of Grézi}itational Waves from a Binary Blaék Hole Coalescence
N\ Phys. Rev. Lett., 119:141101, 2017 '
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Sky Localization

\ v_~The mclusmr o!l Virgo |mpro\‘\es the sky localization from 1160 deg? to 60 deg?

I Plau3|ble \<ol_\m\e (==> numb K”Of p033|ble host galaxies) decreases from 71 to 2.1 ><1O6 I\/Ipc3

GW170104

BN |\/T151012

GW151226

GW150914

D=0 250 500 750 1000
Mpc

posterior probability distribution

for the luminosity distance,

GW170814 marginalized over the whole sky.
W\ .\ A Three-Detector Observat/on of Gravitational Waves from a Binary Black Hole Coalescence
'\ - 'Phys. Rev Lett., 119:141101, 2017

LIGO-G1801289 W EDSU-2018, Guadeloupe - June 25, 2018 ‘ | | 15



Multi-messenger Astronomy with Gravitational Vaves

Binary Neutron Star Merger

.. Gk u A——

Visible/Infrared Light

Neutrinos

P

Leading to O1, LIGO and Virgo signed agreements with 95 groups for EM/neutrino followup of GW events

- ~200 EM instruments - satellites and ground based telescopes covering the full spectrum from radio to very high-energy gamma-rays
- Worldwide astronomical institutions, agencies and large/small teams of astronomers

LIGO-G1801289 EDSU-2018, Guadeloupe - June 25, 2018 16



" Discovery of a Binary Neutron

B Star Merger

GW170817

e GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral
| | ~ time observable (seconds) | | Phys. Rev. Lett., 119:161101, 2017

LIGO/Virgo/University of Oregon/Ben Farr

500 Most significant (network SNR of 32.4), closest and best localized signal
signal ever observed by LIGO/Virgo

~
N
a»
—
>
Q
c
o
-
o
O
—
-

-20 -10
Time (seconds)
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AAAAN ‘H‘L
GW150914 *\’kk

et Discovery of a Binary Neutron

GW151226

B Star Merger

GW170817

e GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral
| | ~ time observable (seconds) | | Phys. Rev. Lett., 119:161101, 2017

LIGO/Virgo/University of Oregon/Ben Farr

500

Glitch in L1 1.1 seconds before the coalescence

N
Normalized amplitude

[\

N
T N
— -m
p—
o >
(e Q
5 =
= 5
o o
O (D)
— St
I, &

Similar noise transients are registered roughly
once every few hours in each of the LIGO
detectors - no temporal correlation between the
LIGO sites

Window amplitude <

0 1o ’ 6+ ' - glitch cleaning

Time (seconds) Time (seconds)
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A Coincident Gamma Ray Burst: GRB-170817A

1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)

GRB 170817A occurs (1.74 + 0.05) seconds after
GW170817

It was autonomously detected in-orbit by Fermi-GBM (GCN
. was issued 14s after GRB) and in the routine untargeted
e oy TV THGRAL/SPLEACS search for short transients by INTEGRAL SPI-ACS

120000 4 (> 100 keV)

,,HL Wi HW Ll 4 l LMMM ENIsEm GRB 1/0817A s more likely to be a short GRB than
ludlll 2 long GRB

Probability that GW170817 and GRB 170817A occurred this
close in time and with location agreement by chance is
5.0x10-8 (Gaussian equivalent significance of 5.30)

Event rate (counts/s)

117500

115000

112500

~
w2
\
w0
)
-
—
o
-
C
o
~—
)
+
<
—_
i)
!
—
)
Lo
e

Frequency (Hz)

—4 —2 . / 5

Time from merger (s) BNS mergers are progenitors Of (at
Gravitational Waves and Gamma Rays from a Binary least some) SGRBs,
Neutron Star Merger: GW170817 and GRB 170817A and GWs travel at speed of light

The Astrophysical Journal Letters, 848:L13, 2017
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Optical transient
SSS17a/AT2017gfo

Swope +10.9 h

Fermi/
GBM |
12h

30 I

DLT40-20.5d

IPN Fermi /
INTEGRAL

Host galaxy: NGC 4993
(Hydra constellation, southern hemisphere)

Multi-messenger Observations of a Binary Neutron Star Merger — The Astrophysical Journal Letters, 848:L.12, 2017
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400 600 1000 2000
wavelength (nm)
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)
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Chandra
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'V , | .—_:
i o
a7 38 oo P
Rb B Sr Y
55 56 72
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Merging Neutron Stars  Exploding Massive Stars Big Bang
Dying Low Mass Stars  Exploding White Dwarfs Cosmic Ray Fission

Radio

Multi-messenger Observations of a Binary Neutron Star Merger

The Astrophysical Journal Letters, 848:L12, 2017
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BNS as Standard Sirens

— p(Ho | GW170817)

S Gravitational wave cosmology:
SHOES'™® (8% larger) BNS as standard sirens to measure the

Cepheids and

type la supernovae rate Of expanSion Of the Universe

VH = Hod

vH - local “Hubble flow” velocity of the

; source - Use optical identification of the
Ho = 70.0'%%’ kin s-! Mpc-1 host galaxy NGC 4993
68.3% Creciible interval

d - distance to the source - Use the GW
distance estimate

90 100
Ho (kms~tMpc™?)

A gravitational-wave standard siren measurement of the Hubble constant
Nature, 551:85, 2017
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BNS properties

- 06 The properties of gravitational-wave sources are inferred by matching the data
(| < 0.89 with predicted waveforms

For low orbital and gravitational-wave frequencies the evolution of the
frequency is dominated by chirp mass
(m1m2)3/5

(m1 -+ m2)1/5

M =

As orbit shrinks the gravitational-wave phase is increasing influenced by

125 1.50 1.75 [21\-20] 2.25 250 2.75 relativistic effects related to the mass ratio
mi ©

PRL 119, 161101, 2017

Component masses are affected by the degeneracy between mass ratio and
the aligned spin components x1z and X

Early estimates now improved using known source location, improved waveform modeling, and re-calibrated Virgo data.
Properties of the binary neutron star merger GW170817 - arXiv:1805.11579
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Neutron Star Structure

Properties of the binary neutron star merger GW170817 - arXiv:1805.11579

GW170817: Measurements of neutron star radii and equation of state arXiv:1805.71581

\

"\\Loss Compact A | Constraining properties of
) nuclear matter via neutron star
/< AN equation of state and tidal
More Compact ‘ disruption, which is encoded

in the BNS gravitational
waveform

tidal deformability parameter
N\ ~ ko (R/m)>

ko - second Love number

R, m = radius, mass of the
neutron star

p[dyn/cm?]

750 1000 1250
Aq

plg/cm’] EDSU-2018, Guadeloupe - June 25, 2018



Gravitational VWave Astrophysics

Coalescing
*‘ Binary
. Systems
"E Neutron Stars,

& Black Holes

Credit: AEl, CCT, LSU

Continuous Sources

Spinning neutron stars

crustal deformations,
accretion

Casey Reed, Penn State

‘Bursts’

asymmetric core
collapse supernovae
cosmic strings

Postmerger
2?

Credit: Chandra X-ray Observatory

Cosmic GW
background
stochastic,
incoherent
background

NASA/WMAP Science Team

LIGO-G1801289 EDSU-2018, Guadeloupe - June 25, 2018
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LIGO-G1801289

Observing Scenarios

Early w==Mid Late  =smDesign

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

LIGO 01 - 03

65-115
Mpc Mpc Mpc

Virgo oz 0s

25-40 40-140
Mpc Mpc

KAGRA |

2015 2016 2017 2018 2019 2020 2021 2022 2023

Prospects for Observing and Localizing Gravitational-Wave Transients with Advanced LIGO and
Advanced Virgo and KAGRA — https://dcc.ligo.org/LIGO-P1200087/public

EDSU-2018, Guadeloupe - June 25, 2018

BNS range

25



LIGO Concept Roadmap

Ultimate R&D (ET, CE) ~ New Facilities
Other wavelengths, cryogenics  Voyager - Current Facilities

Coatings, squeezing | A+
~ Advanced LIGO
)
Now Early 2020s Late 2020s Mid 2030s

LIGO-G1801289

EDSU-2018, Guadeloupe - June 25, 2018
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Near-term Future: aLIGO target
~ 1072 binary coalescences per year (2020)

N
w

‘N
L
2
A
L
O
D
@)
c
3=
©
p —-—
—
0]

aLIGO Noise Curve: Pin =125.0 W

s QUaNtUM

S 2ISMIC

=N ewtonian

m=SUspension Thermal

= COating Brownian
Coating Thermo-optic
Substrate Brownian

Excess Gas after additional commissioning
== | Otal NOISE
Reach: ~ 2x O2

~100 BBH/year
~|-2 NS-BH/year
~20-30 BNS/year

‘N
T
2
r
S
Y]
&
0

QNM SNR ~20 for an event like GW150914

T -

10° 10°
Frequency [HZz] ZUCKER
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Medium-term Future: A+
~ 1073 binary coalescences per year (early 2020s)

‘N
L
2
A
L
O
D
@)
C
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©
p —-—
—
0]

aLIGO Noise Curve: Pin =125.0W

s (QUaNtUM

m——SeiSmIC

== N ewtonian

m—=Suspension Thermal

= COating Brownian
Coating Thermo-optic
Substrate Brownian
Excess Gas

——=Total noise aLIGO with frequency-dependent squeezing

and lower optical coating thermal noise
Reach: ~ 3x O2

~500-1000 BBH/year
~10 NS-BH/year
~200-300 BNS/year

‘N
1L
2
—
§=
4V
p -
b
/)

QNM SNR ~35 for an event like GW150914

102
Frequency [HZ] ZUCKER
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Long-term Future for current facilities: Voyager
~ 1074 binary coalescences per year (late 2020s)

Voyager Noise Curve: Pin =300.0 W

- aLIGO with:

_8;2nmicm Si optics, > 100 kg;
== Newtonian SIROIWACEVAYS coatings;
me=Suspension Thermal fri , P

— 107 mesCoating Brownian mildly” Cryogenic;

[:E Coating Thermo-optic A~2 pgm, 300 W

- Substrate Brownian

— Excess Gas

= 10 BBH reach: z~5

B

)

QNM SNR ~80
(for an event like GW150914)

Frequency [Hz] ZUCKER
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The 3rd Generation
~ 1075 binary coalescences per year (2030s)

Einstein Telescope

European conceptual design study

Multiple instruments in xylophone configuration
underground to reduce newtonian background
|0 km arm length, in triangle.

Assumes |0-15 year technology development.

-

o
N
W

Cosmic Explorer

® 40km surface Observatory baseline

N
H

Strain [1/VHZ]

® Signal grows with length — not most noise sources

® Thermal noise, radiation pressure, seismic,
Newtonian unchanged; coating thermal noise
improves faster than linearly with length

LIGO-G1801289 EDSU-2018, Guadeloupe - June 25, 2018

Cosmic Explorer (expected R&D improvements)

1607.08697

10°
Frequency [HZ]

ms Quantum

m SeiSMIC

w= Newtonian

w== Suspension Thermal

w== Coating Brownian
Coating Thermo-optic
Substrate Brownian
Excess Gas

=== Total noise

30






