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Mission flow for JAXA's Candidate Lunar and Martian explorers
2005 2010 2015 2020 2025

SE!—E'}'E Y — A—> SELENE-2
sel\r/:gg nor SELENE (KAGUYA) lander, rover,  preparing
three orbiters and orbiter AO
MELOS L
series for MEL OS-1/2 discussing
Mars aircraft and/or network

landers, and orbiters

N\ 'SELENE .
s T - Launch years,
e Tl A configurations, and
B . | mission names are
N s — tentative except
CAGUVA o s SELENE/KAGUYA.



Selenodetic, Areodetic & Radio Astronomical Mission Candidate

selenodetic observations SELENE-# =]
d-VLBI : Differential VLBI 2 | |

VLBI : Kikuchi
I-VLBI : Inverse VLBI 2/3

LLR Lunar Laser Ranging p Noda

ILOM In situ Lunar Orientation 3 e
Measurement

areodetic observations MELOS-# =]

FWD Four Way Doppler Harada
) 1/2 & lwata

\VAN =] I-VLBI : Inverse VLBI (tentative)

radio astronomical observations SELENE-# =]

| LFAST Lunar Lovy Frequency ) wata
Astronomical Telescope




Purpose of Selenodetic Observations

selenodetic observations purpose
yig| |d-VLBI: Differential VLB ~ Gravity
i-VLBI : Inverse VLBI Improvement
. Libration
LLR |Lunar Laser Ranging (Lunar rotation
ILOM | In situ Lunar Orientation Measurement variability)

Questionnaires for the left mystery of the Moon
»|s there a core in the Moon ?

»|s the core metallic ?

»|s the metallic core liquid ?

»|s there an inner core center of the liquid core ?




Former 4-way Doppler measurement & Differential VLBI by KAGUYA

KAGUYA
OKINA *®
4-way DOP '
2-way
RARR
+
4-way
DOPP
¥ differential
VLBI
ég Earth 2 ﬁ Earth
JAXA Usuda (UDSC) VLBI stations (Japanx4, Chinax2, Hobart, Wettzell)
Direct orbital determination for Multi-frequency, phase-delay differential
KAGUYA Orbiter above the far side VLBI observation for OKINA/OUNA
using OKINA \
V Precise positioning with the accuracy
Lunar gravity map above the far side of ~20cm cf. RARR ; ~100m

ex. Matsumoto et al., this GM.




Scientific goal for SELENE and post-SELENE

degree of gravity vs. structure
SELENE (KAGUYA)

higher : local surface / inner structure

mechanism of isostasy
mascon (anomaly mass concentration)
dichotomy of inner structure

physical parameters of the core

RMS degree variance
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Physical parameters of core obtained from MOI

= core

C/MR?=0.393444

MOI: Momentum of inertia  *) Heki (2004), Sasaki (1997), “ C/MR2=0.3770%": -
and references there in S



d-VLBI : Orbiter-Lander Differential VLBI by SELENE-2

differential

2 VLBI ﬁ
Earth

VLBI stations (Japan, China, Australia, Germany)

SELENE-2
Orbiter *®

[

Lunar
Surface

J’ differential

2 WLzl 2 Earth

VLBI stations

Differential VLBI between Lunar surface
and Orbiter

V
Libration and Lunar rotation variability
can be observed




Orbiter ¢» phase differences
xmeasu d
L1

Lunar
Surface

inverse

X VLBI

single station

sensitivity for positioning; o(x)
o(x) =o(4dL); 4L =L1-L2
=0.3mm
under

o(4at)=1ps = 10-12

I-VLBI : Inverse VLBI by SELENE-2

Inverse VLBI
after Kawano et al., JGSJ, 45, 181 (1999)

- Phase differences between
two sources are measured by
multi-frequency (in S-band) 2-
way ranging.

- One station (not VLBI) on
the ground observes these
two sources (L1, L2).

- Sensitivity for positioning
(o(x)) is free from the
distance of the sources.



I-VLBI : Inverse VLBI (left) vs. differential VLBI (right)

Orbiter ¢»

are measured

L1
Lunar

Surface
differential
VLBI f

inverse
X VLBI %
M
B: baseline length
sensitivity for positioning; o(x)

single station
o(x)=o(4aL)*d /B

Lunar
Surface J

sensitivity for positioning; o(x)

o(x) =o(4dL); 4L =L1-L2
=0.3mm =6CcMm
under under
o(4L)=0.3mm
R=400,000km, B=2,000km

o(4at)=1ps = 10-12



Configuration of LLR: Lunar Laser Ranging

retro reflectors

2-way laser links

4 reflectors are ranged:
Apollo 11, 14 & 15 sites
Lunakhod 21 Rover

> settle one new site to
Improve accuracies

Ap*?élgqs vgqgi, RN



ILOM : In-situ Lunar Orientation Measurement

*

- Observation of the
physical librations
related to dissipation
In the Moon

- with an accuracy of
<1 mas




ILOM teIescoEe

Development of BBM

PZT (Photographic
Zenith Tube) type
telescope

Mercury
Pool—




Accuracy and subject for each selenodetic observation

observations

accuracy

technical / theoretical subjects

d-VLBI

10 mas

- Accuracies are restricted by lunar
ephemeris and terrestrial ionosphere.

I-VLBI

< 3 mas

- Precise measurements for the
phase delay in the space craft
should be realized.

LLR

10 mas

- Optical transponder will improve the
lack of data.

- Accuracies are restricted by lunar
ephemeris and terrestrial ionosphere.

ILOM

<] mas

- The attitude instability caused by
thermal deformation should be
diminished.




Mars ; 4-way Doppler (left ) and i-VLBI (right) using MELOS
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Goal ; Mechanisms of Polar Motion & LOD Variation

The atmosphere-cryosphere system LOD: length of day

are the most important source.

\

Loading by Atmosphere & Ice Shear Stress by Wind

Moment of Inertia Angular Momentum
Perturbation Interaction



LLFAST : Lunar Low Frequency Astronomy Telescope

- Moon-Earth Space VLBI to observe Jupiter.

- The first step to realize future large interferometer
on the lunar far side.

_— ~Jupiter

8 =N g
Orbiter

\Y[eol




Comparison of 15t and final observatory

1st; LLFAST-1 final ; LLFAST-X
confiquration Moon (1 element)-Earth Interferometer on the
J Interferometer Moon (~100 elements)
. lunar orbit far side; to avoid
site ) .
(SELENE-2 Orbiter) | terrestrial interference
frequency 20 - 25 MHz * 0.1 - 20 MHz
: galactic and extra-
targets Jupiter, Sun galactic objects, etc.
LLFAST-1 *) 15-20 MHz single dish

LLFAST-X




Research for the mechanism of Jovian radio sources

Observation results of modulation lane
methods (Imai et al., 2002) and De effects;

- search-light beam model (Imai et al., 2008)
- radio source size of < 20 km
which cannot be confirmed by ground VLBI*

*) resolution; 1,000 km

coherent beam
area |O
0=1.d
1000m

/ emitting
' cone

along
a parallel
of latitude

search-light

beam structure /Jupiter

radio sources of km-size e
(Imai et al.) "

De: Jovicentric Declination of the Earth



Candidate Ground Stations

Developments and test observations in 2007-2009

Tohoku Univ. Observatory
Fukui Univ. of Tech. Observaotry |
NICT Kashima Observatory
KNCT Agawa Observatory
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Nancay Obsrvatory

Univ. of Florida

Hawaii Radio Observatory
i il

Observatory \

Tasmania: a good site for
low-frequency observations

Global Jupiter Radio VLBI Network |




sSummary -

observations

accuracy

future works for collaboration

selenodetic / areodetic observations

d-VLBI | 10 mas
I-VLBI | <3 mas
LLR 10 mas
ILOM 1 mas
FWD/i-VLBI | (0.3 mm)

-Seismological data is necessary
to determine the core density.

- International collaborations for
ground observation is necessary
to improve accuracies.

radio astronomical observations

LLFAST

5 mas
(20 km)

- International collaborations for
ground observation is necessary
to Increase chances to detect.




