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Abstract. The gravitation and celestial mechanics investigations during the cruise phase aad Orbiter phase
of the Galileo mission depend on Doppler and ranging measurements generated by the Deep Space Network
(IDSN) at its three spacecraft tracking sitesin California, Australia, and Spain. Other investigations which
also rely on1DSN data, and which like ours fall under the general discipline of spacecraft radio science, arc
described in a companion paper by Howard e al. (1992). Wc group our investigations into four broad
categories as follows: (1) the determination of the gravity fields of Jupiter and its four major satellites during
the orbital tour, (2) a search for gravitational radiation as cvidenced by perturbations to the coherent
Doppler link between the spacecraft and Yiarth, (3) the mathematical modeling, and by implication tests,
of general relativistic effects on the Doppler and ranging data during both cruise and orbiter phases, and
(4) an improvement in the ephemeris of Jupiter by means of spacecraft ranging during the Orbiter phase.
The gravity fields arc accessible because of their effects on the spacecraft motion, determined primarily from
the Doppler data. For the Galilcan satellites we will determine second degree and order gravity harmonics
that will yield new information on the central condensation and likely composition of material within these
giant satellites (I Iubbard aad Anderson, 1978). The search for gravitationa radiation is being conducted
in cruise for periods of 40 days centered around solar opposition. During these times the radio link is least
aflected by scintillations introduced by solar plasma Our sensitivity to the amplitude of sinusoidal signals
approaches 10 '*in a band of gravitational frequenciesbetween 10 “and 10- * Hz, by far the best
sensitivity obtained in this band to date, In addition to the primary objectives of our investigations, we
discuss two secondary objectives: the determination of arange fix oa Venus during the flyby 0010 February,
1990, and the determination of the Earth’s mass (GM) from the two Earth gravity assists, EGA] in
December 1990 and EGA2 in December 1992.

1. introduction

The gravitational investigations discussed in this review arc a subset of radio science
investigations that usc the Galilco teleccommunication subsystem and Farth-station
radio systems of the Deep Space Network (IDSN). Unlikc the Voyager mission to the
outer plancts, where there was onc radio scicnce team representing both gravitational
scicnce and propagation science, NASA has followed the examples of earlier missions
and has sclected for the Galilco mission two experiment teams representing respectively
t he two scientifye disciplincg§(see the companion paper by 1 oward er al. ( 1992), for
details and for a description of the overall radio-scicnce system). Because the two teams
have instrumentation in common, there is an inevitable overlap in the overall planning
of radio scicnce activities, both in the spacecraft sequencing and in the I)SN scheduling.
Nevertheless, wc review here only the gravitational scicnce which is organized as
follows. Anderson is the Team1.cader for Gravity and Celestial Mechanics; he proposed
investigations in the area of celestial mechanics, including relativistic time delay and
relativistic red shift. Estabrook and Armstrong arc Tecam Members; they proposed a
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search for gravitational radiation. Campbell is Science Coordinator for the team, and
in addition is involved in the analysis of data for the cclestial mechanics investigations.
Krisher is participating in the relativistic cclestial mechanics, including the relativistic
time delay andred shift experiments. 1 .au is participating in applications of the JJ'],
cphemeris system to the celestial mechanics experiments, in particular the tests of
general relativity and the improvement of the Jupiter ephemeris.

At this early stage in the mission, wc have received data from the Venus encounter,
the first Farth Gravity Assist (1iGA1), and the cruise phase. Wc arc actively engaged
in the analysis of these data and in planning our experiments for the cruise gravitational-
wave opportunities and the next Earth flyby, GA2. As with any planning activity on
space missions, the optimizationof spacecraft and DSNradio systems, spacecrafl
trajectorics, and mission operations for our tcam must be accomplished in competition
with other mission and science requirements, hence the ideal conditions for gravitational
science will be achicved only rarely. Yet even underless than ideal conditions, wc arc
satisfied with the current status of mission planning, not only for the cruise experiments
prior to Jupiter arrival, but aso for the high-priority measurements of the gravitational
ficlds of the Galilcan satellites during the satellite tour. The Galileo mission offers major
ncew opportunities for gravitational scicnce and celestial mechanics.

Radio data for our team consist of ranging and Doppler measurements generated
by the IDSN at its three sites at Goldstone California, near Madrid Spain, and near
Canberra Australia. TheDSNuses low-noise, highly phase-stable reccivers, and a
distribution system for frequency and timing based on hydrogen masers. These systems,
continually under improvement, make use of the latest technologics in digital electronics
and fiber optics, for example. Though these improvements are primarily motivated by
the requirements for tracking and communicating with spacecraft in deep space, for
example Pioncer 10/11 and Voyager 1/2 at distances beyond the orbit of Neptune, wc
recognize (hat new or improved radio scicnce measurements are often enabled as well.

The importance of frequency stability in the end-to-end Doppler System will be
discusscd for each of the investigations in the following sections. The general ideais that
gravitational fields, whether produccd by asteroids, plancts, satellites or even gravi-
tational waves (GW), willaflcct the path of the Galileo spaceeraft and hence the
frequency of the radio link between DSN stations and the spacecraft. The lower the |
noisc in the radio link over the frequency band of interest, the smaller the gravitational
signal that can be detected anti measured in that band. Our task is to identify and
subsequently mecasurc gravitational signals that yield information on masses, , densitics, .
and the internal structure of plancts and satellites. In some cases the sensitivity is good
cnough to test the foundations of  gravitational thcory at the Einstein level, or to search
for GW produced by extreme events at the galactic center or in external active galactic
nuclel, or even inthccarly universe, including the Big Bang.

Until May 1991, all Doppler and ranging data arc being generated with the space-
craf’s low-gain antenna, thus the I[{arth-spacecraft uplink is limited to 2215 M1z
(14.17 cm wavelength) in the radio S-band. With the unfurling of tile spacccraft’s
high-gain anten na in May 1991, the uplink frequency can be either ~2115 MHz or, by
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using sclected 34-mradio antennas at each of the three IDSNisites, the uplink can be
transmitted at ~ 7167 M1z in the X-band. Upon receiving either the S-band or X-band
transmission from the ground, but not both simultancously, the spacecraft’s transponder
and radio subsystem will generate the phase coherent, simultaneous downlink signals
with an S/X carrier coherency ratio of 11/3. The transponded signals will be transmitted
by the spacecraft with up to 20 W of power beamed to the Farth through a 5-m parabolic
dish, the high-gain antenna. If the high-gain antenna is not fully deployed as planned,
al ourinvestigations willbe carried out a S-hand using the low-gain antenna.

The advantage of generating Doppler and ranging data with X-band cm both the
uplink and downlink lies in the reduction of plasma cflects in radio-frequency mcasure-
ments at higher frequencies. Because the refractive index of cold plasma is inversely
proportional to the squarc of the frequency of the link, the perturbationsof the radio
phase arc inversely proportional to the first power of the frequency. in terms of a figure
of merit, defined by frequency fluctuations divided by the center frequency for the link,
the improvement goes inversely as the radio frequency squared. The scintillation noise
in the beamed radiation is reduced by afactor (3/1 1)2 for X-band Doppler with respect
to S-band. Similarly, the uncertainty in the group velocity of the ranging modulation
(pseudo-random code} isreduced by afactorof (3/1 1)' for X-band ranging, Another
advantage of the Galileo spacecraft is that the larger high-gain antenna, compared to
the 3.66-m dish uscd on Voyager, will yield about a38dB antenna gain at S-band and
about a50 dB gain at X-band. Once the high-gain antenna is unfurled, the gravitationa
investigations will no longer be limited by a poor signal to noise ratio at the DSN
receivers, whether located at 34 m or 70 m stations. Although in principle it is possible
to integrate any coherent radio signal for a long enough time that the phase can be
measurcd to a fraction of a cycle, in practice there arc limits to what can be done with
aweak signal buried in noise. Besides, for some of our measurcments, in particular the
GW search and the dctermination of mass signals rich in high-frequency harmonics, wc
arc interested in relatively short Doppler integration times in the range of 1to 10 s. FFor
comparison, the G W search with Pionecer 10/ 11, limited by a weak signa from the
spacecraft’s 8 W transmitter and 1 m dish, requires Doppler integration times of 100 s
orlonger (Anderson et al., 1990a). Of course at some point integration times can become
so long that systematic eflccts from sources such asinterplanctary plasma arc important,
not poor signa to noise, but for Galileo this occurs for periods longer than 1000 s at
X-band.Fortunately, even at Jupiter distance, there will be plenty of signal at both x-
and S-bands. Signal to noise is not a concern for any of our experiments.

A primary am of the cclestial mechanics experiments is to measure the shapes of
the gravitationa fields of Ganymede,lo, and Furopa. The results will allow us to make
a better selection of models for the interior of the satellites. The experiment provides
data on the masses and moments of inertia, and these data constrain the central density,
differentiation of materials within the satellites, and chemical composition and physical
states of the interiors. This ispossible because Galileo will approach the satellites much
closer than did any earlier spacecraft, hence gravitational forces will be larger and easier
1o observe.
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2. Gravitational Fxperiments During Cruise

Ongoing investigations and data analysis at the time of the writing of this review
concern (1) an liar[h-Venus range fix from the Venus encounter on 10 February, 1990,
and (2) a test of theredshift of the onboard Ultra Stable Oscillator (USO) in the
gravitational field of the Sun.

Gdlileo is only the second U.S. spacecraft to provide ranging data at Venus. The first
transponded ranging at Venus was gencrated with Mariner 5, but an accurate range fix
to the planet was not obtained. Instead, the emphasis was upon combining the spacecraft
radio data with simultaneous radar ranging to Venus to determinc the radius of the
planet (Anderson et d., 1968). Galileo’s ranging data during encounter will provide data
on the Venus ephemeris. Unfortunately, the two U. S. orbiters of Venus do not have a
ranging capability: Pioncer12 (IWO) becausc of a spacecraft radio system dating from
the early days of the Pioncer missions (no ranging transponder), and Magellan because
NASA rejected al relativity proposals that would have placed arequirement on the
M agellan mission for ranging. With no requirement for ranging, the Magellan Project
used the ranging port of their transponder for a telemetry channel, thus gaining a
much-nceded increased bit rate. nut even in the absenccof spacecraft ranging, data
from radar altimeters on PVO and Magcllan will result in improvements to the
ephemeris. The limiting error in ground-based radar ranging to Venus is km-sized
topographic variations on the planet. By calibrating the radar ranging for distances
between the center of mass of Venus and the sub-radar points on the planet’s surface,
as determined by the altimeter data (Petiengiller d., 1980), a much improved set of
Venus radar ranging will result. The accuracy will not be as good as what could be
obtained by ranging to an orbiter, but the r-m. s, radar ranging residuals will be improved
from about 10 usto about 1 us, comparable to the accuracy of the Galileo range fix.

Wc arc in the process of analyzing the Galileo ranging data generated during the Venis
encounter. Ranging residuals referenced to a best-fit flyby orbit arc shown in Figure 1.
Wc estimate that the reduced range fix between the centers of mass of Earth and Venus
will beaccurate to about 41.0 us (4 150 m in distance). This information, in combi-
nation with radar ranging to Mercury and Venus dating back to 1966, as well as the
Viking l.ander ranging to Mars between 1976 and 1982 and the Mariner 10 range fixes
to Mercury, will be used to improve the ephemerides of the inner planets and to check
for agreement with current gravitational theory. I'or example the current determination
of the excess relativistic precession of Mercury’s perihelion, 42.96 arc scc per century
inexcess of theinertial 530 arc scc per century from planctary perturbations, is accurate
to 0.2 arc scc per century and is in agrecment with General Relativity (Shapiro eral.,
1976; Anderson er al., 1987,1990b). There is a potentia for improving this result by
about afactor of 2 by analyzing all available ranging data for the inner planets, including
the Venus radar ranging calibrated for topography and the Galileo range fix. Improved
accuracy for the general relativistic paramecter o, maybe obtained as well (scc Will, 1981,
for a definition of o, as well as other parameters that characterize general relativistic
orbital corrections).
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Fig. I, Ranging residuals (observed range minus computed range) for the encounter of the Galileo

spacecraft with Venuson 10 February, 1990. The residuals correspond to ranging data generated at three
70-mDSN stations (138814, 11 SSA43, DSS63). The units for the residuals (RU) arc expressedin term.s of

the output from the ranging hardware aod arc a function of the exciter frequency. For the Venus encounter,
1 RU= 1.056 nsof round-trip time delay, or 0.158 min distance.Thc 1.m.s. ranging residual is aboat 7 ns
(1,1 m). Anyunknown bias in the datais less than 80 ns,

Another application of more accurate cphcmct’ides for the inner plancts isto deter-
mincor limit a possible time variation in the gravitational constant G as measured in
atomic units. The ephemerides arc based on astronomical ephemeris time as indepen -
dent variable, but the measurements of range arc made in atcmic-time units, hence it
is operationally possible to detect a systematic difference between ephemeris time and
atomic time that could bc attributablcto a time-varyiag G.

The expected effect is small. For allubble constant f1,of 75 km s! Mpc ', the
cosmic expansion rate is 7.67 x 10- !'yr*. The orbital motion of the binary pulser
PSR 1913+ 16 yields a determination of G/G of (L0423)x 10 "'yr'1 a result that
is consistent with zero (IDamour e al.,1 988). 1 .unar laser ranging to corner refiectors
on the Moon, and Viking I.ander DSN ranging, can bc used to limit| G/G | (Williams
et al., 1978; J Icllings et al., 1983; Reasenberg, 1983), however both the Moon and Mars
arc aflected by dynamical systematic noise (gcophysical effects for the Moon and
unknown asteroid masses for Mars), and it is generaly agreed that a limit of
|G/G|< 3 x 10" yr - 'isthe best that can bc achicved with either of these bodies at
present, although the work of | Tellings ef al. (19.S3) would suggest that alimit somewhat
smaler than this could ultimately bc achicved with confidence by means of a careful
modeclling of the asteroid belt between Mars and Jupiter. The motions of Mercury,
Venus and Earth arc not so aflected by the asteroids, hence by turning our attention
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to ranging data for Mercury and Venus,and by using the Viking l.ander data to
dctermine the mbit of the Earth, it should be possible to determine G/G with a 10
accuracy of 4 0.2 x 10- "'yr~ "(Andcrsonetal., 1990 b).

Another predictionof General Relativity that is being tested with the Galileo space-
craftduring cruiscis the gravitational redshiftin theficld of the Sun (Will, 1981 ; Krisher,
1990). Only onc method has been used previously to test the solar redshift. This has
involved determining the shift inthe positions of spectral lines of elements in the Sun.
This type of measurement is difficult to perform accurately, however, resulting so far
inonly a 5% test of the redshift (Snider, 1972, 1974). The mcasurement withGalileo
depends on observing the gravitational shiftin the frequency of an oscillator deep within
the gravitational potential of the Sun. The location of the spacecraft in the Sun’s ficld
is dctermined by the phasc-coherent Doppler data based on the transponded radio
signal. Then the mcasurement of frequency at the spacccraft is accomplished by
breaking the phase lock with the uplink. Thisnoncoherent transmission is referenced
toan oven-controltcd crystal oscillator, the Ultra Stable Oscillator (USO), a spare
Voyager USO with similar frequency stability to thosc flown on Voyager land
Voyager 2. The one-sided power spectral density of the Voyager 2 11S0 is shown in
Iigure 2 over a range of Fouricr frequency from 2X 10" * 11z (13-hour period) (o
0.5 Hz (2-s period). The spectral density represents the noise in fractional frequency
Av/v for Voyager 2 noncoherent transmissions during its cruise. At low Fouricer fre-
quencics the noisc is characterized by a combination of a flicker-freglIcncy comdxment
(/') and a random walk component (/' ?). At the Saturn flyby in 1980 we were able
to determine the redshiftin the Voyager 1 transmissions to an accuracy of 1%, even
in the presence of low-frequency noise characterized by Figure 2 (Krisher er al., 1990).
A 19, test in the solar ficld is a possibility with Galileo.

IFrom 28 November, 1989 to the present, the command sequence for the spacccraft
has included a switch from cohcrent to noncoherent (USO referenced) tracking on
roughly a weekly schedule. Two hours of one-way USOQO Doppler data have been
extracted and recorded by the DSN each wecek during these noncoherent periods. Wc
intend to follow the frequency shift in the USQ data as the spacecraft proceeds from
Earthto Venus, back to tbc Earth a IXGAland then to KGA2 (scc Figure 3). The
gravitational shift in the S-band transmission (2295 M1H1z) will be roughly 10117, (mini-
mumto maximum frequency shift) over a period of 100 days, for afractiona frequency
shiftA viv = 4.4 x 10°?. By Figure 2, the worst-case estimate of the inherent U SO
random walk over 100 days is 0.5117, (one sigma) or 2 x 10- '®in fractional frcquency,
which wouldimply a potential mecasurement accuracy of 5%,. However, by using
propertics of the predicted gravitational frequency shift, it might be possible to achieve
at least another factor of 5 improvement in accuracy, provided that possible systematic
errors donot corrupt thc determination.

The USO stability characterized by Figure 2 is specifiedin terms of the frequency
deviation from a straight-line fit to the oscillator drift. Hence, during the data analysis
for the solar redshift, we will remove a bias and a linear trend in the USO freguency
data. Theresidual frequency shift over the total interval of data will consist of the
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14g.2. Oac-sided power spectral density for measurenients of fractional frequency for the Ultra Stable

Oscillator (USO) flown on Voyager 2. The 1oppler shiftsin USO-referenced transmissions from Voyager 2

during cruise were referenced 1o ground-based hydrogen masers. The raw data were detrended by first

removing eflects of  spacecraft-statioa rclative motion, and then by fitting a bias and lincar drift to thc

resulting Doppler residuals. The USO in the Galilco Orbiter's radio system is a Voyager spare, hence its

noisc propertics should besimilar. The spectral density canbe represented by three power laws in Fourier
frequency f as shown.

redshift signal and red noise. With arcasonable model for the noise at periods longer
than the13 hours of Figure 2, the signal can bccxtractedby standard statistical
techniques (Wiener filter or minimum-variance regression analysis).

2.1. DETERMINATION OFF THE MASS OF TIIE EARTH

The masses of al the planets in the solar system, with the exception of FEarth and Pluto,
have been determined by radio tracking of spacceraft during flybys. Now with EGA1
and IKGA2, the Earth will be added to thelist of planetary flybys. The DSN will generate
both transponded range and Doppler data with the Galileo spacecraft for two intervals,
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Fig. 3. Expected gravitational redshift caused by solar gravity as evidenced in radio transmissions from

the Galiteo spacecraft 1o Barth at 13 cm wavelength. The arrows indicate the times of the Venus flyby and

the two Farth gravity assists, EGAland EGA2. The two insets in the figure Show the expected redshifis
caused by larth gravity for each gravity assist. Figure courtesy of J. P. Brenkle.

defined by three days prior to encounter to three days after encounter at EGAY and
EGA2. Because the 1D SN’s frequency and timing system is based on  hydmgen-maser
frequency standards, the instrumental crror in measuring the Doppler shift will be better
than 2 x10° ' in fractional frequency 4v/vfor sufficiently long Doppler Integration
times. The corresponding measurement of velocity will bc accurate to about
3x10"¢ms- ‘, with a seeming possibility of measuring GM of the Earthto an
accuracy of about onc partper billion. But in fact the actual error in the measurement
could be as much as a factor of 100 larger than that. Several considerations contribute
1o this possibly larger error. Most importantly, the instrumental error, referenced asit
isto the hydrogen masers, is a fraction of the total error budget for the dctermination
of GM. Anion.gothcrimportant error sources arc(l) the correlations between GM and
the determination of the spacecraft’s trgjectory, (2)noiscintroduccd into the S-band
(*2. 3Gl 17)radio signal by the Farth’s troposphere and ionosphere, (3) uncertainties
in the absolute location of the tracking stations sat Goldstone California, ncar Canberra
Australia, and ncar Madrid Spain, and(4) buflcting of the spacecraft by dragand by
react ion forces gencrated by subsystems on the spacecraft itself. These error sources will
bc most important for the more distant flyby EGA1, where the error in GM could
pessimistically be as high as0.3 ppm.However they are less of a concern for EGA2,
so by combining the Doppler data from the two flybys into a single determination of
GM, dong with a determination of the two assumed independent flyby trajectorics, the
realistic error (1 o) in GM should bc less than 0.07 ppm.

One would think that GM for our own planet would be so well known that another
determination by the Galileo flybys would be at best superfluous. But in fact there arc
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subtleties with previous determinationsthat make a relatively straightforward and
independent determination by the fiyby technique worthwhile. onc recognizes that the
external gravitational potential function ¢ for the Nlarth is best determined by observing
sccular and long-period changes in the orbits of as many artificial satellites as possible.
Yet the complexity of ¢, both on alocal and on a globa scale, nceessitates adetermi-
nation of awide range of spherica harmonics, with the result that there is little room
left for a good determination of the zero degreec harmonic, the total mass GM.

In fat{, it was not until 1978 m 1979 that good results from satellites first becamc
available. Recently, Rics et al. (1 989) have derived avalue of GM from Yarth-orbiting
satellites, including LAGEOS. ‘1’heir value is so accuratce that in order to assure
consistency with General Relativity, onc must specify whether the result is given for
geocentric coordinates or solar-system barycentric coordinates (Huang erf «l.,1990).
In geocentric coordinates, the natural coordinate system for liarth-satellite work, the
result is GM = 398600.4405 4 0.0010 km® s2 where ¢ = 299792.458 km s'. in
solar-system baryccntric coordinatcs, the systemused by J}'], in orbit-determination
software, the result would bc about 0.01 5 ppm smaller, thus the GM result from the
Galileo flybys should be consistent with avaluc of GM = 398600.435 4 0.001 km* s’ 2
Wc mustwait until after 1XGA2 in December 1992 before we can verify that there is this
agrecment between the Doppler tracking of the Galileo spacecraft during Farth flyby
and laser ranging to the LAGEOS satellite. A good agreement will provide increascd
confidence that flyby determinations for other planets arcsound.

2.2. SEARCIIFOR GI<AVI'IA’110NA1 RADIATION

Thercis strong theoretical support for the idea that matter undergoing asymmetrical
motion will radiatc gravitationally, and that the radiation will propagate at the charac-
teristicspeed ¢ in the form of gravitational waves (GW) in the space-time metric, or
ten sor potential, of General Rel at ivity (Thorne,1987). ‘'bough GW have never been
detected with certainty, there is observational cvidence that the theory is correct; the
predicted eflect of gravitational radiation reaction is seen in the acceleration of the mean
orbital motion of the binary pulsar PSR 1913 416 (Taylor and Weisberg, 1989).

For severa sclected periods during Galileo’s cruisc to Jupiter, its X-band microwave
tracking link will bc continuously monitoredto detect any Doppler frequency fluct ua-
tions that could bc caused by passing, cosmicaly gencerated, long period gravitationa
waves. These observations will bc conducted when other spacccraft experimental
activity is at a minimumand when the spacecraft is in the anti-solar direction (SO that
solar plasma intcrfcrence with the microwave link is minimized), and will utilize the high
precision 11-maser time-keeping standards of the Deep Space Network. Theresultant
overal strain (IDoppler) measurement precision will be i~ Aviv ~5x10°'%, which is
at the threshold theoretically calculated for pulses of millihertz frequency waves from
scveral classes of extragalactic sources (for a comprehensive review scc Thorne,1 987,
Schutz, 1989). By obtaining up to 40 clays of continuous X-band Doppler, as requested
by our team, it may bc possible to search for periodic waves to athreshold of ~ 10- 1€,

Gravitational waves arc propagating gravitational ficlds, ‘ripples’ in the curvature of




600 J.DUANDIRSON | 1A

space-time that carry energy ant] monentumand move atfinitc speed. All rclativistic
theories of gravity agree on the cxistence of these waves, although the theories may differ
innumber of polarization slates, propagation specd, efficiency of wave generation, etc.
in General Relativity, gravitational waves arc transverse, have two polarization states,
and propagate at the speedof light. As awave passes through space, it changes the
gcometric curvature of the space-time, in dircctions transverse to the propagation
direction. Thus the cflect may be deseribed as a strain in space, a dimensionless
fractional change in the distances between any massive objects present, coupled with
a similar fractional change in the rates a whichscparated clocks keep time. The
amplitude of a gravitational wave is characterized by the dimensionless ‘strain ampli-
tude’ h = AL

While gravitational waves can in principle be produced in the laboratory (e.g., by a
steel bar spinning about an axis perpendicular to its length), the resulting signal would
be far too weak to be detected with any foreseeable technology. Even the waves from
the binary pulsar PSR 1913 416 arc at far too low an amplitude to be detected directly.
Lxtreme astrophysical events involving at least solar mass objects undergoing high
acceleration arc required.

Several cxperimental groups worldwide arc building and operating resonant bar and
lascr-interferometer gravitational wave antennas, senditive to kilohertz waves expected
from various (solar-mass) sources in our Galaxy. For the millihertz frequencies expected
from larger extra-galactic sources, for example from extreme events in the nuclei of
active galaxies, massive binary black holes, or possibly the Big Bang, wc require
‘antennas’on a large scale of 1 AU or more such as the Earth-Galileo microwave link
(for gravitational waves of period P, the antenna response falls rapidly if 7 islarger than
the round-trip-hgh t-time of the link, Estabrook and Wahlquist, 1975; kistabrook,1985).
Scarches for millihertz gravitational waves can only be done in space. Previous scarches
have been performed with the Viking spacecraft, Voyager 1, Pioneer 10, Pioneer 11, and
t hey have been scheduled wit b Ulysses (Armstrong er af., 1979, 1987; Hellingses al.,
1981; Andersoner al., 1984, 1990a; Andersonand Mashhoon, 1985; Fstabrook, 1988;
Armstrong, 1989).

Implementation of up-down coherent X-band microwave links on Galileo allows for
the first time a spacecraft Doppler search at the lower strain thresholds for which
plausible astrophysical sources may exist. TheIDSN has recently installed X-band
transmitters, and implemented carcfulimprovements to the phase stability of the timing
ant{ frequcncy stabilization electronics of sclected 34-mradio antennas at all three sites
in California, Australia, and Spain (Pcng, 1988).

The Galileo high-gain antenna is scheduled to be unfurled in May 1991, after the first
Yarth encounter, and just before the first solar opposition (sce Figurel in the com-
panion paper by Jloward er al. (1 992) for adescription of events important to Radio
Science in general, and the GW search in particular). After necessary spacecraft control
and pointing procedure have been tested, a week of continuous X-band Doppler data
will be requested for purposes of catcgorizing thresholds for system phase noise and for
demonstrating ground operations at the 34-m high precision tracking sites. This will also
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bc the firstsignificant gravitational wave scarch opportunity, inasmuch as the range on
the Xarth- Earth Icg of the cruisc trajectory will have opened rapidly to 73x10%km -
or 487-s round-trip-light-time. Wc calculate the burst sensitivity for 10 m] 1z waves
(J= 100 8)to be ~8 x 10" '*. Similar scarches will bc done at the second opposition.
November 1992 and third opposition, Fcbruary,1993.

Forty-day gravitational wave scarches arc scheduled for Opposition 4 and 5, enroute
to Jupiter. The longer round-trip-l ight-times allow scarches for millihertz waves
(P ~ 100 s) at limits set by the X-band capability. At Opposition 4, May, 1994, Galileo
will bc 5 x 108 km from Earth, 3367 scconds roLIncl-trip-ligth-time; at Opposition 5,
June, 1995, 6.3 x 10% km, or 4233 sround-trip-light-time. The expected sensitivities for
these 40-day scarches arc: for bursts, 5 x 10'*; for periodic (sine) waves 1 to
3 x lo” '% depending on frequency in the millihertz band; and for a possible gravi-
tational wave background, 2x 10 '* (r.m 5.in118 u11z band, limited by IDSN station
stability). If the high-gain antenna is notsuccessfully deployed, these opportunitics will
gill exist at S-band, but with deereased sensitivity.

Finally an opportunity may occur in April 1993 for ajoint spacecraft Doppler tracking
experiment. If present plans go through, the Mars Observer spacecraft will also be flying
cenroutc to Mars. It also will have X-band capability, bothreceive and transmit. Both
it and Galilco will bc in roughly anti-solar dircctions, thoughnot at strict opposition.
In fact they will bc sufliciently separated in the sky that they canbe simultaneously
tracked from DSN stations at differentlongitudes. A continuous ~week joint tracking
cxperiment iS being proposed. Joint experiments would provide much more convincing
cvidence for any putative gravitational wave detection near the system sensitivity
threshold.

2.3. MASSDETERMINAT IONS 1'OR SMALL BODIES

‘T'here is the possibility that the Galileo spacecraft may fly closc cnoughtoonc01‘morc
small bodies that a mcaningful mass determination can bc obtained. *1'here arc no plans
to fly near small satellites of Jupiter or any known comets, but during two passes through
the asteroid belt between Mars and Jupiter, once near aphelioninDecember 1991 at
adistance of about 2.3 AU, anti againin 1993 on the transfer trajectory between KHGA2
and Jupiter arrival (scc Figurelof 1 Towarder a., 1992), close encounters with oncor
two asteroids arc likely. The accuracy inthe determination of their masses depends on
the distancc of closest approach and on the relative spacecraft-astcroici velocity. The
fractional error in mass is given by the expression,

Am bV Ay
= ke -
m (Gmy

where m is the mass of the asteroid, b is tile impact parameter of the asteroid-spacecraft
hyperbolic flyby, V is the flyby velocity on the hyperbolic asymptote, G and ¢ arc the
usual physical constants, 4v/vis the accuracy of fractional-f cquency Doppler shift over
a characteristic time for the flyby ( ~10h/V), and k is a dimensionless factor that
dependson both the geometry of the flyby as observed from Earth, and the sample
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interval for the Doppler data. If b can be determined from optical navigation datato
an accuracy of afcw pixels, rather than from a simultaneous Doppler solution for b and
Gm, the value of & will lic in the range 0.4 to 1.0, thus it can be taken equal to unity
for a conservative estimate of thc mass crror.

The mean density p of thc small body is of fundamental interest, so both tbc mass
and volume must bc determined. For close approaches to asteroid-sized bodics, it is thc
mass that limits the determination of density, hence Ap/pis given by the same expression
as Am/m. Volume is determined by imaging data to smaller fractional error.In order
to minimize the error 4p/p, itisnccessary to minimize tbe product bV (4 viv). Wc have
no significant control over the flyby velocity, though it is small (of order 8kms' for
the first pass through the astcroid belt between EGA 1 and ¥ GA2), but the impact
parameter is fairly easy to control by small midcourse corrections. The fractional
Doppler error A viv can bc minimized for Galileo by tracking the spacecraft with the
X-band uplink instead of S-band.

The Galileo Project has targeted the asteroid 951 Gaspra for aflyby on October 29,
1991. Unfortunately, thecxpected radius of the asteroid isonly 8 km, hence the expected
Gniis small, about 4 x 104 km* 8 2 The planned flyby distance is1600 km, and with
a flyby velocity of 8km s ' anda Doppler error of 5 x 10/4,the formula for Am/mi
yiclds an uncertainly of 509, . Detailed numerical simulations with Navigation software
confirm this result. 1" urthermore, wc have shown that co] 1erent X-band tracking during
the flyby is an absolute requirement, even for a 509, determination. The only possibility
for improving on this result isto fly closer. Because the error decreases linearly with the
distance, a flyby at 800 km would yicld a density determination to about 25%,. With
regard to distinguishing between apredominantly icy or predominantly rocky composi-
tion, 259, is better than 50%,, but the improvementis probably not significant enough
to change the Project’s decision for a 1600 km flyby.

3. Experimental Celestial Mechanies During the orbital Tour

For the first lime we have an opportunity to conduct gravitational investigations with
an orbiter of a giant planct. Not oniy that, but wc expect a highlevel of performance
from the Orbiter’s radio subsystem, at least when compared to previous missions to the
outer solar system, or even to the Viking Orbiter of Mars. Furthermore the DSN, with
substantial improvements to its worldwide network of tracking stations, wiii bc in a
position to take full advantage of Galilco’s improved capabilities. Our investigations will
rciy primarily on transponded Doppler anti ranging data, supplemented by ground -
bascd astrometric data on Jupiter anti its satellites, and by star-satellite imaging data
from the orbiter itsclf. All these various types of data will bc available for analysis by
means of archiving and software systems used by the Galilco Navigation Team. The
Doppler and ranging data generated by the DSN specifically for the gravitational
investigations wiii bc transferred to Archival Tracking Data Yiles (ATDE) by the same
procedures and in the same format as for the Navigation Tecam, thus navigational data
and gravitational data can bc merged for subsequent data reduction and analysis.
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Whenever possible, Doppler data will be generated in the X-band (=~ 7167 M1z
uplink and 84’ 22 h4117 downlink) for purposes of minimizing scintillation noise from the
interplanctary medium. Similarly, for purposes of minimizing the effects of the inter-
planctary medium on the ranging data, modulation on the X-band uplink will be
available onboth the X-band downlink and the S-band downlink at 2296 MHz. The
DSN’s ranging assembly (SRA)atthe34 m stations, cquipped with X-band uplink
capability, willautocorrelate the pseudo-random code modulated on the uplink with the
received modulation cm the downlink, and simultaneously will determine the difference
(S-X) in the group dclay of the signals at the two downlink frequencies.

The end-to-end ranging system consists not only of DSN hardware but also software
used by the Navigation Tcam. The final output of this system is S-band and X-band
ranging residuals in units of microseconds, where the residuals arc referencedto
predicted ranges from a spacecraft trgjectory computed by the Orbit Determination
Program (ODP).For details regarding the computation of these range residuals at any
given time of observation, as well as the computation of Doppler residuals, scc Moyer
(1971).

3.1. EXPECTED ACCURACY OF RANGING DATA

The instrumental accuracy (1 o) of the ranging hardware at a IDSN station is about
417 ns(41m) for Galileo. I'here is also an unknownranging bias, perhaps as large as
80 ns (12 m) becausc of group delays through the transmission media, through the
spacecraft radio system, and through the transmission path at the station. This unknown
bias can be minimized by calibration of the signal path. The delay through the spacecraft
radio system, a mecasured prior to launch on a prototype system, is 713 ns at X-band
and 715 ns at S-band, with unknown variations possibly as large as 30 ns because of
cnvironmental conditions on the spacecraft. The delay through the station signal path,
on the order of 12000 ns, is calibrated at least once for each ranging pass, with perhaps
afcw exceptions when there is no time in the sched ulc for station calibrations. However,
it is usualy a straightforward matter to interpolate the station calibrations when there
arc gaps.

A significant portion of the unknown group delay is caused by propagation of the
radio signal through interplanctary plasma, but most of this contribution can be
calibrated by means of the dual-hand downlink. For an electrostatic plasma, the
observed range residuals at X-band and S-band arc. respectively,

Al = AL AP 2+ Pyl V2,
Al\ = A[g 1 1,14 /vl?l 4 1)(1/ V?

sd

where Al, isthe non-cl ispersive group delay independent of the plasma, 1’ is proportional
to tbc columnar electron content of the beam, v is the carrier frequency, and the
subscripts u and d refer to the uplink and downlink transmissions. For Galilco the
common uplink frequency can be either v, = 2115 Milz or v, = 7167 Mll1z. The dual-
hand downlink transmissions arc at frequencics v, =841 SMI 1z.and v, = 2296 M1 17..
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To the first order, the downlink contribution to the X- and S-band residuals is

2 2
) Via V

i d = x (Al( - A/x)
2. K )
(‘.\‘r/ V.Ed)

and with this mcasured vaue of P, an estimate of P, can bc obtained by interpolation
(Muhlemanand Anderson, 1981). Wc have made no attempts to predict the nature of
the power spectral density for the calibrated ranging residuals during the orbital phase,
butinstead will compute periodograms empirically from the actual calibrated residuals
after tbc unfurling of the high-gain antenna.

3.2. EXPLCIED ACCURACY OF 1)01°1)1 ERDATA

The characteristics of the Doppler noise were discussed in Section 2.2 for favorable
gecometrics with Sun-}iar[h-}'robe (SEP)orsolar elongation angles greater than
160 arc deg. Wc expect an Allan variance with X-band uplink of ¢, = 2 x 10- '*, and
about 6, = 10" '* with S-band uplink, at periods typical of the celestial mechanics
investigations ( > 600 s). For SEP angles less than 90 arc deg, 6, could bc a factor of
10to 100 timeslarger for the respective uplinks, and for SEP anglesless than 10 arc deg,
wc have asked that no criticad measurements be scheduled at al. The measurement of
phase, or equivaently range change, is much more accurate than the measurement of
absolute range, by a factor of about10* for X-band, henccthe calibration of Doppler
by means of the dua-band downlink is far Icss cflective than for range.

3.3. NON-GRAVITAT JIONAL. ACCELERATIONS

Another noise source of concern for the cclestial mechanics investigations is buffeting
of the spacecraft in the range of periods from 1000 to 100000 s. During the design phase
of the mission around 1980, wc imposed two requirenicnts on the spacccraft as follows:

(1) During asatellite encounter the orbiter shall not average ncm-mean-zero accelera-
tions greater than 10- ''kms 2 onany axis when mecasurcd over a time period of
1000 s.

(2) The uncertainty in the unmodclled portion of any such non-gravitational accelera-
tions shall not exceed 10 ' km s * when measured over any time period cxceeding
1000s

It has yet 1o bc demonstrated during the orbital phase that these requirements can
bc met, and until wc gain cxperience with real data, the spectral distribution of the .
spacecraft-gencrated forces is unknown. 1 )uring critical periods for the celest ial-mecha-
nics measurements, reaction forces from spacecraft subsystems could bc minimized by
keeping spacecraft activity to a minimum, but here again wc need cxpcrience with real
data during the Orbiter phase before wc can bc definitive on the level of acceptable
spacecraft activity and before wc can identify particularly troublesome spacecraft
systems.

Wc anticipate that the spectral density of acceleration noise from spacecraft systems
willincrease with increasing frequency. However, because the corresponding Doppler
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spectrum (fi rst integral of acceleration) is p roportional to the acccleration sp cctrum
divided by /2, the Doppler spectrum willat best bc white, and it could instead increase
atlower frequencies. In either case we expect that it will bc considerably larger than the
buffeting noise expected from fluctuations in the solar wind, and it should bc larger than
the /% spectrum from fluctuating solar radiation pressure for periods shorter than10° s
(Woodward and Hudson, 1983). The Doppler crmr budget is probably dominated by
the approximately /! plasma scintillation spectrum unless orbital fits over several days
arc required, in which case fluctuating solar radiation pressure could bc a problem. It
will probably be necessary to fit long arcs of Doppler data with a batch-sequential filter,
where the duration of each batch is on the order of 12 to 24 hr. Of course our current
evaluation of the spacecraft reaction forces could be too optimistic if it turns out that
there arc uncxpected low-frequency components in the acceleration spectrum, asin the
case of Voyager.

4. Gravitational Experiments During the Orbital Tour

During the orbital tour, the fundamental problem for a number of gravitational experi-
ments is to determine the orbit of the Galileo spacecraft as accurately as possible with
respect to the center of mass of the Jupiter system. With this fundamental problem
solved, wc can determine parameters of scientific interest by observing deviations in the
barycentric orbit caused by various sources of gravitation, for example the rotational
and tidal distortions of the Galileansatellites. Because the orbital tour will require a
number of midcourse maneuvers in order to achicve the desired encounter conditions
with the satellites, our best-dctcrmined orbit may in fact consist of segments bctween
maneuvers, rather than a continuous spacecraft cphemeris for the duration of the tour.
Fven o, the orbit determinat ion accuracy is expected to be consist ently good over more
than 999, of the orbital path. 1‘or the first time wc arc ranging to an orbiter of another
planet with X-band uplink and dual-band downlink, aso the Doppler accuracy is
improved over previous missions to Jupiter, and wc have the advantage of a spacecraft
with reduced disturbances from the attitude control system, at least compared to
Voyager.

Before discussing our primary scientific objective of the satellite gravitationa fields,
and our secondary objcctive of tests of general relativity, wc should point out that an
accurate orbit is nccded by other investigation groupsonGalilco. The required satellite-
spacccraft geometrics will be determined by the spacecraft cphemeris in combination
with accurate ephemerides for the satellites. Although this information will bc provided
to the Galileo Project by the Navigation Tcam in agreed upon formats, it will bc
generated with the cooperation of our team and with merged files of navigation and
radio scicncc data. In practice the rcconstructed trajectory dectermined by the
Navigation Team for each satellite cncounter probably will be identical to the reference
tragjectory used by our team to determine the values and 16 errors for the gravitational
parameters. By making usc of results gencrated by the Navigation Tecam, as well as
relying on their facilities, wc can procccd with our investigation in the most cost-eflective
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manner. As abyproduct, Galileo investigators Will receive the most accurate Jupiter-
centered trajectory possible, for example for the analysis of wind profiles in Jupiter’s
atmosphere with the Pmbc-Orbiter Doppler link (Pollack et al., 1992).

4.1. GRAVITATIONAL FIELDS FOR JUPITER AND ITS SATELLITE

FFour spacecraft have visited Jupiter on flyby trajectories. The Pioncer 10 and 11
spacecraft came much closer to Jupiter than Voyager 1 and 2, and in fact the minimal
improvement expected from the VVoyager flybys caused the Voyager Project to scrub the
Celestial Mcchanics experiment at Jupiter. No radio science data were scheduled for
celestial mechanics, athough the Voyager Navigation Team scheduled enough datato
alow a dctermination of the flyby mbits for the two Voyager encounters. Subscquently,
Campbell and Synnott (1 985) combined the Voyager navigation data with Pionecer 10/11
data archived for the Pioneer Celestial Mcchanics Experiment, and with data from the
four flybys they were able to improve substantially over the final results published by
Null (1976} for the Pioncer 10/11 investigation. The accuracies for the masses of the
Galilecan satellites were improved by factors of 3to 12, but no satellite was ever
approached close enough to provide even a detection of second degree and order
gravitational harmonics. A summary of our currentknowledge of gravitational para-
meters for the Jovian system is given in Table 1.

It is unlikely that Doppler data generated by the >SN with the Galileo Orbiter, even
with X-band up and down, will yield improvements of any significance to the gravi -

TABLE1
Combined Pioneer 10/11 and Voyager1/2 gravity results

Parameter” Value Redlistic
uncertainty”

GM (System) 126712767 100

GM (10) 5961 10
GM (Furopa) 3200 10
GM (Ganymede) 9887 3
GM (Callisto) 7181 3

J, 14 736 1

J, 14 5

J4 6 -587 5

g, X 31 20

) -0.03 0.05
S5, 0.007 0.0s
« (pole) 268.001 0,005
d (pole) 64.504 0.001

*GMunits arc km?s 2, aanddin arc deg arc for the rotation pole
in 1950.0 coordinates, the gravitational harmonics for Jupiter arc
rcl’erred to an equatoria radius of 71 398 km.

*1-¢ redlistic errors as opposed to much smaller formal errors from
acovariance anaysis
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tational field of Jupiter. 1 lowever, flybys of the Galilean satellites will definitely yield
ncw results on second-decgm gravity harmonics for these satellites. For purposes of
mission planning of the orbital tour, wc have imposed two requirements on the satellite
flybys:

(1) Atleast oncencounter with lo, Kuropa, and Callisto with uninterrupted tracking
at less than 1400 kmaltitudc and a solar elongation (SYP) angle greater than 10 arc deg.

(2) At least two encounters with Ganymede at varying latitudes with uninterrupted
tracking at less than 1400 km altitude and a solar elongation (SEP) angle greater than
10 arc deg.

In addition we have requested 20 hours of Doppler data and 10 hours of ranging data,
centered on the time of closest approach, for al encounters that satisfy one of the two
mission requirements. The lo encounter will of necessity satisfy the conditions for a
successful gravitational flyby, although the cxpected Doppler data will be of limited
value becausc of the scheduled JOI maneuver. Nevertheless we expect to measure
differences in the principal moments of inertia for 1o to an accuracy of onc percent or
better. It should be possible to discriminate between plausible interior models for this
satellite. Perhaps in combination with imaging data on its shape, a good model can be
developedfor the chemical composition and physical size of 10's core and envelope
respectively (for adiscussion of these measurements of Galilcan satellite interior struc-
ture scc 1 Iubbard and Anderson, 1978).

In requirement (2) on the flyby conditions for Ganymede, wc have recognized that
the satellite is likely tobe in hydrostatic cquilibrium, and that an independent determi-
nation of the rotational and tidal response can bc achiceved by two flybys, onc in a near
equatorial orbit and the other in a near polar orbit. So far the mission planning for the
orbital tour has been able to provide these two flybys. Theconstants that we will
measure directly arc G| C - (445)/2}and G(5 - 4), and with G known to four or five
significant figures from laboratory Cavendish experiments, the differences in the
moments will easily be accurate to ten percent. One percent or better is likely with
X-band up and down. The two Ganymede flybys scheduled for gravity harmonics
should give rcasonably definitive information about interior structure for' Ganymedec.

Uscful gravity data is also expected for Kuropa, athough there is a possibility that
departures from hydrostatic equilibrium may confuse the issue for this satellite (see
Hubbard and Anderson, 1978). Theexperiment is most marginal for he outermost
satellite Callisto with its relatively weak response to rotation and tides kven so, the
second-dcgrec gravity harmonics will be determined for Callisto, and  erhaps some
useful information will be forthcoming.

4.2. TESTS OF GENERAL RELAT v’ %

Subseguent to some of the early radar and spacecraft ranging cxperiments in the mid
to late 1960’s, there has been a continuing interest in testing genera) relativity by means
of planetary orbiters or landers (Will, 1981). The ideais to usc the Doppler and ranging,
data to a spacecraft anchored to a planct for purposes of ranging to that planet 1o better
accuracy than can beachicved with radar bounce. In the case of Jupiter, spacecraft
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ranging is the only technique presently availablc for measuring the distance between the
center of the Earth and the center of Jupiter. Pioneer 1(1 provided arange fix cm Jupiter
for 4 December, 1973 1o an accuracy of 46 km, and Pioneer 11 provided a similar
measurcment a year later on 3 December, 1974 (o an accuracy of 4 1.5 km (Standish,
1990). The more sophisticated radio systemon Voyager, including itsranging transpon-
der and dual-band (S and X’) downlink, provided even more accurate ephemeris data
on S March, 1979 for Voyager 1 and 9 July, 1979 for Voyager 2, although the analysis
of these Voyager data is still in progress at JP1..

Two or more years of ranging to the Galileo Orbiter will provide numerous range fixes
on Jupiter to an accuracy on the order of 150 m, where the limiting accuracy is set by
the orbit determination error along the Earth—~Jupiter line, not by the instrumental error
of the ranging system. In combination with the earlier radio mecasurements with Pioneer
and Voyager, as well as radio and optical data from liarlh-based observatories that
provide angular positions on the sky, a much improved ephemeris for the planet will bc
available by early 1998. Thcmost immediate application of an improved Jupiter cphe-
meris will bc to improve our knowledge of the perturbations caused by Jupiter on the
orbits of the inner planets, particularly Mars, with the result that existing data, for
example ranging measurements to the Viking landers, will be more sensitive to small
general relativistic orbital corrections, and to perturbations by asteroids.

It will bc possible to measure the excess time delay in the Galileo ranging modulation
caused by solar gravity. The detailed nature of this relativistic effect was first published
by Shapiro (1964), and it has since been tested several times by radar and spacecraft
ranging. The most accurate experiment with the Viking Orbiter and I.anders agrees with
the prediction of General Relativitiy to 4 0.1 %, (Reasenberg e al., 1979). For ray paths
that pass near the Sun, the extra round-trip delay is given by (Will, 1981),

2R, - ¥
A= °1n<-4""’),
¢ r?

7

where r, isthe Sun-Larth distance, r,, is the Sun-spacecraft distance, and r;is the impact
parameter, the closest approach distance of the ray to the center of the Sun.The
gravitationa radius is R =2GM/c?, where M is the solar mass and R, = 2953,25 m.
The excess relativistic time delay is maximum for ray paths that graze the Sun, and ,
at the distance of Jupiter it amounts to 271 us. Wc expect to determine the Larth-
spacecrafl distance to 150 m, so a measurement of the excess time delay to about 0.5 %,
seems feasible. Although thisis about afactor of five less accurate than the Viking resul,
it is important to remember that only onc solar conjunction for Viking yielded 4 0.1 ¢,
accuracy. Other published tests from radar and spacecraft ranging arc accurate to at
best 429, (for a compilation of resultssee Will, 1981). With Galileo, the excess delay
At can be measured annually at each solar conjunction for the duration of the mission.
There isjustification for determining Ar to the sub- 19 level more than once, simply from
the standpoint of good experimental practice, but in addition the predicted effect can
bc tested for a fairly wide range of directions in inertial space by means of the single
Viking measurement plus two or more Galileo measurcments.
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Another cxperiment of possible interest is the mcasurcment of the redshift in the
spacecraft’s oscillator (U SO) causcd by the gravitationa field of Jupiter. After radiation
hardening of the crystal by Jupiter's charged-particle cnvironment, particularly during
the closc approach at the orbital radius of 10 for JOI, the redshift will be measured for
each orbital revolution toan accuracy of about+1 .

Finally, we should mention the possibility of measuring general relativistic effects on
the orbits of the Galilcan satellites and the spacecraft as discussed by Hiscock and
Lindblom (1979). ‘1" here is no doubt but that the cphemerides for the Galilean satellites
will beimproved by star-satellite imaging data and by spacecraft ranging data during,
aclosc satdlite encounter. 1 lowever, it is unknown whether the relativistic components
of orbital precession for the satellites can be isolated from the far larger Newtonian
processions. All wc can do isto perform enough data analysis to find out. Similarly with
X-band Doppler up and down, the analysis of 1liscock and Lindblom suggest that the
relativistic parameter f§ (scc Will, 1981, for a definition) can be determined to better than
1209 from the spacecraft's motion, and given fractional frequency stability of
A viv:5x 10" a solar opposition, the crrm on ff could be as small as 43%.
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