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Abstract: Direct detection of gravitational wave stands at a cross roads; the first generation of interferometric detectors will soon be decommissioned
and the second generation projects are underway. In thistalk, | will describe the Initial LIGO and VIRGO generation of instruments, the techniques
required to achieve a strain sensitivity of 3 x 10 -23} and an NS/ NS inspiral range of 15 Mpc. I'll follow with a description of the Advanced
detectors and the differences that should improve the sensitivity by a factor of ten. Finaly, | will describe projects from radio and microwave
astronomy to measure gravitational waves using pulsar timing and the CMB B-mode polarization.
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“you are representing the topic beyond your group”
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CMB
Pulsar
LISA/LPF/GRACE-C ;™
LIGO/Virgo

Future Detectors

Frequency (H2)

Special thanks to: A. Lommen, R. Weiss, P
Saulson, F. Fidecaro, O. Jennrich, P McNamara,
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from: W Hu and M White astro-ph/9706147
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Dark Energy
Accelerated Expansion

Development of
Galaxies. Planets. stc.

1st Stars
about 200 million yrs.

Big Bang Expansion

13.7 hillion years
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European PTA

University of Manchester, JBO, UK

ASTRON, NL

Max-Planck Insitut fur Radicastronomie, GER
Nancay Observatory, FR

INAF Osservatorio Astonomico di Cagliart, IT




Parkes PTA o

» Austrahia Telescope National Facility, CSIRO, Sydney

Dick Manchester. George Hobbs, David Champion, John Sarkissian, John Reynolds, Mike
Kesteven, Grant Hampson. Andrew Brown. David Smith, Jonathan Khoo. (Russell Edwards)
» Swinburne Unmiversity of Technology, Melbourne
Matthew Bailes, Ramesh Bhat. Willem van Straten, Jonis Verbiest, Sarah Burke, Andrew Jameson
» University of Texas, Brownsville
Rick Jenet
» Franklin & Marshall College, Lancaster
Andrea . ommen
» University of Sydney, Sydney
Damiel Yardley
» National Observatories of China, Beijing
Johnny Wen
» Peking University, Beijing
Kejia Lee
» Southwest Unmiversity, Chongqing
Xiaopeng You
» Curtin Umiversity, Perth
Aidan Hotan
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Orbital Motion in the Radio Galaxy 3C 66B: Evidence for a

Supermassive Black Hole Binary Sudou, Iguchi, Murata, Taniguchi
(2003) Science 300: 1263-1265.

Constraining the Properties of Supermassive Black Hole Systems

Using Puisar Timing: Application to 3C 66b, Jenet, Lommen, Larson
and Wen (2004) ApJ 606:799-803.
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= PSR B1855 +09 (Kaspi/Lommen)

L% Bt A _NANQOGrav current

_/NANOGrav 2015 - ~20 pulsars w/ 100 ns
 PTA 2020
: residuals for 5 years

— / GO

| . Advanced LIGO |
-10 -8 -6 - -2 0 2 <
Frequency, log;g(Hz)

Figure by Paul Demorest (see arXiv:0902.2568)
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PTA punchline -

Requires 20 pulsars with 100 ns timing

2 week cadence, 3 hours each at 4
frequencies

5 year observation to detect MBH/
MBH gravitational waves

1000 T ! : : T |
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LISA Pathfinder =
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Thrust Noise @ 10 uN - PSD
Flight hardware at Astrium UK NB Background Noise (max), Thruster OFF, Heaters ON
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LISA inertial sensor will
launch in ~ 2 years
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Satellite to Satellite Interferometery = = e

Laser interferometer SST
(preliminary)

Inter-satellite distance 5 million km =200 km

Orbit Heliocentric (1 a.u., LEO (=400 km, Pendulum
triangular constellation) configuration)

. 3 No atmospheric drag, stable Atmospheric drag, large
ama o thermal environment thermal disturbances
Attitude and Orbit Control System Drag-free Partial drag compensation (?)
Single-link noise 12 pm/vVHz (* freq. dep.) =50 nm/VHz (x freq. dep.)
Telescope aperture 38 cm 1.5 cm
Transmit power 1W 0.03 W
Received power (at telescope) 360 pW 2000 pW

Phase measurement bandwidth 20 MHz 40 MHz
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* Users want continued data and better data
» Several constellations under intensive discussions, nothing decided yet
* Best value from Sat-Sat ranging (GRACE concept) with
* Laser interferometer: 2 um/vHz - 50 nm /VHz or better
* Pendulum orbit helps aliasing problem
* More than one pair also helps
* GRACE-C: Grace copy plus laser interferometer demaonstrator,
NASA + Germany ? + Australia ??, launch 2015 !11.
* Proposal to ESA under preparation
* Big interest in China and elsewhere
» All GRACE follow-on missions will carry laser interferometer, direct application of
LISA technology!

05210 =z 2016 2018
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Worldwide network
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Worldwide network

e Day

2002 August

e NTWTD OSIC nmsa Tov 2pod 3o T0R b http:/antwrp. rsfc. nasa. gov/ apod astropix. htmi
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2005

2010
11
12
13
14

2015
16
17

LI G O / V] rgo / G EO mwvm(:fun:‘m

/85N8H1: max(R) = 15 Mpc, 1 yr triple coincidence

18
13!_
202

cooperative run with GEO600 and Virgo

S6/VSR2: max(R) =20 Mpc, 0.3 yr H1/L1 coincidenc
few months w/ Virgo+ to begin mid July 201

Detector Handoff: October 20, 2010 aLIGO takes ove
July 2011, AdV takes over
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+ Detectors R

GEO-HF
Increase laser power
High frequency tuning
Squeezed light injection

Virgo+
Increased laser power, higher finesse
Monolithic suspension

Enhanced LIGO
In-vacuum, seismically isolated DC readout

Increased laser power to 35W
New magnets, EQ stops,
aLlGO DAQ system, thermal compensation
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eLIGO and Virgo+

Virgo+ on schedule for mid-July VSR3

Test masses monolithically suspended
ITF robustly locked

Final tuning and noise-hunting remains

eLIGO running in 56 since July 7, 2009
DC readout - =

H]gh power 2 NS/NS Inspiral Range (Mpc) |

25

ZUM&\?&’I e -
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L o YT Y Il
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aLIGO commissioning o

Have already commissioned:

» DC readout (OMC alignment)

» Thermal Compensation System

» aLIGO DAQ and control

» HAM seismic isolation system

» 35 W of upgraded laser power

» High-power modulator and Faraday
» Feedforward seismic isolation
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2005
06

08
09
2010
11
12
13
14
2015
16
17

18
131_
202

LI G O / V] rgo / G EO rmwecrfunsm

/S5NSF{1: max(R) = 15 Mpc, 1 yr triple coincidence
cooperative run with GEO600 and Virgo

alLlGO
= S6/VSR2: max(R) =20 Mpc, 0.3 yr H1/L1 coincidenc

— Virgo+ to begin mid July 2010

Detector Handoff: October 20, 2010 alLIGO takes ove
July 2011, AdV takes over

Installation complete: Project milestone April 2013

Acceptance Review: Locked in all DOF
Similar for AdVirgo

Nov. 2014
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LIGO/Virgo/GEO

2032 /S5NSF{1: max(R) = 15 Mpc, 1 yr triple coincidence
cooperative run with GEOQ600 and Virgo

e LIGO

os| @ °

09 = S6/VSR2: max(R) =20 Mpc, 0.3 yr H1/L1 coincidenc
2010l T Virgo+ to begin mid July 2010

17 | e Detector Handoff: October 20, 2010 alLIGO takes ove

12 I July 2011, AdV takes over

13 Installation complete: Project milestone April 2013
201 5 I Acceptance Review: Locked in all DOF Nov. 2014

16 . Similar for AdVirgo

17 \Swvsas- max(R) = 60 Mpc??

e : max(R) pc?”

18 g - S8/VSR4: max(R) = 140 Mpc??  SPECULATIVE!
19‘ —S9/VSR5: max(R) = 200 Mpc??

?02 81 0 ____ Page 50/88
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Strain [1WVHz]
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—S6 L1 20 Mpc :
— Early (25 W, noisy) |
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— Final (125 W)
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Strain [1VHz]

-—S6 L1 20 Mpc ,
— Early (25 W, noisy) ]
— Mid (25 W, good) ||
—— Final (125 W)

1 03 1 dﬁge 52/88
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On target to meet all NSF milestones

2 years in, we’re 26% complete, 6%

under budget
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Test of Virgo
monolithic
suspension
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MONOLITHIC

—
SUSPENSION Test of Virgo

monolithic
suspension

CRASH TEST

Pirsa: 10060082



Test of Virgo
monolithic
suspension

Pirsa: 10060082



Test of Virgo
monolithic
suspension

Pirsa: 10060082



Test of Virgo
monolithic
suspension

Pirsa: 10060082



Test of Virgo
monolithic
suspension

Pirsa: 10060082



Test of Virgo
monolithic
suspension

Pirsa: 10060082



Non-destructive testing . &

Test of Virgo
monolithic
suspension
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monolithic
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Locate 3rd aLIGO detector
in Western Australia

Australia (ACIGA) provides
all the infrastructure -
buildings, vacuum, clean
rooms and staff

No new cost or delay to
NSF/LIGO project

LIGO South online 2017

irsa: 10060082



dec

Ad Hoc LSC review Committee

Sam Finn

Peter Fritschel
Sergey Klimenko
Fred Raab

B. Sathyaprakash
Peter Saulson
Rainer Weiss

Charge:

Compare AHLV (2017) to HHLV (2015)
assuming H,L, & V at similar
performance in 2015

Pennsylvania Stat
LIGO-MIT
University of Florid
LIGO-Hanford
Cardiff University
Syracuse Universi
LIGO-MIT (chair)
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Enabled by improved analysis ok

S5 Second Year Low Mass CAT 3
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The penalty

HHLV rate vs threshoid
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to NSF & ACIGA rrraz);wﬁc:\fmrm

NSF review committee met June 16-17
Iff they return a positive report, proposal
goes to the NSB

Simultaneous effort in Australia by

ACIGA
AUS85 million, funded in part by
Education Investment Fund

To avoid impacting aLIGO,
agreement deadline by Sept. 30
2011

Pirsa: 10060082
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LCGT Funded!

Project led by ICRR @
U Tokyo

3 km, cryogenic,
underground detector

Proposal based on

experience with
L=100m, T=20K CLIO
prototype
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Waldmz

NRD

June 20
@) NIxes, - >

Future is bright
Chance for 6 (!!) advanced
interferometric detectors online by

-- say -- 2018 with 100+ Mpc NS/NS
range

LISA technology on orbit in 2012,
space interferometry in 2015

With 20 pulsars and 50 ns timing,
MBH/MBH GW’s could be detected by
Int’l Pulsar Timing Array within 5
years

If nature is kind, could see B-mode

Pirsa: 100600
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MUV RO

LCGT Funded!

Project led by ICRR @

3 km, cryogenic,
underground detector

Proposal based on
experience with
L=100m, T=20K CLIO

prototype
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NRD
June 20

MUV RGO

LCGT Funded!

Project led by ICRR @
U Tokyo

3 km, cryogenic,
underground detector

Proposal based on

experience with
L=100m, T=20K CLIO
prototype
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to NSF & ACIGA rrraf,f,mg@;{unsm

NSF review committee met June 16-17
Iff they return a positive report, proposal
goes to the NSB

Simultaneous effort in Australia by

ACIGA
AUS85 million, funded in part by
Education Investment Fund

To avoid impacting aLIGO,
agreement deadline by Sept. 30
2011

Pirsa: 10060082
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LCGT Funded!

Project led by ICRR @
U Tokyo

3 km, cryogenic,
underground detector

Proposal based on

experience with
L=100m, T=20K CLIO
prototype
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