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H Switching and Same beam VLBI Observation | ‘, )

Separation angle between Beam width of
Rstar and Vstar changes ground antenna (20m diameter) is
between 0 to 0.9 degrees. 0.1 degrees for X-band signal

Rstar 0.37 degrees for S-band signal

Beam width.
Separation s




H Switching and Same beam VLBI Observation | ‘, )

Rstar Vetar Rstar

Separation K Separation
/ > Beam width < Beam width

Vstar

Most of atomospheric and ionospheric fluctuation,
clock offset, and instrumental delay can be canceled out.

Additionally, fluctuations whose periods are shorter than
switching interval can be canceled out in same beam VLBI.

<\

Switching VLBI Same beam VLBI

Ex) Radio astronomy Ex) Magellan and Pioneer Venus

Nozomi, Geotail, etc
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Status of the SELENE satellites

2007.10.31 Start acquiring 4-way Doppler data

2008.07.23 One of four reaction wheels of Main satellite
failed (AMD interval 12h—06h)

2008.10.31 End of nominal mission
2008.12.26 Another wheel went out of order
— thruster control mode

2009.01.30 The last 4-way Doppler data acquisition with
3 reaction wheels turned on

2009.02.12 Rstar (relay sub-satellite) crushed on the
Moon

2009.06.10 Main satellite will hit the Moon
2009.06.29 The last tracking of Vstar (VLBI sub-satellite)



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



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

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

Setting

GEODYN Il, SOLVE system
Expanded up to degree and order 100
Ephemeris: DE421
A Kaula-type constraint of 3.6x10-4/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



Summary of tracking data used for SGM100h (SELENE Gravity Model)

Satellite Data type Amount  Arc length Data weight
Far side SELENE 4-way Doppler 78,004 2.6 days 1 mm/s
SELENE Main Doppler UDSC 1 mm/s
Doppler GN 1,786,747 12 hours * P
Range 62,438 5Sm
SELENE Rstar Doppler 159,225 2.6days 1mm/s
Range 150,470 om
SELENE Vstar Doppler 42,502 2.4 days 1 mm/s
Range 35,567 5m
Near side LO |-V Doppler 12 hours 4.5 mm/s
A15/16ss Doppler 8 hours 4.5 mm/s
Clementine Doppler 3 mm/s
2 days (Pomonkey 10
6,301,236 mm/s)
Range 4m
LP nominal mission Doppler 2 days 2 mm/s
Range 4 m
SMART-1 Doppler 15 hours 10 mm/s

* 6 hours after 2009.07.23



Old and new views of far-side 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



Topography-gravity correspondence

Dirichlet-Jackson

Freundlich-Sharonov

Moscovience

Mendeleev

Planck



SGM90d and SGM100h

- mGal
-450 -350 -250 -150 -50 50 150 250 350 450 550
Far-side : » Near-side
SGM90d SGM100h
Namiki et al. (2009) This study
based on 5-month of SELENE data based on 14-month of SELENE data

plus historical data plus historical data



Free air gravity anomaly differences

SGM100h-LP100K SGM100h-SGM90d

|

ez 60
Near-side

E— — PO , m— e
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
Min: -495mGal Min: -313mGal
Max: 544mGal Max: 355mGal
RMS: RMS:
near-side 46mGal near-side 43mGal
far-side  96mGal far-side 67mGal

global 76mGal global 57mGal



Gravity anomaly errors from the full covariance matrix

LP100K
00 __ Max: 95mGal

O 30°

SGM100h

Max: 62mGal

G0

o :
Far-side «—}—> Near-side
I | BT | mGal
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RMS power/error variance

Degree variances

1074 ookl
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LP100K error

SGMI0d error

SGM100h error

LP100K signal |

SGM100h signal 3
_ SGM90d signal 3

3
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Selenopotential degree

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




Correlation
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Contribution measure
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Farside basins: A new classification

e Mentete i QUEET TING :
Outer ring: Topographic
Central hlgh T e SR

Inner ring: Topographic
depression

Central high: Density
anomalies in the interior
Green line =

Bouguer 200 Type I and II depending on

anomalies e . magnitude of central
LA high:

Blue line =
topography

Red line = Free-air
anomalies

0 E

-100

Gravity anomaly, mGal
wy ‘AydesSodo],

-400 ' &
10

-20 - 0
Type I Latitude, degree \ Inner I'lng

Type I basin
(AZ)pp ~ (A)g 3 The Hertzsprung basin
Sharp central high
Central topography +
Mare volcanism rare

Type II basin
(Ag)ep ~ (50-80 %) x (Ag)y
Broad central high 0o
Central topography +/- P -
Associated with mare basalts Type I1 Latitude, dogres

~gravity

Gravity anomaly, mGal
wry “Aydesfodo |

topc;graphy
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Inference of gr

Outer and inner rings of (Ag)p, of Type I basins disappear in
(Ag)g Indicating no 1sostatic compensation at the surface.

Depth of the basins i1s comparable to apparent depth of fresh
impact craters [Pike, 1977].

Central gravity high irrelevant of topography is likely due to
overcompensated mantle. Absence of magmatic activity

from Type I basins exclude mare basalt as a source of
gravity anomalies.

Neither isostatic compensation at the surface nor the crust-
mantle boundary suggests low T crust and mantle in the
farside.

The Mendeleey basin

uny *sydnifodo,
uny *Aydefodo],

ury “Aydeidodog,




Inference of gravity 5|gnature Type [ basm

150 Ul \L\é}FA Uf
Type 11 basms disappear in
(Ag)g Indicating no 1sostatic
compensation at the surface

(same as Type I).

Central gravity high could be due
to either overcompensated
mantle or mare basalt.

Magmatic activity at Apollo, Moscovience
Mendel-Rydberg, and Humboldtianum
basins [Whitford-Stark, 1982; Wilhelms
etal., 1987; Belton et al., 1992].

Estimated thickness of mare basalt (< 1
km) indicates massive intrusion, while
no surface manifestation.

Either viscous relaxation at the crust-mantle
boundary or formation of fault (multi-ring)
system accompanied by magma (cf. Lacus Veris
and Lacus Autumni) is plausible.




Inference of gravity signature: Primary

macernn hacin
ITICAOULVVUI1 NOAVILIL ]

(Ag)g, of outer ring (r1m) 1s nearly zero indicating i1sostatic compensation
of the surface rim.

Consistent with suggested mare tectonics [e. ¢., Solomon, 1982], but
contrary to recent inference of LRS/SELENE [Ono et al., 2009]

Plateau shape and steep shoulder of central gravity high indicating
viscous relaxation at the crust mantle boundary, formation of fault

(multi-ring) system, or heat transferred to magma reservotr.




Distribution of major lunar basins

. / \.“""““II Humboldtianum
Coulomb-Sarton Mare Frigoris IIIII"||||IIII|.

( Serenitatis
Moscov1ence
Freundlich-Sharonov Crisium

F
|||Il‘ ' Dirichlet-Jackson
/ Y I
Hertzsprun g
O Orlellltale

Mendeleev
Kolorev

Humorum 4
South Pole Aitken Smythii

/

WM]) Mendel- Rydber /
Apollo /
( ) Schlller Zucchius
Schrodmger

Shaded = primary mascon basins, Lightly shaded = Type I basins,
Hatched = Type II basins
No temporal order recognized.
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Including VLBI data
Data

« S-band same-beam VLBI data.

« Differential phase delays are determined for January,
March, April, May, June, July, and August 2008.

« Doubly differenced 1-way range (DDOR).

« Expected accuracy of differential phase delay = 3.44 ps
(Kikuchi et al., Radio Science, 2009) — 1 mm.

Setting
Cannon ball model for solar radiation pressure (R/
R/Vstar mean arc length = 13.6 days (15 arcs).

Fit the orbits of 3 satellites to 2-way range, 2-way Doppler, 4-
way Doppler, and VLBI simultaneously.

DDOR data weight = 1 cm.
RMS VLBI residual: 1.4 cm with SGM100h as a priori
— 0.9 cm (post-fit, i.e., with SGM100h_VLBI)

\ 7 — =

\star).



Contribution of VLBI data
- error variance -

o

1079 4 7 SGM100h

RMS power/error variance

0 10 20

Ratio of degree 2 sigma variance
SGM100h / SGM100h_VLBI=1.4
LP100K / SGM100h_VLBI =5.0



RMS overlap pos (m)

o

Contribution of VLBI data
- orbit overlap statistics -

Rstar

50

l | | l l | l
2-way Doppler + Range (SGM100g)

2-way Doppler + Range + VLBI (SGM100h_VLBI) i

0

‘ |‘ i
1 2 3 4

5 6 7 8 9 10 11 12 13

overlap #

N
[@)]
o

-
[9)]
o

RMS overlap pos (m)

o

Vstar

245m
! | n

2-way Doppler + Range (SGM100g)

2-way Doppler + Range + VLBI (SGM100h_VLBI)

III‘I ‘
I ) | |
1 2 3

4 5 6 7 8 9 10 11 12 13

overlap #

* Mean arc length = 13.6 days , overlapping duration = 1 day.
* In general, overlap position differences decrease by adding VLBI data to

conventional 2-way Doppler and range data.

» The orbit consistency is further improved, in more than half the cases,
with the VLBI-included model SGM100h_VLBI.



Kk, estimates

0030 | | | | |
0.028 - | .
0.026 - ; ¢ =
0.024 + i ¢ { i
g 0.022 1 { ® -
0.020 - 1 SGM100h ® u
| 2 SGM100h + LP99
_ 3 SGM100h_VLBI |
0.018 ] 4 SGM100h_VLBI + LP99 1
0.016 - 5 SGM100h_VLBI SELENE only B
. 6 150x150 model with LP99
| 7 Goossens and Matsumoto (2008)
0.014 -+ 8 LP165P 1 =
1 9 LLR Williams et al. (2009) 40th LPSC -
0012 | | | | | | | | |

0 1 2 3 4 o5 6 7 8 9 10

Models

Quoted sigma’s for k, are ten times the formal error (except for LLR).
LP99: Tracking data of the low-altitude extended mission of Lunar Prospector.



Summary

Historical tracking data + SELENE range &
Doppler data — SGM100h model

Far side gravity errors are drastically reduced.
Increased correlation between gravity and
topography.

Degree 70 expansion is possible without any a
priori constraint.

k, estimates still diverge to ~11% depending on
data used.

VLBI data improve the accuracy of the low
degree coefficient and orbit consistency, but
processing is still in progress.
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