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ABSTRACT 
The Arrayed Large-Area Dust Detector in INterplanetary Space 

(ALADDIN) onboard the JAXA’s solar sail demonstrator, IKAROS, 
observed the distribution of >10-micron-sized dust particles between 
0.7—1 AU with higher time-space precision than the past dust detectors, 
utilizing its light weight and large area characteristics of PVDF-film sensor. 
For the next solar power sail mission bound for the Jupiter-Trojan system, 
we are developing the ALADDIN-2 to reveal the distribution of large dust 
particles at 1—5.2 AU which provides reference data about the formation 
and evolution of dust disks observed in the exo-solar systems. In this 
presentation, we review the results from IKAROS-ALADDIN observation 
and explain the expected cruising science by the ALADDIN-2. 
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原子力に依存せず太陽系外惑星領域を探査する能力を獲得する．
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技術実証機 IKAROS
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地球-金星軌道間でソーラー電力セイル技術を実証．2015 年 7 月現在も航行中．

PVDF ダストセンサ: ALADDIN

10 cm50 cm

ALDN-S ALDN-E

• Arrayed Large-Area Dust 
Detectors in INterplanetary space 

• PVDF フィルム圧電センサ 

• センサ面積: 0.54 m2 

• 重量: センサ 37 g，エレキ 280 g 

• 消費電力: 1 W 

• 検出ダストサイズ:  
直径 5–26 μm（センサ温度に依存）
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• 大面積センサにより直径 10 μm 以上の大径ダストの分布を観測可能  
-> 散乱光・赤外輻射光を捉える光学観測と同じサイズレンジの  
    直接観測が可能に．  
 衝突検出: 局所分布・線の観測  
 光学観測: 広域分布・面の観測  

• 木星圏探査セイルでは，  
赤外線望遠鏡 EXZIT との  
同時観測を計画．

PVDF ダストセンサ: ALADDIN
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Fig. 3.1. Comparison of sensor area of various PVDF-based dust detectors. The specific 

values of area from DUCMA to ALADDIN are 0.0075 m2 (Simpson et al., 1986), 

0.006 m2 (Srama et al., 2004), 0.022 m2 (Tuzzolino et al., 2003), 0.0576 m2 (Tuzzolino 

et al., 2005), 0.1 m2 (Horanyi, M. et al., 2008), 0.11 m2 (Poppe et al., 2011) and 0.54 

m2. 

 

3.2  Configuration and characteristics of ALADDIN onboard 

IKAROS 

 

The ALADDIN system consists of 8-channel PVDF sensors (ALDN-S) and the 

electronics box for impact signal processing (ALDN-E) (Yano et al., 2011; Yano and 

IKAROS- ALADDIN team, 2013). The ALDN-S is attached on the anti-sun face of 

IKAROS’s polyimide sail membrane, while the ALDN-E is stored in the main body of 

the spacecraft and connected to the IKAROS’s bus instrument called the SAIL-I/F 

through thin flexible harnesses. Fig. 3.2 shows a photograph of ALDN-S and the 

schematic configuration on the IKAROS membrane. Four odd-numbered channels of 
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Fig. 1. Comparison of sensor area of various PVDF-based dust detectors. The specific
values of area from DUCMA to ALADDIN are 0.0075 m2 (Simpson et al., 1986), 0.006
m2 (Srama et al., 2004), 0.022 m2 (Tuzzolino et al., 2003), 0.0576 m2 (Tuzzolino et al.,
2005), 0.1 m2 (Horanyi, M. et al., 2008), 0.11 m2 (Poppe et al., 2011) and 0.54 m2.

(Tuzzolino et al., 2005); the Venetia Burney Student Dust Counter (SDC) onboard the
New Horizons spacecraft (Horanyi, M. et al., 2008); and the Cosmic Dust Experiment
(CDE) onboard the Earth orbiting Aeronomy of Ice in the Mesosphere (AIM) satellite
(Poppe et al., 2011). The ALADDIN onboard the IKAROS spacecraft has realized the
largest sensor area among any previous PVDF-based dust detectors listed above (Fig. 1).
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過去の PVDF センサとの面積比較

セイルの特性を活かすことで 
大面積センサを実現
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惑星間ダスト分布
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elongation of the dust emission with a PA of 32 6 48, which, given
the resolution of the JCMT beam, is consistent with optical and
near-infrared images (for example, 30:7 6 0:78; ref. 18). The dust
emission peaks on the stellar position and extends along the major
axis to an observed radius of ,13 arcsec (250 AU). The deconvolved
size of the disk is 22 3 11ð 6 3Þ arcsec (that is, unresolved in the
minor axis), giving an inclination angle of .608.

In addition to the main disk, separated patches of emission are
seen further out in Fig. 1b, two of which are fairly closely aligned
with the plane of the disk. The most prominent of these (RA 21 W,
dec 26 S) lies at a PA of 37 (66)8 and has a flux of 19.1 mJy per beam.
This is almost certainly a real detection and has a PA consistent with
a feature in the disk plane. This could be a fragmented outer part of
the disk (although such a feature does not appear in optical images),

letters to nature
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Figure 1850-mm images of the dust emission around Fomalhaut (a), b Pictoris (b)

and Vega (c). North is up, and east is to the left. In each map the star position is at

0,0 (indicated by the ‘‘star’’ symbol). The diameter of the telescope beam at half-

power is shown by the circle in each image. The bars adjacent to the images

show the apparent diameter of our Solar System (80 AU) if it were located at the

stellar distances. As indicated by the colour-scale bar on each image the false-

colour scale is linear, and the contours are at 1j intervals starting from 2j

(dashed). These images have been smoothed with a 7-arcsec gaussian (full-

width at half-maximum) to improve the signal-to-noise ratio. After smoothing, the

individualmap 1j contour levels are 2.2, 4.0 and 1.9mJy per beam for Fomalhaut, b

Pic and Vega respectively. It is estimated that Vega has a photospheric

contribution to the submillimetre flux of 5 (61)mJy per beam. Subtraction of a

scaled 5mJy point-spread function from the 15mJy measured at the 0,0 position

suggests a dip in the dust emission at the star, significant at about the 2j level

(data not shown). Additional peaks (for example, to the southwest in b) could

potentially be due to confusion by distant galaxies. We have therefore examined

background regionsof the stellar images,and in a total area of 13.5 arcmin2 (which

includes unpublished data on e Eridani), four sourceswere detected that could be

galaxies. All of these are .3j, and they have fluxes of 8–12mJy. This represents a

source count of 0.3 per arcmin2, and translates to a probability of ,2.5% for

finding a galaxy within 10 arcsec of a star. For the b Pic plane, there is a probability

of 5% of finding an object within 108 of the plane out to 40arcsec radius. This

represents a conservative upper limit as no 20-mJy galaxies have been found in

our images.We note that these results in fact represent the best unbiased source

count survey of the submillimetre sky. Our counts agree to within a factor of 2 with

the recent SCUBA survey carried out by Smail et al.28

The Astrophysical Journal, 763:118 (14pp), 2013 February 1 Su et al.

Vega

Fomalhaut Tauα

α Boo

Figure 3. PACS 70 µm images of Vega and Fomalhaut along with their reference PSF stars, α Boo, and α Tau. All images are shown in the same angular scale and in
the PACS array orientation, i.e., the sub-structures of the PSF are in the same orientation in all four images. The dynamic range of display is from the peak value to
1% of the peak value. The color scheme is in logarithmic scale for Vega and α Boo, but in squared root scale for Fomalhaut and α Tau for clarity. In the Vega and α
Boo images, the two solid circles mark radii of 5′′ and 7′′, while the dashed circle marks a radius of 14′′ (representing the cold planetesimal ring). In the Fomalhaut
and α Tau images, the solid circles mark a radius of 3′′.
(A color version of this figure is available in the online journal.)

in the IRS spectrum is also detected in the resolved Herschel
PACS 70 and 160 µm images. Since the stellar photospheres
dominate the emission in the central part of the resolved images
at 70 µm where the systems are best resolved, care must be
taken in estimating the contribution of a central dust component
without involving any further assumption of modeling. We do
this in two ways: (1) with photometry using small apertures
that exclude spatially extended emission and (2) with PSF
subtraction using reference stars to minimize the residuals at
the star position. The first approach provides an estimate of the
maximum error on the central component due to contamination
from other dust emission located in a more spatially extended
distribution. The second approach provides a more accurate
estimate of the flux of an unresolved source. In both systems,
the PACS 160 µm images provide only upper limits because
the lower angular resolution at this longer wavelength makes it
difficult to spatially differentiate the components.

3.1. Photospheric Determination Using Ancillary Photometry

The emission of the stellar photosphere from optical to mid-IR
(∼8 µm) was determined in a number of steps. Most infrared

photometry measurements (like Spitzer/IRAC and Akari) are
referred to Vega, although Vega is unsatisfactory as a standard
(i.e., fast-rotating, infrared excess). However, these missions
also measured Sirius using the same technique, so we have
taken the measurements with nominal uncertainties of 0.01 mag
directly compared to Sirius in terms of magnitude differences.
Sirius (A1V) is very similar in spectral type to Vega (A0V) and
Fomalhaut (A4V), and is well behaved in the infrared with no
evidence for an infrared excess (Price et al. 2004).

All three stars are severely saturated in the Two Micron
All Sky Survey (2MASS) data. Therefore, for accurate mea-
surements at 2.2 µm, we used data from the DIRBE instru-
ment on COBE. The reduction of these data is described by
Price et al. (2010) for analyzing stellar variability. Due to the
large DIRBE beam (42′× 42′), the contribution from stars in
the field surrounding the target of interest needs to be removed.
We evaluated this effect using 2MASS data, making Sirius
fainter by 0.014 mag and Fomalhaut fainter by 0.003 mag while
the contribution in the Vega field is negligible. Both Vega and
Fomalhaut are reported to have K band excess at 1.29% ± 0.19%
(Absil et al. 2006) and 0.88% ± 0.12% (Absil et al. 2009) above
the photosphere using interferometry. After accounting for these
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太陽系のダスト分布を 
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ダスト円盤内に隠された 
系外惑星系を知る
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Figure 16. Number of objects on JFC-like orbits during LHB as a fraction of
the total number of planetesimals in the pre-LHB trans-planetary planetesimal
disk. The fraction was determined from the n22 simulation of the Nice model
in NV09. We extracted all orbits from that simulation with perihelion distance
q < 2.5 AU, orbital period P < 20 yr and assumed that the physical lifetime of
these objects was 104 yr (LD97). We also used an averaging window of 1 My
to improve the statistics. The total mass of the JFC population can be estimated
from this plot by multiplying the fraction shown here by the initial mass of the
trans-planetary disk. With the 35 Earth-mass disk, the peak in the mass of the
JFC population at t ≈ 0 corresponds to ∼0.3 lunar masses.

the insufficient number of tracked particles, we can still estimate
that the fraction was ∼10−8 at 500 Myr, or about 3.4 Gyr ago
in absolute chronology.

Charnoz et al. (2009) and Morbidelli et al. (2009) argued, us-
ing the crater record on Iapetus and the current size distribution
of Jupiter’s Trojans, that the total number of D > 2 km plan-
etesimals in the pre-LHB trans-planetary disk was ∼ 1010–1012.
Using this value and Figure 16, we find that there were ∼7×106

JFCs with D > 2 km at time of the LHB peak, tLHB, and ∼105

JFCs at tLHB + 50 Myr. These estimates are at least an order
of magnitude uncertain mainly due to the poorly known size
distribution of small planetesimals in the trans-planetary disk.

For comparison, Di Sisto et al. (2009) found, in a good
agreement with the previous estimates of LD97, that there are
≈100 JFCs with D > 2 km and q < 2.5 AU in the current
solar system (with about a factor of 50% uncertainty in this
value). Therefore, if the inner zodiacal cloud brightness reflects
variations in the size of the historical JFC population, we find
that it has been ∼7×104 brighter at tLHB and 2×103 brighter at
tLHB + 50 Myr than it is now. This would correspond to the near-
ecliptic 25 µm fluxes of 5×106 and 105 MJy sr−1, respectively.
These values largely exceed those expected from dust particles
that were scattered from the trans-planetary disk (B09). Most
of the action was apparently over by tLHB + 500 Myr, when our
model suggests that the inner zodiacal cloud was only ∼10 times
brighter than it is now.7

5.5. Distant Observations of the Zodiacal Cloud

Figure 17 shows how the present zodiacal cloud would look
to a distant observer. If seen from the side, the brightest inner
part of the zodiacal cloud has a disk-like shape with a ≈1.6
ratio between the ecliptic and polar dimensions. Similar shapes

7 These estimates should only be taken as a rough guideline to the historical
zodiacal cloud brightness because the collisional environment in the dense disk
of JFC particles at LHB must have been very different from the one existing
today. It is therefore not exactly correct to assume that the historical brightness
of the zodiacal cloud was strictly proportional to the population of JFCs.

Figure 17. Zodiacal cloud brightness at 24 µm as seen by an observer at 10 pc.
Two projections are shown: (top) polar view for an observer with Z = 10 pc
and (bottom) side view of an observer in the ecliptic plane (Y = 10 pc). The
three isophotes in each of the two left panels correspond to 5 × 10−4, 5 × 10−5,
and 5 × 10−6 Jy AU−2 with 1 AU2 at 10 pc corresponding to 0.01 arcsec2.
The shading scale is linear in log10 of brightness. The right panels show the
brightness variation with the heliocentric distance along the cuts denoted by the
dashed lines in the left panels. There are two lines in the bottom-right panel
corresponding to the polar and ecliptic profiles. The brightness estimates shown
here are not valid for heliocentric distance below ∼0.1 AU because of various
limitations of our model (see, e.g., Section 3.2).

have been reported by Hahn et al. (2002) from Clementine
observations of scattered light. At a larger distance from the
Sun, the shape of the zodiacal cloud is oblate and shows cusps
at the ecliptic. The axial ratio becomes ≈1.3 at R = 5 AU.

The radial brightness profiles in Figure 17 show a steep
dimming of the zodiacal cloud with R. For R < 1 AU, a factor
of ∼10 in brightness is lost per 1 AU. For 1 < R < 5 AU, factor
∼10 is lost per 2 AU. These profiles are approximate because
we ignored the effect of collisions in our model, which should
be especially important for R ! 1 AU. It is unclear how the
shape of the zodiacal cloud would look for R > 5 AU because
we did not model the contribution from KB dust.

Figure 18 shows the spectral energy distribution (SED) for
distant unresolved observations of the zodiacal cloud. At a
distance of 10 pc from the Sun, SED of the present inner
zodiacal cloud is 1.4 × 10−4 Jy at 24 µm and 5.5 × 10−5

Jy at 70 µm, corresponding to the excesses over the Sun’s
photospheric emission at these wavelengths of about 3.4×10−4

and 1.1 × 10−3, respectively. For comparison, the approximate
3σ excess detection limits of Spitzer telescope observations
of Sun-like stars are 0.054 at 24 µm and 0.55 at 70 µm
(Carpenter et al. 2009). The MIR emission of the present inner
zodiacal cloud is therefore undetectable by distant unresolved
observations with a Spitzer-class telescope. Specifically, the
detectable emission levels are ≈160 and ≈500 larger at 24 and
70 µm, respectively, than those of the present inner zodiacal
cloud.

When the flux is integrated over wavelengths, we find that
the fractional bolometric luminosity of the inner zodiacal cloud,
LZODY, relative to that of the Sun, L⊙ = 3.839 × 1026 W, is

Leinert+1980 
Observation
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ダストが惑星との平均運動共鳴に捕獲されることで Ring&Blob 構造を形成． 
太陽系で形成メカニズムを調べ，系外ダスト円盤内に隠れた惑星の力学特性を知る．
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120 images, with an integrated exposure time of
≈8 days). Surface brightnesses were determined
over a grid with extent |b| < 8.5° and 35.0° < l′ <

60.0° (HI-2A) or −60.0° < l′ < −35.0° (HI-2B),
with cell size of 0.5° in l′ and 1.0° in b. For each
cell, the cumulative probability distribution of

surface brightness was determined by using the
image pixels within that cell (typically ≈14,000
values). The surface brightness of each cell was
estimated as that corresponding to a probability
of 0.45 (a value slightly lower than the median is
expected due to the presence of point sources).
This grid was treated as a series of independent
scans at constant b, which were fitted to a power
law, k|l′|−n (20).Each scanwas detrended by using a
box-car filter of width 6.5° (i.e., 13 cells of 0.5°
width), followed by subtraction of the result of
applying the filter to the best-fitting power law
for that scan. The resultant scans are used in two
ways: as a map of extent 38.0° ≤ |l′| ≤ 57.0° and
|b| ≤ 8.5° and as a mean scan along the ecliptic
plane (covering 38.0° ≤ |l′| ≤ 57.0°) by averaging
over |b| ≤ 4.5°.

An example map from a 10-day observation
period of HI-2B data starting on 7 June 2008
00:00 UTC (all data sets are referred to by their
starting date) shows a bright feature coincident
with the tangent to the orbit of Venus (Fig. 2A).
This is as expected for a dust ring along a line of
sight where the dust column density is maxi-
mized (Fig. 1; the position of the tangent point
with respect to Venus is given by the azimuthal
angle q). Given the sensitivity of these maps to
systematic errors, this is in itself insufficient to

Fig. 2. A bright feature and its change of
position with varying heliocentric distance of
the STEREO-B spacecraft. (A) The surface bright-
ness map (bottom) and mean scan (top) of a 10-day
integration of HI-2B data starting on 7 June 2009
00:00 UTC. The orbit of Venus as viewed from
STEREO-B at the start and the end of the integration
time is shown by black dots. Surface brightness is
expressed in DN s−1 pixel−1 [pixels are those of the
charge-coupled device (CCD) of the HI-2 instrument].
(B) Surface brightness mean scans for a sequence of
10 10-day periods (b1 to b10 in Fig. 1) starting on
18 April 2008 00:00 UTC. (C) The helioecliptic lon-
gitude of the midrise point on the sunward side of
the peaks in (B) against the heliocentric distance of
STEREO-B. The gray curves show the expected be-
havior if the feature is associated with a physical ring
at the indicated radii. Error bars indicate 1-s mea-
surement uncertainties.

A
B

C

Fig. 1. The viewing geom-
etry (from ecliptic north)
of a circumsolar dust ring
at Venus from STEREO-B.
Planet and STEREO space-
craft (A and B) positions are
for 12 June 2008. A ring at
the orbit of Venus (thick gray
band) is viewed tangentially
from B along a line of sight
passing through T. The range
of helioecliptic longitude l′
mapped is indicated (pale gray).
Crosses indicate the locations
of T in the observations pres-
ented here. The start dates of
the STEREO-A data sets are
(a1) 9 June 2009, (a2) 29 June
2009, (a3) 19 July 2009, and
(a4) 12November 2008. There
are 10 consecutive sets of
STEREO-B data: (b1) 18 April
to (b10) 17 July 2008.
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120 images, with an integrated exposure time of
≈8 days). Surface brightnesses were determined
over a grid with extent |b| < 8.5° and 35.0° < l′ <

60.0° (HI-2A) or −60.0° < l′ < −35.0° (HI-2B),
with cell size of 0.5° in l′ and 1.0° in b. For each
cell, the cumulative probability distribution of

surface brightness was determined by using the
image pixels within that cell (typically ≈14,000
values). The surface brightness of each cell was
estimated as that corresponding to a probability
of 0.45 (a value slightly lower than the median is
expected due to the presence of point sources).
This grid was treated as a series of independent
scans at constant b, which were fitted to a power
law, k|l′|−n (20).Each scanwas detrended by using a
box-car filter of width 6.5° (i.e., 13 cells of 0.5°
width), followed by subtraction of the result of
applying the filter to the best-fitting power law
for that scan. The resultant scans are used in two
ways: as a map of extent 38.0° ≤ |l′| ≤ 57.0° and
|b| ≤ 8.5° and as a mean scan along the ecliptic
plane (covering 38.0° ≤ |l′| ≤ 57.0°) by averaging
over |b| ≤ 4.5°.

An example map from a 10-day observation
period of HI-2B data starting on 7 June 2008
00:00 UTC (all data sets are referred to by their
starting date) shows a bright feature coincident
with the tangent to the orbit of Venus (Fig. 2A).
This is as expected for a dust ring along a line of
sight where the dust column density is maxi-
mized (Fig. 1; the position of the tangent point
with respect to Venus is given by the azimuthal
angle q). Given the sensitivity of these maps to
systematic errors, this is in itself insufficient to

Fig. 2. A bright feature and its change of
position with varying heliocentric distance of
the STEREO-B spacecraft. (A) The surface bright-
ness map (bottom) and mean scan (top) of a 10-day
integration of HI-2B data starting on 7 June 2009
00:00 UTC. The orbit of Venus as viewed from
STEREO-B at the start and the end of the integration
time is shown by black dots. Surface brightness is
expressed in DN s−1 pixel−1 [pixels are those of the
charge-coupled device (CCD) of the HI-2 instrument].
(B) Surface brightness mean scans for a sequence of
10 10-day periods (b1 to b10 in Fig. 1) starting on
18 April 2008 00:00 UTC. (C) The helioecliptic lon-
gitude of the midrise point on the sunward side of
the peaks in (B) against the heliocentric distance of
STEREO-B. The gray curves show the expected be-
havior if the feature is associated with a physical ring
at the indicated radii. Error bars indicate 1-s mea-
surement uncertainties.

A
B

C

Fig. 1. The viewing geom-
etry (from ecliptic north)
of a circumsolar dust ring
at Venus from STEREO-B.
Planet and STEREO space-
craft (A and B) positions are
for 12 June 2008. A ring at
the orbit of Venus (thick gray
band) is viewed tangentially
from B along a line of sight
passing through T. The range
of helioecliptic longitude l′
mapped is indicated (pale gray).
Crosses indicate the locations
of T in the observations pres-
ented here. The start dates of
the STEREO-A data sets are
(a1) 9 June 2009, (a2) 29 June
2009, (a3) 19 July 2009, and
(a4) 12November 2008. There
are 10 consecutive sets of
STEREO-B data: (b1) 18 April
to (b10) 17 July 2008.
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Fig. 5. Brightness enhancement seen with the other photometers of
Helios B on the outbound crossing of Venus’ orbit. Upper panel: sec-
tor 12 of the photometer looking at ecliptic latitude β ≈ 15◦. Bottom:
sector 12 of the photometer looking at ecliptic latitude β ≈ 30◦. Same
presentation as in Figs. 4 and 3, but the average is over orbits 1−5. The
arrow marks the position of Helios B at the crossing.

It is virtually impossible that these effects are produced by
stars passing through the field of view of the photometer. This
field is always pointed towards the north ecliptic pole, with a
small offset of 0.5◦ which precesses along a circle around the
ecliptic pole within one orbital period of Helios B, or with a
motion of 0.09◦ over the duration of the observed brightness en-
hancement. The excess brightness of about 2 S10 in the 3◦ di-
ameter field-of-view could by produced by a star of magnitude
V = 7.1 with solar colour fully entering and leaving again the
field-of-view at exactly the right times. No star this bright is
present anywhere near the edge of the field-of-view, and even
if it were, it could not move in and out again with such a small,
one-directional displacement.

The 15◦- and 30◦-photometers of Helios B are more prone to
spurious brightness changes because of the varying stellar and
diffuse background. However two of the eight combinations (two
latitudes, two sectors, two crossings) both have low background
and no bright stars in the field-of-view and therefore are expected
to give reliable results. These, both referring to the outbound
crossing of Venus’ orbit, are shown in Fig. 5.

Figure 6 shows a counterexample. Here the brightness ex-
cess observed close to the orbit of Venus – as can be concluded
from its colour – is mostly an artefact due to incomplete sub-
traction of stellar contributions. In this particular case it looks
like the stellar excess signal due to the B1V star HR 1074 is
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Fig. 6. Example of a false enhancement, observed by Helios B in sec-
tor 21 of the photometer looking at ≈15◦ during the inbound crossing.
The excess, rather blue, can be traced to the B1V star HR 1074.
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Fig. 7. Brightness enhancement seen with Helios A in sector 12 of the
photometer looking at ≈30◦ during the outbound crossing of Venus’
orbit.

superimposed to a ≈4 S10 underlying zodiacal light brighten-
ing similar to that seen in Fig. 5. But a decomposition of the
signal into these two contributions might be stressing the data.
(With sufficient optimism one can guess the presence of a zodia-
cal light excess brightness signal also in the other disturbed data
sets).

With Helios A the conditions for detecting small brightness
excesses are less favourable than for Helios B for the instrumen-
tal reasons mentioned above. In addition, there is a tendency for
higher backgrounds and brighter stars in its south-looking pho-
tometers. The least interference by bright stars is for the out-
bound crossing shown in Fig. 7. There is also a measurement
during an inbound crossing of Venus’ orbit with low background
(Fig. 8), but here the results for V are somewhat discrepant from
the results in B and U. One could conclude that no zodiacal light
enhancement in excess of 2 S10 is evident here.

In Table 2 we summarise the data sets with observed en-
hancements in zodiacal light brightness near the orbit of Venus
and indicate why for other data sets reliable data could not be
obtained.

8. Discussion

The results of the previous section, presented in Figs. 3–5, 7
and 8, show a brightness enhancement by a few percent imme-
diately outside the orbit of Venus. The interpretation depends on
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Fig. 1. Zodiacal light brightness (upper curve) and reduced brightness
(lower curve) as seen with the 90◦ photometer on Helios B in V dur-
ing the inbound crossing of Venus’ orbit in March 1977. The reduced
brightness was obtained from the original results by removing the gra-
dient (see text). The heliocentric longitude λHelios gives the position
of Helios along its orbit. Note the expanded scale with suppressed
zero, which was used for the reduced brightness to show the remain-
ing structure.
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Fig. 2. Repeatability of the observed structure in reduced zodiacal light
brightness from orbit to orbit of the Helios B space probe. The figure
shows The V band observations at the north ecliptic pole. The arrow
indicates the position of Helios B at the inbound crossing of the orbit of
Venus.

7. Results

The most obvious feature of Helios zodiacal light measurements
is the strong brightness increase towards the Sun, approximately
∼R−2.3, where R is the Sun-Helios distance. Therefore, the data
were multiplied by a factor Rα with exponent α close to 2.3 in
order to produce a time series with little variation in which it
would be easier to search for possible systematic variations near
the orbit of Venus (Fig. 1).

In the following we always refer to this reduced brightness
which has no precisely defined meaning but approximately gives
the zodiacal light brightness at 1 AU. The multiplication by
the smooth large-sale factor Rα does not introduce artefacts of
measurable size. As noted above, the best data are available for
Helios B.

We start with the results obtained with its 90◦ photometer,
since these – measuring locally the contribution from a column
above the spacecraft – provide the most direct probe for enhance-
ments in spatial density of interplanetary dust. These data do
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Fig. 3. Same as Fig. 2 but with the data averaged in 1◦ intervals in helio-
centric longitude, and with the observations in U and B superimposed.
The error bars, shown for V only, represent the rms scatter of the typ-
ically 10−20 measurements per bin. This is a quite conservative error,
since for purely statistical fluctuations, the errors of the mean in each
bin would be smaller by a factor of 3−4. Here, as in the following fig-
ures, the curves showing the averages of the U and B measurements
have been shifted by one to a few S10 for ease of comparison, if neces-
sary. The arrow marks the position of Helios B at the crossing.
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Fig. 4. Enhancement in reduced zodiacal light brightness near the out-
bound crossing of Venus’ orbit as seen in the observations of Helios B
towards the north ecliptic pole. Again, measurements from orbits 2−5
have been averaged. The arrow marks the position of Helios B at the
crossing.

show a small brightness enhancement just outside the orbit of
Venus, as suggested in Fig. 1. In the following we check the
credibility of this effect.

If this brightness enhancement is due to a structure in the
interplanetary dust cloud, one would expect it to repeat during
each orbit at the same orbital position. Figure 2 shows for the
observations towards the north ecliptic pole and for the inbound
crossing that this is the case.

One would also expect that the enhancement has approxi-
mately solar colour, as is true for the zodiacal light. In other
words this means that in U, B, and V the brightness excess –
measured in S10 units should have the same size. This condition
is also fulfilled as demonstrated in Fig. 3.

Finally, on the outbound crossing of Venus’ orbit, – as ex-
pected – again an enhancement occurs just outside the orbit of
Venus (Fig. 4).

Venus&orbit&crossing�

Venus&orbit&crossing�

5/year&avg.�
10/100&µm&dust�

STEREO（Jones+2013） Helios-opitcal（Leinert+2007）

光学観測により金星軌道にもリング構造が確認されている． 
惑星前方＆後方の Blob，Gap 構造は観測できていない．

平均運動共鳴による非対称構造@金星
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木星トロヤ群探査のサイエンス 

• 太陽系形成論 
ガス惑星移動はあったのか？ 
Grand tack 仮説，Nice モデルの検証． 
 
トロヤ群小惑星 
      = メインベルト小惑星に近い 
         -> 惑星移動はなかった 
      = 彗星に近い 
         -> 惑星移動はあった

14

Schematic of the Updated Nice Model of 
Planetary Migration with the Jumping Jupiter 
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(Based on Morbidelli, et al., 2013) 
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There are two competing hypotheses about their origin. 
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 Remnant planetesimals during  
the formation of Jupiter 
 (e.g., Marzari & Scholl 1998) 
[Origin?]  
Trojans are fossils of    
building blocks of Jupiter 
[What to Compare?]  
 * Compare with  
Asteroid missions 
* Compare with  
irregular satellites of Jupiter 

Main Questions of Jupiter Trojans (1/2): 
Origin of Trojans: (A) Classic Model:  

Jupiter)s Building Blocks? 

To Oort cloud, (Long-Period comets?) 
      Scattered disk 

Trojans captured 
 by growing Jupiter 
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TIME 
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惑星移動あり
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クルージングサイエンス 

• 宇宙赤外線背景放射＋黄道光観測 

• ガンマ線バースト偏光観測 

• ダストフラックス観測 

• 小惑星帯フライバイ観測
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クルージング（３）：多チャンネル半導体素子による
γ線バーストの高信頼度偏光観測

＊ガンマ線バーストは宇宙で最大の爆発現象で、初期
宇宙を探る最良の武器の一つ。
＊解明しなければならない最も重要なテーマの一つは、
ガンマ線の放射機構の解明 (シンクロトロン放射かどう
か？) ＝＞ガンマ線の偏光検出が鍵を握る

MPPC プラスチックシンチレータ

PIN ダイオードにクエンチン
グ抵抗を接続し、降伏現象
を起こすギリギリの状態で
使用。70V程度の低バイア
スで106 倍の増幅率。

有効面積
22 x 22 = 484 cm2

IKAROS – GAP の
2.7 倍

偏光検出感度
M = 0.5

IKAROS – GAP の
1.7 倍

検出効率
η = 0.3

IKAROS – GAP の
1.5倍

MPPC アレイ＋シンチレータ

＊IKAROS-GAP
によるガンマ線
バースト検出の成
功を発展させる
開発が進行中。
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I. Cruising phase to and beyond Jupiter 
1.  IR astronomy (CIB and zodiacal light obs.)2222222 
2.  High-E astronomy (Gamma-ray burst) 
3.  Dust observation 
4.  Mainbelt asteroid flyby observation 
II. Jupiter and Trojans 
5.  In-situ Jovian science (plasma observation) 
6.  Flybys and Rendezvous of Trojan asteroid (s) 
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Jupiter to L4 Trojans 

Jupiter Swingby 
T=4yr 

60 deg T=8.5yr 
s/c 

Jupiter 

III. Return to the Earth (optional under the study) 
7.  Both touchdown and non-contact SR strategy 
8.  Hypervelocity reentry to the Earth 

Earth 
Return 
Capsule 

Spacecraft Hub 

Ion Engines 

Thin-film 
solar cells 

Mission Scenario as of Today 
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16 6 次期ソーラー電力セイル 試作セイル(1) 製作手順書 ver.3   2012/12/25 

2. 大まかな製作手順 

IKAROSとは異なり, セイルの最小単位は,  
薄膜太陽電池デバイス1つ, ALDN1つ, 液晶デバイス1つ・・・というようになっている.  
この1つ1つをパッチワークのようにつないで, セイル全体を構成する.  

   薄膜太陽電池ユニット       薄膜太陽電池ユニット    

接着剤で接続 

   薄膜太陽電池ユニット       薄膜太陽電池ユニット    

本番セイルは, 各種ユニットを支給する.  
 

しかし今回は,  
ダミーユニットを用いて試作セイル(1)を 
作ることにする.  
 

そのため, この試作セイル(1)製作時に限り,  
手順の中にダミーデバイス製作が含まれる.  

反太陽面 
250 mm × 1000 mm/ch 
計 16 ch 4.0 m2

20 ch 信号処理回路 
質量: < 1 kg（S 込み） 
消費電力: < 5 W 
検出ダストサイズ: >10 μm

ALDN2-E

ALDN2-S

50 m

太陽面 
250 mm × 100 mm/ch 
計 4 ch 0.1 m2

ALADDIN-2

• 赤外背景放射を精度良く観測する
には，黄道光成分を正しく排除す
る必要． 

• 同じサイズレンジ （10–100 μm）
で光学＋その場ダスト観測を行う
ことで，従来よりも正確な分布が
わかる．
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EXZIT との黄道ダスト同時観測
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　惑星から固体微粒子まで，太陽系にはさまざまな物質が存
在します。それらの多くは表面温度が絶対温度300K（27℃）
以下であり，放射の中心波長も10マイクロメートルよりも
長い赤外線，すなわち「あかり」の得意な守備範囲に入りま
す。木星など惑星本体は「あかり」で観測するには明る過ぎ
ますが，小惑星や彗星，太陽系外縁部天体などに加えて惑星
間塵は格好の観測対象となります。
　我々の太陽系において，惑星間塵の総量は小さな小惑星を
粉砕した程度にすぎないので，太陽系全体の質量に対しては
微量な存在です。しかしその表面積の大きさから惑星間塵の
赤外線放射強度は極めて大きく，例えば9マイクロメートル
の波長で宇宙を観測すると，大部分の光は惑星間塵からの放
射によるものとなります（図3）。そのため，ビッグバンの名
残とされる宇宙背景放射の観測など，宇宙の最も遠方の情報
を引き出すときにも，最も近い惑星間塵の寄与の精度よい差
し引きが必要となります。太陽系外の惑星を観測する際も同
じことで，先方の惑星間塵の放射強度は惑星のそれを大きく

上回る可能性があり，惑星間塵の存在を理解することは今後
ますます重要になります。
　惑星間塵に関する理解は，「あかり」の先輩に当たる赤外
線天文衛星IRASにより，新たな地平線が拓かれました。そ
れまで黄道光（惑星間固体微粒子による太陽散乱光）として
ぼんやりとした構造が知られていた惑星間塵に多様な空間的
微細構造が発見され，それらが，彗星や小惑星から放出され
た固体微粒子の太陽系内での軌道運動に対応した情報を保持
していることが明らかになりました。惑星間空間に存在する
固体微粒子は，太陽からの放射を受けて角運動量を失い続け
ます。例えば，地球近傍に存在する1マイクロメートル程度
の大きさの固体微粒子は，1万年程度の時間で太陽に落ち込
んでしまいます。1万年は太陽系の歴史においては一瞬の出
来事ですから，今見えている惑星間塵にはその供給源が存在
することになります。しかし，惑星間塵の起源についての定
量的な理解は十分とはいえません。
　IRASで発見された惑星間塵の空間的な微細構造は，その後
の地上観測により，IRASの分解能よりもはるかに小さな空
間スケールを持つことが明らかになってきました。「あかり」
の持つ優れた空間分解能はIRASを1桁以上凌駕するので，こ
れまでの観測で埋もれてしまっていた多くの未踏峰の微細構
造を探し出すことができるのです。「あかり」で行った波長
18マイクロメートルでの全天サーベイ観測データから惑星
間塵放射の空間構造を調べたところ，多数の新しい微細構造
が発見されつつあります。これらの空間的な構造の情報と惑
星間塵の軌道進化のシミュレーションを合わせることで，惑
星間塵の起源を定量的に明らかにすることができそうです。
さらに「あかり」では惑星間塵の分光観測も行っています。
太陽系天体は，その形成場所の違いにより，進化してきた温
度環境が異なっています。この温度環境の違いにより固体微
粒子中に存在するケイ酸塩の結晶構造に差異が生じ，分光観
測することによって，それを見分けることができます。結晶
構造に太陽系内の場所に対する依存性が見られることが期待
され，惑星間塵の起源を知る上で非常に重要な手掛かりにな
ります。
　このように「あかり」は，我々の太陽系における惑星間塵
の観測において総合的なデータを取得することができ，現在
データ解析を進めつつあります。

（うえの・むねたか，いしぐろ・まさてる，
おおつぼ・たかふみ，うすい・ふみひこ）

太陽系からのあかり

太陽系のあかり

黄道光差し引き前

黄道光差し引き後

図3　波長9マイクロメートルでの全天サーベイ画像
（天の川が中央水平に位置する座標系）
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惑星間ダスト分布@1-5.2 AU
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惑星間ダスト分布@1-5.2 AU

19

Pioneer10 による >10 μm ダスト分布のその場観測

tion, the gas acts as an insulator between two electrodes,
and as it escapes into the vacuum of space, the electrodes
discharge and the resulting electrical signal is registered as a
penetration event. The sensitivity of the instrument, that is,
the minimum impact mass and velocity that cause a penetra-
tion, is determined by the thickness of the cell walls. On the
Pioneer 10 experiment, walls of 25 lm were used, and on
Pioneer 11 the cell walls were 50 lm thick. At a typical
impact velocity of 20 km s!1, the Pioneer 10 cells are pene-
trated by particles with an equivalent diameter larger than
10 lm, and the Pioneer 11 cells are penetrated by 21 lm par-
ticles (Humes et al. 1974).7 The surfaces of the Pioneer
instruments always point nearly opposite to the high-gain
antenna, away from Earth. Beyond Jupiter, this means the
instruments are oriented mainly away from the Sun with an
effective field of view of 1.6! sr (240" opening angle). The
Pioneer 10 instrument took measurements from the launch
on 1972March 2 until it failed on 1980May 10 as a result of
the low temperatures, 18 AU from the Sun (for the geome-
try of the spacecraft trajectories, see Fig. 1). Pioneer 11 per-
formed dust measurements from launch on 1973 April 5
until it was switched off 1983 September 25.

The Pioneer dust instruments successfully detected 225
penetrations altogether; however, they did not work flaw-
lessly. On Pioneer 10 one channel failed completely, and on
Pioneer 11 an unexplained discrepancy between the rate of
penetrations measured by each channel was observed. The
flux measured by one channel of the Pioneer 11 instrument
is consistently higher than the flux measured by the other.
Because the angular sensitivity of both channels is identical,

this discrepancy can only be due to a malfunction of one of
the channels. Despite these inconsistencies, we consider the
Pioneer dust data to be reliable for the following reasons:
(1) the rate of detected events increased sharply during the
flybys of Jupiter and Saturn, which is not expected for ran-
dom noise, and (2) the flux densities measured by Pioneer 10
and 11 at 1 AU are in accord with measurements by
Explorer 23, an Earth-orbiting spacecraft that was equipped
with similar instruments (Humes 1976). The discrepancy
between the Pioneer 11 channels can be explained by either
the loss of cells on one of the channels during the launch of
the spacecraft, or by electronic noise in one of the channels.
Figures 2a and 2b show the interplanetary penetration flux8

on the Pioneer dust instruments as a function of time and
distance from the Sun. After launch, the dust flux measured
by Pioneer 10 was 2 # 10!5 m!2 s!2, continuously decreas-
ing with heliocentric distance to 3 # 10!6 m!2 s!1 at Jupiter
distance. After passing Jupiter’s orbit, the flux measured by
Pioneer 10 stayed almost constant. Because of the lower
abundance of large grains, the fluxes measured by the less
sensitive Pioneer 11 instrument were smaller, but they draw

7 Assuming a grain mass density of 1 g cm!3.

Sa
tu

rn

U
ra

nu
s

N
ep

tu
ne

Pl
ut

o

29P/Schwassmann-
Wachmann 1

1P/Halley

Chiron

19
94

 JS

19
94

 JR
1

1995 DA2

Pi
on

ee
r 1

0

Pioneer 11

Fig. 1.—Overview of the orbits of the Pioneer spacecraft (thick solid
lines) and potential dust source objects (dotted lines). The orbits of the
planets Earth, Jupiter, Saturn, Uranus, Neptune, and Pluto are shown as
thin solid lines. As representatives of the dust sources comets 1P/Halley
and 29P/Schwassmann-Wachmann 1, the Centaur object 2060 Chiron and
the Trans-Neptunian objects 1994 JS, 1994 JR1, and 1995DA2 are shown.

Fig. 2.—Radial profiles of the distribution of interplanetary dust in the
outer solar system. (a) Concentration of dust particles from 1P/Halley-type
comets (‘‘HTC ’’), comets of the 29P/Schwassmann-Wachmann 1 type
(‘‘ SW1TC ’’), and Edgeworth-Kuiper belt objects (‘‘ EKBO ’’) that is
needed to account for the Pioneer 10measurements. (b) Comparison of the
calculated radial flux signatures of the various sources with the penetration
fluxes measured by Pioneer 10 (diamonds; error bars indicate 1 " errors).
Particles from HTCs contribute mainly inside Jupiter’s orbit, SW1TC
particles between 6 and 7 AU, and particles from EKBOs dominate outside
10 AU. (c) Profile of the penetration flux of the Pioneer 11 dust instrument
(diamonds, channel 0 data; triangles, channel 1 data). The profile is very flat
as a result of the triple passage ofPioneer 11 through the 4–5 AU region.

8 Penetrations per unit area and time, sliding mean over four penetration
events; penetrations during the flybys of the planets have been removed.

2858 LANDGRAF ET AL. Vol. 123

Sun distance
Landgraf+2002

• センサ面積: 0.573 m2  

• フラックス 1σ エラー: ファクター 2 

• Pioneer10 での検出数を，ALADDIN-2 
とのセンサ面積比で補正すると，
ALADDIN-2 では同観測時間・領域で 
フラックスエラーがファクター 1.2  
まで減少．
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distribution, at a fixed orbital phase, of

Pβ ∝ f ∝ (cos2 β − cos2 i)−1/2. (7)

We take the inclination distribution of the particles, Pi, to be a
simple analytic function that approximates the data for “inde-
pendently discovered Trojans” shown in Fig. 3 of Shoemaker
et al. (1989). When we average Pβ over Pi, we find the distribu-
tion in latitude is roughly a Gaussian with dispersion σβ = 10◦,
and the distribution in height above the ecliptic has a dispersion
σz = 0.94 AU.
The radial distribution of Trojans is more complicated to

model, since both librations and epicycles include radial ex-
cursions. The average L5 Trojan eccentricity is 0.063; a particle
with this eccentricity orbits at a range of heliocentric distances,
#r ≈ 0.66 AU. In the course of its librations, a particle with a
typical Trojan libration amplitude, D= 29◦, oscillates in semi-
major axis over a range of #a≈ 0.14 AU. We are not sensitive
to the radial structure of the Trojan clouds, so we simply model
the radial distribution as a Gaussian with a full width at half
maximum of 0.66 AU, or a dispersion σr = 0.24 AU.
Our final model has the form

n = n0 exp

[

− (r − r0)2

2σ 2r
− z2

2σ 2z
− (θ − θ0)2

2σ 2θ

]

, (8)

where r , z, and θ are cylindrical coordinates in the plane of the
orbit of Jupiter, and the parameters are: r0 = 5.203 AU, σr =
0.24 AU, σz = 0.94 AU, θ0 = −59.5◦, and σθ = 9.7◦. We calcu-
lated the surface brightness in the same way as we calculated the
surface brightness of the model Mars wake, using an emissiv-
ity E60µm = 1 because we are not considering small grains. The

FIG. 7. The difference A−B compared to the model for the L5 cloud. This
plot shows a region of the 60-µm maps from Fig. 6 within ±10◦ of the ecliptic
plane that has been averaged in latitude. Based on this comparison, we place a
3-σ upper limit on the surface area of the L5 cloud of 6× 1017 cm2.

shaded region at L5 in Fig. 1 represents this model as viewed
from above the ecliptic plane.
In Fig. 6, we compare the difference image A−B to a syn-

thesized image of our model cloud. For this image, n0 is 3.4×
10−8 AU−1, corresponding to an effective emitting surface area
at 60 µm of 3.3× 1018 cm2 or one 3-km-diameter asteroid
ground entirely into 10-µm-diameter dust. Figure 7 compares
the difference image A−B and the model image in a different
way; it shows the region within ±10◦ of the ecliptic plane av-
eraged in ecliptic latitude. The 1-σ noise in the data in Fig. 7 is
0.09 MJy ster−1. Based on this, we can place a rough 3-σ upper
limit on the effective surface area of the large dust grains at L5
of ∼6× 1017 cm2.

5. CONCLUSIONS

Thezodiacal cloudnear the ecliptic plane is a complex tapestry
of dynamical phenomena.We could not detect theMars wake or
Jupiter’s Trojan clouds among the asteroidal dust bands in the
DIRBE maps, despite the efforts of the DIRBE team to subtract
these bands from the maps. We would have detected the Mars
wake if it had 18% of the overdensity of the Earth wake, based
on our empirical model for the Earth wake. This upper limit
illustrates the complexity of relating resonant structures in cir-
cumstellar dust disks to the properties of perturbing planets. For
instance, we would have detected the Mars wake if the surface
area of the dust in the wake scaled simply with the mass of the
planet times the Poynting–Robertson time scale.
The Trojan clouds, by our crude estimation, would have been

a few orders of magnitude too faint to detect if the dust con-
centration in these clouds were at its mean levels. However, a
transient cloud created by a recent collision of Trojan asteroids
might have been detectable. We measured that the total 60-µm
flux from large (10- to 100-µm-diameter) dust particles trapped
at Jupiter’s L5 Lagrange point is less than ∼30 kJy.
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FIG. 5. A cut through the image of the 25-µm sky near Mars shown in
Fig. 4, compared to the same model.

1997). As the dust from the asteroid belt spirals toward the
Sun, perturbations from planets deform the bands. The Kelsall
et al. model includes a simple model of this dust band which
could not take these perturbations into account. We chose the
span of weeks used to create Fig. 4 to minimize these arti-
facts, which are easily discernible by their extent in latitude and
longitude.
To better compare the model with the data, we focused on a

narrow strip with a height of 3◦ in ecliptic latitude, extending
from 8◦ ahead of Mars to 39◦ behind Mars in ecliptic longitude.
This strip contains most of the flux in the model wake. We av-
eraged together maps from weeks 26–34 prepared as described
above to produce an image of this strip. In Fig. 5, we plot a cut
through this strip, and we compare it with the model, processed
in the samemanner as the data. The data are dominated by resid-
uals from the ecliptic bands and Earth’s ring, smeared out in the
ecliptic plane by the orbital motion of Mars. The standard devi-
ation of the data is 0.54 MJy ster−1; although the distribution of
the residuals is not Gaussian, based on this comparison we can
place a rough 3-σ upper limit on the central peak of the Mars
wake of 18% of the flux expected from our simple model.
The empirical model of Earth’s wake we have used for com-

parison to theMars dust environment is not an idealmodel for the
Mars wake. It may not even be a good representation of Earth’s
wake. Since COBE viewed the Earth wake from near Earth only,
the observations constrain the product n0σθ for the Earth wake,
but do not provide good constraints on either of these parameters
alone. Kelsall et al. (1998) quote a formal error of 28% on the
determination of σθ . Calculations for 12-µm particles suggest
that σθ for the Earth wake might be 40% lower than the Kelsall
et al. (1988) number; this figure is based on Fig. 5 in Dermott
et al. (1994). Since we are sensitive to the wake’s surface bright-
ness peak as seen from Earth, not Mars, using a more compact
wake model affects our upper limits. Holding n0σθ constant

and decreasing σθ by 40% translates into a decrease of our up-
per limit to 11% of one Earth wake.
Mars has 11% of the mass of the Earth, so we expect it to

trap less dust than Earth, but not simply 11% as much dust.
In fact, there is no simple scaling law that describes how the
density of a dust ring relates to the size of the planet that traps
it. The density of the Mars ring is proportional to the capture
probability times the trapping time for each resonance summed
over all relevant resonances and the distribution of particle sizes.
In the adiabatic theory for resonant capture due to Poynting–
Robertson drag, the capture probabilities depend on the mass of
the planet compared to themass of the star and on the eccentricity
of the particle near resonance (Beauge and Ferraz-Mello 1994).
So one complicating factor is that the orbits of the dust particles
are slightly more eccentric when they pass Mars than when they
pass Earth; a particle released on the orbit of a typical asteroid, at
2.7 AU with an eccentricity of 0.14, will have an eccentricity of
0.07 as it passesMars, and an eccentricity of 0.04 when it passes
Earth (Wyatt andWhipple 1950). The higher eccentricity makes
them harder to trap.
The trapping time scale is proportional to the time it takes

for the resonant interaction to significantly affect the eccen-
tricity and libration amplitude of the particle. When the planet
has a circular orbit, these time scales are on the order of the
local Poynting–Robertson decay time (Liou and Zook 1997),
which scales as r20/β, where β is the ratio of the Sun’s radiation-
pressure force on a particle to the Sun’s gravitational force on the
particle. Compared to the Poynting–Robertson drag at the he-
liocentric distance of Earth, the Poynting–Robertson drag force
at the orbit of Mars is less for a given particle by a factor of
1.522 = 2.31. The small mass of Mars and the higher eccen-
tricities of the orbits of the incoming particles work against the
formation of a dense ring, but the greater heliocentric distance
of Mars compared to Earth works in favor of the formation of
the ring.
So far our discussion has assumed that the trapping is

adiabatic—that the orbital elements of the particles change on
time scalesmuch longer than the orbital period. This approxima-
tion may not be as good for trapping byMars as it is for trapping
by Earth. Mars has a greater orbital eccentricity (e= 0.093) than
Earth (e= 0.017). This increases the widths of the zones of res-
onance overlap andmakes a larger fraction of dust orbits chaotic
(Murray and Holman 1997).
Predicting the density of the Mars wake is another step more

complex than predicting the density of theMars ring. Compared
to the Earth wake, the Mars wake may form closer to the planet
and have a smaller σθ . Since Mars is less massive than Earth, a
given particle would need to have a closer interaction with Mars
than with Earth to receive an impulse from the planet’s gravity
that would balance the Poynting–Robertson drag on the particle
(Weidenschilling and Jackson 1993). For this reason, we expect
the trapped particles which form the Mars wake to prefer res-
onant orbits with higher j and lower φ than similar particles
trapped by Earth, where φ is the angle between the perihelion
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火星，木星ともに平均運動共鳴による局所構造は発見されていない． 
黄道ダスト分布モデルの精度を上げる＝正しくバックグラウンドを引くことで 
観測できる可能性あり．

火星 木星
COBE/DIRBE による赤外観測

まとめ
• IKAROS/ALDDIN では，大面積 PVDF ダストセンサを惑星間で
実証し，0.7–1 AU における ~10 μm ダストの分布を高精度で観
測した． 

• 木星圏探査セイル/ALADDIN-2 では，1–5.2 AU における 
10 μm ダストの分布を高精度で観測し，系外惑星系の描像を理
解するためのリファレンスデータを得る．
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