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Discriminating a gravitational wave background from instrumental noise in the LISA detector

Massimo Tintc® J. W. Armstrongd’, and F. B. Estabrodk
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109
(Received 11 September 2000; published 4 December)2000

The multiple Doppler readouts available with the Laser Interferometer Space AritdS#g permit simul-
taneous formation of several observables. All are independent of laser phase fluctuations, but have different
couplings to gravitational waves and the various LISA instrumental noises. Comparison, for example, of the
Michelson interferometer observable with the fully symmetric Sagnac data-type allows discrimination between
a confusion-limited gravitational wave background and instrumental noise.
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The Laser Interferometer Space AnterfhESA) is a pro-  optical bench motions, but also with different sensitivities to
posed mission which will use coherent laser beams exgravitational waves and the remaining system nfse?.
changed between three remote widely separated spacecraft to This Rapid Communication briefly discusses two laser-
detect and study low-frequency (1H-1 Hz) cosmic gravi- and-optical-bench-noise-free combinations of the LISA read-
tational radiation. Modeling each spacecraft as carrying laQuts Previously denotedi (or SagnagandX (or Michelson,

sers, beam splitters, photodetectors and drag-free pro%
masses on each of two optical benches, it has been sho
that the six measured time series of Doppler shifts of the

lFat have very different responses to the gravitational wave
ackground, but comparable responses to instrumental noise
V%%urces{S—?].

In Fig. 1 the six Doppler beams between the LISA space-

one-way Iase'r beams betwegn spaceCfaft pairs, and the Siaft are symbolically shown, together with the six Doppler
measured shifts between adjacent optical benches on ea?éladoutsyij (i,j=1,2,3), recorded when each transmitted
spacecraft, can be combined, with suitable time delays, theam is mixed with the laser light of the receiving optical
cancel the otherwise overwhelming phase noise of the lasetsench. Delay times for travel between the spacecraft must be
(Aviv=10 1) to a leveln=Av/c=10 23 This level is set carefully accounted for when combining these data. Six fur-
by both the buffeting of the drag-free proof masses insiddher data streams, denotegl (i,j=1,2,3), are generated in-
each optical bench, and the shot noise at the photodetectof§nally to monitor both lack of rigidity and laser synchroni-
Very strong galactic binary signals are expected to peation between the independent optical benches at each

individually detectable by LISA. Particularly at low Fourier
frequencieg(say 0.1-8 MHZ however, it is expected that
there will be many sources radiating within each Fourier
resolution bin[1-3]. These latter signals will not be detect-
able individually, and will form a continuum which could
mimic — and thus be confused with — instrumental noise.
The level of this continuum could be in the range
10 2°-10 %2 [1-3]. A measurement of the amplitude and
frequency dependence of this background, and its variation
with its position in the sky, will confirm or disprove esti-
mates of galactic binary system populations, including their
distributions in the galaxy4]. Since these galactic binary
populations are virtually guaranteed, the detection of their
signals could be the first direct detection of gravitational
waves.

For this measurement it is very desirable that competing
proof-mass or other instrumental noises not only be charac-
terized and calibrated before flight, but also be measured in
the actual flight configuration while data are being taken. In
contrast with Earth-based, equi-arm interferometers for
gravitational wave detection, LISA will have multiple read-
outs, and these data can be combined differently to give mea-
surements not only insensitive to laser phase fluctuations and

spacecraft. We use all the conventions and definitions of Ref.
[7], where a number of laser-and-bench-noise-free combina-
tions of the datay(; , z;) were identified.

The simplest such combinatiof, uses all the data of Fig.
1 symmetrically:

{=VY322 Y233t Y133~ Y311 Yor,1m Y122

+ E( = Zyz 1t Zo31 221,251 Z31,25~ 232,131 212,19

1
+ 5( —Z3p 0+ 215~ Z13 3t Zo3 3~ 221,11 Z31,0) - )
o 2
Y12
Y32
Y34
Yis
Yo
ow >.
1 Yo 3

FIG. 1. Schematic illustration of the six laser links in LISA. The

y;; are the fractional frequency fluctuations in the Doppler links. All

*Electronic address: massimo.tinto@jpl.nasa.gov six of these links can be combined to produce the Sagnac data
"Electronic address: john.w.armstrong@jpl.nasa.gov combination,, which is relatively insensitive to gravitational ra-
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FIG. 3. As in Fig. 1, but for the links involved in the unequal-
GW background in ¢ observable arm Michelson interferometer combinatiof, which is much more
sensitive to gravitational radiation thdn
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FIG. 2. Fractional Doppler frequency instrumental noise powerUSIng Eq.(3) and the appropriate transfer functiois7], is

spectra for data combination$ (solid line) and ¢ (dashed ling shown in F',g' 2. Also shown IS the anticipated galac?t'c bi-
These are derived from the transfer functionsXand{ to instru- ~ Nary confusion spectruffii], which would be observed iK.
mental noises and the nominal LISA spectra for individual proof!t IS clear that a comparison of and{ may allow the back-
mass noisg3x 1015 (m/se€)/Hz] and one-way optical path 9round to be discriminated against instrumental noise.
noise[ 20x 10~ 2m/\/Hz], converted to fractional Doppler spectra. ~ LISA will have an equilateral configuration with, =L,
Also plotted are the spectral responses<aind ¢ to the expected =L3=L~17 sec. In the frequency band of interest (0.1-8
stochastic gravitational wave background as discussed by Bend&Hz), the expressions for the Fourier transforms of the
and Hils[1], and Hils[2]. Using{ to measure on-orbit instrumental gravitational wave signalX9%(f), 79"(f) and the power
noise allows a gravitational wave backgroundXnto be either  spectral densities of the system noiseXiandZ, Synoise(f),
uniquely determined or bounded. Spois{f), can be Taylor-expanded in the dimensionless

S ) ?uantitny. The first non-zero terms are
The comma notation indicates time-delays along the arms o

the 3-spacecraft configuration XIW(f)=2(2mifL)3[ng-h(f)-ns—ny-h(f)-n,], (4)
Y327=Y3At—L>), 2

and so forth(units in whichc=1).
The transfer functions of to instrumental noises and to kAR FR).
gravitational waves were calculated [i] and [7]. Using +(k-nz)(nz-h(f)-ny)
current specifications for random velocities expected for the PRI I
six drag-free proof masses, for fluctuations due to shot-noise (k- Ng)(ng-h(f)-ny)], ®)
anoise(f)ESXproofmas{f)-FSxopticalpatl*(f)

~ 1 A n A~ N
ég‘”(f):1—2(27TifL)3[(k-nl)(n1~h(f)-n1)

at the readouts and for beam-pointing noise, the expected
noise power spectra can then be computed. The resulting

instrumental noise power spectrum is shown in Fig. 2. =16 S,(f)+ Syx () + Sy(f) + Spx () ](27rFL)2
Also shown there is the computed power spectrum¢ of
averaged over the sky and elliptical polarization states, that + 4 S f) + Spa(f) + Sza(f) + Spa() ]

would result from a stochastic background originated by an
ensemble of galactic binary systems, based on Fig. 2 of
Bender and Hil§1]. _ _

In Fig. 3 the laser- and optical-bench-noise-free data com- Sgnoisd 1) =[5,() +Sp(f) + Sa(F) Sy (1) + S (1)

X(2mfL)? (6)

bination,X, is illustrated; only four data streams are required. + S (F)](2FL) 2+ [Sao ) + Sy )
If low-noise optical transponders can be used at spacecraft 2
and 3, then only the two readouts on board spacecraft 1 are + S31(f) + Spu(f) + Spa(F) +Spa )], (7)

needed5,8]. This combination is equivalent to donequal

arm) Michelson interferometer. In general it is given by ~ Where we have denoted Bprootmas{f) and Syopricaipat()
the aggregate contributions to the power spectrum of the

X=Y32 300~ Y23.235+ Y3120~ Yo1.35 Y232~ Y325+ Yo1— Y31 noise in the respon@éfrom the proof.mass. and optical path
noises, respectively. The expressions in square brackets
in Egs.(4) and (5) incorporate LISA antenna respongés,

and are of the same order of magnitude. The proof mass
Doppler noise spectr&(f), S« (f) (i=1,2,3) will be de-
signed to a nominal power spectral lev&(f)=2.5

X 10 % f/1Hz] 2 Hz ! [7,8], while the optical path noise

+ 5( — 251 2233% 201,331 201,20~ Z21)

+ 5( + 2312233 Z31,35 Z31,20T Z31) - ©)
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spectraS;;(f), (i,j=1,2,3j#]), which includes shot noises should then be attributed to a galactic binary background of
at the photo detectors and beam pointing n$i8e are ex-  gravitational radiation. In any event, the right-hand side of
pected to be equal to a nominal spectr®h(f)=1.8 Eq.(10) is an upper bound tSygw.
x 10" 37 f/1Hz]%. Both these noise sources will be estimated If the measured spectrum df is above its anticipated
before launch, but could be larger when the in-orbit data willdesign level, consider the observed spectral data of X{and
be taken. differenced

First consider the responses to the gravitational wave sig- bs be. 5
nal, given in Egs(4) and (5). At =103 Hz, for instance  Sx (f)—165;”%(f) = Sxaw— 18 Sy(f) + Sa« (f)](27fL)

(so 2nfL=10"1), the absolute value of the coefficient in _ _

front of the squared-bracket in the responsgEq. (5)] is 16.S;5(f) + Spo(f) ] — 16 S f)
about three orders of magnitudes smaller than the corre- + Sp3(f) + Saa(f) + Sp4(1)]
sponding coefficient given in the expression ¥fEq. (4)].

The power spectral densities of the noises due to the proof X[1—(mfL)?]. (11

masses and the optical-path ndlises. (6) and(7)] will only nThe coefficient ofS‘zbs has been chosen so that the noise

differ at most by an order of magnitude. We conclude that i . . : .
this lower frequency range the LISA Sagnac respofisean terms on the right-hand side are all now neggtlve—deflnlte_ and
be used as a gravitational wave shield. In the following wetan Pe bounded from above by their design, or nominal,

1 . .
ignore the gravitational wave background contributiori to valuesS°(f) ands (). res:pequv.ely.. The result is a '°.Wef
To take quantitative advantage of this propertyoton- bound for experimental discrimination of the gravitational
sider the observed power spectral densitieX @ind ¢, wave background spectrum

S?(bs(f) = ngw( f) + Sxproofmas{f) + Sxoplicalpatr(f) (8)

1 Sxopticalpatf(f)
b N - 7
)= 16 Sxprootmas{ f) + (mfL)? +[S(T) Equations similar to(11) and (12) can be written for the
5 other two interferometer combinations, Y and 7. In those
+ S5 (D) ](27fL)“+[Sia(F) +S1f)], (9 equations, there will be different mixes of canceled and

here in Ea(9 h titioned th ira of th bounded noise sources, resulting in different gravitational
where in Eq(9) we have partitioned the power spectra o ewave spectrum lower bounds.

no?se in the/ observable in terms of the power spectra Of the " \ve note moreover that such bounds result not only from
noises in theX observable and some remaining terms that A sing ¢ with data combinations X, Y, and Z, but also with
not present irX, tp empha§|ze commonality of some noise ther data typef7] such asx, P, etc. If certain of the proof
sources. The noise contributed by any one of the proo asses are significantly noisier than others, this can make

masses and optical-path noise sources is unlikely to bgome of these boundin -

. g criteria preferable. As an example,
smaller than the design valueg’(f), S'(f). From Eq.(9) : obs £\ qcobs .
we conclude that, if the magnitude of the measured powetrhe spectral differenceS, (f) —9S;"(f) has negative

. . ) - definite noise and leads to the lower bound
spectral density of the responges at its anticipated level
SP°(f)=6S"(f)(2mfL)?+6S'(f), then the level of the g 4(f)=SP%(f)—9SP(F)+ 322 fL)2SY(F) +48SK(f).
power spectral density of the noise entering iKts known. (13
This would imply that the spectrum

Syonl F)=S%(F) — 16S2°% ) + 32 2fL)?S"(f)
+166— (27fL)?]SY(f). (12)

This research was performed at the Jet Propulsion Labo-
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