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Transient dust in warm debris disks
Detection of Fe-rich olivine grains
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ABSTRACT

Context. Debris disks trace remnant reservoirs of leftover plareigls in planetary systems. A handful of “warm” debris diblse
been discovered in the last years, where emission in extass ie the mid-infrared. An interesting subset withinghevarm debris
disks are the ones where emission features are detected-tRnspectra, which points towards the presencenofsized dust grains,
with temperatures above100 K. Given the ages of the host stars, the presence of theskgains is puzzling, and questions their
origin and survival in time.

Aims. This study focuses on determining the mineralogy of the duitese warm debris disks, based on Spjtrerspectroscopic
data, in order to provide new insights into the origin of thistigrains.

Methods. We develop and present a new radiative transfer coder{) dedicated to SED modeling of optically thin disks. The
DeBra code is designed such as it can determine dust compositibdiak properties simultaneously. We make use of this code on
the SEDs of eight warm debris disks, in combination with né¢aboratory experiments on dust optical properties.

Results. We find that most, if not all, debris disks in our sample areegigmcing a transient phase, suggesting a production df sma
dust grains on relatively short timescales. Dust replenesft should befécient on timescales of months for at least three sources.
From a mineralogical point of view, we find that crystalling@xene grains (enstatite) have small abundances comfmacegstalline
olivine grains. The main result of our study is that we finddevices for Fe-rich olivine crystalline grains (MgMg + Fe] ~ 80%)

for several debris disks. This finding contrasts with steidiegas-rich protoplanetary disks, where Fe-bearing altys¢ grains are
usually not observed.

Conclusions. The presence of Fe-rich olivine grains, and the overdliedinces between the mineralogy of dust in Class Il compared
to debris disks suggest that the transient crystallineidwsarm debris disk is of a new generation. We discuss passitystallization
routes to explain our results, and also comment on the mesharthat may be responsible for the production of small deesins.

We suggest that one object may be very similar to our youngdsing its Late Heavy Bombardment phase. Finally, we uikerl
the unfortunate limitations of unresolved spectroscopy, discuss possible future improvements on our modeling.

Key words. Stars: individual: HD 113766 A, HD 69830, Bf20307, HD 15407 A, HD 169666, HD 98800 B, [GBR2007]ID 8,
[GBR2007] ID 9 — planetary systems: Zodiacal dust — circeffest matter — Infrared: stars — Techniques: spectroscopic

1. Introduction quired to reproduce the observed emission in excess. Howeve
e smallest dust grains are also subjected to varifigxts,
h as Poynting-Robertson drag and radiation pressateah
W¥acuate them from the system on short timescales. This sug-
ests that the population of small dust grains is continlyaes

Several hundred stars are known to harbor debris disks. 'II
first one was discovered around Vega (Aumann et al. 1984),
ing the Infrared Astronomical Satellite (IRAS). As detdilm

thhe reviehw by Wyatt (2%08)' debri%qisfks a(;e Icl:?haractelgzpd lenished. Such replenishment can for example happen via de
photospheric emission down to mid-infrared (IR) wavelésgt qctive collisions of km-sized bodies and will eventyagsult
Emission is then seen in excess at longer wavelengths, @auge, .q|lisional cascade that will produce the observed gxce

by thermal emission arising ffOT“ _dUSt’ located in C"Cl_"““fte emission, and may converge to a steady-state evolutioneof th
belts, heated by the stellar radiation. One key charatiten$ 4.1 is disk.

debris disks is that they are optically thin at all wavelérsgtA

comparison with Solar System’s Kuiper belt or asteroid elt ~ Most of the known debris disks are Kuiper belt-type disks
often made in order to explain such systems. Planetesimels &Carpenter et al. 2009), showing no evidences for warm dust
km-sized bodies contribute marginally to the thermal einigs grains in their inner regions. However, thanks to mid-IResbs
smaller dust grains that radiate moféaently are therefore re- vations, several unusual objects emerged during the lastye
warm debris disks. For these systems, the emission in excess
Send offprint requests to: olofsson@mpia.de starts in the mid-IR{ 5-10um), suggesting the presence a ma-
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terial much closer to the central star. Our study will focasao Nuth & Johnson 2006). One may wonder if we observe a sim-
subset of this group: warm debris disks with emission fesgur ilar result for the dust in warm debris disks. If not, we may be
These very rare objects % of all debris disks, Bryden et al. witnessing the production of a second generation of dustrevh
2006, Chen et al. 2006) are F-, G-, K-stars, whose mid-IR-spexystalline grains are produced byfférent mechanisms.

tra (5-35um) show strong emission features. Such emission fea- In the following, we present in Section 2 the stellar sample
tures are usually seen in primordial disks around youngsQlas of warm debris disks and briefly summarize the Spjtzerdata
objects, and are associated wijtim-sized silicate dust grains.reduction. The new radiative transfer code we use is destiib

In addition to the relatively small sizes of such dust grathe details in Sect. 3. We also justify which dust species we shoo
presence of a strong excess at short wavelengtbg:n) is in- to model the mid-IR spectra. Section4 presents two early re-
dicative of a high temperature for the dust grains, sugggstie sults that we find relevant to SED modeling of debris disksl, an
dustis located close to the star. The presence of these dustll we present our best fit models for individual sources in Sect.
grains close to the star is intriguing since the solutionsteady- The discussion of our results is then separated in thres.part
state evolution may not be suitable anymore. At the ageseof tBection 6 we investigate the survival and transient natfiteeo
systems, the smallest grains could have been depletedr bith dust grains as well as the time variability for some of thersesi
radiation pressure or Poynting-Robertson drag. This m&#ns in our sample, while in Sect. 7 we emphasize on the origin of
disks could be experiencing a transient phase (e.g., Wyatt e the crystalline grains that we detect in the dust belts. IFina
2007). In that case, two scenarios are possible, eitharg¢cent we briefly compare our results to what is known for objects in
collision between two or more bodies (planetesimals, cemepur Solar System in Sect. 8, and we summarize our findings and
asteroids), ori{) an outer belt feeds the inner regions, in a vergossible further improvements in Sect. 9.

similar scenario to the Late Heavy Bombardment (LHB), that

happened in the Solar System. To have a better understanding

of the origin of this dust, and assess whether it is trangent > gpitzer/Irs data and stellar parameters

not, one way is to study the Spectral Energy Distribution@$E

of these rare debris disks, and determine the temperatuhe of The stellar sample (Table 1) was gathered from the litegadnd
dust responsible for the emission, and thus its distanece fhe  investigating the Spitzer archive, looking for warm delafisks
star. around solar analogs (F-, G-, K-type stars). The Spitzespec-

A powerful diagnostic to complement such study is to maKga were retrieved from the Spitzer archive and reducedjusie
use of the emission features that arise from (sutmsized FEPS pipeline (see Bouwman et al. 2008).
grains. The width, shape and peak positions of the emissmn f ~ All stellar parameters, namelYer, L, and d, (effective
tures provide information on the composition of the dustrgra temperature, luminosity and distance, respectively) eviaken
(see Henning 2010 for a recent review). The most comm@®m literature. To reproduce the photospheric emissioruse
dust species are from the silicate class, which have been &rucz model that best matches the photometric near-IR data
tected in various environments, e.g., in the interstelladimm, and will minimize the excess emission in the 248 range of
winds of AGB stars, and objects from the Solar System. Tfiee ks data. The spectral decomposition procedure is extremely
main building blocks of the silicates are Si, O, Mg and Ferthesensitive to the photospheric emission model used, esfydoia
followed by Ca and Al). When modeling the dust mineraloggbleCtS that display small mid-IR excess (e.g., HD 69838, se
via spectral decomposition, one should therefore focungm  Fig. 12).
ily on dust species that contained these four main ingréglien  As several AORs contained both high and low spectral reso-
Silicates are an association of [Sj® tetrahedra, with inclu- lution observations at ffierent wavelengths (e.g. Short-Low and
sions of Mg or Fe (following cosmic abundances). Not onliong-High), we rebin the spectra to the minimal spectrabres
the chemical composition of the grains has an influence on thiion in order to obtain an uniform spectral resolution rotres
emission features; the internal periodic arrangemente8il), entire wavelength range. Doing so, the fitting process ddarot
tetrahedra will have a significant impact on the emission fegor spectral regions with higher spectral resolution.
tures. Grains with long-range order are in their crystelfiorm, Four objects in our sample are known multiple systems:
as opposed to the amorphous form. As explained in detail HD 113766, HD 98800, BB20 307 and HD 15407. For the first
Henning (2010), optical properties of crystalline and gohaus two objects, given the small separation of th&eatient compo-
grains are significantly étierent, with multiple sharp emissionnents and the slit size of thesl instrument, the photospheric
features for the former one, while emission features arehmuemission of the dust-free component has to be removed i orde
broader for amorphous grains. It is therefore possible tirdi to consistently determine the dust location around the Btar
guish between amorphous and crystalline grains, as welfas tHD 113766 we use the luminosities as reported in Lisse et al.
ferent dust species. Modeling the dust mineralogy can thiere (2008) for HD 113766 A (around which the dust is located). For
provide useful insights into dust composition and crystation HD 98800 we use the Keck fiiiaction-limited observations of
processes at stake in the debris disks, which in turn pramide the quadruple system by Prato et al. (2001) to model photo-
formation on the origin of the dust. To assess if the gramsgia  spheric emission of the two components. Prato et al. (2681) i
second generation or are the remnants of the primordiakigas deed provide the individual fluxes for the two spectroscdypic
disks one has to search for possiblatiences between the min-naries A & B (the dust being located around the spectroscopic
eralogy of dustin Class Il disks compared to the dust we @lsebinary HD 98800 B). For these two objects we will now refer to
in debris disks. A result that appears to be constant foréirp HD 113766 A and HD 98800 B. BE20 307 is a spectroscopic
ogy of crystalline olivine grains in protoplanetary diskstihat binary (3.5 days period, Weinberger 2008) of two, almostide
they are Mg-rich (and hence Fe-poor, see Bouwman et al. 2008al, late F-type stars and the disk is circumbinary, megni
Juhasz et al. 2010, Olofsson et al. 2010). The lack of FeHimpa no correction has to be applied to the spectrum. HD 15407
crystalline grains has been studied by several authorsambe is a binary system with a 21.21” separation. The dust is lo-
explained by crystallization processes that take placedssme cated around the primary HD 15407 A (F5) and the secondary
disks (gas-phase condensation, Gail 2010 or thermal angealHD 15407 B (K2, Melis et al. 2010) does not appear in the |
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Table 1. Stellar sample
Starname Alias SpT  Ter L, d, Age AOR Epoch Ref
[KI [Le] [pcl  [Myr] [d-m-y]
HD 113766 A F4v 6800 4.4 123 10-16 3579904 01-03-2004 1,2,3
HD 69830 KOV 5650 0.67 12.6 4000 28830720 14-01-2009 4,5,6
BD-+20 307 HIP 8920 GO 5750 1.8 921 ~1000 14416384 15-01-2006 7,8,9
HD 15407 A - F5vV 6500 4.5 54.7 80 26122496 09-10-2008 10
HD 169666 F5 6750 5.16 53.2 2100 15016960 02-07-2005 11
HD 98800 B TWA4 K5 4600 0.62 44.9 8-10 3571968 25-06-2004 B2]1%, 15
[GBR2007]ID9 2MASSJ08101691-4856291 K 4250 0.39 361 30 53392 10-06-2007 16
[GBR2007]ID8 2MASS J08090250-4858172 G 5750 0.8 361 30 3136 16-06-2007 16

References: (1) Chen et al. (2005), (2) Chen et al. (2006), (3) Lisse €28l08), (4) Beichman et al. (2005), (5) Lisse et al. (20068) Beichman
et al. (2011), (7) Weinberger (2008), (8) Zuckerman et 008), (9) Weinberger et al. (2011), (10) Melis et al. (201Q}),) Mobr et al. (2009),
(12) Koerner et al. (2000), (13) Prato et al. (2001), (14)&uet al. (2007), (15) Verrier & Evans (2008), (16) Gorlovalk (2007)
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Fig. 1. Qscax Afor 0.1 um-sized grains as a function of wavelength
three dust specieQscq being the mass scattering dbeients andA the
albedo of the grain (see Eqn 1).

slit, therefore no correction to the spectrum has to be peidd
for this object.

3. Modeling the optically thin emission

To model the SEDs including therd spectra, we use therametersrin

the total emission arising from the disk over a large wawgtlen
range (for more details, see Wolf & Hillenbrand 2005). Fdr al
the sources presented in this study, we chobge = 0.3um
andAmax = 100 mm. The broad wavelength range is required to
sample the heating (stellar) and cooling (dust) radiatield fio
calculate the dust temperature correctly.

We can question whether scattered light emission should be
considered when trying to model mid-IR (5—@%) spectra. If
the albeddA of a single particle of sizeis defined as follows:

A= Qscd 4, 9)
Qabifl» S) + Qsci/l’ S) '

where Qapd1, 5) and Qsc{4, S) are the mass absorption and
scattering cofficients (see Sect. 3.2 for more details), then the
scattered light emission of this single dust grain is prepor
tional to Qscd4, 5) x A (Wolf & Hillenbrand 2005). Figure 1
shows how this quantity decreases dramatically with ircrea
ing wavelengths, for three fierent amorphous dust species, for
s =0.1um. At 5um where ks spectra begin, the contribution of
scattered light is- 4 orders of magnitude smaller than gtrh.
This overall means that the fitting process, which focusehen
Irs spectra, can hardly handle the scattered light emissiots as i
contribution is only significant at shorter wavelengths.

The last free parameter of our model is the grain size distri-
bution, which we assume to be dfdrential power-law of index
p (dn(s) « sPds, p < 0) betweersmi, andsmax. One given model
is therefore the sum of the stellar flux and thermal emisgiomf
several dust species offtérent sizes and is defined by four pa-
lfou, @ and p. The mass of dusiy,s; within the

1)

fo

“DEBris disk RAdiative transfer” code (B)ra hereafter), a ra- isk is determined when fitting the dust composition over the

diative transfer code dedicated to optically thin diskdgdeally
adapted from the “Debris disk radiative transfer simukatimol”

Irs spectral range. The fitting is performed via the Levenberg-
Marquardt algorithm on a linear combination of all the thatm

(Wolf & Hillenbrand 2005), the code has been improved in ord@ mission contributions from the considered dust speciesaF

to determine the dust mineralogy as probed by thespectra.

3.1. The disk setup

The DeBra code is designed to compute the SED of a “star
disk” system in the optically thin regime. The star is define

given grain size and dust composition, the thermal emidhicn
Femis, received by an observer at distardg is computed as
follows:

2
femis(r. 4. 9) = 7 X (di) X Qapd4, §) X Ba(4, Ta), )

by its Kurucz model and distanag,, and the radiative trans-
fer code can then compute the reprocessed (thermal and seditereB, (1, Tq) is the Planck function at temperaturg, which

tered) emission arising from the circumstellar dust. Thek d§

depends on grain sizes, compositions and distance frontetire s

defined by the following parameters: inner and outer ragdii (see Sect. 3.2.2). Finally, to determine the best fit oveetiize
androy, mass of dusMy,st and a volume density power expo-SED (i.e., the disk geometry as well as the dust compositi@n)

nenta (< 0). The density profile is assumed to be a power-

(Z(r) = X(r/ro)*) betweerr;, andrq,; (sampled omr = 80 ra-

lause a genetic algorithnp{kaia, Charbonneau 1995) over the
four free parameters mentioned above. The code iterates ove

dial points). For a given set of parameters, one can then a@mpl00 generations, with 40 individuals per generation, asdfii
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dust composition at every iteration. Each time, the goosloés to 1um. According to crystallization models, one does not ex-
the fit is estimated with a reduced and the best fit is the one pect to produce pure crystals of severah via thermal an-
with the lowesty?. nealing. Grains are more likely to grow via collisional agmg-
tion of both small crystalline and amorphous material (M
et al. 2008). Additionally, optical properties of large stglline
3.2. The dust setup grains can become degenerate with optical properties @foth

The ks spectra of the objects in our sample show prominegrSt species, since the recognizable emission featurenailf s

emission features that are associated with warm (gub-3il- . YSt‘?IS faql(; away when (ljncrea?gg Limiting Smlax 0 1”%
icate dust grains. In order to reproduce the data we use sgyt ine with previous studies of dust in protoplanetary
eral dust species. from amorphous with olivine and pyrosc.9- Bouwman et al. 2008, Juhasz et al. 2010, Olofssoh et a

St Sp o b o na py 010) where crystalline grains are found to be much smaller
ene stoichiometries) and crystalline silicates (forgtesind en- than amorphous arains. Goncerning the maximum arain size fo
statite) to crystalling-cristobalite silica and amorphous carbon P 9 : 9 9

These amorphous or crystalline dust grains, or their agtati amorphous grain, we tested several valuessfgk and the out-

ey . . comes of this exercise are discussed in Sect. 4.2.
emission features, have been observed numerous timesk dis

around young Class Il objects (e.g., Bouwman et al. 20018200
Juhasz et al. 2010, Oliveira et al. 2011, Olofsson et al920®.2.2. Temperature determination
2010, Sargent et al. 2009b), and disks around evolved Glass | ) ) ) )
objects (e.g., Beichman et al. 2011, Lisse et al. 2007, 200@ung massive Class Il circumstellar disks contain largeam
2009, Weinberger et al. 2011). Amorphous grains of olivif@f dust, but also contains gas. When modelirg $pectra for
(Mg,Fer ,SiO;) and pyroxene (MgFer xSi,O¢) stoichiome- these objects, one can therefore assume all the dust giains,
tries are also the dominant species in the interstellar umedi cated in the optically thin regions of the disks, are in thairm
(~98%, Kemper et al. 2005, Min et al. 2007). They are the mgontact and have the same temperature at a given distance
jor building blocks for the dust content in circumstellavien However debris disks are devoid of gas and the previous gssum
ronments. And yet, many uncertainties remain on the optidin cannot hold anymore as no medium céicently support
properties of these grains. For instance Tamanai et al.j2o@1ermal exchange between dust grains. Consequently, wee hav
show the diferences in band positions and band widths of tH@ compute the temperature of the grains individually. Tere-t
emissivity profiles for several species (crystalline ferise and PeratureTy of a given dust grain does not only depend on its
enstatite or amorphous M8iOs) when using two dferent lab- distancer to the star, but also on howffiently it can absorb
oratory techniques (KBr pellets versus aerosol measurtsherstellar flux, which is traced b@apd4, 5).
These measured emissivity profiles are aldtedént from mass
absorption coficients calculated using optical constant mea}-( T d, L Fo (1) X Qapd4, ) d
imitati ==X
surements. One must be aware of these unfortunate limigtio\S 'd) = - L 7 X Ba(A, Ta) X Qapd4, ) dA’

and interpret carefully the results from spectral decoritioos

when using several dust constituents. This is the main reaso ore E (1) is the stellar flux at distance, from Earth
- . * * .

why we focus our study on silicate dust grains and choose r?:o&uation 3 shows howcan be related tdq, via the correspond-

ing Planck functiorB,(4, Tq). But it also shows that depends

to include additional, more complex dust species, to lineit d
generacies in the fitting process. We would only have inadud the mass absorption diieients used, especially in the near-
hereF, (1) peaks. For the F-, G-, K-type stars of our sam-

other dust components when needed to reproduce the data.(ﬁgll/v
the dust components used in this study are listed in Table 2. ; .

ple F, peaks around 0.5-0.6um, a wavelength included in our
spectral rangedqmin = 0.3um). Reversing numerically Eqgn. 3,

3.2.1. Mass absorption coefficients for each dust species and for each grain sizes we are able+to co
sistently compute their temperature depending on theiance
There are several ways to obtain the mass absorptiofii-codo the star.
cients, such as optical constant combined with a scattéhieg
ory or using laboratory extinction measurements (Henning
Mutschke 2010). When possible (and relevant, see Sec3)3.2.
we opt for optical constant as it enables us to separate titei-Co Mass absorption cdicients are the tools used to interpret ob-
butions from diferent grain sizes, while aerosol measuremendgryations, and one should always make sure to use the most
do not disentangle such contributions as the sample is a migtevant ones. As mentioned previously, mass absorptieft co
ture of grains with dierent sizes. For the amorphous silicatgcients sifer from uncertainties at flierent levels. Laboratory
grains we use the Distribution of Hollow Spheres (DHS) ®ratt measurements are unfortunately subjected to variousamvir
ing theory, with a filling factorfmax 0f 0.7. Min et al. (2007) have mental ¢fects such as electromagnetic polarization of the em-
shown these mass absorption fiméents best match the extinc-pedding medium (KBr, Csl or PE) when using the pellet tech-
tion profile toward the galactic center at 10 andu®@ For the nique (see Tamanai et al. 2006, 2009). Additionally whengsi
crystalline species we also use the DHS scattering theaty, Bptical constant, scattering theories have there own tsvas
with a filling factor fmax of 1.0, for which the mass absorptiondiscussed for example in Min et al. (2007) for both Mie and DHS
codficients usually best match the observed band positions afAgories. By inspecting the emission features associatéd w
compare well with other laboratory measurements (seesuhfyrsterite grains, we can determine which mass absorptien ¢
et al. 2010). For the amorphous carbon grains we use the DHficients are best suited to reproduce the observations.é=gur
theory with a filling factorfmay of 1. displaysQapsvalues from diferent laboratory measurements for
We compute mass absorption @idgents for ten discrete two wavelength ranges. From bottom to top, the green lineisho
grain sizes, logarithmically spaced betwegfp, = 0.1um and mass absorption céiicients calculated with the DHS theory
Smax- FOr the crystalline silicate and silica grains, we limjt.x from optical constant of Sogawa et al. (2006), blue and red

®3)

.2.3. Forsterite and crystalline olivine grains
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Table 2. Dust species used. State refers to the amorphous (“A”) ataltine (“C”) form.

Species State Chemical Density WMg + Fe] Shape Ref
formula [g.cm1®] [%]

Amorphous silicate A MgFeSi© 3.71 50 DHS 1

(olivine stoichiometry)

Amorphous silicate A MgSiO, 3.88 100 DHS 2

(olivine stoichiometry)

Amorphous silicate A MgFe80g 3.20 50 DHS 1

(pyroxene stoichiometry)

Amorphous silicate A MgSi® 2.71 100 DHS 2

(pyroxene stoichiometry)

Mg-rich olivine C M@ oFey1SiOy 3.33 95 Aerosol 3

(San Carlos sample)

Fe-rich olivine C Mg 6Fe4SiOy 3.33 80 Aerosol 3

(Sri Lanka sample)

Ortho-enstatite C MgSi© 2.78 100 DHS 4

Silica (3-cristobalite) C SiQ 2.27 - Aerosol 5

Carbon A C 1.67 - DHS 6

References: (1) Dorschner et al. (1995), (2) Jager et al. (2003), (3) dlaan & Mutschke (2010), (4) Jager et al. (1998a), (5) Tam@0), (6)
Jager et al. (1998b, “cel600”, “cel800”, “cel1000": cdtige pyrolized at 600, 800 and 10TD, respectively)
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Fig. 2. From bottom to topQaps Values for forsterite (green, SogawaFig. 3. 10um features for photosphere subtracted spectra showing
et al. 2006), Mg-rich (blue), Fe-rich olivine grains (reddsstellar sub- the most prominent crystalline olivine features (from buoit to
tracted spectrum of HD 69830 in Jy (black). Vertical lineswlpeak top: HD 69830, HD 113766 A, [GBR2007]ID 9 and [GBR2007]ID 8).
positions of the main emission features in the spectrum.abe eead- Spectra have been scaled arftset

ability, Qans values and the spectrum are scaled affiskd

to Mutschke et al. (2009), suchftérences around 16n arise
lines represent aerosol measurements for Mg-rich anddre-rfrom a simplified treatment of the crystal anisotropy in tat
olivine grains, with Mg fractions= Mg/[Mg + Fe]) of 95 and ing theories such as DHS. Therefore, we instead use theaeros
80 %, respectively (Tamanai & Mutschke 2010) and the bla¢ckass absorption céiecients for Mg- and Fe-rich olivines to rep-
line is the photosphere subtracted spectrum of HD 6988@s( resent for crystalline olivine grains in our modeling aggb.
values and spectrum have been scaled dfskbto ease read-  The main diference between these two samples is the iron
ability). Figure 3 shows the photosphere subtracted spéefth  content. The Mg fractions are95 and 80% for both samples
different scalings andfisets) for four objects showing promi-(produced in San Carlos, USA and Ratnapura, Sri Lanka, re-
nent emission features associated with crystalline adigirains spectively). The iron content mostly makes &efience at wave-
(from bottom to top: HD 69830, HD 113766 A, [GBR2007] ID 9engths longer than 2@m (Fig. 2, right panel). For the Fe-rich
and [GBR2007]ID 8). Band positions and shapes are similar folivine sample, the 189m feature is slightly broader and the
the four sources and compare very well with the two aerodelature at 23—24m is shifted toward longer wavelengths, a re-
measurements shown in Fig.2. The great advantage of tht consistent with the measurements from Koike et al. 8200
aerosol technique is that it minimizes the contaminatioefy These diferences will enable us to assess to a fine level the iron
vironmental &ects. As the mass absorption ogents com- contentin crystalline olivine grains.
puted with the optical constant from Sogawa et al. (2006) in The disadvantages of using the aerosol measurements in-
combination with the DHS scattering theory do not match thetead of optical constant ar@) the overall level 0fQaps Values
observed band positions, we choose not to use them. Acaprdis difficult to constrain. The experiment is non-quantitative, in
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Fig.4. Qaps Values for 0.um-sized Mg- and Fe-rich olivine grains Fig. 5. QapsValues fors-cristobalite silica grains from aerosol measure-
(solid black line and red dashed line, respectively), ushrgnear-IR ments (solid black line, Tamanai 2010), and @i-sized grains com-
measurements from Zeidler et al. (2011) combined with a¢noea- puted with optical constant from Henning & Mutschke (199&stiked
surements from Tamanai & Mutschke (2010) red line).

the sense that it is not possible to determine how many festicticular polymorph to represent for silica grains. Howewten
have entered the aerosol chamber, and thus the total dustisnag Sargent et al. (2009a) discussed the possible influenteeof
uncertain. Andii), the information about the contribution of dif-KBr medium before concluding it should not have altered too
ferent grain sizes is lost. It is unfortunately not posstbleelect much the band positions, we prefer to use aerosol measutemen
one finite grain size while injecting them in the aerosol appa from Tamanai (2010) in order to avoid any possible contamina
tus. However, it is still possible to select a maximum gréies tion by the pellet medium. The maximum grain size inside the
which is~1um in the case of the two samples discussed hereaerosol chamber is againufn. Figure 5 shows the mass absorp-

In a recent study, Zeidler et al. (2011) determined the ofien codficients fors-cristobalite silica derived from the aerosol
tical constant for several dust species in the near-IRuitinof measurements (black line). The major emission featurds giea
the Mg- and Fe-rich olivines discussed in this Section. The i9.0, 12.5, 16.0 and 2@m, which compares well with measure-
creased Fe content (5 to 20%) does not dramatically charege thents from Fabian et al. (2000, 9.1, 12.6, 16.1 andral
absorption coéicients in the near-IR. This is illustrated in Fig.4  To obtain Qaps vValues, we could not follow the same pro-
where we show the mass absorption fiicgents Qaps for Mg-  cedure as for Mg- and Fe-rich olivine grains (Sect. 3.2.8¢esi
and Fe-rich olivine 0.km-sized grains (solid black and dashedio data are available for wavelengths shorter thanum.
red lines, respectively). To compute th&3gsvalues for dffer- Therefore, we use optical constant from Henning & Mutschke
ent grain sizes, we first use the DHS theory (Withx = 1) for (1997, SiQ at 300 K), and combine them with optical constant
different grain sizes (between 0.1 anddnt) on near-IR optical from iron-free MgSiQ in the spectral range 0.3#M. With the
constant from Zeidler et al. (2011). We then combine theltesuDHS theory fnax = 1) we then comput&,ps values for 10
ing mass absorption cfigients with the aerosol measurementgrain sizes between 0.1 angih (dashed red line for 0gm in
from Tamanai & Mutschke (2010) at~ 7um (where data from Fig.5). We then replace these mass absorptioffictents with
Zeidler et al. 2011 stop) that are representative of graitedler the aerosol measurements from Tamanai (2010) in the range 7—
than 1um (the size distribution in the aerosol apparatus beirum. The choice of using MgSi§Xlata has in the end very little
unknown). The motivation behind this work being tiga§sval- influence on the results as silica most likely needs to be dnixe
ues are required in the near-IR regime, in order to compuati& grwith impurities as discussed in Sect. 4.1, which will donténa
temperatures consistently (Egn. 3). Additionally, as thmsol the near-IR mass absorption ¢beents.
measurements are “non-quantitative”, data from Zeidlealet
(2011) enable us to have a more accurate overall level for

t - o
aerosolQays values. 9% Determining uncertainties

To assess the significance of the mineralogical results,one ¢
3.2 4. Silica pute uncertainties on the relative abundances of the dastesp

For each source, we use a Monte-Carlo method (as described
Silica grains have recognizable emission features aroyndi®van Boekel et al. 2005 for instance) on the original speuotr
~12.5, 16, and~20um. Several polymorphs of silica haveand its uncertainties:, which represent the statistical noise in
been studied in detail by Sargent et al. (2009a). Accorditige data. For a given object, we generatgdspectra,n, be-
to the authors, spectroscopic observations of protopdapeting the total number of data points in the spectrum. For each
disks are best reproduced by annealed silica, which cantagynthetic spectrum, we randomly added Gaussian noise #r on
pB-cristobalite. They used the KBr pellet transmission measu wavelength point, within a distribution of widit. We then run
ments from Fabian et al. (2000), in whighcristobalite was the Dera code on all synthetic spectra, with the disk parame-
formed by thermal annealing of SjQluring 5h at a temper- ters found for the best fit, rou, @ andp) to find the best dust
ature of 1220K. This motivates our choice for using this pacomposition for then, synthetic spectra. The final uncertainties
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on the relative abundances correspond to the standardidegia  To circumvent this temperature issue, one can consider
of all the realizations. “dirty” silicates. In other words, one can assume that grain
We choose not to determine uncertainties for the disk pesntain a fraction of impurities, such as transition metaisi,
rameters. The reason being that spectroscopic obsersaien or are in contact with other dust grains that have high mass
spatially unresolved and do not contain informations onldhe absorption coficients in the near-IR (see, Ossenkopf et al.
cation of the dust. Spectral decomposition modeling of these 1992). To account for this dirtiness, we use the Maxwells@#r
sion features provide information about typical tempeegwof effective medium theory to mix fierent fractions of carbon
the grains, not about their distancelirectly. As we will detail (“cel600”, Jager et al. 1998b) with Mg- and Fe-rich crys-
in the following Section 4.1, the relation betweeandTy is in-  talline olivine grains. The choice of using carbon over othe
fluenced by additionalféects that are poorly known at presenspecies (e.g., metallic iron) has very littlfext on the results,
days. Without spatially resolved observations constngirthe since the primary goal is simply to heat up the grains. This is
location of the dust, assumptions have to be made in orderatchieved by choosing featurele®sps values for the impuri-
model available data, even though they contain a limitedwaro ties. Similar low-temperature problems wilfect enstatite, sil-
of informations. ica (see Sect. 3.2.4), amorphousi8d, or MgSiO; grains that
have lowQapsVvalues in the near-IR. For these dust species, from
now on, we will consider that grains can be mixed with dif-
ferent amounts of carbon: 1, 5 and 20% to represent for low-,
In the course of this study, we encounter a couple of issuemwhntermediate- and high-temperature grains. The need fty di
modeling ks spectra (e.g., low temperatures for grains witgrains can be justified by dynamical process at stake in slebri
small Qaps Values in the near-IR, or maximum grain sigg.x  disks. Dust grains have most likely encountered severdil col
used for the amorphous dust grains). We detail in this Sectisions during their lifetime, which renders the assumptigouoe
why these issues are considered as problematic, how wectordist grains unlikely. Consequently we exclude from the rhode
for them and what are the implications on the dust content iimg the mass absorption dieients with no impurities for Mg-,
debris disks. In parallel, we emphasize the limits and [pssi Fe-rich olivines, enstatite, silica and Fe-free amorplgrains.
biases of SED modeling and spectral decomposition for debHowever, as we have no available diagnostics for tHisocg, we
disks. allow different levels of dirtiness for the aforementioned dust
grains, by mixing diterent fractions of mixed carbon.

Introducing several impurities fractions reveals some of
the unfortunate degeneracies of SED modeling, especially o
The fitting process used in this study highly depends on taigrthe disk geometry. Spectroscopic observations containit fin
temperatures. As explained in Sect. 3.2.2, these tempesadte  amount of information; the “star disk” system is not spatially
determined using the mass absorptionfioents (from optical resolved by thers instrument. By modeling the emission fea-
to mm wavelengths) of the considered dust species and graires, one can determine typical temperatures of the dastgr
sizes. It is therefore necessary to have a precise knowledgedowever, the distance from the star, and hence the geometry
the mass absorption cfiieients. If theQaps values are too low of the system, will depend on howfeiently these grains can
(e.g.,~ 107%) in the optical and near-IR where the stellar emisabsorb the stellar radiation. In other words, if one doegknotv
sion peaks, the grains will become almost “transparenttdb s the dirtiness of grains, then one should not claim to coivstne
lar flux. Consequently, at the same distance from the stah swexact morphology of the disk. At that point, spatially resol
grains will have a much smaller temperature than grains witthservations become mandatory to break down the number of
higherQapsvalues in the near-IR. If all the dust species had sintlegeneracies on the morphology of the system in order tcerefin
ilar mass absorption cfiecients in the near-IR this would simply the model.
translate into smaller distancet get appropriate temperatures.  this underlines the overall complexity of modeling mid-IR
However, grains such as amorphous MgFaSiOMgFeSiOs  specira of debris disks in the optically thin regime. Thedhiee
have higherQqps values in the near-IR and are expected t0 by silicates, which is also valid for the other sourcesoaf

detected (as in Class I disks). If one consider the best fit Wiz mple, is the first result of this study. Even if the dustrgai
match crystalline features such as the ones from Mg- anithe-ra e ot in thermal contact (one single temperafus) for all
olivines, in that case, the temperature of amorphous MdB£Sigpecies and sizes), pure grains as opposed to grains mixed wi
or MgFeS;Os grains, for which theQaps values are higher in 5 rities cannot provide satisfying results, as it worddult
the near-IR because of a increased Fe content (50% versus Sé}fﬂer in too weak contributions to the emission or, in terape
20%), will most likely be above the sublimation temperature  ,res ahove the sublimation radius for other dust species.

To illustrate the problem, we model the spectrum OP
HD 69830 using the dust species listed in Table 2. For Mg- and
Fe-rich crystalline olivine grains, we use the near-IR dedean 4.2, Continuum emission
Zeidler et al. (2011) as described previously, which havalkm
mass absorption céiicients in the near-IRY 1074, see Fig.4). When modeling the dust mineralogy of optically thick proto-
In that case, the final temperatures of ini-sized Mg- and Fe- planetary disks, a continuum componentis included in thd-mo
rich crystalline olivine grains are of about 380 and 475 Ispex- eling (e.g., Juhasz et al. 2010, Olofsson et al. 2010). ddmisin-
tively, atr = ri; = 4.4x 1072 AU. The corresponding tempera-uum is originally meant to account for the emission of oplyca
tures for 0.Jum-sized amorphous MgFeSj@rains is~ 1970K, thick regions of the disk (the emission features arisingiftbe
a temperature at which they should vaporize. If one limiesth  optically thin layers). As grains larger thar1Oum do not show
value for which these grains will haveTg ~ 1500K, then the significant emission features, they are not included in gexs
crystalline olivine grains will be too cold and will conseznily tral decomposition procedure. Their actual presence idigles
not contribute to the emission, resulting in a poor fit to thecs  not questioned, but their contribution to the emission suiased
trum. to be part of the continuum. This assumption no longer haids f

4. Early results on SED modeling

4.1. “Dirty” silicates
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with Spax = 10um, we obtain a value 0f1.70 for p, which

is far fromp = —3.5 expected for a collisional disk (Dohnanyi
1969). Such result would most likely require unusual caists

on the dynamical processes at stake in the disk. Again, as we
do not expect grain size distributions to be suddenly trtetta
for sizes larger than 1@m, we estimate the most straightfor-
ward (and less biased) solution is to simply increggg up to
1000um so that the large grains can account for the continuum
emission. In Figure 6, we show fits to stellar subtracted tsaec
of HD 15407 A and HD 113766 A (top and bottom panels, re-
spectively). The solid black lines represent the flux cdtibn

of grains with sizes between 10 and 1Q00. The flux fractions
over the ks range are of about60% and 36% of the total flux,
for both objects and this underlines the need for large gram
their contribution is non-negligible.

3 10 15 20 25 30 35
A [pm]

Fig.6. Fits to stellar subtracted spectra of HD 15407 A (top) ang' Individual source descriptions

HD 113766 A (bottom). Fits are in red, data in dashed blaclas several sources in our sample are well-studied debris dis
Contribution of grains larger than 1@n is shown in solid black. we present and discuss in the following the best fits we obtain
for each source and compare our results to previous studlies.
should note that we focus our study solely on Spjtzerdata
o i ) and we do not include other measurements such s pho-
debris disks that are optically thin at all wavelengthsréfere  ometric observations. But when available, we compare the fl
the influence of the maximum grain size has to be tested.  radictions of our best model with these measurementse3abl
As big grains are featureless, if we aim at modeling thgng 4 show the disk parameters and relative abundancessfor th
emission features detected in spectra, the simplest as&umppest models, respectively. Figure 11 shows the fits to tHiaste

is to opt for spax =10um. But this is not without any con- gyptracted spectra as well as the residuals from the fitghwhi
sequences on the results. We do not expect grain size disifla computed as follows:

butions to be truncated fas > 10um, therefore the contribu-
tion of large grains to the total emission has to be compen- Fy.obs = Fvmodel
sated by o?hegrJ means. One should also note that, at a giveel égf [%] = 100x F\ obs ’ )
tancer from the star, 100 or 10Qdn-sized grains are colder '
thanum-sized grains. The additional emission from large graingith F, ons andF, model b€iINg the observed and modeled fluxes,
which depends oifi4(s), will still be significant at longer wave- respectively. Figures 12 shows the entire SEDs as modeilegl us
lengths. Preliminary tests have shown there are a couplessf pthe Desra code. We check the optical depth is always smaller
sible ways to compensate for the absence of large grainghian unity meaning all sources can be modeled within theapiti
Smax =10um. The first possibility is an increased abundance #fin regime.
carbon grains, which are featureless as well and can serve as
pontinuum. However, giyen that tt@abs_values are rather high 5.1 HD 113766 A
in the near-IR, such grains will have high temperatures aifid w
mostly contribute at short wavelengths. Increasing theélwid  Previous studies: The ks spectrum of HD 113766 A (the pri-
the disk may circumvent this issue since the outermost carbmary of the binary system) shows several strong emission fea
grains will be colder and can contribute as a “cold” contimuu tures attributed to crystalline grains (9.95, 11.0, 16.26l a
However it may provide a worst fit to the emission features. W&8.5um). The circumprimary dust orbiting the F3-type star has
assume the dust composition to be homogeneous over the legen studied in detail by Lisse et al. (2008). To model thé&z8pi
tire disk, therefore ifroy increases by too much, some of thelata, the authors used several species among a vast lifigdy o
crystalline grains (e.g., Mg-, Fe-rich olivines or silicajll be  different chemical components. Among them, they found two
colder as well. This will boost their emission features aiger types of MgSiO, forsterite, labeled as “ForsteriteKoike” and
wavelengths. For all the objects (except [GBR2007] ID 9%hsu “Forsterite038”. Unfortunately, the authors do not dischsw
features are not detected, which practically rule out tlesg@nce different these measurements are (in Lisse et al. 2008 or in the
of such cold crystalline grains. supporting online material of Lisse et al. 2006), or the iicgp!
The second possibility to compensate for the absence @f latgpns of why both species are required. In addition to otvamd
grains is to mimic their presence by a shallower grain size dpyroxene dust species, the authors state they need addiiiost
tribution exponent. One can understgmds a competition be- species to model the spectrum, such as ferrosiliteE©s),
tween continuum emission and emission features. A steep grdiopside (CaMgSiOg), phyllosilicates (smectite notronite), wa-
size distribution will favor emission from small grains atheéir ter ice and metal sulfides (ningerite M§eyS). Concerning the
associated emission features, while a shalfpwill favor con- latter dust species, to our knowledge, there is a major gap in
tribution from large grains and will produce more continuurthe wavelength range of laboratory measurements. Opticel ¢
emission. Since we consider that the crystalline specige hatant are available between 0.3 and il (Egan & Hilgeman
sizes between 0.1 andufin, the grain size distribution expo-1977) and between 10 and 50® (Begemann et al. 1994). The
nent has little to nofect on their respective emission profilesQaps values remain unknown both in the near-IR (rendering the
However, this might fiect the amorphous dust grains contributemperature determination uncertain), and in the s @ange,
tion. As an example, when fitting the spectrum of HD 15407 Ae., in the ks spectral range. Additionally, in the range 1040
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Table 3. Disk parameters for the best fits, as well as the maximum testyre reached

Star lin Tout @ p Maust Trax
[AU] [AU] [ Me] (K]

HD 113766 A 0.4 7.1 -125 -323 4.6%10° 1452

HD 69830 0.7 1.5 -214 -354 3.7%107 686

BD+20307 0.2 52 -215 -336 2.3x10* 1510
HD 15407 A 0.4 19.2 -300 -312 7.7%10° 1531
HD 169666 59.0 60.8 -247 -360 1.1x10° 207
HD 98800 B 15 54 -0.86 -298 4.4x102 510
ID9 0.2 48.8 -127 -371 5.6%102 934
ID8 0.4 05 -231 -401 24%10°% 885

Table 4. Relative abundances (%) and corresponding Monte-Carlertainties for the best fits

Star MgFeSiQ MgFeSpOq MgSiOs Mg,SiO, Fe-rich Mg-rich Enstatite S-cristobalite C
amorphous  amorphous amorphous amorphous olivine olivine

HD 113766 A 0t0 39.3+0.2 0+0 29.8+0.2 17.40.1 2.0+£0.1 0+0 0+0 11.6+0.1
HD 69830 16.8:0.5 27.2+1.1 0+0 0+0.5 29.3+14 0+0.1 1.7+£0.1 1.2+£0.3 23.9+0.2
BD+20307 55.6:0.2 15.1+0.2 0+0 9.1+ 0.2 15.4+0.1 0+0 4.8+0 0+0 0+0

HD 15407 A 0+0 25.0+0.3 28.0+1.1 0+0 0+0 0+0 0+0 17.3+0.1 29.7+0.9
HD 169666 0+0.1 0+0 0+0 61.7+1.2 0+0 10.5+0.6 8.0+0.4 3.3+0.2 16.6:0.4
HD 98800 B 0:0 34.3+0.5 0+0 37.4+0.8 0+0 1.8+0.3 5.6+0.1 0+0 20.8+0.2
ID9 19.9+0.8 19.9+1.0 0+0 23.8+1.0 0+0.1 26.8+1.4 2.0£09 0.1+ 0 7.5£0.7
ID8 23.0+2.5 0+0 0+0 64.3+4.0 2.9+0.8 0+1.0 0+0.2 0+0 9.7+1.0

only one emission feature is visible and is very broa@6-— Additional observations and comments: Our best fit returns

35um). We estimate that the lack of a clear, narrow emissi@ 70um flux of 250 mJy, to be compared to themM flux of
feature makes the identification of this particular dustcgge 390£28 mJy (Chen et al. 2011, revised from 35% mJy orig-
difficult, the risk being to use metal sulfides as a proxy for comally reported in Chen et al. 2005). Thel50 mJy diference
tinuum emission (see Sect. 4.2). Finally, concerning trenge  can be explained in two fierent ways. First, one may consider
try of the dust belt, Lisse et al. (2008) found the dust to be ltime variability betweenss and Mps observations. In the case
cated at 1.8 AU from the star, with a width of 0.4 AU with typlicaof HD 113766 A, this explanation is quite unlikely as only wfe
temperatures between 420 and 490 K. The grain size distiibutdays separate the two observations{28 February 2004 and
for their best fit has an exponent 68.5+0.2 for grain sizes be- 15' of March 2004 for Mes and ks, respectively). Second, an
tween 0.1 and 20m, and finally the authors found a mass obuter dust belt might surround the inner warm dust belt. e iss
~ 5x 107° M, for grain sizes up to 20m. et al. (2008) considered an equivalent scenario as theirmod

The amorphous phase: According to our model, the abun_suggests the presence of two additional dust belts, one astfa

dances of amorphous grains with olivine and pyroxene Sgs 9 AU where water ice may be located and another one at 30—

S . Q AU. We note that according to our best model, the dust belt
ichiometries are almost comparable (30 versus 39%, resp 9 ; : ’

) . . ' ISquite extended (up to 7 AU), suggesting the need for cofd du
tively), with a slight edge for grains of the pyroxene groape- rgins which may(sgpport th()a pogsgibility gf an outer bedtfur-

sult different from the analysis of Lisse et al. (2008) who foundt%er investigate this scenario, we have an on-going Helke
strong depletion of amorphous grains with pyroxene stofthi otometry program (PI: J. blofsson observations shaigd w

. . h
etry. We find that amorphous grains of the pyroxene grouplhre%wther team, PI: B. Zuckerman) which will provide new obser

Fe-bearing while grains from the olivine group are Fe-free ( __..
MgFeSiQ). The abundance of amorphous carbon grains is yguions at longer wavelengths (70, 100 and 469 and thus,
additional constraints on the presence of an outer belt.

about 11.6%. Grains between 10 and 1060in size contribute
to about 36% of the total emission over the entirerhnge.

The crystalline phase: According to our model, the crys- 2-2. HD 69830
talline content simply consists of Fe-rich olivine graid§ (4%) Previous studies  In addition to show emission features in

and a small amount of Mg-rich olivine grains-2%), both its Irs spectrum, HD 69830 is known to host 3 Neptune-sized
species being mixed with 5% of carbon. No enstatite nor S%‘Ianets (Lovis et al. 2006), with semi-major axis ©0.08

ica grains are used (and needed) in the best fit model. Irisgec 186 and 0.63AU, with respective minimum masses of 10.2,

_the residuals of_t_he best fit,_ we do not see any conclusive g and 18.M.. The mineralogy of the dust content has
idences for additional species such as the ones used by L'Sé%n studied. ineB.detaiI by Lisse et al. (2007), who modeled

etal. (2008). the ks spectrum in a similar way as the one of HD 113766 A.
Disk geometry: The dust belt is found to be rather extendediccording to their model, the authors detected severalispec
with ri; =0.4 AU, close to the sublimation radiug {ax ~ Similarly to Lisse et al. (2008), they used two types of )8,
1450K), androy = 7.1 AU. The grain size distribution follows a forsterite (“ForsteriteKoike” and “Forsterite038"). Falite, the
power-law with an exponent gf = —3.23 and we obtain a total Fe-rich end member of the olivine group was also included in
mass of dust of 4.6 x 102 Mg, for grain sizes up to 10Q@m.  their model. No amorphous grains with a pyroxene stoichiom-
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etry were detected, but bronzite (MgFeSibOg) ferrosilite riy andrgyt as the “dirtiness” of dust grains is hardly constrained.
(Fe&Si,Og) and diopside (CaMggDg) were necessary for their The grain size distribution exponentjis= —3.54, with a total
model to reproduce the data. Finally, the authors statediey dust masgyst= 3.75x 1077 M, for sizes up to 100m.
tected several carbonate species, including magnesit€Qvlg Additional observations and comments. Beichman et al.
dolomite (CaMgGOg), water ice and amorphous carbon. Liss€005) reported a Spitz&ips flux of 19+3 mJy at 7Qum. Our
et al. (2007) concluded the dust belt is located at £M42 AU model returns a slightly higher flux of 22 mJy, within the un-
from the central star. According to the stability analysisni certainties of the 70m observations. This suggests there is no
Lovis et al. (2006), this value is consistent with the 2:1 ancblder material that contribute up to 6 and that the system
5:2 orbital resonances with the outer Neptune-sized plditet can be successfully described with one single dust beledims
typical temperature for the dust is400K and the grain size the star. Our best fit model is consistent with the \/Mib1 ob-
distribution exponent for grain sizes between 0.1 angrtds servation and VLIVisir imaging of Smith et al. (2009), who
-3.9+0.2, with a dust mass for these grain sizes 8108 M.  constrain the warm dust in HD 69830 system to lie within 0.05—
In a recent study, Beichman et al. (2011) investigated t2e4 AU.
time variability of the dust around HD 69830. With new spec-
troscopic observations and using the model from Lisse et al
(2007), they led a similar mineralogical analysis. Theird®lo 53, BD+20307
confirmed the previous detections of amorphous grains withevious studies: The dust in the debris disk of BE20 307 sur-
olivine stoichiometry, both species of “ForsteriteKoikahd rounds a spectroscopic binary of similar F-type stars, as ex
“Forsterite038” and fayalite. For the pyroxene group, onlglained by Weinberger (2008). Zuckerman et al. (2008) esti-
bronzite was detected in the new analysis (while ferresditd mated an age of a few Gyr for this binary system. The |
diopside went from “detected” to “marginally detected” lret spectrum shows prominent feature atuh® with a shoulder
new analysis). The carbonates species of magnesite anait®@lo at 11um. At longer wavelengths, smaller emission features are
were also considered as marginally detected, as opposéé tovisible at 16.5, 18.7 and 23.5-at. No detectable feature
best fit results of Lisse et al. (2007). Sulfides JfMg10S) for is seen around 3am. Weinberger et al. (2011) modeled the
which an upper limit were found in the 2007 analysis was dgpectrum of this object, using amorphous grains with oéivin
tected in the latest best fit model. According to Beichmarl.et @igFeSiQ) and pyroxene (MgFe8Ds) stoichiometries plus
(2011), the most significant dierence between the two modelsforsterite grains. According to their modeling, the dustds
is that water ice was no longer needed to reproduce the spested at 0.85 AU from the binary, with typical temperatures b
trum, therefore concluding the debris disk to be really Based tween 450 and 500K for the dust grains. The inferred crys-
on the main mineralogical markers from both analysis, the agallinity fraction is ~20% in forsterite grains. Finally, their
thors state that the dust has not evolved significantly irefimmodel slightly over-predicts the i flux at 70um (measured:
butinstead that the aforementionefieliences arise from higher27.8 mJy, against 40.2 mJy for their model).
signal-to-noise ratio (SNR hereafter) of the new obseowsti The amorphousphase: The amorphous dust content is dom-
and a better data calibration for thesIspectra. This comforts inated by Fe-bearing grains from the olivine group (55.6%),
us in our conclusion that spectral decomposition is a noatr put also consists of Fe-free amorphous grains with olivine s
problem, strongly dependent on several aspects, from SNRidhiometry (9.1%) and Fe-bearing grains with pyroxene-stoi
the data, to imperfect knowledge of mass absorptioffiments. chiometry (15.1%). No amorphous carbon grains are required
This is why we prefer to use less dust species but focus oe th@sthe best fit model. Grains with sizes between 10 and 1690
that have been intensively studied in laboratory expertsy@md contribute to 20% of the total flux in the 5—gB range.
have a good coverage of their optical data. Finally, Beiahma The crystalline phase: The remaining relative abundances
et al. (2011) mentioned that no gas lines could be convifigingre divided between Fe-rich olivine grains (15.4%) with a 5%
detected in their data. mixed carbon fraction and warm enstatite (4.8%) in contaitt w
The amorphous phase: According to our model, the amor-20% of carbon. Overall the dust composition we find compares
phous dust content is best described by Fe-bearing amasphalatively well with the one inferred by Weinberger et aD{a).
grains with olivine stoichiometry (16.8%) and Fe-bearingpa- Disk geometry: We find the dust belt to be located between
phous grains with pyroxene stoichiometry (27.2%). No Fe&fr r;, =0.2 AU andr,; =5.2 AU. According to Weinberger (2008),
amorphous grains (MgSg®r Mg,SiOy) are required in the best the spectroscopic binary has a separation of 0.06 AU at prese
fit model. The abundance of amorphous carbonis 23.9%. Graif#/s, meaning our estimation gf is compatible with the ge-
with sizes between 10 and 100® amounts for 14.7% of the ometry of the system. The grain size distribution exporgeist
total flux in the ks range. —3.36 and the total dust mass is of abol& R 10*M, for sizes
The crystalline phase: The total crystallinity fraction of up to 200Qum.
~32% is the sum of contributions from Fe-rich olivines (29)3%  Additional observations and comments: Our model slightly
with carbon additions of 1% and 5% (abundances of 17.3 aoder-predicts the s observation, as we obtain a i@t flux
12%, respectively), enstatite (1.7%) mixed with 5% cartaod of 34 mJy, to be compared with 27.8 mJy. Interestingly, our fit
B-cristobalite (1.2%) most of it being mixed with 1% carbom Nto the 1Qum feature does not match perfectly the data, as in
Mg-rich olivine grains are required to fit the data. Inspegthe Weinberger et al. (2011). The feature a0 looks “primitive”
residuals between the modeled and observed fluxes, we do ([@otpristine, very similar to ISM dust), with a shoulder anolu
see evidences for other emission features. 11um but no clear emission features on top of it, while our best
Disk geometry: The dust belt is located between 0.7 anfit model shows small features caused by the presence of crys-
1.5 AU, values that are not in contradiction with the positad talline olivine grains and enstatite. The inferred dust posi-
the outermost Neptune-sized planet. Since we assume thdigion contains Fe-rich olivine grains because of the featule
be circular (eccentricitg = 0), the solution we find is in agree-tected at longer wavelengths (16.5 andu24). In other words,
ment with the stability analysis from Lovis et al. (2006).tButhe spectrum seems to show twdfeient dust compositions, a
again, we cannot claim to have precise measurements for bfatst one with very low crystallinity and a second one with an
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increased crystallinity fraction. To reproduce the strqrgstine grains are found in the best fit, and the residuals do not show
10um feature, amorphous grains need to be warm enough to egidences for other emission features.
produce the data, therefore they need to be located closeto t Disk geometry: For the best model, the dust is located in an
star (0.2 AU in our case, 0.85 AU according to Weinberger et @&xtended belt, between 0.4 and 19.2 AU. The grain size llistri
2011). As we assume the disk to be homogenous, as soori@s follows a power-law distribution with a slope jm= -3.1,
crystalline olivine grains are present they will contridaround and the total dust mass-s7.72x 10°° M, for grain with sizes
10um. One may argue that the temperature of the olivine graissialler than 1000m.
could in principle be lower and thus contribute only at longe Additional observations and comments. The large extension
wavelengths. In our best fit, the mixed carbon fraction fa thof the dust belt (up te-19 AU) underlines the need for cold dust.
Fe-rich olivine grains is 5%, while we allow it to be 1% (whichHD 15407 A is part of our Hersch@cs photometry program
would return lower temperatures). Such solution is apgbren(shared with another team, Pl: B. Zuckerman) and the resplti
not providing a better fit to the data. Allowing smaller fiacts far-IR observations will reveal if colder dust is detecteduand
of carbon would basically mean that olivine grains are irirthethis star.
pure form, an unlikely prediction for dust grains that havesin
likely encountered collisions. The small uncertaintiestunrel-
ativgabundances of Fe-rich grains confirm that the fit cabaot 5.5. HD 169666
improved by much, with the assumption of one single beltsThThe emission in excess seen in the SED of HD 169666 starts
overall means we should consider alternative solutions. at longer wavelengths-(10um) compared to the other objects

As discussed previously, spectroscopic observationsrare of our sample, but still present emission features chariatite
resolved and do not contain spatial informations. The sstpl of small grains, especially at 24, 28 and 38, that can be at-
solution is always to assume that the emission probeadbis! tributed to crystalline olivine grains. Moor et al. (2008ported
arising from one single dust belt. With this assumption,pit a a Mrps flux of 21.8:4.0mJy at 7@:m.
pears the fit to the data could be improved. Additionally, the The amorphous phase: The composition of the amorphous
shape of the emission features, and thus the mineralogyestgygcontent is solely represented by Fe-free grains with odidto-
a two-components dust composition. Even though then70 chiometry (61.7%) mixed with 1 and 20% carbon (abundances
Mrps observations do not suggest the presence of colder mai&47.5 and 14.2%, respectively). The abundance of amophou
rial, one can imagine the emission in excess is arising fngm t carbon grains is of about 16.6%. Grains with sizes largem tha
separated dust belts: a warm inner dust belt, containinglgnai 10um contribute to 4.8% of the total emission in the 5x8%
amorphous grains and a second, slightly colder dust bdit avit range.
higher crystallinity fraction. This possible scenario Iscasup- The crystalline phase: Emission features seen at 24, 28 and
ported by the extension of the dust belt, up~t6 AU, which 33um can be reproduced using Mg-rich olivine grains, with an
suggests the presence of rather cold dust, further awaytfiem abundance of 10.5%. The rather broad features arouman28
star. For this object, we have an on-going Herstthed photom- are best matched with a additional contribution of engt&@¢6)
etry program that will provide observations at 70, 180 (and and finally 3.3% of3-cristobalite are used in order to reproduce
hopefully 16Qum if the source is bright enough). These new olthe shape around 20n. All these three crystalline species are
servations will provide additional constraints on the systand mixed with 1% carbon.
we will investigate the possibility of another dust belt. Disk geometry: According to our best model, the dust is lo-

cated at rather large distances from the star, wijte-59 AU and
rout =60.8 AU. The grain size distribution exponenpis- —3.60

5.4. HD 15407 A and we find a total dust mass of3lx 10-3Mg, for grains with

. . . . sizes smaller than 10Q0n.
HD 15407? is the primary of Sbe(l)nl\Ejry sl\);lstlt_em (2%'22585)8' Additional observations and comments: Our best model pre-
ration), with an age estimate yr (Melis et al. )- dicts a flux at 7Qum of 35 mJy, which does not compare so well
The ks spectrum mostly displays one strong emission featur

X . : o th the Mirs measurement of 2138 mJy reported by Moor
gﬁ;ﬁ?g at-9.1um that can be attributed fcristobalite SiQ et al. (2009). The current best fit reproduces well the emis-

_ ] ~sion features detected at longer wavelengths, howevereis do
The amorphous phase: No amorphous grains with olivine not match properly other, smaller emission features, éafhec
stoichiometry are required in order to reproduce the spettf  those around 11 and 16n. Among all the models tested by the
HD 15407 A. Fe-bearing amorphous grains from the pyroxeggnetic algorithm, we find another solution that reprodticese
group amount for 25%, and Fe-free grains represent 28% of ) specific features slightly better (but has a higifr For this
total abundance. The abundance of amorphous carbon is 29.¢§@del, the disk is located much closer to the star £10.0,
Grains with sizes larger than Ln contribute significantly to . =14.8 AU versus 59 and-61AU), therefore the olivine
the total emission (60%, see Fig. 6). grains are warmer and can better reproduce the emission fea-
The crystalline phase: Beside the aforementioned speciegures around 11-1@m. To distinguish between both solutions,
the only remaining dust composition required to reprodee twe refer to this one as the “warm” solution and to the original
data isB-cristobalite, for which we find an abundance of 17.3%ne as the “cold” solution, and both fits to the data are shown i
with a mixed carbon fraction of 1%. Even though the emissidfigure 7. As can be seen on the right panel of Fig. 7, the warm
feature at 12.pm is slightly under-estimated (but still visible insolution does not provide a good fit to the88 feature, which
the model), the 16m feature is well-reproduced, as well as thés the most prominent feature in the spectrum, and this model
broader feature at 20m. As shown in Fig. 5 (as well as Fig. 2 tostill over-predicts the Ms flux at 70um (31 versus 21.8 mJy).
4 of Sargent et al. 2009);cristobalite (annealed silica) is theCompared to the cold model, tgincreases by6%. In the rest
only polymorph of SiQ that displays a strong feature at@®. of the study, we will still consider the cold solution as thestfit
Therefore we are confidentin the detection of this partictdlst model, since it provides the smallggtand reproduces well the
species in the disk around HD 15407 A. No additional crystall strongest emission features. But, this simple exerciserlings
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Fig. 7. Fits to stellar subtracted spectra of HD 169666 (fits in redia éh dashed black), for the “cold” (left) and “warm” soluts (right).

distance of 5.9 AU. Low et al. (2005) reportedsMfluxes of
6.26+1.25Jy and 2.40.42 Jy at 70 and 16an, respectively.

The amorphous phase: A broad feature is seen at around
10um, but no other emission features can be firmly detected
in the ks spectrum. Fe-bearing amorphous grains with pyrox-
ene stoichiometry accounts for 34.3% of the total abundance
For the olivine group, no Fe-bearing grains are used in tisé be
fit model, but 37.4% of Fe-free amorphous grains with olivine
stoichiometry are used to reproduce the data. The abunadénce
amorphous carbon grains is 20.8%. Grains with sizes between
10 and 100@m contribute to~63% of the total emission in the
Irs range.

10p

F, [yl

The crystalline phase: Even though no emission features at-
0 e T T N — tributed to crystalline grains are detected in the spectrine
10 15 20 25 30 35 crystallinity fraction is not null, with overall small undain-
A Lum] ties. We obtain an abundance of Mg-rich olivine grains 0£4.8
Fig. 8. Fits to stellar subtracted spectra of HD 98800 B (fits in redad and an abundance of enstatite of 5.6%. The contributions of
in dashed black). Blue line shows the contribution of eitstatains.  both crystalline species peak around 19+20in order to try
to reproduce the rather broad band between 18~&1d5um.
Enstatite grains additionally contribute around 2880in or-
der to match the other broad feature at the end of the spectrum
the importance of SNR when modeling spectroscopic obsengigure 8 shows the fit to the stellar subtracted spectrum hssve
tions. HD 169666 is the source with the lowest SNR once thige contribution of enstatite grains to the total emissitva. try
stellar spectrum is subtracted, and this renders both thlgsia to fit the spectrum without crystalline dust species. Theae
and interpretations flicult. shape of the spectrum is reproduced, however the best fit can-
not account for the broad features around 20 andn30Since
the presence of crystalline grains is not supported by thecee
5.6. HD 988008 tion of recognizable emission features, we prefer to cargite

Previous studies: As the title of Verrier & Evans (2008) sug- presence of Mg-rich olivine and enstatite grains as terdati

gests, HD 98800 B is an unusual errls d_lsk. The system is com- Disk geometry: We find the dust to be located between
posed of two bound spectroscopic binaries A and B. Both sys- —1.5AU andrey =5.4 AU, values consistent with previous

tems were estimated to be 10 Myr old (Soderblom et al. 199 ; : . P g
, . ST ; alysis led on this object. The grain size distributiondragx-
With their Keck difraction-limited observations, Prato et al onentp = —2.98, and we find a total dust mass 042102 Mg,

(2001) found that the dust belt surrounds the second spec S o

scopic binary HD 98800 B, and that the dust belt is located bé-)r grain with sizes smaller than 1000

tween~ 2 and 5 AU. The structure of the dusty component has Additional observations and comments: Our model predicts
also been studied by several authors, for instance, Koetradr fluxes of 5.33 and 1.3 Jy at 70 and 168, respectively, to be
(2000) estimated the disk to be locatediat= 5+ 2.5 AU with compared with the values from Low et al. (2005) of 6:2&25 Jy

a width roy — rinp of 13+8 AU. Furlan et al. (2007) also stud-and 2.2:0.42 Jy at the same wavelengths. The smaledénces

ied the dust content around HD 98800 B with a two componentsgy be the consequence of even larger grains contributing to
scenario: an optically thin disk located between 1.5 and 2 Alde emission, but obtaining a better match of the photometri
from the spectroscopic binaries and an optically thick disk measurement at 160n is out of the scope of this study.
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5.7. [GBR2007] ID 9 5.8. [GBR2007] ID 8

Emission in excess at mid-IR wavelengths for botfihe ks spectrum of ID8 shows a strong emission feature at
[GBR2007]ID8 and [GBR2007]ID9 (ID8 and ID9 here-10um as well as at 16 and }8n. Unfortunately, as the source
after) was first identified by Gorlova et al. (2007), who estien is faint, the Long Low module sters from larger uncertainties,
an age of about 30 Myr for both stars. Both sources displéyt a tentative feature at arourd@4um is detected.

departure from photospheric emission-dtand~2um, respec- The amorphous phase: Most of the dust in the disk around
tively. Based on SEDs, the authors propose three posiibitin 1D 8 is in its amorphous form (97.1%). Fe-free amorphousgrai
explain the measured excess. First, disks are transititvgele@ with olivine stoichiometry clearly dominate the compamitj
primordial toward debris disks, second a collision betwwem Wwith a total abundance of 64.3%. Fe-bearing amorphousgrain
planetesimals occurred, producing large excesses andyfindlom the pyroxene group are also required to reproduce ttag da
both objects could be background post-MS stars experigncinith an abundance of 23%. Amorphous carbon grains have an
mass loss. However, based on near-IR spectra, the authors @undance of 9.7%. Grains with sizes between 10 and 400
clude both objects are most likely members of the NGC 254pntribute to 3.5% of the total emission.

cluster. Therefore we assume in the following they are debri The crystalline phase: The 2.9% crystallinity fraction ob-
disks, and we can successfully model both SEDs includinig théained for the dust composition is represented only wittriEke-

Irs spectra in the optically thin regime. The modeling of ID ®livine grains, mixed with 20% of carbon. The use of Fe-rich
will be discussed in Sect. 5.8. olivine grains instead of Mg-rich olivine mostly comes frohe

The spectrum of ID 9 is incredibly rich in emission featureBeak position of the feature around2#. Given the low SNR
that can be attributed to crystalline olivine grains (115169, in this spectral range, the detection of Fe-rich instead gfridh
23, 28 and 33m). The excess emission peaks at rather |or%!ivine grains is considered as tentative. The uncertsrghow
wavelengths compared to other objects, which suggesteithe that Mg-rich olivine grains can also provide a satisfyingdithe
extended or distant belt from the star. data._ . _

The amorphous phase: We find a similar amount of Fe- ~ Disk geometry: According to our best model, the dust is lo-
bearing amorphous grains with olivine and pyroxene stdiated close to the star witly = 0.4 AU andro, = 0.5AU. The
chiometries (19.9% for both species). For the Fe-free phagéain size distribution is really steep, with a slope-+#01 and
grains from the olivine group are preferentially used (28)8 the total dust mass is of abou#Bx 10-°Ms for grain with sizes
The abundance of amorphous carbon grains is of about 7.5932ller than 1000m. The steep grain size distribution exponent
and grains with sizes between 10 and 1060contribute to 5% Can be explained by the rather unusual strength of theni0
of the total emission. emission feature, which requires that small grains doreittae

Thecrystalline phase: The total crystallinity fraction is 29%, €MISSIoN. .
dominated by Mg-rich olivine grains (26.8%). Most of the Mg-__ Additional comments. Interestingly, the spectrum of ID8
rich olivine grains (19.9%) are mixed with 1% carbon, white t cOmpares well with the spectrum of B20 307. Both spectra
rest is mixed with 5% of amorphous carbon. Abundances f8iOW astrong 10m emission feature, and a smaller flux level at
enstatite ang-cristobalite are 0f-2% and 0.1%, respectively, 'ONger wavelengths. Emission features from crystallineirz
The presence of enstatite is mostly inferred from the premen 9rains are detected at 16, 19 and.24. The main dference be-

a shoulder on the blue-side of the i feature. tween the two spectra is the emission feature girtilon top

Disk geometry: We find the dust to be located in an extremel?f.th.e emission feature from the amorph_ous grains for ID 8, an
extended disk around the star, with =0.2 andro,; =48.8 AU. his is the reason why we obtain a good fit to the spectrum sf thi

The grain size distribution exponeptis —3.71 and we obtain source and not for BB20 307.
a total dust mass of.6 x 102 M, for grains with sizes smaller
than 100Q:m. . 6. Dust survival and origin

Additional observations and comments: The extreme exten-
sion of the disk can be explained by the presence of Stl’OHgthiS Section, we discuss the possible origin of the duksbe
emission features at all wavelengths in te $pectral range. using diagnostics for their luminosities and we investgtte
This is the only source in our sample with such strong featurgnain process that can be responsible for the evacuatioreof th
Consequently, warm crystalline olivine grains must be@neat smallest grains, in order to better constrain their suivarad
the same time as much colder olivine grains that will conteb thus their origin. We also discuss the eventual presencatef o
significantly at longer wavelengths. Even if all the emisdiea- dust belts located further away from the star in order to feave
tures are overall well reproduced by our best model, the fit m&etter description of the systems.
be improved. For instance, our model over-estimates the-emi
sion feature at 28m while it slightly under-estimates the oneg
at 28um and more significantly at 38n. This can be explained
by our assumption of a homogenous, continuous compositida explained in Wyatt et al. (2007), the fractional lumirtpif
through the entire disk. If the model would reproduce eyabié  the debris diskfops = Lir/L« is designed to be a proxy for the
strength of the 38m feature, then it would greatly over-predicdisk mass. If the observed debris disk is the result of a gtead
the flux at 23:m. We estimate that this competition between th&tate evolution, and assuming the disk has the same age as the
strength of the 23 and 38n features can be avoided assuminpost star, one can determine a maximum disk nigs, (and
the presence of an outer belt, containing cold forsterigédéngt If its corresponding maximal fractional luminosifyax) that can
there is a gap in density, the flux aroundi28 will most likely  survive up to the agége of the system. To computénay, we
decrease and will probably provide a better fit to the dat®. i start from Eqn. 20 of Wyatt et al. (2007), inject the modeling
also one of our target in the Hersciiats photometry program, results ¢ = rjp, dr = roy — rin, both in AU) and use their
and the new observations will help us constraining the pr@se prescribed values for the maximal size of planetesimalagi ¢
of cold dust around the star, in order to refine our model. cade D = 2000 m), planetesimal strengt@f = 200J.kg?),

1. Steady-state evolution or transient dust ?
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Table 5. Observed {,,9) and maximal {max) fractional luminosities for 10!
our target list.

Star fobs frnax fobs/ Tmax ~ Transient
HD113766 A 7.x102 15x10° > 10 v
HD 69830 2.8<10* 6.2x10°8 > 10° v 10°
BD+20307 52102 7.1x10°8 > 10° v
HD 15407 A 7.0¢<10°% 7.0x10° ~ 10 v &
HD 169666 1.810* 2.0x10° ~10 X = N
HD 98800 B 15101 2.2x10* ~700 ?
ID9 43x10t 1.0x10% > 10° v 107
ID8 3.2x102 4.5x107 > 10° v
— MgFeSio, e MgSiO,
--- MgFeSi,0p - Mg, SiO,
. .. . 10-2 -1 ‘0 1
and planetesimal eccentricitg & 0.05). The authors defined a 10 sl[gm] 10

threshold value of 100 for the ratigys/ fmax: below this value, a

steady-state evolution can explain the infrared lumiyasithe Fig. 9. Radiation pressurefiéciency @) as a function of grain size
S X X .9. flec "

debris dlsk._TabI_e5 summarizes the values we Ot.’ta'.”fcf&f s for amorphous MgFeSiQ(solid black), MgFeSiOs (red dashed),

fmax @and their ratios. First, the case of HD 98800 B iiidult to MgSiOs (blue dotted), MgSiO, grains (green dotted-dashed). Shaded

assess, the ratio being of abet00. Given the relatively young areas show regions where grains are gravitationally urthoun
age of the object, Wyatt et al. (2007) concluded the coltialo

cascade has probably started recently, meaning the oloséeve
bris disk could possibly be the result of a steady-stateutiaol.
Concergmg I,—,|D 169666, we find a ratio of abeut0 for the best g st pelts. Using the mass absorption and scatterinjcieats,
model (“cold” solution as discussed in Sect.5.5) and a mitio 5n4 assuming isotropic scattering we compute thieiency ra-
about 50 for the *warm” solution. As Moor et al. (2009) fouad i g as detailed in Burns et al. (1979) forfidirent grain sizes
smaller value fori, (~ 4 AU), their ratio fops/ fmax is above the anq diterent dust compositions. This ratio quantifies the com-
threshold value of 100 and the authors concluded the améuni@iition between gravitational and radiation pressuredsrAs
dust is too important compared to what is expected for a gteaghoth forces decrease as?, the ratio between them no longer
state model. Since the SNR is overall small for this souree, Wepends on. A g, value greater than 1 means that radiation
cannot easily conclude on the evolutionary status of this@ ressure overcome gravitational forces and such graingwiil
since fmax depends on the modeling results. Finally, the r_ema'EVacuated from the system. In the range 3, < 1.0, grains
ing six objects are too old for their high infrared lumin@sitto gy in the unbound regime with hyperbolic orbits (see Krivov
be explained by a steady-state evolution and are there@re cz010) and will be evacuated from the system as well. Figure 9
s!dered as being in atransient phase. A Qynamlcal evepomnes ghows an example of th,-ratio for HD 15407 A, withs rang-
sible for the production of small dust grains, must have o@tll j,q petween 0.1 and 30n for different amorphous dust species.
so that we can observe such high fractional luminositie®én tpp, immediate result is that grains smaller than typicall§-3.
mid-IR. _ 4um are rapidly ejected from the systepi(> 0.5). If a grain

It is of interest to mention that most of the sources are & subjected to @, ratio greater than 0.5, then the eccentricity
ther in binary systems or have known planets orbiting the ceg¥ its orbit will increase and the grain will quickly be evacu
tral star. The disks around HD 113766 A and HD 15407 A Sufted from the system (comparable to the dynamical timejcale
round the primary of a binary system, and the dust belt aroufihe case of HD 15407 A, the evacuation of grains smaller tha
HD 69830 is found to encompass the orbits of three Neptuneg5#m s expected to be Veryﬁi{;ient, of the order of a few
sized planets. In the case of BR0 307, the dust surrounds thengnths.
spectroscopic binary, while the system of HD 98800B is $§gh  Among the sources studied in our sample, grains around
more complicated. The_ disk surrounds the spectroscoparin 4p 98800 B, ID9 and ID 8 are not subjected to evacuation by
HD 98800 Ba—Bb, but is located around the secondary of thgjiation pressure. As discussed in Beichman et al. (2adr1) f
HD_98800A—B system. The multiplicities of ID 8 and_|D9 ré-Hp 69830, only grains with sizes in a narrow range}(@ s <
main unknown_smce the stars were only recently dlscoyereggyﬂm) are dected by radiation pressure. Concerning the spec-
Stellar companions or massive planets could be resporfsible roscapic binary BB-20307 M, = 2.2Ms), grains with sizes in
the stirring of smaller planetesmals (;ee e.g., Matrariga.e {he range 0.3-04m (0.4-0.9um, depending on the composi-
2010). Therefore, we may be witnessing the consequences;gf) are expected to be evacuated from the system. Thissnean
dynamical instabilities triggered by massive objects BMITin-  that grains smaller than0.3um may survive to radiation pres-
ity of the central stars. sure around the binary system, and these small grains can con
tribute to the emission of the strong and sharpd0feature.
Overall for both HD 69830 and BER0 307, since the ranges of
grain sizes witt,, > 0.5 are narrow, we consider thigfect to
Most of the debris disks of our sample are in transient ptase, be of second order for the purpose of this study. Additiooalc
may therefore wonder about the survival of the fresh, régenstraints are necessary to lower the degeneracies in théepmob
produced dust we observe. In Section 5, we have not discusgedrder to refine the model and assess the influence of radia-
the efect of radiation pressure of the stellar radiation field @n thion pressure. For the five sources discussed here, thesabo¥i
small grains. This#ect acts as an apparent reduction of the stehe dust belt in time (and hence their detection in the mig-IR
lar mass and is the fastest way to evacuatesized grains from is less constraining on the mechanisms responsible forrihe p

6.2. Radiation pressure and time variability
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duction of smallum-sized grains, compared to the other threons of HD 113766 A, and compare them with tle $pectrum
sources. Since the timescale for evacuation by P-R dragégmeonvolved with the corresponding photometric filters. €l
longer (thousands of years) than the timescale for evamubii summarizes the measurements and predictions. Againnaigai
radiation pressure<(1 yr), these small grains can survive mucldates of observations isfiicult, however the IRAS mission was
longer being gravitationally bound to the central star. accomplished in 1983, AKARI was active between May 2006
and August 2007, and vk observations were performed the

) o 239 of February 2004. The photometric observations compare
6.2.1. Time variability of HD 15407 A very well with the convolved fluxes, meaning the emission in
excess around HD 113766 A should have been stable for the last

are short-lived around HD 15407 A. Interestingly, we findtth> Years- Itindicates that small dust grains must be regtieai

some smajB-cristobalite grains, mixed with 1% carbon and wittfi4ickly: on @ timescale of a few orbits, suggesting on-gaiig

sizes in the range 0.1-0.2/, can survive to radiation pressure.ISIOnS in the disk.

Larger grains or grains mixed with higher carbon fractioageh

Brp greater than 0.5. According to our results (Sect.5.4)ailig 5 3 Time variability of HD 169666

grains with an addition of 1% carbon provide the best matc

to the data. This finding slightly relaxes the constraintdf@ Computing the fiiciency ratioBy, for grains of diferent com-

production of silica grains. However, we could not obtaira& s positions (MgFeSi@Q MgFeSyOg, MgSiO; and MgSiO;) we

isfying fit to the data (especially to the emission featuresnf find that grains smaller thann are expected to be short-

p-cristobalite) without amorphous grains smaller tham8 lived in the disk around HD 169666. And yet emission fea-
To assess the time variability of the debris disk arourtdres arising from small crystalline olivine grains aree¢éd

the primary, we gather photometric observations that were pat longer wavelengths. Moor et al. (2009) already disaligise

formed in the last decades for this object. Table 6 summarizéme variability of this debris disk. First, they comparedtirs

our findings and reports the instrument used and waveleng#pectra, obtained the"2of July 2007 and on the'8of June

of observations as well as measured fluxes. The column Ikhbe?®08 (we model the first one in this study as it includes the

“Pirs” reports flux predictions based on thesIspectrum and 2™ order of module SL, between 5.2—@m). Within 3 years,

their uncertainties. To obtain these predictions and thed@er- no significant variations are visible, and emission featoan

tainties, we convolve thers fluxes to the filters widths of other still be detected at longer wavelengths. In a similar wayaas f

instruments. The photometric observations cover a rangewof HD 15407 A and HD 113766 A, we gather photometric observa-

eral decades. Unfortunately, in some cases determining-an t#ons of HD 169666 and compare them with tha pectrum

curate epoch for the measurement is not trivial. All of the+e convolved with the photometric filters. Last two columns of

vant facilities and instruments listed in Tab. 6 observedibin- Table 6 show both observed and predicted fluxes. The stronges

ity of HD 15407 A several times during their mission and theonstraint on the time variability comes from the IRAS obser

quoted flux densities in the specific catalogues have been tens (1983), for which the observed and predicted fluxes-com

rived as a combination of the photometry extracted from-inddare extremely well. Spitzéviies observations were performed

vidual scans or observations. However, we know that the M3 the 23¢ of June 2005. As for the previous two sources, there

Galactic Plane survey observations were obtained betwegn Mnust be an on-going process in the disk that continuously re-

1996 and January 1997, while AKARI was active between Majenishes the small dust grain population, as the tranplesge

2006 and August 2007. The IRAS mission was accomplishedhias been stable for at last 25 years.

1983. Utilizing the SCANPI software we find that the relevant

IRAS scans were performed between th& b7 August and the

15Mof September 1983. In the case of WISE, we can determified- Presence of outer, cold belts

ag avera_ged epoch (January 2010) using the epochs of iudIVidThe dust detected around the debris disks we study is transie
° s;r}vaﬂons. q 1 | t 3 decad except maybe in the cases of HD 98800B (given its relatively
€ measured TUxes over almos ecades compare V)%Ymg age) and HD 169666 (given the uncertainties on the lo-
well with the fluxes derived from theu spectrum (observed ongoinn of the dust belt because of the low SNR in its spectrum)
the 9" of October 2008), especially ajén where the emission Two main scenarios have been invoked in the literature tta@xp

feature from smalp-cristobalite grains peaks (9667 versus s : :
52747 m3y). Atlastone year pessed betvieen the AKARI afl 191, 1E Fent 0L It e st ey b prct
Spitzer observations, a timescale to be compared with @¥adle, 5| events. Transient dust may originate from a massive
tion pressure timescale of a couple.months. We therefore “®8ion between.two large bodies being disrupted close tstiie
glude dthat th detﬁy?ttehm has t:ete_n CO;"S'OF‘a”V actlllve ?V%'§V Even though the possibility of a steady-state asteroideibst
ecades and that the population of grains smaller tham & | v yled out by the high fractional luminosities of thesks,
being eficiently replenished over time. transient dust may be produced in an asteroid belt that rexs be
recently excited and where a collisional cascade starteslséc-
6.2.2. Time variability of HD 113766 A ond main scenario involves the presence of an outer beltdyna
ically unstable feeding the inner regions of the disk. Bediiem
In the disk around HD 113766 A, all grains (amorphous arttie outer belt are being scattered inward and release smaaikg
crystalline) smaller than 3.5um should in principle be evac- as they collide or sublimate. As mentioned in Beichman et al.
uated from the system on a timescale of months. This res(#005) for HD 69830, a “super-comet” from the outermost re-
contrasts with the strong and sharp emission featurestddtegions may have been captured on a low eccentricity orbitén th
in the spectra, arising from amorphous grains as probed ioyer regions and is being evaporated and broken into smalle
the 10Qum feature and from crystalline olivine grains (e.g., abodies. However, detecting an outer belt further away frben t
11um). As for HD 15407 A we gather photometric observastar does not enable us to disentangle between the two gzenar

As shown in Fig. 9, amorphous grains smaller tha®5—4um



16 Olofsson et al.: Transient dust in warm debris disks

Table 6. Photometric observations of HD 15407 A, HD 113766 A and HD6B&and flux predictions from theird spectra convolved with the
corresponding photometric filters. Second line are the lepotthe ks observations (dggnonthyear).

HD 15407 A HD 113766 A HD 169666

(0910/2008) (0703/2004) (0207/2007)
Facilities EpOCh A Flux Pirs Flux Prs Flux Prs

[um]  [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]

MSX 8.28 808:49  894+45 - - - -
AKARI/Irc ~ 2006-2007  9.00 96657  927+47  1308+92  1439%+72 344+18 333x17
WISE 1156 65632 673+34 115256 137271 177+8 182+9
IRAS 1983 12.00 105@63 891+45 1590+79 174689 232+16 242+12
AKARI/Irc  2006-2007 18.00 49¥33  445+22  1428+87 1504+79 130+23 107+6
WISE 22.09 38&23 384+19 1600+93 1554+81 100+6 99+ 5
SpitzefMips 23.67 - - 145930 1431+ 74 90+ 4 94+5
IRAS 1983 25.00 43239 402+20 1760+£123 166487 101+13 112+6

since the outer belt may be stable in time and not resporfsible geometry of these disks and the possible origin of the tegusi
the production of the transient dust. dust.

The most straightforward way to infer the presence of cold, The four remaining objects in our sample (HD 69830,
outer dust belts is via far-IR, or mm observations. For onec® HD 169666, HD 98800B, and ID 8) could be modeled success-
(HD 113766 A) in our sample, we can already mention that afily with the assumption of a single dust belt. For the filsee
other dust belt is likely to be located further away from ttar.s objects complementary observations at longer wavelerdyhs
SpitzefMrps observations at 70m reveal an excess 8fl00mJy not show any emission in excess, except for the A80Mips
compared to the predicted flux of our best model (250 mJyhotometric point for HD 98800 B. In this case, includinggler
As Irs observations are unresolved, we cannot quantify by ha@tains in the model may compensate for the smatedence.
much the outer belt contribute to the flux measured by the-spddie absence of far-IR emission in excess for these four esurc
trograph. In this study, we assume the dust is in a singldgjrmon points towards the scenario of a dust production mechanism d
ous disk. Consequently, the flux contribution of the outérine rectly close to the star. However, determining which deelin
the ks range translates into rather large valuesrfgy (7 AU). tions of this scenario (massive collision, grinding of ateesid
This can be explained as a need for a contribution of coldeelt, super-comet) is the correct one iffidult. In the following
grains. The extension of disks, in the formalism of our mpdebection, we will investigate if the results from spectratai@-
may be a possible diagnostic for the presence of outer dlist bgoosition can provide additional information on the origirtioe
According to our findings, HD 113766 A is not the only sourcgust.
for which we find an extended disk. The width of the disk around
HD 15407 A is of about19 AU, which also suggests the need
for cold dust grains in order to reproduce the unresolvedtspe
scopic data. Further observations are required in ordeistmd 7. The origin of crystalline grains
guish between the two possibilities of either an extendekl dli
two spatially separated dust belts. In an even more exatggeralo have a better understanding of these transient debks,dis
way, the disk around ID 9 has a width of about 48 AU accordingne can investigate the origin of crystalline grains. Thame
to our best model. Such large width can be explained lookingseveral possibilities to crystallize amorphous gra{ijsthermal
the shape of the SED, where the emission still contributgs sannealing, where grains are continuously subjected to eemp
nificantly at longer wavelengths-80um). In Sect.5.7, based atures high enough (or timescales long enough at interrieedia
on mineralogical considerations (relative strengths oission temperatures), for their internal structure to be re-ayeai(ii)
features at 23 and 38n) we explain why a second, outer dusshock-induced melting, where grains are subject to higipem
belt might be present. Again, complementary observatioes atures for short amounts of time, due to collisions. Fingliy)
required to conclude on the morphology of the system. Rinalcrystalline grains detected in the disks may originate fitbm
even though the Ms observations at 70m do not reveal emis- parent bodies. The parents bodies are either asteroidsegrog
sion in excess compared to our model, we discussed the possiely grind down in a belt, cometary bodies that were soadite
bility of a two belts scenario around BE20 307 (Sect. 5.3). The inwards in a LHB-like event, or large planetesimals thalidet
justification being that we observe a gradient in the dustmmm and were completely disrupted. In the latter case, eithbir co
sition: the warm inner regions probed by theh@ emission fea- sions produce enough heat for crystallization, or crystadse
ture seem to contain pristine dust, while emission featfroes  already formed through flerentiation in parent bodies and are
crystalline olivine grains are detected at longer wavetlesgnd released through collisions. Scenarfosand(iii) are intimately
may arise from another dust belt. With the assumption of ogennected since they both involve collisions between pme
continuous, homogenous disk and even allowing olivinengraiimals or smaller bodies, but in the first case, collisionsasé
to have low temperatures (mixed with 1% of carbon), we caenough energy to melt the fragments, while in the second case
not achieve a satisfying fit to the Lén feature. For these four the fragments are not altered by the collisions. As debskdi
objects, as already mentioned in the text, we have an orggoare gas-poor, we do not considered “present-day” gas-oase
HerschelPacs photometry program that will provide additionaldensation as a possible significant source of crystalliaiggrin
constraints on the SEDs of these objects. We will be able-to the following paragraphs, we present and discuss whicmodigg
fine our models, and investigate the possibility of addaiatust tics on crystallization can help us better understand trggroof
belts. Only then we will be able to discuss more accuratady tthese grains.
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7.1. Where’s the enstatite ? sults about the Fe content of the olivine grains. This stadigs

i ) ) on the laboratory measurements foffelient olivine samples.
The spectra in our target list do not display any strong, gecoe jnsure to use data with as little contamination as possibl
nizable emission features that can be attributed to et&s@yis- (3er0s0| data). Additionalfiects may come into play, such as
talline grains (e.g., at 94m). This translates into small abun-he shape of the grains, that can possibly shift peak pasitio
dances for this particular dust species, while enstatigeie®n (kqike et al. 2010), but also porosity or crystalline graireng
commonly observed around a large variety of primordial sliskympedded in other materials (Min et al. 2008). Concernieg th
around C_Iass Il _objects, with filerent ages, stella[ masses anfst point, many olivine grains are injected in the aerogga
star forming regions (Bouwman et al. 2008, Juhasz et al020}415  with various sizes and shapes. Plus, we do not make use
Olofsson et al. 2010, Sargent et al. 2009b). One result 8&the;s 5y scattering theory, such as the DHS theory that may: over
studies being that enstatite seem to dominate the crystgalli simplify some aspects of the problem (Mutschke et al. 2009).

fraction of the inner regions~(1 AU for T Tauri stars), while concerning the last two additionatects, we unfortunately can-
forsterite dominates the outer regions of the disk8@-15AU ¢ take them into account as this will result in too many de-
for T Tauri stars). Concerning debris disks, so far only doject  yeneracies for an already complex modeling. We would like to
seems to harbor S|gn|f|9antly more enstatite grains thatddte  gireqs again the need for high angular resolution obsensto
grains (HD 165014, Fujiwara et al. 2010). This contrast BefW .qnsirain some crucial parameters in the modeling. To coleg
gas-rich, massive disks and gas-poor debris disk is intru \ye are confident about the detection of Fe-rich olivine grain
For the objects we study, if the observed dust was the pragsyeral debris disks, given the available data and obseneat
uct of a collisional cascade of planetesimals formed with& 5.4 the assumptions made on the disk geometry (e.g., centinu
first AU of the star, we may expect to detect more enstatite dyg,s qust belt). We run additional tests for the two sourcess wi
grains. This is one possible scenario mentioned by Fujie®a ne highest fractions of Fe-rich olivine grains (HD 6983@ an

(2010), who speculate that the_ c_iebris disk around HD 1650{, 113766 A) and the outcomes of these tests are briefly de-
may be the aftermath of a collision between small bodies aggyiped in AppendixA.

the surface of a Mercury-like planet (which shows eviderwe f ‘e findi i - ; ;
enstatite, Sprague & Roush 1998). The overall low abundan e This finding of Fe-rich olivine grains contrasts with observ

f anstatit 4 the lack of st ssion feat . tfons of Class I disks, for which most studies concludedhm t
of enstatite, and the 1ack of strong emission iea uresigaldt - spsence of Fe-rich crystalline silicates. In their sampldarbig
rule out such events for the sources in our sample.

) i . Ae/Be stars, based on the Qwh emission feature, Juhasz et al.
The observed crystalline grains may therefore origina@®fr (2010) reported a possible fraction of 10% of Fe in crystall
bodles_ thgit were formed at larger distances fr_om the_staer(evvh pyroxene grains. However, the authors do not report any tehif
enstatite is scarcer), or the observed crystalline graBr®we-  |gnger wavelengths for emission features associated wyi c
cently formed inside the disks. Both possibilities fit rathell  t5)jine olivine grains (e.g., 19 or 24n), which indicates an over-
the picture of low enstatite abundances. If the debris dis#d- 5| small fraction of Fe in olivine grains. To shed light oretie
eled in this study are the results of collisions between @dipetrological diferences of olivine grains, we discuss the results
originally formed further away from the star, the lack of engf annealing experiments in laboratory. If amorphous draing
statite grains compares well with observations of young#sd 416 exposed to high temperatures for a significant amount of
On the other hand, if the observed crystalline grains améor {jme internal re-arrangement processes are activatéima-
at present days in the debris disk, laboratory experimesis Geria| and a periodic order appears in the originally disoed
help us understanding the low abundances of enstatite.nFor hatywork (see Henning 2010). Crystallization is a processda-
stance, with their annealing experiments of amorphousigi@i ,ends on two main environmental parameters: temperatare an
1000K, Thompson et al. (2002) have shown that enstatitd-is fﬁme. Amorphous grains can crystallize either at interratei
ficultto form at these temperatures, and forsterite gra@peef-  emperatures if the exposure time is long enough, or on short
erentially formed (as probed by X-ray powdefftiction). This imescales if the temperature is high enough. In the folawi
result echoes the respective activation energies for dingeaye symmarize some of the relevant results from previousestud
of enstatite and forsterite grains (see Gail 2010 and rB&&® 4,0yt thermal annealing, with respect to the influence afehe
therein). Several laboratory experiments have shown ttat ayq parameters on dust petrology.
vation energies for annealing are larger for enstatitengredm- Nuth & Johnson (2006) investigated the production of Fe-
pared to forsterite grains (e.g., Fabian etal. 2000). Guesetly, poaring crystalline grains via thermal annealing. Acoagdio
if present day thermal annealing is the main productiona®af i results, both Mg- and Fe-rich crystalline grains can b
crystalline grains in debris disks, we can expect to havletg tormeq via thermal annealing, if the temperatures are high
abundances of crystalline olivine grains compared to étesta enough ¢ 1100K and 1400 K, for Mg-rich and Fe-rich, respec-
Interestingly, our finding of low abundances of enstatiteoes tively). However, as the temperatures required to form <rys
the study of crystallization processes during the violenbarst - jing iron silicates is higher than temperatures regliegform
around EX LupiAbraham et al. (2009) found evidences for progystalline magnesium silicates, the authors argue theicke-
duction of forsterite, but not of enstatite, within the firgtl of grains will evaporate on timescales of several months -
the disk, a result later on confirmed by VI/Mir observation yich grains can survive longer. According to Nuth & Johnson
(Juhasz et al. 2011). (2006), this timescale issue is the reason why Fe-rich aijrss
grains are not detected in young protoplanetary disks: thieg
are destroyed before they can be transported outwards and su
vive.
In order to distinguish between thefidirent scenarios on the  Murata et al. (2009) have conducted annealing experiments
origin of crystalline grains, the petrology of the olivineisi of Fe-bearing amorphous silicates during 600 min at tempera
grains, and more specifically the iron content of these grairures of about~1000K, at a pressure of one atmosphere. The
can provide new insights on the crystallization proceststfie oxygen partial pressure in the furnace was controlled, tidav
in these disks. This means, we have to be confident in our pessible oxidation of F& cation. They conclude that the Mg

7.2. The iron content
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fraction &Mg/[Mg+Fe]) of the crystalline phase decreasewe hypothesize that Fe-rich olivine grains may be produoed i
with time, as the amorphous phase is annealed. At the endtlod cores of young dierentiated bodies. Disruptive collisions
the experiment, the crystallinity fraction in the origimaaterial between these large planetesimals can then release the crys
reached- 80% and the Mg fraction was close to 0.8. Such fradalline grains (and not altering them in non-porous callis as

tion is quite similar to the Fe-rich olivine grains we useliist studied by Keil et al. 1997), an hypothesis that could actoun
study. We can speculate that annealing over long periodr ti for the origin of the chondritic meteorites, that containrieh

will lower the Mg fraction to match the one of the inital amorolivine grains.

phous material.

7.5. Individual source discussions

7.3. Collisions and shock-induced meltin . . . !
g Here, we discuss for each source which scenario can bestiexpl

Transient dust observed around debris disks may be the cBi inferred dust mineralogy, based on the several diagsost
sequence of collisions, where either km-sized bodies ane c®resented previously.

tinuously being grind down, or larger planetesimals are com

pletely disrupted after a collision at high relative vetgdiv,e; ~

10km.s'). One can wonder how much energy these disruptiv7e',5'l' HD 113766 A

or grinding collisions release, and by how much the temperaccording to our best modet;, is located close to the sublima-
ture of the resulting fragments can increase. Using laboyat tion radius Ty max = 1452 K). Fe-rich olivine grains are found
shock experiments as well as numerical simulations Keil.et & be more abundant than Mg_rich olivine grains_ Since pévi
(1997) studied theflciency of shock heating by collisions (withgrains produced in Class Il disk are preferentially Mg-rioke

Viel ranging from 3 to 7 km:g) for planetesimals with sizes be-are not observing the original mineralogy of parent bodies i
tween 10 and 1000 km. Their conclusions were that impaCtS H@rited from the primordia] disk (e_g_, comets, see Se%)
not significantly heat up the fragments, mostly because @f tthe origin of the dust around HD 113766 A. Additionally, from
low surface gravity of the planetesimals. For instancey filel  |RAS observations, we know that the transient phase hafolast
a globally averaged increase of about 50K for a collision it least 25 years, suggesting a continuous replenishmemt-of
volving a 1000 km-sized body. But the planetesimals cometiie sized grains. Given the high temperatures, one can hyfinéhes
by the simulations of Keil et al. (1997) were non-porous kedi that crystalline grains are produced via thermal anneaiing
Since many asteroids in the Solar System have non negligig|gilar way as described in Nuth & Johnson (2006), where-crys
porosity fraction (Britt et al. 2002), more refined modelsshl  talline Fe-rich silicates are preferentially formed attigm-
consider the case of porous bodies. As demonstrated by@avigeratures from Fe-bearing amorphous grains. The timeisale
et al. (2010), including porosity in simulations can makeg s sye for the survival of these grains is then comparable to the
nificant diference. The main conclusions from their study weligmescale of evacuation by radiation pressure for the jguh-
that before disruption, shock-induced heating is reltim@nor  sized olivine grains. With this picture in mind, we do not bav
and localized, but if the collision is disruptive then hagttan to assume that all the observeoh-sizedcrystalline grains are
be significant, with more than 10% in mass of the parent bodycontinuously replenished from the parent bodies. Instes,

is melted. Collisions between porous planetesimals of @mRan suggest that a fraction of the small amorphous grains is
rable sizes can melt a!r_nost the entire mass of t_he two bodiggnstantly being annealed into Fe-rich olivine grains. fibe-
even at collision velocities smaller than 7 knt.sSince many detection of enstatite supports this scenario of preseye da
uncertainties remain, applying the results of these sitianiato teration, since the timescale for production of enstatitg e
our results is dficult. Nonetheless, we cannotrule out disruptivRynger than the timescale for evacuation of the grains.
collisions as a source of newly formed crystalline grainstide

maximum temperature reached during such events is unknown,

we can hardly address the question of the petrology of a@ivif-5.2. HD 69830

grains when produced by collisions. The dust belt is located slightly further away from the stame

pared to the sublimation radius of silicate graifg fax ~
7.4. Crysta”ization in differentiated bodies 700 K) Therefore, thermal annea”ng as described by Nuth &
Johnson (2006) cannot account for the abundances of Fe-rich
Interiors of non-porous planetesimals are known to be regioolivines we find. However, radiation pressure has very &ihit
of high temperatures. The formation of planetary coresirequ effect on subam-sized grains, meaning the grains survive much
the melting of accreted bodies, and consequeffi¢@intiation. longer in the disk. As explained by Murata et al. (2009), and
As discussed by Moskovitz & Gaidos (2011), the heating seursince survival timescales are no longer an issue, long expos
can be the decay of short-lived radionuclidéal and ®°Fe, times to intermediate temperatures can produce Fe-rick cry
which can result in temperatures high enough for the meltinglline grains, annealed from Fe-bearing amorphous gtamts
to take place. Oterentiated bodies will then be the result oflominate the amorphous phase according to our results. We
gravitational segregatation of molten silicates and rsetéthin  could possibly be witnessing théfect of MgFe fractionation
the planetesimal. According to studies of iron meteoriteg.( in olivine grains. However, one open question would be to-com
Scherstén et al. 2006, Qin et al. 2008), such meteoritethare pare the timescales for fractionation and collisions. Adot
consequence of accretion fldirentiation as well as crystalliza-to our result the system can be described as a collisioneadas
tion of their original parent bodies, suggesting that suedne (p = —3.54, Dohnanyi 1969), suggesting numerous collisions at
most likely happened in the early Solar System, when theydeal grain sizes. Coagulation of the smallest grains may gmev
of 26Al was significant enough to contribute to the heating. Eveaxposure times long enough for the Mg fractionation to be
though the question of Fe-enrichment of olivine grains ifieti  efficient (larger grains being colder, fractionation may stdp)
entiated bodies is at present day a poorly constrainediguestthe timescale for fractionation is larger than the timesdat co-
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agulation, we should observe intermediate Mg fractionsesl 0.35
for olivine grains, which is not the case. Additionally, ¢retba-

sis of the activation energy for M§iO, smoke in Fabian et al. 0.30
(2000), the characteristic crystallization timescale@K is of

about 3000yr. However, at 600K the timescale increases up 1 g sl
30 Myr, to produce pure Mg-rich forsterite. Since the adiova

energy of iron-rich silicates should be higher than Mg-rsdh _0.20
icates this timescale can increase significantly for irearing 3

silicates. This renders the possibility of thermal anmepdis the
main production source for crystalline grains quite uriiike
As suggested by the absence of an outer belt, the origi

B
Y- 0.15}

of the transient dust around HD 69830 is most likely the re- 0.10

sult of collisions close to the star. Since Fe-rich olivirraigs 005

are unlikely to be formed in Class |l disks, we can potentiall '

rule out that the parent bodies are inherited from the pritiadr 0.00 ‘ ‘ ‘ ‘ ‘

disk. Therefore the possibility of an asteroid belt beirgnsy 5 10 15 20 25 30 35
ground down may not fit very well in this picture. Comets like AlLpm]

Hale-Bopp or Wild2 are thought to have formed in the outefiy 19, stellar subtractedk spectrum of ID9 (black) and ISO spec-
regions of the Solar System, and the crystalline olivinengra trym of Hale-Bopp (in red, Crovisier et al. 1997).

observed in both comets are Mg-rich (see Sect. 8). In the sce-

nario of a super-comet being broken in smaller bodies, as de-

scribed in Beichman et al. (2005), we would therefore expect

preferentially detect Mg-rich olivine grains, formed iretpri- ) ] ) o
mordial disk and transported outside afterwards. The jmgyo amounts of suhsm-sized grains. At the same time, it implies
of the olivine grains we infer in our best model does not sughat collision timescales grains are short. This could aixpthe
port this scenario. Shock-induced melting could contebas rather small crystallinity fraction we derive, as crystadigrains
a source of crystalline grains, but it would imply that cgtst May collide and coagulate with larger grains in short amodint
lization via me|t|ng Strong|y favors the production of Reklr tlme, minimizing their relative contribution to the emissifea-
crystalline grains, a question that is poorly constrainetha tures.

moment. However, we can hypothesize that the transient dust

originate from diferentiated bodies, inside which olivines grain§ 54 D9

were enriched in Fe. As mentioned by Keil et al. (1997), iftsuc ™~

planetesimals are non-porous (a reasonable assumptiaiiffor As discussed in Sect.5.7, cold Mg-rich olivine grains are re
ferentiation to take place), their breakup into smallegfn@nts quired to reproduce the data, and the disk extends wBSHAU
should not alter the mineralogy too much since shock-inducgccording to our best model. Even though the maximum temper-
melting then becomes negligible. Interestingly, the systethe  ature is of about 950 K the strongest emission features éwagt
host of three Neptune-sized planets. The observed dushiaglt wavelengths (23, 28 and @&1) suggesting cold olivine grains
be the result of a dynamical instability, possibly triggei® must contribute significantly to the emission. In Sect. 6e3dis-
planet migration for instance. Such an instability may heee cuss the possibility of a second belt, further away from the s
sulted in the collision and disruption of outer large plaset that can be responsible for the emission at longer wavelengt
mals. With this assumption, that needs to be confirmed by far-IR ob-
The small abundance of enstatite may correlate with tRgrvations, we can suggest a LHB-like scenario to explan th
abundance of silica (M$iO; + SiO, = 2 MgSiGs). Production observed spectrum of ID 9. If the outer belt has been dynami-
of enstatite via thermal annealing may not fit well in thistpie, cally excited (e.g., planet migration) a collisional caeanay
since the timescale for annealing at these intermediatpeem have been initiated, releasing a large amount of Mg-ric¥irmi
atures (700K at maximum) is most likely longer than the eolligrains. As radiation pressure is ndlieient forum-sized grains,
sional timescale. The finding of low abundance of enstatite-c they are able to survive on long timescales. Simultaneatasly
pares well with the overall scarcity of enstatite chondritethe the collisional cascade, bodies from the outer system may be

Solar System+ 2%, Norton & Chitwood 2008). scattered inside the system, releasing Mg-rich olivinéngras
well, via collisions and sublimation close to the star. Tie d
753 1D8 tection of Mg-rich, instead of Fe-rich, olivine grains cdutace

the mineralogy inherited from the primordial protoplamgtisk
The origin of crystalline grains around ID 8 is moredfatiult to  where crystalline iron-rich silicates do not survive longagh.
discuss because of the low SNR at longer wavelengths. THisr example, cold crystalline olivine grains have been dete
renders the spectral decomposition more uncertain on the exthe disk around HD 100546 (see Mulders et al. 2011, Sturm
act crystallinity fraction as well as on the iron fractiondlivine et al. 2010). Studying the peak position of the 89 feature,
grains. The uncertainties from the Monte-Carlo runs shat ththe authors concluded that the iron content must not be highe
the detection of Fe-rich over Mg-rich olivine grains is less- than 1%. This solution of a LHB-like scenario will be further
vincing compared to the previous two sources. We therefdreestigated, when HerscliBlcs observations will be available.
prefer not to conclude on the exact petrology of the cryisll Interestingly, the resemblance of the emission featurdglair
olivine grains in this system. Still, one of the interestofmarac- corresponding peak positions, between the spectrum of Hi9 a
teristic of the modeling results is the very steep grain diz&i- the one of Hale-Bopp (Figure 10) echoes the youth of our Solar
bution (p = —4.01, for sup to 100Q:m). This suggests the sys-System and further supports the possibility of an outer, Biti-
tem is at a peak of collisional activity, therefore produgiarge ilar to the Kuiper-belt.
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7.5.5. HD 15407 A strong emission features associated with crystallinengrdtor
. HD 169666, the overall low SNR of the data renders the analy-
The spectrum of HD 15407 A does not show emission fegys gificult, and we prefer not to over-interpret data. Concerning
tures associated either with olivine or enstatite grainst tBe  gp,20307, since the fit is not satisfying around.d0, the con-
spectrum shows several emission features associatedpwithyigence level of the crystallinity fraction and iron contésinot
cristobalite. The nature of this particular Siolymorph is de- g gicient for any interpretation of their origin.
rived from the presence of the ifh feature, which is usually  Qyerall, the conclusion of this Section 7 is that many pro-
not visible for other polymorphs of silica. Itis possibl@tiother ~agses are active in these transient debris disks, fromgian-
polymorphs are present in the debris disk around HD 15407 fagjing at high or intermediate temperatures, to LHB-likerg
but inferring their presence is a degenerate problem giken {5, (non-) disruptive collisions of (non-)porous parent tesd
strong similarities between th@aps values, especially for the \yith various compositions. Spectroscopic observationsaio a
strongest emission feature, aroune. Theg-cristobalite form finite amount of informations, and we have a limited knowledg
of silica we use is close to the annealed silica studied byalab g0t dust emissivity properties (from near- to mid-IR). &ve
etal. (2000), which is the result of an annealing experigfent 4pe to suggest possible scenarios to interpret our resith
Sh at a temperature of 1220K. This indicates that the graiflipse unfortunate limitations but further investigati¢oisserva-
have experienced rather high temperatures, but as distussejons, instrumentation and laboratory experiments) aradaa
Sargent et al. (2009a), once formed cristobalite grainst &S 1oy to confirm, or infirm our findings. To summarize, it is not
cooled quickly enough to retain their crystalline struetdf not, yrjyial to assume that the inferred dust composition oagrs
the grains are expected to revert to the lower temperatuye PGrom parent bodies inherited from the primoridal disk besgau

morphs of silicag- ande-quartz). . . _ of several other crystallization processes at stake.
The mineralogy of the dust around this source is puzzling.

No crystalline silicate grains are detected (olivine ortatit®), . . .
but a significant fraction of SiDis required to model the spec-8- COmparison with Solar System objects

trum. According to our best model, the maximum temperatufi this Section, we discuss how our results compare withissud
is of about 1530K, a temperature high enough to anneal sif hodies that were formed during the youth of our Sun. For
cates grains and produce for example crystalline oliviréngt instance, very few chondrites %) that fall on Earth seem to
Even though small grains are short-lived around HD 15407-A bgontain enstatite, a result consistent with our modelirayite
cause of radiation pressure, if the main source of silicath@s  (Norton & Chitwood 2008). The Fe content is also an intengsti

mal annealing, we should expect to detect features asedciaijagnostic to focus on, as it is quite a novel finding for dust i
with olivine grains (as in the case of HD 113766 A for instgnceexg-zodiacal belts.

Their non-detection points towards dfdrent source than ther-
mal annealing, which in turn means that the maximum temper- ]
ature we find is not appropriate and that grains should beecold.1. Cometary bodies

than~1500K. Since the derived geometry of the disk is domgg getailed in the reviews by Hanner & Zolensky (2010) and
inated by the fitting of emission features and given thatethef,qqen (2008) comets are formed in the outermost regions
is only one strong emission feature aroundn®in the entire (4t Cloud or the Kuiper Belt region) and trace the youth of
spectrum of HD 15407 A, this can explain why the temperatutg go|ar System. Informations about their dust composition
determination may not be accurate enough in our best modgl, ime objective in order to better understand the formatio
Additionally, we discuss previously the possibility of al_cd;o of our Solar System. Using spectroscopic observationsfat di
outer dust belt further away from the central star. If conéidn (o ent epochs, Wooden et al. (1999) studied the spectrufreof t
the geometry of the disk would have to be revised, and hengene g199501 (Hale-Bopp). According to their modeling they
at the same ume the maximum temperature of 'ghe grains. THgng poth Mg-rich olivine and crystalline pyroxene grainde
temperature issue can be easily constrained with hightangy, esent in the coma, but no clear evidences for Fe-richraivi
resplutlon _observatlons. From the_ absence of crystallim_me grains. The Mg-rich pyroxene grains were required to repeed
grans, ruling out therma_l an_neallng_ as a source of CW?%‘” the 9.3um feature, which is not detected in any of our sources.
tion process leaves us with little options to explain theiec 1 mogeling results for the comet Hale-Bopp are very simi-
dust composition of this dust l_:)elt. Since such_crystalllra_arg; lar to the ones for the Oort Cloud comet2001 Q4 (Wooden
are expected to be common in the outer regions of p”mordai[al. 2004). For both comets, the mineralogical findingo¢oh

disks where comets are formed, and since silica is not ysu sults from the Stardust mission, on comet Mid 2. Based
detected in cometary bodies, the scenario of an outer teeltrfg | samples collected in situ, Zolensky et al. (2008) fourat th

the inner regions is rather unlikely. We may therefore be@ss- i ines in the comet mostly consist of Mg-rich olivine graj

ing the aftermath of collisions between silica-rich pateodies. |\ iin 4 M ;
o . . ; g fraction EMg/[Mg + Fe]) of about 99. However,
But the collisions should be either non-disruptive, or thesmt they also found the composition range of olivine to be extigm

bodies should be non-porous, otherwise shock-inducedgeat, y5q ranging from Mg fractions between 4 and 100. From the
may produce other crystalline grains, as discussed préido ey nosition of the Mg distribution, the author concludat th

that scenario, the collision may be the consequence of dpadm ¢ ssition changes due to capture heating must have been in
stirring, triggered by the secondary of the binary system.  gjanificant, otherwise the Mg distribution should insteaip
around 40-60. Interestingly, from the peak position of thg M
7.5.6. Other sources distribution, the authors suggest that the petrology oblivine
grains can be explained by aqueous alteration; Fe-riclineliv
For the three remaining sources, we can hardly discussitdfie or grains may not survive as easily as Mg-rich grains in presenc
of the crystalline grains or the petrology of olivine graif®r of water (Wogelius & Walther 1992). The olivine grains may ei
HD 98800 B, we conclude in Sect. 5.6 that the crystalliniacfr ther trace the eventual presence of liquid water oryWR@d 2, or
tion could only be considered as tentative because of theolfac trace diferent regions of the initial disk, where Mg-rich olivine
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grains have preferentially survived aqueous alterationpared
to Fe-rich olivine grains. The fact that crystalline grailesected
in cometary bodies are Mg-rich rather than Fe-rich is caests
with observations of gas-rich Class Il disks. Comets areetqu
to trace the mineralogy of the outermost regions of the primo
dial disk, therefore if Fe-rich olivine grains, as we detiem

in debris disks, were already formed during the Class |l phas

we should in principle observe significant fractions of thiem

(2011) have demonstrated their mass absorptiofficants

to be very low in the near-IR. Adding impurities, such as car-
bon, helps circumventing this issue. We find that usually a
fraction in mass of 1 or 5% is flicient for the crystalline
grains. One should note that we do not assume the dust
species to be in thermal contact. Each grain, for all sizéls an
all compositions has its temperature determined as a famcti

of its distance and mass absorption déieients.

comets as well. For the couple of objects for which we find mor2. Signal-to-noise ratio has a significant influence on the-mo

Fe-rich than Mg-rich olivine grains, this points towardsewn
generation of dust in the transient phase of the disks, wisich
subjected to alternative crystallization processes, rmaimed
to form Fe-rich crystalline grains.

8.2. Interplanetary Dust Particles

The exact origin of Interplanetary dust Particles (IDPg)ifs-
cult to track, they could have been trapped in asteroids antsh

eling results (see Juhéasz et al. 2009 as well). The case of
HD 169666 is a good example, as we are able to find two
comparable solutions (in terms of redugéd, but with com-
pletely diterent results on the location of the dust belt. In the
case of ID 8, where SNR decreases at longer wavelengths,
the relative fractions of Fe- versus Mg-rich olivine grains
become uncertain. For the remaining sources, the high SNR
ensures a reliable determination of the dust mineralogy, as
probed by the overall low uncertainties we find.

period comets (originating from the Kuiper Belt, see Brgdle3. In the formalism of Wyatt et al. (2007), using the ratio be-

2010 for a review). It is in principle possible to distinguilse-

tween observed and maximal fractional luminosities, we find

tween an asteroid or comet origin, based on He release duringthat most, if not all, of the debris disks we study are in a
their entry in the atmosphere (Brownlee et al. 1995), but the transient phase, that cannot be explained by a steady-state

place of formation of these IDPs is thought to be presolaebta
on isotopic considerations. An interesting point with espto

our study is that olivine grains contained in several IDRs ar

evolution from the Class|l phase, meaning that-sized
dust grains were produced relatively recently compared to
the stellar ages.

found to be Fe-rich (e.g., Bradley 1994, Brunetto et al. J0114. At least 5 out of 8 sources are either in binary systems or

According to Zolensky & Barrett (1994) the Mg distributioor f

have planets orbiting the central star, suggesting theigan

hydrous IDPs ranges between 76 and 100, while it ranges be- phase might have been triggered by dynamical stirring from

tween 52 and 100 for anhydrous IDPs, thesgedénces being

these massive bodies.

the possible consequence of aqueous alteration. Nguyeln et Computing the radiation pressur@@encyg,, we find that
(2007) discuss the origin of Fe in IDPs and suggest that the Fe um-sized grains are short-lived around at least three abject
enrichment may be the consequence of a secondary process tak(HD 15407 A, HD 113766 A and HD 169666). Investigating
ing place in the solar nebula or on the parent body, which echo their variability in time via archive mining, we conclude

our findings. Nevertheless, Nguyen et al. (2007) also dssthes
possibility of condensation under non-equilibrium coiwgis in
stellar outflows to explain the detection of Fe-rich crystal
grains. Overall, the existence of Fe-rich olivine grainganious
astronomical environmentsis not to be questioned, theltyafe
our study is to detect such grains in several exo-zodiadtd.be

there must be an on-going process that replenisfiiés e
ciently the population of smallest grains on short dynainica
timescales (on the order of months). The dust grains around
the remaining debris disks are not subjected to evacuation
by radiation pressure, meaning the disk can survive much
longer, on the timescale of Poynting-Robertson drag.

Such grains are not expected to be formed in gas-rich Clas$il According to far-IR observations, only one source in our

disks, their detection in debris disks points toward akdiue
crystallization process of the transient phase of the disks

9. Conclusion

In this study, we present a new and powerful radiative tiemsf
code, dedicated to debris disksefiRa). Combining this code
with recent laboratory experiments on dust mass absorptien
efficients we model the Spitzéks spectra of 8 debris disks
around solar-analogs, in order to derive the mineralogyhef t
dust. The entire SEDs, from optical to millimeter waveldrsgt
are successfully modeled within the optically thin regiased

on the modeling of these rare objects, we obtain the follgwin

results:

1. To contribute significantly in the mid-IR, grains must be

“dirty”, especially grains with low mass absorption ¢ve

sample (HD 113766 A) harbors a cold, outer belt. Based ei-
ther on disk properties from our modeling results, or on
mineralogical considerations, we discuss the possihilfty
outer belts around three other sources (HD 15407 A, ID 9 and
BD+20307). An on-going Hersch®hcs photometry pro-
gram will enable us to investigate deeper this scenario. The
four remaining sources could successfully be modeled by
one single continuous dust belt.

7. We find that relative abundances of enstatite grains ae ov

all small for all the sources we study. This is the conse-
quence of non-detections of recognizable emission fesiture
associated with pyroxene crystalline grains (especidly a
9.3um). If the observed crystallinity is the consequence of
present day crystallization processes, this may be exgiain
by higher activation energies for annealing compared te-cry
talline olivine grains. If the observed crystallinity ftamn is
inherited from parent bodies that collided (with no shock-

cients in the near-IR, such as Fe-free amorphous grains, en-induced heating), this echoes the scarcity of enstatite-cho

statite and crystalline olivine grains. @,,s values are too

drites in our own Solar System.

low at the wavelengths where the stellar radiation peak8; The quality of the fits we present in this study is intimpatel
grains will be almost transparent and consequently too cold connected to th&ays values we use in the modeling, es-
for their emission to be significant. Even though the crys- Pecially for olivine grains (which are responsible for the
talline olivine grains we use in this study contain some strongest emission features in the spectra we model). This

Fe (MxFe1-xSiOs, with x =0.95 or 0.8), Zeidler et al.

underlines the extreme importance of laboratory experismen
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Appendix A: Detection of Fe-rich olivine grains

To assess the confidence level of the detection of Fe-rigimeli
grains rather than Mg-rich olivine grains for the two sowgrce
where we detect such grains, we run thei code in the exact
same way as discussed previously, but without includingéte-
olivine grains. The results for HD 69830 and HD 113766 A are
shown in Fig. A.1, with fits to therk spectra with and without
Fe-rich olivine grains (left and right panels, resepctiyeSince
the diferences between Mg- and Fe-riQa,s values are overall
small (see Fig. 2), the fits to the data are still reasonabtdgo
without the Fe-rich olivine grains. However, the peak poss
and shapes of features at 19 ang:8#are best reproduced when
including them, comforting us in the detection of such gsain
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Fig.A.l Left panels: fits to stellar subtracted spectra of HD 69830 and HD 113766 &nd bottom, respectively), including Fe-rich olivine
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