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Early History

PHYSICAL REVIEW VOLUME 117, NUMBER 1 JANUARY 1, 1960

Detection and Generation of Gravitational Waves™

J. WERER
Universily of Maryland, College Park, M aryland

(Received February 9, 1939, revised manuscript received July 20, 1959)

SOVIET PHYSICS JETP VOLUME 16, NUMBER 2 FEBRUARY, 1963

-

ON THE DETECTION OF LOW Fj%EQUENCY GRAVITATIONAL WAVES

M. E. GERTSENSHTEIN and V. I. PUSTOVOIT ¢ . |

November 1971 / Vol. 10, No. 11 / APPLIED OPTICS 2495

Photon-Noise-Limited Laser Transducer for
Gravitational Antenna

G. E. Moss, L. R. Miller, and R. L. Forward

First description of using a
mechanical (acoustic) detector

First description of using a
Michelson interferometer

First experimental tests of a
laser interferometer, with input
from Chapman and Weiss



Rai Weiss, 1972 design for what became LIGO

QUARTERLY PROGRESS REPORT

Neo. 105

APRIL 15, 1972

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

RESEARCH LABORATORY OF ELECTRONICS
CAMERIDGE, MASSACHUSETTS 02139

(V. GRAVITATION RESEARCH)

. ELECTROMAGCGNETICALLY COUFPLED BRUADBAND
GRAVITATIONAL ANTENNA

iv)

I. Iniroduction

The prediction of gravitational radiation that travels at the speed of light has been
an essential part of every gravitationzl theory since the discovery of special relativity,
in 1918, E.Zi:‘.sa'.e‘.n.l using & weak-field approximation in his very successful geometrical
theory of gravity (the genersl theory of relativity), indicated the form that gravitational
waves would take in this theory and demonstrated that svstems with time-variant mass
guadrupole moments would lose energy by gravitational radiation. It was evident o
Einstein that sinee gravitationa! radiation is extremely weak, the most likely measurable
radiation would come [rom astronomical sources. For many years the subject of
gravitational radiation remained the province of a few dedicated theorists; nowever,
the recent discovery of the pulsars and the pioneering and controversial experiments
of ".'reberz’ > at the University of Maryland have engendered a new interest in the
field,

Weber has reported coincident excitations in two gravitational antennas separated
1000 Km., These antennas are high=0Q) resonant bars tuned to L. 6 kEz. He attributes
these excitations to pulses of gravitational radiazion emitted by broadband sources con-
centrated near the center of our palaxy, If Weber's interoretation of these evenis is
correcl, there {8 an enormous flux of gravitational radiation incident on the Earin.

veveral research groups throughout the world are attempting to confirm these
results with resonant structure gravitational antennas similar 1o those of Weber. A
oroadband antenna of the tvpe proposed in this report would give independent confirmas
tion of tae existence of these events, as well as furnish new information about the pulse
shapes.

The discovery of the pulsars may have uncovered sources of gravitational radiation
which have extramely well-known freguencies and angular positions. The fastest known
pulsar is NP 0532, {n the Crab Nebula, which rotates at 30.2 Hz. The gravitational flux
incident on the Earth from NP 0532 at multiples of 30. 2 Hz can be ‘.O.6 crg/'cm/'/s at
most. This is much smaller than the intensity of the events measured by Weber. The
detection of pulsar signals, however, can be benefited by use of correlation techniques
and long integration times

The proposed antenna design can serve as a pulsar antenna and offers some disting
advaniages over high-Q acoustically coupled structures.

2. Description of 2 Gravitational Wave in the General Theory of Relativity

In his paper on gravitational waves (1918), Einstein showed by a perturbation

argument that a weak gravitational plane wave has an irreducikle metric tensor in an

QPR No. 105 S



Copyright 1972, All rights reserved

GRAVITATIONAL-WAVE ASTRONOMY™*

WiLLiaMm H. Press® AN Kip S. THORNE
California Institute of Technology, Pasadena, California

1. INTRODUCTION

The “windows” of observational astronomy have become broader. They now
include, along with photons from many decades of the electromagnetic spectrum,
extraterrestrial “artifacts” of other sorts: cosmic rays, meteorites, particles from
the solar wind, samples of the lunar surface, and neutrinos. With gravitational-
wave astronomy, we are on the threshold—or just beyond the threshold—of
adding another window; it is a particularly important window because it will
allow us to observe phenomena that cannot be studied adequately by other
means: gravitational collapse, the interiors of supernovae, black holes, short-
period binaries, and perhaps new details of pulsar structure. There is the further
possibility that gravitational-wave astronomy will reveal entirely new phe-
nomena—or familiar phenomena in unfamiliar guise—in trying to explain the

observations of Joseph Weber.
The future of gravitational-wave astronomy looks bright whether or not



carly claim of detection

VOoLUME 22, NUMBER 24 PHYSICAL REVIEW LETTERS 16 JUNE 1969

EVIDENCE FOR DISCOVERY OF GRAVITATIONAL RADIATION*

J. Weber
Department of Physics and Astronomy, University of Maryland, College Park, Maryland 20742
(Received 29 April 1969)

Coincidences have been observed on gravitational-radiation detectors over a base line
of about 1000 km at Argonne National Laboratory and at the University of Maryland.
The probability that all of these coincidences were accidental is incredibly small, Ex-
periments imply that electromagnetic and seismic effects can be ruled out with a high
level of confidence. These data are consistent with the conclusion that the detectors are

being excited by gravitational radiation.
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LIGO sensitivity over time
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Strain (107%%)

Frequency (Hz)

FIG. 1.
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The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1,
right column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series
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GW 509 14: A story 40+ years In the making

Rai Weiss Kip Thorne Ron Drever



GW 509 14: A story 40+ years In the making

Rai Weiss Kip Thorne Ron Drever






3rd and 4th generation ground-based instruments
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A+: aLlGO upgrade, freq. dep. squeezing, heavier mirrors, more powerful lasers
Voyager: aLIGO upgrade, same facility, cryogenic, more powertul lasers

Einstein Telescope: Underground, 10 km, triangular, cryogenic

Cosmic Explorer: New facility, 40 km arms, squeezing etc




Space Intertferometers




Gravitational Wave Interferometer: 19/4
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“LIGO in space”

1978 Design - 16.5 1, $49.5M. Shuttle Launched. To be built in space. Aluminum extruding machine.



The Weiss Report: [9/5

MANAGEMENT AND GRPERATIOND

WORKING GROUP FOR SZUTTLE ASTRONOMY

KEPGRT OF WEE SUB-PANEL CR RELATIVITY AND GRAVITATION

Welss Bender Pound Misner
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Battelle Workshop, Seattle July 24-August 4, 1973

Edited by Larry Smarr




Laser Antenna for Gravitational-radiation Observation in Space (LAGQOS): 98|

e |NStrument Package

5C cm
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Auxiliary Spacecraft Auxiliary Spacecraft

Master Spacecraft

Faller & Bender |98 |
Faller, Bender; Hall, Hils & Vincent 1985



aser Interferometer Space Antenna (LISA): 1993

-SA M3 candidate May 1993

(Jim Hough came up with the LISA acronym in 1992)



Spaceborne Astronomical Gravitational-wave Interferometer To Test Aspects of
Relativity and Investigate Unknown Sources (SAGIT TARIUS): 1993

-SA M3 candidate (Hellings) 1993



aser Interferometer Space Antenna for Gravity (LISAG): 1993

-SA Cornerstone candidate December 993



Laser Interferometer Space Antenna (LISA)

LISA

Laser Interferometer Space Antenna
for the detection and observation of gravitational waves

An international project in the field of

Fundamental Physics in Space

Pre-Phase A Report

Second Edition
July 1998

MPQ 233 July 1998

NASA/ESA joint study 996, Yellow Book 1998




Orbiting Medium Explorer for Gravitational-wave Astrophysics (OMEGA): 998

1998 NASA MIDEX proposal (Hellings et al)



ESA/NASA LISA mission: official start 200 |

Full Cost NASA Funding (excluding ST-7)

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Pre-Formulation ($14M)

Formulation ($209M)

Implementation ‘3631 M)

Cruise and Operations ($219M)

. Costs are in real-year $’s




Pathfinc

er: EUro

bean Llsa TEchnology (ELITE): 1998

For launch in 2002



Small Missions for Advanced Research in Technology-2 (SMART-2): 2000

LISA/Darwin Pathfinder; For Launch in 2006




LISA Pathfinder - Space Technology Mission 7: Approved 2002

2015
SMART-2 Descoped to single spacecraft. For launch in)ﬁ’@(




March 201 |, The Divorce

nature.com

s NEWS DIOQ

Nature brings you breaking news from the world of science
web b

SEARCH a :: ATOM & COSMOS  :: GENES & CELLS
, .- BODY & BRAIN HUMANS
A Search this blog: Clence eWS EARTH :: LIFE ::
g E—- (_search ) MAGAZINE OF THE SOCIETY FOR SCIENCE & THE PUBLIC  :: ENVIRONMENT .« MATTER & ENERGY
Gtr\‘n;:r;:hc*Hrlﬁqdﬂ’a }':ao Tln.larrmﬂehb&'am gr;w&mrgﬁsﬁhlvsn HOME Home / News / Article
| - NEWS
meamnass NASA pulls out of astrophysics

NASA SMD Leaves ESA Standing At The Altar missions

Europe now on its own for spacecraft to study black holes,

By Keith Cowing on March 20, 2011 9:43 PM @ 11 Comments

NewScientist

Home News In-Depth Articles Opinion TV Galler

European Space Missions to Go It Alone After NASA Yanks
Support, Science

"European space scientists are scrambling to rethink--and
redesign--massive potential missions after it was
confirmed that NASA, whose budget is in disarray, won't
contribute significant funding to any of the efforts.
NASA's decision "means in principle that none of the three
missions is feasible for ESA [European Space Agency],”
notes Xavier Barcons of the Cantabria Institute of Physics

EARTH | SPACE : TECH & GADGETS : ANIMALS : HISTORY : ADVENTURE IlOl t I'arp CIen {

Cutting-edge science, cut up

NASA and ESA ‘divorce’ ove

21:57 21 March 2011

SPACE TECH ENVIRONMENT  HEALTH LIFE

Discovery News ~ Space News ~ US Pulls Out of LISA, the Gravitational Wave H

US PULLS OUT OF LISA, THE
GRAVITATIONAL WAVE HUNTER




eLISA - Descoped LISA proposed for ESA-lead mission (201 1)

SMQ/ /e PUFFOrS
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Cosmic Visions LI Candidate




The Gravitational Universe selected as L3 science theme (201 3)

eLISA as candidate mission concept: Launch in 2034
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January 2017, LISA mission proposed for ESA L3 science theme

LISA

Laser Interferometer Space Antenna
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The History and Future of Pulsar Timing
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Bell & Hewish - discovered first radio pulsar PSR B1919+21 in 1967



Steve Detweller - Inventor of Pulsar Timing Detection

THE ASTROPHYSICAL JOURNAL, 234:1100-1104, 1979 December 15
© 1979. The American Astronomical Society. All rights reserved. Printed in U.S.A.

PULSAR TIMING MEASUREMENTS AND THE SEARCH FOR GRAVITATIONAL WAVES

STEVEN DETWEILER

Department of Physics, Yale University
Received 1979 June 4, accepted 1979 July 6

ABSTRACT

Pulse arrival time measurements of pulsars may be used to search for gravitational waves with 1948-2016
periods on the order of 1 to 10 years and dimensionless amplitudes ~10~!%. The analysis of

published data on pulsar regularity sets an upper limit to the energy density of a stochastic

background of gravitational waves, with periods ~ 1 year, which is comparable to the closure
density of the universe.

Subject headings: cosmology — gravitation — pulsars — relativity

Uses spacecraft doppler tracking GW response formula from Estabrook and Walhquist (1975)

Mentions earlier paper by Sazhin (1978) that considered a particular line-of-sight detection PTA geometry



Steve Detweller - Inventor of Pulsar Timing Detection

THE ASTROPHYSICAL JOURNAL, 234:1100-1104, 1979 December 15
© 1979. The American Astronomical Society. All rights reserved. Printed in U.S.A.

PULSAR TIMING MEASUREMENTS AND THE SEARCH FOR GRAVITATIONAL WAVES

STEVEN DETWEILER

Department of Physics, Yale University
Received 1979 June 4, accepted 1979 July 6

Under some circumstances it is possible to differentiate with certainty the effects on the residual caused by a 1948-2010
gravitational wave from those caused by some pulsar phenomenon. For example, the cross-correlation of the
signals from a number of pulsars could determine that an anomalous residual was produced by an event in the
solar system rather than on the pulsar.

\ Suggests cross-correlation of pulsar signals to detect GWs

The paper discusses possible sources and sets the first upper limits. Limits were weak
since pulsars then were poorly timed &t ~ 100 ms



1982 - Discovery of the first milli-second Pulsar, PSR B1937+21

letters to nature
Nature 300, 615 - 618 (16 December 1982); doi:10.1038/300615a0

A millisecond pulsar

D. C. BACKER', SHRINIVAS R. KULKARNI', CARL HEILES', M. M. DAVIST & W. M. GOSS*

‘Radio Astronomy Laboratory and Astronomy Department, University of California, Berkeley, California 94720, USA
I National Astronomy and lonosphere Center, Arecibo, Puerto Rico
#Kapteyn Laboratorium, Groningen, The Netherlands

The radio properties of 4C21.53 have been an enigma for many years. First, the object displays interplanetary scintillations (IPS) at 81 MHz, indicating
structure smaller than 1 are s, despite its low galactic latitude (—0.3°)1. IPS modulation is rare at low latitudes because of interstellar angular broadening.

Second, the source has an extremely steep (~v ~2) spectrum at decametric wavelengthsz. This combination of properties suggested that 4C21.53 was either
an undetected pulsar or a member of some new class of objects. This puzzle may be resolved by the discovery and related observations of a fast pulsar,

1937*214, with a period of 1.558 ms in the constellation Vulpecula only a few degrees from the direction to the original pulsar, 1919+21. The existence of
such a fast pulsar with no evidence either of a new formation event or of present energy losses raises new questions about the origin and evolution of

pulsars.
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Hellings & Downs, 1983

THE ASTROPHYSICAL JOURNAL, 265:1.39-1L42, 1983 February 15

€ 1983. The American Astronomical Society, All rights reserved. Printed in U.S.A.

UPPER LIMITS ON THE ISOTROPIC GRAVITATIONAL RADIATION 05 ] ] [ ' , | | ]
BACKGROUND FROM PULSAR TIMING ANALYSIS' -
9 . _
R. W. HELLINGS AND G. S. DOWNS e 0.4
Jet Propulsion Laboratory, California Institute of Technology @
Received 1982 Qctober 1, accepted 1982 October 20) § 0.3 }
ABSTRACT é 0.2 -
A pulsar and the Farth may be thought of as end masses of a free-mass gravitational wave antenna -g
in which the relative motion of the masses is monitored by observing the Doppler shift of the pulse S 01 ¢ -
arrival times. Using timing residuals from PSR 1133416, 1237+25, 1604—00, and 2045—16, an @
upper limit to the spectrum of the isotropic gravitational radiation background has been derived in g 0 ]
the frequency band 4 X 10~° to 107 Hz. This limit is found to be S = 10*'f- ergs cm~* Hz", e
where S is the energy density spectrum and f is the frequency in Hz. This would limit the energy 2 01 L ]
density at frequencies below 10~% Hz to be 1.4 X 10~ times the critical density. < '
Subject headings: cosmology — gravitation — pulsars 0.2 1 1 1 . 1 . 1 1

0 20 40 60 80 100 120 140 160 180
Pulsar separation / deg

Bound used classic (un-recylced) pulsars ot ~ 10 us — 2ms



Indirect Detection of Gravitational Waves (by mid ‘80s)
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RMS Residual (us)

IPTA Pulsars

Timing accuracy and number of good pulsars have been increasing with time
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Parkes Pulsar Timing Array

¢ PPTA pulsar
OP=2ms
OP=5ms

Filled: S1400 > 2 mly
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