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LIGO

Gravitation

The Einstein field equations of GR have
wave solutions

» Emitted by a rapidly changing
configuration of mass

> Travel away from the source at the speed
of light

» Change the effective distance between
inertial points —

l.e. the spacetime metric — transverse
to the direction of travel
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Gravitational wave sources in
ground-based detectors

LIGO

Supernovae and black hole formation
Binaries of

black holes
and neutron
stars

Pulsars; modes and instabilities of
neutron stars

» GWs trace the bulk
motion of their source

* Non-imaging

» Very weakly scattered /
absorbed.

L1GO-G1601059

» Complementary to
properties of photons

Spinning neutron stars
In X-ray binaries




Listening for

LIGO Merging Binary Black Holes

Caltech/Cornell
“Simulating

Extreme Spacetime”
(SXS)

Collaboration

Movie simulation
credit:

Harald Pfeiffer
(CITA)

LIGO-G1501277-v2

http://www.black-holes.org/explore/movies 4
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LIGO With two ‘detectors’ the LIGO (includes GEQO) and Virgo collaborations
found such a signal — reported in Feb this year
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What was it we saw ?
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Separation (Rg)

Verifies Einstein,
Schwarzschild by
making first true
gravitational observation
of two black holes
coalescing

Detected in the 100t
anniversary year of
General Relativity

Announced in the 100t
anniversary year of the
prediction of the
existence of
gravitational waves
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// LSC
: leGO The paper - published Thursday Feb 11th in -

Physical Review Letters
Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott et al.”
(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 1072 It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resultng single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estmated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1¢. The source lies at a luminosity distance 01'4[0;$ Mpckomresponding to a redshift z = 0.09705;.

In the source frame, the initial black hole masses are L’::Mo and 29:_';.-”3. and the final black hole mass is
625 M, with 3.0723 M ¢ radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observatons demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett. 116061102

From exact signal shape we get masses of the individual black '

- PHYSICAL
- REVIEW

~ LETTERS

12 FEBRUARY 2016

holes éf/’ () ¢O

From the signal size we get the distance to the coalescence :

~ 1.3 Billion Light Years Mj'(u

From precise evolution of the frequency of the signal we get the
black hole spins L

LIGO-G1601059 American Physical Society
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LIGO

Properties of the final black hole

« Mass: 62 times the mass of the sun

(~ 20 million Earths) PHYSICAL
REVIEW

LLETTERS
« Event horizon: Schwarzschild radius: e 12 FEBRUARY 2016
~183 km (diameter ~366 km, so

about the size of Iceland)
- Spin frequency: ~100 Hz

on il R '|
bwﬁ‘lw'?ﬁ.:':l " A I.t‘r \*._ _""I 1L. J}| 1}-‘ \jl ||L‘l.ll'”w.l
. . . ) Al
- Horizon equatorial velocity: ~0.4c

L1GO-G1601059 8



Science - Front page news!!

L1GO-G1601059 9
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LIGO Related publications

Related Papers: see https.//papers.ligo.org/

LIGO-P1500229: Observing gravitational-wave transient GW150914 with minimal assumptions
¢ IGO-P1500269: GW150914: First results from the search for binary black hole
ecoalescence with Advanced LIGO
[ IGO-P1500218: Properties of the binary black hole merger GW150914
E===) .L|GO-P1500217: The Rate of Binary Black Hole Mergers Inferred from Advanced
[ IGO Observations Surrounding GW150914
[ IGO-P1500262: Astrophysical Implications of the Binary Black-Hole Merger
» GW150914
¢ IGO-P1500213: Tests of general relativity with GW150914
¢ IGO-P1500222: GW150914: Implications for the stochastic gravitational-wave
ebackground from binary black holes
¢ IGO-P1500248: Calibration of the Advanced LIGO detectors for the discovery of
sthe binary black-hole merger GW150914
| IGO-P1500238: Characterization of transient noise in Advanced LIGO relevant
+to0 gravitational wave signal GW150914
e===) °LIGO-P1500227: Localization and broadband follow-up of the gravitational-wave
stransient GW150914
[ IGO-P1500271: High-energy Neutrino follow-up search of Gravitational Wave Event GW150914 with

IceCube and ANTARES
¢ |IGO-P1500237: GW150914: The Advanced LIGO Detectors in the Era of First Discoveries

LIGO-G1601059
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Operation of Interferometric Gravitational

Wave Detectors

L aser

Beamsplitter Photodetector
t=0 t=—

di

| dI:D
2

T Gravitational wave amplitude

t=— =

I For Typical Astronomical sources

h

For best performance want arm length ~A\/4
i.e. for 1kHz signals, length = 75 km

Such lengths not really possible on earth, but optical path
can be folded — reduce arm lengths to ~few km



LIGO Observatories

| Mission: to develop gravitational-wave detectors, and to
operate them as astrophysical observatories

| Jointly managed by Caltech and MIT; responsible for
operating LIGO Hanford and Livingston Observatories

| Requires instrument science at the frontiers of physics
fundamental limits
TheLIGO
Scientific
Collaboration: a
group of 900+
scientists
worldwide

MIT

LIGC LIGO-G1601059
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. LIGO Advanced LIGO sensitivity in Observing run 1

H1 Strain Sensivity, Oct 012015 01:30:43 UTC
Input Power [W], (D, , ) = (163, 72) [Mpc]
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Advanced LIGO Sensitivity:
-LIGO Observing Run 1 vs design sensitivity

Advanced LIGO Observing Run 1 Began in September 2015

-19
10 " ™ ™
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— Advanced LIGO Design Sensitivity
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How to get from LIGO to Advanced LIGO: I
Addressing limits to performance

LIGO

|
—'—{"—_-_
.
photodiode
- Shot noise — ability to resolve a ; T [P, =25W, T_, =100%
fringe shift due to a GW - __P_=25W, T =50%
(counting statistics) A | P, =25W, T__ =20%
. . . = = .Nominal aLIGO (125W, T, =20%) |
- Fringe Resolution at high * | ; ok d

frequencies improves as
(laser power)'2

- Point of diminishing returns
when buffeting of test mass
by photons increases
low-frequency noise —
use heavy test masses

Strain [1/VHZz]

- ‘Standard Quantum Limit’
« Advanced LIGO reaches this

limit with its 200W laser, 107 5 > v
40 kg test masses Frequency [Hz]

L1GO-G1601059 15



200W Nd:YAG laser

Designed and contributed by
Max Planck Albert Einstein Institute

L1GO-G1601059

 Stabilized in power and frequency
« Uses a monolithic master oscillator
followed by injection-locked rod amplifier

16



LIGO

Addressing limits to performance

O Thermal nOise - kT Of energy ; : P =-25W TSR ='1l000/°
) =" ' 'SRM
per mechanical mode P E25W, T =50%
— P, =25W, T =20%
- = .Nominal aLIGO (125W, TswI = 20%)

- Wish to keep the motion of '
components due to thermal #
energy below the level which
masks GW

« Low mechanical loss materials

« Realized in aLIGO with an all
fused-silica test mass
suspension 1081

Strain [1VHz]

\

b "

" i
~ — — “‘.

« Test mass internal modes,
Mirror coatings engineered for
low mechanical loss

10 ' :
10° 10°
Frequency [Hz]

10

L1GO-G1601059 17



Test Mass Quadruple Pendulum suspension
. LlGO UK hardware contribution:

— designed jointly by the UK and LIGO lab,

| Quadruple pendulum suspensions for the main optics;

second ‘reaction’ mass to give quiet point from which
to push

| Create quasi-monolithic pendulums using
fused silica fibers to suspend 40 kg test mass

» Very low thermal noise

Optics Table Interface
(Seismic Isolation System)

Damping Controls

Hierarchical Global
Controls

\ b
i 9 Final elements
_ All Fused silica
Electrostatic 4l }
Actuation T > '

LIGO-G1301277
L1GO-G1601059




LIGO Test Masses

* Requires the state of the art
in substrates and polishing

» Pushes the art for coating

 Sum-nm flatness over 300mm

Test Masses:
34cmf x 20cm

40 kg

Round-trip optical
loss: 75 ppm max

40 kg

Compensation plates:
34cmf x 10cm

L1GO-G1601059

Both the physical test mass — a free point in
space-time — and a crucial optical element

Mechanical requirements: bulk and coating
thermal noise, high resonant frequency

Optical requirements: figure, scatter,

homogeneity, bulk and coating absorption
19



LIGO

Addressing limits to performance

- Seismic noise — must prevent
masking of GWSs, enable

practical control systems 0®

« Motion from waves on #
coasts...and people moving
around

-  GW band: 10 Hz and above — E 102}
direct effect of masking

- Control Band: below 10 Hz —
forces needed to hold optics
on resonance and aligned 107}

- aLlIGO uses active servo-
controlled platforms, multiple
pendulums

« Limit on the ground: ye 102 10°
Newtownian background — Erequency il
wandering net gravity vector; a

limit i the 10-20 Hz band o

LIGO-

— P, =25W, T =100%
P, =25W, T y=20%
P —25W TSHM_2O%
Nc:mlnal aLIGO (125W, TSRM = 20%)

<
<_

Strain [1V




In-vacuum
Seismic Isolation
platform

270 Seismic Isolation:
—UGOo Multi-Stage Solution

Objectives:

* Render seismic noise a negligible limitation to
GW searches

 Reduce actuation forces on test masses

- Both suspension and seismic isolation systems
contribute to attenuation

- Choose an active isolation approach, 3 stages of
6 degrees-of-freedom :

* 1) Hydraulic External Pre-Isolation

e 2) Two Active Stages of Internal
Seismic Isolation

- Low noise sensors (position, velocity,
acceleration) are combined, passed
through a servo amplifier, and delivered
to the optimal actuator as a function of
frequency to hold platform still in inertial
space

Quadruple pendulum
test mass suspension

LIGO-G1501381-x0




L. Barsotti - March 9, 2012
Adapted from G1200071-v1
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Advanced GW Detector Network:
Under Construction = Operating

5% 2015

R b SURE ~
1.1GO Hanford s

e
\-_IH'V

LIGO LE/ingston
§ 2015

3 separate coll aborations
wor king together

L1GO-G1601059




LIGO

Rapid Source sky-localisation

*The sky location of the gravitational wave source can be estimated
through the event arrival time at each detector

gravitational waves travel at the speed of light

*Rapid sky localisation allows search for counterpart transient signals by
optical, X-ray, GRB, ... observatories

e
. f

LIGO Hanford (H1)

%

LIGO Livingsten (1)

L1GO-G1601059 24



LIGO

Goals for Multi-Messenger Science

- ldentify GW event candidates as quickly as possible
« With basic event parameters and an estimate of confidence

- Provide rapid alerts to other observers
« Allow correlation with other transient survey events or candidates *
» Trigger follow-up observations (prompt and/or delayed)

« What this can enable:

L1GO-G1601059

Pick out interesting (initially marginal) events from GW and other surveys
Prioritize follow-up observing resources

Maybe catch a counterpart that would have been missed,
or detected only later

|dentify host galaxy =» provide astronomical context
Obtain multi-wavelength (and multi-messenger) data for remarkable events

* LIGO/Virgo also monitor GCN (Gamma Ray Co-ordinates Network) and
consider other significant transient events, and do deeper GW analysis for

notable reported events 05



LIGO Searches for GW transient sources

Compact Binary Coalescence (CBC)

Known waveform =» Matched filtering

Templates for a range of component masses
(spin affects waveforms too, but not so important
for initial detection)

———

.

b ——————

Unmodelled GW Burst (< few secs duration)
e.g. from stellar core collapse

Arbitrary waveform =» Excess power

Require coherent signals in detectors,
using direction-dependent antenna response

Low-latency searches run continuously as data is collected
Whenever two or more detectors are operating normally

With coherent analysis, identify event candidates and generate
preliminary sky position probability maps within a few minutes

L1GO-G1601059 LIGO-G1501329-v1



LIGO

Generating and Distributing Prompt Alerts

IGO0 Hanford GEG600 |
— fhdia Q4 A\AA\
5 - Send info
% to observers \X /
o
% Validate
v Analyze data, (data quality, etc.)
— identify triggers, Trigger
GW infer sky position database
data , Select event
Estimate background candidates

| Challenge: GW reconstructed sky regions are large !

» With just the two LIGO detectors: typically a few hundred square degrees
» LIGO+Virgo: typically several tens of square degrees

» Will improve with KAGRA and LIGO-India

L1GO-G1601059

v

27

Swift: NASA E/PO, Sonoma State U., Aurore Simonnet



LIGO

GW150914 Sky Location estimate

. Canopus

L1GO-G1601059
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LIGO

Partnerships for Follow-up Observing

- There’s a lot to be gained from finding counterparts

- Established a standard MOU framework to share information promptly while
maintaining confidentiality for event candidates

* LIGO/Virgo will need to carefully validate the first few detections, at least

* Once GW detections become routine (= 4 published), there will be prompt
public alerts of high-confidence detections

- Currently LIGO & Virgo have signed MOUs
with ~75 groups so far Broad spectrum of
transient astronomy researchers and
instruments

e Optical, Radio, X-ray, gamma-ray, VHE
» Special LVC GCN Notices and Circulars
with distribution limited to partners

- Encourage free communication among all
“inside the bubble” for multiwavelength
follow-up

B UV/OPTICAL/IR
B RADIO

. X-RAY

B GAMMA-RAY

29
L1GO-G1601059



~LIGO
iﬂéﬂg =5 ] .
— Electro-magnetic Follow-ups
* Timeline
Initial GW Initial Updated GCN Circular Final
Burst Recovery GCN Circular (identified as BBH candidate) sky map
-_ L B "
Fermi GBM, LAT, MAXI, Swift Swift Fermi LAT,
IPN, INTEGRAL (archival) XRT  XRT MAXI (ongoing)
- ] ] B ]
’ Swift UVOT, SkyMapper, MASTER, TOROS, TAROT, VST, iPTF, Keck, Pan-STARRSI
BOOTES-3 MASTER b STARRSI, KWFC, QUEST. DECam, LT, P200, Pi of the Sky, PESSTO, UH vst  TOROS
e —— = I mil i DI | i
] VIS’I:A
ASKAP, ASKAP, VLA, VLA,
MWA LOFAR  MWA LOFAR LOFAR YLA
- ) . " . B ... ) L —— |
10° 10 10?

L1GO-G1601059

I — Imesger (days)

http://arxiv.org/abs/1602.08492

30



Electro-magnetic Follow-ups

12h P e S ,
_.". (©.Sun " ;
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-60° - Nl
1 SR

16h N\ = B . A :
* o ¢ 6w 3
. radio
L optical/IR
i 24h X-ray
20h ~-ray (all-sky)

arXiv:1602.08492v2 [astro-ph.HE]

L1GO-G1601059
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Upcoming Observing Runs

Epoch | 2015-2016 2016-2017 2017-2018 2019+ 2022+ (India)
Estimated run duration | 4 months 6 months 9 months  (per year) (per year)
o . LIGO 40 - 80 80-120 120170 200 200
Shiy rangeMpe Virgo 20 60 60 - 85 65115 130
Estimated BNS detections | 0.0005-4 0.006 -20 0.04-100 0.2-200 0.4-400
% within 2 deg? <1 2 > 1-2 > 3-8 > 20
90% CR ‘ 20 deg? <1 14 > 10 > 8-30 > 50
median/deg? 480 230 — — —
Advanced LIGO Advanced Virgo
10° 10" cum y : >
B Early (2015, 40 - 80 Mpc) Bl Early (2016-17, 20 - 60 Mpc) |
i A Mid (2016-17,80 - 120 Mpc) || 1 Mid (2017-18, 60 - 85 Mpc) |
o Bl Late (2017-18, 120 - 170 Mp¢)| & B Late (2018-20, 65 - 115 Mpc)|
'n L W Design (2019, 200 Mpc) 'n W Design (2021, 130 Mpc) '
< 1072 I BNS-optimized (215 Mpc) = 1072 I BNS-optimized (145 Mpc) ||
3 3 7
2 2
3 a
B E
(4] [}
3 -23 g -23|
210 210
£ £
o o . ;
& e it 8 i)
107 107 :
10’ 10° 10° 10’ 10° 10’
frequency (Hz) frequency (Hz)

arxiv:1304.0670
L1GO-G1601059 32




LIGO

Prospects for next observing runs

The next observing
runs target improved
sensitivities and longer
runs

Further BBH systems
clearly represent a key
observing target

We will also be
searching for signals
from binary neutron
stars, unmodelled
transients, stochastic
background, rotating
neutron stars...

http://arxiv.or g/pdf/1602.03842v1.pdf

L1GO-G1601059
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LIGO Beyond black holes

Detect gravitational waves from binary NS and BH-NS systems

- neutron star equation of state

- EM follow-up: multi-messenger astronomy

- observe kilonova signal + joint observations of GRB central engine

Detect and identify gravitational waves from new sources
- generic transients

« continuous emissions from neutron stars

Detect population of gravitational wave signals
- a population starts to enable an understanding of formation routes

Learn about astrophysical environment of gravitational wave sources
- host galaxies!

Others?

L1GO-G1601059



Gravitational wave detector
network ~2020

_IGO Hanford

KAGRA
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LIGO

Sky localisation with 3 detector sites

S. Fairhurst, “Improved source localization with
LIGO India”, arXiv:1205.6611v1

LIGO-G1601059




LIGO

Sky localisation with 5 detector sites

S. Fairhurst, “Improved source localization with
LIGO India”, arXiv:1205.6611v1

L1GO-G1601059



GWIC

Gravitational Wave International Committee

The global Gravitational Waves roadmap

2010 2011| 2012] 2013| 2014| 2015| 2(16| 2017| 2018| 2019| 2020| 2021| 2022| 2023 | 2024| 2025 2026'2027'2023
aLIGO
. W— —
aVirgo
[P
ECGT KAGRA | = e
GEO-HF
RS S — E— E—
e ‘- .
eT =
US3G
Key P (oncept W Fabrication
B pesign B 1stallation
Wi h P Funding Commissioning
caenerc  SitePrep |  Upgrade

From the Gravitational Wave International Committee (GWIC roadmap - available at:
L1GO-G1601059 http://gwic.ligo.org/roadmap/ )




THE GRAVITATIONAL WAVE SPECTRUM

quantum fluctuations in the very early Universe
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Beyond Advanced detectors
What new technologies are needed?

» Longer arms & underground site

» Higher power than advanced detectors
(3 MW)

» Cryogenic optics for low thermal noise

» Split into two (Xylophone) to make Cryogenic
operation and high laser powers compatible

» Larger, heavier optics; non-Gaussian
laser beams;

» Laser wavelength (Silicon:1550nm;
fused Silica: 1064nm)

» Frequency dependent 10 dB ,squeezing’




I I S A https://www.elisascience.org/
We will observe gravitational waves in space |.LISA |

eLISA:THE MISSION LISA PATHFINDER NEW ASTRONOMY CONTEXT 2028

——

t-

| A New Astronomy
% Sel_ected: The Gravitational
: Universe

ESA decides on next Large Mission Concepts




Technology demonstrator launched in 2015
(‘LISA Pathfinder’ Concept)

LISA Pathflnder was shlpped to the spaceport in Kourou on Sept
3rd 2015 and launched on 3rd December 2015

LIGO-G1601059 42



Published this week in PRL

Sub-femto-g free-fall for space-based gravitational wave observatories:
LISA Pathfinder results

We report the first results of the LISA Pathfinder in-flight experiment. The results demonstrate
that two free-falling reference test-masses, such as those needed for a space-based gravitational
wave observatory like LISA, can be put in free-fall with a relative acceleration noise wath a square
root of the power spectral density of 5.2 4 0.1 fms™2/vHz, or (0.54 £0.01) x 10™'° g/v/Hz, with g

the standard gravity, for frequencies between 0.7 and 20 mHz. [ This value 1s lower than the LISA

[ Pathfinder requirement by more than a factor hveland within a factor 1.25 of the requirement for
the LISA mission, and is compatible with Brownian noise from viscous damping due to the residual
gas surrounding the test-masses. Above 60 mHz the acceleration 1s dominated by interferometer

displacement readout noise at a level of (34.8 £ 0.3) fm/vHz, about 2 orders of magnitude better

than requirements. At f < 0.5mHz we observe a low frequency tail that stays below 12fms™2/vHz
down to U.l mHz. 1hs perlormance would allow lor a space-based gravitational wave observatory
with a sensitivity close to what was originally foreseen for LISA.




Pathfinder noise levels
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As each new window on the universe has opened, it has led to

completely unexpected discoveries.
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Gamma-Ray >100MeV (CGRO, NASA) Gamma‘RaVE((;'?,\-E(T;eRf'Si‘)’t'a'- GSFC,

X-Ray 0.25, 0.75, 1.5 keV (S. Digel et. Ultraviolet (J. Bonnell et.al.(GSFC),
al. GSFC, ROSAT, NASA) NASA)

Radio 1420MHz (). Dickey et.al. UMn.

Infrared (DIRBE Team, COBE, NASA) NRAO SkyView)

X-Ray 2-10keV (HEAO-1, NASA)

Visible (Axel Mellinger)

Radio 408MHz (C. Haslam et al., MPIfR,
SkyView)




What more discoveries will Gravitational Waves reveal?
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Latest news:
LIGO

Upcoming webcast — tomorrow evening

| Wednesday, 15 June, 10:15 am PDT
Latest News from the LIGO Scientific Collaboration

Gabriela Gonzalez
LIGO Scientific Collaboration Spokesperson
(Louisiana State University)

Fulvio Ricci
Virgo Spokesperson
(University of Rome Sapienza & INFN Rome)

Dave Reitze
Executive Director of LIGO
(Caltech)
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