


PROGRAM
ASPEN WINTER CONFFRENCE ON GRAVTTATIONAL WAVES AND THEIR DETECTION

Aspen Center for Physics
January 74 - 20, L996

Monday
January

8 :00

8:L0
B .3s
8:45
8 :50
9 :10
9 220
o. ?q
10:00
10: l-0
10 :35

Monday
January

4 :30
4 :55
c.nq

AI4: Interferometers and
L5 Chair: R. Drever

S. Meshkov(Caltech)
S. Mencimer (ACP)
A. Ruediger(Garchingl
Discussion
G. Pizzella(Rome)
W. Johnson (tSU)
Discussion
Coffee Break
S.Finn (Northwestern)
Discussion
D. Shoemaker (MrT)
Discussion

Bars

Welcome

Current Interferometer Projects

Operation of Resonant Detectors
Status of Current Bar Experiments

The Path to Data Analvsis

LfGO Status Report

PM: Interferometer Issues
15 Chair: J. Centrella

R. Drever (Cal-tech)
Discussion
M. Schrempl (Hannover)

Advanced lnterferometers

GEO 600 Status Report

5 :40
5:55
6 220
6 :30
6 :55
7:05

? :30
7 240

? :55

Tuesday
January

8:00
8:25
8 :35
9:00
9 :10
9 225
9 :50
l-0:00
LQ 225

Coffee Break
F. Raab(Caltech)
Discussi-on
R. DeSalvo (Pisa)
Discussion
E. Mizuno(Kanagawa)

Discussion
R. Byer (Stanford)

Discussion

Ti-me-Domain Behavior of the 40m Interferometer

Virgo Experiment and Seismic Isolation

Data Acquisition and Analysis for TENKO100
and TAI4A300

A Sagnac Interferometer for Gravitational
Wave Detection

Al4
IO

Space Based Detectors-LISA
Chair: A. Ruediqer

P. Bender(JIIA)
Discussion
H. Ward(Glasgow)
Discussion
Coffee Break
H. Ward(Glasgow)
Discussion
D. Hils (JILA)
Discussion

Sources for LISA

LISA Overview

LISA Overview (continued)

BH-SMBH Binaries



Tuesday
January

4 :30
5:00
5: L0
5:40
5:50
6220
6 :30
6:45
? :15
7:25
7 240

PM SPace Based Detectors-LISA II
l- 6 Chair : R. Schilling

B. Willke(Hannover)
Discussion
D. Robertson(Glasgow)
Discussion
R. Stebbj-ns (JILA)
Discussion
Coffee Break
D. Robertson(G1asgow)
Discussion
D. Schnier (Hannover)
Discussion

Lasers for LISA

Spacecraft Pointing

IISA Error Budgets

GEO 500 DeveloPments

Power ReeYcling

WednesdaY AI'l
January L7

I,IGO Research ConnnunitY (tRC)
Chair: H. Ward

8:00 G. Sanders(Caltech)
8:20 Discussion
8:30 Meeting of IIGO Research

1:30 Meeting of LIGO Research

The View From IIGO

CommunitY and Discussion

CommunitY (continued)

Chair: D. ShoemakerJanuary

4 :30
5:00
5 :10
5:40

l7 Chair: D. Shoen

A. Ruediger(Garching)
Discussion
J. HaIl (JILA)
Discussion

Evening: Public
Chair:

Lecture, Wheeler OPera House
S. Meshkov

The Physics of Star Trek

Wednesday

8:00 L. Krauss
(Case-Western Reserve)

I0 225
10:35
11:00

History and Derivation of Shot Noise Equations

Dynamic Light-induced Mirror Birefringence

Thursday AI"1 Data Analysis I. search for compact object Binaries
January 18 Chair: S. Finn(Northwestern)

8:00c.wj.1l(WashingtonU)CompactBinarylnspiral:APost-NewtonianPlaYground
8225 Discussion
8:35J.Wilson(LLNL)NeutronstarBinariesHydrodynamics
9:00 Di-scussion
9:l-0 A. wiseman(caltech) Final wave Forms for Binary Inspiral
9:35 Discussion
9:45 Coffee Break
1"0:00 K. Thorne(Caltech) The Final Merger of C-o-mpact Binaries:

information C5ntent, Waveform Computations'
and Data AnaIYsis Changes

Discussion
R. Matzner (UT-Austin) Grand Challenge Update
T\i cnrrcqi an



Thursday pM Data Analysib II. Time-Frequency Techniques and other Issues
January 18 Chair: C. Will

4:30 B. Owen(Caltech) searching for coalescing Binaries:
Templates, Strateqies' Computing Requirements

4:55 Discussion
5:05 J. Centrella(Drexel) Coalescence Wave Forms and Rotational

fnstabilities
5:30 Discussion
5:40 A. Krolak(Warsaw) Estimating Parameters_of

GW Signals Using Wavelet AnalYsis
6:05 Discussion
6:15 Coffee Break
6:30 A. Vecchio(Card'iff) Why Realistic Errors in Parameter

Exlraction Don/t Follow Cramer-Rao Bounds
6:55 Discussion
?:05 H. Yamamoto(Caltech) LIGO Simulation Environment'
?:30 Discussion

Friday AIvI Data Analysis III. Pulsar and Other Periodic Source Searches
Stochastic Background Searches

January 1-9 Chair: F. Raab

8:00 D. NichoLson(Cardiff) Realistic Search of One Year's Data
B:30 Discussion
8:40 G. Jones(Cardiff) Results of a Practical Search of a Largie Patch

of Sky for a Pulsar-type Signal
9:10 Discussion
9220 Coffee Break
9:30 B. Allen(Milwaukee) Stochastic Background Searches
10:00 Discussion
l-0:10 R. Fakir(UBC) The GAP Concept
10:15 Discussion

Friday PM Data Analysis IV. Ana1ysJ-s of Existing and Future Data
January 1-9 Chair: N. Robertson

4:30 D. Nicholson(Cardiff) Overview of Data Analysis for l-00 hour
Glasgow-Garching Run

5:00 Discussion
5:10 R. Schilling(Garchingl Time Domain Analysis of l-0Ohr

Glasgow-Garching Run
5:40 Discussion
5:50 Coffee Break



6:05 S. Finn(Northwestern) Data Analysis for A Network of Interferometers
6:35 Discussion
5:45 B. Mours(LAPP-Annecy) Plans for Organizing Data Analysis for Virgo
7:L5 Discussion

Saturday Al4 Impulsive Signal Searches, Round Tabl-e
January 20 Chair: K. Thorne

B:00 D. Nicholson(cardiff) Nonlinear Adaptive Filters
B :30 Di-scussion
8:45 Coffee Break
9:00 S. Finn, Round Tab1e on Waveforms and Data Analysis

W. Johnson for Stellar Core Collapse and Other Sources
A. Krolak'
B. Mours,
D. Nicholson.
D. Shoemaker,
R. Stebbins
K. Thorne

11:00 Conference Adiourns
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1996  tp",n Winter Confeience

on

Gravitational Waves and Their Detection

January t4-20, 1996

Our thanks to those who made it possible:

Aspen Center for Physics

Syd Meshkov

Sally Mencirner

Se;'4.t Tetd
Three major topics selected for Conference:

1. First meeting of LIGO Research Community

2. Signal processing in GW research

3. Laser-interferometric detectors in space (LISA)

First meeting of LIGO Research Community

Historical event:

Worldwide group of GW scientists

common platform for

. intensive discussions

exchange of ideas

mutual assistance and consultation

LIGO as comdensartion nucleus

largest project

furthest developed

most heavily funded

but perhaps change the name ?

what's in a name ?

A rose' by any other name would smell as sweet

Expectation:
become truly international,

mutually fertilizing entity
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LRC Executive Committee :

1". David Shoemaker

2. Sam Finn

3. Bitl Hamilton

4. HarrY Ward

5 Joarr Centrella

6. Eric Gustafson

7. Bruce Allen

Chair: Sanr Finrr

Good blend of scientists active in

theory,

astroPhYsics,

experimentation of

i nterferometric detectors,

resonant mass detectors,

signal Processing.
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Signal Processing in GW Research

in case of laser interferometrY:

in recent years (decades !) emphasis on

establishing feasibilitY

optimizing Projects

getting funded

now with construction under waY:

intensify studies of signal processing

optimize strategies

interaction between different detectors

Sanr Firrrr: overview on Signal Analysis, today

deal with signal analYsis both for

i nterferometer detectors

resonant mass detectors

Prior to that:

lay foundations with review talks

Warren Johnson resonant mass detectors

Albrecht Riidiger interferometer detectors

G W: transversal, quadrupole strain in space

relative change in distances: 5(. I (.

expressed as h :- 2 5(. I (.

Michelson interferometer is ideally suited:

measures changes in path difference:

^ - 
5L 

- 
6(L2- LL)

'b- L L

emitted at

cosmic

I
I
I
I

Gravitlational Waves
I

measurable strengths onlY when

masses undergo st.rong accelerations
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Sources of Gravitational Radiation

Block Hole Blnory
3 Coolescence

Block Hole
o Formollon

o Block Hole-
Blnory, l OaM6

lo5 Mo
BH-BH
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,l A* /\aw 

'

LISA

lo-2 loo 1oz

Frequency [Hz]

vast frequency sPectrum :

from kHz (supernovae, NS coalescence)

down to sub-mHz (supermassive black holes)

Observe two clearly separate regimes:

no overlap; but ideal complementarity

from t0 Hz to several kHz (terrestrial)

from 10-4 Hz to 10-1 Hz (sPace)

Space project treated separately (LISA)

start out with:

ground-based interferometric detectors
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GW Ae,lutPrs
Ftulwre-'

'ototyPes:

rrge

JPN

tsAs

JPN

NAO

AUS

Perth

AUS

(all)'ountrY:

rstitute;

UFA
MIT

USA

Caltech

GER

MPQ

GBR

Glasgow

FRA

CNRS

ITA
INFN

1986 1986 1991 1991

YAGt972 1980 t975 tgn 1983

(At+)
tart:

(At*) Ar+ YAG YAG

aser: Arr Ar* Ar' Ar+

100 m 20m 8m

\rm len6th L: 40m 30m 10m 0.5 m

20 . to-20
1994

1o-17
i994Itrain sensitivitr

- 1_
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1 . 10-20
1995
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1986
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t-+6.fahmetric Detectors:
1987 1994 1990 1994

\anning (stan):
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iite
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L982 1984 1985 1986 1986 | rgso

3km 300 tn 400 m

Perth
AUS
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4km 4km
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600 m

Pisa
ITA

Mitaka
JPNHanford Livingston

(wA) (LA)

Hannover
GER

90 15

292

LIGO

I
AIG 3 400TAMA 3OO

GEO 600 VIRGO
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Pv'oba{1pes

I TechnologY

Vfork on prototypes and for
' larg+scale projects

hai spawne{' tlchnological research

Optics:
substrate qualitY
superpolishing
supercoating
modulation
mode cleaning

revived interest in diffractive optics

Lasers:
Nd:YAG (rursrn)
efficiency
laser diode PumPing
lifetime
laser stabilization

frequency
power

lvleciranics :

suspension techniques
active seismic control
cantilever sPrings
hieh Q materials
high Q bonding techniques

Vacuum:
tube construction
low outgassing materials
cleaning
heat treatment

FRA

CNRS

ITA

INFN

JPN

tsAs

JPN

NAO

AUS

Pcrth

AUS
(all)

USA

SunfordCountry

lnstinne

USA

MIT
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Caltech

GER

MPQ

GBR

Glasgmr

Prototlrpes:

t972 19E0 1975 $n 1983 r986 1985 1991 1991 199{

Ar+ Af Ar+ Arr (Arr ) (Arn) Ar YAG .YAG YAG YAG

FP DL FP FP FP tr
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-arge lnterferometric Detectors:
r987 1994 1990 I 1994 1994

Planning (*art)' 1982 1984 1985 1986 r986 1986

5 Knl 300 m 400 m 400 nt

Arm length ( 1!'* 4km
2Xm

600 m

VTRGO TAMA 3DO A|GO409
Projcct name: LIGO GEO500

tn:
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Outlook

often aslied question:

'/unsi? :."flj; infederometers be reaiy 7

have to define what 'readY' means

construction finished

optics installed

first interference

first operation, at reduced levei

full sensitivity reached ,

all finished for longer data-acquisition run

any answer to be taken with'a grain of salt

safest statement:

by turn of millen4ium

leaves one yeer contingency (2900, 2001

still much better off than LISA

scheduled for 2015 if all goes well !

?)

f --ga,nt ;i*-"tric Detectons:

198s | 1986 1982 | '199c .-1990 I 1994 1994
niinng(&): 1982 | 19&t 1986 1986

Amllengtht:-
4km
2km 4km 3km 600 nt 300 m 400m 400 m

Site
(Sate)

Hanford Livingston
(wA) (LA)

Pisa
ITA

Hannover
GER

Mitake'
JPN

Perth
AUS

Stanford
(cA)

Cosr (rdUS;: 292 q) t 15 t2

Prcixt name: .
LIGO VIRGO GEO 600 TAMA3OO A|GO400

advanced optics
unible

"srnall is beautifuf
(= lor cost =>

o<t'ble to 3 km
suspcirsionsryial

.feaurs
autonomous:
2 + 1 inte.f.

supcr-attenuator
lov frequcncies
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Operation of Resonant Detectors

G.Pizzella / |
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NIOBE (UWA)
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t99r r992 1993
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sensitivity for short bursts h = 6 10-1e

at the resonanc" E = &,tTli

It is important to make available the raw data, in
order tb exploit the experiments with the best
possible efficiencY.
bn" should tri to consider the various
apparatuses as pirt of one single detector, each

u,'ait eiving its o*n contribution to the study of
[fr" *fttt utkno*n phenomenon of gravitational
waves.

This data exchange sh ruld be done soon
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Omni-Directional Antennas (large, spherical)

International Efforts
US collaboration - TIGA Project
Direction Finding-Spin of Graviton(s)

Technology - VerY Recent Progress
Antenna Fabrication- Explosive Bonding
Mechanical Q
Multi-stage Resonators
Transducers

Inductive
OPtical

real SQUIDS
Modeling

Sources ?

liga arrangormnl 4 2
Ecale = 25:l
dimensions lo cm il

5
tt

Wiring &
Therrnal Links

\

Mechanical
Isolator

\

Resonator and
Transducer

Side View
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spherical Resonant GW Detector
lnternational Effort

..OMEGA''

oMnidirectional Experiments.with Gravitational Antennae

rrG!9s

TIGA
. LSU
. Maryland
. Rochester

E*aha
u ulglu ',?4

,'NAlAo"

. Romg, "Tor vergata"

. Rome

. L'Aquila

. Legnaro

. Barcelona

N-e-&ber0cm-de

GRAIL
. Leiden
. Amsterdam
. Twente
. Eindhoven

= EUROMEGA

BraefiE

GRAVITON
.INPE
. Sao Paolo
. Brasilia

*. Paris "lnst. d'Aphys"
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World-wide Status Report
US - TIGA (2.6 m (1 kHz) Al sphere @ 50 mK)

TIGA phvsics
Cryog'enic design - prelim. eng. drawings
Transducers - inductive, optical
Materials (Al alloys)

Presently separately funded ef lorts
Submit joint R&D ProPosal 12/95
Construction ProPosal 1997-8

Italy
Materials (Al alloys, BeCu, CuAl)
Ultracryogenics (1 0 mK)
Coordinate EUROMEGA

' Nautilus ('100 mK 1.5 ton bar)
EUROMEGA funding
Construction proPosal

Netherlands (3 m'sphere' - 660 Hz (100 tons)

Materials (Al alloys, BeCu, CuAl)
Ultracryogenics (1 0 mK)

R&D lunding - 1995
2 m prototype - 1996-1 998.5
3 m sphere - oPeration in 2001

Brazi! ( 3 m'sphere' < 100 mK)

Materials (Bronze alloys)

@ 10 mK)

Complete feasibility studies in 1995
Submit construction proposal by 1996

?
US collaboration (GravitY CooP)

(TIGA - Truncated lcosahedral Gravitational Antenna)

L.S.U. - W. Hamilton, W. Johnson, K' Geng

Marvrand 
: iH fi:i:J,?':ffi]l"
- F. Wellstood, I. Jin

Rochester - M. Bocko
Santa Clara - W. DuffY

Working Groups - systematically attacking the technology

Modeling -understand tensor and multimode behavior

' guide component develoPment

SQUIDS - clesign a.d co.struct devices that reach intri.sic noise

Inductive Transducer - iucrease Qm arrd Qs
- maintah couPling

- ir-rtegrate the advanced SQUIDS

Optical Transducer - develop altemate technology that is

comparible with cryogenics and shot noise limited

ReSOnatorS and Antenna - increase bandwidth and coupling
- increase Qm

Cryogenics and Isolation
- oPerate at <60 mK with 40-50 tons

::lf#;:1"'1i:l,T'f fi il*L"iix.ili*
- eliminate non-thermal noise

Sorttrs !
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Summary & Questions

. Nearly quantum limited 'spherical'
detectot "iiuv" 

Ji" n"ing' developed
world-wide.

&n
T Wnut are the best candidate Pources for

such detectors?

. Which frequency range should we try to
Cou"t first'? (60b Hz to 4 kHz)

'Go.nrtrr6t soroc€t "tI
'lt necanrf

{it 0'3. {rdft;

Problems
Background is not stationarY
Evenl signatures are arguable
Difficult io correctly eviluate accidental rate

High confidence required for- discovery of new PhYsics
g.tghtci
E. Hrrrtld

Search through N event lists from other detector

Compare them to l* own :

N-L are to evaluate REAL accidentals
because feal list. but time-shifted

1 list is the real one

Blind, because searcher does not know which list is
dlt real one.

Filter the raw data to get Event Candidates
Eliminate bad data

A Solution'- Single Blind MultiPle Search

ls there any penalty for blind searches?



!

Symmetric Single Blind Coincidence Search

Data Exchange

Generate a list of 1'000 random time-shifts'

Pick one ( = x) whose value is undisclosed'

reported event times : (real event times + x) mod L'

*hut" L is the length of the exchange (120 days)

Replacexbyits''inverse''L-xinthelistoftime-shifts.
Send the list of rePorted times

and the list of 1000 time-shifts to other group(s)'

It
It

1.

Integral Distributions

Burst Energy (K)

2.

3.

4.
o
o
E

(oo
U'
co
o
o
Locl
E
c

1'nn
&tb

Coincidence Search

1. Use any reasonable selection criteria on both event lists.

2. Choose (first) time-shift from the received list ( = y)'

3. Candidate event times = (reported times + y) mod L

4. Find coincidences between candidate event times

and own real event list'

5. Redo with next time-shift from list, until done'

( Real event times returned when )r: L-x )

So 999 searchs for (guaranteed) accidental coincidences,

L search for real coincidences

The Big Question : Does the real search stand out
from the accidentals ?

1994 day33-daY152

-- - Explorer

-- Allegro

- 
expected
accidental
coincidences

time-shift of
45.22 days

. 15.26 days

single coincidence over exchange period
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dta

Hlstogram of unique coincidences and Poisson distribution

30 40 50 60 70 80

number ol coincidences for a timeshift

1994 day33-day152

trrtl hrvt t00 qf

Ittnt ^, I aci${rl
pr 3 dnyt

Strqd I't.,idb

4681012
number ol coincidences lor a time-shilt
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LIGO Sites

Davld Shoemaker

LIGO Profect

15 January 1996

Organlzatlon of talk: From the outslde In

. sit€S

. beam tubes

. buildings

r VdcUUffl equipment

. detector, suPPorting research

systems

people

plans

Hanford, WA

. 25 km from Richland, WA

. cleared, graded, and settling

. seismic noise survey comPleted

Llvlngston, LA

. 50km from Baton Rouge, LA

. dedication 6 JulY 95

. cleared; rough grading started

a

a

a

1of16
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Beam Tube

Beam Tube Chicago Bridge and lron

. totalot 16 km of 1.2 m diameter high vacuum

. tests of fabrication, cleaning' vacuum performed

, b^qU &s1pl 6.fc..ie-y.': bl'.k yxrco(^,^ o- SS

Beam Tube Enclosure RM Parsons

. supports and aligns Beam Tube, protects (from bullets!)

. final design, Oct 95

Buildings

Clvll constructlon contract RM Parsons

. clean, quiet, temperature regulated environment

. work over requirements, realization from Dec 94 - Nov 95

. Preliminary Design Review in Nov 95

WA: 2 full length or 1 fulllength, one half-length

LA: 2 full length interferometers

room to expand for additional interferometers

a

a

a

3o116
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Vacuum equipment

Contractor selected
. Process Systems International

. provides flexible envelope for interferometer components

. allows isolation of elements, mechanical and electrical interface

Preliminary Design Review in October, 95

basic design of system, components well advanced
a

a

Detector: Laser

LIGO basellne was Argon lon laser

. workhorse since 70's

. w@ll established control technology

. dated technology, obsolete in 2000

Solld State laser adopted as new basellne

. Nd:YAG or equivalent

. 1064 nm, near infrared wavelength

Advantages

allows adiabatic increase in power-no mirror changes

relaxed mirror surface requirements (longer yardstick)

some better optical components available (modulators...)

common with other GW efforts, industry momentum

Dlsadvantages
. r€workiflg of (advanced) laser system, control design

Nd :YAG development effort
contract for commercial development (early stages)

internal etfort to transfer technology

incorporation into high-sensitivity instruments (5m, 40m)

a

a

a

a

a

a

a
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Detector: OPtics

Suspended Mode Gleaner

. 'l2m model of LIGO sYstem

. control tests (locking, manual alignment)

.performancetests(beamiitter,passingofmodulation)

LIGO Optlcs Pathflnder
.tofindpathforindustria|fabricationo|L|Gooptics
. substrates (Corning at Present)

. polishing (several contractors)

. metrologY (with helP from NIST)

. coating (REO)

Goating: real Progress
.deve|opmentofrequirements(FFTandana|yticmode|ing)
. development of implications,lor c.oating (modeling: 0'1%

uniformity required over -1Ocm diameter)

. devetopment of masking techniques for coating

r cornporison of transmission, AR coating reflectivity

measurements
. looks feasiblel

Detector: Suspensions

Reflnement of slngle ellng suspenslon

suspenolon
Block

Sllll6nlng
Bar

SuaPenslon
Suppon 3t.uolur

Gulde Rod

@w
wti stanoott

Suspsnslon
Wlrc

s6nso/Aclualol
Head

. techniques for maintaining high substrate'Q' used

. refined versions of coil-magnet motor' LED-PD sensor

.versionfor40minpreparation,soontobeinsta||ed

. designs for LIGO to follow

Measurement of O for full'slze mass underway

. electrostatic excitation

. study of sling, attachments

. flo lgsults yet

7of16
8o116



Detector: lsolation

Test of Commerclal actlve vibration-lsolatlon system
. 'beta'test of commercialsystem

' active servo system, measures ground noise, feedback

' six degrees of freedom

' at MlT, suppresses local non-stationary noise (trucks, subways...)

' for LIGO, can reduce controller dynamic range, up-conversion

. system functional
> required collaborative work between Barry, Inc. and LIGO statf

> significant reduction in noise: factor 100 in vertical, 2-3OHz

' stillshofi of prediction in horizontal, but

' makes qualitative difference in seismic environment

Detector: Length sensing/control

Recomblned-Beam 40m Interferometer conflguratlon
. Objective: give tests of models for dynamics of length control

' linear model (time constants similar to LIGO)

' acquisition (pendulum suspensions, correct D.O.F.)

. Requires opticalconfiguration of LIGO
> recombination of beams from the two arms
> addition of recycling mirror

. Significant construction project finished

' modifications to in-vacuum components
> arms asymmetrized for modulation technique

> new modulation and control system

Barry Conlrol lsolators: Verlical transfer function (ground to boltom lable)

I
I{--
I
I
I
I
I

I
I

-F
I
I
I
I
I

]*lj#;re+e--i l- -i l-Ittttl
I | | | ttt | | | |
| | | | | | | | I .t Iiiiiiiiiilrliri| | | | | rr | || | | ttll | |-t---t --T-r 1-TT ---- --- r----l

{ | I | | ll I rllI v iv i-i^J
ttlll
i----.1---i--+-+-l
llllll
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Detector: Lock Acquisition

Guided Lock Acquisition
. traditional brute-force method for acquiring 'lock' of cavity

, system moves very quickly through resonance - non-adiabatic

, very wide-bandwidth, high-force servo control

> short effective dutY-cYcle

. better idea: reduce test-mass velocity
, analyze signaloutput in time domain of unlocked system

' calculate relative velocity ol test masses

, apply force X duration to'brake' masses

> THEN acquire lock

o SUCC€SS

, considerably reduced locking time

' valuable inlormation for locking strategies

, good technical experience for hardware/software

"o-toao{s@to& bc'brn'{.d)

Detector: Phase Noise sensitivitY

OBJECTIVES:

. demonstrate the initial LIGO phase sensitivity (- 10-l0rad / J-Hz;1

. develop the sensors, electronics, scattering control needed

Actlvlty In'95 domlnated by constructlon

r f€-corTfftissioning of vacuum system

. fabrication of seismic isolation system

. design, production of optic suspensions

. replication of the Argon pre-stabilized laser

. control and monitor sYstems

. I€cycled Michelson now being commissioned

&.tsd ofavhkt bte

soso
14'|6rd.(|d)
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Detector: And...

Alignment research
. detailed design of wavefront sensing system

. construction of complete tabletop model

. fully digital servo and control system

. system requirements, subsystem specifications for LIGO

Modeling (and loint with System lntegration, or Syslnt alone)

. FFT model: optimizing, automating, propagating

. also, dual-recycling FFT model, realoptics (in process)

. dynamics of coupled cavities, means to generalize

. data analysis of 40m

. end-to-end noise modeling, housekeeping

...etc.

System Integration

Interfaces, top-level requlrements, and everythlng else

lnterface Control Documents
. example: Vacuum EquipmenVBeam Tube - Civil Construction

&
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System Integration: Facility Limits Structure of LIGO

The heart of the prolect: People
. 85 peoPle, 29 new in'95
r s€v€I?l more in'96
. Visitors (8. Allen, D. Gustafson, P. Saulson, K. Sliwa)

Organlzatlonal
. Detector and R&D groups brought together (S. Whitcomb)

. Site directors named (F. Raab, M. Coles)

. LRC born and moved out (S. Finn)

Mllestones (WA, LA)

. lnitiate Beam Tube Fabrication: imminent

. Initiate building construction: 6/96, 1/97

. Accept beam tube and cover:3/98,9/98

. Accept buildings, became equipment 3/98, 9/98

. fnitiate interferometer installation: 7198, 1199

. Begln coincldence tests: 07/00

-21

10

q.i
N

IG

STBAY LIGHT NOISE
(< 1110 SOL,1000 kg mas3)

RESIDUAL GAs, rri'g ronn rt,
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GEO 600 Pntical 
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I

arm length

laser

test masses

coatings

power recycling

signal recycling 
'

tunability

seismic isolation

suspension

vacuum system

2 x 600 m, NNW and ENE

diode pumped Nd3* YAG Laser,
10W Master - Slave sYstem

25 cm dia., 15 cm thick,
OH'-free fused silica,
absorption < lppm/cm

ionsputtered, absorPtion < lPPm

up to 1OkW circulating Power

150 to 15oo $Hz bandwidth

0 to lkHz

encapsulated 4-layer stacks,
active suspension optional

double pendulums,
monolithic lower stage

60cm dia. corrugated beam
tubes. hvdrocarbon-f ree
<sxtti€mbar for Hr, <5x10'embar
for other gases

dependinq on bandwidth
tr-i o-t' tJ4x1 o-23/./Hz

sensitivity



SensitivitY Limits
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- 1OkW internal power, 20ppm mirrors

- Q: 5 x 106 internal, 108 Pendulum

- 4-layer stack, double Pendulums
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Time Table

Vacuum SYstem 6 '96

Modecleaners,
Laser Bench

6 '97

1200m CavitY 6 '98

Michelson 6 '99
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Tirm,e-Domain Behavior of the 40-Meter
lnterferometer

Fred Raab

JanuarY 15,L996

A Report on Preliminary Studies and Future Plans for Work

with Collaborators:

'TorreY Lyons

.Aaron Gillespie (now at NBS, Gaithersburg)

'Kent Blackburn

'AndY Kuhnert

'James Mason
Goal,: lnstitute Regular Time-Domain operation and Analysis.

1of 5

Non-Station ary Noise in a Laser
lnterferometer

. Most source detectability arguments are based on smooth

stationary gaussian noise spectra with Lf = J; is this reason-

able?
. Excess (non-gaussian) noise must be vetoed through envi-

ronmentat monitoring and coincidence techniques.

. Coincidence strategies often assume uniform rates for non-

gaussian events (i.e. stationary). For LIGO:

Rr^,r"u = l pI y.R, RtR,

where r,, refer to coincidence window widths and Ro refer to

the pOst-veto singles rates for interferometers 1, 2 and 3'

il

2otS



Mark ll 40-Meter Interferometer
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RMS Strain Sensitivity of 4O-Meter lnterferometer
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o sample histograms from a wide-band channel are not very

informative (at least not to us).

. Csrrelating data with templates: great for finding the

expected, but surprises could get away!

. M,achine artitacts need identification and characterization,

but may not trigger sharply even in extensive template sets.

. Some tool kit for identifying "events" and characterizing is

needed.

How Can ExPerim'ental Data From a
frfoisy I nterferometer Be Chara cterized?

3of5 Ltco€960000-00-lrl



Utility of a Simp,le. Event Finder
Algorithm

,\$ffi.i I *49 ?rt\",r \, o4q'*'v{M-qm@

" Threshold for event turn-on. variable dead time filter

Sarnple Hlstograrn Event Histogram
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An Example of Non-Stationary Non-'Gaussian 
Events

wwJ#ds4 ir{{Wrste&fitaffi#e^\r 
r ( t_!'' \

. Event histogram for this locked section is alrnost purely

gaussian, elcept for a "minute" interual:

Z? r€ 6Gd (5off'--5124)
T.E 3/2/94. &cuo! z
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Feeding

of a Non-Gaussian Event
Through a TemPlate

. Coalescing binary filter output is typical over large range of
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Findings From Prelinlnary Look at 40'
M6ter IFO Time-Domain Data

. obserued non-gaussian events are non-stationary

. Events Vary in Character: clicks, "the scrape/', "the howle/"

"the whistle/', etc.

. Causes which have been identified:

>>higher-order transverse optical modes

r>maladies in test-mass damping seryos

>>connector noise

.>>edge 
effects on Photodiodes

. Promising news: event rates are sometimes very low!

. To keep rates always tow will require comprehensive data

on machine status
7of8

Future Plans

. o Commence program of regular data runs with rapid analy-

sis turn-around time:

;>lncrease running time with split between R&D and DATA shifts

>rLimited manpower requires automated hardware and modest but efficient

analYsis

>>Constant changes required by R&D/Detector programs means sensitivity

will often be less than oPtimal

. Institute low-bandwidth, high-channel environmental/status
monitoring sYstem

>>Use housekeeping statistics for cross-correlation studies of non-stationary

noise

>rLearn about drift and aging effects in machine operation

LtGoG960000-o0-M

"."?lf-i
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The Virgo Collaboration

THE (&)ilVIRGf PRoJBCT

INFN

LNF-Frascatl

Napoll

Perugla

Plsa

Roma 1

CNRS

LAPP-AnnecY

IPN-Lyon

LAL-Orsay

ESPCI-Parls
INFN - CNRS

Experiment funded by INFN Italy (55?o) and CNRS

Presented by Riccardo DeSalvo

France (45To)

INFN Sez. Pisa
via Livornese
56010 S. Piero

t29r
a Grado

ResPonslbllltY Subdlvlslon

lnfraslructures

Central Bulldlng Plsa

Tunnets Plsa

Equlpments Plsa

Clean Areas LAPP-AnnecY

lnfrastructuresformlrrors IPN-Lyon

Vacuum
tel. ++ 39
Jax ++ 39

50 E80 349
50 880 3s0

TubE

Tube
t

Baflles

Towers

Pumplng

Plsa

LAL-Orsay

LAL-Orsay

LAPP-AnnecY

Plsa



lnterteromgter

LAL-Orsay

Laser-lnfectlon Bench

Detectlon Bench

Mlrrors

Allgnement

Callbratlon

LAL-Orsay

LAPP-Annecy

IPN-Lyon

LNF-Frascatl

LAPP-Annecy l)
Suspenslons

Generalities on the exPeriment

Yery very fast

Civil engineering status

fast

Super attenuators technical development

Selsmlc lsolatlon

Marlonetta

Wlres and Clamps

Local Electronlcs

Plsa

Plsa

Perugla

Plsa

2l

3)
Electronlcs and Software

GlobalControl

Networks and cabllng

Data acqulsltlon

Data archlve

Slmulatlon

LAL-Orsay

LAL-Orsay

LAPP-Annecy

Napoll

LAPP-Anneey



Interferometric detection of gravitational waves

Gravitational waves are quadrupolar wavcs

a gravirational wave of dimentionless amplitude h
propagating along the Z axis
wittr polarization along the X and Y axis

induces a change ALx of an arbiuary length Lx (Ly)

4l,y=hLx (ALy=hLY)

typical h values are 10'21

Typical GW signal mirror displacement

AX = h3Km = 3l(|.tt m

Typical GW signal Phase shift

AQ=4r AX fpp lt'=4n 3llt8 50/10'0=15 1(Fl0 radians

INFN . CNRS

Broad Band Gravitational wave Interferometric Antenna

l0 Hz to 10 KHz sensitivity

Main characteristics

3 + 3 Km vacuum Michclson Specuometer

Arms made *;6 f=50 Fabry Perot cavities

I pm wavelength laser light

I KW laser power at the beam splitter

THE {{&I};VIRGf PRoJECT

Very high degree of seismic isolation at low frequency (> 5 Hz)
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Signal / Noise

For detection the signal must be higher than noise

Dominating noise sources

Seismic noise 0-5 Hz attenuated
(0-50 Hz unailenuated)

Susoension thermal noise 4'40 Hz high Q suspensions
vseru"Y-v-- --oo-zoo 

Hz low Q suspensions)

Mirror thermal modes 40'200 Hz

Shot noise > 200 Hz"&#;; 
Power enhanced bv F'P' caviries

and power recYcling)

VIRGO sensitivity

Ratio

Parte Prima

-m
IO

:

et
a.

IO

t+

frequaq(Hz)



Other Noise Souces

Laser Frequency fluctuations (10-6 Hz'llz)

Laser Power flucnrations (4 l0-10 Hz-l/2)

Vacuum flucnadons (rcq.10-8 Torr, obt'10-9 Torr)

seismic noise on light diffused in beam pipe walls (baffles)

4o.'lesecrt vs WRGO sercitivity
PEln. rtn, --*f4

N

Sro
Q
1)

+

lJ0

TO

frequency (Hz)



GW detectors sPecrat scn:ttflvrrY
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Status of the

Central building project adjudicated

Decree of public utility emitted

Currently mine clearing the land

Construction beginning shortly (One year construction time)

Other buildings to follow

Mechanics and tubes

Finalise R&D in some components

Bidding process in remaining components

{{{u#vl RG) projecr
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LONGITUDINAL SECTION

A

TM.I'ISYERSAL SECTION
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ARM TUBES OF THE ANTENNA

I. GENERAL SPECIFICATIONS

the general sketch of the antenna, limited to tubes and tolvers is presented in
Iig.x.
The main parameters of the two 3km long vacuum fubes are summarized
below:

lnner diameter
External pressure
Lenght of each arm
Residual pressure

Outgassing rate

Temperafu re of reference
Temperature range
Working temperatur€ range
Lifetime
Gate valves at end of arms
Bake-out temPerature

1200 mm
I bar (3 for the calculation)

30(X) m+30m
l0-gmbar for H2
l0-lombar for other gas

< 10-12 mbar l/s cm2 for ll2
20"c
-20"c. +150'C
-5'C, +!()"C
20 yeam
12fi)mm
150"C (maximum power lM!V)

Distance between pumping groups 3{X) m
Distancebetweenfloorandtubeaxis > 1300m

Shaightness: the tube axis has to be contained within a 50mrn diamater
Presence of balfles in the tube
No elastomere gaskets for the permanent seals

Minimum amplification of the seismic noise for any frequency



T0P f' Hrlll
7 IBLE

Super Attenuator Tower components

Ttrp table movement

7 attenuation filters'

(2nd filter activelY cooled)

Steering marionetta

Suspended mirror and recoil mass

l0 m tall tower

2 m diameter

l.l tons suspended mass

l0-6 Torr vacuum

5 /u' ofL r1'AL

? | tt r-P3

L 4Sf

F hb tvB.r r C
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t t trttt wt
L t G5 A'vl
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ToP table movement

Main issues

Cold welds in movements under stress

l.l tons load under vacuum

Movements in 3 dimentions + I rotation

smoothcr tha seismic vibradons (1 pm)

x-y- /

c:/dF/crwlc-2.d€D Ey. 15, 1t95 e0:a?;22



FILTER 2 DAMPING

YIscoUsoRINERTIALDAMPINGISNECESSARY
AT SOME STAGE OF TIIE ATTENUATION CHAIN

IN ORDER TO DAMP TIIE MOTION OF NORMAL MODES

WITHINTIIELOCKINGsYsTEMDYMAn/IICRANGE

wscolTs DAMPING WITH RESPECT WITH THE EXTERNAL

STRUCTURE

OK 0n 6 Degrees of Freedom

II{ERTIAL DAMPING
CAN piOvIDE ALSO SEISMIC NOISE SUPPRESSION

IN DEYELOPMENT

Inertial damPing of filter 2

Principle of attenuation:

Acceleration detected with six low frequency

linear and torsional accelerometer

Acceleration neutralised with a feedback of magnetic forces

Damping of main oscillation resonances

Very complex mechanics and electronics
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Marionetta positioning

of mirror and reference mass

The mirror and its

suspended from a

reference rnass are

cross shaped structure (marionetta)'

The marionetta is suspended from the last attenuator

The marionetta is actuated through magnetic coils

mounted on the last anenuator and pushing on the cross arms

rotation, x'y tilt and back/forward movemcnts are possible

Total movcment 2-3 microns
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Mirror positioning

The mirror and its reference mass are

independently suspended from the marionetra

The reference mass is a cup with mass equal to the mirror mass

The reference mass encascs the mirror and

houses four coils acting on tiny magnets on the mirror

Mirror tilt around the z and y axis and x movements are possible

x positioning better than l0'18 m/Hz'1/2
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Super Attenuation

Principle of attenuation

Each super attenuator filter is a

5 + I Degrees of Freedom Pendulum

with resonant frequency below the Hertz

filters

The center of mass of a pendulum which suspension point is shaken at a frequency higher

than its resonant frequency will move with amplitude proportional to the suspension point

vibrarion amplitude times an attenuation factor at = Jzolf2.

At 10 Hz Ar = 10'2 Per stage

With seven stages Af = 10'14

If seismic noise is lV6lP : > @ n n" l:3-g 11111y-rl2

Mirror will vibrates less than 10'1S m/Hz'f/2 @ tO U" as required
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Characteristics

5 + I Degrees of Freedom

x - y pendulum

torsion Pendulum

x-y tilt pendulum

z pendulum

very complex mcchanics

Super Attenuation filters

pendulum below I Hz

OK

OK

OK

a real MESS



rnner sLruclure l,xlure

Super

Mechanical design and

Prototypes under test

work on

final engineering

vacuum Proofing

controls

characterisation

heat dissipation

connectivity

Attenuation

construction

filters



f

Phase 1: Measurements on the bare
filter (conclirded )

l.a) =-1 Vertical Transfer Function

l.b) ==2 Horizontal Transfer Functions

l.c)==2 Quality factor of the fundamental vertical
resonance

1.d) =-1 Anharmonic behaviors of the blades system

l.e) ==1 Dependence of the fundamental frequency on
the offset Position

l.f)==> Creep of the blades !!!! ==> the only bad surprise

SuPer Attenuation

Status of characterisation

Separate measurement

Bare filter

of attenuation characteristics o f

withResonantfrequencyreductionAntiSpringSystem

With tuning mechanisms

With internal resonances dampeners

filters
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PHASB 2: AntisPrings

The following antisprings system has been

mounted on the filter

3 lines of 7 magnets (6 x 2 x l '5 cm) on each

of the four supports in a rePulsive
configuratiotl-

WORKING PRINCIPLE

REPULSIVE CONFIGURATION

Magnel I Magnel 2
(on the lilter) (on the crossbar)

Magnet 1 Magnet 2
(on the lilter) (on the crossbar)

Horizontal
Axis

Hoflzontal
Axis

Fy=Ftr=F(lyld)a)

b)
a1 \
Tr/

mqui

(t"



--€- Vertical displacemenl (mm)
55 

f",^^
GOAt

TO MAKE THE VERTICAL FUNDAMENTAL RESONANCE

FREQIJENCY LOWER THAN THE HORIZONTAL ONE (Pendutum

= 0.5 Hz) FOR EACH STACE.

MEASIJBEMENT

I ) Vertical transfer function

2) Veltical lesonance frequency as

of the system positioning (distance

3) Quality factors

4) Dependence on temPerature of

In this a complete characterisation
system can be attained

f requenza vs. temP/Posiz vert

E,
E

r,u
(l)
EOlo
C'a
.9 0.5
E

6no
'i:t
o
> -0.5 a function

and offset)

the system

100 200 300

load (grams) t

400 500

= 26.85 (grads) ofway
the
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Super Attenuation filters

Working point determination and

Thermal stabilitY

..-6-llsquency (Hz) (31 -4 +1"3)
+frequency (Hz) (33.4 +/'.3)
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Super Attenuation

Creep

Obscrved abnormally high crecp

filters

Discrete process with random steps at random intervals

creep steps introduce internal nanoseisms

comparable to attenuated seismic activity

Must reduc€ creep induced noise below 10-18 mlHz'll2

which requires creep activity less than 16'a pm/dal (not measurabls)

t<

Dl 59 LA cEne^F vs.
Tzn ?ER A Tu eE

Do3l =
Jcolrr2a

120

i 00
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lcmPcruurl
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Super Attenuation filters

Creep

Creep of I pm/daY is measurable

Creep step amplitude independant from temperature

depcndcnt on cristalline structure

Creep event frequency fcrocp = e'AE/KT

Measured creep activity reduction by a factor of l0 every 20o cooling

Mequire less than I pm/day creeP activity 80o above operational temperature

Test superattenuators

(Good for outgassing)

at 80oC and oPeration at -l0oC
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INTERNATIONAL CONFERENCE ON GRAVITATIONAL WAVES:

SOURCES AND DETECTORS

Cascina (Pisa), ltaly March 19-23' 1996

VIRGf KrcKoFF MEETNG

APPLICATIONS AVAILABLE

PLEASE ENQUIRE AND APPLY A.S,A.P
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Project Director

Yoshihide KOZAI

National Astronomical Observatory (NAO)

lnstitute for Cosmic Ray Research (ICRR)

National Laboratory for High Energy Physics (lCK)

Institute of Space and Astronautical Science (ISAS)

UniversitY of TokYo

University of Electro-Communications

Kyoto UniversitY

300-m laser interferometer
fundamental Parameters

target sensitivitY
h:3x10-21

@00H2

arm-length
300m

detector type
recombined FabrY-Perot
type with Power recYcling

cavity finesse
520

laser
injection locked LD PumPed Nd:YAG
outPut Power 10W
wavelength 1064nm
recYcling gail't 10

vacuum ,- 
.

1o-6Pa
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SCHEDULE OF THE LASER INTERFEROMETER
GRAVITATIONAL WAVE DETECTORS

300-m
DETECTOR
(approved)

3-km
DETECTOR
(planned)

detector
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1 995 1 996 1 997 1 998 1999 2000 2001

construction 'l
'oper tion
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6=3y1 6-2 1

test facility for
advanced dete

construction
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TAMA300 data management (d300)

Tasks

Data acquisition
Highrate(600kbytes/sec),300channels'Aweekofoniinedatastorage

Realtime rnonitoring of slow data

CRI, printers' through network

Realtime data reduction, triggering and analysis

Strain sensitivity (h)' analysis triggering by h

Templatematching,Datareduction(bycharrnelsandfrequencybands)

Remote control of instruments

Vacuum system, laser system' through EPICS

Feedback over 300rn

End room -> Near mirror signal feedback through fiber optics

Database management

User interface, data format' internet services

s
\6



High speed (201*Iz)

201rs12* l4ClL * 16bits

= 560 kbvtes/sec

Networks-based system and interface

Fundamenral nerwork:

User interface:

TCPiP + Ethernet

Unix+X-window+EPICS

Reflective memory - VXI
VME-Ethernet-EPICS

GPIB -Ethernet-EPICS
TTL data transfer through fiber optics

TAMA300 data amount

Medium speed (200Hz)

2$t{z * 1C0Cl.';' 16bits

= 4.f, Lioi'ies,'sec

Policy

2iiz {'200Cb" * 16bis

= C.8 kbltes/'sec

Totatr: 600 kbytes/sec

€:
\o

Separation of several different kind of data by networks

High qpeed dara:

Low speed data:

Vacuum noniroring:

Analog datatraasfe:

lnterface with other observations (other GW antennuls, T-ra)', infrared, et'c.)

Time keepi4g: GPS i ntp

Establish an international standard data" f.srfrar

\ryWW inf ormarion services

Collaboration with other groups (LIGO/V IRGO/GEO/eIc- )

\o

Low speed (?Jlz)
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High speed samPling

* 180 kbvtes/sec

TENKO 100 recorded data

951220.PC.500H2-2kHz

25 samples/sec * 2 bytes/sarnple * 30 channels

= 2'5 kbYtes/sec
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What has become clear from
the long-term oPerations?

tl Interfet'otncter signal ancl the unlockirig of the system

Sensitivity varies by factor of 10 (max) from day to day

(especiallY below 600H2)

SlowmotionoftheDLmirrorchangesthedarkfringecondition

Darkfringeconditionishighlycorrelatedwiththeunlocking

4SHzgroundmotion,duetoanairconditioner,hasatimescale

of l0 minutes, and it also makes the system unlock'

Car passing the street nearby, also makes the system unlock

o Data acqtrisition system and analysis

Dailyvariationoftheanalogsignalwasdifficulttohandle

with a small dynamic range (12 bi$' Several.days of data

were lost. Choice of filter is important'

Data compression at the analog stage simplified the data handltpe

o Future

' R"altime data comPression
I

,i. Realtime data airalYsis
f.

i , A flag shpwiriq the yalidity cil.daqal ';'

t.

,

I
(
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Revised manuscriPt submitted lo Physical Reviev: Iztters on November 27' 1995

'A Sagnac Interferometer for Gravitational Wave Detection

Ke-Xun Sun, M' M' Fejer' Eric Gusrafson and Bobert L' pyg:

Edward L. Cinzton Laboratory' Stanford University' Stanford' CA 94305-4085

Abstract

We have investigated a zero-area Sagnac interf€rometer as a broadband gravitational wave

detector. Frequency response measuremenls of a laborato4'-scale interferomeler are in

excellent agreement with theory' The measured conlrast ratio' 0'996' is insensitive to

induced birefringence, laser-frequency variation' arm'reflectance imbalance' and DC mirror

displ-acemenr' A near shot'noise-limited phase sensitivity of 3xl0-erad/'jHz was

measured at the interferorneter's maximum sensirivity frequency' 90'9 MHz'

PACS numbers: 04'80'Nn' 07'60Ly' 42'25'Hz' 42'62"b

Edrvard L, Ginzton Laboratory
Stanford UniversitY

Stanford. CA

stanford Advanced Gravitntional-wavc Laser Interferometer Program

GALILBO

Principal hlvcstigator
Program Director of Galileo

^Robert 
L. BYer

,/A^X < Flr-^--
Co Investigators
Daniel B. DcBra"e;// fr'/L
lr{artin M. Fejer

n'C,n^ /14. f,i
James S. I{anis

lona DFAp L(^/ €
P,?re ra

M o n D Ayt JA^/ {-s, /?7,6

A= | "r. LUanrs#oR

Yoshihisa Yanlamoto/ i/ )-
l"L Yr'"ttu
' Richard E. Taylor

'ez-2f 4r
October 19, 1995
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StarrtortlAdvancetlGrav|taliona|.WavcLaserlnterferometerProgram

(c)

Frgure Cl9 (a) Sagnnc inlerfcronretcr for totntionol scnsing (b) Sagnac intcrferomcler for displlcclnent

sensing Rolational scnsitiYity is suPprcsscd try area cancellation' (c) Two-round trip Delay line Sagnac

interfcromcte( for Sravit0lional wavs delcclion'

l. The Sagnac Common Path Interferometer

' 'l'h" Sagnac interferometer' invented in l9l0 for rotation sensing' is a common'

path interferometer in which lvaves traveling in the opposite direction experience

identical optical paths. In the original version ofthis interfcrometer' and the version most

rvidely used today for lascr gyro rotation sensing' tbe Sagnac interferometer is an open

ring that encompasses un o'"t A' Tlre rotation sensitivity is increased as the product NA

rvhercNisllrenumberoftimeslhatthe|aserbeamtravefsesthcperimeteroftheenc|osed

nrea. Fiber optics is used today to increase N and yet maintain lhe rotation sensitivity in a

t48 
1

I

il

P'{

Slanford Advanccd Crovl.atlonat lvnre tnterfcromctry Pt"tt"t 
F;i;;;in;i i;;;;;iir;i;;

r3

Martin M. Fcjer
Iames S. Hmis
Peter F. Michelson
Yoshihisa Yanamoto
Richud E. TaYlor

The Null Aren Sngnac

Robert L. BYer
Cinzton Laboratory
Stanford Unirc.sity
94305-4085
tcl (415)'t23 0226
fax (4 l5) 723 2666

Interferonteter for Gravitational Wave Detection

(b)

The cotrcepl of the conrnron'path' reciprocal'path Inlerferontcter

Calculatecl llesponse Frruction for a LIGO scale interferoltleter

Contparison with the Michelson lnterferonteter

t aboratory cxpcrinrenlnl lltensul'entcnls

ResPonse functiou

Corttrast Ratio

Phnse sensitivity nrensuremcnts

near quallttrm linrited phase sensitivity at 90 MHz

Signal extractiou antl detector local oscillator

(a)

DET
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The absolute magnitude of the differential phase for a Michelson interferomcter which uses

delay lines rather than Fabry-Perots in the arms can be calculated similrly [2]'

2fih"
lAp, F 3f lsin(rcrlr)1, Michekon intetferometer. (3)

ts

For both the Sagnac and the Michelson interferometers, the single arm storage time tr is

dcfined as ,.=?N,where L is their arm length, N is the number of bounces on one
'c

end minor of the delay line, and c is the speed of lighu

fr-
S a gna c i nt erle ro m e t e r. (2)

NULL-AREA

SAGNAC

INTERFEBOMETER
SPECTRUM
ANALYZER OR
OSCILLOSCOPE

DETs

il

1

r 1.6
(!

T t.4
s
e

i, l'2
Eg 'l
€p.

" 
0.8

'a
E
tE 0'6

ot 0.4
o

E 0.,u
G

BS tu2 P8S DETp

Nd:YAG LASER ISOLATOR

Figure 2 (a)

Gravitational Wave Frequengy Ik[Iz]

Figure l(c) shows the rcsponse iunction for 4-km 20 bounce (f'/ = 20) LICO-

scale interferometers. Tlre Michelson interferometcr has its peak response at DC and sub-

peaks ai frequencies determined by the transccndental equation r = tan.r, where x= ,ttsfg.

The Sagnac interferometer has its peak and sub-peak responses at frequencies determined

by 2r= lanr. The first and highest peak occurs lt /8,."*= 037lt, =0il4lt1oop , where

zlooo is llre loop time of the Sagnac interferomeler. Settingt, allorvs dre Sagnac peak

frequency to be tuned to the Sravitational wave',band of interest, and for lhis LIGO

example /a,r", - 690H2. The first leaf of Sagnaf interferomeler responses has a 3'dB

I
bandwidth of 0541r' which for rhe LIGO era[nnb extends from 220 ro 1250 Hz.

l,l'
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The frequency response of a Sagnac interferometcr to a spatially lumped phasc

inodulation is derived from Eq.(l) by replacing the integrandwith 6 -functions' and

expanding the field in a series of Bcssel functions' Widr a 50/50 beam splitter' the first-

side-band responsc function normalized to the input power for is given by

Cr^tragtRotto = 0.??7
30d'B hdovt b'';-t^:b P'frb I

I

?'l *

I

,ES o.s
Edfi{
aE o.eqE
od
$'t
tB o.r
.Ba
6.=tt&t& 0.2

o
d&
a 0.6
tq

() o.4

1.2

0.8

o.2

4.,(/'"u)=fi=Jf1nr;sin21zy.oa(z'-ta)l ' (4)

Thc peak response is at the modulation frequency

2t --
'*- lfo -tal

For small modulation ( rn << I )' Eq. (5)

t^
4,s("f^"a) =!,r2 sinzln I^oa(ro -ro)l sagnac interferometer ' (6)

l0 20 30

Quarter Waveplate Roration Angle [Degrees]

Thc shot'noise-limited phase sensitivity of a Sagnac interferometer assuming a

homodyne detec(ion scheme at thc dark port is given by

w,vffi'
where /p is the local oscillator power' I^;n is the leakage power from the dark port' ft is

rhe reduccd Planck constant, l1n is the intcrfcromcter input power' 4 is the quantum

efficiency of the photodetector, and C is the gong€t Ftio defined as

r.- l.r, - f.in (10)
" r^"* + rr,n '

t'

wherc I,* is the maximum powcr out of rhe bright port' For lcss-than-unity cont"rast ratto'

the power incident onro the derector is givcn by I1e r l^1n' A near-unity contrasl ratio is

desirablc in an interferometer for rwo reasonsi first' the phase sensitivity reaches the

quantum limit only if the contrast ratio approaches unityi second' the photo detector

saturares if illuminated with too much leakrge porver' l^1n. Therefore, we paid parucular

attcntiontotlrcmeasurcmcnlofthecontrastratioandthedark.portleakagcpowcrof|he

Sagnac intcrfcrometer. 
i

40

(e)

(5)

rcduces lo
a

?i,,u (.f."4) -L^' "o"Io f^oo'ul Mlchelson" (8)

I

,rt ".u 
=f, -t llz, tt i, rcsult is phase shifled by 90' wirf rcsnect to the result in Eq'(6)'

I
Itl
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InsensltivltY ol Outputs
to Low Frequency Mlrror Dlsplacemenl
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I

Bright Port Output \<
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Figurc 4

l-igurcC24'lhe outluls from the dark and bright ports whcn lhe minor

PZT rvas drivcn ovcr I Fnr dislsncc' n firll rvavclcngth of YAG lascr

Both oI the outPuts stayed nearly constnnt during the.scan' for which a

t"ti"t,"t.ou intcifcronletcr would producc lwo nctiods of interf€rcnce

iringes. The sntall ripple rvas tluc io PZ'T tilt Tlic PzT \rns driven ot 20

ll7, 400 V Pcak tq Peak'

We trndertook to investigate the contrast ratio as a function of depolarization of

lhc optical beanr rvithin rhe interferonreter' 1'his stu<ty simulalcs the impact of thermal

induced birefringence in a optical elenlenr in a under high porver illurnination expectcd

for an advanced inlerferonleter. For this experirneni tve inscrted a qtlarter rvave plate into

the Sagnac interferometer and measured the clark port powet ns a fttnction of the angle of

the axis of the wave plate. Flgure C25 sltorvs the ttark fringe contrast ratio vs quarter

rvavep|ateoricntationangleandalsoshorvstlreexpcctedcontrastlatioforaMichelsorr

interferorneter. As is rvell knorvn, thc Michelson interferonteter has no fringes for

.UB 18,0-Hr



Sianfortl Advanced Gravltatlonal-Wave Laser Interferometer Program

conductivity but which are absorbing at 1064 nm' As a final demonstration of the

potential for these inlerferometers, ond to attempt to determine timits to the performance

ofsuchasystemlvewillmakeasuspendedmassinterferometerusingasimpledesign
and measure the phase noise as a function of the laser power'

MIRROR

DIELECTRIC MIRROR
GBATING

Figu.e c29. An all rcflcctivc stanfo.d saSnac lntcrferome{cr using a graling bcam split'cr'

We lrave consulled rvirh the teanl at LLNL regarding the design and the

fabrication of high reflecting gratings on dielcctric substrates' (Boyd 95) The LLNL

group has indicated thlt lhey wish to cooperate to assist the LIGO effort' Ftrrther' they

have dernonstrated the capability lo fabricate grarings using liihographic techniques with

dirnensions that exceed one meter. Thus this approaclr is appropriate to consirler for an

advanced LIGO interferometcr' Combined rvith onc dimensional face cooling

technology, an all reflectivc element interferolneter c'rn be designed io accommodate

kitor,lattsoflaserpowerrvithminimumopticaldisrortionan<|noinducedbirefringencc.
lil. ReflectlvcBeamsPlllter

b. Tlrerntal Nolse and Materlols Effects

P lz-
I

Slanford Adranccrl Crnvllationol \Yavc lnlcrfcrometrl Progrlm.---.--
Co Invesligalors ['ilipll 

lnves'lsator

Dnniel D. DcBra Ginrton Lsboratory

r'l

Martin ltl. Fcjer
iarnes S. Haris
Peter F. li{rchclson
Yoshihisa Yatnrmoto
Richord E TaYlor

SummarY

Ncxt stePs In the laboraiorY

The l0 nleter lnlerferolneter

Stanford Unircrsity
94305.4085
tel (415) ?23 0226
fax (4 15) 723 2666

l. Thernral Nolse and Q In Test lltnsses nnd Suspenslons

.Iherrnalproblenrsareoftrvotypes.Thefifstiyperesultsfronrtherrnir|ly.inducedfigurc

distortionsintheoplicalcomponentstlratprorlucespatialvariationsinthephasefronts'
anda|sothermally-inducedsrr"s,",thatproducespatialvariationsin|hepolarizationsof

rheopticalb.eamsrvhichrec|trccthefringecontrast.Thesecondtypeofproblemis
;r;;;;t*; th. t"rt nru..", and tesi mass suspensions' the spectral densities of which

*
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LISA SensitivitY

Y 
lotMoBH coalescence z=1 O normal binaries

I IwDE's

A X-taybinary

V possible

BH coalescence z=1

GW background, f,lo* = 10€

---

o 'i.
a

10'24

USA threshold, tYPical S/N = 5 as

detector tums during a 11Year

observation of a fi>ed source

Extragalactic AstronomY

Obiective: To detect and shrdy gravitational wave

sisnals fro^,o'iito itt"tt"i;t rnassive black

i,8il MBHti iltrt *usses of 
-103 to 108 Mo'

o 5 or 10 Mo black holes GHs] or comPact stars

otUi6"g fOs to 107 Mo MBHs'

. MBH-MBH binaries resulting from formation of

ilil;i;MBns ; m?ny galixies Plus their

li"ti't[e dlt 
" """t"t 

by dynamical friction'

. MBH-MBH binaries formed by mergert,of ,--
galaxies o, pt"gulactic structures that already

iontain MBHs'

. MBH-MBH binaries formed by growth of severai

;;JtHt in the same galactic nucleus'

. Sudden formation of MBHs'

It appears plausible, or even likury' that at least one

of these types oi Uittuti"t can be Setected and

studied bY LISA'
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hundamental PhYsics and
CosmologY

Obiective: To test general relativity in the $Sn $5ta
li'mit, and to t""P""ii f* cosmological information
^#;ffiil"""lu""tgto"ttd radiation and

potEiUty on the expansion parameter 4o'

o If BH-MBH or MBH-MBH coalescencg tigtt"t--.,

"t" 
t""", ttrey witfprovide a-u11{ue test of general

relativiW at extreniely high fiel.ds' 
Even slight ''

ffii;'#; ft;; th"ivnXmical predictions of the

tnuotY would be detectable'

r Cosmological backgrottttg, radiation could be

detected near 10 o#lrwith a sensitivity of L0-10 to

10-11 of the closure densitY'

. If several MBH-MBH coalescences with both

nrasses > 105 f,n. o"*t, the S/N will be high even

ut *t*ofogicaidistances' and very accurate

i;;t;;;tt"dis;;;;;'uo t" obtain-ed' Ir the event

directions ut" tii""tlred and can be associated

with clust"tt of lufuxies with t"9.*o redshifts' it

;;;;;p;ttiur?J" a"lermine the cosmological

eiiansion Parameter qo'
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alactic Astronomy
Obiectiver To tnrzeedgate the number and
-Zb-trl-htlenof dtff6rent Wpxsef ehort petlod'

btnartee lnour galaxy,

o Neubonstarbinaries: hundreds wlll bc deteetable
and their locations can be deternrined throughout
the galary.

r Close white dwarf binarles (eWDBe)l thoueands
above about t mHz are expeH to be reeolvable'

o Known sources: a few wtll be deteetable, tneludtng t
Boo (normal binary), WZ Sge (eataelysmle
variable) and 4U182S30 (x-ray binary).

o Interacting white dwarf binaries (IWDBsh many
wiil be oblervable, GP eom is known, and eevefal
othere are known exeept fur posslble frequeney
ambiguities.

o Other compact binariesl BH-neutrsn star and BH=
BH binariel are expected to be detectable.

r CWDB background: below about 1 mHz,-the very
large number of CWDBs will give a confuslon-
limited background.

I
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LISA

Laser Interferometer Space Antenna

- a gravitational wave detector

for low frequencY signals

H. Ward, Aspen, January 1996

LISA Science Team

. P. Bender, JILA t l. Ciufolini, CNR

r K. Danzmann, Uni Hannover . W.M. Folkner, JPL

. J. Hough, uni Glasgow . D. Robertson, uni Glasgow

. A. Rudiger, MPQ . M. Sandford, RAL

r R. Schilling, MPQ o B. Schutz, AEI

. R. Stebbins, JILA . T.J. Sumner, lmperial Coll'

. P. Touboul, ONERA . H. Ward, Uni Glasgow

<) W. Winkler, MPQ

r J. Cornelisse, Study Manager, ESTEC

r Y. Jatry, StudY Scientist, ESTEC



Spaceborne Detectors

o space-based detectors are sensitive in the

low-frequency range
r long baseline
. no gravity-gradient wall

r Two-arm interferometers are much more

sensitive then spacecraft tracking

ComplementarY tc cther Detectors

r Ground-based (VIRGO / LIGO / GEO) "blind"

below 1 l1z

r space-based frequency range extends down

to 10aHz

e LISA detects local precursors of stellar
coalescing binaries

r LISA + ground-based detectors could provide

spectrum of cosmological background



Measurement Technique

Laser interferometry between inertial

MASSES

Long baseline :5 x 10e P11

High measurement sensitivitY :

.6x <25 pmdHzfrom 10-3to 10-1 Hz

o 6a< 10-1sms-2dHzfrom 10-4to 10-3Hz

Spacecraft Orbits



LISA lnterferometrY

o Effectively a Michelson interferometer

o Phase-locked laser transponders at arm ends

o Lasers in central spacecraft phase-locked

Outline LaYout LlsA (2 arms )
e

OT

ua6

b

main transPonded
laser beams

inertial Proof mass
shielded bY drag-free

sPacecraft

{6

signals transmitted
to ground



LISA Science PaYload

payload thermal shield aa

3360 mm

t\l
electronics lasers

( Payload tube diameter = 500 mm )

I
I

I

ootics
bbnch

Drag - free Controi - 1

. Objective
o To obtain at the centre of each spacecraft a proof-mass

free of spurious accelerations in order to define the

intereferometer arms

. Concepts
Accelerometer based on a cubic proof-mass (highly

accurate geometry, 1.3 kg of Au-Pt alloy)

capacitive position sensing of the 6 degrees of freedom

Electrostatic servo control of the proof-mass position and

attitude with respect to the ULE accelerometer cage

Spacecraft driven by FEEP thrusters to nullify the

eiectrostatic feedback forces on the proof-mass

a

a



a PnooF-MAss Poslrloil sENSlilG :

Laser beam

Since the laser beam is reflected on the proof-mass :

r a resolution of 10'n m/ffi is sufficient to limit
the variations of proof-mass disturbances
(S/C gravity gradient in padicular).

r but the electrostatic stiffness induced by the sensing;

must be very weak (.10'u N/m).

PROOF-MASS FREE MOTION I

r All accelerometric disturbances must be less

than 10''u ms"/ffi in [10-n Hz; 5x10" Hz]

r> optimization of geometrical and electrical
configurations

rr> high thermal stabilitY.

I Sensor output kept at null

4 no stringent requirement on scale factor
accuracy, stability and linearity.

IffiTTT
o,
l!t
D

!
Ioc
@

cr

N

a
P
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F3F3$
ggggs
FTFB

EF
5
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I PROOF.MASS GHARGE Q :

variations due to flux of particles from cosmic rays and
solar flares

evaluated to - 10'tt C/s - 10u'C/s

I DISTURBANGES :

Cue to olorentz force
oelectrical forces when asymmetry of the geometry

-{> e < 3 x 10-to C corresponding to 1 mV

6Q<10'"C tv+z

Q to be deduced from the measurement of the effect of

a sine wave exciting voltage on the electrostatic
suspension.

Q to be controlled by use of U.V. lights.

I MAGNETIG :

o Lorentz force :

r{> control of the proof-mass charge
o Magnetic moment of the proof-mass

rr+> Au pt alloy :I = 10.

I RESIDUAL GAS :

o radiometer effect
o damping

3 acoustic tranfer
o statiscal fluctuations.-{> po < 1o-. pa

"'{> internal core opened to space vacuum
use of low outgassing parts and baked
sensor core

I RADIATION PRESSURE

I GEOMETRICAL STABILITY :

a U.L.E. accelerometer cage
o suspended proof-mass

rr-1> expected thermal stability better than
1o'' K t VHz

t44akb,Ni&.a, \.d',rr'+,r/ b?, ! ' ,OllENA P.TOUBOUL 22



FEEP Thrusters

em acceleratot .+

Forcerange:1-25PN Response time : 10 - 30 ms

LISA Science PaYload

/
itter

3360 mm

thermalshield aa

+

I

secondary
mlrror

+

I t l\t
optic,s elecironics lasers
bencn

primary
mlrror

( Payload tube diameter = 500 mm )



Optical LaYelI

phase oPticalfibre
modulator

reference
cavitY

maln
telescoPe

rear
reference

beam

multi-element
photodiode photodiode

Hw2n6

Photon Noise

o want photo-electron shot noise to contribute

a measurement noise less than 5 pm t^lHz

for a single traverse of one arm

r For a given laser power and arm length this

requirement sets the mirror diameter needed

+ For 1.06pm light, effective power 300mW'

and an arm length of 5 x 10em' a telescope

output mirror dilmeter of 38cm is required



Lasers for LISA

r High outPut Power (- 1 W )

r Low noise

I Good reliabilitY

. High efficiencY

o Compact size

*Diode PumPed Nd:YAG lasers

Laser Power Fluctuations

r Power fluctuations cause acceleration noise since

light is reflected from the proof mass

(}Requireanycomponent-ofspuriousacce|eration
noise to be < 10-16m s-2

o For proof mass of 1 .3 kg and 1 0 mw reflected power 
.

this sets a tolerable limit to laser power fluctuations of

6p/p < 2 x j0 -6 /r/ Hz



Laser Frequency Noise

<) couples in through difference (Ax) in arm length

r Fractional Iaser frequency noise (6v/v) translates to

apparent displacement noise 6x = Ax ' (6v/v)

o For arm length 5 x 10e m, Ax could be 10e m 
'

so for 6x < i p* t4 Hzwe need 6v < 6 pHz ll Hz

<) Stabilisation to a ULE cavity with thermal stability

AT < 6 pHz t^l Hzcould only give 6v < 10 Hz t4 Hz

o Not good enough, so further correction algorithm

needed

Frequency Correction Algoritm

. Provided by comparing the mean phase of the light

returning in two adjacent arms with the phase of the

transmitted light

o Since q = ( nlc).v.L, 60 = @nlc)(v.6l + L'6v) and

sinceDLissmall,60-$nlc)'L'Dv'SoifDQis
measured, 6v can be calculated

r Now the gravity wave signal is found from the

phase differen|e between adjacent arms; the

measured phase difference can now be corrected

for the effect of 6v



Doppler Effect 1

. Relative velocity between craft leads to Doppler

beat signals in the phase comparisons

I Possible velocity of 8 m/s gives a beat in one return

arm of 16 MHz

. Need to reduce this to manageable rate (few Hz) for

later signal processing and transmission

. Done by beating with a stable on-board reference

clock

r Clock noise must allow measurement precision of

6x < 2 pm l^,lHz or 6Q <2.5 x 10-5 rad l^'lHz

Doppler Effeet 2

. Required frequency stability of clock = IT'l€dsurement

frequency / ctock frequency x measurement phase

noise limit

r Thus for observations at 10 -3 Hz and a beating

frequency of 16 MHz, a clock frequency stability

of 1.6 x 10-1s i./Hz is required

. This is equivalent to an Allan standard deviation

of o41"n- 
'4 

x 10-17 over 1000 Second timescales

. Typical USO has oa,1"n* 2 x 10-13 so clock

stabilisation technique is required



Doppler Effect - 3

tStabi|isationofclockfrequencydone'analogous|yto
theschemefor|aserfrequencystabi|isation_
essentially by using the stable arm length as a

reference against wtrich to measure the frequency

oC|ocksigna|isphasemodu|atedontothe|aser
light at a'f,igtr modulation frequency (- l GHz)

rCarrierandsidebandsigna|smonitoredandtheir
frequencyf|uctuationsd-educedfromknow|edge
ofapproximatecommonmodeanddifferentia|
arm lengths

I{w 2D6

Spacecral!_j

I Drag-free
r 10-15mr-z(rms) in the band 10-4 to 10-1 Hz

using Caesium 
'fffp 

thrusters for control

o Pointing
r few nrad t4Hz in above band

r Payload (each sPacecraft)
. mass : 67 kg

. power : 48 W
o size : cylinder 0'5 m diameter by 3'3 m long



Spacecraft 2

r spacecraft - 3 axis stabilised (6 s/c in total)

r Mass : 290 kg each spacecraft in orbit

r Power : 183 W each spacecraft in orbit

. Propulsion module
. Mass : 216 kg, 2 spacecraft per module

r Propellant : 240 - 920 kg, depending on

launch date, tor 2 sPacecraft

I Total launch mass : 6200 kg

Spacecraft 3

r Telemetry
o 560 bps continuous tota!

. Ground stations : Villafranca and Perth

r Mission life
. Specification : 2 Years
o Feasible life : 3 to 10 Years



Spacecraft with Payload

P ropu lsion Module + 2 SPacecraft



Launcher

ARIANE 5, dual launch
configuration
c two pairs of sPacecraft in the

lower comPaftment
. one pair in the uPPer under

the short fairing

Each pair of sPacecraft has

its own jettisonable
propulsion module
. provides a AV of 1000 m/s for

final orbit injection

Conclusion

LISA will probe the gravitational wave

spectrum in a region not accessible to

grou nd-based detectors

LlsA is complementary to the ground-based

experiments and should detect a range of

exciting sources

LISA's technology is demanding but no

breakthroughs are required
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Eipected Slgnals trom B}hSMBH Blnaries

F.c-ior 2 lnt lvrlr h SmBH m8s| il and Re(lshlft z

z=1 /1 6 
0.1% ot rttp ln g.hclic clt aro araurnecl to be 7 M o blsct ho!s8'
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[-ase*:s f'o'n LISA

Benno Willke
University of Hanover

results of the LISA study team
reported in the Pre-Phase A Report

Aspen Winter Conference 96
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l064nm 8lOnm (diode laser)

8 I Onm (diode laser)

p Scheme
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Diode lasers:
Siemens SFI-I 487401
emitting apertur'e 1 x200um
output power 1W cW

Maximum pump power:
Maximum output power:
Slope Efficiency:
Electrical/optical
Conversion efficiency:

Diode laser

>15o/"

2.0w
1.1W
60%

2 04046-72 tl

Pump scheme
Monolithic Nd:YAG ring laser



,%efi

,r-0r.6 ) "t""(4ryp

|,-o''' ' (r av
w 

,4/'3

,4w: 7 b'09

/, va.4 a.t o1 dS 1 p

(= at!o.1 /Z'anba.tj

\h'/ ) l"-@r)P

. (in1 P il. zCI

z,&t

2
€E

,r,I

q'.,i.:,
,l't'l
!i.'i.r

li'l
2

vreT

2P

-A/1:7Pls
t-
6taanbfiJ p aunb a,,t

. Qr

-i
? 2 tt2a )jl r2l .i !

178:t lo "so7d



730

I

Mobor ul

OPTICP

l,lc Aqra on J

LETTERS / Vol.

k )n - ;cA;

19, No. 10 /

Lle da

May 15, 1994

103

P sh /:; /; s o{; oot rcgqhc y

s { a l; /; ,o *o^ on a ca vi {'y m atta {ed

e., U/ E p/a{{orn

NTI
RI

I
(o

oa'6
-

IL

/4

f

101

1 0-1

1 0-3

(,o

a(o
0 = o(Z

e

1 0-"

,(1er*a/ erpat cioa af /1o ,a/o/for".

"l! = at.Jf
e

101 102 103

Fourier frequencY

104

lHzl
the gryqr sirnal

a stabilized state
limit is 4.2 xLO-o

,/'t
alt . 0

105

t .lr
Fie. 3. Relative FM noise spectra at

ui"" ft..-running state [curve (a)] at

i";;ai)i. ThJcalculated shot-noise

qcu,'las a / "/'7r^letcY

ly f, = 4,1//2,,'fr @z/+/e

linear sTtec(ra/ le.si{y of freg"zacy t'a;re

c,rr= t-f -* =,=7.f 
ol,=, 1"

LGTJ'1./0-6 VWJfr

i,
,!
I

Shot-noise limit



t?quire J a-P/;-/rJ"-

-t

t("1,/,/y-

raJ;a ho^ fett qrc "f 4o o' V < au tcs

i) r{ea /y acc e /e ro (;o^ a : 6' '/o-"

ii) fl,,c{ua*^J occ€/era(;o^

!!p

0)
.9
oc
'6
',C
.o.
.- (-..

:o

at
6
cc

N
N

s{!

N
a

g
s' 5rl0-5

t , 6. .lo't" 3
gt

;xtof,T

to keep A t ilo''c ?' fu vc ^e'd

fr6,.r,
PlE

Suppr
by



I

t

I

I

{61 vii*r"t^"' 
\\

)'q,N"'S*,,,..,
f',,10,ir,,,g.ffi - )u"l:i'lll"''' /2', *rr{xir,rrr

/\ 
'"\ 

,'. ' ' ll\', 
llr *r''rJ'l

t]'lzl'tl libt' 
. zir , 

t' 
I trst,,.,),srrrl

,ll
,!, \l/

t^.r,lJI , 'l'

l06,lnrtr

tri.*[it*sji*:' " :.. I
tilcrnerrt liFll .lST.l0l I
cnriltiltg irpetlute I x?lXlrrlr I
outlrut lron'cr l l{' urv I
irttcrnirl cylirulllclrl ltns I

ln c{rnrpcnsltc dslip,nratisrrr 
I

II

r)irrrtct:ircr lllii>
il

I )i0(lc

. . r .;_i:.... ,l , ,".r,1,:1... .1.,: .,:',t, .:

:

L

'ri,.

I
I

I

l'
I

) t,

I

i,



t
il,l

illl

,$1

il

t
ii

I
I

I

I
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one directional operation witlrout or with low

magnetic field

iniection-locked concept or single Nd-YAG laser

reduction of intensity noise due to pointing

of the laser at the fiber couPler

investigation and stabilisation at low frequency

test of new pump concePts (MOPA)

r longtime test of laser diodes : - lifetime

- wavelength
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LISA Error Budgets

Robin T. Stebbins

IlLA/University of Colorado

Aspen Winter Conference on Gravitational- 
Waves and Their Detection
Aspen Center for PhYsics

Aspen, Colorado
15 January 1995

Outline
. LISA - A different kind of interferometer

o Noise types, error allocation and combination

Optical-path noise

Acceleration-like noise

Allocation, budget and all that

Combining error allocations

. OPtical-path noise
Detector shot noise
Master clock noise
Residual laser Phase noise
Laser beam-Pointing noise
Scattered-light effects

. Acceleration noise
Thermal distortion of sPacecraft
Thermal distortion of PaYload
Payload gravitY noise
Th-ermal gradients in test mass cavity
Electricaiforce from charging and patch fields
Lorentz force from charging and interplanetary

fields
Residual gas imPacts
TelescoPe thermal exPansion
Magnetic force on tesf mass from fluctuating

interPlanetarY field
Other iubstantial effects
Other insubstantial effects



A Different Interferometer
o Test masses are in free fall.

. The solar orbit is a very benign environment'

o The drag-free system further reduces external
disturbances.

e LISA has a comparatively simple optical system'

Noise Types, Error Allocation
and Combination

. Optical-path noise: unwanted effects that make
thi apparent optical path change. These generally
have a white spectrum.

o Acceleration noise: unwanted effects that are, or
look like, forces on the test masses, i.e., that have
l/P f.requency dependence when displayed as a
displacemenf. Warning: Those which are driven
by 

-solar 
insolation are different by a small

fractional power ofl.
o We have constructed a budget by identifying the

major sources of errors, picking an error allocation
thai appears sufficient - or even generous - and
makirif an allocation for other smaller effects,
known and unknown.

o We have adopted a noise combination Procedure
that was recommended to us by Dan Debra as one
that worked well in other precision measurement
satellites at Stanford.

- Simply add the five largest errors, which are
nof know to be uncorrelated

- Add the remainder quadratically.

This is an attempt to be conservative and reflect
our ignorance.



Major Sources of Optical-Path Noise

Source

Detector shot noise (random)

Master clock noise (random)

Residual laser Phase noise after
correction

Laser beam Pointing instabilitY

Laser phase measurements and

offset lock

Scattered light effects

Other substantial effects

Total Error Allocatlon for Lz'Lr 31x 1(F12 mdHz

Error
1grz6/r/Fz

7

10

4

Number

x4

x1

x1

x4

x4

x4

x60

Source

Thermal distortion of outer laYer

Thermal distortion of PaYload
(internal)

Payload gravitY noise, Plus'spacecraft 
disPlacement

Temperature dif ference
viriations across cavitY

Electrical force on charged Proof

r.oilft|irot"" on charged Proof
mass from fluchrating
interplanetary field

Residual gas imPacts on Proof
mass

Telescope thermal exPansion

MagneHc force on test mass

Other substantial effects

Major Sources of Acceleration Noise

Error Number
1yro.@-11219r/t

c

2.5

2.5

2.5

X4

x4

x4

x44

2
2.5

2.5

2.5

2.5

1

2.5

1

2

2

x4

x4

x4

x4

x4

x20

x 100
Other smaller 9&!q

Total Error Allocation for Second
Tlme Derivative of L2-L1

3 x 10-1s . (10'4 Hzl01/3

mls4\[fr'



Conclusions
. We have made a fairly extensive, initial survey of

possible error sources.

. The major contributors have been estimated'

. There are no insurmountable obstacles.

. These conservative budgets give a very rewarding
sensitivity.
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Glasgow Modecleaner

flat mirrors
0.5% trans.

15m curved t,
mirrors, max rell'

Progress RePort

December 1995
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CouPling of Beam Jitter
tlarough Beam Splitter Misaligl'lment

rypical Nd:YAG r$",
Beam Jitter Nois'e

o Hz frequencY l(

Typical Nd:YAG Laser

Beam Width Pulsation Noise

Require!

< to-lo lJHz

Implies 4 orders of nagnitude suppresxon

Require!

A, .10-ll lJHz
w

Implies about five orderc of
magnitude suPPression

Coupling of Beam Width Pulsation

through Mirrot Curvature Misniatch

oi Eff".ts of Scattered Light
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Reduction of APPlied Jitter feak
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LIGO Research CommunitY:

The View From LIGO

Gary Sanders

AsPen Workshop

January, 1996

ILGoProjecl

LIGO Users CommunitY

GarY H. Sanders

California lnstitute of Technology

Aspen Winter Conference on

Gravitational Waves and Their
Detection

January 24,1995

LIGO Project
LtGO-Go600024GM



Traditional "Users" Mocieis

High EnergY and Nuclear PhYsics

,, Accelerators

- CERN, FNAL, TRIUMF, SlN, Frascati, Saclay

,' Reactors

- Grenoble

AstronomY
,, Telescopes

- Palomar, Arecibo, Submillimeter, Owens Valley' Hubble

o Magnetic Fusion Machines

,, TFTR, MFTF, ITER

o Materials Science

" Light Sources

" Spallation Sources

LIGO Project
LrGO-G960002{0-M

"Use/'Models
(recited 'oy a high energy physicist)

o
o
o

a
o

o
o

Facility capabilities supported by in-house team

Access to facility generally open to international community

Research can be collaboration between in-house and community

".i"nii"t. 
or can be completely independent

Researchproposa|sarecol|aborativeandsubmittedtopeerreview
Reviewinc]udesscientific/technicalreviewandaEencyfulndingreview

'scientificreviewgenera||yhe|dbyfaci|ityDirector/Principa|
Investigator

' AgencY holds funding review

Facility creates a Program Advisory Committee

UsersorganizeaUsersGroupwithelected|eadershipandcharter
,, Usetrs Group becomes the "customers" voice

LIGO Project

L|GOG9600024&M



lmmediate User lssues

o User requirements for facilities

" Visitor accommodations - offices, labs, food, sleeping quarters

" Clean room storage and work areas for test and assembly -

"staging" areas and labs

" Computing

" lntellectual climate

. Computing infrastructure
,, hardware environment

" software tools

- AVS vs. Khoros

o Review of proposals
,, Early LIGO program

" Advanced detectors

LIGO Project LtGO€060002-00-M

,I

N ati o na!/l nte rnati o nal

o US groups

" NSF funding proposals

" LIGO project deliverables funded by LIGO

o International Gravity Wave Network

" Interlaboratory aEreements to share data for combined
results

" Share in technology development

o International joint Projects

', Government to government

LIGO Project L!GO€9500020GM ,



AVS 5 vs. Khoros 2

. Price

" AVS is $7K - $251(/user

" Khoros is "free"

o Support

' AVS offers commercial type support
,, Khoros is informal and unpredictable

- LIGO maY have to hire suPPort staff

o Distributionlicenses

' AVS run-time modules cost $

" Khoros executable modules free

LIGO considering selection within 1995

(LIGO has neEotiated "community" price 40% lower)

LIGO Project 7 LlGo€e60002-00-M

Aspen Discussions

o "Users Group charter'' strawman (Berley/BNL model)
discussed
,, "LJsers" changed to "Research Community,'

' changes made to Executive committee and nominating process
,' Revised draft charter agreed to at end of day

o communique sent internationaliy by syd h/eshkov
,, conference proceedings and communique (L9s0365) available
> comments on role of LIGO Research Community
)> comments on nominating process
)' comments on composition, membership, and organization
)' names submitted for Nominating committee and LlGo pre

Program Advisory Committee

. Response was very supportive and constructive
LIGO Project g 

Lrco€o6ooo2{&M



ucs
' IGO Research CommunitY

rhe uGo Research cornmu:rjwoRols cupgr1 13 :Tlt"Ti;,",t "#:tf,"ffi;,ffi:[!'rl;';;;u *;;"r wrrat rappenea lGl meaing was circutatea

;;"f;;. on Gravindonal waves and Their Detedion' ran' #-
crtlvthercafter.Asaresultofth;viewsexpressed.atth,'*.1",,',iic;ip@i.i.I:T'**"uy.Ne$sftemsthat.rci$e 

UGO Researcl Com*uoirv will be posted in this p,'t ;ffi'ile6 Hot' P*t i-q:].ffi;**tljg.ior 
meetiag of the LRC will bc at the 1996

Aspen Wilet Confercnce on Gravitational Wav

{ews:
o We arc cuncntly gathering information for the LIGO Rcscilrch Comnrunity dilabase ' ''[E!ri

; *.*iit c"t*ti-nte: Elcdion rcsuhs

3'!51,* c9*'.fq llv:t' T::"::'".T:
o tffifrtili6di.r.otth cn*n"'nit]'
a I-PPAC Form:llion Annonnccnlcnt

eturn to the LIGO Homc Pagc

st modified 12 Dec 95

For problems or sugge$ions abottt Web material' contact webmaster@hgo'caltech'etlu

Eor inlo tmation about I'IGO' contact info @ ligo'calt ech' edu

External Users and Advisors

o LIGO involvement with the scientific

' Allwho are interested in exploiting the scientific opportunities

offered by LIGO

" Nominating Committee

,, Executive Committee

o Pre Program Advisory Committee

Program Advisory Committee

External Advisory Committee
o

o
LIGO Decided to ask Pre-Program Advisory Committee

to facilitate formation of EAC, PAC, LRC Ex. Comm.

LIGO Project 10 UGO-G960002{0-lt,



ucs
_LPPAC Formation Announcement

At the Aspen winter contercnce on Gravfuational waves and their Detection in January, it wai the sense of the meeting that a LIGO Pre-Prograrn Advisory

Committce (lJpAC) shoulct be formed. Taking into accounr the mony suggestions thai have been received, this cornrnidee has been constituted with tie following

- membership:

a P. Satlson (Sltracuse) - Chair
o S. Finn (Nonhwestem)
. A. Giazotto (Pisa)

.I.Hdt(JrLA)

. W. Hdrilton (ISU)
o C. Prcscott (SLAC)
o A. Ruediger (MPl-Garching)

-TnEf,ppAcwiu exist only for a year or rwo. During its brict life ir will flcr as borh a LIGO Program Advisory comrnittee (LPAC) and as an External Advisory I

Comminee (EAC). Bcfore it goes out of cxistence it will hclp design a final LPAC and EAC. Wc hope to convene the fir* meeting somc time in the falt'

Ar Asp€n, it was also agreed $at a Nominating comminec be formcd ro finalizr a charrer and organize thc initial leadenhip for the uGo Research community,

consisring of all scienrists intercsred in uGo,i scienrific opponunirics. wc propose thar the LPPAC should play this rolc as well. This makes efficieat use of thc time

of the members, and reflects fte strong overlap in suggesuons of memben made to us by the research community contaded after the Aspen meeting. In thc intcrim

it will concern itself with:

l. Initial interferometer design tcchnical advicc

2. Commisioning Plan

3. Community Research ProPosals

4. Establishing a LIGO Visitors Program, ils well zs a Uscrs Progrant

As soon as thc LppAC rDeets, you will bc informerl about its deliberations, as wcll as about othcr activitics.

We plar to hold a.nother Aspen Wilter Conferencc on Gravintional Wavcs from Jan. l5-21, 1996. The subject has nol be€n frnalized and we welcome your

suggcslions.

Retum to the UGO Rescarch Conlntttnitv nltg!:

Retum to the LIGO Hontc Pagc

uGs
webmoster@ligo.cahechedu / I 5 J uI 95

Executive Cornrnittee: election results

The ballots for election to the Executive Comminee of the LIGO Research Community have b6en tabulated. The Exec$ive Comminee has tbe following
membership, Iisted in a ranked order by the number of votes received:

l. DavidShoemaker
2. SamFim
3. BillHamilton
4. Harry Wad
5. Joan Ceatrella
6. EricGustafson
7. Bruce Allen

Thus Shoemaker. Finn, and Hamjlton havc won temrs on the Exccutivc Conrnrittec of thrce scssions; Ward and Centrella terms of 1wo sessions; and Gustafson and
Atlen sloele sesston IcmN.

Ar a teleclonfercnce meeting of these seven ilcmbers, thcy elected Sam Finn to bc thc Chair of thc Executive Committee.

Thc next gorcral mceting the UGO Research Community and of thc Exccttivc Committec will be held at the Aspen Cenrcr for Physics Winrcr Conference on

Graviutional Waves and Thcir Dctcction, Jan. l4-20,1996, Aspen Colorado.

Return to the LIGO Homc Paec

Retum to the Rcscarch Community Honrc Pagc

Iast modifzed 2E Nov 95

For pmblems or suggestions about Web materials, contact webmaster@ligo.caltech.edu

For infonotion about UGO, cowact info@ligo.caltech.edu
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Invitation to Join the LIGO Research Cornmunity

I am writitg to invite you to join a new organizarion, cailed the LIGO Research community' oi LRC' It has two goals:

l. to fac'iue communication beween the raserlnterferometer Gravimtional-wave observaory projca (IJG.) ard the community of people intcrcsted in the

' 
i"io-Jg."r"rional wave detection' and

Z. i" ,rra"^ - .Ovocacy group for thc srudy of gravitational wavcs.

MembenhipintheUGoResearchCommunityisopenloallpersonsinrcrcstedin$esegoals.weexpectthistoinclude

I iff#j?,llfi.,il:m**n;,';:x.'1il#::T::LHl'ffiil:,'J':#;::ii:1ffi#"'lffi::';:T;'*T::fl"revca'!abou"he
4ai+tts€r
:. stoA"ns iatercsted in these areas' afld

;.Hr:;r; -en ro people from all countrics, withour rcgard ro afriliarion (or lack $e:.,n 
:,* 

anv gravirarionar wave project'

The organization ha.s the acronym "IlGo., in irs namc tlecausc.we cxpect it to sc:: 
1, i.lill^"^f 

*ers' group for the uco}-roject, But UGo needs advicc from

$e widesr possibl. .o*unu/oi uciuat anrt potcntiat 
,,ur.o,, oi ott t in,is. rn adrrhion, *. nop. ,il'r,t'tr,Judo Research community will play an imponant role in

;**:.';ixHIJ'JflI."iJilir:5:n:,i:?:::,TH'"'l;":;ffi"ii::ili'Jffil:,":il'i:il3,3iifrT1}J::"fi1i'J'l:'
on Graviurional w*o *a rr,"i, p"i..tion. A conrmuniq". "i',iii"i 

.i.irio,"o .ir.ior.o orrcr that mccdng for corrglls' iinat work on organizing the uGo

Research Communiry .u.s pcnormed by the LIGO Pr.-progorri"iifi'o'v Committee' turtich mct on September 8 and 9' 1995'

Joinine rhe uGO Research communiry is simplc - jllr:Td 3 
r*sagc to rrc@rigo.cartech'edu' indicating your inreresr' or',if you prefer' send regular paper mail

to UGb Research com.-irv, clo uco n.i".r. 
"rt, 

c*" ti]1i", t'iii"tti"t?ri'ic of Technologv' Pasidina CA 91125' US'l'

whcn you join, you shourd also votc for membcn of fte Execurive commiuee of thc LIG' Rcsearch community' This is-the governing body of the LRC' For dctail:

on i$ rore, and on 0u,., *p""rr Jiiiil;;;iil;;iin. ,*cj'pil"*x..iiJiii6h.*""n i"'-"'"'ii;6-n;;; ' in the LareX file a$ached to the end ot rnts

message.

The Executive commioee w'l have seven members. A slatc of ninc nominees, broadly reprcscnlatrvc of the gravitational wave community' has been prcpared by

UGO,s pre-prograrn eO"iro.ylirJirc.. t.-norin".t forseats on the LRC Executive Comminee ate:

a Bnrce Nlen,Wisconsin-Milwaukee
a JoalCentrellr"Dexcl
a L SamFinn, Nonhste9tem

o Edc Gu$afson, Sm,nford

o WilliamHanilton'I^SU
r t- NrarMro f Al Orctr

o Robin T. stebbins, JILA

- ;.::LiT;":T:;rr* u,e seven names from this rist whom vou would most rike to have serve on ths Executive committee' Includc vour votes in vour

;::: ffi:rfi3::Jlrease send ir beforc Friday, Novcmber 3. rhe sevcn who reccive the most votes will be named to the Executivc corilnittec' For

furthcr daails, pleas. 
'"rt' 

io tttt nC Chaner' especially to Scction 6'

Each year rherc wiu be il least one gcnerar membenhip mceting of the IJGO Research communiry' Thc first such meering wiil be heid in Aspen' colotado' as patt

of rhe Asper winre, coor.*n., oo-craviradonal wave *i".i ""iii*-p.,"Jon' 
l.nu.rvl;.;: ;;;' ;;; morc information on this mecting' please contac-t Svd

Mcstikov u syd@tbeory'caltech'edu'

I hope you will want tojoin the IlGo Research Community, and that you will cast your bailot sooo. If you have any questions, please con."', me at

;HrHT,J*tJloJ* "nron. 
.oe who may bc inreresterr in joining the Lrco Rcsearch communitv' This message will also be posted on the world wide

web. via a link fm, o" ,-iib iiJr". rr:rg., .i th" to.otion hup://ligo.caltech.edu.

SincerctY Youts'
Peter Saulson-Cit, 

UOO prr'Progron AdvisorT Conmittee

Vlilliant Humilton, Charles Prescott' and Albrecht Ruedigerfor the Comninee:
'Sam Fint Adalbeno Giazotto' John HalL

Bg!E! ro$c Research Community Homc Page

Betgl[ to6e UGO Home Pagc

17 Oct95

For problems or suggestiow about Web mateial' conract webmaster@ligo'caltech'edu

;: ri;; ;;;, 
"it77 

t IJ G o, c o n ac t inJo @ ti so' c att e c h' e d u



LIGIO\
Chater of the LIGO Research Cornrnunity

September 26,1995

Contents:
l> Namc and Goals

3> Oftrccr-aldl@lolucel
4> Procedurcs

5> Amcndmcnts
6> F.rccDlials

1> Name and Goals

1. Name
The name of this organization is the LIGO Research Community. Thc UCO Research Community is also rcfcrred to as the LRC'

2. Goals
The goals ofthe LIGO Research Comrunily ate to

l. provide an organized channcl for rhe intcrchangc of information hctwecn the LIGo managcment and those who utilizc the scientific oppomlnities affordcd by

LIGO;
2. to serve as an advocacy body for the study of gravitational wlves and related physics and astronomy.

2> Membership

Discussions \ryith V! RGO

o
o

o
o

Barish/Sanders meeting with Giazotto/Brillet in March

tsroad agreemeni on need for intimaie collaboration
to optirnize physics output of LIGOA/IRGO

Draft of Memorandum of Understanding underway

Agreement to exchange personnel, information,
technical advice, technology

Plan to form working groups on data collection, data
analysis protocols, obserulng/maintenance cycles

o

o Possibility to jointly form LIGO/VIRGO Research
CommunitY

LIGO Projecl

with rotating rneetings

L|GOG960002{GM



Memoranda of Understanding

o Standardized format

" MOU - broad areas of agreement, legal principles, description of

general Programs, no fixed term

,, Attachments - written as needed with fixed terms and describing

specific tasks, deliverables, dates and payments, if relevant' These

mayberewrittenandrep|acedwithoutmodifyingtheMoU

o NSF visibilitY/concurrence

LIGO Project

,, domestic, <$100K - NSF provided copies

" domestic, >$100K - NSF concurrence

" international, NSF concurrence

Plans

16 LIGO-G960002{0-M

o LIGO Research Community

O MOU'S

o LIGOA/IRGO working groups

. LIGO Visitor's Program

o Program Advisory Committee

o External Advisory Cornmittee

LIGO Proiea
17 LrGOGS6o002{GM
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Shot Noise in Interferometers

used for gravitational wave measurements

Riidiger, J. \[izuno, R. Schilling, W. Winkler, and K. Danzmann'

-\fu-PJanck-Institut fiir Quantenoptik, D-85748 Garcling

(' also Urrir ersitd t H a nnover, D -301 67 H annover )

-lbstract

Tlre phenomenon of shot noise sels a setere limitatiolr to lhe sensitivity of (laser

illuminated) \tichelson-t1 pe interferorneters. u used or proposed for the detection of
gravirational rvares. Despite thc higir stgnilicaucc of this noise source, and though the
geueral scahng lats sith light poser P, rvave le[gth A, detector efficiency 4, etc., are

generally agreed upon, there is & $idc uriety of diffcrent trumerical factors used in
descrrbing thc precise rnagnirude oi thc effec. This paper is itrtended to clarify the
correct Inagniiude, orcc and for all. The result \ill be an apparent llucruation da in
the path length dtllerence A.L = I: - Lr that is described by a single-sided (porver)

spectral dcnsity of

srr(/) = (iZrrt\'= &4.\ "',/ r nP

l- Introduction

1.1 A historical survey

In the many (almost 25) years since first publications on laser interferometers for the

detection of gravitational rval'es, it has been recognized that sitot noise would be one of
the most fundamental and most striBgeDt limitations to achieving the high sensitivities

required to detect the astropbysical sources of interest.

It is quite natural that this shot noise limit has found appropriate attention in almost all of
the early papers and proposals, and also later in textbooks, revierv articles, and proposals

for large scale antennas.

i
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'( L.Lat*es)

Of{tor -topt-os 1o be diseucssea('

3.3 Experimental evidence, for NIP interferometer.s

... calibration rvith DC incandcsccrt liglrt

. . Shoeutaker S8, calibration, 250 nr\V (?), rneasured S6

4 Fabry-Perot cavities in the arms

... not terribly different from DL,
. ... requires phase response rvith f

5 Othel Michelson configurations

5.1 Advanced interferometers (ground-based)

5.1,1 Porvel recycling

.,. usumed in several of the papers

... (l - ft) pcrhaps oversimplified

5.1.? Signal recycling

5.1.3 Resonant sideband extraction

5.2 Shot noise theorem <.-
. not nrake rhis ceutral part of this paper

. . , rvill bc topic of furthcr. paper

';.3 Squeezed light

... discussed by Caves

... investigated ...

. . . no significalt illl)rr)\-eul(,nt

... I(inrble (-{spen)

\\
\

expccte(l

f,,*n MLzwwa

\

i,::ffi',: ;:Y;l{ew 
dB o{t a_ Sehnu^bp, Ithn-sla-{ra n4ry

rvorrld be in severe rreed of explanarion I I bh^dt tAtSe

M vt+k
''eg I d # = F*etse'

narL;ornln-rhthr FP: . ,lvl
Ass i's\anc" fu * ohfrp'v- € lv u'F'ryo"rud

5.J Interfelorneters in space

... also goes back to earlv proposals, [...].., only recently coming rvithin reach [...1

5,4,1 Space projects

... configuration, long distarrces,

... rcquires acti\e transpouders ilrstead of mirrors

... extremely lorv light porver

5.4.2 Slrot noise in LISA

David Robertson ?

60" ?
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COMPACT BINANTT INSPIRAL:
A POST-NEWTONIAN

PLAYGROUND
Ct,$f6riL 11, tDlll

\,VASHINGTON UNIVERSITY GRAVITATION GROUP

o The Challenge to post-Newtouian Theorists
o An Exteaded Epsteiu-Wagoqer trhamervork

o C. M. WiU E A. G. Wiseman (Calteclt)
o The BDI post-Minkorvskian Flameworli

o L.iBlonchet, T, Darnour E B. R. Iger
o The Struggle for Higher Orders

o How convergent is the pN Series?

A Post-Newtonian Playground

Einstein's Equations

+

#ut
tf

Post-Newtonian Expansion

Evohition of orbital frequency caused by
gratitational radiation energy-loss

#= (#), t' . "(5)



NTHE RELAXED EINSTEI EQUATIONS

Field Definition:

hoq:tloF -ul=finaq

Harmonic Coordinate Condition:

1BhoB :O

"Reduced" Field Equations:

tttr'p = -r6n(-g)T"B - A'p(rr) = -l6nr"9

\BtoP:0

Formal Solution:

hoe = 4 1 
r:P(t',f\ 

61t, - t +lx - x,l)d{c'-Jc lx-x'l

Divide into Inner (.A/ = {lx'l < R}) and Outer (C - J{ - {lx'l > fr})

ini,egrals, where Il - tr.

Nffi;;"i c-

2x10

o/i when f :L0Hz
r/rn when ,f=1000FI2
u/c when /:1000H2
f at coalescence (Hz)

Time to coalescence (s)

180

0.07
8

0.3

1,400
1,030

70

o.l,

360

270

47
0.15

40
190

Characteristics of Inspiralling Binaries
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RADIATION ZONE SOLUTION: NEARIZONE INTEGRAL

I
I
I

I

I. RADIATION ZONE SOLUTION! RADIATIOT\ ZOND INTEGRAL

I

Radiative Field:

R>> R

u:t-R

rr[(t,x) : * F, *# l*rti(u,x')(N 
.x')-ci3c'+ o(n-'?)

Change Variables:

Radiative Field:

ut =t'-lJ

Harnronic Identities (ro0,o : 0),

,' i : 
f;boo 

r'cj ),oo * 2(rt(ioj) ),; - Lrko' *' rt ),u,

f lz"ottrilro - ror.ri"i),0 + (rr(icj)re - lr|"tftti"j;,g rt], : + | _'.*a*, I f*y#t, et,e,)12 ttze,,'j*u : i 2

Epstein-Wagoner Moments:

IEw= f-rooriridia+Ilupp 
t -rl'=r'1lx-x'l

IElr: I lrror'*tr*r'- roksisi)ds u + Ilfpp ',
JM

{fi = [ ,'irkat,I3x 12 -,r. - u,),
J *r r'(u', O') = t(', . i#tt

r$s"'r''" =',4-^-'= [ r'i*k'..'ok-d3c
mldt^-z Ju'

;,

rf$"'*'"1u1,,,t = h#i ,u-, .../vo-
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Source Densities:

NEAR ZONE SOLUTION

l*l<n

o:Too + I"tt
I

o;:Toi

o;j =Tij

Expansion Parameter:

6-y2 -Qnfr)

Retarded Potentials:

f A3"J
Iz(r, x) = /" ;fuo(t - lx - x'1, x')

' f tl3nJ
vl(r, x) = /. i;;oi(t - lx - x'1, x')

, t d3x'r 1 I ----.1r,v;i(t,x\ = J, B_ ",-:llo;i 
+ *V.;v.j 

_ 
;6ilv,k"v,,k)l

Near Zone Field

hoo = -4V * I(W,i - 2v")+ O(3)

hoi =-4V;+0(512)

'hii =-4W;i+O(3)

(t-lx-x'l,x')

L u 
t=tt-28

+2r

u'.-> - oo

\

';



Energy Loss Formula:
RESUIiTS OF EXTENDED EW FRAMEWORK

o Finite and Well-deftned

yr Outer integrals convergent

* No infinite or ill-defined terms

nf (t, x) :finite EW terms * l/R terms

1912m
- 3tb E 

@Qii@)R

.i; 4m [* .. f , "_\_I-11.|h\_Ne,x):; J" 4r\+)e't(u_s) 
lrn(m1 s) , tzl

, 4* i,o [* Orrrrqrru(., _ r) hn 
/ s \ 971+ 

EE'u'" ro . L (zn a ,/ + 
661

_ $suoru"nTo 
Io- 

o,etr"til(u_,) 
[r" (u*) -rl]

l9l2m* ffi;(4)Qii(u)R
o 3/2PN and 2PN tail terms

* Correct coastaots in harmonic coordinates

* No dependence on "matching" radius

r Propagation along '(truett null cones

. 
,t .R dependence in tail integral gives circular orbit waveform phase

$ = w{t - R - zmu. R - 2^h* ln(4oe-1rlrz;11

# = 11or tu, oG) rlr r+ ft tnrz',to tn>r!$ r + Ut' ra>fl 
x,ra, 4fJ,

+ f; 
t'r7ri 

o 
G) J sar e * *nr t;:t r<^t d[ r]

Relation betrveen STF Moments and EW moments:

z,lrr:1r,;*+ frtru;ifif - :r,r$V)k + 4ry,#)

+ $tzs+fif 
u 

-B2lkw)kt'+ ror$!i/" + zr$*l'i)lsrr

, tij.T LTAIL

t';|o:1sryfr +3r1f]t -rr';\1,,i + r'ilf,flrr, +rFL"

i!$to =1tzr.;f) +-fiOsr;r'rnrnr - L2rgfr,ikt + qrfiiliiikt)lsrp

o) ti +If' = [60/gfij"' ] s"F

(ot Ti+tf"' = [860rg#""'] srr

4i, :1,, 
o o(L r';r, * *, LW' ^ - *ut ffitr 

t' 
rJ srr * JF o, 

"
iitf, =k,,n(zIL\tf +#,LW^^ - *4frt'oro)1"r"

i !![ | =le e ; o n 
I ii{,f 

' l t *
@ J 3l' 

t{ :148 e ; o rI i{,f; 
t * 

l r *

2PN results for general systems



THE STF MOMENTS TO 2PN ORDER

r!,, = p,"(d'a, * *[o'0, (zo1r - sa;,'- u1u - aol])

-24(l -3'l)ii(ret + 22(1 - 3',)uru']

+firn'a, 
[etzs3 - 183b4 + 35457,2)u{ - 6(3t5 + 1906q - llzl'1 (*)'

+2(202r - 694711 -48834'1arr - 2(131 - soTq + r273n\fi2l

+fii,ip{z+z- 33ba - e$oa'l)a

+3(41 - 337" + ?33?2)u1 + 30(l - St + 5n')i']

-fia{ru,},, [ttoas - 405rq - ra63a';I1 + 12(13 - roh + zoorl'z)u']]"".

t tiiTLTAIL,

r!i,= -r,*,.{;rarae[r + ]ts - 1e1)a2 - [O - taof []
+(r - 2r,)(uiuin* - iuin,flr))sr ,+4X,",

r';$!, = pl{a'n ao;'[1t - e,?)

+frtroe - ?3br * ltes,l2)u2 - r{tto - 6lq * tos?'z)11]

+$tr - 5n + Sn2Xl3uioiar;ir- l2iriiij,ioi'))r"" ,

ri|'t = -uf"'(tt - znlaiijilara-)rr" ,

i!+'t" =p'n{tr - 64 +tq2)iilifi*i'i'i"}rr, ,

, tii, =-u*"{t" ' ")'[a;(r * fittt - 684),2 * frtn * r0?)T)

*frf t - z,'t!;utll *,+ titnt ,

y;,f, = pr'1{(x * 
"1'[a,a*(r - a'r

*frtnt - 3Bb?,+ 92bn2)u2 + ftz - t,r - lta')I!)

+fitt - so + 54')(l0iota^ + zu'ut)])rr" ,

tl#[ = - r'ff!(r - 2',)t(x x v)iiiat,ir]"r",

yifle = pr{(l -84 +sn'){(x x v)raia*a'i'}rr",

I,I
EVOLUTTON OF GRAVTTY-WAVE FREQUdNCY

M:mt*rAz , 11:m1m2f M

M -- 
'ela 

*
12^2

E= iD$rs':L *Tlrif'.yi

= - * (z+ry, . xz - 72rf, . xrl- t xr)

(K,rrt*r,
atrirna^ I,

d;tt '{t )

df
dt

:ffi@uflrnlr

- (ffi - +') QrM fl2ts (w^sonc' iwitt'.r)

+ @fri-F) 6M f) E: (r,:j:j'.,, /

a

+ oLQru 71src1f hr"^Jls
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"Black Hole Binaries: Coalescence and Gravitatioual Radiation"
h PoAre -

Cornputatioual Grand Challeugd Program NSF ASC/PHY 9318152

(ARPA Supplemcuted)

R H*tzuee
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Purposes:

To develop a Problem Solving Envirorrmcrrt IRNPL * Dynarnic Adaptive Parallei

infrastru cture/ PAM RS L]

To provide controllable convergent algorithms to compute gravitational rvaveforms

from Biach Hoie encounters (relevant to detectors)

To provide representative examples of computational waveforms.



BLACK HOLE COALESCENCE

- 1 TO 10 SOLAR \4ASS BLACI( HOLES.

BINARIES FORMED IN SN?

VERY STRONG SOURCES OF GRAVITATIONAL RADIATION
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Distributed Adaptive Grid Hierarchy

- C, C++, NIPI wrapper

- Recylces "dusty deck" FORTRAN, C

- Autornaticall.y (spacetime) refines/derefines. [Shadow Hierarchy].

- Efficient - 9O%; better than hand codecl in all cases checked.

Figure 1: Adaptive Grid Hierarchy - (2D)



#include 'DAGH.h'
#include'sorforEran.h"

#define DIM 3
#define Maxlev 1

void main(INTEGER argc, char *argv[])
{

MPI-Init( &argc, &argv );

fNTEGER n,x, nY, nzi
DOUBLE h, p, omega, ePsilon;
f-readinlrut tcn*, &ny, &nz, &h, &p, &omega, &epsilon) ;

/ / SeL up t,he Grid SE.rucEure
INTEGER shape IDIM] ;
DOUBLE bbt2*DrMl;
shape[0] = nx;
bbt0l = 1-0;
bbtLl = 1.0*(nx+1);
shape [1] = lIY i
DDlz) = l.v;
bbt3l = 1.0*(nY+1);
shape[2] = rtzi
bbi4l = 1.0;
bbi5l = 1.0*(nz+1);

IN?EGERt=0,1=0;

Gr i dH i e ra rchy GH ( DIM, NON-CELL-CSiTERED, l'laxi,ev ) ;
SeeBaseGrid (GH,bb, shaPe) ;

ComposeHierarchy ( GH ) ;

INTEGER E-STEN = O; INTEGER S-StEN = 1;
lcridrrltt.tion (DIM) <DOUBLE> u ( "u', E-sten, s-sten'GH) t 

-,[ciiaf"".tion (DIM) <DOUBLE> rhs ( "rhs", t-sten, s-sEen' GH) ;

Ict:.Jfl.ut.aion (DIM) <DoUBLE> res ( "res ", E-sten' s-suen'GH) ;

lrhj.fe (norm2 > epsilon) t

gIIL TT ,

Sync(u,E,1),'

pass = 1t
forall(u,t,1,c)

f_relax (

E'RA{rrlr '1 e.|\ qh:no'-..\=l-9,-
FDA(u(e, 1,c) ), FDA(rhs(E., I,c) ),
&h, &p, &omeqa, aepsj. lon, &norm,

end_foraI 1

Qrrnalrr F'll'
'.'J..-.*,iij-t'

PaSs = 2;
fora11 (u, t, 1, c)

f_relax (

FBA(u(8,1,c) ), shape,
FDA(u (t.,1,c) ) , FDA(rhs (t,1, c) ) ,

&h, &p, &omega, &epsilon, &norm,

and f ara l'l

norm2 = Norm2 (res, E, 1 ) ;
maxval = MaxVal (u, E,1) ;
minval = MinVal (u, E, 1) ;

if (me == 0) t
couE << cnt <<
couL << maxval << " " << minvaf <<
couE << "\n" <. flush;

)

FDA(res(E,I,C))
&pass);

FDA(res(c,1,c)),
&pass ) ,'

<< norm << " ";



/* Fortran lnterfaces */

#def ine f-readinput FORTRAN-NAME ( sor-readinput-, SoR-READINPUT, sor_readinput )

exEern "C" t
void f-readinput (

INTEGER *

DOUBLE ",
)

*define f-initial FORTRAN-NAME(sor-iniE-' SOR-INIT' sor-iniE)
exEern "C" {
void f-initial (

DOUBLE *, DOUBLE *, DOUBLE *,
FDI (DOUBLE) , FDI (DOUBLE) , FDI (DOUBLE) '
DOUBLE *, DOUBLE *, DOUBLE *, DOUBLE *);

]

#define f-relax FORTRAN-NAI{E (sor-relax-' SOR-RELAX' sor-relax)
exE,ern "C " {
void f-relax (

BI, INTEGER *'
FDI (DOUBLE) , FDI (DOUBLE) , FDI (DOUBLE) ,

DOUBLE i, DOUBLE *, DOUBLE *, DOUBLE *, DOUBLE *,
TNTEGER i);

subrout ine sor-relax ( lb ' ub ' shape ' 
gshape '

& u,rhs,res'
i it, P, omega, ePsilon' norm' Pass)

imPlicit none

integer lb(3),ub(3),shape(3), gshape(3)
i"ii;e u(shape(1),shaPe(2),shape(3) )

ieal*8 rhs (shape(1),shape(2),shape(3) )

i"i i - e res ( shape ( 1 ) , shape (2 ) , shape ( 3 ) )

real*g h, P. omegla, ePsilon' norm
real"B norm2
integfer Pass

call relaxc ( lb,ub, shaPe, gshaPe'
u, rhs, res ,

h, p, omega, Pass)

if (pass . eq. 2) then--roh-= noim2( shape(1)*shape(2)*shape(3) ' res )

^-ii +

r6fltrn

end

INTEGER ", ]NTEGER ",
DOUBLE *, DOUBLE *, DOUBLE * ) ;

I
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..OLD WAY":

-0oA, - v;d
(V x A)1

-03At-Y;0,6 = (vxvxA),
- -V2Ar + v,(v'A)

-a:A, +v2A' : Y,(0,$+ v' A)
|aFF-/

SPECIFY (eg. to zero) by Suta. #
C|.)rr tCr?,yn Oerr gf GluCg t4*S r-

SE &rtrc I rL| CtEcoGD

"NEW WAY'':

Dt-

Bt=

9o, = 1oE"

8;1 = Y;81

Dtcr lt€)

l $oi, $.,j

0go; :

:

=

Ao7oE;=(Vx0"B);

-(vr(vxE)),
Yz Et - Vr (V . E) ( zero by constraini

YtY 1E,
Y'G,,
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TOWER, BOUNDS ON THE

MINIMUM MEAN SQUARE

Gravitational wave observations:

s(t) = h(r; a) + n(r)
where d is a M-dimensional vector parameter.

ERROR

Error on the estimation of d ?

David Nicholson & Alberto Vecchio H."Til"TtfrljiJ,:;[istimato! 
enor is e = 6 - a and r.ire emcr

n€ = {€.r)
Departme?tt oJ Phltics and Atttonom!
Untut'iq ol wales - CoUe4. ot cardifr 

THE GOAL:

[:,"T;llf :"#lll,tr"jT*l*;ff ;!";;irM.dimensiona,

The mi'imurn MSE estimator is the conditional r*ean estimator:

. A=pful:leepplae

. Its MSE is the greatest lowerbound

.:
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l'l
I

efaluation of the exact minimum MSE is often diffcult
osplDle ^-r good computable bounds:

local
- Cramer-Rao (Cramer l94b; Rao 1946)

- Barankin (Barankin 1949)

global

- Weiss-Weinstein (\.Veiss & Weinstein l985a, l98bb, 19g6)
- Ziv-Zakai (Ziv k Zakai 1969; Chazan, Zakai &, Ziv 1.975;

Bellini & Tartara i9?4; Bell 1995)

l,l
Used solfar + Cramer-Raors' bounds:

I

o Theorptical problems:

1. local estimate

2. they can not incorporate general a prioriinformation

o Results of numerical simulations (Balasubramanian, sathyaprakash
& Dhurandhar 1995)

or even

iss-Weinstein and, Ziv-Zakai bounds
)ayesian

Ilobal

rdependeut ou the estimation process

ree fi'om regularity conclitions

hey can incorporate any o prioriinforrnation

L the limit SNR ) 1:

w\,vB I
zzB i - t*t

the limit SNR < 1:

wwB )

ZZB i 
-----'u priori informatiou

il

New bounds:

o Good perfolnrance in the rvhole SNR r.egion

o Accplate plediction of the location of the thr.eshold

o Useful to compare numerical simulations and to test information
extr a cti o n al g o r ith.m s

(GB)'

2. 6,
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iimpfe example
I

)reliminary results:

. Newtonian waveforms:

2D problem (to, r)

3D problem (t6, r,6a)

r. LIGO I noise

. range of parameters
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ambiouitv funclion
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ll
CPNCLUSIONS

I

I

FUTIJRE WORK
I

Ihe general behaviour of WWB and ZZB . Thorough study of the ambiguity functionepplied to gravitational wave observations
rf coalescing binaries is in agreement wiih ' Extension to a.ll the parameterg
bhe results obtained in other fields . Ligo II noise

Ihe discrepancy between CRB and GB . A priori probability
Jepends on the shape of the ambiguity . Optimal bandwidthfunction

rhe knowledge ofthe parameter range be- ' coincidence experiments

lbre the estimation ploblem is impo'r'tant o Comparison with numerical simulations
bo reduce the errors

Vumerical simulations predict greater er-
'ors and thresholds

r7. r&



Ll GO Simulati'o'n Envi ronment
Jan. 18, 1996 Hlroaki Yamamoto / Caltech

" LIGO End-to-End model

t)We are developing integrated modular environment

- SIESTA of VIRGO or GRID ot GEO

. Physics models
>>Bui|dingblocks.Interferomete(lFo)andNoisesources

" AVS
>>SoftwareframeworkofL|Gosimulationenvironment

. Environment
r>Modeling and Simulation Environment using AVS

10f 9

I
I

LIGO lEnd-to-End model
- Why do we need.it ? - =

o

(5
o. U,Rder'stand apparatus behaviot' y

. Design trade study
r>Predict performance

>>Try different models

. Easy integnation of work in LIGO

)tWork going on using different tlavors - c/fortran/

MatLab/Mathematica

>>Use same environment to reuse work

. Data analysis
)tGompare models' predictions and data

I > On-line preselection algorithm

I roff-line search algorithm

. Make life easier
I > Friendlier interface

>>Data visualization

o)

<\l



Ll'GiO End'to-En'd model
= liFO + Noise

=oo
6

(,
o
(5
J

A+(Pin,1-c,G...) @
, t1 8Ax1 @ t28Nxz

photo
detector

Noise
A0



Physlcs rnodels
lnterferometer -

@t fnLock mooel
Tingte mode upaclal'mulu' mode-FFTmodet Modal mooel I W|lJ\rlg

tilllc domalnffiI I ULltlt:l lL -l

J.Y.ViDet etc (vrK-
GO) and Y.Hefetzetc

MIT/LIGO)

-N.Mavalvala ano

Y.Hefeu ( MIT )
Marfln vt. xegctu

(CITgnd) R. Beausoleil (CYG'

NUS'I-aserCorP)

Single mooe
steady state
linear aPPIL_

eonvergence tn
time splce (*3)

Jfittuu'Lalg{t
amplitude

misalignment
FFT(lZU,2)O),
Para,tial aPPrx.

Hermtt uauss
(00,01,10),

*^Il aicolionr
Lock acqulsluon
control design

Ahqnment
contr6l designdi static quantr-

ties, realisticallY
deformed/tilted

mirrors

low tiequencY.
ilignmentcontrol

design

I rallslgl I utrvt

FP, CC, Recom-
bined IFO done'
Recycled IFO

Feb-Mar

lust starting
CPU/Memory

lemanding,l daY

w/ SS20 (*1)

Dasg or Ellu-Lv-
End model (*2)

Phvsics modeis
- Sup-er ComPuters -

. CSCC (Concurrent Supercomputing Consortiu*) h?rqqare, at

Center ior nOvl;ce,I bombutirig Research of Calteoh

>) Massively Parallel Processors (MPP)

) ) effectively x 10 - 100 times faster than SPARC2O



I rnrprlementatiioh of Twiddle

D

.ia---+e

A

EeEcEaSource

I

quations

= Mor(r.,r,0(1,,o), 

|li]= Lil

Mrr(r,r,0(f))|fl 

||
pproximation

"f "'

I

Twirdrdtl,e
ngle r'node Inlock state rnodel in freq. domain

:abry-Pelot, example

Eg

6QrEa E- Qz il
Ee-t4Ec+r4Ef,... XO(t) = X COSrrlt

AFSB
CR,RFSB

AFSB

t-fun

. Mathematica code for Fp
s1 = sourcelgammal
m1 = mirror[r1rt1l
n2 = endmirrorlr2,E2l
connect I s1, 1, m1, 1, lengithl, phasel]
connect [m]-, 2 , tn2 , !, 1ength2, phase2l
shake [m2l
flndfietds I omega I

Nice feature of Twiddle
)tAutomatic construction of the matrix M

>)Easy to build various IFO configurations

AVS version of Twiddle
))Twiddle Mathematica code is ported to Fortran
rrGrag optics elements and link to construct IFO
> >GUl parameter specification

2 ol2 LtGO.G95000G00.M



Overview of Lock Acqulsition

If
I

"q

*;il;*' 
'ri?r*l!'

) Prototype available for
modelvalidation

l) Control design experience

1.

iLE CAVITY:
onfidence in modeling techniques
rototype for Testing Control ldeas

Modeling Program: Building Block Approach

r'*";;;;;il; -"-*'l
! ttl c"r"p"t"Gi6i'Gsr"s for optical I
I Modeling solved I
I (2) Many Control issues addressed Ilt
{ - l--"* '"'-1"-'"''*-'*) 

|
i,t.*.-.* 

- .ii.:.-r$&!i.&.+--d.r.{'*$ 
" 

***F

\

J
RECYCLED IEQ

Metho.d for Calculating Optlcal Response
(Single Caviily)

E field in cavity at t: E(r) = E, + tE.

E field in cavity at2r: E(2r) = Ez* E.+ tE"

Es(o) 
/_

--iF]-

tk-{
AL=Vr

(path length difference
due to mirror motion)

lJ'.^+'!o c.n!c."lt.[c.
.\s"1n g6r,.{nl tr.{.;, r,. r$
(l' fi"r.rcta irlcrvo.

F l;t.1.,1.

E f;t.l.tt. -l
d, t-?,

irt cn.yilr/ * nr|rr.otg nt,Vg.

4, (;,r'.,i grr*er.;,14 cnvi f 1z:-4n.,, ''



Physics models
Noise -

Selsmic Notse Model to use elther the LlGo standard spectrum or opuonal data rom srtes atong

with the transfer function of the seismic isolation stacks. Issues such as possible

correlations between different tesfmasses to be studied for inclusion in model.

ThermalNoise Model developed out of code wntten J.R. Hutchlnson to calculate lreguencres ol
modes of a solid cytnder and code by A. Gillespie to calculate effective'mass co-

efficients for these modes. Together the frequencies and coefficients determine
the thermal noise of the internal modes of the test mass.

Model for thermal noise for the violin and pendulum resonances based on calcu-

lations and code by A. Gillespie and F. Raab.

Shot Noise Model based on calculation tbr Recycled Unbalanced Fabry Perot LrGU I}'u by

Torrey Lyons and Martin Regehr.
- Haorauon Pressure ano quantum Norse,
'Residual Gas Noise, * Laser Noise,
'Phase Noise Due to Scattering and Stray Beams,
'Magnetic and Electric Field Noise,
* Technical Noise

Ralner Werss gravnorce progftrm

6of9 LtGO-G950000-00-M

AVS
- software framework -

('4)-

1) Object Oriented

2) Visual Program

3) Open/Extensible

4) Application
Framework

5) GIII builder

6) Library
2DI3D



lv:*<iuirs rrc likc

Suhjdili.:r!:r hccil*il
i r re,rjr:u^s lCaCc r:f <ja* c*: i:c pamrc

helrvecr: :r:ndul*s

3r thc r!t; ll*w car irc rbl:ra::iy deinui

Pr*c*'gcs }i*htc by pipc in ur:ix shcl b,ccau*r

1) ::xxiuh cli:; oc luty complcss / big
3, dixs r':<ri i:ccd tr: Iinh togc$ur
3! ;no* pagcs :r,r: ar"lriiohic



Coupled Cavity

30
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AVS
- how to use -

. End user
>>Use AVS module without modification

>>Custom-made interface - easy to use

. Network Programmer
>>Use n"t*o'liuditor to build network and use

>>obiect oriented feature ailows very flexible programming

>>Build IFO using Twiddle' define what to measure

. Low level Programmer ,  . -.^a,^^
' >)'ENtend/creatJ modul es usi n g C/C++/Fo rtran

>>obrectorientedApp|icationFrameworkmakesiteasytoconrrFiEe+rgrk
done indePendentlY -, -^r^,

>>Build|Fomodel,implementnoise,thenbuildEnd-to-Endmode|

8of9 LlGoG9S@O{4o'M
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- Sensitivitv to Continuous Waves
Ground--UlseO iiei.iioit and Possible Pulsar Sources
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search of t Yr of data, f < 2 k:Hz

1 yr. search of optimaily siiced da'ua on Teraflop supercomputer
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Results of a practicar search of a large patch of sky for a pulsa*type signal

Si.I94if D' N icholson' B'F'Schrrtz

Department ot nr,v"Hit-f'T?l"ffl"rlr'"sitv of lVales Collese Cardiff

CARDIFF

JanuarY 13' 1996

Abstract

A metho, for a seatch for continuous gravitational.*aves in data produccd by lrcr inlerfcronreters is

prsentcd in tlris tafl. l" "fg--i,i,"tl-rtroi"n 
ihu,.* t 

" 
used to correct for the Doppler shifts introduccd

irv rhe Eart''s o*aururionjlni'iir;i;;;t;;;;i,; n*uy rcp"..ute positions in thc skv rvithoul thc necd

;iil;;;i;.:;iliq""' ri'" this algoritlnt is implemcttted is presertcd'

A nerv method .r."urpr"*.iug iiin to u t,.t.,oayue,l narrol frcquency bandnidth (inte scris is

decribcd. This nrethod, ""iuJ'F."ii.. 
donrain sampling, recotrstructs an effectircly rc-satrtplcd and

filtered tinreseries r."",,r,"ri p"ri"a-Fou,i"r transfornrs. As lhcsc short pcriod I'buticr-ttalsfornrs arc

produccd fronr tl" a"t" t"toniv dcrcctom tbr othcr rcscarclr, then this nrcthod is utuclt ntorc efficicttl'

ift"".il", ""t" "f 
produciug heierodyucd narrw licquencl' bandrvidth titrtc scries'

Thcc procedures N.r" up'pii"a a rbo trours of data taLer rrith the GlusgoN Stavttational rtavc detector

to searclt the Large lfageilalt]i Cloud (an arca 52 dcgrccsiu-R'r\' and l0 dcgrces in dcclinatiorr sith 171

individual'patchc'1 unC tf* iN-fSen i"rnn"ur' otoio Sllz bardsidt'h centred arourd {)34llz for sourccs

ofcontinuous gravif"tion"f'r"o-"ci. Xo.ignifi"on^i.o"i,t"rrce-Nas fould lot soutccs ofgravitatioual Nave of

strain anrplitudes gr""a", ,rr"i,.i'ora"-'- l0-" for all thc 
'otches 

scarched and ro signilicant cvi4euce

rvc foutrd for sourc"".f.,."]tt "t'ofita* 
gt""*' lltan oforier 2 x l0-?l for the tcgiotr about SNl987A

iot*i,,! i,tto o..ount thc spil dowu'rate of a-pulsar clainred t-o ltare been oltscved'
.l.hcsc rsults r,""" rr"",ilr*J*,rt"Ji,, iri,i t'rr*i".s""rch for continuors gravitational *'ate sourccs'by

Garcth S. Joncs

G.'lo,te sOA 9r Bo' C6' ac' uK

UFl.: W U \r. A${0o. C 6. q c'dK l* Garotl'fionc o /

Search for Continuous Gravitational
Wave Sources

Talk Plan

o 6pulsart search
. q kernel
o Eata cor'npression
o Application to real data
o Problems tc be solved in futtlre

).



.STEPPING' AROUND THE SKY

1. Correct data for Doppler broadening
for a particular region in the sky

2. Fourier tlansform data

3. Calculate q kernel for step

4. Convolve q with Fourier domain

5. repeat steps 3 and 4

1. Correct data for Doppler broadening
for a particular region in the skY

2. Fourier transform data

3. Repeat steps 1 and 2

3

coNVENTIoNALsEARcHTEcIINIQUE's=z*E,rl{r)"'r(_ika-ikat._ikQT.,,l,rffi$D

Stepping in Fourier Space

^9r[/;, o',0'] - f &[/r, 0,6]q(o',,6', f[;0,d,, fu)dfu

q(o',4', f';0,6, f):
u*p (2"t7ff cosry'(cos 0 - cosl') +2ni(f - f ')(t" +f,6,12)) S

sinz 0' * sin2 g - 2sin0sin g'cos[{' - {]

2rf|S.'7."inf
c

, -, fsin0/tcos$" - sin0cosdl
'"n [ti"e"i"4' -.1t***1

A2:

B-

a':



r bJg-c!
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Fourler Transfornr
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FOUR,I.ER, DONIAIN SAMPLING

L. Fourier transform short periods of data

(For coalescing binaries search)

32768 polnts

Figure 4.3: Diagram of block structure in a group of data rvith padded zeros

ligure .l {: Diagram of horv consecutive groups contain data frour prcr ious group

2. Take region of Fourier transform

3. Inverse Fourier transform region

4. Re-combine sections of data, applying

phase corrections

lo*Pcf HfftaolvN€ (ec{urcq g

L. HeterodYne data

2. Filter and resample

I

a

7 
Blocks of6552 toints

/rt | | | | | | r | | |

5 Blocls
It

t\

| \ croup of5 utmkrand E padded reros I

| 
32768 pornrs 

I
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Fourier Transfornr

C

a Tirneserl$dalapoinls

o DaIe poinis s.a lo zcro

o Fouricrdomein points

Figure 4.5: Diagram of horv Fourier transforms are obtained from the data stream
t
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zJtrn.,r l.lqet zzl6t^ H.qz' SEARCHOFLARGEMAGELLANICCLO{ID
& 6t Anqc,t 1187 17\ o4^ or-t+'

sirce3to Af zok'I'*
+ {ou8iKt6a'r} o/t'rt 

o Data corrected for signals coming from region
of SN1987A

.'Stepping' with q kernei 10 steps away from
central patch

o Total of 171 oatches examined

SEARCH FOR SN19B7A 'PULSAR' SIGNAL

c Data corrected for signals coming from region
of SN19B7A

u Data corrected for assumed spin-down rate
of pulsar frequency

a Qlt6gca'eD :frrRro h ru' 'o"'u 
(ue'uo c'rurr)

A



RESULTS

SN19B7A remnant search

Celestial sphere 'n'ith area being searched superimposed over it.

. A frequency range of *2.5H2 around 934H2

was searched

r Data Doppler corrected for SN19B7A

n Data corrected for 'measured' spin-down of
tpulsar'

, The characteristics of the noise about 934EIz

was noted

. No significant evidence was found for sources

of strain amplitudes greater than a strain

amplitude of 2x!0-2L

Graphical representation of patches being searched



Ficure 6.12: Histogram of data from central patch sith all corrcctions for pulsal'T[e predicled

fto-vleiglr distribulion is sfioun os lft€ in''erl'
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RESULTS

Large Magellanic Cloud Search

. A frequency range of *2.5H2 around gJAHz

was searched

.17L patches were examined covering the
entire LMC

. The characteristics of the noise about gJAIIz
was noted

" No significant evidence was found for sources
of strain amplitudes greater than a strain
amplitudeof2x10-21

6.5e-21

6o-21

5.5s-21

5e-21

4.5e-21

4e-2'l

3.5e-21

36-21

2.5s-21

2e-21

1.5s-21

Figure 6'16: Fourier spectrum of data from ALL patches'
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Future work

. Current q kernel only valid
for times < 100 hours

Searching for unknown sources

. Pulsar spin-down

. Binary system

. Proper motion

Data handling

. Fourier transform averaging

. Use of parallel machines

lrl



cf.t

-0

3c. 
"lo

d.t 
\,

c+
t

rlo
a 

\,n

do
vr!
utt
-6\,?e4 

-t
<

fttr 
=

I,'
t

€ 
?-t

ogvl
o=
sF\tr:a 

{--
E

 
;7

cob
co5

\)Ft,'a

\)oFv)

(D
.G

'

R
:

h--

al

:
sls-

a6{
'i 

vr

t 
-Y

 1-c"
J -- -t 

-J'

{tLdd
4-^dd
+

 tt t
3t"{
;o<

"

oi

J{
6+

{
'' 

1'

t 
-Y

 Y
-c"'

U
 -- -i:f

{IL€d
4-^sd
+

 F
X

t
31"6
jo<

-

J, 
ci

d.tstn

cl:
'a-9

3c"l

o
d', 

a.,
+

thlo
a/l

dg
tr'r 

.}
rr, 

t
-(t
\,?e't
tD

t
la-

t

3 
".,

--lyvl
o=
sF

 <
g

lC
 

vr
3 

{-a
: 

;7
cO

(-
co5

L)
g\).oFv)

(o
?;-
st:
;--

<

d 
-F

\^
{, 

el



dJ
cf- 

t
': 

3 +
 

3'g

T
o t 

-t 
ti:

; 
*s 

-g i, 
*1*

; 
?o sl uq 

t
s=
 ry .j---. ;i 

*, ; 
"- 

q

; 's:l-- .{i i 
3 je $

e{g*tol- 
gl r 

g i 
:

"=
v1 

;i 
?o =

 
-1 ?-

6'
\^ 

13'o 
:t 

vi
'io -t'e ; 

jl 
q r. a 

q
.Y

 
tt 

'l
*{*-e^ x fl 

6 } -E
 

g
..-Y

 -1 .il 3 , 
g 3

q 
;. 

-t 
+

 
f 

/* t
i 

F
 $ 

4l
F

 i i 1,iiite
b b E

 :l i 
i 

3 E
-e. 3 

.., 
o:l j 

g 
\.c ;

v

al4l:l:-ll
-31

€IC
I

cl
.flolI,g-0o

.-J

-r''.1 
-S

5-
F

: 
:.

4;
._ /-. 

-
Iaj 

:'ei
\rrsn

) 
v

<
o.-

2>
\,, 

-l'. 
e

J, .__.

-
cu<
)

e:-: 
-),

.. 
, 

:U

-'J

{-q'
Jcoc€
3

siq,g(do{

c+d

l-l1

cL?6iJ

d

q*.

l)

.. ,lJ

6as\5$6go
-t-i3^l
\)*

'6- 
5

^A q. <
-u

I+b1-!t\)€aIA

=
l€lsl

-slal

dl
-l,:l
rlcl
JI(Jl

2lrhl

+
€v

c*{to
6bo



L(
-e.9
l* 

=
,Z

d\rl^
-:r: 

-4
-iL 

-
r, 

L+
-n

tt
{

. i'.
-r

T
"r 

-9
\.1_ 

L
Y

t-9
t;j 

T
 

&
_k

L6\q
*' 

F
 '-i 

ct ;i
tuJ 

.oi* F
 -o 

<
 '+

q 
.s 

I 
/S

-
+

 
. 

r 
.'l/u

d+
 

qr
'--/ 

!)
<

^.
tY

 
v 

^ 
\

t3l(-.t 
--t-

:>
o

<
4 

1- 
;

>
.

c+
.((\:L

.)Y
\t.P

e 
P

 
^ 

\ 
-t

v*tlt
d.,1 V

 
>

<
- \- 

j
v 

' 
1- 

\b{
C

 <
-f 

>
<

.<
-{ 

s-

.rt
.'k 

" 
,, 

{
,lb 

x
\nl F

 
+

-
,. 

u]
U

P

.\):-<\+
-o

-(aort
S

{l9-
v\

+
-+

)
\-5$b

:-
I i-5
H

 6E
c+

_,*
-bJ 4
l--

>
f:

n 
B

4
s,l O

- 
1

:rC
-a{8_

\., 
O

 
q,l

q5-l 
 

+
 

/\ 
..1N

-? - 
"

*
dV
l

(+
l

F
l<
l

ro 
I

)l
-+

lul<
l

dl<
l

el
+

lU
I

<
larl

eclI

J6l(-l
sl
ol

isFoocqc

IIo3 [u
"l | 

'':!

.J <
__-

+-r 
S

)3 1 
o

-- \-r .
^tl 

;
co<

 
B

-

t:-J
,-tJ 

4
-d 

<
( 

u
A

 
,' 

\"o-
or-

C
O

, (+;

O
lrao
. 

oa
'l'v

F
.-. 

O
 

.^
fi, 

e 
Ll 

f-r
b{

=
.;er

E
 ; 

F
 

C
O

;r 1 
! 

flH
*

ur +
 n 

t 
al \n s"

; 
i; 

ier
i 

E
 

=
; 

$F
;

* {-i 
? r" j-ii

g '; 
iG

 i+
\=

n 
Y

 - 
>

.. - 
;-oreoj

.ol.,C
- 

jJ 
j.,.ti

s;f 
.*.t 4 &

;
,3 F

 * 
; N

 2 J E
(^6d-;;-.7;
$sl

R
-b s 

i t 
2 "--g

s.lps:

F
t: 

H
<

 3 A
-f t

-. 
.F

 
fl

iij-:$ 
rL

i9.no
:.oroe.ltl 

| |

-c -o[*l

o2occ
\5x\Js\Jt-(/\,oFt-t\)l.rJ

Ft$oo=

'.4,.r

"'.. i3

\;

<
A

)

J 
g€.

I 
or.*

$)

-P6L63s,
-1-
.=

4
cl

3
+

)

-<



llho hrA

OverlaP Reduction Function g(f)

OverlaP Reduction Function g(f)

E 0.0

- 
g6a LA

- 
vtaGo

- 
66s l0o

FrequencY (Hz)

FrequencY (Hz)



4-*

1,;
; 

.' 
': 

c+
'

F
2;l€r

qn.z
t 3 

trrol 
- 

Y
 a 

:i.
.xt 

i'r; 
* 

I 
<

e
;d 

g 
js 

-q e :. 
t i'

Iuia\s,gr\t+
-x b 

i-,- 
+

 
r

.-
T

 
i-g 

+
 

a 
lll 

b 
:-

4 
rr 

ll 
I 

Y
. 

i 
rt 

5 ^ ,*r

tl =
-ii ,A

 i,=
 f +

 i 
G

,ul'#
hl =

, $ar 9 o=
'u: ;{i 

-f 7 i't
{l 

+
,'-.a :

$l i*":#-+
t:u+

:s"-Jt
,=

,?i?L=
d;

'r -'' \<
 ? 8$_?': e 'r T

 ; 
v

$f*-a"i L \,,- 
)

S
a: 2.: ti 

+
A

?*i
=

l ia" a ;,i'i te ?;'"+
bl ; 

"- "2i € L,*F
-r" i

F
I

F
l 

tl

vr 
sb 

4 
,i 

? 
-'-n 

{+
 

9

i' 
i 

: 
j 

a g- =
--.t i

i 
L 

o_., i- 
.7 

t 
2r 

>
1 q 

J

qF
'fLltse.li-

\.t)

:\ba
.tS

7 
tn 

3
9?;.r-t,
y. 

-1,3J 
6

^ o;--l 
.r et 

:-i
ri *T

 
*r* -- 

ol
'3 ^'; 

gr=
 

i\:
;;+

 
H

.- : 
Ln'l

g:{-E
 : 

?
F

r;iL: 
iz

oi +
. 

6. ',. 
c 

\r

+
 $'E

J! a i.'t
4:6,,i 

\n ;lu
+

 
) 

lr 
-l-r

s
,r ,' ] 

L3! 
? 

t.'l

iv; 
{*^ 3 

",

T
iz

!-q

^ tt!
c+

lcl
..r ill ^
€ 

l"'r
.+

 lvr
cJ 

1.0

>
- l+

oc#R
t>

n:
(--\'Fro (r-

r-l 
o

r-I 
o

"fi\^
c 

llY
lts

. 
L 

-rll,dlll"{r
; '-- g\-'lqlrl
- 

"r,.i 
, 

lF
lrsl

X
 S

t; 
"r- 

[ I 
I

F
:l{tG

l,'-J
-aA

 
vl'a 

-
A

rgtsS
_.

Z
Y

';nE
+

 
J.,td, *>

 
n 

+
r] 

3ia ,, us ;
-? 

G
- 

F

G
 A

 t 
\'/ 

S
<

.vvJ.v
-/ttl
sr 

i 
i

qci.rr<
a

3\^tuvl

{- 
r-'

g3
tg 

v\
A

l

L'"J 
{$

\./l 
a5G

b 
,{.

-J
\./l

gte 
Y

6. 
lu-

(."-ic,
o 

ll 
t..

^ ^ 
X

ze9
\,/ \,/ 

j 
:



o?

0 tnl

ut ll,tlllL. rlLl cl< lr'rvvntvL6u t.tllt')

2.

I.

82t0

s2
10

t0

?5
10

?5
l0

?5
l0

?5
10

?5
10

?s
10

3{D

0

82-1. 10

82-2. 10

82
-3.10

f n,I.ol L.tr*c clh^J F'\lec Q tSl
YIF )

=-+-

f35,tf)srtf) L.lC-c og\nlJ

sq*al 3(S ) =

Ytf)
i,\fer Q(el = ---t''S,(f)5"1F,)
YztS) _ {oc _rr-f "
f 6 s'(s) 5,lF)

ffJ"'..'''.aJ.

eltyerlel

6rpe.fel stqnal ? ts't

frr -lL - ;-"

- D"ts)

fas,lg)Ezt+)

7.

o.

J.

4.

J.

2.

I

85?. 10

o<
6. 10

855. 10

854. 10

853, 10

U)
2. 10

85l. 10

0

-1. 10

-2. 10

-3. 10

f lrlz
0



OPTf/vlAL FTLTER (AovANLED t.toc)
hrr t

ffJ "on.eJ 
L. t c-c

EyTerlel sqnal

og hn'J

3(t)=

_ ytf)
i,\ber Q(el = ---' t- 3s, [f )5.1F)

jtt+t - {oc -ru.,f 
o

f6 s'($)t'{F)

(r) c\ oosl- realom 3c$rcGt .^ ag\erlrir/l rphcre,.
(a)Xe.noralc {ino Aor,rain crgnals h+, h,
(r) frnJ {r'rre lo\., A+ befuicn l.{ic}orr
jol "iJ-h*-F*-' !' L :^+1 ":np:+-t1*-tn:':"1

L\,,,Ie,glor
Nuise.S

Frtlrr: Q

Nolc:

= jql.r)d(fl -
+rq11)f1rf)

85l0

85
10

85t0

85l0

85
10

85

ANnlyslS I

h,Arflfl
ht r-

SignJ "
E i,(r,)il (r,)Q lrr)'r

Stali rl',,.1 Ar..\lil
of S,jnnls

5ar,eplc f
vs. o^ -*[e, $ lp,

at rf 3 retl-fr*r€ n*{e

3.28 l2c =65,9t6
frReis : prelrc{cJ
3rrr.,r\ *l c I AnaltVrc.

* srrn.,\oleJ d"**

o'ffi



€
loo 

3

4\4"
*r,- 

H
 F

 f
: 

5 " F
 

E
*ob

K
:'s\

E
 y i i: 

i tai
i:2 4 i +

: 
usE

'2-ino!\a-
€ 

s- 
\l 

:g 
E

 
: 

d 
:

*G
s ?tE

E
 

E
 !

F
i\l

F
 g Y

 z,":*

;xIllzF-

\Jq) 
q9 \$ 

{D
e@

 
@

 
O



{s1
JI

.^ 
.t 

'i
F

io-
+

tJ
E

 
5 

a-q 
s

-. 
I 

jl 
" 

; 
..J

i 
d 

;L 
. 

S
 -a,-{

J 
3 'o;:

; j ii 
{3s_

t"9 
: 

-r- $ ^ii
i*s i j j *t":
5g 

3 
r 

-i."{,{
,5 

i 
S

 
c 

( {
J - 

1",, .'o
c {l 

o, t 
; 

.S
t u 

e
--$' i 

I i 
* rl

c1 
; 

i 
$=

,
6nnle,q'.1-,

r, 
o/ 

:'-
n i 

e * 
i"t 

it
3: 

t^ tl5 $"{j
cv,o 

il o 
o

o 
'd_

6(^,-,r,,r-.i..,:1-i. 
...,.. :s*

I

,liI

3o)-rlo'
>

lUo,

t4 C
.

3{ |
rsfililIA1': tl

3aq.j@ovo

s 
i',

9 
,tb

t 
-3-x

t 
c'4

t4\
\LL 

€|

5ot
eq

N

+
\to
u?
_r +

 ?
+

 2 
s

-J-
.'7t'
l 

tt
C

n 
s, 

J.
sl 

14

J

\\s(.t\t\J

\t)SI\-s\s\s\\.s0\5

-!U

s
vIJs

+
.1i

{i 
d 

\
P

d.t 
_i

iY
i,t

el-

"r *i f J 
%

(rb 
\-/

tl 
c

_.:l cn j 
5 

g

\l 
*'.e

sl 
?)i

"rl 
' 

v
\\

-e )$
]a$
{d{
I

J'v6.\
Ld-l)

.Yo>\vn

-(.6\\-g.S

l:lstst\

"tsl
-ol
-F\h$

\
.oE

{

+dlrl f
itB---34
6tq\ -44
;\ :i
jt 

;- 
v1

-lt 
i

!1 ; 
L

;l 
; 

Y

o' 
q 

\L
v-L

^rl)-
x\\ n 

s
is lt
o\\
cl\

\
s

q

:l"l5lI

ilcl
+

lt
IIllt0IJIn?6$(h' :' :-

o-+
s'i)f)L<
ogs

ls-
ll

t
,0\^IYl:-
,l'-r
g+

6s,

\It\lt\l

II
.trlllll')l >la2

{
6r\q6Jf,$\F

I
-it;l5l

rSloi\ tl\ 
g

_9{.s4\)

*
5q)

3=
.)5o:,.\

I

d\l
vEl.

g,IAJJ-6

-c\
\s

\:sls'il
(\ 

-L
$oY

E
'

\Js(\
\n

\*/

Igt

s0-
GI3it
c"l

tr(t(ra,

$

gd.,

vso\.J

r\L\\\b



s.uE a6 g ,ot -ale/l \^t i,,o
)", OoOl rot vrlw\ OOI

^ 
s! s? ,e+rE{1e_:..??*L,-1? {-grn rr"o?

ql"r'.t",, r-r'lh t' ,", y"*6_gl lb:|w|ocJ
qu^Be1wr 

lP 
ool ,o3, rtlz.ror-Ol \:n:qf'vzS,

(ttn|,-l"f AJUN ) tNIorT
- !3.t{r't'f 'n.'b 119---e?Jtfr:: al o-} 'rTtsac

!#nr*-C g .,oJ tot"-rot "9 0"'{"t'1:tl *
&.1*, )?r oo1 ,o1. ht>rrc 

.gtxS 
(4nl1rc"nag

( f,At"uf, btttl.pl 
/ p>ttot &!v' V t g ) A t A €

A.Jt waloct c-

'Q.,n.q:0.r.5

i.

t:

i.l

.{
+

ql

,1:

t-
I

j

(Sgu, ) 1""r,!^.d- t1 tl:gD &ilo"ic- nq{ r.'{"ad, 'L''
P;@ .t-{ ;A

>lPUq\-- o,Tu-r o*+ <-t rrcrnprrFl

ot6t Dufs ,\ to r?.r,^p? P\4/v f.ra4wur

f#t u,,t-$u<! J"1-*enSroavtl a I - w,,,t rct 
^?

V-n-rl t u'''elvO

/ o -f nl tVo'u g

tffi ^
fiAl@.-iwr"i oot o{,rn

,, .nro1r,; 'oJ J 
o

( t, otb( l)r^ts 6oa.1on{S h*ttt ) ' a.+.o nvt
uhll.J - no.,{rtr/r+u,raf -|?'fal t*1u;

-^ry'nd' lo ,ellV.lo'w ''n''6

I erwlw Q:m^A lo lo',il'
,o.4nt.,fu!or *Na4tJ4u; ftr" N

>zPl w

d"
0'Y o+ v'o

,o.t/oy' ry 
o wr ''" 'C

"cn'S

'.Br

;;

E)

@

,o 1-\or1r .Br"'r lo 
-rGF.^o y 6d." td"t)

5.*rB t ro; t-t'**9\ do.'1'o,1otl 
(F

{rt dzV oOl -ot >at>,o 
r-0\ 

['4fn.t-1le''as

(t6 6 t r'4',' ^:::,'^l 
r, *' :;:',1 n,, o

,rv 
"9r-G--".}*IT 

" I .lo"+ '.s"J''"w

I o s..to.t/ y s oe/ *atrtral !

1*a-w/t!o ,.il lJtrtS c1fe.tt"l

1'c,'du ca )
'- l,^8 do .lrrtJ a ,.u4avurat 1n 

rYtN

t

t,



fo ssi [{*
l-

nrai n1

l,'., o G

a^"'; l-h

1d-* 
1

.l{t* *
,t^,,&t<n

\E | - - !" lg,1i[^'YY$:"K"]^6io \--" | .rnr. N^'-
,r"l:? l".r'"Tia loo'b.\ a-i ld*| ,V . r .ir!.,rb..t"

rig,,," ""p,i:n" 

(t*' ntfi'''6?h9t

Figure 1,- Blorvup of the double trigger mechauism of scheme I lead-
ing from the phase nrodulated intensity /(t) to the arnplitude modulated
intensity-peak duration r(t) to the pulse tlain p(t), rvhich is to be spectrally
analyzecl.

Figtne 2.- As predicted fry 
"q til, the detection (through scherne 2) of

a gravitl' rvave signal of amplitude r;, and augular frequency ore, buried in
raudour noise of loudness o is successful all the rvay up to the realistic range
o - l00r'g.. No period folding or periodigram rariance reductiott rvere used.

pe1.{a), st/n =kt++ "-xrC+F)
!l . drrrHo, o€ glrrhlcr'l- loh

rd'11 1 
'( (

ko* 'f'l,r. 

"".""J 
I

6{" }- o ff" ,.b" J Ly !<'ra t'r'I ie t'tor.a< '|'n

fa,ota< /^t*J )

rv. e. G o luoh o t>q e'LtV'ra-+"u J J e- n"l^

{,^; /^ at./-.-h h4 h of in J'vi J-"/ /ot,e4

az ;l' Joq (o' ti rfl

E p t -tr-,.Xu.

f eo"*o 0 o Ut*'m lro' oy' q s / ro t4o n /
l-o-n ho i ltzvc lol." ot't'te '" Qn no*' b l-'

grav;Q rutatf e Jthoh'o'

b"'-pfi6;qJr@v 
^f r a^^pl^tsJr.oP rq"'t

C.' n,ue.t' 6iy aF nolst

Zr,thr.rho'(J "t
ont nL'FuJt t'"J'{^}'
Jalr. (e.'l'ouF5 $r
rn JtLt u"c tr
pteL ol' t'tlt r'' T
tf* 

t.J^* '- " l)'

/"J .1.u a.tt/ o/ G"'rt|a^',

A, lv,.h 5o | [<

OP / BC,
\iz t '-

' G. fr,f>'b t&r 
^odrl 'yy._"hl cfro'n +t s,t t'r 1

r.!^ G n e ,au-LJ L. org ^ " tr.-r e.t*t L+'ut

eore*67b C-rr *'Vj
frt /wnohfaal PA"no^"u'

Jtt, ^, {ro pr+ fo-'-' L*hR-^

)$ "^ h o u ,ti-u,r cr r o.Jo Pti t .
Fi{l.cvi,.q q,l' 4,p*tl' fr; l-y

llo
Cq St- .

) ( TeriooL't

Unte-t), h* ^V/"J '/"



P(a)
Notse=100 x Stgnal

Figure 2

,'-ll"5s'gY

r(t)

1o

pttr

Nolse=5o x Slgnal

Nolse=lO x Signal



'it

-ttr _- ., "-

#; ;
1r,. '

$ i." 1' i'g*"';ffi !,t"ffi{i
rs,'"(LAF.P;A4ne
sfohi/i i..l:lg*;",1

p

ir-i$I i
uffirr:i'
- riryY:i1. :\';;F,iE#
i;.1ffi*

i; ,;
}-iti

t"?
1.3i.-"
ff:"

)# i1.t:clr;

"' .;.lJ::i

"a,i-, { '.1"!F
,:$ i"

-_s3 il
$

:f',{:: ,,1

b:.t:]



Roland Schillins, IIPQ CarchinS, 12. I legd - 13 56 I c)U. RolandSchtlling,ltlPQCa.chint,12,l 1996-1356 2

100 Hour Test Run

2-6 March 1989

100 Hour Test Run

2-6 March 1989

The main objectives for an extended test run have been: Total run time 1OO hourc

- to prove that continuous operation of intederometric detec- Data on tape 91.34 hours = 91n 20m 363

tors are possible, Total amount of data 14,5 G bytes

- to test the requirements on the stability ofthe ad.iustments in 657672 records of 22048 bytes each'

and other harJware components, written on 94 reels of tape (6250 bpi),
each tape storing 7200 records (158 7 MB),

- to provide long term data that can be analys€d for various corresponding to one hour of run time.
(non-gaussian) noise contributions,

- to reheaGe the logistics of data acquisition, date exchange Each record repr€sents V2 second of date' containing

and archiving' - 5000 samples of interferometer data,

- :ncl cnl. .! :r .).rremlY iernt possibilir" rhe icie; of iinciiog

. sorre graviraricrral weves. of som€ other hidd€n.orrelations - 2500 samples of accelerometer data from laser table,

between the d:ta oi distant detecto|s.

- 1250 samoles of accelerometer data from central tank,

- 1250 samples of lot freq!€ncy interferometer data,

plus B different kinds of housekeeping data, sampled once per

each Ll2second record.



(,Ruland Sthilliilt, MPQ Carchrng, 12. I 1996 - 13.36

Housekeeping data

Each Vz second record contains the following housekeeping data:

The actual time from DCF 77,

A logical signal indicating that the three main servo loops are

in lock,

A signal corresponding to the laser power,

The low frequency correction signal from the frequency sta-

bilization,

A signal corresponding to the photocurrent in the diode for

the abolute arm length control,

The low frequency correction signal from the absolute arm

length control,

A signal corresponding to the photocurrent in the diode for

the main interferometer outPut,

The low frequency correction signal from the armlength dif-

ference control.

Argon-lon lascr
g
E

tcccltrom.
l.!r t.blt

re,arenc
cavlty

2Hr x_!!lylcr

20lHr x 2lyr6
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R.l{d SilUnS, MPQ GlFhta' 12. l. 1996 - 13:55
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Investigations of recorded data

We looked at:

Housekeeping data,

Noise spectra for selected time slices,

1-minute rms averages,

0.1-second rms values of selected time slices,

Amplitude statistics for selected time slices.
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January 1996
B. Mours- LAPP (AnnecY)
ASPEN

Data Analysis
Preparation for

((u)vlRGf
INFN. CNRS

(Annccy, Frascati' Lyon' Napoli, Orsay'
ESPCI-Paris, Pisa, l)crugil' lloma)

. The Experiment and the constraints

. The Online System

. The Calibration

. The Simulation

. Pulsar search

:-\ '-
i: \:\

lo 
Treqtency (Hz)



RealW Constraints

Main signal sampling: up to 20 kHz
+' lot of data

Need to record additional monitoring signals
+ more data

Raw clata ratc: l-5 [\4trvtcs/scc

Online system:
. Robust
. Flexible
. Data reduction : Trigger
. Data organisation : The Frame structure

(online/ offline compatibility)

Data analysis will need a very good
understanding/modelling of the detector noise

=+ Calibration
+ Simulation

Frequency (Hz)



VIRGO Controls

'l'ittttug &J'.r{drrl

ffic
\\

- Digital controls
- Local controls + global controls
- Digital OPtical Link
- Clock
- Coordination bY the SuPervisor
- Slow monitoring by standalone stations

A Flame = a I'ew seconds of organized data

Slrperufsor

(.ttt tttcs.ttlgcr



Data Format The Frame Structure

G.W. Signal

Channel l

Channel 2

Channel n

ArrIrial @
Time

| | r l | | | | | | | I | | | | | | | I | |

IYIUUIYYTVU

il ||tilililIililIil1

Franre I Frame 2 Frame 3

Data taking is a continuous process
Channels are sampled at different frequencies

+' Use a'Frame' structure

A Frame is an organised data set
of few seconds length

One G.W. event correspond to several Frames

A Frame has a tree structure:
.Individual blocks are C structures
. Possible add/drop structure
. Used from online to offline

Structures ftUed by
tke Frame Builder

SMS ililnrc, lrnlc
il,rln bkf,ls

Structures tilled by
the Online processing

or by
an OfJline re p roce ssing



Online Processing

Frame
Builder

Typical data
flow = 1-5 Mbyte/s

FuIl Raw Data
Archiving

Online Trigger

about 20 kbytes/s
or

1 Mbyte/s for burst candidates

Online
Data

Quality

Online Trigger

Data l'low: l-500 Gbytes/clay
* Overflow any data analYsis

=* Need Online data reduction : trigger

Algorithms will work on reconstructed 'h'
'h' reconstruction: convert raw data (i.e. ADC

counts) to physical quantities (h)

Trigger algorithms will search for burst events.

- select 'time windows'

keep:
. all the raw data for selected frames
. 'h' for the others (pulsars searches).

Algorithms
. simple
. robust
. multiples
. upgrades + data reprocessing
(D. Vcrkindt ct al. Aslroparticlc physics 2 (1994) 235-248)



Calibration

Goal:
. Convert the ADC values to h
. Study of the Virgo sensitivity

=+ temporary signals
. Permanent monitoring of the interferometer

- check the interferometer
- check the data acquisition system

=+ few permanent sine waves

How:
Move a mirror by a well known amplitude
Need to know:

. the force applied on the mirroro

. the mechanical transfer function

Forces:
. Magnets (locking actuators)
. Radiation pressure from an additional laser

The calibration signal will be provided by an
external and independent signal generator.

Simulation

Goals:
. Design ol'the detectol'
. Detector conrmissioning
. Dzrttr auarlysis

Tool: SIESTA
tSirnulatiorr ol' Intr.rlsttlnrctl'ic lixper intcttl Scnsitirc 'lir gfr\vitittiollitl $avcs)

Integrated, general purpose program:

" Time dependent simulation
. Metric, Mechanic, Optic, Electronic
. Various levels of accuracy

Object Oriented Progratmrling: Modularity



Mechanical simulation

Ex. simulation of mirror motion due to seismic and thermal noise

(in time domain)

.J
xI0

3 o.rs

R 0.,
I 0.05sEo!.o.oj
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-0.2

s
s

s
s*
]J

I)

.J
IO

-6
t0

IO
.E

IO

t0
-t0

IO
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.tJ

t0
.14

IO
-t5

IO
-16

t0
.t7

t0
-rd

t0
-19

t0

600

tintc (s)

Shot noise

IO
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Fast Dqta Simulation
(Example)

This includes:
- Thennal noise (4 mirrors)
- Shot noise

Pulsar search

Doppler effect'

+Need earth position

12o0o0ct
N 1 0o0o

0

-'10000

-20000

-JOo00

-40000

h _whk'

( I scc o[ Data @ 20Kl lz= 6 scc rcal tinrc)

l0

precision : I 5km( IkHzlfrequency)
(5olo losses)

=+Need some care

Ealth position out ol'the ecliptic plan (10 years)

1500 2000 2500





Pulsar search

# of Search Directions

Doppler effect

+Need source direction

Example:

U2to
o\)
\J
()\s\)
u2

b-3
cl0
!

i 0.6

0.4

0.2

0

-0.2

-0.4

-0.6

-0.003 -0.002 -0.001

. 10 days of integration

. contour lines = 27o losses

0 0.001 0.003
alpha

I0'' t0'
Integration time (daY)

..i....;,,.i ,;..: :.:::..... : -. : : :

"r" "i"': :'i i'iii "" ; " : ':' :'

i i iitti'b sqovr,i

: i i iiiil soHzi !

'r''i ii iii:: ' i i ii

'": "':"': : ;'i'i:; : ': :":

.,. 1....i...i..1. i.1.1i.i........: ....i. .:..i

: : i : i:::: : : ;

...-r...t...1..1..i.1.ri1...." i "i" i

.. i... i...i..;..i.i.;i.i. .....; ....i.. i..

" i; "i"'i'i'i'i'lil "" "i' 'i"'ic
: : : i iiii: : i :

i i::lili: : ioi
...i. ,..:...:..;..1.i,i: i..... j. ..i ..i-

i iii:::i: ioi:
..i. i. i i'?i':i; ' 'i' '"r

!iili!:ii"il.i..l.i'ii"iiii;" :.'i i
i : . ::: a ! ! !: : : : ::::| ; : ;

IO


