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Abstract The magnetic field around the Moon has been successfully observed at a nominal
altitude of ~100 km by the lunar magnetometer (LMAG) on the SELENE (Kaguya) space-
craft in a polar orbit since October 29, 2007. The LMAG mission has three main objectives:
(1) mapping the magnetic anomaly of the Moon, (2) measuring the electromagnetic and
plasma environment around the Moon and (3) estimating the electrical conductivity struc-
ture of the Moon. Here we review the instrumentation and calibration of LMAG and report
the initial global mapping of the lunar magnetic anomaly at the nominal altitude. We have
applied a new de-trending technique of the Bayesian procedure to multiple-orbit datasets ob-
served in the tail lobe and in the lunar wake. Based on the nominal observation of 14 months,
global maps of lunar magnetic anomalies are obtained with 95% coverage of the lunar sur-
face. After altitude normalization and interpolation of the magnetic anomaly field by an
inverse boundary value problem, we obtained full-coverage maps of the vector magnetic
field at 100 km altitude and the radial component distribution on the surface. Relatively
strong anomalies are identified in several basin-antipode regions and several near-basin and
near-crater regions, while the youngest basin on the Moon, the Orientale basin, has no mag-
netic anomaly. These features well agree with characteristics of previous maps based on the
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Lunar Prospector observation. Relatively weak anomalies are distributed over most of the
lunar surface. The surface radial-component distribution estimated from the inverse bound-
ary value problem in the present study shows a good correlation with the radial component
distribution at 30 km altitude by Lunar Prospector. Thus these weak anomalies over the lu-
nar surface are not artifacts but likely to be originated from the lunar crustal magnetism,
suggesting possible existence of an ancient global magnetic field such as a dynamo field of
the early Moon. The possibility of the early lunar dynamo and the mechanism of magneti-
zation acquisition will be investigated by a further study using the low-altitude data of the
magnetic field by Kaguya.

Keywords Moon - Kaguya - Magnetic field - Magnetic anomaly - Crustal magnetization -
Dynamo

1 Introduction

Lunar magnetism has been investigated by satellites, ground survey and returned samples
for the last several decades concerning three main targets: (1) crustal magnetic fields of
the Moon, (2) electromagnetic and plasma environment around the Moon and (3) electrical
conductivity structure of the Moon. It is well known that the Moon has no global magnetic
field, unlike the Earth, rather it has significantly strong crustal magnetic anomalies (e.g.
Coleman et al. 1972; Hood et al. 1981; Richmond and Hood 2008; Mitchell et al. 2008).
The origin of magnetic anomalies is one of the most important and debatable issues of
lunar science. For the lunar electromagnetic and plasma environment, the main controlling
factor is interaction between the Moon and the solar wind plasma. The Moon without global
magnetic fields in the solar wind results in generating a tail-like plasma void called the lunar
wake (Lyon et al. 1967). This provides a good opportunity to study the behavior of the
solar wind behind an unmagnetized solid body. For a smaller scale interaction, there may be
a small magnetosphere over the crustal magnetic anomaly, called the mini-magnetosphere
(e.g. Lin et al. 1998; Kurata et al. 2005; Halekas et al. 2008). When shock waves of the solar
wind pass through the Moon, and when the Moon moves into the Earth’s magnetosphere,
the induced field is observed as a transient field (e.g. Dyal et al. 1974; Hood et al. 1999).
Most important is the estimate of the metallic core size, which gives a crucial constraint on
the Moon’s formation with respect to the giant impact hypothesis of the Earth-Moon system
(Hartmann and Davis 1975). According to the giant impact hypothesis, the rocky material
accumulated at an orbit of the Roche limit formed the Moon, and thus the lunar metallic
core should be small. This is directly relevant to a possible lunar dynamo and the origin of
the lunar magnetic anomaly. However, it is not easy to obtain an accurate structure of the
electrical conductivity since induced fields are very small (<1 nT).

Lunar magnetic anomalies were observed by the magnetometer on the Apollo 15 and
16 subsatellites (e.g. Coleman et al. 1972; Hood et al. 1981). They are distributed as
spots of the order of 100 km in horizontal scale, showing intensity of a few nano-tesla at
~100 km altitude. Magnetization of the lunar crust was also indicated by surface mag-
netometer measurements (e.g. Dyal et al. 1974). While the Apollo observations were
limited to the low-to-middle latitude band (35° N-35° S), the magnetic field measure-
ment by the Lunar Prospector (LP) spacecraft in a polar orbit covered almost the entire
lunar surface and then provided the in-situ vector field by the magnetometer (Hood et
al. 2001) and the lunar surface intensity by the electron reflectometer (Lin et al. 1998;
Halekas et al. 2001). Based on the LP data, the preliminary global maps have been
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reported for the vector field at 30 and 40 km altitudes (Richmond and Hood 2008;
Purucker 2008) and for the lunar surface intensity (Mitchell et al. 2008). The LP mapping
results indicate that there are more anomalies on the lunar surface, and it is suggested from
the LP and Apollo missions that strong anomalies tend to be distributed on antipodes of the
lunar basins (e.g. Lin et al. 1988, 1998; Hood et al. 2001; Halekas et al. 2001).

It is generally accepted that the lunar magnetic anomalies originated from natural rema-
nent magnetization of the lunar crust acquired in a certain ambient magnetic field. How-
ever, the origin of lunar magnetic anomalies has been debated. From paleomagnetic studies
of the returned lunar rocks, their magnetizations are thought to be thermoremanent and/or
shock remanent in some ambient field (e.g. Fuller 1974). For the ambient field, two ma-
jor sources have been proposed so far: one is the interplanetary magnetic field enhanced
by plasma due to the basin-forming impact (e.g. Hood and Vickery 1984; Lin et al. 1988;
Hood and Artemieva 2008) or the magnetic field of a comet amplified by its impact (e.g.
Schultz and Srnka 1980), and the other is the global magnetic field generated by ancient
lunar dynamo (e.g. Runcorn 1983; Hood and Artemieva 2008). In the latter case, it gives a
crucial constraint on the Moon’s thermal evolution and the structure of the lunar deep inte-
rior (e.g. Stegman et al. 2003). Although lunar paleointensity data have been controversial,
arecent experimental study of the returned lunar rocks suggests that the lunar magnetic field
intensity was ~1 uT about 4.2 billion years ago (Garric-Bethell et al. 2009). This may be
supported by the recent study of numerical dynamo simulation of the early Moon (Takahashi
and Tsunakawa 2009). If the lunar dynamo worked once, it may have affected formation and
evolution of the early Earth’s atmosphere by a possible lunar magnetosphere (Takahashi and
Tsunakawa 2009).

Lunar MAGnetometer (LMAG) of the magnetic field and plasma experiment (MAP)
onboard the SELENE (Kaguya) spacecraft was designed for precise observation of the
vector magnetic field around the Moon. In this paper we review instrumentation and cal-
ibration of LMAG and report the initial global mapping results of the lunar magnetic
anomaly at a nominal altitude of ~100 km. Electromagnetic and plasma environment
around the Moon was observed in collaboration with Plasma energy Angle and Compo-
sition Experiment (PACE), and the initial results have been reported (e.g. Saito et al. 2008b;
Nishino et al. 2009a, 2009b; Yokota et al. 2009; Nagai et al. 2009; Tanaka et al. 2009).
The electron reflectometry of the lunar magnetic anomaly has been conducted in collabora-
tion with PACE, and the initial global mapping results will be provided (Saito et al. 2008c;
Yamamoto et al., in preparation). Electrical conductivity structure of the Moon has been
analyzed and will be reported elsewhere (Shimizu et al., in preparation).

2 Instrumentation and Calibration
2.1 Instrumentation

LMAG, with a triaxial ring-core type fluxgate sensor (MGF-S), was designed on the basis
of magnetometers of two previous missions, Geotail (Kokubun et al. 1994) and Nozomi
(Yamamoto and Matsuoka 1998). The noise level of peak-to-peak is less than 0.1 nT, and
basic specification of LMAG is summarized in Table 1.

MGEF-S has four dynamic ranges of +64, +256, £1024 and 65536 nT with a resolution
of 16 bits and a linearity better than 0.1% (Shimizu et al. 2008). Sampling rate is 32 Hz
with a low-pass filter of 10 Hz cut frequency. MGF-S was mounted on the top plate of a
12 m-long mast to avoid possible magnetic interferences of the spacecraft. The mast was
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Table 1 Basic specification
of LMAG

Sensor of MGF-S
Linearity
Dynamic range

Resolution
(16 bit)

Noise level
(peak-to-peak)

Sampling rate

Mast

Canister

Mass of sensor system
(including SAM-C)

Control unit, MAP-E
(including PACE)

three ring-core sensors
better than 103
range-3 : £65536 nT
range-2 : £1024 nT
range-1 : £256 nT
range-0 : £64 nT
range-3 : 2.0 nT
range-2 : 0.03 nT
range-1: 0.008 nT
range-0 : 0.002 nT
less than 0.1 nT

32 Hz

12 m in length
0.9 m in length,
0.3 m in diameter

14 kg in total

9 kg in total,

76 W in nominal

initially stowed in a canister (0.9 m in length and 0.3 m in diameter), and deployed after the
spacecraft was inserted into a polar orbit at a nominal altitude of ~100 km. Sensor alignment
was first calibrated in the ground test (Fig. 1) and finally determined in orbit with known
fields, 1 Hz triangle waves of 2.6 nT peak-to-zero amplitude at the MGF-S position. This
calibration field is generated by two coil systems (SAM-C, Sensor Alignment Monitor Coil)
which were wound around a fiber-reinforced-plastic cylinder inside the canister. The mass
of the LMAG sensor system is 14 kg in total. Details of the sensor alignment determination
are described by Shimizu et al. (2008) and Takahashi et al. (2009).

Magnetic interference from each of the mission instruments and the bus devices was
carefully measured and improved to satisfy the electromagnetic compatibility (EMC) con-
dition of the magnetic field (DC < 0.06 nT, AC < 0.002 nT) at the MGF-S position in the
ground test. It was confirmed from summing up each measurement that magnetic interfer-
ence in total was negligible at the sensor position. After the spacecraft began to orbit around
the Moon at the nominal altitude, LMAG was first deployed and turned on. Subsequently
the interference field was checked for each mission instrument in the initial check-out phase.
Details of the EMC control are reported by Matsushima et al. (2010).

Control units of MGF-S, mast, telemetry-command and house-keeping were contained
in an aluminum alloy box (MAP-E) together with power supply and PACE control units.
MAP-E has a mass of 9 kg and a power consumption of 76 W at nominal operation of both
LMAG and PACE. Details of PACE specification are described by Saito et al. (2008a, 2010).

2.2 Calibration
Linearity and orthogonality of three ring-core sensors of MGF-S and the SAM-C field were

calibrated in the ground test (Shimizu et al. 2008). In-orbit calibrations were carried out for
sensor alignment and zero offsets extensively during the initial check-out phase, October
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Fig. 1 Photographs of the
deployment of the lunar
magnetometer (LMAG) mast in
the ground test (a and b), bottom
part of the extended mast at

100 km altitude around the Moon
by a monitor camera (c¢) and an
image of LMAG onboard
Kaguya (d). MGF-S,
magnetometer of a triaxial
ring-core sensor installed in a
white box; canister, cylinder case
(0.3 m in diameter and 0.9 m in
length) for stowing the mast and
installing the sensor alignment
monitor coil (SAM-C) system.
MGE-S is covered with
multilayer insulation (MLI) when
LMAG is mounted on Kaguya

to November, 2007 (Takahashi et al. 2009). Euler’s rotation angles of the sensor alignment
were almost the same on the dayside and nightside of the Moon within 4-0.1°, and thus the
mast was not significantly deformed due to temperature change in orbit. The sensor align-
ment was repeatedly assessed during the constancy phase since December 2007, resulting
in good stability within £1.1°. The zero offsets were determined with a modified version of
the Davis-Smith method (Takahashi et al. 2009), to be almost stable within £0.3 nT during
the constancy phase.

Subtracting the offsets, applying the Euler’s rotation angles, and subsequently multiply-
ing matrices for the coordinate transformation, we finally obtained the calibrated magnetic
field in systems, such as GSE (Geocentric Solar Ecliptic), SSE (Selenocentric Solar Ecliptic)
and ME (Mean Earth/Polar Axis) coordinates.

In order to check validity of the calibrations, a time series of the magnetic field observed
by LMAG is compared with that of Advanced Composition Explorer spacecraft (ACE) at the
Lagrange point 1. An example of the interplanetary magnetic field measurement on March 8§,
2008 is shown in Fig. 2, when Kaguya periodically passed through the dayside and nightside
of the Moon in the solar wind region. Taking into account a roughly one-hour delay due to
the distance between the two spacecraft, the data show a good agreement in each component.
It is also seen in Fig. 2 that the magnetic field measured by LMAG is partly altered from
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Fig. 2 The magnetic field data around the Moon observed by MAP-LMAG of Kaguya on March 8, 2008
are compared with the Advanced Composition Explorer (ACE) data at the Lagrange point 1. The Kaguya
and ACE data are presented as mean values averaged for 1 second and 16 seconds, respectively, in the GSE
coordinates (By, By, B; and F). The horizontal axis is the universal time. Kaguya’s mean position was at
(56RE, 10RE, 3RE) in the GSE coordinates where R, is the Earth’s radius. In the bottom diagram, Kaguya’s
positions are also shown in the selenographic (ME) latitude (dashed line) and longitude (solid line) and in the
XgsEg of the Selenocentric Solar Ecliptic (SSE) coordinates. Taking into account a roughly 1-hour delay due
to the distance of Kaguya from ACE, the magnetic field data of Kaguya are consistent with the ACE data. It
is also seen that Kaguya repeatedly observed magnetic amplifications caused by the solar wind interactions
at the terminator and above the lunar magnetic anomaly

that of ACE due to magnetic amplification at the terminator (e.g. Halekas et al. 2005) and
magnetic enhancement above the lunar magnetic anomaly in the solar wind (Halekas et al.
2006). Therefore it is confirmed that the ground and in-orbit calibrations of LMAG were
well determined.
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3 Method of Mapping Magnetic Anomalies

When mapping the lunar magnetic anomaly, it is necessary to estimate the external field and
to remove it from the calibrated magnetic field. It is not easy to distinguish crustal mag-
netic fields from external field changes of short wavelengths, since anomaly field intensities
observed at ~100 km altitude by LMAG are expected to be a few nano-tesla or less.

There have been some techniques of anomaly extraction by assuming low-degree polyno-
mial functions of temporal change in the external field during a half of the orbiter revolution
and by evaluating a cross correlation among orbit passes (e.g. Hood et al. 1981; Langel 1995;
Purucker 2008). The low-degree polynomial approximation to the external field change is
useful when a ratio of the anomaly-field intensity to the external field is not small, for exam-
ple, in the tail lobe and at low altitudes. However, the external field around the Moon in the
solar wind region is frequently disturbed even in the lunar wake. As shown later (Sect. 3.3),
a lower bound of the representative period of external field changes is about 500 sec, that
is, ~800 km along track. Low-degree polynomial fitting cannot follow such components.
At any rate, the track length in the lunar wake is often somewhat shorter than a half of the
orbiter revolution, resulting in a shortage of polar region data and a possible bias due to a
certain strong magnetic anomaly. Thus we have developed another de-trending technique
applicable to a dataset of multiple orbits during one or more days in the tail lobe and the
solar wind region. This technique also has an advantage that a possible magnetic anomaly
in the polar region can be detected along a continuous track in contrast to the pole-to-pole
pass analysis.

3.1 De-trending Data in the Tail Lobe

Applying the Bayesian statistical procedure (e.g. Tsunakawa 1992) to each component of
multiple-orbit dataset, the observed magnetic field (B,;) is decomposed into the smooth
trend of the external field (Bj.,s) and the other component of relatively short peri-
ods (Bshort)a

B s = Birena + Bjon- (31)

The trend is approximated with quadratic normalized B-spline functions s; (j =1,...,m)
which are defined in time axis with (1 — 1) knots at equal intervals (see Appendix A by
Tsunakawa 1992). Byenao (¢ = x, y, z in the Cartesian coordinates) is expressed in terms of

m

Btrend,a ([i) = Zaa,jsj (ti)a (32)

j=1

where #; is a time of ith observation (i = 1,...,n), and 4,1, ..., dsn are coefficients of
the spline function. Usually we adopt m = n. This spline regression is to estimate a reason-
able parameter of a, = (ay.1, - - -, da.m)', Where superscript ¢ denotes the transpose. Suppose
that Bgporrqo (i ) is independently subjected to a normal distribution with a zero mean and a
variance of U ,NQO, o ), the likelihood function of @ and (7‘3 is

1
L((la, ﬁ{Bobs,a (Ii) - Brrend,ot (ti)}z]
Oy

%) = Hm[

2
1 m
Hme P|: 2 2{B()bS'a(ti)_Zaa,jsj(ti)}]

j=1
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R Ly By o (ti) "21 ) i (3.3)
= eXp| —7— obs,a\li) — Ay, jSjl; . .
2mo} P 202 pr bs. = e

Smoothness of the trend is considered here. The smoothest curve requires

d2 Btrend.a (t) _

o 0, (3.4)

for arbitrary time, and thus the trend is constituted by a straight line. If the second deriv-
ative is largely deviated from zero, the smoothness is lesser. Since the second derivative is
equivalent to the second difference of a,,

ANayj=ay; =20y 1+0au;2 (G=1,...,m), (3.5)

a Bayes model is constructed in association with a prior distribution of a,, 7 (a,). Treatment
of a, 0 and a, _; is referred to Tsunakawa (1992).

It is reasonably supposed that A’a, j (j=1,...,m) is independently subjected to a
normal distribution with a zero mean and a variance of aﬁ, N(O, ag). If

ai = uiaz 3.6)

a’

the prior distribution is written below,

2 2 7 2 m
u u u
® |A2q <|2i| —( = ) exp| — == |A2a, ;|
2 a, ] - 2 p 2 o, ] :
20/ 2mo? 20} =

(3.7)
In this formula, ufl is called the hyperparameter. Posterior distribution of a,, 7, (aaluft),

is given from the Bayes theorem as
ut \? S
« exp| ——5 | 3.8
C - I

m m

n 2
Se = Z{Bobs,a ) — Z g, jSj (fi)} +u? Z |A%aq ;1. (3.9)
im1

j=1 j=1

m [,t2
maalul) =] ] [5=2 exp[—
j=1

2
2mo;

[SE}

2 2 2 1
np‘)s’(aah'tot) X L(aotv o )n(aalua) = 27'[0‘2

o

where

Equation (3.9) indicates that u2 corresponds to a tradeoff parameter between fidelity to the
data (the first term on the right) and smoothness of the trend (the second term). Once ui
is given, other parameters are automatically determined by minimizing S, . Using matrices,
(3.9) can be expressed as

Sot = |ba - Xaaot|27 (310)

where b, is an (n + m) dimensional vector, (Bops.o (1), - - -, Bops.a (£2), 0, ..., 0)", and X, is
an (n + m) x m dimensional matrix (see Appendix B by Tsunakawa (1992)). ui is objec-
tively determined by minimizing a log marginal likelihood, Akaike’s Bayesian Information
Criterion (ABIC; Akaike 1980),

ABIC = —2In / Tpost(@g|u)da, = nlno? + In(det X!, X,) — mInuZ + const., (3.11)
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where 02 = S, /n. In a practical way, we search a minimum ABIC and an optimal solution
by giving uﬁ =2% to say, k =—5, ..., 20, solving (3.10) and calculating ABIC from (3.11).

Since the above method does not require equal interval data, it is applicable to the dataset
including some shortage of the observation (Tsunakawa 1992). Anomaly fields are estimated
by interpolating the smooth trend at the observation time within the analyzed span and sub-
tracting it from the observed field.

It is worth noting that the trend estimated from the tail lobe dataset is suited for the
induction analysis of a possible metallic core since the lunar magnetic anomaly fields are
removed. This application will be discussed elsewhere (Shimizu et al., in preparation).

3.2 De-trending Data in the Solar Wind Region

Equation (3.3) assumes that By, is subjected to a single normal distribution and thus ap-
plicable to the dataset in the tail lobe. However, the fluctuation of the external field is dif-
ferent between dayside and nightside (the lunar wake as a strict definition) in the solar wind
region. Thus we assume two kinds of tradeoff parameters in the solar wind region, u2 , = on

«,day
dayside and u>

wnight ON Nightside,

a,night

5 (3.12)

u? for Xssg < 0and ¥ Zssg = (Y + Z2sp)"/? < Ry,
Uy 4qy  for other cases,

where suffix SSE denotes the SSE coordinates, and R; is the Moon’s radius.
Using two tradeoff parameters of dayside and nightside, posterior distribution is

Mnight

n Mday 2
1oN2(Uia\ 2 [ Ui ? S,
2 a,day a,night o
ost (Ao -—— |, 3.13
i) (753) (5rs) * (Goeg) oz 09

o

where m g4y, and m e, are the number of knots on dayside and nightside, respectively, and

n m 2 Mday Mpight
_ 2 2 2 2 2 2
So = E :{ Bopso (1i) = 2 Ao, jSj (1) } +uo¢,day 2 |A Aa, jgay | +ua,night 2 A e, jujght I”.
i=1 j=1 jday:1 juighlzl

(3.14)
Thus,
ABIC =nlno,? + In(det X, Xo) — Maay N1}, 40, — Mipigrs 00, 0, 4 cONSt.— (3.15)

Using (3.14) and (3.15), we can objectively determine two tradeoff parameters to minimize
ABIC and obtain an optimal solution in the similar way to the tail lobe dataset.

3.3 Re-sampling, Data Selection and Global Mapping

In global mapping, we used the data observed in the lunar wake and in the tail lobe, while
the data of the dayside in the solar wind region were discarded. The external field trend is es-
timated from a dataset re-sampled from one-second time series, interpolated and subtracted
from the original dataset to calculate tentative anomaly values at one-second intervals. The
dataset expressed in the Cartesian coordinates is preferable in the present analysis, since the
short-period component (B ;,,;) due to the external field change in the spherical coordinates
fixed in the Moon is transformed and apparently variable along the orbit. As mentioned
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in Sect. 3.2, we assume a normal distribution of Bg,,,. If a strong magnetic anomaly is
observed in a calm external field, the anomaly field seems not to be subjected to a nor-
mal distribution along a single pole-to-pole pass. However, we simultaneously analyze data
along about 12 orbits shifting westward successively during a one-day observation and thus
possibly avoid an ill-posed problem.

In the present analysis, the Bayesian statistical procedure is applied to the data re-
sampled at 90-second intervals from a one-day dataset of about 12 orbits. This re-sampling
rate has a Nyquist frequency of 1/180 Hz, which assumes that external fields are described
mainly by lower frequencies than 1/180 Hz. From the spectral analysis of the magnetic field
around the Moon, frequencies lower than 1/100 Hz dominate in the solar wind region (e.g.
Nakagawa et al. 2010). We show examples of the dynamic spectra of the magnetic field in
the solar wind and tail lobe regions (Figs. 3 and 4). It is seen that dominant frequencies are
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Fig. 3 Dynamic spectra of three components and total force of the magnetic field in the solar wind region
(March 8, 2008) as in Fig. 2. Fourier transformation was applied to each of 1024 second sections. By, By,

B;, Xssg (blue line) and Y Zgsg = W/YSZSE + Z%SE/RL (Ry,, the Moon’s radius; red line) are in the SSE
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Fig. 4 Dynamic spectra of three components and total force of the magnetic field in the tail lobe region
(March 22, 2008). Kaguya’s mean position was at (—61Rg, —9RE, 4Rf) in the GSE coordinates. Symbols
are the same in Fig. 3. It is noted that Kaguya was in the plasma sheet around 10:00, 14:00 and 18:00

lower than 1/100 Hz, in particular, lower than ~1/500 Hz (wavelength of ~800 km along
track) on the nightside of the solar wind region and in the tail lobe region. Thus the trend of
the external field can be described when the re-sampling rate is at 90-second intervals. Ac-
cording to the spherical harmonic analysis of the lunar magnetic anomaly (Purucker 2008),
its distribution is presented mainly by the spherical harmonics of higher degrees than ~15.
This suggests that the typical wavelength of the lunar magnetic anomaly is shorter than
~700 km. Thus our re-sampling rate is reasonable, although the frequency ranges are not
clearly separated between the external field change and the magnetic anomaly field along
the track.

If the tentative anomalies of each pass show a relatively small standard deviation of
the tentative anomaly field (r.m.s. of B < 1.5 nT) and a relatively slow change (r.m.s. of
dB/dt < 0.2 nT/sec), the dataset is used in further analysis. Otherwise, the dataset is dis-
carded to avoid severe effects of the external field fluctuation. The former criterion means
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that a pass with frequent appearance of an anomaly field larger than 3 nT, twice the r.m.s.
of B, is rejected. This threshold is estimated from the Apollo mission results (e.g. Dyal et
al. 1974) and a case study of the Reiner Gamma magnetic anomaly (Kurata et al. 2005),
which is one of the strongest anomalies. Their dipole source model of the Reiner Gamma
anomaly suggests that the anomaly field is less than ~3 nT at 100 km altitude. The latter
criterion gives a constraint on high-frequency components based on the instrumental noise
level (see Sect. 2.1). Assuming a sinusoidal change of the magnetic field with a peak-to-zero
amplitude of 0.05 nT and a Nyquist frequency of the one-second dataset (1/2 Hz), its r.m.s.
of dB/dt is ~0.11 nT/sec. For safety, a value of 0.2 nT/sec is taken as a threshold in the
present study.

The selected data of three components and the calculated total forces are put into a
1° x 1° bin in the ME coordinate system. Within a bin, excluding data out of three stan-
dard deviations to avoid an effect of occasionally anomalous values, a mean value and a
standard deviation are recalculated. If a bin includes less than fifteen data, it is regarded as
insufficient and counted as vacant.

3.4 Altitude Normalization

Satellite observations of the magnetic anomaly field are performed at more or less differ-
ent altitudes due to the orbit configuration. If the altitude variation is not large, the original
dataset can be used in global mapping. Otherwise, it is necessary that measured anomaly
fields are normalized to a certain constant altitude. Recently some techniques of the normal-
ization have been applied to the LP data in mapping the lunar magnetic anomaly.

An empirical power law is applied to the upward and downward continuations in calcu-
lating anomaly amplitudes at 30 and 40 km altitudes in the preliminary global mapping of
LP (Richmond and Hood 2008). This law assumes that the magnitude of the anomaly field
is subjected to a power law empirically determined by a ratio between the observed and
normalized altitudes. Although this power law may be useful for projecting the magnetic
field data onto a spherical plane at a constant altitude close to the observation points, its
theoretical background has not been given.

The equivalent source model using surface dipoles was applied to global mapping of
the lunar magnetic anomaly (Purucker 2008). In this model, the lunar crust is divided into
blocks, each on which is assumed to have a horizontal magnetic dipole fixed at its center of
the surface. Magnetic potential is deduced from the dipoles, and anomaly fields are calcu-
lated at arbitrary altitudes. Thus the dipoles can be determined as an inverse problem of two
components of dipoles to fit the magnetic field observation. However, the magnitude and
direction of dipoles are not physically interpreted since they are simply tools in the analysis
(Purucker 2008).

Another equivalent source model using magnetic charges on the surface, the Equivalent
Pole Reduction (EPR) method, was applied to the Reiner Gamma anomaly using the LP
dataset (Toyoshima et al. 2008). In this method, the lunar surface is divided into blocks with
positive or negative magnetic charges (surface magnetic poles) like electric charges, and then
magnetic fields are calculated at arbitrary altitudes. Thus the EPR method is regarded as an
inverse problem of a surface density distribution of equivalent poles to fit the magnetic field
observation. Compared with the equivalent dipole model by Purucker (2008), the inversion
of the EPR method is more easily solved, since the surface density of equivalent poles is
scalar. Physical meaning of the equivalent pole distribution is discussed and clarified later.

It is well known that magnetic sources cannot uniquely be determined from the magnetic
field observation. Also, it is mathematically proven that the static magnetic field at any posi-
tion outside internal sources (or inside external sources) is determined from a distribution of
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specific scalar values on the boundary plane. This is called the boundary value problem, and
there are three possible boundary values corresponding to the first boundary value problem
(Dirichlet problem), the second boundary value problem (Neumann problem) and the third
boundary value problem (Cauchy problem). Thus the altitude normalization of the satellite
data can be performed by solving an inverse boundary value problem and calculating the
magnetic field at a certain constant altitude. In this subsection we briefly review principle
of the boundary value problem and clarify physical meaning of equivalent poles on the sur-
face. Based on the inverse boundary value problem, we show the altitude normalization, in
particular, the EPR method.

3.4.1 Principle of the Boundary Value Problem

The boundary value problem in the spherical coordinates (r, 8, ¢) is briefly reviewed in the
following (e.g. Roach 1982; Jackson 1998). Assuming a boundary of r = R and magnetic
sources of r < R, magnetic potential i (r) at a point of vector r(r, 8, ¢; x, y, z) in space of
r > R is expressed as,

o) R n+1
Y(r) = R%(;) Y, (0, ¢), (3.16)
Y, (0, ¢) = Z(Gf cosme + H," sinmg) P)" (cosf), (3.17)
m=0

where Y, is an n-degree spherical harmonic function, P," is a non-normalized-associated
Legendre function of n-degree and m-order, and G/ and H)" are spherical harmonic coeffi-
cients.

It is known that boundary value U (6;, ¢;) at a point of r (R, 6,, ¢;) is determined by the
linear combination of ¥ (r,) and 9y /dr|,,,

U(ex,%>=a¢(rx)+b";—lf , (3.18)

Is

where a and b are constant coefficients, and suffix S denotes the surface. This formulation
corresponds to the Dirichlet problem for @ = 1 and b = 0, the Neumann problem for a =0
and b = 1, and the Cauchy problem for a # 0 and b # 0. It is noted that a ratio of a/b has a
dimension of R~! for the Cauchy problem.

Transforming the equations, we can obtain the relationship of the potential with the
boundary value in terms of

w(r)Z//U(OS,%)K(n@,(p; Oy, @5)d S, (3.19)
s
1 /R 241
K(r,0,¢0,0s,0) = — — —— P, ), 3.20
r.0.9 #s) 47 R HZ_;‘<r> aR—bn+1) (cos ©) (3.20)
cos ® = cos 6 cos s + sinf sinb; cos(p — @), (3.21)

where P,(cos®) = P,? (cos®), and O is an angle between r and r;. Since a zero-degree
term of 1 (r,) should be null,

// U0, ¢;)dS =0. (3.22)
s
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This indicates that sum-of-boundary values on the surface should be zero. The magnetic
field is given in terms of

B(r) = oV (r) = —to / / Uy, ) VK (0, 0: 6, 0)dS,  (323)
S

where V is a gradient operator with respect to r.
Since the kernel K (r, 8, ¢; 65, ¢;) should be convergent, a and b are taken to be specific
values. For a = 1 and b = 0 (Dirichlet problem), U (6;, ¢;) = ¥ (r), the kernel K is

_ L - n+l
K= R ;(271 + D"t P, (&), (3.24)

where n = R/r and £ = cos ®. In this case, the boundary value is a magnetic potential.
According to the formula of the series of Legendre functions,

1—7n?
L3

Y @nA+ " Pyx) =

n=0

) (3.25)

where L = (1 — 2n& + n?)!/2. Therefore, the kernel is convergent in an analytic form,

1 n(1—=n? 1 72-1 1 (2Fr 3@ =DF-T7,)
= = , VK=—{= =~~~ &t
47R L3 47R 7? 47 R? | 73 7
(3.26)
where 7 =r/R and 7 = (r — r,)/R.
For a =0 and b = 1 (Neumann problem),
9 1
Ung) =Y =—La), (3.27)
ar re o
1 2n+1
K =— n+1Pn
47 R —~ n+1 g ®)
1 ad 21
=—— 12 Hp@E -y —p'tlp, } 3.28
4HR: ;n &) ;Hln 3) (3.28)

In this case, the boundary value is corresponding to a negative value of radial component of
the surface magnetic field. In other words, the magnetic field above the surface is determined
by the poloidal field while the toroidal field is confined to the surface. According to the
formulae,

o0

Yot R =7 (3.29)
n=0
and
=1 2n
— P E) =In[1+ ——— ). 3.30
2y @ =14 (3:30)

n=l
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Therefore the kernel is convergent,

1 [2n 2n 1 2 2
K=——{—-h|l+ ——){=———15—-In|{l4+——] 1.
47R | L 1—n+L 47 R |7 r+7r —1

VK — 1 r—r, 1 F+7—7s
2R 7P F+F+DE+F-D\F 7))

For a = —1/R and b = —2 (one of the Cauchy problems), the kernel is convergent,

1 2
U6y, p5) = == (rs) + — B, (ry), (3.32)
R Ho
1 & 1 g 11
K=—— P ()=t = 3.33
47R ;" )= ZRL - anR7 (3-33)
Therefore,
VK — 1 r—r; _r—r, (3.34)
T 4z R2 73 Amy3 )
U (6, —r,
B(r)z// #oUGs o) r=1s /¢ (3.35)
K 47'[ r’3

Equation (3.35) indicates that poU (6s, ¢5) for a = —1/R and b = —2 corresponds to sur-
face magnetic charges, that is, equivalent poles. In other words, the equivalent pole is a mix-
ture of the potential v (r,) and the radial component of the surface magnetic field B, (r).
From (3.28), the term of the Neumann-type kernel for n > 4 is dominated by the first term
on the right side. Compared with (3.33), the equivalent pole distribution can yield a good
approximation of 2B, (r;) for n > 4, that is, a wavelength shorter than ~2600 km on the
lunar surface.

3.4.2 Altitude Normalization Based on the Inverse Boundary Value Problem

If boundary values are given, the magnetic field at an arbitrary position outside magnetic
sources can be calculated. As an inverse problem, boundary values are obtained from mag-
netic field data observed at different positions. Thus the observation dataset can be normal-
ized to a constant altitude via boundary values, and the magnetic field can be interpolated if
there is a shortage of observation.

We take the lunar surface as a boundary, hereafter. Dividing the surface into M bins, the
magnetic field is approximated by boundary values at the center of bins,

M
B(r)~—po Yy U®;, 9)VK (0,90, 05, (3.36)

j=1

where (6;,;,¢;,;) and S; are a center position and an area of jth bin, respectively. The
magnetic field at an altitude of 4 is affected mainly by boundary values within a circle of
radius & beneath the observation point. Thus we should take a size smaller than 4 for each
bin.
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When the magnetic field is observed at r; (i =1,..., N),

B(ry) T o Tiewm Urg,1)
: = : : : , (3.37)
B(ry) Tn:y -+ Tyzm ] LU@rsm)
Tia,j = — ol Ve K (i, 0i, @35 6 j, 05, )1a S, (3.38)
where ri = (r;,0;, ;) and ry ; = (R, 6, j, ¢ ;). Thus,
Urs,1) B(ry)
: =T'n'r| |, (3.39)
U(rs,m) B(ry)

where T' = (7} ;). An optimal solution of U is given by the least square fitting to the observed
magnetic field.

Since (3.39) is considered to be deconvolution, the noise included in the observed mag-
netic field tends to be amplified and to disturb boundary values. Thus we consider smooth-
ness of the boundary value distribution in a similar way to the de-trending technique in
Sect. 3.1. Approximating that adjacent bins are on a plane, we take a second difference of
U as the representative smoothness as

AU;j4U; - U1 +U;r,+U;j3+Uja), (3.40)

where U; is a boundary value of jth bin, and U (k =1, ...,4) are boundary values of its
surrounding bins. If AU; =0, distribution of boundary values is smoothest. Assuming that
AUj is subjected to a zero-mean normal distribution, prior and posterior distributions and
ABIC are defined (Toyoshima et al. 2008). Minimizing ABIC, we obtain the most likely
distribution of boundary values.

In the present study, the EPR method improved for global mapping (Shibuya et al., in
preparation) is applied to the dataset of the magnetic anomaly in 1° x 1° bin format. Since
the computer resource is limited, it is difficult to obtain an equivalent pole distribution of the
whole lunar surface simultaneously. Thus the lunar surface is divided into ten regions: four
middle-latitude regions of the northern hemisphere (0° to 60° N in latitude, and 305° E to
45°E, 45° Eto 135° E, 135° E to 215° E and 215° E to 305° E in longitude; 0.5° x 0.5° bin)
and a north polar region (60° N to 90° N; 0.5° x 1° bin), and also the same divisions in the
southern hemisphere. Those regions overlap to some extent. We solve an inverse problem
of each region and connect the equivalent pole distributions to cover the whole surface. It
is noted that equivalent poles of overlapping bins show a good consistency between the
adjacent regions within estimated error levels in the present analysis.

3.5 Subtraction of the External Field Changes and Random Noise

In the present anomaly analysis, we need a careful treatment of the data observed at high
altitude since signatures of the crustal magnetic field is comparable to the external field
change as mentioned before. In this subsection, we summarize the subtraction of the external
field changes and noises to be the following three procedures.

(i) The Bayesian procedure of de-trending is effective especially for subtracting the exter-
nal field changes of various longer wavelengths, since we assume only the smoothness
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without analytical functions of time. Based on the spectral analyses of the observed
magnetic fields, the re-sampling interval, 90 sec in the present study, is determined
from a lower bound of main components of the usual external-field change. This re-
sampling may work like a low-pass filter. A tradeoff parameter between the fidelity to
the observed data and the smoothness of the external field trend is objectively deter-
mined using statistical information of ABIC.

(i) The selection criteria of the pass are basically determined from the upper bound of the
lunar magnetic field at ~100 km altitude and from the instrumental noise. The former
criterion may reject an occasionally anomalous field due to a step-like change of the
external field such as a shock wave. The latter criterion like a high-cut filter may be
effective for quantitatively and routinely distinguishing the pass in the magnetosheath
and plasma sheet of the Earth.

(iii) Even after the above procedures, noise components possibly affect within-bin aver-
aged values. The altitude normalization based on the inverse boundary value problem
can further reduce noise effects by evaluating the static field due to the crustal magne-
tization like the cross correlation among the bin data.

4 Results of Mapping Magnetic Anomalies
4.1 De-trending Results

The method of mapping magnetic anomalies in Sect. 3 was applied to a time series of one-
second average data which were observed at a nominal altitude of ~100 km in a polar
orbit during November 2007 to December 2008. About 20% of 14-month data passed the
selection criteria. As a result, coverage of the initial global mapping in 1° x 1° bins from
the nominal observation is about 95% of the lunar surface. Since the solar activity has been
very low during the observation, an effect of the external field fluctuation is small enough to
detect a weak signal of the lunar magnetic anomalies at ~100 km altitude.

One of the typical examples of magnetic anomaly fields after de-trending is shown as
wiggle maps along orbit passes for the southeastern part of the farside (Fig. 5). The magnetic
fields in Fig. 5 were observed along 185° E-222° E passes in the tail lobe (September 13-16,
2008) and 225° E-246° E passes on the nightside of the solar wind region (November 5-6,
2008). It is seen that each map of three components shows a good correlation between
adjacent passes, although most of the anomaly amplitudes are less than 3 nT.

For example, Fig. 6 shows de-trending results along a 240° E pass by the Bayesian pro-
cedure in the Cartesian coordinates together with those by the quadratic polynomial fitting.
The Bayesian results are part of a one-day analysis of about 12 orbits including both of the
lunar nightside and dayside, while the quadratic polynomial fitting is applied to the pass
in the wake. Most features of both methods are nearly identical within ~0.1 nT. However,
offset-like deviations of 0.1-0.2 nT along the pass are seen in the northern section of the
quadratic polynomial fitting results. This long-wavelength deviation seems to be caused by
an effect of a large anomaly field around 20° S (the Crisium antipode anomaly). On the other
hand, such an offset-like deviation does not remain in the corresponding part of the Bayesian
one-day analysis. Thus small signatures are more detectable in the present analysis.

4.2 Overview of Initial Global Mapping at 100 km Altitude

Initial global mapping results of the lunar magnetic anomaly without altitude correction are
shown in Lambert equal area projections (Figs. 7 and 8). Altitudes during the observation
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Fig. 6 De-trending results of three components by the Bayesian procedure in comparison with those by the
quadratic polynomial fitting for the pass of 240° E in Fig. 5. Blue line, the observation before de-trending;
red line, the result by the Bayesian procedure; green line, the result by the quadratic polynomial fitting. The
Bayesian results are part of one-day analysis of about 12 orbits including both of the lunar nightside (wake)
and dayside, while the quadratic polynomial fitting was applied to the pass of night side as shown by blue
lines

period range from 70 to 130 km, mostly within 100 & 10 km, and altitudes on the nearside
tend to be slightly higher than on the farside (Fig. 7).

The observed anomaly field is regarded as a static field of the lunar crustal magnetization
with random disturbances due to the external field fluctuation, the instrumental noise and
the altitude fluctuation. Thus a standard error (se) is calculated as a representative error of
the mean anomaly field at the mean altitude for each bin (Fig. 9). It is seen in Fig. 9 that
about 99% of bins have errors of three components of <0.1 nT (1 se). Thus we can study
the high-altitude anomaly field of less than 1 nT with sufficient precision.

Several strong anomalies are clearly seen on the map of total force in logarithmic scale
(Fig. 7), although their intensities are less than 4 nT. Weak and north-south elongated anom-
alies in the total force map may be caused by an insufficient removal of the external field
change and possibly disturb the identification of the crustal anomaly. In this case, the radial,
north and east component maps are useful, since magnetic anomalies of crustal magneti-
zation are identified as a pair of positive and negative fields and then distinguishable from
noises (Fig. 8).

Itis seen in Figs. 7 and 8 that an anomaly cluster is distributed at the northwestern edge of
the South-Pole Aitken (SPA) basin on the farside and several isolated anomalies on both the
nearside and farside. This overview of the anomaly distribution from the Kaguya observation
at ~100 km altitude is well consistent with previous works (e.g. Richmond and Hood 2008).
Distinctly identified are anomalies in the Descartes crater region (DC), the Stofler crater
region (ST) and the Crisium basin region (CR) on the nearside, and in the Crisium antipode
region (CA), the Serenitatis antipode region (SA) and the Imbrium antipode region (IA)

@ Springer



238 H. Tsunakawa et al.

Nearside Alm’de Total Force Data Count

= =

70 80 90 100 110 120 130 . 5 0 . 30 60 90 120 150 180

Fig. 7 Distributions of the altitude (left), the total force (middle) and the data counts of a 1° x 1° bin (right)
during the constancy phase (~100 km altitude) in Lambert equal area projection. Gray color indicates that
the bin does not include sufficient data, that is, a vacant bin on the map. The data used in the mapping
were selected from LMAG observations in the lunar wake and in the tail lobe regions (November 2007 to
December 2008). The color scale of the total intensity is logarithmic. CR, Crisium basin; DC, Decartes crater;
ST, Stofler crater region; RS, Rima Sirsalis; IA, Imbrium antipode; SA, Serenitatis antipode; CA, Crisium
antipode; OR, Orientale basin; AL, near Abel crater; SPA, South Pole-Aitken basin

on the farside. The strongest anomaly of ~3 nT is located in the Crisium antipode region.
Relatively weaker anomalies are recognized in the Reiner Gamma region (RG), the Rima
Sirsalis region (RS) and the Abel crater region (AL) on the nearside. On the other hand, the
Orientale basin (OR), which is considered the youngest on the Moon, shows no significant
anomaly.

The anomaly field normalized to a constant altitude of 100 km by the EPR method is
shown for three components in Fig. 10 and for total force in Fig. 11a. An error level is es-
timated to be +0.20 nT for each component at 100 km altitude. Characteristic features of
the relatively strong anomalies in the altitude-normalized maps are almost the same as those
in the map without altitude correction, while noise-like components are reduced in Figs. 10
and 11a. As a result, it is easier to distinguish crustal anomalies in the total force map, al-
though the anomalies are slightly smoothed. Using the altitude-normalized anomaly maps
by Kaguya, we identify and describe magnetic anomalies in more detail, compared with the
previous study of LP mapping at 30 km altitude (Richmond and Hood 2008, RHOS8 here-
after), in particular, concerning the anomaly locality on the total force maps in logarithmic
scale (Figs. 11a and b). For the RHOS total force map, all of the anomaly field data at 30 km
altitude provided by Richmond and Hood (2008) were put in 1° x 1° bins, and average val-
ues are mapped in Fig. 11b. Although Richmond and Hood (2008) do not explicitly map
anomaly fields of intensities smaller than 3 nT in total force, such small anomalies are also
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Nearside

Fig.8 Three components of the lunar magnetic anomaly from the Kaguya observations during the constancy
phase are shown in the ME coordinates as in Fig. 7. The color scale is linear, and the white area in the Crisium
antipode region on the farside denotes lower than —2 nT
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Fig. 10 Three components of the lunar magnetic anomaly normalized to a constant altitude of 100 km by
applying the equivalent pole reduction (EPR) method to the Kaguya 1° x 1° bin data (Fig. 8) are shown in
the ME coordinates

visualized in Fig. 11b. It is noted that we refer the basic information of the lunar basins to
Wilhelms (1984) in the following description of near-basin magnetic anomalies.

4.3 Basin Antipode Regions

The Crisium antipode region (CA in Fig. 11a) near the Gerasimovic crater on the farside
shows the strongest anomaly of ~2.4 nT at 100 km altitude. This locality is consistent with
the RHOS total force map (Fig. 11b). Its radial component (B,) is positive at the northern
area and negative at the southern area (Fig. 10), which agrees with the LP vector maps (see
Fig. 8 by Richmond and Hood 2008). The north component (B,) and east component (B,)
also show a good agreement with the RHO8 vector maps. Although the RHOS total force
maps at 30 km altitude indicate a few sharp peaks of the total force in the Crisium antipode
region, the present results show only a single broader peak. This difference is probably due
to the higher altitude of Kaguya.

The Serenitatis antipode region on the farside (SA) consists of a few peaks of the total
force (Fig. 11a), one of which is second in the total force (~1.8 nT) at 100 km altitude.
Along 165° W longitude, there is a pair of strong B, peaks, one positive in the north and
one negative in the south at ~10 degree distance (Fig. 10). At the center of these peaks, a
strong negative peak of B, is recognized in association with two broad peaks of positive B,,.
These patterns can be explained by a south-north elongated magnetic body of northward
magnetization. However, this source model is not conclusive since a positive B, peak is
unclear on the LP vector maps by Richmond and Hood (2008).
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(a) 100 km altitude (Kaguya) (b) 30 km altitude (RHO8)
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Fig. 11 Total force of the lunar magnetic anomaly calculated from three components at 100 km altitude by
applying the EPR method to the Kaguya observations (a), and the total force at 30 km altitude by Richmond
and Hood (2008) averaged for 1° x 1° bin (b). The color scale is logarithmic. Gray color in the right denotes
vacant bins with no data

The Imbrium antipode region (IA) shows a large-scale anomaly cluster in Fig. 11a like
previous works (Richmond and Hood 2008; Mitchell et al. 2008; Purucker 2008). There
are several peaks of the total force in this region, and patterns of three components are
complicated in association with short-wavelength anomalies (~5 degree in length; Fig. 10)
unlike the Serenitatis antipode region. These complicated signatures are consistent with the
RHOS vector maps except for fine structures, so that they are not artifacts due to external field
fluctuations as illustrated by Richmond and Hood (2008). It is worth noting that the Imbrium
antipode anomaly cluster is weaker than the Serenitatis antipode anomaly at 100 km altitude
(Fig. 11a), while it is stronger at 30 km altitude (Fig. 11b) and on the surface by the electron
reflectometry (Mitchell et al. 2008). Such a rapid decrease in the anomaly intensity of the
Imbrium antipode region is also seen on the 40 km altitude maps by Richmond and Hood
(2008). This altitude dependence may be caused by the dominance of short-wavelength
components in the Imbrium antipode region.

The Orientale antipode region is located in the Marginis basin (MG) with a center of
(20° N, 84° E) and a diameter of ~600 km, where some vague anomalies are recognized
on the nearside in Fig. 11a. A stronger anomaly of ~1 nT is seen at (16° N, 95° E) near
the Marginis basin, which may belong to the Lomonosov-Fleming basin (LF) with a center
of (19° N, 105° E) and a diameter of ~600 km on the farside. This locality is consistent
with the RHOS total force map (Fig. 11b) and the electron reflectometry map (Mitchell et al.
2008).
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4.4 Basin Regions

The Crisium basin (CR) is located at (18° N, 59° E) with an innermost ring diameter of
~400 km. There are two total force peaks of ~1 nT near the northern and southern edges of
the basin (Fig. 11a), which are consistent with the RHOS result (Fig. 11b). Three component
distributions are different between these northern and southern intensity peaks. For example,
radial components are dominated by a positive one around the northern intensity peak, while
they are represented by a pair of positive and negative ones around the southern intensity
peak (Fig. 10). Thus it seems difficult to explain these two anomalies by a single source of
uniformly magnetized body.

The Moscoviense basin (MS) is located at (27° N, 148° E) with a diameter of ~300 km
on the farside, showing a weak and broad anomaly intensity of ~0.4 nT (Fig. 11a) as in the
RHOS total force map (Fig. 11b). The age of this basin has been considered Nectarian, that
is, ~4 billion years ago. However, the recent observation by Kaguya indicates that surface of
the eastern mare basalt shows lower crater density and its age is estimated to be ~2.5 billion
years (Haruyama et al. 2009). There seem to be two peaks in Fig. 11a as in the Crisium
basin anomaly. Since their intensities are small, it is not conclusive.

An isolated anomaly of ~1 nT intensity is seen near the center of the Mendel-Rydberg
basin (MR) with a center of (50° S, 94° W) and a diameter of ~400 km on the farside. This
anomaly is recognized in Fig. 11b and more clearly in the total force map by Richmond and
Hood (2008). Three component distributions may be explained by a single dipole source of
upward oriented magnetization (Fig. 10).

A strong anomaly of ~1.4 nT total force is seen at the northern edge of the Apollo basin
(AP) with a center of (36° S, 151° W) and a diameter of ~500 km on the farside. This
anomaly is located in the southeast of the Serenitatis antipode region. Distributions of three
components are similar to those of the Serenitatis antipode anomaly. Since the Apollo basin
anomaly is much weaker than the Serenitatis antipode anomaly on the RHOS total force map,
it seems to constitute a part of the Serenitatis antipode anomaly cluster (Fig. 11b).

The Imbrium basin with a center of (33° N, 18° W) and a diameter of ~1200 km
shows low intensity in Fig. 11a, as indicated by previous works (Richmond and Hood 2008;
Mitchell et al. 2008; Purucker 2008). In the Orientale basin with a center of (20° S, 95° W)
and a diameter of ~900 km, there is almost no anomaly in Fig. 11a. This feature is con-
sistent with the mapping results by Mitchell et al. (2008) and Purucker (2008), although
the RHOS total force map seems to show very weak anomalies due to external field fluc-
tuations (Fig. 11b). In the Serenitatis basin with a center of (27° N, 19° E) and a diameter
of ~700 km, there seems to be a weak and broad anomaly of ~0.4 nT near the center
(Fig. 11a). A weak anomaly cluster may be recognized in the Serenitatis basin on the RHO8
total force map (Fig. 11b), although its intensity seems comparable to the noise level.

4.5 Other Isolated Anomalies

Richmond and Hood (2008) reported other strong isolated anomalies on the nearside: Reiner
Gamma (RG), Rima Sirsalis (RS), Hartwig (HW), Decartes (DC), Airy (AR), Stofler (ST),
Abel (AL) and Vallis Snellis and Vallis Rheito (VV). All of them are identified almost at the
same localities on the 100 km map of the total force by Kaguya (Fig. 11a).

There seem to be more anomalies on both the nearside and farside on the 100 km total
force map (Fig. 11a) as shown by symbols of a—k. Broad anomaly a at (15° N, 170° W) on
the farside corresponds to two anomalies on the 30 km total force map of RHOS (Fig. 11b).
Anomaly b at (5° N, 115° E) on the farside is recognized to be an isolated one at the same
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locality in Fig. 11b. Anomaly c at (5° S, 165° E) near the Keeler-Heaviside basin on the
farside is found to be a small cluster-like anomaly in Fig. 11b. Anomaly d at (60° S, 25° W)
on the nearside is weak and small in Fig. 11a, and it may correspond to a weaker and smaller
one at the same locality in Fig. 11b. Anomaly e is located at (70° N, 65° W) near the north
pole on the nearside, and a weak anomaly is seen at the same locality in Fig. 11b. These
anomalies of a—e are more clearly identified as small but strong anomalies of more than
3 nT on the total force map at 30 km altitude by Richmond and Hood (2008; see Fig. 7a).
The agreement of a—e anomalies between two different datasets indicates that these weak
and small anomalies are not artifacts. Anomalies of f—k are also found on the 100 km-
altitude map (Fig. 11a). Although there seem to be anomalies at the same localities on the
30 km-altitude map (Fig. 11b), they are less recognizable.

5 Discussion on the Lunar Crustal Magnetism
5.1 Weak Magnetic Anomalies over the Lunar Surface

The results of mapping magnetic anomalies in the present study well agree with previous
studies using the LP data with respect to the isolated weak anomalies of <1 nT at 100 km
altitude as well as strong ones. This agreement between the different datasets indicates that
the weak magnetic anomalies are originated from the lunar crustal magnetization and sug-
gests that the Kaguya observations precisely detected weak magnetic anomaly fields. Thus
we check weaker anomaly fields of the lunar crustal magnetism, while the strong magnetic
anomalies have attracted us so far.

The present study provides a dataset of magnetic anomalies at ~100 km altitude. How-
ever, the 100 km-altitude maps are not suitable to the analysis of relatively weak and small-
size anomalies, since those anomaly fields are subject to extensive attenuation in amplitudes
at high altitude. As indicated in the previous section, the Imbrium antipode (IA) anomaly
cluster is weaker than the Serenitatis antipode (SA) anomaly at 100 km altitude (Fig. 11a),
while this relationship is reversed at 30 km altitude (Fig. 11b). This rapid decrease of the
IA anomaly field in intensity is probably caused by its complicated features of magnetic
anomalies resulting in dominance of short-wavelength components. Thus we use the sur-
face density map of equivalent poles (Fig. 12a), which is regarded as the distribution of 2B,
on the surface (see Sect. 3.4.1). The error is estimated to be +0.48 nT for the equivalent
pole distribution, that is, +0.24 nT for the surface B,. This equivalent pole density map
is compared with B, of the RHO8 map at 30 km altitude (Fig. 12b). Richmond and Hood
(2008) do not explicitly show anomaly fields of smaller amplitudes than 1 nT for three com-
ponents, while Purucker (2008) mapped magnetic anomalies over the lunar surface using
the LP dataset. In order to obtain a clear view of weak anomalies, smaller full scales are
adopted in Figs. 12a and b.

It is seen that the equivalent pole density on the surface shows large amplitudes in the
Imbrium antipode region while there are only very weak signatures in the Orientale basin
(Fig. 12a). There are many weak but significant anomalies of 10-20 degree wavelength over
most of the lunar surface except for the Orientale and Imbrium basin regions (Figs. 12a
and b). It is striking in Figs. 12a and b that fine structures of strong and weak anomalies are
similar on both maps over most of the lunar surface, although the equivalent pole distribution
shows slightly smoother patterns than the B, distribution of the LP map at 30 km altitude.
The reason for this smoothness is probably that signatures of very short wavelength com-
ponents at 100 km altitude are contaminated with noise and reduced through the smoothing
effect of the EPR procedure (see Sect. 3.4.2).
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(a) Equivalent Pole on the surface  (b) Radial component at 30 km altitude

Farside T ==

-20nT 0 20nT
-5nT 0 5nT

Fig. 12 The surface density of equivalent poles from the Kaguya observations and the radial component at a
30 km altitude from the Lunar Prospector observations (Richmond and Hood 2008). Lower and upper color
scales correspond to the maps from the Kaguya and Lunar Prospector datasets, respectively. It is noted that
equivalent pole density is approximated to be twice the surface radial component. Gray color in the right
denotes vacant bins with no data. White part denotes values out of the full scale

The surface B, value is approximated to be half of the equivalent pole density, and its
mean value is calculated in a one-degree bin of the low-to-middle latitude region (60° S—
60° N). B, values of the RHOS dataset at 30 km altitude are also averaged for the same
bins. Comparing those values, a correlation coefficient is calculated to be 0.394. Taking
mean values of B, in a six-degree bin to average out very short wavelength components,
a correlation coefficient is 0.615 with a slope of 1.44 and an intercept of —0.02 (Fig. 13).
Nearly null intercept indicates no systematic offset between these B, distributions, and the
slope is attributed to the attenuation depending on wavelength. If n-degree component of
spherical harmonics (B, ) is representative of the weak anomalies, the altitude dependence
is given by the following equation from (3.16),

1 R n+2
- Yney )
n+1<r> ©.9)

Bn,r (r) =

and the representative degree n is

n=1n(1/1.44)/1n(1738.4/1768.4) —2~ 19,
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Fig. 13 Correlation diagram of
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19-degree spherical harmonic term has a wavelength of ~18.6 degree (~565 km), which
is concordant with the dominant wavelength of B, in Figs. 12a and b as mentioned above.
Therefore it is indicated that weak anomalies over most of the lunar surface are not artifacts
but likely to be originated from the lunar crustal magnetization.

5.2 Ambient Field Inducing the Lunar Crustal Magnetization

According to the basin-forming impact model (e.g. Lin et al. 1988), the interplanetary mag-
netic field (IMF) around the Moon is pushed toward an antipode of the impact area and
piled up there. The field intensity at the antipode area becomes strong enough to yield shock
remanence due to deposition of the impact ejecta. That process is likely to explain strong
magnetic anomalies in the basin-antipode regions. In particular, the Crisium antipode region
(CA) associated with no remarkable topographical features and gravity anomalies (Fig. 14)
suited to be elucidated by the basin-forming model. However, that model seems to have dif-
ficulty explaining weak anomalies over the lunar surface and the magnetic anomalies in the
near-basin and near-crater regions.

As pointed out in Sect. 1, the lunar magnetic anomalies should be studied for two major
problems: one is an ambient field inducing significant remanence intensity and the other
is a type of remanence of the anomaly source. If the IMF of ~10 nT is an ambient field
inducing the remanence, it should be enhanced extensively by some mechanism like the
basin-forming model. However, it seems difficult to amplify IMF over the lunar surface to
yield widely-distributed anomalies. This difficulty is settled if a global magnetic field of the
early lunar dynamo is assumed. A recent study of the numerical dynamo simulation shows
that an early lunar dynamo could exist in association with dichotomy of thermal condition
at the lunar core-mantle boundary (Takahashi and Tsunakawa 2009). They suggest that such
an ancient lunar dynamo could have a dipolar field of more than 100 nT, possibly 1 uT, on
the lunar surface with polarity reversals and that the lunar crustal magnetization would be
acquired in an early lunar magnetosphere. For the strong magnetic anomalies, the dynamo
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Nearside Topo Free Air Bouguer

Interval: 2 nT
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Fig. 14 Maps for correlation of the radial component distribution with the topography, the free-air gravity
anomaly and the Bouguer gravity anomaly. The radial component is mapped at 2 nT intervals (solid line,
positive; dashed line, negative). The distributions of the topography, the free-air gravity anomaly and the
Bouguer gravity anomaly are referred to the public database of the SELENE (Kaguya) data archives

field is also one of the possible ambient fields enhanced by the basin-forming impact (Hood
and Artemieva 2008). It is worth noting that, if the ancient lunar dynamo ceased before the
Orientale basin formation, which is considered to be the youngest basin on the Moon, the
basin and its surrounding rocks could be demagnetized (e.g. Mitchell et al. 2008).

5.3 Global Correlations of the Anomaly Distribution with Other Data

The other problem is a type of remanent magnetization of the anomaly source, which is
tightly linked to mechanism of the magnetization acquisition. It is meaningful to exam-
ine a global-scale correlation of the magnetic anomaly distribution with other mapping
results. We roughly check its correlation with the lunar surface topography, free-air, and
Bouguer gravity anomalies in Fig. 14. The anomaly field is represented here by the sur-
face B, as half of the equivalent pole density, while the topography, free-air, and Bouguer
gravity anomalies are mapped on the basis of the recent public database of the SELENE
(Kaguya) data archives (e.g. Araki et al. 2009; Namiki et al. 2009). If the impact-origin
magnetic anomaly dominates, there should be a good correlation of B, with the topog-
raphy and/or the free air anomaly. If magnetized bodies of extrusive or intrusive rocks
carry most of the crustal magnetization, the locality of the magnetic anomaly should be
well correlated with the topography and/or the Bouguer anomaly distribution. It is seen
that many magnetic anomalies are concentrated at the northwestern edge of the South-
Pole Aitken basin as pointed out by previous studies (e.g. Richmond and Hood 2008;
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Mitchell et al. 2008). However, there seems to be no other clear correlation on a global
scale (Fig. 14) implying that the lunar magnetic anomalies may not be attributed to a single
magnetization process.

5.4 Remanence Type and Direction of the Lunar Crust Magnetization

Most of the previous studies have concentrated on the anomaly intensity. It is known that
the magnetization intensity depends on not only the ambient field intensity but also the
configuration of anomaly sources such as an edge effect and the rock magnetic property
of anomaly sources such as a remanence type and a magnetic mineral content. However,
it seems difficult to accurately determine the source configuration and the rock magnetic
property from the remote sensing data. This problem is more serious if the anomaly source
is buried and covered by the surface material. The laboratory experiment of lunar rocks is
useful for the rock magnetic study but not easy, since their magnetic minerals are composed
of iron metal, unlike the Earth’s rocks. These difficulties can possibly cause overestimation
or underestimation of the ambient field intensity recorded in lunar rocks.

The magnetization direction is also important in understanding crustal magnetization.
As mentioned in Sect. 4, the main anomaly in the Serenitatis antipode region is possibly
interpreted to have a source of northward magnetized body. There is, however, a fundamental
problem whether possible remanences of the lunar crustal rock can accurately record the
ambient magnetic field.

From the rock magnetic study of lunar rocks, two possible remanences have mainly
been proposed: thermoremanent magnetization (TRM) and shock remanent magnetization
(SRM). TRM is acquired when crustal rocks are formed in magmatic process and cooled
below the Curie temperature (7,) of magnetic minerals and further below their blocking
temperatures. According to the rock magnetic study, lunar rocks mostly contain kamacite,
Fe—Ni alloy of T, ~ 770°C (e.g. Fuller 1974). TRM satisfies the parallel and proportional
laws, recording the ambient field precisely. SRM is gained when crustal rocks undergo a
shock event with hypervelocity (e.g. Nagata 1971; Cisowski and Fuller 1978). A recent ex-
periment shows that SRM possibly has the parallelism and proportionality to the ambient
field (Gattacceca et al. 2008). In addition to SRM, a shock event may induce piezorema-
nent magnetization (PRM) in relatively lower pressure and TRM by heating up to blocking
temperatures (e.g. Gattacceca et al. 2007). PRM is possibly parallel to the ambient field
and effective on lower coercivity part of magnetic minerals (e.g. Kinoshita 1968). Although
experiments of kamacite have not been sufficient, the above crustal magnetizations could
record the ambient field, in particular, its direction. This may enable us to obtain the in-
formation of the ambient field at the time of magnetization acquisition regardless of the
remanence type.

If lunar crustal rocks around a basin antipode are remagnetized under an ambient field
extensively deformed by the basin-forming impact, their magnetization directions are ex-
pected to be nearly vertical (e.g. Hood and Artemieva 2008). If lunar crustal magnetizations
are acquired in a dipolar dynamo field without deformation, their magnetic poles should be
concentrated like the geomagnetic field. Previous studies of the Apollo data may suggest a
few concentrated areas of magnetic poles (e.g. Runcorn 1983), however, the coverage of the
Apollo observations is limited to the low-to-middle latitude region. Since the lunar magnetic
anomalies possibly have multiple origins, anomaly clusters, isolated strong and weak anom-
alies, and widely-distributed weak anomalies should be classified and analyzed with careful
consideration of their morphological characteristics and ages like the paleomagnetism of the
Earth.
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The analysis of the magnetization direction needs some assumption of source configura-
tion such as a dipole and disk. Using the LP datasets at two different altitudes, Kurata et al.
(2005) show that two isolated anomalies in the Reiner Gamma region are well approximated
with two corresponding dipole sources at ~10 km depth. Based on the global observation at
low altitudes by Kaguya together with that by Lunar Prospector, precise analyses of magne-
tization directions will provide insight into lunar crustal magnetism.

6 Conclusions

(1) We have developed and calibrated the lunar magnetometer (LMAG) onboard Kaguya
and successfully observed the lunar magnetic field for a nominal altitude of ~100 km
for about 14 months. Signals of the lunar magnetic anomaly were extracted and mapped,
applying the new technique of the Bayesian procedure. As a result, initial global maps
of the lunar magnetic anomaly in 1° x 1° bins were obtained with 95% coverage of the
lunar surface with an error level of £0.1 nT.

(2) Observations of the magnetic field due to the crustal magnetization at different altitudes
are reduced to scalar boundary values on the lunar surface such as the potential, radial
magnetic field and magnetic charge. This procedure is mathematically defined as three
types of the inverse boundary value problem. Once a boundary value distribution is
obtained, the anomaly field can be calculated at an arbitrary point above the surface.

(3) The equivalent pole reduction (EPR) method corresponds to the Cauchy type of the
inverse boundary value problem, and its density distribution is approximated to be twice
the radial component of the surface magnetic field. Applying the EPR method to the
Kaguya-LMAG bin data at ~100 km altitude, full-coverage magnetic anomaly maps
were obtained at a constant altitude of 100 km with an error level of +0.2 nT.

(4) Characteristic features of the mapping results in the present study agree with those of the
Lunar Prospector with respect to not only the strong anomalies at basin-antipode regions
but also weaker isolated anomalies. Thus the Kaguya-LMAG maps give reliable vector
fields of the lunar crustal magnetization at 100 km altitude.

(5) Striking is the consistency of widely-distributed weak anomalies between the Kaguya
and Lunar Prospector observations. This suggests that most regions of the lunar crust
are magnetized except for a few parts such as the Orientale basin. It seems that the lunar
crustal magnetization might be acquired in a global magnetic field, possibly, due to the
ancient lunar dynamo.
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