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History

• First retroreflector array 
positioned on lunar surface 
by crew of Apollo 11, July 
1969

• 4 more positioned by 
Apollo 14,15, and French 
built arrays on Soviet Luna 
missions

Apollo 14 retroreflector
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History

A Planetary Science Decadal Survey White Paper: 

“Lunar Science and Lunar Laser Ranging” 
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Fig 1 (a) Lunar laser telescope at McDonald Observatory. (b) Apollo 14 retroreflector array on Moon.  

1 Introduction:!Lunar Laser Ranging and Science 

Range and range rate tracking of spacecraft throughout the solar system has provided a wealth of 

science information on gravity fields, tides, planetary orientation and spacecraft locations. For 

distant targets this tracking has been done by radio (Asmar et al., 2009), but for the Moon’s sur-

face the science technique has been laser ranging to corner cube retroreflector arrays. Radio has 

the advantage of a strong signal from an active transponder, while the passive laser ranging tech-

nique has the advantage of excellent accuracy and longer data spans.  

Lunar Laser Ranging (LLR) data are accurate ranges to retroreflector arrays on the Moon from 

several stations on the Earth. LLR is designed to obtain scientific information about the Moon, 

the Earth, the lunar orbit, and connected effects such as the nature of gravity (Dickey et al., 

1994). Merkowitz et al. (2009) discuss advanced LLR for precision tests of relativistic gravity. 

Here we shall concentrate on the lunar science that comes from monitoring variations of lunar 

orientation and tides. Figure 1 shows a ranging observatory on the Earth and a retroreflector cor-

ner cube array on the Moon. Figure 2 shows the locations of the retroreflector arrays on the 

Moon. The Apollo 11, 14, 15 and Lunokhod 2 arrays are ranged operationally. The Lunokhod 1 

array is lost. A broader distribution of LLR sites on the Moon would improve the sensitivity to 

science parameters determined by LLR. New LLR devices would be designed to reduce the scat-

ter of the individual photons used to make a range normal point thereby reducing the number of 

photons and the duration necessary to make a very accurate normal point. LLR goals are that 

new retroreflectors be placed on the Moon and that range data be collected and analyzed. 

2 "#$%&!'()*$(* 

LLR-determined lunar science depends on monitoring time-varying 3-axis lunar orientation 

along with solid body tides. The lunar orientation, or three-dimensional rotation, is called physi-

cal librations. A recent review of lunar science is in Joliff et al (2006) while recent summaries of 

LLR lunar science are in Williams et al. (2006, 2009). A summary of important lunar science 

effects follows.  

Fluid Core Moment of Inertia:  LLR is sensitive to the fluid core moment of inertia, which de-

pends on core density and radius. This is a new LLR lunar science result for the core. The solu-

tion for the ratio of fluid moment to total moment gives Cf/C = (12±4)x10
–4

, where the subscript 

f indicates the fluid core (Williams et al., 2009). For a uniform liquid iron core without an inner 

core this value would correspond to a radius of 390±30 km. Lower fluid densities or presence of 

• Early ranging 
measurements at Lick, 
McDonald (right), 
CERGA (France)

• Now, APOLLO (Apache 
Point Observatory Lunar 
Laser-ranging Operation)
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• Early data still vital for 
studying effects with 
long characteristic 
timescales

• First measurements good to ~20cm 

• Ground station changes 
get this down to ~2cm 
in the 1980’s (even with 
a smaller scope!)
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Measurements

the latter station-a station that continues
to perform artificial satellite ranging-it has
been unable to continue lunar ranging dur-
ing the past few years due to cutbacks in
available support. The Grasse site has a
dedicated lunar station equipped with a
1.5-m telescope with both absolute and off-
set pointing capabilities; a separate artificial
satellite ranging facility is located nearby
(12). The station's 10-Hz repetition rate
Nd-YAG laser produces 700 mj per pulse at
1.064 mm. The yield on frequency doubling
is half of this energy at 0.532 pLm-the rest
remains in the infrared (IR) spectrum. The
pulse length is 350 ps, giving a transmitted
pulse length of approximately 0.1 m. Tech-
nological innovations and upgrades at the
Grasse station include experimental simulta-
neous ranging in the green and IR spectra
and the use of high-speed and high-quantum
efficiency photodiodes (instead of photomul-
tipliers) for detectors. During the past 5
years, this dedicated station has produced
the bulk of lunar ranging data, with 2- to
3-cm accuracy. Lunar laser ranging has also
been occasionally carried out from (primar-
ily) artificial satellite stations in Australia
and Germany and has been proposed at
several other stations around the world.
Data from a global network of stations (Ta-
ble 1) are clearly needed for a robust analysis
program because the separation of parame-
ters is enhanced by a geographically distrib-
uted network of observing sites.

The data set considered here consists of
over 8300 normal-point ranges (8) spanning
the period between August 1969 and De-
cember 1993; the observatories and the lu-
nar reflectors included in the analysis are
listed in Table 1. The data are analyzed with
a model that calculates the light travel time
between the observatory and the reflector,
accounting for the orientation of the Earth
and moon, the distance between the centers
of the two bodies, solid tides on both bodies,
plate motion, atmospheric delay, and rela-
tivity (13). The fitted parameters include
the geocentric locations of the observatories;
corrections to the variation of latitude (that
is, polar motion); the orbit of the moon about
the Earth; the Earth's obliquity, precession,
and nutation; plus lunar parameters including
the selenocentric reflector coordinates, frac-
tional moment-of-inertia differences, gravita-
tional third-degree harmonics, a lunar Love
number, and rotational dissipation.

Orbits and Ephemeris Development
The computation of the round-trip light
travel time between the ranging observato-
ry and the lunar reflector depends on the
geocentric location of the observatory, RE,
the selenocentric position of the reflector,
RM, and the distance between the centers
of the Earth and moon, r. For data analysis,
484

the light time calculation is done with
higher accuracy, but for purposes of discus-
sion the approximate range (Fig. 3) is

p = Irl + RM.* REtF (1)
The mean Earth-moon distance is 385,000
km; the radii of the Earth and moon are

6371 and 1738 km, respectively.
The moon's orbit is strongly distorted

from a simple elliptical path by the solar
attraction-the instantaneous eccentricity
varies by a factor of 2 (0.03 to 0.07). The
perturbed orbit contributes a rich spectrum
of range signatures that give sensitivity to a
wide variety of parameters. The complica-
tions of the orbit are handled by simultane-
ous numerical integration of the orbits of the
moon and nine planets (the lunar and plan-
etary ephemeris) with the lunar rotation
(lunar librations) (14). Although we used
Cartesian coordinates rather than orbital
elements as explicit parameters in our nu-
merical integrations, analytical theories fit
to the integrations provide information on
the behavior of the orbital elements (15).
The accuracy of the resulting ephemeris is
set by the accuracy of the model for acceler-
ations and the accuracy of the fit of the range
data. The lunar ephemeris relies entirely on
LLR data. The existing acceleration model
accounts for relativistic forces between the
sun, Earth, moon, and planets; gravitational
harmonics of the Earth and moon; the ori-
entation of the Earth's equator; the rotation
of the triaxial moon (physical librations);
tides, including tidal dissipation ofenergy on
both the Earth and moon; and gravitational
forces from the larger asteroids. The associ-
ated parameters such as masses, gravitational
harmonic coefficients, and tidal strengths
must be known a priori or must be included
among the parameters fit in the least-squares
solution to the time-delay measurements.

From the solution, the lunar orbit about
the Earth is determined with great accuracy.
Ranging data have provided a dramatic im-
provement compared to classical optical data
in the accuracy of the lunar orbit. The
orientation is determined at least two orders
of magnitude more accurately, and the ac-

curacy of the radial component is better by
four orders of magnitude. The radial distance
variations are determined better than the 2-
to 3-cm range accuracy. The angular-rate
uncertainty is no more than 0.3 ms of arc per
year (7). The orbital components having the

SCIENCE * VOL. 265 * 22 JULY 1994

Fig. 3. The geometry of the Earth-
moon system.

greatest uncertainties are the mean distance,
presently 0.8 m due to correlation with the
reflector coordinates in the mean-Earth di-
rection, and the orientation of the orbit
plane with respect to the Earth's equator,
1.5 ms of arc or 3 m at the lunar distance.
These accuracies are degraded when extrap-
olated outside the span of observations. A
continual supply of high-quality measure-
ments and the accompanying analysis are
required to maintain and enhance accura-
cies. The ephemerides are used for mission
planning and spacecraft navigation.

The strong influence of the sun on the
lunar orbit permits the range data to be used
to determine the mass ratio of the sun/
(Earth + moon) and the relative orientation
of the Earth-moon system orbit about the
sun. The size of the Earth-moon orbit is set
by the gravitational constant times the sum
of the Earth's mass and the moon's mass,
with the moon's orbit being deformed from a
simple Keplerian ellipse by the influence of
the sun. The two largest solar perturbations in
distance r are 3699 km (monthly) and 2956
km (semimonthly). The few centimeter de-
termination of the latter variation corresponds
to 10` relative accuracy in the mass ratio
(16). From fits, the mass ratio is found to be
Masssun/Mass(Earth+mmoon) =

328900.560 ± 0.002 (2)
The solar perturbations allow the relative

geocentric positions of the moon and sun to
be determined to within 1 ms of arc. The
planetary positions are known with respect
to the Earth's orbit around the sun, so the
geocentric position of the moon and the
heliocentric positions of the planets can be
made internally consistent in their relative
orientation (17). Because the ranging sta-
tions are on the spinning Earth, the orien-
tation of the equatorial plane is also deter-
mined relative to both the lunar orbit plane
and the ecliptic plane of the heliocentric
Earth-moon orbit. Thus, LLR is sensitive to
the mutual orientation of the planes of the
Earth's equator, the lunar orbit, and the
ecliptic; hence, it locates the intersection of
the ecliptic and equator planes (the dynam-
ical equinox) and determines the angle be-
tween them (the obliquity of the ecliptic).
The process of orienting the planetary eph-
emerides onto the fundamental astronomical
reference frame is made possible at the mil-
lisecond-of-arc level with LLR data (18).
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Measurements
• Light leaves laser on the ground...

• Best atmospheric seeing from the ground is ~1 
arcsecond

• Beam diverges to 1.8 km diameter on lunar 
surface

• Apollo 3.8 cm diameter corner cube 
retroreflector only catches ~4 x 10-10 of the 
incoming light
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Measurements
• Spread of Apollo retroreflector ~ 10 arcseconds

• Beam diverges to 20 km diameter area on Earth’s 
surface

• A 1m telescope on Earth receives only 2 x 10-9 
of returning photons

• Total losses: ~10-20! (not including additional 
problems like detector QE, mirror reflectance, etc. 
on ground)
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The APOLLO Laser

• Need many 
pulses for 
multiple 
detections!






λ = 532 nm

Epulse = 115 mJ

νpulse = 20 Hz

σ < 100 ps

⇒ 6× 1018photons/sec
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Detectors
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Apollo 15 retroreflector (300 3.8cm 
corner cube retroreflectors)

Apollo 3.8cm retroreflector (right), 
and a 10cm retroreflector just 

qualified for lunar environment (left)
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Detectors

• Physical size of 
Apollo arrays is now 
the limiting factor

• Changing 
orientation due to 
lunar libration 
causes spread in 
return times

Lunar Libration
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Future Detectors

• Retroreflectors > 10cm could 
provide returns as good as the 
Apollo arrays

• However, they are more susceptible 
to thermal expansion, which 
becomes significant systematic error 
around ~1mm
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Science

• LLR can be used to test gravitational theory, 
in addition to serving as a probe of the 
Moon’s interior

• First, must correct for:

• Precession, nutation, tidal acceleration, 
and the relative orientations of Earth’s 
equator, the lunar orbit, and the ecliptic
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Testing GR with LLR

1. Is the Equivalence Principle exact?

• Equality of gravitational and inertial masses

• Nearly all 
alternate 
theories of 
gravity predict 
EP violations

Minertial × a = Mgravitational × g
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Testing GR with LLR

• Weak Equivalence 
Principle: 

• Laws of motion are the 
same for freely falling 
bodies and bodies in 
inertial reference 
frames

• Strong Equivalence 
Principle:

• Laws of nature are the 
same in uniform static 
gravitational fields and 
non-inertial reference 
frames
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Testing GR with LLR

Moon

To sun

Fig. 4. Lunar orbit about the Earth as affected
by the Nordtvedt term. A violation of the Equiv-
alence Principle would cause the orbit of the
moon about the Earth-moon center of mass to
be polarized in the direction of the sun, with a
characteristic size of -13 m. The solid line
represents the lunar orbit in General Relativity,
and the dotted line represents the lunar orbit if
the MG/M, values for the Earth and moon differ.

Gravitational Physics and Relativity

Lunar laser ranges, along with microwave
ranges to planetary orbiting spacecraft and
landers, have contributed strongly to solar
system tests of gravitational theories. The
moon and planets provide excellent test
cases, because the ratio of nongravitational
to gravitational forces acting on them is
very small. For example, the ratio of the
solar radiation pressure force on the moon
to the gravitational attraction by the Earth
is only 4 x 1013.

Shortly before the first Apollo landing,
Nordtvedt (19) proposed a new test of gen-

eral relativity that could be carried out using
lunar range data. The Equivalence Princi-
ple, a fundamental tenet of General Relativ-
ity, states that the ratio of gravitational mass

to inertial mass is the same for all bodies,
independent of their composition (20). This
principle had been tested in the laboratory
but had not been tested for bodies large
enough to have a significant fraction of their
mass coming from gravitational self-energy.
The Strong Equivalence Principle requires
that all bodies fall with the same accelera-
tion in an external gravitational field, with
the gravitational self-energy contributing
equally to the gravitational and inertial
masses. Different metric theories of gravita-
tion treat the interaction between gravity
and gravitational energy differently; some

predict violations of the Strong Equivalence
Principle by massive bodies (21).

Since 1976, LLR data have been used to
test the Strong Equivalence Principle (22).
In magnitude, roughly 4.64 x 10-0` of the
mass of the Earth is due to its gravitational
self-energy, that is, the gravitational inter-
action energy of its different parts, while
the corresponding fraction for the moon is
much less (1.9 x 1011). With the moon
orbiting the Earth, a violation of the Equiv-
alence Principle would cause the orbit of

the moon about the Earth-moon center of
mass to be polarized in the direction of the
sun (Fig. 4). This signature would have the
synodic period of 29.53 days and is referred
to as the Nordtvedt term. For a violation of
the Strong Equivalence Principle, the ratio
of the gravitational mass, MG, to inertial
mass, MI' depends on the self-energy, UG
(23, 24)

MG/MI- 1 = -qUG/MC2 (3)
where c is the speed of light and T is a
parameter to be determined. Then the ra-
dial perturbation in the lunar orbit is

8& = COq cos D (4)
where D is the angular elongation of the
moon from the sun and C0 - 13 m (25).
Analysis with the early LLR data up to the
mid-1970s confirmed General Relativity
withnX= 0.00 + 0.03 (22). Currently, LLR
analyses give (MG/MI- 1) = (2 + 5) x
10-13, equivalent to Cow = -0.7 ± 1.4 cm
or X = -0.0005 ± 0.0011. The uncertainty
in r1 assumes no violation of the Weak
Equivalence Principle due to composition
(24, 26). This is currently the best test of the
Strong Equivalence Principle. Here, the er-
rors are realistic rather than formal (27),
with the uncertainty about a factor of 4 less
than previously reported values (28, 29).
With feasible improvements in the accuracy
for lunar ranging and with continued data,
further improvement is likely.

The above results can be interpreted as a
test of the parameters PR and YR from the
Parametrized Post-Newtonian theory of
gravitation, which in General Relativity
have the values of PR = YR = 1. The
Nordtvedt coefficient, Aq, can be expressed as

4PR-3 -YR (5)
The parameter PR measures a superposition
of gravitational effects and is commonly
determined from the precession of perihe-
lion for Mercury, while YR measures how
much space curvature is produced by unit
rest mass (20). Combining the above value
for 11 with the result YR = 1.000 ± 0.002
from analysis of the Viking lander tracking
data (30) and assuming no violation of the
Weak Equivalence Principle gives

PR = 0.9999 ± 0.0006 (6)
The uncertainty is about a factor of 5
smaller than if PR is derived from the
precession of Mercury's perihelion (29).
A second important test of gravitational

theory comes from the measurement of
relativistic precession of the lunar orbit
(termed geodetic precession), first predicted
by de Sitter in 1916. According to General
Relativity, this effect should cause a preces-
sion of the entire lunar orbit with respect to
the inertial frame of the solar system by 19
ms of arc per year. The lunar range data are

SCIENCE * VOL. 265 * 22 JULY 1994

sensitive to this effect mainly through any
excess precession of perigee beyond that
due to the Newtonian effects of the sun,
Earth, and other planets (31). The first
observations of geodetic precession, in the
late 1980s, agreed with the predictions of
General Relativity to within their 2% ac-
curacy (32, 28). New solutions presented
here (Table 2) give a difference of -0.3 +
0.9% from the expected value. The error is
partly due to an uncertainty in J2, the
primary lunar oblateness term (33).

Lunar range data also provide a test of a
possible change in the gravitational constant
(G) with time because of the lunar orbit
sensitivity to solar longitude (16). Adding
cosmological interest is the suggestion that
quite large changes in G may have occurred
during an inflationary phase in the early his-
tory of the universe [see, for example, (34)].
Estimates of limits from combining various
types of solar system data including lunar data
and Viking lander tracking data currently
range from l(dG/dt)/GI c 1 x 10-11 to 0.4 x
10-11 per year (35, 36). The published limit
from binary pulsar data is 2 x 10 1- per year
(37). Our current uncertainty from analyzing
lunar range data is similar to that reported by
Chandler et al. (35).

Geodynamics
Lunar laser ranging measurements have per-
mitted long-term studies of variations in the
Earth's rotation, as well as the determina-
tion of constants of precession and nuta-
tion, station coordinates and motions, the
Earth's gravitational coefficient, and tides
accelerating the moon (6, 7). The more
than two-decade-long span of LLR data
exceeds that available from other space
geodetic techniques. Lunar laser ranging
has provided information about the ex-
change of angular momentum between the
solid Earth and the atmosphere (38) and
was instrumental in the discovery of the
near 50-day oscillation in the length of day
and its correlation with a similar oscillation
in the atmosphere (39), which has stimu-
lated research in the atmospheric commu-
nity (40). Tidally driven periodic terms in
Earth rotation have been studied and have
been used to determine the response of the
Earth (dependent on the Earth's structure
and tides) at the fortnightly and monthly
periods (41). The development of regular
very long baseline interferometry (VLBI)
measurement programs during the 1980s
and refinement of satellite laser ranging
programs have strongly complemented LLR
results, providing more frequent and regular
measurements in recent years (38).

The accurate value of the mass ratio of
the sun/(Earth + moon) from LLR can be
combined with the solar GM and the lunar
GM from lunar-orbiting spacecraft (42) to
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How does gravity pull on itself?  
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Testing GR with LLR

2. Does the strength of gravity vary with time?

F = G
m1m2

r2

Current LLR constraint:

Ġ

G
< (4± 9)× 10−13/yr
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Testing GR with LLR

3. Do extra dimensions/new physics alter the 
inverse square law?

• Modifying gravity to explain dark energy 
has repercussions for lunar orbit

• Accuracy needed to falsify/confirm such 
theories is within a factor of 10 of current 
LLR
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Testing GR with LLR

4. What is the nature of space-time?

• GR predicts that a gyroscope moving 
through curved space-time will precess

• “Geodetic precession” of 19.2 ms/yr

• Earth-Moon system = gyroscope (essentially)

• LLR Constraint:

Kgp = (−1.9± 6.4)× 10−3
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Testing GR with LLR

β = measure of gravity’s non-linearity

• Parameterized Post-Newtonian Formalism

• In GR, γ = β = 1

• Current Constraints:

γ = space-time curvature produced/unit mass

(γ − 1) = (2.1± 2.3)× 10−5

(β − 1) = (1.2± 1.1)× 10−4

(Shapiro Delay)

(LLR)
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Testing GR with LLR

Current and future science deliverables from LLR.  LLR is 
the best test for all but WEP.
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Lunar Science with LLR

• Range measurements change due to lunar 
libration and tides

• Moments of inertia, lunar Love number k2, 
and variations in libration are related to the 
Moon’s composition, mass distribution, and 
internal dynamics
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Lunar Science with LLR
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Lunar Science with LLR
1.  Core Mantle Boundary (CMB) Dissipation

• Fluid core first proven by LLR through energy 
dissipation by flow of fluid along CMB

• Depends on fluid core size, viscosity, CMB 
roughness

2.  Free Physical Librations

• Could be stimulated by eddies at CMB, LLR 
would see as irregularities in polar wobble
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Lunar Science with LLR
3. Fluid Core Moment of Inertia

• Depends on core density and radius

• Requires accurate long time span data

Cf

C
= (12± 4)× 10−4 ∼ 390± 30 km

(uniform iron core)

4. Whole Moon Moment of Inertia
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Lunar Science with LLR

..

A)/B andyL = (B - A)/C (where A < B <
C), and the second- and third-degree grav-

itational harmonics are determined with
high accuracy (see Table 2). The coordi-
nates for the lunar reflectors and the
ALSEP radio transmitters serve as funda-
mental control points for lunar cartography
(55). The distances between the retrore-
flectors and the Earth change in part be-
cause of lunar rotation (physical librations)
and tides. Values of the gravitational har-
monics, the moments of inertia and their
differences, the lunar Love number, k2
(which measures the tidal change in the
moments of inertia and gravity), and vari-
ations in the lunar physical librations are

related to the moon's composition, mass

distribution, and internal dynamics.
Presently, the most accurate estimate of

the lunar moment of inertia is obtained
from combining the determinations of mo-
ment of inertia differences, AL and YLP from
the LLR solution (see Table 2) and the
lunar gravity field coefficients J2{ = [C - (B
+ A)/21/MR2} and C22[ = (B - A)/4MR21
obtained from analysis of lunar satellite
Doppler data (56) and LLR. The resulting
polar moment from this combination is C
= (0.3935 + 0.0011)MR2. The lunar mass

distribution also perturbs the lunar orbit,
producing secular processions in the lunar
node and perigee directions (57). The lunar
mass distribution contributions are -0.17
arcsec per year to the node rate and -0.02
arcsec per year to the perigee rate; the
former changes the monthly range signature
in REir by 0.5 m per year.
An interpretation of the polar moment

is shown in Fig. 5 in terms of a 60-km-thick
lunar crust with density of 2.75 g/cm3, a

constant-density (p) lunar upper mantle, a

lower mantle with contrast in Ap relative to
the upper mantle, and a variable-radius iron
core with density of 7 g/cm3. The maximum
core size is in the range of 220 to 350 km.
An increase in crustal density to 2.959
g/cm3 raises the maximum core size to 400
km. Magnetometer estimates of core size
are ambiguous. Russell et al. (58) find a core

radius of 435 15 km, while Wiskerchen
and Sonnet (59) only claim an upper bound
of 400 km. The seismic constraint is less
confining (60) with RC < 500 km.

Two other major types of information
concerning the lunar interior can be ob-
tained from lunar libration data. One is the
apparent tidal distortion of the moon, and
the other is the mean direction of the spin
axis. However, there are complications in-
volved in interpreting the results. Consider
the influences on lunar orientation arising
from (i) inelastic deformation of the mantle
shape with amplitude proportional to the
tidal Love number and phase determined by
the solid friction Q, (ii) turbulent dissipa-
tion at the core-mantle boundary (CMB) for

a fluid core, and (iii) CMB ellipticity ec = (a
- c)/a. The primary lunar contribution to
orientation variations is dependent on the
mean lunar argument of latitude F (orbital
mean longitude minus the ascending node
on the ecliptic). The primary latitude vari-
ations along the Earth-moon direction (p1)
due to these effects (48, 49, 61) are

pi =
1-X) y RC

5-

[86k2 4 (1 -X)2 +y2 (350 km) sinF+

[230k2/Q +

4.9(1 - x)2 + y2 350 km) ]cos (7)

where we have adopted a core density of 7
g/cm3 and the units are seconds of arc.

Here, a value for x of ec/0.0040 is the CMB
ellipticity multiplied by the ratio of the
18.6-year nodal precession period to the
lunar orbit period (62), and y is the core

frictional parameter to be discussed later.
The apparent Love number (Table 2)

presently obtained from LLR analysis,
0.0302 ± 0.0012, comes from the coeffi-
cient of the sin F term in p,. with the
possible CMB ellipticity ignored. It is much
larger than expected, on the basis of naive
extensions of lunar seismic velocity profiles
derived from the Apollo mission. Goins et
al. (63) and Nakamura (60) deduced similar
seismic velocity profiles in the upper mantle
and strikingly different profiles in the mid-
dle mantle and provided essentially no con-

straints below -1000 km in depth. This

lack of constraints is partially due to the
front-side cluster of seismic stations, the
sparsity of detectable far-side impacts, and
the -1000-km maximum depth of deep-
focus moonquakes. If we simply extend the
observed S- and P-wave velocities down to
a nominal 350-km-radius core, we obtain
the following model values for k2: 0.0245
(63) and 0.0215 (60).

Figure 6 shows k2 deduced from the
Goins et al. (63) and Nakamura (60) mod-
els from different S-wave velocities (V5)
below 1000 km in depth (note that the
lunar radius is 1738 km) and lunar core sizes
of radius 300 and 400 km, respectively. The
400-km core radius corresponds to the larg-
est possible lunar core consistent with mo-

ment of inertia and magnetic constraints.
The core size, within the limits considered,
has only a small effect on k2 (64). On the
other hand, if a low-velocity zone below
1000 km in depth is added to the Goins et
al. model, then the observed k2 would be
consistent with VS of about 3.0 km/s. The
-40% decrease in V, from middle mantle
values can be explained only as arising from
considerable partial melt, a much higher
fraction than observed in a similar zone

within the Earth. Clearly, the situation is
even more implausible if the starting point
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Fig. 5. Constraint on core radius from moment
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For bp, R < 938 km. The values for C/MR2 are
given below each trace in the bottom figure.
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A)/B andyL = (B - A)/C (where A < B <
C), and the second- and third-degree grav-

itational harmonics are determined with
high accuracy (see Table 2). The coordi-
nates for the lunar reflectors and the
ALSEP radio transmitters serve as funda-
mental control points for lunar cartography
(55). The distances between the retrore-
flectors and the Earth change in part be-
cause of lunar rotation (physical librations)
and tides. Values of the gravitational har-
monics, the moments of inertia and their
differences, the lunar Love number, k2
(which measures the tidal change in the
moments of inertia and gravity), and vari-
ations in the lunar physical librations are

related to the moon's composition, mass

distribution, and internal dynamics.
Presently, the most accurate estimate of

the lunar moment of inertia is obtained
from combining the determinations of mo-
ment of inertia differences, AL and YLP from
the LLR solution (see Table 2) and the
lunar gravity field coefficients J2{ = [C - (B
+ A)/21/MR2} and C22[ = (B - A)/4MR21
obtained from analysis of lunar satellite
Doppler data (56) and LLR. The resulting
polar moment from this combination is C
= (0.3935 + 0.0011)MR2. The lunar mass

distribution also perturbs the lunar orbit,
producing secular processions in the lunar
node and perigee directions (57). The lunar
mass distribution contributions are -0.17
arcsec per year to the node rate and -0.02
arcsec per year to the perigee rate; the
former changes the monthly range signature
in REir by 0.5 m per year.
An interpretation of the polar moment

is shown in Fig. 5 in terms of a 60-km-thick
lunar crust with density of 2.75 g/cm3, a

constant-density (p) lunar upper mantle, a

lower mantle with contrast in Ap relative to
the upper mantle, and a variable-radius iron
core with density of 7 g/cm3. The maximum
core size is in the range of 220 to 350 km.
An increase in crustal density to 2.959
g/cm3 raises the maximum core size to 400
km. Magnetometer estimates of core size
are ambiguous. Russell et al. (58) find a core

radius of 435 15 km, while Wiskerchen
and Sonnet (59) only claim an upper bound
of 400 km. The seismic constraint is less
confining (60) with RC < 500 km.

Two other major types of information
concerning the lunar interior can be ob-
tained from lunar libration data. One is the
apparent tidal distortion of the moon, and
the other is the mean direction of the spin
axis. However, there are complications in-
volved in interpreting the results. Consider
the influences on lunar orientation arising
from (i) inelastic deformation of the mantle
shape with amplitude proportional to the
tidal Love number and phase determined by
the solid friction Q, (ii) turbulent dissipa-
tion at the core-mantle boundary (CMB) for

a fluid core, and (iii) CMB ellipticity ec = (a
- c)/a. The primary lunar contribution to
orientation variations is dependent on the
mean lunar argument of latitude F (orbital
mean longitude minus the ascending node
on the ecliptic). The primary latitude vari-
ations along the Earth-moon direction (p1)
due to these effects (48, 49, 61) are

pi =
1-X) y RC

5-

[86k2 4 (1 -X)2 +y2 (350 km) sinF+

[230k2/Q +

4.9(1 - x)2 + y2 350 km) ]cos (7)

where we have adopted a core density of 7
g/cm3 and the units are seconds of arc.

Here, a value for x of ec/0.0040 is the CMB
ellipticity multiplied by the ratio of the
18.6-year nodal precession period to the
lunar orbit period (62), and y is the core

frictional parameter to be discussed later.
The apparent Love number (Table 2)

presently obtained from LLR analysis,
0.0302 ± 0.0012, comes from the coeffi-
cient of the sin F term in p,. with the
possible CMB ellipticity ignored. It is much
larger than expected, on the basis of naive
extensions of lunar seismic velocity profiles
derived from the Apollo mission. Goins et
al. (63) and Nakamura (60) deduced similar
seismic velocity profiles in the upper mantle
and strikingly different profiles in the mid-
dle mantle and provided essentially no con-

straints below -1000 km in depth. This

lack of constraints is partially due to the
front-side cluster of seismic stations, the
sparsity of detectable far-side impacts, and
the -1000-km maximum depth of deep-
focus moonquakes. If we simply extend the
observed S- and P-wave velocities down to
a nominal 350-km-radius core, we obtain
the following model values for k2: 0.0245
(63) and 0.0215 (60).

Figure 6 shows k2 deduced from the
Goins et al. (63) and Nakamura (60) mod-
els from different S-wave velocities (V5)
below 1000 km in depth (note that the
lunar radius is 1738 km) and lunar core sizes
of radius 300 and 400 km, respectively. The
400-km core radius corresponds to the larg-
est possible lunar core consistent with mo-

ment of inertia and magnetic constraints.
The core size, within the limits considered,
has only a small effect on k2 (64). On the
other hand, if a low-velocity zone below
1000 km in depth is added to the Goins et
al. model, then the observed k2 would be
consistent with VS of about 3.0 km/s. The
-40% decrease in V, from middle mantle
values can be explained only as arising from
considerable partial melt, a much higher
fraction than observed in a similar zone

within the Earth. Clearly, the situation is
even more implausible if the starting point
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Fig. 5. Constraint on core radius from moment
of inertia and lower mantle density contrast (8p).
For bp, R < 938 km. The values for C/MR2 are
given below each trace in the bottom figure.
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(B) Comparison of LLR-determined value of k2
made with that derived from variable Vs below
1000-km depths and core radius of 300 (filled
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LLR value is independent of Vs. The range of
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C

MR2

Constraints on core radius from 
moment of inertia and lower mantle 

density contrast

Lower Mantle Density Contrastδρ =
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Summary

• LLR provides best constraints for GR (other than 
WEP) to date

• Also can provide valuable information of lunar 
interior

• However, now limited by size of Apollo arrays

• A wider distribution of larger retroreflectors 
would enhance sensitivity and maintain returns
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Questions?
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