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ABSTRACT

Aims. The aim of this paper is to study the vertical profile of smakicparticles in protoplanetary discs in which angular miotue
transport is due to MHD turbulence driven by the magnetdiatal instability. We consider particle sizes that rangerf approxi-
mately 1 micron up to a few millimeters.

Methods. We use a grid—based MHD code to perform global two-fluid satiahs of turbulent protoplanetary discs which contain
dust grains of various sizes.

Results. In quasi—steady state, the gravitational settling of dastigles is balanced by turbulentfision. Simple and standard mod-
els of this process fail to describe accurately the verpicafile of the dust density. The disagreement is larger falbkdust particles
(of a few microns in size), especially in the disc upper lay@r > 3H, whereH is the scale-height). Here there can be orders of
magnitude in the disagreement between the simple modeicticgts and the simulation results. This is because MHDuigntice is
not homogeneous in accretion discs, since velocity fluinatincrease significantly in the disc upper layer where@gly mag-
netized corona develops. We provide an alternative moaelgives a better fit to the simulations. In this model, dustiglas are
diffused away from the midplane by MHD turbulence, but thfeudion codicient varies vertically and is everywhere proportional to
the square of the local turbulent vertical velocity fluctoas.

Conclusions. The spatial distribution of dust particles can be used tetthe properties of MHD turbulence in protoplanetary discs
such as the amplitude of the velocity fluctuations. In thereit detailed and direct comparison between numericallations and
observations should prove a useful tool for constrainimgptoperties of turbulence in protoplanetary discs.
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1. Introduction etary discs. Turbulent velocity fluctuations lift up dusttpdes

) that would otherwise settle toward the disc midplane (DUéru
Thanks to the Spitzer Space Telescope, the last few yeaes hgya|. 1995; Dullemond & Dominik 2004) because of the vettica

seen a dramatic improvementin our knowledge of dust enmissigymponent of the central star's gravitational potentidie Ver-
features arising at mid-infrared wavelengths from praaplary - tjca| profile of the dust density is thus determined by thebeé
discs surrounding brown dwarfs, T Tauri stars and HerbiB&e petween gravitational settling toward the equatorial gland
stars. The properties (size, composition) of these grainsbe pward lift due to turbulence. Its typical scale-height fsiac-
studied in great detail by analyzing the shape and strenigthifgn of grain size. Small particles are well coupled to the,ga
these emission features. The main result is that dust [Eticang can be transported to higher altitudes (or smaller gasi-de
have been significantly processed compared to their iefst ties) apove the equatorial plane than larger particlehoaigh
medium cousins: grains are bigger (up to a few microns) anfle jssue is still under discussion (Dullemond & Dominik 810
for reasons not yet fully understood, crystallinity apge@rbe hs gifferential settling process can be inferred from a detailed
common among all observed spectral types (Apai et al. 20Qg;)ysis of the observations. This is the case for obsenti
Kessler-Silacci et al. 2006; Furlan et al. 2006). Becaus€opr carried out by Spitzer alone (Furlan et al. 2005; Siciliauiay
planetary discs are optically thick, this m|q-|nfrared 88ION ot g1, 2007), by combining Spitzer observations with observ
mostly arises from the upper layers of the (_ilsc (van Boekal.et tjons at other wavelengths (Pinte et al. 2008) or even using-c
2003; DuIIE:mond & Do_mlnlk 2004, 2_008), in the so—_callec_i “Supletely diferent observational strategies (Pinte et al. 2007; Rettig
perheated” layer of Chiang & Goldreich (1997), and is aifiéll ¢t 5. 2006). Dust gravitational settling is also knownffeet the

to the disc inner radii. In the case of T Tauri stars of sojaet spectral energy distribution of protoplanetary discs hasv for

for example, the dust emission zone lies within a few tentla$10 example by Dullemond & Dominik (2004) or D’Alessio et al.
astronomical unit (AU) of the central star (Kessler-Silagtcal.  (2006).

2007). ] ) . ) . In general, such observational diagnostics of gravitaion

~ The presence of solid particles high above the disc midplaggttiing are inferred using simple parametric prescripgiof the

is the signature of the turbulent nature of the flow in prodopl efect of turbulence or of its consequence. Pinte et al. (2007,
2008) assume that the vertical profile of the dust density is a
Send gprint requests toS.Fromang Gaussian (as is the case for the gas in the isothermal limit),




leaving open the possibility that the dust disc scale-heiigh Johansen et al. 2006b) and thus only studied duiision in
pends on the size of the particles. The point of their analgdo an homogeneous environment. Others (Fromang & Papaloizou
demonstrate that this is indeed the case in GG Tau and IM Lup206; Carballido et al. 2006) included vertical densitgattica-
Furlan et al. (2005) use the models developed by D’Alessib. et tion but considered particles larger than one millimeterd{we
(2006) and assume a constant dust—to—gas ratio for two @opwvant to concentrate on smaller particles that produce agrobs
tions of solids, one consisting of small and well mixed pdes, tional signature at mid—infrared wavelengths. We note $hah
the other composed of large particles. Using Spitzer spgtiey a simulation could in principle be done in the framework @ th
demonstrate that the latter is depleted in the disc uppersdpr shearing box model. Indeed, this was done recently by Balsar
the vast majority of a sample of 25 stars in Taurus. Dullem®ndet al. (2008), although the vertical extent of their sheaiiox
Dominik (2004) use a more physical approach in which turbis smaller than the simulations we present in this paper launsl t
lence is modeled as aftlisive process with a spatially constantess appropriate to study the dust distribution in the dsoca
diffusion codicient (see also Dubrulle et al. 1995; Schrapler &.e. above three scale-heights). However, since this \igith-
Henning 2004). Using this formulation, one can derive at@ly tended to mark the beginning of aff@t to compare observa-
expressions for the dust density vertical profile. This $#ahe tions and numerical simulations directly, it makes moressedn
approach followed by Rettig et al. (2006) who used the stromgmpute global models as these will be more readily comgarab
settling (thin dust disc) limit of these formulae. with the observations as they become more realistic. Oat-str

All of these approaches are very useful since they proviggy in this paper will be simple. We will use exactly the spt-u
analytical formulae or a small number of model parameters fsesented by Fromang & Nelson (2006) for global simulations
fit. They can thus be incorporated into radiative transfetsto of turbulent and stratified protoplanetary discs. Dustipkas of
which can then generate a large grid of models to be used ¥arious sizes will be added to the disc and their subsequwent e
interpreting the observations. All of them establish, astejual- lution will be analyzed and compared with simple models aftdu
itatively if not quantitatively, the basic result thatffirential stratification in protoplanetary discs.
gravitational settling occurs in protoplanetary discswdwer, The plan of the paper is as follows. In Sect. 2, we introduce
none of these derivations follows directly from first pripleis, the model we use for the disc as well as convenient dimension-
but instead rely at best on a set of unchecked assumptions dess parameters that appear in the problem. The relatiphghi
cerning the properties of the underlying turbulence. Theilor tween these quantities and physical parameters in rearagst
of the latter, however, is thought to be magnetohydrodyonamill be outlined. In Sect. 3, we describe more quantitagivae
in nature and driven by the magnetorotational instabilt\r(, different ways to model the quasi—steady state dust distributio
Balbus & Hawley 1991, 1998). It is now possible to performesulting from the balance between dust settling and tertiul
global numerical simulations of turbulent protoplanetdiscs, diffusion. These models are then compared with the results of
including solid particles, and to use these simulationstasteof our numerical simulations in Sect. 4. Finally, in Sect. 5 v& d
the models described above. This is the purpose of the gresarss the implications and limitations of our work, and paolre
paper. Despite the recent increase in computational ressur way toward future improvements.
it is important to keep in mind that such simulations ard stil
extremely challenging and need to use as simplified a set-up
as possible. This is not without consequences for theirsral 2. Definitions
Important issues related to the MRI, such as small scalé diss . ) i i i
pation (Fromang et al. 2007: Lesur & Longaretti 2007) and tHB this section, we describe the general properties of tke di
possible presence of a dead zone (Gammie 1996) still hawe tdB°del and the dust parameters we used. We also introduce the
ignored. We will return to these issues in the last sectiothef Mathematical notation that will be required in the follogisec-
paper when discussing the limits of our work. lons.

Of course, the #ect of MRI-induced MHD turbulence on
dust dynamics and dust vertical settling itself has alrdaeyn 2 1. Coordinate systems
studied in numerical simulations, but this is the first tirhatt
both dfects are incorporated in a single global simulation thét this paper, we will use both cylindrical and spherical wbo
takes vertical stratification into account. Barriere—¢tuet et al. nate systems. The former will be denoted By4, Z), and will
(2005) performed global simulations of dust settling but nde used mostly in the present Sect. 2 and in Sect. 3. Spherical
glected the fect of MHD turbulence. This prevents the systerﬁOOI’dinates will be used when we describe the numerical-simu
from reaching a quasi—steady state. Other global simuistiolations and will use the notatiom, ¢, ¢).
taking MRI—driven turbulence into account and includingtdu
particles, neglected gaseous vertical stratification rffenog & 22 Disc model
Nelson 2005) and instead focussed on the radial migration 012'
larger bodies. Lyra et al. (2008) also neglected the vértioa- \We consider a disc extending in radius between an innersadiu
ponent of gravity acting on the gas, but included if®e€ts on Ry;, and an outer radiuRy o For simplicity and computational
the dust particles. While this approach produces settlirth@ reasons we define the initial disc structure using straigivrard
dust particles toward the midplane, its neglects the spatia analytic functions. The equation of state is locally isothal:
homogeneity of the turbulence induced by vertical stratifan the sound speeds, only depends oR and is constant in time.
of the gas. We shall see in the course of this paper that the Bbth cs and the disc midplane gas densiiy, obey power laws
ter is important when considering dust settling of smalltipar
cles. The other published numerical simulations studyieggef- R\1
fect of turbulence on dust dynamics were local simulatibas t  C3(R) = Cﬁ(%) ) (1)
use the shearing box model (Goldreich & Lynden-Bell 1965). a2
A large number of them neglected density stratification i th R\
vertical direction (Johansen et al. 2006a; Carballido e2@05; pmid(R) = po(@) ’ @)



wherecy andpg are the sound speed and the midplane gas dehis large enough. Using the disc parameters introduced above
sity at a radiusxy, respectively. The disc is initially axisymmet-Qrg can be expressed as a function of position according to
ric and in radial and vertical hydrostatic equilibrium. Té$patial

distribution of density(R, Z) and angular velocitf2(R, Z) can osa [ R\"? L2 p2 R\Y? ...
thus be approximated by Qrs = QOpOSCo (%) &/ = (QTs)o(%) e (1)
2 2 R _3/2 2 2 i —_ 1
7) = poi(R)eZ/2H? — _) ~72/2H 3) Where the parametefds)o is the value ofrs atR = Ry in the
p(R2) = pmia(R)e po(Ro © ’ 3) disc midplane. It can be expressed in terms of the disc surfac
GM R\ 3?2 density atRy using Eqg. (6):
QR Z) = ,/ﬁ = Qo(%) , (4) o
(Qre)o = «/ZZ—. (12)
0

in which Qo = VG M/Rg' The disc scale-heighti, is given by Using this expression along with Eq. (8), it is possible tpress

c R the dust size in term of(¥rs)o, the disc parameters (mass and
H=2c-Hy— radius) andRy:
o = tio[ ) radius) ando
. . . -3/2
whereHo = co/Q is the disc scale-height &b. a- —Md (Rd,out) (©Qrdo. (13)
szpsR% RO

2.3. Integrated quantities

The density distribution can be used to work out the surface d 2-5- Converting to physical units

sity of the disc: Eqg. (8) and (13) can be used to convert the dimensionlesgiguan
+oo Co (Ro\Y2 Ro\1/2 ties describing the problem into physical quantities. Wtieimg
2(R) = f pdZ = V2rpg— (_) =% (_) , (6) so, the numerical simulations we will describe in Sect. 4utho
—o0 Qo \R R be thought of as covering a small fraction of the total dising

where the second relation serves as a definitioi§oihe total TOM Rin = Ro > Rain to an outer radiuBou < Ryour
disc massVq follows by radially integrating the surface density ~ The dimensionless parameters describing the disc and dust

betweerRy, andRyout particles, and the results of the numerical simulationsemeed
below, can be rescaled to any physical system upon spegifyin
4r Raout) 2 the disc mass, the outer radius of the disc, and the valuRy of
Mq = gzosz)( Ro ) ; (7)  (in astronomical units). For example, the disc surface iteBs

can be written as
where we have assum&y;, < Ryout This relation can be used _a2 )
to express the disc surface densitRais a function of the disc 5o = 4( Mg )( R out ) ( Ro )—1/ qon? "

parameters anBy: 0.01M¢ / \ 300AU 1AU
5 - 3Mg [ Ro \¥? ) Likewise, takingos = 1 gcnt? and using Eq. (13), we obtain an
0 47R2 \Raout) expression for the dust size:

(QTs)o)( Mq )( Ry.out )‘3’2( Ro

-1/2
0.01 /\0.01m, /| 30080 1AU) #m. (15)

2.4. Dust size a= 163(

In this paper, we shall study th&ect of MHD turbulence on the . . ] .
dust. Gas fiects solid body dynamics through the drag force it In Sect. 4, we will describe the reszults 03f three SIZnuIaUOHS
exerts on the dust particles. In the Epstein regime we aeg-intThey are characterized bfts)o = 105, 10 and 10®. In a

ested in, this forc& 4 takes the simple form disc of mass @1M, and 300 AU in size, they would correspond
to dust particles of size 163, 16 and Lm, respectively, if we
Fy=—v_Vd (9) takeRo = 1 AU. (This would mean that we consider the simu-
Ts lation to cover the radial extent 1 to 8 AU.) For the same disc

mass and size, if we now talk® = 0.1 AU (i.e. we consider the
simulation to cover radii ranging fromDto 0.8 AU), the three
sizes are 500, 50 andBn. Note, however, that these numbers
are only illustrative. In general, for a given valueRy, the size
of the dust particles decreases when the disc mass is dedreas
_ psd (10) ©r its outer radius is increased.

pCs
A relevant dimensionless parameter in the problem is_ thequ%_ Dust settling in turbulent discs
tity Qrs. It compares the stopping time to the dynamical time.
WhenQrs <« 1, the stopping time is much smaller than the orAs pointed out in the introduction, a steady state is reaéghed
bital periodTq, and the dust essentially follows the gas. Whea turbulent protoplanetary disc in which turbulent fluctolas
Qrs ~ 1 or larger,rs becomes comparable 1Q,, and dust and oppose and balance against dust settling. In this sectiemen
gas start to decouple. As pointed out by Dullemond & Dominigcribe three approaches that can be used to model the Vertica
(2004), this occurs at all radii for a given particle sizgrovided profile of the dust density.

wherev andvy are the gas and dust velocities, respectivalys
the dust stopping time. This is the typical time it takes fastd
particles initially at rest to reach the local gas veloditgepends
on the dust particle mass densityand its sizea through

Ts



3.1. A Gaussian profile where Sc is the Schmidt number. In zero net flux MHD tur-

The simplest h q that i | q bulence, the Schmidt number has been measured to be of or-
€ simplest approach, and one that Is commonly use ané} unity in local simulations of unstratified (Johansen &k

attempting to interpret o_bservations (Pinte.et aI.. 20%00 ias- 2005; Johansen et al. 2006b) or stratified discs (Fromang &
sume thatthe dl.JStde’?S'ty foIIovysaGaussan d|§tr|buaemhe Papaloizou 2006; ligner & Nelson 2008). In the present paper
gas does, but with a flerent vertical scale-heighy: we will tune the Schmidt number in order to obtain the best
od =pd,mide‘zz/2H5, (16) agreement with the numerical simulations.
wherepq miq Is the dust midplane density. In this approadhis
different for each dust particle siaeFor example, while trying
to model the dust properties in the protoplanetary disctiodi Dust particles are iused away from the disc midplane by the
the M dwarf IM Lupi, Pinte et al. (2008) founidg o« a7%%. One  turbulent velocity fluctuations. Thus, the dusffdsion codfi-
purpose of this paper is to establish whether such a deiserigt  cient is intimately linked to the turbulence properties aadic-
supported by numerical simulations of turbulent protoptary ularly to the gas velocity fluctuations. It would then seertural
discs. for D to be constantin space if the turbulence was homogeneous.
However, because of the vertical stratification, MHD tugmnde

is not homogeneous in protoplanetary discs and it is veghlik
that D varies withZ at a given radius (even in the absence of
A more physical approach is to describe the transport of thedead zone). Using local vertically stratified simulatiohthe

dust particles by the turbulent fluctuations as fiudion pro- MRI, Fromang & Papaloizou (2006) showed that the following
cess. This has been used commonly in the literature (Dutkeinasimple expression gives a fairly good estimate to the nusabyi

& Dominik 2004). In this approach, the vertical evolutiontbé derived difusion codicient:

dust density can be described by the following partifiedéential

3.2.2. A vertically varying diffusion coefficient

3.2. Turbulence as a diffusive process

equation (Schrapler & Henning 2004; Dubrulle et al. 1995): D = 6V27cor . (21)
Opyg O 202 0 D 0 (pd 17 In this equationsv, stands for the turbulent velocity fluctu-
ot 7B Tpea) = o 1D ol (17) " ations andreor is the correlation time of these fluctuations.

) ) . . o Numerical estimates of both terms thus provide a path to cal-
wherepq is the dust particle density arfd is a difusion co- cylating the value ob. Their vertical variations will be investi-
efficient that quantifies the turbulentfilisivity. This equation gated in Sect. 4.
models the balance between vertical settling and turbuwlént Of course, the drawback of this approach is that it becomes
fusion. When looking for a steady state vertical profile foe t impossible to explicitly integrated Eq. (18). We cannotyide
density, the time derivative vanishes. Upon integratingecind - an analytical expression for the vertical profile of the ciles-

rearranging terms, Eq. (17) gives sity and shall rely on a numerical integration once the galti
2 profile for D is extracted from the numerical simulations.

0 Pd Q¢rg

O |nPd) = _7s (18)

aoz\  p D

The vertical integration of the last equation requires thevd- 4+ Numerical simulations

edge of the dfusion codlicient as a function of. The simplest 4 7 set-up

solution is to assume that it is constant. This is the apgroac

described in the following subsection, while in Sect. 3@ The simulations presented in this paper are run using the cod

outline a possible alternative. GLOBAL (Hawley & Stone 1995), which solves the ideal MHD
equations using a spherical coordinate system as defined in
Sect. 2.1. The set-up we used is exactly that of model S5 in

3.2.1. A constant diffusion coefficient Fromang & Nelson (2006). Here, we describe it only briefly.
When the dust diusion codicientD is constant, Eq. (18) can At the start of the simulation, the disc model presented
be integrated to give in Sect. 2.2 is initialized on the grid. The units are sucht tha
GM = 1,¢ = 0.1 andpg = 1 (i.e.H/R = 0.1 throughout the
(Q78)mid z2 z2 disc). The computational domain covers the raRge= Ry = 1
Pd = Pdmid XP| === |€XP\ 55 |~ )~ 55 (19) 0 Ry = 8 in radius and the interval [@/4] in ¢. In the 6-

. direction, the grid extends ta3lscale-heights on both sides of
whereD is a dimensionless flusion codicient defined a® =  the disc equatorial plane. The resolution for each simurait
DcsH. The quantitiepgmia and Qs)mia only depend olRand  (N;, Ny, Ng) = (364,124 213). Following Fromang & Nelson
are to be evaluated in the disc midplane. Note that, whilevder(2006), a weak toroidal magnetic field is added to the disd, an
ing the last equation, we have assumed that the vertical-dissmall random velocity perturbations are also imposed. Tisne
bution of gas remains Gaussian at all times, in agreemeht wiheasured in units of the orbital period at the inner edge ef th
local shearing box numerical simulations of the MRI (Mil&r computational domain in the following sections.

Stone 2000). . Because of the MRI, the presence of a weak magnetic field,
A common practice in this context is to exprd3sn units together with the velocity perturbations, begins to drivelM

of the standard parameter introduced by Shakura & Sunyaenirbulence and angular momentum transport through the disc

(1973).D is then written as follows (Dullemond & Dominik within a few orbits of the simulations starting. To reach zame

2004; Schrapler & Henning 2004): ingful quasi steady state, however, the model is first ewbfoe

.« 430 orbits without dust particles. At that stage, the gassitgn

D= e (20) s reset toits initial distribution and dust particles areaduced
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Fig. 1. Snapshots of the gas densitgf{ pane) and the dust densityight pane) att = 600 for the caseC§r), = 0.01.

such that the dust-to-gas ratio is uniform through the compu 0.020 e e
tational domain (note that we neglect the back reaction ef th

solids onto the gas, so that the value of this ratio has no-phys

ical consequences). We ran three simulations for threrdnt

particle sizes. The three values 6its), associated with these ~ ©-071°
sizes are 1%, 10 and 10“. All the simulations are further
integrated for about 200 orbits until the dust distributitself
reaches a steady state in which gravitational settlinglsload <
by turbulent difusion. Examples of the disc structure at the end
of such a run are illustrated in Fig. 1. Two snapshots of the ga
(left pane) and dust (ight pane) density in the R, Z) plane are
shown in the caselrs)o = 0.01 at timet = 600. The dust disc
appears thinner than the gas disc, indicating that signifieat-
tling has occurred.

In the following subsections, we will compare the dust dis-
tributions we obtained for the flerent sizes to the models de- T T POV PO I o
scribed in Sect. 3. To do so, all relevant physical quasstitiél 2 3 Aoding 6 /
be averaged in time betweer 550 and = 600 using 50 shap-
shots so that they become statistically significant. We $tatt  Fig. 2. Radial profile ofe (solid lin€), avax (dashed lingandarey (dot-
by describing the relevant properties of the turbulence iixa ted ling for the caseQr), = 0.001. The data have been averaged in
sult from this procedure before concentrating on the degfeetime between = 550 and = 600.
settling as a function of size.

0.010

0.005

4.2. Turbulence properties 0.001. The dashed and dotted lines, respectively, show tle var

] ] ) ations ofamax and arey While the solid line represents, the
The first relevant property of the turbl_JIence is the ve_:rl}cav- sum of the two. As described in Fromang & Nelson (2006),
eraged angular momentum transportit generates. Itis catymopresents large oscillations in space and time, but its tivee-a
measured using the parameterFollowing Fromang & Nelson ageqd value is well behaved, varying betweerb x 10-3 and
(2006), we calculated as a function of radius accordingto "1 5x10-2, in agreement with the results of Fromang & Nelson
e (2006). As is usually obtained in numerical simulationsro$t
OVROVy — 4Fjrp“’ type, the Maxwell stress dominates over the Reynolds skess
@ = QRey+ OMax = T—————, (22)  afactor of about two to four. The volume averaged value isf

P also in agreement with the results of Fromang & Nelson (2006)

where arey and amax correspond respectively to the Reynoldéndeed, we obtained = 5.6 x 1073, 55x 1073, 7.5 x 1073,
and Maxwell stress contributions @ The overbar symbols 7.1x1073, 6.4x107% and 66x 1073 respectively at times= 550,
denote density-weighted azimuthal and vertical averages (560, 570, 580, 590 and 600. For the duration of the simulation
Eq. (6) of Fromang & Nelson 2006). To reduce statistical @oisthe turbulence is clearly in a quasi steady state.
a was further averaged in time betwetea 550 and = 600. Its In this paper, we present three simulations fdfedient par-
radial profile is shown in Fig. 2 for the model havin@)p = ticle sizes. Because these simulations were obtained ulifder
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Fig. 3. Radial profile ofa (time averaged between= 550 and = 600)
for the models Q7)o = 0.01 (solid line), 0.001 dotted ling and 00001
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Fig. 5. Time variation of the correlation function of the verticaloc-
ity fluctuations in the disc midplanedlid line) and in the disc corona

(dashed ling Angular momentum transport is similar at all radii in(dashed ling The dotted lines represent functions decreasing exponen
the three models, despitefidirences arising because of the stochastt@lly toward zero with typical times, = 0.05,01, 015 and 2 orbit.

nature of MHD turbulence (see text for details).
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Fig. 4. Vertical profile of the vertical velocity fluctuations (iniisof the
speed of sound) for the model havin@), = 0.01 (solid line), 0.001

(dotted ling and 00001 dashed lingatR = 2.93. The simulations data
have been averaged betwden 550 and = 600.

ferent computing set-ups (i.e. usingtédrent numbers of CPUs),

the details of the turbulent flowsfér from one run to another.

This is simply due to the chaotic nature of turbulence (Wmte

et al. 2003). However, the statistical properties of theulence

They can be used to estimate the typical correlation timesafathe
turbulence. At both locations, it is not far from the valug, = 0.15
orbit we used when modeling the results of the numerical kitimns.

time between = 550 andt = 600 for the models(@r), = 0.01
(solid ling), 0.001 dotted ling and 00001 @dashed ling Again
the results are very similar for each model and in agreemiint w
those of Fromang & Nelson (2006): the averaggis of order
5% of the speed of sound in the disc midplane before rising up
to values of the order of 20 — 30% in the disc corona, where
weak shocks develop in locations where convergent flow speed
exceed the sound speed (Fromang & Nelson 2006). These su-
personic turbulent motions are driven by magnetic streBses
regions where the Alfvén speed exceeds the sound speed! Fig
shows thatsv, varies by a factor of about 5 between the disc
midplane and its corona.

As expressed by Eq. (21), the dusffdsion codicient also
depends on the turbulence correlation timeseglg. Although
D depends on the value @, to the first power only, while it
depends on the velocity fluctuations to the second poweicaér
variations in the correlation timescale could stiffexrt the nu-
merical estimate of the fiusion codicient. We thus calculated
the value ofr¢or at two locations, one in the disc midplane and
the other in the disc corona. Following Fromang & Papaloizou
(2006),7corr Ccan be evaluated by monitoring the time variation
of the function

Szz(7) =< Vo(Z V(2 t + 7) >, (23)
where< . > denotes an ensemble averaggz(3) is expected

are similar. This is shown on Fig. 3 where we compare the radia decrease toward zero from initially positive values irinaet

profile of @ for the models Q7)o = 0.01 (solid line), 0.001 dot-

Tcorr- 10 €Stimate the later, the model in whidlr)o = 0.01 was

ted lin@ and 00001 @ashed ling For each case, the curves areestarted at timé& = 573. We then calculated and averaged the

averaged in time betwedn= 550 andt = 600. Fig. 3 demon-
strates that we obtain very similar valuesmin the diferent
simulations. Thus it is meaningful to compare the dust ithigtr
tions in the three dierent models.

As explained in Sect. 3.2.2, the vertical velocity fluctant

functionv,(z to)v(z to + 7) at seven dterent radiiR = 2, 25,

3, 35, 4, 45 and 5 over a kernel of five cells in the radial di-
rection. At all radii, the function was further averaged iotveo
ranges in the meridional directioj < 1.5H/Rto produce the
function S,,1, and|f| € [1.5H/R, 3.5H/R] to produce the func-

and the correlation timescale of the turbulence are alsmef ition S,,5. S,,1 thus represents the velocity correlation func-

portance in ffecting the difusion of solid particles. In Fig. 4,
we show the vertical profile of the vertical velocity fluctizsis

tion near the disc midplane while,$, represents the correlation
function in the upper layers including the corona. The twacfu

atR = 2.93, normalized by the speed of sound and averagedtions are plotted as a function ofin Fig. 5, respectively, with



a solid and a dashed line (both curves are normalized by their For the first model (presented in Sect. 3.1), we fitted a
value atr = 0). As expected, both display an initial decrease Gaussian profile to the vertical profile of the dust density

toward zero around which they stabilize after a few tentharof
orbit. This qualitative trend is in agreement with the réswolf

Fromang & Papaloizou (2006). The dotted curves over plotted

on the same figure represent the functiolfs S exp(-t/o) for
79 = 0.05, 01, 015 and 02 orbits. Although it is dficult to
measure the correlation timescale precisely given the Ifing-

tuations we obtained, these curves can still be used as aowvay t

estimate the correlation timegor governing the functions$1
and S o. They indicate thato is ~ 0.05- 0.1 in the corona

and~ 0.1 - 0.2 in the disc midplane. Both values are compara-

ble to the value of A5 orbit reported by Fromang & Papaloizou
(2006). Although these two timescales ar@atient, their ratio is

at most two and certainly accounts for less variation in tifie d
fusion codficient D than the variations in the vertical velocity
fluctuations described above. Therefore, when pluggingarum

at each radius. This was done by performing a least squares
fit to the dust density profile over the entire vertical extent
of the disc. The resulting spatial distributions are plbftie

Fig. 7 using the same color table and spatial domain as in
Fig. 6.

For the second model (presented in Sect. 3.2.1), we used
Eqg. (19) to calculate the vertical profile of the dust density
at each radius. The numerical value of the dimensionless
diffusion codicientD at each radius was calculated using
Eqg. (20) in which we plugged the value efcalculated ac-
cording to Eq. (22). We used Sc1.5 as this value turns out

to provide the best fit to the simulations. Being of orderynit

it is also in agreement with the results of previous local nu-
merical simulations (Johansen & Klahr 2005; Johansen et al.
2006b; Fromang & Papaloizou 2006). The resulting spatial

ical estimates for the correlation time into Eq. (21), wel wile distributions of the dust density are plotted in Fig. 8.
Tcorr = 0.15 orbits in the remaining of this paper. This value is - For the third model (presented in Sect. 3.2.2), we integrat
such thatQrer ~ 1 and is in agreement with previously re-  Eq. (18) numerically, using at each disc altitude the egéma
ported results in the literature (Johansen et al. 2006b)atid for the difusion codicientD provided by Eqg. (21). In this
values used to model théfect of turbulence in theoretical stud-  equation, we used the azimuthally and time averaged vertica
ies of planet formation (see for example Weidenschillin§4)9 profile of the vertical velocity fluctuations at each radias (
thus giving additional support to such work. shown on Fig. 4 for the special caBe= 2.93) and the cor-
relation timergor = 0.15 orbit as explained in Sect. 4.2. The
resulting spatial distributions of the dust density ardtplb

4.3. Dust spatial distribution in Fig. 9.

. . The spatial distributions of the dust density obtained with
For the three simulations we performed, we averaged the dyst ; X X
density in azimuth and over time betweer 550 andt = 600 Hifee diferent models are in rough agreement with the simula-

orbits. The spatial distributions we obtained using thiscee LonS z%[ndfv;/;]th g@'Ve ?ﬁ_pictatloncsj: a![I pre?mlt thgt the dost-
dure are shown in Fig. 6 for the models havifgr)o = 0.01 ponent of e diScs thicken as CUst particies decrease ) Siz
(left pane), 0.001 (iddle paneland 00001 ight pane). Note in agreement with the MHD simulations. For the model having

that the radial extent of the snapshots is limitedRta 6. At (Qr)o = 0.01 (i.e. for the largest particles), the agreement be-

larger radii, the outer ifer region we use (see Fromang &tween the three models and the simulation is quite good. This

D can be understood easily: in this model, the dust scalehhig
Nelson 2006) starts toffect the dust distribution. As expected : g
the smaller the dust particle sizes, the thicker the dust disis about O3H. In other words, the solid particles concentrate close

is simply because smaller particles are better coupledetgdis to the equatorial plane, where the turbulence propertietairly

and can thus be lifted further away from the disc midplane gymogeneous (the vertical velocity fluctuations only dtartse

nificantly above- 1.5H). Thus the dfusion codicient cal-
the turbulence befor_e they decouple from the gas. The lektlpa glated acgz/ording to Eq )(21) is roughly constant and the sec
also shows some sign of the dust disc flattening at large.radj d and third models (With constant and varyinguiion co-
This is simply because the strength of the turbulence, as m . . I .

.. étcient) give a similar result. Moreover, close to the equator
sured fOI’. exgmple by the parameterdecreases at Iarge radil, lane (i.)egz < H), the leading order expansion to Eq. (lq9) turns
as seen in Figs. 2 and 3 It ShOl.JI.d not be confused with th_e_ It to be Gaussian, which explains the similarities betvwtben
parent dust disc flattening identified by Dullemond & D0mlnllfhree models for large particles
(2004), which occurs pecausg of seIf—shadQW|ng in the noese On the other hand modelé having smaller dust sizes, i.e
of weak turbulence. Finally, Fig. 6 also highlights one & lim- Q) = 0,001 and G)Odl how df 9 betw thefi U
itations of our work: with the set-up of the simulations greted (7)o = 0.001 an » SNOW dierences between r

: : . t approaches. The Gaussian fit to the simulations alwagss ov
in this paper, we cannot easily extend our parameter suoveyTt .. ) . .
smallerppgrticles. Indeed, Whgﬂf)o = O.OO(I)Ol, the dust disc})zlgt'm"’ltes the dust density in the disc corafy{ > 2), showing

already covers almost the entire computational domain én tH'at in genera_\l theove:ﬂcal t;?]roﬂrlle Ogﬂlﬁ dustéjelnhsny ahsllno(r; .
vertical direction. Reducing further the size of the dustiples 'S 10N =aussian. n the other nand, th€ model having a canstan
would require an increase in the size of the computational ffusion codficient always underes’qmates the .dUSt d?”?'ty in
main in the meridional region for the decoupling between gi€ disc corona. Only the model taking the vertical varatd

and dust to occur within the computational grid. This woud r 1€ difusion codiicient into account gives a satisfactory fit to
quire an increase in the computing time required for a sitraria the simulations, especially in the disc upper 'aYEf_S-

performed with the same resolution. This will soon become po 1 hese diferences can be made more quantitative by compar-

sible as computational resources improve, but is curremty Nd the vertical profile of the dust density between the sanul
challenging. tions and the models. This is donein Fig. 10. The left pantl-ga

ers the results corresponding to the cage){ = 0.01, the mid-

To compare these results with the models presented dle panel shows results obtained whe€Xr), = 0.001. Finally,

Sects. 3.1, 3.2.1 and 3.2.2, we computed the expected 2D dhst right panel shows results obtained whexr)p = 0.0001.
distribution that each of them would predict. In doing so, wk each panel, the solid curves plot the vertical profile @& th
used the same disc and dust parameters as in the simulationslust density obtained in the MHD simulation by temporalfy, a
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Fig. 6. Dust density distribution in theR| Z) plane in the numerical simulation for the model havifir)y = 0.01 (eft pane), (Q7), = 0.001
(middle panéland Q7)o = 0.0001 ¢ight pane). For all cases, the raw data have been first azimuthallyageerand then time averaged between
t = 550 and = 600.

-0.0

Fig. 7. Dust density distribution in theR Z) plane computed by fitting a Gaussian vertical profile to fheuation data (azimuthally and time
averaged) at each radii. As is the case for fig. 6, the leftdhaiend right panels respectively corresponde)f = 0.01, Q001 and (0001.

imuthally and radially averaging the results. The radia@rag- stant difusion codficient underestimates that density (the ratio
ing is performed over the range € [3,5]. The dot—dashed, at 3H is in excess of 19). The agreement between the simula-
dashed and dotted curves, respectively, correspond toadldelm tions and the model having a vertically varyingfdsion coef-
using a Gaussian fit to the data, a constaffiiudion codfi- ficient is better as the ratio between the predicted and véder
cient and a vertically varying ffusion codficient. Again, the dust densities is always bounded by 10, despite the facthbat
left panel demonstrates the good agreement between all dpst density itself varies by more than 6 orders of magnititde
proaches in the case of large particles, as the curves useg-to is interesting to point out, though, that the value of thesitgn
resent the results of theftBrent models are almost undistigupredicted by this model close to the equatorial plane seems t
ishable on that plot. It also provides, however, a first hivdtt significantly underestimate the results of the simulatidiss is

the Gaussian fit increasingly overestimates the dust deasit most likely because the correlation timescale we used rtueal
one moves away from the midplane, even for these largerpalditing the difusion codficient underestimates the midplane cor-
cles. The middle and right panels confirm these results ama shrelation timescale of the turbulence (see section 4.2)ndJsi
that the model having a vertically varyingfiilision codficient varying correlation timescale would certainly further irope
provides in general the best fit to the data in the disc corornthe agreement with the numerical simulations, but such @ lev
For example, in the cas€f)o = 0.001, the three models give of refinement is probably meaningless given the other approx
a good fit to the data faZ < 2H. ForZ > 2H, the Gaussian fit imations involved in the simulations themselves. As shown o
to the data overestimates the density obtained in the siionta Fig. 10, the situation is similar in the cager)o = 0.0001: the
(their ratio is about 1DatZ = 3H) and the model having a con-best fit to the numerical simulations is provided by the fimal a
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Fig. 8. Same as fig. 7 using the model that assuMesconstant.
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Fig.9. Same as fig. 7 using the model that assumes V2o

more elaborate model. IndeedZat 2.5H, the dust density pre- 5.1. Dust density vertical profile
dicted by the model with a constanfidision codicient starts to

underestimate significantly the resuits of the numericali- The first point that emerges is that Gaussian profiles failybad

tions. AboveZ = 3H, the diference becomes enormous, as iff FeProduce the data extracted from the simulations. Téitstp
the caseQr)o = 0.001. The agreement, however, seems bettSrfurther illustrated by Fig. 11 where we compare the dust pr
with the model that uses a Gaussian fit to the data than in ti§ In the caseQr)o = 0.001 (olid liné) with a set of Gaussian
case Qr)o = 0.001. The Gaussian fit indeed gives a good fﬁ;oflles @otted line¥computed according to the following equa-

up toZ = 3H. This apparent agreement would most probably™"

break down foZ > 4.3, as the ratio with the simulated densities
is already greater than two orders of magnitudg at 4H and pq = exp[— > ) , (24)
increases with increasiry 2HG

in which we used the valud4y,/H = 0.4, 05,06, 07,08 and
0.9. None of the dotted lines is an acceptable fit to the dataeClo
to the disc midplane, by eye inspection seems to suggeshinat
dust disc scale-height is 0.9H while one would estimate it to

In this paper, we have studied dust settling in turbulentgero P€ of order (6H atZ ~ 3H. Both values are dierent from the
planetary discs using global MHD numerical simulations- peguf_std|sc scale-height returned by the least squares fietdéta,
formed with the code GLOBAL using spherical coordinates. IHg\y,/H = 0.84. The physical reason for this behaviour is clear:
this section, we summarize our main findings and discuss ttlese to the midplane, where the gas density is high, the gas-
limitations and future prospects of our work. dust coupling is strong and the dust traces closely the Gauss

5. Discussion and conclusions
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profile of the gas, whereas in the disc upper layers the cogipli
is weak and the dust-gas ratio decreases as one moves further

ol

0L P T L away from the midplane. These results emphasize the paint th
ot = v 2 4 estimates of the dust disc scale-height obtained using aggau
) ) ) ) ) fit may lead to incorrect conclusions.
Fig. 10. Vertical profiles of the dust density, radially averagedizetn Nevertheless, in order to compare with results published pr

R=3andR = 5. As shown by the legend displayed on the upper pangliq, s|y in the literature, we measured the dust disc scelght
the diferent curves (normalized by their midplane values) were ob- our simulations using such a fit. We fouttm/H = 1.0

tained using the numerical simulatiors®lid line), by fitting a Gaussian . -
profile to the simulation datal¢tted—dashed lineusing a constant tur- 0.84 and 040, respectively, for@r)o = 0.0001, 0001 and (1.

bulent difusion cogicient dashed ling and a vertically varying dif- 1Nhe variation ofHyn/H as a function of Q7)o is shown by the
fusion codiicient dotted ling. The upper, middle and bottom panelsdiamonds in Fig. 12. The dotted line displays the function
respectively correspond t€&¢), = 0.01, Q001 and M001. In the first o2

case, all models successfully reproduced the simulatitwievior the (Q1)o\
smaller dust sizes, only the later and more elaborate madelupes 0.001 >
satisfactory results.

Hq/H = 0.7( (25)



which is the best fit to the data. Therefore, if we were to anal- 10°
yse our simulations assuming that the dust density is Gassi F
we would obtainHg o« a2 since Q7)o « a. Interestingly, this T
is not too diferent from the results of Pinte et al. (2008) who 107 F
report an exponent equal t60.05, although it is clear that our E
results show a stronger relationship between the dust dides

height and particle size. Both values are, however, lardjigigr- - " ]
ent from the value-0.5 which is often reported in the literature G

(Dubrulle et al. 1995; Carballido et al. 2006). This is besmau < 107°L <
the latter is obtained when solving Eq. (17) in 8t®ng settling o E
limit Hy < H that is mostly relevant for large particles. In this @ -

case, the vertical variation @irs can be neglected, the vertical
profile is Gaussian and the exponest5 is recovered. For the
small particles we study here, the dust disc is thick anckthes 10-8
tical variations have to be taken into account, which leadhé

more complicated expression given by Eq. (19) and departure

from a Gaussian profile. 107 —

5.2. The Schmidt number

The second result that emerges from our work is that a model - W
having a constant ffusion codficient increasingly underesti- 2
mates the dust density as the particle sizies decreased. In

other words, the vertically averaged dudiasion codicient de- 107%L E
creases witl. This is not unexpected, since the Schmidt number -
introduced in Sect. 3.2.1 is known to be an increasing foncti -

of Qr (Cuzzi et al. 1993; Schrapler & Henning 2004; Youdin
& Lithwick 2007). It is unclear, however, whether such seg]i b
which assume homogeneous Kolmogorov-like turbulence, are 10+
applicable to the highly magnetised flow of the corona. T#is i F
why we did not attempt to make a direct comparison between .
our results and these theories. For the sake of completehess 0
is nevertheless instructive to report here the verticallyraged E
Schmidt number we measured in each case. As described above, o-¢[ | | : L L )
Sc = 1.5 already provides a good fit of the dust density in the —4 —2 v 2 4
case Q1)o = 1072. For the casestr), = 1072 and 104, we

found that the vertically averaged Schmidt numbers thatfiies Fig. 13. Comparison between the dust density vertical profile (shiown
the data are respectively Se 0.4 and Sc= 0.03%. Although both panels with the solid line) in the cager, = 0.001 with a simple
they indicate a scaling withtYr), close to linear, these resultstoy model in which the turbulent velocity distribution istes function
are not necessary in disagreement with the result of YOUdinE&EE t?thgg det;ﬂ”S)- |r(l)t1hSer|0||OZTr Dazn:L t?ﬁ V§|00it); ﬂﬂﬁbgsogge
Lithwick (2007), who found a quadratic scaling, becausehef t {ak€n 10 D&Vzup/Cs ~ V.15 Tor |z > 2H, while oVamia/Cs = U.
vertical aE/erag)e we made wheqn doing such mgasurements. ,\gﬁ?étled ling, 0.05 (dashed lingand Q075 [dotted—dashed lindor | <

. . L . In the lower panel, the velocity fluctuations @kgmiq/cs = 0.05 for
also that these fairly low values of the Schmidt number iatic _ ', , andov,p/Cs ~ 0.075 (otted ling, 0.15 (dashed linpand 030

that turbu_lent diusion of the smallest dust particles can be mu‘%aotted—dashed lindor |z > 2H. The results show that the dust density
more dficient than angular momentum transport. Thisaence yertical profile is fairly insensitive to the midplane veitydluctuations

originates from their dierent physical origin: angular momen-yt more strongly depends on their amplitude in the disc ulayers.
tum is transported radially by the Maxwell and Reynoldssstes

while dust difuses away from the disc midplane because of the

vertical velocity fluctuations of the gas. The former quiesi

decrease as one moves away from the disc midplane, (see Mifie3. A toy model

& Stone 2000; Fromang & Nelson 2006) while the latter quatity, .\ »in result of this paper is the construction of a simple
increases away from the disc midplane. This means that angy]

momentum is infficiently transported in the disc corona whik;IanOIeI that gives a reasonable fit to the simulations. In this

small dust particles ardfeciently diffused at the same Iocation.mOdel’ the dust particles arefiiised away by turbulence with

As a consequence, the Schmidt number (i.e. the ratio of bith dtffgsion coﬁigient that sca]es Wi-th the square of the tgr_bulent
fusion codficients) is much smaller than unity for the smallegeIOCIty fluctuations. Accordingly, it should be possibiepirin-

of our particles iple to extract the vertical profile of the velocity fluctigats
P : from the dust density vertical profile. This is, however, iawer-
sion problem. As such, it is susceptible to being degenaraie

1 The fact that we obtain Schmidt numbers lower than one, in colY€ shall see in this Se(_:tion that this iS_ indeed th.e case. .
trast to Cuzzi et al. (1993), Schrapler & Henning (2004) ¥addin & The relevant question to ask in this context is the following

Lithwick (2007) is due to our definition beingféérent to that used in Provided we are able to measure the dust density vertical pro
these theoretical studies, as discussed in detail by Yodiithwick ~ file, what is it mostly sensitive to? Can we hope to constraén t
(2007) velocity fluctuations in the disc midplane or is it mostly anse-

Dust density




quence of the amplitude of the fluctuations in the upper Ryeuwuration level of the turbulence (Fromang et al. 2007; Lesur &
To answer that question, we designed the following toy modélongaretti 2007). However, the resolutions required tdude
guided by the vertical profile of the velocity fluctuation dimp these processes in global simulations are currently owaxdh
tudes shown in Fig. 4, we considered the following analy¢ic v and one must instead rely on the subgrid model provided by nu-

tical profile for the velocity fluctuations: merical dissipation to carry out global numerical simdas. On
5 a more physical side, there are also limitations due to thelsi
sv, = | OVzmid + [6Vzup — Vzmid] (%) if |2 < 2H (26) disc model we used. The locally isothermal equation of state
SVzup Otherwise used is not appropriate for the disc inner parts that we ane si

ulating as the gas there is optically thick. This could haue n
whereév,miqg and év,up stand for the turbulent velocity fluctu- merous &ects. For example, Dullemond (2002) and D’Alessio
ations in the disc midplane and in the disc corona. As showhal. (1998) report a temperature increase in the innetugiper
on Fig. 4, typical numerical values at®,mid/Cs ~ 0.05 and layers. Such an increase would strengthen the couplingeesetw
dVzup/Cs ~ 0.15. To investigate the sensitivity of the results t@as and grains in the disc corona (through a decrease indak lo
the midplane velocity fluctuations, we calculated the dest-d value of the parametérs). This would cause small particles to
sity vertical profile in the case¥r)g = 0.001 by numerically settle less than reported in this paper and could changesthe r
integrating Eq. (18), using Eqg. (21) and (26) with, mig/cs = lationship betweeiy anda. Obviously, the significance of the
0.025, Q05 and 0075 anddv,up/Cs = 0.15 (i.e. we used in the comparison we tentatively made between our simulations and
disc corona the value suggested by the simulation data) téFhethe observations of Pinte et al. (2008) should be taken veith.c
sults are summarized on the upper panel of Fig. 13, where theother topic of concernin our simulations is the assunrptib
dust density profile in the cas€f)y = 0.001 is shown with ideal MHD. Itis indeed well known that protoplanetary discs
the solid line, while the numerically integrated profiles agp- so poorly ionized because of their large densities and low te
resented by dotted, dashed and dot—-dashed linésfgr/cs = peratures that parts of the flow, refered to as dead zoneajiem
0.025, Q05 and 01, respectively. The last three curves are vetgminar (Gammie 1996). We completely ignored tiikeets of
similar in this plot and all give a fairly good fit to the simtitens, dead zones in the present paper. Clearly, future work stiould
especially in the disc upper layers. This shows that thediist prove the thermodynamic treatment of the gas, possiblydhcl
sity vertical profile is fairly insensitive to the midplanelacity ing radiative transfer and dead zones.
fluctuations. To estimate the sensitivity of the dust dgrsib- Nevertheless, we have shown in this paper that dust obser-
file to the velocity fluctuations in the upper layers, we raépda vations can be used in principle to constrain the propedfes
the same analysis usiny,mid/Cs = 0.05 (i.e. we used in the MHD turbulence in discs. We have found that even the simplest
disc midplane the value suggested by the simulation r@suits simulations provide disagreements with previously usedfid
8Vzup/Cs = 0.075, Q15 and 030. The results are shown on thaiffusion models because of the nature of disc turbulence. This
bottom panel of Fig. 13 with the same conventions as for the uflustrates even further the need to compare directly olsdiems
per panel. In this case, the dust density vertical profile@go and numerical simulations. It will be important in the fuguo
be much more sensitive to the upper layer velocity fluctustiogenerate a grid of more realistic discs models (varying ke d
and only the dashed curve, for whiék,,p/cs = 0.15 (i.e. in parameters, including dead zones, flaring discs, non isotile
rough agreement with the numerical data), is in good agraemdiscs) and produce synthetic observations that could be com
with the data. pared in the next few years with multiwavelengths obseoweti

The implications of these results are twofold. First, tha-si This comparison would provide diagnostics of disc turbaéen
ple toy model described by Eq. (26) would be suitable to ugiee existence (or not) of dead zones and thus constraintgtane
when trying to fit the observations as it reproduces the numenation models. The recent work of Pinte et al. (2008) shoas th
ical data fairly well if we choose the valués,mig/cs = 0.05 such multiwavelengths observations are starting to bedeme
andév,yp/cs = 0.15, compatible with the simulations. But theseible. When combined with future instruments like Hersetved
results also show that such a fit would only provide sensitivdMA, large samples will become available and will provide
information about the turbulent velocity fluctuations i tlisc a wealth of constraints on disc structure and propertiesnwhe
upper layers. The physical reason for this last point is shah combined with appropriate global numerical simulationpraf-
a fit is mostly sensitive to the properties of the region whkee toplanetary discs.
gas and dust decouple. For the small particles studiedsmthi
per (and observed using the Spitzer telescope), this regros
out to lie in the disc upper layers. When observing larger pzﬁCKNOWLEDGMENTS
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5.4. Limitations and future prospects proved the paper.

Of course, there are strong limitations to our work due to the
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