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Abstract. The interplay between radial mixing process in protoplanetary accretion discs with processes leading to
destruction or modification of the extinction properties of abundant dust species has significant consequences for
the properties of the disk. This paper studies the consequences of annealing amorphous silicate dust at T ~ 800 K,
of combustion of the carbon dust component at about 7' ~ 1000 K and of mixing the products into cold outer disc
regions out to 10 AU and beyond. A model calculation in the one-zone approximation for stationary Keplerian
a-disks around a solar-like protostar is combined with a solution of the equations for annealing of silicate dust
grains, for carbon dust oxidation, and a solution of the diffusion equations for radial mixing of the dust components
in the disc by turbulent flows. It is shown that annealing of amorphous silicate dust reduces the mass extinction
coefficient of the disc matter by more than an order of magnitude in the warm disc zone. Radial mixing of the
freshly produced crystalline silicate dust into outer disc regions reduces the opacity of the disc material also in
cold disc regions where annealing is not possible. Mixing of carbon dust free material from the zone of carbon
combustion into outer disc regions also leads to a considerable reduction of the opacity of the disc material. Radial
mixing processes then modify the dust composition of the outer disc regions and by means of the dependence
of the disk properties (midplane temperature T¢, viscosity v, ...) on the opacity also modify the structure and
evolution of a protoplanetary disc. It is shown that turbulent mixing processes in the protoplanetary accretion
disc of a Solar System like system during its evolution prior to the onset of the formation of planetary bodies
carry material from inner disc regions 7 < 1 AU outwards to at least 10...20 AU. This offers a simple explanation
of the findings that a significant fraction of the cometary silicate dust grains are crystallised and that the matrix

material of primitive meteorites contains thermally processed crystalline dust material.
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1. Introduction

Protostellar and protoplanetary accretion discs are usually
believed to be in a state of vigorous turbulence during the
early stages of their evolution. As is well known, if the
carrier gas of a turbulent flow has a spatially inhomoge-
neous composition with respect to its main and/or tracer
constituents, turbulence induces a spatial diffusion of the
components which tends to eliminate any spatial concen-
tration gradients. Morfill (1983) has pointed out that this
process has important consequences for the composition
of the material in a protoplanetary accretion disc if the
turbulent part of the disc connects regions with widely
different temperatures. Chemical and physical processes
in warm and hot disc regions locally change the structure,
properties and chemical composition of the various dust
components which are part of the mixture forming the
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disc material. Turbulent mixing then carries such mate-
rial into cold regions of the disc where it is mixed with
freshly accreted material from the parent molecular cloud
(Morfill 1983). Or dust components are vapourised in the
hot parts of the disc and the vapours are mixed outwards
by turbulent diffusion and recondense in cooler parts of
the disc (Morfill 1983). Other important consequences of
turbulence are, for instance, that grain coagulation is in-
duced and vertical settling of grains to the midplane is
suppressed as long as the gas is in a turbulent state.

Some consequences of turbulent transport processes
for the composition of the disc material have extensively
been discussed by Morfill & Volk (1984), Morfill (1985),
and Morfill et al. (1985) and the basic equations describing
the reaction, diffusion and transport processes have been
worked out in great detail. Based on simple disc models it
was shown by Morfill (1985) and Morfill et al. (1985) that
nebular wide mixing of dust material between cold and
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warm disc zones is to be expected and explains some ob-
served properties of primitive meteorites. Definite models
for radial mixing in a protoplanetary disc, however, were
not calculated.

Radial mixing of water vapour in the Solar Nebula has
been studied by Stevenson & Lunine (1988) and of trace
molecules by Stevenson (1990). Diffusion of deuterium in
the Solar Nebula was studied by Drouart et al. (1999).
These studies also indicate that diffusional mixing is im-
portant and has significant influence on the composition
of the disc matter. Further the homogeneity of isotopic
ratios of the heavy elements in the solar system is consid-
ered an indication that efficient (but not perfect) radial
mixing took place in the early Solar Nebula.

A more direct indication for mixing of disc material
comes from observations of dust emission from comets
where an analysis of the silicate emission bands definitely
shows that part of the silicate dust is crystalline. Hanner
et al. (1994) discussed in their analysis of comet Mueller
1993a the origin of the crystalline dust component. As
there is no indication for significant amounts of crystalline
silicate dust to be present in the interstellar medium and
in molecular clouds the crystalline dust is likely to orig-
inate within the Solar Nebula itself. It can result either
from annealing of amorphous dust or by growth of crys-
talline grains from the gas phase. Both processes require
elevated temperatures (T 2 800 K) which are encountered
in the inner part of the solar nebula (r <1...2AU), but
not in the region beyond Jupiter where comets are thought
to form. This indicates that some radial mixing took place
between the inner and outer parts of the Solar Nebula.
Wooden et al. (1999, 2000) discussed the structure of the
silicate band in comet Hale-Bopp and showed that the
cometary material contains a considerable fraction of crys-
talline silicates, probably with high magnesium content
which is characteristic for chemical equilibrium conden-
sates at high temperature (e.g. Saxena & Ericksson 1986).
This indicates mixing of material from high temperature
regions of the disc to the formation zone of cometary bod-
ies. Another explanation may be that this material is of
circumstellar origin from e.g. AGB stars, as is favoured by
Wooden et al. (1999) which, however, immediately raises
the question why no crystalline grains are seen in the ISM.
Nuth (1999) and Nuth et al. (2000) interpreted the pres-
ence of crystalline material in comets as an indication of
radial transport of matter from warm inner regions of
a protostellar accretion disk where annealing of initially
amorphous grains is possible to the cold outer zones of
the disk. They point out, that possibly even an evolution-
ary sequence is seen in disks around pre main sequence
A and B stars showing an increase of the amount of crys-
talline material present with age of the objects, which may
result from progressive mixing.

The present paper extends the previous discussions of
Duschl et al. (1996) and Gail (1998) of conversion of amor-
phous dust from the outer disc regions by annealing into
crystalline dust in the inner dust regions and of carbon
grain combustion. We consider radial turbulent mixing
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of dust in a protoplanetary accretion disc and combine
this with a self consistent calculation of the structure of
a stationary a-disc in the one-zone approximation. The
main purpose of this model calculation is to determine
the consequences of radial mixing of dust materials for the
structure of a protoplanetary disk. This model calculation
concentrates on two processes, which can be expected to
be of considerable importance for the disc structure and
evolution.

First we consider the annealing of amorphous dust
from the outer disc region at a disc midplane temperature
of roughly 800K (Duschl et al. 1996; Gail 1998) and tur-
bulent mixing of the resulting crystalline dust back into
the outer disc zone. For silicates the transition from an
amorphous state to a crystalline state is accompanied by
a strong reduction of the mass extinction coefficient of
at least a factor of ten. The mass extinction of the sili-
cate dust component in regions of the disc that are warm
enough for annealing to occur then is drastically lower
than in the outer disc region where annealing is not possi-
ble. Mixing of annealed material outwards also reduces the
dust opacity in a wide transition region. Since the struc-
ture of the disc strongly depends on the opacity of the
disc material, annealing of silicate dust and mixing such
material into outer regions will strongly modify the disc
properties.

Secondly we consider the combustion of carbon dust in
the inner disc region and the consequences of mixing the
outburnt material back into outer regions. The dilution of
disc material in the outer zones by mixing with carbon
dust free material from the inner region reduces the car-
bon content in the mixed zones and, since carbon grains
are one of the most important contributors to the opacity,
considerably reduces the opacity of the disc material. This
also changes the disk properties. The modifications of the
gas phase chemistry resulting from mixing the burning
products of carbon combustion into the cometary forma-
tion zone will be treated in a separate paper.

The model calculation in this paper considers an early
phase of the evolution of a protoplanetary disc where mass
infall from the surrounding molecular cloud has ceased
and star formation has nearly come to completion and
where the remaining disc slowly disappears by accretion
onto the star. It is generally thought that planet forma-
tion in Solar System like systems starts at some instant
during this phase of the disc evolution. All processes op-
erating during this phase which result in the destruction
or metamorphosis of any of the dust components in the
disc material have direct implications for the composition
of the planetesimals formed at the onset of the planetary
formation process and left their footprints in the composi-
tion of cometary and meteoritic material. This makes the
study of the chemical and mineralogical evolution of the
disc material during this phase particular important.

This paper does not deal with time dependent models
for protoplanetary accretion discs combined with radial
mixing. The results for time dependent models will be
published elsewhere (Wehrstedt & Gail, in preparation).
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The plan of this paper is as follows: Sect. 2 discusses
the reaction-transport-diffusion equation, Sect. 3 describes
our model for calculating carbon combustion, Sect. 4 de-
scribes the model for calculating the annealing of amor-
phous dust, Sect. 5 gives details of our method of calculat-
ing disc models in the one-zone approximation, including
the diffusion and transport processes. Section 6 presents
the results. Section 7 presents some results for disc spec-
tra. Section 8 gives our conclusions.

2. Mixing by diffusive transport

At least during the first million year after their formation
protoplanetary accretion discs are unstable against con-
vection throughout most parts of the disc ranging from
the hot inner zone out to 20 AU or even more (see e.g.
Ruden & Lin 1986 or D’Alessio et al. 1998). Additionally
the disc is likely to be unstable against production of shear
driven turbulence (Dubrulle 1993). For this reason, there
exist turbulent flows in a protoplanetary accretion disc.

The origin of the viscous accretion which leads to con-
version of gravitational energy into heat, which in turn
drives the convection and the turbulence, is still not defi-
nitely known. We do not dwell on this part of the problem
and the various mechanisms that have been proposed to be
respounsible for viscous accretion (cf. the reviews by Adams
& Lin 1993; Papaloizou & Lin 1995; Lin & Papaloizou
1996) but simply rely on the fact that during the early
evolution of a protoplanetary disc there is accretion with
a rate of the order of M = 10~7 Mg yr~! (e.g. Hartmann
2000) which suffices completely to drive turbulent convec-
tion in the disc.

The random mixing of matter in such turbulent flows
results in a diffusion like mixing of matter with a hetero-
geneous composition. We are specifically interested in the
mixing of the various dust species existing in a protoplan-
etary accretion disk by this mechanism. The low particle
density of each of the dust species allows us to treat the
different components independently of each other and to
consider simply the binary diffusion problem of a single
dust species embedded in a carrier gas of much higher
particle density. The diffusion equation for this problem
is (Hirschfelder et al. 1964)

on: 4 2 i 0 | g, (1)

= v, = —nDy——
ot +8xunw“ 8:5,4" “ox, n

n; is the particle density of the (dust) species ¢ under
consideration, n is the total particle density of all species
present in the mixture (determined by the Hy and He den-
sity in our case), v, is the average particle velocity and
D, is the binary diffusion coefficient for diffusion of the
rare dust particles in the abundant carrier gas. R; is the
rate term for production or destruction of species 1.

We assume that the turbulent flow responsible for the
diffusion process is also responsible for the viscous evolu-
tion of the accretion disk'. Further we assume that the

! Note that within the region 0.5 <r < 10 AU of interest for
mixing processes the disc material is only very weakly ionised
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Schmidt number Sc¢ = v/D that relates the diffusion coef-
ficient D to the coeflicient of viscosity v, in case of mixing
due to turbulence is of the same order of magnitude as in
the case of mixing by random thermal motions in a gas. In
the latter case the Schmidt number is close to unity (e.g.
Hirschfelder et al. 1964; Waldmann 1958) and, motivated
by this, we approximate the diffusion coefficient by
v

D= . @)

where v denotes the viscosity. This quantity is given by
(42). For turbulent flows the ratio of the transport co-
efficient of some quantity to the transport coefficient of
momentum, the inverse Prandtl number (= Sc™!), can
be determined by laboratory experiments. These numbers
depend to some extent on the particular geometry of the
flow system, but are generally found to be close to unity
(cf. Launder 1976; McComb 1990), typically Sc =~ 0.7. In
our calculations we use for the Schmidt number a value of

Sc=1, (3)

which probably slightly underestimates the efficiency of
turbulent mixing. This guarantees that our result for mix-
ing of dust species in the disc model does not overestimate
the extent of mixing in a real disc.

The approximation (2) for the diffusion coefficient only
holds for small particles which are strongly frictionally
coupled to the carrier gas and are passively moved around
with the turbulent flow. For conditions in protoplanetary
discs at 1 AU this is satisfied for particles up to roughly
1 mm size (cf. Fig. 3 in Weidenschilling & Cuzzi 1993). The
transport coefficient for diffusional mixing in the form (2)
can be applied, thus, if dust coagulation at the onset of
planetary formation has not yet proceeded so far that the
first planetesimals start to form. This is exactly that phase
of the disk evolution which we plan to consider. For bigger
particles (2) cannot be applied; this case is considered, for
instance, by Cuzzi et al. (1993) and Dubrulle et al. (1995).

We introduce cylindrical coordinates and assume all
quantities in the disk to be independent of the azimuthal
coordinate. Then Eq. (1) reads as follows

on 10 [ o
ot r(‘)rT it 1gn82 n

vy is the radial drift velocity with which the disk material
moves towards the star. Its magnitude is given by (47).
Since the disk height decreases with decreasing distance
to the protosun there is an associated slow vertical mo-
tion of the disk material towards the midplane with some

(cf. Finocchi & Gail 1997; D’Alessio et al. 1998). Any magnetic
instability which is often claimed to drive accretion cannot be
active in regions where the electric conductivity of the disc
material is very low and there is also not any necessity for
assuming such a mechanism to be active in this region because
the disc is convectively unstable.
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velocity v,. Its magnitude may be estimated by

Ldhdr dh
~wa "ar

-3 i
570 <M£®) (M_7 m) ° woz.
The numerical value is derived for the semianalytical disc
model in Duschl et al. (1996). s is the distance to the pro-
tostar in units of AU, k is the mass extinction coefficient
and p the mean molecular weight. M_r is the (stationary)
mass accretion rate in units of 107 Mg yr—1.

We estimate the relative order of magnitude of the
terms which occur in the diffusion Eq. (4). First we esti-
mate the order of magnitude of the radial diffusion term
by Djgn;/r. The ratio of the radial diffusion term to the
radial drift term is
Dien 0 ny v 2
Dign O ni V. _ = (6)

Vz

1 cm

=

~1x10™

(5)

n;vr Or n Ty

This relation is easily derived from the equations for a sta-
tionary accretion disc. Radial diffusion and radial trans-
port by drift occur on a comparable timescale if the con-
centration of dust species varies on length scales of the
order of the radial distance. For shorter length scales of
the inhomogeneities in the material composition radial dif-
fusional mixing is faster than transport by radial drift.
Radial diffusive mixing, thus, is an important process for
the determination of radial concentration profiles in a pro-
toplanetary disc but does not dominate over radial trans-
port by inwards drift of the disc material.

Next we estimate the order of magnitude of the ver-
tical diffusion term by D;zn;/h. The ratio of the vertical
diffusion term in Eq. (4) to the vertical drift term is

3
M 8 . -3 1
~ 695 <M—> (M_7KZ) “uz. (7)

©

Dign 0 n; v

nv, 0z n hv,

The numerical value is derived for the semianalytical disc
model in Duschl et al. (1996). Since M/Mg, M_7, and
1 usually are numbers of order unity and x varies between
~1 if dust extinction dominates and ~10~* if molecu-
lar opacity dominates, vertical diffusion always dominates
over vertical drift. The vertical concentration profile is de-
termined by vertical mixing by diffusion (and by the ver-
tical distribution of sources or sinks, if such exist).

Finally we estimate the timescales for radial and ver-
tical diffusion by

7“2 g . -1

Thor = —~ = 2.7 x 10* years - s5 (M,7)

(8)

and
3
h? s M\ i
Tvert = —= = 2.5% 102 years - 5% (F) (M—7 /‘6) 4%(9)

respectively. We obtain

2
Tvert h ~ 102
Th - 72 - '
or

(10)
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The numerical values, again, refer to the semianalytical
disc model in Duschl et al. (1996). Radial mixing then oc-
curs on a timescale comparable to the evolution time scale
of the accretion disk while vertical mixing occurs nearly
instantaneously as compared to the radial mixing time
scale. We can assume, then, that the vertical abundance
profile always has relaxed to a stationary state determined
by the local physics. In the simple case that there are no
local sources or sinks for a species the concentration of
that species is constant in the vertical direction, but this
is not necessarily the case for the radial direction if there
are distant sources or sinks in other regions of the disc. If
there exist vertically distributed sources or sinks the re-
sulting vertical concentration profile depends on the ratio
of the mixing time scale to the production and destruction
time scales. We shall assume in our model calculation that
the disc is well mixed in the vertical direction.

If we use particle concentrations ¢; = n;/n instead
of particle densities, assume cylindrical symmetry for the
problem, and use the continuity equation for the total par-
ticle density

on 10rnv,
atr e 0 (11)

the diffusion—transport-reaction equation takes the form

8Ci 8Ci -

gci O _ 10
ot Jrv“c()r N

—
nr Or

or n (12)

2.1. The rate term

We shall apply the diffusion—transport-reaction equation
to an ensemble of dust grains which change their size
by growth and/or destruction processes. We assume the
grains to be spheres with radius a. For our further pur-
poses we introduce a set of discrete grain radii a;, i =
1, ..., I. ay is the radius of the smallest grain, a; that of
the biggest one. We define ¢; to be the number of grains
per H nucleus with radii in the interval between a; and
a;4+1. Since we have I discrete radii, we have I — 1 such
radius intervals and I — 1 concentrations ¢;. The numbers
¢i (i=1,..., I —1) describe the size distribution of the
grains.

For each group ¢ of grains the radial and temporal vari-
ation of their concentration in the protoplanetary disc is
described by an equation of the type (12). If we consider
small grains which are efficiently coupled to the gas, the
velocity v, ; is the radial drift velocity of the gas in the
protoplanetary disk and D; is the turbulence induced dif-
fusion coefficient. In this case the drift velocities v, ; and
the diffusion coefficients D; are the same for particles of
all groups 1.

If we consider the problem of growth and destruction
of grains the rate term R; describes the change of the
number of grains per H nucleus with radii between a; and
@;4+1 per unit time due to the grain growth and destruction
processes. For a single spherical grain the change of its
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radius does not depend on its radius and is given by an
equation of the type

i
S dt

The meaning of the different terms on the r.h.s. will be ex-
plained later. For the moment we assume that & is known.
Within an interval of time At the radius of an individual
grain changes by aAt. If @ < 0 then all grains which had
at time ¢ radii in the radius interval between a;y; and
a;+1 + aAt, are found at time t + At inside the radius
interval from a; to a;4+1 within At. The net gain of the
radius interval [a;, a;11] within time At then is

|4 At

?
Ai42 — Ai+1

= —Voamgvin.

Cit1

since ¢;+1 was the number of grains per H nucleus
which had at time ¢ radii in [a;+1,ai+2] and the frac-
tion |a|At/(ai+2 — a;i41) of them are lost to [a;,ait1].
Analogously the loss of [a;, a;11] to [a;—1,a;] is

|a|At
Qit1 — 5

Dividing by At and defining

%

Aai = Q341 — Q4 (13)

yields the following form of the rate term in case of particle
destruction

Ri ([ ¢y G

n Aa;y1 Aag;
For i = I — 1 the first term has to be omitted for obvious
reasons. For 7 = 1 the second term is the rate of final loss

of grains.
For the case of particle growth we find

B (fmoa)de oy,
n Aai_l Aai dt dt
In this case the first term has to be omitted. If new grains
with radii in [a1,as] are created, a production term for
such grains has to be introduced instead of the term with
index ¢ — 1 in the equation with i = 1.

With this rate term, we have the following system of
diffusion — transport — reaction equations for the concen-
tration of grains of groups ¢

da
dt

da
if — <0.
1 in <

(14)

(15)

oo e 19 oo
ot DY Or nrOr Y or
Ci+1 [ da| .. da
_ Loy =2
(AaH_l Aai> a| o=

(16)

Ci—1 ¢ \Yda ..  da .
_ = g =
(Aai_l Aai> a T’

This couples each concentration ¢; to ¢;—1 and ¢;41, except
for the boundaries i =1 and ¢ =1 — 1.

In applying this or Eq. (12) to an accretion disc in the
one-zone approximation we have to take an average with
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respect to the z-direction. If the disc is well mixed in the
vertical direction the ¢; do not depend on z. The averaging
procedure then has to be applied to the diffusion coeffi-
cient D and the rate term only. If D is calculated according
to (2) with the viscosity calculated from the equations for
the disc structure in the one-zone approximation then D
is already the z-averaged diffusion coeflicient since in the
one-zone approximation v is already averaged with respect
to the z-direction.

3. Carbon combustion

Carbon dust is a very efficient absorber and accounts for
a large fraction of the dust extinction which in turn deter-
mines the temperature structure in an accretion disc. A
realistic modeling of the properties of a protoplanetary ac-
cretion disc requires the determination of the true spatial
distribution of this dust component within the disc.

Since the material in a protoplanetary disc is oxygen
rich (ec/eo < 1) solid carbon is only metastable in this
environment. Its existence in the interstellar matter and
in the cool parts of the disc solely rests on the fact that
any oxidation reaction converting solid carbon into CO,
the thermodynamically most stable carbon compound in
most parts of the disk, is prevented by high activation en-
ergy barriers involved in any possible chemical reaction
path for carbon oxidation. At sufficiently high tempera-
tures, however, the solid carbon is converted into gaseous
products by chemical surface reactions and subsequent re-
actions in the gas phase. If gas from warm disc regions
where carbon dust is partially or completely destroyed is
mixed by diffusion processes into cold disk regions, the
carbon abundance in this region is reduced by dilution
of the dusty gas with (carbon) dust free material. In the
oxygen rich environments the gaseous products of carbon
destruction cannot re-condense onto the surface of grains
to restore the solid carbon content. One therefore expects
a considerable modification of the abundance of carbon
dust in cold parts of the disk by carbon destruction in the
warm inner region of the disc and turbulent radial mixing
of this material into the cold outer parts of the disc.

That carbon dust is not destroyed by vapourisation
but by oxidation is shown in Finocchi et al. (1997).

3.1. Calculation of the carbon oxidation rate a

The rate of carbon destruction depends on the nature of
the carbon dust which is assumed to exist in the early
phases of the evolution of the protoplanetary disc. We as-
sume here that the carbon dust component is really car-
bon dust and not the carbonaceous material, the kerogen,
found in CI meteorites, since the kerogen seems to be a
product of chemical processes in the protoplanetary disc
(e.g. Cronin et al. 1988), though a partial extrasolar origin
cannot be excluded (e.g. Zinner 1988).

The oxidation process for solid carbon under condi-
tions appropriate for the protoplanetary disc is discussed
in detail in Duschl et al. (1996) and Finocchi et al. (1997)
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and will not be repeated here. We only mention that
the rate determining step for oxidation of solid carbon
is the reaction of OH with an aromatically bound six-ring
at the surface:

H H
H+ OH — + HCCO.

H

The change of radius a of a spherical carbon grain by this
process is

da

E = VO,caraoanH'Uth,OH .

Vo,car is the volume of a carbon atom in the solid, which
is given by

(17)

AmH

‘/O,car = (18)

Pcar

A is the atomic weight of carbon atoms and pcar the
mass density of solid carbon. non and vih,on are the den-
sity of OH radicals and their root mean square thermal
velocity, respectively. aox is the probability that a colli-
sion of a OH molecule with the surface of solid carbon
cracks carbon-carbon bonds and injects carbon into the
gas phase. The coefficient a,y of the oxidation reaction
rate has been determined by laboratory experiments to be
~0.2 (cf. Finocchi et al. 1997). Since each reaction removes
two carbon atoms from the grain we choose aox = 0.1 in
our calculation.

For calculating a one has to know the abundance of
the OH radical in the disc in a zone where the oxidation
reaction occurs, i.e., at a temperature of about 1000 K.
Our previous calculations (Finocchi et al. 1997; Finocchi
& Gail 1997) of the non-equilibrium chemistry in a pro-
toplanetary disk have shown that the O—H — chemistry
in this region essentially is in chemical equilibrium. Since
mixing timescales in the vertical direction are of the or-
der of centuries (cf. Eq. (9)) we also can assume chemi-
cal equilibrium with respect to the vertical distribution of
OH molecules at the temperatures of interest. We there-
fore calculate the OH abundance by solving the appro-
priate equations for the equilibrium chemistry simultane-
ously with the equations for the disc structure.

In principle we have to use for noyg the average with
respect to the z-direction. The OH concentration well be-
low the dissociation limit of HoO depends strongly on the
temperature which is not constant in the vertical direc-
tion. This means that we cannot calculate the z-average
of nog without calculating the detailed vertical disc struc-
ture. Within the frame of the one-zone approximation we
can only determine nog at the midplane of the disk. If we
use this nom in (17) the oxidation rate for carbon is some-
what overestimated, but not seriously. Since T is highest
in the midplane and the oxidation rate depends steeply on
temperature, a carbon grain is oxidised during that part
of its random walk induced by turbulence where it is close
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to the midplane in a region where the temperature is close
to the midplane temperature. The z-averaging procedure
in principle corresponds to multiplying the density of OH
at the midplane by the ratio of the half-width of the tem-
perature peak around the midplane to the disk height,
which is smaller than unity but not a small quantity since
most of the temperature decline from the midplane to the
surface temperature Teg occurs near the surface. Thus,
within the frame of the accuracy which can be achieved
with disc models in the one-zone approximation one can
replace the z-averaged nop by its midplane value in (17).

3.2. Solution of the diffusion-transport-reaction
equation

A modelling of carbon combustion within the frame of the
one-zone approximation requires one to solve the set of
diffusion-transport-reaction Eq. (16) for the discrete size
distribution ¢; of the carbon dust grains. Since carbon
dust in an oxygen rich environment is only destroyed and
cannot recondense, we have in this case always a < 0. The
system of equations then has the convenient property that
the equation for some particular ¢; is coupled only with
the equation for ¢;y1, but not with the equation for ¢;_;.
For the equation for the uppermost size interval [a;_1, as]
there is no coupling term to a size interval for bigger
grains, i.e., the equation for ¢;_; can be solved directly
without any knowledge of the concentration in another
size interval. The solution algorithm for the system of
Eq. (16) then is as follows: first one solves the equation for
the concentration cy_; of the biggest grains and then one
successively solves the equations for i =1 -2, ...,i=1
using in each case the result for ¢;11 in the equation for c;.

In a stationary disc the system of diffusion equations
reduces to a coupled system of second order ordinary dif-
ferential equations. The solution of such a system requires
the prescription of two boundary conditions for each equa-
tion. The natural boundary conditions for our present
problem are as follows:

1) For modelling the protoplanetary accretion disc we
chose an inner disk radius sufficiently small such that there
exists no dust at this radius. Then one simply has

=0 i=1,...,1—1 (19)

at the inner boundary.

2) The outer radius is chosen at a large distance where
the dust mixture is expected to resemble the unmodified
dust from the parent molecular cloud. We assume that
the size distribution in this case is given by the Mathis-
Rumpl-Nordsieck (1977) size distribution

0 for a <
fla) = {Ka“’ for a; < a < ay (20)
0 for a, < a

with a; = 0.005 gym and a,, = 0.25 um. The constant K is
fixed by the requirement that

au g
/ ?a?) f(a)da = VOfcar,O €C.

1

(21)
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ec is the total abundance of carbon nuclei with respect
to H nuclei and fcar,o is the fraction of the carbon con-
densed into carbon grains in the parent molecular molec-
ular cloud, for which we assume a value of 0.6 (Mathis
et al. 1977). The initial values for ¢; at the outer bound-
ary then are

¢ = /:i+1 f(a)da.

From the solutions ¢; of the diffusion — transport — reaction
equations one calculates at any instant the fraction fe.. of
the total carbon condensed into grains from

(22)

1 =y
3
) S a2, 23
fca ‘/OGC o C; 3 a; ( )

where Riemann sums are used for evaluating numerically
the integral (or any other sum formula). This fc,, is re-
quired to calculate the contribution of carbon grains to
the opacity of the disc material.

4. Annealing

The silicate dust component from the parent molecular
cloud enters the protoplanetary accretion disc with an
amorphous lattice structure. In a region of the disc where
the midplane temperature exceeds ~800 K (Duschl et al.
1996; Gail 1998) activation of internal rearrangement pro-
cesses in the lattice lead to the development of a crystalline
lattice structure (annealing). Since amorphous and crys-
talline silicate have drastically different extinction prop-
erties (cf. Fig. 1), the process of annealing has strong im-
plications for the structure of the protoplanetary disk.
Especially, if turbulent mixing processes transport crys-
tallised silicate dust from the warm inner disc into the
outer disc regions, the dust opacity in that region is re-
duced. It is important, thus, to account for the annealing
and mixing process if the structure of a protoplanetary
disc is calculated.

4.1. Annealing of silicate dust

In Gail (1998) the process of transformation of the amor-
phous lattice structure of dust grains into a more organ-
ised microcrystalline structure at temperatures < 1000 K
was treated by a simple approximation. It was assumed
that within the lattice of the initially amorphous dust
grains from the parent molecular cloud, which show a high
degree of disorder in the spatial arrangement of the ba-
sic Si04 tetrahedrons, there exist some tiny regions with
a highly regular arrangement of the SiO4 tetrahedrons.
Such islands of small scale order always exist in a dis-
ordered solid, at least for pure statistical reasons. These
regions then may serve as growth centres which grow into
their disordered environment by internal rearrangement
processes if such processes are activated at sufficiently high
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temperature®. The increase of the volume V. of the crys-
tallised regions approximately is given by (Gail 1998)

dVer
dt

Here Vj is the volume of the crystallised silicate per SiO4
tetrahedron, which is simply determined by the atomic
weight A of the compound and the mass density ps of the
solid as in Eq. (18). v, is the characteristic frequency of
the lattice vibrations and FE, is the activation energy for
the internal rearrangement processes, which are respon-
sible for annealing. Equation (24) is valid as long as the
crystallised regions are isolated and grow independently
of each other. In the late phases of the annealing process,
when crystallised regions come into contact, Eq. (24) over-
estimates the growth of the crystallised region since the
ratio of active growth surface to volume, which is assumed
to be constant in (24), rapidly changes in this phase. Since
Eq. (24) is already a strongly simplifying approximation
we ignore this complication and use (24) also in the late
phases of annealing.

The activation energy for annealing of silicate grains
can be determined from the change of extinction proper-
ties of interstellar dust analogues by annealing. In Lenzuni
et al. (1995) and Duschl et al. (1996) an activation en-
ergy of E,/k = 41000K was derived in this way from
the annealing experiment of Nuth & Donn (1982), as-
suming a characteristic frequency of vy, = 2 x 108571,
This activation energy, however, probably refers to the
formation of Si;O3. The new laboratory experiments on
silicate annealing of Hallenbeck et al. (1998, 2000) yield
approximately the same activation energy. Brucato et al.
(1999) performed annealing experiments for pyroxene and
obtained E,/k = 47500 K. Fabian et al. (2000) performed
detailed new experiments on annealing of glassy forsterite,
enstatite, and quartz and obtained activation energies
for annealing of E,/k = 39100 £ 400, 42040 + 150 and
49190 + 150K for these three materials, respectively. In
our calculation we use the results of Fabian et al. (2000)
for E,.

If we assume that initially we have a fraction of (., of
growth centres for crystallisation per silicon atom, then
the number of such centres within a dust grain of volume
Vs

12
31/3 —E,/kT
== 6V03 cfr Vyib€ / .

(24)

|4
Ncr = Ccr_

Vo (25)

since V/Vp is the number of silicon atoms in the grain.
The choice of (., is described below. The average volume
into which a growth centre can expand is V/N,, and the
actual volume V¢, of each crystallised region divided by the
available volume V/N,, is the fraction of the total volume

2 A completely different point of view has been taken by
Sogawa & Kozasa (1999) for the analogous problem of forma-
tion of crystalline dust in circumstellar dust shells. Since cal-
culations of nucleation rates for crystallisation centres based
on classical nucleation theory do not yield reliable results, we
follow the simpler approach used in this paper.
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which is already crystallised. Thus we define the degree of
crystallisation of the grain material by

Ter = min (Cv‘o/ , 1) . (26)

From this definition we find

der - {63:(% (C%rzzvibe’Ea/kT for zo; < 1 . (27)
de 0 else

It is then advantageous not to consider x., itself but in-
stead of this the variable

¢=ub (28)
since for this we have

% = {2C§VvibeEa/kT for (¢ <1 (29)
de 0 else

where now the r.h.s. does not depend on the variable &.
For mathematical reasons, in the following we work only
with the variable £, but note that the third power of £ and
not & itself is the true degree of crystallisation.

If we start with completely amorphous grains, i.e.
¢ = 0, and integrate (29) we get

t

du e*Ea/kT(“), 1

1
&(t) = min [2(31/\,11)/ (30)
— 00

The degree of crystallisation &2 of a grain depends on its
past thermal evolution. Since the exponential increases
very steeply with increasing T the integral is determined
by the highest temperature(s) the particle has experi-
enced so far. If we expand in the exponential 1/7 around
the instant ¢; of a temperature maximum correct up to
the second order in (¢ — ¢;) (the first derivative vanishes
at the maximum) and integrate the resulting Gaussian,
then we obtain

ar|™

T3
dt?

T (31)

E(t) = 2<C%1'Vvib Z e_TO/Ti

Y
ti

where the sum runs over the highest temperature maxima
experienced by a grain during its past history. Obviously
only the term(s) corresponding to the highest temperature
the grain ever has experienced will really contribute to
the sum.

Dust grains in a protoplanetary accretion disk are
moved around by turbulent convective motions of the car-
rier gas. They are permanently carried from the warm
midplane of the disk to the cold disk surface and back,
and they are carried back and forth between the hot inner
and cold outer parts of the disk. Then £(¢) as a function of
time has a step-like character: during short periods where
the grain visits hot parts of the disk the degree of crystalli-
sation 2 rapidly increases. Such events are interrupted by
periods during which the grain stays in cold parts of the
disk and ¢ practically does not change.
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4.2. Calculation of the annealing and mixing of silicate
dust

As a result of turbulent mixing at each instant and each
point of the disk one encounters grains with completely
different temperature histories due to their random walk
in the disk induced by the turbulent motions. The maxi-
mum temperatures which the grains have experienced dur-
ing their past are very different and, thus, their degree
of crystallisation may take any value between 0 and 1.
The degree of crystallisation of such a mixture of grains
is most conveniently described by a probability density.
At this place we note that within the frame of our simple
model for the annealing process the rate of change of the
crystallinity of a grain (29) does not depend on the grain
size. Grains with different radii but the same tempera-
ture history have the same degree of crystallinity. This
may not be completely realistic, but allows for the simple
model of annealing used in this paper to define a probabil-
ity density in a unified way for all grains consisting of the
same type of material, irrespective of their size. Denote
this probability density with respect to £ at position r
and instant ¢ by c(t, r, £). This quantity has the following
meaning: c(t,r,£)AE is the probability that grains at po-
sition r and instant ¢t have a degree of crystallisation in
the interval [€3, (£ + A)?]. Tt is our aim to calculate this
quantity for the silicate dust in the protoplanetary disk®.

For calculating the probability density ¢, we proceed
in a manner analogous to the case of carbon combustion.
We replace the continuous £-scale by a discrete set of grid-
points & (i = 1,...,I) where 1 = 0 corresponds to
completely amorphous grains and x; = 1 to completely
crystalline grains. We denote by ¢; the fraction of grains
for which £ is between &; and &11. We have I — 1 such
groups of grains and the set of numbers ¢; is a discrete
version of the probability distribution for the degree of
crystallisation of dust grains. Note that according to the
definition of ¢; we have

Zci =1.

The temporal and spatial distribution of a mixture of
grains of different degrees of crystallinity ranging from
completely amorphous to completely crystallised grains is
described by a set of equations of the type (12). The rate
term on the r.h.s. of (12) in the present case is obtained
in complete analogy to the derivations in Sect. 2.1 as
&_(Cil 7 Ci)%
n \AL{ AG) dt

3 The definition of this probability has some problems for
the following reason: if the dust material progressively crys-
tallises due to annealing the degree of crystallisation for all
grains tends to &2 = 1. Ultimately all grains are completely
crystallised. This means that the probability density in & fi-
nally tends to a ¢ distribution, defined on [0, 1] and centred
on ¢ = 1. This leads to some mathematical complications. For

numerical calculations this property is uncritical, since always
intervals in £ of finite widths are considered.

(32)

(33)
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where € is given by (29) and Ag; is defined by
A& = &1 — &

In applying this to a one-zone model for a protoplane-
tary accretion disc we have to take an average with re-
spect to the z-direction. Due to the non-constancy of T
with z and the exponential dependence of £ on T the rate
term is strongly peaked to the midplane. Without a de-
tailed knowledge of the vertical disc structure we cannot
determine the z-average of exp (—E,/kT); we can only
determine its value at the midplane. On the other hand,
our model for the annealing process depends on the quan-
tity Ccr which is only poorly determined. All uncertainties
with respect to the averaging procedure for the exponen-
tial then can be absorbed in the definition of (.., which is
specified below, and we simply use the midplane temper-
ature for calculating f .

The set of equations for ¢; has the convenient prop-
erty that the equation for ¢; is coupled with the equation
for ¢;—1, but not with that for ¢;+1. In the equation for
c1 there is no coupling term to ¢;—;. Then we can solve
the system by first solving the equation for ¢; and then
successively for all equations with ¢ > 1.

Again we consider a stationary protoplanetary disk in
which case the set of diffusion — transport — annealing
equations simplifies to a set of ordinary second order dif-
ferential equations. The boundary conditions required to
uniquely specify the solution are as follows:

1) The inner boundary of the disc is chosen at such
a small radius that all mineral grains are crystallised or
even vaporized in the innermost part of the disc model.
Then all grains are found within the group c;_; and we
have

0 fori=1,...,1—-2
Ciz{

(34)

(35)
1 fori=1-1

at the inner boundary.

2) The outer boundary of the disc is chosen at such
a big radius that all mineral grains are amorphous in the
outer parts of the disc. This corresponds to the assumption
that the outermost parts of the disc contain only material
collected from the parent molecular cloud. Then all grains
are found within the group ¢; and we have

1 fori=1
Ci_{
0 fori=2,...,i=1-1

at the outer boundary.

From the solutions ¢; of the diffusion — transport — anneal-
ing equations one finds the average degree of crystallisa-
tion as

I-1
fcr = ZE’?CZ
=1

This quantity is required for calculating the contribution
of silicate dust to the opacity of the disc material.

(36)

(37)

H.-P. Gail: Radial mixing in protoplanetary accretion disks. I.

The rate (29) depends on the unknown parameter (.,
which is arbitrarily set to ¢ = 1075. Due to the very steep
dependence of f on T the outcome for the temperature
where annealing takes place depends only very weakly on
the precise choice of (.. It can be varied by several orders
of magnitude without changing the annealing temperature
by more than 20K (cf. Eq. (70) of Gail 19984).

The model adopted for treating the annealing process
loses its validity for the smallest grains with sizes of a few
nm and less. It requires that there always exist at least a
few growth centres within a grain. This is not guaranteed
for the smallest grains which may even contain no growth
centres. At this size level a probabilistic treatment of the
annealing problem would be required which, however, is
out of the scope of this paper. In any case, the population
of extremely small grains contains a negligible fraction of
the total dust mass and, thus, has no significant influence
on the disc structure.

5. Model calculation

We construct protoplanetary disc models in the one-zone
approximation for the inner part of a protoplanetary ac-
cretion disc, where the disc may be considered to be
approximately stationary (cf. Ruden & Lin 1986). The
model considers (i) the radial mixing of amorphous and
crystalline silicate grains and (ii) the oxidation of carbon
grains and the resulting dilution of carbon dust by radial
mixing of carbon dust free matter from the inner region
of the disk into the outer zones of the disc.

5.1. Equations for the radial disc structure

The basic set of equations describing the radial structure
of a stationary, thin, Keplerian a-disc in the one-zone ap-
proximation is (e.g. Lin & Papaloizou 1985; Pringle 1981):

1) The Keplerian angular velocity of disc rotation:

G M.

Q=15

(38)

M, is the mass of the central protostar. The stellar mass
is assumed to be constant with time.
2) The effective temperature of the disc surface:

(-iF)

osg Is the Stefan-Boltzmann constant. A contribution to
the heating of the disc (i) by the energy liberated by the
accretion shock, and (ii) by the illumination of the disc by
the protostar, is not considered.

3) The isothermal sound velocity:

. 3GM.M

eff — (39)

osp 873

kT,
pumu

4 Note that a different notation for the variables is used in
that paper.

Co =

(40)
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T, is the temperature at the midplane of the disc, u the
mean molecular weight.
4) The vertical equivalent height of the disc:

T Co
h=4/-—=- 41
50 (41)
5) The coefficient of viscosity in the a-approximation of

Shakura & Sunyayev (1973):

v = ahcg. (42)

h is the characteristic scale height of the disc, ¢y the
isothermal velocity of sound in the midplane of the disc,
and « the viscosity parameter introduced by Shakura &
Sunyayev (1973). This v determines according to (2) the
diffusion coefficient D in the diffusion—transport-reaction
Eq. (16).

6) The equation of angular momentum conservation:

M .
1/2——<1 R—)
3 T

v is the viscosity, R, the radius of the protostar. This
equation determines the surface density ¥ of the disc.
7) The mass density at the midplane:

(43)

1%

- = 44
Pc 5T ( )
8) The vertical optical depth at the midplane:

1
Te = 52 KR (pe, Tc)- (45)

KkRr(pe, Te) is the Rosseland-mean of the mass extinction
coefficient of the disk material at the midplane.
9) The temperature at the midplane:

Tt =Tho+ 3T [1+ 37c]. (46)

Tl is the temperature of the ambient molecular cloud.
10) The equation of mass conservation:

M = 27r¥u;. (47)

M is the accretion rate (constant in a stationary disc),
Y the surface density and v, the (slow) inwards directed
accretion velocity of the disc material. This equation de-
termines v, in the diffusion—transport-reaction Eq. (16).
11) The pressure at the midplane (equation of state):

P. = c%pc. (48)

12) This set of equations is completed by the two consti-
tutive equations

(49)
(50)

w=pup,T)
RR = KR(paT)a

which have to be determined from the chemical composi-
tion of the disc material and from the extinction properties
of the dust and the gas phase species.

The equations depend on five free parameters: the stellar
mass M, and radius R,, the accretion rate M, the temper-
ature of the molecular cloud 73,01, and the constant « for
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Fig. 1. Variation of the Rosseland mean extinction coefficient
of the abundant dust species with the temperature of the local
radiation field. Note the large difference between the opacities
of amorphous and crystalline silicates. The silicate extinction
is for olivine.

the viscosity. Our particular choice for these parameters
is described in Sect. 6.1.

The set of Eqgs. (40) ... (50) is solved by assuming a
temperature T; in Eq. (40) and solving Eqgs. (40) ... (46)
for a new value of T.. Then T, is iterated for self-
consistency. A model is calculated for a set of radial grid
points 7; between an inner boundary at 5 R. and some
outer boundary for which we choose r = 100 AU. The
inner boundary is chosen at such a radius that the tem-
perature at this point (i) is sufficiently high for all possible
dust materials to be vapourised at this temperature, and
(ii) that at the same time it is sufficiently low for the ex-
tinction not to be dominated by H™ absorption in order to
avoid the thermal-viscous instability associated with the
steep rise of extinction with temperature in the region of
dominating H™ extinction. The outer radius is chosen at a
rather large distance for the reason that the boundary con-
ditions for the radial diffusion-transport equations should
be prescribed as far as possible in the outer region of the
disc. This choice of the position of the outer boundary is
larger than the outermost radius up to where the assump-
tion of a stationary disc structure is reasonable (cf. the
time dependent models calculated by Ruden & Lin 1986),
i.e. the model calculated cannot be taken seriously in the
region r 2 20 AU.

5.2. Opacity of the disc material

The disk opacity is determined by the various dust compo-
nents present in the disk material and by the gas compo-
nent in the dust free region. For determining the temper-
ature in the disc from (45) and (46) the Rosseland mean
opacity kg defined by

Kt :/ Kkt 9B, (T) du/ / 7835(71) dv
0 0 T

v T (51)
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is required. k, is the frequency dependent extinction co-
efficient and B, the Kirchhofl-Planck function. The flux
averaged mass extinction coeflicient kg of the mixture of
gas and dust is assumed to be given by

KR = Kgas + Z f’i"fi,dust- (52)
K3

Here we have assumed that the individual contribu-
tions 4, qust Of all the species simply add up, an assump-
tion which is generally not valid for the Rosseland mean
of the extinction coefficient, except in the case of grey
extinction. Since the dust extinction in the wavelength re-
gion (A 2 1.5 ym) where most of the energy is emitted and
transported within the disk varies only slowly with wave-
length, the dust absorbs nearly grey and the calculation
of kg by simply adding up the separate contributions of
the different dust species is sufficiently accurate.

In the model calculation we consider the following dust
species: silicate grains with amorphous and crystalline lat-
tice structure, iron grains, carbon grains and, as a repre-
sentative of the class of the very stable Al and Ca com-
pounds, corundum. At low temperatures a coating by
water ice is considered. In a real accretion disc there exist
additional dust components, which are not considered in
the present model since our sample of dust species already
accounts for the most important opacity sources.

The mass extinction coefficient k; qust for the differ-
ent dust components is calculated by assuming that the
key element required for its formation (this usually is the
least abundant of the elements required for the formation
of the solid species) is completely condensed into this dust
species. Since in the warm part of the disk condensation is
not complete, the extinction coefficient k; qust has to be
multiplied by the fraction f; of the key element, which re-
ally is condensed into dust species i. This f; is determined
in our model

— for the carbon dust component from the calculation of
carbon destruction by oxidation;

— for the other dust species by calculating the degree of
condensation of the species for a chemical equilibrium
state.

For the silicate dust we consider that part of the grain pop-
ulation has an amorphous lattice structure and the other
part a crystalline structure. The opacity of the mixture
of amorphous and crystalline silicate grains is approxi-
mated by

KRR, silicate = fcr"fR7 crystalline sil.

+ (]- - fcr) KR, amorphous sil. - (53)

fer is the fraction of the silicate dust which is crystalline.
This is calculated according to (37). For KR, crystalline sil.
we use data for olivine as a representative of this class
of silicate grains. We do not discriminate between olivine
and orthopyroxene.

The Rosseland mean kg for the individual dust com-
ponents are calculated from optical constants and Mie the-
ory. A Mathis-Rumpl-Nordsieck size distribution has been
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assumed. Details are described in Gail (1998) and Gail &
Sedlmayr (1999). Figure 1 shows kg for the dust species
included in the model calculation.

For ice coated grains and the gas extinction we use the
approximation given in Bell & Lin (1994).

5.3. The equation of state

The equation of state is calculated in a simple approxi-
mation which concentrates on (i) the few elements which
are important for determining the mean molecular weight
w(p,T), (ii) the gas phase species important for carbon
combustion, and (iii) the degree of condensation of the re-
fractory elements into the minerals which are considered
in the model calculation.

5.3.1. The gas phase

The composition of the gas phase is solved for a state with
given temperature T" and density p as follows: first we take
advantage of the fact that hydrogen and He are much more
abundant than any of the other elements and that at the
rather low pressures and temperatures of interest only H,
H,, and He are present. Any other compounds of hydrogen
with less abundant elements and H ionisation can be ne-
glected for calculating the dissociation equilibrium in the
protoplanetary disc. The fictitious pressure Py of H nuclei
if all H nuclei would be present as the free neutral atom
is determined by the mass density p according to

p
P = "
H mH(l —+ ZAiei)

A; are the atomic weights and ¢; the abundances of the
elements.

The dissociation state of hydrogen in the warm parts
of the protoplanetary disc corresponds to a chemical equi-
librium state. From the law of mass action follows the
equation

(54)

Py = pu + 2pf Ky (Ha) (55)

for the partial pressure py of free H atoms. K, is the
constant of the law of mass action for the Hy molecule. In
the cold parts of the disc which are penetrated by cosmic
rays and where the density is low the chemical state of the
disc material does not correspond to chemical equilibrium
(Finocchi & Gail 1997), but the chemistry in this part is
of no interest for calculating the rate of carbon oxidation.

From the solution of (55) the mean molecular weight p
follows as

2(1 + 4€He) Py

_ . 56
K (14 2¢epe) P + pu (56)

For oxygen one has to consider the following oxygen bear-
ing gas phase species: CO, which binds all the carbon
present in the gas phase, SiO which binds all the Si present
in the gas phase, and OH, HoO which bind the remain-
ing fraction of the oxygen in the gas phase. Additionally,
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a considerable fraction of the O is bound in solids. For
simplicity we assume that only forsterite MgsSiO4 and
corundum Al,Og3 are of interest. Then in chemical equi-
librium the partial pressure po of free oxygen atoms is
given by

(GO - (]- - fcar)GC - (]- + 3ffor)€Si - ;fcor6A1> PH (57)
= po (1 +pukp(OH) + pfi K, (H20)) .

for, feors and fear are the fraction of the Si condensed
in forsterite, the fraction of the Al condensed in corun-
dum and the fraction of the C bound in carbon grains,
respectively. Other O bearing gas phase species have low
abundance and can be neglected.

At the temperatures of interest the carbon in the gas
phase is present as CO. We assume that any formation
of CH4, which would be the dominating C bearing gas
phase species in some fraction of the cold part of pro-
toplanetary disc, is suppressed for kinetic reasons (e.g.
Fegley & Prinn 1989). Other C bearing gas phase species
have low abundances and can be neglected.

5.3.2. The solids

For the solids we need in the present model calculation
only to know how they vapourise at their upper sta-
bility limit since this determines the temperature struc-
ture in the warm part of the disk. This allows us to
restrict our considerations to only three dust compo-
nents: Corundum as a representative of the group of the
most stable Ca-Al-dust components, to solid iron, and
to forsterite which is the most thermodynamically stable
of the silicate compounds. Since annealing of the amor-
phous dust components occurs at a temperature well be-
low that of vaporisation of dust, the grains are crystalline
when they vaporise. Further, in Duschl et al. (1996) it
is shown that vapourisation occurs under conditions of
quasi-stationarity. This allows to calculate the degree of
condensation of the solids close to their stability limit from
equilibrium thermodynamics. The degree of condensation
of the dust species then is calculated as follows:

At temperatures T" > 1000 K where Mg is not com-
pletely bound in solids no abundant Mg bearing molecular
species exists. Then we have for the partial pressure pug
of free Mg atoms in the gas phase

(GMg - 2ff0r€Si) PH = PMg- (58)

The Solar System abundance of Mg is too low to allow for
the condensation of all of the Si into Mg2SiO4 (forsterite)
and for this reason large amounts of MgSiOs (enstatite)
are formed in chemical equilibrium. For simplicity we ne-
glect the formation of enstatite and, instead, artificially
enlarge the Mg abundance to twice the Si abundance.
For silicon we assume that the only abundant gas phase
species is Si0. We neglect the possibility that some frac-
tion of the gas phase Si is bound in SiS, since this is unim-
portant for our present purposes. The partial pressure ps;
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of free Si atoms in the gas phase in chemical equilibrium
is given in this approximation by

(1 = fror) €s1Pux = psipo K, (Si0). (59)

If solid forsterite exists in chemical equilibrium with the
gas phase, then the quantity (its activity)

agor = PsiPirgp e SN/ AT (60)

has to satisfy agy = 1. AG(for) is the free enthalpy of
formation of forsterite from the free atoms. Then, for cal-
culating fior we first put fio, = 0 in (59) and calculate
psi- With this partial pressure of pg; and the partial pres-
sures pmg and po obtained from (58) and (57) we check
whether ag,, < 1. If this is true, no condensed forsterite
exists and fg,; = 0 is the correct solution. In the opposite
case we re-calculate pg; from (60) by letting ag,, = 1 and
then calculate fro, > 0 from (59).

For iron, as for Mg, no abundant molecular species ex-
ist in the gas phase. Thus we have for the partial pressure
pre Of free Fe atoms in the gas phase
(1 = firo) €Fe P = Pre- (61)
If solid iron exists in chemical equilibrium with the gas
phase, then

iro = PFe efAG(iro)/RT (62)
has to satisfy aio = 1. AG(iro) is the free enthalpy of
formation of solid iron from free atoms. For calculating
firo we proceed as above: let fir, = 0 in (61) and check
with the resulting pgre whether a;, < 1. If this is not true,
then we determine ppe from (62) by letting ai;o = 1 and
then calculate fi,, from (61).

For aluminium, besides free Al atoms Al,O and AIOH
are the most abundant gas phase species. For the partial
pressure pa; of free Al atoms we have the equation

(1 — fcor) 6A1PH = QpilpoKp(Algo) (63)
+pa1 (1 + papo K, (AIOH)) .

For solid corundum we have the equation

Qeor = p2Alp?) e—AG(cor)/RTl (64)

Then pa; and feor are calculated analogously as before,
the only difference being that Eq. (63) now is a quadratic
equation for pa.

The degree of condensation of f.,, is calculated as de-
scribed in Sect. 3.2. In the calculation of the equation
of state fecar in (57) is assumed to be a given quantity.
Thermodynamic data for calculating AG and K, for the
solids and molecules are taken from Sharp & Huebner
(1990).

The complete set of Egs. (57) ... (64) is solved in that
sequence by first assuming fror = feor = 0 in (57) and
then iterating a few times using fi,, and feor from the last
iteration step in (57) until the accuracy of the solution is
better than 1078.
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Fig. 2. Model of the radial disc structure with radial mixing by diffusion (full lines) and without mixing (dotted lines) for a
mass accretion rate of M = 1077 Mg yr~ Y. Top left: temperature T. at the midplane of the disk. Top right: surface density ¥
of the disc. Bottom left: vertical optical depth 7. at the midplane. Bottom right: vertical height h of the disk in units of the
radius r (aspect ratio). Models for mass accretion rates of M = 1075, 1078 Mg yr~! with radial mixing are shown by dotted

lines.

5.4. The diffusion — transport — reaction — equations

The radial diffusion and advection of the components of
an inhomogeneous mixture of dust materials is described
by Eq. (16). Here we consider two processes: (i) the prob-
lem of annealing the amorphous structure of pristine dust
from the parent molecular cloud in the warm inner zone of
the protoplanetary disk and mixing the crystallised grains
outwards by diffusion and (ii) the combustion of carbon
grains in the warm disc region and dilution of the dusty
gas in the outer region with oxidised material from the
inner zone by turbulent mixing. Equation (16) is solved
numerically for the case of a stationary disc. For this pur-
pose it is replaced by the difference equation

(rnD)j; 1 (cijer —cij)  (rnD); i1 (cij = cij-1)

;75 P, i, n;15 by jhm, 5

Ri

5J

Jr —
n;

v, Chitl T Cig
Y R L
»J hr,j

for the discrete values of the concentrations c;; at the
radial grid points r;. Here

=0 (65)

hij=1j—=7j (66)
1
hm.j = 5 (1j+1 = 1j-1) (67)

hryj = 7']‘+1 — 7']‘. (68)

Since in the stationary disc the drift velocity is directed
inwards, we use for the advection term an upstream dis-
cretisation scheme. The rate term R; ; is given by (33) in
the case of annealing and by (14) with a given by (17)
in case of carbon combustion. n is the density of the H
nuclei, given by Pu/kT (see Eq. (54)).

The set of equations for the ¢; ; foreachi =1, ..., I-1
forms a tridiagonal set of equations with respect to the in-
dex j for all j except for the first and last one which cor-
respond to the boundaries. The ¢; ; at the boundaries are
given as described in Sects. 3.2 and 4.2. These equations
can easily be solved by standard methods.

The transport equations at present do not consider
diffusional transport of molecular compounds of the re-
fractory elements from the zone of vaporisation of min-
erals into cooler disc regions and their re-condensation,
though this effect may be non-negligible (cf. the discus-
sion in Mofill et al. 1985).

5.5. Calculation of the model structure

The complete set of equations for the disc structure in-
cluding the radial transport processes, silicate annealing
and carbon combustion is solved by a fixed-point iteration.
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changes in the opacity. Full line: radial mixing included, dashed line: radial mixing omitted. Right part: radial variation of the
total opacity (full line) in the midplane of the disk and contributions of the individual opacity sources (dashed lines) to the

total opacity. Model for a mass accretion rate of M = 107 Mg

Table 1. Parameters used for the calculation of the disc model.

1

accretion rate M 107%,1077,107% Mg yr~
stellar mass M., 1 Mg
effective temperature Tesr 4500 K
stellar luminosity L. 5 Lo
viscosity parameter «@ 3x1073
molecular cloud temp. Tiol 20 K

inner disc radius Tin 5 R.
outer disc radius Tout 100 AU

The equations for the disc structure and equation of state
are solved at every radial grid point first by assuming the
silicate dust grains to be amorphous and by assuming a
constant fraction of the carbon to be bound in carbon
grains. Then the equations for carbon combustion and ra-
dial transport and the equations for annealing and radial
transport of silicate grains are solved. The resulting radial
run of the fraction f.,, of the carbon bound in carbon
grains and the fraction fe, of silicate grains with crys-
talline lattice structure then is used to calculate a new
model for the radial disc structure. This procedure is re-
peated until the relative change of the variables between
two iteration steps is less than 1076,

6. Results
6.1. Radial model structure

Models are calculated for a protostellar accretion disc
around a single star with the set of parameters shown in
Table 1. The stellar parameters correspond to a star of one
solar mass in a stage of evolution where the star is already
visible, i.e. the process of mass infall and star formation

yrfl.

is nearly finished and the remaining disc gradually dis-
appears by accretion onto the star (c.f. Stahler & Walter
1993). The viscosity parameter « is chosen such that it
results in a timescale for disc disappearance in time de-
pendent one-zone model calculations which is of the order
of the observed timescale of roughly 107 years (Ruden &
Pollack 1991). Slightly higher values for « are favoured by
others (e.g. Lin & Papaloizou 1996; Stepinski 1998).

The calculation assumes a mass accretion rate of
M = 1077 Mg yr~!. This rate is suggested by typical
disk masses of 0.1 M around solar mass T Tau stars of
106 years age (e.g. Beckwith & Sargent 1993). This accre-
tion rate is generally thought to be representative for the
early stages of the evolution of a protoplanetary disc prior
to the onset of planetary formation. Observationally de-
termined mass accretion rates for young stellar objects
of age less than 10°yr seem to (weakly) support our
assumption of a mass accretion rate of 1077 My yr—!
for the pre-planet-formation phase (e.g. Hartmann 2000).
Generally the accretion rate gradually decreases with
time. Therefore, for comparison also models with an ac-
cretion rate of 1075 and 1078 Mg yr~! are calculated.
The former corresponds to an early evolutionary stage
where the parent molecular cloud is not yet dissipated
and the system is hidden behind a thick dust shell. The
latter mass accretion rate probably corresponds to a late
stage of the disc evolution where planet formation already
is underway.

Figure 2 shows results of the model calculation for the
radial variation of some important quantities defining the
model structure of a disk. The full lines in the figure re-
fer to a model with M = 10" Mg yr~! including radial
drift and turbulent mixing of grains, the dashed lines show
for comparison the results for the same model but radial
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Fig. 4. Radial variation of the average degree of condensation of the key elements of the abundant dust species for three different
mass accretion rates M = 107¢, 1077, 1078 My yr~!. Top left: fraction of C condensed in solid carbon, top right: fraction of Si
condensed in silicates, bottom left: fraction of Fe condensed in solid iron, bottomn right: fraction of Al condensed in corundum.

mixing being neglected. In the latter case the particles are
only transported inwards with the radial drift velocity v,
but there is no outwards mixing.

The main effect of radial mixing processes on the disc
structure results from the following:

1. Radial mixing by diffusion transports crystalline ma-
terial from the warm (7, 2 800K) inner zone of the
disc to quite large distances. The fraction of crystalline
grains in the mixture of amorphous and crystalline
grains is non-negligible up to distances of at least
10AU (cf. Fig. 6). Since the unmodified amorphous
dust from the outer disc zones, which is most likely
unmodified dust from the parent molecular cloud, has
a much higher mass extinction coefficient than crys-
talline silicate dust (cf. Fig. 1) the outward mixing of
crystalline material lowers the total opacity of the dust
mixture and reduces the vertical optical depth of the
disc and the temperature at the midplane of the disc;

. Radial diffusion in the disc transports material from
inner disc regions with 7" 2 1100 K, where the carbon
dust component is destroyed by an oxidation reaction
with OH, into cool outer regions of the disc. This di-
lutes the carbon rich material from the outer disc re-
gions with carbon free material from the inner disc re-
gion. As a result, the total mass extinction coefficient
of the disc material is lowered as compared to when
there is no mixing, since carbon dust has a high mass

extinction coefficient (cf. Fig. 1) while its combustion
products (CO, CHy) have very low opacities.

The effect of radial mixing of amorphous and crystalline
silicate dust, and of mixing of material with and without
carbon dust, on the general disc structure represented by
Y(r) and h(r) is rather weak, it is important however for
the temperature structure. In the region 0.9 <r < 10AU
the temperature is lower with mixing than without mix-
ing. This effect is most pronounced in the zone between
~0.9 and ~3 AU.

Figure 2 also shows results for disc models with M =
1075 and 1077 Mg yr~! for comparison. The general re-
sults agree with the models for M = 10~7 Mg yr—1, except
that the disc is hotter and thicker for M = 1076 Mg yr—?
and is cooler and thinner for M = 108 Mg yr—'.

Figure 3, left part, shows for the model with M =
10" Mg yr—! the pressure-temperature stratification in
the midplane of the disc. It clearly shows some temper-
ature plateaus which correspond to the disappearance of
an important absorber. They are related to the vapouri-
sation of water ice, iron, and corundum, and to the dis-
appearance of amorphous in favour of crystalline silicates
by annealing.

The effects of the disappearance of the various dust
species can be seen from Fig. 3, right part, which shows
the total extinction coefficient and the contributions of
the individual dust species. Crystalline silicates are clearly
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seen to be generally unimportant for the extinction of the
dust material, even in the region where the amorphous
dust component has disappeared by annealing. This re-
sults from the low extinction of crystalline silicates in the
optical to mid-infrared spectral region. The contribution
of carbon dust to the total opacity also is low in the region
<5 AU because of the dilution of the disc material with
oxidised material from the inner portions of the disc.

The consequence of this is that solid iron grains are the
dominant contributors to the total opacity in the inner
disc region between ~1 AU and the vapourisation limit
of iron (at ~0.2 AU in our model) because iron is a very
efficient absorber in the optical and mid-infrared region.

Figure 4 shows the radial variation of the degree of
condensation f of the key elements (C for solid carbon,
Si for silicates, Fe for solid iron, Al for corundum) for the
four dust components considered in the model calculation.

For carbon one clearly sees the effect of mixing of oxi-
dised material into the outer disc region which reduces the
carbon abundance in regions where oxidation processes are
negligibly slow and carbon is metastable against combus-
tion. The fraction f of carbon in dust at large disc radii
is 0.6 since it is assumed that a fraction of 0.4 is already
present as CO molecules in the parent molecular cloud
material (the Mathis-Rumpl-Nordsieck 1977 model). The
carbon grains disappear in this calculation at a tempera-
ture of 1100K. The calculation in Finocchi et al. (1997)
has shown that only one half of the carbon is immediately
converted into CO by the oxidation process while the other
half of the carbon first forms CH,4 which is oxidised into
CO at a somewhat higher temperature (~1300K). Such
gas phase processes are not considered in this paper; they
will be treated in a separate paper.

For silicates, iron, and corundum Fig. 4 shows how
these components disappear by vapourisation in a state of
chemical equilibrium with the gas. The present calculation
does not consider the radial transport of the vapour into
cooler disc regions and a recondensation of this material
in this zone. The variation of f is expected to be modi-
fied by such processes in the sense that the abundance of
refractory elements increases in a zone near the vapourisa-
tion limit (Morfill & Vélk 1984; Morfill et al. 1985). These
effects will be treated in a separate paper.

6.2. Annealing of silicates

For calculating the process of annealing of amorphous sil-
icates and the radial mixing of amorphous and crystalline
silicates, we have introduced a grid of 21 discrete values of
the quantity £ between &1 = 0 and 31 = 1. Figure 5 shows
the results of our model calculation for the radial variation
of the degree of crystallinity of the silicate grains for the
model with M = 10~7 Mg yr~!. For higher and lower ac-
cretion rates the results are similar. More precisely Fig. 5
shows the radial variation of the fraction of grains found
in intervals with a degree of crystallinity between &3 and
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Fig. 5. Radial variation of the fraction of silicate grains with
different degrees of crystallisation 0 < ¢3 < 1. The grains ei-
ther are fully crystalline (¢ = 1) or fully amorphous (£ = 0).
Partially crystalline grains have only very small abundance. In
the region 0.9 <r<20 AU one has a mixture of either fully
amorphous or fully crystalline grains. Model with mass accre-
tion rate M = 107" Mg yrot

(& + AE;)? for each of the 20 intervals [¢;, &1 1] used in
the numerical calculation.

As can be seen from Fig. 5 throughout the disc al-
most all grains are either completely crystalline (£ = 1) or
completely amorphous (£ = 0). The fraction of partially
crystalline grains is very small and cannot easily be seen
in the figure, only as a very small hump at r ~ 1AU.
This results from the strong temperature dependence of
the annealing process. The conversion of a completely
amorphous grain into a completely crystalline grain oc-
curs within a small temperature interval of about 30 K
(see Fig. 15 in Gail 1998). Thus, a grain remains amor-
phous, if the temperature of the grain’s environment never
exceeded the critical temperature for efficient annealing to
become possible (810 K in our model) or it is rapidly an-
nealed and becomes completely crystalline if the temper-
ature only slightly exceeds the critical temperature. That
a grain is mixed into the region where annealing starts
to operate but is mixed back into a cooler zone before
annealing comes to completion is a rather unlikely event.
This reflects the fact that only the heating event with
the highest temperature suffered by a grain contributes to
the annealing (cf. Eq. (31)) and if this exceeds the tem-
perature required for annealing then the annealing is al-
most certainly complete while otherwise the grain remains
amorphous.

Figure 6 shows the average degree of crystallinity fe.,
of the silicate grains calculated according to (37). This is
used to calculate the opacity of the mixture of amorphous
and crystalline silicate grains according to (53). In princi-
ple, fory equals the probability distribution ¢(1,7), since
grains with 0 < & < 1 are rare, i.e., foy in fact is the
fraction of grains being fully crystallised, the remainder
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Fig. 6. Radial variation of the fraction fe., of olivine silicate
grains with a crystalline lattice structure (full line) for mass
accretion rates of M = 107%, 1077, 107% Mg yr~!. The quan-
tity fery has only a formal meaning in the region where the
silicate dust grains are vapourised. The dashed line shows the
fraction of grains with crystalline lattice structure for enstatite
grains for comparison.

fraction of the grains being fully amorphous. The numeri-
cal solution of the diffusion — transport — annealing equa-
tion formally is calculated down to the inner boundary of
the disc model though at small distances from the proto-
star the dust is already vapourised. This is done only for
computational convenience in order to avoid the introduc-
tion of a separate inner boundary for silicate dust where
the boundary conditions are prescribed.

From Fig. 6 one clearly sees that a considerable frac-
tion of crystalline dust material is present in the disc zone
between 1 and more than 10 AU, where the disc is too cool
to allow for the conversion of amorphous dust into crys-
talline dust. The high abundance of crystalline material
in this region is in accord with the findings in primitive
meteoritic material from the asteroidal zone of our Solar
System and with the presence of crystalline silicate mate-
rial in comets. This shows the importance of radial mixing
for the composition of the dust material in this part of the
protoplanetary disc.

For comparison Fig. 6 shows the results for the anneal-
ing of enstatite grains. Enstatite is included in the com-
putations, but is not used for the model construction. Due
to their somewhat higher activation energy for annealing
the average degree of crystallinity of enstatite grains is
slightly lower than that of olivine grains, the differences
are, however, not really significant.

The present model calculation is based on the activa-
tion energy of annealing as determined for glassy forsterite
and enstatite by Fabian et al. (2000). The results of
Hallenbeck et al. (1998) and Hallenbeck et al. (2000)
based on a different starting material (smokes) indicate
quite a different behaviour during progressive crystalli-
sation by annealing. Especially their results point to a
higher annealing temperature of the amorphous smokes
than of glassy material. From Eq. (2) of Hallenbeck et al.
(2000) one calculates a characteristic annealing tempera-
ture of about 950 K where the time required to leave the
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Fig. 7. Equilibrium abundance of molecules from the H-O-
chemistry in the warm disc region. The step-like change of the
chemical composition is due to temperature plateaus related
to the disappearance of important absorbers (vapourisation of
solid iron and of corundum). Model with mass accretion rate
M =10"" Mg yr~'.

“stall phase” found in the experiments equals the typical
timescale of 10*yr for radial particle transport at 1 AU.
This extends the inner boundary of existence of amor-
phous dust somewhat inwards compared to the results
of the present model calculation for glassy material (by
about 20%), but does not significantly change the results
of the calculation.

6.3. Combustion of carbon grains

Figure 7 shows the variation of the abundance of free H
and O atoms and of molecules of the H-O-chemistry. Of
particular interest for carbon combustion is the OH abun-
dance since surface reactions of carbon grains with this
molecule are the key process for carbon dust destruction.
The abundance of this radical steeply increases with in-
creasing temperature and reaches a level sufficient for effi-
cient carbon oxidation at about 1100 K, corresponding to
a distance of 0.9 AU in our model. The step-like structure
of the radial variation of the molecular abundances results
from the temperature plateaus corresponding to the re-
gion where an important absorber disappears, in our case
to the disappearance of solid iron and of corundum.

For calculating the process of carbon dust combus-
tion and radial mixing, we divide the size interval be-
tween 5nm and 0.25 u as defined by the Mathis-Rumpl-
Nordsieck (MRN) size distribution into 22 logarithmically
equidistant size intervals. The initial values at the outer
disk boundary for the concentration ¢; of grains with radii
between r; and ;11 is defined by (22) using the Mathis-
Rumpl-Nordsieck (1977) size distribution. The grain size
region between 0.1 and 5nm, for which the MRN size
distribution assumes that no such grains are present, is
divided into seven additional size intervals for which we
assume the boundary condition ¢; = 0 at the outer disk
boundary.

Figure 8 shows the result for the radial variation of
the size distribution of carbon grains in the disc due to
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Fig. 8. Radial variation of the carbon grain size spectrum.
The initial size spectrum at large distances is the Mathis-
Rumpl-Nordsieck size distribution of interstellar grains. The
pronounced ridge in the size distribution at a grain size of
5nm results from the special form of the MRN size distribu-
tion. Carbon combustion at ~1 AU removes all carbon grains
from the dust mixture of the disc material. Radial mixing
of the outburnt disc material dilutes the carbon dust com-
ponent in the disc region between 1 and 10 AU and reduces
the abundance of carbon dust. Model with mass accretion rate
M =10"" Mg yr~'.

radial diffusion and combustion for the model with
M = 107" Mg yr~!. The carbon combustion reaction is
most efficient at about 1100 K where the carbon grains
rapidly lose all their material by surface reactions with
OH radicals. This burning temperature is solely de-
termined by the dissociation equilibrium of the water
molecules (cf. Fig. 7). Mixing of carbon free material from
the disc zone with T' > 1100 K into cool zones of the disc
reduces the abundance of dust grains in a wide region of
the disc. This is most clearly seen in Fig. 4 if one com-
pares the radial variation of f.,r with the run of the de-
gree of condensation of the other dust components. The
reduced carbon dust abundance in the region r < 10 AU
results in a considerable reduction of the contribution of
carbon dust to the opacity of the disc material. Without
consideration of the mixing process the carbon dust usu-
ally contributes roughly one half of the total opacity. If
mixing is considered, the contribution of carbon dust to
the opacity becomes negligible in the region r < 10 AU, cf.
Fig. 3.

The general shape of the size distribution of carbon
grains is not strongly affected by combustion and mixing
in the region between 1 < r < 10 AU, except for the general
reduction of the number density and grain size. In the cold
disc region we find that a small population of grains with
radii less than 5nm is build up due to mixing from the
warm zone. Such grains are absent from the MRN model
for the interstellar grain size distribution. However, their
number density remains small. The main effect of radial
mixing on the carbon dust component, especially in the
disc region between 1 and 10 AU, is the mixing of carbon-
dust-free material from the inner into the outer disc zones.
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Fig. 9. Characteristic timescales for radial diffusion for the disc
models with M =1075, 1077, 1078 Mg yr— .

6.4. Validity of the stationary model

The radial mixing of dust material is calculated for the
limiting case of a stationary accretion disc. In reality the
disc evolves through a sequence of quasi stationary states
within a region extending from roughly 0.5 to 20 AU, as
may be seen from the models of Ruden & Lin (1986). Close
to the star the assumption of a stationary disc breaks
down because of instabilities associated with FU Ori out-
bursts (cf. Hartmann & Kenyon 1996) and in any case
the physics of the disc is much more complicated in this
region than is considered in our model calculation (e.g.
Hartmann 1998). At large distances, r > 20 AU, the disc
never relaxes to a stationary state but slowly expands un-
der the action of viscous torques. The present calculation
can only be applied to that part of the disc which is in a
nearly stationary state, i.e. to the region r < 20 AU.

Characteristic diffusional timescales in this region de-
fined by the relation

r2

Tdiff = D

are shown in Fig. 9. They are identical with the character-
istic timescales for disc evolution. Since we are interested
in an early evolutionary state of the disc prior to forma-
tion of planetary bodies, we consider disc ages less than
about 10° years. An inspection of Fig. 9 shows that within
this period material from the warm central part of the disc
(r £1AU) can be mixed outwards to roughly 10...20 AU.
This is approximately the region within which quasi sta-
tionary disc models can be applied. Our results for the
mixing of disc material by diffusion processes are expected,
thus, to be applicable within this region (this is confirmed
also by time dependent models, Wehrstedt & Gail, to be
published). Beyond this region the results of the present
calculation are invalid because (i) in that region the disc is
non-stationary and (ii) mixing beyond ~20 AU is limited

(69)
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by the slowness of the diffusion process, which is too slow
to transport within the first million years of disc evolu-
tion significant amounts of material from the hot part of
the disc into the outermost disc regions beyond ~20 AU
according to this model.

In the present model calculation a value of Sc¢ =1 is
used for the Schmidt number. The Schmidt number relates
the transport coefficients of momentum and viscosity in a
turbulent flow according to (2). Laboratory results for this
quantity yield values somewhat less than unity, typically
of the order of 0.7 (e.g. Launder 1976; McComb 1990).
We have chosen to use a value Sc = 1 in our calculation
in order to be sure that we do not overestimate the rate
of diffusional mixing. The results obtained in the present
model calculation for radial mixing in the disc hence can
be considered to represent a lower limit to the real extent
of radial mixing taking place in a protoplanetary disc.

7. Disc spectrum

As an illustration of the consequences of mixing crystalline
dust material into the outer disc region we have performed
a preliminary model calculation for the infrared disc spec-
trum. We follow the usual concepts of LTE stellar atmo-
sphere calculations and proceed as follows:

1) We calculate the vertical pressure stratification P(z)
in the upper layers of the disc between the optical depth
7 =107% and 7 = 10. This refers to the outer disc atmo-
sphere where the observable disc spectrum is formed. This
layer is only a small part of the total vertical extension of
the disc, except in the outermost parts of the disc at large
distances from the star (cf. Fig. 2).

The hydrostatic pressure equation

dp GM,z

L= Tz a2’ (70)
z (r + z )2

is integrated simultaneously with

dr

- —_ 71

L= ke (71)

subject to the boundary conditions

p=0,7=0 forz— oo, (72)

and

T=Tg at z=nh (73)

with h given by (41). The temperature structure 7'(7) in
the outer disc layer is calculated from the condition of
flux constancy within the disc atmosphere (see below) and
is considered to be a given quantity for this part of the
calculation.

The opacity is calculated for a mixture of dust grains
consisting of crystalline and amorphous olivine, carbon,
iron, and corundum. At low temperatures below the
vapourisation limit of water ice a coating of grains with
water ice is considered.

Because the temperature decreases throughout the
disc in the vertical direction the composition of the disc
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material varies in the vertical direction. In the innermost
disc zone iron and the silicates are vapourised at the disc’s
midplane at r < 0.2 AU and corundum at r < 0.1 AU, but
they exist as condensed solids in the disc atmosphere be-
cause T exceeds the vapourisation temperature of the
silicates only for r < 0.8 AU. Water ice exist in the region
0.9 <r <3AU only in the disc atmosphere, but not at
the disc’s midplane. In some regions of the disc the con-
vection currents, thus, carry material back and forth be-
tween warm and cold zones where part of the disc material
is condensed or vapourised, respectively. It is assumed that
vapourisation and recondensation of solids and ice occurs
rapid enough compared to the timescales of convective
transport that at each instant the degree of condensation
of the condensible material corresponds to the degree of
condensation in thermodynamic equilibrium.

With respect to carbon grains it is assumed that their
size distribution is vertically constant. The change of the
abundance of solid carbon grains by oxidation occurs close
to the midplane, provided the midplane temperature is
sufficiently high for this process to occur. The high ef-
ficiency of vertical mixing as compared to radial mixing
and drift then establishes a carbon size distribution which
is independent of the height z over the midplane. For the
same reason we assume the degree of crystallinity of the
silicates to be constant in the vertical direction.

Equations (70) and (71) are integrated simultaneously
with the calculation of the equation of state, which also
yields the vertical distributions of the equilibrium abun-
dances of the minerals and water ice, which are required
for calculating the dust opacity. The degree of crystallinity
of the silicate dust material and the size distribution of the
carbon grains are taken from the radial one zone model.

2) The radiative transfer equation is solved by the
method of Feautrier (cf. Mihalas 1978). Scattering is in-
cluded with the assumption of isotropic scattering. No il-
lumination by the central star is considered, however, we
do consider illumination by a 20 K warm outer molecular
cloud.

The temperature structure is determined iteratively
from the conditions of flux constancy and radiative equi-
librium. Convective energy transport is neglected, because
this energy transport mode is inefficient at the low tem-
peratures within the disc atmosphere. The assumption of
flux constancy requires that the viscous energy dissipa-
tion in the disc is concentrated in deeper layers of the disc
and any contribution to the energy production from dis-
sipation within the atmospheric region is negligible. This
is satisfied for most parts of the disc except for r 2 50 AU
where the optical depth of the disc becomes low. The tem-
perature distribution 7'(7) is then used to recalculate the
vertical structure of the disc atmosphere.

The complete model is iterated by a fixed point itera-
tion method only to an accuracy of typically 1.5%, because
convergence becomes slow when the zone of disappearance
by vapourisation of an important absorber, ice or silicates
for instance, falls into the photosphere. The reason for this
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Fig. 10. Local spectra at a sequence of
radii between 0.1 and 100 AU in loga-
rithmically equidistant steps. The up-
permost spectrum corresponds to the
innermost radius, the lowest spectrum
to the outermost radius. Clearly vis-
ible are the silicate absorption bands
in the wavelength region between 8 pm
and 40 pm and the ice features at ~3
and ~6 pum. The close spacing of the
spectra at the right lower corner of
the picture results from the nearly con-
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is that small temperature changes then result in consider-
able opacity changes.

The local spectral energy distributions emerging from
the disc surface are determined for a set of radial grid
points for the model with an accretion rate of M =
1077 M@ yr’l .

Figure 10 shows the local disc spectra for a series of ra-
dial gridpoints between 0.1 and 100 AU. One clearly recog-
nises the solid state absorption bands from silicate dust
in the spectra. Besides the two broad absorption bands
at 9.7um and 18 um due to amorphous olivine, a lot of
distinct and much smaller extinction features due to crys-
talline olivine dust superposed on the broad features of the
amorphous olivine are clearly visible and additional fea-
tures are seen in the 30...50 ym spectral region. A clearly
visible feature around 27 p is due to amorphous corun-
dum. Other features of corundum are present but cannot
be seen so clearly.

The features due to crystalline silicate dust are essen-
tially limited to local disk spectra from the disc region be-
tween 1 and 10 AU where crystalline silicate dust grains
either dominate or form a significant fraction of all silicate
dust grains. Farther out the extinction bands of crystalline
grains rapidly disappear since mixing does not carry much
crystalline material beyond ~10 AU during the first mil-
lion years. Inside 1 AU the crystalline silicate features also

stant disc temperature in the outer re-
gions. Model with mass accretion rate
M =10""Mgyr.

Afpm]

Fig. 11. Averaged disc spectrum for face-on view. Dashed line:
disc spectrum. Dotted line: stellar black-body spectrum. Full
line: combined spectrum. Note the spectral features due to
crystalline silicate grains within the 9.7 ym and 18 pm absorp-
tion bands of the amorphous silicates and the features due to
crystalline grains in the 30 to 50 um spectral region. Model

with mass accretion rate M = 10~7 M, yrt

disappear gradually with decreasing distance to the star.
In this region the existence of silicate dust is confined to
the disc atmosphere, because the disc becomes hot enough
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to vapourise silicates throughout most of the vertical disc
extension (cf. Gail 2001).

The corundum feature at 27 um is strong in the region
within 7 < 1 AU because corundum exists throughout this
part of the disc even at the discs midplane, cf. Fig. 4, and
is for r < 0.2 AU the sole solid state absorber, except in
the outer layers of the disc atmosphere where additionally
iron and silicates exist.

Some absorption features due to ice, especially the two
at &3 pum and =6 pm are visible in the spectra from the
outer disc region. Ice exists throughout the vertical ex-
tension of the disc for 72 5 AU and in the outer layers of
the disc atmosphere down to r ~ 0.9 AU. For this rea-
son the ice features are strong in disk spectra emerging
at radii 7> 5 AU and rapidly disappear with decreasing
distance from the star and are absent from the spectra for
r <1AU.

The strong concentration of the spectra in Fig. 10 for
large distances results from the assumption that there is
incoming radiation from a surrounding dust cloud with a
temperature of 20 K.

Figure 11 shows the integrated disc spectrum for a
face-on view of the disc for the set of local spectral en-
ergy distributions shown in Fig. 10. The features of the
crystalline silicate grains are also clearly visible in the in-
tegrated spectrum, however the strong ice features from
the outer parts of the disc cannot be seen because this
part of the integrated spectrum is completely determined
by radiation from the warm inner disc. Figure 11 clearly
demonstrates that the crystalline dust formed by anneal-
ing at ~800K and being diffusively mixed outwards by
turbulent mixing can well explain the existence of crys-
talline dust features seen in the ISO spectra of some pro-
tostellar accretion discs, see e.g. the spectra presented by
van den Ancker (2000) and Bouwman et al. (2000).

8. Concluding remarks

We have considered the radial mixing of disc matter
by turbulent diffusion in protoplanetary accretion discs.
Particular emphasis was laid on two processes where it is
expected, and the model calculation confirms this, that
mixing of hot processed dust material into the cold outer
disc zones strongly modifies the opacity of the disc mate-
rial and the disc properties.

The first is destruction of the carbon dust component
by oxidation, where mixing of the resulting carbon free
matter into outer disc regions reduces the opacity. This
process has further implications because the gaseous burn-
ing products undergo further chemical reactions in the
gas phase and the resulting mixture of hydrocarbons (see
Finocchi et al. 1997) and CO is mixed into outer disc re-
gions. This aspect of the problem is not discussed in this
paper since the modification of the gas phase composi-
tion does not imply any modification of the disc structure.
The gas phase chemistry including radial mixing will be
discussed elsewhere.
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The second process treated in this paper is annealing
of amorphous silicate grains, which also strongly modifies
the disc properties because of the very different extinc-
tion properties of amorphous and crystalline grains. The
mixing of the crystallised material into outer disc regions
has not only strong implications for the disc structure but
has also observational consequences for the composition of
primitive meteorites and the dust component in cometary
material, where it is observed that hot processed material
is present despite that the parent bodies of meteorites and
comets are formed in disc regions which are much too cold
for annealing,.

It would be premature, however, to try to compare the
results of the present calculation directly to observations,
because of two shortcomings of the present models.

First, we have calculated radial mixing for a station-
ary disc model. The diffusional mixing is, however, an
intrinsically time dependent process and the extent to
which material from the inner disc region is transported
into outer regions depends on the time elapsed since disc
formation. This holds especially for disc regions beyond
~10 AU which can only be enriched with hot processed
material after long periods of time. Preliminary results of
time dependent model calculations for the interplay be-
tween disc evolution, annealing and carbon combustion
show that the radial abundance profiles of crystalline ma-
terial in the disc region r < 10 AU after 10° years of disc
evolution are similar to the results for stationary discs,
but are quite different in the outer disc region.

Second the present model calculation includes only two
basic processes for dust destruction and dust metamor-
phosis, which we believe to be the two most important
ones, and a rudimentary set of dust components. The
real dust mix entering from the parent molecular cloud is
much more complex; a possible composition is described
in Pollack et al. (1994). Also the real dust mixture ex-
isting in the warm disc parts where the composition has
adapted to the chemical equilibrium composition is more
complicated than is considered in the present model cal-
culation. A quantitative comparison needs to include pro-
cesses as described for instance in Fegley (2000) and some
additional ones in order to determine how the pristine
dust mixture from the molecular cloud is converted into a
chemical equilibrium mixture in the inner disc region and
how the products of this dust metamorphosis are mixed
outwards.

Despite of the strong simplifications of the present
model calculation the results show clearly (i) that model
constructions for protoplanetary discs require the inclu-
sion of dust destruction and modification processes and of
radial mixing in order to determine correctly the opacities
required for the model construction and (ii) that mixing
processes are important and may explain the presence of
crystalline dust grains in primitive meteorites and comets.
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