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Abstract

Interplanetary dust (IPD) is a population of dust particles distributing diffusely in the interplan-
etary space of the Solar System. The spatial distribution of the IPD is concentrated to the inner
region within a few astronomical units (au) from the Sun, and the latitudinal profile has a peak at
the ecliptic plane. One of the main constituent materials is silicate and the particle size has a range
from a few tens of nanometer to millimeter order.

From dynamical simulations of orbital evolutions of the IPD particles, they are thought to be
blown out of the Solar System or to accrete to the Sun owing to the interaction with the solar
radiation and the lifetime is significantly shorter than the age of the Solar System. Therefore, they
are thought not to have survived from the formation era in the Solar System, but to be continuously
supplied from asteroids and comets. Asteroids repeat to collide with each other and break into
fragments, reducing sizes of themselves. As the result of this collisional cascade, asteroids provide
dust particles to the interplanetary space. Comets also eject dust particles into the interplanetary
space owing to the sublimation of ice and spontaneous disruptions. Since such parent bodies are
primordial planetesimals formed in the proto-solar disk, it means that the IPD particles have been
incorporated into the parent body in the proto-solar disk, kept inside the body during the evolution
of the Solar System, and recently returned to the interplanetary space again. Therefore, IPD
particles are thought to suffer from the space weathering effect much less than the surface of their
parent bodies and their grain properties can give us the information about the environment in the
proto-solar system.

As a tracer of such properties, I focused on the spectral features around 10 pum originating from
Si-O vibration modes of silicates included in the IPD grains. The shape of the features depends on the
grain properties such as mineral and chemical composition, crystallinity and crystal morphology, for
examples. IPD particles scatter and absorb the sunlight in the ultraviolet—near-infrared wavelength
region and the absorbed energy is re-emitted as the thermal emission in the mid-infrared wavelength
region. It is the dominant diffuse source in the mid-infrared sky brightness, called the zodiacal
emission. Past infrared space telescopes detected emission features in zodiacal emission spectra.
However, such observations did not have high signal-to-noise ratio sufficient to identify properties
of the IPD grains accurately. Moreover, differences in the grain properties of the IPD from different

types of parent bodies were not discussed in these previous works, although the result in laboratory



measurements of the IPD particles collected near/on the Earth suggested that the asteroidal IPD
and the cometary IPD have different grain properties.

The aim of this thesis is to compare the grain properties of the IPD from different types of
parent bodies in terms of spectral features seen in the zodiacal emission. I compared the zodiacal
emission spectra among various directions of the sky, because the IPD has different distributions
in ecliptic latitudes depending on the types of the parent bodies. According to some dynamical
simulations, the asteroidal IPD locally distributes at low specific ecliptic latitudes and observed
as band structures near the ecliptic plane. On the other hand, because of the variety of comets
inclinations, the cometary IPD distributes more globally than the asteroidal IPD does. Jupiter
Family Comets (JFCs), which have an elliptical orbit with an inclination less than 30° and an
aphelion around the Jupiter, can form the dust cloud with a broad distribution in ecliptic latitudes
around the ecliptic plane. Oort Cloud Comets (OCCs), which come flying from the Oort cloud,
have an isotropic distribution in inclinations and therefore, the IPD from the OCCs has an isotropic
spatial distribution all over the sky. Although a substantial fraction of the total amount of the IPD
is thought to be from the JFCs, it may be possible to detect any signs of the IPD from asteroids or
the OCCs if observations cover the various ecliptic latitudes with a high sensitivity.

In this thesis, I analyzed mid-infrared spectroscopic data of the zodiacal emission at 74 different
directions over the entire sky. The data was obtained with MIR-S channel of AKARI/IRC. This
channel covers the wavelength range of 5-12 pum using two grisms. With a conventional reduction
pipeline, the resultant spectra of two grisms were not smoothly connected owing to the inconsistency
in the intensity level of their overlapping wavelength range. The cause of the inconsistency was
three types of instrumental artifacts: the light scattered into pixels in the same row and column of a
detector pixel array, the light scattered at the edge of a detector after going through a small window
in the aperture mask, and the ghost of the small window aperture. I have empirically examined their
brightness at each position on each image and subtracted them. As the result, I successfully obtained
zodiacal emission spectra with high signal-to-noise ratio. Their intensity levels at 12 pym were found
to be ~ 10% higher than those calculated by a zodiacal emission model based on observations
of COBE/DIRBE (hereafter DIRBE zodi-model), while they were lower than those calculated by
a similar model based on imaging observations using AKARI/IRC. Those inconsistencies may be
caused by the inappropriate color correction factor used in the construction of both models.

I estimated a continuum spectrum at each direction of the sky on the basis of the DIRBE zodi-
model. By dividing the zodiacal emission spectrum obtained at each direction by the corresponding

continuum, I derived observed/continuum spectra at all 74 pointing directions. I detected excess



emission at 9-12 pm in all the observed/continuum spectra. They exhibit some sharp peaks signifi-
cantly beyond the error range. Such detailed shapes have been revealed for the first time thanks to
the high sensitivity of the IRC and the accurate subtractions of instrumental artifacts. I discussed
the shapes of the emission features at all directions from a mineralogical point of view. First, I
averaged the observed/continuum spectra in all observed directions and compared with absorption
coefficients of candidate minerals. This enables us to understand grain properties typical for all over
the sky. These typical properties represent the grain properties of the IPD from the JFCs, because
the IPD from the JFCs (i.e., the smooth cloud) accounts for the significantly largest fraction of
the total IPD. In the averaged spectra, I found main peaks around 9.60 and 10.65 um caused by
small grains of enstatite, and sub-peaks around 10.15 and 11.85 pm which are mainly contributed
by small grains of forsterite, in addition to a composite peak from enstatite and forsterite at 11.30
pm. It indicates that the IPD from the JFCs includes small crystalline grains and is enstatite-rich.
In order to reproduce the wavelength position of the enstatite peak shifted from 9.2 ym to 9.6 pm
and the suppressed enstatite peak at 11.6 pm, enstatite grains included in the IPD from the JFCs
may have extreme crystal morphologies like whisker- or platelet-shapes.

Secondly, I compared the feature shapes among different pointing directions, in order to compare
grain properties among the IPD originating from different types of parent bodies. To investigate the
influence of the asteroidal IPD on feature shapes, I compared feature shapes among directions with
different brightness contribution levels of the asteroidal dust bands. The contribution was denoted by
A and calculated on the basis of the IPD density distribution in the DIRBE zodi-model. On the other
hand, the contribution of the IPD from the OCCs could not be calculated quantitatively because of
the lack of an accurate model prediction of the density distribution including the isotropic component
composed of the IPD from the OCCs. Instead, I compared feature shapes among directions with
different absolute values of ecliptic latitudes, |Sg|, in order to investigate the influence of the IPD
from the OCCs. I averaged the observed/continuum spectra in A- or |Bg|- bins and compared the
feature shapes.

As the most simple parameter of the feature shape, I calculated the equivalent width of the whole
excess emission (EWy,note), which means the strength of excess above the continuum integrated in
the 8-12 pm. EWynoe showed a clear positive correlation with |Bg|. It indicates the increase in
the fraction of small grains at the higher ecliptic latitudes, because absorption coefficients of small
grains (~ 1 pum) show more significant peaks than those of larger grains (> 10 pm). This result is
consistent with previous works and can be explained by the collisional cascade during the accretion

of IPD particles. On the other hand, a weak negative correlation between EW noe and A was



found. It means that the size distribution of the asteroidal IPD is biased to relatively larger grains
owing to grains in the middle of the collisional cascade from asteroids.

The high signal-to-noise ratio of AKARI spectra enabled us to investigate more detailed feature
shape for the first time. I defined 3 parameters for the quantitative investigation: the equivalent
width ratio in 10.0-10.5 ym and 9.0-9.5 pm (EW19.0-10.5/EWo.0—9.5), a wavelength shift of a peak
excess due to crystalline silicates (Adpeax) and the equivalent width ratio of peak excess due to
crystalline silicates (EWs,/EWen). EW1g.0-10.5/EWo.0—9.5 and EWy,/ EW,,, were found to show a
weak positive and negative correlation with A, respectively. A possible qualitative interpretation is
the contribution of a smooth excess around 10 ym due to phyillosilicate minerals in the asteroidal
IPD. Since phyillosilicate is a hydrated mineral, this implies the evidence of the aqueous alteration
in the asteroidal IPD. From the negative |Sq|-dependence of EW1g 0—10.5/FEWy.0—_9.5, the IPD from
the OCCs was found to have a lower olivine/(olivine4pyroxene) ratio in amorphous grains than
that of the IPD from the JFCs. In addition, the negative correlation between |Bg| and AXpeqr in
the peak around 11.34 um can be interpreted as evidence that the enstatite sub-peak at 11.1 pm is
enhanced relative to the forsterite main peak around 11.25 pm at higher |3g|. This enhancement
indicates a lower forsterite/(forsterite+enstatite) ratio of the IPD from the OCCs compared with
that of the IPD from the JFCs. It was consistent with the result of the negative correlation of
EWy,/EW,y, with |Bg].

I assumed that the JFCs were formed only in an outer region like > 15 au in the proto-solar disk
while the OCCs could be formed also in a more inner region like 4-15 au, as predicted by the Nice
model. Since the grain properties of the IPD reflect the dust properties in the forming region of the
parent bodies, obtained grain properties of the IPD from the JFCs show the dust properties in the
outer region of the proto-solar disk. It means crystalline silicates were included in the dust particles
in such cold region, although the interstellar dust is known as amorphous and silicate crystals can
be formed only in a hot region like < 1 au from the Sun. This indicates any radial mixing process
has occurred and annealed or re-condensed dust has been transported outward. Three hypotheses
have been proposed to explain the radial mixing: turbulence mixing model, X-wind model, and the
transportation by radiation pressure. I also found the differences of the mineral composition between
the IPD from the JFCs and the OCCs, which imply the differences of the mineral composition among
dust at different radial distances in the proto-solar disk. My findings may become useful to identify
which radial mixing model is more reliable, if radial dependence of the mineral composition will be

available in each model.
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Chapter 1

Introduction

1.1 Interplanetary dust

In the interplanetary space of the Solar system, dust distributes diffusely and we call it interplanetary
dust (IPD). The particle size of the IPD has a range from a few tens of nanometer to millimeter
order (see section 1.1.3 for details). It distributes mainly at the ecliptic plane in a few astronomical
units (au) from the Sun (see section 1.1.2 for details) and, therefore, the Earth exists inside the
dust cloud. It means that some of these dust particles accrete to the Earth and can be collected in
the stratosphere or on the ground. In addition, the IPD scatters and absorbs the sunlight in the
ultraviolet—near-infrared wavelength region. While the scattered light can be seen as the zodiacal
light in such wavelength region, the absorbed energy is re-emitted as the thermal emission in the
mid-infrared wavelength region, which is called the zodiacal emission. We can observe the zodiacal
light and emission as the dominant diffuse source in almost all over the sky, except the galactic plane,
where the radiation from the interstellar dust becomes a main contributor to the sky brightness.
In this chapter, I will present the summary of the previous studies on the IPD based on laboratory
measurements of collected dust particles, in-situ measurements using space probes, and remote

observations of the zodiacal light and the zodiacal emission.

1.1.1 Orbital evolution and origins

Basically, the IPD particles have a Keplerian orbit with the gravitational attraction to the Sun in

the motion equation of
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where G is the gravitational constant, Mg is the solar mass, m is the mass of a particle, and r is
the distance from the Sun. However, some other forces disturb the orbit. The particles dynamically
interact with the solar radiation and exchange the momentum during absorption, scattering and
re-emission of the incident photons. It results in a disturbance of the particle orbits due to the
radiation force. As seen from the frame fixed to a particle with a geometrical cross section of A, the

radiation force can be written by the following (Burns et al. 1979; Gustafson 1994; Klacka 1992):

_ SoAQp: 2dr\ . rdf\ -
Fraa = r2c [(1 c dt) g (c dt) 6‘} ’ (1.2)

where c is the speed of light, Sp means the flux density of the solar radiation at 1 au, and Qp, is an
efficiency factor for radiation forces defined by Qpr = Qanbs + Qsca(cos a) using a scattering angle, a.
Qaps and Qgc, are efficiency factors for absorption and scattering by the particle, respectively, and
(cos a) accounts for asymmetry of the scattered radiation. # and 0 are unit vectors in the radial
and tangential direction of the particle orbit, respectively. Since € represents the rotation angle,
df/dt indicates the particle angular velocity. Force written by the velocity-independent radial term
is called radiation pressure and it points particles radially away from the Sun. Force written by the
velocity-dependent tangential term is called Poynting-Robertson (PR) drag. Particles receiving the
effective PR, drag lose their angular momentum and gradually reduce their orbital radius.

Orbital evolution of the IPD particles is determined by the ratio of F,q/Fyrqs. The ratio is
often represented by S and approximated as

|Frad| ~ (SO/TQC) A A

E —_— —_— 1.
6 |Fgravl (;’]\4(3/7‘2 8 Qpr 8 m Cerrm ’ ( 3)

where C; = 7.6 x 107° g cm™2 (Burns et al. 1979; Gustafson 1994; Wyatt et al. 1999). Since
A has the dimension of area and m is proportional to the volume of a particle, A/m is inversely
proportional to the radius of a particle, a. Therefore, 8 o a™! for large particles, in which @, does
not depend on a. In the limit of small particles (a < 1), where Rayleigh scattering can be assumed,
Qsca decreases more drastically than Q.ps because Qseca x a* and Qaps < a. Then we can think
Qpr ~ Qabs x a and [ is size-independent. According to calculations of 8 for homogeneous sphere
particles with various sizes and materials using Mie theory (Bohren & Huffman 1983; Kerker 1969),
3 has a peak at a ~ 0.1 um and decrease with 3 o< a~! at the larger side of the peak (Gustafson
1994; Mukai et al. 1992).

If B > 0.5, a particle is blown out along a hyperbolic orbit owing to the solar radiation pressure

and it is called “B—meteoroids.” Assuming the size-dependence of 3, small particles with a ~ 0.1 um



can be blown out of the Solar System. Much smaller particles are also difficult to keep existing in the
Solar System owing to pressure caused by collisions with solar wind particles and the Lorentz force,
which is the interaction between charged particles and electromagnetic fields in the interplanetary
space (Gustafson 1994; Mukai & Giese 1984). On the other hand, particles larger than 0.1 pm,
which satisfy 8 < 0.5, are affected by PR drag and gradually accrete to the sun following a spiral
orbit as the result of the momentum loss (Wyatt et al. 1999). After they approach the Sun, they

evaporate and vanish. The lifetime of such particles is calculated by

400 72

tpr ~ [year] , (1.4)

where 7 means the original distance from the Sun in au. It corresponds to 10°-10° years, assuming
a typical size and spatial distribution of the IPD (Burns et al. 1979; Wyatt et al. 1999). This time
scale is significantly shorter than the age of the Solar System, ~ 4.5 x 10° years. Therefore, the
IPD is thought not to be survived particles from the planetary formation era, but to be supplied
recently.

If we suppose the bounds of large objects, S becomes infinitesimal and ¢pr becomes sufficiently
long, i.e., radiation forces do not affect. Instead, they collide with each other and break into
fragments smaller than themselves. Their typical lifetimes are determined by the time scale of this
collisional cascade, t.on ~ 10%y/a (Wyatt et al. 1999). If objects have the size of ~ 20 km, their
lifetimes become similar to the age of the Solar System. It implies that asteroids larger than ~ 20
km should be primordial asteroids. Collisional cascade from such asteroids can continuously supply
the IPD even today. This is thought to be one of the main sources of the IPD.

Another possible source of the IPD is the sublimation and/or spontaneous disruptions of comets.
Comets are also survived planetesimals as well as asteroids. Comets sublimate near their perihelion
(< a few au) and eject the dust particles that have been buried in the icy mantle. The size distri-
bution of ejected particles is investigated by observations of cometary dust coma and found that it
has a peak around sub-micron (Hanner 1983; Shinnaka et al. 2018). Although most of such small
particles may be blown out owing to the solar radiation pressure, larger particles can make a dust
trail as observed (Davies et al. 1984; Ishiguro et al. 2002) and gradually accrete to the Sun owing
to the PR drag. Nesvorny et al. (2010) said more than 90% of the zodiacal emission flux originate
from the cometary IPD on the basis of imaging observations with a space-borne infrared telescope,

IRAS, and dynamical simulations of supplied particles.



1.1.2 Spatial distribution

According to some dynamical simulations, the IPD originating from different types of parent bodies
has different spatial distributions.

The asteroidal IPD distributes in local band structures at specific ecliptic latitudes same as
their parent asteroid families. Sykes & Greenberg (1986) simulated the dynamical evolutions of the
asteroidal IPD after the release from asteroids. Just after it is released near the main belt at a few
au, the IPD particles follow the orbit of the parent bodies, as seen in the first phase of Figure 1.1.
The orbits experience differential precession caused by gravitational perturbations from the Jupiter
and the longitudes of nodes are gradually dispersed (see the middle phase of Figure 1.1). In the
time scale of 10° to 10° years, the nodes have been distributed uniformly in all ecliptic longitudes,
like the last phase of Figure 1.1. These processes result in a pair of dust distribution peaks with ring
structures which are symmetrical across the ecliptic plane. As they are spiraling into the Sun owing
to the PR drag, they are seen as a pair of dust bands approaching to us if we observe them from
the Earth. Imaging observations performed by past infrared space telescopes found such structures
near the ecliptic plane (Ootsubo et al. 2016; Low et al. 1984). For some of them, the parent asteroid
family has already been identified (Nesvorny et al. 2003). For example, a pair of dust bands at the
ecliptic latitudes of £9°.3 originates from the collision at 8.3 Myr ago in Veritas asteroid family at
3.17 au, which is mainly composed of C-type asteroids. A band pair seen in £2°.1 is thought to be
formed 5.75 Myr ago through the collisional disruption in Koronis asteroid family at 2.87 au, whose
main bodies are S-type asteroids.

On the other hand, because of the variety of comets inclinations, the IPD from comets distribute
more globally than that from asteroids. Comets are divided into some groups depending on their
orbit. One group is called Jupiter Family Comets (JFCs). They have an elliptical orbit with an
inclination less than 30° and an aphelion distance close to the mean distance of the Jupiter from the
Sun (Dones et al. 2015). Another group is Oort Cloud Comets (OCCs), which come flying from the
Oort cloud at 10*-10° au along the orbit with an isotropic distribution of inclinations. The JFCs
can form the dust cloud with a broad distribution of ecliptic latitudes around the ecliptic plane and
it extends even to the ecliptic poles (Nesvorny et al. 2010; Liou et al. 1995), while the IPD from the
OCCs has an isotropic distribution all over the sky (Poppe 2016).

Kelsall et al. (1998) modeled the spatial distribution of the zodiacal emission brightness on the
basis of the data obtained with COBE/DIRBE. In the model, they assumed three types of IPD
components: smooth cloud, dust bands, and circumsolar ring with trailing blob. Figure 1.2 shows

the density contour of each component. The smooth cloud is a mass of the IPD distributing globally
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Figure 1.1: Dynamical evolution of the IPD supplied by the asteroid collision (Sykes & Greenberg
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within a few au from the Sun. In combination with the result of the dynamical simulations of the
ejected IPD, more than 90% of this component is the IPD from the JFCs (Nesvorny et al. 2010).
Dust band structures are composed of the asteroidal IPD and this model included three dust bands
at the ecliptic latitudes of +1°.4, £10° and +15°, which recently have been formed by the Themis &
Koronis families, the Veritas & Eos family and the Maria & Io family, respectively. The circumsolar
ring is a component of the IPD trapped by the Earth gravity into a resonant orbit near 1 au during
the accretion to the Sun (Jackson & Zook 1989). The asteroidal IPD can be trapped more easily
than the cometary IPD because of the low-eccentricity orbits (Marzari & Vanzani 1994). In addition
to the ring structure, the IPD trapped in mean motion resonances with the Earth follows behind
the Earth along the same orbit. It was considered as a trailing blob in the model. They estimated
the spatial distribution of the cross section for each component in conjunction with the spatial
distribution of the particle temperature.

Kondo et al. (2016) presented a modified model based on the data from all sky imaging survey
using AKARI/IRC (hereafter IRC zodi-model). They assumed basically the same IPD components
described by the same functions of density distributions as the DIRBE zodi-model. However, this
model additionally considered the component which has an isotropic distribution (i.e., mainly the
IPD from the OCCs) for the first time.

Commonly in the result of both models, the smooth cloud component formed with the IPD from
the JFCs accounts for the largest percentage of the total amount of the IPD, although the resultant
absolute value of the density distribution was larger in the IRC zodi-model than that of the DIRBE
zodi-model (Kondo et al. 2016). The fraction of the asteroidal IPD becomes relatively large in lines
of sight toward the asteroidal dust bands. Since the amount of the IPD from the JFCs becomes
smaller as going apart from the ecliptic plane in spite of the constant amount of the IPD from the
OCCs all over the sky, the fraction of the IPD from the OCCs may become relatively larger at higher

ecliptic latitudes.

1.1.3 Size distribution

The size distribution of the IPD was revealed by some types of measurements and observations:
measurements of lunar craters, radar observations of meteors, imaging observations of the zodiacal
light and in-situ measurements of dust mass flux using space probes.

The first model, called “the lunar flux model,” has been constructed from the lunar crater size
distribution of Morrison & Clanton (1979) with the absolute flux calibration from the Pegasus

satellite experiment (Naumann 1966).
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Figure 1.2: Density contour of each IPD components: smooth cloud, dust bands, and circumsolar
ring with trailing blob (Kelsall et al. 1998).
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Griin et al. (1985) re-evaluated it to explain the results of in-situ flux measurements using the
HEOS-2 satellite and a quantitative analysis of collisional effects for S-meteoroids. This model is
called “the interplanetary flux model.” The interplanetary flux model deviates from the lunar flux
model only for small particles (m ~ 1079 g, corresponding to d ~ 10 pum in diameter if the density is
2.5 g/cm?). The modeled function of the size distribution is expressed by a smoothly broken power-
low with negative indices and covers the size range from 0.01 ym to 1 cm assuming the density of
2.5 g/cm?®. It fits accurately the mass fluxes measured at 1 au.

A much more extended flux model was developed by Divine (1993) totally including the result of
many types of measurements in 0.1-20 au. Jehn (2000) used the data and considered the dependence
of the size distribution on the distance from the Sun. They found that the size distribution at a few
au was more biased to large particles than that at other distances, which is expected to be due to
the asteroidal IPD recently supplied in the main belt.

It is also known that the fraction of small particles becomes greater as decreasing the radial
distance. This can be caused by the collisional cascade during the accretion of the IPD particles
due to the PR drag (Griin et al. 1985). Renard et al. (1995) found that albedo of the IPD decrease
as the radial distance becomes far away from the Sun, in proportion to R~°-32. Since small particles
have lower absorption coefficients (i.e., higher albedo) in optical wavelength, this is supportive of

the enhanced fraction of small particles in the inner region.

1.2 Investigation of grain properties

As shown in 1.1.1, the IPD originates from asteroids and comets. Those parent bodies are pri-
mordial planetesimals formed in the proto-solar disk. It means that the parent bodies may include
information about the environment in the proto-solar system. However, surfaces of asteroids are
well affected by two types of space weathering effect (Vernazza et al. 2009; Noguchi et al. 2011):
that by micrometeoroid bombardment with the time scale of 108-10° years (Schramm et al. 1989)
and that by the solar wind irradiation with the time scale of 10%-10° years (Strazzulla et al. 2005).
In addition, the opportunity for observations of cometary sublimation is very limited.

On the other hand, after an IPD particle was incorporated into the parent body in the proto-
solar disk, it has been kept inside the body during the evolution of the Solar System without any
significant metamorphosis, except for local aqueous alteration inside the asteroids (Germani et al.
1990). Once it has been recently returned back to the interplanetary space, the lifetime (10°-10°

years, see section 1.1.1) is relatively short to be affected by space weathering compared with the
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surface of the parent bodies. It means that the grain properties of the IPD currently existing, such
as the mineral or chemical composition, crystallinity, and crystal morphology, represents the grain
properties of dust in the forming region of the parent planetesimals and can help us to understand
the environment in the proto-solar system. Therefore, the investigation of the IPD grain properties

is important for the study on the formation process of planetary systems.

1.2.1 Laboratory measurements of collected dust particles

According to an examination of hyper-velocity impact craters on the space-facing end of the Long
Duration Exposure Facility satellite (Love & Brownlee 1993), the IPD particles close to 1 au are
accreting to the Earth with the rate of ~ 4.0 x 107 kg per year for particles smaller than 300 ym in
diameter. Some of such accreting particles have been collected in clean locations on the ground (the
polar site, for example), in the stratosphere, and by instruments on the international space station
or satellites in low-Earth orbit. In some cases, their parent bodies can be estimated by the direction
from which the particle come flying.

Properties of the collected samples have been measured in laboratories. Figure 1.3 shows the
scanning electron microscopy images of the samples of the cometary IPD and the asteroidal IPD.
The cometary IPD looks like a chondritic-porous (CP) and fluffy particle. Studies using transmission
electron microscope (Messenger et al. 2013) revealed that the CP dust is anhydrous and consists
of sub-pum grains of Mg-rich crystalline silicates, Fe-Ni sulfides, and amorphous silicates bound
together by abundant carbonaceous materials. Keller & Messenger (2005) says crystalline silicates
in CP dust are dominated by enstatite (MgSiO3) and forsterite (Mg2SiO4), with minor fractions of
diopside (MgCaSisOg) and anorthite (CaAlySiaOg). Single crystals are typically included as grains
with the size of 0.1-a few pm, while 0.1-2.0 pum sized polycrystalline silicate grains composed of 50—
200 pm sized crystals are also common. Many enstatite grains exhibit extreme crystal morphologies
such as whisker- and platelet-shape, as shown in Figure 1.4. According to Bradley et al. (1983),
such morphologies can be caused by growth defects of the crystal lattice structure, which indicates
they have condensed directly from vapor phase in non-equilibrium. Glass with embedded metal and
sulfides (GEMS; Bradley et al. 1999), which is mainly composed of amorphous silicate as shown in
Figure 1.5, also have commonly found in the collected IPD seemed to be cometary.

On the other hand, samples of the asteroidal IPD are known as chondritic-smooth (CS) and
compact particles (i.e., low porosity; see Figure 1.3) and mainly composed of hydrated silicates
and carbon. Germani et al. (1990) and Schramm et al. (1989) reported they show compositional

heterogeneities and include aqueous alteration products only at localized part.
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Figure 1.3: Secondary electron images in scanning electron microscopy of the IPD samples (Bradley
2003). Left: chondritic-porous (CP) dust frequently found in the cometary IPD. Right: chondritic-
smooth (CS) dust frequently found in the asteroidal IPD.

Thus, grain properties were found to be quietly different between samples of the asteroidal IPD
and the cometary IPD. It is necessary to distinguish grain properties between the IPD from different

types of parent bodies.

1.2.2 Mineralogy in particles

As described in section 1.2.1, the IPD particles consist of some types of silicate minerals. Silicate
means an assembly of tetrahedron structure of SiOy4 (i.e., an oxygen atom surrounded by 4 silicon
atoms). Silicate in which tetrahedra do not share any atoms (i.e., isolated silicate) is called olivine,
and silicate composed of tetrahedra sharing one oxygen with each other (i.e., chain silicate) is named
pyroxene. The tetrahedra are arranged periodically in crystalline silicates, although amorphous
silicates include random arrangement of the tetrahedra.

Silicate is one of solid solutions, which means metal ions get in between the SiO4 tetrahedra
or sometimes replace the silicon ions keeping the balance of electric charge. Assuming the solar
composition (Lodders 2003), magnesium and iron ions can mainly occupy the site between the SiO4
tetrahedra. Particularly, crystalline silicates included in the IPD seem to be Mg-rich according to
the laboratory measurement of the collected IPD (see section 1.2.1).

Mg-Fe olivine and pyroxene are expressed by chemical formula: Mga,Fey(1—4)Si04 and Mg, Fe; ,SiO3
(0 <z < 1), respectively. Crystalline silicate has a name depending on the molecular structure and

the metal composition (z). I summarized such mineral names in Table 1.1.
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Figure 1.4: Examples of extreme crystal morphologies found in the enstatite grains included in the
collected IPD (Bradley et al. 1983).

I have to note that there are several enstatite polymorphs: ortho-, proto-, and clino-enstatite.
They have different stacking structure of layer of tetrahedra chains. According to the calculation
in Choudhury & Chaplot (2000), ortho-enstatite is the most stable at ambient conditions, although
it transforms to the proto-enstatite at high temperatures. Clino-enstatite can be stable at high
pressures and experiments presents the existence of clino-enstatite also at low temperatures even at

low pressures (Gasparik 1990).

Table 1.1: Names of main types of crystalline silicate.
‘ H Mg-end (z =1) ‘ Fe-end (z = 0) ‘

Olivine (Mga,Fes(1—4)Si04) Forsterite Fayalite

Pyroxene (Mg,Fe;_,SiO3) Enstatite Ferrosilite

1.2.3 Studies on zodiacal emission spectra

Silicates have vibration modes between their constituent atoms, in the energy range corresponding
to the mid-infrared wavelength region. For example, they have some stretching modes between
Si-O atoms around 10 pm, while some bending modes between O-Si-O atoms are exist around 20

pm. Each vibration mode causes a spectral peak in the absorption coefficient at the corresponding
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Figure 1.5: Transmission electron micrographs of GEMS within the collected IPD (Bradley et al.
1999). (A) Bright-field image of GEMS embedded in amorphous carbonaceous material (labeled
“C”). Inclusions seen as black regions are FeNi metal (kamacite) and FeS. (B) Dark-field image of
GEMS. The main constituent seen as the uniform gray region is Mg-rich amorphous silicate (glass),
and it includes the grains of metal and sulfides. (C) Dark-field image to show the FeS inclusions.
(D) Dark-field image to show the forsterite inclusions.
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wavelength and it results in spectral features seen in the zodiacal emission.

Since the grain properties like mineral and metal composition or crystal morphology affect the
vibration modes, the resultant feature shape depends on such properties. It means that we can
trace the grain properties of the IPD from the shape of spectral features. Therefore, spectroscopic
observations of the zodiacal emission is another effective approach to investigate the grain properties
of the IPD. This approach has an advantage of comprehensive investigations into the properties of all
the IPD grains included in the line of sight without any sample bias, compared with the laboratory
measurements of the collected IPD samples which is biased to the particles easy to reach to the
Earth.

In this thesis, I focused on the features around 10 um in the zodiacal emission. According to
the previous spectroscopic observations of the zodiacal emission, some spectral features are detected
as excess emission. Mid-infrared camera on board the Infrared Space Observatory (ISOCAM) mea-
sured the sky spectra over the wavelength range of 5-16 pm and reported excess emission in the
9-11 pm range with the amplitude of 6% of the continuum (Reach et al. 1996, 2003), although
Leinert et al. (2002) concluded zodiacal emission spectra obtained with the spectrophotometric sub-
instrument of ISO photometer, ISOPHOT, are smooth and featureless. Mid-infrared Spectrometer
(MIRS) on board the Infrared Telescope in Space (IRTS), the first Japanese infrared space telescope,
obtained the zodiacal emission spectra in 4.5-11.7 ym and the 9-12 pm excess was seen, although
the conclusion depends on the spectral range where the continuum fitting is attempted (Ootsubo
et al. 1998).

Such observations, however, did not have high signal-to-noise ratio sufficient to identify detailed
properties of the IPD grains. In addition, grain properties of the IPD from different types of parent
bodies were not separately discussed in those previous works, although the result in laboratory
measurements of the collected IPD suggested that the grain properties depend on the types of the
parent bodies, as described in section 1.2.1.

In order to compare the grain properties of the IPD from different types of parent bodies,
therefore, I compared the shape of features in the zodiacal emission spectra among different directions
of the sky, because the IPD has a different spatial distribution depending on the types of the parent

bodies as shown in section 1.1.2.
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1.3 The organization of this thesis

In this thesis, I derived the zodiacal emission spectra at 74 pointing directions and carefully compared
the shape of emission features among different directions for the first time. In the following two
chapters, I will explain about the observational data obtained by AKARI/IRC and the reduction
process. I will show the results of the feature shape and discuss the grain properties of the IPD
originating from various types of parent bodies in chapter 4. In chapter 5, I will describe the

implications for the environment in the proto-solar system and future works.
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Chapter 2

Observation

2.1 AKARI satellite

AKARI (Murakami et al. 2007) is a Japanese infrared astronomy satellite. It was launched by a M-V
rocket in February 2006, and the science operation has finished in May 2011. The satellite loaded
a telescope with the effective aperture diameter of 68.5 cm and two focal plane instruments, the
Infrared Camera (IRC; Onaka et al. 2007) and the Far-Infrared Surveyor (FIS; Kawada et al. 2007).
These instruments cover the wavelength range of 2-27 um and 50-180 pm, respectively. In infrared
observations from space, thermal radiation from the optical system itself becomes a dominant source
of the background noise. Therefore, the total optical system was cooled down to 5.8 K by a pair of
two-stage Stirling cycle mechanical coolers as well as liquid helium.

AKARI satellite was brought into a circular Sun-synchronous polar orbit at an altitude of ~ 700
km and an inclination of 98°.2. It was flying along the day-night border with the orbital period
of ~ 100 min. This orbit enables us to observe the all sky region in a half year, although its solar
elongation angle was limited to 90°+1°.

After a performance-verification phase on orbit, all sky imaging survey was performed for a half
year (Phase 1) and pointing observations were carried out in combination with the observations for
supplement of the all-sky survey (Phase 2). Phase 2 continued for ten months until the liquid helium
has been boiled off in August 2007. Only near-infrared (2-5 pm) observations were performed also
in the following phase, in which the temperature of the telescope was kept at ~ 40 K by using the

mechanical coolers (Phase 3).
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2.2 Infrared Camera (IRC)

AKARI/IRC consists of three channels with different wavelength coverage: the NIR channel for 2-5
pum, the MIR-S channel for 5-13 pum, and the MIR-L channel for 12-27 pm (although spectroscopy
was limited to the region longer than 17.5 pym in actual use, owing to an instrumental trouble). A
bird’s-eye view of the IRC is shown in Figure 2.1.

Each channel has three band filters and two dispersion elements: one prism and one grism in
the NIR channel, two grisms in each of the MIR-S and MIR-L channels, although one of grisms in
the MIR-L channel is out of work. They are installed on a filter wheel along with a blank window
as a shutter, which is necessary for the subtraction of dark currents. By rotating the filter wheel,
we can switch from imaging to spectroscopy, or change the wavelength coverage.

All three channels were operated simultaneously. The NIR and MIR-S channels share the same
field of view using a beam splitter, although the MIR-L channel looked a different sky region at 25’
away from that of the NIR/MIR-S channel. On the telescope focal plane, an aperture mask with
two main apertures (approximately 10° x 10’ for each) is set. One of the main apertures fixes the
main field of view common to the NIR and MIR-S channel, and the other determines that of the
MIR-L channel. Both main apertures are accompanied by a slit aperture in their neighbor, and
therefore, all three channels have a capability for spectroscopic observations of diffuse sources, like
the zodiacal emission and extended nearby galaxies. One small window aperture is also equipped
next to the slit aperture common to the NIR and MIR-S channel, for spectroscopic observations of
point sources in the NIR channel. The upper panel of Figure 2.2 shows a schematic view of the
aperture common to the NIR and MIR-S channel.

A Si:As detector with 256 x 256 pixels is installed in the MIR-S channel. I should note that
the detector sensitive area is designed to be smaller than that of the NIR channel. Moreover, the
detector position in the MIR-S channel was found to be slightly shifted and tilted. Therefore, the
detector image of the MIR-S channel can not cover the entire field of view of the aperture, as shown

in the bottom panel of Figure 2.2.

2.3 Spectroscopic observations of the zodiacal emission

AKARI/IRC accomplished near- and mid-infrared spectroscopic observations of the zodiacal emis-
sion during the Phase 2 (November 2006—August 2007), as part of the mission program “SOSOS.”
Taking advantage of the AKARI orbit, the zodiacal emission was observed at 74 pointing directions.

I summarized the log for the observations in Table 2.1. Figure 2.3 indicates the map of the observed
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Figure 2.1: Bird’s-eye view of the IRC (Onaka et al. 2007).

directions in the geocentric ecliptic coordinate, (Ag, 8g). They cover the entire sky except the
galactic plane, in which the thermal emission from the interstellar dust in our galaxy dominates the
sky brightness in the mid-infrared.

In this study, I used the spectra obtained with the MIR-S channel, which covered 5.4-12.9 pym
with the spectral resolution of R ~ 50, which is optimum to investigate the silicate features around
10 pm. These data were taken with two grisms, SG1 (5.4-8.4 pm) and SG2 (7.5-12.9 um), in the
spectroscopic observation mode (IRC04 in terms of the astronomical observation template). In this
mode, the IRC takes four spectroscopic frames with the SG1 grism, then takes an imaging frame,
and finally takes four spectroscopic frames with the SG2 grism. The imaging frame is used to
determine the wavelength reference point for slit-less spectroscopy in the main field of view. Each
frame consists of 1 short exposure (0.5844 sec) and 3 long exposures (16.3632 sec). For each pointing
observation, I analyzed the data of the long exposures in the spectroscopic frames: 12 long exposures

in total (3 long exposures x 4 spectroscopic frames) for each of the SG1 and the SG2.
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Figure 2.2: (a) Schematic view of an aperture on the telescope focal plane. This aperture is common
to the NIR and MIR-S channels. (b) Correspondence between the aperture area on the telescope focal
plane (surrounded by a red dashed line) and the detector sensitive area in the NIR or MIR-S channel
(background image). Detector image do not cover the entire field of view of the aperture in the
MIR-S channel. I demonstrated examples of detector images obtained in imaging and spectroscopic
observations at (Ag,8g) = (174°.13, -1°.00). Their brightnesses is individually scaled to show the
images clearly.
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Figure 2.3: Map of the pointing directions I observed. This is a Mollweide projection in geocen-
tric ecliptic coordinates. The background image is the brightness map at 140 pm obtained with
COBE/DIRBE (Kelsall et al. 1998), which is dominated by thermal emission from the interstellar
dust in our Galaxy. The bright arc corresponds to the galactic plane.

Table 2.1: Log for the 74 pointing observations. Pointing direc-
tions were written in 3 types of celestial coordinates: equatorial
coordinates (a, ), geocentric ecliptic coordinates (Ag, 8g), galac-
tic coordinates (I, b). Solar elongations in all observations were in

the range of 90+1 degree.

Observation ID Date(UT) o [deg] 6 [deg] Mg [deg] [Bo [deg] [ [deg] b [deg]
1500701 2006/12/16 18:35:01  174.22 1.41 174.13 -1.00 264.99  58.68
1500703 2006/12/20 16:55:29  175.02  -7.11 178.27 -8.50  273.59  51.65
1500704 2006/11/22 18:56:11  150.22 3.09 151.20 -8.50 235.92 4271
1500705 2007/02/04 16:40:21  226.81 -7.14 226.40 10.00 351.68  42.52
1500706 2007/02/05 19:08:19  228.04  -3.33 226.53 14.00  356.54  44.40
1500707 2007/02/05 13:21:40  46.69 6.59 46.13 -10.50  172.07 -43.01
1500708 2007/02/05 10:01:47  48.07 2.30 46.27 -15.00 177.62  -45.09
1500709 2006/12/15 05:23:58  349.86 6.51 353.27 10.00 86.08  -49.66
1500711 2007/02/05 14:00:26  239.22  31.05 227.00 50.00 49.93 49.59
1500712 2007/02/04 19:47:57 239.31  31.03  227.13 50.00 49.90  49.50
1500713 2006/12/16 09:28:29  355.14  -3.19 354.27 -1.00 84.58  -60.67
1500715 2006/12/15 07:03:14  349.86  6.51 353.27 10.00 86.08  -49.66
1500717 2006/12/17 05:50:18  226.05  60.54  176.40 70.00 98.30  49.76
1500718 2006/12/17 07:29:34  226.05 60.54  176.40 70.00 98.30  49.76
1500719 2006/11/10 11:15:25  90.00  -66.56 90.00 -90.00  276.38 -29.81
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(Continued)

Observation ID Date(UT) o [deg] 0 [deg] Mg [deg] e [deg] I [deg] b [deg]
1500720 2006/11/10 19:31:34  90.00  -66.56 90.00 -90.00  276.38 -29.81
1500721 2007/02/04 21:21:44 248.99  49.66 227.27 70.00 76.65 41.96
1500722 2007/02/03 17:13:21  249.05  49.64 227.40 70.00 76.61 41.92
1500723 2006/12/28 13:11:21  230.95  57.48 188.00 70.00 92.19 49.56
1500724 2006/12/28 14:50:38  230.95  57.48 188.00 70.00 92.19 49.56
1500725 2007/02/05 14:50:05  59.22  -31.05 47.00 -50.00 229.93  -49.59
1500726 2007/02/05 06:27:59  68.92  -49.68 47.13 -70.00  256.68 -42.00
1500727 2006/12/19 04:59:29  46.71  -60.10  358.00 -70.00  277.46 -49.79
1500728 2006/12/19 06:38:46  46.71  -60.10  358.00 -70.00  277.46 -49.79
1500729 2006/12/20 07:27:51  46.76  -60.06  358.13 -70.00  277.39 -49.80
1500730 2006/12/20 09:07:08  46.76  -60.06  358.13 -70.00  277.39 -49.80
1500731 2006/12/28 14:01:00  50.95  -57.48 8.00 -70.00 272.19  -49.56
1500732 2006/12/28 15:40:16 ~ 50.95  -57.48 8.00 -70.00 272.19  -49.56
1500748 2007/05/02 14:28:54  141.03  36.33 131.80 20.00 187.57  45.50
1500751 2007/05/02 17:50:27  145.57  45.73 131.67 30.00 173.52 4841
1500759 2007/05/05 21:07:43  320.39 -26.49  314.53 -10.50 21.13  -43.53
1500760 2007/05/05 19:26:06 317.83 -18.84  314.60 -2.50 29.97  -39.06
1501603 2007/06/17 08:56:51  174.34  -3.00 176.00 -5.00 269.39  54.98
1501607 2007/06/19 12:17:06  172.52 -12.03 178.00 -14.00  273.55 46.15
1501608 2007/06/19 13:56:33  172.52  -12.03 178.00 -14.00 273.55  46.15
1501609 2007/05/30 10:09:52  165.66  22.42 158.00 15.00 217.73  64.91
1501614 2007/05/31 15:55:55  161.83 9.86 159.50 2.00 237.54  56.04
1501615 2007/07/13 10:01:20  210.04  19.93 200.00 30.00 12.02  72.70
1501617 2007/06/01 10:14:34  169.80  26.21 160.00 20.00 210.22  69.40
1501618 2007/06/01 13:33:25 169.80  26.21 160.00 20.00 210.22  69.40
1501619 2007/08/09 17:03:30  239.22  31.05 227.00 50.00 49.93  49.59
1501620 2007/08/10 11:18:01  239.22  31.05 227.00 50.00 49.93  49.59
1501623 2007/06/23 11:39:56 2.11 -2.35 1.00 -3.00 98.55  -63.17
1501625 2007/07/02 13:40:07  193.31 5.70 190.00 10.50 304.17  68.57
1501627 2007/07/03 12:49:22  189.72 -5.27 191.00 -1.00 297.11  57.46
1501628 2007/07/03 14:28:50 189.72  -5.27 191.00 -1.00 297.11  57.46
1501629 2007/06,/27 11:49:36 7.97 -5.82 5.00 -8.50 109.73  -68.18
1501631 2007/06/27 13:29:03 7.97 -5.82 5.00 -8.50 109.73  -68.18
1501633 2007/06/27 15:58:47  188.77 7.65 185.00 10.50 290.92 70.14
1501635 2007/06/28 10:13:36  190.89  10.01 186.00 13.50 296.38  72.78
1501639 2007/07/23 17:08:43  227.13  35.10 210.00 50.00 56.76 59.76
1501640 2007/07/23 23:46:38  227.13  35.10 210.00 50.00 56.76 59.76
1501645 2007/06/27 18:27:33 8.62 -6.08 5.50 -9.00 111.33  -68.57
1501646 2007,/06,/27 20:07:00 8.62 -6.08 5.50 -9.00 111.33  -68.57
1501647 2007/06/28 17:41:00  11.14 -9.35 6.50 -13.00  117.40 -72.15
1501648 2007/06/28 19:20:27  11.14 -9.35 6.50 -13.00  117.40 -72.15
1501649 2007/05/13 17:11:43  150.43  29.70 142.00 16.50 198.71  52.80
1501653 2007/07/02 12:42:56 241 19.08 10.00 16.50 109.45 -42.70
1501654 2007/07/02 14:22:32 2.63 18.62 10.00 16.00 109.59 -43.19
1501655 2007/07/03 18:33:12 3.34 19.47 11.00 16.50 110.72  -42.49
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(Continued)

Observation ID Date(UT) « [deg] 6 [deg] Mg [deg] [Bg [deg] I [deg] b [deg]
1501660 2007/05/16 16:17:52  143.10  -0.19 145.50 -14.00  234.23  34.98
1501661 2007/07/01 18:37:11  13.60 -8.84 9.00 -13.50  125.28 -71.70
1501662 2007/07/01 20:16:47  13.81 -9.30 9.00 -14.00 12598 -72.15
1501663 2007/06/30 17:45:20  12.70 -9.23 8.00 -13.50 122.42  -72.10
1501664 2007/06/30 12:47:06  12.90 -9.69 8.00 -14.00 123.08 -72.56
1501669 2007/07/18 11:43:02  21.47 13.86 25.00 4.50 135.52  -48.17
1501670 2007/07/18 13:22:31  21.47 13.86 25.00 4.50 135.52  -48.17
1501671 2007/07/19 00:58:59  22.61 13.77 26.00 4.00 137.18  -48.02
1501672 2007/07/19 10:55:51  22.61 13.77 26.00 4.00 137.18  -48.02
1501673 2007/08/02 23:58:04 217.10 -16.24 220.00 -1.50 334.24  40.67
1501675 2007/08/04 00:51:59  219.84 -11.32 221.00 4.00 340.75  43.48
1501679 2007/08/19 12:27:54  240.55 9.97 236.00 30.00 21.43 41.99
1501680 2007/08/19 14:07:25  240.55 9.97 236.00 30.00 21.43 41.99
1501685 2007/08/08 11:01:27  225.47  -6.76 225.00 10.00 350.68  43.69
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Chapter 3

Data reduction

3.1 Instrumental artifacts

With a conventional reduction toolkit (Ohyama et al. 2007), the resultant SG1 and SG2 spectra
were not smoothly connected owing to the inconsistency in the intensity level of the overlapping
wavelength range (i.e., 7.5-8.4 pm). I have carefully examined the contribution of the possible
artifacts due to the instrument and identified three types of artifacts that affect the slit-spectroscopic
data: (1) the light scattered in detector pixels, (2) the light scattered at the edge of a detector, and
(3) the ghost of the small window aperture. They are schematically shown in Figure 3.1 and their

details are described in this section.

3.1.1 The light scattered in detector pixels

A small fraction of incident light into a detector pixel are scattered into other pixels in the same
row and column of the pixel array, even if they do not saturate.

The brightness profile of this component was empirically estimated in Appendix 2 in Sakon et al.
(2007). In imaging data obtained in the MIR-S channel, bright point sources in the main field of
view cause the cross lines vertically and horizontally. According to careful investigations of the
brightness of such cross lines, it is derived that the light with the intensity S1o [ADU] incident at
the pixel position (X, Yp) is scattered into the pixel position (X, Yy) with the fraction of
C
X_

Gl(X—Xo):71+( X0)2
22.6

[ADU]J, (3.1)

where C' = 7.73 x 10~* and 6.23 x 10~* for S7 and S11, respectively. The S7 and the S11 are the
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aperture mask
(common with NIR channel)
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window

aperture slit aperture

MIR-S detector’s edge

MIR-S detector’s
‘“L"_‘,r """"""" P sensitive area

slit-spectroscopic  main field of view
region

Figure 3.1: Schematic view of artificial components: (1) the light scattered in detector pixels, (2) the
light scattered at the edge of a detector, and (3) the ghost of the small window aperture. Actually,
optical elements like a beam splitter, two lens and a grism were included between the aperture mask
and the detector. The rectangular coordinate is defined with the origin at the left bottom edge of
the detector pixel array and the Y-axis along the direction of spectral dispersion.
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filters used for the imaging observations and the wavelength coverages correspond to that of the
SG1 and the SG2, respectively. The profiles described in equation (3.1) are plotted in Figure 3.2.
This formula can be used also for the scattering along the Y-axis. The actual brightness of this
component at each position is determined by the convolution of the light scattered from all pixels

in the same row and column:

256 256
Sl(X, Y) = Slo(Xo,Y)XGl(X—Xo) dX0+ Slo(X,Y())XGl(Y—Yb) dYb [ADU] (32)
1 1

If we care about their effect on the slit-spectroscopic region, the light leaking from the main
field of view along the X-axis is dominant (see (1) in Figure 3.1). I calculated the two-dimensional
brightness distribution of the leaking light for each pointing data. After initial processing of observed
image, I approximately assumed the brightness distribution in the processed image itself as the
distribution of Sjg, because the fraction of the included scattered light is as small as 10~* (the
order of C' in equation (3.1)) of the incident light. Using the value of Sjp at each pixel position, I
calculated S; from equation (3.2). The panel (a) in Figure 3.5 shows an example of the estimated

brightness distribution of this component. I subtracted it from the processed image.

3.1.2 The light scattered at the edge of a detector

As mentioned in section 2.2, the detector sensitive area in the MIR-S channel do not completely
cover the field of view of the aperture which is shared with the NIR channel. Therefore, some of
light which go through the small window aperture could be scattered by the edge of the detector in
the MIR-S channel and contaminate the slit-spectroscopic region (see (2) in Figure 3.1).

The brightness profile of this component was also empirically estimated in Appendix 1 in Sakon
et al. (2007). Some datasets of two images were picked up from the imaging data in the MIR-S
channel; one image of each dataset accidentally showed a clear line of this scattered light caused by
a bright point source illuminating the detector edge (see the image (a) in Figure 3.3), and in the
counterpart, the pointing direction was slightly dithered and the point source was properly imaged
in the main field of view (see the image (b) in Figure 3.3). The counterpart image was subtracted
from the image with the scattered light after the correction of the position shift. This subtraction
extracted the brightness due to the scattered light. The brightness profile was estimated as the
function of the distance from the edge of the detector. The intrinsic brightness, Ssg, of the point
source can be measured in the counterpart image. Figure 3.4 shows the brightness profile, So(X),

of the scattered light normalized by Sog.
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Figure 3.2: Brightness profile, G1(X — Xj), of the light scattered in detector pixels. The absolute
value is normalized by the brightness, S1g, of the source causing the scattered light. S7 and S11 are
the filters used for the imaging observations and the wavelength coverages correspond to that of the
SG1 and the SG2, respectively. I used the profile obtained with the S7 for the SG1 and the S11 for
the SG2.
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slit-spectroscopic region main field of view

Figure 3.3: Example of the datasets used for the estimation of the brightness profile of the light
scattered at the detector edge. The pointing directions of two images was slightly dithered. Image
(a) shows a line of the scattered light in the slit-spectroscopic region, and image (b) captures the
point source which illuminates the detector edge and causes the scattered light in image (a), in the
main field of view. The point source is marked by yellow stars. The red rectangles indicate the
same field of view in these two dispersed images. I got the original image from Dr. 1. Sakon at the
University of Tokyo.

According to data obtained in the NIR channel, no bright point source contaminated the field
of view of the small window aperture in all data I used. Therefore, I assumed that the brightness is
uniform in the field of view of the small window. As seen in the right bottom image in the panel (b)
of Figure 2.2, the spectrum of the incident light going through the edge of the small window aperture
illuminates a few pixel columns at the edge of the detector sensitive area. I replaced the brightness
in such pixel columns as the brightness illuminating the detector edge, Ssy, and calculated the
brightness distribution of Sy as the panel (b) in Figure 3.5. Note that I optimized some parameters

of the profile S3(X)/Sso described in Figure 3.4 for the diffuse source of the scattered light.

3.1.3 The ghost of a small window aperture

Even after the subtraction of two types of scattered light mentioned above, I still found the incon-
sistency in spectra obtained with the SG1 and the SG2. It seems to be due to the ghost of the light

going through the small window aperture. In the NIR channel of AKARI/IRC, a lot of point source
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Figure 3.4: Brightness profile, So(X), of the light scattered at the edge of a detector. The absolute
value is normalized by the brightness, Sag, of the source causing the scattered light. S7 and S11 are
the filters used for the imaging observations and the wavelength coverages correspond to that of the
SG1 and the SG2, respectively. I used the profile obtained with the S7 for the SG1 and the S11 for
the SG2.
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Figure 3.5: Two-dimensional images of (a) the light scattered in detector pixels from the main field
of view scaled by a factor of 20, (b) the light scattered at the edge of a detector after going through
the small window aperture scaled by a factor of 100, and before and after the subtraction of these
scattered light, (c) and (d), respectively. This is an example in the case of data pointed at (Ag,8q)
= (174°.13, -1°.00) in observation-ID of 1500701.1 and obtained with the SG2.
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objects have been pointed in the small window aperture in order to obtain the near-infrared spectra.
Although the brightness of stars and typical galaxies are reduced in the mid-infrared, some of the
objects, ultra luminous infrared galaxy (ULIRG) for example, are bright also in the mid-infrared.
I carefully checked the imaging data obtained with the MIR-S channel in which a bright ULIRG
was pointed in the small window aperture for the NIR channel. As the result, I found a clear ghost
component in the s