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Lunar Orbit

Semimajor axis = 384,400 km
or 60.27 X Earth radius
Eccentricity = 0.05490
Inclination = 5.145 deg
Orbit period = 27.321582 days

Ascending node
of lunar equator

Moon at
T=T,+Pf2
T=T
FiG. 7.3. The Earth-Moon geometry at a time T and a half orbital period (P) later. The axis 1 is the pole of the lunar orbit, axis 2

is parallel to the pole of the ecliptic, and axis 3 is the pole of the lunar equator. In the absence of dissipation the three axes are
coplanar.
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Apogee Perigee

2004-12-26 2004-07-02
405,363 km 357,448 km
29.94 arc-mins 33.66 arc-mins

Altitude @ 77.81° Altitude @ 21.72°









MEDHBXH

75— 0l
- BUEER



« 7IT—DE1ER
FTARTDOREFIAGZEZ1DODERET H1EH
BEZ A D,

o 7TS5—DE2A
REEXNGEREASAR DN —ERMICIEHEIE
X, ZENENDEREIZTDODVLVT—ETHD,

- 7S5—MESER
REONEEE(TID2EZENERFFE(Q)D3
EDLIIREICELT —ETHDH.GC=FF
5| NTEH,

ANEEREDRZTTE RELEHE (BD
WWEIAIBFE)GEEDHETERILT D,



MBEER(TIT7—EFR)

a HESE
e mHHID3ER
i ELEER

Q 5=|'3c“u":|:l
w TR 5|8 %iﬂiﬁmrﬁ%ﬂﬁiﬁégﬁi
M

F=&F

,<|||

- PLEDHRZEREET 0ER

J\

- BEEEZEEYT 2ER

)d# I

PELDHNEZIEET 2ER

11



PEDHRZEIEET HDER
PELDHNEZIEET 2ESR
($hEX JE]

A

FMEDHZST)

ANIFEE

=i R Apogee

Va2 — b2

a

e =

f-EiE A A (True anomaly)
E : 81000 & A (Eccentric anomaly)

hBk E = il

M: F15938 A (Mean anomaly) s @B % D EBEE O BEEH IS 224 12

M=E - eXsinE ¥75—FE=X



PEEZEET OER

—- 1y

Equinox
%éj\lﬁ\ %&T VAMNY

BIEER A

13



=57 =)

MR IRIETE
s

B ROAME

14



NEER(D—TVTUER)

- (LEANYVRIL

< < N <X

2
X
Y mREARVNIL
Vz )

MERNITNLERERNINLZEHE TIRERT L)L (state vector) EFESZEHH D,
IS5 —BREN—TIUTUVERITEWNCEHATHE, 15



i

gi_:‘.

GEODYN Il [ZB [T BB FE 2

A

a0,00 W [XERIDREE%
JPL DEEM L EEH, _
Morth pole of planet

{aegn 51:} .

Davies et al., Celestial Mechanics 16
and Dynamical Astronomy, 63, 127-148, 1996. X



RBEHGETI

- EBHNARABLIX?

BRI RRFNRBHIC X 5 R

+ 7))y FARICX BRI

c DS RLURDETIVE ZDORIBEA



B DR
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979. 123 456 789 Gal

mGal
M Gal

nGal
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Gal = 0.01m/s?
mGal = 0.01lmm/s2= 10pm/s?
HGal = 0.01pm/s? = 10 nm/s?
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Wieczorek (2007)

Radial Gravity Anomaly (mGal)
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(from Lemoine et al., 1997)

Table 1. Previous Lunar Gravity Analyses

Reference

Data Used

Comment

Muller and Sjogren [1968]

Lorell and Sjogren [1968]

Wong et al. [1971]

Michael and Blackshear [1972]

Sjogren et al. [1972a,b; 1974b,c];
Muller et al. [1974]

Sjogren et al. [1974a]

Ferrars [1977]

Ananda [1977)

Bryant and Willtamson [1974]

Blackshear and Gapcynski [1977)

Williams et al. [1973]
Ferrari et al. [1980]
Bills and Ferrari [1980]

Konoplw et al. [1993]
Dickey et al. [1994]

Lunar Orbiters
Lunar Orbiters
Apollo 8, 12
Lunar Orbiters
Apollos 14-17

Apollo subsatellites
LO-5 and Apollo subsatellites

Explorer 49

Explorers 35 and 49

Lunar laser ranging (LLR)
LLR and LO-4

LLR, LO 1-5, Apollo subsatellites,
and Apollo 8,12

LO 1-5 and Apollo subsatellites
LLR

Discovery of lunar mascons.

4x4 spherical harmonic solution 4 zonals to I=8.
Solution for discrete masses on near side.

13x13 spherical harmonic solution.

Mapped line of sight (LOS) accelerations
with data from as low as 12-20 km altitude.

Solve for LOS and discrete masses.
16x16 spherical harmonic solution.
Solve for discrete masses.

3x3 spherical harmonic solution
from Keplerian mean elements.

Zonal solution, Jz - Js only
from Keplerian mean elements.

16x16 spherical harmonic solution

60x60 sphencal harmonic solution.
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Arewoue Alinelo

Latilude {degrec)

=150 =150 =120 40 -6 -3 0 30 i) 20 120 150 1580
Longitude (depree)

Flfs 4. Uncorstrained S0th degree and crder lunar grrvity feld (LPSIPNCAT Barno a peion | scocberations al the lusar surface. Large escallations on the lunar Frside

imlicate where thare 1= no direc! chservabion of the gravity feebd. -
- Konopliv et al., 2001
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0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Selenoid height error (m) Konopliv et al., 2001
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MIBHETFED A A—IK

Estimated
Trajectory

SHESN-PEER

(adjusted state vector) Eﬂférenw
rajectory

I%
X,

|5
AX,™

X" ) EAENE E 3 (initial state vector)

Fig. 8.1. Least-squares orbit determination: the parameters of a reference trajectory are corrected
to find the trajectory which best fits the observations in a least-squares of the residuals sense.
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Three satellites constellation "‘ts~5,)

4000

3000

2000
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-1000

-2000

-3000

-4000 A

-5000

2005.09.01 00:00:00

@

-3000 -2000 -1000 O LooD 2000 3000 4000 5000 o000

X (km)

Combination of high,
middle and low altitude
satellites

!

Grauvity field retrieval
through wide-range of

wavelength.

gl @® Main Sat:100km X 100km
® @\Vstar :100km % 800km
® ORstar  :100km X 2400km



Arc lengths of three satellites “ts~5,)

Acrtificial orbit perturbations due to
unloading of reaction wheel every 12 hours

Main satelli\arc
| | | | | | | | | | | | | |
_ 7 days
Adequate to retrieve short-wavelength component
Vstar arc
Rstar arc

No artificial orbit perturbation
Adequate to retrieve long-wavelength component




4-way Doppler measurement “‘%)

Near-side -« i » Far-side

#5y) | AERENS
DE A !

JAXA GN

4-way RR (Doppler) for main satellite by way of Rstar
JAXA 1 mm/s accuracy

UDSC-64m




Usuda 64m antenna
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Distribution of VLBI stations for SELENE
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An example of time-wise data coverage of SELENE tracking data

Time—wise data coverage

PRI SSTRH STR T SR ST N T N R

(face-on)

PR T RN RS R R SR

PR TR T NSNS ST ST NS

Y7 oarikA—
FToA—T42%9
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16 00 08 16 00

0 L L !
00 08 6 0 16 00 08 16 00 08
JAN 16 JAN-17 JAN-18

08
JAN-19 JAN-
= Switching VLBI  =Samebeam VLBI ~Vstar Doppler
= Vstar range Rstar Doppler = Rstar range
=4-way Doppler = Main Doppler = Main range

16 00 08 16 00
20 JAN-21
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2-way Doppler residuals w.r.t. LP100K

Rstar

res7.dopp.main’ us 1.4
'res7.dopp.rstar’ us 1:4
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LP100KET L (MWW LLBIOETIL)
|Zx19 B4-way Doppler &=

Fig. 1. Four-way Doppler
residuals in pass from 23:17
UT on 5 November to 0:12
UT on 6 November 2007.
Solid and open symbols
indicate the wisibility and
invisibility of Main from
UDSC, respectively. Four-
way data are separated into
two arcs by unloading of
momentum wheels between
00:03 and 00:08.

Four-Way Residual, mm/s

Universal Time, hh:mm

Namiki et al., Science, 2009
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Data and analysis setting for
SELENE Gravity Model version h (SGM100h)

Tracking data

« SELENE:2007.10.20~2008.12.26 & 2009.01.30
Doppler + range (no VLBI data)

* Historical: LO |-V, A15/16ss, Clementine,
LP nominal mission, SMART-1

Setting

GEODYN I, SOLVE system
Expanded up to degree and order 100
Ephemeris: DE421
A Kaula-type constraint of 3.6x104/n?
Solar radiation pressure model
SELENE Main: box + wing
SELENE R/Vstar and other satellites : cannonball
* Mean arc length of Rstar = 2.6 days
« VLBI data not included 58



4-way Doppler data coverage
achieved during the lifetime of Rstar

071031-090130

White solid line indicates the boundary between the near-side and the far-side
59



Old and new views of farside gravity field

mGal mGal

-450 -350 -250 -150 -50 50 150 250 350 450 550 -450 -350 -250 -150 -50 50 150 250 350 450 550

LP100K SGM100h
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Gravity anomaly errors from the full covariance matrix

Max : 95 mGal
LP100K Nearside: 25 mGal

a0 Farside : 55 mGal

B 30

SGM100h

60"

—60 g —
Far side Near side
| — ] I | mGal
0 20 40 60 80 100 0"+
SGMQOd Max 75 mGal _

Nearside: 20 mGal
- Farside : 33 mGal

Max 1 62 mGal
Nearside: 26 mGal
Farside : 35 mGal

100 61




RMS degree variances

1. Abpriori constraint power error |

LP10OK —— --—- |

10°4
i factor 3.1

RMS degree variance

10_10 _""""'I""""'I""""'I""""'I"'"""I""'""I"'"""I"""'"I""""'I""""'I
0O 10 20 30 40 50 60 70 80 90 100

Selenopotential degree

SGM100h gives more than one order of magnitude smaller
formal errors with respect to LP100K for degrees 7-39.
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LALT topography nearside




LALT topography farside




Moon by KAGUYA
Laser ALTimete

Vertically exaggerated 10-fold




Topography-gravity correspondence

Dirichlet-Jackson

Hertzsprung

Mendeleev

Planck
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Correlation

Correlation between gravity and topography

1.0

0.8 -
0.6 —
0.4 —
0.2 —
0.0 —

-0.2 -

——  SGM100h

—  SGMOO0d
LP150Q

— LP100K

0 10 20 30 40 50 60 70 80 90

Harmonic degree

100
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When gravitational attraction from surface
topography is subtracted...

SGM100h nearside SGM100h farside

nearside farside

mGal
-800 -600 -400 -200 0 200 400 600 800

Bouguer gravity anomaly: mainly reflect moho relief
(boundary between crust and mantle)
different between nearside and farside. 60
Dichotomy is clearly visible not only on the surface, but also in the sub-surface.
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