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Analysis of 1&89 measurements, accumulated between 1970 and 1974, of echo delays
of laser signals transmitted from Earth and reflected from cube corners on the Moon
shows gravitational binding energy to contribute equally to Earth s inertial and passive
gravitational masses to within the estimated uncertainty of 1.5k. The corresponding re-
striction on the Eddington-Robertson parameters is 4P —p- 3 = —0.001+ 0.015. Combina-
tion with other results, as if independent, yields P=1.008+0.005 and y=1.008+0.008, in
accord with general relativity.

Verification of the principle of equivalence has
been of concern to physicists at least since the
time of Ioannes Grammaticus in the 5th Century. '
Laboratory experiments performed over the past
300 years have allowed increasingly stringent
limits, from 1 part in 10' to 2 parts in 10", to
be placed on the independence on composition and
size of the ratio of the inertial to the passive
gravitational masses of diverse objects. ' How-
ever, despite their impressive accuracy, these
experiments fail utterly to test whether gravita-
tional binding energy contributes equally to iner-
tial and gravitational mass. For a meter-sized
laboratory object, the gravitational binding ener-
gy represents only about 1 part in 10"of the to-
tal energy, about eleven orders of magnitude too
small to detect with present laboratory tech-
niques. To test this aspect of the principle of
equivalence, the cornerstone of general relativi-
ty, it is necessary to utilize planetary-sized bod-
ies since the ratio, 6, of the magnitude of the

gravitational binding energy to the total energy
scales as the square of a typical length. For a
homogeneous sphere, 6 = 0.8mGpR'/c', with G the
constant of gravitation, c the speed of light, p
the density, and R the radius.

To verify the principle of equivalence or to de-
tect a violation for such massive bodies, one
must monitor their orbital behavior. However,
without independent measurements of mass, three
or more bodies are required to detect a viola-
tion. Nordtvedt' pointed out that for this purpose
the Earth-Moon-Sun system would be useful since
laser measurements of the Earth-Moon separa-
tion, made possible by the optical corner reflec-
tors on the moon, would allow a significant test
to be made.

To describe the orbital effects of a violation,
we consider the simplified Newtonian equations
of motion for the geocentric orbit of the Moon,
neglecting terms of order 6' and perturbations
of all bodies except the Sun:

f,=——G(M, +M„)[r,/r, ']+GM, [r„/r„' —r,/r, ']+ qG(M, +M )(6,+b.„)[r,/r, ']

where M, denotes the inertial mass of body i (m, e, and s for Moon, Earth, and Sun, respectively),
and r, , the vector extending from body j to body i. The ratio of gravitational to inertial mass is repre-
sented by (1 —qA), where for b, , introduced above, we finds. =0.2x10 ", b. ,=4.6x10 ", and b, ,
=O(10 ').' The parameter q (= 0 in general relativity) was first calculated in terms of the parame-
trized post-Newtonian formalism by Nordtvedt'; for "fully conservative" theories of gravitation q = 4P
—y —3,' where P and y are the so-called Eddington-Robertson parameters'.

The inability to determine q from two-body motion follows from Eq. (1): The third term on the right
can be absorbed into the first with merely a redefinition of the Earth-plus-Moon mass. Similarly, the
fourth can be absorbed into the second with a redefinition of the Sun s mass. The last term, —qGM, (4,

)r„/r„, is of nearly constant magnitude and is always directed towards the Sun; its orbital con-
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sequences are precisely the same (except for scale! ) as those due to sunlight pressure' and were de-
scribed for the present context first by Nordtvedt. ' Of primary interest here is the added variation in
the Earth-Moon distance, approximated for purposes of discussion by'

= q(h, -b, )r„[A(3—0)/(2- A)(l —0)] cos[(tu„, —v„)t] = 8q cos[(~, —&u„) t] m,

where eu, , is the mean orbital angular velocity of
body i about body j and 0-=v„/&u, =-0.075. The
period of this variation is a synodic month.

What other perturbations of the Earth-Moon
distance could mask this effect of a violation of
the principle of equivalence~ Radiation pressure,
as mentioned, has precisely the same signature,
but its effect here is negligible. The standard
Newtonian perturbations, due to the Sun, when

decomposed into sinusoidal components, also
show a large contribution with a synodic monthly
period and an amplitude of approximately 110
km. " The largest term" in the usual expansion
of this amplitude in powers of 0 is proportional
to a [M,/(M, +M )]'~'[a /a, ]'~'[1 —2(M /M, )]
which contains Bll the significant factors found in
the smaller terms as well. Let us examine these
factors. The semimajor axis, a„of Earth's or-
bit is known from analysis of other data, to more
than sufficient accuracy for present purposes. "
The ratio, M /M„ is known from prior analyses"
with an uncertainty of about 5&& 10 ' which intro-.
duces an uncertainty in the 110-km amplitude of
about 1 cm. The semimajor axis, a, of the
Moon's orbit and the ratio (M, +M )/M„on the
other hand, are both estimated best from the la-
ser data, primarily through their other orbital
effects, and any masking is automatically taken
into account in the simultaneous estimation of
these parameters and g.

We adapted our "planetary ephemeris program""
to obtain these estimates. The basic coordinate
system used was inertial, centered at the solar-
system barycenter (Newtonian definition). We
integrated the post-Newtonian equations of motion
for the Moon with respect to Earth, along with
the variational equations for the six initial condi-
tions of the Moon's orbit. All relevant perturba-
tions were included. The orbits of the Earth-
Moon barycenter and of the other planets which
perturb the Moon's orbit were obtained from sim-
ilar integrations, with the initial conditions and
masses having been determined mainly from a
comparison with optical and radar observations
of the planets. ' ' The equations of motion for
the Moon also included the effects of the second
and third zonal harmonics of Earth's gravitation-
al field, the second zonal and sectorial harmon. -
ics of the Moon's field, and a model of the tidal

effects. " Except for the g term in the equations
of motion, all were in accord with general rela-
tivity. The implied inconsistency in the parame-
trization of the post-Newtonian equations is more
apparent than real for two reasons: First, we
seek to isolate the effects of a possible violation
of the principle of equivalence. Second, use in
the other terms of the equations of motion of val-
ues of P and y different from unity, but within the
bounds set by other experiments, causes a total-
ly insignificant change in the estimate of g.

We next computed, for each observation, the
round-trip light time from the laser site on Earth
(the McDonald Observatory in Texas) to the ap-
propriate retroref lector site on the Moon and re-
turn. For these computations, we used (i) the
orbit of the Moon, calculated as described above;
(ii) the orientation of the Moon determined in the
conventional manner (but with the physical libra-
tion as given on a magnetic tape provided by Wi1.—

liams"); and (iii) the orientation of Earth ob-
tained from the standard expressions, with minor
corrections, for precession, nutation, polar mo-
tion, and variations in the rate of rotation. The
effects of the propagation medium and of post-
Newtonian relativity" on the delays were also in-
cluded. Our total data set consisted of 1389 de-
lay measurements made between January 1970
and November 1974." With a weighted-least-
squares filter, we then estimated g along with
the geocentric coordinates of the McDonald Ob-
servatory, the selenocentric coordinates of the
retroreflectors, all of the initial conditions of
the Moon's orbit and of the Moon's motion about
its center of mass, six parameters characteriz-
ing some of the low-order harmonics of the
Moon's gravitational field, "the mass of Earth
plus Moon, three parameters characterizing a
possible angular velocity of the dynamical sys-
tem with respect to a truly inertial frame, and
two bias parameters (one to account for a, pos-
sible bias in the 1972 delays" and a second to ac-
count for a possible bias in the other delay mea-
surements). The estimate ot q was not highly
correlated with the estimate of any other param-
eter. In particular, the largest correlations,
with a, M, +M, and the eccentricity of the
Moon's orbit, were only 0.8 in magnitude; all
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others were less than 0.5.
We performed various sensitivity tests in which

we varied both the data and the parameter sets,
the latter mainly by adding parameters relating
to M,jM, the tidal model, and the small, but
erratic, variations in Earth's rotation. Up to
100 parameters were added to describe these var-
iations alone. We also repeated several of the
solutions with the g term dropped from the equa-
tions of motion and with the right-hand side of
Eq. (2) added instead to the Earth-Moon distance. "

The rms of the postfit residuals from these sen-
sitivity tests was typically about 2.8 nsec (= 42
cm equivalent distance), slightly over 3 times
the average uncertainty in the delay measure-
ments. Taking into account possible residual
systematic errors responsible for this large rms
and possibly caused by (small) inadequacies in
the models used to represent the rotational mo-
tions and tidal distortions of the crusts of Earth
and Moon, we conclude that g = —0.001+0.015,
corresponding to a ratio of gravitational to iner-
tial mass that deviates from unity by no more
than about 7 parts in 10". The quoted uncertainty
is about 4 times the typical formal (statistical)
standard error, and is based on the extremes in
the estimate of q obtained in the sensitivity
studies, primarily those involving extra parame-
ters to represent variations in Earth's rotation.
Our result is in substantial agreement with the
most recent value obtained by the LURE team"
from an analysis of virtually the same data set
with an independent computer program; only the
lunar libration model, and corresponding partial
derivatives, were in common in the two pro-
grams.

Combining our estimate for g from the lunar-
data analysis with those from recent experiments
on the solar deflection" and retardation" of ra-
dio waves and on the perihelia advances" of the
inner planets, as if all were independent, leads
to P = 1.003+ 0.005 and y = 1.008 + 0.008, with the
correlation being 0.6. The validity of this result,
of course, is contingent upon the negligible con-
tribution of the other parameters' present in the
more general expression for g. Without inclu-
sion of the result for ri, we obtain P = 1.03 ~ 0.04,
y=1.02+0.02, and a correlation of 0.9.

What other possibilities are there for indepen-
dent verification of the principle of equivalence
for massive bodies~ The Mars-Sun-Jupiter sys-
tem, a close analog of the Moon-Earth-Sun sys-
tem, is the most promising. The effect of a vio-
lation on Mars's orbit is about three orders of

magnitude larger than for the lunar case, nearly
counterbalancing the present three orders of mag-
nitude larger uncertainties in the measurements
of the distance to Mars. All told, we expect a
result of comparable accuracy to be obtainable.

We thank the LURE team for providing us with
laser-ranging data not yet publicly available. We
also thank J. G. Williams, M. A. Slade, W. S.
Sinclair, and D. H. Eckhardt for their contribu-
tions to the development of the lunar libration
model used in our analysis.
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In view of the possible production of heavy leptons or charmed states in e'e collisions,
we searched for anomalous muons with moments P&

& 1 GeV/c. The inclusive cross sec-
tion for n h = 3 has an upper limit of 96 pb (assumixg isotropy). For n h

——2 and noncopla-
narity &20', an excess of muonic events is observed, corresponding to (do/did)180 ——28+~2~

pb/sr; the probability that known processes produce the observed events is 2x 10

Single- or double-lepton production has been
observed in hadron-hadron, '.lepton-hadron, ' and
e'e collisions' with rates significantly higher
than expected from known physical processes.
We have examined our data on e+e collisions
for the occurrence of anomalous high-energy mu-
ons. This search addresses in particular the
questions of production of heavy leptons' and

charmed states' since both, if produced, would
give rise to decay muons.

In this Letter, we report on muons with p„
& 1.05 GeV/c from e+e collisions at Zs =4.8
GeV. Following a description of the apparatus,
centering on its muon-detection characteristics,
we discuss the pp events and compare them with
quantum-electrodynamic (QED) predictions. We

558


