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van Boekel et al. 2004

Table 1 Dust properties in the inner and outer disk

Crystallinity Fraction of large grains
(%) (%)

Crystalline olivine to
pyroxene ratio

HD 163296  40*53 15419 955, 65729 2337
HD 144432 5543 10*1° 90+19 35+%  2.0%8
HD 142527 9515, 40%5 8655 80Ty 21740
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Figure 2 Infrared spectra of the inner (1-2 au) and outer (2—20 Au) disk regions of three
Herbig Ae stars. The outer-disk spectrum of each source has been constructed by
subtracting the correlated spectrum from the total-disk spectrum (see ref. 8). The regions
that dominate the inner- and outer-disk spectra are indicated in the schematic
representation of a proto-planetary disk at the top of the figure (not to scale). The flux
levels are scaled such that the sum of the inner- and outer-disk spectrum, that is, the
total-disk spectrum, is normalized to unity. This allows the relative contributions of the
inner and outer disk to the total spectrum to be estimated easily from this figure. The
uncertainties in the spectra are indicated by the error bars in the lower left corner of each
graph. The differences in shape between the inner- and outer-disk spectra are clearly
visible in all three sources, indicating a difference in dust mineralogy. The broadening of
the feature as seen in the inner-disk spectra indicates grain growth, whereas the
resonance at 11.3 pm indicates the presence of crystalline silicates (see also Fig. 1). Also
shown are the best-fit model spectra for the inner- and outer-disk regions (red lines, see
also Table 1). The model spectra reproduce the observed spectral shapes, although the
fits to the inner disk spectra are less good than the fits to the outer-disk spectra.



Abraham et al. 2009
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Figure 1| Silicate emission in the 8-12-pm range. a, Spectrum of
interstellar grains measured in the direction of the Galactic Centre'.

b, Spitzer Infrared Spectrograph spectrum of EX Lupi, obtained on 2005
March 18, in quiescent phase. ¢, Our Spitzer spectrum of EX Lupi, obtained
on 2008 April 21, in the middle of the present outburst. d, Red line, ground-
based spectrum of Comet 1P/Halley’; dash—dot line, Spitzer spectrum of the
ejecta from Comet 9P/Tempel 1 during the Deep Impact experiment™
(available in the Spitzer archive). After a linear continuum removal, the
spectra were normalized to their peak values. In a, we see the characteristic
triangular shape profile attributed to amorphous silicate grains'; the vertical

blue dash at 9.7 um (repeated in all panels) corresponds to the peak
wavelength of the amorphous silicate profile as measured in the laboratory"'.
In b, the EX Lupi spectrum closely resembles the amorphous profile, with
some slight excess on the long-wavelength side. In ¢, peaks and shoulders
due to crystalline silicates can be identified. Peak wavelengths of forsterite at
10.0 and 11.2 um, as measured in laboratory experiments'>'?, are marked by
red dashes. The grey curves in ¢ and d display the emissivity curve of pure
forsterite'’, assuming representative silicate grain temperatures of 1,250 K
and 300 K, respectively. Panel d shows that the same crystalline features can
be observed in cometary spectra.
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Figure 15. Warm vs. cool dust histograms. In the upper left is the large grain mass fraction histogram. In the middle left is the crystalline grain mass fraction histogram.
In the lower left is the enstatite grain mass fraction histogram. In the upper right is the forsterite grain mass fraction histogram. In the lower right is the silica grain
mass fraction histogram. The number of models requiring warm grain mass fractions within a given bin is represented by the height of the blue rectangle to the left
within that bin. The orange rectangles to the right are for cool grain mass fractions. 1 O



Charles et al. 2011
(NASA press-release)
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Fi1G. 3.—Close-up of Fig. 2 in the H band. The absence of the 1.65 ym
absorption feature of crystalline ice may indicate that the cometary ice was
in an amorphous state.

Kawakita et al. 2004
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FIG.3 CometHaleBopp data (heavy solid line) compared with the
reflectance calaulated for water ice having grain diameters of 1 em
(dashed line), 5 em (dotted line), and 10 em (thin solid line).
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Kouchi et al. 1994
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Fig. 6. Crystallinity of ices in astrophysical sites. F" is the criticél flux, L asaal Lot 11
and &, is put 107 years. In upper abscissa, time scale for crystalliza- 5 10 50 100

tion is shown. PSN, CE and MC denote the primordial solar nebula,

. , heliocentric distance (AU)
circumstellar envelope and molecular cloud, respectively

Fig. 8. Crystallization time scale t. of amorphous ice in the primordial
solar nebula (the left ordinate). The arrows labeled by I, S, U, ...
indicate the present heliocentric distance of Jupiter, Saturn, Uranus,
.... Flux of H,O molecules Fy,o for the case of recondensation also
shown together with the critical flux F; (the right ordinate)

is formed at the condensation because of F' < Fi. Our con-
clusion is consistent with the experimental results obtained by

24
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Honda et al. 2008
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E 52 Nakagawa et al. 1986
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512 + 512

2048 + 2048

8192 + 8192

Wada et al. 2008

Fic. 1.—Examples of initial BCCA clusters. These aggregates collide with each other horizontally. Each aggregate consists of 512, 2048, or 8192 identical particles.

Fic. 3.—Examples of collisional outcomes: (@) no restructuring (u#;m, = 0.024 m s~!and Eimp = 0.01E,1) and (b) maximum compression (#imp = 13 m s~ and

Eimp = 0.191E;o1). Both resultant aggregates are composed of 16,384 ice particles of 0.1 pim radius with & = 8 A. The gray ring for each aggregate indicates the size of
the gyration radius. 3 6
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Figure 2. Examples of collisional outcomes of BPCA clusters consisting of 8000 ice particles. Initial aggregates are shown in the upper panels and they collide with
each other vertically (from left to right: B = 0.00, 0.39, 0.69, and 1.00, respectively). Collisional outcomes at a collision velocity of 70 m g1 (Eimp = 42Ntotal Ebreak)
are shown in the lower panels, corresponding to the upper initial conditions.
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Wada et al. 2009

Figure 3. Same as Figure 2 but for BCCA clusters consisting of 8192 ice particles.
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Nakagawa et al. 1986
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FiG. 1. A schematic illustration of the settling path
in the RZ plane (solid curve). Z; (O) is the initial height
and Z, (@) the final. Z, (@) is the boundary height,
dividing the settling process into the gas-dominant
phase and the dust-dominant one. Z, (¥) and Z; (A)
are the heights of the turning points. The labels A, B,
C, and D denote the settling phases from Z, to Z,, from
Z,t0 Z,, from Z, to Z;, and from Z; to Z,, respectively.
The dashed lines are the settling paths adopted in the
previous studies by Safronov (S) and by Weidenschill-
ing (W) and Nakagawa et al. (N).

path has two turning points at heights Z,
and Z;, where dZ/dR = 1. At a boundary
height Z,, the settling process is divided
into two main phases, i.e., the gas-domi-
nant phase and the dust-dominant phase.

E N J -
£ a4
— 10
N
107°
IO—S ! L L |
-1.0 -0.8 -0.6 -0.4 -0.2 0.0

AR {in unit of Zg)

F1G. 2. Typical settling paths of dust particles in the
Earth’s (E), Jupiter’s (J), and Neptune’s (N) zones.
Abcissa: the radial displacement, AR = R — R,, in unit
of the half-thickness of nebular gas, Z,. Ordinate: the
height from the equatorial plane, Z, in unit of Z,. The
symbols of O, ¥, #, A, and @ represent the heights of
Zy, 2\, Z», Z5, and Z, in each zone, respectively. The
portions with Z, = Z = Z, and with Z; = Z = Z, are
nearly vertical and those with Z, = Z = Z; nearly
radial.

III. SETTLING PATH

Although the steady velocity, V, found in
the preceding section is the velocity of the
dust fluid, it can be regarded as that of indi-
vidual dust particles as long as r < 7. In this

v 1O (R | (B (R}

r{cm)

F1G. 3. Growth curves of dust particles. The typical
radii of growing dust particles in the three zones E, J,
and N are plotted as a function of the height, Z, in unit
of Z,. The symbols of O, ¥, @, &, and @ represent
the heights of Z,, Z,, Z,, Z;, and Z, in each zone,
respectively.

ing in Section I). Mutual collisions can oc-
cur between dust particles with different
sizes owing to the velocity difference in Vg
and Vz, which have a size dependence
through the drag coefficient. The azimuthal
velocity, Vy, has no size dependence and
brings about no contribution to the colli-
sions.

Now we consider a representative dust
particle. The mass of the dust particie, m,

increacae arrardino tn the orawth eanation

rA, AND HAYASHI

smaller than the settling time of other ones
to be swept, ¢, (see Appendix B); therefore,
pq does not increase appreciably during the
collisions. Then, by an integration of Eq.
(4.1), we obtain

¥y =ry+ rs{] - (Z/Zo)}, (42)

where rg is given by Eq. (1.2). This relation
is plotted in Fig. 3. Putting Z = Z; in Eq.
(4.2), we find that the radii, r,’s, at the first
turning point are 0.41, 0.28, and 0.025 cm in
the Earth’s, Jupiter’s, and Neptune’s
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Okuzumi et al. 2012

Compact Aggregation Model
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Figure 2. Aggregate size distribution AX;/Alogm at different times ¢ for the
compact aggregation model (pjy; = 1.4 gcm™?) as a function of orbital radius
r and aggregate mass m. The dotted lines mark the aggregate size at which Qf,
exceeds 0.1.
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Figure 5. Aggregate size distribution A%, /Alog m (left four panels) and internal d|
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Sekiya 1998
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Fic. 5.—Instantaneous (perturbed) particle velocity v, in the x-z plane with a
gray-scale image of azimuthal velocities (white is positive) for a growing mode
with K, =5, |[K;| = 1, 7, = .044, and p,/p, = 0.2. Gas velocities are very
similar because of strong coupling. The density is very nearly in phase with the
azimuthal speed, so the vertical flow is channeled to high-density regions. The
ratio of azimuthal to vertical velocity amplitudes is |v,|/|w,| ~ 0.66. The radial-
to-vertical ratio, [u,|/|w,| ~ K./K, = 0.2, follows from near incompressibility.
This mode has a growth rate s/Q ~ 2.9 x1073 and a phase speed wy/k, =
—0.42|AU|.
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FiG. 6.—Perturbed relative motion of solids and gas, Aw, for the same mode
as Fig. 5. The gray-scale image shows density perturbations (white is posi-
tive). The radial relative motion dominates the azimuthal, |Av|/|Au| = 0.15,
and vertical, |Aw|/|Au| = 0.11, speeds. Density perturbations correlate with
relative motion.
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FiG. 2.—Particle density snapshots for run BA with friction time 7, = 1.0 and a solids-to-gas ratio of € = 0.2. Particle densities increase from black (zero density) to
bright yellow/white (solids-to-gas of unity or higher). The evident linear wavelength in the top left panel results from the streaming instability feeding off the drift of the
particles through the gas. Subsequent panels document a surprising consequence of the self-consistently generated turbulence: the nonlinear cascade of dense particle
clumps into larger filaments. [This figure is available as an mpeg animation in the electronic edition of the Journal.)
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Figure 5. Evolution of maximum particle density for all our simulations. Each panel shows the results from one run series. In the upper panels, red, blue, and black
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black. The maximum density is normalized with respect to the background gas density at the disk midplane.

300 4000 100 200 300 400
1™

- KRELFRA M
SIZEH 5

- A ARKEWNEEF,
D, X NEEMN
ARV
RELFRABMEEN
25

I RDBENREN
D

53



“Turbulent Concentration” Cuzzi et al. 2001
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F1G. 4—Probability distribution functions (PDF’s) for the fraction
of particles lying in regions with concentration factor greater than C
[F,(>C)], or, equivalently, the fraction of time spent by any particle in
such regions [F,(> C)]. The three sets of points are binned directly from
our numerical simulations; the associated curves are calculated from a
single averaged f(a) obtained from all three values of Re (dashed curve in
Fig. 3). As discussed in § 5.2, the curves without points use the same f(a) to
predict PDF’s at the larger Re corresponding to four plausible nebula o
values: 10~ 2 (solid line), 10~ 3 (long-dashed line), 10~ * (short dashed line),
and 10~ (dotted line).
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