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X B Comparison-of grain properties in interplanetary dust from different types

of parent bodies by mid-infrared spectroscopic observations with AKARI

Interplanetary dust (IPD) is a population of dust particles distributing diffusely
in the interplanetary 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 significan'tly 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 on the environment in the proto-solar
system. '

As a tracer of such properties, I focused on the spectral features around 10 pm
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 é
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
pm 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's 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 pm 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 correspont:lingr 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 significantly beyond
the error range. Such detailed shapes have been revealed for the first time thanks
to the IRC's high sensitivity 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 pm 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 pm to 9.6 pm and the suppressed enstatite peak at 11.6 um,
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 directicons, 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 4
and calculated on the basis of the IPD's 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, [Braren |, in order to investigate the influence
of the IPD from the OCCs. I averaged the observed/continuum spectra in 4 - or
| BEarth | - 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 (EWwnote), which means the strength of excess
above the continuuﬁa integrated in the 8 - 12 pm. EWynoe showed a clear positive

correlation with |Bgarn|. It indicates the increase in the fraction of small grains at



the higher ecliptic latitudes, because absorption coefficients of small grains (~1 pm)
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 EWwnoe and 4 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: an equivalent width ratio in 10.0 - 10.5 pm and 9.0 - 3.5 um (EW1o.0-
10.5/EWs.0-9.5), a wavelength shift of a peak excess due to crystalline silicates (Adpeax)
and an equivalent width ratio of peak excess due to.crystalline silicates (EWg/EWen).
EWi0.0-105/EWo.0-0.5 and EWs/EWen 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 nm 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
| BEarth | ~dependence of EWio.0-10.5/EWo.0-9.5, the IPD from the OCCs was found to
have a lower olivine/(olivine+pyroxene) ratio in amorphous grains than that of the
IPD from the JFCs. In addition, the negative correlation between |Brartn| and Adpeax
in the peak around 11.34 pm 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 |Beartn|. 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 EWg/EWen
with |BEartn| .

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 gréin 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 proposéd 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.



Results of the doctoral thesis screening
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