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Program 
 
 

9th November, 2011 
 

13:30-13:40 Tetsuo Yamamoto (Hokkaido University) / Akio Inoue (Osaka Sangyo University) 
   “Opening Remarks” 
13:40-14:00 Akemi Tamanai (Heidelberg University) 

   “A study of dust grain formation: A role of minor elements” 
14:00-14:20 Chiyoe Koike (Osaka University) 
   “IR spectra of silica (SiO2) polymorphs”  

14:20-14:40 Steffen Wetzel (Heidelberg University) 
   “Condensation and solid phase reactions of Mg silicate system” 

(coffee break) 

15:00-15:40 Aki Takigawa (University of Tokyo) 
   “Morphological analyses of presolar alumina grains towards understanding the circumstellar 
    dust formation and evolution processes” 

15:40-16:00 Yuki Kimura (Tohoku University) 
   “Homogeneous nucleation experiment of cosmic dust” 

(coffee break) 

16:20-16:40 Akane Sakurai (Nagoya university) 
   “Star formation and dust extinction properties of local galaxies seen from AKARI” 
16:40-17:00 Tsutomu Takeuchi (Nagoya University) 

   “A Study on the Star Formation History of Galaxies Revealed by the UV-IR Bivariate Luminosity 
    Function” 

(coffee break) 

17:20-17:40 Shogo Masaki (Nagoya University) 
   “An analytic model for the distribution of matter and dust around galaxies” 
17:40-18:00 Daisuke Yamasawa (Hokkaido University) 

   “From dust to galaxy in the early universe” 
18:00-18:20 Ryosuke Asano (Nagoya University) 
   “Evolution of grain size distribution of galaxies” 
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10th November, 2011 

 
9:20-9:40 Hitoshi Miura (Tohoku University) 

   “A new diagnostic method for growth condition of rock-forming minerals” 
9:40-10:00 Nagisa Machii (kobe University Graduate school of science) 
   “Conditions for chondrules to be intruded and embedded into matrix” 

(coffee break) 
10:20-10:40 Masafumi Matsumura (Kagawa University) 
   “Verification on the Alignment Mechanism of Dust Grains by Radiative Torques:  

    Correlation between the Interstellar Polarization and Dust Temperature” 
10:40-11:00 Mitsuyoshi Yamagishi (Nagoya University) 
   “An analytic model for the distribution of matter and dust around galaxies” 

11:00-11:20 Mina Ishikura (Hokkaido University) 
   “Lyman alpha transfer in multiphase system - effect of internal motion of cloud” 
 

                            -- poster presentation (5min talk) -- 
11:20-11:25 Chihiro Kaito (Ritsumeikan University) 
   “Laboratory analogy of amorphous enstatite fine grain formation and crystallization” 

11:25-11:30 Takuya Ikeda (Kyoto University) 
   “Development of Mercury Dust Monitor (MDM) for BepiColombo MMO” 
11:30-11:35 Itsuki Sakon (University of Tokyo) 

   “Mid-Infrared Multi-Epoch Observations of Dust Forming Nova V1280Sco” 
11:35-11:40 Okuzumi Satoshi (Nagoya University) 
   “Coagulation and Radial Drift of Porous Dust Aggregates in Protoplanetary Disks” 

 
(lunch break) 

 

13:20-14:00 Akira Tsuchiyama (Osaka University) 
   “Three-dimensional structure of Itokawa regolith particles.” 
14:00-14:40 Eizo Nakamura (Okayama University) 

   “Comprehensive analyses of micro-grains from the surface of asteroid returned by Hayabusa: 
    Implications for collisional space environments” 

(coffee break) 

15:10-15:30 Hiroki Senshu (Chiba Institute of Technology Planetary Exploration Research Center) 
   “Levitation dust: a source of IDPs” 
15:30-15:50 Junya Matsuno (Osaka University) 

   “An synthesis experiment of GEMS analogue material produced by thermal plasma” 
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(coffee break) 
16:10-16:50 Shota Nunomura (National Institute of Advanced Industrial Science and Technology) 
   “Coagulation and growth of Dust in Plasma by Charge Fluctuations ~from Molecules to clusters 

   and dust” 
16:50-17:10 Yasuaki Hayashi (Kyoto Institute of Technology Faculty of Engineering and Design) 
   “Coulomb-Crystallization and Behavior of Fine Particles in Experimental Plasmas” 

 
11th November, 2011 

 
9:20-9:40 Koji Wada (Chiba Institute of Technology Planetary Exploration Research Center) 
   “Numerical simulation of collisions between dust aggregates consisting of particles with a size  
    distribution” 

9:40-10:00 Hiroshi Kobayashi (Friedrich Schiller University Jena) 
   “Necessary condition for gas giant formation” 
10:00-10:20 Yuri Fujii (Nagoya University) 

   “Ionization Degrees with Dust Grains in Circumplanetary Disks” 
(coffee break) 

10:40-11:20 Masashi Arakawa (Kyushu University) 

   “Hydrogen ordering in ice observed from neutron diffraction: Application to planetary science” 
11:20-11:40 Kyoko Tanaka (Hokkaido University, Institute of Low Temperature Science) 
   “Evaporation of icy planetesimals due to planetesimal bow shocks” 

(lunch break) 
13:40-14:20 Atsuo Okazaki (Hokkai-Gakuen University) 
   “Structure of the Wind-Wind Collision Shocks in Massive Binaries” 

14:20-14:40 Toshiya Ueta (University of Denver Division of Natural Science and Mathematics) 
   “Interactions between stellar winds and the interstellar medium and their effects on dust grains” 

(coffee break) 

15:00-15:20 Toru Kondo (Nagoya University) 
   “Properties of dust and PAHs in clouds with high-energetic phenomena based on the AKARI 
   all-sky-survey maps” 

15:20-15:40 Kohji Tsumura (ISAS/JAXA) 
   “Distribution of the 3.3µm PAH band in our Galaxy detected by the AKARI IRC” 
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Abstract  
 

 
 “A study of dust grain formation: A role of minor elements” 
TAMANAI, Akemi (Heidelberg University) 

Large amount of silicate dust grains has been detected in many astronomical environments. 
However, silicate dust grain formation itself is not well understood yet. Although theoretical 
simulations for possible condensates illustrate how abundant the different silicate dust materials are 

in astronomical surroundings and they give us a key to clarify the formation of silicates, these 
simulations do not cover all dust species, which possibly exist. In order to deepen the understanding 
from the first species condensing out of the gas to the entire condensation sequence of dust 

materials present in the environments, first we take into account the species, which contain minor 
elements (Al, Na, and Li) and perform the mid-IR spectroscopic measurements for obtaining 
benchmark spectra. 

 
 
“IR spectra of silica (SiO2) polymorphs” 

KOIKE, Chiyoe (Osaka University) 
As for circumstellar dust, Mg-rich silicates such as forsterite and enstatite were mainly detected. 
Recently, silica SiO2 is detected in debris disks. This referred silica is various crystal types such as 

quartz, fused quartz, annealed silica. We report on the infrared spectra of various types' silica and 
discuss on possibility of silica and observation. 
 

 
“Condensation and solid phase reactions of Mg silicate system” 
WETZEL, Steffen (Heidelberg University) 

We have been performing in-situ IR spectroscopy during formation process of layers by 
co-evaporation of Fe, Mg, MgO, and SiO under well-defined pressure and temperature in ultra high 
vacuum (UHV) system in order to deepen the understanding of IR spectral changes upon 

condensation conditions, especially effects related to elemental Fe particles enclosed in silicates. 
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“Morphological analyses of presolar alumina grains towards understanding the circumstellar dust 

formation and evolution processes” 
TAKIGAWA, Aki (University of Tokyo) 
Presolar grains are the condensates around evolved stars, which have survived the isotopic 

exchange processes in the early solar system. Alumina (Al2O3), one of the first condensates around 
O-rich evolved stars, is observed by infrared spectroscopy for many AGB stars and present in 
chondrites as presolar grains. In order to understand the mineralogical nature of presolar alumina 

and the formation and evolution processes of circumstellar alumina grains, we performed systematic 
analyses of morphology, crystal structure, and oxygen isotopic compositions of alumina grains in 
unequilibrium ordinary chondrites, and dissolution experiments of alumina polymorphs 

 
 
 “Homogeneous nucleation experiment of cosmic dust” 

KIMURA, Yuki (Tohoku University) 
Homogeneous condensation is a first occurring process to obtain solid materials around evolved 
stars. Since there is no or very few heterogeneous nucleation site, solid materials must condense by 

themselves homogeneously.  However, there is no data that how large super-saturation is required 
for the condensation. To investigate the homogeneous nucleation and growth process of cosmic dust, 
interferometric observation was attempted for the fist time to the gas evaporation method in 

laboratory.  In preliminary experiment, we found the degree of super-saturation for nucleation was 
extremely high, 106-107, which was determined from the interferogram. Surface free energy, sticking 
probability and growth velocity can also be deduced from the calculated values by the 

semi-phenomenological nucleation theory. 
 
 

“Star formation and dust extinction properties of local galaxies seen from AKARI” 
SAKURAI, Akane (Nagoya university) 
Accurate estimation of the star formation -related properties of galaxies is crucial for understanding 

the evolution of galaxies. In galaxies, ultraviolet (UV) light emitted by formed massive stars is 
attenuated by the dust which is also produced by the SF activity, and is reemitted at mid- and far- 
infrared wavelengths (IR). In this study, we investigated the star formation rate (SFR) and dust 

extinction using data at UV and IR. We selected local galaxies, which are detected at AKARI FIS 
90um band. We measured flux densities at FUV and NUV from the GALEX images. We examined 
the SF and extinction by using 4 wave bands given by AKARI. Then, we calculated FUV and total IR 

luminosities, and obtained the so called SF luminosity (the total luminosity related to star formation 
activity) and the SFR. We found that in most of galaxies, SF luminosity is dominated by luminosity of 
dust. We also found that galaxies with higher SF activity have a higher fraction of SF hidden by dust. 

Especially, SF of galaxies which have SFRs>20Myr is almost completely hidden by dust. Although 
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these results were claimed by previous studies, confirming them precisely using much larger 

samples from AKARI and GALEX all sky surveys has a great impact on our understanding of the SF 
in Local galaxies. 
 

 
“A Study on the Star Formation History of Galaxies Revealed by the UV-IR Bivariate Luminosity 
Function” 

TAKEUCHI, Tsutomu (Nagoya University) 
Star formation in galaxies is tightly connected to the dust grain formation through the production of 
heavy elements. Observationally, it is the most direct to measure the star formation rate by the 

amount of ionizing UV photons, but dust formed by the star formation scatter and absorb these 
photons, and finally re-emit the energy at the IR. Hence, it is necessary to observe galaxies at both 
UV and IR to explore their star formation in the cosmic history. In this presentation, first we introduce 

a statistical method to handle the two datasets, which have been treated independently at each 
wavelength in a unified manner, and reveal the star formation in galaxies hidden by dust. 
 

 
“An analytic model for the distribution of matter and dust around galaxies” 
MASAKI, Shogo (Nagoya University) 

We develop a simple analytic model to make a quick interpretation of the observed mass and dust 
surface density profiles around galaxies reported by Menard et al. (2010). Our model is based on the 
so-called halo model. We show our model reproduces the observed profiles very well, and discuss 

how far dust spreads from galaxies. 
 
 

“From dust to galaxy in the early universe” 
YAMASAWA, Daisuke (Hokkaido University) 
We present a semi-analytic model for the formation and evolution of high-redshift galaxies. We 

investigate cosmic star formation rates and the reionization history, using our galaxy model in which 
we include a novel implementation of dust size evolution and resulting molecular hydrogen (H2) 
formation on dust grains in the early universe. We show cosmic star formation efficiency of our model 

is low, because the H2 formation rate on dust grains is suppressed by the dust destruction by reverse 
shocks in supernova remnants. Our results show need of additional reioniation sources or top-heavy 
IMF in z>6 for the cosmological reionization. We conclude that not only the amount but also the size 

distribution of dust strongly affects the cosmic star formation efficiency and the IMF transition from 
Pop III to Pop II. 
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“Evolution of grain size distribution of galaxies” 
ASANO, Ryosuke (Nagoya University) 
To understand the galaxy evolution, it is essential to understand the evolution of dust in galaxies. Up 

to now, dust evolution has been studied with various dust evolution models, but most of them are 
based on the assumption of a typical size of grains. However, since grain size distribution of galaxies 
varies by various processes (dust destruction by SN shocks, metal accretion onto surface of grains 

and etc.) [Yamasawa et al. (2011), Hirashita et al. (2011)], grain size distribution is a very important 
ingredient to understand the dust evolution. In this talk, we would introduce the dust evolution model 
with grain size distribution and report our first results. 

 
 
“A new diagnostic method for growth condition of rock-forming minerals” 

MIURA, Hitoshi (Tohoku University) 
Chondritic meteorites contain rock-forming minerals in which the chemical compositions are not 
uniform. The in-homogeneity is termed as zoning profile, which is considered to reflect the growth 

condition (cooling rate, closed- or open-system, super-cooling, and so forth) when they were formed 
in early solar system. We investigated the zoning profile, growth rate, and mineral morphology 
formed under a constant cooling rate based on a numerical scheme. We derived a new analytic 

expression to predict the growth rate and zoning profile with respect to the cooling rate. The analytic 
formula can be used as a diagnostic tool to evaluate the growth condition of solid-solution minerals, 
(e.g., olivine) from its zoning profile. 

 
 
“Conditions for chondrules to be intruded and embedded into matrix” 

MACHII, Nagisa (Kobe University) 
Collision experiments were performed using glass bead of 3 mm in diameter as a chondrule analog 
and polydisperse silica particles of about 0.8 µm in diameter as a matrix analog. We investigated 

impact velocity and matrix size needed to capture the colliding chondrules. We showed that to 
embed a chondrule into matrix, impact pressure should be larger than the static strength of matrix. 
The minimum size for capturing a chondrule is at least 3 cm in diameter. 

 
 
“Verification on the Alignment Mechanism of Dust Grains by Radiative Torques: Correlation between 

the Interstellar Polarization and Dust Temperature” 
MATSUURA, Masafumi (Kagawa University) 
N/A 
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“An analytic model for the distribution of matter and dust around galaxies” 
YAMAGISHI, Mitsuyoshi (Nagoya University) 

We develop a simple analytic model to make a quick interpretation of the observed mass and dust 
surface density profiles around galaxies reported by Menard et al.(2010). Our model is based on the 
so-called halo model. We show our model reproduces the observed profiles very well, and discuss 

how far dust spreads from galaxies. 
 
 

“Lyman alpha transfer in multiphase system - effect of internal motion of cloud” 
ISHIKURA, Mina (Hokkaido University) 
For study of high-redshift galaxies, Lyα observation is crucial. Strong Lyα emission observed from 

high-redshift galaxies is problem, because of large optical depth for Lyα. Neufeld(1991) shows that 

assumption of multiphase structure (cloud and inter-cloud medium) permits higher escape fraction. 
However he neglects effect of internal motion of cloud. I will talk about Neufeld model, and results of 

my simulation with assumption of internal motion of dusty cloud. 
 
 

“Laboratory analogy of amorphous enstatite fine grain formation and crystallization” 
KAITO, Chihiro (Ritsumeikan University) 
Amorphous enstatite (MgSiO3) grains were produced by the simultaneous evaporation of SiO and 

Mg vapor by up and down double heaters method in Ar gas pressure of 10 Torr. Produced particles 
were mixture of MgO crystallites and amorphous MgSiO3 structure. High-resolution electron 
microscopy showed the crystallites of MgO and MgSiO3 crystallites less than 10nm. Crystallization of 

MgSiO3 amorphous structure have been determined by heating in vacuum. 
 
 

“Development of Mercury Dust Measurement (MDM) for BepiColombo MMO” 
IKEDA, Takuya (Kyoto University) 
N/A 
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“Mid-Infrared Multi-Epoch Observations of Dust Forming Nova V1280Sco” 

SAKON, Itsuki (University of Tokyo) 
V1280Sco is a slow dust-forming nova that appeared only at a distance of 1.6kpc. The evidence of 
dust formation was reported on 23 days after the discovery. We have carried out mid-infrared 

photometric and spectroscopic observations of this nova on day 150 with Subaru/COMICS and on 
days 1272 and 1616 with Gemini-S/TReCS. Then the near- to mid-infrared spectral energy 
distributions (SEDs) of V1280Sco on days 150, 1272 and 1616 are fitted by multi-components dust 

emission model. We have found that the astronomical silicate emission features only appear in the 
spectra obtained on 1272 and 1616, suggesting the later formation of silicate grains in the case of 
V1280Sco. In this presentation I will discuss the chemical evolution of dust grains formed in the 

ejecta of nova V1280Sco. 
 
 

“Coagulation and Radial Drift of Porous Dust Aggregates in Protoplanetary Disks” 
OKUZUMI, Satoshi (Nagoya University) 
Rapid orbital drift of macroscopic dust particles is one of the major obstacles against planetesimal 

formation in proto-planetary disks. We reexamine this problem by considering porosity evolution of 
dust aggregates. We show that dust particles can evolve into highly porous aggregates (with internal 
densities of much less than 0.1 g/cc) even if collisional compression is taken into account. 

Furthermore, we find that the high porosity triggers significant acceleration in collisional growth. 
Thanks to this rapid growth, the highly porous aggregates are found to overcome the radial drift 
barrier at distances less than 10 AU from the central star. This suggests that, if collisional 

fragmentation is truly insignificant, formation of icy planetesimals is possible via direct collisional 
growth of submicron-sized icy particles. 
 

 
“Three-dimensional structure of Itokawa regolith particles.” 
TSUCHIYAMA, Akira (Osaka University) 

Particles recovered by the Hayabusa spacecraft are considered to be regolith particles on asteroid 
Itokawa. Their 3D structures and external shapes were obtained using x-ray micro-tomography at 
SPring-8. The modal abundances of minerals and density of the bulk sample are similar to those of 

LL chondrites. Any large-scale melting textures, such as agglutinates in lunar regolith, were not 
observed. The size distribution and shape distribution are also different from those of lunar regolith. 
Based on these data, formation and evolution of regolith particles on Itokawa will be discussed. 
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“Comprehensive analyses of micro-grains from the surface of asteroid returned by Hayabusa: 
Implications for collisional space environments” 

NAKAMURA, Eizo (Okayama University) 
Meteorites are regarded as fragments of asteroids that fall to Earth's surface. However, information 
regarding the outer surface of asteroids is presumably destroyed during atmospheric entry, resulting 

in our inability to study the solar space-exposed exteriors of planetary bodies other than the moon 
sampled by the Apollo missions. JAXA conducted the Hayabusa mission. The original plan of the 
mission was to collect rocks from an S-type asteroid, Itokawa's surface by an impact sampling 

method; however, at the time of the touchdown, no projectile was fired, resulting in only minimal 
sample recovery from very near the surface. The sample capsule was successfully returned to Earth. 
Five lithic grains with diameters near 50 µm, collected during the Hayabusa sample-return mission, 

were comprehensively examined for surface texture and geochemistry. Oxygen isotope 
compositions indicate that the grains are extraterrestrial. Also considering the major-element 
compositions of the grains, it appears that Itokawa's surface is dominantly of ordinary-chondrite 

composition. Because the grains were sampled from very near the surface of the asteroid, grain 
surfaces retain textures reflecting the space environment influencing the physical nature of the 
asteroid exterior. The surfaces are dominated by fractures, and the fracture planes contain 
sub-um-sized craters and a large number of sub-µm- to several-µm-sized adhered particles, some of 

them glasses. The size distribution and chemical compositions of randomly sampled adhered objects, 
and the occurrences of sub-um sized craters, suggest formation by hypervelocity collisions of 

micrometeorites down to nm-scale, a process expected in the physically hostile environment at an 
asteroid's surface. 
 

 
 “Levitation dust: a source of IDPs” 
SENSHU, Hiroki (Chiba Institute of Technology Planetary Exploration Research Center) 
In this talk we will explain the mechanism of photoelectric dust levitation. A dust smaller than 1 µm 

can escape the gravitational field of asteroid due to electric repulsion making one of sources of IDPs. 
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“An synthesis experiment of GEMS analogue material produced by thermal plasma” 

MATSUNO, Junya (Osaka University) 
GEMS (Glass with Embedded Metal and Sulfide), which is included in cometary IDPs, is a 
sub-micron sized grain composed of an amorphous silicate with embedded Fe, Ni metals and 

sulfides. Keller and Messenger (2011) proposed that GEMS is condensed products from gases in 
the early solar system. However, no condensate experiments reported producing similar materials to 
GEMS. ITP (induction thermal plasma) provides so high temperature (~ 10,000 K) environment with 

rapid cooling rate (105-106 K/sec) that it makes vapor phase easily and produces nano-sized and 
non-equilibrium materials. We injected MgO, Fe, SiO2 on the mean composition of GEMS into ITP. 
Run products were characterized by XRD and TEM. Sub-micron sized (about 50 nm) spherical 

grains were observed and their morphology were that each grains have amorphous silicate with 
embedded an iron (about 10 nm). 
 

 
 “Coagulation and Growth of Dust in Plasma by Charge Fluctuation ~ from Molecules to Clusters 
and Dust” 

NUNOMURA, Shota (National Institute of Advanced Industrial Science and Technology) 
N/A 
 

 
“Coulomb-Crystallization and Behavior of Fine Particles in Experimental Plasmas” 
HAYASHI, Yasuaki (Kyoto Institute of Technology Faculty of Engineering and Design) 

Because the behavior of fine particles in a experimental plasma on the ground can be directly 
observed, the results obtained by observation more or less may contribute to the study on dusts in 
space, although conditions of plasmas are different to each other.  Mono-disperse spherical fine 

particles can form a Coulomb crystal when they exist in a glow-discharge plasma with a large 
amount. We present Coulomb crystals formed by growing fine particles in plasma and the 
revolutional and rotational behaviors of fine particles in relation to magnetic field. 

 
 
“Numerical simulation of collisions between dust aggregates consisting of particles with a size 

distribution” 
WADA, Koji (Chiba Institute of Technology Planetary Exploration Research Center) 
We have been performing numerical simulations of collisions between dust aggregates consisting of 

equal-sized particles. Particles in proto-planetary disks are, however, expected to have a size 
distribution. In this study we carry out numerical simulations of collisions between dust aggregates 
consisting of particles with a size distribution to evaluate the influence of the size distribution on the 

dust growth process. A preliminary result will be shown and discussed. 
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“Necessary condition for gas giant formation” 
KOBAYASHI, Hiroshi (Friedrich Schiller University Jena) 
In final stage of planet formation, planetary embryos grow through collisions with planetesimals.  

The gravitational scattering by the large embryo induces destructive collisions between 
planetesimals. Fragments produced by such collisions are ground down by successive collisions 
until the collisional velocities of very small bodies are sufficiently dumped by gas drag. They are 

consequently removed by the gas drag.  As a result, the surface density of bodies around planetary 
embryos decreases.  Since embryos grow through collisions with such bodies, their growth halts by 
collisional fragmentation.  The final planetary mass, which is determined by the equilibrium between 

the growth of the embryos and the depletion of planetesimals by collisional fragmentation, is smaller 
than the critical core mass for gas giant formation through core accretion. However, since planetary 
atmosphere enhance their collisional cross section with small bodies, planetary embryo can exceed 

the critical core mass from large initial planetesimals in massive proto-planetary disks. 
 
 

 “Ionization Degrees with Dust Grains in Circum-planetary Disks” 
FUJII, Yuri (Nagoya University) 
During the formation of gas giants, disks appear around them. They are called circum-planetary 

disks. The most promising mechanism of accretion is the turbulence driven by magneto-rotational 
instability (MRI). MRI occurs when the ionization degree is high enough for magnetic fields to couple 
to gas. We calculate the ionization degrees to investigate if MRI really causes accretion of 

circum-planetary disks. Our result suggests that ionization degrees in circum-planetary disks are too 
low for MRI to be active. 
 

 
“Hydrogen ordering in ice observed from neutron diffraction: Application to planetary science” 
ARAKAWA, Masashi (Kyushu University) 

Laboratory experiments and infrared observations suggest that a lot of water ice exists in a 
crystalline phase in our solar system. At ambient pressure, crystalline ice has two kinds of structure, 
ice Ih and ice XI. Ice Ih is normal ice with disordered hydrogen atoms. In contrast, ice XI is a 

hydrogen-ordered phase of ice Ih, and the ordered arrangement of hydrogen atoms makes ice XI 
ferroelectric. Existence of hydrogen-ordered ice in space is the subject of continuing astronomical 
debate. Electrostatic forces, caused by the ferro-electricity, increase the sticking probability of icy 

grains, and might play an important role in grain evolution and planetary formation in space. To 
discuss the existence of hydrogen-ordered ice in space, we need to investigate the kinetics and 
formation process of ice XI. For precise understanding of nucleation and growth process of ice XI, we 

performed neutron diffraction measurements of ice doped with various kinds of dopant as a catalyst 
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for the transformation to ice XI. In this presentation, I will talk about how temperature history, kind of 

dopant and concentration of dopant affect the formation of ice XI. In particular, I will discuss "memory 
effect" of hydrogen ordering in ice. 
 

 
“Evaporation of icy planetesimals due to planetesimal bow shocks” 
TANAKA, Kyoko (Hokkaido University) 

We investigated heating and evaporation of a planetesimal due to planetesimal bow shocks 
associated with a planetesimal orbiting with supersonic velocity relative to the gas in a protoplanetary 
disk. We evaluated surface temperatures and evaporation rates of planetesimals based on the 

results of the previous studies of planetesimal bow shocks and formation of protoplanets. We found 
that icy planetesimals evaporate efficiently by bow shock heating in the stage of formation of 
protoplanets, where strong bow shocks are produced by gravitational perturbations by the 

protoplanets. 
 
 

“Structure of the Wind-Wind Collision Shocks in Massive Binaries” 
OKAZAKI, Atsuo (Hokkai-Gakuen University) 
In binaries consisting of two massive stars, strong stellar winds from these stars collide each other. 

Shocked region produced by the wind-wind collision is thought to be a place where not only the 
particle acceleration and resulting high-energy emission but also the dust formation takes place. 
Studying the wind-wind collision shocks is thus of multi-facet importance. Numerical simulations suit 

it very well, given that massive binaries, in general, have large orbital eccentricities. In this talk, I will 
report on the structure of the wind-wind collision shocks in two massive binaries, eta Carinae and 
WR 140, obtained from 3-D numerical simulations. 

 
 
“Interactions between stellar winds and the interstellar medium and their effects on dust grains” 

UETA, Toshiya (University of Denver) 
Latest results of far-IR imaging by AKARI, Spitzer, and Herschel have suggested that interactions 
between stellar winds and the interstellar medium (ISM) are not uncommon. These findings imply 

that circumstellar dust grains can be processed at the interface between stellar winds and the ISM 
before they are injected into the ISM and become ISM dust grains, and that there may be significant 
implications to our understanding of "Galactic dust grains". I will review the latest far-IR observations 

on the interface regions between stellar winds and the ISM and discuss what follow-up studies with 
ALMA and SPICA will help enhance our understanding of dust "production" by stars. 
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“Properties of dust and PAHs in clouds with high-energetic phenomena based on the AKARI 
all-sky-survey maps” 
KONDO, Toru (Nagoya University) 

Very recent radio, X-ray, and gamma-ray observations have revealed various kinds of high energetic 
phenomena from interstellar clouds in our Galaxy, such as the shock heating of clouds by 
supernovae and the production of TeV gamma-rays through interaction of high-energy cosmic-ray 

particles with clouds. Under such harsh interstellar environments, PAHs are processed and 
destroyed quite easily, while submicron dust grains survive for a relatively long time, which are 
collisionally heated to high temperatures. Therefore, spatial variations of the properties of dust and 

PAHs can provide observational evidence that energetic phenomena really take place in the 
corresponding regions from entirely different aspects from the radio, X-ray, and gamma-ray 
observations. We are currently conducting intensive reduction of AKARI all-sky-survey diffuse data, 

aiming at the public release of the all-sky maps within a year. By using part of the diffuse maps so far 
created at 9, 18, 90, and 140 micron, we have made a correlation study of the AKARI all-sky survey 
with the NANTEN, Suzaku, and HESS data. Among the AKARI data, the 9 µm map is sensitive only 

to PAHs without contribution from the mid-IR continuum, while the 18 micron map is important to 
trace shock-heated hot dust. As a result, we find that the ratios of the PAH to dust emission 
brightness significantly change in the clouds likely associated with high energetic phenomena. In the 

presentation, we summarize the overall results so far obtained, and also briefly introduce our 
activities on the all-sky-survey data reduction. 
 

 
“Distribution of the 3.3µm PAH band in our Galaxy detected by the AKARI IRC” 

TSUMURA, Kohji (ISAS/JAXA) 

Polycyclic aromatic hydrocarbon (PAH) is a good tracer of distribution and physical properties of the 
interstellar dust because PAH has distinct emission bands in the near-infrared region. We analyzed 
the spectral data of the interstellar diffuse emission obtained with the low-resolution prism 
spectroscopy mode on the AKARI Infra-Red Camera (IRC) NIR channel in (2.0-5.0µm) wavelength 
region.  As a result, a good correlation of the 3.3µm PAH band emission to the thermal emission 

from the interstellar dust was confirmed. We also construct the reference diffuse Galactic light (DGL) 
spectrum at 2-5µm by using this 3.3µm PAH band correlation as a tracer. 
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Abstract 
 

A large amount of silicate dust grains has been detected in many astronomical environments. 

However, silicate dust grain formation itself is not well understood yet. Although theoretical 

simulations for possible condensates illustrate how abundant the different silicate dust materials 

are in astronomical surroundings and providing us with a key to clarify the formation of silicates, 

these simulations do not cover all dust species which possibly exist. In order to deepen the 

understanding from the first species condensing out of the gas to the entire condensation 

sequence of dust materials present in the environments, we take into account the species which 

contain minor elements (Al, Na, and Li) and perform the mid-IR spectroscopic measurements for 

obtaining benchmark spectra.  

 

1. Introduction 
 

Olivine as well as pyroxene dust grains have been observationally confirmed in various 

astronomical environments. Still it is not straightforward to obtain the precise chemical 

compositions (e.g. the ratio of Mg and Fe) and morphological aspects (e.g. size, shape, 

aggregate state) through the observed spectra. Meteorites, on the other hand, have provided us 

with exactly these detailed information. For instance, more than 10 different types of silicates 

have been discovered in the Allende meteorite including phyllosilicates (e.g. Mg3Si4O10(OH)2 

(talc), (Mg, Fe)7Si8O22(OH)2 (anthophyllite)), but also different types of oxides and fullerene-like 

carbon (Jarosewich et al. 1987; Brearley 1996; Rubin 1997; Harris et al. 2000; Nozawa et al. 

2009; Ma et al. 2010). Although it is possible to extract and analyze a small amount of a particular 

dust grain embedded in a meteorite, it is difficult to identify that via observations if the dust 

species is small in quantity. In other words, only very abundant dust grains can be detected and 

show their absorption peaks in the mid-infrared (MIR) regions of the electromagnetic spectrum. 

Though the less abundant grains definitely take part in the dust evolution process, the chemical 

pathways with regard to dust grain formation have not clearly understood yet. Especially, the 

formation process of one of the most abundant dust grains, i.e. the silicates, has not been 

elucidated evidently so far so that questions like the following remain: What is the highest-

temperature condensation material? How does silicate dust formation take place? How much 

silicates are formed? Does silicate formation start by surface growth on high-temperature 

condensates such as, corundum and spinel, or directly from the gas phase? Understanding the 

evolution and formation of silicate dust grains can lead us not only to the properties and 

processing history of the entire grain population, but also to the transition and role of them in 

various surroundings in connection with star and planet formation. For that, we have taken into 

account the less abundant elements (Na, Li, Al), compared to Si and Mg, and have performed 

MIR spectroscopic extinction measurements of Al2SiO5 (kyanite), NaAlSi2O6 (jadeite), and 

LiAlSi2O6 (spodumene) by means of aerosol spectroscopy. The outcoming spectra will set criteria 

for MIR spectra obtained by condensation experiments in our group in the future (see more 

details in Wetzel et al. in this proceedings).  
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2. Experimental Setup 
 

Fig. 1 shows the setup of the apparatus for the aerosol spectroscopic measurement. We have 

utilized a dust flow generator (Palas RBG1000) for dispersing a powdered sample into a nitrogen 

(N2) gas stream. The dense aerosol is carried to a two-stage impactor which separated the large 

particles from the small ones (< 1 m). The small-sized grains are concentrated by the impactor 

until a concentration of 10
6
 particles per cubic centimeter is reached.  In the end, only the small 

particles arrive in a White-type long-path infrared cell (MARS-8L/20V, Gemini Scientific Instr.) 

which retained 18 m path length by taking advantage of multiple reflection between two gold 

mirrors mounted on both sides in order to intensify the sensitivity. Since a Fourier Transformation 

Infrared Spectrometer (FTIR, Bruker 113v) with DTGS detector with CsI windows is fixed to the 

cell, it is possible to measure the extinction spectrum of the suspended dust particles in N2 gas. 

As a consequence, we can avoid the environmental effect during the aerosol measurements, and 

the measurement condition is closer to a vacuum with regard to the dielectric function of medium 

(N2: 1.0) compared with the KBr (potassium bromide; =2.3). Moreover, the risk of causing the 

powdered sample structurally deforms by the high pressurization required for the pellet technique, 

this problem is avoidable with aerosol spectroscopy. For clarifying the environmental effect, we 

have performed extinction measurements obtained by CsI (cesium iodine) pellets as well. CsI is 

particularly transparent between 2 and 50 m in wavelengths, and has a higher value of optical 

constants than that of KBr (CsI n=1.74 & KBr n=1.52). The aerosol particles are extracted on a 

polyester-membrane filter that is mounted a little above the cell. The morphological aspect of the 

extracted particles was investigated by making use of a scanning electron microscope (SEM) 

(see more details in Tamanai & Mutschke 2010). 

 

3. Samples 

Silicate minerals, which contain the less abundant refractory elements, such as Al, Na, and Li, are 

discussed in this investigation.  

     A chemical composition of Al2SiO5 is a polymorph with three minerals, which are kyanite, 

andalusite, and sillimanite. Kyanite is formed under conditions of low temperatures (< 800°C) and 

high pressures, whereas sillimanite formation takes place at high temperatures (> 800°C) and a 

relatively wide range of pressures. On the other hand, andalusite is formed at a limited range of 

temperatures (~200°C and < 800°C) and pressures (< 4 kbar) (e.g. Althaus 1967; Whitney 2002). 

Here we only consider kyanite, which belongs to triclinic crystal system (e.g. Deer et al. 1997). 

 

DTGS Detector
Muti-path gas cell

FTIR spectrometer

Bruker 113 v

Pump

Incident light

MirrorMirror

Flat mirror

Parabolic mirror

Parabolic mirror

Impactor

Dust flow

generator

Polyester membrane filter

Fig. 1 A schematic diagram of 

the experimental apparatus for 

aerosol spectroscopy. 
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The presence of corundum (Al2O3) and quartz (SiO2) induce formation of kyanite. This reversible 

chemical reaction will be described as 

                          

 

(Mueller et al. 1977).  

     According to the equilibrium condensation calculations for the solar nebular (Davis & Richter 

2003), albite (NaAlSi3O8) formation is expected at temperatures of approximately < 1000K and 

pressure of 10
-3

 bar. In fact, albite has been found in a unique unequilibrated chondrite, 

Kakangari (Brearley 1989) and a carbonaceous chondrite (type CR2), the Kaidun meteorite 

(Ivanov et al. 2001). Albite is not a target material for this investigation. It is closely related to 

jadeite (NaAlSi2O6) which has a monoclinic crystal structure and is possibly formed by a chemical 

reaction of jadeite and quartz. Since this is a reversible chemical reaction as well, albite 

decomposes to yield jadeite and quartz as below 

 

                                

 

(Bucher & Grapes 2011).  

     Formation of spodumene (LiAlSi2O6: lithium aluminum silicate) occurs at low temperatures 

(<700°) and high pressure (> 2 kbar) (Stewart 1978) and has a monoclinic crystal structure (e.g. 

Deer et al. 2004). These rare elements have been engaged in discussions of isotopes in 

meteorites. Hydrogen, Helium, and Lithium were produced in the big bang nucleosynthesis so 

that Lithium is one of the primordial elements. According to Israelian et al. 2009, Lithium has been 

depleted effectively in our Sun like planet-hosting stars as compared with planet-free ones. In this 

manner, the existence of Lithium plays an important role in extrasolar planet search as well as 

mineral formation with different lithium isotopes.  

      Unfortunately, kyanite, jadeite, and spodumene have not been detected observationally, nor 

in meteorites. However, it is still worth investigating the optical properties of these materials for 

future potential. Table 1 represents a list of the measured samples, including their chemical and 

physical properties. All three samples are naturally formed minerals. Thus, the relative 

abundance of the elements (subscripts) is not exactly like the chemical formulae in Table 1. Note 

that fact-based chemical formulae (by EDX analysis) will be described elsewhere.  

 

Table 1: Properties of the three samples 

Mineralogical 

Name 

Chemical Formula Product Particle size 

(m) 

Particle shape 

(m) 

Kyanite Al2SiO5 Natural < 1 Irregular 

Jadeite NaAlSi2O6 Natural (China) < 1 Irregular 

Spodumene LiAlSi2O6 Natural (South Africa) < 1 Irregular 

 

 

4. Extinction Measurements 

 

As described in Sec. 2, we have performed extinction measurements of kyanite, jadeite, and 

spodumene by making use of aerosol spectroscopy in the wavelength range between 2 and 50 

m. In order to clarify the environmental effect by the surrounding medium, spectra obtained by 

the aerosol spectroscopy are plotted together with spectra taken by the CsI pellet technique in Fig. 

2. All plotted spectra are normalized since aerosol spectroscopic measurements are not 

quantitative. Redshift of bands can be observed along the entire extinction spectra of the three 

materials investigated by the pellet technique, due to the effect of electromagnetic polarization 

induced by the medium, CsI (e.g. Tamanai et al. 2006). Also, the disparity in band profiles 
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between the aerosol and CsI pellet measurements may result from: (1) sample structure 

deformation due to the high pressurization for making the CsI pellets, (2) the homogeneity and 

uniformity of particle dispersion in the measurement environment (localized or delocalized), (3) 

particle orientation, (4) distortion of crystal lattice during the grinding procedure (by hand or by a 

ball mill) (Imai et al. 2009), (5)  the particle morphology, especially size and shape of aggregates 

(see also Tamanai et al. 2009).  
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Aero. 

  9.88 10.49 11.10 13.66 14.64 15.64 

16.31 17.60 18.27 19.27 20.34 21.23 

22.55 23.90 24.88 25.25 25.91 26.63 

28.32 29.22 30.39 31.40 32.22 33.79 

36.14 39.03 40.71 42.36   

CsI 

  9.69 10.03 10.59 11.16 12.17 14.01 

14.85 15.70 16.06 16.52 17.08 17.60 

18.32 19.81 21.42 22.88 24.91 25.36 

25.96 26.80 28.36 29.25 30.44 31.46 

32.28 33.82 36.08 37.72 39.09 40.77 

42.40 

 

Aero. 

  8.94   9.34   9.52   9.86 10.61 11.65 

13.37 15.04 16.71 19.25 21.13 22.77 

25.01 26.74 30.00 31.75 34.42 38.75 

CsI 

  9.19   9.42   9.52 10.02 10.86 11.67 

13.39 15.07 17.04 20.22 21.60 22.84 

25.11 27.24 30.17 31.85 34.47 38.96 

 

Aero. 

  8.65   9.16   9.56 10.69 11.60 15.44 

16.59 19.69 20.65 24.85 26.33 29.38 

31.25 32.66 35.65 42.32   

CsI 

  8.93   9.22   9.72 10.95 11.61 15.66 

16.99 18.76 20.53 26.70 29.68 31.68 

32.79 36.34 42.69    

 

Fig. 2 Normalized extinction vs. log wavelength of (a) Kyanite; (b) Jadeite; (c) Spodumene 

spectra obtained by the aerosol and CsI pellet measurements. The black solid line indicates the 

aerosol measurements, and the grey dotted line denotes the CsI pellet measurements. All peak 

positions are listed in the tables on the right hand side. The boldface numbers are the strong 

peaks in each material. 
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     Both Jadeite and spodumene belong to inosilicates, which can be expressed by a general 

structural formula of XYZ2O6. In the case of jadeite and spodumene, the octahedral site (X) is 

filled with a different element (Li or Na), whereas Y and Z are occupied by the same elements 

(Y=Al and Y=Si). However, the strongest Si-O stretching vibration band of jadeite is situated to 

the long wavelength side (9.56 m) compared to that of spodumene (9.34 m).  

 

5. Summary and Outlook 

 

MIR spectroscopic measurements of silicate materials (kyanite, jadeite, spodumene), which 

contain less abundant elements such as Al, Na, and Li as compared with Si and Mg, are 

performed in medium-effect-free environments. These experimentally obtained spectra will be 

benchmarks for spectr, which will be measured by condensation experiments in the future.  
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IR spectra of silica (SiO2) polymorphs
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Abstract

Recently, silica SiO2 was detected in the protoplanetary disk around the T Tauri stars and in
the debris disks. In some objects, annealed silica (cristobalite and/or tridymite) was main mineral
among observation. Contrary to the silica, Mg-rich silicates such as forsterite (Mg2SiO4) and enstatite
(MgSiO3) were detected as for main mineral of circumstellar dust. This referred silica is quartz or
annealed silica among the various crystal type such as quartz, fused quartz, cristobalite, coesite,
stishovite. We prepared these various type of silica in natural, synthetic, and commercial. We report
on the infrared spectra of these silica and discuss on the possibility of detection silica for observation.

1 Introduction

Silica (silicon dioxide SiO2) of terminology is used in solid state and astronomy as for fused quartz,
vitreous silica, quartz, cristobalite, etc. in case by case, and many workers were confused to use this
terminology in many field. Especially, astronomers used Silica of terminology as for quartz in some case,
and for annealed silica in some case. Astronomers used Silica not giving a clear definition of this term.

Mineral of Silica was taken into as major component to explain the spectra of T Tauri star HEN
3-600A, and in this case Silica is introduced into as quartz (Honda et al. 2003). A few T Tauri stars
(TTS) show prominent narrow emission features indicating annealed silica, where two polymorphs of
silica, tridymite and cristobalite, are the dominant forms in the TTS (Sargent et al., 2009). The annealed
silica was firstly introduced into the component of circumstellar dust, and this ’annealed silica’ was
synthesized after annealed of fused quartz at 1220 K (947 ◦C) for 4.5-5 h (Fabian et al. 2000). Recently,
some strange features were detected in debris disks (HD 172555, HD 15407A, HD 23514A, HD 23514),
where prominent peaks showed at about 9.3, 12, 21 μm (Lisse et al. 2009), and at about 9, 16, and
20-22 μm (Melis et al. 2010, Rhee et al., 2008, Fujiwara et al., 2009). HD 172555 has infrared spectra
at about 9.3 and 19 μm with subtle peaks at 7.5 - 8.2, 11.2 , and 33 μm, where the spectra of silica such
as obsidian and tektite were well fitted to the observation (Lisse et al., 2009). The strange spectra of
HD 15407 by Fujiwara et al.(2009 (GFWS)) were noticed especially and these spectra were fitted with
amorphous silicate (amorphous pyroxene) and fused silica. But, the 16 μm band was not fitted by their
model (Fujiwara et al. 2009).

Further, coesite and stishovite were discovered in lunar meteorite Asuka-881757 (Ohtani et al. 2010),
and these high-pressure polymorphs of SiO2 indicate that the meteorite experienced an equilibrium
shock-pressure of at least 8-30 GPa. High-pressure impact metamorphism and formation of high-pressure
minerals may be common phenomena in debris disks.

These minerals of silica polymorphs, if exist in circumstellar or debris disks, may be ascertained
by those of infrared spectra. Neverthless, the infrared spectra of silica polymorphs in wide wavelength
region were not measured in laboratory, where even measured data of silica polymorphs were only limited
wavelength region.

Here we measured the infrared spectra of the various type of silica in wide wavelength region. Following
to our result for annealing fused quartz, we discuss on the possibility of detection silica for observation.

Proceedings of 29th Grain Formation Workshop 2011, Nov.9
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Figure 1: Infrared spectra of silica for present samples.

2 Preparing samples and measurements

We prepared many kinds of silica such as fused quartz, quartz, cristobalite, coesite and stishovite.

• Fused quartz
Commercial fused quartz were obtained by Nippon Aerosil Co. Ltd. (details in Koike et al. 1994).

• Quartz
Natural quartz (production area is not known) was ground by hand and further ground by ball mill
gently.

• Cristobalite
Fine powder of cristobalite were prepared by synthesized, by commercial, and by natural samples.
Fine powder of fused quartz were annealed at 800 - 1200 ◦C for various duration times, and 1500 ◦C
for 3 and 6 days. Further, fine powder of commercial cristobalite was obtained from Omura Ceratec
Inc.(Japan). Natural cristobalite was obtained from Cougar, Siskiyou Co., California, USA.

• Coesite
The fine powder of fused quartz was pressed at 6 GPa and 1300 ◦C for 30 min at Osaka University.
The compressed powder became coesite, which was confirmed with XRD.

• Stishovite
The natural quarzt was compressed at 13 GPa and 1200 ◦C. The samples was synthesized by Tani
(2000), and kindly given to us for measuring infrared spectra.

2
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Figure 2: infrared spectra of cristobalite and coesite compared with that of forsterite.

The fine particles of silica polymorphs were well dispersed in KBr and polyethylen powder, and pressed
into KBr pellts and polyethylene sheet. Then the transmittance of pellets and sheets were measured with
Nicolet 670 and/or 6700 in mid- and far-infrared region. The mass coefficiency κ was derived from
transmittance T as follows.

κ =
S

M
ln

1
T

(1)

Here, S is surface area of pellets or sheets and M is weight mass of sample particles in pellets or sheets.

3 Results and discussion

3.1 Cristobalite

The powder of fused quartz was annealed at 1000 ◦C for 1 h following to the results by Fabian et al.,
where cristobalite appeared at 1220 K (947 ◦C) for 4.5 - 5h. But, these samples had no change of infrared
spectra from starting spectra. Further changing the temperature and duration time for annealing fused
quartz at 800-1000 ◦C for 1 - 7h, the infrared spectra were also not changed from the starting spectra.
Even after annealing at 1100, 1150 , 1200 ◦C and for long duration time (2 days - 8 days), the fused
quartz was not changed into cristobalite with IR spectra, although small quantity of cristobalite was
ascertained by XRD. This is inconsistent to the results by Fabian et al. (2000), where fused silica was
annealed at 1220 K (947 ◦C) for 4.5-5 h and changed into cristobalite both by IR and XRD. Usually in
solid state field, cristobalite appeared at above 1400 ◦C by phase diagram of silica (Šimon et al. 1953,
Plendl et al. 1967, Swaison et al.2003, Lakshtanov et al. 2007). Following to phase diagram of silica, the

3
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Figure 3: The infrared spectra of coesite and stishovite (?) . The sample of stishovite is not confirmed
and marked as ?.

cristobalite changed after annealing at low temperature of about 950 ◦C is very curious result, and this
may be due to some impurity effects or some unique condition.

After annealed fused quartz at 1500 ◦C for 3 and 6 days, cristobalite was confirmed with XRD, and
the infrared spectra were measured to be same with each other, and similar with the spectra by Fabian
et al.(2000). Where some peaks were shifted, and the peak of 68 μm band was shifted about 1 μm. The
infrared spectra of annealed silica at 1500 ◦C were almost same with those of commercial cristobalite.
Natural cristobalite showed strange spectra due to contamination of some minerals.

Here after, the infrared spectra of cristobalite were shown as annealed at 1500 ◦C for 3d. The
characteristic peak appeared as the strong and broad band at 68 μm. The 68 μm band show very broad
band compared with the 69 μm band of forsterite (Mg2SiO4). But, the 33 μm band of cristobalite showed
very sharp compared with the 33 μm band of forsterite. Forsterite is main component of circumstellar
dust and observed as prominent peaks at 11.2, 16, 33, and 69 μm.

3.2 Coesite

The infrared spectra of coesite were shown as many sharp fine peaks in Fig. 1 and 2, and as the sharp
peak detected at 69 μm, which is very similar to those of forsterite. The 69 μm band of coesite is very
sharp compared with that of forsterite. This peak was firstly detected definitely.

3.3 Stishovite

The spectra of stishovite showed similar to those of coesite. Usually, stishovite showed strong peaks at
about 12-18 μm compared with the data by Lyon (1962), and the present spectra is very curious. So, we
marked this sample as ? until it is confirmed to ascertain as stishovite. The similar spectra as coesite
might be due to some aging effects, but it is not clear. We must make clear why this strange spectra
were appeared.

3.4 Fused quartz and Quartz

The spectra of fused quartz (400 Åsample; average size is about 40 nm) were shown in Fig. 1 (Koike et
al. 1994). The three broad peaks appeared at 8.9, 12.3, and 20.8 μm.

The spectra of quartz showed sharp peaks at about 9, 12, 14, 19-21, 25, 27, and 38 μm. The weak
peak at 78 μm was very subtle, and was ascertained with bulk quartz sample (Russel et al. 1967). This
peak was not appeared with reflectance measurements due to weak band by FT/IR Nocolet 670 , and

4
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the measured reflectance spectra between 270 - 2000 cm−1 were almost similar as those by Spitzer and
Kleinman (1961).

3.5 All samples

The spectra of all samples are compared with each other. The strength and peak position of 9 μm band
are almost all similar for all samples. But, for another bands, many sharp peaks appear for coesite and
quartz. In far infrared region at about 69 μm, the strong and broad band appears for cristobalite, and
the strong and sharp peak appears for coesite.

3.6 Spectra at low temperature compared with those of forsterite

The spectra of cristobalite and coesite show similar bands at 16, 33 and 69 μm as those of forsterite. The
mineral of forsterite is main component in circumstellar dust, and ascertained by peak positions from
infrared spectra of observation. In order to discriminate between the samples (cristobalite and coesite)
and forsterite, the spectra of coesite and cristobalite were measured at low temperature from 8 K to
RT. Those spectra at low temperature were shown in Figs. 4, and the peak positions of cristobalite and
coesite were compared with those of forsterite as shown in Fig. 5 and 6. Most peak positions of each
band shifted to shorter wavelength as cooling from RT to 8 K, but some peak positions shifted to longer
wavelength as cooling to 8 K. In the case of cristobalite, the peak positions of 33 and 36 μm bands shift
to longer wavelength as cooling to low temperature. In the case of coesite, those of 34, 38, 39, and 69
μm bands shift to longer wavelength as cooling to low temperature. The differences between cristobalite,
coesite and forsterite are clear for 16 μm band as peak positions are different and distinguished between
each other. As for 33 μm band, the peaks of cristobalite and coesite are sharper than that of forsterite.
As for 69 μm band, the band of cristobalite is very broad and peak position is clearly different from that
of forsterite. The band of coesite is very sharper than that of forsterite, and shift to longer wavelength
than that of forsterite, although the peak position became same as that of forsterite at 200 K .

Figure 4: The spectra of cristobalite and coesite at low temperature.

5
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Figure 5: The peak positions of cristobalite and coesite at low temperature compared with those of
forsterite.

Figure 6: The peak position of 69 μm band of cristobalite and coesite at low temperature compared with
those of forsterite.

6
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4 Implication to the observation

Cristobalite was ascertained with XRD and infrared spectra after annealing of fused quartz at 1500 ◦C
for 3 days and 6 days. This annealing temperature is consistent with the results by many workers (Šimon
et al. 1953, Plendl et al. 1967, Swaison et al. 2003). The temperature of 1220 K (947 ◦C) by Fabian
et al. is too low compare with our value and may be due to some unique condition. Around T Tauri
stars, annealed silica (cristobalite and/or tridymite) would exist from observation of mid infared , where
annealing amorphous silica around T Tauri stars was proposed (Sargent et al. 2009). In this case, it is
very important whether temperature of the circumstellar disk can be raised to above 1400 - 1500 ◦C or
not instead 947 ◦C. If annealed temperature could not be raised to above 1400 - 1500 ◦C, another process
such as collision must be introduced.

As for the evidence of existing cristobalite, the broad and strong band at about 68-62 μm could be
detected if more detailed observation would be worked in far infrared region. If dust mineral of coesite
and cristobalite might exist around debris disks production by high speed collisions among planetesimals,
the charcteristic bands could be detected by the high resolution observations in 60-70 μm region.

As for the observed spectra of the debris disks of HD 15407 (Fujiwara et al. 2009), the present
cristobalite may be fitted well the observed peaks at 9, 16, and 20-22 μm band instead of fused quartz.
The broadness of peaks may be explained after heating up to RT to 250 ◦C, where 16 μm band exist
clearly (Zhang et al. 2007), instead of increase of size of dust particles.
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Abstract

Silicates are the most abundant minerals in space and their IR spectral fea-

tures depend on physical properties such as the chemical composition and on the

formation conditions e.g. temperature and pressure. Therefore they can provide

information not only on the relative abundance of the elements, but also on for-

mation processes and the environment in which the dust is formed. To perform

sophisticated analysis of IR spectra obatined by space observations a compre-

hensive database is required, including materials with various compositions and

interfacial interaction effects have to be considered. In order to deepen the un-

derstanding of IR spectra of silicates, we performed in situ IR spectroscopy of

layers produced by condensation of evaporated SiO, Mg and Fe, respectively.

Details on the experimental setup and first results from the measurements are

presented in this work.

I. INTRODCUTION

The strong absorption feature at around 10µm is attributed to the Si-O stretching vi-

bration which is sensitive to changes of surrounding bonding parameters as it has been for

example demonstrated for the SiO/Si(111) interface1. To better understand the IR spectra

of silicates, we investigate materials involved in silicate formation by in situ IR spectroscopy

under ultra high vacuum (UHV) conditions.

1
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II. EXPERIMENTAL

A schematic drawing of the experimental setup is shown in Fig. 1. It consists of a FTIR-

spectrometer that is coupled to an UHV chamber, with a base pressure of 1 × 10−10 mbar,

in which the condensation experiments were performed. Equipped with a triple evapora-

tor that allows individual, subsequent or simultaneous evaporation of up to three different

materials one can measure single layers, multilayer structures and layers produced by co-

evaporation. The evaporation rate is determined with a quartz crystal microbalance (QCM),

that can be inserted into the particle beam, before and after each spectroscopic experiment.

With a known density of the material, this allows to calculate the film thickness corre-

sponding to each measured spectrum. The sample holder is attached to a cryostat and

can be heated by electron bombardment, that allows to vary the substrate temperature

from 40 to 1300 K; therefore, it also makes annealing experiments possible. The chamber is

additionally equipped with a low-energy-electron-diffraction (LEED) system to investigate

crystalline surfaces, a gas system and quadrupole mass spectrometer (QMS) for experiments

under well-defined partial pressures of gases. The beam path outside the UHV chamber is

evacuated to 4 mbar. IR spectra were measured with a mercury-cadmium-telluride (MCT)

detector in the wavelength range between 2µm (5000 cm−1) and 22µm (450 cm−1) with a

spectral resolution of 4 cm−1 under normal incidence of light and normalized to the spectrum

of the bare substrate. Si(111) wafers with dimensions of 10 × 10 mm2 and a thickness of

0.525 mm were used as substrate. Before deposition of the metal films the natural oxide was

removed by heating the wafer to 1300 K. In the case of SiO deposition the natural oxide was

left on the surface as it only effects the first stages of film growth below 1 nm film thickness.1

III. BASICS

Approximate transmittance formulas of a thin film with the thickness d (d � λ (wave-

length)) can be derived by using the Fresnel equations.2 On the other hand, the normal

transmittance of a thin film on a thick substrate (d� λ)3,4 is given by

Trel ≈ 1−
2dω

c

1 +
√
εs

Im(εf) (1)

2
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FIG. 1: A schematic drawing of the experimental setup. A FTIR spectrometer (Bruker IFS66/v)

is coupled to an UHV chamber with a base pressure of 1×10−10 mbar. The setup is equipped with

a triple evaporator that allows individual, subsequent or simultaneous evaporation of up to three

different materials. The temperature of the substrate can be controlled between 40 and 1300 K

(ω = 2π c
λ
; εs: the dielectric function of the substrate; εf: the dielectric function of the

film). Only the transverse optical (TO) modes with their frequency at the maximum of the

imaginary part of the dielectric function ε can be detected under normal incidence of light .

An appropriate model has to be used to determine the dielectric function from such a

measurement.5 The oscillator model introduced by Brendel6

ε(ω) = ε∞ +
N∑
j=1

1

2πσj

∫ ∞
−∞

e
−

(x−ω0,j)
2

2σ2
j

Ωj

x2 − ω2 − iωγj
dx , (2)

has been used to describe our measured spectra, as it is especially suited to describe dis-

ordered amorphous systems. It consists of a dielectric background ε∞ and N Gaussian

distributions of Lorentz oscillators with resonance frequencies ω0,j, damping constants γj,

standard deviations σj of the Gaussian distributions and oscillator strengths Ωj. For are

more detailed description we refer to the work by Klevenz et. al.5 and the references therein.

IV. RESULTS & DISCUSSION

Relative transmittance spectra taken during the condensation of SiO on a Si(111) sub-

strate at room temperature are shown in Fig. 3 . Two broad peaks with resonance frequencies

at 10.163µm as well as 14.085µm and a shoulder at longer wavelength develop as film thick-

3

31



2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2
0 . 8 5

0 . 9 0

0 . 9 5

1 . 0 0
1 0 . 1 6 3 µ m

rel
. tr

ans
mi

tta
nce

w a v e n u m b e r s  [ c m - 1 ]

0  n m
1 4 . 0 8 5 µ m

9 0  n m

FIG. 2: IR spectra measured during the condensation of evaporated SiO on Si(111). Between two

spectra 12.9 nm of SiO were deposited and the last spectrum corresponds to a final film thickness

of 90 nm. The data was first published in Klevenz et. al. 20105.

ness increases. The strongest peak can be assigned to a vibration of the oxygen against the

Si atoms, the so-called Si-O strecthing mode (AS1). The second mode at 14.085µm is con-

nected with the Si-Si strecthing (SS) mode. Those spectra were successfully described using

a dielectric function model according to equation (2) and the derived dielectric function

shows a good accordance to existing literature data based on ellipsometry measurements.5

The development of the relative transmittance with thickness of Mg and Fe is shown in

Fig. 2, respectively. In both cases the expected Drude-like behaviour at higher thickness

can be observed as soon as the percolation is reached after an island-like growth in the

beginning. We also deposited a Fe film at 110 K and were able to reproduce the results by

Federov et. al.7 that demonstrated a strong quantum size effect in ultrathin Fe layers that

leads to an increased IR absorbance.

First studies on multilayer structures show a Fano-type interaction of the metal films with

the main vibrational band of SiO that leads to an additional feature in the 10µm region.

Detailed analysis of this effect and further measurements on more complex structures are

work in progress.

4
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FIG. 3: In a) and b) IR spectra measured during the condensation of evaporated Mg and Fe on

Si(111) at room temperature are shown, respectively. The final film thickness of each measurement

is given in the graph. For the evaporation of Mg between two adjacent spectra 0.29 nm were

deposited and in the case of Fe evaporation 0.39nm, respectively.
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1.  Introduction  

Corundum (α-Al2O3) is one of the first refractory minerals that condense directly from gas of the solar 

composition (Wood & Hashimoto 1993) [1].  Presolar alumina grains, which have highly unusual 

oxygen isotopic compositions compared to solar-system materials, are condensates in outflows from 

oxygen-rich AGB stars and/or supernovae (e.g., Nittler et al. (1997) [2]).  It is therefore important to 

understand the formation conditions of corundum grains in order to understand the first stage of dust 

formation around evolved stars.  The morphological and crystallographic features of presolar alumina 

grains should reflect the formation conditions and subsequent thermal history of the grains (Takigawa et 

al. (2009a, b) [3,4]).  Moreover, morphology of presolar alumina grains may provide clues to understand 

the 13-µm features of oxygen-rich evolved stars, which seem to be consistent with disk-like corundum 

grains flattened to the crystallographic c-axis (Takigawa et al. (2009a) [3]).  However, morphological 

and crystallographical information of presolar alumina is very limited (Choi et al. 1998; Stroud et al. 

2004 [5,6]) because the abundance of presolar alumina in chondrites is low (1−100 ppm) and because 

most of grains were found by ion mapping [e.g., Nittler et al. (1997) [2]], which destroys grain 

morphology due to ion beam sputtering.  In this study, in order to understand the morphology and 

crystallographic orientation of presolar alumina grains, we made detailed observations of morphology and 

crystallography of alumina grains from residues unequlibrated ordinary chondrites using field-emission 

scanning electron microscopy (FE-SEM) and electron back-scattered diffraction (EBSD) prior to the  

oxygen isotopic analyses to identify the circumstellar condensates.  

 

2.  Samples and analytical techniques 

The acid-residues of ordinary chondrites, Semarkona (LL3.0), Bishunpur (LL3.1), and Roosevelt 

County (RC) 075 (LL3.2), prepared by Huss et al. (1995, 2003) [7,8] were used for this study.  The 

residues, consisting of acid-resistant grains such as corundum, spinel, hibonite, and SiC, were dispersed 
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onto gold substrates cleaned by ion milling.  Alumina candidate grains were found with 

cathodoluminescence imaging by a field emission electron microprobe, and 198 corundum grains (0.5−2 

µm in size) were confirmed by EDS (energy dispersive spectroscopy) equipped to a field emission 

scanning microscope, among which 31, 74, and 93 grains were from Semarkona, Bishunpur, and RC 075, 

respectively.  For individual grains, secondary electron images were taken from four different directions 

and crystallographical information was obtained by EBSD. 

Oxygen isotopic compositions of 111 grains were measured with UH Cameca ims-1280 ion 

microprobe. The details of analytical technique are described in Makide et al. (2009) [9].  A 0.5−2.5 nA 

Cs+ primary ion beam was defocused to ~30 µm  for uniform sputtering of grains having different 

morphologies and sizes (0.5−3 µm).  Α field aperture of 1500 × 1500 µm2 corresponding to ∼10 µm on 

the sample was used to minimize contribution of oxygen signals from the substrate and other grains 

surrounding the grain of interest.  Secondary 16O−, 17O−, and 18O− ions were measured in multicollection 

mode with the magnetic field controlled by a nuclear magnetic resonance probe.  16O− and 18O− were 

measured by a multicollector Faraday cup and EM (electron multiplier), respectively, with mass resolving 

power (MRP) of ∼ 2000, and 17O− was measured using the axial monocollector EM with MRP of ∼ 5600 

to separate the interfering 16OH− signal.  The primary beam current was adjusted to obtain 16O− signal of 

>~106 cps.  Acquisition time was typically 200 s (10 s × 20 cycles), but it was reduced to 50 – 130 s (10 

s × 5−13 cycles) during analyses for grains showing presolar signatures of oxygen isotopes to keep grains 

from being completely sputtered.  After the isotopic measurements, the presolar alumina grains were 

reexamined by FE-SEM and EBSD. 

 
3. Results 

The 198 alumina grains discovered were classified into three types (A, B, and C) according to their 

morphology.  Type A grains have smooth surfaces or crystal faces (98 grains; Fig. 1a).  Type B 

grains are irregularly shaped and have rough surfaces with 10 to 100 nm-sized fine structures 

without crystal faces (67 grains; Fig. 1b).  Type C grains have both type A and type B surface 

structures (33 grains), which include two grains with clear bilateral surface structures having crystal 

faces on half of the grain surface and irregularly fine structures on another half of the surface (Fig. 

1c).  EBSD measurements for 170 grains showed that 87 % of grains are crystalline α-Al2O3 

(corundum).   

Oxygen isotopic compositions of most grains plot along the Carbonaceous Chondrite Anhydrous 

Mineral (CCAM) line.  Nine presolar alumina grains were found (~8% of measured grains): seven 

grains have oxygen isotopic compositions with positive 17O excesses and small 18O depletions (Group I); 
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two grains show 17O depletions (Group III).  The presolar grains consist of 7 type B (Fig. 2) and 2 type 

A grains.  We note that both type A grains were attached to tens-nm-sized type B grains that could be 

carriers of presolar isotopic signatures.  The observed presolar/solar corundum ratio of 8% is similar to 

that of 7% by Choi et al. (1998) [5], but higher than those of 3% and <0.8 % reported by Nittler et al. 

(1997) [2] and Makide et al. (2009) [9], respectively, in spite of essentially the same chemical treatment 

of samples and procedure of measurements as ours.  This difference could be attributed to the difference 

in size of grains analyzed.  The size of grains measured in our study and in Choi et al. (1998) [5] is about 

1 µm on average, but only larger grains (1-5 µm) were measured by Makide et al. (2009) [9].  Most of 

presolar alumina in Tieschitz (H3.6), which were measured by ion-mapping technique, were reported to 

be <1.5 µm (Nittler et al. 1997 [2]) being consistent with higher abundances of presolar alumina in our 

study and in Choi et al. (1998) [5] than that in Makide et al. (2009) [9].  

 

 

 
 

Fig. 1  Alumina grains extracted from unequilibrated ordinary chondrites.  a) type A, b) type B, and c) type C 

grains.   
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Fig. 2  Presolar alumina grain (type B) (RC 075 59-08). 

 

 

 

4. Origin of the type B surface structures 

   The surfaces of type B alumina grains consist of very fine structures (10-100 nm in size).  

Such surface features are observed not only for presolar alumina but also for one third of solar 

alumina grains.  The type B surface could be the original structure formed in space, but one 

may suspect that the acid treatments to extract alumina and other acid-resistant grains from bulk 

chondrites alter the surface structures of alumina grains by dissolution.  In order to evaluate the 

type B surface structures are original formed in space or artifacts during acid treatments of the 

meteorites and to assess the resistance of alumina polymorphs to acid treatments, dissolution 

experiments of several kinds of crystalline and amorphous alumina particles were conducted. 

   The dissolution experiments of alumina particles were conducted following the procedure of 

acid treatments by Huss & Lewis (1995) [7], based on which the acid residues of chondrites 

used in this study were prepared.  In this study, three acid treatments were performed for 

α-alumina (corundum); (1) 12M HF - 6M HCl at 25°C for 10 days, (2) 2M H2SO4 + 0.5N 

K2Cr7O4 at 75°C for 12 hours, and (3) HClO4 at 190-200°C for 2 hours.   No recognizable 

change of surface structures was seen for the α-alumina powders that experienced the acid 

treatment (1)-(3) in the order.  This leads to the conclusion that the surface structures of 

meteoritic corundum grains in this study are not the artifact formed during acid treatments but 

the original features reflecting processes in space.  A possible process that formed the presolar 
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alumina with type B (fluffy and fine-structured) surfaces could be surface sputtering of grains in 

supernova-induced shockwaves in interstellar medium or the protosolar disk (Jones et al. 1994 

[10]).   
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Abstract

Accurate estimation of the star formation-related properties of galaxies is crucial for

understanding the evolution of galaxies. In galaxies, ultraviolet (UV) light emitted

by formed massive stars is attenuated by the dust which is also produced by the SF

activity, and is reemitted at mid- and far- infrared wavelengths (IR). In this study,

we investigated the star formation rate (SFR) and dust extinction using data at UV

and IR. We selected local galaxies which are detected at AKARI FIS 90 µm band. We

measured flux densities at FUV and NUV from the GALEX images. We examined

the SF and extinction of Local galaxies by using four wavebands of AKARI. Then, we

calculated FUV and total IR luminosities, and obtained the SF luminosity (LSF:the total

luminosity related to star formation activity) and the SFR. We found that in most of

galaxies, LSF is dominated by Ldust. We also found that galaxies with higher SF activity

have a higher fraction of SF hidden by dust. Especially, the SF of galaxies whose SFRs

are > 20 M� yr−1 is almost completely hidden by dust. Though these results were

qualitatively suggested by previous studies, in this work we could determine the SF and

extinction properties with great precision thanks to much larger samples from AKARI

and GALEX all sky surveys.

1 Introduction

Accurate estimation of the star formation -related properties of galaxies is crucial

for understanding the evolution of galaxies. In galaxies, ultraviolet (UV) light emitted

by formed massive stars is attenuated by the dust which is also produced by the SF

activity, and is reemitted at mid- and far- infrared wavelengths (IR). In this study, we

investigated the star formation rate (SFR) and dust extinction using data at UV and

IR.

The total mass of newly formed stars in a galaxy per year is referred to as the star

formation rate (SFR). In order to know the star romation (SF) activity, massive stars

are good indicators because they have much shorter lifetime (∼ 106 yr) than the age of

galaxies and the Universe (order of ∼ 1010 yr). Massive stars (OB stars) are hot and

emit ultraviolet light. Then, we can in principle obtain the SFR of galaxies directly

by measuring their UV luminosity. However, as mentioned above, stars produce heavy

elements (or metals ) and release them out through the phenomena during the latest

phase of stellar evolutoin, as planetary nebulae, supernova explosions, and some other

mass ejection processes (e.g., Asano et al., 2012) .

1
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These metals are not in the state of gas in the interstellar medium (ISM), but form

tiny solid grains, whose typical size is less than 1 µm. This means that the SF activity

in galaxies is always accompanied by the dust formation, except the very first formation

of stars in the Universe. Then, the dust grains are gradually mixed with the interstellar

medium. The UV photons from massive stars are easily absorbed and/or scattered by

dust grains and re-emitted as mid- and far-infrared photons. This is referred to as the

dust extinction. Then, we should stress that if we only measure the UV photons from

massive stars in galaxies, the SF activity would be seriously underestimated because

significant amount of the energy is obscured by dust (e.g., Kennicutt, 1998) .

So, we investigated star formation -related properties from UV and IR data.

2 Observational data

AKARI is an IR satellite and we used the data of AKARI FIS All-Sky Survey which

has four wavebands at FIR, centered at 65 µm (N60 ), 90 µm (WIDE-S), 140 µm

(WIDE-L), 160 µm (N160 ). IRAS is also an IR satellite and its all sky survey was

brought with four wavebands before AKARI.

GALEX is a UV satellite which has two wavebands, FUV (Far UV, 1350-1750 Å,

λmean = 1530 Å) and NUV (Near UV, 1750-2750 Å, λmean = 2310 Å) with detection

limits of 19.9 mag and 20.8 mag (Morrissey et al., 2007) . We used the data of GALEX

releases GR4/GR5 all sky survey imaging survey (AIS) in this study.

We started from the AKARI FIS bright source catalog (BSC) v.1 from AKARI all

sky survey (Yamamura et al., 2010) to construct our galaxy sample. In order to have a

secure sample of galaxies with redshift data, we made a cross match of AKARI sources

with the Imperial IRAS-FSC Redshift Catalogue (IIFSCz), a redshift catalog recently

publishedj (Wang and Rowan-Robinson, 2009) .

After some selection processes, we obtained 6674 galaxies as IR selected sampleand

used the GALEX photometry.

We measured FUV and NUV flux densities using GALEX GR4/GR5 images for the

6674 galaxies. Then we deleted the wrong images and finaly we obtained available 3891

galaxies.

3 Results

We first obtained the total IR (TIR) luminosity LTIR from AKARI FIS four bands.

LTIR = L2band
AKARI = ∆ν(WIDE-S)Lν(90 µm) +∆ν(WIDE-L)Lν(140 µm) ,

∆ν(WIDE-S) = 1.47× 1012 [Hz]

∆ν(WIDE-L) = 0.831× 1012 [Hz] .

Figure. 1 shows the relation between the FUV luminosity, LFUV from GALEX photom-

etry and LTIR. Then we caliculate the star formation luminosity LSF using the FUV

luminosity LFUV from GALEX photometry and LTIR. The LSF luminosity is expressed

as
LSF ≡ LFUV + (1− η)LTIR
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Fig.1 The relation between LFUV and LTIR.The diagonal dotted line represents the case

if LFUV equals LTIR.The blue symbols shows the galaxies which have UV flux densities

below the detection limit of GALEX.

Fig.2 The left panel shows the relation between LFUV and LSF. The right panel shows

the relation between Ldust and LSF.

where η is the fraction of the IR emission produced by dust heated by old stars, which

is not related the current star formation. We adopted 30 % for this fraction (Hirashita

et al., 2003). Figure. 2 shows the contribution of LFUV and Ldust (≡ (1 − η)LTIR) to

the LSF. With an spectral evolutionary synthesis model Starburst99 (Leitherer et al.,

1999), and assuming a constant SFR over 108 yr, the Salpeter IMF ((Salpeter, 1955)

mass range 0.1M�–100M�), and the solar metallicity, we obtain the relation between

the SFR and LFUV as (Iglesias-Páramo et al., 2006)

log SFRFUV = log LFUV − 9.51
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Fig.3 The left panel shows the contribution of the fraction of SFRFUV to the total SFR.

The right panel shows the relation between LSF and LTIR/LFUV.

The relation between SFR and TIR luminosity is

log SFRdust = logLTIR − 9.75 + log(1− η)

We assume that all stellar light is absorbed by dust. Then we can the total SFR

contained FUV and IR lumionsity.

SFR = SFRFUV + SFRdust

The fraction of SFRFUV to the total SFR for the sample galaxies is shown in the left

panel of Fig. 3. There is a sudden drop at SFR > 20 M�yr
−1. In the relation between

LSF and the extinction rate, LTIR/LFUV is shown in the right panel in Fig. 3. We

expected high dust extinction rate because of IR selected galaxies.

4 Conclusion

We analyzed star formation-related properties of local galaxies by using AKARI and

GALEX data. Summary and conclusions of this study are as follows:

1. The star formation luminosity, LSF, is dominated by the total infrared luminosity

from dust, LTIR.

2. The contribution of the ultraviolet luminosity, LFUV, has a larger scatter tha that

of the contribution of LTIR.

3. It is difficult to estimate the star formation activity only from the relation between

LSF and LFUV.

4. Galaxies with higher SF activity (SFR > 20 M� yr−1) have a higher fraction of SF

hidden by dust.

5. This analysis clearly proved that there is a class of glaxies that have small

LFUV/LTIR. These galaxies were dropped on the previous study that used only

bright galaxies in AKARI catalog.
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From this study, we obtain the similar conclusions with Takeuchi et al. (2010), but with

much smaller errors. The newly constructed data in this study will provide us with a

large potential of new interesting studies.
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Véronique Buat2, and Denis Burgarella2

1Division of Particle and Astrophysical Science, Nagoya University, Furo-cho, Chikusa-ku,
Nagoya 464-8602, Japan

2Laboratoire d’Astrophysique de Marseille, OAMP, Université Aix-Marseille, CNRS, 38 rue
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Abstract

Star formation in galaxies is tightly connected to the dust grain formation through the production of heavy
elements. Observationally, it is the most direct to measure the star formation rate by the amount of ionizing UV
photons, but dust formed by the star formation scatter and absorb these photons, and finally re-emit the energy at
the IR. Hence, it is necessary to observe galaxies at both UV and IR to explore their star formation in the cosmic
history. In this work, first we introduce a statistical method to handle the two datasets which have been treated
independently at each wavelength in a unified manner, and reveal the star formation in galaxies hidden by dust.

1 Introduction

Exploring the star formation history of galaxies is one of the most important topics in modern observational cos-
mology. Especially, the “true” absolute value of the cosmic star formation rate (hereafter SFR) has been of a central
importance to understand the formation and evolution of galaxies.

However, it has been a difficult task for a long time because of dust extinction. Active star formation (SF) is
always accompanied by dust production through various dust grain formation processes related to the final stage
of stellar evolution (e.g., Dwek & Scalo, 1980; Dwek, 1998; Nozawa et al., 2003; Takeuchi et al., 2005c; Asano
et al., 2011). Observationally, SFR of galaxies are, in principle, measured by the ultraviolet (UV) luminosity from
massive stars because of their short lifetime (∼106 yr) compared with the age of galaxies or the Universe. How-
ever, since the UV photons are easily scattered and absorbed by dust grains, SFR of galaxies is always inevitably
affected by dust produced by their own SF activity. Since the absorbed energy is re-emitted at wavelengths of
far-infrared (FIR), we need observations both at UV and FIR to have an unbiased view of their SF (e.g., Buat et
al., 2005; Seibert et al., 2005; Cortese et al., 2006; Takeuchi et al., 2005a, 2010; Haines et al., 2011; Bothwell et
al., 2011; Hao et al., 2011).

After great effort of many researchers, the cosmic history of the SFR density is gradually converging at0 <
z < 1. This “latter half” of the cosmic SFR is characterized by the rapid decline of the total SFR, especially the
decrease of the contribution of dusty IR galaxies towardz = 0: While at z = 0, the contribution of the SFR
hidden by dust is50–60 %, it becomes> 90 % atz = 1 (Takeuchi et al., 2005a). This difference of decrease in
SFR obtained from FUV and FIR has been already recognized mainly in IR studies (e.g., Takeuchi et al., 2000,
2001a,b). Later works confirmed this“ dusty era of the Universe”, and revealed that the dominance of the hidden
SF continues even toward higher redshifts (z ∼ 3) (e.g., Murphy et al., 2011; Cucciati et al., 2011).

Then, a natural question arises: what does the different evolution at different wavelengths represent? To address
this problem, it is very important to understand how we select sample galaxies and what we see in them. Each time
we find some relation between different properties, we must understand clearly which is real (physical) and which
is simply due to a selection effect. Structure of the sample is schematically described by the Venn diagram in
Fig. 1. Some are detected at both bands, but some are detected only at one of the observed wavelength and appear
as upper limits at the other wavelength. In previous studies it was often found that various claims were inconsistent
with each other, mainly because they did not construct a well-controled sample of FUV and FIR selected galaxies.
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Figure 1: AVenn diagram describing the structure of UV- and FIR-wavelength observational dataset. Some are
detected at both bands, but some are detected only at one of the observed wavelength and appear as upper limits at
the other wavelength.

Recently, thanks to new large surveys, some attempts to explore the SFR distribution of galaxies in bivariate way
have been made, through the “SFR function” (e.g., Buat et al., 2007, 2009; Haines et al., 2011; Bothwell et al.,
2011). These works are based on the FUV and FIR LFs and their sum, but have not yet address their dependence on
each other. To explore the bivariate properties of the SF in galaxies further, the proper tool is the UV-IR bivariate
luminosity function (BLF).

However, constructing a BLF from two-wavelength data is not a trivial task. When we have a complete flux-
limited1 multiwavelength dataset, we can estimate a univariate luminosity function (LF) at each band, but what we
want to know isthe dependence structurebetween luminosities at different bands. Mathematically, this problem is
rephrased as follows: can we (re)construct a multivariate probability density function (PDF) satisfying prescribed
marginals? Although there is an infinite number of degrees of freedom to choose the original PDF, if we can model
the dependence between variables, we can construct such a bivariate PDF. A statistical tool for this problem is the
so-called “copula” (see Sec. 2 for the definition).

A copula has been extensively used in financial engineering, for instance, but until recently there were very
few applications to astrophysical problems (e.g., Koen, 2009; Benabed et al., 2009; Scherrer et al., 2010; Sato et
al., 2010, 2011). Takeuchi (2010) introduced the copula to the estimation problem of a BLF. In this work, we apply
the copula-based BLF estimation to the FUV-FIR two-wavelength dataset fromz = 0 to z = 1, using data from
IRAS, AKARI2, Spitzer3, and GALEX4.

The layout of this paper is as follows. We define a copula, especially the Gaussian copula, and formulate the
copula-based BLF in Sec. 2. We then describe our FUV-FIR data in Sec. 3. In Sec. 4, we first formulate the
likelihood function for the BLF estimation. Then we show the results, and discuss the possible interpretation of
the evolution of the FUV-FIR BLF. Section 5 is devoted to summary.

Throughout the paper we will assumeΩM0 = 0.3, ΩΛ0 = 0.7 andH0 = 70 km s−1 Mpc−1. The luminosities
are defined asνLν and expressed in solar units assumingL¯ = 3.83 × 1033 erg s−1.

1Or anyother observational condition.
2URL: http://www.ir.isas.ac.jp/ASTRO-F/index-e.html.
3URL: http://www.spitzer.caltech.edu/.
4URL: http://www.galex.caltech.edu/.
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2 The Bivariate Luminosity Function Based on the Copula

2.1 Copula: general definition

First, we briefly introduce a copula. A copulaC(u1, u2) is defined as follows:

G(x1, x2) = C [F1(x1), F2(x2)] (1)

whereF1(x1) andF2(x2) are two univariate marginal cumulative distribution functions (DFs) andG(x1, x2) is
a bivariate DF. We note that all bivariate DFs have this form and we can safely apply this method to any kind of
bivariate DF estimation problem (Takeuchi, 2010). In various applications, we usually know the marginal DFs (or
equivalently, PDFs) from the data. Then, the problem reduces to a statistical estimation of a set of parameters to
determine the shape of a copulaC(u1, u2). In the form of the PDF,

g(x1, x2) =
∂2C [F1(x1), F2(x2)]

∂x1∂x2
f1(x1)f2(x2) ≡ c [F1(x1), F2(x2)] f1(x1)f2(x2), (2)

wheref1(x1) andf2(x2) are the PDFs ofF1(x1) andF2(x2), respectively. On the second line,c(u1, u2) is referred
to as a differential copula.

2.2 Gaussian copula

Since the choice of copula is literally unlimited, we have to introduce a guidance principle. In many data analyses
in physics, the most familiar measure of dependence might be the linear correlation coefficientρ. Mathematically
speaking,ρ depends not only on the dependence of two variables but also the marginal distributions, which is
not an ideal property as a dependence measure. Even so, a copula having an explicit dependence onρ would be
convenient. In this work, we use a copula with this property, the Gaussian copula.

One of the natural candidate withρ may be a copula related to a bivariate Gaussian DF (for other possibilities,
see Takeuchi, 2010). The Gaussian copula has an explicit dependence on a linear correlation coefficient by its
construction. Let

ψ1(x) =
1√
2π

exp
(
−x2

2

)
, (3)

Ψ1 =
∫ x

−∞
Ψ(x′)dx′, (4)

ψ2(x1, x2; ρ) =
1√

(2π)2 detΣ
exp

(
−1

2
xT Σ−1x

)
,

(5)

and

Ψ2(x1, x2; ρ) =
∫ x1

−∞

∫ x2

−∞
ψi(x′

1, x
′
2)dx′

1dx′
2, (6)

wherex ≡ (x1, x2)T , Σ is a covariance matrix

Σ ≡
(

1 ρ
ρ 1

)
, (7)

and superscriptT stands for the transpose of a matrix or vector.
Then, we define a Gaussian copulaCG(u1, u2; ρ) as

CG(u1, u2; ρ) = Ψ2

[
Ψ−1

1 (u1), Ψ−1
1 (u2); ρ

]
. (8)
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The density ofCG, cG, is obtained as

cG(u1, u2; ρ) =
∂2CG(u1, u2; ρ)

∂u1∂u2
=

∂2Ψ2

[
Ψ−1

1 (u1), Ψ−1
1 (u2); ρ

]
∂u1∂u2

=
ψ2(x1, x2; ρ)
ψ1(x1)ψ1(x2)

=
1√

detΣ
exp

{
−1

2

[
Ψ−1T (

Σ−1 − I
)
Ψ−1

]}
, (9)

whereΨ−1 ≡
[
Ψ−1(u1), Ψ−1(u2)

]T
andI stands for theidentity matrix.

2.3 Construction of the FUV-TIR BLF

In this work, we define the luminosity at a certain wavelength band byL ≡ νLν (ν is the corresponding frequency).
Then the LF is defined as a number density of galaxies whose luminosity lies between a logarithmic interval
[log L, log L + d log L]:

φ(1)(L) ≡ dn

d log L
, (10)

where wedenotelog x ≡ log10 x and lnx ≡ loge x. For mathematical simplicity, we define the LF as being
normalized, i.e., ∫

φ(1)(L)d log L = 1 . (11)

Hence, this corresponds to a PDF. We also define a cumulative LF as

Φ(1)(L) ≡
∫ log L

log Lmin

φ(1)(L′)d log L′ , (12)

whereLmin is the minimum luminosity of galaxies considered. This corresponds to the DF. If we denote univariate
LFs asφ(1)

1 (L1) andφ
(1)
2 (L2), then the BLFφ(2)(L1, L2) is described by a differential copulac(u1, u2) as

φ(2)(L1, L2) = c
[
φ

(1)
1 (L1), φ

(1)
2 (L2)

]
. (13)

For the Gaussian copula, the BLF is obtained as

φ(2)(L1, L2; ρ) =
1√

detΣ
exp

{
−1

2

[
Ψ−1T (

Σ−1 − I
)
Ψ−1

]}
φ

(1)
1 (L1)φ

(1)
2 (L2) , (14)

where

Ψ−1 =
[
Ψ−1

(
Φ(1)

1 (L1)
)

, Ψ−1
(
Φ(1)

2 (L2)
)]T

. (15)

For theUV, we adopt the Schechter function (Schechter, 1976).

φ
(1)
1 (L) = (ln 10) φ∗1

(
L

L∗1

)1−α1

exp
[
−

(
L

L∗1

)]
.

(16)

For theIR, we use the analytic form for the LF proposed by Saunders et al. (1990),

φ
(1)
2 (L) = φ∗2

(
L

L∗2

)1−α2

exp

{
− 1

2σ2

[
log

(
1 +

L

L∗2

)]2
}

. (17)

We usethe re-normalized version of eqs. (17) and (16) so that they can be regarded as PDFs, as mentioned above.
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2.4 Selection effects:another benefit of a copula BLF

Another benefit of copula is that it is easy to incorporate observational selection effects which always exist in any
kind of astronomical data. In a bi(multi)variate analysis, there are two categories of observational selection effects.

1. Truncation

We do not know if a source would exist below a detection limit.

2. Censoring

We know there is a source, but we have only an upper (sometimes lower) limit for a certain observable.

As we mentioned above, we have to deal with both of these selection effects carefully to construct a BLF from
data at the same time. It is terribly difficult to incorporate these effects by heuristic methods, particularly for a
nonparametric methods (Takeuchi 2012, in preparation). In contrast, since we have an analytic form for the BLF,
the treatment of upper limits is much more straightforward (Takeuchi, 2010). We see how it is treated in the
likelihood function in Sec. 4.

3 Data

3.1 FUV-FIR data construction

We have constructed a dataset of galaxies selected at FUV and FIR byGALEX andIRAS for z = 0. At higher
redshifts,GALEX andSpitzerdata are used forz = 0.7 and EIS andSpitzerfor z = 1.0 in the Chandra Deep
Field South (CDFS). We explain the details of each sample in the following.

In the LocalUniverse, we used the sample compiled by Buat et al. (2007). This sample was constructed
based on IRAS all-sky survey and GALEX All-Sky Imaging Survey (AIS). This dataset consists of UV- and IR-
selected samples. The UV-selection was made by GALEX FUV (1530Å) band with FUV< 17 mag (hereafter,
all magnitudes are presented in AB mag). This corresponds to the luminosity lower limit ofLFUV > 108 L¯.
Redshift information was taken from HyperLEDA (Paturel et al., 2003) and NED. The IR-selection is based on
the IRAS PSCz (Saunders et al., 2000). The detection limit of the PSCz is S60 > 0.6 Jy. Redshifts of all PSCz
galaxies were measured. All UV fluxes were remeasured with the package we have developed (Iglesias-Páramo et
al., 2006) to avoid the shredding of galaxies. Details of the sample construction are explained in Buat et al. (2007).
The number of sample galaxies is 644.

We also constructed a new, much larger sample of IR-selected galaxies by AKARI FIS All-Sky Survey. We
started from the AKARI FIS bright source catalog (BSC) v.1 from AKARI all sky survey (Yamamura et al., 2010)
to construct this sample. This sample is selected atWIDE-Sband (λ = 90 µm) of the AKARI FIS (Kawada et
al., 2007). The detection limit isS90 > 0.2 Jy. We first selected AKARI sources in the SDSS footprints. Then, to
have a secure sample of galaxies with redshift data, we made a cross match of AKARI sources with the Imperial
IRAS-FSC Redshift Catalogue (IIFSCz), a redshift catalog recently published (Wang & Rowan-Robinson, 2009),
with a search radius of 36 arcsec.. Since about 90 % of galaxies in the IIFSCz have spectroscopic or photometric
redshifts atS60 > 0.36 Jy, the depth of the sample is defined by this matching. We measured the FUV and NUV
flux densities with the same procedure as the IRAS-GALEX sample. The detection limits at FUV and NUV of
this sample are19.9 mag and20.8 mag (Morrissey et al., 2007). A corresponding UV-selected sample is under
construction, hence we have only IR-selected sample. The number of galaxies is 3,891. For more information on
this sample and properties of galaxies, see Sakurai et al. (2011).

At higher-z, our samples are selected in the CDFS. GALEX observed this field at FUV and NUV (2300Å) as
a part of its deep imaging survey. We restricted the field to the subfield observed by Spitzer/MIPS as a part of the
GOODS key program (Elbaz et al., 2007) to have the corresponding IR data. The area of the region is0.068 deg2.
Precise description of our high-z samples are presented in Buat et al. (2009) and Burgarella et al. (2006).

At z = 0.7, the NUV-band corresponds to the FUV rest frame of the sample galaxies. We thus constructed
the sample based on NUV-selection. Redshifts were taken from the COMBO-17 survey (Wolf et al., 2004). Data
reduction and redshift association are explained in Burgarella et al. (2006). We truncated the sample at NUV =
25.3 mag so that more than 90 % of the GALEX sources are identified in COMBO-17 withR < 24 mag. We
set the MIPS24 µm upper limit as 0.025 mJy. For the IR-selected sample, we based on the GOODS sample and
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matched the GALEXand COMBO-17 sources. The sizes of both the UV- and IR-selected samples are 340 and
470, respectively.

In contrast toz = 0.7, since NUV-band of GALEX corresponds to 1155Å in the restframe of galaxies at
z = 1.0, we cannot use NUV as the primary selection band as restframe FUV. Instead, we start fromU -band
selection. The CDFS/GOODS field is covered by the EIS survey (Arnouts et al., 2001). We then cross-matched
the U -band sources with the COMBO-1 sample to have redshifts. We set the limit atU = 24.3 mag to avoid
source confusion. The IR flux densities were taken from Spitzer MIPS24 µm data, and the same upper limit is put
for non-detections. Again the IR-selected sample was constructed from the GOODS, as thez = 0.7 sample. The
sizes of thez = 1.0 UV and IR-selected samples are 319 and 1033, respectively.

3.2 Far-UV and total IR luminosities

We are interested in the SF activity of galaxies and its evolution. Hence, luminosities of galaxies representative
of SF activity would be ideal. As for the directly visible SF, obviously the UV emission is appropriate for this
purpose. We define the FUV luminosity of galaxiesLFUV asLFUV ≡ νLν@FUV. Forz = 0 galaxies, FUV
corresponds to 1530̊A. At higher redshifts, as we explained,LFUV is calculated from NUV flux density atz = 0.7
andU -band flux density atz = 1.0, respectively.

In contrast, at IR, the luminosity related to the SF activity is the one integrated over a whole range of IR
wavelengths (λ = 8–1000 µm), LTIR. For the Local IRAS-GALEX sample, it is quite straightforward to define
LTIR since theIRAS galaxies are selected at60 µm. We adopted a formulaLTIR = 2.5νLν@60µm. This rough
approximation is, in fact, justified by SEDs of galaxies with ISO160 µm observations (Takeuchi et al., 2006).

Also, for AKARI-GALEX sample, we have excellent flux density data at FIR. We used the following TIR
estimation formula from AKARI two wide bands (Takeuchi et al., 2005b, 2010),

L2band
AKARI = ∆ν(WIDE-S)Lν(90 µm) + ∆ν(WIDE-L)Lν(140 µm), (18)

where

∆ν(WIDE-S) = 1.47 × 1012 [Hz] ,

∆ν(WIDE-L) = 0.831× 1012 [Hz].
(19)

However, since deep FIR data of higher-z galaxies are not easily available to date, we should rely on the data
taken bySpitzerMIPS24 µm. we should use conversion formulae from MIR luminosity toLTIR:

log LTIR[L¯] = 1.23 + 0.972 log L15[L¯] , (20)

log LTIR[L¯] = 2.27 + 0.707 log L12[L¯] + 0.0140 (log L12[L¯])2 , (21)

which are anupdated version of the formulae proposed by Takeuchi et al. (2005b) and also used by Buat et al.
(2009). HereL15 andL12 are luminositiesνLν@15µm and12µm, i.e.,24/(1+z) atz = 0.7 and 1.0, respectively.
The estimatedLTIR slightly depends on which kind of conversion formula is used, but for our current purpose,
it does not affect our conclusion and we do not discuss extensively here. We can find intercomparison of the
MIR-TIR conversion formula in Buat et al. (2009).

This situation will be greatly improved with Herschel5 data. We will leave this as our future work with Herschel
H-ATLAS (Eales et al., 2010) and GAMA (Driver et al., 2011) data (Takeuchi et al. 2012, in preparation).

4 Results and Discussion

4.1 FUV and TIR univariate LFs

In order to estimate the FUV-TIR BLF, first we have to examine our setting for the FUV and TIR univariate LFs.
The IRAS-GALEX sample, the validity of the Local univariate LFs are already proved (see Fig. 3 of Buat et al.,
2007). Hence, we can safely use the analytic formulae of FUV and TIR LFs atz = 0 [eqs. (16) and (17)].

We use the Schechter parameters presented by Wyder et al. (2005) forGALEXFUV: (α1, L∗1, φ∗1) = (1.21, 1.81×
109h−2 [L¯], 1.35 × 10−2h3 [Mpc−3]). For the TIR, we used the parameters(α2, L∗2, φ∗2, σ) = (1.23, 4.34 ×

5URL: http://herschel.esac.esa.int/.
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Figure 2: TheFUV and TIR LFs atz = 0.7 (left and right panel, respectively). Open squares are a nonparametric
LFs estimated from our CDFS multiwavelength data with GALEX NUV- and Spitzer MIPS24 µm-selections.
Dotted lines represent the FUV LFs at this redshift bin taken from Arnouts et al. (2005). Dashed lines depict the
TIR LFs derived from the evolutionary parameters atz = 0.7 given by Le Floc’h et al. (2005). Because of a
well-known large density enhancement at this redshift, we renormalized to remove the overdensity.

108h−2 [L¯], 2.34 × 10−2h3 [Mpc−3], 0.724) (Takeuchi et al., 2003) obtained from theIRAS PSCzgalaxies
(Saunders et al., 2000), and multipliedL∗1 with 2.5 to convert the 60-µm LF to the TIR LF.

For higherredshifts, ideally we should estimate from the BLF estimation simultaneously. It is, however, quite
difficult for our current samples because of the limited number of galaxies. We instead used the LF parameters at
z = 0.7 and 1.0 obtained by previous studies on univariate LFs and modeled the FUV and TIR univariate LFs at
these redshifts and examined their validity with nonparametric LFs estimated from the data. We use the parameters
compiled by Takeuchi et al. (2005a). Parameters of the evolution of the TIR LF are obtained by approximating the
evolution in the form

φ
(1)
2 (L2, z) = g(z)φ(1)

2,0

[
L2

f(z)

]
(22)

whereφ
(1)
2,0(z) is the localfunctional form of the TIR LF. Le Floc’h et al. (2005) assumed a power-law form for the

evolution functions as

f(z) = (1 + z)Q, g(z) = (1 + z)P (23)

and obtainedP = 0.7 andQ = 3.2, with α remaining constant. The Schechter parameters atz = 0.7 and1.0 are
directly estimated by Arnouts et al. (2005) and we adopt their values (see Table 1 of Takeuchi et al., 2005a).

Then we estimated the FUV and TIR LFs with the stepwise maximum likelihood method and the variant of
C− method from our CDFS multiwavelength data (for the estimation method, see, e.g., Takeuchi et al., 2000;
Johnston, 2011, and references therein). The obtained univariate LFs atz = 0.7 and 1.0 are presented in Figs. 2
and 3. We also show the analytic model LFs in these figures. We note that a well-known large density enhancement
locates in the CDFS atz = 0.7 (e.g., Salimbeni et al., 2009), we have renormalized the LFs to remove the effect of
overdensity. In the following analysis, we normalize the univariate LFs according to eq. (11) so that we can treat
the univariate LFs as PDFs, hence this does not affect the following analysis at all.

Because of the small sample size, the LF shape is not perfectly agree with the supposed functional forms, but
the nonparametric LFs acceptably similar to the analytic functions both for the FUV and TIR at each redshift. We
stress that the analytic functions arenot the fit to the data, but estimated from other studies. This implies that the
estimated evolutionary parameters of the LFs work generally well. Thus, we can use the higher-zunivariate LFs
as the marginal PDFs for the estimation of the FUV-TIR BLFs.
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Figure 3: TheFUV and TIR LFs atz = 1.0. Symbols are the same as in Fig. 2, but FUV samples are selected at
U -band.

4.2 Copula likelihood for the BLF estimation

By using the estimated univariate FUV and TIR LFs as given marginals, we can estimate only one parameter,
the linear correlationρ by maximizing the likelihood function. The structure of a two-band selected data is
(Lik

FUV, jik

UV , Lik

TIR, jik

IR ), ik = 1 . . . nk. Here,jband (band: FUV or TIR) stands for the upper limit flag:jband = 0:
detection andjband = −1: upper limit. Another indexk is the indicator of the selected band, i.e.,k = 1 means a
sample galaxy is selected at UV andk = −1 means it is selected at IR. The likelihood function is as follows.

lnL
(
Lik

FUV, Lik

TIR

∣∣ ik = 1, · · ·nk, k = 1,−1
)

=
∑

k=
n

1 : UV sel
−1 : IR sel

nk∑
ik=1

{
ln

[
pdet

(
Lik

FUV, Lik

TIR

)](1+j
ik
UV )(1+j

ik
IR )

+ ln
[
pUL: UV

(
Lik

FUV, Lik

TIR

)] (1+k)(−j
ik
UV )

2 + ln
[
pUL: IR

(
Lik

FUV, Lik

TIR

)] (1−k)(−j
ik
IR )

2

}
, (24)

wherepdet
(
Lik

FUV, Lik

TIR

)
is theprobability for ikth galaxy to be detected at both bands and to have luminosities

Lik

FUV andLik

TIR,

pdet
(
Lik

FUV, Lik

TIR

)
≡

φ(2)
(
Lik

FUV, Lik

TIR; ρ
)∫ ∞

Llim
FUV(zik

)

∫ ∞

Llim
TIR(zik

)

φ(2) (L′
FUV, L′

TIR; ρ) dL′
TIRdL′

FUV

, (25)

pUL: UV
(
Lik

FUV, Lik

TIR

)
is the probability forikth galaxy to be detected at IR band and have a luminosityLik

TIR, but
not detected at UV band and only an upper limitLik

FUV,jk
is available,

pUL: UV
(
Lik

FUV, Lik

TIR

)
≡

∫ L
ik
FUV,jk

0

φ(2)
(
L′

FUV, Lik

TIR

)
dL′

FUV∫ ∞

0

∫ ∞

Llim
TIR(zik

)

φ(2) (L′
FUV, L′

TIR; ρ) dL′
TIRdL′

FUV

, (26)
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Figure 4: SchematicBLF. (1) Diagonal: The energy from SF is emitted equally at UV and IR with any SF activity.
(2) Upward: The more active the SF in a galaxy is, the more luminous at the IR (dusty SF). (3) Downward: The
more active the SF is, the more luminous at the UV (“ transparent”SF).

andpUL: IR
(
Lik

FUV, Lik

TIR

)
is the probability forikth galaxy to be detected at UV band and have a luminosityLik

FUV,
but not detected at IR band and only an upper limitLik

TIR,jk
is available,

pUL: IR
(
Lik

FUV, Lik

TIR

)
≡

∫ L
ik
TIR,jk

0

φ(2)
(
Lik

FUV, L′
TIR

)
dL′

TIR∫ ∞

Llim
FUV(zik

)

∫ ∞

0

φ(2) (L′
FUV, L′

TIR; ρ) dL′
TIRdL′

FUV

. (27)

The denominator in eq. (25) is introduced to take into account the truncation in the data by observational flux
selection limits at both bands (e.g., Sandage et al., 1979; Johnston, 2011). We should also note that it often
happens that the same galaxies are included both in UV- and IR-selected sample. In such a case, we should count
the same galaxies only once to avoid double counting of them. Practically, such galaxies are included in any of the
samples, because they are detected at both bands and are symmetric between UV- and IR-selections.

4.3 The BLF and its evolution

Using the Gaussian copula, now we can estimate the BLF. The visible and hidden SFRs should be directly reflected
to this function. Dust is produced by SF activity, but also destroyed by SN blast waves as a result of the SF. Many
physical processes are related to the evolution of the dust amount. Thus, first of all, we should describe statistically
how it evolved, as stated in Introduction.

First, we summarize how to interpret the UV-IR BLF schematically in Fig. 4. First, we see the case that
the ridge of the BLF is straight and diagonal [see (1) in Fig. 4]. This means that the energy from SF is emitted
equally at UV and IR with any SF activity. If the relation is diagonal but has an offset horizontally or vertically,
this suggests that a constant fraction of energy is absorbed by dust and reemitted. Second, if the ridge is curved
upward, it means that the more active the SF in a galaxy is, the more luminous at the IR [dusty SF: (2) in Fig. 4].
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Figure 5: TheBLF of galaxies from IRAS and GALEX atz = 0. Contours are the analytic model constructed by
a Gaussian copula and univariate FUV and TIR LFs.

Third, if the ridge is bent downward, the more active the SF is, the more luminous at UV [‘transparent’ SF: (3) in
Fig. 4].

Now we show the estimated BLFs in Figs. 5–8. In the Local Universe, the BLF is quite well constrained. The
estimated correlation coefficientρ is very high∼ 0.95, both from IRAS-GALEX and AKARI-GALEX datasets.
The apparent scatter of theLFUV–LTIR is found to be due to the nonlinear shape of the ridge of the BLF. This
bent shape of the BLF was implied by preceding studies (Martin et al., 2005), and we could quantify this feature.
The copula BLF naturally reproduced it.

At higher redshifts (z = 0.7–1.0), the linear correlation remains tight (ρ ∼ 0.85–0.9), even though it is
difficult to constrain the low-luminosity end from the data in this analysis (Spitzer-GALEX in the CDFS). It will
be interesting to apply this method to better forthcoming data.

Though the whole shape cannot be perfectly determined by the current data, we find thatρ in the copula LF is
high and remarkably stable with redshifts (from 0.95 atz = 0 to 0.85 atz = 1.0). This implies the evolution of
the UV-IR bivariate LF is mainly due to the different evolution of the univariate LFs, and may not be controled by
the evolution of the dependence structure.

In this study, we did not try to examine if the Gaussian copula would be a proper choice as a model of the
FUV-TIR BLF. At z = 0, for example, when UV-selected data comparably large as the AKARI sample are ready,
we will be able to specify (a family of) copulas appropriate for this analysis. At higher redshifts, our current data
are not deep enough to do it. Herschel, ALMA, and SPICA6 data, together with optical deep surveys, will enable
us to explore and constrain the BLF evolution in the whole history of galaxy evolution.

6URL: http://www.ir.isas.jaxa.jp/SPICA/SPICAHP/indexEnglish.html.

10

53



Figure 6: Thesame as Fig. 5 but from AKARI and GALEX.

5 Conclusion

To understand the visible and hidden SF history in the Universe, it is crucial to analyze multiwavelength data in a
unified manner. The copula is an ideal tool to combine two marginal univariate LFs to construct a bivariate LFs. It
is straightforward to extend this method to multivariate DFs.

1. The Gaussian copula LF is sensitive to the linear correlation parameterρ.

2. Even so,ρ in the copula LF is remarkably stable with redshifts (from 0.95 atz = 0 to 0.85 atz = 1.0).

3. The nonlinear structure of the BLF is naturally reproduced by the Gaussian copula.

4. This implies the evolution of the UV-IR BLF is mainly due to the different evolution of the univariate LFs,
and may not be controled by the dependence structure.

The data from Herschel, ALMA, and SPICA data will improve the estimates drastically, and we expect to specify
the full evolution of the UV-IR BLF in the Universe. We stress that the copula will be a useful tool for any other
kind of bi- (multi-) variate statistical analysis.
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Takeuchi, T. T., Buat, V., Iglesias-Páramo, J., Boselli, A., & Burgarella, D. 2005, A&A, 432, 423

Takeuchi, T. T., Ishii, T. T., Nozawa, T., Kozasa, T., & Hirashita, H. 2005, MNRAS, 362, 592

Takeuchi, T. T., Ishii, T. T., Dole, H., et al. 2006, A&A, 448, 525

Takeuchi, T. T. 2010, MNRAS, 406, 1830

Takeuchi, T. T., Buat, V., Heinis, S., et al. 2010, A&A, 514, A4

Wang, L., & Rowan-Robinson, M., 2009, MNRAS, 398, 109

Wolf, C., et al., 2004, A&A, 421, 913

Wyder, T. K., et al., 2005, ApJ, 619, L15

Yamamura I., Makiuti S., Ikeda N., Fukuda Y., Oyabu S., Koga T., & White G. J., 2010, AKARI/FIS All-Sky
Survey Bright Source Catalogue Version 1.0 Release Note, ISAS/JAXA

14

57



An analytic model for the distribution 
of matter and dust around galaxies

Shogo Masaki
Department of physics, Nagoya University, shogo.masaki@nagoya-u.jp

ABSTRACT
We develop an analytic halo model for the distribution of matter and dust around galaxies. The model results 
are compared with the observed surface matter and dust  density profiles measured through gravitational 
lensing magnification and reddening of background quasars in Sloan Digital Sky Survey reported by Menard 
et  al.(2010). We show that our model reproduces, for the first time, both the observed matter and dust 
distribution profile very well over a wide range of radial distance of 10- 104 h-1kpc. Through the model 
fitting of the mass profile, we determine the typical host halo mass of the sample galaxies used in the 
measurement  to be 2×1012 h-1Msun. We assume that the dust  distribution around a galaxy is described  
similarly to the mass distribution, but with a sharp cut-off at αRvir where Rvir is the galaxy's virial radius and 
α is a model parameter. Our model reproduces the observed dust profile well if α is greater than unity, and 
thus suggests that dust is distributed to over 100kpc - 1Mpc from the galaxies.

1. METHOD
We describe our formulation to calculate the mean surface density profile of matter and dust  around galaxies. 
Our model is based on the so-called halo model approach (Seljak 2000; Cooray & Sheth 2002). The 
approach is known as a powerful method to describe statistical quantities, e.g., the correlation function of 
galaxy and the cross-correlation function of galaxy-matter. In this model, the mean surface density profile is 
divided into two terms:

where “X” denotes matter or dust and R is the distance in the projected two-dimensional plane. The one-halo 
term ΣX1h(R) arises from the central halo, and the two-halo term ΣX2h(R) from the neighbouring halos.
   The contribution from an individual galaxy halo with mass Mh to the one-halo term ΣX1h(R) is given by the 
projection of the radial halo density profile ρX(r|Mh) along the line-of-sight χ 

The one-halo term is a number-weighted average of ΣX(R|Mh)

where dn/dMh is the halo mass function and Mmin is the threshold halo mass for the sample galaxies. The 
threshold mass corresponds to the typical host halo mass of the observed galaxies.
   On the other hand, for the two-halo term, we calculate the halo-matter/dust cross-power spectrum. We 
obtain the mean surface density profile from the cross-correlation function converted from the cross-power 
spectrum. For the formulation, see e.g., Seljak (2000) and Cooray & Sheth (2002).
   We adopt the NFW profile derived from cosmological N-body simulations (Navarro et al. 1997) for the 
radial mass profile

We assume that  the dust distribution around a galaxy is described  similarly to the mass distribution, but with 
a sharp cut-off at αRvir 

ΣX(R) = Σ1h
X (R) + Σ2h

X (R)

ΣX(R|Mh) =
�

dχρX(r =
�

χ2 + R2 |Mh).

Σ1h
X (R) =

1
nhalo

� ∞

Mmin

dMh
dn

dMh
ΣX(R|Mh), nhalo =

� ∞

Mmin

dMh
dn

dMh
,

ρm(r|Mh) =
ρs

(r/rs)(1 + r/rs)2
.
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where Rvir is the galaxy's virial radius, Rdisk is size of galactic disk and α is a model parameter. The amplitude 
is determined via

where Md is the total halo dust mass associated with a halo with mass Mh and Γ is the dust-halo mass ratio.
   For the dust-halo mass ratio Γ, we propose two models. The first  one is constant model, i.e., Γ is 
independent  of halo mass. The dust-halo mass ratio is simply the global density ratio (Komatsu et al. 2011; 
Fukugtia 2011)

Because the heavy elements that constitute dust  are produced by stars, it may be reasonable to expect that the 
dust mass is proportional to the steller mass. In our second model, we model the halo mass dependence of Γ. 
We call the model as mass dependent model. We combine three observed relations; the stellar-halo mass  
(Leauthaud et al. 2011), the stellar mass-metallicity (Tremonti et al. 2004) and the stellar-hydrogen mass 
(Evoli et al. 2011). The derived Γ is shown and compared with that of the constant model in Fig. 1.

2. RESULTS
We fit  our matter distribution model to the observed surface matter density through least  chi-squared 
minimization. We choose Mmin as a free parameter for this fit. The obtained best-fit threshold mass is

which is consistent with the value derived by Masaki, Fukugita & Yoshida (2012) using cosmological N-
body simulations. Fig. 2 compares the best-fit model profile with the observed one. The data points with 
error bars are taken from Menard et al. (2010, hereafter MSFR). The dotted and dashed lines represent the 
one-halo and the two-halo terms respectively. The solid line is the resulting matter profile. Our model 
reproduces the observed matter profile remarkably well from ∼10kpc to ∼10Mpc. The obtained value of Mmin  
roughly corresponds to the halo mass of L∗-galaxies. For more detailed discussion on Mmin, see Masaki, 
Fukugita & Yoshida (2012).
   It  is encouraging that  our simple physical model for the matter distribution yields an excellent  fit to the 
observation. We follow the same halo model approach to predict the mean surface dust density profile.
   For dust  distribution, we have two physical parameters, Mmin and α. We have found that  poor constraints 
are obtained on the parameters when both of them are treated as free parameters. Because Mmin is already 
estimated using the observed matter distribution, it is sensible to fit  our dust distribution model by treating 
only α as a free param- eter. After the same least chi-squared minimization procedure, the obtained best-fit  α 
for the constant and the mass dependent models are, respectively,

Figs.3 and 4 shows the best-fit dust  profile of the constant model with α = 1.88 and that of the mass 
dependent model with α = 5.67. The data points are from MSFR. Both models for Γ reproduce the observed 
result fairly well. 
   Overall, our simple models reproduce the observed dust profile very well. Intriguingly, both our models 
suggest  α ∼ O(1), i.e., halo dust  is distributed over ∼ 100kpc from the galaxy. It  is also important that the 
observed power law surface density Σd ∝ R−0.8 at  R = 10kpc − 10Mpc can be explained with α ∼ O(1). The 
apparent large-scale dust distribution is explained by the two-halo contributions.

ρd(r|Mh) ∝ 1
(r/rs)(1 + r/rs)2

exp(−r/αRvir)[1− exp(−r/Rdisk)]

� ∞

0
dr 4πr2ρd(r|Mh) = Md = Γ×Mh

Γ = 1.73× 10−5 = Ωgalaxy dust/Ωm.

Mmin = (2.1± 0.4)× 1012h−1M⊙ (1σ),

α = 1.88+0.693
−0.443 (1σ) for constant model,

α = 5.67+2.23
−1.44 (1σ) for mass dependent model.
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Abstract

We investigate the evolution of the grain size distribution in galaxies by constructing a
dust evolution model taking into account grain size distribution. In order to examine the
evolution of the grain size distribution, we consider the following two processes: (i) dust
destruction by SN shocks, and (ii) metal accretion onto the surface of grains (referred to as
grain growth). We found that the grains with radii 0.4 − 0.6 µm become dominant on the
dust mass in galaxies after grain growth occurs. Also, the increase of the number of smaller
grains are suppressed by the SN shocks and metal accretion. The grain size distribution in
galaxies depends strongly on the processes in the ISM.

1 Introduction

Dust grains influence various processes which are important to understand the galaxy evolution.
For example, star formation. Star formation is thought to occur in the cold and dense clouds
(molecular clouds). Since hydrogen molecules are mainly formed on the surface of dust grains,
the molecular formation rate is really higher for the case with dust (e.g., Hirashita & Ferrara,
2002). Furthermore, dust grains and molecules work as a coolant of the interstellar medium
(ISM) where stars can be formed. Thus, dust grains drive star formation in galaxies. Also,
dust grains absorb and scatter the stellar light at shorter wavelengths, and they re-emit the far-
infrared and submillimeter wavelengths. Therefore dust affects the spectral energy distributions
of galaxies. Consequently, dust is one of the fundamental factor to understand the evolution of
galaxies (e.g., Yamasawa et al., 2011).

Dust grains are formed by the condensation of heavy elements. Most of these heavy elements
(heavier than helium) released by stellar mass loss during stellar evolution or supernovae (SNe)
condense into dust grains. However, dust grains are not only formed from stars but also destroyed
by SNe blast waves (e.g., Nozawa et al., 2003; Zhukovska, Gail, & Trieloff, 2008). In addition,
we should consider the grain growth in the ISM by accretion of heavy elements (e.g., Draine,
2009). Thus, dust evolution passes through various processes closely related to each other in the
ISM.

Up to now, dust evolution has been studied with various dust evolution model (e.g., Inoue,
2003; Zhukovska, Gail, & Trieloff, 2008; Valiante et al., 2009), but most of them are based on
the assumption of a typical size of grains. However, since the effects of dust grains to the galaxy
evolution, which are already mentioned above, depend on the grain size distribution in galaxies,
the grain size distribution is important information to understand the evolution of galaxies.

1
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Grain size distribution produced by asymptotic giant branch stars (AGB stars) are thought
to be the log-normal distribution at the peak of ∼ 0.1 µm (e.g., Winters et al., 1997). As for
SNe II, Nozawa et al. (2007) showed that the grain size distributions produced by SNe are biased
to large sizes (≥ 0.01 µm). Small grains are selectively destroyed by the shocks (Nozawa et al.,
2006). Also, Hirashita & Kuo (2011) showed that the contribition of the grain growth to the
dust evolution depends on the grain size distribution. Thus, since grain size distributions in
galaxies are affected by various processes simultaneously, we investigate the evolution of dust
mass and the grain size distribution in galaxies by constructing a dust evolution model taking
into account these processes.

2 Dust evolution model

In this study, we consider AGB stars, SNe II, dust destruction by SN shocks, and the grain
growth in the ISM as a process which changes the grain size distribution in galaxies. Here we do
not consider the contribution of the SNe Ia. However, for example, Nozawa et al. (2011) proved
that it is inefficient to the total dust budget in galaxies, and there are no observtional support
for SNe Ia. Hence we do not take into account SNe Ia in this study. In this section, we briefly
introduce four processes mentioned above. Throughout this paper, we assume that the shape of
dust grains is spherical for simplicity. So, we have

m(a) =
4πa3

3
ρj , (1)

where a is the grain size, and ρj is the bulk density of each species j.

2.1 AGB stars

The grain size produced by AGB stars is uncertain to date. Here, we assume log-normal distri-
bution at the peak of ∼ 0.1 µm (Winters et al., 1997) (left panel of Fig. 1). Recently, Yasuda &
Kozasa (2012) have examined the size distribution of SiC grains produced by Carbon-rich AGB
stars, and their results also have suggested that the size distribution is roughly log-normal. As
for the AGB dust mass, we adopt the data of Zhukovska, Gail, & Trieloff (2008).

2.2 SNe II

The data of dust mass and grain size distribution produced by SNe II are taken from Nozawa et
al. (2007) (right panel of Fig. 1). Nozawa et al. (2007) examined the dust mass and grain size
distribution processed by sputtering due to the passage of the forward and reverse shocks. They
calculated two cases for the mixing in the helium core, unmixed and mixed model. In our study,
we adopt the results for unmixed model, since the grain size distributions obtained by unmixed
model are consisitent with observation (e.g., Hirashita et al., 2005). The grain size distribution
is like a broken power-law.

2.3 Dust destruction by SN shocks

Dust grains in the ISM become smaller size or are destroyed by sputtering due to the passage
of SN shocks. Thus, in order to trace the evolution of grain size distribution, it is neccesary
to consider dust destruction taking into account the grain size. As for the efficiency of dust
destruction for each size, we adopt the results of Nozawa et al. (2006).
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Figure 1: Grain size distribution produced by AGB stars (left panel) or SNe II with 20 M�
(right panel).

We formulate the dust destruction as follows. The number of grains with radii between a
and a+da, f(a)da, is expressed as

f(a)da = ξ(a, a
′
)f(a

′
)da, (2)

where ξ(a, a
′
) is the conversion efficiency, which is defined as the number fraction of grains with

radius between a
′
and a

′
+da

′
eroded to grains with radius between a and a+da by sputtering.

We note that if a
′ ≤ a, ξ(a, a

′
) = 0. Thus, the change in the number of dust grains with radii

between a and a+da after the passage of a SN shock, dN(a), is given by

dN(a) =

∫ ∞

0
ξ(a, a

′
)f(a

′
)da

′ − f(a)da. (3)

The conversion efficiency ξ depends on the ISM density surrounding the SN nSN, and large nSN

increases the destruction efficiency of dust grains (Nozawa et al., 2006; Yamasawa et al., 2011).
In this study, we assume nSN = 1.0 cm−3.

The swept mass by a SN shock Mswept depends on nSN and metallicity in the ISM. Here,
we adopt the fitting formula derived by Yamasawa et al. (2011),

Mswept/M� = 1535n−0.202
SN [(Z/Z�) + 0.039]−0.289, (4)

where Z is the metallicity in the ISM. We set Z� = 0.02 (Anders & Grevesse, 1989) throughout
this paper.

2.4 Grain growth in the ISM

In this subsection, we formulate the evolution of the grain size distribution by the accretion of
heavy elements onto the surface of grains (grain growth). Here we only treat the grain growth
as the growth of refractory materials. In fact, volatile also grow, but they evapolate if the clouds
disapper. As for volatile, we will treat it in our future work.

We define f(a, t)da as the number of grains with radii between a and a+da at time t. If
we consider only the accretion of heavy elements, the following equation holds,

∂f(a, t)

∂t
+

∂

∂a
[f(a, t)ȧ] = 0, (5)

3

63



where ȧ ≡ da/dt is the growth rate of the grain radius. Also, the growth rate of the grain mass
is expressed as

dm(a)

dt
= πa2αρclZ〈v〉, (6)

where α is the sticking coefficient, ρclZ is the mass density of gaseous metals, and 〈v〉 is the meal
velocity of metals in gas phase. And,

ρclZ = ρclISMZ(1− δ), (7)

where ρclISM is the ISM density, and δ is the dust abundance in the metal mass. From Eq. (1),
(6), (7), we obtain

ȧ ≡ da

dt
=

αρclISMZ(1− δ)〈v〉
4ρj

. (8)

From this equation, we note that the growth rate does not depend on the grain size.

2.5 Formulation of dust mass evolution for a grain size

From previous subsections, we can formulate the time evolution of the mass of dust species j
with radii between a and a+da, Md,j(a, t) =

4π
3 a3ρjfj(a, t)da, which is expressed as

dMd,j(a, t)

dt
= −

Md,j(a, t)

MISM(t)
SFR(t) + Yd,j(a, t) (9)

− Mswept

MISM(t)
γSN(t)

[
Md,j(a, t)−

4π

3
a3ρj

∫ ∞

0
ξj(a, a

′
)fj(a

′
, t)da

′
]

(10)

− η
∂

∂a
[Md,j(a, t)ȧ], (11)

where fj(a, t)da is the number of the dust grains of species j with radii between a and a+da
at time t, MISM is the total mass in the ISM (total mass of gas, metals and dust), η is the
mass fraction of the clouds where the grain growth occurs. Here, SFR(t), Yd,j(t), and γSN(t)
are the star formation rate, the total dust mass ejected by stars per unit time, and the SN rate,
respectively. For SFR, we assume the schmidt law; SFR(t) ∝ Mn

ISM. Thus, they are expressed
as

SFR(t) =
MISM(t)

τSF
, (12)

Yd,j(t) =

∫ 100 M�

mcut(t)
md,j(m,Z(t− τm), a)φ(m)SFR(t)dm, (13)

γSN(t) =

∫ 40 M�

mcut(t)>8 M�

φ(m)SFR(t)dm, (14)

where τSF is the star formation timescale, τm is the lifetime of a star of mass m, md,j(m,Z, a)
is the mass of grains with radii a of a star of mass m and metallicity Z, and mcut(t) is the mass
of a star with lifetime τm = t. In this study, we assume the case with index n = 1 for simplicity.
Since we assume a closed-box model, which assumes the total baryon mass (Mtot) is constant, if
t = 0, MISM(0) = Mtot. Also, φ(m) is the initial mass function (IMF), and we adopt the Larson
IMF (Larson, 1998) in the mass range (0.1 – 100) M�.
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3 Results and Discussions

In Fig. 2, we show the contributions of various propcesses (stars, dust destruction, and the grain
growth) to the grain size distribution in galaxies. We set τSF = 5 Gyr, Mtot = 1010 M�, and
η = 1.00. It is seen that the dominant sources of dust are stars (AGB stars and SNe II) at the
stage of galaxy evolution. However, since the contribution of SN shocks becomes effective at
t > 1 Gyr (the dust destruction timescale is defined as about 0.1τSF), small grains are effectively
destroyed by SN shocks after 1 Gyr. Also, heavy elements accrete onto smaller grains because
small grains govern the grain surface. Thus, the increase of the number of smaller grains are
suppressed by the SN shocks and the grain growth. We find that if the contribution of the
grain growth becomes effective, the grains with radius 0.4–0.6 µm become dominant on the dust
mass in galaxies. In the dense regions where grain growth occurs, Weingartner & Draine (2001)
suggested that the grain size distribution are biased to large grains. Therefore, the larger grains
are expected to be dominant on the total dust mass in galaxies after the grain growth occurs.
The grain size distribution in galaxies depends strongly on the processes in the ISM. Other
mechanisms which have potential of changing the grain size distribution (especially, shattering
and coagulation) are left in future work.
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Figure 2: Contributions of various processes to the grain size distribution with Mtot = 1010 M�,
τSF = 5 Gyr and η = 1.00 (bottom panel only). Upper left: stars (AGB stars and SNe II)
only, upper right: stars and SN shocks (dust destruction), bottom: stars, SN shocks, and the
grain growth. Solid, dotted, and dashed lines represent the galactic age t = 0.1, 1.0, 10 Gyr,
respectively. Dot-dashed line represent the MRN distribution (Mathis, Rumpl, & Nordsieck,
1977) for reference.
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Abstract

Chondritic meteorites contain rock-forming minerals in which the chemical compositions
are not uniform. The inhomogeneity is termed as zoning profile, which is considered to reflect
the growth condition (cooling rate, closed- or open-system, supercooling, and so forth) when
they were formed in early solar system. We investigated the zoning profile, growth velocity,
and mineral morphology formed under a constant cooling rate based on a numerical scheme.
From the numerical simulations for a wide range of the cooling rate, we found some simple
power-law relationships in the zoning profile at very beginning of solidification. This results
may give us a very useful diagnostic guideline to speculate the cooling rate from zoning
profiles recorded in minerals.

1 Introduction

Rock-forming minerals such as olivine, pyroxene, and anorthite show inhomogeneities in the
chemical compositions in certain phenocrysts. This is termed as zoning profiles, which are
considered to have been formed during solidification of the phenocrysts and/or in alteration
processes in their parent bodies. Therefore, we may obtain significant information about the
origins of these minerals by analyzing how their zoning profiles were formed. In this paper,
we investigate the formation process of zoning profile, especially at the very beginning of
solidification.

Let us consider that the solid phase comes in contact with the liquid phase at a pla-
nar interface in equilibrium (see Fig. 1). Each phase has its own uniform concentration
determined by the phase diagram. The growth of solid is triggered when the equilibrium is
perturbed by changes of temperature, pressure, and chemical composition. Onset of growth
causes rejection of incompatible elements from solid to liquid. If the growth velocity is too
large to homogenize the incompatible element distribution in liquid phase, these elements are
concentrated in front of the advancing solid-liquid interface (boundary layer). The complex
time-dependent behavior of solute redistribution causes significant zoning in solid (initial
transient). The solute distribution in the initial transient was formulated by Tiller et al. [1],
then extended by Smith et al. [2]. The Smith’ solution suggested that the uptake of incom-
patible elements into crystal is enhanced as the growth velocity increases. The enhanced
uptake of incompatible elements plays important roles in trace element partitioning between
phenocrysts and host lava [3], incompatible element concentration in melt inclusion [4], and
isotopic fractionation during solidification [5].

Although the Smith model assumed that the growth velocity is constant for the entire
solidification process, it is not necessarily correct in general [6, 7, 8]. The constant growth ve-
locity is certainly an approximation of the complex growth history of crystals in experiments
and in nature [4]. The effect of non-constant growth velocity on the formation of zoning
profile should be investigated because it will give us greater insight to understand the for-
mation of zoned minerals. In addition, it is also important to consider how to speculate the
formation condition of mineral from its zoning profile. Previous researches did not provide
any relationship between the growth velocity and the growth conditions, e.g., cooling rate,
bulk composition, supercooling, and so forth [3, 4, 5]. The relationship between the growth
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Figure 1: Solute redistribution process at the very beginning of solidification. (a) A crystal
comes in contact with liquid at the equilibrium condition. Each concentration of impurity in
crystal and liquid is determined by the phase diagram at the given temperature. (b) Onset of
growth. Rejection of impurity from crystal to liquid makes boundary layer at the advancing
crystal-liquid interface. (c) Further growth. (d) After complete solidification. The crystal shows
a significant zoning termed as initial transient.
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velocity and these growth conditions is essential to consider the formation environment of
minerals.

The aim of this paper is to investigate the formation of zoning profile during initial
transient without an assumption of constant growth velocity. We consider a case that the
temperature decreases at a constant rate from equilibrium temperature at which crystal
coexists with liquid. We numerically solve the crystal growth, elemental partitioning at
the solid-liquid interface, and elemental diffusion in liquid phase consistently to obtain the
growth history and the zoning profile in solid. We carry out the numerical simulations for
wide ranges of growth conditions; cooling rate and bulk composition to show some simple
power-law trends with respect to the cooling rate, which may be useful for diagnostics of
zoning profile in minerals.

2 Methods

2.1 Phase-field method

The classical approach to the modeling of first order phase transformations involves tracking
the free boundary that separates the growing phase (e.g., crystal) from the parent phase
(e.g., supercooled liquid). A phase-field method provides an alternative approach, according
to which a new variable, the phase field �, is introduced to keep track of the phase, taking
on constant values indicative of each of the bulk phases and making a transition between
these values over a thin transition layer that plays the role of the classically sharp interface.
One of the advantages of the phase-fiield method is not to require explicit tracking of the
free boundary. This makes the numerical model simpler than the classical approach. The
detailed review of the phase-field method would be found in [9], for example.

2.2 Basic equations

The thermodynamically consistent phase-field model for a binary alloy based on the entropy
functional is adopted here [10, 11]. This model has been applied for unidirectional solidi-
fication of binary alloys [12, 13, 8]. We give a uniform temperature field T in the present
simulations, so two equations for phase field � and concentration field C must be solved.
The governing equations are as follows [11]:

∂�

∂t
= Mφ

[
(1 − 16aχg(�)) {HA(1 − C) + HBC} + ε2φ∇2�

]
, (1)

∂C

∂t
= ∇ ·

{
D

[
∇C − vm

R
C(1 − C)(HB − HA)∇�

]}
, (2)

where D, vm, and R are the solute diffusivity, the molar volume, and the gas constant. a is
the amplitude of stochastic noise that is introduced only at the crystal-liquid interface, and
χ is a random number distributed uniformly from -1 to 1 [10, 8]. We use a = 0.3 in this
paper. The solute diffusivity D depends on �, so we postulate a form

D = DS + p(�)(DL − DS), (3)

where DS and DL are diffusivities in solid and liquid phases, respectively. Here, HA and HB

are defined by

HA,B = p′(�)LA,B

(
1

TA,B
− 1

T

)
− WA,Bg′(�), (4)

where LA,B and TA,B are the latent heat of crystallization per unit volume and the melting
point of pure materials A and B, respectively. We may allow Mφ to depend on composition,
and so postulate a form

Mφ = (1 − C)MA + CMB. (5)
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The variables of WB, MA, MB, and εφ are related to the measurable quantities as follows:

WA,B =
3
√

2
2

�A,B

hA,BTA,B
, MA,B =

√
2

12
µA,BT 2

A,B

hA,BLA,B
, ε2φ = 6

√
2

�A,BhA,B

TA,B
, (6)

where �A,B, µA,B, and hA,B are the interfacial energy between solid and liquid, the kinetic
coefficient, and the interface thickness of pure materials A and B. It should be noted that
there is a relationship between hA and hB as

hB

hA
=

�A

�B

TB

TA
(7)

because εφ does not depend on concentration (see Eq. 6). Finally, g(�) is the double-well
potential and p(�) is a monotonically increasing function which satisfies p(0) = 0 and p(1) =
1. They are respectively defined by

p(�) = �3(10 − 15� + 6�2), g(�) = �2(1 − �)2. (8)

2.3 Input parameters

In this study, we adopt olivine as a model mineral. The olivine is one of the major rock-
forming minerals with the chemical formula (Mg,Fe)2SiO4. The ratio of magnesium and iron
varies between the two endmembers of the solid solution series: forsterite (Mg-endmember)
and fayalite (Fe-endmember). The concentration C in Eq. (2) means molar fraction of Fe
with respect to the total of Mg and Fe. We can find the equilibrium composition at a
given temperature from the phase diagram [14]. Input parameters that we adopt in this
paper are listed in Table 1. The diffusion coefficient in solid is set zero to investigate the
formation of zoning profile without secondary alteration. The numerical result did not change
significantly even if we use non-zero DS (≈ 10�9 cm2 s�1) because of the very small diffusivity
in comparison with in liquid.

2.4 Numerical procedure

Figure 2(a) shows our initial setting for calculation. Initially, a planar seed crystal is in
equilibrium with liquid at a temperature of T0. We consider one-dimensional geometry
assuming that the crystal-liquid interface keeps its flat shape. We adopt a computational
domain of x = 0−200 µm and discretize it by 2000 meshes, so the mesh size is ∆x = 0.1 µm.
The initial position of the interface is set at x = 3 µm. The initial concentrations in solid and
liquid are given by equilibrium concentrations at a temperature T0, which are determined
from the phase diagram (see Fig. 2b). Decreasing temperature at a constant rate Ṫ causes
disequilibrium at the interface and triggers solidification.

We applied finite-difference methods to solve Eqs. (1) and (2). The diffusion terms in
these equations are solved by implicit method for Eq. (2) and an explicit Euler scheme for
Eq. (1). No flux boundary condition is applied at boundaries of the computational domain,
i.e., the normal derivatives of � and C are zero at these boundaries.

3 Results

3.1 Initial transient

Fig. 3 shows calculated concentration distribution in solid and liquid phases during solidi-
fication for a case of cooling rate Ṫ = 5 × 103 K s�1 and initial temperature T0 = 1900 K.
Initially, the solid comes in contact with the liquid at x = 3 µm with their equilibrium
concentrations, CS0 = 0.170 and CL0 = 0.471, respectively (panel a). As the temperature
decreases at a constant rate, the solid-liquid interface advances rightward and the solid region
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Table 1: Input parameters for olivine. Subscripts: A = forsterite, B = fayalite.

notation meaning value
vm molar volume 45 cm3 mol−1

DL diffusivity in liquid 10−5 cm2 s−1

DS diffusivity in solid 0 cm2 s−1

LA,B latent heat of crystallization 1.3 × 1010 erg cm−3

�A interfacial energy 613 erg cm−2

�B interfacial energy 300 erg cm−2

TA melting point 2163 K
TB melting point 1490 K
µA,B kinetic coefficient 0.1 cm s−1 K−1

hA width of interface 10 × ∆x
hB width of interface (�A/�B)(TB/TA)hA

Figure 2: (a) Initial setting for calculation. (b) Phase diagram of olivine (data from [14]).
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spreads to the liquid side. Since Fe is rejected from the solid to liquid, a boundary layer with
high concentration is formed immediately away from the advancing interface (panel b). The
concentration in solid increases with the interface advancement. The concentration in solid
exceeds the initial concentration in liquid CL0 at x ≈ 10 µm (panel c). Finally, the system
solidifies completely and a zoning profile is formed (panel d).

The zoning profile as shown in Fig. 3(d) is divided into two parts: initial transient and
steady growth region. In the initial transient, the profile changes from CS0 to CL0 with a
complex pattern. In a steady growth region, the profile is almost constant at CL0, namely,
the solid has the same concentration with that of the initial liquid. This is referred as
an effective partitioning coefficient keff being unity, which is defined by keff = CS/CL0 (it
should be noted that the denominator is not at the interface). However, our one-dimensional
calculation will be perturbed before the steady growth is realized because a planar interface
becomes unstable due to morphological instability [15, 12, 8]. Therefore, we do not consider
the steady growth region in the following.

The initial transient is characterized by its complex concentration profile. We notice the
steep increase of concentration just after the beginning of the solidification. We define a
width of initial transient w within which the concentration in solid increases from CS0 to
Cw, where Cw is given by

Cw = C0 −
1 − k0

e
C0, (9)

where e is the base of natural logarithm. Using the initial setting, we obtain Cw = 0.360
with k0 = 0.361 (horizontal dashed line in Fig. 3d). It is found that the concentration in
solid increases to Cw at x = 7.06 µm. Subtraction of initial position of the interface gives
the width of w = 4.06 µm.

3.2 Growth velocity

Fig. 4 shows the position of crystal-liquid interface xi as a function of time. The input
parameters are the same with Fig. 3. Open circles are the results within w (see §3.1 for
the definition), and filled ones are after. The slope between two neighboring circles gives
the growth velocity of crystal. It is found that the growth velocity within w is not constant
because the slope seems to increase gradually: the average growth velocity is calculated as
≈ 70 µm s�1 for the first 0.01 s and ≈ 190 µm s�1 for the last 0.01 s within w. After
t ≈ 0.05 s, the growth velocity increases suddenly, which indicates the beginning of the
steady growth region.

Let us assume that the growth velocity within w increases exponentially with respect to
time t as given by the following form,

R(t) = R0 et/t0 , (10)

where R0 is the initial growth velocity and t0 is the time constant. Integration of R(t) over
t gives the following expression of the position of interface,

xi(t) = R0t0 (et/t0 − 1) + xi0, (11)

where xi0 = 3 µm is the initial position. The best fit of calculated results within w with
Eq. (11) gives R0 = 64.1 µm and t0 = 0.0256 s. These parameters gives R = 243 µm s�1 at
the end of the region w (t = 0.34 s). The best fit curve is shown by a solid curve in Fig. 4
and agrees with the phase-field calculation within w.

3.3 Dependence on cooling rate

As a result of the phase-field calculation, we obtain the following three parameters for each
calculation; width of initial transient w, the initial growth velocity R0, and the time con-
stant t0. Fig. 5 shows the dependences of these parameters on the cooling rate Ṫ . Results
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Figure 3: Calculated concentration distribution for a case of Ṫ = 5×103 K s−1 and T0 = 1900 K.
Crystallized region is colored by gray. (a) Initial setting. The initial position of interface is
xi0 = 3 µm. Initial concentrations are CS0 = 0.170 in solid phase and CL0 = 0.471 in liquid
phase, respectively. (b) After t = 0.0328 s. The interface is advancing rightward. Fe-rich
boundary layer was developed immediately in front of the advancing interface. Zoning profile
was shown to be formed in solid phase. (c) After t = 0.0476 s. The concentration in solid
increases to the initial concentration in liquid CL0. (d) After complete solidification.
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Figure 4: Position of the crystal-liquid interface xi as a function of time. Open circles are the
result of the phase-field calculation during initial transient. The region of initial transient is
colored by gray. The solid curve is the best fit result for the initial transient region. The best
fit parameters are R0 = 64.1 µm and t0 = 0.0256 s. Filled circles are calculation results after
initial transient. The dashed curve shows a simple extrapolation of the best fit curve.
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with different initial temperatures T0, namely, different initial compositions, are plotted by
different symbols (see legend). It is found that all of these parameters obey power-law trends
with respect to the cooling rate; w ∝ Ṫ�1/2, R0 ∝ Ṫ 1/2, and t0 ∝ Ṫ�1. The power-law trend
is observed for a wide range of T0 except of T0 = 1500 K in which R0 and t0 seem to deviate
from each power-law trend slightly.

For the same Ṫ , w decreases with the decrease of T0. When Ṫ = 103 K s�1, we obtain
w = 0.43 µm for T0 = 1500 K and w = 12.6 µm for T0 = 2100 K. The difference of factor
of 30 in w suggests that the difference of 3 orders of magnitude in Ṫ is required to obtain
the same w. For example, the initial transient of 10 µm in width will be reproduced at a
cooling rate of Ṫ ≈ 103 K s�1 for a Mg-rich composition (T0 = 2100 K), on the other hand,
Ṫ ≈ 1 K s�1 for a Fe-rich composition (T0 = 1500 K).

In contrast of w, the growth velocity does not show the monotonic trend on T0. For the
same Ṫ , R0 decreases as T0 increases from T0 = 1500 K to T0 = 1700 K, however, backs
to increase as T0 increases from T0 = 1700 K to T0 = 2100 K. Similarly, t0 increases as
T0 increases from T0 = 1500 K to T0 = 1800 K, then backs to decrease as T0 increases
from T0 = 1800 K to T0 = 2100 K. The higher growth velocity at large- and small-T0

may be interpreted as follows: the large- and small-T0 mean less impurity, namely, pure
forsterite (Mg2SiO4) or pure fayalite (Fe2SiO4), respectively, so the advancing of interface is
not suppressed by the solute diffusion in liquid phase.

4 Conclusion

We numerically simulated solidification of olivine system to investigate the formation process
of zoning profile at the very beginning of solidification, where the iron content in olivine
crystal shows a strong zoning within a certain distance. The strong zoning is termed as
initial transient. When the solidification occurs under a constant cooling rate Ṫ , we found
that the distance of initial transient is proportional to Ṫ�1/2. During the initial transient,
the growth velocity is not constant but increases exponentially with respect to the time. The
simulation results of growth velocity are fitted with a form of R(t) = R0 et/t0 , where R0 is
the initial growth velocity and t0 is the time constant. We also found that R0 and t0 show
power-law trends with the cooling rate, respectively. The dependences of these parameters
on bulk iron content were also obtained. The power-law trends shown in the initial transient
may give us a very useful diagnostic guideline to speculate the cooling rate from zoning
profiles of natural olivines in Earth rocks or chondritic meteorites.
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Abstract

We investigate the efficiency of interstellar polarization pλ/Aλ, where pλ is the

fractional linear polarization and Aλ is extinction, with using the data obtained by

us with the low-dispersion spectropolarimeter HBS, as well as those in literature.

It is found that the polarization efficiency pλ/Aλ is proportional to exp(−β/λ) in

wavelength λ≈ 0.4−0.8µm, where β is a parameter which varies from 0.5 to 1.2 µm.

We also find that β is negatively correlated with the dust temperature deduced from

infrared data by Schlegel et al. (1998), suggesting that the polarization efficiency

is higher in short wavelength for higher temperature. According to the alignment

theory by radiative torques (RATs), if the radiation is stronger and bluer, RATs

will make small grains align better, and the polarization efficiency will increase in

short wavelength. Our finding of the correlation between β and the temperature is

consistent with what is expected with the alignment mechanism by RATs. This paper

is essentially the same as Matsumura et al. (2011), but it includes a model of grains.

Key words: alignment mechanism — ISM: dust, extinction — polarization

1. Introduction

Interstellar polarization, i.e., dichroic extinction observed in distant stars, shows that

grains are optically anisotropic and aligned, although the mechanism of the alignment has

been still on debate over more than half century (Lazarian 2007, for a review). The alignment

had been explained with the paramagnetic relaxation of thermally spinning grains that obtain

angular momentum by collisions with gas particles (Davis & Greenstein 1951, hereafter DG).

However, the DG mechanism is not efficient, and it cannot explain the interstellar polarization

∗ Present Address: Akita Junior High School, Magodai-machi 72, Kumamoto 861-5254 and Rikigo Junior

High School, Sima-machi 5-8-1, Kumamoto 861-4133
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quantitatively.

For more efficient alignment, Purcell (1979) assumed a spin-up of grain by the ejection of

molecular hydrogen from grain surface (the ”pinwheel mechanism”). If the site of the ejection is

fixed and exist long enough, the grains could be accelerated and rotate suprathermally, i.e. much

faster than the thermal rotation as was assumed in DG, and they could align well. Lazarian &

Draine (1999a), however, noticed the phenomenon of relaxation caused by the reorientation of

spin angular momentum of protons by exchanging angular momentum with grain rotation (the

”nuclear relaxation”). Once the grain rotates thermally, it remains thermal by this relaxation,

even if the pinwheel mechanism is working, and this is called as ”thermal trapping” (Lazarian

& Draine 1999a; Lazarian & Draine 1999b). If most of the grains are thermally trapped, the

degree of alignment is low as expected as the DG mechanism.

Jones & Spitzer (1967) showed that the increase of the imaginary part of magnetic sus-

ceptibility of grain material will result in better alignment, when paramagnetic grains contain

ferromagnetic clusters (superparamagnetism). However, Roberge & Lazarian (1999) investi-

gated the DG alignment including the Barnett relaxation and other effects, and they showed

that, even if grains have superparamagnetic inclusions, efficient alignment is achieved only when

the grain temperature is much lower than the gas temperature. Thus this mechanism may work

only in limited astronomical environments.

Dolginov & Mitrofanov (1976) first pointed out that irregularly shaped grains that

have ”helicity” can spin up by radiative torques (hereafter RATs). More recently, Draine

& Weingartner (1996) estimated the RATs with the discrete dipole approximation method,

and showed that RATs are very effective to align grains. Since magnetic moments within ro-

tating grains are induced by the Barnett effect, the grains precess around the magnetic field,

and then the direction of alignment is usually parallel to the interstellar magnetic field1 (e.g.

Draine & Weingartner 1997; Lazarian & Hoang 2007), i.e., the same direction as that by the

DG mechanism. The alignment by RATs can be more efficient if grains have superparamag-

netic inclusions (Lazarian & Hoang 2008) or if the pinwheel mechanism is working with RATs

(Hoang & Lazarian 2009).

The efficiency of the RATs alignment varies with strength and spectral energy distribu-

tion of the radiation field, and thus the size of aligned grains should vary accordingly (Draine

& Weingartner 1996; Cho & Lazarian 2005). Therefore, this property makes it possible to ex-

amine whether the RATs alignment works or not. Observationally, the maximum wavelength

λmax of polarization in or around dark nebulae was shown to be correlated with extinction AV

in the V-band (Whittet et al. 2001; Andersson & Potter 2007). Andersson & Potter (2010)

showed that grain alignment is enhanced by the stellar radiation in the vicinity of a young

1 The direction of alignment with RATs will be parallel to the light beam, if the radiation is so strong that

the rate of precession by the radiative torques is faster than that of the Larmor precession due to internal

magnetic field induced by the Barnett effect.
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star HD 97300 in the Chamaeleon I cloud. Whittet et al. (2008) showed that the polarization

efficiency pK/τK in the K-band, where τK is optical depth, decreases smoothly with AV beyond

the region where ice mantle feature was detected. This suggests that the alignment efficiency

is not directly related to the state of grain surface, as is expected by the ”pinwheel” alignment.

These results agree with the expectations by the RATs alignment. However, it is still not clear

whether RATs alignment works or not in more diffuse clouds.

In this paper, we investigate the polarization quantities and the dust temperature for

various lines of sight. We observed the stars in/around the Pleiades cluster, which is associated

with diffuse reflection nebula, with the low-dispersion spectropolarimeter HBS (Kawabata et

al. 1999). Dichroic polarization may be enhanced around those objects, because intense stellar

radiation may make grains align better if the RATs alignment works. The contents of this

paper are essentially the same as those in Matsumura et al. (2011), but include a model of

grains. Manuscripts are also modified significantly.

2. Observations and Data Reduction

We observed 8 stars in the Pleiades cluster with the low-dispersion spectropolarimeter

HBS (Kawabata et al. 1999) which is attached to the 1.88m telescope in Okayama Astrophysical

Observatory, from October 30 to November 13 in 2008, and from January 13 to 19 in 2009. The

details of observations are presented in (Matsumura et al. 2011). We also use specropolarimetric

data of various stars by Weitenbeck (1999, 2004), which are similar to our HBS data. The data

of HD 29647 (Whittet et al. 2001) and HD 38087 (Serkowski et al. 1975) are used in addition

to those from Weitenbeck (1999). Also used are the data for high latitude clouds MBM 30 and

MBM 20 (LDN 1642) by Seki & Matsumura (1996).

Extinction Aλ and ratio of total to selective extinction RV for each star are cited from

Fitzpatrick & Massa (2007) when available from their 328 extinction curves. Otherwise, Aλ is

estimated with Fitzpatrick (2004) who showed typical extinction curves for RV =2.1−5.5. For

the stars in the Pleiades cluster2, we adopt RV = 3.2, the same value as for HD 23512, and the

color excess is cited from Crawford & Perry (1976). Since RV values of HD 14889 in MBM 30

and SAO149760 in MBM 20 are not available, we set RV = 2.7 or 3.2 as typical values in high

latitude clouds (Larson & Whittet 2005).

Schlegel et al. (1998) deduced dust temperature and other quantities with the COBE

and IRAS data, on the assumption of λ−2 emissivity in the infrared. Their data is homogeneous

all over the sky, so we use their temperature Tdust to examine the radiative environment around

the grains in each line of sight.

2 We derived RV values for each star in Matsumura et al. (2011).
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3. Results

Figure 1 shows the dependence of Aλ, pλ, and pλ/Aλ on wavelength λ for typical exam-

ples: HD 23152 and HD 24368 in the Pleiades cluster, HD 29647 in the Taurus cloud, and HD

38087 associated with reflection nebula VDB 57. The values of log(pλ/Aλ) decrease linearly

with inverse wavelength 1/λ in the optical region (Figure 1c), because both log(Aλ) and log(pλ)

are convex against 1/λ (Figures 1a and 1b). We thus make linear fitting in λ = 0.4− 0.8µm

with the equation:

ln(pλ/Aλ) = lnα− β(1/λ− 1/0.55µm), (1)

where α and β are parameters. The parameter α corresponds to pV/AV, and is <∼ 3%/mag for

interstellar polarization (Serkowski et al. 1975).

Figure 2 presents relations between RV and λmax. Here λmax is the wavelength of maxi-

mum polarization pmax, and is obtained with the expression by Serkowski et al. (1975):

pλ = pmax exp(−K ln2(λ/λmax)), (2)

where K = 1.66(λmax/1µm)+ 0.01 (Whittet et al. 1992). Long dashed line in Figure 2 shows

the empirical relation between RV and λmax by Serkowski et al. (1975). Most of the stars in

Figure 2 are present near this line except for HD 29647 and HD 38087.

We draw contours of β=0.4, 0.8, and 1.2 µm in Figure 2 on the assumption that po-

larization pλ follows equation (2), and that extinction Aλ varies as in Fitzpatrick (2004) in

λ= 0.4− 0.8µm. The contour of β = 0.8µm in Figure 2 is almost coincident with the empirical

line by Serkowski et al. (1975) in RV
<∼ 3.5.

4. Discussion

4.1. Grain Model: Interpretation of β

In this model3, we assume oblate grains (axial ratio is 2:1) composed of astronomical

silicate (refractive index is 1.7+0.03i) as a first step, although the spheroidal shape is very sym-

metrical and the radiative torques do not work provided that the incident light is unpolarized.

More complicated shapes, e.g., model in Wurm & Schnaiter (2002), should be necessary, but it

is beyond the scope of this paper. Here we perform light scattering calculation with Fredholm

integral equation method (Matsumura & Seki 1991; Matsumura & Seki 1996; Matsumura &

Bastien 2003; Bastien & Matsumura 2005; Matsumura & Bastien 2009), and evaluate extinc-

tion and polarization to study the property of β. Following Kim et al. (1994), we assume the

size distribution n(a), where a is a radius of sphere with the same volume, as

3 The modelling is not included in Matsumura et al. (2011). We deleted it according to an anonymous referee’s

comments. The parameter β in this paper is different from the one often used to characterise the spectrum

of thermal emission from dust in far IR. Please do not be confused!
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Fig. 1. Wavelength dependence of (a) extinction Aλ, (b) fractional polarization pλ, and (c) polarization

efficiency pλ/Aλ. Extinction curves in (a) are for HD 29647 (short dashed line) and HD 38087 (long dashed

line) from Fitzpatrick & Massa (2007), while that for HD 23512 and HD 24368 (solid line) is the curve of

RV=3.2 from Fitzpatrick (2004). In (b) and (c), asterisks show HD 38087 (Serkowski et al. 1975), filled

circles HD 23512 (HBS), small open circles HD 24368 (HBS), and large open circles HD 29647 (Whittet

et al. 2001). Long dashed lines in (b) and (c) show HD 29647 and HD 38087 by Weitenbeck (1999).
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23152 (upper) and HD 24368 (lower), open circles Weitenbeck (1999, 2004), triangles Seki & Matsumura

(1996), squares Whittet et al. (2001), and asterisk shows HD 38087 by Serkowski et al. (1975). Long dashed

line is the empirical relation RV = 5.6(λmax/1µm) by Serkowski et al. (1975). Solid lines are contours for

β=0.4, 0.8, and 1.2µm. Dashed chains and short dashed line are results of model calculations (see text).

n(a)∝ aγ exp(−a/amax), (3)

where γ is a power and amax correspond to a parameter for upper cutoff. For lower cutoff, we

set as amin=0.005µm. The size distribution of aligned grains n(a)align is assumed to be different

from n(a), and the expression by Mathis (1986) is used:

n(a)align ∝ n(a)(1− exp(−(a/amin2)
3)), (4)

where amin2 is a parameter that defines the typical smallest size of aligned grains. Note that the

parameters amax and amin2 are not sharp cutoffs for size distributions, but appear in the above

equations, while the parameter amin is a ”sharp” cutoff. Although the size distribution assumed

here is simple, our model shows relations between polarization quantities and parameters for

size distribution, and is helpful to interpret the observational results.

We can obtain the average interstellar values of RV = 3.1 and λmax = 0.53µm, if we

set (amin2, amax, γ) = (0.12µm,0.12µm,−2.75)4. We draw one of the dashed chains in Figure

2, labeled as amin2 = 0.12µm, with changing only γ from −3.5 to −2, but (amin2, amax) are

kept as (0.12µm, 0.12µm). When only amax varies from 0.09 to 0.24µm, while (amin2, γ) =

(0.12µm,−2.75), a short dashed line is drawn. Those lines are almost coincident with the line

of β = 0.8, showing that β is not sensitive to the variation of γ or amax. However, if we change

amin2, significant variation in β is found: β is ∼ 0.4µm for amin2 = 0.06µm, while it is ∼ 1.2µm

for amin2 = 0.18µm (Figure 2). For our model, we can write

β ≃ 6.6× amin2. (5)

4 It is just a coincidence that amin2 = amax, and this does not show any physical meanings.
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circle shows 27 Tau, and lower one 19 Tau. Double circle is the average of interstellar medium. Result

of linear fitting for 12 stars is drawn as dashed line. Upper dashed line presents model prediction for

amin2 = 5alower, and lower one for amin2 = 3alower.

The dependence of β on the parameter amin2 can be interpreted as below. Since ln(pλ/Aλ)

is linearly correlated with 1/λ, we can express β as

β ≃ d ln(pλ/Aλ)

d(1/λ)
≃ ln((pλ1/pλ2)/(Aλ1/Aλ2))

1/λ1 − 1/λ2

, (6)

for λ1 ̸= λ2. If γ or amax varies and large (small) grains are abundant, both pλ and Aλ increase

in longer (shorter) wavelength. These variations are almost canceled in equation (6). However,

the variation of amin2 has effect on pλ but of course not on Aλ, thus β is much more sensitive

to amin2 than amax.

4.2. Polarization Efficiency and Dust Temperature

We now discuss the correlation between the value of β and grain temperature Tdust

obtained by Schlegel et al. (1998). A weak correlation is found for those 16 stars in Figure 3,

and the correlation coefficient is ∼−0.3.

Several stars in Figure 3 make the correlation worse, i.e. 27 Tau, HD 23512, HD 192001,

and HD 193322. If we exclude those stars, the correlation coefficient is ∼ −0.8 for the rest of

12 stars. The temperature for those outliers may be overestimated, because hotter regions are

present near or towards them. The line of sight to HD 23512 passes a small molecular cloud

that is present in the intracluster of Pleiades (Breger,1986). The regions near O-type stars in

sky show high Tdust (Schlegel et al. 1998), and this is the case for HD 192001 and HD 193322.

Using their equation (5) in Cho & Lazarian (2005) on RATs theory, with typical values

for physical quantities in interstellar space, we can express the smallest size alower of aligned

grains as
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(alower/1µm) = 2.8× 10−2× (Tdust/18K)−2, (7)

for dust temperature Tdust. The derived value of alower ≃ 0.028µm for Tdust = 18K is smaller

than the value amin2 ∼ 0.12µm expected from observation (Section 4.1). Nevertheless, if we

use equations (5) and (7), we can draw in Figure 3 upper and lower short dashed lines for

amin2 = 5alower and amin2 = 3alower, respectively. Those lines follow the observations well, i.e.,

the variation of β against temperature can be explained with the RATs alignment theory.

Since the data in Figure 3 contain regions of various temperature, i.e., the Taurus dark cloud,

reflection nebulae, etc., our results suggest that the alignment by RATs is ubiquitous in the

interstellar space.
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Abstract 

   Amorphous enstatite (MgSiO3) grains were produced by the simultaneous 

evaporation of Mg and SiO vapor by up and down double heater method in Ar gas 

pressure of 10 Torr. Produced particles were mainly mixture of MgO crystallites and 

amorphous MgSiO3 structure. High resolution electron microscopy showed the 

crystallites of MgO and MgSiO3 crystallites less than 10 nm. Crystallization 

temperature of MgSiO3 amorphous structure haｓ been determined to be 600℃ by 

direct observation by HRTEM in vacuum. 

   

Introduction 

   In a previous paper,
1)

 we reported the laboratory analogy of crystallize enstatite 

grain formation in RF plasma field. The produced MgSiO3 grain size was less than 50 

nm and covered with amorphous β-cristobalite phase of SiO2. The growth of Mg 

particle on the SiO particle growth stream in RF plasma field was characteristic 

difference than the formation of Mg2SiO4 phase particle by the use of parallel double 

heaters.
2)

 Submicron-sized silicate grains are present in the circumstellar outflow around 

oxygen-rich stars and within the interstellar mechanism. Since the estimated presser of 

solar nebula at 2-3 AU is low,
3)

 experiments on growth mechanism in vacuum are 

important for composition with condensation, evaporation, melting and crystallization 

processes observed in the primitive solar nebula.
4,5)

 A new method to produce the 

compound by the use of reaction between SiO film and Mg ultrafine particle
6)

 showed 

the enstatite phase (MgSiO3) by heating at 450-700℃. The growth of the MgSiO3 phase 

took place due to the movement of the Mg atoms into the amorphous SiO film. 

In the present paper, amorphous enstatite ultrafine grain and the crystallization of 

amorphous enstatite ultrafine particles in vacuum of 10
-6

 Pa have been elucidated. 
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Experimental procedure 

The chamber used for sample preparation was a glass cylinder 17 cm in diameter 

and 33 cm in height. The two evaporation sources were set up and down positions at 2 

cm as indicated schematically in Fig.1 (c) in Ar gas at 10 Torr. Typical shape of the 

particle formation in Ar gas at 10 Torr is shown in Fig.1 (b). In the present experiment, 

two evaporation sources in V-shaped tungsten boats (50 mm length, 2 mm width and 1 

mm depth) were set as shown schematically in Fig.1 (c). SiO powder was evaporated 

from a tungsten boat heated at 1600℃. The Mg evaporation source was set 2 cm above 

the evaporation source of SiO. The Mg powder was also put on a tungsten boat heated 

at 600℃. The same shape and evaporation temperature was also indicated in Fig.1 (b). 

The evaporation flow due to the heating of the SiO evaporation source was 

spontaneously mixed with the Mg smoke indicated in Fig.1 (b). The smoke shapes are 

also shown in Fig.1 (a). The collected specimen was examined using a Hitachi-9000 

electron microscope. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 (a) smoke produced at 10 Torr Ar gas by heating 1600℃. (b) Typical increment of the 

temperature at various height by heating SiO at 1600℃ and Mg at 600℃ in Ar gas at 10 Torr. (c) 

Smoke shape of SiO (0 mm) and Mg (20 mm) from the tantalum boats. Mg and SiO smokes were 

mixture among at 450℃～500℃ temperature region. 
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Crystallization process of the amorphous enstatite was directly observed using a 

Hitachi H-9000 HRTEM with a specimen heating holder, which can be heated to 

approximately 800℃ in vacuum at 10
-6

 Pa . Specimen was put on the amorphous holey 

carbon film. 

 

Results and Discussion   

(a) Amorphous MgSiO3 ultrafine particle formation.  

If the Mg and SiO powders are evaporated in Ar gas pressure at 10 Torr from the 

evaporation source of tungsten heater at 600℃ (Mg) and 1600℃ (SiO), the typical 

electron microscopic images of Mg, silicon (Si) and α-crystallites (SiO2) were produced. 

Since the gas pressure was 10 Torr, smoke Mg and Si + SiO2 particles were produced. 

The Mg crystallites of the order less than 20 nm were oxidized MgO at room 

temperature in order to exposure in air. Ultrafine Mg particles were altered as shown in 

Fig.2 (a). The diffraction image of MgO shows the micro crystallites on Mg surface.    

Fig.2 (b) shows the typical Si + SiO2 with based amorphous diffraction pattern. As 

elucidated in a previous paper on direct observation of metamorphism of the silicon 

oxide grains,
7, 8)

 the produced particles were Si and α-SiO2. 

   The SiO powder produced by evaporation of SiO powder at the lower heater at 

1600℃ was agree with the ultrafine particles heated at the up heater. As indicated in 

Fig.1, the Mg and SiO2 particles were mainly coalesce at temperature less than 450℃. 

The produced particles were mainly composed of MgO and MgSiO3 amorphous 

particles as shown in Fig.3. The amorphous diffraction pattern was corresponding to the 

intensity rings of MgSiO3. Therefore the produced amorphous particles were mainly 

MgSiO3. The dark field image in Fig.3 shows the crystallites of the order of less than 10 

nm was produced. As indicated in HRTEM image of amorphous particles in Fig.4, the 

existence of crystallites of MgO and MgSiO3 can be seen. Therefore it can be concluded 

that MgSiO3 particles are produced by the coalescence growth between Mg and SiO (Si 

+ SiO2) fine particles. 

As elucidated in previous paper on the formation of MgSiO3 crystallites by the 

reaction between SiO film and Mg particle by heating above 450℃ in vacuum (Saito et 

al., 1993). The coalescence growth of fine particles of Mg and SiO less than 500℃ 

becomes imperfect perfect for the MgSiO3 phase. Since the growth speed of Mg and 

SiO ultrafine particles with the high speed than the heating in air, the amorphous 

MgSiO3 and oxide Mg particles can be produced. Therefore Mg + SiO → Mg + SiO2 + 

Si → MgO + MgSiO3. As indicated in HRTEM image by the covering of amorphous 

SiO2 phase, same particles were covered with amorphous SiO2 grains. 
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Fig.2 Typical Mg (a) and SiO (b) smoke particles at 1 cm and 3 cm from the heater. Mg particle 

was oxidized to exposure in air. The image (a) was exposed to the air about 1 min. Evaporated SiO 

at 1600℃ is composed of amorphous α-SiO2 and Si cryatallites of a few nm. The coalescence 

growth between. Mg and SiO2 took place as indicated in Fig.3．  

Fig.3 Typical electron microscopic image, dark field image and diffraction image produced by 

the coalescence growth between SiO and Mg ultrafine particles as indicated in Fig.1. Amorphous 

MgSiO3 and MgO fine crystallites with size less than 5nm order crystallites. The small diffraction 
pattern shows the small crystallites with 5 nm order MgO and MgSiO3. 
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   The IR spectra of the MgSiO3 amorphous grains produced by the present method 

have been measured by dispersing the produced particle on KBr crystal as well as the 

experiment report on crystalline silicate used the crystalline materials (Chihara et al., 

2002). The data was presented in Fig.5. Typical examples on the distribution of MgO 

and MgSiO3 shown in Fig.4 specimen on KBr crystal are also shown in Fig.5. Nano size 

specimen was distributed on the surface of KBr. The data on Oen was appeared as sown 

in Fig.5. Since MgSiO3 specimen was amorphous and the crystallites of MgSiO3 were 

 

 

 

less than 10nm, the IR spectra for a long range were not appeared. In the present 

specimen the oxidized MgO crystallites of Mg grain was included, the peak due to the 

Mg and O distances in MgO crystallites showed the peak at 14.5 nm as elucidated in 

previous paper (Tamura et al. 2003).
10)

 The appearance of forsterite may be due to the 

large SiO2 layer as elucidated in previous paper,１） Mg2SiO4  phase appearance may be 

mainly due to the process of the sample in KBr. 

MgSiO3 and oxide Mg particles can be produced. Therefore Mg + SiO → Mg + 

SiO2 + Si → MgO + MgSiO3. As indicated in HRTEM image by the covering of 

amorphous SiO2 phase, same particles were covered with amorphous SiO2 grains. 

Fig.4 Typical high resolution images from particles in Fig.3. Mg and MgSiO3 crystallites 
formation can be seen. 
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The IR spectra of the MgSiO3 amorphous grains produced by the present method have 

been measured by dispersing the produced particle on KBr crystal as well as the 

experiment report on crystalline silicate used the crystalline materials (Chihara et al., 

2002). The data was presented in Fig.5. Typical examples on the distribution of MgO 

and MgSiO3 shown in Fig.4 specimen on KBr crystal are also shown in Fig.5. Nano size 

specimen was distributed on the surface of KBr. The data on Oen was appeared as sown 

in Fig.5. Since MgSiO3 specimen was amorphous and the crystallites of MgSiO3 were 

less than 10nm, the IR spectra for a long range were not appeared. In the present 

specimen the oxidized MgO crystallites of Mg grain was included, the peak due to the 

Mg and O distances in MgO crystallites showed the peak at 14.5 nm as elucidated in 

previous paper (Tamura et al. 2003).
10)

 The appearance of forsterite may be due to the 

large SiO2 layer as elucidated in previous paper,１） Mg2SiO4  phase  appearance may be 

mainly due to the process of the sample in KBr. 

 

(b) Direct observation on the crystallization of amorphous MgSiO3 particle 

The specimen holder on the heating temperature at room temperature to 1073 K 

which can be used in previous paper for composition Mg2SiO4 particle (Kamitsuji et 

al.,) was used for the enstatite ultrafine in direction in Fig.2. Fig.7 shows the typical 

electron microscopic image at 270℃, 400℃ and 600℃ of the same position. Particles 

less than 50 nm hardly altered. The small crystal structure difference can be seen 

between at 230℃ and 400℃ as well as the low temperature crystallization observed  

Fig.5 IR spectrum collected on KBr crystallites. The produced amorphous particle size of 20 nm 

order was distributed on KBr crystal. The formation of MgSiO3 and MgO can be clearly seen. The 

existence of Mg2SiO4 may be due to specimen prepared of IR on KBr crystal. MgSiO3 amorphous 

particles less than 30 nm were distributed on KbR specimen. KBr specimen was week in the 
electron microscope.  

50nm 
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Fig.6 Alteration of grains by heating in air. Crystallites formation took place at 600℃. 

Fig.7  High resolution electron microscopic image after heated at 600
o
C. The image of a particle 

indicated clearly shows the growth of amorphous SiO2. The central part of the image clearly 

showed the growth of MgSiO3 crystallites. If the SiO layer is larger, the growth of SiO2 layer on 
the MgO and MgSiO3 crystallite surface took place. 
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Mg2SiO4 amorphous structure (Kaito et al., 2007). The massive appearance of small 

crystallites in MgSiO3 grains can be clearly observed by heating at 600℃.The fine 

crystallites formation less than 10 nm shows the amorphous diffraction. As indicated in 

Fig.8, the image at 600℃ is composed of crystallites of the order of 5 nm as seen the 

image and dark field image. Some of the particle surface was also covered with SiO2 

layer of amorphous structure. The typical examples are shown in Fig.8. The crystalline 

MgSiO3 is clearly seen of the particle. As indicated by the dark field image on the 

Fig.8 MgSiO3 crystallization more took. If the crystallite particles were heated at 800
o
C order, 

the MgSiO3 crystal growth clearly occurred as indicated diffraction pattern of the particles. The 

crystal image growth can be clearly seen in the image of the same position at 600
o
C, 650

o
C and 

830
o
C.  

Fig.9 The heated specimen at eight hundred order was more crystallized during the cooling 
process. MgSiO3 and MgO crystal growth took placed as seen the diffraction pattern.  
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produced particles in Fig.7, the crystallites of MgO and MgSiO3 are increased. 

Therefore the crystallization took place at 600℃  in vacuum of 10
-6

 Pa. The 

crystallization growth by the coalescence took place above 600℃. 

Figure 9 shows the result increased 600℃ to 830℃ order, the crystal form were 

hardly changed. The crystallization took place. The electron diffraction pattern shows 

clearly appearance of MgSiO3 crystallites. The electron diffraction pattern of MgO is 

diffuse. If the specimen heating system was cut off, the specimen was cooled to the row 

temperature at about 2 hours in vacuum system. After to the room temperature, the 

heated specimen at 800℃ order was more crystallized during the cooling process as 

shown in Fig.9. If the specimen heated at 600℃ from one hour, the specimen such as 

crystallization could not observed. The micro-crystallization took place above 600℃. If 

the heating temperature is order of 800℃, the crystallization during the heating stage at 

about 600℃ region may be accelerated the crystallization. 
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Coagulation and Radial Drift of Porous Dust Aggregates in Protoplanetary
Disks

Satoshi Okuzumi1, Hidekazu Tanaka2, Hiroshi Kobayashi1, and Koji Wada3

ABSTRACT

Rapid orbital drift of macroscopic dust particles is one of the major obstacles against
planetesimal formation in protoplanetary disks. We reexamine this problem by considering
porosity evolution of dust aggregates. We apply a porosity model based on recent N-body
simulations of aggregate collisions, which allows us to study the porosity change upon colli-
sion for a wide range of impact energies. As a first step, we neglect collisional fragmentation
and instead focus on dust evolution outside the snow line, where the fragmentation has been
suggested to be less significant than inside the snow line because of a high sticking efficiency
of icy particles. We show that dust particles can evolve into highly porous aggregates (with
internal densities of much less than 0.1 g cm−3) even if collisional compression is taken into
account. Furthermore, we find that the high porosity triggers significant acceleration in colli-
sional growth. This acceleration is a natural consequence of particles’ aerodynamical property
at low Knudsen numbers. Thanks to this rapid growth, the highly porous aggregates are found
to overcome the radial drift barrier at distances less than 10 AU from the central star. This
suggests that, if collisional fragmentation is truly insignificant, formation of icy planetesimals
is possible via direct collisional growth of submicron-sized icy particles.

Subject headings: dust, extinction — planets and satellites: formation — protoplane-
tary disks

1. Introduction

Growth of dust particles is a key process in protoplanetary disks. Current theories of planet
formation assume km-sized solid bodies called “planetesimals” to form from dust contained in pro-
toplanetary disks. Being the dominant component of disk opacity, dust also affects the temperature
and observational appearance of the disks.

Theoretically, however, it is poorly understand how the dust particles evolve into planetesi-
mals. One of the most serious obstructs is the radial inward drift of macroscopic aggregates due

1Department of Physics, Nagoya University, Nagoya, Aichi 464-8602, Japan; okuzumi@nagoya-u.jp

2Institute of Low Temperature Science, Hokkaido University, Sapporo 060-0819, Japan

3Planetary Exploration Research Center, Chiba Institute of Technology, Narashino, Chiba 275-0016, Japan
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to the gas drag (Whipple 1972; Adachi et al. 1976; Weidenschilling 1977). Because of the gas
pressure support in addition to the centrifugal force, protoplanetary disks tend to rotate at sub-
Keplerian velocities. By contrast, dust particles are free from the pressure support, and hence they
tend to rotate faster than the gas disk. The resulting head wind acting on the dust particles extracts
their angular momentum and thus causes their drift motion towards the central star. In order to go
beyond this “radial drift barrier,” dust particles must decouple from the gas drag (i.e., grow large)
faster than they drift inward. However, previous work by Brauer et al. (2008) showed that dust
particles finally fall onto the central star unless the initial dust-to-gas mass ratio is considerably
higher than the canonical interstellar value.

This study reexamines this problem by considering a new physical effect: porosity evolution
of dust aggregates. Most previous coagulation models assumed that dust particles grow with a
fixed internal density, or a fixed porosity (e.g., Brauer et al. 2008). In reality, however, the internal
density of aggregates does change upon collision depending on the impact energy. We simulate
the temporal evolution of the radial size distribution of aggregates using the advection-coagulation
model developed by Brauer et al. (2008). Unlike the previous work, we allow the porosities of
aggregates to change upon collision, depending on their impact energies. To do so, we adopt the
“volume-averaging method” proposed by Okuzumi et al. (2009). In this method, aggregates of
equal mass are regarded as having the same volume (or equivalently, the same internal density) at
each orbital distance, and the advection-coagulation equation for the averaged volume is solved
simultaneously with that for the radial size distribution. To determine the porosity change upon
collisional sticking, we use an analytic recipe presented by Suyama et al. (2012) that well repro-
duces the collision outcomes of recent N-body simulations (Wada et al. 2008; Suyama et al. 2008)
as a function of the impact energy. These theoretical tools allow us to study for the first time how
the porosity evolution affects the growth and radial drift of dust aggregates in protoplanetary disks.
Details of our results are presented elsewhere (Okuzumi et al. 2012).

2. Model

We adopt the minimum-mass solar nebular model of Hayashi (1981) for the disk model. Dust
particles are assumed to be initially compact spheres (monomers) of equal size a0 = 0.1 µm and
equal internal density ρ0 = 1.4 g cm−3, distributed in the disk with a constant dust-to-gas surface
density ratio Σd/Σg = 0.01. Turbulence with the alpha value αD = 10−3 is considered to determine
the vertical profile and collision velocity of aggregates.

We solve the evolution of the radial size distribution of dust aggregates using the method
developed by Brauer et al. (2008). This method assumes the balance between sedimentation and
turbulent diffusion of aggregates in the vertical direction. We neglect electrostatic and gravitational
interactions between colliding aggregates and assume perfect sticking upon collision. Thus, the
collisional cross section is simply given by σcoll = π(a1 + a2)2, where a1 and a2 are the radii of the
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colliding aggregates.

The velocity of an aggregate relative to the gas generally depends on the its stopping time
ts. To calculate ts as a function of aggregate size, we assume Epstein’s law for a < 9λmfp/4 and
Stokes’ law for a > 9λmfp/4, where λmfp is the mean free path of gas particles.

The radial drift velocity is given by vr = −2ηvKΩts/[1 + (Ωts)2], where 2η is the ratio of
the pressure gradient force to the stellar gravity in the radial direction and vK = rΩ is the Kepler
velocity (e.g., Whipple 1972; Adachi et al. 1976; Weidenschilling 1977). The radial drift speed
has a maximum ηvK, which is realized when Ωts = 1. In our disk model, η scales with r as
η = 4.0 × 10−3(r/5 AU)1/2, and the maximum inward speed ηvK = 54 m s−1 is independent of r.

We also consider the collisional evolution of the porosity of aggregates. To do so, we treat
the volume V = (4π/3)a3 of an aggregate as a variable independent of the mass m. We follow the
temporal evolution of V(r,m) using the volume-averaging method developed by (Okuzumi et al.
2009).

Here we describe our recipe for determining the volume of merged aggregates. In general, the
volume of an aggregate after sticking depends on the impact energy Eimp relative to the energy Eroll

required for one monomer to roll over 90 degrees on the surface of another monomer in contact
(Dominik & Tielens 1997; Blum & Wurm 2000; Wada et al. 2007) When Eimp ≪ Eroll, no visible
restructuring occurs upon collision. In this case, the volume after collision is determined indepen-
dently of Eimp. When Eimp ≳ Eroll, internal restructuring occurs through inelastic rolling among
constituent monomers. In this case, the final volume depends on Eimp as well as on the volumes of
aggregates before collision. Recently, Suyama et al. (2012) have proposed an analytic formula that
can be used even for arbitrary values of Eimp/Eroll. We use this formula in our simulations. The
rolling energy is assumed to be Eroll = 1.8 × 10−8 erg.

The collision velocity between aggregates is assumed to be driven by Brownian motion, radial
and azimuthal drift, vertical settling, and turbulence. We use the analytic formula of Ormel & Cuzzi
(2007) to calculate the turbulence-driven velocity.

3. Results

To begin with, we show the result of compact aggregation. In this simulation, we fixed the
internal density ρint ≡ m/V of the aggregates to the material density ρ0 = 1.4 g cm−3, and solved
only the evolutionary equation for the radial size distribution. Figure 1 shows the snapshots of
the dust surface density per decade of aggregate mass, ∆Σd/∆ log m. At each orbital radius, dust
growth proceeds without significant radial drift until the stopping time of the aggregates reaches
Ωts ∼ 0.1 (the dotted lines in Figure 1). However, as the aggregates grow, the radial drift becomes
faster and faster, and further growth becomes limited only along the line Ωts ∼ 0.1 on the r–m
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Fig. 1.— Aggregate size distribution ∆Σd/∆ log m at different times t for the compact aggregation model
(ρint = 1.4 g cm−3) as a function of orbital radius r and aggregate mass m. The dotted lines mark the
aggregate size at which Ωts exceeds 0.1.

plane. Consequently, a significant amount of dust has been lost from the planet-forming region
r ≲ 30 AU within 105 yr.

Now we show how porosity evolution affects dust evolution. Here, we solve the evolution of
aggregate volume simultaneously with the radial size distribution. The result is shown in Figure 2,
which displays the snapshots of the aggregate size distribution ∆Σd/∆ log m and internal density
ρint = m/V (right four panels) at different times t as a function of r and m. The left four panels of
Figure 2 show how the radial size distribution evolves in the porous aggregation. At t < 103 yr,
the evolution is qualitatively similar to that in compact aggregation. However, in later stages,
the evolution is significantly different. We observe that aggregates in the inner region of the disk
(r < 10 AU) undergo rapid growth and eventually overcome the radial drift barrier lying at Ωts ∼ 1
(dashed lines in Figure 2) within t ∼ 104 yr. In the outer region (r > 10 AU), aggregates do drift
inward before they reach Ωts ∼ 1 as in the compact aggregation model. However, unlike in the
compact aggregation, the inward drift results in the pileup of dust materials in the inner region
(r ≈ 4–9 AU) rather than the loss of them from outside the snow line. This occurs because most
of the drifting aggregates are captured before they reach the snow line by aggregates that already
overcome the radial drift barrier. As a result of this, the dust-to-gas mass ratio in the inner regions
is enhanced by a factor of several in 105 yr.

The right four panels of Figure 2 show the evolution of the internal density ρint = m/V as
a function of r and m. First thing to note is that the dust particles grow into low-density objects
at every location until their internal density reaches ρint ∼ 10−5–10−3 g cm−3. In this stage, the
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Fig. 2.— Aggregate size distribution ∆Σd/∆ log m (left four panels) and internal density ρint = m/V (right
four panels) at different times t for the porous aggregation model as a function of orbital radius r and
aggregate mass m. The dashed lines mark the aggregate size at which Ωts exceeds unity.

internal density decreases as ρint ≈ (m/m0)−1/2ρ0, meaning that the dust particles grow into fractal
aggregates with the fractal dimension d f ≈ 2 (Okuzumi et al. 2009). At m ∼ 10−4–10−6 g, the
fractal growth stage terminates, followed by the stage where collisional compression becomes
effective (Eimp ≫ Eroll). In this late stage, the internal density decreases more slowly or is kept at
a constant value depending on the orbital radius.

4. Condition for Breaking Through the Radial Drift Barrier

Below, we explain why porous aggregates overcome the radial drift barrier in the inner region
of the disk. We do this by comparing the timescale of aggregate growth and radial drift. For
simplicity, we assume that all dust aggregates are similar in size (this assumption is valid when the
aggregate size distribution is peaked at m ∼ ⟨m⟩m). The growth rate of the aggregate mass m at the
midplane is then given by

dm
dt
=
Σd√
2πhd

A∆v, (1)

where Σd, hd, A, and ∆v are the spatial mass density (at the midplane), scale height, projected area,
and relative velocity of the aggregates. Equation (1) can be rewritten in terms of the grow timescale

tgrow ≡
(d ln m

dt

)−1
=

4
√

2π
3

hd

∆v

ρinta
Σd
, (2)
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where we have used that m = (4π/3)ρinta3 and A = πa2. What we do here is to compare tgrow with
the timescale for the radial drift given by

tdrift ≡
∣∣∣∣∣d ln r

dt

∣∣∣∣∣−1

=
r
|vr|
. (3)

Now we focus on the stage at which the radial drift velocity reaches the maximum value,
i.e., Ωts = 1. At this stage, the dust scale height is given by hd ≈ (2αD/3)1/2hg, where hg is the
gas scale height (Youdin & Lithwick 2007). In addition, we set ∆v ≈ √αDcs since the collision
velocity between Ωts = 1 particles is dominated by the turbulence-driven velocity. Substituting
these relations and hg = cs/Ω into Equation (2), we obtain

tgrow|Ωts=1 ≈ 40
(Σd/Σg

0.01

)−1 (ρinta)Ωts=1

Σg
tK , (4)

where tK = 2π/Ω is the Keplerian orbital period. By contrast, the drift timescale for Ωts = 1
particles is

tdrift|Ωts=1 =
1
ηΩ
≈ 40
(
η

4 × 10−3

)−1
tK . (5)

The ratio (tgrow/tdrift)Ωts=1 determines the fate of dust growth at Ωts = 1. If (tgrow/tdrift)Ωts=1

is very small, dust particles grow beyond Ωts = 1 without experiencing significant radial drift;
otherwise, dust particles drift inward before they grow. We expect growth without significant drift
to occur if ( tgrow

tdrift

)
Ωts=1

≲
1

10
, (6)

where the threshold value 1/10 has been chosen based on the fact that tgrow is the timescale for mass
doubling while the particles experience the fastest radial drift over one or two orders of magnitude
in mass. Below, we examine in what condition this requirement is satisfied.

The ratio (ρinta)Ωts=1/Σg depends on the drag regime at Ωts = 1. For the Epstein drag regime,
it can be shown that (Okuzumi et al. 2012)

tgrow|Ωts=1 ≈ 30
(Σd/Σg

0.01

)−1
tK . (7)

Hence, the growth condition is not satisfied for the standard disk parameters η ≈ 10−3 and Σd/Σg =

0.01, in agreement with the results of our and previous (Brauer et al. 2008) simulations.

The situation differs in the Stokes drag regime. A similar calculation shows (Okuzumi et al.
2012)

tgrow|Ωts=1 ≈ 60
(Σd/Σg

0.01

)−1(λmfp

a

)
Ωts=1

tK . (8)

Note that the growth timescale is inversely proportional to the aggregate radius, in contrast to that in
the Epstein regime (Equation (7)) being independent of aggregate properties. This means that dust
aggregates break through the radial drift barrier in the “deep” Stokes regime, (a/λmfp)Ωts=1 ≫ 1.
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Fig. 3.— Size a (upper panel) and growth timescale tgrow (lower panel) of dust aggregates at Ωts = 1 as a
function of orbital radius r for internal densities ρint = 1.4 g cm−3 (solid line), 10−2 g cm−3 (dashed line),
and 10−5 g cm−3 (dotted line). The minimum-mass solar nebular with the dimensionless diffusion coefficient
αD = 10−3 is assumed for the disk model. The thick black line in the upper panel indicates a = 9λmfp/4,
at which the drag law goes from the Epstein regime to the Stokes regime. The thick black line in the lower
panel shows the drift timescale tdrift at Ωts = 1, which is the minimum value of tdrift and is independent of
ρint.

The internal density of aggregates controls the growth timescale through the aggregate size
a at Ωts = 1. The upper panel of Figure 3 plots a|Ωts=1 for three different values of the aggregate
internal density ρint. If dust particles grew into compact spheres (ρint ∼ 1 g cm−3), they would
be inside the Epstein regime when Ωts = 1 in almost entire parts of the snow region (r > 3AU).
However, if dust particles grow into highly porous aggregates with ρint ∼ 10−5 g cm−3, the particles
growing at r < 30 AU enter the Stokes regime before Ωts reaches unity. The lower panel of
Figure 3 shows the two timescales tgrow|Ωts=1 and tdrift|Ωts=1 as calculated from Equations (4) and (5),
respectively. We see that compact particles with ρint ∼ 1 g cm−3 do not satisfy the growth condition
(Equation (6)) outside the snow line, while porous aggregates with ρint ∼ 10−5 g cm−3 do in the
region r ≲ 10 AU. These explain our simulation results presented in Section 3.
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5. Summary and Discussion

We have investigated how the porosity evolution of dust aggregates affects their collisional
growth and radial inward drift. We have shown that icy aggregates can become highly porous even
if collisional compression is taken into account. Our model calculation suggests that the internal
density of icy aggregates at 5 AU falls off to 10−5 g cm−3 by the end of the initial fractal growth
stage and then is kept to this level until the aggregates decouple from the gas motion. Stretching
of merged aggregates at offset collisions, which is not taken into account in our porosity model,
could further decrease the internal density (Wada et al. 2007; Paszun & Dominik 2009).

We have also found that the very high porosity triggers significant acceleration in collisional
growth. This acceleration is a natural consequence of particles’ aerodynamical property in the
Stokes regime, i.e., at particle radii larger than the mean free path of the gas molecules. The
porosity (or internal density) of an aggregate determines whether the aggregate reaches the Stokes
regime before the radial drift stalls its growth. Compact aggregates tend to drift inward before
experiencing the rapid growth, while highly porous aggregates are able to experience it over a
wide range of orbital radii. Furthermore, the rapid growth has been found to enable the aggregates
to overcome the radial drift barrier in inner regions of the disks. Our model calculation shows that
the breakthrough of the radial drift barrier can occur in “planet-forming” regions, i.e., at distances
less than 10 AU from the central star. The radial drift barrier has been commonly thought to be
one of the most serious obstacles against planetesimal formation. Our result suggests that, if the
fragmentation of icy aggregates is truly insignificant (as suggested by Wada et al. 2009), formation
of icy planetesimals is possible via direct collisional growth of submicron-sized icy particles even
without an enhancement of the initial dust-to-gas mass ratio.

The porosity evolution of dust aggregates can even influence the evolution of solid bodies
after planetesimal formation. It is commonly believed that the formation of protoplanets begins
with the runaway growth of a small number of planetesimals due to gravitational focusing. The
runaway growth requires a sufficiently high gravitational escape velocity vesc =

√
2Gm/a rela-

tive to the collision velocity. Since the escape velocity decreases with decreasing internal density
(vesc ∝ m1/3ρ1/6

int ), it is possible that a high porosity delays the onset of the runaway and thereby af-
fects its outcome. For example, a recent protoplanet growth model including collisional fragmen-
tation/erosion (Kobayashi et al. 2010) suggests that planetesimals need to have grown to > 1021 g
before the runaway growth begins in order to enable the formation of gas giant planets within the
framework of the core accretion scenario. Compaction of large and massive aggregates may occur
through static compression due to gas drag or self gravity. To precisely determine when it occurs is
beyond the scope of this work, but it will be thus important to understand later stages of planetary
system formation.

The authors thank Tilman Birnstiel, Frithjof Brauer, Chris Ormel, Taku Takeuchi, Takayuki
Tanigawa, Fredrik Windmark, and Andras Zsom for fruitful discussions. S.O. also thanks Cornelis
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   Particles of Asteroid Itokawa were successfully recovered by the Hayabusa mission 

of JAXA (Japan Aerospace Exploration Agency) [1-6]. They are not only the first 

samples recovered from an asteroid, but also the second extraterrestrial regolith to have 

been sampled, the first being the Moon, which was sampled by the Apollo and Luna 

missions [7]. It is accepted that most meteorites originate from asteroids, as 

demonstrated by orbital determination from observed meteorite falls. The materials on 

asteroids have been estimated by comparing reflectance spectra between asteroids and 

meteorites. Itokawa has an S-type spectrum, which is one of the major types and similar 

to those of ordinary chondrites. Remote-sensing observation by the Hayabusa spacecraft 

[8] indicate that the materials on asteroid Itokawa are similar to specific types of 

ordinary chondrites (LL5 or LL6 chondrites). However, there is a spectrum discrepancy 

between the asteroid and the meteorites, which has been considered to result from space 

weathering [9]. However, there is no direct evidence that the surface material of 

Itokawa is LL chondrites suffered with space weathering. Itokawa samples allow a 

direct validation of the relation between asteroids and meteorites. In addition, the 

properties of Itokawa particles allow studies of regolith formation and evolution. 

About 2000 recovered particles (<~300 µm and most of them are <~10 µm) have 

been identified as having an Itokawa origin by curation at JAXA. About fifty particles 

were allocated for preliminary examination (PE) [1] and their results were published 

[1-6,10,11]. We examined three-dimensional (3D) structures of Itokawa particles using 

non-destructive x-ray micro-tomography as the first analysis in a sequential PE 

analytical flow [2]. The purposes are to understand their materials in comparison with 

meteorites and the 3D shape features in connection with regolith formation and 

evolution. The examination has additional technical purpose to provide information for 

the design of later destructive analyses. This is one of the key features of the Hayabusa 

PE strategy. 
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Forty particles (~30 to 180 µm) were imaged at BL47XU of SPring-8 with effective 
spatial resolution of ~200 or ~500 nm [2] using absorption imaging tomography [12,13]. 

Imaging at two X-ray energies of 7 and 8 keV made identification of minerals in CT 

images possible (Fig. 1) since the K-absorption edge of Fe (7.11 keV) is present 

between the two energies (Fig. 2) (analytical dual-energy micro-tomography [14]). The 

Fe/Mg ratios of olivine, low-Ca pyroxene and high-Ca pyroxene, and the Na/Ca ratio of 

plagioclase can be also obtained using this method. A successive set of 3D CT images, 

which shows quantitative 3D mineral distribution, was obtained for each particle. 

 

 

 

 

 

 

 

 

Figure 1. CT images of an Itokawa particle (RA-QD02-0024). (A) 7 keV. (B) 8 keV. 

Minerals can be identified by comparing their brightness at two energies, which 

corresponds to linear attenuation coefficients of minerals. Ol: olivine, LPx: low-Ca 

pyroxene, HPx: high-Ca pyroxene, and Pl: plagioclase. 
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Figure 2. A two-dimensional histogram of linear attenuation coefficient (LAC) values at 

7 and 8 keV for an Itokawa particle (RA-QD02-0024) (original figure in [3] was 

changed). Solid symbols correspond to the mean chemical compositions of the minerals 

in Hayabusa samples [1]. Fo: forsterite, En: enstatite, Di: diopside, Ab: albite, An: 

anorthite. The other abbreviations are the same as those in Figure 1. Numbers along 

olivine, pyroxene and plagioclase solid solutions are the forsterite, enstatite, 

wollastonite and albite contents (in mol.%). 

 

The tomography gave the total volume of 4.2x106 µm3, which corresponds to a 

sphere of ~200 µm in diameter (total mass of ~15 mg). The mineral assemblage and 
their abundances of the whole samples are similar to those of LL chondrites (Fig. 3). 

Slightly larger amount of olivine and smaller amounts of high-Ca pyroxene, troilite and 

(Fe,Ni) metal of the Itokawa particles can be regarded as statistical errors due to picking 

up the small sample amount [15]. Other PE data, such as the elemental and oxygen 

isotopic compositions of minerals [1,3,4], also indicate LL chondrites. 

 

Figure 3. Modal mineral abundances (in vol.%) of the whole Itokawa particles and the 

averages of LL4-6, L4-6 and H4-6 chondrites. Tr: troilite. The other abbreviations are 

the same as those in Figure 1. 

 

3D structures of the most particles have highly-equilibrated textures by thermal 

metamorphism (Figs. 4A-C), which correspond to the petrologic type of 5 and/or 6 in 

ordinary chondrites (LL5 and/or LL6), while some of them (~10%) have 

less-equilibrated textures (LL4) (Fig. 4D). SEM observation and compositional 

homogeneity of minerals show the same results [1]. Fe-rich nanoparticles observed in 

thin surface layers (<60 nm) of Itokawa particles show the evidence of space 
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weathering [5]. These results showed that the Itokawa surface material is consistent 

with LL chondrites suffered by space weathering as expected and brought an end to the 

origin of meteorites. In future detailed studies on 3D micro-textures of LL chondrites, 

including voids and micro-cracks, using the same resolution as the micro-tomography 

used in the PE of the Itokawa particles, should be made systematically to compare 

Itokawa samples with LL chondrites because Itokawa samples are so small that the 

textures cannot be compared with those of LL chondrites using conventional 

observations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Representative CT images of Itokawa particles [2]. (A) Sample 

RA-QD02-0063. (B) RA-QD02-0014. (C) RA-QD02-0042. (D) RA-QD02-0048. 

Concentric structure is a ring artifact. Bright edges of particles and voids are artifacts 

resulting from refraction contrast. CP: Ca phosphate and Meso: mesostasis. The other 

abbreviations are the same as those in Figures 1 and 3. 

 

External shapes of the Itokawa particles were extracted from the 3D CT images. 

Sphere-equivalent diameters and three-axial lengths of each particle were obtained from 

the shapes using image analysis [2]. Cumulative size distribution of the particles has the 

log-slope of ~-2. This is consistent with dominance of ~cm size regolith in the Itokawa 

smooth terrain, which was proposed by remote-sensing observation by the Hayabusa 
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spacecraft [16], by comparing with the size distribution of boulders (0.1-5 m) of the 

log-slope of ~-3 [17]. The 3D shape (three axial length ratios) distribution cannot be 

distinguished from that of fragments produced by impact experiments  [18] (Fig. 5A), 

showing that the Itokawa particles are consistent with impact fragments. No particles 

showing melting were observed, indicating relatively low-impact velocities similar to 

typical relative impact velocities among asteroids (~5 km/s, in contrast to lunar regolith, 

where agglutinates formed by high-impact velocities of >~10 km/s [7]). Most of the 

particles have sharp edges (Fig. 6A), while some (~25%) have rounded edges (Fig. 6B). 

They were probably formed from particles that were originally more angular by 

abrasion as grains migrate during impacts (Fig. 7). The spherical shapes of lunar 

regolith particles (Fig. 5B) may be due to their longer residence time (~1 billion years) 

in the regolith than Itokawa regolith (<~3 million years [6]). Systematic studies on 

regolith shapes together with micro- and nano-structures of particle surfaces using 

FE/SEM and TEM and solar wind noble gas analysis will give comprehensive 

understanding of processes, which should be called “space weathering” in a broad sense, 

on celestial bodies without atmosphere not only of small steroids, such as Itokawa, but 

also of the Moon. 

Figure 5. The 3D shape distributions of (A) Itokawa particles and (B) lunar regolith [2]. 

Fragments of impact experiments are also shown. Large circles in (A) show particles 

with rounded edges. 

114



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Stereograms showing the 3D external shapes of Itokawa particles of (A) 

RA-QD02-0023 (232 × 232 × 203 µm) and (B) RA-QD02-0042 (112 × 112 × 93 µm) 

[2]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. A schematic illustration of possible abrasion process of regolith particles on 

Itokawa by granular processes induced by seismic vibration due to impact of cm-size 

meteors. 

 

115



Acknowledgement 

The author is grateful to team members of the tomography, the PE, and the 

Hayabusa project.  

 

References 

[1] Nakamura, T. et al., 2011. Science 333, 1113-1116.  

[2] Tsuchiyama, A. et al., 2011. Science 333, 1125-1128.  
[3] Yurimoto H. et al., 2011. Science 333, 1116.  
[4] Ebihara M. et al., 2011. Science 333, 1119.  
[5] Noguchi T. et al., 2011. Science 333, 1121.  
[6] Nagao K. et al., 2011. Science 333, 1128.  

[7] G. H. Heiken et al., 1991. Eds., Lunar Sourcebook (Cambridge Univ. Press, 

Cambridge).   
[8] Abe M. et al., 2006. Science 312, 1334.  

[9] B. Hapke, 2001, J. Geophys. Res. 106, 10039.  
[10] Naraoka H. et al., 2011. Geochem. J. in press.  
[11] Kitajima F. et al., 2011. Lunar Planet. Sci. XLII, 1855. pdf. 28.  

[12] K. Uesugi et al., 2006. Proc. SPIE 6318, 63181F.  

[13] A. Takeuchi et al., 2009. J. Phys. Conf. Ser. 186, 012020.  
[14] Tsuchiyama A. et al., submitted to Geochim. Cosmochim. Acta.  
[15] Nagano, T. 2012. Abstract in Lunar and Planetary Science Conference, IVIII.  

[16] H. Yano et al., 2006, Science 312, 1350.  

[17] T. Michikami et al., 2008, Earth Planets Space 60, 13.  

[18] F. Capaccioni et al., 1984, Nature 308, 832. 

 

 

116



An synthesis experiment of GEMS analogue material produced by thermal plasma. 

Junya Matsuno1, Masahito Yagishita2, Takayuki Watanabe2, Akira Tsuchiyama1 

1) Department of Earth and Space Science, Graduate School of Science, Osaka University 

1-1 Machikaneyama, Toyonaka, Osaka 556-0043, Japan 
2) Department of Environmental Chemistry and Engineering, Tokyo Institute of Technology 

4259 G1-22, Nagatsuta, Yokohama, Kanagawa 226-8502, Japan 

 
1. Introduction 

Anhydrous IDPs (interplanetary dust particles), which is considered to have cometary origin, have a 
large amount of amorphous materials called GEMS (glass with embedded metal and sulfides). They are 
spherical materials of SiO2-rich silicate glass typically a few 100 nm in diameter that include small 
(typically 10−50 nm in size) and rounded grains of Fe, Ni metal and sulfides. There are two origins 
proposed for GEMS: (1) an interstellar origin (Bradley & Dai 2004) and (2) the solar system. (2) they 
were formed in the solar nebula as non-equilibrium condensates from residual Si-rich gas after 
condensation of MgO-silicate crystals (Keller & Messenger 2011). It also supports their solar system 
origin that 94–99% of GEMS grains have oxygen isotopic compositions that are indistinguishable from 
terrestrial materials and carbonaceous chondrites.  

Their origin and formation process is still controversial although there are a number of studies on 
GEMS in IDPs based on astronomical observations using IR spectrum (Bradley et al. 1999) and 
laboratory analyses, such as, microstructures, isotopic and elemental compositions) (e.g., Bradley & Dai 
2004, Keller & Messenger 2011). It is important to reproduce GEMS-like materials in a laboratory to 
understand conditions for GEMS formation process. Especially, we focused on whether or not amorphous 
silicate spheres that contain nano-grains of metal can be formed by condensation from a Si-rich gas in this 
study.  
 
2. Experimental method 

Induction thermal plasma (ITP) method (Fig. 1) was used in the present experiments. ITP can 
provide ultra-high temperatures (~ 10,000 K) to evaporate a starting material immediately. Then, the gas 
is quenched rapidly with the cooling time scale of 104 – 105 K/s to form nanoparticles, which are usually 
in an amorphous state. Powders of regent-grade MgO, metallic Fe and SiO2 were mixed together with the 
GEMS mean composition (Mg/Si = 0.65, Fe/Si = 0.56) for preparing the starting material, which is an 
analogue to Si-rich gas in the early solar system. Mg, Si, Fe and O were taken into consideration as major 
elements in solid materials in the solar system for simplicity. S was excluded because of the experimental 
difficulty. 

The ITP experiments were made under an Ar-He atmosphere at 1 bar at Watanabe laboratory of 
Tokyo Institute of Technology (TP12010, JEOL). The mixed Ar and He gas is used as the sheath gas and 
the flow rate is 60 and 5 L/min, respectively. 6.5 L/min of Ar gas was used for carrier gas and 5 L/min of 
Ar was used for inner gas. The plasma power was 30 kW and current frequency was 4 MHz. It should be 
noted that the oxygen source came only from the starting material of MgO and SiO2 (Yagishita et al. 
2011).  

Run products attached on the inner chamber walls of the furnace were collected and they were 
exposed to CuKα radiation (λ=1.54056 Å) using a powder X-ray diffraction system (XRD; Ultimate, 
Rigaku) at Tokyo Institute of Technology. High spatial resolution images were obtained by using a 
transmit electron microscope (TEM: JEM-2001, JEOL; JEM-2010F, JEOL) at Tokyo Institute of 
Technology with the accelerating voltage of 200 keV. TEM tomography was also applied to one sample 
(Fig. 3a). Some run products were embedded in an epoxy resin, and the cross section was observed using 
a field emission scanning electron microscope (FE-SEM: JSM-7001F, JEOL) at Osaka University. The 
chemical compositions were measured using energy-dispersive X-ray spectroscopy (EDS) equipped with 
the TEM (NORAN Instrument) or the FE-SEM (Inca, Oxford).  
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3. Results 
The powder XRD pattern of the run product (Fig. 2) shows two sharp peaks at ~45˚ and ~65˚ with a 

broad halo peak around 27˚ in 2θ. The former peaks were identified as α-iron and the halo as an 
amorphous silicate. No crystalline silicates, such as forsterite, pyroxene and silica mineral, have been 
detected. Thus, amorphous silicate was formed directly from high-temperature gas by very rapid 
condensation and cooling. Bright field images of TEM (Figs. 3ab) show that the run product was 
composed of numerous spherical grains (typically ~50 nm in diameter). The TEM tomography suggests 
that each grain has an iron core (~20 nm in diameter) embedded in an amorphous silicate. Figure 4 shows 
size distributions of amorphous silicate grains of ≥ 30 nm in a diameter and metal grains of ≥ 10 nm in a 
diameter, respectively. Both size distributions are very broad and no clear peaks were seen. The bulk 
chemical composition of the run product was almost consistent with that of the starting material although 
the amount of MgO was slightly smaller than that of the starting material (Fig. 5).  
 
4. Discussions 
4.1 Formation process of the run product 

The texture of the run product, where each metallic iron grain seems to be included always in each 
amorphous silicate sphere, strongly suggests that the iron grain condensed first from high-temperature gas 
by homogeneous nucleation, and a silicate melt (or the amorphous silicate) nucleates heterogeneously on 
the metal grin and covered the iron grain by growth. If the silicate melt condensed first, metallic iron 
should nucleate on the silicate melt, and then the silicate melt cover the metal. 

The possibility of the heterogeneous nucleation can be checked by considering the surface tensions of 
metallic iron and amorphous silicate as shown in Figure 6. The surface tensions of iron, γ i, and silicate 
melt with chondritic composition, γ c, are estimated as 1.75 and 0.4 J/m2, respectively (Table 1) (Dyson 
1963; King 1951). However, the surface tension of a boundary between chondrule melt and iron, γb, was 
not known. Uesugi et al. (2008) estimated the gb value of ~1.9 J/m2 from chondrule textures in thin 
sections, where a small iron globule is attached onto the chondrule surface, by assuming the surface 
tension equilibrium. From these values, the total surface energies for the cases where the iron is totally 
embedded in the silicate, Et,IN, and the iron and the silicate separated each other, Et,OUT (Fig. 6 and Table 
1) by using the following equation,  

 
𝐸!,!"#   = 4𝜋[𝛾!𝑟!! +   𝛾! 𝑟!! −   𝑟!! !/!] (3.1) 

 
𝐸!,!"   = 4𝜋(𝛾!𝑟!! +   𝛾!𝑟!!)  (3.2) 

 
where, gs is the surface energy of the silicate melt (or amorphous silicate), 
ri is the radius of the metal grain, and rs is the radius of the silicate grain. The values of Et,OUT (2.1×10-14 J) 
is a little smaller than the value of Et,IN (2.2×10-14 J), if we take rs = 50 nm and ri = 20 nm and assume 
gs=gc (Table 1). Et,IN > Et,OUT indicates that the heterogeneous nucleation of the silicate melt on the iron (or 
of the metal on the silicate melt) and covering the silicate melt on the iron are not possible. Strictly 
speaking, the values of surface tensions depend on chemical compositions and temperatures. Therefore 
this estimation should be reconsidered using the surface tensions of silicate melt and boundary of silicate 
melt and iron corresponding to the present chemical composition. 

Another clue to understand the formation process of the run product is experiments using different 
metals other than iron in the same silicate. Different textures might form due to different condensation 
temperatures and different surface tensions of the metals. Additional experiments of the metal – silicate 
system is on going (Yagishita, private communication).  
 
4.2 Grain formation condition: comparison with ITP and astronomical environments  

It is most likely that GEMS grains formed by condensation from a high-temperature gas either in 
circumstellar regions of evolved stars or the protoplanetary disk of the solar system. Yamamoto & 
Hasegawa (1977) theoretically formulated homogeneous nucleation and growth of dust grains from a gas, 
and proposed a non-dimensional parameter for the condensation, Λ, by considering the concentration in a 
gas, c1(0), and cooling time scale of the gas, tT (Table 2). The values of Λ are given for some 
astronomical environments, such as presolar nebula at 0.1 AU (~3×109) or around AGB stars (0.9~90) 
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(Table 2).  
Parameters in the present ITP experiments are listed in Table 3. The value of τT was estimated to be 

~1×10-1 sec based on a temperature profile in the ITP furnace and a flowing gas velocity obtained by a 
numerical calculation (Watanabe, private communication). Then, Λ in the present experiments was 
estimated to be ~4×103 (Table 3). This value is not the same as but not extremely different from those in 
the astronomical environments.  

Two dashed curves in Figure 4 show size distributions of the silicates and iron calculated by the 
condensation theory of Yamamoto & Hasegawa (1977) with the parameters in Table 3 and 
non-dimensional parameter for surface tension, μ (silicate ~20 and iron ~10). The calculated size 
distributions have sharp peaks at ~42 nm and ~65 nm for the silicate and the metal, respectively. The 
peak position of the silicate is roughly similar to that in the experiments, but that of the iron is large. As 
this grain formation theory was based on homogeneous nucleation, the calculated size distribution of the 
iron grain may indicate that the iron in run products did not form by homogeneous nucleation.  
 
4.3 Application to GEMS formation 

The textures of the run product are similar to that of GEMS although GEMS is composed of more 
than one metal grain. The GEMS texture can form by sintering a number of silicate spheres including a 
metal grain. Sintering experiments should be made and estimate temperature for the sintering. It should 
be noted that the present experiment does not contain sulfur although FeS grains are included as well as 
metal grains in GEMS. FeS grains are distributed in GEMS’s rim, and FeS may form by reaction of iron 
with surrounding S-bearing gas in the primordial solar nebula (Keller & Messenger 2011).  

Solar system origin of GEMS is proposed based on rare oxygen isotopic large anomalies of GEMS 
(Keller & Messenger 2011). However, if GEMS is a mixture of primary grains of a few tens nm in size, 
exchange of oxygen atoms between the primary grains and a surrounding gas, which contains large 
amounts of H2O and CO molecules, might occur even at low temperatures, and the oxygen isotopic 
anomalies disappeared in most of GEMS. Therefore, the rare oxygen isotopic large anomalies of GEMS 
might not be evidence of the solar system origin. Primary grains of GEMS might originally form around 
evolved stars by condensation, was transferred to interstellar region, and irradiate by cosmic ray. Then, 
the primary grains were incorporated into the primordial solar nebula, suffered by oxygen isotope 
exchange with surrounding gas, and accumulated into GEMS, and finally some of iron grains near the 
GEMS surfaces were sulfidized. More experimental and theoretical work, such as sintering experiments 
and estimation of oxygen isotope exchange rate, are required to confirm the above GEMS formation 
model. 
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surface energy symbol [J/m^2] references 

iron γi 1.75 Dyson 1963 

chondrule γc 0.4 King 1951 

boundary γb 1.9 sample 3 (Uesugi+ 2008) 

grain radius 	  [nm] 	  

silicate rs 50 typical 

iron ri 20 typical 

 c1(0) [cm-3] τT [sec] Λ 

novae 5×104 – 5×106 9×106 0.9 – 9 
AGB stars 10 11 10 7 10 6 
presolar nebula (at 0.1 AU) 7×1012 3×10 8 3×10 9 

this study (ITP) 2.1×10 16 0.12 4×10 3 

	  Symbol Dimension Value 

non dimensional parameter  Λ 
 

4×103 

timescale of saturation τsat sec 2.3×103 

timescale of collision τcoll sec 6.1×107 

timescale of cooling τT sec 0.12 

equiribulium temperature Te K 1000 

h: latent heat of silicate h/kTe-1 sec 50 

mass of monomer m g 1.7×10-22 

radius of monomer a0 Å 2.3 

initial monomer concentration c1(0) /m3 2.1×1022 

mean thrmal velocity <v> m/s 115 

sticking probability αs 
 

1 

Boltzman cofficient k m2 kg /s2 /K 1.38×10-23 

TABLE 1 
Parameters for the estimation of surface energy 

TABLE 2 
Λ parameters for astronomical environments and the ITP system 

TABLE 3 

Parameters used for estimating Λ value in the ITP system 
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Fig. 1: Schematic illustration of the induction 
thermal plasma (ITP). The starting material was 
taken into the feeder and carried by Ar gas. Ar 
(60 L/min)-He (5 L/min) gas was used for sheath 
gas. 5 L/min of Ar gas was used for inner gas. 
Plasma torch was made at 1 bar. Radio frequency 
(RF; 4 MHz) of 33 kW was supplied. Run 
products adhering on the wall of the inner 
chamber were collected. 

Fig. 2: A XRD pattern of the run product. They 
were exposed to CuKα radiation (λ=1.54056 Å ). 
Two peaks were identified with α-iron and a halo 
was caused by amorphous silicate. 
 

Fig. 3: Bright-field micrographs of the run 
products by using TEM. (a,b) stereogram of the 
run product. (c) single grain composed of 
amorphous silicate embedded with an iron grain. 
 

 

121



 

Fig. 5: Bulk and the individual chemical 
abundance of the run product plotted in 
Si-Mg-Fe ternary diagram obtained by using 
the EDS equipped with the FE-SEM and the 
TEM, respectively (atomic ratio). px: pyroxene, 
ol: olivine. 

Fig. 4: Size distributions obtained by using a 
TEM image (solid lines; for ~100 grains ≥ 30 nm 
of silicate and ≥ 10 nm of iron) and calculated by 
Yamamoto and Hasegawa (1977) (dashed lines). 
No obvious peaks were observed in the run 
product however sharp peaks were shown in the 
calculation results. 

Fig. 6: Schematic drawing of the states of an iron grain and a silicate grain. (IN) a iron grain is inside 
a silicate grain. (OUT) a iron grain is outside a silicate grain. γs, γi, andγb are the surface energy 
of silicate, iron, and the boundary of the silicate and the iron, respectively. rs, r’s, and ri are the radius 
of silicate for the “IN” state, silicate for the “OUT” state, and the iron, respectively. Et,IN: total surface 
energy for the “IN” state, Et,OUT: total surface energy for the “OUT” state.  

(IN) (OUT) 
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Coulomb-Crystallization and Behavior of Fine Particles in 

Experimental Plasmas 
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Because the behavior of fine particles in plasmas on the ground can be directly 

observed, the experimental results may more or less bring useful information to 

the study on grains in space, although conditions of plasmas are different to each 

other. 

Mono-disperse spherical fine particles can form Coulomb crystal when they 

are included in great abundance in a glow-discharge plasma.  Figure 1 shows a 

picture of a Coulomb crystal formed with spherical carbon fine-particles of 1.4 

micron in diameter in methane plasma [1].  Such crystal-like arrangement of 

fine-particles is formed by the non-local coagulation force of positive ions 

surrounding negatively charged fine-particles.  Because the theory of 

strongly-coupled plasma, which includes Coulomb crystal formation, depends on 

dimensionless parameters, it can be applied to a lot of phenomena related with 

fine-particles and plasma in space. 

 

 

 

 

    Behaviors of individual fine particle in glow discharge plasmas have been 

investigated by the analyses of video images.  We investigated the behavior of 

fine-particles in planar magnetron plasma.  Figure 2 shows a top view of 

divinylbenzene fine-particles of 2.27 microns in diameter in helium plasma 

revolving to the direction of E×B drift [2].  Under a pressure of 100 Pa and a 

Fig.1  3-dimensional Coulomb crystal formed by fine-particle plasma [1].   

The structure of the crystal is body-centered tetragonal. 
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discharge power of 2 W, fine particles were observed to revolve with the speed of 

1.3 cm/s in the direction of E×B, forming particle strings in the vertical direction in 

the sheath.  A velocity of revolution of a fine particle was calculated under the 

effects of drag force by E×B drift ions and friction force by neutral molecules to be 

42 cm/s, which is around 30 times larger than the speed observed experimentally.  

The Hall parameter of ions is 0.02 under the conditions of the experiment.  Thus, 

the revolution of fine-particles to the direction of E×B drift should be caused by the 

drag force of streams of slightly magnetized ions.     

 

 

 

Fine particles must have rotational angular momentum in plasma, which may 

more or less influence their behavior.  However, the value of rotational angular 

momentum has not been evaluated.  We evaluated the magnetic moment of a 

rotating fine particle by the analysis of video image.  Disc-shaped fine-particles, of 

which the average diameter was 6 microns, were injected into an RF plasma of 

argon under a discharge power of 2 W and a pressure of 100 Pa.  Polarized laser 

light of 532 nm in wavelength was irradiated.  The scattered laser light from 

disc-shaped fine particles at a right angle was observed using a high-speed CCD 

video camera.  The speed of rotation was determined from the period of intensity 

change of scattered light to be 0.03 sec/rotation as shown in Fig.3.  When the 

particle is charged by -10,000 e and the electrons are distributed around the 

periphery of the disc-shaped fine particle, the magnetic moment is calculated to be 

3 × 10-25 A・m2.  

 

 

[1] Y.Hayashi: Phys. Rev. Lett. 83, 4764 (1999). 

[2] Y. Hayashi, Y. Mizobata and K. Takahashi: J. Plasma Res. SERIES, 8, 298 (2009). 

Fig.2  Top view of revolution of 6.5-micron fine particles by E×B drift in helium plasma 

under pressure of 100 Pa and RF power of 2 W [2].  Video frames were piled up for 0.1 second 

Fig.3  Change of intensity of light scattered from fine-particles. 
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NUMERICAL SIMULATIONS OF COLLISIONS OF DUST AGGREGATES 
COMPOSED OF PARTICLES WITH SIZE DISTRIBUTIONS 

 

Koji Wada1, Hidekazu Tanaka2, Toru Suyama3, Hiroshi Kimura4

 

, and Tetsuo Yamamoto2,4 

Abstract: We carry out numerical simulations of collisions of dust aggregates composed 

of particles with size distributions to investigate the collisional growth condition of dust in 

protoplanetary disks. In this preliminary study we find that the particle size distributions 

tend to encourage dust growth, but we need to further study to confirm such a finding. 

 

Introduction:  In protoplanetary disks planetesimals are believed to be formed from dust aggregates 

consisting of submicron grains, but their growth process is unclear so far. One of the main problems in 

planetesimal formation is the feasibility of dust growth through collisions at velocities up to several tens 

of m/s [e.g., 1]. Recently we performed numerical simulations of dust aggregate collisions and found that 

dust aggregates can grow through high-velocity collisions even at 50 m/s if they consist of ice particles 

[2]. However, silicate dust aggregates are still difficult to grow through collisions since their critical 

collision velocity for collisional growth is only several m/s. We need to seek some kind of promising 

mechanism to enable silicate dust growth. One of factors we have not yet taken into account in our 

numerical simulation is the size distribution of monomer particles. According to a particle-interaction 

model, so-called JKR theory [3], the critical collision velocity for sticking of two monomers is 

proportional to R-5/6 with R being their reduced radius, suggestive of an increase in the growth possibility 

of dust aggregates consisting of smaller particles. In fact, interstellar extinction observation suggests a 

power-law size distribution of interstellar dust grains with an exponent of -3.3 to -3.6 in a range of 0.025 

– 0.25 micron radius [4]. Such a particle size distribution may contribute to enhancement of collisional 

growth of dust aggregates. On the other hand, energy to break up a pair of particles in contact is 

proportional to R4/3. This means connections between small particles are weaker than those between large 

ones. In that sense, a power-law size distribution of constituent particles may have a negative effect for 

collisional dust growth. In this study, we carry out numerical simulations of aggregate collisions to 

investigate the influence of particle size distributions on the collisional growth of dust aggregates. Based 

on the numerical results, we will discuss the possibility of planetesimal formation through direct 

collisions of dust aggregates in protoplanetary disks. Preliminary results indicate that particle size 

distributions tend to encourage dust growth.  

 

1 Planetary Exploration Research Center, Chiba Institute of Technology (wada@perc.it-chiba.ac.jp) 
2 Institute of Low Temperature Science, Hokkaido Univerisity 
3 Nagano City Museum 
4 Center for Planetary Sciecne 
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Figure 1: Examples of initial aggregates prepared in this study. Left panel shows aggregates composed of 200 
particles of 0.1µm radius and 6400 particles of 0.025µm radius (bimodal distribution), while right panel shows 
aggregates composed of 6600 particles with a continuous power-law size distribution (the range of particle radius 
is 0.025 – 0.2 µm, and the power index is -3.5). 

Numerical model and settings: We performed 3D simulations of aggregate collisions by the use of 

the particle interaction model and the numerical code developed in the previous papers [2,5,6]. We 

directly calculate the motion of each particle, taking into account all mechanical interactions between 

particles in contact. The contact theory of adhesive elastic spheres determines the interactions for each 

degree of motion (normal motion, sliding, rolling, and twisting). Energy dissipates at the moments of 

contact and separation of particles because of the excitation of elastic waves. When the displacements due 

to sliding, rolling, and twisting exceed their elastic limits, the mechanical energy is also dissipated. The 

amount of energy dissipation is proportional to the critical displacements.  

   In this study, as a first step, we assume a power-law size distribution of constituent particles: 

𝑛(𝑟)𝑑𝑟 ∝ 𝑟−3.5𝑑𝑟, 

where n(r)dr is the number of particles in the range of radius r to r+dr. The power-law index of -3.5 is in 

accordance with the values obtained from interstellar dust observation [4]. Along with this size 

distribution, we prepare aggregates composed of particles with a bimodal distribution and a continuous 

distribution. For a bimodal distribution, we mix large particles of 0.1µm radius and small ones of 0.025 

µm radius with a number ratio 1/32. Then we prepare two types of aggregates composed of 3300 particles 

(100 large particles and 3200 small ones) and 6600 particles (200 large and 6400 small) by means of 

random sticking of the particles one by one, namely ballistic particle-cluster aggregation (BPCA) process. 

Their masses are equivalent to 150 and 300 mu, respectively, where mu is the mass unit defined by the 

mass of 0.1µm-radius particle. On the other hand, for a continuous distribution, we set the largest radius 

of 0.2 µm and the smallest of 0.025 µm and determine particle radii along with the power-law distribution. 

Then, we prepare an aggregate composed of 6600 particles by means of BPCA process. This aggregate 

has an equivalent mass of 201.6 mu. As a result, we prepare three kinds of aggregates, two of which are 

shown in Figure 1. They are collided with the same type aggregates in the head-on direction and their 

numerical results are compared with our previous ones [2] obtained from collisions of aggregates 

composed of equal-sized particles of 0.1 µm radius. All particles in this study are assumed to be ice 
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Figure 2: Snapshots of collided aggregates shown in Figure 1. Upper two panels are of the bimodal distribution 
at ucoll =55.3 m/s (left) and 180 m/s (right) and lower two are of the continuous distribution at ucoll = 49.3 m/s 
(left) and 197 m/s (right). 

(Young’s modulus 7 GPa; Poisson’s ratio 0.25; material density 1000 kg/m3; surface energy 100 mJ/m2). 

Since we examine the growth possibility of dust aggregates at high-velocity collisions, we simulate 

aggregate collisions at collision velocities ucoll in the range of 20 – 700 m/s. We can estimate the results 

for silicate aggregates from those for ice by replacing ucoll by one order of magnitude lower value [2].  

 

Results and discussion: Figure 2 shows some examples of snapshots of moderate- and high-velocity 

collisions of our prepared aggregates. Large parts of resultant aggregates are likely to survive even at high 

collision velocities ucoll ~ 50 and 200 m/s. Fragments produced at these collisions are composed of 

relatively large particles, a particular feature of aggregate collisions with particle size distributions. 

To examine the collisional growth possibility of aggregates, we introduce the growth efficiency f 

defined by 

𝑓 = �𝑀large − 𝑀init� 𝑀init⁄  , 

where Mlarge is the mass of the largest fragment at a collision and Minit is the mass of an initial aggregate. 

The growth efficiency counts how much mass, normalized by Minit, are gained (or lost, if the value is 

negative) for an initial aggregate through a collision. Figure 3 shows f plotted as a function of ucoll for the 

three types of aggregates, together with the previous results [2] obtained from head-on collisions of 

BPCA clusters that are composed of ice particles with the same radius of 0.1µm and have equivalent 

masses of 500, 2000, or 8000 mu. First, compared with the previous BPCA clusters, the growth efficiency 
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Figure 3: Growth efficiency f vs. collision velocity obtained from this study (for aggregates composed of 
particles with size distributions, represented by solid lines) and from the previous study (for aggregates composed 
of equal-sized particles, represented by dashed lines). Numbers in each parenthesis denote masses of colliding 
aggregates in mass unit (mu): for example, “150+150mu” means two aggregates of 150 mu collide with each 
other.   

f for the aggregates with particle size distributions in this study becomes large for the same ucoll even 

though their small masses. This indicates that aggregates with particle size distributions tend to be hard 

for disruption and that small particles result in positively working for collisional growth of dust 

aggregates. On the other hand, we do not see significant difference in f between aggregates with the 

bimodal particle size distribution and the continuous one. In addition, f seems to be independent of the 

aggregate mass for the cases with particle size distributions, while aggregates composed of equal-sized 

particles have a mass-dependence in f. As a result, the critical collision velocity ucoll,crit, which is given by 

the collision velocity when f = 0, is found to be ~ 200 m/s for the ice aggregates with particle size 

distributions used in this study. Taking into account the difference in ucoll,crit between ice and silicate 

aggregates, ucoll,crit for silicate aggregates is estimated to be ~ 20 m/s. This critical collision velocity would 

be high enough to survive in optically thick and cold protoplanetary disks [7], but it should be cautioned 

that this result is obtained from head-on collisions: ucoll,crit will be reduced if offset collisions are taken 

into account. We need to further study in a wide range of the aggregate mass, the particle size distribution, 

and the collision direction (impact parameter) to investigate whether or not particle size distributions 

enhance the collisional growth of dust aggregates. 

Furthermore, the size distribution of fragments at collisional disruption of dust aggregates is expected 
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to be affected by the size distribution of constituent particles as can be seen in Figure 2. Since fragment 

size distribution is an important factor in observing protoplanetary or debris disks, we will investigate the 

fragment size distributions obtained from our simulations in the future. 
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Abstract. During the formation of gas giants, disks appear around them.
They are called circumplanetary disks. The most promising mechanism of
accretion is the turbulence driven by magnetorotational instability (MRI).
MRI occurs when the ionization degree is high enough for magnetic fields
to couple to gas. We calculate the ionization degrees to investigate if MRI
really causes accretion of circumplanetary disks. Our result suggests that the
ionization degree in circumplanetary disks is too low for MRI to be active.

1. Introduction
There are only a few studies on the ionization degrees in circumplanetary disks,
although a number of papers concerning ionization degrees in protoplanetary
disks have appeared in the literature [1] [2] [3]. However, it is important to
understand the structure and evolution of circumplanetary disks, because they
are thought to be the sites of satellites formation.

The magnetohydrodynamic (MHD) turbulence driven by the magnetorota-
tional instability (MRI) is, at the present, thought to be the most promising
mechanism for angular momentum transport in protoplanetary disks. However,
we are not sure if the MRI also plays a central role in accretion in circumplane-
tary disks. In order to understand disk evolution, we must clarify which part of
the disk is magnetorotationally unstable.

In this work, we develop a fast and accurate time-dependent calculation
method for the ionization degree in protoplanetary and circumplanetary disks.
Using our calculations of ionization degree, we estimate the size of the
MRI-inactive region. We find that almost all regions in popular model of
circumplanetary disks are MRI-inactive.

2. Developing the calculation method
2.1. Reaction Equations
Gas in protoplanetary and circumplanetary disks is mostly in the form of
neutral hydrogen molecules. However, they are thought to be weakly ionized
by ionization sources such as cosmic rays, X-rays, and ultraviolet radiation. The
resultant ionized particles make secondary ions and molecules, which lead to
further complex reactions.
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The ionization degree is determined by the balance of chemical reactions,
such as ionization, charge transfer, and dissociative and radiative recombination.
Since molecular ions transfer their charge to metal ions rapidly, we need not pay
much attention to reactions of molecular ions in the dense gas. We describe
major heavy metal ions (e.g. Mg+, Fe+) as M+ for simplicity [4].

The effect of dust grains should also be considered. Ions and free electrons are
captured by dust grains, lowering the ionization degree. With sufficient amount
of dust, the ionization degree is determined mainly by the electron capture rate
of dust grains. We show simplified reaction equations as follows:

dnM+

dt
= ζnn � �M+nM+ne �

∑
Z

kM+d(Z)nd(Z)nM+ , (1)

dne

dt
= ζnn � �M+nM+ne �

∑
Z

ked(Z)nd(Z)ne, (2)

dnd(Z)
dt

= �kM+d(Z)nd(Z)nM+ � ked(Z)nd(Z)ne

+kM+d(Z � 1)nd(Z � 1)nM+ + ked(Z + 1)nd(Z + 1)ne, (3)

where nj is the number density of each particle (j = M+ : heavy metal ions, e :
electrons, d : dust grains), Z is the charge of dust grains, ζ is the ionization
rate, and �M+ and kjd(Z) are the rate coefficients for radiative recombination
and capture of gaseous particles by dust grains, respectively.

Numerical calculation of Equations (1) � (3) is not an easy task. As the
maximum value of |Z| becomes greater, the number of terms and equations
increases, and the system of equations becomes more complicated.

2.2. Charge distribution model of dust grains
Since the charge distribution of dust grains can be approximated by a Gaussian
distribution [1], we adopt the following equation for use in Equations (1) � (3).

nd(Z) =
Nd√

2�〈δZ2〉
exp

[
�(Z � 〈Z〉)2

2〈δZ2〉

]
, (4)

where 〈 〉 shows the averaged value weighed by nd(Z), and Nd is the total number
density of dust grains. We can get the following equations by taking the average
of the last term of Equations (1) and (2), and the first and second moments of
Equation (3):

dnM+

dt
= ζnn � �M+nM+ne � 〈kM+d〉NdnM+ , (5)

dne

dt
= ζnn � �M+nM+ne � 〈ked〉Ndne, (6)

d〈Z〉
dt

= 〈kM+d〉nM+ � 〈ked〉ne, (7)

d〈δZ2〉
dt

= (〈kM+d〉 + 2〈kM+dδZ〉) nM+

+(〈ked〉 � 2〈kedδZ〉) ne. (8)
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The details of our calculations are described in our paper [5]. We have confirmed
that the results of our equations agree with those of the basic equations very well.

3. Ionization Degrees in Circumplanetary Disks
In the context of satellite formation, understanding the evolution of
circumplanetary disks is important. Since the ionization degree is one of
the important factors in disk evolution, we calculate the ionization degree in
circumplanetary disks including the charged particle capture by dust grains.

We use an actively supplied gaseous accretion disk model [6] [7]. The
temperature is

Tcir ' 160
(

Mp

MJ

)1/2 (
r

20RJ

)−3/4

K, (9)

where Mp is the mass of the central planet, MJ is that of Jupiter, r is the orbital
radius from the central planet, and RJ is the radius of Jupiter. For this model,
we adopt 5� 106 yr as the accretion timescale for gaseous disks as heavy as the
central planet, and assume the disk is vertically isothermal. The surface density
is given as follows with viscosity coefficient � = 5 � 10−3:

Σcir ' 100
(

Mp

MJ

) (
r

20RJ

)−3/4

g cm−2. (10)

We assume Mp = MJ. Since circumplanetary disks are located at the orbital
radius of gas giant planet which is distant from the star, stellar X-rays are
geometrically attenuated there. Furthermore, the scale height of circumplanetary
disks is far smaller than that of protoplanetary disks. So, it is difficult for
the X-rays to directly reach circumplanetary disks. When we think about
circumplanetary disks, we consider only cosmic ray ionization. The ionization
rate is written as follows:

ζ ' ζCR

2

{
exp

[
�χ(r, z)

χCR

]
+exp

[
�Σ(r) � χ(r, z)

χCR

]}
, (11)

where ζCR � 1.0 � 10−17 s−1 is the ionization rate by cosmic rays in interstellar
space, and χCR � 96 g cm−2 is the attenuation length of the ionization rate by
cosmic rays. The vertical column density of the gas measured from the outside
of the disk is the following [8]:

χ(r, z) =
∫ ∞

z
�(r, z)dz [g cm−2]. (12)

In this study, we investigate the extent of the MRI-inactive regions in the
circumplanetary disks. We parameterize the vertical component of plasma
beta (at the mid-plane), the ratio of gas pressure and magnetic pressure,
β = Pgas/Pmag, the radius of dust grains a, and the dust-to-gas mass ratio
fdg = �d/�g. We define the magnetic Reynolds number Rem as the following:

Rem =
v2
Az

ηΩK
, (13)
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Figure 1. Boundaries of the MRI-inactive region in circumplanetary disks for
the case β = 104 and fdg = 10−2. The horizontal axis denotes the orbital radius
from the central planet, and the vertical axis is vertical extent of the disk that is
normalized by the scale height of the corresponding radius. Contour lines show
the boundaries of the MRI-active region and the MRI-inactive region for each
model of dust grain radius a The circumplanetary disks are not expected to be
magnetically active.

where vAz is the vertical component of the Alfvén velocity. If Rem < 1, MRI
does not happen. Figure 1 shows an example of the extent of the MRI-inactive
regions.

For a wide range of model parameters, we find that Rem falls below unity
in the entire parts of the circumplanetary disks. Our results suggest that the
ionization degree of circumplanetary disks is too low for MRI to be active.
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Hydrogen ordering in ice observed from neutron diffraction: Application to 
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Laboratory experiments and infrared observations suggest that a lot of water ice 

exists in a crystalline phase in our solar system. At ambient pressure, crystalline ice has 

two kinds of structure, ice Ih and ice XI. Ice Ih is normal ice with disordered hydrogen 

atoms. In contrast, ice XI is a hydrogen-ordered phase of ice Ih, and the ordered 

arrangement of hydrogen atoms makes ice XI ferroelectric. Existence of 

hydrogen-ordered ice in space is the subject of continuing astronomical debate. 

Electrostatic forces, caused by the ferroelectricity, increase the sticking probability of 

icy grains, and might play an important role in grain evolution and planetary formation 

in space.  

To discuss the existence of hydrogen-ordered ice in space, we need to 

investigate the kinetics and formation process of ice XI. For precise understanding of 

nucleation and growth process of ice XI, we performed neutron diffraction 

measurements of ice doped with various kinds of dopant as a catalyst for the 

transformation to ice XI. The neutron diffraction measurements were performed at the 

high-resolution powder diffractometer (HRPD), and the wide-angle neutron 

diffractometer (WAND). The HRPD is installed in the research reactor, JRR-3, JAEA, 

Japan. The WAND is installed in the research reactor, High Flux Isotope Reactor, 

ORNL, USA. All the neutron diffraction measurements were performed on 99.95% 

deuterium-substituted ice. Rietveld analysis was carried out for all the diffraction 

profiles to obtain arrangement of hydrogen (structure parameter). We used a two-phase 

model, which include ice Ih and XI, and obtained mass fraction of ice XI (f). 
Neutron powder diffraction of 0.013 M KOD-doped D2O ice at HRPD. The 

doped ice Ih transformed to ice XI after annealing at 57 and subsequently at 68 K. The f 

value of the doped ice, which had once experienced being ice XI (f = 0.23), was larger 

than that of the doped ice, which had never experienced being ice XI (f = 0.14). Results 

indicate that small hydrogen-ordered domains remained in the ice Ih, which had once 

transformed to ice XI, and accelerated the phase transition from ice Ih to ice XI.  
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To understand this phenomenon in detail, we performed time-resolved neutron 

diffraction measurements on 0.1 M NaOD-doped ices, and investigated whether 

formation of ice XI occurs at temperatures above 65 K, which is out of the nucleation 

temperatures. Formation of ice XI occurred at 70 and 72 K when the ice had experience 

being ice XI in the past. This result suggests the presence of a template acting as the 

nuclei of ice XI. Thus, small domains with ordered hydrogen, which cannot be detected 

with neutron diffraction, can exist above the boundary temperature between ice Ih and 

XI. The small ordered-domain is called “memory” of hydrogen ordered structure 

because of the residual structure of ice XI. In the previous studies, ferroelectric 

hydrogen-ordered ice is considered to exist in the very narrow temperature range, but 

our experiments show a possibility that the hydrogen ordered ice exists in wider area in 

space. 

In this presentation, we also discussed hydrogen ordering in ice at high pressure 

using neutron diffraction experiments. Our results indicate that hydrogen-ordered 

structure of high-pressure ice VI is ferroelectric. Hydrogen-ordered ferroelectric ices 

might exist not only in icy grains and icy bodies’ surface, but also in icy bodies’ 

interior. 
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Evaporation of Icy Planetesimals due to Planetesimal Bow Shocks
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In a protoplanetary disk, planetesimals grow to planets by mutual collisions and accumulations.

The gravitational interactions among the planetesimals increase eccentricities of the planetesimal

orbits. When a relative velocity between the disk gas and planetesimal exceeds a sound velocity of

the gas, a bow shock wave is produced on the leading side of the planetesimal.

It has been shown that heating by the planetesimal bow shocks in the nebular gas played a key

role in formation of particles found in meteorites and interplanetary dust. For instance, the shock

heating leads to formation of chondrules, millimeter-scale igneous silicate spheres in chondrites,

by melting dust in the protoplanetary disk (Hood 1998; Weidenschlling et al. 1998; Ciesla et al.

2004; Hood et al. 2009). Furthermore, it makes a part of fine dust particles evaporate (Miura

and Nakamoto 2002, 2005, 2006) and re-condesation of evaporated vapor forms a lot of small dust.

Miura et al. (2010) showed that it is possible by a planetesimal bow shock to form various types of

cosmic crystals, which are fine silicate crystals observed in chondritic meteorites and interplanetary

dust particles (IDPs).

So far, the attention has mainly been paid on thermal evolutions of dust particles in the

shocked region in the previous studies. However, we note a possibility that the planetesimal bow

shock leads to heating and evaporation of the planetesimal itself. A similar process is found in

ablation of the planetesimals penetrating through the atmosphere of a protoplanet (e.g., Podolak

et al. 1988; Pollack et al. 1986). Heating and resultant evaporation by the planetesimal bow shocks

will suppress growth of planetesimals. Furthermore, cooling of the vapors thus produced will form

small dust particles by re-condensation. Those dust clouds in the disk may be found in the infrared

spectra of the protoplanetary disks.

In the present study, we focus on the planetesimal heating and evaporation by the planetesimal

bow shocks. Figure 1 shows an illustration of the planetesimal evaporation by the bow shock wave.

When the planetesimal velocity relative to the disk gas becomes supersonic, a bow shock forms in

front of the planetesimal. Due to the shock wave, the gas is heated at the shock front. The gas
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blows onto the planetesimal surface. The surface material of the planetesimal heats due to the

heat transfer from the gas. The surface material evaporates when the temperature rises over the

evaporation temperature. The evaporated vapor re-condenses and forms small dust particles. As

a result of the evaporation, the planetesimal is shrinking.

We evaluated the surface temperature and evaporation rate of the planetesimal using a simple

model of planetesimal evaporation by the planetesimal bow shock. The time evolution of the

planetesimal mass m is given by

dm

dt
= J, (1)

where J is the evaporation rate of a planetesimal. In our model, the rate of heat transfer from the

gas to the planetesimal surface is given by

Fe = αρ0vpcp(Ts − Tp), (2)

where Ts is the gaseous temperature of the post shock region, Tp is the surface temperature of the

planetesimal at the stagnation, ρ0 and cp are the density and specific heat at constant pressure of

ambient gas, and vp is the relative velocity between the ambient gas and the planetesimal. Also α

is a non-dimensional parameter, referred to as the Stanton number, expressing the efficiency of the

thermal conductivity (van Driest 1958; Schlichting 1979).

We show one typical example of the calculations in Figure 2 which shows the surface temper-

ature of the planetesimal at the stagnation point Tp, the gaseous temperature of the post shock

region Ts, and the ambient radiation temperature Tdisk(= 75K). In Figure 2, we set α = 0.1 and

0.01. As shown in Figure 2, the temperature of the planetesimal begins to increase when the relative

velocity vp exceeds 0.6kms−1 which is the sound velocity of the gas. Although the temperatures of

both Ts and Tp increase with increasing of vp, the elevation of Tp is suppressed in the vicinity of

200K for vp
>
∼ 5kms−1 because of the cooling by latent heat release.

We applied the model of the planetesimal evaporation to the formation stage of protoplanets.

According to the theory of formation of planets, the terrestrial planets and cores of the gas giant

planets are formed through the accretion of planetesimals (e.g. Hayashi et al. 1985). According to

the standard scenario (Wetherill and Stewart 1989), growth of a planet pass through a so-called

runaway growth stage. In this stage, the large planetesimals grow faster than small ones; the

rate of mass growth of each object is an increasing function of its own mass. As a result, the

planetary embryos grow to protoplanets accumulating ambient planetesimals with keeping their

orbital separations (Kokubo and Ida 1998, 2002). In this oligarchic growth stage, the eccentricities

and inclinations of the surrounding planetesimals are pumped up by the gravitational interaction

with the protoplanet. On the other hand, the eccentricities and inclinations of the planetesimal

dumps due to the gas drag (Tanaka and Ida 1999). Balancing the stirring and damping rates, the

equilibrium value of e is obtained (Tanaka and Ida 1999; Kobayashi and Tanaka 2010).

Figure 3 shows the evaporation time of the planetesimal of 100km size as the function of the
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semi-major axis a, where we define the evaporation time of the planetesimal tevap as

tevap ≡
(

1

m

dm

dt

)−1

=
m

J
. (3)

In Figure 3, the mass of the protoplanet is assumed to be ten Earth mass. The evaporation times are

below 107 yr from the snow line (0.5AU) to 4 AU for α = 0.1. The evaporation time is shorter with

the decrease of the semi-major axis. The disk region where the evaporation of the planetesimals is

effective becomes narrower for smaller value of α.

Our results show that the icy planetesimals evaporate efficiently in the planetary oligarchic

stage of the protoplanets, where strong shocks are generated by the gravitational perturbations from

the protoplanets. There are several important implications to planetary formation and observation.

The growth of a protoplanet is suppressed owing to the insufficient accretion of planetesimals onto

the protoplanet. The result suggests that the evaporation of the planetesimals disturbs the growth

of the Jupiter type planet core. It was shown to disturb the growth of the Jupiter type planet core

by the effect of destruction because the collision among the planetesimals leads the destruction of

the planetesimals (Kobayashi et al. 2010). Our results suggest that the evaporation as well as the

destruction of the planetesimal would be effective, especially for the inner disk region.

The evaporated vapor re-condenses and forms small dusts. Moreover, solid materials would

release with evaporating gas because dust particles are scattered by the strong gaseous flow. This

process gives an influence on the observations of the protoplanetary disks. The observations of the

protoplanetary disks by SED (spectral energy distribution) have shown to remain dust rich for up

to several million years, although the theoretical modelings show that dusts growth proceeds in

very short time (Birnstiel et al. 2009). The dust clouds formed by the planetesimal bow shocks

may explain the observational results of the SED.

In the present study, we focused on the growth stage of the protoplanets where the surrounding

planetesimals around a protoplanet have high relative velocities. The stage after the formation of

gas giant planets is an other stage increasing eccentricities and inclinations of the planetesimals.

The secular resonances due to the gas giant planets give strong perturbations on the asteroid region

(Nagasawa et al. 2000). In such a stage, the evaporation of the planetesimal would occur more

effectively.
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Fig. 1.— A illustration of a planetesimal evaporation due to planetesimal bow shock. A shock wave

is produced on the leading side of the planetesimal when a relative velocity between the disk gas and

planetesimal exceeds a sound velocity of the gas. The planetesimal surface heats and evaporates.

The evaporated vapor re-condenses and forms small dusts particles.
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Fig. 2.— The temperature of the planetesimal surface at the stagnation point Tp and gaseous

temperature of the post shock region Ts, where we set the Stanton number α = 0.1 (solid curve)

and 0.01 (dotted curve). The disk temperature Tdisk is 75 K and gaseous density is ρ0 = 1.0 ×
10−10gcm−3.
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Fig. 3.— The evaporation time of the planetesimal of 100 km radius as a function of the semi-major

axis a. The mass of the protoplanet is set to be ten Earth mass.

142
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Abstract

In binaries consisting of two massive stars, strong stellar winds from these stars collide
each other. Shocked regions produced by the wind-wind collision is thought to be a place
where not only the particle acceleration and resulting high-energy emission but also the dust
formation takes place. Studying the wind-wind collision shocks is, therefore, of multi-facet
importance. Numerical simulations suit it very well, given that massive binaries, in general,
have large orbital eccentricities. In this paper, we report on the structure of the wind-wind
collision shocks in two massive binaries, η Carinae and WR 140, obtained from 3-D Smoothed
Particle Hydrodynamics (SPH) simulations.

1. Introduction

Massive stars have powerful winds driven by strong line radiation. In binaries consisting of two massive
stars, two winds collide and form complicated shock structures, from which high energy emission arise.
Colliding winds occur in binaries with OB stars, LBV (luminous blue variable) stars, and Wolf-Rayet
stars. Wind-wind collision also occurs in gamma-ray binaries comprised of a massive star and a pulsar
with relativistic wind..

From 1990s through early 2000s, large progress has been made in dynamical modeling of colliding
winds. Most of those works were two-dimensional, but there were also studies using three dimensional
models. With the help of rapid progress of computer power, recent efforts in dynamical modeling of
colliding winds are mainly made in 3-D [Grid-based simulations: Pittard & Stevens (1999); Walder &
Folini (2003); Lemaster et al. (2007); Pittard (2009); Parkin et al. (2011); SPH simulations: Okazaki et
al. (2008)]. Although 3-D simulations are sitll expensive, having a 3-D dynamical model is essential to
understanding of detailed structure of colliding winds in massive binaries and in gamma-ray binaries as
well. Given that several Wolf-Rayet binaries show dust emission originated from wind region, dynamical
modeling of wind-wind collision will also play an important role to understand the origin of dust emission
in these systems.

2. Basic Geometry of Wind-Wind Collision Shocks

A key parameter that determines the bow shock structure in colliding winds is the ratio of wind
momentum fluxes, η, which is given by

η =
Ṁ2v2

Ṁ1V1

, (1)

where Ṁ1 and v1 are the mass loss rate and velocity of the primary wind, respectively, and Ṁ2 and v2

are those of the secondary wind.
In a simple 2D model that ignores the orbital motion, the ram pressure balance then implies that, for

a binary separation D, the interface should be located at a distance

d =
D

1+
√

η
(2)

from the primary (Stevens et al., 1992; Canto et al., 1996). In adiabatic shocks, the interaction surface
approaches a cone with the half opening angle,

θ = 2
(
tan�1 η

)1/4
(3)

measured from the primary (Gayley, 2009). The shock is wrapped around the star with the weaker
wind.
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Table 1. Stellar, wind, and orbital parameters of η Carinae and WR 140

Parameters η Carinae WR 140
η Car A η Car B O4-5V WC7

Mass (M�) 90 30 50 19
Radius (R�) 90 30 12 13
Mass loss rate (M� yr�1) 2.5� 10�4 10�5 1.2� 10�6 3.8� 10�5

Wind velocity (kms�1) 500 3,000 3,200 2,860
Wind temperature (K) 35,000 35,000 42,000 42,000
Orbital period Porb (d) 2,024 2,899
Orbital eccentricity e 0.9 0.881

If the thickness of shocked region is ignored, the interaction front with orbital motion becomes an
Archimedean spiral. Such a spiral geometry has been found in several Wolf-Rayet binaries as dust
emission (e.g., Tuthill et al., 2008). They are binaries consisting of a Wolf-Rayet star and an O star.
Thus, colliding winds in a massive binary (WR+O) can form dust, which suggests strong cooling in post
shock regions.

In eccentric binaries, the spiral geometry of the interaction region becomes asymmetric, because of the
phase-dependent orbital velocity. The asymmetry is more remarkable for a higher orbital eccentricity
(Parkin & Pittard, 2008).

3. 3-D Numerical Modeling of Wind-Wind Collision in Highly Eccentric Binaries

3.1. Numerical model

The simulations presented below were performed with a 3-D SPH code, which is a particle method
that divides the fluid into a set of discrete “fluid elements” (=particles), and is flexible in setting various
initial configurations. The code is the same as that used by Okazaki et al. (2008) (see also Bate et al.,
1995; Okazaki et al., 2002). except that the current version takes into account radiative cooling with
the cooling function generated by CLOUDY 90.01 for an optically thin plasma with solar abundances
(Ferland, 1996). Moreover, it emulates the empirical β-velocity wind given by

vi = v∞,i (1�Ri/r)βi (i = 1,2), (4)

where βi is a constant, v∞,i is the terminal velocity of the wind, and Ri is the stellar radius. Here, i=1,2
denotes the primary and secondary, respectively. Using a variable smoothing length, the SPH equations
with a standard cubic-spline kernel are integrated with an individual time step for each particle. We
adopt standard values of artificial viscosity parameters, �SPH = 1 and βSPH = 2.

3.2. Supermassive binary η Carinae

η Carinae is one of the most luminous and massive stars in the Galaxy. It has exhibited a series of
mass ejection episodes, the most notable of which was the Great eruption in the 1840’s when the star
ejected mass of > 10M�, from which the Homunculus nebula formed. Its current mass and luminosity
are M � 102 M� and L � 5� 106 L�, respectively.

The spectrum of η Car is rich in emission lines and has no photospheric lines. Damineli (1996) found
a 5.5 yr periodicity in the variability of the He I 10830Å line. Later, other optical lines were also found to
show variations with the same periodicity. In the X-ray band, the flux exhibits particularly interesting,
periodic variability: After a gradual increase toward periastron, the X-ray flux suddenly drops to a
minimum, which lasts for two to three months. It then recovers to a level slightly higher than that at
apastron (see Fig. 1 of Corcoran et al., 2010). All these variations are consistent with the system being
a long-period (Porb = 2,024 days), highly eccentric (e � 0.9) binary. The X-ray emission is considered
to arise from the wind-wind collision shocks.

There is also a claim that η Car forms dust in post shock regions. Recently, Smith (2010) analyzed
the IR emission and found that η Car shows broad peaks in JHKL photometry, roughly correlated with
times of periastron passage and that these peaks have IR SEDs consistent with emission from hot dust
at 1400―1700 K. According to Smith (2010), the excess SEDs are inconsistent with the excess being
entirely due to free-free wind or photospheric emission.

Table 1 summarizes the stellar, wind, and orbital parameters adopted in our simulations. With these
parameters, the ratio η of the momentum fluxes of the winds from η Car A and B is η � 4.2. The
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(a) (b)

Fig. 1. Interface geometry of colliding winds of η Car at t∼+200 d (200 days after the periastron) within r = 100a:
(a) 2-D density maps in the orbital plane (left) and the plane perpendicular to the orbital plane and through the
major axis of the orbit (right) and (b) the 3-D plot of the logarithmic density.

Fig. 2. Density (upper panels) and temperature (lower panels) distribution of η Car’s wind-wind collision region
in the orbital plane in the vicinity of the stars (r ≤ a). The orbital phases are, from left to right, t = −32 d,
t = +1 d, and t = +30 d. Optically-thin radiative cooling is taken into account, with the floor temperature at
35,000 K. Unperturbed wind has β = 1 velocity distribution, which is the value consistent with observed wind
velocity distribution for massive stars.

parameters adopted here are consistent with observations, except for the wind temperature of η Car A,
where for simplicity we take the same temperature as that of η Car B wind. Note that the effect of
wind temperature on the dynamics of high-velocity wind collision is negligible.

In Fig. 1, we present a large-scale density structure of the colliding winds. The figure shows the
logarithmic density distribution of the colliding winds within r = 100a [or 0.7 arcsec (� 3,000 AU) in
one dimension] of η Carinae. The orbital phase of these plots is 0.1 (about 200 days after the periastron
passage). The two left panels are the 2-D density maps in the orbital plane and the plane perpendicular
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Fig. 3. Interface geometry of colliding winds of WR 140 at t = +200d within r = 100a: 2-D density maps in the
orbital plane (left) and in the plane perpendicular to the orbital plane and through the major axis of the orbit
(right).

to it, while the right panel shows the density distribution in 3-D. From Fig. 1, we note that the lower
density, fast wind from the secondary carves out a large-scale, spiral cavity in the higher density, slow
wind from the primary. Because of high orbital eccentricity, the shape of the cavity is very asymmetric:
It is a thin layer on the periastron side with respect to the primary, whereas it occupies a large volume
on the apastron side.

In the simulation shown in Fig. 1, no radiative cooling is taken into account, so that the post shock
temperature is very high (T � 108 K) and no dust formation is possible. On the other hand, Fig. 2
shows snapshots from a simulation where the radiative cooling is taken into account. The adopted
wind velocity distribution (β = 1) is a typical one for winds of massive stars, and more realistic than
in the simulation shown in Fig. 1. The figure shows the structure of colliding winds within r = a. The
upper and lower panels show the density and temperature distribution on the orbital plane, respectively.
From left to right, the orbital phases are 32 days prior to the periastron and 1 day and 30 days after
the periastron. In the figure, we see the effect of radiative cooling (and that of winds significantly
slower than the terminal velocities). Around the periastron, about half of the bow shocked region near
the primary cooled down to the floor temperature. At present, our code cannot reliably calculate the
radiative cooling down to the temperature that allows dust formation. However, the result shown in
Fig. 2 may suggest the possibility that dust can form in the post shock region near periastron.

3.3. Wolf-Rayet binary WR 140

WR 140 is an extensively studied, Wolf-Rayet binary consisting of a WC7 star and an O4-5V star. It
shows transient dust formation at the periastron. Both radial velocities and IR and X-ray light curves
vary with 7.9 yr periodicity. The X-ray light curve shows a deep minimum at the periastron, which
resemble the X-ray behavior of η Carinae.

The simulation parameters we adopted for this system are summarized in Table 1. We took the
wind velocities and mass loss rates from model A of Zhekov & Skinner (2000), which makes the wind
momentum flux ratio η � 0.04. The value of η, however, seems to have a large ambiguity (0.04-0.2),
depending on the method used to derive it in previous studies. Below, as in the case of η Car, we first
plot the large-scale density structure of the colliding winds of WR 140 and then show how (in)efficient
the radiative cooling in this system is.

Figure 3 shows the density distribution of the colliding winds within r = 100a from WR 140. The
orbital phase of the plots is 200 days after the periastron passage. The format of the figure is the same
as that of Fig. 1(a). From Fig. 3, we note that in WR 140 it is the lower-density, primary (O4-5V)
wind that carves out a spiral cavity in the denser wind from the secondary (WC7). Because of the
very-high orbital eccentricity, interaction surface is strongly asymmetric, as of the winds of η Car: the
cavities are very thin on the periastron side, whereas on the apastron side they occupy a large volume
separated by thin dense shells. A closer look, however, reveals differences caused by the differences in
the wind momentum ratio and the speed of the slower wind: the shock opening angle is wider and the
spiral structure is more tightly wound in η Car than in WR 140. These differences are likely to affect
the observational appearance of these systems.

Fig. 4 presents snapshots from a simulation where the radiative cooling is taken into account. It shows
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Fig. 4. Density (upper panels) and temperature (lower panels) distribution of wind-wind collision shocks in the
orbital plane in the vicinity of the binary stars of WR 140 (r≤a). From left to right, the orbital phases are t=−30d,
t = 0, and t = +30 d. Optically-thin radiative cooling is taken into account, with the floor temperature at 42,000 K.
Unperturbed wind has constant (β = 0) velocity distribution.

density distribution of colliding winds within r = a from WR 140. In this simulation, the β = 0 (i.e.,
constant) wind velocity distribution is adopted. The format of the figure is the same as that of Fig. 2.
From left to right, the orbital phases are 30 days prior to the periastron, the periastron, and 30 days
after it. In contrast to the case of η Car, we see little effect of radiative cooling on the shocked regions.
The temperature of the apex shock is still as high as � 107 K. This is because the primary’s wind speed
is much higher and the density is much lower than those in η Car. Thus, the origin of dust emission
from WR 140 is still an open question.

4. Concluding Remarks

Constructing 3-D dynamical models is essential to understanding of the behavior of colliding-wind
binaries. This is particularly the case for those with high orbital eccentricities. Thanks to the recent
development of 3-D dynamical modeling, we now have much better understanding of the hydrodynamic
interactions of wind-wind collision shocks than we did several years ago. Formation of dust in strong
shocks of colliding winds, however, is still a tough challenge to numerical simulations. Our results on
the supermassive binary η Carinae and the Wolf-Rayet binary WR 140 show that shocked regions have
too high temperature to allow the dust formation, although there is a hint that the temperature in the
post shock region can become low if the wind is very dense and slow as in η Car.
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