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Observatories 
on the Earth

Observatories 
on the Earth

- Observations (37 years) and modelling at cm-level
- Long-term stability (orbit, reference frames, EOPs)
- Determination of 

+ Earth-Moon dynamics
+ relativity parameters
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Retro-Reflectors on the MoonRetro-Reflectors on the Moon

Apollo 11
July 1969

Apollo 14
Jan./Feb.`71

Apollo 15
Jul./Aug.`71

Luna 21
Jan.`73...

Luna 17
Nov.`70...

Apollo11

Luna 21

Apollo14

Apollo15
Luna 17X



LLR Observations per YearLLR Observations per Year
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D etermination  of Relativis tic Paramete rsM ost relativistic effec ts cause periodic pe rturbations of the lu nar orbit  (so me also secular on es). The typical pe riods (e.g. synodic, sidereal, an nual, anomalistic, .. .) are used to identi fy/separate the effec ts and to de rive realistic errors. LL R is the most impor tant tool of relativity checks in the solar sy stem.

The unevenly dist ributed observations wit h respect to the synodic month ( data gaps at full and n ew moon and asymmetry wrt. quarter moon) affect the parameter determination.More observation s near new moon would be very helpful to improve e.g. the determination of th e equivalence  principle  parame ter  .η T he unevenly distributed observations with respec t to the s idereal month are caused  by the absence of observ atories a t the southern hemis phere. Again the par ameter d etermination is affected.O ne should aspire to es tablish a site in the so uthern h emisphere or try to impr ove some mobile/transp ortable la ser systems  to observe t he moon.As optical techniqu e, LLR is strongly depe ndent of weather conditions which l eads to a further inhom ogeneity in the distribution of the m easurements.Because of the rela tively large distance th e energy balance for each laser obse rvation looks very bad: only one photon out of        transmitt ed ones finds its way bac k to the receiver.On the other hand, L LR benefits from the ve ry long period of observations (more  than 30 years) which al lows to solve for  the largest  periods in the nutation series (the  nodal drift of the lunar orbit:18.6 yea rs) or to determine even s ecular quantities like G/G with high a ccuracy.The curve on the le ft indicates the enormou s increase of the measurement preci sion corresponding with  the high degree of accuracy of the a nalysis model. In recent years the 2.5 cm-level (RMS of the re siduals)  has been achiev ed.The figure on the  right shows the time evolution of the accuracy of the UT 1-determination. Tod ay LLR can still compete with the ot her space geodetic techn iques.In the  Seventies LLR was the only space  technique (besides opt ical ones) which  was able to determi ne EOP parameters. 18
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Weighted Annual ResidualsWeighted Annual Residuals

only McDonald data

?



Determination of Earth Rotation (1)Determination of Earth Rotation (1)

Two-step procedure
Least-squares adjustment, estimation of various 
LLR parameters

• Nutation and precession
• Long-wavelength signals in Δφ (>90 days) are 

simultaneously estimated for the 1970s

• Drift rates for UT1, xP and yP

Analysis of remaining post-fit residuals
• daily-decomposition method
• 1960 ‚nights‘ with sufficient station-reflector 
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Determination of Earth  Rotation (2)Determination of Earth  Rotation (2)



Results for ΔUT0Results for ΔUT0
Difference to comb2006 solution of R. Gross
Interpolation by spline filtering



LLR Observation EquationLLR Observation Equation
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Relativity in LLR
- transformation between reference

systems (Moon, Earth, inertial)
- transformation between time systems
- orbital motion of the solar system bodies
- rotation of Earth and Moon
- gravitational time delay (Shapiro)

- effect: several meters



Example: Gravitational Constant GExample: Gravitational Constant G

Investigation of secular and quadratic variations
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Results - RelativityResults - Relativity
Parameter Results

Nordtvedt parameter η
(violation of the strong equivalence principle)

(6 ± 7) · 10-4

time variable gravitational constant 

( unification of the fundamental interactions)

(2 ± 7) · 10-13

(4 ± 5) · 10-15

difference of geodetic precession ΩGP - ΩdeSit [″/cy]
(1.92 ″/cy predicted by Einstein’s theory of gravitation)

(6 ± 10) · 10-3

metric parameter γ - 1 (space curvature; γ = 1 in 
Einstein)

(4 ± 5) · 10-3

metric parameter β - 1 (non-linearity; β = 1)

or using η = 4β - γCassini - 3 with γCassini-1 (~10-5)

(-2 ± 4) · 10-3

(1.5 ± 1.8) ·10-4
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New Combined ProductsNew Combined Products

Earth orientation
UT0 (VLBI)
Long-periodic nutation, precession (VLBI, GPS, SLR)

Celestial reference frame
Dynamic realisation of ICRS, ephemeris
tie between the lunar network and the radio reference 
frame (VLBI)

Gravitational physics parameters
Space curvature (VLBI)
Lense-Thirring precession (SLR)
Others (Grav. constant, equivalence principle metric)

Lunar interior



Lunar InteriorLunar Interior

Lunar rotation
- libration angles, σ = 0.001“
- numerically integrated

Lunar tides
- Love number k2 = 0.023 ± 0.003

Dissipation from
- fluid core (Rc < 354 km) 
- solid mantle, Q = 33 ± 4

Courtesy Turyshev and Williams, JPL 



ConclusionsConclusions

LLR contributes to better understanding of
- Reference frames (ITRF, dynamic ICRF)
- Earth orientation (IERS)
- Earth-Moon system
- Relativity
- Lunar interior
- …
… and supports GGOS

In future: new lunar ranging experiment
(combination with other techniques)



Sensitivity Study forSensitivity Study for

Sensitivity analysis via Separation of free and forced 
terms two orbit solutions: 
1)perturbed, 
2)un-perturbed 
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Results – Relativity (2)Results – Relativity (2)

Parameter Results

Yukawa coupling constant αλ=400 000 km

(test of Newton’s inverse square law for the Earth-
Moon distance)

(3 ± 2) · 10-11

special relativity ζ1 - ζ0 - 1
(search for a preferred frame within special relativity)

(-5 ± 12) · 10-5

influence of dark matter δgc [cm/s2]
(in the center of the galaxy; test of strong equivalence 
principle)

(4 ± 4) · 10-14

preferred frame effect α1

(search for a preferred frame within general relativity)
(-4 ± 9) · 10-5

preferred frame effect α2

(search for a preferred frame within general relativity)
(2 ± 2) · 10-5
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