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Results are presented from the analysis of solar system astrometric data, notably the
range data to the Viking landers on Mars. A least-squares fit of the parameters of the
solar system model to these data limits a simple time variation in the effective Newtonian

gravitational constant to (0.2+ 0.4) x 10! yr
tive to the implicit clock of relativistic dynamics to (0.1 0.8) x 10~ ! yr

and a rate of drift of atomic clocks rela-
-1, The error

limits quoted are the result of uncertainties in the masses of the asteroids.

PACS numbers: 04.80.+z, 06.20.Jr, 95.10.Ce

In the last few decades, several theories have
been proposed in which there is predicted a drift
in the orbital periods of the planets relative to
the time kept by atomic clocks.'? These theories
have been motivated, in large part, by a desire
to incorporate Dirac’s large numbers hypothesis®
into physics, tying the values of local physical
constants to the evolution of the universe. One
therefore expects the rate of the drift to be the
inverse of the Hubble time, or ~5Xx 10! yr™,

As we discuss below, there are two ways in
which this period drift may be produced. Either
cosmic effects may couple directly to gravitation-
al physics, producing a time-dependent renormal-
ization of the Newtonian gravitational constant
G,! or they may be coupled directly to atomic
physics, causing atomic clocks to drift at a rate
£ relative to the implicit clock of relativistic dy-
namics.? We point out that in ¢ theories? there is
a time variation induced in GM, since these the-
ories generally require GM& =constant, There-
fore, all quoted limits on E may be interpreted
as limits on (GM)'/(GM) as well, Using all avail-
able solar system astrometric data,* notably the
range data to the Viking landers on Mars, we
limit the values of G/G and £ to

G/G=(0.240.4)x 10 yr-,
£=(0.1+0.8)x 10 yr,

(1a)
(1b)

The quoted errors in Eq. (1) are much larger
than the formal standard deviations and repre-
sent uncertainties stemming from our lack of
knowledge of the masses of the asteroids, as
discussed below. This sensitivity represents
more than an order-of-magnitude improvement
over previous limits set with radar ranging da-
ta® or with lunar orbit data.®
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Theory.—As pointed out in recent papers,’
there are at least two conceptually different ways
in which an incommensurability between orbital
periods and atomic times might be produced.
One way"” is to modify gravitational physics by
postulating additional cosmic fields which affect
the form of the physical metric tensor (i.e., the
geometry measured by atomic rods and clocks).
The Brans-Dicke theory® is typical of such a the-
ory. In these theories, the drift in the orbital
periods results from a time-dependent renormal-
ization of the gravitational constant due to the
slowly changing values of the cosmic fields. One
writes the effective gravitational constant as

Gesr = G[L+(G/G)(t - t,)], (2)

where G and G are the values of the gravitational
constant and its time derivative at some 7=/,
With this G.¢¢ in the metric, there appears a
term in the geodesic equation which gives rise to
a coordinate acceleration

i:_%[%fﬂz;;u_to)], (3)

in addition to the usual Newtonian and relativistic
terms.

A second way*” in which an incommensurability
between atomic times and gravitational periods
might be produced would be for there to exist
some cosmic influence which directly affected
atomic physics while the field equations of gravi-
tation remained unchanged. In this case, there
would be an observable effect of the clock drift
on solar system measurements because the time
associated with each astrometric observation is
the time given by an atomic clock, The form of
the effect on the coordinate acceleration equa-
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tions is obtained by first defining a parameter g
which gives the rate at which atomic time (di)

will drift away from the proper time inherent in
relativistic dynamics (called Einstein time d¢;)®:

dtg/dt=1+kt-1,). (4)

After transforming the geodesic equation to re-
flect this new definition of the affine parameter,
one obtains a nongeodesic equation of motion

8
a’x " L dx®dx _~< #O_dx“dx")’ (5)

atr el Tar ar - dt dt

where the metric is that measured by atomic rods
and clocks and T" g are the Christoffel symbols
derived from that metric. There is thus in the
coordinate acceleration an additional term spring-
ing from the right-hand side of Eq. (5):

i _ o GM x* dx?
da _é[—'r—;z_(t_to)_—a—t—jl. (6)
In order to determine the values of (/G and £ by
means of the Earth-Mars data, Eqs. (3) and (6)
were numerically integrated to get the perturba-
tions which each parameter would produce in the
Earth-Mars range. The signature of each per-
turbation was then searched for in the data. Com-
parison of Eqs, (3) and (6) shows that the two pa-
rameters will differ in their effects, a fact which
can be exploited in order to discriminate observa-
tionally between the two categories of theories of
cosmic influence on local physics.

Solar system data and model.—Beginning in
July 1976 and ending in July 1982, 1136 range
measurements between tracking stations of the
Deep Space Network and the Viking landers on
Mars were taken with an average interval be-
tween measurements of about two weeks. The
range measurement itself is accurate to about 2
m while uncertainties in the time delay produced
by interplanetary plasma, along with unknown de-
lays inherent in the tracking station and space-
craft signal paths, leave a calibration uncertainty
of about 9 m. In order to fit the data, the Earth’s
orbit must be adjusted along with the orbit of
Mars. However, the Earth’s motion is also con-
strained by astrometric observations of the other
bodies of the solar system. It has therefore prov-
en necessary to include all reliable solar system
data and all relevant solar system parameters
in adjusting the solar system model to fit the
Viking data. The data used are (1) 1136 range
measurements to the Viking landers on Mars
(from July 1976 to July 1982), (2) 645 range meas-
urements to the Mariner 9 spacecraft in orbit
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around Mars (from November 1971 to October
1972), (8) 1305 radar bounce range measure-
ments from the surfaces of Mercury and Venus
(from 1964 to 1977), (4) 2954 lunar laser range
measurements (from 1969 to 1980), (5) 44755
optical position measurements of the sun and
planets, right ascension and declination (from
1911 to 1979). The parameters being solved for
include (1) initial orbital elements of the moon
and planets, (2) the masses of Venus, Earth, and
the outer planets, (3) the masses of the three
asteroids (Ceres, Pallas, and Vesta) which have
a large effect on Mars’ orbit, (4) the average den-
sities of the remaining asteroids, divided into
two groups according to compositonal type,

(5) the parameters & and é/G, (6) other param-
eters representing corrections for systematic
effects known to exist in individual data sets

or parameters unique to each data set.

These parameters were fitted to the data in a
least-squares sense, resulting in estimates and
standard deviations for each of the parameters.
If all errors in the data sets were random Gauss-
ian-distributed errors, then the formal standard
deviation given by the least-squares fit would be
the correct estimate of the uncertainty in the val-
ues of the parameters. Experience has shown,
however, that there typically exist small unmod-
eled errors in the data sets, and that additional
care is required to estimate the realistic uncer-
tainty that should be assigned to the values.

The major uncertainty in the determination of
G/G and ¢ comes from uncertainty in the masses
of the asteroids. We determined that the three
largest asteroids (Ceres, Pallas, and Vesta) had
large periodic effects in the Earth-Mars range
which could be separated, allowing their masses
to be determined in the solutions. The 200 larg-
est remaining asteroids in the belt which had
fairly well-determined radii® were divided into
two groups. The C group consisted of asteroids
generally in the outer regions of the belt having
compositional type C, F, P, and D. The S group
contained asteroids of type S, M, E, and R which’
are found in greatest abundance in the inner re-
gions of the belt.’° The asteroids in each group
were treated as point masses with a common den-
sity (to be determined in the solutions) and with
volumes determined from their measured diam-
eters. This model of the asteroid belt, three in-
dividual masses plus two groups with uniform
density, was found to be adequate for our purpos-
es in that (1) the model fitted the data well enough
to eliminate visible trends in the residuals, and
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(2) solving for the masses of additional individual
asteroids did not produce significant changes in
the estimates of G/G or &.

Results.—The results are displayed in Table I.
Two sets of solutions are shown, one set for G/
G and one set for £ In each set, the numbers
listed under Run A are the values obtained when
the densities of the two asteroid groups were
solved for. In these solutions, the density of the
C group of asteroids was found to be uncertain
by about 30% and turned out to have a larger val-
ue than had been expected. We have considered
the possibility that this large value may be due
to a small systematic error in the data and have,
in Run B, fixed the value of the C-group asteroid
density to be the 2 g/cm® which was expected,
while continuing to solve for the S-group density.
The resulting values for G/G and & show the ef-
fect which would be produced if this systematic
error were real. In Runs C and D the values of
the densities were set a priovi equal to the values
in brackets. These cases represent what we feel
are extreme but reasonable values for both den-
sities and were chosen for display because they
produced extreme values in G/G or  without pro-
ducing noticeable trends in the data residuals.
Table I represents only a sampling of the over
100 solutions which were made in the course of
this investigation. In each case, for G/G and for
£, our quoted best value in Eq. (1) is the arith-
metic mean between the solutions in Run A and
Run B. The uncertainties we quote in Eq. (1)
come from the extreme values derived in Runs C
and D. All other solutions had values within these
limits.

We have also assessed the effects of uncertain-
ties in the observed radii of the asteroids. The
nominal radius values we used were taken from
the most recent complilation by Tedesco.® Any
systematic errors in the radii for a given group

would just scale the size of their effect, and
would thus be absorbed into a new value for the
density. This value would be in error, but it
would not affect the estimates of G/G or & The
effects of random errors in the radii were in-
vestigated by a Monte Carlo technique of random-
ly adjusting the radii of the 200 asteroids by
amounts consistent with their known uncertainties
(about 10% for well-observed asteroids and 50%
for asteroids which have not been well observed).
The resulting range of values for G/G and & fell
well within the error limits quoted in Eq. (1). In
addition, the effect of the 2000+ asteroids which
were not included in our two groups was found to
be negligible, producing a correction to the mod-
eled asteroid effect of less than 5%.

It was also determined that, while the Mariner
9 data and the lunar laser ranging data could be
taken in and out of the fit without producing any
major discrepancy in the results, the accuracy
of the estimates of é/G or ¢ was severely degrad-
ed without the Viking data.

Finally, several solutions were made in which
/G and § were determined simultaneously. The
values derived in these cases were consistent
with zero for both parameters, though the uncer-
tainty increased to £2.1 X 10 ™ yr ! for G/G and
+4,2x 107 yr~! for £, These results indicate
that neither category of theories of cosmic influ-
ence on local physics seems to be preferred at
this level of sensitivity.

We conclude that the available solar system
astrometrical data severely limit the existence
of a cosmic influence on either gravitational (G/
G) or nongravitational (£) local physics at the lev-
el expected from Dirac’s large numbers hypoth-
esis.

The work described in this paper was carried
out by the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the

TABLE I. Sample solutions. Units of ¢/G and 5 are yr~! and density
units are g/cm®, See text for discussion.

Run Run Run Run
Parameters A C D

&/6 2.8x10° 1 1.0x 1071 —-1.8x10"1 5.5x 1012

C density 3.4+ 1.0 [2.0] [1.5] [3.51]

S density 2.7+ 0.5 2.31 0.3 [3.5] [1.5]
£ 2.5%x 101 —0.5x10"12 —6.2x 101 8.8x 101

C density 3.1+ 1.0 [2.0] [1.5] [3.5]

S density 2.6+ 0.5 2.4+ 0.3 [3.5] [1.5]

1611



VoLUME 51, NUMBER 18

PHYSICAL REVIEW LETTERS

31 OCTOBER 1983

National Aeronautics and Space Administration.
One of us (V.M.C.) would like to thank Dr. N, W.
Hinners and Dr. H. Plotkin for support through

the Director’s Discretionary Fund.

(3)National Academy of Sciences-National Research
Council Research Associate 1981-1983.

®) Also with Department of Physics, City College of
the City University of New York, New York, N.Y. 10031.

'C. Brans and R. H. Dicke, Phys. Rev. 124, 925
(1961); P. G. Bergmann, Int, J. Theor, Phys. 1, 25
(1968); C. M, Will and K. Nordtvedt, Jr., Astrophys.
J. 177, 757 (1972); R. W. Hellings and K. Nordtvedt, Jr.,
Phys. Rev. D 7, 3593 (1973); N. Rosen, Ann, Phys.
(N.Y.) 84, 455 (1974

v, Canuto P.J. Adams, S, H. Hsieh, and E, Tsiang,
Phys. Rev. Dlﬁ 1643 (1977) P.J. Adams, Int. J.
Theor. Phys. 22, 421 (1983). V. Canuto and I. Gold-
man, Nature (London) 296, 709 (1982). P,A.M, Dirac,

1612

Proc. Roy. Soc. London, Ser. A 365, 19 (1979).

p. A.M. Dirac, Nature (London) 139, 323 (1937).

‘Additional details may be found in R. W, Hellings,
in Proceedings of the Tenth International Conference
on General Relativity and Gravitation, edited by
B. Bertotti (to be published) or in R, W, Hellings, J. D.
Anderson, M, S, Keesey, E. K. Lau, and E, M, Standish,
to be published,

SR. D. Reasonberg and I, I. Shapiro, in Oz the Meas -
urement of Cosmological Variations of G, edited by
L. Halpern (Univ. Presses of Florida, Gainseville,
1978), p. 71.

ST, C. Van Flandern, Astrophys. J. 248, 813 (1981).

™p, J. Adams, V. M. Canuto, L Goldman, and R. W.
Hellings, Phys. Rev. D (to be pubhshed) V Canuto,
I. Goldman, and I, I, Shapiro, to be published.

% has been variously called 3, B4, and ¢ in Refs,
2 and 5.

°E. F. Tedesco, in Planetary Rings, edited by A. Bra-
hic, Proceedings of the I.A.U. Colloquium No. 75 (Rei-
del, Dordrecht, 1983).

9C. R. Chapman, J. G. Williams, and W, K, Hart-
mann, Ann, Rev, Astron. Astrophys. 16, 33 (1978),



