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Spacecraft Doppler tracking as a narrow-band detector of gravitational radiation
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We discuss a filtering technique for reducing the frequency fluctuations due to the troposphere, ionosphere,
and mechanical vibrations of the ground antenna in spacecraft Doppler tracking searches for gravitational
radiation. This method takes advantage of the sinusoidal behavior of the transfer function to the Doppler
observable of these noise sources, which displays sharp nulls at selected Fourier components. The non-zero
gravitational wave signal remaining at these frequencies makes this Doppler tracking technique the equivalent
of a series of narrow-band detectors of gravitational radiation distributed across the low-frequency band.
Estimates for the sensitivities achievable with the future Cassini Doppler tracking experiments are presented in
the context of gravitational wave bursts, monochromatic signals, and a stochastic background of gravitational
radiation.[S0556-282(98)08116-9

PACS numbsgps): 04.80.Nn, 07.60.Ly, 95.55.Ym

I. INTRODUCTION sensitivity, to be~c/L. Frequency stability of the master
oscillator driving the Doppler system and finite signal-to-
Successful detection of gravitational wavé8Ws) has  noise ratio on the radio links set the high frequency band
important implications both for astrononiwhere new infor-  |imit to be ~0.1 Hz.
mation about astrophysical sources will be obtajreatl for Detection of GW signals in this millihertz band is com-
fundamental physicevhere aspects of relativistic theories of plicated by various noises. The principal noise sources are
gravity can be testgd1]. Current experimental efforts in- [4—9]: ground electronics noiséncluding frequency stan-
volve three types of detector: resonant bamarrow band dard and frequency distribution nojs@ntenna mechanical
devices sensitive at about one kilohertz center frequencynoise(unmodeled motion of the antennahermal nois«fi-
ground-based laser interferometébsoadband devices sen- nite signal-to-noise ratio on the radio linkspacecraft noise
sitive between 10s of Hz to-few kilohertz, and Doppler  (electronics and unmodeled motion of the spacegrafid
tracking of distant spacecrafsensitive at much lower fre- propagation noisgphase scintillation as the radio beams
quencies~10"° to 10" * Hz). For at least the next decade, pass through irregularities in the troposphere, ionosphere,
until laser interferometers with very long arm lengths can beand the solar wind Electronic and thermal noises can be
flown in space 2], the only experimental access to the low- made very small, and propagation noises can be mitigated
frequency band will be by using Doppler tracking of space-through use of higher or multiple radio frequencies to sup-
craft. press or remove entirely charged particle scintillation, and by
In the Doppler tracking technique, the Earth and an interemploying water vapor radiometers to meas(aed cali-
planetary spacecraft act as free test masses. The Dopplefate tropospheric scintillation. Residual uncalibrated tropo-
tracking system continuously measures their relative dimensphere and antenna mechanical noise are expected to be lead-
sionless velocityAv/c=Av/v, (hereAv is the relative ve- ing noise sources in the future gravitational wave
locity, Av is the Doppler frequency fluctuation, amg is the  experiments performed with the Cassini projg@} a scien-
nominal frequency of the microwave linkA gravitational tific mission to Saturn sponsored by the National Aeronau-
wave of strain amplitudé(t) propagating through the radio tics and Space AdministratiaiNASA), the European Space
link causes small perturbations in the Doppler time series oAgency (ESA), and the Italian Space AgencpsSl).
Av(t)/vy. These perturbations are of orderand are repli- In this paper we show that, when the limiting noise
cated three times in the tracking record with a characteristigources in Doppler tracking data are the troposphere, iono-
pattern that depends on the source-Earth-spacecraftf@jgle sphere, and the mechanical vibrations of the ground antenna,
These three events in the time series can be thought of as dege can take advantage of the sinusoidal behavior of their
to the GW buffeting the Earth, the GW buffeting the space-transfer functions to the Doppler observable to achieve lower
craft, and the original Earth buffeting event transpondechoise levels. These transfer functions are all equal, but dif-
back to the Earth at a timelZc later, whereL is the dis-  ferent from the “3-pulse” transfer function connecting the
tance between the Earth and the spacecraft, @nsl the  GW excitation to the Doppler response. The noise transfer
speed of light. The sum of these three Doppler perturbationfunction has sharp nulls at specific frequencies in the power
is zero. This overlap of the three events, and partial cancekbpectrum. We show how this modulation of the noise spec-
lation, occurs for GW pulses having widths larger than aboutrum can be exploited in a very robust way to improve the
L. This sets the lower band edge, for which one has fullsensitivity of a Doppler GW search for bursts, sinusoids, and
stochastic background waveforms.
In Sec. Il we derive the transfer functions of the various
*Electronic address: mtinto@pop.jpl.nasa.gov noise sources affecting the Doppler response. After pointing
Electronic address: John.W.Armstrong@jpl.nasa.gov out that the Cassini gravitational wave experiments will be
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FIG. 1. The temporal autocorrelation function of 10-second time resolution Mars Global Surveyor Doppler data taken on April 17, 1997,
when the two-way light timeT,=2L/c, was equal to 504 seconds. The inset plot shows the power spectrum, with the frequency scale
marked in units of I¥,.

limited by the residual frequency fluctuations introduced byand produces an anticorrelation at time lag &f@ Tropo-

the troposphere, and the noise due to the mechanical vibrapheric scintillation and antenna mechanical noises, which
tions of the ground antenna, we show how to effectively takeare non-dispersive and expected to be the leading noise
advantage of the sinusoidal behavior of the transfer functiosources in the Cassini Doppler d4fd, each have the same

of these noises in the Doppler observable in order to signifitransfer function to the Doppler observable

cantly reduce their magnitude at selected Fourier frequen-

cies. In Sec. lll we estimate the one-sided power spectral S(t—2L/c)+4(1). (2.2
density of the noise for the Cassini gravitational wave ex-

periments. Since Cassini will take advantage of a multilinkFor current generation precision Doppler experiments, utiliz-
radio system for removing the frequency fluctuations intro-ing approximately 8 GHz radio links, observations in the
duced by the interplanetary plasma in the Doppler data, wantisolar hemisphere have significant contributions from tro-
find a root-mean-squared noigem.s) sensitivity level to  pospheric and extended solar wind scintillation, while iono-
sinusoids of about 5:010 17 in the lower part of the band. spheric, frequency standard, and antenna mechanical noise

In Sec. IV we present our comments and conclusions. are secondary disturbances in the Doppler [itk]. As an
example, in Fig. 1 we show the temporal autocorrelation
Il. NOISES AND DOPPLER TRANSEER FUNCTIONS function of 10-second time resolution Mars Global Surveyor

(MGS) data taken on April 17, 1997, when the two-way light

The main noises affecting precision Doppler tracking ob-time 2L/c was equal to 504 sec. The clear positive correla-
servations map into the Doppler observable through charagion at time lag of 504 sec indicates that tropospheric scin-
teristic transfer function$6,10,11. In a spacecraft Doppler tillation and possibly fluctuations induced by mechanical vi-
tracking experiment, an interplanetary spacecraft coherentlgrations of the ground antenna dominate the noise on this
transponds back the signal it receives from the ground. Thalata set.
is, the spacecraft coherently generates the phase of the signal A consequence of thé(t) + 8(t— 2L/c) transfer function
it transmits back to the Earth from the signal it receives fromis that the power spectrum, the Fourier transform of the au-
the ground. The contribution to the two-way Doppler track-tocorrelation function, will be modulated by é¢sfT,),
ing time series due to plasma fluctuations can be made smallhereT,=2L/c is the two-way light time. The inset plot in
via high radio frequencies or multifrequency linkg12,13; Fig. 1 shows the power spectrum of the MGS data, with
the transfer function to the observable is given3il4]. The  frequency scale marked in units ofT3. No smoothing of
noise introduced by the frequency reference clock has inthe spectrum has been done and much of its spikiness is due

stead the following transfer functidi6,10,11 to estimation errof15]. The cosine-squared modulation is
however evident, showing that there are nulls at odd mul-
S(t—2L/c)—8(1), (2.1 tiples of 1/(2T,). At these frequencies, fluctuations from
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other noise sources will dominate the power spectrum. If thespacecraft and coherently transmitted back to Earth, this
spectral level of these secondary noises is low, there is moise source can be suppressed to very low levels or entirely
potentially large improvement in SNR for gravitational wave removed from the data respectivgly2]. Searches for gravi-
signals having Fourier power at the nulls of the tropospheretational radiation with Doppler tracking utilizing only one
antenna mechanical transfer function. In its simplest formyradio frequency are usually performed around solar opposi-
filtering the data to pass a comb of narrow bands centered aion in order to minimize the frequency fluctuations induced
the nulls of the cosine-squared transfer function blocks thdy the plasmd16]. If the frequency of the radio signal is
troposphere-antenna mechanical noise while passing th€a-Band(32 GH2 (as it will be the case with the Cassini
power of gravitational wave signals at these frequenciesgravitational wave experimentsand the tracking is per-
This is robust, in that nothing needs to be known about thdormed at solar opposition, at 1000 seconds integration time
signal except that itby hypothesis has power at odd mul- the plasma noise is equal to about 200 1 [8]. If dual
tiples of 1/(2T5,). In this paper we estimate the SNR achiev-frequencies are used instead, such as~8(GHz) and Ka
able with some waveforms, while practical effects such adands for instance, by linearly combining the Doppler data at
the change ifT, over an observing interval, are presented inthese two radio frequencies we can entirely remove the first

the next section. order frequency fluctuations due to the plasma. The magni-
tude of the first higher order term is equal to about
IIl. APPLICABILITY AND PERFORMANCE 7.0x10° %0 [12], making it totally negllglble with respect to

other non-dispersive noise sourd&s.

From the considerations made in the previous section ¢\ a denote withy(f ) the Fourier transform of the Dop-
about the transfer functions of the various noise sources a‘%

. . ; dler responsg(t) calculated over the time of observation 2
fecting Doppler tracking, we can write the Doppler responséy s is defined as follows:
y(t) to a gravitational wave in the following forf®,11]:

yiy=220 yt)= | ywertay 33
Vo
(1—p) and at the Fourier frequencies
=——5 h(O)—pht=(1+u)L)
(2k—1)
(1+ ) f = oT. k=123, ... (3.9
+ 5 h(t—2L)+C(t—2L)—C(t)+2B(t—L) 2

FT(t—2L)+ T() + Ag(t—2L) + A(t—L) ]IcEO?rL:]aEiflrigs.l) can be rewritten in the following approximate
+TR(t—L)+EL(t)+P(t), (3.9

V) ~[—1+i(—1)<ue™2ik=DuTR(f
whereh(t) is equal to y(f~[ (—1)u Th(fy)

~ ~ il
h(t)=h, (t)cog2¢) + hy (1)sin(2¢). (3.2 —ZC(fk)”(fk)(?)
Here h, (1), hy(t) are the wave’s two amplitudes defined Fi(= 1) U2B(f) + TR(f) + A Fio)]
with respect to two axis,X,Y), chosen in the plane of the - . _
wave, (6,¢) are the polar angles describing the location of —Ae(f)+EL(f ) +P(fy). (3.9
the spacecraft with respect to the right-handed triagr(2)
(with Z orthogonal to thex—Y plane, w is equal to co9), In Eqg. (3.5 we have assumed that the time dependence of

and the speed of light has been chosen to be equal to 1. the two-way light time is such that during the time scate 2
We have denoted witlC(t) the random process associ- over which the Fourier transform is performed the frequen-
ated with the frequency fluctuations of the clo@&(t) the ciesf, change by an amount smaller than the frequency reso-
joint effect of the noise from buffeting of the probe by non- lution Af=1/27. In practical experiments this is not true. In
gravitational forces and from the antenna of the spacecrafthe case of MGS, for example, the time variation of
T(t) the joint frequency fluctuations due to the tropospherecauses the position of the xylophone nulls to move by more
ionosphere and ground antenrg,(t) the noise of the radio than the Fourier resolution bin in coherent integrations that
transmitter on the ground\s(t) the noise of the radio trans- are longer than about 8 hours. More relevant, however, is the
mitter on board,TR(t) the noise due to the spacecraft tran- magnitude of therl,-correlated noise with respect to that of
sponderEL(t) the noise from the electronics on the ground,the other noise sources. The variationTefsmears the spec-
andP(t) the fluctuations due to the interplanetary plasma. trum of theT,-correlated noise, reducing the depth-of-null at
Since the frequency fluctuations induced by the plasmahe xylophone frequencies. ThE,-correlated noise level,
are inversely proportional to the square of the radio fre-however, is still reduced to that of the remaining noise
guency, by using high frequency radio signals or by moni-sources in the neighborhood of the xylophone frequencies.
toring two different radio frequencies transmitted to theThis will be the case for the Cassini experiments.
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FIG. 2. The estimated one-sided power spectral density of the noise that will affect the Cassini Doppler data. Curve “a” represents the
configuration in which 80 percent of the noise due to the troposphere has been calibrated and removed by means of water vapor radiometry;
curve “b” corresponds to the configuration without calibration of the troposphere.

We note from Eq(3.5) that the Fourier components of the ties will be performed at X-Band, we conclude that for one
random proces$ at the frequencie$, are reduced in mag- third of the duration of these gravitational wave experiments
nitude by the factor L)/(2c7). With a two-way light time  the effects of the interplanetary plasma can be entirely re-
of about five hundred seconds, and an observation time ahoved from the Doppler data, while for two thirds of the
eight hours, the reduction factor for the frequency fluctuaobserving time the plasma noise will be one of the leading
tions due to the troposphere, ionosphere, and the mechaniGgbise sources in the Doppler data. In Fig. 2 we plot the
fluctuations of the ground antenna, is equal to1D" 2 for  one-sided spectral density of the noise in the Cassini Doppler
the MGS data. In the case of Cassini instead this factor coulgbsjqual, from which the interplanetary plasma scintillations
be as small as 2:610°° for the first opposition(40 days  paye been removed. The continuous-line curve corresponds
integration, distance to the spacecraft 5.5)a.u. to the configuration in which eighty percent of noise due to

In Eq. (3.5 we provide also the antenna pattern of they,q tonosphere has been calibrated out with water vapor
remaining signal at the frequencidg. As expected it iS o igmetry, while the dotted-line assumes no calibration of
equal to zero whep.= =1, and has a maximum value of 1 the troposphere. Since the power of the frequency fluctua-

.at'“:O' For sources randomly distributed over the sky, III(etions due to the troposphere are reduced, at the frequencies
in the case of a stochastic background of gravitational waves, g .
«,» to a level smaller than the remaining noise sources, we

we can assume the anglé%¢) to be random variables uni- - o
formly distributed over the sphere and over the interval>€€ why_ the two curves plotted in Fig. 2 coincide at the
[0,27] respectively. The average ovés,¢) of the antenna reduenciesiy. , , ,
pattern given in Eq(3.5) is equal to zero, while its variance, ' igure 2 also allows us to estimate the signal-to-noise
which we will denote witrS 3(k), is equal to the following  'ai0S for various waveforms. Gravitational waves can be
: - - : - classified into three categories, depending on their tempora
monotonically increasing function of the integer behavior and their time duration relative to the time of ob-
servation. A complete review of gravitational wave sources,
k=1,2,3,... (3.6 andestimates of the corresponding strengths of interest in the
millihertz frequency band, are given in REgf]. Here we will
briefly summarize some of the anticipated sources of gravi-
From Eq.(3.5 we can derive the expression for the expectedational waves and compare the amplitude of the waves they
one-sided power spectral densBy(f,) of the noise in the are expected to radiate to the noise spectral levels presented
Doppler responsg(t) at the frequencie$, . Under the as- in Fig. 2 for the Cassini experiments.
sumption that the random processes representing each noiseGravitational wave bursts in the millihertz frequency band
source are uncorrelated with each other, and their one-sidembuld be emitted during different astrophysical scenarios. A
power spectral densities are as given[&9], we can plot collapse of a star cluster to form a supermassive black hole,
S,(fy) for different radio tracking configurations. Since for instance, might generate a waveform whose dominant
Cassini will be simultaneously tracked at X and Ka bandsspectral components coincide with the frequencies at which
only at one of the three complexes of the Deep Space Nethe effects of the troposphere and mechanical vibrations of
work (DSN), and tracking at the remaining two DSN facili- the ground antenna are suppressed.

) 4
%(0=3" 2
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Another astrophysical scenario implying the emission of a hgf +oo
gravitational wave burst is the fall of small black holes into a SNR(fg,a)= P f
super massive black hole, as it might happen at the end of the _°°

2
S

merger of two galaxies hosting at their centers a black hole. of

Although the temporal dependence of the gravitational wave sinz(ﬁ>

burst radiated during the merger is unknown, the radiation . 52 df, (3.11
emitted by the newly formed hole during the settling process Sy(f)[f*"—Af"+B]

can be described mathematically quite wWél¥,18. The ra- ] ]

diation in this case is strongly dominated by the bIack—hoIe",Vher_e we have denoted with and B the following func-
quasinormal modes, whose frequencies and damping timd©ns:

depend on the mass of the hole and its angular momentum. (1—a)%t

The strongest and most slowly damped of these modes is Azz[l_ —ng (3.12

expected to be the fundamental, whose gravitational wave 16
tensor can be written as folloW47]
(1_a)9/1 2
B= 1+1—GT fe. (3.13
A e;jhge” W9/ 0sin 27f(t—ty)], for t=tg
(0 0 for t<tg’ If we assume the energyE emitted in the form of gravi-

(3.7 tational radiation to be proportional to the rest energy of the
black-hole AE=eMc?), by substituting Eq(3.9) into Eq.
(3.9 it is easy to derive the following expression for the

whereg;; is the polarization tensoh, is the wave’s ampli- )
wave’s amplitudeng:

tude at its time of arrivalg, andfg and =, are the quasinor-
mal mode’s frequency and damping time respectively. The B 037 12
analytic expressions for the amplitutig, the frequencyfy 0= c [[1-0631-a)*e _
of the damped mode, and the damping tirgeare as follows mrfg 2m

(17,18

(3.19

Note from Eq.(3.14) that, for a fixed angular momentuay
fractional radiated energy, and source distanag the am-
plitude of the wave increases inversely with the center fre-
quency,fs. This is because the mass of the system is in-
versely proportional tof¢ [Eq. (3.9)]. For example, for a
frequency f¢=10"% the corresponding mass of the
Schwarzschild black hole is about®1lM, .

Owing to the spectral modulation, the signal-to-noise ratio
(3.9  of the filter matched to a quasi-normal mode waveform will
vary with center frequencyfs. In Figs. 3a,b we plot this
signal-to-noise ratio versuk; for non-rotating &=0) and
highly-rotating @=0.99) waveforms for the two noise spec-
tra given in Fig. 2. Note that the signal-to-noise ratios have
Herer is the physical distance to the black-holeE is the  been plotted fore=10* andr =1 Mpc; the explicit depen-
energy radiated in the form of gravitational waves over thedence of the SNR on these two parameters is proportional to
time scale 1, a is the dimensionless rotation parameter, e'r ~2.
andM is the mass of the black-hole. Whanapproaches 1 As an example application of Fig. 3, consider gravita-
we have a relativistically rotating black-hole, white=0  tional radiation from quasinormal mode perturbations of a
corresponds to the radiation from a perturbed Schwarzschiltilack hole in the Andromeda galaxy. There is evidence that
hole [17]. Note that, in order for the signal to perform one Andromeda (=770 kpc) has a (+5)X 10’ M, black hole
oscillation before getting damped, the black-hole must rotat¢20]. For a rapidly-rotating %10’ M black hole, f

G AE 1/2
( f—s) (38

S 27MG

[1-0.631—a)%

mfsro=2(1—a) %4=2. (3.10

with an angular momentura as large as 0.63Rhe right- =0.00054 Hz. The Cassini first opposition has 117° with
hand-side of Eq(3.10 must be equal tar in order to have respect to Andromeda, giving good angular response. To
o= 1/f4]. achieve a matched filter SNR of 10, the quasinormal mode

It is well known that the largest signal-to-noise ratio is vibrations of the black hole in Andromeda requires an effi-
achieved by applying matched filtering to the dpt8]. We  ciency e~3x107°. For more massive holegup to
have calculated the signal-to-noise ratio achievable with=10° M) in the Virgo cluster or a less massive hole
matched filtering for the quasi-normal mode waveform given(~10° M) at the Galactic center, the quasinormal mode
by Egs.(3.7—(3.10 in the presence of noise having spec-radiation efficiency would need to be comparable,
trum as in Fig. 2. Under the assumption that the propagatior=10"*, to achieve SNR 10 with Cassini.
direction of the signal is orthogonal to the radio beam, the Let us now turn to the two remaining classes of gravita-
signal-to-noise ratipSNR(f,a) | given by matched filtering tional waveforms, namely sinusoids and stochastic back-
is [18] grounds of gravitational radiation. In the case of the stochas-
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FIG. 3. Signal-to-noise rati@SNR) for matched filtering to quasinormal mode gravitational waves incident at right angles to the
earth-spacecraft line, as a function of the normal mode frequineyd two values of the angular momentum parameter) (dashegland
a=0.99(solid). (a) SNR for no tropospheric correctiond) SNR for 80 percent of the tropospheric noise removed.

tic background with bandwidth equal to center frequency, the= 102, after taking into account the effect of the r.m.s. an-
sensitivity of the Doppler data at the frequencigss given  tenna patterniﬁ)l’z(k=1) given in Eq.(3.6). Subsequent
by the expected root-mean-squaredh.s) noise levelo(f,) Cassini oppositions have lower first xylophone frequencies,
of the frequency fluctuations in the bins of width. Thisis  giving Q~4x 10" 3. Cassini will give the best observational

given by the following expression: upper limit on a gravitational wave background in the milli-
hertz band.
o(f=[S,(fuf Y3 k=123, ..., (3.15 Sources of sinusoidal gravitational waves in the millihertz

frequency band are expected to be spiraling binary systems
whereS(fy) is the one-sided power spectral density of thecontaining black hole§21]. As such a system evolves, the
noise sources in the Doppler respoyge) at the frequency frequency of the emitted radiation slowly increases due to
fi, as given in Fig. 2. gravitational radiation reaction. If the source radiates near
When searching for a stochastic background of gravitaone of the frequencief, and is sufficiently far from coales-
tional radiation, best sensitivity is achieved at the lowest xy-cence then it will radiate predominantly as a sinusoid. In the
lophone frequency. For the first Cassini oppositibps=9 millihertz band we can describe mathematically the radiation
x107° Hz. We get an energy density per unit logarithmic they emit quite accurately in the Newtonian approximation.
frequency and per unit critical energy dendi}y{1] equal to  In this framework the maximum amplitude radiated by the
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system, and the time it spends around a specified frequency~10 ' at f,, we find that such a system could be observed
are given by the following expressions: with SNR>10 to a distance~100 kpc, which includes

53 many members of the Local Group.

o
h(t)=——— [#f(HM]** (3.16
c r IV. CONCLUSIONS
5 -8/3 The main result of our analysis is that, during searches for
Yy g
f(t) 5¢° [#f(t)] L oS X ;
—=pt)=— — gravitational radiation, it is possible to reduce the noise of
f(t) 96G wn(GM) the troposphere, ionosphere, and mechanical vibrations of
(3.17  the ground antenna at selected Fourier components of the

. . . . _ power spectrum of two-way Doppler tracking data. An
wherer is the physical distance to the binary systéinis  oqjivalent sinusoidal signal sensitivity ef5.0x 10~7 at a

the gravit_ati_onf';\l constant is the speed of lighty is the frequency of 2.x10 2 has been estimated for the future
characteristic time spent by the system around the frequUen¥,qqinj gravitational wave experiments, which will be per-

f(t), and u and M are the reduced and total mass of the¢,med starting in November 2001. For quasi-normal mode
system respectively. Since the maximum signal-to-noise r

tio at the frequencie$, will be achieved when the signal’s

urst waves, we analyzed Cassini's sensitivity as a function

of dominant wave frequency, radiation efficiency, angular

frequency does not change more than the frequency resolysomentum, and distance. We found that fractional radiated

tion Af of the Fourier transform, the following condition
must be satisfied:

. 1
f2r<—. (3.18
27

If we divide both sides of Eq(3.18 by one of the frequen-
ciesf,, we obtain the following inequality relating the time
spent by the signal’s frequency around the frequeingGyy, ,

to the integration time 2

7> F(27)2. (3.19

energye greater than about>810 ° is required for reliable
detections of quasinormal mode radiation from known mas-
sive black hole candidates. For a stochastic background of
gravitational radiation, at the xylophone frequenty=9

X 10~° Hz we estimated an energy density per unit logarith-
mic frequency and per unit critical energy dengityequal to
~10 2 with the expected Cassini noise spectrum.

The data analysis technique presented in this paper can be
extended to a configuration with two spacecraft tracking
each other through microwave or laser links in order to mini-
mize the noise of the onboard frequency references. Future
space-based laser interferometric detectors of gravitational

Note that, the smaller the frequency at which we will per-waves[2], for instance, could implement this technique as a
form our observation the easier will be to have binary sys-backup option, if failure of some of their components would
tems radiating sinusoidally over the period of observation. Aimake the normal interferometric operation impossible. In
9.0x 10 ® Hz, and with an observation time of 40 days, we this case, the secondary noises are much smaller than the
will be able to integrate coherently for signals that spendprincipal noise source, leading to very dramatic sensitivity
about 4.0< 1¢® seconds around such a frequency. If we nowimprovements at the xylophone frequencies. We will explore
multiply Egs. (3.16), (3.17), we note that the produdiz in a forthcoming paper the strain sensitivities achievable
does not depend on the mass of the system, and is a functiavith spacecraft to spacecraft Doppler tracking systems.

only of the frequencyf and the physical distanae[22]:
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