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The System of Planetary Masses

New results show that Pluto’s mass cannot

be determined reliably from existing data.

Michael E. Ash, Irwin I. Shapiro, and William B. Smith

Space exploration has quickened in-
terest in the determination of planetary
masses. Why should anyone be inter-
ested? The reasons are manyfold. In
combination with the radius, the mass
yields the average density—perhaps the
most fundamental planetary character-
istic because of its many implications
for the formation, chemical composi-
tion, and evolution of the planetary
system., Mass values are also crucial
for precise tests of gravitational theories
that involve solar system dynamics. As
an example on a more practical level,
the mass of a planet can be essential
in planning certain spacecraft missions:
to play celestial billiards successfully
by the use of a gravitational assist from
one planet to reach another requires
precise mass data for the usual fuel-
limited situation. Present plans call for
use of this technique on “grand tour”
missions to the major planets later in
this decade and on the 1973 Venus-
Mercury flyby mission. The latter may
even be enhanced by the use of Mer-
cury’s gravity field to insure a reen-
counter with Mercury a half year later
1).

For some purposes, of course, ex-
treme precision in mass determination
is not required. Yet for the outermost
planet, Pluto, even the first significant
figure is in doubt. The situation for

M. E. Ash and W. B. Smith are staff members
at the ML.L.T. Lincoln Laboratory. I. I. Shapiro is
professor of geophysics and physics at the Mas-
sachusetts Institute of Technology. This article is
based on a paper presented by Dr, Shapiro at the
Ninth International Astronomical Union Sympo-
sium in Heidelberg, Germany, August 1970.

5 NOVEMBER 1971

the innermost, Mercury, is only slight-
ly better.

How have planetary masses been
estimated? The technique is centuries
old, but some precision variants have
become available only recently. The
basic method involves measurement of
the effects produced by the planet
whose mass is to be estimated on the
trajectory of an orbiting body. The
affected body can be:

1) A spacecraft such as a Mariner,
or an asteroid such as Eros, that makes
a close approach to a planet and un-
dergoes a noticeable deflection of its
trajectory.

2) A satellite for which measure-
ments of its period and mean distance
from the planet, through Kepler’s
third law, yield estimates of the parent
planet’s mass. Difficulties arise especial-
ly for the outermost planets because
the fractional error in the determina-
tion of mean distance becomes quite
large.

3) Another planet or an asteroid in
a distant orbit. Here three cases can be
distinguished: (i) a resonance effect,
where, for example, an asteroid has a
mean motion commensurable with Ju-
piter’s, and the latter’s relevant per-
turbations on the former increase
monotonically with time; (ii) a long-
period effect such as “the great inequal-
ity” in the mutual perturbations of
Jupiter and Saturn; and (iii) the short-
period perturbations produced by one
planet on another. This last was es-
pecially useful for classical estimates
of the inner planet masses but has
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been largely superseded by the far
more precise results available from
Mariner flybys. Another method, ap-
plicable only for the mass of the earth-
plus-moon, involves both items 1 and 2
and is discussed below.

A summary of “accepted” and recent
determinations of inverse planetary
masses is given in Table 1 with appro-
priate references. The unit, conven-
tional in astronomy, is the inverse solar
mass. Our results, to be described later,
are not completely independent since
in some cases the same data were
utilized either in whole or in part.

We combined, for the first time,
modern radar data obtained from ob-
servations of the inner planets with
almost all existing optical observations
of the sun and planets made between
1750 and 1970. We also included the
available observations of two special
asteroids, Eros and Icarus. The total
number of separate measurements in-
volved is about 300,000. The radar
data are from M.LT.’s Millstone Hill
and Haystack facilities. The optical
data, consisting of right ascensions and
declinations, were culled mostly from
the original observatory reports and
transformed into  machine-readable
form in a common format—a chore
that occupied about 6 years of part-
time effort (2). Not all data known to
exist were obtained, despite requests
directed to the relevant observatories;
the uncovering of these we leave to
more enterprising archeologists.

Our results for the planetary masses
are in reasonable accord with prior
estimates with one notable exception:
for Pluto, the data seem to allow only
an upper bound of about 5 X 10—7
solar masses to be set. There is thus
insufficient basis for the widespread
conclusion that Pluto’s average density
is greater than, or even comparable to,
the earth’s,

Data Analysis Procedures

Our scheme to deduce planetary
masses from these data can be described
as follows. We performed several lin-
earized least squares analyses based on
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successively larger portions of the data
to obtain better estimates of the initial
conditions and some of the relevant
astronomical constants. The masses
were generally fixed, but at values not
differing appreciably from the last en-
tries in Table 1. This preliminary solu-
tion gave a sufficiently good represen-
tation of the data to indicate that one
additional differential correction would
achieve de facto convergence in the
final least squares analysis.

With the new values for initial con-
ditions and constants, the Encke-type
“equations of motion of general relativ-
ity, expressed in harmonic coordinates,
and the corresponding variational equa-
tions for all relevant parameters were
integrated numerically from 1970 back
to 1750 (3) for each planet and aster-
oid individually. The precision in these
integrations was controlled by the equa-
tions of motion, and the results were
expressed as a function of coordinate
time in a Cartesian coordinate system
centered at the sun and with axis direc-
tions determined in the usual manner
by the mean equinox and equator of
1950.0. The orbit of the moon, which
both determines the motion of the earth
about the- earth-moon barycenter and
perturbs the motion of the latter, was
adapted from standard sources (4).
The “perturbing planet” coordinates
were obtained from a nine-body, double
precision, Cowell-type integration (3)
and utilized initial conditions and con-
stants that were generated in the pre-
liminary analysis.

The variational equations for each
body included those for the six initial
conditions and, for each of the inner
planets and asteroids, also included
those for the masses of all planets out
through Saturn. The partial derivatives
with respect to the remaining three
planets were not considered since the
inner planet and asteroid data contrib-
ute little to the estimates of the masses
of the three outermost planets. Simi-
larly, for each outer planet, partial de-
rivatives with respect to masses were
integrated only for outer planet masses.

The results for the single-body inte-
grations of the equations of motion
of the planets agreed more than well
enough for our purposes with the nine-
body integration. For Mercury, the
fastest moving planet, agreement be-
tween the two integrations, after cor-
rections were applied for the slight
differences in initial conditions and con-
stants, was found to at least the ninth
significant figure throughout the 220-
year interval. A similar comparison
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yielded 8 place agreement over the
almost 80-year interval spanned by the
Eros data. For Icarus (eccentricity ~
0.83) many different checks were made
that established the position accuracy
as more than sufficient. All of the indi-
vidual computations were performed
with 16 decimal place accuracy.

From the planetary, lunar, and
asteroidal positions and velocities, the
provisional values for the relevant con-
stants, the standard expressions for the
precession and nutation matrices (5),
and published values for the differences
between universal and coordinate time
(6), we calculated the theoretical value
corresponding to each observation. The
residuals, observed minus computed
values (O — C), disclosed that about 1
percent of the meridian circle measure-
ments had been incorrectly transcribed
(7). The deletion of these data had no
significant effect on our results.

The observations were divided into
about 50 separate series depending on
the data type, the observatory, and
the time period involved. With only

Table 1. Summary of recent planetary mass
determinations.

Inverse Quoted
mass* error Refer-
(Mo—l) (Mo.l) ences
Mercury
6,000,000 3Gt
6,020,000 50,000 (11)
5,983,000 25,000 39)
Venus
408,000 38
408,250 120 1)
408,522 1 12)
Earth 4+ moon
329,390 (38)
328,900 60 n
328,895 20% (40)
328,900.1 0.4 39)
Mars
3,093,500 (38)
3,111,200 9,000 1)
3,098,708 9 (19)
Jupiter
1,047.355 (38)
1,047.356 0.03% (C2))
Saturn
3,501.6 (38)
3,498.6 1% (22)
Uranus
22,869 (38)
22,934 9 (42)
22,692 33 (43)
Neptune
19,314 (38)
19,296 28 (44)
19,349 31 45)
Pluto
360,000 (38)
400,000 59,000 (46)
1,812,000 50,000 (26)

* The units are inverse solar masses. 1 For
comparison, the first value given for each planet
is the IAU accepted value. iRepresents half-
width of spread in results quoted in references and
for most cases is far larger than the mean errors
given by the individual analyses. The inverse mass
shown is approximately the average of the values
obtained in the separate studies.

three exceptions (8), no more than a
30-year span of data was placed in a
single series and no data from different
observatories were placed in the same
series. To account partially for the use
of different star catalogs by different
optical observatories and for possible
distortions in these reference systems,
each series of optical data was para-
metrized as follows: Two parameters
were introduced to describe possible
small differences in the inclinations of
the equatorial reference planes and in
the equinox positions, and one param-
eter was introduced to allow for a bias
in .the declination observations. The
division of data into series according
to time period was designed to prevent
the accumulation of errors that would
accompany the use of incorrect values
for stellar proper motions in a given
reference catalog. (In principle, the
individual observations should have
been re-reduced with the use of modern
values for the positions and proper
motions of the relevant reference stars.
But even less grandiose procedures,
such as attempts to determine the sys-
tematic differences between star cata-
logs for each small region of the sky
separately, were beyond the scope of
our study.) For the inner planets, al-
lowance was also made for possible
errors in reduction from the center of
light to the center of mass. Thus, possi-
ble phase corrections were introduced
in the form of a different Fourier series
for each inner planet, for each series of
optical data.

The O-C values, together with the
assumed standard errors and the cor-
responding partials for each observa-
tion with respect to each parameter,
were used to form the normal equa-
tions, which were then stored on mag-
netic tape for each observation series
separately, for each planet separately,
and also in toto. Such a procedure
gives enormous flexibility and efficiency
in carrying out computer experiments.
Any subset of the total of more than
500 parameters—predominantly from
the equator, equinox, declination, and
phase-bias models—can be estimated
simultaneously, with the data selected
from any appropriate subset among the
observed planets and observation series.
The initial conditions for each observed
body as well as those for the earth
are always included in the parameter
subset. A typical solution in which
50 parameters are estimated along with
the standard errors and correlations of
the estimates requires less than 30 sec-
onds of computer time on the IBM 360
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model 67 computer. The only time-
consuming part is the matrix inversion,
which scales in computer time approxi-
mately as the cube of the matrix di-
mension.

The possiblities for computer experi-
ments are nearly innumerable. One can
study mass estimates from radar data
or from optical data, from post-1900
optical data or from pre-1900 optical
data, from one observatory’s- data or
from another’s, and so on. Clearly one
must be selective. Our selections were
governed mainly by a priori judgments
of the sensitivity of the estimates to
the data and parameter selections.

But why does one need to perform
computer experiments? Why doesn’t a
single “grand” solution suffice? These
are obvious questions; the answers in-
volve the fact that the measurement
errors do not conform to our model of
Gaussian statistics with zero means and
no correlations. Or, put another way,
our theoretical model for the actual
observable is incomplete. The estimates
and formal errors obtained from a
grand solution are therefore likely to
be seriously misleading. The computer
experiments, involving as they do dif-
ferent subsets of the data and of the
parameters, provide an ad hoc means
of studying the sensitivity of the con-
clusions to the assumptions implicit in
our model. Of course, the proper allow-
ance to make for these modeling errors
in arriving at reliable values for esti-

" mate uncertainties is nigh impossiblé
to determine precisely. Our choices are
based primarily oa (i) the reliability
of the values obtained for other similar
parameters for which independent and
more accurate data are available for
comparison; (ii) the aforementioned
sensitivity of our results to variations
in the data and parameter sets; and
(iii) an analysis of the postfit residuals.
Thus, while essential, analysis of resid-
uals is in practice not sufficient (9).

Estimates of Planetary Masses

Having described our technique for
data analysis—less briefly than the
reader might have anticipated but far
more briefly than a complete descrip-
tion would have required—we proceed
to a discussion of the results. In Table
2 are given our best estimates for the
inverse masses and their corresponding
uncertainties. An attempt was made to
be conservative, yet realistic, in the
determination of appropriate values for
the uncertainties. We discuss each entry
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Table 2. New

planetary mass estimates.

Inverse mass Uncertainty Density

Planet (Mg™) (Mg™) (g/cmd)
Mercury 6,025,000 15,000 5.42
Venus* 408,520 100 5.25
Earth + moont 328,900% 20 5.51]]

328,900§ 1

Mars* 3,098,000 4,000 3.96
Jupiter9 1,047.4 0.1 1.33
Saturn 3,498.5 0.5 0.68
Uranus 22,900 200 1.60
Neptune 19,400 100 1.65
Pluto 4,000,000 2,000,000 3 ¢assumed)

* The spacecraft tracking data mass results are consistent with these, but far superior [see ap-

propriate entries in Table 1 and (I3)].
see also (I18). f Method 1 (see text).

+ The earth-moon mass ratio estimate is 81.301 == 0.002;
§ Method 2 (see text).

|| Earth alone. 4 The results

from analyses of minor planet orbits (4/) give a somewhat superior result.

in turn and compare it with the cor-
responding entries in Table 1. For Mer-
cury, our result M 5~ = 6,025,000 =
15,000 inverse solar masses, is deter-
mined primarily by the earth-Venus
radar data through the short-period
perturbations introduced by Mercury in
the orbit of Venus. The formal stan-
dard error in this inverse mass determi-
nation is only about 3,000. The true
uncertainty is substantially higher be-
cause of the possible systematic errors
in the interpretation of the radar echo
delays. Such systematic errors are
caused by surface-height variations and
inhomogeneities in the radar scattering
law for Venus (10). The value given
in Table 2 for Mercury’s mass and its
uncertainty were based on a large num-
ber of computer experiments in which
various subsets of the data were de-
leted and various different combina-
tions of parameters estimated, including
low-order coefficients of a harmonic
expansion of Venus’ surface topography.
The values obtained from the optical
data of the inner planets alone, al-
though not so accurate [typically M —1
~ 6,000,000 = 65,000 (formal stan-
dard error)], are in good agreement with
the radar result and with Newcomb’s
1895 value (first entry in Table 1).
The close agreement between the results
we obtained with different theoretical
models, disjoint data sets, and different
data types lends credence to the esti-
mated uncertainty. Using the radar
data value of 2439 =1 km for Mer-
cury’s average equatorial radius, we
conclude that Mercury’s average den-
sity is within 1 percent of that of the
earth (11). Thus, in view of Mercury’s
smaller size and correspondingly lower
central pressure, it likely has a bulk
composition substantially richer in the
heavier elements than the earth’s.
The inverse mass of Venus, for
which we obtained 408,520 = 25 (for-
mal standard error) from radar data

alone, is in good agreement with the
superior Mariner 5 value (12, 13).
Our Table 2 determination is not a
serious competitor to the Mariner
value; we consider the comparison use-
ful primarily as an indication of the
reliability of our results for, say, Mer-
cury, for which an independent and
more accurate estimate is not available.

The optical data are relatively inef-
fective for the determination of Venus’
mass, the accuracy obtainable being
only several parts per thousand. The
density of Venus, determined from its
mass and average equatorial radius
6050.0 = 0.5 km (I4), is only 4 per-
cent less than the earth’s (1), thus
enhancing Venus’ somewhat tarnished
reputation as our sister planet.

The mass of the earth-moon system
presents a special case in that we have
two different methods for estimation.
The first is based primarily on the ob-
servations of Eros, which makes pe-
riodic close approaches to the earth.
The formal standard error in terms
of inverse solar masses is less than 3.
However, computer experiments of the
type described above show that values
between 328,885 and 328,915 (15)
could be obtained when using all of the
Eros data. With the major portion—
obtained during the 1930-31 opposition
—deleted, values as high as 328,950
were found. A realistic estimate of the
uncertainty is therefore about 20 as
shown.

The Eros result was first used to
estimate the astronomical unit of length
in terms of a terrestrial unit through
the theoretical relation (16):

(Mo + M)? = AF:k[Rege(1 + w1
where Mo is the mass of the earth
and M, the mass of the moon, A4
denotes the astronomical unit, F; a
constant close to unity, & the Gaussian
constant, R, the earth’s mean equatorial
radius, g, the earth’s mean equatorial
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surface gravity, and u the moon-earth
mass ratio. By turning this procedure
around and using our radar result
for the astronomical unit (accurate to
about 1 part in 108 in light seconds),
we obtain the second earth-plus-moon
entry in Table 2: (Mo + M)—1 = 328,-
900 == 1. The uncertainty is determined
by the estimated inaccuracies, several
parts in 106, in the values for R, and
8., expressed in units consistent with
those used for 4 and k. The contribu-
tion of A and u to the uncertainty are
negligible.

The earth-moon mass ratio (u—?1)
shown in Table 2 was determined from
the radar data through the effect on
echo delays of the monthly motion of
the earth about the center of mass of
the earth-moon system. The distance
to the moon is known to sufficient
precision from lunar radar measure-
ments (17). Our value for pn—? is con-
sistent with the slightly more accurate
determination made from spacecraft
tracking data, with the use of the
same principle of barycentric rotation
(18).

The results for Mars, like those for
Venus, are gratifying; the agreement
with the far more accurate Mariner
4 determination (19, 13) is better than
could be expected. The relevant com-
puter experiments disclosed, for ex-
ample, that from radar data alone
Ms:—1 = 3,100,000 == 800, whereas from
the inner planet optical measurements
M:—1=3,096,500 = 1,300 (formal stan-
dard errors). The mass of Mars, cou-
pled with the radar value 3394 =6
km (20) for the mean equatorial radius
and the dynamical value for the ob-
lateness (21), yields an average density
intermediate between the values for the
earth and the moon (see Table 2).

Jupiter’s inverse mass is slightly
higher than the values in Table 1,
which rely heavily on determinations
based on resonance effects on the orbits
of minor planets. Over 30 computer
experiments were performed estimating
the mass of Jupiter from all the outer
planet data, from observations of each
of the other outer planets separately,
from the inner planet data, and with
various auxiliary parameters alternately
deleted from the estimation procedure.
Almost invariably the inverse mass
came out above 1047.30, ranging from
that value to 1047.64. The formal
standard error for the total data set
was 0.03.

Interestingly, the radar data alone
yielded a value of 1047.46-0.06 for the
inverse mass of Jupiter. The precise
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Table 3. Potential accuracy of planetary
mass determinations from pulsar observa-
tions of barycentric motion.

Amplitude Potential
of bary- uncertainty
Planet centric limit on
motion inverse mass
(light sec) (Mg™)
Mercury 0.00003 2,000,000
Venus 0.0009 5,000
Earth -+ moon 0.0017 2,000
Mars 0.00025 100,000
Jupiter 25 0.0004
Saturn 13 0.02
Uranus 0.45 0.6
Neptune 0.8 0.3
Pluto* 0.004 9,000

* Based on inverse mass of 4,000,000 and distance
of 30 A.U.

Mars data obtained at Haystack during
the 1967 and 1969 oppositions are pri-
marily responsible for the small stan-
dard error. Thus, modern inner planet
radar data spanning only 2 years can
almost compete with several centuries
of outer planet meridian circle obser-
vations in the estimation of Jupiter’s
mass. The earth-Mars radar and radio
tracking data can even be used to esti-
mate the longitude of Jupiter with con-
siderable precision, almost to 1 second
of arc.

With Saturn we found the inverse
situation. Approximately 30 computer
experiments—analogous to those for
Jupiter’s mass—yielded values well be-
low the Table 1 entry of 3501.6, the
spread being between 3498.1 and
3499.3 for the more accurate determi-
nations with the formal standard error
0.15 for the ensemble of data, Our val-
ues are most influenced by the Jupiter
observations and are consistent with
inferences (22) made from a study of
the orbits of minor planets, or dying
comets, that are influenced by Saturn.
The inner planet radar data alone
yielded a reasonable value for Saturn’s
inverse mass: 3499 = 3. As for Jupiter,
our results for Saturn’s mass from the
various computer experiments varied
over intervals a few times the formal
standard error. For this reason the esti-
mated uncertainty in Table 2 is taken
to be about three times the formal
standard error obtained from the anal-
ysis of the total data set.

The inverse mass estimates for Ura-
nus and Neptune adhered less well to
the trend found for Jupiter and Saturn.
The 20-odd computer experiments that
involved these planets yielded spreads
of more than five times the formal stan-
dard errors, which were 20 and 10 for
the total data set for Uranus and Nep-
tune, respectively, and were determined

primarily by the Saturn and Uranus
data, respectively. Our “best” estimates,
given in Table 2, are compatible with
some shown in Table 1; however, we
are skeptical about the reality of most
of the uncertainties in Table 1. Al-
though the error estimates from the
classical determinations depend on sat-
ellite observations as well as on plane-
tary perturbations, the discordance
among individual results (23) only en-
forces our skepticism. The average
density for Neptune (= 1.65 g/cm3) is
substantially different from its standard
value (21) because of a recent 15 per-
cent downward revision of the estimate
of its radius (24). Uranus’ average
density is about 1.60 g/cm?.

Pluto, because of its small size and
great distance from the sun, presents a
severe challenge to dynamical astron-
omy in regard to the estimation of its
mass. Moreover, due to the unusual
Pluto-Neptune orbit resonance (25),
Pluto never approaches Neptune more
closely than 18 astronomical units. To
compound the problem there is un-
certainty regarding the influence of a
possible comet belt beyond the orbit of
Pluto. The classical determination of
Pluto’s mass which led to an unbe-
lievably large value (>50 g/cm?®) for
its average density, yielded the value
given in the first appropriate row in
Table 1. This value has been suspect
for many years for many reasons (23).
More recently, the study undertaken at
the United States Naval Observatory
(USNO) (26) yielded the value for the
inverse mass given in the third row,
1,812,000 == 50,000. The best available
radius determination (27) then allows
an average density of about 8 g/cm? to
be deduced for Pluto. We find, how-
ever, that the data don’t seem to war-
rant more than the placement of a
lower bound of about 2,000,000 on the
inverse mass. When all of the outer
planet data were analyzed (28) and so-
lutions obtained only for the initial
conditions and masses of these planets,
we found for Pluto’s inverse mass
1,500,000 == 210,000 (formal standard
error); when the equator, equinox, and
declination biases were added to the
parameter set, the corresponding value
was —4,200,000 = 260,000! Further,
when all the data were analyzed simul-
taneously or broken into single-planet
subsets, solutions for some reasonable
parameter sets also yielded negative
values for Pluto’s mass. These differ-
ential corrections, being relatively large,
may not correspond to the converged
least squares solutions. But iterating
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the linearlized solutions to insure that
the true least squares solutions were
obtained would have entailed more
hours of computer time than were
available to us. For the same reason,
we were unable to obtain the residuals
predicted by our differential correction
results. However, the postfit residuals
from our base solution, described above,
exhibited no obvious systematic trends
above the measurement noise level. The
extreme sensitivity of the differential
correction for Pluto’s mass to the choice
of data and parameter sets indicates
the difficulty in extracting a meaning-
ful value for it from the existing outer
planet observations (29).

The fact that the sum of squares of
the residuals is decreased by the addi-
tion of Pluto’s mass to the parameter
set is, in itself, not significant. Any
additional paramecter, whether or not it
has physical meaning, may reduce the
residuals. In Pluto’s case, the conspicu-
ous asymmetry about the minimum on
the graph of the sum of squares of
residuals plotted against planet mass
obtained at the USNO (26) indicates
that the value at the minimum may
represent more of an upper bound on
the mass than a reliable determination.
At the very least, the uncertainty
quoted in Table 1 strikes us as substan-
tially undervalued in view of the far
larger formal standard errors obtained
from our analyses. These formal errors
are determined by the mass (30), by
the standard deviations associated with
the optical observations and by the
partial derivatives. The latter were de-
termined from numerical integrations
of the variational equations, and the
former were. found empirically for
each obscrvation series and represent
the actual root-mean-square scatter of
the residuals after delction of “blunder
points” (31). Moreover, the distribu-
tions of the optical data residuals were
distinctly non-Gaussian. Invariably, the
tails of the distributions were over-
populated relative to predictions based
on Gaussians that best fit the residuals.
(In some cases, if not cut off, these
tails would wag the dog in virtue of
their disproportionately greater influ-
ence on the least squares solutions.)
Unmodeled systematic effects on the
data undoubtedly cause the non-
Gaussian distributions.

These results and inferences, when
coupled with our ignorance of the mass
environment past Neptune’s orbit, lead
us to the conclusion that Pluto’s mass,
and hence its average density, cannot
be determined reliably from existing
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data. Our entry for Pluto in Table 2 is
based partly on our numerical experi-
ments and partly on a priori density
considerations: current theories of planet
and satellite formation from the solar
nebula make it seem unlikely that a
body formed in the outer reaches has a
density much higher than 3 g/cm?3.
The uncertainty given in Table 2 for
Pluto’s inverse mass is based on the
conclusion - that 2,000,000 is the ap-

_proximate lower bound set by the data.

Potential Improvements in Precision

Future spacecraft missions to Mer-
cury and to the outer planets hold the
best promise for improving the system
of planetary masses. Ground-based ra-
dar measurements might contribute use-
fully to estimates of Jupiter’s and Sat-
urn’s ‘masses through observations of
their larger satellites—if advanced radar
facilities commensurate with present
technology were implemented. With
the existing systems, radar observa-
tions are confined to the inner planets.
Even when extended over the next two
oppositions of Mars—including the ex-
tremely favorable 1971 close approach
—and augmented by radio tracking data
from Mars orbiters, such observations
will probably not yield an uncertainty
for Jupiter’s mass below the 10 parts
per million claimed for results from
analyses of asteroids in orbital reso-
nance with Jupiter. For the immediate
future, radar offers substantial improve-
ment only for the mass of Mercury.
Continued radar observations of Venus,
with emphasis on topography determi-
nation as discussed above, may yield a
two- or threefold reduction in our un-
certainty for M. Such measurements
are being made with Haystack, with
Jet Propulsion Laboratory’s 210-foot-
diameter Goldstone antenna, and with
Cornell’s Arecibo radar. The planned
1973 Venus-Mercury flyby mission will
yield a mass value with fractional errors
of a few parts per million; nonetheless,
the prior availability of an improved ra-
dar result will be important to maximize
the chances of reencounters between
the probe and Mercury. Reducing the
uncertainty in M, to 0.1 percent will
allow more precise navigation before
the first encounter and consequently
will reduce expenditure of the mid-
course-maneuver fuel needed to insure
reencounter.

Another possibility is the use of pul-
sar observations to infer outer planet
masses. From measurements within the

solar system we can not discern mo-
tions about its barycenter. However,
pulsars represent an external reference
system with respect to which such mo-
tions can be detected. The effect a
planet has on the position of the bary-
center varies, of course, directly with
its mass and, in essence, with its dis-
tance from the sun. The outer planets
are favored on both counts, except for
Pluto which is favored on only one.
The difficulty in the estimation of
planctary masses from their effects on
the earth’s barycentric motion stems
from several sources, such as (i) the
intrinsic  variability of the pulsar
“clocks”; (ii) the time extent of each
pulse (in general, the longer the pulse,
the larger the error in the cstimate of
its time of arrival); and (iii) the long
periods of th: outer planets, which
make their effects over the short term
difficult to distinguish from, say, proper
motions of the pulsars. Although we
have not madc a careful analysis of the
potential of pulsar data for outer planet
mass detcrminations, we can gain some
insight from order of magnitude esti-
mates. Using the radar “template-
matching” techniques proposed for pul-
sars (32), various observers have de-
duced arrival times for pulses from the
Crab Nebula (NP 0532) with uncer-
tainties as small as a few microseconds
(33). The Crab pulsar, unfortunately,
appcars unique in scveral related re-
spects. It is the only one visible opti-
cally, its pulse length is the shortest so
far observed, and its beat is subject to
irregular changes (34). Nonetheless,
for several more mature pulsars such
as CP 0328, it appears that high-
frequency or multi low-frequency radio
observations can yield arrival times with
uncertainties of a few tens of micro-
seconds (35, 36). In Table 3, as an
illustration, we list the amplitude of the
barycentric contribution of each outer
planet and the uncertainty in the in-
versc mass determination, with the
oversimplified assumption that the frac-
tional error is equal to 10 psec (the
assumed standard error in pulse arrival
time) divided by the amplitude. For
Jupiter the pulsar technique looks espe-
cially promising, and for Pluto, even
though long-term observations may be
required, we are fortunate that it is now
near perihclion where its angular ve-
locity and, hence, the variation in its
contribution to the barycentric position
will be maximal.

Despitz the possible usefulness of
radar and pulsar observations, space-
craft radio tracking data offer the best
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possibility during the next decades for
the determination of the system of
planetary masses with errors uniformly
below a part in a million. Such accu-
racy should be sufficient for all foresee-
able scientific purposes (37).

1.
2.
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