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C ‘Abstract

© There is a growing body of evidences for the presence of allirgt material in comets. These crystals are believed ve baen
annealed in the inner part of the proto-solar Nebula, whilaets should have been formed in the outer regions. Sevarsitort
o processes have been proposed to reconcile these two famiagahem a migration driven by photophoresis. The primayilal
of this work is to assess whether disk irradiation by a PreaMeequence star would influence the photophoretic trahsgor
do so, we have implemented an evolvinglD model of an accretion disk, including advanced numeta&ainiques, undergoing
a time-dependent irradiation, consistent with the evolutf the proto-Sun along the Pre-Main Sequence. The photepts is
- 'described using a formalism introduced in several previearks. Adopting the opacity prescription used in these farstudies,
- we find that the disk irradiation enhances the photophotetitsport: the assumption of a disk central hole of sevetabaomical
O units in radius is no longer strictly required, whereas teechfor arad hocintroduction of photoevaporation is reduced. However,
we show that a residual trail of small particles could arnatkithe photophoretic driven transport via thdiieet on the opacity.
= We have also confirmed that the thermal conductivity of fpanted aggregates is a crucial parameter which could liméven
(/) -suppress the photophoretic migration and generate sesegyadgationféects.

a
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1. Introduction that icy asteroids originally located betweerb AU and~ 30
) ) AU have either participated to the formation of giant plareat
As reported by Tielens et al. (2005) the interstellar mediumhaye heen ejected far away because of the planet migratiwn. T
1 (hereafter ISM) is very poor in crystalline solids. For aste, majority of the KB objects have probably been accreted at the
) Kemper et al. (2004) well reproduce the interstellar absonp  ~rrent distances.e. > 30 AU); but as suggested by results
- band using a mixture composed-0f15.1% of amorphous py-  of the Nice model, an orbital resonance of Saturn and Jupiter
1 roxene and- 84.9% of amorphous olivine by mass, leading 0 gy have partially filled the KB with objects initially locd
O a crystalline fraction of the interstellar silicates ardun2%.  penveen 15 AU and~ 30 AU (Tsiganis et al., 2005). Further-
O The proto-solar Nebula is supposed to have been formed ffomyore, the planetesimals of the inner part of the primordigk d
. material coming from the ISM. As a consequence, the primoryj e |ocated in the intervat 5-15 AU) have been likely ejected
= dial dustin the Solar System should be composed of amorphoygq finally participated to the formation of the outer regiof
'>2 solids except grains which have undergone either a themmal ayhe KB and the OC. In summary, the crystals have been incor-
| -
M
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nealing in high temperature regioris( around 1006- 1500  porated into icy planetesimals when they occupied zones fro
K) close to the starife. r < 1-2 AU) or a sequence starting by _ 5 AU to ~ 30 AU and beyond; prior to be scattered to the KB
a vaporization or a melting and finishing by a re-condensatio 544 OC. Of course, the transport processes studied in ther pa
Besides this, comets are presumed to have formed in the colghquiq deposit crystalline dusts at least around 5 AU, bet th
outer part of the solar Nebula along the lines of the scemario deeper the penetration beyond 5 AU will be, the more credible
called below. the proposed mechanism will be. The formation of the comets
The dissipation of the early gaseous and dusty protoplanetais 4150 believed to have occurred early during the solaesyst
disk is presumed to have left a disk of icy planetesimals bedyo ormation. For instance Weidenschilling (1997) showed the:

~ 5 AU. The Edgeworth-Kuiper Belt (hereafter KB) and the {5ymation of comets could have been completed i@t x 109
Oort Cloud (hereafter OC) are the remains of this disk and argears.

the well accepted two main cometary reservoirs (Mumma angampins and Ryan (1989) have found that crystalline olivine
Charnley, 2011). A corpus of studies, based on dynamicsy shojs 3 major component of the silicates in Comet Halley and
Wooden et al. (1999, 2000) detected crystalline silicates i
Hale-Bopp observationStardustsamples of Comet 81®ild
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2 include large single mineral crystals and X-ray microscop particular that of thermal conductivity as suggested byussa
analysis leads to a crystal mass fractiggs; larger than~ 50% et al. (2007), and the role of gas—dust opacity. Conclusians
(Zolensky et al., 2006; Ogliore et al., 2009; Brownlee et al. be found in Sect. 5.

2006). More generally, comets have a rafigs; exceeding

~ 20% (Kelley and Wooden, 2009; Lindsay et al., 2013). This
discrepancy between the crystallinity of the ISM grains toed

of cometary grains one is the mark of a radial transport g®ce  We have developed an original implementation oftd D ir-
andor a specific physical phenomenon occurring in the accreradiated protoplanetary accretion disk model based onha-e

tion disk. Several transport processes have been proposedtion introduced by Lynden-Bell and Pringle (1974) and Pleng
explain the presence of these refractory material in coragts  (1981)

nealing by shock waves in the outer solar Nebula (Harker and

Desch, 2002), radial mixing by turbulentfiision (Gail, 2001; 0x 30 [120 _ el s ") (1)
Wehrstedt and Gail, 2002; Bockelée-Morvan et al., 200ZzCu ot ror or W

et al., 2003) or mixing in a marginally gravitationally uabkte _ _ . .
(MGU) disk (see the series of papers by Boss and co-author{Nich governs the sec_ular variations of the.d'Sl.( surfaceiten
Boss, 2008, could be a starting point), transport by phaiogh Y (kg m2) as a function of the heliocentric distance The

sis (Krauss and Wurm, 2005; Wurm and Krauss, 2006; Krausgumeric.al method employed to solve I_Eq. (,1) is dezscribed in
et al., 2007; Mousis et al., 2007; Moudens et al., 2011). Soméppendlx A.2. The average turbulent viscostty > (m*s™),

authors (Ciesla, 2007; Keller and Gail, 2004) built modals i dheper;]dil?g on a free parameteris fcomplljlted in tfhe fr;m_e of
cluding the vertical disk structure and found a radial outftd the Shakura and Sunyaev (1973) formalism — after the integra

dust grains due to pressure gradients within the protosaye tion of the vertical structure equations (see Appendix Al f

disk. The X-wind mechanism, which has been advocated fogetails)._ Our disk model is bgsed on a generalization of the
the redistribution of CAls throughout the Nebula (Shu et al. method mtroduced.by Papaloizou and Terquem (1999) (hgre-
1996), could have also brought a contribution. after PT99) and Alibert et al. (2005). The photoevaporation

In this paper, we focus on photophoretic process for which ngw(r) is provided by the simple prescription published by Veras

employ a 11D accretion disk undergoing a time-dependent ir-]‘;ind Armitageh(2004)2_w(r)k= 0 forbr <Ry and%dw(r) - ’le"ap/(;
radiation. Indeed, the proto-Sun, at the epoch during which orr > Ry, whereRy is taken to be 5 AU andeyzp is an ad-

was surrounded by a disk of gas and dust, was evolving throudﬂstablﬁ _parametler..A .rigborousdtriatment offthhe radiatires-
the so-called T Tauri phase. The stars belonging to the Ti Tau erin allits complexity is beyond the scope of the presertwo

class, are known to possess an accretion disk and are evolé}r-1d represents probably a physical and numerical challénge

ing along the Pre-Main Sequence (hereafter PMS) trackse/vheﬁtiad’_ the gect of tk?e irrz(ij(_jia_tionhby the central st;[ar hgs been
their luminosity could be much higher than that of the Sun.!akeninto accountby modifying the temperature boundany co

This high luminosity could have an important influence onpho dr:Fion a‘; the d(ijSk ext%rngl sgrfacg. :::?ii V_\Iliy’ t_r:_i tenr:pee_c}mm
tophoresis and might change the disk structure or its dytrmmit IS surface, denoteds, Is given byTs = T, + T, whereTy

irr
by irradiation. This is why we were interested in modeling an'® the background temperature (usually = 10 K) andTir
accretion disk evolving consistently with a proto-Sun.slof

comes from the following equation, derived in Hueso and Guil
particular interest to assess if the assumption of theemdst of

2. Description of the model

lot (2005),
a central gap (as hypothesized in previous works, see Mauden

et al., 2011) in the disk is still required. It should be netc 2 (R.(t) 3
that Turner et al. (2012) have taken into account the PMS-lumi Tir = Tett®) |5 ( u )
. . . . 3 r
nosity of the proto-Sun in the context of Jupiter formation. N R
The presence of crystals in comets is not the only issue for @ 174 )
which photophoresis is supposed to play a role, Teiser and )
Dodson-Robinson (2013) have proposed that photophoresis L RO Hp(t)\ (dInHp(t) _q
could accelerate the giant planets formation and Wurm et al. 20 r r dinr

(2013) have investigated the involvement of thigeet in the
formation of Mercury-like planets and in the metal depletio
in chondrites. Detailed theoretical and experimentalissidn  whereR, (t) and T¢¢¢(t) are respectively the stellar radius and
chondrules photophoretic properties have been also ctediuc effective temperature at the age ,(t) represents the disk pres-
(Wurm et al., 2010; Loesche et al., 2013). sure height at the heliocentric distarrcand at timet. This pre-
Concerning the photophoretic transport itself we haveresse scription has also been adopted by Fouchet et al. (2012) who
tially adopted the approach described in Krauss et al. (R007ave emphasized its significance that we recall here: tine ter
and Moudens et al. (2011), as recalled in Sec. 2. The main fegl1) corresponds to the radiative flux that would be interedpt
tures of our disk model are presented in the same section, aty a flat disk, the term (2) is an estimation for theeet of the
additional details are given in Appendix A. Section 3 is de-disk flaring. Following Fouchet et al. (2012) and Hueso and
voted to our results, while in Sect. 4 we discuss some aspec@Guillot (2005) we fixed dlf,/dInr at its equilibrium value,

of the problem such as the influence of aggregate propeiriies, namely 97. In order to validate our model, we have performed

2
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several tests. For instance, we have verified that we repe 15r T UL
the mid-plane temperaturg,, the surface densitg and the [ birthline /‘7 2": 1;01‘”;;"Z:S%S?;Z;O-%%XDZ2xl0
shape factoH/r obtained by PT99 (see e.g. Figs. 2 and : | Stahler & Palla (2004) >~ M

PT99). We also obtained a good agreement between our L
putations and the PT99 ones for the accretionkggM yr—1) [
as a function of for various turbulence parametersind dis- o5k
tances to the Sun. In their study, PT99 did not take into .
count the &ect of irradiation. Notice that, this is why we ve
fied that our computations are compatible with results fdun o
D’Alessio et al. (1998), even if the treatment of the irrdidia
is not exactly the same. This way, following the same pr¢
dure adopted by Fouchet et al. (2012), we also verified tha [
computations are compatible with results found by D’Ales [
et al. (1998), who used a more sophisticated approach aon i
ing irradiation. 3.75 Iog{ﬁ 3.65
Both stars and protoplanetary disks change with time. Tdrs °
evolve under the influence of gravitation and nuclear reasti
while disks lose their mass either by accreting on the stadjoan
evaporating to the interstellar space. Thus, we have detile Figure L Solid line: Pre-Main sequence evolutionary t_ra;olmputgd by
. . . . . Tognelli et al. (2011), chosen parameters are representt the Sun:Z =
include both evolutions in a model in which the proto-Sun and().01377 andy = 0.2533 are respectively the initial heavy elements and the he-
the disk interact via irradiation. lium mass fractionsgmit = 1.68 is the solar calibrated Mixing Length Theory
Young Main Sequence stars may exhibit a debris disk, thad hasparameter an&p denotes the initial mass fraction of deuterium. This stella
very tenuous or even non-existe_nt gaseous componenti@lliv gﬁ‘mh;sa?eé%gg;n (ﬁ’;’tﬁi?eﬁv'i\h;g;_"‘g;fﬁeﬂf |?::V¥heelirpémﬁg"b#£n? _
etal., 2009). In contrast, T Tauri stars have their S)eCOE  stanler and Palla (2004). Dotted line: the ZAMS. Circlesdisplayed each 1
features (as the excess UV or IR radiation) well explained bymyr and the Sun position on the track has been marked withraatia.
the presence of a surrounding, optically thick, gaseouseacc
tion disk (Lynden-Bell and Pringle, 1974). The objects da§th
class are Pre-Main Sequence stars, located in the Hertegpru the JHKL infrared excess fractions of stars. For each dluste
Russell diagram between the “birthline” and the early Mainthese ratios can be regarded as the fractions of stars saledu
Sequence, where the stellar luminosity is provided by the hyby a disk. For the selected clusters, age determinations are
drogen burning in their core with the secondary elements a&vailable in the literature. This way, Haisch et al. (2004yé
equilibrium. The “birthline” is a line in the HR diagram cerr  shown that, not surprisingly, the fraction of stars acconig
sponding to a threshold below which stars become visiblego t by a disk decreases with age and should be negligible for
observer, they therefore begin their quasi-static cotibaand ~ an age around 6 Myr (hereafter 1 My= 10° years). This
move to the Main Sequence. We have adopted a PMS evollimitation is confirmed by Pascucci and Tachibana (2010) and
tionary track computed by Tognelli et al. (2011) who have em+eferences therein. According to these works, protoptaget
ployed the well-tested and developed stellar evolutiogage  disks older than- 6 Myr should not exist or be very rare. Our
FRANEC! (Degl'lnnocenti et al., 2008) together with up-to- 1+1D disk model requires the pre-computation of tables of
date input physics (Tognelli et al., 2012; Del’Omodarmalgt ~ turbulent viscosity< v > depending on various parameters
2012). among which the luminosity of the star, and its dfective

The starting time of the evolution of our accretion disk has temperatur@¢r. Consequently, along the PMS track we took
been taken where the “birthline” (from Stahler and Pallf)20 a set of couplesl(, Tef) corresponding to ages< 16 Myr
intersects the proto-solar PMS stellar track. with t = 0 at the “birthline”. Hence, for each tables of mean

The solar models have been calibrated on the present sol4iscosity were constructed using,(t), Ter(t)) or equivalently

luminosity (Lo), radius Ro), for the surface chemical compo- (R«(D), Ter(t)) and playing with a set of parameters values:
sition (Z/Xpno, See Asplund et al. (2005)). We used an iterative = 10°° and 10%; Mgt ranging from 1_012 Mo yrto _104 Mo
procedure that consists in varying the initial helium atamge Y7 and 005 < r < 50 AU. A dedicated subroutine allows
(Y), meta|||c|ty (Z), and mixing |ength paramete‘y'&“_.r), in interp0|ati0n in mentioned tables efy >tyr-
order to reproduce at the age of the Sty) the present,,,  'he dust grains transported through the disk are aggreg_ates
Ro, and €/X)phe Within a tolerance of, at most, 18 Then, small particles (Brownlee, 1978; Greenberg, 1985; Meakih a

we obtained for the proto-Sun the initial helium and metalDonn, 1988; Blum et al., 2000) and are very approximately
mass fractiony = 0.2533,Z = 0.01377, andoyt = 1.68 considered as spherules of radias Hereafter, the terms

(see Fig. 1). In their study of samples of stars belonging toParticles”, “grains” and “aggregates” will be synonymsite
six young stellar clusters, Haisch et al. (2001) have measur “Monomer” will be reserved for the components of aggregates
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Following the approach developed by Krauss and Wurm
Frascati Raphson Newton Evolutionary Code. (2005) and Krauss et al. (2007) we assume that the gas flow




F k. . Moudens et al., 2011; Krauss and Wurm, 2005). Nevertheless,
in Sect. 4 we will explore the influence af. The density of
dust particles have been fixedgg = 500 kg nT3; this value
has been adopted by Mousis et al. (2007) and Moudens et al.

mid-plan.  (2011). This density value is based on an olivine density of
3300 kg nT3 (Mousis et al., 2007), and on an aggregates fill-
ing factor of 15% (Blum and Schréapler, 2004). The influence
of py is briefly discussed in Sect. 4.2. The photophoretic force
(see Eqg. 3) is not the only one taken into account; the force
Fres due to residual gravity (Weidenschilling, 1977a) and the

Figure 2: Sketch of the photophoretic transport model dised in this pa-  radiative pressure force are also considered. These farees
per. The disk structure has been computed betwgggmin = 0.5 AU and : :

rdiskmax = 50 AU. The existence of an inner gap of radiggp > rdiskmin is reSpeCtlveW prowded by
hypothesized.

proto—Sun

| | rdlsk, min

mp dP
Froe= — —
res pg dl’ (5)
conditions are described by the Knudsen numkigrwhich is
defined aK,, = |/a, wherel is the mean free path of the gas L1(r,t)
Frag = na”—— (6)
molecules. Ciight

An expression of the photophoretic forégp, valid for free . _
molecular regimek,, > 1) and for continuum regimek, < 1), ~ Wheremy is the mass of an aggregatg,andP are the density

has been proposed by Beresnev et al. (1993) (see their EXy. (3Rnd the pressure of the gd¢r, t) represents the radiative flux
(W.m~?) at timet, at the location of the test particle. The speed

T, nmg\1/2 of light is notedcign:. The radiative fluxi(r,t), as it appears
Fpn = 34 I(r, 031(%) in Eq. (3) and (6) is derived from the star luminosity(t).
agd Similarly to the previous works (Mousis et al., 2007; Mouslen

ae + 15AKN(L - ag)/4 + ag Ay G etal, 2011), we have hypothesized the existence of an inner
gap of radiug gap, Optically thin enough for particles to see the
We are not going to recall the expression of each term of Eqproto-Sun, but still containing the gas content of the dislcs
(3), instead we invite the interested reader to consultiprev tyre. This assumption is supported by an increasing nunfber o
ous works (Beresnev et al., 1993; Krauss et al., 2007; Magiderpbservational evidences. For instance, D’Alessio et 8052
et al.,, 2011). Nonetheless, we specify some important oint show that observations of the Pre-Main Sequence star CoKu
First of all, given that the collisigscattering cross section of Tay4 suggest the presence of an accretion disk with an inner
molecules is not known, the free mean paihestimated from  hole cleared of small dust grains. The infrared imaging sur-
the value of the dynamic viscosityprovided by =70 VT/To  vey, conducted by Sicilia-Aguilar et al. (2006) with the @pr
(see Krauss et al., 2007) wity = 84 x 10° Pas,T the tem-  Space Telescope, indicates that around 10% of the starsiof th
perature and = 280 K. Since the viscosity for a dilute gas  sample, owning a disk, exhibit spectral features explaingd
is also given by; = nnwl/3 (with n the number of molecules  the existence of an optically thin inner disk. In additionnP
per unit of volume andh the average mass of these moleculestoppidan et al. (2008) studied three disks, and detectedren i
Reif, 1967), we compute= 3i/pmV wherepn is the mid-plane  gap depleted in dust particles but containing gas. Up to now,
density and the thermal velocity of gas molecules. itis not clear which physical mechanism could be the oridin o
The parameten that appears in Eq. (3) measures the thersuch inner cavities or gaps in protoplanetary disks (se@for
mal relaxation of aggregates, we have (see Krauss et al7) 200stance Thalmann et al., 2010). This is the reason why we have
A = Aert/Ag, With Aq the thermal conductivity of gas andrs  only postulated their existence. The model is sketcheddn Fi
the dfective thermal conductivity given by the following ex- 2. The radiative transfer along the line of sight betweeripar
pression, cles and proto-Sun is treated in a very simplified way. Bjrstl
Aett = Adp+ decTa (4)  neglecting the absorption by the gas, the radiative Ifopm (W

wheree is the emissivity (assumed to be 1) anglis the heat m~?) is evaluated at the distancereached by particles at the

conductivity of aggregates. As usuat, denotes the Stefan- timet Lot
Boltzmann constant. Although minerals, in massive and not | geon{T t) = == . @)
porous form, have thermal conductivity around10 W.nt* Anr

K~* (see for instance Horai and Simmons, 1969), aggregatesis reflects the sphericity of stellar emissions. In a seatep,
—due to their porosity — are believed worse thermal condscto the equation

than massive dust grains. In their experimental investgatof dl = —krpm(r, 1) 1(r, ) dr 8)
laboratory analogs, Krause et al. (2011) found thermal aond

tivity ranging from Q002 to 002 W nT* K-1. We have fixedl, s integrated at fixetlfrom rqap to r, using the boundary condi-
to 103 W mt K-1 in order to facilitate comparisons with ear- tion I (rgap, t) = lgeon{l'p, t); in this manner theféect of gas ab-
lier researches having adopted this value (Mousis et al720 sorption is combined with the pure geometrical decrease. Th
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opacity kg is due to Rayleigh’s scattering for which Mousis the solar Nebula is now expected to be approximately a few

et al. (2007) derived MMSN (e.g.Crida, 2009, found 10 MMSN). We have chosen
19-a 3 MMSN as a typical value, that allows easy comparison with
Kkr(Terr) = 3.96x 107 Ty (t) ) past investigations (Moudens et al., 2011). The protogitzny

isks are believed to be the place of turbulent mixing preduc
magneto-rotational instabilities (Balbus and Hawle398)
d the associatedparameter introduced by Shakura and Sun-

(cm?.g™1). It has to be emphasize that, using Eq. (9), the dislg
is assumed to have been cleared of dust by the photophoreté%:

transport betweengz, andry(t) (see Fig. 2). We also point yaev (1973) has admitted values within the intervafta10-3;
out that the employment of the opacity law provided by Be”we have selected = 7 x 10°2 as our nominal value which also

gnd Lin (1994) (see Appendix A.1)is not more relevant, SINC/acilitates comparisons. The literature reported the olag®n
it assumes the absence of dust depletion caused by the ph

§¥ accretion disks having a central hole with a radius df— 2
tophoretic transport. With an overestimated contributibadust . . .
. . . . .. Al f Besl Wu, 2007; P l.
grains, Bell and Lin (1994) opacity law yields to the anrahil U (see for instance Besla and Wu, 2007; Pontoppidan et al.,

i f the photoretic miarati Thus. th h adbot 2008; Hughes et al., 2010; Thalmann et al., 2010); for tas re
'on ot the pnotoretic migration. - 1hus, the approach adbpie o, , e first assumed the existence of such an inner gap obradiu
here is clearly an idealized situation and the derived tesalve

. S . rgap = 2 AU. This strong hypothesis, already made by Mousis
:ﬁisi;:;f;/dig;ii ?r? ;ngg(;?;';i%f;ﬂOWneo\;Vmg?jrigiubsgggo etal. (2007) and Moudens et al. (2011), favors clearly tesy
use of Eq. (9) means that th#ect of the thermal radiation field portdriven by photophoresis since it decreases the riaiiix

fth itself and thefiect of the photon multi tterin attenuation between the proto-Sun and the dust grains.
or the gas 1isett a efiect of the photon MUlt-SCatenNg o vagyits of our first calculations can be seen in Fig. 3(a),
have also been neglected. Finally, the aggregates aredi(ift

. 2 . . A they are very similar to those plotted in Fig. 4 of Moudend et a
tzr;e gas frame) in the radial direction with the velocity (5eg: (2011); for which equivalent parameters and hypothesig hav

Fon + Frad + Fres been chosen. We recall that, in this case, the lifetime opthe
Vdrift = — 7 (10)  toplanetary disk has been adjusted to 6 Myr (see Haisch,et al.
P 2001; Pascucci and Tachibana, 2010) by tuning the photeevap
wherer, the coupling time of particles with gas, is provided by oration parameteteyap In Moudenset al’s work the disk is not
My irradiated, and the solar luminosity was provided by Pidsrini
(11)  etal. (2004) for the Sun at the ZAMSFor each simulation of a
disk evolution, we stopped the calculation when the totadsna
The correction factoC. is expressed as a function of the Knud- of the disk reached 1% of its initial mass. This criterion will
sen numbekK, (Cunningham, 1910; Hutchins et al., 1995)  be applied in all simulations discussed in the rest of theemre
work.
In Fig. 3(b) an identical disk structure is kept but the pho-

In protoplanetary disks, the mid-plane temperature deesea [OPhOresis force is computed in a slightlyferent way: the
with the distance to the central star. This is why we have3°lar luminosity is no longer taken constant at its ZAMS ealu
checked that the thermophoretic force given by Young (2,011)bUt instead it f(_)llovx{s the Iumlnos_lt_y variations along _tH\a$’_
and recalled in Lutro (2012), remains negligible compared t "acks plotted in Fig. 1. In addition, the gas opacity which
the forces contributing to Eq. (7). For a given age of the disk d€Pends on the stellaffective temperatur@.s (see Eq. 9),

the distance, reached by particles is obtained by integrating'S c0MPputed consistently. Not surprisingly, the aggregare
the diference between the drift velocity and the accretion V&Y eficiently pushed outwards, because the luminosity at the
velocity Vace We have birthline is about 10 times larger than that at the ZAMS. inte

estingly, particles with a radius @ = 10°> m reach~ 10 AU
after~ 0.3 Myr and do not move further away even after 6 Myr.
Keeping fixed the inner gap at 2 AU, and letting unchanged all
the other parameters, we adopted a protoplanetary diskimode
computed with a time-dependent stellar luminosity givethay
ealready mentioned PMS track. The subsequent positionsof th
aggregates are represented in Fig. 3 (c). Itis clearly keigiat
3 9 the use of an irradiated disk damps the particle movemelig. Th
Vace = _WF or (2 <v=> \/F) (14)  pehavior could be caused either by a higher accretion wgloci
or by smaller forces. In order to disentangle the varidiesots,
(Lynden-Bell and Pringle, 1974). we have focused our analysis on the movement of particles of
radius 104 m, which appear to be typical at the examination of
3. Results Fig. 3 (b) and Fig. 3 (c). The panel (a) of Fig. 4 indicates that
accretion velocity undergone by the considered partidta)ca
The concept of the Minimum Mass of solar Nebula (here-its path in the disk mid-plane, is larger (in absolute valubgn
after MMSN) dates back to the end of the seventies (Weiden-
schilling, 1977b; Hayashi, 1981), and the initial total a$ 2Zero Age Main Sequence.

= 6rna

¢ = 1+ K, (1.231+ 0.47 e 1178Kny (12)

age
o= [ (o — v (13)

0
More rigourously than Moudens et al. (2011), we derived

gas which is falling to the star (see Fig. 2)
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Figure 3: In this figure we have displayed the heliocentritaticer, (AU) reached by aggregates offfdirents radius ranging from 10°mto 10t m, as a
function of timet (Myr). In all represented computations, the initial masthefsimulated proto-solar Nebula has been fixed to 3 MMSN laadLirbulent viscosity
parameter isr = 7 x 1073, (a) The disk structure is not irradiated and the Sun luniinags constant, fixed at the ZAMS value. An inner gap with aiacbf 2

AU is assumed to occupy the central part of the disk. (b) Thk i still not irradiated, the Nebula structure is the sammganel (a). However, time-dependent
effective temperatur@e¢¢(t) and the luminosityL, (t) have been used for the photophoretic and radiative forsgsations. (c) The disk evolution is simulated
taking into account the irradiation by the star evolvingnalats PMS track, the forces acting upon the particles arepetded consistently, an inner gap of 2 AU is
still assumed. (d) The same simulation as the one represenfgnel (c) but the hypothesis of the existence of an inaprltas been abandoned; the inner gap
radius of 055 AU corresponds pratically to a very reduced gap.

Table 1: Lifetimes (in Myr) of the disk model as a function bgtinitial mass (in MMSN) and the turbulent mixing parameterAll these simulations were
performed without photoevaporation but they include theetdependent irradiation by the PMS Sun.

a
Mass (in MMSN) 10° 2x 103 4x10° 6x10° 8x103 102
1 164  10.7 7.9 5.8 4.0 3.0
3 157  10.4 7.7 5.3 3.7 2.8
10 151  10.0 7.4 48 3.3 25

the disk structure is irradiated. Beside this, we have ob@ck have normalized the photophoretic force by the receiveddfux
that during the period of intereste. before~ 1.5 Myr, the  light (see Eq. 3). The resulting ratfy,/1 is either not signifi-
photophoretic force has the dominant contribution to th#& dr cantly diferent or slightly higher, respectively when irradiation
velocity (see Eq. 7). To catch théect of the disk structure, we is accounted or when it is not (see Fig. 4.b). Therefore, the
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Figure 4: (a) The gas accretion velocity.. (see Eq. 14) undergone by a dust
particle along its “trajectory” through the disk mid-plarievo cases are distin-
guished: a non-irradiated disk (solid line), an irradiatiésk (dashed line). (b)
The photophoretic forc&pp divided by the radiative flux as it is seen by a
test particle during its migration in the Nebula. Both ex#&sporrespond to a
particle size ol = 10-* m, a Nebula initial mass of 3 MMSN and a turbulent
viscosity parameter = 7 x 1073,

larger accretion velocity appears to weaken ftfiigiency of the

Cs the speed of sound). For an ideal ga$:= P/p « T; at
relatively large distances for the stare( beyond~ 15- 20
AU), the radiative flux rises the temperature in the thiclenefs
the disk, leading to the observed increasecinm >, and con-
sequently to the shorter dissipation times. We stress kst t
fact is consistent with the larger observed. (see Fig. 4.a).
Table 1 summarizes the obtained lifetimes for initial magssfe

1, 3 and 10 MMSN, an@ parameter ranging between 0
and 102. As we can see, for simulations correspondingto
higher than~ 6 x 1072 the lifetimes are compatible with obser-
vations. Obviously, this does not mean that photoevapmrati
does not exist (see for instance Owen, 2006) but rather tirat o
improved models are in better agreement with astronomizal o
servations, and do not required systematically large asdum
photoevaporation rates. As it can be noticed in Tab 1, the-.com
puted lifetimes seem to depend slightly on the initial méss,
behavior is due to the chosen criterion for stopping the simu
lation (.e. the total mass decreased to 1% of its initial value):
for the largest initial masses the mass accretion rateshare t
highest causing a criterion satisfied earlier. Finally, itheer
gap radius has been reduced from 2 AU t65AU. In order

to ease comparisons with previous works, all our refererste d
structures have been computed betwe&0 @nd 50 AU (Allen

et al., 2001, determined the edge of the KB aroursd AU).
The inner boundary of.65 AU has been chosen instead G@
AU so that to avoid numerical fliculties caused by the finite-
differences calculation of derivatives with respect toAs it

Table 2: Maximum heliocentric distances (in AU) reached bgragates of
radiusa ranging between 16 and 10° m. The disk is irradiated and =
7x10°3.

a(m) 10t 102 10°% 10“% 10°
1 MMSN 15 27.5 28 23 50
3 MMSN 19 32 27 10 5
10 MMSN 17 30.5 19 8 2

could be expected (see Fig. 3. d), the distamgese in average
lower than those computed in the previous case whgpe= 2
AU, this is clearly the consequence of a stronger light gibsor
tion along the line of sight: since theftirencer, — rgap (S€€
Fig. 2) is larger, the flux of photons received by a given aggre

photophoretic force during the T Tauri phase of the Sun. Weyate becomes fainter, thus producing weaker photophanetic

emphasized that this irradiated disk model is dissipatetieat

radiative forces. Remarkably, dust particles with radargér

age of 432 Myr. Therefore, the photoevaporation has not beerhan 104 m can be found up to 20—-30 AU from the proto-Sun

needed to get a lifetime compatible with astronomical oleser
tions. Indeed, with non-irradiated disks the photoevatimma

and consequently could participate to the formation of ieyp
etesimals within the KB.

rate was adjusted to get a disk lifetime of 6 Myr. With an ini- |n Tab. 2 we have gathered the maximum distances reached by
tial mass of 3 MMSNg = 7 x 10°% and no photoevaporation, dust aggregates when the initial mass of the Nebula ranges be
the disk is dissipated in 1@ Myr. A photoevaporation rate of tween 1 MMSN and 10 MMSN. Clearly, a low mass Nebula fa-
My = 1.425x 10°° M, yr* is therefore required to reduce the vors large distances for small particles. We would like tesg

dissipation time to 6 Myr. In fact, we found that for> 15
AU, irradiation increases significantly.€. by a factor up to

~ 4) the mean turbulent viscosity v >= fHH pvdz/E, wherev

that this is not only because small particlesi0™* — 107> m)
get to outer regions that larger aggregates could not bedfoun
cometary material: indeed aggregafimagulation processes

is computed in the frame of the Shakura and Sunyaev (1973)sould form relatively big grains using small ones as buiidin
formalism: v = ac2/Q (Q being the Kepler’s frequency and blocks (Guittler et al., 2010; Zsom et al., 2010; Blum et al.,
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2014). Alternatively, the opposite process could occuagfr K disk life-long for distances larger than a few AU. As a con-
mentation could produce small particles from relativelsgéa  sequence, amorphous grains cannot be annealed, by gas tem-
ones. perature, at distances compatible with comets formatian du
We have also performed irradiated disk simulations itk ing the disk lifetime, even if the disk is irradiated. Conger
102 ande = 1073; limiting —when necessary— the age to 6 ing the production of crystals by vaporizatjeecondensation,
Myr, by adjusting the photoevaporation parameter. Thelt®su the temperatures required to vaporized silicates [ < 1500
were essentially similar to those obtainedvat 7 x 1073 (dis-  K) are never reached in our models in the external Solar Sys-
played in Tab. 2). tem. As a consequence, the remaining possibility is an evapo
The inner limit of the disk structure.é. the above mentioned ratiorycondensation sequence in high temperature regioas —
0.5 AU) may appear somewhat arbitrary. Nonetheless, even ithose close to the proto-Sun—during the early phases ofske d
the case of T Tauri stars which have not developed an extendeolution.
inner hole {.e. up to distances of several AU) the accretion disk
is truncated in the vicinity of the star. Indeed, T Tauristare  4.2. The influence of monomers density
known to be magnetically very active,g, Zeeman broaden- In this work, each dust particle is an agglomerate of smaller
ing measurements have revealed surface field in the range gfains. In real accretion disks, these “elementary granay
1 - 3 kG. Such strong magnetic fields are at the origin of “jets"show a distribution in size, shape and composition. Here,
that eject material to the interstellar medium, and alsalpce  like in previous ones, the aggregates have been repredented
a magnetospheric accretion in which the disk matter is chara radius {(e. a typical size), a thermal conductivity (whose
neled onto the star along magnetic field lines (Ferreira .et alinfluence is discussed in Sect. 4.3) and a density that deter-
2006; Bouvier et al., 2007) out of the mid-plane, leavingdt 0 mines the mass of each aggregate. This density is a function
tically thin. Although, this quantity is the subject of starstar  of the assumed aggregate porosity and of the average density
substantial variations, the radius of this magnetosplasice- of monomers. Blum and Schrapler (2004) conducted labora-
tion zone can be reasonably estimated to be areufd. AU.  tory experiments consisting of random ballistic deponaitid
We, then, computed a specific set of evolving disk structuses monodisperse SiDspheres with 5 yum diameter and found
ing rgap = 0.10 AU. Keeping other parameters unchanged coman —already mentioned— volume filling factor ol8. More re-
pared to those used for the simulations reported in Fig., 3(d)cently, Zsom et al. (2010) using sophisticated Monte-Csirte
we obtained only aggregates with radiuseot= 102 m and ulations, based on a detailed modelization of collisioesived
a = 1072 m reaching heliocentric distances slightly larger thanfilling factors around B0. This leads to a higher dust particle
~ 6 AU while the other dust particles remain closer to the stadensity, of the order of 1000 kg Thrather than 500 kg ni
within 5 AU. These outputs shows, one more time, that the expreviously employed. By replacing 500 kg #rwith 1000 kg
istence of an inner hole, optically thin and having an exjpans m~2, for a non-irradiated model of an intial mass of 3 MMSN
beyond~ 0.5 AU, is a determining factor for thefficiency of  and evolving for 6 Myr (this model is comparable to the one
the photophoretic transport of dust in protoplanetaryslisk plotted in Fig. 3.(a) which has been computed taking 500 kg
m~3) we obtained a maximum distance reached by aggregates
that decreases, due to the larger inertia of particles. NMet s
prinsingly, a dependence with respect to the dust partizke s
has been found: the larger the particleiis.(large radiusa),
and the lower is the maximum distance reached. For instance,
The problem of the existence of crystals in comets raises nafor radii a in the range 16'~102 m the distance reduction is
urally the question of the kinetics of thermal annealingittf s  of the order of 15%, while it falls te- 10% fora = 1073 m,
cate grains that originate from the interstellar mediundekd, and becomes negligible far= 10-> m. Compared to the other
this lattice structure transformation cannot be instagais; in ~ sources of uncertainties, particularly those regardieggittual
addition, one can wonder if grains at relatively low tempara  thermal conductivity of aggregates, thigeet of dust monomer
could be annealed in timescale compatible with disk lifetim density does not appear to be the dominant aee Wwhen re-
If the process could occur at large heliocentric distanciéls w placing our fiducial value of 500 kg T by 1000 kg m®).
a duration< 6 Myr, then the transport of grain from regions
in the vicinity of the proto-Sun, to larger distances would b 4.3. The influence of thermal conductivity and porosity of ag
no longer needed. Lenzuni et al. (1995) gave the typical-dura  gregates
tion t for converting an amorphous domain to a crystalline do- The thermal conductivity of aggregates remains poorly
main: t = v~2eP/%sTa wherey is the characteristic vibrational constrained, and could depend on many parameters: the tem-
frequency of silicateD is the activation energy of reposition- perature, the exact nature of the bulk material, the parosit
ing atoms within the lattice structur@, the temperature and the shape and the size distribution of the monomers, the num-
kg the Boltzmann’s constant. Lenzuni et al. (1995) gave alsder and the size of contact areas between monomers, the lat-
the typical values’ ~ 25 x 10 s andD/kg ~ 41000 K, tice structure of the monomers, etc. The heat conductigity i
which leads tat ~ 5 Myr for T, = 645 K and 23 Myr for  a crucial quantity in the context of photophoresis: highueal
T, = 630 K. We have checked in our models of irradiated disksshould diminish the féect of photophoresis because they facili-
that the mid-plane temperatufg remains always below 100  tate the uniformization of the temperature over the “swafaxt

4. Discussion

4.1. The Kinetics of the Grains Annealing in an IrradiatedPi



each particle. In contrast to this, if aggregates are bauirtile
conductors the photophoretiffect is expected to be veryfe
cient. So far, we used the valug = 10> W m~* K= which

Irradiated disk
Initial mass: 3 MMSN

a=7x10°

0 ||||||||IIIIIIIIIIIIIIIIIIIII

is the same adopted by Mousis et al. (2007) and Moudens
(2011); although this is an extreme value, it has been adc
by these authors without any well referenced justificat®u-

prisingly, Krauss et al. (2007) (who have several author
common with Mousis et al., 2007; Moudens et al., 2011) t
worked withd, = 102 W m~! K- and have suggested that t
precise influence af, should be explored. The value used
Krauss et al. (2007) comes from Presley and ChristenserT}!
who have not reported value as low as3W m= K~ for rel-

evant materials. In addition, von Borstel and Blum (2012jov
found thermal conductivities around 20W m~* K-, men-
tioned that results published by Moudens et al. (2011) sh
be quantitatively fiected by a higher heat conductivity. For
these reasons, detailed investigations about the impm&taf
thermal conductivity are needed.

Krause et al. (2011) conducted laboratory experiments

aggregate analogs composed by monodisperse sph
monomers. Their samples of 1u-sized SiQ particles were
prepared following several specific protocoles which ledae
ious values of the porosity. This way, Krause et al. (2011)
tained a range of thermal conductivity that lies betwe®©02— 6
0.02 W nt! K1, Gundlach and Blum (2012), in their work
the heat transport in porous surface dust layers, foundesi
compatible with such a range. We should notice that the o
value of Gundlach and Blum (2012)e. 0.002 W nTt K2, is

close the one that we have used. For an irradiated disk mot 2
3 MMSN computed withr = 7 x 1073, the use oft, = 0.02 W

m~! K~1 yields to a maximum heliocentric distance reachec E

particles around 10 AU (correspondingge: 102 m). This re- 00'""""'1"""""2"""""?)""""'u""""
sult has to be compared to whatitis depicted in Fig. 3.d ansl t (Myr)

illustrates the high sensitivity of photophoresis withpest to

thermal conductivity.

Krause et al. (2011) were able to derive an empirical law pro-

viding the thermal conductivity of their analogs as a fuoictdf
the volume filling factor, or equivalently of the porosilty This
relationship can be expressed as

1, = 0.000514 exp(P1 (1- 1))
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Figure 5: (a) Heliocentric distancegreached by particles of various sizgsn

an irradiated disk similar to one used in Fig. 3(d); the treroonductivity has
been given by Eq. (15) for a porosity = 0.90, the density of aggregates has
been estimated consistently. (b) The same as in panel ¢gpking IT = 0.50.

(15)

(in W m™ K1), Straightforwardly, the density of the com-

posite material can be writtgpy, = (1 — IT) polivine + I Pgas mation zone, but a relatively strong gradient in porositglis
wherepqiivine represents the density of monomers of non-porousained. Only the smallest aggregates did not exceed 5 AU (see
olivine, we have foungojyine ~ 4 x 10° kg m™2 (Kogel et al.,  Fig. 5.a). In this frame, a “mild porosity” around 50% should
2006),p4asis the local density of the gas. In summary, Eq. (15)annihilate any substantial photophoretic driven migraisee
together with the above mentioned expressioppbfters the  Fig. 5.b). Of course, if one reintroduces a hypothesizegklar
possibility of an exploration of the combineffects of thermal inner gap, optically thin, a lower porosity would be permit-
conductivity and of the density, for several values of theoge  ted. In actual accretion disk, the ambient gas fills the empty
ity. Fig. 5 displays results of two of such simulations penfied  spaces within the aggregates. The thermal conductivithef t
respectively withlT = 0.90 andIl = 0.50. The work of Zsom gas, which depends on the local thermodynamic conditions,
et al. (2010), who foundI ~ 0.60 in the mid-plan at 1 AU, should d@ect the &ective conductivity of the whole aggregate.
favors the latter value. With the set of physical inputs Imed  Because the presence of gases would have contributed to the
there,i.e an irradiated disk computed from an initial mass of 3measured conductivity, Krause et al. (2011) have operated u
MMSN, using a turbulent viscosity parameter 7x103and  der high vacuum conditions, setting the pressure withiir the
with a small {.e. 0.55 AU in radius) assumed inner gap, the ag-chamber around I® mbar {.e. around 10% Pa). Then, their
gregates withl = 90% are transported, to probable comets for-measurements have not to be taken at face, but rather have to
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be corrected by thefiect of the gas incorporated in the porous
structures. In the context of ceramic materials, RusséB%)
has derived thefeective thermal conductivity of a dry porous
material taking into account the properties of its compaoges
and of the solid. A uniform distribution of pores in a cubit la
tice and a parallel heat flow are assumed, the convectiosscro
the pores is neglected. Russell found

1-10pm

A /3
T s A 273 273 (16)
/lp (Agas//ls)n + 1 —1II 162 ?/"/ \'l -
F T lum-1cm 3
In this formalism2, is the conductivity of the composite ma- "
terial (here the aggregate)qas and As respectively the gas ” L L R R
conductivity and the one of the solid (here olivine). Uniort 0 20 00 0 ™ 1000 1200 1400

nately, we found that Eq. (16) is not in agreement with Krause
et al. (2011) results, even when the contribution of gas is ne
glected. Nevertheless, we have computed the gas heat conduirigure 6: The opacitk of a gas-dust mixture relevant for a protoplanetary
tivity along the particles tracks, we obtained values acban g!Sk.(C“.ZZ' etal,, 2014). A dust-to-gas mass ratio @fl@ and a power law

2 11 . istribution in size are assumed for all curves. Solid litiee range of sizes
few 10 W m™ K™%, as a consequence thffeetive conduc-  spans from 1 to 1gm, dashed line: the interval of radii isgm—1 cm. The
tivity of aggregates for porosity as high as 90% should bseclo dash-dotted curve corresponds toani-1 cm but with a total mass fraction of
to ~ 102 W m~! K~ and the photophoretic migration through solids divided by ten compared tc00.4.
the disk mid-plane should be considerably reduced.
Another aspect of the issue discussed here relates to tlmeahe

conductivity of the bulk material of the dust particles. s assumes the existence of the dust-free space between the in-
et al. (2011) have employed amorphous silica in their experiner boundary of the disk and the position of the “test parti-
ments. In the case of solid vitreous $j@he heat conductivity ¢jeg” rp (see Fig. 2). This simplifying hypothesis allows the
remains in the interval.85-130 W nr* K~* depending onthe  yse of the opacity law given by Eq. 9 that accounts only for
temperature (Lide D. R., 2005). However, actual aggregates the gas Rayleigh’s scattering, which is valid in the absesfce
very likely mainly made of olivine. The thermal conductivdf  qyst grains. In observed accretion disk, as in the ISM, tige po
olivine could be estimated by mean of equation (12) pubtishe yations of grains are not monodisperse but rather folloize s
inthe article by Xu et al. (2004) and parameters values peaVi  gjstribution (see for instance Apai and Lauretta, 2010, rafid
therein. By doing this, we found a conductivity aroun@ %/ grences therein). As it has been noticed, the transporteof th
m~* K~%. Thus, aggregates made of olivine could be expectefhrgest grains is faster than that of small particles, themes
to exhibit a higher heat conductivity than those built froma-  3mount of small aggregates should remain along the line of
phous monomers of S{O sight between the Sun and the largest dust grains. Unfortu-
All these arguments, together with the properties of theuur  pately, the small grains are the most numerous as the distri-
lence do not support far migrations of dust particles, budfa  pytion of the grains size is believed to follow a powerlaw
transport by photophoresis limited to maximum distances beyjith n ~ 3, and consequently they produce a dominant contri-
tween~ 5 AU and~ 30 AU accompanied by several segrega-pytion to the opacity. Indeed, in Fig. 6 one can compare the
tion processes on porosity, chemical nature and size; psese opacity laws (Cuzzi et al., 2014) resulting from an aggregat
which will be difficult to disentangle. sizes distribution spanning from 1 to 1 and another with
The emissivitye is also a thermodynamic parameter. We havergdii petween um-1 cm. Clearly, the population dominated
checked that it has no noticeable influence on the maximum hq,y the smallest particles produces the highest opacity.
liocentric distances reached by grains. Decreasing theexal  For our purpose, the relevant distribution in size is the witle
e (we made test witle = 0.5 ande = 0.1) increases by a tiny radiji between Ium-1 cm. As we can see in Fig. 6 the cor-
amount the giciency of photophoresis. responding opacity lies between20and 2x 10 cm? g2
If thermal dfects reduce or impede dust migration driven by These values have to be compared with an estimation made us-
photophoresisin the disk mid-plane, we could examine wéteth jng Eq. 9. Using this latter formula, we obtained an opacfty o
more favorable conditions may be found within other zones ofhe grder of- 1.4x 1074 cn? g1 for an fective temperature of
the Nebula. This is what it will be discussed in the Sect. 4.5. the proto-Sun around 4400 K. It demonstrates that the gpacit
of the gas alone is order of magnitudes lower than what we find
4.4. The Influence of the Opacity if a residual amount of dust is left. As a conclusion, if large
As it can be seen in Fig. 3, regardless of considered scenariparticles (for instance with a radias~ 1 cm) are pushed away
the velocity of migration of “test particles” strongly demts by some transport mechanism, then the small ones remaining
on their size. The tendency is that small particles moveatow on the optical path have affifect on the opacity strong enough
than bigger ones. For the computation of the trajectortes, t to annihilate any force produced by photophoresig@ncdi-
employed prescription —also used in previous publishedkgvor  ation pressure. Hence, two alternatives would be possft)e:
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all the grains are displaced at the same velocity, whichas th disks, dust particles are not confined in the mid-plane, ey t

of the smallest aggregates, or (2) the biggest particles@ms-  rather explore the entire thickness of the disk between ide m
ported over a fraction of AU, the residual population of deral plane and the external surface (see Fig. 2). As the surface is
grains coagulate and restablish a distribution of sizesaon less dense and cooler compared to that at the mid-plane, we
ing a fraction of large dusts but with a global mass of solidscan expect quite éierent drift velocities. In fact, a less dense
disminished. The process could then repeat and extendl itsematter is more transparent and thus favors a larffeceof the
tending to a dust-free gas in the disk mid-plane. radiation pressure. Concerning the photophoretic fohmenet
Concerning the first scenario, the comets formation zon&lcou effect is more uncertain: a less opaque gas should cause an eas-
be provided in crystal only if the smallest aggregates reach ier heating of particles (that favors the photophoreffed, if

far enough distance during the lifetime of the protoplaneta this heating is restricted to one “side” of each particle)levh
disk. In our approach, this could occur in the case of a nonthe scarcity of molecules available for photophoresis wdng
irradiated disk (see Fig. 3.a) which is not the most realisti a limiting factor. Throughout this paragraph, one has tgpkee
model. Unfortunately, when the irradiation is taken inte ac in mind that the dust grains are probably much more abundant
count, particles with radius as small as1@n seem to stay in the disk mid-plane than at the external surface, for imsta

at few AU from the Sun. In this situation, the second scenaridn the steady-state regime the vertical distribution ofrigdol-
could be invoked. In that case, the coagulation procesohast lows a gaussian law (see for instance Birnstiel, 2011). hoxe
fast enough; such a scenario looks plausible since Orm¢l et dess, the determination of the actual vertical distribaifio our
(2007) found that aggregates can grow to radii uptd0 cm  context s, by far, beyond the primarily scope of the prepant

in a few thousand years. The depletion in solids createdljyoca per.

by the short-range migration of the biggest grains yielda to Concerning the transport of particles at the external serfa
more transparent medium by decreasing the opacity (see dashf the disk, one can argue that irradiation by the stellardwin
dotted curve in Fig. 6). The proposed mechanism, whifledi  andor by energetic galactic cosmic rays, could damage their
from that described in studies like Krauss and Wurm (2005) -attice and subsequently produces an irradiation-indaoeai-

who did not take into account the feedback on opacity— haphization (see for instance Fama et al. (2010) for a disonss

to be studied in details in future researches. In-depthstiya-  concerning the water ice or Le Guillou et al. (2013) for an ex-
tions of this scenario could decide if the néeet lets the grains  perimental study of thefiect of electron irradiation of kero-
piling up at the inner edge of the disk or if this solid matkria gens). Nevertheless, the small cross-section of dustcpesti
could be diciently swept out from inner regions. The answer could prevent thisféect. In future works, a more in depth dis-

is not straightforward. For instance, we have noticed thagh  cussion is needed about this aspect.

porosity of aggregates (which favors the photophoresisrby p For the sake of simplicity, the radiation attenuation wéldom-
ducing low thermal conductivities) is an unfavorable fadig  puted as if the external surface was flat. The adopted dislemod
enhancing the opacity. In addition, to crown it all, the that  is a 3 MMSN irradiated disk, computed with= 7x10-3. Con-
conductivity of grains seems to depend on their size (sed#d3re cerning the computation of the photophoretic force we kagp o
and Christensen, 1997). Beside theffeds, in future investi- “standard” value for the involved parameters; particylatte
gations, one has to include coagulaffoagmentation and the thermal conductivityl, is set to 103 W m~t K1, As the ac-
detailed evolution of the aggregates population over titne, cretion velocityvacc (See Eq. 14) is a vertically averaged quan-
gether with their influence on the opacity, has to be coniilste tity, we did not compute the trajectory of aggregates by gisin
followed. Eq. 13 that requires a local expressiorvgd, relevant for the
Throughout this paragraph, the physical processes were asensidered surface. We then calculated only the drift veloc
sumed to take place in the disk plane of symmetry, which isty vgiz and found very high values. They are much higher
supposed to embed the majority of dust grains. Of course, thiénanv,cc (to be considered as a typical value) and even higher
mid-plane of the disk is also the optically thickest regioda than the speed of sound. This large velocity makes no pHysica
the material becomes progressively optically thinner dmig-t  sense by itself, this is the reason why we have searched what
ner moving outwards. For instance, we have estimated thie optcaused such very high values. To do so, we have computed the
cal depthryp at~ 10 AU at the “external surface”, and we have quantities contributing toyir (i.e. Fes, Frag, €tC) at all points
made comparison with its mid-plane counterpart. Using ¢Cuz along the upper surface layer; this, for two disk ages of énye

et al., 2014) opacities (that include thfeet of dust) we got evolution. All these quantities were computed using thalloc
710 ranging between 35 and more than 100 at the mid-plane, pressure and temperatuiee(those at the external surface). In
while 710 never exceeded 0.6 during the same disk lifetime Fig. 7 we have represented the veloaifyi for the adopted ini-

of 6 Myr, when evaluated at the “external surface”. Thenneve tial disk model (corresponding age: 0.00 Myr) and at the time
if the disk mid-plane stays very opaque, transport induged bwhen about 10% of the initial mass has been accrétedage:

stellar photon flux could occur through other optically thén  ~ 1.3 x 102 Myr). The choice of these two ages is relevant for

regions. our purpose since they will bracket the early evolution @& th
system. The aggregate radiasas been fixed to I8 m for

4.5. About a possiblefomid-plane transport these simulations. As can be seen in Fig. 7, at1.3 x 102

As mentioned above, we have mainly assumed that particldglyr andr ~ 1 AU the velocityvyi at the external surface (see
were transported through the disk mid-plane. In real aimret Fig. 7b) is roughly 4 orders of magnitude larger than the cor-
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Figure 7: The drift velocity computed: (a) in the disk midkpé, (b) at the external surface, for the initial disk model @tt = 0.00 Myr) represented by a solid
line and att = 1.3 x 10~2 Myr (corresponding to a disk mass of abeu80% of the initial mass) shown by a dashed line, in this casdirles are almost merged.
All these computation were done assuming a particle radid® o m. For these tests the adopted thermal conductivity is dantiard” valuej.e. 103 W m~!
KL,

Table 3: Forces (in newtons) acting on a particle of radius 10 located at 2 AU from the central star. The notatioyz x 10" = x.yz(-n) is used. The timeg
andt; are respectively the intial time and= 1.3 x 102 Myr.

|Fres| Frad th
to t to ty to t
mid-plane 63(-11) 30(-11) | 1.3(-18) 32(-13) | 1.6(-16) 11(-10)
ext. surface  B(-11) 23(-11) | 33(-11) 34(-11) | 1.5(-11) 12(-11)

responding value at the mid-plane (see Fig. 7a). To go fyrtheexternal surface, the force due to the residual gravityvgelo

we have plotted the forcdB .4 (in generalF..s < 0 because than at the disk mid-plane; all the three forces have a simila
P decreases whenincreases)Frg and Fpn (see respectively order of magnitudeie. ~ 101! N) although the radiative pres-
Eq. 5, 6 and 3) together with the coupling time of particlehwi sure force dominates slightly the others. The majdiedénce

gas (see Eq. 11) in Fig. 8. The same disk model is employed, alletween situations at external surface and mid-plane sigrisi
these quantities have been computed respectively at tee ext the role played by 4 at the surface. Tab. 3 gives precise value
nal surface (right hand side of Fig. 8) and at the disk midipla of forces at 2 AU from the proto-Sun. We can remark that the
(left hand side of Fig. 8); and respectively for= 0.0 Myr  photophoretic force does not undergo a large change between
andt = 1.3 x 1072 Myr. It can be noticed that at mid-plane the two locations: thefect of the higher radiative flux at the
the force of residual gravityFd is the largest at the beginning surface seems to be compensated by the increasing scdrcity o
of the disk evolution. After a few times, it turns out that the gas molecules contributing to the photophoresis. Finétlg,
photophoretic forcép, dominates other contributions. At the global resulting forceife. given by the sunfes+ Frad + Fpn)
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Figure 8: Comparison of forces and gas—coupling time atprade and at the external surface. In all panels a solid lirsebleen used to represent quantities related
to t = 0.0 Myr while a dashed one has been drawntfer1.3 x 10-2 Myr. The assumed particle radius is in all cases®1@. In all panels, except in (c) and (e) the
two curves merge each other. For these computations wehefhérmal conductivity of aggregates monomers at our tetati value,i.e. 103 W m=1 K1,

appears to be not softiérent at disk mid-plane and at external dominant force, particularly if the thermal conductivity is
surface (e. it ranges between 1071 - 10" for our test parti-  much higher than 16 W m~t K~1. The fact that the aggregates
cle). As a consequence, the quantitatively significafiedéince particles are weakly coupled to the gas allows any smalkforc
between mid-plane and external surface comes from factor b generate a transport process. In such circumstancéis|gar
10* in gas—grain coupling time (see Fig.8 panels (g) and (h) can sediment, be pushed outward by stellar wind burstsptake
forr ~ 2 AU). This ratio of 4 orders of magnitude is due to local away by photoevaporation, etc. A study of such transport pro
thermodynamic conditions. We recall thatx C./n (see Eqs. cesses is far beyond the scope of the present paper andegquir
11 and Eq. 12) in a low density environment. Moreover, in lowa minimum modelization of the disk’s “atmosphere”.

density regiong becomes very low implying large/# values,
while the Knudsen’s numbeé4;,, tends to be very large, and for
K, > 1 we haveC. = 1.701K,, so thatC; also increases. The
net result is a strong rise af The physical meaning of these
large value ofr is a weak coupling between the aggregates and
the gas.

In summary, at the external boundary of the dense region o
the protoplanetary disk the photophoretic force may notiee t

5. Conclusion and per spectives

The 1+1D disk model used here implements the classical
a-viscosity prescription that allows a description of theygh

|Fal evolution of the disk as it undergoes mass and angular
momentum transport. To this standard approach, we have
added time-dependent irradiation which is consistent with
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the evolution of the proto-Sun along the Pre-Main Sequencéhemselves, induced for instance by particle to particlé-co
phase. Since this phase corresponds to the T Tauri period sfons. We have to keep in mind that dusts are embedded in
our star, which is known to be contemporary of the existence gaseous environment, to which they are strongly coupled (a
of a circumstellar dusty and gaseous accretion disk, ouretnod least in the mid-plane). Following a simple picture, a tlebt
represents a noticeable improvement of the proto-solauldeb flow is made of a cascade of eddies, with a distribution ofssize
modeling. This is particularly true in our context, in whiske  and lifetimes. In such a flow, aggregates can meet eddies with
examine the influence of proto-Sun radiation on the trarisporotational motion in a plane that contains the radial dicgct
of dust driven by photophoresis. In this configuration, if the thermal relaxation timescafdle
By adopting the same prescription used in previous works foparticle is larger than the overturning timescale of theuignt
the opacity of the gas, we have found that the high luminosityeddy, the temperature distribution at the surface of thé-par
of the Sun considered in its T Tauri phase favors the mignatio cle could be uniformized, leading to the removal of any pho-
of dust grains to the outer parts of the protoplanetary disktophoretic force. The globalfiect on dust migration through
However, the fect is not as high as if the irradiation would not the disk depends on the intrinsic properties of dust (therma
change the disk properties. Indeed, the irradiation erdmnc properties and aerodynamics drag) and on statistical ptiepe
the computed turbulent viscosity which in turn increases th of the involved turbulent flow. The net result will be a con-
accretion velocity. Consequently, the particles are stbid@vn  volution of the statistical distribution of grains progest (bulk
whereas the disk lifetime is reduced. This lattéfeet reduces material nature, porosity, size, etc) and of the propedfahe
the need for arad hocphotoevaporation in order to get ages cascade of turbulent eddies.
in agreement with astronomical observations. Unfortugate In a first approach, the influence of the turbulence on dust tra
since the dust particles have migration velocities thaeddmpn  jectories could also be investigated using a particlekirar
their size, a trail of small grains should be left along timelof  technics as already employed in other contexts by Supulver
sight. The smallest aggregates show an important conritbut and Lin (2000) or Ciesla and Sandford (2012). Thanks to this
to the gas—dust opacity. This leads to a strong extinctioonethod, applied in a 2D or better a 3D geometry, we could fol-
which could eliminate the photophoreti¢fect. This point low the trajectories of particles within the disk and eveosth
is one of our most important results and, models involvingthat could be launched upwards, pushed outward by the radia-
a consistent treatment of the opacity as a function of dustion pressure and possibly fall back onto the Nebulaf@édint
content, are highly desirable. Noticeably, external @tiyc  locations. A similar scenario has been already studied bynwWu
thin disk regions could provide an environment favorable toand Haack (2009) in their investigations concerning the out
stellar photons driven transport processes. In such a ttase, ward transport of CAls during FU-Orionis events. The veiitic
net quantity of dust delivered to the comets formation zondransport of grains, caused by convection and thermopisores
could not ba large enough to explain the observations, Isecaucould be also included together with the existence of a quiet
of the vertical stratification of grain distribution. “dead zone” in which the turbulent activity should be verylo
Besides this, using gas temperature distribution provigeslir
_model, we confirm that amorphous grains cannot be a””eal‘%&'ppendix A. Description of the disk model
into regions beyond 1 — 2 AU, due to arguments based on
phase transition kinetics at gas temperature. More imptiyta Our model of accretion disk is basically based on a gen-
we have identified the heat conductivity of aggregates as &ralized version of the procedure originally published lay P
crucial parameter. Using realistic estimations and phblis ~paloizou and Terquem (1999). More specifically, this is-aD
experimental results for the thermal conductivity, we havemodel for which the turbulence is treated in the frame of the
shown that the photophoretic strength can be considerabhyell knowna formalism (Shakura and Sunyaev, 1973). During
reduced and could yield to situations in which photophoreti its temporal evolution, the disk is irradiated by the staickih
migration through the mid-plane could be marginal evenéf th also evolves along its Pre-Main Sequence evolutionarktrac
disk is irradiated by a bright PMS star. Both static model and disk temporal evolution programs have
been implemented from scratch RORTRAN 2008, and par-
Laboratory experimentations conducted by van Eymeren andllelized using Open Multi-Processing (OpenfjlPWe have
Wurm (2012) on ice aggregates, trapped in a cell under theicknamed the whole packagiy4D“. The following sections
combined €ects of photophoresis and thermophoresis, shovwprovide a detailled description of our model.
that rotation induced by photophoretic forces does not gban , )
the strength of photophoresis force, but ignores the indaen APPendix A.1. Vertical structure
of a turbulent flow. Krauss et al. (2007) and Moudens et al. 1he vertical structure of the disk is governed by the equa-
(2011) have discussed, respectively the possifiteces of the  tions (see Papaloizou and Terquem, 1999; Huré, 2000p(@yre
turbulence and of the particles rotation. However, theysabn ~ 1@beled PT99), Frank et al. (1992)
ered turbulence and rotation as independent processesssra 10P
et al. (2007), who discussed turbulence as a fadtecting the ;E =
mean radial motion of dusts, concluded that turbulencenesse
tially does not prevent the outward migration. Moudens et al 3¢5 //0penmp. org.
(2011) have looked to the influence of rotation of particlas 0 “EwlutionaryAccretionDisk.
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ﬁ _ 9 o2 (A.2) accretion ratMg = 37 < v > ¥, the turbulent viscosity param-

oz 4 etera and the age of the systeti(i.e. providing Tes¢(t) and
oT 3kp R, (t) which are directly involved in the calculation. During
9z 1eoTe (A-3)  the integration of the Eq. (1), these pre-built tables aterin

) ) polated “on-the-fly” by a dedicated routine involving adead
whereP, F andT are respectively the pressure, the vertical ra-g_gplines technics (de Boor, 1985).

diative flux and the temperaturerepresents the altitude above
the mid-plane an€Q is the keplerian angular velocity. The den- Appendix A.2. Secular evolution
sity is denoteg while « is the opacity of the disk’s material
taken in Bell and Lin (1994). Following PT99 the boundary
condition at the external disk surface are given by

The temporal evolution of the disk is governed by Eq. (1),
combined with boundary conditions similar to those used by
Alibert et al. (2005), which is a non-linear equatien > de-

3. pends on the solutioB). Unfortunately, there is no standard

ar Msi Q2 (A-4) " numerical method for such equation. Although explicit &nit
difference method is often useel.q. Papaloizou et al., 1983;

whereMg = 31 < v > T with X = _*Hdez (the disk surface Ruden and Lin, 1986; Nakamoto and Nakagawa, 1994; Jin

and Sui, 2010) the time-step must meet the Courant-Frieskic

Lewy condition (see Courant et al., 1928) that limits theueal

of the time-step to small values. Instead of an explicit &iiit-

Q%Hry ference scheme, we have chosen a fully implicit scheme which

=— (A.5)  has the great advantage of being unconditionally stablesst |

in the case of linear equations. The obtained set of nomdline
whereH is the disk mid-heightray, is the optical depth above finite difference equations is solved using a multidimensional
the disk (following PT99, we have takeq, = 102) and«sis ~ Newton-Raphson algorithfh Our approach is similar to the
the opacity at the external surface. The temperafyrean be  methods used by Eggleton (1971) and Hameury et al. (1998),

FS =
mass density) and v >= f_ +HH pvdz/X the vertically averaged
viscosity. The pressure at external surface is

Ps

Ks

obtained by solving for given values afand M respectively in the contexts of stellar structure or adonadisc
Sk 3 outburst. We used a decentralized finit&efience formula
KT P
20 (Te = To) - o — =MaQ® =0 (A.6) Of | 9€| fr— fi
8umuks 871 e A8
HITHKs 8r'i ol 2A¢ (A8

whereTy, is given b
birr 1S 9 y where¢ is a chosen function af. The initial distribution of

(A.7)  matter being of the formo o r=3/2; we have found convenient
to adopt a function lik&(r) = rP wherep is an adjustable real

whereT;; is given by Eq. (2)T, is the background temper- parameter that tunes the distribution of points througrdibk.

ature,i.e. the temperature of the medium in which the disk isFinally, the evolution equation has been rewritten usfng

immersed. We have chos@g = 10 K. The mid-height of the X <v > «randu= raf/or.

disk being not known a priori, we have to solve a Two Bound-

ary Value Problems (TBVP). While some authors work with poter ences

relaxation algorithms (Cannizzo, 1992; Milsom et al., 1994

D’Alessio et al., 1998; Hameury etal., 1998); we have pmjer Alibert, Y., Mordasini, C., Benz, W., Winisdoger, C., Apr. 2005. Models of

an algorithm based on shooting methods (Lin and Papaloizou, g?gt planet formation with migration and disc evolution&A 434, 343—

1980; Meyer and Meyer-Hofmeister, 1982; Mineshige and Osallen, R. L., Bernstein, G. M., Malhotra, R., Mar. 2001. Theége of the Solar

aki, 1983; Smak, 1984; Mineshige et al., 1990; R6zahska e System. ApJL 549, L241-1.244.

1999; Papaloizou and Terquem, 1999) turning our TBVP intcApai, A., Lauretta, D. S. (Eds.), 2010. Protoplanetary Dugtstrochemical

an Initial Values Problems (IVP): the equations of the it AS;’;?\;"GT%?Z\?;@ Eﬁg‘;ﬁ%ﬂ\‘ffﬁf’ gggf%’gogé?:;‘é%iﬁzlpéiﬁ;

structure are integrated from the surface of the disk to tlie M qsition. In: Barnes, IIl, T. G., Bash, F. N. (Eds.), Cosmiouhdances as

plan. The 5th-order Runge-Kutta method with adaptive step Records of Stellar Evolution and Nucleosynthesis. Vol. 88&stronomical

length described in Press et al. (1992), already used iri-prev_ Society of the Pacific Conference Series. p. 25.

ous other works (see Papaloizou and Terquem, 1999; AIibeﬁa't?;‘rf’s;; rtAiH gfc"r”é%njdi;;;';”évfﬁg'&”&f{?{!fﬁﬁﬁiﬁbﬁgg enhanced

etal., 2005; Dodson-Robinson et al., 2009), has been em@loy gel, k. R., Lin, D. N. C., Jun. 1994. Using FU Orionis outbisr¢o constrain

to perform the vertical integration. To reduce theeets of the self-regulated protostellar disk models. ApJ 427, 9874100

stiffness of the set of equations, we have opted for —after severggresnev, S., Chernyak, V., Fomyagin, G., 1993. Physicsu§5, 2043.

. _ _ 4 _ Besla, G., Wu, Y., Jan. 2007. Formation of Narrow Dust Rimg&ircumstellar
tests— the set of variables= In(p), v = F/o/Tg andw = In(T) Debris Disks. ApJ 655, 528-540.

(also adopted by Huré, 2000). The equatiéfz = 0) = 0is  Birnstiel, T., 2011. The Evolution of Gas and Dust in Progmitary Accretion
then solved by a root finding method. Finally, the verticaly Disks. Ph.D. thesis, PhD Thesis, 2011.

eraged turbulent viscosity v >= fLH pvdz/X is tabulated as a

4 _ T4, T4
Toirr = Tp + Tirr

. . . H
function of disk surface densiy = ﬁ +H pdz, the steady state Shttp://en.wikipedia.org/wiki/Newton\%27s_method.
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