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Lunar laser location and ephemerides
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Model of orbital motion(l)
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_ Acce le rati O n S fro m Ea rth ’ Su n’ Table 6.2: Low-degree coefficients of the conventional geopotential model
Ve n u S J u p ite r M e rcu ry a n d Coeflicient Value at 2000.0 Reference Rate / yr—! Reference
. ’ ’ . . Coo (zero-tide)  -0.48416948x10~3  Cheng et al, 2010 11.6 x 10~'> Nerem et al., 1993
Mars in Moon’s gravity field Cao  0.9571612x10~° EGM2008 4.9 x 1072 Cheng et al., 1997
Cao 0.5399659 x10~¢ EGM2008 4.7 x 107'2  Cheng et al., 1997
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Model of orbital motion (lI)

Tidal perturbations on Earth act on Moon’s orbit.
IERS2010 model: perturbed Geopotential (2" degree).
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DE430 model: acceleration with delay on rotation and orbit
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DE model of physical libration

Moon with fluid core

— Core rotation in lunar frame —

— liquid core contribution to

inertia tensor
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Corrections of LLR-observations

— Equations for light travel time:

to —t1 = lBors (t2)— SBCRS(tl)‘ + Agrav (tl , t2) + Aatm(tl ) t2) (M)
tg — ity = ‘SBCRS(M) tsons (t2)] + Agrav (tS: t2) + Aatm(tS: t2)

— Signal relativistic delay (Kopeikin, 1990);
— Tropospheric delay (Mendes, Pavlis, 2004);

— UTC to TDB transformation, integrated with EPM
ephemerideS'
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— Transformation of TDB to TT;
— Unmodeled shifts.
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Corrections of LLR-observations (ll)

— CRS~>TRS according to IAU2000/2006 and EOP from IERS C04 (+ KEOF) series,

— Station positions shifts: solid (Dehant, Matthews, 2000), ocean (FES2004) and
polar tides;

— Relativistic transformation of positions of stations and reflectors to BCRS;

— Lunar solid tides from Earth and Sun.

SaCcrs = Rr2c STRS + Apole + Agolid + Aocean
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Unmodeled effects

Longitude libration in MER

AA = Aq cosl’ 4+ A cos(2l — 2D) + Az cos(2F — 2L)

[’ — Sun mean anomaly, [ — Moon mean anomaly, D — elongation of Moon
from Sun, F — argument of latitude.

MER > PA:

Rijr(A) = Ru(—82) Ry(—8y) Rz (A) Ry (8,) Ra(82) ~ R=(A)

Eccentricity rate (extra de/dt)

From analytic theory (Chapront-Touzé, Chapront 1988):
20905.4 3699.1

cos [ —
e e

dA/de ~ — cos(2D —1) =~ —380791 cos I — 67379 cos(2D —1)

Effects in Moon’s inner structure
Cs,, Sz, C55 are estimated, not taken from GL660D.
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Implementations of JPL and IAA

JPL

IAA RAS

Earth rotation

Modified IAU1980 with
additional estimated
parameters, JPL KEOF series

|IAU2000/2006 (SOFA), EOP
CO4 series (KEOF before 1984)

Geopotential

EGM2008 (?) with modified C,,

The same + |[ERS conventional
model (EGM2008-based)

Tidal orbit
perturbations

Simplified with 3 fixed and
2 estimated parameters

The same + additional solution
with [ERS2010 (up to 2 degree)

Moon Solution close to GL660Db; The same
gravitational |(C21=521=522 =0 with
potential additional periodical variations.
C32,S32, C33 are estimated.
Solar system | DE430 EPM
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Estimated parameters

Initial parameters (15)

— Moon position and velocity (x, Y, z, X, Y, 2)

— Initial libration angles (¢, 6, W) and their rates
— Angular velocity of fluid core (w,)

Dynamical parameters (9)

— Sum of GM of Earth and Moon

— Inertia parameters = (C - A)/B,y = (B - A)/C

— Tidal delay 1

— Moon’s potential coefficients Cs,, Ss5, Cs2

— Oblateness of fluid core f_, friction parameter k,/C

Reduction parameters (72)

— Positions of 5 reflectors and 7 sites

— Velocities of CERGA and Apache/McDonald/MLRS1/MLRS?2

— h, of Moon

— Amplitudes of additional terms in libration W: cos (', cos(2(-2D), cos(2F-2I)
— 28 station biases
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All parameters of dynamical model

Notation parameter type notes B,y ratios between undistorted fit
s standard gravitational pa- fixed fixed to DE430 value in this main moments of itertia
rameter of the Sun work; may differ in the EPM Ca1, S21, other degree-2 harmonics fixed zero; Sp;  taken  from
ephemeris Sag GL660b in one solution
wE /s Earth-Moon mass ratio fixed determined from spacecraft Csa. 932 some degree 3 harmonics fit
observations; fixed to DE430 ’ é‘ﬁ‘ ’
Fjrhllfl Elptﬁfs work, may dif- Chm, Snm other lunar harmonics fixed taken from GL660b up to
— degree 6
HE + par standard gravitational pa- fit p- Timar tidal delay i
rameter of the E-M system
Chm,E> spherical harmonic coeffi- fixed up to nmax = 6, taken from fe oblatc?css of t_hc lunar core fit
Shm,E cients of Earth’s gravita- model based on EGM2008, kv /Cr CMB interaction fit
tional potential see section 6.1 of Conven- e core polar moment / undis- fixed DEA430 fixed value 0.0007
tions; DE tidal model comes torted total polar moment
with an altered Cao g A1, A2, Az | unmodeled longitude libra- fit
koo, ka1, potential  degree-2  Love fixed in DE tidal model: kop = tion amplitudes
koo numbers of Earth zonal, 0.335, ko1 = 0.320, koy = Ipa (x5) positions of five lunar fit
diurnal, and semi-diurnal 0.282; IERS tidal model is retroreflectors
tides more complex TEM, TEM position and velocity of the fit
T0Os T10: orbital delays of Earth | fixed/absent | only in DE tidal model: Moon w.r.t. Earth in the in-
T20 flona.l, ldictllrnal, and semi- Too :d 0.0780 d, Tlod = ertial frame at epoch
iurnal tides —0.44 d, 720 = —0.113 .
T1R» T2R rotational delays of Earth fit/absent present only in DE tidal ¢ 09’ ﬁ’ 2 Stulccroiﬁglcs and their rates fit
diurnal, semi-diurnal tides model 2 = Iz 1 ocn F Fod /Bt Table 4
I, ko degree-2 lunar Shida num- fixed taken from GRAIL results S,THS (x7), positions and veloCllies o ed/ see lable
ber and Love number d1rs (x4) | stations at their epochs
T2 degree-2 Tunar radial dis- fit We angular velocity of the lunar fit
placement Love number i core at epoch i
Cao undistorted normalized fixed taken from GRAIL (solution b (x28) biases fit see Table 2
main zonal lunar harmonic GL660b) de/dt extra eccentricity rate fit/absent present in some solutions
Parameter type notes
MeDonald position fit epoch 01.01.1991
MLRS1 position fit epoch 01.01.1991
MLRS2 position fit epoch 01.01.1991
McDonald, MLRSI, | ft
MLRS2 velocity
A pache position fit epoch 01.06.2009
Apache velocity fixed | GNSS solution (P027): (—1.35,0.03, —0.04)T cm/yr
CERGA position fit epoch 01.01.2000
CERGA velocity fit
Haleakala position fit epoch 01.04,1986
Haleakala velocity fixed GNSS solution: (—1.30,6.16,3.21)7 cm/yr
Matera position fit epoch 01.01.2008
Matera velocity fixed GNSS solution: (—1.85,1.86,1.47)7 cm/yr
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Obtained solutions

All the solutions are based on the same set of observations,
while differing slightly in dynamical models and determined
parameters.

SOLUTION | DE tidal model, de/dt is absent (close to the
original DE430).

SOLUTION le same as SOLUTION I, but with de/dt fit

SOLUTION I IERS tidal model, de/dt is absent.

SOLUTION lle same as SOLUTION I, but with de/dt fit
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One-way wrms in cm

Station Data span SOLUTION | SOLUTION lI

used rej. wrms used rej. wrms
McDonald 1970-1985 3545 59 19.9 3545 59 20.1
MLRS1 1983-1988 587 44 11.0 588 43 11.3
MLRS?2 1988-2013 3210 443 3.5 3206 447 3.8
Haleakala 1984-1990 748 22 54 750 20 5.8
CERGA 1084-1986 | 1109 79 17.2 1109 79 17.5
(Ruby)
CERGA
(YAG) 1987-2005 8272 52 2.3 8271 53 2.4
CERGA
(MeO) 2009-2013 645 9 2.2 645 9 2.7
Apache 2006-2012 1546 27 1.4 1549 24 1.5
Matera 2003-2013 64 19 3.8 63 20 3.3
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Some other results

Extra de/dt drift:
SOLUTION le (tidal model DE430):

extra de/dt = (1.4+0.2)x10-1%/yr
friction parameter k,/C; = (16.3 £ 0.2) - 107° /day
C,, = (14184.3 £ 0.3) - 1079
S., = (4931.8 £ 0.6) - 1079
C,; = (11975 + 11) - 10°°
SOLUTION lle (tidal model IERS2010):
extra de/dt = (-1.3%0.2)x10-12/yr
friction parameter k,/C; = (18.6 £0.2) - 107° /day
C,, = (14185.5 + 0.4) - 1079
S., = (4937.4+0.7) - 1079
Cyy = (11912 + 11) - 1079

GRAIL values:
C;, = (141715 x 107°) diff <0.1%
S;, = (4878.0 x 1079) diff 0.4-1.2%
C;; = (12275 x 1079) diff 3%
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Tidal acceleration: SOLUTION | minus SOLUTION II

0.08 |
0.07 |

"

In lunar PA frame, mm/day?, X (towards Earth), Y and Z components:
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Apache residuals
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CERGA residuals
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McDonald, MLRS1, and MLRS2 postfit residuals

100 1 1 | 1 1 1 1
- i _ AlE .
. A1l .

80 A4 . T

60

40

20

one-way O-C, cm
I
b
S

|
W
=

—60

—80

—100 1 1 I‘ | 1 1 ﬁ | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1

L1

'
l

1974 1978 1982 1986 1990 1994

20th International Workshop on Laser Ranging, October 9-14, 2016

1998

2002

2006

2010

2014

18



Summary

— Full implementation of DE430 lunar model was done and built into the EPM ephemeris
software;

- The conventional EGM2008-based model of Geopotential is suitable for analyzing LLR
observations;

- 1AU2000/2006 PN + IERS CO04 EOP series are suitable for processing LLR observations (except
of IERS C04 before 1984 - JPL KEOF EQOP series used)

- IERS 2010 recommended model of solid tides for station displacements, model of tropospheric
delay are suitable for processing LLR observations.

- Implemented IERS recommended Geopotential perturbations model is slightly worse for LLR
compared to DE430 model of tidal acceleration of the orbit of the Moon (probably because of two
additional parameters in DE model). Lunar and extra de/dt are very sensitive to the tidal model
used (extra de/dt falls from 1.4x10712 with the “DE model” to -1.3 x 10712 with the “IERS model”)

- Towards Earth tidal acceleration is bigger in “IERS” compared to “DE”. Probably due to k,, in
K,is smaller than average value used in DE430.

- Strong detection of k,/C; demonstrates that the Moon has a fluid core.

- Determined C;, differs from GL660b by <0.1%; derived C,, is also very close to GL660b;

- Determined S5, value differs from the GL660b value by 0.4-1.2%;

- Determined C;5 value differs by about 3% from the GL660b value.
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Further plans

1. Study of different tropospheric models and ocean loading to
observations fit.

2. Research the cause of the misalignment of the lunar PA frame in the
model with the GRAIL’s frame. (non-zero values of C,,, S,4, S5, in
GL660Db). Probably a better model is needed.

3. Explanation why GRAIL and LLR give different Ss,, Css.

1. Including new observations (next talk, Dr. E. Yagudina), particularly
IR(?).

Detailed description of the work:

D.A. Pavlov, J. G. Williams, V. V. Suvorkin: Determining parameters of Moon'’s orbital
and rotational motion from LLR observations using GRAIL and IERS-recommended
models

Celestial Mechanics and Dynamical Astronomy 126(1), 61-88 (2016)
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Thank you for your attention!
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Difference to DE430
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DE tidal acceleration

In lunar frame, mm/day?, X (towards Earth), Y and Z components

SR L
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Estimated parameters

Parm. Solution I value Solution IT value [units Je (0.209 + 0.005) - 10~ 7| (0.219 4 0.005) - 10" ]1
TEM X 137136474.08 £ 0.05 | —137136473.34 £ 0.06 | m ky/Cq (16.2+0.2) - 107 (19.9+0.2)-10 "|day '
TEM-Y 311514604.04 £ 0.05 | —311514604.28 + 0.06 | m ha 0.042 £ 0.001 0.040 £ 0.001]1
TEM.Z T41738600.42 &+ 0.05 | —141733600.20 + 0.05 | m Ay 4640.2 46 £0.2 | mas
TEM X 062372276.17 £ 0.15| 062372276.40 £ 0.16 | pm/sec | A2 1.8+0.2 L0 £0.2| mas
FEM .Y 375608190.25 £ 0.14 | —375608188.58 £ 0.15 | um jsec | |3 67405 __123+0.5|mas
- — — — — - g (141851 £0.4) - 1077 (14186.4£0.4)-1077 (1
TEM -2 268439311.47 4+ 0.06 268439310.20 £ 0.07 | pm /sec = (19305 £ 0 =107 19350 £ 0 SESTRLAE]
We X (=08£4)-10 ? (=952+4)-10 ? rad /day @:23 1965 £11) .10 7| (11927 £12) 10 7|1
We.y (—6378+8) 10 ° (—6439 4+ 8) - 107" | rad/day| 7377 1501066.95 + 0.06 1501966.77 £ 0.07 | m
We-2 (229.63 + 0.05) - 10 : (230.24 + 0.02) - 10 : rad/day | [R77 y 690699.52 & 0.04 60069947 + 0.05 | m
@ (—5823794 £2) - 10" | (5823801 + 2) - 10" " |rad All z 21003.76 + 0.02 21003.80 £ 0.02 [m
6 (39511623 + 1) - 10 | (39511619 + 1)-10 ® |rad All x 1652689.88 + 0.07 1652680.71 + 0.07 | m
b (113574558 £ 3) - 10 © | (113574573 £ 3) - 10~ © | rad Aldy 520997.52 + 0.04 520007.66 + 0.05 | m
b TA.538 + 0.001 74.544 4+ 0.001 | " /day Ald = 109730.51 + 0.02 10973048 + 0.02 | m
] 37.0264 = 0.0004 37.026 £ 0.004| "' /day ‘{1’ X 1“2;;‘;‘}?'23 i ::31 1‘*:;;:;‘:_"{; i ::31 o
T — — — — - Ald vy BRI BN A Yullo .. e
(d _47501.855 £ 0.001 _47501.860 + 0.001 " /day Al5 ‘.; 765005.20 £ 0.03 T65005.22 £ 0.04 | m
pe + s | 4035032366 + 0.0002| 403503 2360 & 0.0002 km /7 | 75 TITI792.57 L 0.06 TIBB I8 I007 m
f (fﬁlﬂfﬁ‘]‘ £0.5)-10 (; Ef*f*lg?f-”* 0.5)-10 (; 1 Lly T81208.49 £ 0.0 78129875 & 0.04|m
8 (2277345 £0.7) - 1077 | (2277354 £ 0.7) - 1077 |1 L1z 1076058.50 + 0.04 1076058.37 + 0.04 | m
T 0.099 £ 0.001 0.072 £ 0.001 | day 12 x 1339363.70 & 0.06 1339363.49 + 0.07 | m
TR 0.00783 =+ 0.0003 N/A [day L2y R01872.00 £ 0.04 R0I871.04 £ 0.04|m
ToR 0.002862 + 0.00003 N/A [day L2 z 756358.66 & 0.04 756358.67 + 0.04|m

Parameter Solution I value | Solution II value |units Haleakala A 13.58293969(6 & 1) | 13.58293970(6 £ 2) | hours

e LT o007 &7 17 A £ 2 o [Tl st 0Ty ot

McD rcos o 5192414.47 £ 0.03| 5492414.45 £ 0.03 | m Aoathe & | 16045305120 £ 1)| 15 645305117 £ 1) | howss

McD rsin ¢ 3235697.50 + 0.02 | 3235697.47 £ 0.02 | m Apache rcos ¢ | 5370045 374 & 0.003 | 5370045.379 + 0.003 | m

MLRS1 A 17.06560804(6 &+ 4) [ 17.06560805(1 + 4) | hours Apache sin ¢ 3435012.901 =+ 0.002 | 3435012.911 £ 0.002 | m

MLRSL 7 cos ¢ 5192037.72 £ 0.02| 5492037.65 £ 0.02|m Matera 111364090 £ 6)|  1.11364089 £ 1) hours

MLRSL rsin ¢ 3236146.77 £ 0.01| 3236146.77 £ 0.01|m Matera r cos ¢ 18465043 £ 02| 484650423 £ 0.05 m

MLRS2 )\ 17.[]6565353{3 I 1) 17,06565358(6 I 2) hours Matera rsin ¢ 4133249.59 + 0.07 4133249.59 + 0.02 | m

MLRS2 7 cos ¢ 5101888.44 £ 0.01 | 5491888.44 + 0.01 |m ﬁzg i‘r = *“fz i 8; *“h;’qi;bfg iiﬁ

MLRS2 rsin ¢ 3236481.67 £ 0.01| 5236481.66 L 0.01|m WD (r sy o IO T

CERGA A 0461438185+ 1)| 0.461438183 £ 1) | hours CERGA X 0.923 =+ 0.008 0.916 + 0.009 | mas/yr |

CERGA rcosd | 4615328.453 & 0.002 | 4615328.488 = 0.002 | m CERGA (reos 3] e ER e 169 02 mm/yr

CERGA rsing | 4380355.108 £ 0.003 | 1389355.106 £ 0.003 | m CERGA (rsm o) 115204 143 £ 05 mm/yr
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Normal points of LLR:
http://polac.obspm.fr/llrdatae.html, http://physics.ucsd.edu/~tmurphy/apollo/norm_pts.html

Software used:
ERA (Ephemeris Research in Astronomy), version 8 — Racket programming platform + C Inguage
numerical procedures

SOFA library (Hohenkerk 2012; http://www.iausofa.org) for IAU2000/2006 model, conversion of time
scales, calculation of Delaunay arguments, and conversion between geocentric and geodetic
coordinates.

For optical zenith delay (Mendes and Pavlis 2004) and mapping function (Mendes et al. 2002),
FCULZD HPA and FCUL A routines were used. Station displacement due to solid tides (Mathews et al.
1997) was calculated with the DEHANTTIDEINEL package.

For numerical integration, an implementation of Gauss-Everhart algorithm from (Avdyushev 2010) was

used, but rewritten from Fortran to C and modified to use extended precision floating-point numbers
(80-bit) instead of double precision (64-bit).
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