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デブリ円盤におけるダスト特性 
Dust properties in debris disks
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What are debris disks?
• Dusty disks around main-sequence stars 
- descendant of protoplanetary disks 

• SED typically shows excess emission in infrared wavelengths. 
• High-resolution imaging is now available
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Figure 2
Images of the (a) Fomalhaut ring in HST optical scattered light, Herschel 70-µm, and ALMA 1.3-mm
thermal emission. (b) Overlay of the 1.3-mm ALMA thermal emission map (contours, from C. Daley, private
communication) on the HST optical scattered light image of AU Microscopii (colorscale, from Schneider
et al. 2014). Panel a adapted from Kalas et al. (2013), panel b from Acke et al. (2012), and panel c from
MacGregor et al. (2017). Abbreviations: ALMA, Atacama Large Millimeter Array; FIR, far-infrared; HST,
Hubble Space Telescope; mm, millimeter; Vis, visible.

Comparison of detection rates in different surveys is difficult because they often probe different
regions of the disk, and the likelihood of detecting a debris disk around a nearby star depends on
the wavelength and sensitivity of the observation, the characterization of the photosphere, and
the inherent properties of the disk and the star(s) it surrounds. Wyatt (2008) and Matthews et al.
(2014b) show figures illustrating the relative detectability of disks around stars of various spectral

OBSERVING WAVELENGTH AND GRAIN SIZE

It is often stated that observations of dust thermal emission or scattered light are most sensitive to grains of
size approximately equal to the observing wavelength. This correspondence results from a balance between two
competing trends. On the one hand, the grain size distribution is heavily weighted toward small grains, which thus
dominate the emitting surface area. On the other hand, dust grains only emit efficiently at wavelengths shorter
than their physical size, with a steep decline in emission efficiency at longer wavelengths. Therefore, at a given
wavelength, only grains comparable with or larger than that wavelength can emit efficiently. As a result, the total
(thermal or scattered) light output is dominated by the smallest grains capable of emitting efficiently—namely,
grains with sizes approximately equal to the wavelength of observation, if those are present in the system.
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Star Disk

Kalas). Figure 4 shows the 70 μmHerschel contours overlaid
on the HST image. No galaxy is detected in these optical data
that corresponds to the 70 μm source to the southwest of AU
Mic (position at epoch of optical data is given by the yellow
box), although the galaxy in the optical image is quite close
(∼2″, the pointing accuracy of Herschel). The absence of a
coincident galaxy is not unexpected given the relative
sensitivity to infrared faint galaxies of Herschel compared to
optical observations.

The flux density distribution (which we loosely call the
spectral energy distribution, or SED) of AU Mic and its disk is
shown in Figure 5. To derive the stellar spectrum, we compiled
UBV, Hipparcos/Tycho-2, 2MASS, Spitzer, AKARI, and
WISE photometry up to 12 μm. We excluded the -U B color
to avoid potential issues with variability due to flaring at the
shortest wavelengths. The best fit to the BT-Settl stellar
atmosphere models (Allard et al. 2012) yields

=T 3600 20eff K, a radius of 0.83 :R , and a luminosity of
0.1 :L . Low-res IRS Spitzer data range from 5 to 14 μm and
are consistent with the stellar photosphere, but not shown in
Figure 5.24

We then subtracted the photospheric model from the flux
densities at longer wavelengths, and fitted a pure blackbody to
this star-subtracted photometry. The resulting model is shown
in Figure 5, where the disk has a temperature of 53 ± 2 K and a
fractional luminosity of ´ -3.5 10 4. That the disk spectrum is
well fit by a pure blackbody is surprising for two reasons: first,
most debris disks have an emission spectrum steeper than
Rayleigh–Jeans at long wavelengths (e.g., Wyatt 2008; Gáspár
et al. 2012), and second, the disk is well known to be extended
from scattered light imaging (Kalas et al. 2004; Liu 2004; Krist
et al. 2005; Metchev et al. 2005; Fitzgerald et al. 2007; Graham
et al. 2007; Schneider et al. 2014), and thus must comprise dust
at a wide range of temperatures. The goal of the spatial
modeling in the next section is to use a simple model to
reconcile the disk extent and blackbody spectrum.

3.1. Modeling

We use a simple model to interpret the Herschel, SCUBA-2,
and ALMA observations. Preliminary tests find that the
Herschel 70 μm image is significantly more extended than
the parent belt imaged with ALMA at 1.3 mm, so the basic
requirement of the model is that it reconciles the different
extent of these images and produces a blackbody-like
spectrum. As is already known, the solution is that the greater
radial extent at 70 μm originates in the halo of small grains also
seen in scattered light, and that these are not seen with ALMA
because these grains emit inefficiently at wavelengths sig-
nificantly larger than their physical size. Thus, our model
comprises two components; the first is the parent bodies for
which we use the ALMA modeling results of MacGregor et al.
(2013), and the second is a halo whose basic properties are to
be informed by previous theory work and determined from the
modeling.
With only six photometric points in the spectrum, and a only

a few beams of resolution in the new Herschel and JCMT
images, our modeling approach is physically motivated but
simple. It has been used previously to model many Herschel-
resolved debris disks (e.g., Kennedy et al. 2012a, 2012b;
Matthews et al. 2014a). For each disk component, a single
azimuthally symmetric 3D dust distribution is used, which is
simply a small-scale height disk with a power-law surface
density dependence between the inner and outer radii. At each
radial location, the disk emission is assumed to arise from a
modified blackbody, with a power-law radial temperature
dependence. This approach is therefore largely empirical, and
the derived blackbody parameters can be subsequently
compared with more detailed dust models to draw conclusions
about the dust properties, in particular, their typical size. The
limited resolution also precludes derivation of comparative
radial profiles, as was done for HR 8799ʼs halo (Matthews
et al. 2014a).
Practically, we generate high-resolution images at each

observed wavelength, as viewed from a specific direction to
produce the desired disk geometry. We can include an arbitrary
number of disk components, as well as point sources to model
unresolved sources such as warm inner disk regions or
background sources. Each image is then convolved with the
appropriate PSF, which may be an observation of a bright
calibration source (i.e., PACS, SPIRE), or simply a Gaussian
with specified width(s) and position angle (i.e., JCMT,
ALMA), and then resampled to the resolution of the
observation. We model the ALMA image and not the
visibilities, which is acceptable given the good uv coverage
and dynamic range of the ALMA data. The models are fit to the
data using a combination of by-eye variation of parameters and
least-squares minimization. Since we do not search all
parameter space, our best-fit models are not necessarily unique,
but must be considered a reasonable interpretation.
Our model is guided by previous modeling work. The parent

belt is modeled using the structure derived by MacGregor et al.
(2013) based on ALMA data, here using a surface density
distribution between 8.8 and 40 AU with a radial power law
dependence of S µ r2.8. The inner edge is not tightly
constrained. MacGregor et al. find that the inner edge of the
parent belt could be as far out as 21 AU, suggesting a much
narrower disk width, though we note that Schneider et al.
(2014) find evidence of a stello-symmetric warp in the disk
with an outer edge of 15 AU, which supports the idea that some

Figure 5. SED of AU Mic and its disk. The fit to the stellar photosphere is
given in blue; the disk fit is shown in red, and the composite stellar + disk
spectrum is shown in black. Black symbols are observed flux densities and gray
symbols show star-subtracted values. Inverted triangles show upper limits (the
100 μm value is from IRAS). In the absence of resolved imaging, a single
component disk would be a reasonable interpretation of this SED, for which the
excess emission is well characterized by a pure blackbody.

24 A high-resolution IRS Spitzer scan was examined but was not useable.
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The Astrophysical Journal, 811:100 (12pp), 2015 October 1 Matthews et al.

AU Mic 
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Fomalhaut,  Hughes et al. (2018)
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PPDs and debris disks
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Protoplanetary disks 
・Young (< 1-10 Myr) 
　→ Host star: PMS 
・Optically thick 
・Gas rich 
・Primordial dust

Debris disks 
・Old (> 1-10 Myr) 
　→ Host star: MS 
・Optically thin 
・Dust rich (& gas) 
・Secondly dust
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Solar System and Debris disks
• The solar system contains debris disk components: 
- Asteroid belt (e.g., zodiacal light) 
- Kuiper belt  

• Debris disk structure indicates planetary architecture!
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Debris disks are components of planetary 
systems 

Planetesimal 
belts are 
analogous to 
the Kuiper belt 
and Asteroid 
belt 
 
Disk structure 
is indicative of 
the architecture 
of the planetary 
system 

Kuiper belt 

Asteroid belt 

Although asteroid belt and Kuiper belt are much  
fainter than those seen in debris disks…

Debris disks 
= analog of young Solar System
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What can we learn from debris dust?
• Properties of Parent bodies 

• dust composition 
• dust shape, structure, and porosity 

• Fragmentation process 
• grain size distribution 
• minimum/maximum grain radius 

• System dependences 
• stellar type? age? 
• How does it differ from our Solar System?
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How can we know their properties?
• Thermal emission (MIR - mm) & Scattered light (Opt - NIR) 
• Optically thin for all wavelengths! 
→ Much more simple than protoplanetary disks 

• Combined analysis of scattering and thermal is a powerful tool.
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Figure 2
Images of the (a) Fomalhaut ring in HST optical scattered light, Herschel 70-µm, and ALMA 1.3-mm
thermal emission. (b) Overlay of the 1.3-mm ALMA thermal emission map (contours, from C. Daley, private
communication) on the HST optical scattered light image of AU Microscopii (colorscale, from Schneider
et al. 2014). Panel a adapted from Kalas et al. (2013), panel b from Acke et al. (2012), and panel c from
MacGregor et al. (2017). Abbreviations: ALMA, Atacama Large Millimeter Array; FIR, far-infrared; HST,
Hubble Space Telescope; mm, millimeter; Vis, visible.

Comparison of detection rates in different surveys is difficult because they often probe different
regions of the disk, and the likelihood of detecting a debris disk around a nearby star depends on
the wavelength and sensitivity of the observation, the characterization of the photosphere, and
the inherent properties of the disk and the star(s) it surrounds. Wyatt (2008) and Matthews et al.
(2014b) show figures illustrating the relative detectability of disks around stars of various spectral

OBSERVING WAVELENGTH AND GRAIN SIZE

It is often stated that observations of dust thermal emission or scattered light are most sensitive to grains of
size approximately equal to the observing wavelength. This correspondence results from a balance between two
competing trends. On the one hand, the grain size distribution is heavily weighted toward small grains, which thus
dominate the emitting surface area. On the other hand, dust grains only emit efficiently at wavelengths shorter
than their physical size, with a steep decline in emission efficiency at longer wavelengths. Therefore, at a given
wavelength, only grains comparable with or larger than that wavelength can emit efficiently. As a result, the total
(thermal or scattered) light output is dominated by the smallest grains capable of emitting efficiently—namely,
grains with sizes approximately equal to the wavelength of observation, if those are present in the system.
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Dust characterization
 
§2.1 Dust Composition 
§2.2 Grain size distribution
§2.3 Dust shape & structure
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Dust characterization
 
§2.1 Dust Composition 
§2.2 Grain size distribution
§2.3 Dust shape & structure
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Dust composition
• Direct evidence of composition: solid-state feature  

- silicate features: λ=10 µm, 20 µm, 69 µm 
• 10 and/or 20 µm silicate emission from debris disks 

- 120 targets/571 sources ≈ 20% (Chen+14, Mittal+15) 
- biased for warm and small grains (<~10 µm/2π~1.6 µm) 

• 69 µm feature can be seen in more lower temp.
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by large particles of sizes 20Y2000 !m (Grogan et al. 2001) and
dynamical lifetimes of 106Y107 yr.

Because the HD 113766A phenomenon appears persistent from
1983 (Infrared Astronomical Satellite [IRAS ]) until 2005 (Spitzer),
we find that it must be persistent on timescales of decades, im-
plying a continuous source of dust replenishment. The dynamical
constraints, coupled with the estimated age of the system, suggest
that the dust is being continuously replenished through sublima-
tion of a large reservoir of planetesimals or collisions in such a
reservoir. Thus, we must invoke scenarios like 2 and 3 above. A
possible but less likely scenario is that the dusty material was
created in a very recent impulsive fragmentation event involving
an asteroidal, cometary, or protoplanetary body,with the produced
dusty material slowly (on the order of decades) clearing out of the
system (scenarios 4 and 5 above). In this case, any gas created by
the fragmentation event must have been rapidly evolved, ionized,
swept up by the local stellar wind, and removed from the system;
otherwise, it would have been detected by Spitzer.

The occurrence rate of debris disks containing hot dust around
Sun-like stars is very low, !2% (Bryden et al. 2006; Chen et al.
2006). While recent work suggests that the hot dust of most
mature Sun-like stars is transiently regenerated, as it is present
in quantities far in excess of that expected to arise from sublima-
tion of comets (Beichman et al. 2005) or slow collisional grinding
of asteroids left over from the era of planet formation (Wyatt et al.
2007), HD 113766A is different, since its age is too young to
consider it a mature debris disk. Rather, it must have emerged
only recently (within the last 10 Myr) from its protoplanetary
disk phase, and terrestrial planetesimal formation is most likely
ongoing (terrestrial planets form on timescales of 10Y100 Myr;
Wetherill 1990 and references therein; Yin et al. 2002; Chambers
2004 and references therein).

During such an epoch large quantities of hot dust may be ex-
pected for a number of reasons. Terrestrial planets are thought
to grow by accumulation of smaller objects, through the process
of collisional accretion (Kenyon& Bromley 2004a, 2006). A few

large bodies, or ‘‘oligarchs,’’ of radii greater than a few hundred
kilometers emerge from the swarmof initial kilometer-sized objects
and dominate the system. Micron-sized dust is created during this
aggregational phase, in a quantity on the order of a fraction of an
Earthmass. The closer to the system primary the dust is created, the
‘‘drier’’ (or more volatile-poor) and warmer the dust will be. The
resulting oligarchs stir up the remaining planetesimals into eccentric
orbits, causing them to collide and fragment, clearing upward of
90% of the objects while producing a further collisional cascade
andmore circumstellar dust, in amounts rivaling themass of Ceres
or even the Moon (Table 3, discussed in x 4.3). The oligarchs
become planets in this phase, objects like the Moon are created,
and much of the collisionally produced dust created previously
is swept up, while radiation pressure, P-R drag, and the stellar
wind from the central source remove the rest (Kenyon&Bromley
2004b).

Enhanced warm circumstellar dust produced by the sum total
of these terrestrial planetYforming processes, in amounts on the
order of an oligarch (MCeres or larger), should be created and ob-
servable in the 10Y100 Myr time frame. As the system relaxes
from the era of planet formation over the next few gigayears, the
dust density decreases by a few orders of magnitude, but even-
tually steady-state collisional grinding of small, leftover asteroidal
bodies in planetesimal belts supports the bulk dust cloud at a low
level, and stochastic asteroid fragmentation events in 1%Y2%
of stars produce rings of fresh dust analogous to the dust bands
observed in the solar system zodiacal light (Bottke et al. 2005;
Nesvorny et al. 2003, 2006) and the debris belt found around
HD 69830 (Beichman et al. 2005; Lisse et al. 2007b).

The early studies of Schutz et al. (2005), using ESO TIMMI2
spectra, determined that the dusty material lay in a circumstellar
belt around one of the HD 113766 stars and suggested that the
10 !m feature is dominated by crystalline silicate (forsterite)
and large, amorphous silicates; SiO2, which is correlated with the
presence of forsterite in Herbig Ae/Be ISO spectra, was not de-
tected. Chen et al. (2006) revisited this analysis and determined
that HD 113766 possesses a large parent-body mass (0.1 M", or
260 times the current mass in the solar system main asteroid belt)
and a high single-blackbody grain temperature, Tgr ¼ 330 K, sug-
gestive of debris at terrestrial planet temperatures. In amore detailed
analysis, using a dust model of crystalline forsterite in addition to
amorphous carbon, olivine, and pyroxene and a single-temperature
blackbody continuum to fit the 5.5Y35 !m Infrared Spectrograph
(IRS) spectrum, they inferred a low crystalline silicate fraction of
4.1% for the dust. From their determination of the presence of a
cooler blackbody continuum (Tgr ¼ 200 K) in addition to the hot
silicate and carbon grains (Tgr ¼ 600 K), they suggested that this
system possessed two planetesimal belts, analogous to our solar
system’s asteroid and Kuiper belts. The location of these hypo-
thetical planetesimal belts was in the range r$ ¼ 0:5Y2:3 AU from
the primary for the warm dust, comparable to the position of the
asteroid belt in our own solar system, and at r$ ¼ 4Y5 AU for the
cold dust.

No allowancewasmade in either of these spectralmodels, how-
ever, for effects due to particle size or composition. The recent
findings on solar system primitive bodymineralogy resulting from
the Deep Impact and Stardust experiments allow us to greatly
improve the models. Spitzer IRS observations of theDeep Impact
experiment in 2005 July created a new paradigm for understand-
ing the IR spectroscopy of primitive solar nebular material; the
observed spectrum of fresh, interior ejected material was the most
detailed ever observed. Further, the experiment provided a direct
study of the thermal behavior of primitive nebular material in a
known radiation field, allowing for empirical determination of the

Fig. 1.—SED for HD 113766, after Chen et al. (2005, 2006). Tycho (triangles)
and 2MASS (squares) photometric measurements are shown with filled black
symbols; IRS spectra are shown in red; MIPS photometry, where available, is
shown with blue error bars; and un-color-corrected IRAS photometry is shown
with green error bars (12Y60 !m) and an upper limit arrow (100 !m). The com-
bined photospheric models are shown by the solid line. The dashed line is the best-
fit constant emissivity model to the photometric points.

TERRESTRIAL PLANET DUST AROUND HD 113766A 1107HD 113766
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Comet-like mineralogy of olivine crystals in an
extrasolar proto-Kuiper belt
B. L. de Vries1, B. Acke1, J. A. D. L. Blommaert1, C. Waelkens1, L. B. F. M. Waters2,3, B. Vandenbussche1, M. Min3, G. Olofsson4,
C. Dominik3,5, L. Decin1,3, M. J. Barlow6, A. Brandeker4, J. Di Francesco7, A. M. Glauser8,9, J. Greaves10, P. M. Harvey11,
W. S. Holland9,12, R. J. Ivison9, R. Liseau13, E. E. Pantin14, G. L. Pilbratt15, P. Royer1 & B. Sibthorpe9

Some planetary systems harbour debris disks containing planetesi-
mals such as asteroids and comets1. Collisions between such bodies
produce small dust particles2, the spectral features of which reveal
their composition and, hence, that of their parent bodies. A measure-
ment of the composition of olivine crystals (Mg222xFe2xSiO4) has
been done for the protoplanetary disk HD 100546 (refs 3, 4) and
for olivine crystals in the warm inner parts of planetary systems.
The latter compares well with the iron-rich olivine in asteroids5,6

(x < 0.29). In the cold outskirts of the b Pictoris system, an analogue
to the young Solar System, olivine crystals were detected7 but their
composition remained undetermined, leaving unknown how the
composition of the bulk of Solar System cometary olivine grains
compares with that of extrasolar comets8,9. Here we report the detec-
tion of the 69-micrometre-wavelength band of olivine crystals in the
spectrum of b Pictoris. Because the disk is optically thin, we can
associate the crystals with an extrasolar proto-Kuiper belt a distance
of 15–45 astronomical units from the star (one astronomical unit is
the Sun–Earth distance), determine their magnesium-rich composi-
tion (x 5 0.01 6 0.001) and show that they make up 3.6 6 1.0 per cent
of the total dust mass. These values are strikingly similar to those for
the dust emitted by the most primitive comets in the Solar System8–10,
even though b Pictoris is more massive and more luminous and has a
different planetary system architecture.

The olivine crystals found in the Itokawa asteroid and in ordinary
chondrites (types 4 to 6) have an iron-rich composition5 (x < 0.29). In
contrast, laboratory measurements of olivine crystals from unequili-
brated bodies such as comet 81P/Wild 2 and cometary interplanetary
dust particles show that these crystals have a range of compositions,
but the distribution has a pronounced and sharp peak at the almost-
pure magnesium-rich composition with x < 0.01 (refs 8, 9). Both
laboratory experiments11 and observations3,4 show that crystal forma-
tion in protoplanetary disks by gas-phase condensation, thermal
annealing and shock heating results in magnesium-rich crystalline
olivine12–16 (x , 0.1). During the protoplanetary disk phase, these
olivine crystals are incorporated into planetesimals. An example of a
planetary system in which the olivine crystals are then freed from such
planetesimals by collisions is the system of bPictoris. This system is a
young (,12 Myr) analogue to the Solar System, with at least one planet
at a distance of ,10 AU and a dusty debris disk containing small dust
grains7,17–20 (Fig. 1).

We have detected (Fig. 1) the 69-mm spectral band of small (,2-mm;
see Supplementary Information), crystalline olivine grains in
the planetary system of bPictoris using Herschel21 PACS22. The
69-mm band is of special interest because its exact peak wavelength

and width are sensitive to both the grain temperature and, in particu-
lar, the composition of the olivine crystals23,24 (Fig. 2). From our model
fitting of the 69-mm band and spectral bands at shorter wavelengths
(Fig. 1), the temperature and total mass of the crystals are determined

1Instituut voor Sterrenkunde, KU Leuven, Celestijnenlaan 200D, 3001 Leuven, Belgium. 2SRON, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands. 3Astronomical Institute ‘‘Anton Pannekoek’’, University
of Amsterdam, PO Box 94249, 1090 GE Amsterdam, The Netherlands. 4Department of Astronomy, Stockholm University, AlbaNova University Center, 106 91 Stockholm, Sweden. 5Department of
Astrophysics/IMAPP, Radboud University Nijmegen, PO Box 9010, 6500 GL Nijmegen, The Netherlands. 6Department of Physics and Astronomy, University College London, Gower Street, London WC1E
6BT, UK. 7National Research Council of Canada, 5071 West Saanich Road, Victoria, British Columbia, V9E 2E7, Canada. 8ETH Zurich, Institute for Astronomy, Wolfgang-Paulistrasse 27, 8093 Zurich,
Switzerland. 9UK Astronomy Technology Centre, Royal Observatory Edinburgh, Blackford Hill, Edinburgh EH9 3HJ, UK. 10SUPA, Physics and Astronomy, North Haugh, St Andrews, Fife KY16 9SS, UK.
11Astronomy Department, University of Texas, Austin, Texas 78712, USA. 12Institute for Astronomy, University of Edinburgh, Royal Observatory, Blackford Hill, Edinburgh, EH9 3HJ, UK. 13Earth and Space
Sciences, Chalmers University of Technology, Onsala Space Observatory, 439 92 Onsala, Sweden. 14Laboratoire AIM, CEA/DSM-CNRS-Université Paris Diderot, IRFU/Service d’Astrophysique, Bâtiment
709, CEA-Saclay, 91191 Gif-sur-Yvette Cedex, France. 15ESA Research and Scientific Support Department, ESTEC/SRE-SA, Keplerlaan 1, 2201 AZ Noordwijk, The Netherlands.
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Figure 1 | Photometric and spectral observations of the planetary system of
b Pictoris. a, Resolved surface brightness map of the bPictoris debris disk at
70mm taken with the Herschel Space Observatory’s21 Photodetector Array
Camera and Spectrometer22 (PACS). The disk is barely resolved with PACS,
which has a point-spread function with a full-width at half-maximum of 8.299
(hatched circle). b, Spitzer Space Telescope infrared spectrograph spectrum
showing prominent olivine features7 (solid grey). The white solid line is our best
model fit and the grey dashed line is the continuum. The uncertainties (1s) in
the Spitzer data7 are indicated in the figure. c, The flux-corrected PACS
spectrum with error bars (1s) showing the 69-mm band of crystalline olivine
(solid grey; 12s detection). The white solid line shows the model fit to the 69-
mm band of crystalline olivine as described in Supplementary Information, and
the dashed grey line shows the underlying dust continuum. The best model
contains crystalline olivine (Mg222xFe2xSiO4) with x 5 0.01 6 0.001 (1s) and a
temperature of 85 6 6 K (1s).
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Crystallinity of silicate 
• Interstellar silicate: >99% amorphous (Kemper+04) 
• Crystallinity of silicate in debris disk (Mittal+15) 

- show a wide variety : <1 - 95%  
- no clear correlation with stellar age
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Figure 10. Top: the dust crystallinity fraction (fcrystalline) of the debris disks well-fit by the continuous disk model is plotted as a function of stellar age. Bottom: the
complete population of debris disks well-fit by the continuous disk model are subdivided into two groups based on stellar ages: (A) <20 Myr and (B) >20 Myr. The
cumulative probability distribution (CDF) for the dust crystallinity of each subpopulation is shown in this figure. Additionally, the CDF for T-Tauri is also shown based
on dust crystallinity fractions estimated by Olofsson et al. (2009).

Figure 11. Silicate mineralogy for debris disks in comparison with five comet systems (SW3B/C (Sitko et al. 2011); Hale–Bopp (Lisse et al. 2007b); Holmes (Reach
et al. 2010); Tempel 1 (Lisse et al. 2006); and Wild 2 (Zolensky et al. 2006), the primitive YSO disk systems HD 100546 (Lisse et al. 2007b) and HD 163296, debris
disk around white dwarfs G29−38 (Reach et al. 2009) and GD362 (Jura et al. 2007), and some bright debris disks—HD 113766 (Lisse et al. 2008)—crystalline
S-type asteroidal material-like dust in the ∼10 Myr old F5V terrestrial planet forming system); HD 172555 (Lisse et al. 2009)—hypervelocity impact debris created
in the 12 Myr system); HD 69830 (Lisse et al. 2007a)—mature asteroidal debris belt system; HD 98800B and BD+20 307 (C. M. Lisse et al., in preparation). Dust-
processing processes have been highlighted in different regions in the parameter space primarily on the basis of the detailed analysis and interpretations of the systems
mentioned above.

Because more than two thirds of debris disks observed with
IRS require the presence of two or more dust components
(Paper I), it is important to understand the dynamical links be-
tween the different dust populations within a debris disk sys-
tem. Consequently, we searched for any systematic differences
in dust properties between the inner and outer belts in the two-
grain model. A comparison of the mineralogy between the two

belts can be used to test whether the two dust populations are dy-
namically linked or not. Although a similar mineralogy does not
necessarily imply that the dust-generating parent bodies in the
inner belt are scattered inward from the outer belt, or vice versa,
the presence of a strong mineralogical difference would defi-
nitely make such a hypothesis less likely. We compare the dust
crystallinity fraction and pyroxene/olivine fraction for the two
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Other material signature?
• High SNR Spectral decomposition @ MIR 

- Sulfide, amorphous carbon, water (Lisse+12)  
- Still fitting is model dependent (Lebreton+16) 

• Reddish NIR Scattered light 
- Reddish colors due to organics (Debes+2008)  
- Solution is not unique because colors can be 
  affected by grain size & structure (Koehler+08),  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suggestive of an impact origin for the circumstellar η Corvi dust,
assuming a very carbon-rich starting material.

4. MODELING RESULTS

4.1. Dust Composition and Mineralogy

Overall η Corvi’s circumstellar dust (Figure 4) appears to
be rather crystalline (∼50% in the silicates and silica). There
are abundant silicates, metal sulfides, amorphous carbon, and
water ice, typically found in cometary and other primitive icy
bodies. New features at 6.8–7.3 µm, 7.6–8 µm, and 8.5 µm and
abundant silicas are found, that can be explained by moderate
shock processing of a portion of the bulk material. The evidence
for PAHs and water gas, also typically found in comets, is
weak, but the S/N of the spectrum in the regions containing
the characteristic emission features is low. On the other hand,
there is no clear evidence for the presence of any carbonates,
phyllosilicates, metal sulfates, or metal oxides due to aqueous
alteration, arguing against the presence of warm, reactive water
in the system for any great length of time, and it has too much
C and S atomic content to have been heated and lost its volatiles
in an equilibrium fashion over large periods of time.

4.1.1. Silicates

As determined from their 8–13 and 16–25 µm spectral
signatures, η Corvi’s circumstellar silicates appear to be rel-
atively primitive and Mg-rich, consisting of a comet-like
combination of amorphous silicate, crystalline forsterite, and
crystalline ortho-pyroxene and diopside. The dust is highly
crystalline, >70% by surface area, as seen for comets Hale-
Bopp and Tempel 1 (Lisse et al. 2007b), and has been heav-
ily annealed versus interstellar material (ISM). The pyrox-
ene:olivine ratio (Figure 7) is too large for the silicaceous
materials to have been modified by aqueous processing after
incorporation into the parent body, as in dust derived from
a carbon-rich C-type asteroid. We find a best-fit model with
a spectrum ∼45% due to silicates, of which about 2/3 are
Mg-rich olivines and 1/3 are Fe–Mg–Ca–Al pyroxenes. Un-
like our results on cometary systems (Lisse et al. 2007a; Reach
et al. 2010; Sitko et al. 2011), amorphous olivine-like material
is conspicuously lacking, and the amorphous pyroxene-like ma-
terial is present only in low abundance. Through low-velocity
impact processing, expected in KBOs (Farinella & Davis 1996;
Stern et al. 1995; Brown et al. 2010; Brown 2010), and in the
larger impact that created the dust concentration at ∼3 AU, it
is likely that much of the primordial amorphous glassy silicates
(typically in 1:1 ratio with crystalline materials) has been altered
to form the observed crystalline silicates (Lisse et al. 2006) and
silica.

4.1.2. Silica

Unlike comets and other primitive collections of dust,
η Corvi’s dust shows evidence at 8–10 and 19–23 µm for a
large fractional amount of silica dust, ∼30% by relative surface
area and ∼50% by Si atom count, mostly in a high-temperature,
low-pressure quick-quenched glassy tektite-like phase. Dust in
the ∼12 Myr, A5V HD 172555 system showed an even larger
preponderance (>50% by surface area and 70% by Si atom
count) of silica, argued by Lisse et al. (2009) to have been
formed during a giant hypervelocity (vinteraction > 10 km s−1)
impact between two large planetesimals or planets. Silica is the
kinetically favored species produced by intense, rapid heating

Amorph Carbon

PAHs

Water Gas

Pyroxenes

Olivines

Sulfides

Spitzer IRS

Best-Fit Model
χ2

ν = 1.01
(95% C.L. = 1.06)

Silicas

(a)

(b)

(c)

Figure 4. Spitzer IRS emissivity spectrum of the η Corvi circumstellar
excess (black), and best-fit compositional model (orange dashed line).
(a) Best-fit model components using small, solid, optically thin dust grains with
ferromagnesian silicates (olivines in dark blue, pyroxenes in purple and light
blue) and silica (bright green), amorphous carbon (red), metal sulfide (olive
green), water-ice (dark orange) and gas (light orange), PAHs (yellow), and
amorphous carbon (red). The relative contribution of each species to the total
observed flux (Table 2) is given by the amplitude of each emissivity spectrum;
for presentation purposes, the large fractions of forsterite and Fe-sulfide have
been divided by two before plotting. (b) Residuals of the best-fit model to the
Spitzer IRS emissivity spectrum. All of the usual silicate species have been ac-
counted for and subtracted, as well as the water-ice contribution to the emissivity.
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No. 2, 2008 ORGANIC DUST IN HR 4796A DISK L193

Fig. 2.— for HR 4796A. Horizontal bars indicate the FWHM ofF /Fn,disk n,⋆

each bandpass. The red curve and symbols represent 5145 Pholus. The other
curves represent grain models for candidate materials with an size dis-!3.5n
tribution with amin p 3 mm and amax p 1000 mm. Symbols represent the models
integrated over each bandpass. Each curve is normalized to the F110W data
of HR 4796A and offset for clarity.

Fig. 3.—Comparison of three models of the dust disk around HR 4796A.
Top: Tholins with amin p 1.4 mm, amax p 980 mm. Middle: Water ice with
tholin inclusions that comprise 10% of the volume with amin p 12 mm, amax

p 100 mm. Bottom: Forsterite with tholin inclusions that comprise 10% of
the volume with amin p 12 mm, amax p 110 mm.

the two lobes, we took the total flux in the NE and SW lobes
and measured their ratios (!20" from the major axis) between
0.8! and 1.5!, using the same background annulus.

It is useful to determine how the observed surface brightness
in an optically thin disk relates to dust properties. The average
surface brightness ( ) of an optically thin disk is theF /An,disk disk

product of the total scattering cross section of the dust inte-
grated over the volume of the disk multiplied by the flux density
of the star (F ) and the phase function of the dust F(g, v)n,⋆

(Augereau & Beust 2006; Schneider et al. 2006). Since our
observations were close to the ansae, we assumed that the phase
function of the dust could be approximated by the Henyey-
Greenstein phase function at a scattering angle of ∼90" and
assuming the median -value for all of the wavelengths. Theg
measured asymmetries may be used to calculate a geometrical
factor relating the total disk flux to the observed flux close to
the ansae. The geometrical factor was calculated by using an
azimuthally averaged radial cut of both lobes of the disk (!20"
from the major axis) and by generating a model disk from that
measurement. In addition, we multiplied the model disk by a
sine function to approximate the observed NE to SW asym-
metry. We measured the ratio of the total flux in the model
disk to that of the apertures we used to determine the geo-
metrical factor at each wavelength.

3. HR 4796A’S DISK SPECTRUM

A combination of the surface brightness and in con-L /LIR ⋆

junction with Mie scattering models of a given dust distribution
and composition can self-consistently provide a measure of the
scattering efficiency ( ) of the HR 4796A disk:AQ Ssca

2 1.5 Aj SF dn∫F (1 " g ) Labs n,⋆n,disk ⋆AQ S p 4 ,sca ( )2 2Aa SA F (1 ! g ) LF dn∫disk n,⋆ IRn,⋆

(1)

where Adisk is the area of the disk, g is the asymmetry parameter
for the dust, is the effective grain cross section given a2pAa S
power-law dust distribution with a minimum and maximum
grain size, and is the effective absorption cross sectionAj Sabs

per grain of the dust.
Figure 2 shows spanning from the visible to theF /Fn,disk n,⋆

near-IR. The red slope of the disk is reminiscent of organic
materials on the surface of Centaur 5145 Pholus but not of other
expected components of planetesimals or common red materials
such as water ice, astronomical silicates, hematite,4 or olivine
reddened by UV ablation (Cruikshank et al. 1998; Poulet et al.
2002; Laor & Draine 1993; Pollack et al. 1994; Brunetto et al.
2007), also plotted in Figure 2. The scattering properties of or-
ganic materials formed in the outer solar system are not well
known, but optical constants exist for tholins, complex organic
polymers that reproduce the spectral characteristics of organic
materials in the atmosphere of Titan and which have been syn-
thesized on Earth (Khare et al. 1984). Tholins have been used
to successfully reproduce the red spectra of icy solar system
bodies (i.e., Cruikshank et al. 1998). Similar bodies may be
colliding to create the dust around HR 4796A.

The top panel in Figure 3 shows a comparison of the disk
spectrum with a best-fit grain model of Titan tholins only with
two free parameters amin p 1.4 mm, amax p 980 mm, and a fixed
power-law index of k p !3.5 (Dohnanyi 1969), with a reduced

4 Optical constants from http://www.astro.uni-jena.de/Laboratory/OCDB/
data/oxide/hem_interp.dat.

HR 4796, Debes+2008

Reddish
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Dust characterization
 
§2.1 Dust Composition 
§2.2 Grain size distribution
§2.3 Dust shape & structure
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Grain size distribution in debris disk

 13

dn
da

a−q

amin amax

100s - 1000s km (?) 
planetesimals 

Fragmentation

Question: amin and q in debris disk?

Assume single power-law



R. Tazaki ALMAワークショップ: 円盤から太陽系へ 浜松町, 2018.11.21

Grain size distribution power-law index  q
• mm-wave flux (thermal) from debris dust (optically thin) 
 
 

• Approximate relation exists (amax>>λ) (Draine 2006)

 14
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grain size distribution
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Grain size distribution power-law index  q
• mm-wave flux (thermal) from debris dust (optically thin) 
 
 

• Approximate relation exists (amax>>λ) (Draine 2006)
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Opacity index in Rayleigh limit βs
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(a)結晶質の絶縁体 (結晶質silicate/H2O iceなど) 
赤外線の格子振動のdamping wingによる吸収 (Lorentz model) 

(b)導体/半導体 (graphiteなど) 
自由電子によるエネルギー散逸 (Drude model)

(c)非晶質の絶縁体 (非晶質silicate/H2O iceなど)  
モデル化は発展途上, 主に室内実験で調べられている (e.g., Demyk+17’) 

性質) ・結晶質よりも大きな吸収係数
　   ・温度依存性がある

☑ 星間ダスト (amax~0.1µm << mm波)
- 分子ガスが卓越するline of sightでβ=1.66  

 (Planck Collaboration Int. XIV , 2014, A&A, 564, A45)

☑ βs := β in Rayleigh limit (x<<1)

No unique β
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Opacity index in Rayleigh limit βs
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モデル化は発展途上, 主に室内実験で調べられている (e.g., Demyk+17’) 

性質) ・結晶質よりも大きな吸収係数
　   ・温度依存性がある

☑ 星間ダスト (amax~0.1µm << mm波)
- 分子ガスが卓越するline of sightでβ=1.66  

 (Planck Collaboration Int. XIV , 2014, A&A, 564, A45)

☑ βs := β in Rayleigh limit (x<<1)

No unique β
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Grain size distribution power-law index 
• Inferred power-law index q approximately coincides with 
collisional cascade models, which predicts q ≈ 3 - 4. 
(q=3.5: Dohnanyi+69, Tanaka+96) 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Figure 5
Inferred grain size power-law index for debris disks based on the (sub)mm spectral index (orange histogram:
Matthews et al. 2007, 2015; Donaldson et al. 2013; Olofsson et al. 2013; Marshall et al. 2014, 2017; Pawellek
et al. 2014; MacGregor et al. 2016) and the spectral shape of the mid-infrared silicate features (blue histogram:
Mittal et al. 2015). The median uncertainty associated with both methods is represented by the colored error
bars. The ranges of derived power-law indices for zodiacal (Leinert et al. 1976, Grün et al. 1985) and
cometary (Hörz et al. 2006, Gicquel et al. 2012, Ishiguro et al. 2014, Fulle et al. 2016) dust are indicated by
gray error bars at the top of the figure. The vertical dot-dashed line marks the theoretical prediction from
Dohnanyi (1969), whereas the green error bar spans the range of predictions from modern theoretical and
numerical models of collisional cascades (Pan & Sari 2005, Gáspár et al. 2012, Pan & Schlichting 2012).
Abbreviation: mm, millimeter.

by a factor of up to 10 times (e.g., Morales et al. 2016) indicates minimum grain sizes in the 1–
10-µm range (Pawellek & Krivov 2015). Not only are these estimates in general agreement with
predicted blowout size but the minimum grain size is found to be positively correlated with the
stellar luminosity. However, the dependency of the minimum grain size with stellar luminosity
is significantly shallower than would be expected from simple blowout calculations, suggesting
more complicated physics (Pawellek & Krivov 2015).

Constraints on the minimum grain size from scattered light are not as tight at this point.
Most notably, the blue scattered light colors of the AU Mic disk throughout the optical and NIR
(Lomax et al. 2018, and references therein) are consistent with the idea that the low-luminosity star
cannot expel small dust grains through radiation pressure. However, some debris disks surrounding
earlier-type stars, which should have large minimum grain sizes, have also been found to have blue
colors in the optical and/or NIR (e.g., HD 61005; Esposito et al. 2016). Conversely, red disks
(e.g., HD 107146 and β Pic; Ardila et al. 2004, Golimowski et al. 2006) are found around stars that
represent a range of spectral types that partially overlap with that of blue disk hosts, indicating that
the minimum grain size is not the only factor setting a disk’s color. Polarization measurements
in debris disks, available for a half-dozen systems, also yield modest constraints. The observed
maximum polarization fraction is in the 20–50% range, with no clear wavelength dependence
in the cases in which this could be probed (Tamura et al. 2006). In most cases where it can be
determined, the polarizability curve peaks at roughly a 90◦ scattering angle, consistent with both
model calculations spanning diverse grain size distributions and with observed polarizability curves
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Grain size distribution in debris disk
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Minimum size:  
blown-out size by stellar radiation pressure

• Specific orbital energy of a particle (circular orbit)

 20

v2

2
− (1 − β)

GM
r

≥ 0, β =
FRP

Fgrav
β ≥ 0.5

Small grains are blown out from the system

β ≃ 0.2⟨Qpr⟩⋆( a
1 μm )

−1

( L⋆/M⋆

L⊙/M⊙ )

amin ∝ L3/4
⋆ L⋆ ∝ M4

⋆

amin ≃ 0.4 μm⟨Qpr⟩⋆( L⋆/M⋆

L⊙/M⊙ )

• Ratio of radiation pressure and stellar gravity (both ∝ r-2)
unbound

with

with β = 0.5

β =
3L⋆⟨Qpr⟩⋆

16πGM⋆caρs
≃ 0.2⟨Qpr⟩⋆( a
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Example of the β-value
• <Qpr> (and then β) drops in the Rayleigh domain 
• β-value depends on optical constant and dust structure 
(e.g., Mukai et al. 1992)
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Minimum size of dust: observations
• MIR silicate feature constrains minimum dust grains  
• Derived minimum size: ≈ 0.3 µm - 40 µm (Mittal+15)  
• Positive correlation between amin & stellar luminosity 
• But dependence is shallower than that of blown-out size

 22
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Figure 9. Minimum grain size in the continuous disk SED model plotted as a function of stellar luminosity (top) and age (bottom). The expected scaling relationship
between amin and LSun is overplotted as a black line in the top, along with the least-squares linear regression fit (green dashed line) and the 1σconfidence interval.

in the model. A shallower grain size distribution exponent can
compensate for the absence of large grains by mimicking their
presence by a change in relative weighing. We found that the
maximum grain size and dust size distributions are uncorrelated,
with a Spearman rank-order coefficient value of 0.175 and a null
hypothesis (uncorrelated data sets) probability of 11.28%. It is
important to note that the small inferred maximum grain sizes
for some debris disks are not necessarily an artifact of our fitting
methodology. Similar results have been obtained by Matthews
et al. (2014) for HR8799 as well as an analysis of Spitzer IRS
in combination with the long-wavelength MIPS SED mode data
set for a select group of Sco-Cen debris disks given by C. H.
Chen et al. (2014).

5.3.2. Dust Size Distribution: Previous Studies

Although this study is the first to measure the dust size dis-
tribution (ranging between 1 and 100 µm), for a large sample
of debris disks, the q has been measured for some the brightest
Spitzer debris disks. In Olofsson et al. (2012), the size distribu-
tion q was found to vary between 2.99 to 4.01 for a sample of
seven systems with diverse disk properties—both with regard
to dust location and mineralogy. Lisse et al. (2012, 2008) found
that the best-fit η Crv and HD 113766 models had a size dis-
tribution with a power-law index of 3.5 that is consistent with
the steady-state collisional cascade for constant-strength bodies
(Dohnanyi 1969). On the other hand, relatively steep size distri-
butions have been inferred for a few systems such as HD 3003
(Donaldson et al. 2012) and Fomalhaut (Lebreton et al. 2013) as
well as some cold debris disks (Ertel et al. 2012) using different
data sets, SED models, and fitting techniques. Thus, given the

wide spread in measured q values in studies of individual debris
disk systems, our results are not completely surprising.

5.3.3. Dust Grain Size

The dust minimum grain size is another useful parameter
for probing the dust dynamics in a debris disk because it
is typically set by the various dynamical processes such as
radiation pressure and relative collisional velocity. We searched
for a correlation between the minimum grain size and host
star luminosity, expecting larger minimum grains around more
luminous stars because of the larger radiation pressure grain
size blowout limit. Figure 9 shows that there is indeed a strong
correlation between minimum grain size and stellar luminosity.
The Spearman correlation coefficient for the correlation is 0.31,
and the p-value is 0.0032, which suggests that there exists a
correlation between the two variables.

For debris disks around stars with moderate-to-high stellar
luminosities, the minimum grain size is believed to be set by the
radiation pressure blowout limit. Because all of the stars in our
sample possess L∗ > L⊙, we estimate the minimum grain size
by balancing the force due to radiation pressure with the force
due to gravity. The ratio of the force due to radiation pressure
and that due to gravity is

β(a) = 3Ł⋆ < Qpr (a) >

16πGM⋆caρ
, (23)

where a is the grain size, c is the velocity of light, G is the
gravitational constant, ρ is dust mass density, and ⟨Qpr (a)⟩ =!

(Qpr (a, λ)Fλdλ)/
!

(Fλdλ) is the radiation pressure coefficient
averaged over the stellar spectrum Fλ (Artymowicz 1988). If
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Inconsistent with radiation pressure prediction!

amin ∝ L3/4
⋆

amin ∝ L1/4
⋆

Mittal+2015
Blown-out
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Blown-out small grains: halo component
• Outer debris disk show blue colors (Debes+08) 
= “halo of small grains” 

• Small grains (compared to λ) 
show blue colors (Rayleigh scatt.) 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No. 1, 2008 HD 15115 AT 1.1 mm L43

Fig. 3.—Surface brightness profiles of the eastern and western lobes of the
disk in F110W magnitudes per square arcsecond for a 0.23! # 0.23! aperture.
No corrections were applied. The symbols are the same as in Fig. 2. [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 4.—Comparison of the scattering efficiency (or color) vs. wavelength
of HD 15115’s disk at 1! (45 AU), 2! (90 AU), and 3! (135 AU). The symbols
are the same as in Fig. 2. The disk dramatically changes color over wavelength
and distance from the central star. [See the electronic edition of the Journal
for a color version of this figure.]

its and Strehl ratios, but no standard technique is applied to
the study of circumstellar disks. Intuitively, one would expect
minor corrections as a function of wavelength provided that
the disk structure did not significantly change between wave-
lengths and that the disk itself was mostly resolved. KFG07
estimated aperture corrections using point source PSFs. Other
methods have included deconvolution of the data (Golimowski
et al. 2006), or using apertures that capture the majority of the
observed emission from the disk at each wavelength (Schneider
et al. 1999; Weinberger et al. 2002; Debes et al. 2008). We
modeled the effect of the different PSFs of NICMOS, ACS,
and Keck H-band adaptive optics on the measured surface
brightness for the 0.23! # 0.23! aperture.

Our approach to calculating the corrections derives from the
reliable theoretical PSFs generated by Tiny Tim4 for HST as
well as using a Keck H PSF corresponding to the October
observations of HD 15115 (M. Fitzgerald 2008, private com-
munication). We took the PSFs for each instrument and con-
volved them with model disks constructed from the measured
power-law slopes and disk FWHMs for each observation. We
then measured the SB as a function of distance for the original
and convolved models with the 0.23! # 0.23! aperture in
F110W and a 0.25! # 0.25! aperture for V and H and took
the ratio as a single-valued multiplicative correction to the ob-
served SB profiles. We verified that the slope of the surface
brightness profiles did not change due to convolution. To es-
timate the uncertainty in this correction, we used the standard
deviation of the measurements between 2! and 3!, the region
where all the observations overlap. For the ACS coronagraphic

4 See http://www.stsci.edu/software/tinytim/.

PSF, we found a correction of 1.23 ! 0.02, for the H band
we found a correction of 1.56 ! 0.06, and for F110W we
found a correction of 1.36 ! 0.04.

To compare the NICMOS and other measurements, we must
make a correction for the slightly different photometric aperture
sizes of 0.23! # 0.23! and 0.25! # 0.25!, respectively. To do
this we oversampled our model NICMOS images by a factor
of 3 and calculated the predicted difference in SB measure-
ments between our 0.23! # 0.23! aperture and a 0.25! # 0.25!
one. This multiplicative correction changes with distance from
the star, and ranges from 1.2 to 0.8.

In Figure 4 we plot SB/ as a function of wavelength forFn,⋆

HD 15115’s two disk lobes at 1!, 2!, and 3!. This observed
quantity is ∝Qsca. Our 1.1 mm data provide a third point in the
measure of HD 15115’s scattering efficiency when combined
with the 0.55 mm and 1.65 mm measurements in(V ) (H)
KFG07. We derive the uncertainties in the scattering efficiency
for 0.55 and 1.65 mm based on Figure 3 in KFG07. Where no
error bars were given for the 1.65 mm data in KFG07, we
assumed an uncertainty of 20%. In the western lobe at 2!, we
find that the disk’s scattering efficiency is neutral out to 1.1
mm but then drops such that the spectrum is blue at 1.65 mm.
The spectrum is the same from 0.55 to 1.65 mm at 3!. At 2!,
the eastern lobe is strongly blue and at 3! the blue trend con-
tinues out to 1.1 mm. KFG07 did not report SB for the H data
at 3!, but if the spectrum is the same as the inner part of the
disk, one would expect the blue trend to continue to longer
wavelengths.

Finally, interior to about 1.8!, we can get a rough sense of
the near-IR colors of the disk in the east and west. We took
KFG07’s measurements of the two lobes in H at 1! and com-
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Dust characterization
 
§2.1 Dust Composition 
§2.2 Grain size distribution
§2.3 Dust shape & structure
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Probing dust structure: linear polarization
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Graham+2007

right-angle scattering contributes. If the disk is devoid of dust
within some inner boundary r1, then for impact parameters b<
r1 scattering events with angles between arcsin (b/r1) and !!
arcsin (b/r1) are absent, and the degree of polarization is reduced
even further (see Fig. 5). For an optically thin disk, in which sin-
gle, small-particle scattering dominates, the electric field is ori-
ented, as observed here, perpendicular to the plane containing the
star, the dust grain, and the observer. For intermediate-sized (xk 1)
spherical particles the plane of polarization can flip by !/2 at cer-
tain scattering angles, so that the electric field is oriented parallel to
the scattering plane (Kruegel 2003), which is clearly not the case
here. Moreover, particles composed of conventional astrophysical
grainmaterials show large-amplitude oscillatory behavior in jS1j 2!
jS2j 2 with scattering angle, with angular period "# ’ k /2a. Thus,
any line of sight that comprises emission from a range of scatter-
ing angles, !#, such that the particle size satisfies !#/"#31,
will tend to exhibit weak linear polarization.

3.2. One-dimensional Profiles

We have measured one-dimensional surface brightness pro-
files along the disk in I,Q, andU for comparison with simple disk
models. This photometry was extracted optimally using column-
by-column fitting to the vertical surface brightness profiles. This
approach is advantageous because the midplane location and pro-
jected disk thickness vary significantly with impact parameter
(Krist et al. 2005). Figure 3 shows the full-width at half maxi-
mum (FWHM) thickness of the disk (in units of the impact pa-
rameter,b), as a function of b. Between projected radii of 25 and
50 AU the FWHMgrows relatively slowly as"b1/2; then beyond
50 AU the thickness increases more rapidly as "b5/2. Because of
this variation, it is unsatisfactory to simplymeasure the disk signal
in an aperture offixed height: a varying fraction of the emission is
missing from a small aperture, while excess noise contaminates
large apertures. Neither an exponential nor a Gaussian describe
the vertical profile adequately. However, a Cauchy distribution,

c(b; z) ¼ C(b)
h

!
!
h2 þ (z! z0)

2
" ; ð5Þ

with FWHM, 2h, provides an excellent fit at all impact param-
eters, where z is the coordinate perpendicular to the disk plane
and z0 is the location of the midplane. The one-dimensional

surface brightness profile is then simply the values C(b) ¼R
c(b; z) dz derived from this fit. The data displayed in Figure 3

are derived from fitting the Stokes I image. Because the surface
brightness declines with radial distance, we have binned the ver-
tical profile in increasingly wide blocks with distance from the
star. The data are binned into 3 pixel (0.07500) wide columns for
r ' 30 AU, increasing to 9 pixel (0.22500) wide columns for 50 <
r/AU ' 70 AU. This binning reduces the uncertainties at the
outer edge of the disk at the expense of lower angular resolution.
The signal-to-noise ratio is greater in Stokes I than in Q or U.
Therefore, we assume that the disk thickness and midplane lo-
cation do not vary with the polarization state and use the results
from fitting Stokes I to constrain the Q and U fits. The resulting
Stokes I one-dimensional surface brightness profile and degree
of linear polarization is shown in Figure 4.
The polarization measurements of $ Pic’s debris disk provide

a natural point of reference for comparison with our results. A

Fig. 2.—Pseudocolor representation of the AUMic debris disk in Stokes Imeasured with ACS HRC in F606W (kc ¼ 590 nm,!k ¼ 230 nm). Overplotted are ticks
that indicate the orientation of the electric field. The length of the tick is proportional to the degree of linear polarization. A 50% polarization tick is indicated. TheE-field
vectors are derived from Stokes parameters that have been binned eight times into 0.200 pixels prior to calculating the degree of polarization. The binned vectors are fully
independent. The degree of polarization rises smoothly from about 5% close to the star up to approximately a peak linear polarization of 40%. The high degree of polarization,
and the orientation of the electric vector perpendicular to the disk plane, are indicative of small-particle scattering in an optically thin disk. Data within a radius of about
1.000 suffer from significant systematic errors due to imperfect PSF subtraction.

Fig. 3.—Vertical thickness of the disk (in units of b) derived from F606W
Stokes I as a function of projected separation,b. The projected FWHMof the disk is
measured byfitting aCauchy function (eq. [5], where 2h is theFWHM).The strong
variation of disk thickness means that photometry in a fixed aperture is not an ef-
fective means for extracting the one-dimensional surface brightness profile. The ver-
tically integrated surface brightness profile shown in Fig. 4 is simply C(b). The disk
thickness varies with projected separation and shows two distinct regimes: within
50AUh " b1/2 and beyond 50AUh " b5/2. The thin lines show robust least-squares
fits of the form h/b" b% for 20 < b/AU < 50 (solid line) andb( 50 (dashed line).

GRAHAM, KALAS, & MATTHEWS598 Vol. 654

along a line of sight that integrates over a range of scattering an-
gles (refer to x 3.1). As the conventional Mie fit shows, small
grains are good polarizers but scatter too isotropically to be con-
sistent with the data. The low-index Mie model suggests a phys-
ical scenario that combines strong forward scattering and high
polarization.

Application of the Clausius-Mossotti relation (Jackson 1962)
implies that such a low value of nmust be associated with a very
porous medium—the only terrestrial analog that comes to mind
is silica aerogel. Aerogels are transparent, highly porous mate-
rials of low density, ranging from 0.05 to 0.15 g cm!3, with a cor-
responding refractive index of 1.01Y1.04, respectively. Aerogel
has porosity on a micron scale and is composed of individual
silica grains with diameters of ’ 10 nm, which are linked in a
highly porous dendritic backbone. Although aerogel is produced
in a process that is unlikely to occur in an astrophysical setting—
hydrolysis ofmethyl silicate in the presence of a solvent (ethanol),
which is subsequently evaporated at high temperature and
pressure—the comparison is not entirely frivolous. The appear-
ance of aerogel is often characterized as ‘‘solid blue smoke,’’
because to a good approximation the scattering is Rayleigh scat-
tering (Kamiuto et al. 1993). Thus, aerogel is an example of a
bulk material that interacts with electromagnetic radiation in a
way that is determined by its microscopic structure.

Allowing the real part of the refractive index to vary as de-
scribed in x 4.3 while holding the imaginary part fixed violates
the Kramers-Kronig relation. An approach that has a better phys-
ical basis is to use an effective medium theory to compute the
optical behavior of a porous particle described as a vacuum ma-
trix (n¼ 1) with embedded inclusions (Kruegel 2003). Using
the Maxwell-Garnett rule we can choose a refractive index for the
bulkmaterial and use the grain porosity as amodel parameter. The
best-fit porous grainmodel (see Fig. 6 and the first row of Table 1)
is practically identical to the variable index fit, yielding essentially
the same structural parameters. The grain porosity is 91%Y94%,
depending on whether we assume that the matrix from which our
grains are made is ice or rock.

As our aerogel analogy reminds us, porous materials are likely
highly anisotropic, and we may not be free to assume that we can
neglect the effects of nearest neighbors within the matrix. We
therefore examine the results of numerical calculations (e.g.,
discrete-dipole approximation and transition-matrix) of light scat-
tering by aggregates to understand whether or not our interpre-
tation of the Mie results in terms of porous grains is credible.

A lucid exposition of the transition-matrix method applied to
composite interstellar grains was given by Iatı̀ et al. (2004). Using
this method Petrova et al. (2000) showed results for two instances
of silicate (m ¼ 1:65! 0:01i ) grain clusters consisting of 31 par-
ticles or ‘‘monomers’’ each with xm ¼ 1:5. A relatively compact
aggregate with approximately 70% porosity has g ¼ 0:75 and
pmax ¼ 0:52. The more porous particle (81%) has g ¼ 0:75 and
pmax ¼ 0:65. In neither case does the degree of polarization os-
cillate with phase angle. These clusters have optical properties that
make them promising analogs of thematerial inferred to dominate
the AU Mic disk. Kimura et al. (2006) presented additional re-
sults for larger, more porous aggregates. Figure 8 shows the phase
function and polarization for a large (xc ¼ 10:2) porous (90%)
silicate cluster (m ¼ 1:6! 0:01i ) composed of 128 small (xm ¼
0:9) monomers. This particle has g ¼ 0:84 and pmax ¼ 0:82, and
has optical properties that make it an excellent candidate material
for the AU Mic disk. Also shown is the corresponding Mie cal-
culation with dielectric properties derived using the Clausius-
Mossotti relation. It is evident that the Mie calculation is only a
rough approximation—the polarization curve is reasonably well

reproduced, and g is overestimated by about 15%. Although the
qualitative conclusion that implicates porous grains is secure, it
seems unlikely that the accuracy of effective medium theories is
sufficient, for example, to distinguish between different coagula-
tion schemes that are characterized by different porosity. It will be
necessary to abandon Mie theory in favor of numerical modeling
of aggregate scattering in the next stage of debris disk modeling.

If highly porous aggregate grains explain the polarization sig-
nature of AUMic’s debris disk, and if the dust beyond r1 ’ 40 AU
originates from a ‘‘birth ring’’ of parent bodiesP10 cm in size, as
envisioned by Strubbe & Chiang (2006), then this porosity may be
a signature of the agglomeration processwhereby interstellar grains
first grew into macroscopic-sized objects. In the inner solar system
porous particles occur naturally in cometary dust, where the sub-
limation of ices leaves a ‘‘bird’s nest’’ of refractory organic and sil-
icate material (Greenberg&Hage 1990). Porous grains in the ! Pic
disk may originate from cometary activity (Li &Greenberg 1997).
However, the birth ring in AU Mic lies safely outside the #1 AU
ice sublimation point. Based on collisional lifetime arguments, the
size of the parent bodies that supply the observed dust in AUMic is
in the decimeter range (Strubbe & Chiang 2006). Although the
existence of larger bodies that will suffer compaction and restruc-
turing (Blum&Wurm 2000) is not excluded, they are not the dom-
inant reservoir for dust observed at optical and near-IRwavelengths.
Evidently, shock compression during attrition of the parent bodies
in the birth ring is not significant. We envision these bodies as so
weakly bound that even the most glancing collisions lead to their
disruption. Recent laboratory studies of particle coagulation in the
protosolar nebula by ballistic cluster-cluster aggregation (Wurm
&Blum 1998) leads to the formation of highly (>90%) porous ag-
gregates. Our evidence suggests that such a process may have
mediated the initial growth of planetesimals.

Observations of scattered light at a single wavelength are
primarily sensitive to grains with x ’ 1 and do not place strong
constraints on the particle size distribution. However, preliminary
calculations show that the measured polarization is consistent

Fig. 8.—Phase function and polarization (dots) for a large (x ¼ 10:2) porous
(90%) silicate particle (m ¼ 1:6! 0:01i ) composed of 128 small (x ¼ 0:9) mon-
omers from Kimura et al. (2006). This particle has g ¼ 0:84 and pmax ¼ 0:82.
The dashed lines are the phase function (g ¼ 0:68) and polarization ( pmax ¼
0:53) for the Henyey-Greenstein model that best fit the AUMic disk. The porous
grain is more forward scattering and more polarizing than required by the
AU Mic data, but nonetheless its optical properties show that highly porous ag-
gregates constitute an excellent candidate for the AUMic disk. Also shown is the
Mie approximation for the porous grain with dielectric properties derived
using the Clausius-Mossotti relation (m ¼ 1:047! 0:0007i ). The Mie cal-
culation is a useful first approximation to the polarization but overestimates g by
about 15%.
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Figure 15. Degree of linear polarization P and S 22/S 11 for (a) BCCA and (b) BPCA models with N = 1024. The red, green, and blue lines represent λ = 2.6,
1.6 and 1.0 µm. The solid lines indicate the linear degree of polarizability P = −S 12/S 11, and the dashed lines represent the ratio S 22/S 11 obtained using the
TMM.

depolarization by aggregates using the formula of an anisotropic Rayleigh sphere:

P =
1 − cos2 θ
y + cos2 θ

, (C1)

where y is the anisotropy parameter, and it varies from 1 to 13 (see Equations (5.53) and (5.54) of BH83). In the case of an
isotropic sphere, y = 1 so that the polarizability in θ = 90◦ is 100%. Note that the anisotropic sphere shows a symmetric profile
with respect to θ = 90◦, whereas aggregates show slightly asymmetric profiles. Our results for BCCA and BPCA models with
λ = 1 µm are y ≃ 1.1 and y ≃ 1.2, respectively. To model the depolarization of the fractal aggregates, it is important to investigate
how y varies as a function of the number N of monomers, the monomer radius R0, the aggregate composition, and the fractal
dimension d f . This remains as an objective for a future study.

REFERENCES

Adachi, I., Hayashi, C., & Nakazawa, K. 1976, Progress of Theoretical
Physics, 56, 1756

Bazell, D., & Dwek, E. 1990, ApJ, 360, 142
Berry, M. V., & Percival, I. C. 1986, Optica Acta, 33, 577
Blum, J., & Wurm, G. 2000, Icarus, 143, 138
Blum, J., & Wurm, G. 2008, ARA&A, 46, 21
Bohren, C. F., & Huffman, D. R. 1983, Absorption and scattering of light by
small particles

Botet, R., Rannou, P., & Cabane, M. 1997, Appl. Opt., 36, 8791
Brauer, F., Dullemond, C. P., & Henning, T. 2008, A&A, 480, 859
Bruggeman, D. A. G. 1935, Annalen der Physik, 416, 636
Chen, S.-H., & Teixeira, J. 1986, Physical Review Letters, 57, 2583
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fluffy aggregate (df=1.9)
 2πR/λ~ 23, P(θ=90°) ~ 80%

High polarization fraction of AU Mic indicates 
the presence of fluffy aggregates

Tazaki+2016
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Phase function of debris dust
• Most disk show similar phase function  
• Phase function becomes almost flat at side and back scattering. 

- Henyey-Greenstein function cannot reproduce this trend.

 26

AA56CH13_Hughes ARI 24 August 2018 12:16

Near-infrared
Optical

Zodiacal dust (Leinert et al. 1976)
Zodiacal dust (Hong 1985)
HG g = 0.2
HG g = 0.7
HG g = –0.5

HR 4796A
HD 61005
HD 181327
Fomalhaut
GG Tau
Solar System

0

0.1

1.0

10.0

100.0

50 100

Scattering angle (degree)

Ph
as

e 
fu

nc
tio

n 
(a

.u
.)

150

Figure 6
Observed scattering phase function for various debris disks (colored symbols: Kalas et al. 2013, Stark et al.
2014, Olofsson et al. 2016, Milli et al. 2017b), the GG Tauri protoplanetary ring (black symbols: McCabe
et al. 2002, Krist et al. 2005), and several dust populations in the Solar System ( gray symbols and black curves;
see Supplemental Material, Part C). For consistency, we have assumed that the brighter region of each
debris disk corresponds to the front side of the disk (for the case of Fomalhaut, see Le Bouquin et al. 2009).
NIR observations are shown as pentagons, whereas other symbols indicate visible light observations. The
orange curves display representative HG phase functions. Abbreviation: HG, Henyey–Greenstein.

3.3. Implications and Perspectives
As discussed above, the availability of increasingly higher-quality observations of debris disks
in recent years has led to a number of robust conclusions about their dust content. The dust
composition is dominated by silicates, albeit with nonnegligible amounts of refractories and ices,
much like dust in the Solar System. Individual grains are characterized by an aggregate-type
structure with significant degrees of porosity. The overall shape of the size distribution is in
reasonable agreement with the prediction of collisional models, with a q ≈ 3.5 power-law in-
dex and a minimum grain size that is 3–5 times the blowout size. Finally, scattering of debris
disk dust grains, which deviates strongly from the often used Henyey–Greenstein formalism, is
remarkably similar to that observed in Solar System dust populations, with much less disper-
sion between systems than was predicted based on the diversity of grain size distribution and
composition.

Despite these significant steps forward, our current understanding of dust in debris disks still
suffers from significant shortcomings. Simultaneous analysis of the thermal and scattered light
properties of debris disks generally results in serious tension. One illustration of such shortcomings
is the HD 181327 disk, for which Schneider et al. (2006) found that no power-law size distribution
can simultaneously reproduce the disk scattered light colors, its scattering phase function, and the
system’s SED. Similarly, the apparently low scattered light surface brightness, hence low albedo,
of many debris disks (e.g., Krist et al. 2010) is inconsistent with usual Mie scattering models. In
contrast, while the observed scattering phase function of debris disks can be explained with Mie
scattering and/or assuming aggregate grains, the fact that most dust populations share a nearly
universal phase function was unexpected.
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Phase function of debris dust
• Most disk show similar phase function  
• Phase function becomes almost flat at side and back scattering. 

- Henyey-Greenstein function cannot reproduce this trend.
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Figure 6
Observed scattering phase function for various debris disks (colored symbols: Kalas et al. 2013, Stark et al.
2014, Olofsson et al. 2016, Milli et al. 2017b), the GG Tauri protoplanetary ring (black symbols: McCabe
et al. 2002, Krist et al. 2005), and several dust populations in the Solar System ( gray symbols and black curves;
see Supplemental Material, Part C). For consistency, we have assumed that the brighter region of each
debris disk corresponds to the front side of the disk (for the case of Fomalhaut, see Le Bouquin et al. 2009).
NIR observations are shown as pentagons, whereas other symbols indicate visible light observations. The
orange curves display representative HG phase functions. Abbreviation: HG, Henyey–Greenstein.

3.3. Implications and Perspectives
As discussed above, the availability of increasingly higher-quality observations of debris disks
in recent years has led to a number of robust conclusions about their dust content. The dust
composition is dominated by silicates, albeit with nonnegligible amounts of refractories and ices,
much like dust in the Solar System. Individual grains are characterized by an aggregate-type
structure with significant degrees of porosity. The overall shape of the size distribution is in
reasonable agreement with the prediction of collisional models, with a q ≈ 3.5 power-law in-
dex and a minimum grain size that is 3–5 times the blowout size. Finally, scattering of debris
disk dust grains, which deviates strongly from the often used Henyey–Greenstein formalism, is
remarkably similar to that observed in Solar System dust populations, with much less disper-
sion between systems than was predicted based on the diversity of grain size distribution and
composition.

Despite these significant steps forward, our current understanding of dust in debris disks still
suffers from significant shortcomings. Simultaneous analysis of the thermal and scattered light
properties of debris disks generally results in serious tension. One illustration of such shortcomings
is the HD 181327 disk, for which Schneider et al. (2006) found that no power-law size distribution
can simultaneously reproduce the disk scattered light colors, its scattering phase function, and the
system’s SED. Similarly, the apparently low scattered light surface brightness, hence low albedo,
of many debris disks (e.g., Krist et al. 2010) is inconsistent with usual Mie scattering models. In
contrast, while the observed scattering phase function of debris disks can be explained with Mie
scattering and/or assuming aggregate grains, the fact that most dust populations share a nearly
universal phase function was unexpected.
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Light Scattering by fractal dust aggregates 9

Aggregate scale Fractal scale Monomer scale

Foward scattering Backward scattering

(i)

(ii)

(iii)

(a) (b)

Figure 7. (a) Schematic illustration of structure factor. The angular dependence of the scattering reflects the hierarchical structure of dust aggregates from
large-scale structures (small q) to small-scale structures (large q). The slope of the fractal scale is determined by the surface fractal dimension ds and the mass
fractal dimension dm . (b) (i) Scattering by fractal dust aggregates, which can be determined by a combination of (ii) the structure factor and (iii) the scattering
by the monomers. The monomers are assumed to be Rayleigh scatterers, meaning R0 ! λ/2π. The smallest scale that appeared in the scattering pattern was
q = 4π/λ at θ = π.
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Figure 8. S 11 of (a) BCCA and (b) BPCA models with N = 128, 256, 512, and 1024. Solid and dashed lines indicate the results obtained using the TMM and
the RGD theory, respectively. To allow each curve to be easily distinguished, S 11 was artificially multiplied by 0.1, 1, 10, and 100 for N = 128, 256, 512, and
1024, respectively. The incident wavelength was set to λ = 1 µm.

dent light within BCCAs remains nearly constant with in-
creasing N, whereas it varies in BPCAs. In addition, mul-
tiple scattering is not relevant to the aggregates if d f ≤ 2
(Berry & Percival 1986; Botet et al. 1997); therefore, the con-
dition for the RGD is still satisfied as N increases. However,
for large N, the effect of multiple scattering cannot be ignored
for d f > 2, as is the case in BPCAs.

4.2. Degree of linear polarization
This section discusses the degree of polarization of the ag-

gregates. The degree of linear polarization P is defined as
P = −S 12/S 11. The bottom left graphs in Figures 9 and 10
show plots of the degrees of linear polarization as functions
of the scattering angle for the BCCA and BPCA models, re-
spectively, with N = 1024. The rigorous calculation using
the TMM shows that the maximum P is achieved for θ ≃ 90◦
and that the angular distribution is almost symmetric about

θ ≃ 90◦. As predicted by the RGD theory (see Section 2.1.3),
the degrees of linear polarization for both BCCAs and BPCAs
exhibit angular distributions similar to that of a monomer,
which is the Rayleigh scatterer. However, the maximum P ob-
tained in the rigorous TMM results was slightly smaller than
100%. In the case of a spherical grain, depolarization occurs
when the size parameter exceeds unity. However, the mecha-
nism of depolarization for the aggregate is essentially differ-
ent from that for a spherical grain. This aggregate depolariza-
tion is due to the occurrence of cross-polarization. Appendix
C discusses depolarization by cross-polarization in more de-
tail.
Thus, the RGD theory can achieve a symmetric angular dis-

tribution of the degree of linear polarization of fractal aggre-
gates with respect to θ = 90◦ but fails to reproduce its mag-
nitude by a small margin. In the case of the EMT for the

Tazaki+2016

Fluffy aggregates show flat phase function!
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Exception: HR 4796A

• Phase function with strong forward scattering AND continuous  
increase at side- and back-scattering are detected. 
→ consistent with phase function of 30 µm-sized grains
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1 arcsec

cADI mcADI

E

N

PCA

Fig. 2. Images of the disc around HR 4796 A from IRDIS in the H2H3 filter, reduced with three di↵erent reduction algorithms: cADI, masked
cADI and PCA (first five eigenmodes removed). The colour scale is identical.

nonADI

E

N

1 arcsec

mcADI

Fig. 3. Masked cADI and non-ADI IRDIS H2H3 image, with a colour
scale larger by a factor of ten with respect to Fig. 2 to enhance the large
dynamical range of the image between the very bright semi-minor axis
in the west and the rest of the ring.

spectral channels was applied to remove the high spatial fre-
quency component of the cross-talk, as described in Vigan et al.
(2015). After building the master detector flat field, we called
the DRH pipeline on arc lamp calibration data taken in the
morning following the observations to associate each detector
pixel with its corresponding wavelength and obtain a map called
the pixel description table. The master flat field and pixel de-
scription table were used as input for the main science recipe
of the DRH pipeline called sph_ifs_science_dr, that builds the
spectral cube consisting of 39 spectral channels and resam-
ples each channel on a square regular grid of size 7.4 mas per
pixel. The wavelength calibration was then more accurately de-
termined using the arc lamp calibration files and the chromatic
radial dependance of the satellite spots, as described in detail in
Appendix A.2 of Vigan et al. (2015). The spectral accuracy of
this procedure is estimated to be 1.2 nm. For each spectral chan-
nel, the same three algorithms as those used to reduce the IRDIS
images were applied, and the final images were normalised by
the integrated flux within the central resolution element of the
star observed out of the coronagraphic mask. Figure 4 (last

panel) shows the IFS image averaged over all spectral channels
and we provide in the other panels of Fig. 4 13 normalised im-
ages obtained after mean-combining every three adjacent spec-
tral channels. Because the disc diameter is slightly larger than
the IFS field of view, the ansae are not visible during the whole
sequence of observations, and the background noise is higher be-
yond 1.700, for example in the ansae of the disc. Moreover, the
disc being o↵set from the star towards the south-west (SW), the
SW ansa spends a larger amount of time outside the IFS field
of view than the north-east (NE) ansa, resulting in an apparent
lower S/N.

2.3. Contrast and planet detection limits

The derivation of the detection limits for the IFS data was done
following the methodology described in Vigan et al. (2015). We
summarize here the main steps. To detect point sources, both an-
gular and spectral di↵erential imaging are used here. The images
are first rescaled spatially so that the speckle pattern matches at
all wavelengths. This leads to a rescaled cube of both spectral
and temporal images, where the signal of a potential companion
would move both with time and wavelength. This cube is pro-
cessed using a PCA algorithm that subtracts from 1 to 500 modes
in steps of ten. The same process is applied to the original cube
of images where fake companions have initially been injected, in
order to retrieve the S/N level of each companion in the reduced
image. Fake planets are injected at separations from 100 mas to
750 mas on a spiral pattern to avoid any spatial or spectral over-
lap during the speckle subtraction algorithm. To properly sample
the whole field, the analysis is repeated with the fake planets map
injected at ten distinct orientations. The position of all injected
fake planets is illustrated in Fig. 5 left. The S/N is defined as the
maximum pixel value of the image at the known location of the
planet after convolution with a kernel of one resolution element
size, divided by the rms of statistically independent pixels in an
annulus located at the same separation as the planet. The penalty
term from the small sample statistics described by Mawet et al.
(2014) is taken into account. This process is repeated until a
S/N of 5 is reached, the corresponding contrast in magnitude
is shown in Fig. 5. The fake planets are injected with the spec-
tra of the central star HR 4796 A, for example with a constant
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Table 6. Grid of parameters for the 15 600 models generated.

Parameter Min.
value

Max.
value

Nsample Sampling

Scattering
theory

Mie/DHS / /

smin (µm) 0.1 100 13 log.
pH2O (%) 1 90 5 log.
P (%) 0 80 5 linear
qSior 0 1 6 linear
⌫ �2.5 �5.5 4 linear

cascade in steady state (Dohnanyi 1969). However this result
must be taken with caution, because the power-law index fit to
the SPF is not exactly constant for small scattering angles (see
Fig. 18 bottom), suggesting that either we are no longer in the
approximation of Fraunhofer di↵raction at ' = 21.5� or that the
size distribution does not follow a perfect power-law.

The Mie theory extends the results of the Fraunhofer di↵rac-
tion theory by providing the exact analytical expression of the
SPF over all scattering angles under the assumption that the
scattering particles are spherical dielectric grains. In Milli et al.
(2015), we computed the theoretical SPF for a sample of
7800 dust compositions and sizes, using the Mie theory or the
Distribution of Hollow Spheres (DHS, Min et al. 2005). We
therefore used the same models to investigate the compatibil-
ity of our new measurements. As a reminder, these models are
based on a porous dust grain composed of a mixture of astro-
nomical amorphous silicates, carbonaceous refractory material
and water ice partially filling the holes created by porosity. We
kept as much as possible the same notations as in Augereau et al.
(1999) namely a porosity without ice P, a fraction of vacuum
removed by the ice pH2O, a silicate over organic refractory vol-
ume fraction qSior. The minimum grain size was renamed smin
to avoid confusion with the semi-major axis a, and the index
of the power-law size distribution was renamed ⌫. The grid of
these five free parameters is described in Table 6. In Milli et al.
(2015), the SPF was measured directly on the synthetic disc im-
age for scattering angles between 75� and 105� only. Only DHS
models with large 10 µm silicate grains could reproduce the lo-
cal brightness enhancement of the backward side close to the
ansa, but the models predicted a strong forward-scattering peak
whose reality could not be tested. Despite this exhaustive grid
over a wide range of grain sizes, distribution and composition,
none of the SPF predicted by the Mie or DHS theory is compat-
ible with the measured SPF of HR 4796 A between ' = 13.6�
and 166.4�. The smallest reduced chi squared is 131. None of
the models can simultaneously explain the forward scattering
peak below 30� and the increase of the SPF beyond 60�. As a
result, the best chi squared models are always a trade-o↵ be-
tween these two regimes, but are never able to well reproduce
any of them. We therefore tried to find among our grid of mod-
els those providing a good fit to the forward scattering part of the
PSF only, for '  45�. The best model is shown as a red curve
in Fig. 19, where the blue bars are our measurements. The re-
duced chi squared is 3.8. The predicted SPF is mostly sensistive
to the minimum grain size and size distribution of the dust popu-
lation. Interestingly the best model for '  45� is obtained with
a very steep distribution of power-law ⌫ = �5.5 with a minimum
grain size smin = 17.8 µm. This means that the dust population
is strongly dominated in scattered light by the 17.8 µm particles.
This size is much larger than the wavelength � = 1.66 µm, we

Fig. 19. Comparison of the measured SPF (blue bars) with the theo-
retical SPF predicted by the Mie/DHS theory for a dust composition
and size distribution best matching the observations (red curve). The
three black curves show the SPF predicted by the Hapke theory with
the assumptions of regolith particles for three di↵erent grain sizes from
Min et al. (2010), described as micro-asteroids by these authors. The
uncertainty is given at a 3� level.

are therefore in the regime of geometric optics and this finding
corroborates the very high HG coe�cient of 0.99 derived for
this range of scattering angles. We note that our grid for the pa-
rameter smin is logarithmic and therefore not very well sampled
around 20 µm : it steps from 10, to 17.8 and 30 µm, therefore a
better match of the SPF for '  45� is expected with a finer grid.
We note that this slope of �5.5 is incompatible with the Fraun-
hofer model which favoured a slope of �3, indicating the limits
of this simple model at ' as large as 20� or of our assumption of
a power-law size distribution of spherical particles.

This value can interestingly be compared to the blowout size
of the grains, which is defined as the maximum size below which
grains are placed on an unbound orbit. For such a critical size,
the ratio between radiation pressure to gravity equals one half.
Augereau et al. (1999) derived a blowout size of 10 µm from the
spectral energy distribution (SED) modelling, which is the same
order of magnitude as the 17.8 µm value derived from the SPF
analysis. However, this theoretical blowout size assumes that the
grains are spherical and homogeneous, but the e↵ect of radiation
pressure on inhomogeneous aggregates can induce a significant
departure to this value, as shown by Saija et al. (2003), and can
very well explain the discrepency seen here.

5.2. Constraints from the spectral reflectance

The result agrees with previous values of the spectral reflectance
as measured through broadband photometry with HST/NICMOS
(Debes et al. 2008), HST/STIS (Schneider et al. 2009) and Ma-
gAO Clio-2 (Rodigas et al. 2015). We summarised previous
measurements in Fig. 20.

We used the models presented in Milli et al. (2015) and in
Sect. 4 to identify the best matching models in that grid. We
used the measured reflectance averaged over the whole disc, be-
cause there is no significant di↵erence with the measurements
corresponding to the central part only and compared it to the
predicted values. These predicted values were computed by av-
eraging the Stokes parameter S 11(✓) sampled at the same scatter-
ing phase angles as those corresponding to the apertures used for
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Fig. 3. AMBER spectro-astrometric positions p(λ) in the continuum a) and across the Br-γ absorption line b). Colors refer to the wavelength bin, as
shown in Fig. 2. The signature of the rotating photosphere c) is clearly detected and is compared to the debris disk and the planetary companion d)
imaged in the visible by Kalas et al. (2008). For the sake of clarity, the astrometric error ellipses are represented by their projection in the North
and East directions.

Br-γ line is in absorption, we conclude that the South-East part
of the star is moving towards us. If we assume that the orbital
angular momentum of the planetary companion points towards
the same direction as the stellar spin, the Western side of the
debris disk is located on the observer’s side of the sky plane.
Combined with the observed increased brightness in the Eastern
part of the disk (Kalas et al. 2005), this suggests that the dust
grains are mostly backward-scattering. This finding is in contra-
diction to the well-known forward-scattering properties of cir-
cumstellar dust grains in our Solar system, generally assumed to
be true in all debris disks (e.g., Weinberger et al. 1999; Kalas
et al. 2005). Unfortunately, this question only appeared as a very
interesting by-product at the time of the study, and our observing
strategy was not specifically designed to answer it. Especially,
no check star is available in the dataset to secure the sign of the
AMBER phase.

We did our best to calibrate the phase sign a-posteriori.
First we checked that a positive delay corresponds to a negative
phase as measured by the AMBER reduction package we used.
Secondly, we converted the phase curvature across the K-band
(due to atmospheric refraction) into actual position on the sky.
We found that the blue part of the band is indeed shifted to-
ward the zenith (as it should be). However, even if we are confi-
dent, we cannot draw definite conclusions before a real spectro-
astrometric reference has been observed.

4. Conclusions

From the technical point of view, these observations are
a strong validation of the remarkable potential of the
spectro-interferometer AMBER/VLTI, especially in its Medium
Resolution mode and associated with the fringe-tracker FINITO.
Stacking 17 min of effective integration on a K = 0.94mag star,
we were able to reach a spectro-astrometric accuracy of ±3 µas.
Associated with a spectral resolution R = 1500, this was enough
to resolve the rotating photosphere of Fomalhaut, with an appar-
ent diameter of 2.2 mas and a rotational velocity of 93 km s−1.
We believe this to be the first detection of the astrometric
displacement created by an absorption line in a fast rotating
photosphere.

Fitting our complete dataset, we find the position angle of
the Fomalhaut rotation axis to be PAstar = 65◦ ± 3◦, exactly
perpendicular to the literature measurement for the disk angle
PAdisk = 156.◦0 ± 0.◦3. This is the first time such a test could be

performed outside the Solar system for a non-eclipsing system.
However, as when using the Rossiter-McLaughlin method, the
inclination angle remains unknown. We can only conclude that
there is strong evidence, but no definite proof, that the plane-
tary system of Fomalhaut is in the equatorial plane of the central
star. Additionally, by determining the direction of the stellar spin
vector, we demonstrate that the technique is able to constrain the
scattering properties of the dust grains surrounding Fomalhaut.
Such measurements as presented in this paper are only possible
thanks to the remarkable combination of a fast stellar rotation, a
large stellar apparent diameter, the presence of a resolved disk,
and of a planetary companion with resolved orbital motion.

We plan to continue observing the Fomalhaut system to pro-
vide even better constraints on the rotation of the central star,
as well as to extend the study to other fast rotating stars hosting
resolved debris disks.

Acknowledgements. J.B.L.B. warmly thanks the VLTI team of the Paranal
Observatory. This work has made use of the Smithsonian/NASA Astrophysics
Data System (ADS) and of the Centre de Donnees astronomiques de Strasbourg
(CDS). Graphics were drawn with Yorick2.
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Enhanced backscattering: Fomalhaut

• The bright side might be the far side of Fomalhaut (Le Bouquin+2009) 
• Suppose this is true, large grains (>100 µm) can explain a  
continuous increase of phase function at side- and  
back-scattering region (Min+2010) (like lunar phase!).
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M. Min et al.: The lunar phases of dust grains orbiting Fomalhaut

Fig. 2. Angular scattering functions for large dust grains, showing the relative intensity scattered at a scattering angle θ. The pure reflectance
function (long-dashed curve) is given, and diffraction effects are added for 10, 30 and 100 µm grains (dotted, dashed and solid curves). The
empirical scattering function of the Fomalhaut disk grains from Kalas et al. (2005) is also shown (thick grey curve, albedo chosen to match the
computations). The grey area indicates the observable range of scattering angles for the Fomalhaut system.

without including diffraction, is shown by the long dashed line.
To simulate the finite size of the dust grains, we added the con-
tribution from diffraction using a diameter of the grains of 10,
30 and 100 µm in dotted, dashed and solid lines, respectively.
For the diffraction, we took simple Fraunhofer diffraction by
a spherical aperture. To get rid of the resonance structures as-
sociated with Fraunhofer diffraction, averaging was performed
over a narrow size distribution (a flat distribution from 0.8 to 1.2
times the average size). Grains of 100 µm diameter clearly fit the
best to the empirical angular scattering function (shown by the
thick gray line) in agreement with Dent et al. (2000). For the ob-
served scattering function of the grains orbiting Fomalhaut we
used the Henyey-Greenstein parameterization obtained by Kalas
et al. (2005), where we simply switched the forward and back-
ward scattering directions, i.e. switching the asymmetry parame-
ter g from+0.2 to −0.2. The angular scattering function obtained
in this way was multiplicatively scaled to match the computa-
tions. This scaling factor gives the single scattering albedo of
the grains. We found that when we integrated the angular scat-
tering function resulting from the Hapke theory over the angles
accessible in the Fomalhaut system (the area indicated in gray),
the albedo of the grains averaged over the observable range of
angles is 5%. This is consistent with the low albedo found by
Kalas et al. (2005).

If we consider the assumptions on the regolith particles and
the Hapke theory it is clear that the model we present is quite
rough. However, a firm outcome of the model is that for the range
of scattering angles we observe the scattering is dominated by re-
flection rather than by diffraction. This implies, as shown above,
that the grains are larger than 100 µm in diameter. This outcome
does not depend on the assumptions in the model and is therefore
a solid conclusion.

4. Conclusion

We conclude that the scattering surface in the disk around
Formalhaut is dominated by grains of at least 100 µm in size.

Our findings agree with the fact that the infrared spectrum is fea-
tureless (Stapelfeldt et al. 2004), indicating that grains smaller
than a few micron are heavily depleted in the system. Also, Dent
et al. (2000) find that large grains dominate the thermal emis-
sion. It is remarkable that such large grains are observed directly
in optical light in an astronomical object. The reason for this is
that while the dust mass in many systems is dominated by large
grains (see e.g. Wilner et al. 2005; Testi et al. 2003), they are
normally over-shone by a component of small grains. This com-
ponent, though less massive, dominates the optical cross section,
and therefore appearance, of the disk. The fact that very large
grains are so visible on a global scale in the Formalhaut disk
means that small grains have been cleaned out from this disk ex-
tremely efficiently, and that all there is left are these very large
grains, directly probed by reflected stellar light.

We conclude that we are observing the transition part of pa-
rameter space, going from dust scattering to planetesimal reflec-
tion. In fact, one might conclude that, almost 400 years after
Galileo observed the crescent of Venus, we are seeing the cres-
cents of the large dust grains in the disk around Fomalhaut.

Acknowledgements. We are indebted to the referee, Ludmilla Kolokolova, for
constructive comments leading to a significant improvement of the paper.
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Table 1. Image series dedicated to the coma dust phase function measurement. MTP, STP, rh, rc, tstart and texp stand for medium term
planning (duration 1 month), short term planning (duration 1 week) from the Rosetta hibernation exit on 2014 January 20, heliocentric
distance, nucleocentric distance, time of exposure start and exposure duration, respectively.

Series (MTP/STP) Date Filters rh (AU) rc (km) tstart (UT) texp (s)

014/049 29/03/2015 WAC F13, F18, F21 1.98 56–70 02:28:05 45, 0.45, 0.08

018/063 07/07/2015 WAC F13, F18, F21 1.32 153 19:55:02 127, 1.27, 0.8
NAC F24, F22, F28 73, 7, 40

019/070 20/08/2015 WAC F13, F18, F21 1.24 320 12:57:38 127, 1.27, 0.8
NAC F24, F22, F28 73, 7, 40

020/071 28/08/2015 WAC F13, F18, F21 1.25 420 19:10:04 127, 1.27, 0.8
NAC F24, F22, F28 73, 7, 40

021/075 28/09/2015 WAC F13, F18, F21 1.37 1200 13:44:00 127, 1.27, 0.8
NAC F24, F22, F28 73, 7, 40

022/081 06/11/2015 NAC F24, F22, F28 1.60 240 19:08:38 146, 14, 80

023/083 19/11/2015 WAC F21 1.69 125 12:30:05 0.8
NAC F24, F22, F28 146, 14, 80

023/086 14/12/2015 WAC F18 1.88 100 18:05:59 1.27
NAC F24, F22, F28 73, 22, 40

023/086 14/12/2015 WAC F18, F21 1.88 100 18:17:34 1.27, 0.8
NAC F24, F22, F28 73, 22, 40

024/090 07/01/2016 WAC F18, F21 2.07 75 12:31:44 1.27, 0.8
NAC F24, F22, F28 146, 14, 80

025/092 21/01/2016 WAC F18, F21 2.18 80 12:30:03 0.5, 0.5
NAC F24, F22, F28 146, 14, 80

026/096 18/02/2016 WAC F18, F21 2.39 35 12:26:27 0.75, 0.45
NAC 24, F22, F28 146, 14, 80

Figure 1. Observational geometry in dust phase function series. Panel (a) shows the behaviour of the nucleus and solar elongation angles versus the phase
angle during a single series (MTP018). The tridimensional relative positions of s/c, comet and Sun together with the direction of the pointing stations (in green)
are portrayed in panel (b).

calculate the background level in each of the aforementioned sub-
frames. This procedure, well tested for estimating the background
in stellar-contaminated fields, gives as output the measurement of
the background as three times the median minus two times the mean
intensity level. The procedure gets therefore rid of stars, cosmic-ray
hits and grain tracks with large positive values.

The final output of the procedure is the reflectance versus phase
angle curve for each series. This curve represents the measured
coma dust phase function. We point out that using the reflectance
instead of the usual scattered intensity value does not influence the

shape of the phase curve since the reflectance is derived dividing the
scattered intensity by the incoming solar flux, which is a constant
value for images taken with the same filter, independently of the
phase angle of the observations.

3.1 Removal of the stray light effect at large phase angles

Observational campaigns devoted to study and measure the Sun
stray light at small solar elongation angles were performed with the
OSIRIS instrument during the Rosetta cruise phase. Pure stray light

MNRAS 469, S404–S415 (2017)Downloaded from https://academic.oup.com/mnras/article-abstract/469/Suppl_2/S404/4004752
by guest
on 17 August 2018
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Fig. 5.— OSIRIS phase function measurements for MTP020/071 (solid red circles) compared

to geometric optics simulations for three distributions of spheroids with uniform axes ratio in

the ✏=[0.25,4.0] interval, and having equivalent spherical radii of 10 µm (black solid line), 100

µm (black dashed line), and 1000 µm (black dotted line). All phase functions are normalized

to unity at 100� of phase angle. As in all the simulations in this work, the refractive index

is set to m=1.6+0.1i.

Moreno et al. 2018
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Large (>10 µm) elongated particles  
aligned their long axes perpendicular to the 
solar radiation can reproduce OSIRIS obs.
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“Standard value” of mm-wave opacity
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• Beckwith et al. (1990) 
• mm波における原始惑星系円盤のダスト連続光サーベイ観測論⽂  
• ダスト不透明度として以下の値を採⽤ (“業界標準値”) 

• 観測的には⼤きな⽭盾はない(と思われる, e.g., SED, disk mass)
• なんらかの具体的なダスト・モデルに基づいた値ではない 

• cf.) Beckwith+90のopacity値は星間ダストの値よりも約１桁⼤きい

�� = 2 cm2 g�1
� �

1.3 mm

���
, � = 1

�� = 0.21 cm2 g�1
� �

1.3 mm

���
, � = 1.68 Li & Draine (2001)
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Opacity: Amorphous silicate
• Lab. measurement:                                             @λ=1 mm 
• Beckwith+90:　　　　　　　　   @λ=1 mm
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Fig. 9. Beta value calculated at each wavelength from the fit of the MAC curves averaged over the E10, E20, E30 and E40 samples (left panel), the
E10R, E20R, E30R and E40R samples (middle panel) and all the samples (right panel) at the measured temperatures: 300 K (red), 200 K (orange),
100 K (green), 30 K (light blue) and 10 K (blue).

Fig. 10. Comparison of the average MAC at 10 K and 300 K with as-
tronomical dust models. The MAC of the "astrosilicates" from (Li &
Draine 2001) are calculated using Mie Theory for a 0.1 µm size grain
(black), for a log-normal grain-size distribution with a mean diameter
of 1 µm for spherical grains (magenta) and for prolate grains (cyan) and
for a continuous distribution of ellipsoids (CDE, green). We refer to the
text for more details.

and of the modeled MAC at selected wavelengths in the 100
µm - 1 mm range. In this range, the experimental MAC at 300
K is more than five times greater than the modeled MAC for
all samples. At 10 K, the experimental MAC is lower than at
300 K and the factor of enhancement compared to the models
is smaller, depending on the sample and on the wavelength,
however it is always higher than two and usually of the order
of four to five. The MAC value of the ferromagnesium silicate
analogues in this study is very close the MAC of the pure
Mg-rich samples from Demyk et al. (2017) and from Coupeaud
et al. (2011). This shows that the enhancement of the measured
MAC compared to the modeled MAC is not related to the iron
content of the grains, that is, to di↵erences in composition
between the studied samples and the analogues used in the
cosmic dust models. As discussed in detail by Demyk et al.
(2017), an enhancement factor greater than two cannot be
explained by the e↵ect of grain size, grain shape, or by grain
coagulation within the pellets. Grain size and grain shape e↵ects
are illustrated in Fig. 10 and the increase of the MAC due
to large (micronic) spherical grains is negligible in the FIR.
Coagulation might happen during the process of fabrication of

the pellets and it is taken into account during the analysis of the
experimental data following the method explained in Mennella
et al. (1998) and based on the Bruggeman theory. More detailed
treatment of dust coagulation by methods such as DDA have
shown that it may increase the MAC by a factor of two at most
(Köhler et al. 2011; Mackowski 2006; Min et al. 2016), that is,
not enough to fully account for the discrepancy of the cosmic
dust models and the experimental data. The enhancement of
the emissivity of iron-rich analogues compared to the MAC of
cosmic dust models commonly used for interpreting FIR/submm
dust emission observations is related to the disordered nature of
the samples, to the number, distribution, and nature of defects
in their structure at microscopic scale and to the existence of
absorption processes added to the classical Debye model (we
refer to Demyk et al. 2017, for more details). These additional
absorption processes are more or less important depending on
the structural state of the material at the microscopic scale.

This study shows that the MAC of ferromagnesium silicates
has the same qualitative behavior as the one of pure Mg-rich sili-
cates in terms of dependence on the temperature and wavelength.
The presence of iron oxides in the samples does not suppress this
behavior, probably because the iron oxide phases are amorphous
and also are not very abundant. This emphasizes the universality
of this behavior in amorphous solids, whatever their composi-
tion, and the fact that it has to be taken into account in astronom-
ical modeling. Indeed, any cosmic dust composed of amorphous
silicates and/or oxides will be characterized by a MAC (i.e., an
emissivity) that is lower at low temperature than at high temper-
ature and which deviates from a single power law such as ���.
As for previous studies from Coupeaud et al. (2011) and Demyk
et al. (2017), the variation of the MAC of the Fe-rich analogues
is observed for temperatures greater than 30 K. The MAC of the
samples is identical in the 10 - 30 K range and then increases
at 100, 200, and 300 K. In astronomical modeling, it is thus im-
portant to have a first guess of the dust temperature in order to
use the MAC of the dust analogues measured at a temperature
as close as possible to the dust temperature. In addition, consid-
ering the MAC averaged over all the samples and adopting the
pessimistic assumption that coagulation e↵ects are not properly
taken into account (thus dividing the MAC by a factor of two),
the value of <MACall> at 10 K is two or three times higher than
the modeled MAC at 1 mm and three or four times higher at 500
µm. The direct consequence of this is that cosmic dust models
overestimate the dust mass compared to the use of an experi-
mental MAC.
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index of the solid material in the Rayleigh limit. Therefore,
starting with material with the observed !s ! 1:7 of interstellar
dust, grain growth with the likely power-law index p! 3:5 will
produce a mixture of sizes with ! ! 0:9 if amax k 3k. Since
grain growth is expected to be rapid in protoplanetary disks
(e.g., Beckwith et al. 2000; Dullemond & Dominik 2005), this
can naturally explain ! ! 1 observed for protoplanetary disks,
without need to appeal to changes in composition or grain ge-
ometry, other than size.

We briefly review what is expected regarding the optical
constants of candidate materials at submillimeter wavelengths
in x 2, and conclude that changes in composition are not likely
to account for the low ! values in disks. Particle size distributions
are briefly reviewed in x 3, to ground the adopted power-law
distribution. In x 4, the opacity is estimated analytically for
power-law size distributions, to find the expected behavior. In
x 5 we calculate the opacity numerically for several candidate
materials. Although the dependence on size and wavelength can
be complicated for conductingmaterials (in particular, amorphous
carbon), we can reproduce the observed !disk ! 1:0 for candidate
materials with very different optical constants. Our results are
discussed in x 6 and summarized in x 7.

2. DIELECTRIC FUNCTIONS:
WHAT IS EXPECTED FOR !s?

Let !s(k) " d ln " /d ln # in the small particle limit, where "
is the absorption cross section per unit mass of solid material.
Simple models of insulators and simple models of conductors
both have !s ¼ 2 at low frequencies (Draine 2004). How do
real materials behave at submillimeter wavelengths?

If the low values of ! observed in protoplanetary disks are to
be produced by materials with small values of !s, this would
require materials with enhanced low-frequency absorption. In
insulators, this would require optically active low-energy modes.

Amorphous solids, with low-temperature specific heats revealing
a spectrum of low-energy excitations (Pohl & Salinger 1976), are
candidates for enhanced low-frequency absorption.

Laboratory measurements of the opacity of amorphous in-
sulators are shown in Figure 1. In some cases (e.g., MgO$2SiO2;
Agladze et al. 1996) the submillimeter opacity is consistent with
a power law over the wavelength range studied. In other cases,
broken power laws provide an acceptable fit. However, in all
cases the power law index !s > 1. The smallest effective value
is !s ! 1:2 forMgO$2SiO2 between 150 and 300 GHz (Agladze
et al. 1996), but for most samples, !s ! 2, with !s > 2 seen in
some cases (e.g., Na2O$3SiO2 between 300 and 1200GHz; Bösch
1978).While the number of materials studied is limited, it appears
that small particles of amorphous insulators are likely to have
!s k 1:5 in the submillimeter.

For carbonaceous materials the situation is less clear. Opacities
measured by Mennella et al. (1998) for materials ‘‘BE’’ (soot
produced by burning C6H6 in air) and ‘‘ACAR’’ (amorphous
carbon grains produced from a carbon arc in Ar gas) are shown
in Figure 2. The opacities are very large (e.g., at 1 mm,
" ! 25 30 cm2 g% 1 for BE and ACAR at 24 K, a factor 20–
100 times larger than for the insulators in Fig. 1 at T < 30 K).
Samples BE and ACAR are characterized by small !s: at 24 K,
BE and ACAR have !s ! 1:1 and 1.2, respectively. There is
reason to be concerned that the very large submillimeter opac-
ities seen in the lab for materials BE and ACAR may be the
result of contact between the particles in the sample (which
could dramatically affect the opacity for materials with j$j3 1),
in which case the measured opacities do not correspond to those
that would be produced by isolated small spheres of the same
material.

Jäger et al. (1998) produced amorphous carbonaceous solids
with varying levels of graphitization by pyrolysis of cellulose, and
measured the optical constants. Pyrolysis at 600&C in Ar gas pro-
duces a fine-grained material ‘‘cel600’’ with C:H:O::1:0.33:0.053

Fig. 1.—Laboratory measurements at various temperatures of opacities of
amorphous Fe2SiO4 (Mennella et al. 1998); Na2O$3SiO2 (Bösch 1978); and
MgO$2SiO2 and MgO$SiO2 (Agladze et al. 1996). Curve labeled WD01 is the
opacity of the Weingartner & Draine (2001) dust mixture, for comparison.
Dotted lines show power laws with ! ¼ 1, 1.5, and 2. [See the electronic edition
of the Journal for a color version of this figure.]

Fig. 2.—Same as Figure 1, but for carbonaceous materials BE and ACAR
measured at T ¼ 24 and 295 K (Mennella et al. 1998), and calculated for small
spheres with optical constants measured for cellulose pyrolyzed at 600&C and
800&C (Jäger et al. 1998); see text. [See the electronic edition of the Journal for a
color version of this figure.]

SUBMILLIMETER OPACITY OF PROTOPLANETARY DISKS 1115
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0.2 cm2 g−1 ≲ κabs ≲ 10 cm2 g−1

κabs = 2.6 cm2 g−1

B90 opacity: Within the range of Lab. measured opacity
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• Lab. measurement:  
• ≈10 times larger larger than Beckwith’s opacity value 
• Presumably due to connection effect (Tazaki & Tanaka 18’, references therein).

Opacity: Carbonaceous material
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index of the solid material in the Rayleigh limit. Therefore,
starting with material with the observed !s ! 1:7 of interstellar
dust, grain growth with the likely power-law index p! 3:5 will
produce a mixture of sizes with ! ! 0:9 if amax k 3k. Since
grain growth is expected to be rapid in protoplanetary disks
(e.g., Beckwith et al. 2000; Dullemond & Dominik 2005), this
can naturally explain ! ! 1 observed for protoplanetary disks,
without need to appeal to changes in composition or grain ge-
ometry, other than size.

We briefly review what is expected regarding the optical
constants of candidate materials at submillimeter wavelengths
in x 2, and conclude that changes in composition are not likely
to account for the low ! values in disks. Particle size distributions
are briefly reviewed in x 3, to ground the adopted power-law
distribution. In x 4, the opacity is estimated analytically for
power-law size distributions, to find the expected behavior. In
x 5 we calculate the opacity numerically for several candidate
materials. Although the dependence on size and wavelength can
be complicated for conductingmaterials (in particular, amorphous
carbon), we can reproduce the observed !disk ! 1:0 for candidate
materials with very different optical constants. Our results are
discussed in x 6 and summarized in x 7.

2. DIELECTRIC FUNCTIONS:
WHAT IS EXPECTED FOR !s?

Let !s(k) " d ln " /d ln # in the small particle limit, where "
is the absorption cross section per unit mass of solid material.
Simple models of insulators and simple models of conductors
both have !s ¼ 2 at low frequencies (Draine 2004). How do
real materials behave at submillimeter wavelengths?

If the low values of ! observed in protoplanetary disks are to
be produced by materials with small values of !s, this would
require materials with enhanced low-frequency absorption. In
insulators, this would require optically active low-energy modes.

Amorphous solids, with low-temperature specific heats revealing
a spectrum of low-energy excitations (Pohl & Salinger 1976), are
candidates for enhanced low-frequency absorption.

Laboratory measurements of the opacity of amorphous in-
sulators are shown in Figure 1. In some cases (e.g., MgO$2SiO2;
Agladze et al. 1996) the submillimeter opacity is consistent with
a power law over the wavelength range studied. In other cases,
broken power laws provide an acceptable fit. However, in all
cases the power law index !s > 1. The smallest effective value
is !s ! 1:2 forMgO$2SiO2 between 150 and 300 GHz (Agladze
et al. 1996), but for most samples, !s ! 2, with !s > 2 seen in
some cases (e.g., Na2O$3SiO2 between 300 and 1200GHz; Bösch
1978).While the number of materials studied is limited, it appears
that small particles of amorphous insulators are likely to have
!s k 1:5 in the submillimeter.

For carbonaceous materials the situation is less clear. Opacities
measured by Mennella et al. (1998) for materials ‘‘BE’’ (soot
produced by burning C6H6 in air) and ‘‘ACAR’’ (amorphous
carbon grains produced from a carbon arc in Ar gas) are shown
in Figure 2. The opacities are very large (e.g., at 1 mm,
" ! 25 30 cm2 g% 1 for BE and ACAR at 24 K, a factor 20–
100 times larger than for the insulators in Fig. 1 at T < 30 K).
Samples BE and ACAR are characterized by small !s: at 24 K,
BE and ACAR have !s ! 1:1 and 1.2, respectively. There is
reason to be concerned that the very large submillimeter opac-
ities seen in the lab for materials BE and ACAR may be the
result of contact between the particles in the sample (which
could dramatically affect the opacity for materials with j$j3 1),
in which case the measured opacities do not correspond to those
that would be produced by isolated small spheres of the same
material.

Jäger et al. (1998) produced amorphous carbonaceous solids
with varying levels of graphitization by pyrolysis of cellulose, and
measured the optical constants. Pyrolysis at 600&C in Ar gas pro-
duces a fine-grained material ‘‘cel600’’ with C:H:O::1:0.33:0.053

Fig. 1.—Laboratory measurements at various temperatures of opacities of
amorphous Fe2SiO4 (Mennella et al. 1998); Na2O$3SiO2 (Bösch 1978); and
MgO$2SiO2 and MgO$SiO2 (Agladze et al. 1996). Curve labeled WD01 is the
opacity of the Weingartner & Draine (2001) dust mixture, for comparison.
Dotted lines show power laws with ! ¼ 1, 1.5, and 2. [See the electronic edition
of the Journal for a color version of this figure.]

Fig. 2.—Same as Figure 1, but for carbonaceous materials BE and ACAR
measured at T ¼ 24 and 295 K (Mennella et al. 1998), and calculated for small
spheres with optical constants measured for cellulose pyrolyzed at 600&C and
800&C (Jäger et al. 1998); see text. [See the electronic edition of the Journal for a
color version of this figure.]
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Figure 7. The electric field strength map |E|2/|E0|2 at the cross section including centers of two spheres are shown, where E0

is the electric field strength of the incident light. Both vertical and horizontal axes are normalized by the monomer radius R0.
The two sphere cluster is elongated along y direction (horizontal axis), while incident light being polarized along y direction is
propagating along z direction (vertical axis). (left) Two spheres are in contact, and for each sphere, higher order of harmonic
expansion is included (NO = 10), (middle) two spheres are in contact, and for each sphere, only dipole term is included (NO = 1),
and (right) two spheres are separated by the center-to-center distance of 1.5R0, and higher order expansions is included.

is taken from astronomical silicate or amorphous carbon
at λ = 1 mm. Optical constants of amorphous carbon
is taken from the BE model of Zubko et al. (1996). The
material density of amorphous carbon is set as 1.8 g
cm−3.
Figure 8 shows the absorption opacity of dust aggre-

gates. As increasing monomer number, absorption opac-
ity also increases. However, once the monomer number
exceeds around O(102), absorption opacity does not de-
pend on the monomer number. The absorption opacity
of BPCA is very close to that of BCCA, although the
overall shape is significantly different. This might be
related to the fact that BPCA and BCCA have exactly
the same number of contact points. The enhancement
of absorption opacity is very large for amorphous carbon
aggregates. In this case, even if the volume equivalent
aggregate radius is ≃ 1 µm, the absorption opacity of
the aggregate is significantly enhanced. At N = 1024,
dust aggregates with amorphous carbon show κabs ≃ 5
cm2 per gram of dust.

5.3. Can we approximate the enhanced absorption?

Mackowski (1995) numerically solved the electric field
of a chain monomers and found that although prolate
with the same mass and aspect ratio show similar de-
pendences on axis ratio and dielectric function to a chain
monomers, they differ in quantitatively.
We compare the enhanced absorption of approximate

methods; EMT and DHS. In addition, we consider two
types of mixing rules in the EMT calculations. In order
to validate the results obtained by approximate methods
at the Rayleigh domain, we use DDSCAT version 7.3.2

code7 (Draine & Flatau 1994; Draine & Flatau 2008;
Flatau & Draine 2012), which is a publicly available
code of discrete dipole approximation (Purcell & Pen-
nypacker 1973; Draine & Flatau 1994). We use 19675
dipoles in total to describe BPCA with N = 64 and
R0 = 0.1 µm. The results are averaged over 27 orien-
tations. In this study, we are interested in the effect
of connection, e.g., the presence of neck, and hence, we
do not try to put very large number of dipoles to de-
scribe the aggregate so that the point connections can
be achieved. For comparison, we also perform the TMM
calculation with the same BPCA model. The particle
model used in the calculations are shown in Figure 9,
and the results are shown in Figure 10. It is clear that
the results obtained by DDA show enhanced absorp-
tion than the TMM results at the Rayleigh domain. On
the other hand, at shorter wavelength region, these two
results coincide. This result is consistent with Köhler
et al. (2011). These difference can be attributable to
the different state of connection between two particle
configuration (see Figure 9).

5.3.1. MMF, MFT, and the RGD theory

According to Equation (10), MMF, MFT and the
RGD theory predict that the absorption opacity of dust
aggregates is the same as that of the monomer in the
Rayleigh limit. Figure 10 shows that the absorption
opacity obtained by MMF is smaller than that obtained

7 The code and more information is available on http://
ddscat.wikidot.com/

Cabs, agg

NCabs, mono
= 1.835
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Figure 7. The electric field strength map |E|2/|E0|2 at the cross section including centers of two spheres are shown, where E0

is the electric field strength of the incident light. Both vertical and horizontal axes are normalized by the monomer radius R0.
The two sphere cluster is elongated along y direction (horizontal axis), while incident light being polarized along y direction is
propagating along z direction (vertical axis). (left) Two spheres are in contact, and for each sphere, higher order of harmonic
expansion is included (NO = 10), (middle) two spheres are in contact, and for each sphere, only dipole term is included (NO = 1),
and (right) two spheres are separated by the center-to-center distance of 1.5R0, and higher order expansions is included.

is taken from astronomical silicate or amorphous carbon
at λ = 1 mm. Optical constants of amorphous carbon
is taken from the BE model of Zubko et al. (1996). The
material density of amorphous carbon is set as 1.8 g
cm−3.
Figure 8 shows the absorption opacity of dust aggre-

gates. As increasing monomer number, absorption opac-
ity also increases. However, once the monomer number
exceeds around O(102), absorption opacity does not de-
pend on the monomer number. The absorption opacity
of BPCA is very close to that of BCCA, although the
overall shape is significantly different. This might be
related to the fact that BPCA and BCCA have exactly
the same number of contact points. The enhancement
of absorption opacity is very large for amorphous carbon
aggregates. In this case, even if the volume equivalent
aggregate radius is ≃ 1 µm, the absorption opacity of
the aggregate is significantly enhanced. At N = 1024,
dust aggregates with amorphous carbon show κabs ≃ 5
cm2 per gram of dust.

5.3. Can we approximate the enhanced absorption?

Mackowski (1995) numerically solved the electric field
of a chain monomers and found that although prolate
with the same mass and aspect ratio show similar de-
pendences on axis ratio and dielectric function to a chain
monomers, they differ in quantitatively.
We compare the enhanced absorption of approximate

methods; EMT and DHS. In addition, we consider two
types of mixing rules in the EMT calculations. In order
to validate the results obtained by approximate methods
at the Rayleigh domain, we use DDSCAT version 7.3.2

code7 (Draine & Flatau 1994; Draine & Flatau 2008;
Flatau & Draine 2012), which is a publicly available
code of discrete dipole approximation (Purcell & Pen-
nypacker 1973; Draine & Flatau 1994). We use 19675
dipoles in total to describe BPCA with N = 64 and
R0 = 0.1 µm. The results are averaged over 27 orien-
tations. In this study, we are interested in the effect
of connection, e.g., the presence of neck, and hence, we
do not try to put very large number of dipoles to de-
scribe the aggregate so that the point connections can
be achieved. For comparison, we also perform the TMM
calculation with the same BPCA model. The particle
model used in the calculations are shown in Figure 9,
and the results are shown in Figure 10. It is clear that
the results obtained by DDA show enhanced absorp-
tion than the TMM results at the Rayleigh domain. On
the other hand, at shorter wavelength region, these two
results coincide. This result is consistent with Köhler
et al. (2011). These difference can be attributable to
the different state of connection between two particle
configuration (see Figure 9).

5.3.1. MMF, MFT, and the RGD theory

According to Equation (10), MMF, MFT and the
RGD theory predict that the absorption opacity of dust
aggregates is the same as that of the monomer in the
Rayleigh limit. Figure 10 shows that the absorption
opacity obtained by MMF is smaller than that obtained

7 The code and more information is available on http://
ddscat.wikidot.com/
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are supposed to be selected in a way that they represent real
grain ensembles (Mutschke et al. 2009). Nevertheless, knowl-
edge about such distribution functions is still very limited.
Although it has been demonstrated that shape factor distributions
can be calculated from a discretization of the particle geometry
(Min et al. 2006b), not all the particle characteristics (e.g., shape
edges, contact geometry) can fully be taken into account due to
the limited resolution of the discretization.

On the other hand, experimental spectroscopic IR absorption
and/or transmission measurements of dust grains have been per-
formed by making use of di↵erent preparation techniques such
as pressing of pellets, thin film deposition, and adopting aerosol
technology (e.g., Dorschner et al. 1977; Koike et al. 1980, 2006;
Jäger et al. 1994, 2003; Mutschke et al. 1999; Posch et al. 2003;
Tamanai et al. 2006a,b; Wetzel et al. 2013). After multiplica-
tion with Planck’s function, the measured absorption coe�cients
may be directly compared to the astronomical emission spec-
tra. Such measurements often naturally include the e↵ect of a
complicated particle morphology. In particular, dust grains are
in most cases not well segregated mutually in nature, but rather
are formed in the state of agglomerates, which strongly influ-
ences the optical properties of the respective media. Small par-
ticles (/1 µm) form agglomerates more easily than large ones
('1 µm) (Tamanai et al. 2009). The overall morphological e↵ect
(considering size, shape, and agglomerate state all together) on
IR extinction spectra has been verified by aerosol spectroscopy
(e.g., Tamanai et al. 2006a). However, the specific e↵ects of
agglomeration such as degree of porousness, size, and shape
of agglomerates on IR band profiles are not well understood in
detail because agglomerate structures are usually not su�ciently
well defined in spectroscopic measurements. Experimental data
that are focused on the influence of the agglomerate state have
not been available up to now. Investigating the spectra of dis-
tinct well-defined agglomerate structures is therefore essential
not only for understanding the e↵ect of agglomeration on IR
bands, but also for providing experimental results for further
improvement of light scattering calculations.

In this paper, we demonstrate for the first time experi-
mentally how the agglomerate structure and size a↵ects the
extinction spectra of amorphous SiO2 monosphere particles in
the mid-IR region by the use of the engineering technique,
Dedicated robotic manipulation (DRM) and IR microscopy at
Synchrotron SOLEIL. The experimentally measured extinction
spectra of agglomerates with well-defined morphological and
structural characteristics are compared with theoretically calcu-
lated extinction spectra using di↵erent light scattering simulation
methods.

2. Experiment

2.1. Sample and sample preparation technique

Monodisperse SiO2 particles (amorphous, manufactured by
micromod) with nominal diameters of 1 µm have been applied
for the construction of well-defined particle agglomerates. These
particles are systematically arranged on an IR-transparent sub-
strate (silicon, Si (111) wafer with a high resistance; Siltronix;
1 mm in thickness) by means of the DRM technique. This
technique allows a fabrication of the well-defined agglomer-
ates inside a scanning electron microscope (SEM) coupled to a
focused ion beam (FIB) instrument (TESCAN LYRA XMU) by
employing a nano-manipulator (e.g., Zimmermann et al. 2015).
We also produce agglomerates where the particles are slightly
embedded (300 nm depth) in the Si substrate to examine the

(a) (b) (c)

(d) (e) (f)

Fig. 1. SEM images of produced agglomerate structures: single sphere
(panel a); two particles are linearly arranged (2 linear: panel b); three
particles are linearly arranged (3 linear: panel c); three particles are
arranged in a triangular shape (triangle: panel d); four particles are
linearly arranged (4 linear: panel e); four particles are arranged in a
diamond shape (diamond: panel f). The magnification of the images is
36 K, and each sphere has a diameter of 1 µm. In panel f a slight devi-
ation from the ideal structure with perfect touching of all spheres in
visible.

influence on di↵erent contact conditions of the substrate. Any
substrate contacts are likely to change the electrical fields inter-
acting with the particle (matrix e↵ect). In order to minimize this
e↵ect, we focus on the arrangement “on substrate” but also eval-
uate its importance by a comparison with the spectra for slightly
embedded particles.

The positioning of each particle is achieved via dedicated
nano-manipulation techniques using piezoelectrically driven
actuators and end e↵ectors with an optimized geometry. The
robotic sequence is monitored and controlled by means of in-
situ visual feedback provided by the SEM. Both the SEM with
the FIB and the nano-manipulator are available at the University
of Oldenburg (Division Microrobotics and Control Engineering,
AMiR) together with their original software, and at the Max-
Planck Institute for the Science of Light where it is feasible to
arrange particles systematically.

Agglomerate structures with particle numbers up to four (lin-
ear and compact configurations) have been fabricated. Represen-
tative SEM images are shown in Fig. 1. We prepared three sets
of each agglomerate structure to enhance the reliability of the
measurements. As parameters of interest in this study, we vary
systematically the angle between “bonds” for agglomerates of
three (linear and triangle) and four (linear and diamond) parti-
cles as well as the elongation of linear agglomerates (two to four
particles).

2.2. Measurement procedure

IR microspectroscopic extinction measurements have been car-
ried out at the French National Synchrotron Facility, SOLEIL.
The synchrotron based IR beamline (SMIS) can be focused to
sample spots down to the di↵raction limit. This enables us to
maintain a high beam intensity and thus spectra with a high sig-
nal to noise ratio even for sample structures smaller than the
wavelength can be achieved. The Thermo Fisher NIC-PLAN IR
microscope equipped with a liquid nitrogen cooled mercury cad-
mium telluride (MCT) detector is coupled to a NEXUS 5700
Fourier-transform infrared (FTIR) spectrometer. The aperture
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Fig. 6. Normalized extinction spectra using polarized light (E|| and E? directions) measured for the five di↵erent agglomerate structures together
with the extinction spectra of a single particle: 2 linear (panel a); 3 linear (panel b); triangle (panel c); 4 linear (panel d); diamond (panel e). The
spectra are normalized to the maximum extinction.

Fig. 7. Normalized extinction spectra of
two di↵erent agglomerate structures (4 lin-
ear and diamond) obtained from the three
di↵erent theoretical methods: DDA results
(panels a,b); T-matrix results (panels c,d);
FDTD results (panels e,f). The unpolarized
spectra represent averages of the two polar-
ization directions. The result of Mie theory
for single spheres is shown for comparison.
The values in parentheses indicate the peak
positions ( µm).
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Fig. 6. Normalized extinction spectra using polarized light (E|| and E? directions) measured for the five di↵erent agglomerate structures together
with the extinction spectra of a single particle: 2 linear (panel a); 3 linear (panel b); triangle (panel c); 4 linear (panel d); diamond (panel e). The
spectra are normalized to the maximum extinction.
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Fig. 7. Normalized extinction spectra of
two di↵erent agglomerate structures (4 lin-
ear and diamond) obtained from the three
di↵erent theoretical methods: DDA results
(panels a,b); T-matrix results (panels c,d);
FDTD results (panels e,f). The unpolarized
spectra represent averages of the two polar-
ization directions. The result of Mie theory
for single spheres is shown for comparison.
The values in parentheses indicate the peak
positions ( µm).
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Fig. 6. Normalized extinction spectra using polarized light (E|| and E? directions) measured for the five di↵erent agglomerate structures together
with the extinction spectra of a single particle: 2 linear (panel a); 3 linear (panel b); triangle (panel c); 4 linear (panel d); diamond (panel e). The
spectra are normalized to the maximum extinction.

E||

E�

E||

E�

0.0

0.2

0.4

0.6

0.8

1.0

(e) FDTD (4 linear)

(c) T-matrix (4 linear)

Eǁ (9.10)
E⊥ (8.93)
Unpolarized (8.98)
Single (Mie) (8.95)

(a) DDA (4 linear)

(f) FDTD (Diamond)

(d) T-matrix (Diamond)

(b) DDA (Diamond)

Eǁ (9.04)
E⊥ (8.98)
Unpolarized (9.01)
Single (Mie) (8.95)

0.0

0.2

0.4

0.6

0.8

1.0

Eǁ (9.14)
E⊥ (8.93)
Unpolarized (8.99)
Single (Mie) (8.95)

N
or

m
al

iz
ed

 E
xt

in
ct

io
n

Eǁ (9.04)
E⊥ (8.98)
Unpolarized (9.02)
Single (Mie) (8.95)

8.4 8.6 8.8 9.0 9.2 9.4 9.6
0.0

0.2

0.4

0.6

0.8

1.0

Eǁ (9.19)
E⊥ (8.93)
Unpolarized (8.98)
Single (Mie) (8.95)

Wavelength (µm)
8.4 8.6 8.8 9.0 9.2 9.4 9.6 9.8

Eǁ (9.06)
E⊥ (8.98)
Unpolarized (9.01)
Single (Mie) (8.95)

Wavelength (µm)

Fig. 7. Normalized extinction spectra of
two di↵erent agglomerate structures (4 lin-
ear and diamond) obtained from the three
di↵erent theoretical methods: DDA results
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for single spheres is shown for comparison.
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・Lorentz-model : dielectric 
　function becomes large at λ>λc 
・Connection (proximity) effect 
　makes “shoulder” in the feature 
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Summary
• Dust grains in debris disks contain amo/cry silicate, although 
constraints on other species are still weak. 

• Grain size distribution power-law index seems to be  
consistent with collisional cascade models (q≈3-4) 

• Minimum grain size in debris disk is not determined  
only by stellar radiation pressure. Importance of gas?? 

• Scattering phase function looks similar for some debris disks,  
indicating that porous structure of debris dust might be common. 

• Beckwith+90’s millimeter-wave opacity (“standard value”) seems 
to be comparable to the opacity of amorphous silicate,  
but roughly 10 times smaller for carbonaceous composition.

 36


