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Radial mixing in protoplanetary accretion disks

V. Models with different element mixtures
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Abstract. Protoplanetary disks as birth places of planets as well as of their host starsfier@ntielement mixtures owing to

the diferent chemical compositions of the environments where they are born. The chemical compégitisntize structure

and evolution of the disks, particularly the composition and abundance of the dust. In this work we perform one-zone model
calculations of vertically selfgravitating protoplanetary accretion disks witlBtheescription for the viscosity with ffierent

element mixtures. The models consider the chemical equilibrium condensation of the most important dust species in the disk as
well as annealing of interstellar silicate dust and combustion of carbon dust. Also a new inner boundary condition is introduced
which avoids the unphysical decline of the surface dernsitf the frequently adopted no-torquE & 0) condition. The

main result of the model calculations is that with decreasing metallicity the disks become less opaque and hence colder as a
consequence of the reduced dust-to-gas ratio. Further we give a rough estimate for the critical value of the metallicity below
which the formation of terrestrial planets is inhibited.
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1. Introduction With respect to the terrestrial planets it is unclear up to now

. . how their formation is influenced by the metallicity and the
The evolution of stars is well known to be strongly depende y y

. ) Ltails of the element mixture.
on the element mixture, particularly on the value of the metal-

- . 2 . In this work we calculate models of vertically selfgravitat-
licity [Fe/H]. The influence of variation of the element mixture ! . : .
on the evolution of protoplanetary disks, however, has not belgﬂ protoplanetary accretigitdisks in the one-zone approxi-
. protop y ' - mation with diferent element mixtures. Particularly we inves-
considered so far. On one hand, the element mixture should af- e .
o L ) tigate the modification of the structure and evolution of the
fect the composition of the dust which is the main absorber ifi e .
isks as well as the modification of the composition of the

protoplanetary disks, and therefore should have an impact on .. . : ; - )
the radiative transfer and the hydrodynamic evolution of tﬁ%"St In the disk with decreasing metallicity. The one zone disk

disk. On the other hand, the process of formation of large modelis valid in the early phase of disk evolution, within which

dies in protoplanetary disks, i.e. comets, asteroids and plan rsge bodies have not yet formed which open gaps in the disk,

. The condensation and vaporization of the most important dust
should depend on the dust-to-gas ratio, hence on the abundance. = . AL : i _

. Spécies in chemical equilibrium with the gas phase in the inner,
of the dust forming elements.

N L . chemical active disk region is considered. Annealing of silicate
By means of a statistical investigation of the hitherto de- ¢ g

) rains, combustion of carbon grains and radial mixing of either
:ﬁciet?] exoplabn ets,fln a rte cent work ISant:)s det al. (2003)'tshh stalline silicate and carbon grains are taken into considera-
at the number of giant gaseous planets decreases With i o< Gail (2001) and Wehrstedt & Gail (2002) have shown
creasing metallicity of their host stars. Santos et al. (2003) ¢

_ . Pat these processes are important for the thermal structure of
clude that the dominant process of formation of gaseous plal;}gil

. . S toplanetary disks. Also vertical selfgravitation of the disk
is core accretion (Pollack et al. 1996) rather than gravitatio gf?ncluded in the model calculations. Furthermore we apply

instability (Boss 2000) since the mass of the solid core is re-

. . - new type of inner boundary condition in the model calcu-
duced with decreasing metallicity and therefore gas accretllgﬁon that we call the “quasistationary” boundary condition.
onto the core is inhibited below a critical value of [[F§. The

; . _;I'his avoids the unphysical decline of the surface densidpd
u)ﬁrealistically low temperatures in the innermost disk regions

massive disks. Which result from the usually adopted no-torqie< 0) con-

dition.
Send gprint requests toM. Wehrstedt, The present work is a further contribution within this series
e-mail:mwehrste@ita.uni-heidelberg.de which examines the structure and evolution of protoplanetary
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disks with particular emphasis on the composition of the dushereKy(Y) is the mass action constant of molec¥land px
which, amongst other processes, is strondflgced by mixing the partial pressure of free atoms of elem¥nPy andpy are
processes within the disk. Gail (2001; henceforth Paper I) peelculated by Egs. (54) and (55) of Paper I. The factars
formed calculations of stationary disk models including radiake calculated by taking into account all abundant gas phase
mixing. These models have been extended to time dependsgecies in which the elemeXtis bound. For Si and Mg one has
disk models with radial mixing by Wehrstedt & Gail (2002; _
henceforth Paper II). Gail (2002; henceforth Paper I1l) inve&si = 1+ PoKp(SIiO), )
tigated the composition and mixing of the products of carbgfthe small fraction of SiS which exists in chemical equilibrium
combustion, such as methane. Finally, Gail (2003; hencefofgheglected, and
Paper 1V) in detail calculates the composition of the silicate
dust complex. The aim of this series is to determine the copfmg = 1 (6)
p_o_smon of planetary s_ystem k_)odl_es, in particular the COMPGHce Mg does not form abundant molecular species at elevated
Zg;g?o?ésthaen?gs;pert':tme bodies in our own solar system, ttggmperatures where Mg is not completely bound in solids.
The paper is orgaﬁized as follows: in Sect. 2 the treatme _For_determin_ing the_ mole fractiqns of th? solids in a gas-
of equilibrium condensation of thefw}ent dusi species Con_s%thd mixture th§|r_ gctlwty is the grumal quantlty_(e.g. Phllpot_ts
. : ) ) i 1990). The activities of forsterite and enstatite in the mix-
sidered in the model calculations is presented. Section 3 shqws

how radial mixing is included in the model calculations. The set - & ¢

of equations for the radial disk structure is presented in Sectafy, = psipg, Phe /T, 7
Section 5 describes the numerical treatment of the model. The

results are shown and discussed in Sect. 6. We summarizedhig= psipwgpse “C"SRT, (8)

results in Sect. 7 and make our final conclusions in Sect. 8. _
whereR is the gas constant, the temperature antiG(Z) the

free enthalpy of formation of soli@ from free atoms. The
values ofK(Y) andAG(Z) are calculated by using data from
2.1. Forsterite and enstatite Sharp & Huebner (1990). In chemical equilibrium of a salid
with the gas phase the conditiap = 1 has to be satisfied. By
In Papers | and Il forsterite (M&iOs) has been assumed to beneans of this condition the partial pressupgsand pyg are
the only silicate compound in the dust mixture. Here we eX%pecified by Egs. (7) and (8) whil®, is determined by Eq. (3).
tend the chemistry of our model and include the condensation wjth given pg; and pwg We calculate the degrees of con-

2. Condensation of dust species

condensation of forsterite ilj chemical equilibrium. ~ the two stoichiometric conditions
The method of calculating the degrees of condensation of
Si into forsterite and enstatitéo, and fens is as follows: (1 = fror — fend €siPH = XsiPsi, ()]
First the abundances of C and O in the gas phase are calcu-
lated from emgPH — (2ftor + feng €siPH = Xmg Pmg- (10)
ec.gas= €c (1 — fear), (1) Equations (9) and (10) are the conditions of element conserva-

tion for Si and Mg, respectively. Since forsterite is more stable
than enstatite under the conditions of protoplanetary disks there
exists a temperature region where forsterite exists, but no en-

ex is the abundance of elemeXit .. and feor are the degrees Statite. This shows up in the solution of Egs. (9) and (10) by a
of condensation of carbon into solid carbon grains and of aliegativefens Thus we have to check whethips < 0.

minum into corundum (AIO3), respectively, wherdc,, is cal- If this is not the case, Egs. (9) and (10) yield the correct
culated according to Eq. (35) of Paper Il. It is assumed thgdlues forfrr and fens

all the carbon in the gas phase is locked into CO, though there If this is true, however, we have to recalculgig, pwg
might exist a significant fraction of CHand CQ in disks at @nd fror from Egs. (7), (9) and (10) by lettingens = 0 and
intermediate distance from the protostar (Finocchi et al. 19Fqr = 1, i.e. we have

3
€0,gas = €0 — €Cgas— (4ftor + 3feng €5 — EEAI feor. (2)

Paper III). @AG(for)/RT
Next the partial pressure of free oxygen atquass Psi = W, (11)
Mg PO
XoPo = fO,gasPH- (3
_1_ XsiPsi (12)
Py is the fictitious pressure of H nuclei if all H is present aéf" - esiPy’
free neutral atoms in the gas phase, agds given by
Pmg = (EMg - 2fforESi) Ph. (13)

Xo = 1+ pu [Kp(OH) + prKp(H20)|
. . Equations (11)—(13) yield a cubic equation fiy which is
+ PsiKy(SI0)+ par [ pr (Kp(AIOH) ) solved with the Newton-Raphson method up to an accuracy
+ PoKp(AIOZH)) + paKp(AI20))|, of 1079 for pyq.
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If the solution in this case yield&, < 0, then silicates do 3. Radial mixing
not exist at all fens = fror = 0) and all Si and Mg is present as . ..
gas phase species only, in which case we have: 3.1. Annealing of silicate

In Papers | and Il we showed that thermal annealing of amor-

Psi = ES‘PH, (14) phous silicates and radial mixing are important processes in
Xsi protoplanetary disks. On one handfdsive mixing of annealed
P silicates to the outer parts of protoplanetary disks is a natural
EMgFH

= . (15) explanation of the considerable abundance of crystalline sili-
XMg cate in comets (e.g. Hanner et al. 1994; Wooden et al. 1999,
~ 2000; Harker et al. 2002). On the other hand the radial struc-
In case ofesi > emg (non-solar abundances), and fensagain e of the disk is modified by annealing of silicates due to
are calculated from Egs. (9) and (10), but then one has to ch@gk an order of magnitude lower opacity of crystalline silicates
if fror < 0. If this is the case it followsir = 0 and all silicon  compared to amorphous silicates.

is bound in enstatite, and the excess of Si over Mg is bound in \we consider annealing of forsterite as well as of enstatite

quartz. in our model calculation. The method is described in Paper .
For the activation energi, for rearrangement processes in
2.2 Corundum the lattice in the annealing process we choose the values of

Fabian et al. (2000)Es/ks = 39100K for forsterite and
We calculate the degree of condensation of corundipand E,/ks = 42 040K for enstatite, respectively.
the partial pressure of free Al atonsy, from the set of equa-

tions (cf. Egs. (63) and (64) of Paper I) 3.2 Carbon combustion

Xa = 1+ pr[Kp(AH) + po (Kp(AIOH) In protoplanetary disks solid carbon is destroyed by surface re-
+ DaKA(AIO-H))] + 2 Ko(Al,0), 16) action with OH molecules (Duschl et al. 1996; Finocchi et al.
Polp(AIO: ))] Pai POl (A120) (16) 1997). This is because combustion of carbon commences at
(1 - feor) €a1PH = Xai Pals (17) lowertemperaturesin protoplanetary disks as compared to ther-
mal evaporation. Hence, with increasing temperature carbon
Beor = pi | p(s) @ AG(cor)/RT (18) grainsare completely burnt by reaction with OH before thermal

evaporation starts to operate. The carbon combustion is calcu-
lated as in Paper Il. Note that methane and further aliphatic
hydrocarbons are formed due to reactions with the products of
the carbon combustion (Finocchi et al. 1997; Paper Ill). By ra-
2.3. Solution of the equations of dust condensation dial mixing these products are transported outwards within the

tﬁolar nebula to the location of the formation of comets. Hence

52ug;c;nsf(ic));gjgsi?;ne a} nogr-llénfear ;ﬁ;?;:qua?:gr Srl;og_ C&rbon combustion combined with radial mixing may explain
9 Br Tens cor: P b the large abundance of methane in comets (cf. Paper Il1).

sures of the free atoms of the elements. They are solved by a
fixpoint iteration with an accuracy of 18

with the conditiona.,, = 1 for chemical equilibrium.

3.3. The set of diffusion-transport-reaction equations

2.4. Other dust species As described in detail in Paper Il we solve a set dgfugiion-

. . ) L transport-reaction equations (e.g. Hirschfelder et al. 1964)
Besides forsterite, enstatite and corundum also solid iron, solid
) acij 190 ; dCj Ci1j G

carbon, and water ice mantles around dust cores are consideted | ) = = —rnDgg—=
in the model calculation since these species also are importaf ar rmor o TiLij  Tii+l
absorbers in protoplanetary disks. r is the radial distance from the protostarithe radial com-
Iron and water ice are assumed to evapgcatedense ponent of the velocity of a tracem, the total particle density,
in chemical equilibrium like forsterite, enstatite and corurandDgg the binary dffusion codicient of a dust tracer of low
dum while solid carbon combusts by surface reactions wigtarticle density in the carrier gas, respectively. The binary dif-
OH molecules. The treatment of solid iron, water ice and solfdsion codficient is set to be equal to the viscosiyg = v (for
carbon in the model calculation is described in Papers | anddltails see Paper 1), i.e. the motion of tracers (micron-sized dust
Astronomical silicates contain besides Mg also a certagmnains) is assumed to be strongly coupled to the gas flow.
fraction of Fe, i.e. they have compositions Mgex1-x SiOs Equation (19) describes the time-dependent evolution of
(olivine) and MgFe;_,SiOs (pyroxene) with 0< x < 1. The the concentratiow; ; of a specieg which occurs in dierent
consideration of these solid solutions will be the subject of fuodificationd within the flow of the disk. The flow is assumed
ture investigations. Also quartz, considered by Pollack et &b be a superposition of an advective part which reflects the ac-
(1994) as a possible mayor dust component in accretion dis&gtion flow of the disk, and of a turbulent component which
is not considered in this work since the existence of this coriecally acts by difusional mixing which tends to smooth out
ponent is questionable (but see Honda 2003). any spatial gradient of the concentratigp

(19)
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The species (index) considered in the present workselfgravity of the disk in our model. Then, the equation for the
are solid carbon, forsterite and enstatite, respectively. Carbamtical pressure gradient reads
grains are assumed to be present in a size spectrostween 1dP GM
a; = 0.25um anday = 0.001um,i = 1...N. Forsterite and —— = - 3*
: . . . p dz r
enstatite grains occur in a sequence @iedlent degrees of crys-
tallizationXjcry = 0...1 wherei = 1... M. whereo = j;opdz. The first and the second term on the r.h.s.

The dust species are subject of (i) combustion of the carb@®hEd. (20) are the vertical components of the gravitational ac-
grains, i.e. the size of the grains decreases, and (i) of ann&&gleration vector of the star and the disk (Paxsty1978), re-
ing of the silicate grains, i.e. the degrees of crystallinity of tHgPectively. By assuming vertical isothermicity Eq. (20) is eas-
silicate grains increases. In either case the reactions are ilfiintegrated. The solution yields a quadratic expression for the
directionally. The atomic carbon released into the gas ph&s@le height of the disk which we define as the height where the
is locked up by CO, and will not form solid carbon agairRressure is reduced tq 3/e of the midplane value. The posi-
Silicates can not become less crystallized since there existdiM solution of this quadratic equation is given by Eq. (25). In
process in the disk which could do this. The only likely proce$&se of negligible selfgravity of the disk, i.e. if the second term
for this would be irradiation with energetic (several keV) iong8n the r.h.s. of Eq. (20) vanishes, Eq. (25) reducés to cs/Q
(Demyk et al. 2001) which do not exist in protoplanetary diskéhich is the well-known expression for the scale height in a
Thus carbon grains only can shrink in size until they disappe@n-selfgravitating disk, as used in Papers | and I1.
and silicate grains only can get more crystallized until their de-
gree of c_wstallinity i§ unity. The characteristic timescales of 5 Viscosity prescription
the considered reactions;,1,; (last two terms on the r.h.s. of
Eq. (19)) are given in Paper Il As selfgravity is introduced in our model theprescription for

The size grid of carbon grains in our computation is spacgzle VISC]?SItt);]_(Papt?qut I. and I.I) no Ifotnhgezj_cin bhe apﬁ'}'e% Tkr}e
logarithmically equidistant, getting more dense to smaller radffason 'or this 1s that in regions 0, € disk where the disk's
of the carbon grains, with = 31 grid points, chosen as inselfgrawty dominates over the star’s gravity the disk becomes

- o dially isothermal (Duschl et al. 2000). Since this is unphys-
Paper Il. For the degree of crystallinity of silicates we choolgcga”y we introduce the-prescription of the viscosity (Duschl

an equidistant grid wittM = 3 which is more coarse as com- . i
_ . . tal. 2000; Hue'et al. 2001) in Eq. (23). In case of thensatz
pared to Paper IIN = 11). We found that this coarser grid doe e viscosity decouples from the thermodynamics of the disk,

not influence the results of our model calculations. Hence, sI-d an unohvsical radial isothermicity of the disk is avoided
icates (forsterite and enstatite) in our model calculationsoc@ﬂ unphysical radial IS rmicity ISK IS avolded.

. . or details of thegg-viscosity, see Duschl et al. (2000) and dur”
as completely amorphous, partially crystalline y = 0.5) T : :
and completely crystalline grains. etal. (2001). Note tha essentially is the reciprocal of the crit-

i ) ical Reynolds number of the flow.
The numerical treatment of the set of Eqgs. (19) is fully

implicit, as described in Paper .

z-4nGo, (20)

4.3. Disk equations

The set of equations for the calculation of the radial disk struc-
o ture of selfgravitating-disks in the one-zone approximation is
4. Radial disk structure (cf. Paper Il for non-selfgravitating-disks):
1) Time evolution of the surface density:

ox 390 0
Observations reveal that protoplanetary disks in classical FE‘/FEVZ Vr. (21)

T Tauri systems have masses up to a few tenths of the cenfigkeplerian angular velocity:
star (see e.g. the review of Natta 1999). Duschl et al. (2000)

show for disks with masses larger thad/100M., the self- | [GM.

gravity of the disk to become important for the disk structure. ~ 3

If the disk mass is not too large (smaller thahM.,) the verti- 3) Viscosity:

cal component of the gravitational field of the disk at the disk’s

surface well approximates the actual gravitational field of the= 8 r’Q. (23)
disk. As in terms of Duschl et al. (2000) we call the disk in thii
case to be “vertical selfgravitating”, or “Keplerian selfgravitat-

ing”, since the orbital (Keplerian) motion close to the midplane ke Te
pumy

4.1. Selfgravitation of the disk

(22)

) Isothermal sound speed:

of the geometrically thin disk is not influenced by the gravies = (24)
tational potential of the disk. Disks with masses abetéM,
are “fully selfgravitating”, i.e. the Poisson equation for the stas) Pressure scale height:

disk system has to be solved.
cQ \
1+( ° )—1}. (25)

Consequently, since we like to model disks with massgs _ 2nGE
up to a few tenths of the stellar mass, we introduce vertical Q2 2rGL
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6) Mean vertical mass density: for solar system abundances. There the degrees of conden-
sation of the key dust forming element into the condengate

Pm = = (26) i.e. Sifor the silicates, C for solid carbon, Fe for solid iron and
2hs Al for corundum, respectively. Finallyx is the ratio of the
7) Mean molecular weight: abundancey of elementX relative to the solar abundance of
this elementex o, i.€.
,OkaTc
M= : (27) €x
My (PH + PH, + PHe) ix = . (36)
X0

8) Rosseland and Planck mean of the mass extinction | ] ] ]
We include the relative abundancgsin the calculation of the

codficient:
opacity since one purpose of the present paper is to calculate
kr/p = kr/p(om, Tc)- (28) models of protoplanetary disks withftérent metallicities. In
] ] Eq. (35) the opacity of each absorheis multiplied byx of
9) Rosseland and Planck vertical optical depth: the key dust forming element of the absorber, as in the case of
1 the f;, since the opacity of a dust species is proportional to
TR/P = 5 ZKR/P- (29) the element abundance of the least abundant element required
i o for its formation (the key element).
10) Viscous dissipation rate: The degree of condensation of carbigg is determined by
, 9, the solution of the set of ffusion-transport-reaction Egs. (19)
E, = gQ5L. (30)  for carbon combustion (see Eq. (35) of Paper Il).
) . The Rosseland mean opacity of the gas component is cal-
11) Effective temperature of the disk surface: culated by
oT4 = (1 + 4—;3) E, +0Tduqe (31) Kgas= KH.H, + {0 [KoH + Kh,0] + {ckeo, (37)

whereku n,, koH, kn,0 andkco are the Rosseland mean opaci-
ties of hydrogen (atomic and molecular), OH molecules, water
3 1). vapour and carbon monoxide, respectivélyis, again, the rel-
0T = (ZTR + F) E + O'Tfmud- (32) ative abundance of elemexXitompared to the solar abundance.
P Thex; of the gas compounds are calculated from an approxima-
) tion of Keeley (1979) with the corrections by Marigo (2002).
4.4. Opacity We ignore the contributions of electrons and ions to the opacity

The Rosseland mean of the opacity of the silicates is cal@p the disks in our model do not become hotter thaf00 K
at the inner boundary.

12) Temperature at the midplane:

lated by - - ]
The particle densities of the molecular compounds which
krfor = feryforkriforery + (1 = Teryfor) kR siLams (33) are needed for the calculation of the opacity according to the fit
formula of Keeley (1979) are derived under the assumption of
krens= feryensrenscry + (1 = feryengdkR sitam. (34) thermodynamical equilibrium by using thermodynamical data

_of Sharp & Huebner (1990). Dissociation o} k$ included in
Here kriorcry, KrRenscry @Nd krsilam are the Rosseland opacithe chemical model.

ties of crystalline forsterite, crystalline enstatite and amorphous Finally, the Rosseland mean of the opacity of the disk
silicate, respectively, each calculated for solar system abuiyterial is calculated by
dances. No dierence is made between amorphous forsterite

and amorphous enstatite since in the outer parts of the disk= ficelokrice + (1 — fice)kr dust+ (1 = feor)kgas (38)
the solid component of the disk material is present as unequili- _ .
brated ISM dust (Paper IV). Here fice and«gce are the degree of condensation of ice and

foryfor aNdfery.ensare the degrees of crystallinity of forsteritethe Rosseland mean opacity of ice coated grains, respectively,

and enstatite, respectively. They are derived from the solutiyi§ich are calculated as in Paper Il. The terms in brackets in

of the set of difusion-transport-reaction Egs. (19) for silicatéd- (38) serve for a smooth transition between the opacity of
annealing (see Eq. (37) of Paper II). ice coated and bare grains as well as for a smooth transition be-

The Rosseland mean of the dust mixture is appro)&/_\/eenthe opacity of corundum dust and the opacity of the dust
mated by the sum of the contributions of the individual duf{e€ region. We note that the method for calculating the opac-
components ity (sum of the individual absorbers) is exact only in case of a

’ grey atmosphere or in temperature regions where one absorber
krdust = {si(frorkrfor + fensrensd + {c fearkr car strongly dominates the opacity.
(35) Disks of low metallicity (small values ofx) clearly have
a lower opacity of the disk material. Thus, in disks of low
Krcan kRjro @ndkrcor denote the Rosseland opacities of solithetallicity as compared to disks of solar metallicity, the re-

carbon, solid iron and corundum, respectively, each calculagidns where the vertical optical depth is smaller than unity are

+{refirokRriiro + ¢al feorkRr cor-
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not limited to the outermost disk regions, as for solar metal- The collision time scale for grain-grain collisions is
licity, but will extend much farther inwards. This requires to
use in such regions the Planck mean opacities of the ingig =
vidual absorberg, «pj. The total Planck mean opaciky of

the dust mixture is calculated in the same way as the tojghereny is the grain particle density, is the relative veloc-
Rosseland mean opaciky in Egs. (33)—(38). From the totaljty petween grains, anet the collision cross section. Typically
Rosseland and _Planck_mean opacitigs we derive Rosseland gne has about 182 ISM grains per hydrogen nucleus, a num-
and Planck vertical optical depths from Egs. (29). ber density of hydrogeny = 10%cm3 at 1 AU, and collision

The equations for the temperature at the disk surfage cross sections of 8 10-1%cn?. For micron-sized particles the
and at the disk midplang. of Paper Il are replaced by there|ative velocities of particles are determined by Brownian mo-
equations forTer and Tc of Nakamoto & Nakagawa (1994)tions which are of the order of Deny's (e.g. Weidenschilling
(Egs. (31) and (32), respectively) in order to consider cqg: Cuzzi 1993). The typical period of time after which coagu-
rectly also optically thin disk regions. The factors in bracketgtion of dust grains becomes important for the opacity of the
in Egs. (31) and (32) serve for a smooth transition between iigst-gas mixture is of the order 06&10° yr. For lower metal-
optically thick and optically thin parts of the disk. In the optiticities this time limit roughly scales agZ. Thus, coagulation
cal thick case the vertical temperature stratification essentighynot important for the opacity calculation except for the very
is an atmosphere in the Eddington approximation. last phases of our solar metallicity model (see Sect. 5.3).

By using Mie theory and assuming MRN size distribu-
tions (Mathis et al. 1977) we calculateg and from this
Rosseland and Planck mean opaciiigsj of the individual
dust specieg. Optical data.for amorphous silicatg anq .soli@_l_ Initial and boundary conditions
carbon are taken from Draine (1985), for crystalline silicates
from the database of the Astrophysical Institut of the Universityne initial condition essential is chosen as in Paper Il by nu-
of Jend, for solid iron from Lide (1995) and for corundummerically calculating a stationary model (i&/dt = 0 in
from Koike et al. (1995), respectively. For calculational puEd. (21) andic j/dt = 0in Eq. (19)) to get an initial radial dis-
posesr and«p for each dust component are approximated tjg,ibution of the surface densiy and of the concentrations of
analytical fit formulas. carbon grains of dierent sizec; ca. The initial concentrations

In case of ice coated grains we apply the simpfede- Of forsterite and enstatite grains offidirent degrees of crys-
pendence of the Rosseland mean opacity of Bell & Lin (1998llinity Cisor andciensare chosen such that the silicate grains
and calculate the Planck mean opacity by usipge/krice = &€ completely amorphous at the beginning of the integration,
2.39 for the ratio between the Planck and Rosseland opaciti@s the silicates are assumed to be unaltered ISM grains.
(Nakamoto & Nakagawa 1994). The initial stationary disk model is calculated for pre-

We note that the opacity of the disk matter essentially décribed values of the initial disk madéqisc and disk angular
termines the thermal structure of the disk (cf. Papers | and ffjomentumlgsk (see Sect. 4.2 in Paper I, particularly the ra-
With decreasing metallicity, i.e. decreasingn (36), the opac- dial dependence of the mass accretion Mfe) within the ini-
ity of the disk matter decreases. This especially is importdfftl model).Mdisk and Jaisk are free parameters. The particular
for the dust opacitiegr paustSince dust grains are the main apvalues chosen in the model calculations are shown in Table 2.

sorbers throughout protoplanetary disks, except in their small The boundary conditions for the concentrationysare cho-

hot innermost region. sen as follows: the silicates are completely amorphous at the
An important process strongly modifying the opacity of th@uter boundary and_ completely crystalline at the inner boun_d—

disk material is dust coagulation. This process is neglecteddfy- The carbon grains at the outer boundary have a MRN size

the present calculations. This limits the validity of the preseflistribution (Mathis etal. 1977), and at the inner boundary they

calculations to the period of time until grains form grain clus2® completely burnt{; = 0). o

ter of such a size that the approximation of small grains for 1he outer boundary condition of the surface density is the
calculating dust opacity breaks down. In the limit of small0-torque conditionX = 0), as in Paper Il. However, we em-
grains the opacity essentially depends on the total volumeRipY @ néw inner boundary condition. The physical basis and
the condensed material and only marginally on the shape élaa numerical treatmenF of t_h|s new inner boundary_con_dltmn,
size of the condensed partiglessters of condensed materialWhich we call the “quasistationary” boundary condition, is de-
Assuming a disk temperature of 600 K at 1 AU (correspondirigioed in Appendix A. The quasistationary inner boundary
to an evolutionary time of abouts10° yr) Wiens law leads to condition removes the problem of an unphysm_:al behaviour of_
a wavelength of 4 um for the wavelength of maximum radia-the surface density .a.nd Fhe temperature at the inner l_aoundary if
tive energy flux. If dust grains form cluster of about this siz§1® No-torque condition is applied, as in the former disk model
by coagulation, the opacity starts to depend on the degree%ipaper 1] a_nd all other model calculagons which prescribe
coagulation of dust grains. For typical interstellar dust grairs= O &t the inner boundary. We numerically checked for the

of 0.1 um about 16 grains are required for forming clusters of ONServation of mass and angular momentum of the quasista-
this size. tionary boundary condition and found the mass and angular

momentum of the disk to be conserved up to the numerical ac-
1 Seehttp://www.astro.uni-jena.de curacy of the model calculations.

39
ngvo-’ (39)

5. Numerical treatment
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Table 1. Element abundances of elemefirelative to its solar abundangg = ex/exo (EQ. (36)) of the models with fierent metallicities
[Fe/H] (Cols. 2-8). Column 9 shows the solar element abundances adopted in the model calculations. For details see text.

Model S A B C D E F o

[Fe/H] 0 0 0.2 -0.5 -10 -15 -20 324x10°
Lhe 10 10 10 10 10 10 10 9.75x 1072
lo 10 125 15 05 02 0.08 003 491x 10
lc 10 10 10?2 10705 10710 10715 10720 245x 1074
dvg 10 125 20 05 02 0.07 0025 385x 1073
si 10 1125 18 045 02 0.07 0025 358x 1073
Zal 10 125 20 05 0.2 0.03 Q003 304x 10

With the quasistationary inner boundary the mass transfe
from the disk onto the star is determined by the mass accretipn

-

Parameters@( Muisk, Jdisks €X - - )

rate at the innermost poiiv, Y
Initial model ¢°, ;)
MEFAt = MU+ MY At (40) {
. . Set of radial disk Egs. (22) — (32) <
whereM! denotes the stellar mass at instahcandAt is the
time step. Y ]
NR iteration of T¢,.) up to (A = 10°7)

: : Y
5.2. Numerical solution Solution of Eq (21) ok ‘
The set of Egs. (19)—(32) for the disk structure is solved numer- ¥
ically by essentially the same method as described in Paper|ll,  solution of the set of Egs. for thz; (19) ‘
but with one exception. In Paper Il the calculation of the 7
concentrations; j by means of the set of flusion-transport- - .
reaction Egs. (19) was attended explicitly to the calculation qf Iteration ofZ up toA = 100 }_
the remaining disk Eqgs. (21)—(32) within a time step, i.e. the nu- Y
merical method in part was explicit. As can be seen by compdr- New stellar mas#., ‘
ison of the flow charts of the codes of Paper Il and the present 1
model (Fig. 2 in Paper Il and Fig. 1 herein) the iteration 0[ Next time step
the surface densit¥ now is carried out globally, i.e. including

the integration of the setfilusion-transport-reaction Egs. (19).

Hen_ce_:, due to this modlf_lcatlon the numerical method nowﬁ‘?g.l. Flow chart of the numerical code. The arrows to the right

implicit. Olnl.y the calculation of th? stellar mass by Eq. (40) I3f the diagram denote the iteration loops and the time loop, respec-

done explicitly as the mass accretion onto the star occurs on )&y, anda is the accuracy of the iteration. The set of radial disk

viscous timescale. Egs. (22)—(32) is solved by a coupled Newton-Raphson method for
The maximum time stefityax iS chosen to be 50 yr. This isthe midplane temperatufie and the mean molecular weigt

somewhat smaller thafit o« of the @-disk models of Paper II

since we encountered some numerical instability when choos-

ing the time step larger tharb0 yr in the presem-disk mod-

els. However, compared to andisk model the CPU time for elementX relative to solar/x (Eq. (36)), for the individual

an equivaleng-disk model is reduced by a facterd. This models are given in Table 1.

originates from the fact that in case of {h@nsatz the viscos-  The choice of the'y is inspired by the works of Timmes

ity decouples from the thermodynamical structure of the digk g, (1995) and Portinari et al. (1998) which compiled the

(cf. Eq. (23)) causing a less problematic solution of ttéudi element abundances of a large sample of stars in the solar

sion equation of the surface density (21). The CPU time omygjghbourhood. For a fixed metallicity their plots of element

P4 XEON 2.8 GHz computer for a typical 3fr-disk model is  ghyndances versus metallicity show a large scatter of the abun-

about 37 min. dances of the individual elements. This scatter is not unex-

pected as stars (and disks) in the galaxy form iffedent

chemical environments with quitefterent evolutionary histo-

ries. To calculate models for fiiérent metallicities [FEH] we

The aim of the present work is to calculate models of protoeughly average the individudk for given [FgH] from the

planetary disks with dierent metallicities. The values for thesamples of Timmes et al. (1995) and Portinari et al. (1998), re-

metallicities [F¢H] and the ratios of element abundances apectively. In this sense the element mixtures of models A—F

5.3. Models of different metallicity
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(Table 1) aretypical for stars in the solar neighbourhood fofTable 2. Parameters used for the calculation of the disk models. The

given metallicity. stellar radius is calculated froin, = 47R20°T%.
In particular, model S in Table 1 corresponds to the solat

element mixture. Model A corresponds to an element mixture Initial stellar mass M.o 1M,

of a typical star in the solar neighbourhood with solar metallici- Stellar éfective temperature T, 4250 K

ty. Model B is a model with a metallicity ([F&l] = 0.2) Stellar luminosity L. 5L

representing stars of present day metallicity, i.e. young stars Stellar radius R 413R,

in the solar neighbourhood. Models C — F have metallicities '"ner disk radius fi SR =0096 AU
Outer disk radius ro 200 AU

[Fe/H] = —0.5... -2.0 successively decreasing in steps.6f 0

L . ; . Molecular cloud temperature T 20 K
For even lower metallicities the basic assumptions on which the P clou

. . . Initial disk mass Maisko 0.2 Mg
model calculations are based on are no longer valid. Especially by angular momentum i 107 gon? st
the disk then becomes vertically optically thin almost every- \jscosity parameter ) 10°5

where. Thus, we choose a lower limit for the metallicity of
[Fe/H] = —2.0 in our model series.

It can be seen from model A in Table 1 that the sun is no{&able 1). The parameters of this work essentially equal the
typical star within its closer environment with respect to its emodel parameters of Papet.I|
ement mixture. The deviations of the element abundances from The viscosity parametgt is chosen to be 16 (Table 2).
the mean are, however, well within the range of scattering ¥fe did test calculations with fierent values fog and found
individual abundances. As well it follows from Table 1 that théhe value of 10° to yield dissipation timescales for the disks
depletion of elements with decreasing metallicity do not occur the model consistent with the evolutionary timescales of
uniformly for the individual elements in typical stars close tdisks following from observations (e.g. Haisch et al. 2001).
the sun. These aspects and particularly their influence on thterestingly, this value fog (the reciprocal critical Reynolds
composition of the dust within disks will be discussed in detailumber of the flow) is in the range of those found by the experi-
in our model results (see Sect. 6). However, we already noeents of Wendt (1933) and Taylor (1936a,b) (by a reanalysis
point towards our choice of the abundances of He and C, ef-Richard & Zahn 1999), for turbulent flows between coaxial
spectively. The helium abundance is chosen to be solar in e&gtating cylinders in the limit of large gap sizes between the
model. The reason for this is that a variatiorvgf exclusively cylinders. In contrast, the value gffor the limit of small gap
changes the mean molecular weightEq. (27), and the re- sizes, which is favoured by Duschl et al. (2000) with regard to
sulting modification of the disk models is small. The carboifie generation of turbulence in protoplanetary digkis,about
abundances are chosen to decrease like the metallicities. Thise orders of magnitude larger. However, we chgbsach
choice is motivated by the large scatter of the carbon abuhat the calculated disk lifetime is in accord with disk lifetimes
dances observed for stars in the solar neighbourhood (Timndesiuced from observations.
et al. 1995; Portinari et al. 1998), and moreover from the fact
that there is no observable trend of deviations of the evolutign
of the carbon abundance from the evolution of the metallici%/ Results
in the solar environment. Before we discuss in detail the results of the models fied

The values of the standard solar abundances of efdlt metallicities we investigate the influence of the modifica-
mentsex o are taken from Anders & Grevesse (1989) (last cofions on the present model introduced in Sect. 4, as compared
umn of Table 1), with two exceptions. Recently the abundand@s™aper Il.
of carbon and oxygen of the sun are updated by more accurate
model atmosphere calculations of Allende Prieto et al. (2002).1. New inner boundary condition
The valuesec, = 3.55x 104 andep, = 7.41 x 1074 of
Anders & Grevesse (1989) therefore are changed to the nkeirst we test the influence of the new inner boundary condition.
valuesec, = 2.45x 1074 andepe = 4.91x 10 of Allende To do this we compare two models: (1) a model with the no-
Prieto et al. (2002) (Table 1). Thus the abundances of C and@¥ue inner boundary conditioll{ = 0) as it has been applied
both are reduced by a factor of aboyB1This leads to a large in Paper II, and (2) a model including the new quasistationary
reduction of the opacity of all species which bear C or O #3ner boundary condition (see Appendix A). Both models are
the least abundant element of the compound (i.e. solid carbgalculated with ther-viscosity description, without including
CO, OH, water vapor and ice). We found the disk structure tg,
be significantly modified due to the updated abundances of()g:t
and O.

Note that an error occured in Paper Il regarding the estimation
he disk angular momentum by means of the relation of Stepinski
(1998),Jgiskste = 6.7a°3* (see Eq. (39) of Paper I1). This relation refers
to the lower branch of solutions falysk in the work of Stepinski
(1998), and the values given in Table 2 of Paper Il actually are in
5.4. Model parameters units of 13 g cn? s, hence one order of magnitude smaller. For the

upper branch of solutions fadyg in Stepinski (1998) there holds
The other relevant model parameters are shown in Tablej2y . = 462°2 which, however, leads to a value dfise Of the
They are held fixed in the models offiirent metallicity same order of the values given in Table 2 of Paper II.
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Fig. 2. Radial structure of am-disk model with the quasistation- Fig. 3. Radial structure of g-disk model (solid lines) compared with
ary inner boundary condition (solid lines) compared witheadisk an a-disk model (dashed lines) &t= 0 (0), 1¢ (1) and 16yr (2).
model with the no-torque inner boundary condition (dashed lines)a@tSurface densitf. b) Midplane temperatur&.. Note that the initial
t = 0 (0), 10 (1) and 16yr (2). a) Surface densitE. b) Midplane temperature structure of both models iffelient due to the dlierent
temperaturd.. viscosity prescriptions.

selfgravitation of the disk and with a solar element mixture. liie calculation of the new quasistationary boundary condition
either case the initial model is that of model S, and 3x10°3. has to be done at only one radial point, at the inner boundary,
The results are shown in the plots of the surface demsityas described in Appendix A. Moreover, large gradients close to
and the midplane temperatufg versus the radial distange the inner edge as they occur in case of the no-torque condition
to the star in Fig. 2. It is obvious that the more realistic quare avoided. Note also the smooth inward “lapseZ@ndT,
sistationary inner boundary condition strikingly modifies that the inner edge in the model with the quasistationary inner
disk structure compared to the no-torque inner boundary cdrgundary condition in Fig. 2.
dition, in spite of previous assertions that the no-torque inner
boundary condition has only small influence on the disk stru
ture. The surface density (Fig. 2a) at AU after 1G yr in
the no-torque model is unphysically reduced by a factoryf Next we investigate thefiect of thes-viscosity. For this pur-
and at 1 AU still by a factor o£1.2. As well, the modification pose we compare (i) a model withviscosity with (ii) a model
of the thermal structure is significant. The midplane tempenaith g-viscosity. Both models are computed with the quasista-
tureT, (Fig. 2b) of the “quasistationary” model compared wittionary inner boundary condition, without including selfgravity
the no-torque model at £§r is reduced from 1380 K to 1180 K of the disk and with solar element mixture. In both cases the
at 02 AU, but only from 428 K to 423 K at 1 AU, respectively.initial model is that of model S. The viscosity parameters are
Differences off. of the order of 100K in the inner portionsa = 3 x 1073 andg = 107°.
of the disk are quite important, since chemical processes reactThe results are shown in Fig. 3. As previously noted, in
quite sensitive even on small temperature variations. The ariffidisk models the evolution of the surface den3itgecouples
cial reduction ofT. due to thex = 0 inner boundary condition from the thermal structure of the disk. Hence, the radial distri-
extending outwards up tel AU is not acceptable, if chemicalbution of £ in the 3-disk model is “smooth” (Fig. 3a) whereas
processes and dust processing in the disk are to be modelethe surface density in the-disk model reflects the kinks of
Owing to these findings we strongly recommend the appihe thermal structure (Fig. 3b). The thermal structure does
cation of the quasistationary inner boundary condition to eanbt change much if turning from the- to the 8-prescription
time dependent disk model in the one-zone approximation. Tofethe viscosity (Fig. 3b). The most distinct influence on the
extra computational expense we found to be only small sindisk structure has the choice of the valuegofor @) as this

6:2. « versus g
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Fig. 4. Radial structure of g-disk model including (solid lines) and excluding (dashed lines) vertical selfgravitation of the disk @t(0),

10° (1) and 16yr (2). a) Surface densitiE. The dot-dashed line is a curve withe r=%° which represents the run of the surface density for
a stationary3-disk model.b) Midplane temperaturé&.. c) Aspect ratiohs/r. d) Vertical averaged densify,. The initial density profile is not
shown in this case for clarity. Note that the initial radial profile§ gfhs/r andpn, of models including selfgravity diier from the corresponding
radial profiles of models neglecting selfgravity. The radial profile of the surface déhditgontrast, is the same in either cases since itis fixed

by the initial disk mass and initial angular momentum.

determines the evolutionary timescale of the disk. In our casestétionary probleniE/at = 0; X o« r=°%) is shown (dot-dashed
B = 107° the mass accreted onto the star in this model amoutite). In the inner parts of the disk the surface density distribu-

to 7.1x 1072 M,, after 18 yr whereas it is ®x 102 M, for the

tion becomes flatter as compared to the stationary case due to

a = 3x 1073 model. Note that the initial temperature structuretbe influence of the time dependent accretion process.

of the models withe- andg-viscosity are dierent due to the
different viscosity prescriptions.

6.3. Selfgravity of the disk

The midplane temperatufig (Fig. 4b) is only slightly mod-
ified if turning on selfgravity. The reason for this is the slight
dependence of; (Eg. (32)) on the pressure scale heigiyt
i.e. on the the disk’s selfgravity, since the viscous dissipa-
tion rate E, (Eq. (30)), which mainly determine$., only

Finally, we turn to the vertical selfgravitation of the disk (seeontains quantities which are independent of the tempera-
Sect. 4.1) by comparing (i) a model excluding the vertical seldre structure of the disk, v, ). The small discrepancy of
gravitation of the disk with (ii) a model including the disk’sthe midplane temperature between the models including and
vertical selfgravity. Both models are computed with the quaeglecting selfgravitation of the disk are due to the optical
sistationary inner boundary condition and with solar elemeti¢pthrr/p (EQ. (29)), i.e. the opacity of the disk mattegp

mixture. Hence case (ii) equals model S (Table 1).

(Ea. (28)).

The results are shown in Fig. 4. As can be seen the inclu- The aspect ratitns/r is strongly modified if vertical self-
sion of vertical selfgravity of the disk has no influence on thgravitation of the disk is included in the model calculations

radial distribution of the surface densiy(Fig. 4a). This once
again reflects the decoupling of the evolutiorkdfom that of

(Fig. 4c). The reason for this is that in the outer parts of the
disk the disk’s vertical selfgravity becomes dominant over the

the temperatur@. in models of3-disks, and hence the decoupvertical component of the star’s gravity, as clearly can be seen
ling of £ from hs which is the quantity in which the presenty the downwards bump of the aspect ratio in Fig. 4c. This
description of the vertical selfgravity enters in the model caldip” of the aspect ratio extends froril to ~80 AU at 1@ yr,
culations (Eq. (25)). For comparison in Fig. 4a also the profidanges its location with time, and extends freAU to the

of the surface density following from the solution of theuter edge (200 AU) at £@r as a consequence of the viscous
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spreading of the disk matter with time. At the location of the
gap the disk surface should be strongly shadowed from the ir-
radiation of the central star, and thus the disk may cool down
in this region. However, we have not included tlfieet of disk
heating by irradiation from the central star up to now since thig-
requires 2D radiative transfer calculations which are out of th;g:
scope of the present work. Note that the pressure scale height100 ¢
provides no information about the height where the radiation of
the star actually penetrates the disk surface and how the scat-
tered stellar radiation ffuses into the disk interior.

In contrast to the surface density (Fig. 4a), tthensity 10
(Fig. 4d) is strongly fiected by the disk’s selfgravitation since
pom, the vertical averaged density in our model, is determined by
the pressure scale heighg (Eq. (26)).om increases by a fac- Fig. 5. Evolution of the midplane temperatufie in model A (solid
tor of ~3.6 at 25 AU after 1Byr if selfgravitation of the disk is lines) compared with the “solar” model S (dashed lineg)at0 (0),
considered. The modification of the density structure by sel®® (1) and 18 yr (2). The initial models are alreadyftérent due to
gravity is most pronounced in the cool outer parts of the digke diferent element compositions.
outwards of the condensation front of water ice where chemical
reactions are slow. Hence selfgravity mainly should influenggthe solar neighbourhood (Table 1). We compare this model
the chemistry in the cool outer disk regions, e.g. the freeze@ytmodel S with solar composition.
of molecules onto grains. Such calculations are out the scope Figure 5 shows the result for the temperature profile of the
of this work. disk in both models. The midplane temperatligef model A

Note that the impact of the vertical selfgravitation on théoes not show strong modifications as compared to the solar
disk structure, i.e. the dip of the scale height and the increagdaindance model S. This can be explained by the fact that due
of the midplane density, was already observed by Hure (200®) equal metallicities in both models the chemical composition

With regard to radial mixing the outward transport of mattep Similaron average , .
in the model including vertical selfgravity is slightly impeded 'he radial profile and evolution of the surface density of
compared to the model neglecting vertical selfgravity becay2@de! A equals that in Fig. 4a because, as we already noted,

the density gradient becomes flatter in the zone of vertical séff€ evolution ofZ is not dfected by the thermal evolution of
gravitation (Fig. 4d). the disk. For given disk maddysx and disk angular momen-

) ) tum Jgisk, 0.2 M and 133 g cn? st in each of the models A-F,
_We n_ote that _thet&ct of selfgravity on the disk Strucmrerespectively, the evolution of the surface denditys deter-
varies with the disk masBlgisk. In the present models we as

. . N i ‘mined exclusively by Egs. (21)—(23) and the inner boundary
sume rather massive disks with initialigisk = 0.2 Mg which condition (Appendix A)
represent the upper tail of the distribution of disk masses of A good way to conlnpare the models offfdrent element

evolveddisks (e.g. Natta 1999). Such a large value for the digl, re s to plot the opacity profile of the individual absorbers

of the disk (Nakamqto & Nakagawa 1994, 1995). To_ evalufattj&is of models A (solid lines) and S (dashed lines) &yt@re
the dfect of selfgravity we perform some test calculations W'tg'hown in Fig. 6.

different initial disk masses and angular momenta (not shown). First of all in Fig. 6 one can observe what is common to

The initial angular momentum of the disk scales linear with tf}ﬂ the models presented here (see also the other Papers of this

initial disk mass in these test calculations. We observe a Sig@féries): diferent species represent the main absorbers within
icant modification of the disk structure by selfgravity down to Bifferent temperature ranges in the disk, that are

disk mass oMgisk = 0.02M,,. Thus a large fraction of the ob-

served protoplanetary disks should likeeted by the selfgrav- — ice mantled grains up t®; ~ 155K,

itation of the disk. Hence, if one wants to omit the numerical- amorphous silicate grains in the range 155K < 500K,
effort of solving the Poisson equation to take into account the carbon grains at 500 K T, < 1100K,

1000

0.1 1 10 100
r [AU]

full selfgravitation of the disk, at least the diskisrtical self- — iron grains at 1100 k5 T < 1450K,
gravity ought to be considered within models of protoplanetary corundum grains at 1450K T. < 1800K and
disks. — molecules (mainly HO) aboveT, ~ 1800 K,

In the following we present the results of calculations Qggpectively. At higher temperatures also ions and electrons
models with diferent element mixtures and discuss them.  contribute to the opacity, but the present disk models do not
reach such large temperatures at the inner edge.

6.4. Model A 8 We use the Rosseland mean of the opagitinstead of the Planck

meanxp for the presentation of the results, as in Paper I, since the
First we look at the results of model A, the model of a protatisks are optically thick in the regions of interest, i.e. in the chemical
planetary system with a typical element mixture as encounteeetive zones.
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10t T T T calculations predict enstatite to be significantly more abundant
Model A than forsterite in typical disks in the solar neighbourhood with
t=10°yr the same metallicity as the solar system.

[Fe/H]=0.0 Above ~1310K under the conditions of protoplanetary
disks enstatite becomes unstable and transforms into forsterite.
In model A forsterite is more refractory against vaporization
as compared to model S. In model A the last forsterite grains
f j disappear at1440 K whereas in model S they do already at
,4,, ~1390K (Figs. 5 and 6). The reason for this is, again, the en-

A S hanced abundances of O, Mg, and Si in model A as compared
to model S.

[ ‘\,\‘\ The opacity of the crystalline silicate (forsterite and en-
L Ll BINGE . statite) does only little contribute to the total opacity. As al-
0.1 1 10 100 ready discussed in Paper Il the opacity of crystalline silicates is
r [AU] by an order of magnitude lower as compared to amorphous sil-
_ ) _icates which determine the thermal structure of the outer parts
Fig. 6. Radial dependence of the Rosseland mean of the opacity  of the disk, where they represent the dominant absorber inside
model A (solid lines) and model S (dashed lines) atyt0The thick ¢y jee condensation front. However, the opacity decreases

lines represent the total opacities of the models whereas the thin "Pne?h ter parts of the disk with tim rstalline silicat

show the opacity of the individual absorbers as labeled by abbrevia];l. € ou_e_ parts of the dis . € as crys a. . €s c.:a es,

tions. which originate from annealing of amorphous silicates in the
inner parts of the disk, are mixed radially outwards. Figure 6

] o shows that after TQyr silicate grains are mixed outward up to
The mostimportant modifications between models AandS, 10 Au. Enstatite grains are more numerous than forsterite

results from the dferent oxygen abundances. Model A for &ains since the former are formed in higher quantities. With
typical star (and disk) in the solar vicinity has2’ times the regard to the formation of solar system bodies this means that
solar abundance of oxygen (Table 1). This results in two M@ crystalline silicates observed in comets should be present
jor modifications of model A as compared to the solar abupsainly as enstatite rather than forsterite. For a discussion of
dance model S (Fig. 6): first, the ice abundance is enhanggd aspect we refer to our conclusions (see Sect. 8).

since there simply is more oxygen to form®. Therefore, in The process of radial mixing in the present model is inde-

model A the opacity in the region of ice stability increases ﬁ%ndent of the element mixture. This is explained by the fact
_compk?red tg T_?del S.tﬁecondbthet_abunfdancbe of OH_moIech radial mixing occurs on the viscous timescale, angsthe
IS enhanced. Hence, the combustion of carbon grains, w {ﬁicosity applied in our model calculations is independent of

mainly depends on the particle density of OH (see Paperﬁq thermal (and therefore opacity) structure of the disk. The

and I.I)’ bgcomes morefiecient, and the carbon.combuonrg"ghtly larger opacity of enstatite in the region outwards of the
front is shifted outwards to lower temperatures in model A 3Ss front in model A as compared to model S is due to the de-
compared to model S.

X . endence of the enstatite opacity on the temperature, but not
A further important feature when comparing models

. - .~ 'd consequence of aftirent dficiency of radial mixing due to
and 5 is the dependence of the composition of the S'I'C%ee diterent element mixtures between both models.
component on the ratio of magnesium-to-silicon abundance Finally, the enhanced aluminum abundance in model A as

gMgéeillgrg]Z ;glzrlcdaje_thisosastlop\lss ;lgzi Stg qtlﬁr?{é’éezi”; arompared to model S (Table 1) leads to a larger abundance of
’ ) o i orundum in model A. This modifies the structure of the inner-

occurs mainly in the form of enstatite rather than forsterite i X . )
the solar nebula model S in the region where both dust specrfé%St part; of the .d'Sk since corundum is the_ most refractory
are stable under equilibrium conditions, i.e. for temperaturggSt species considered in our model calculations.

lower than about1310K (Figs. 5 and 6). The reason for this

is the competition between the higher stability of forsteritg 5. Model B

than of enstatite and the requirement to condense Mg and Si

as complete as possible into solids. Since forsterite binds tWde metallicity in this model is chosen to represent an extreme
Mg atoms but enstatite only one, for low V§i abundance ra- case of high metallicity in a star-disk system in the solar neigh-
tios enstatite formation is favoured, while for high M&j abun- bourhood, [F¢H] = 0.2. The abundances of elements other
dance ratios forsterite formation is favoured. This can be se@an Fe are typical for a star with this metallicity close to the
in model S (Fig. 6, dashed lines) where the abundance of 840 (Timmes et al. 1995; Portinari et al. 1998), as described
statite is~12 times the forsterite abundance belew310K above and shown in Table 1. The opacity structure of the disk
(for r > 0.5AU at 1P yr). If the ratio of magnesium to silicon model B at 18yr is shown in Fig. 7.

abundance is increased, as is the case in model A (Fig. 6, solidAs can be seen in Fig. 7 the total opacity of the disk matter
lines) withewg/esi = 1.195, more Mg is available to be boundn model B (thick solid line) compared to the solar abundance
in forsterite, and the ratio of enstatite to forsterite grains imodel S (thick dashed line) roughly increases by the same fac-
model A decreases to about 4. Nevertheless, our mottml as the metallicity increase, i.e. by a factet.6. This is

2 .1
Kg [cm“g™]
=
(@]
>
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10t T T T opacity profiles of the individual absorbers of models C — F at
Model B 1P yr are shown in Fig. 8.
t=10%r The most striking feature of models C — F is the drop of
[FeH]=0.2 the total opacity with decreasing metallicity, as can be seen in
Fig. 8, where each plot also shows the total opacity of the solar
abundance model S (dashed lines) for comparison. The total
opacity decreases roughly to the same extent as the metallic-
ity decreases, e.g. in model F with [/ = —2.0 the total
opacity is about two orders of magnitude lower as compared to
model S.

Superimposed to the overall decreaserofvith decreasing
[Fe/H] are the intrinsic changes of the ratios of the abundances

. of the dust forming elements in models C — F which result in

01 1 10 100 modifications of the opacity and abundance of the individual
r [AU] dust species. For example, in model C the ratio of abundances

Fig. 7. Radial dependence of the Rosseland mean of the opacity of Mg to _Si is enlarged as compared tQ _Solar ab.undance (same
model B (solid lines) and model S (dashed line) aftént0The thick V&lU€ as in models A and B) whereas it is solar in models D, E
lines represent the total opacities of either models whereas the @M F. respectively. This leads to the same cpnclusu_)n as found
solid lines show the opacity of the individual absorbers in model B #r models A and B (Sects. 6.4 and 6.5): with increasingesi
labeled by abbreviations. forsterite becomes more abundant at the expense of enstatite.

We remark that the scatter of the Mg-to-Si ratio around the
mean of stars in the solar vicinity yields unusual enstatite-to-

. .. farsterite ratios in some disks. For example, a Mg-to-Si ratio
because the abundance of carbon varies as the metallicity Jn . .
X o . of 1.5 leads to equal abundances of enstatite and forsterite,
our models, and since extinction by soot dominates the opaci

in the region around 1 AU after 29t in model B. Similarl erreas forewg/esi < 1 forsterite is not stable under equilib-
9 ) Y ri{,ém conditions and silicon is bound in enstatite and quartz.

in the outer parts of the disk, where ice coated grains dominal ; . C
X L o With decreasing metallicity iron is more depleted than other
the opacity, the opacity increases. This is a consequence of.the . S
) important dust forming elements such as O, Mg and Si, with

oxygen abundance in model B as compared to model S whic : . .
. . ... exception of C which, as already noted, changes like the metal-
increases only slightly less than the carbon abundance with i ™" .

. S 2 licity in the present model. This has the consequence that
creasing metallicity, i.e. by a factor5. Hence, the abundance

of ice in model B is only about.5 times the ice abundance ofthe abundance of iron grains decreases.super—proporﬂonally
model S. compared to other condensates when going from model C to

;%Edel F. Hence the solid iron opacity contributes less to the
t
i

2 -1
Kr [cm“g]
[E=Y
o
N

i In cofntra;t to t?e oxygenMabungaSn_ce, the abundances Of_ E{ opacity in model F, particularly in the inner zones of the
S| |cate_ orming e_‘?me”t‘?‘ g and S Increase st_ronger WIiisk, since solid iron is the last but one dust species which dis-
increasing metallicity. This leads to a larger opacity of amof; pears
phous as well as _crystalline silicates in model B compared_F Somewhat surprising is that carbon grains survive up to
model S. The maximum value ofth_e opacity ofamorphouss% her temperatures in models with lower as compared to
cate becomes as large as the maximum value of the ice opagifyher metaliicity. In the present models the abundance of car-

As well, in model B the abundance of annealed silicates iBon changes in accord with the iron abundance, and the car-

creases compared to model S, and more crystalline forste%q1 abundance relative to the abundances of O, Mg and Si

and ens_tatlte is mixed outwards. The ratio of abundanges fcreases the more the metallicity decreases. Therefore one
Mg to Si do not change compared to model A, so the ratio

; . : . : he level of model A ould expect a deficit of carbon grains in the low as com-
orsterite to enstatite grains remains at the level of mode - pared to the high metallicity models. However, af $0a de-

The higher metallicity of model B compared to model S g{yee of condensation of carbon into carbon grainggf= 0.1

course also enlarges the abundance of iron grains, and therefQrgodel C is attained at a midplane temperature b965 K
the contribution of solid iron to the total opacity is increasegy — 052 AU) whereas in model Fear = 0.1 is reached at

As well aluminum has a higher abundance (cf. Table 1_) w_hiq’fl ~ 1255K = 0.14 AU). This can be explained as follows:
clearly can be seen at thefget of the corundum opacity inthe particle density of OH molecules decreases with decreasing

model B. O abundance, i.e with decreasing metallicity. As a consequence
carbon grains can penetrate to regions of higher temperature in
6.6. Models C—F low compared to the high metallicity models before they are de-

stroyed by OH. Therefore the carbon combustion front in low
The models C, D, E and F, respectively, are cases of typietallicity models is shifted to higher temperature as compared
cal protoplanetary star-disk systems in the solar vicinity witio high metallicity models.
successively lower metallicities ([Ad] = -0.5, -1.0, -1.5 The change of the aluminum abundance with metallicity re-
and -2.0, respectively) and accordingly lower abundances sémbles that of O, Mg and Si, except for models E and F with
element other than Fe (Table 1). The total opacities and tbevest metallicities. For [F8H] < -1.5 the Al abundance
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Fig. 8. Same as Fig. 7, ba) for model C,b) for model D,c) for model E andd) for model F, respectively. Note the enlargered range of the
vertical axis in the plots of models E and F compared to models C and D.

decreases super-proportional with decreasing metallicity in 10* - - -
typical stars of the solar neighbourhood (Timmes et al. 1995),
pointing to a so far unknown source of Al in the chemical evo-
lution of the galaxy. In models E and F corundum therefore be- 102
comes less important for the total opacity balance. This is also L
due to the fact that the low as compared to the high metallicity“u 10
models are generally cooler as a consequence of the reduced 10°
opacity although the initial mass and angular momentum for
all models is the same. Hence, the lowest metallicity models E 10
and F never reach temperatures~di450 K in their evolution 5
at the inner edge above which corundum grains become the 10 0‘1 1 1'0 160
dominant absorbers. ' [AU]

As the temperature in the disk decreases with decreasing
metallicity outward radial mixing of matter is curtailed. E.g.Fi9- 9. Rosseland vertical optical deptk of model F (solid lines) and
at 10 AU after 16yr in model C the fraction of crystalline en-Mmodel S (dashed line) at 1¢1) and 16yr (2).
statite fcry ens reaches B% while in model F at the same lo-
cation and timefeyens = 3.3%. Superposed to thefllisive
spread of the disk is the advection of matter towards the stagreases in the early phase of disk evolution due to radial mix-
in the inner and intermediate parts of the disk. In late phadeg, then takes its maximum value, and finally decreases by the
of disk evolution this inward drift overcomes the outward difinward drift of the disk matter.
fusive mixing, and therefore the crystalline silicates experience Finally, Fig. 9 shows the radial dependence of the
a net inward drift at this time. As a consequence the fracti®tosseland mean vertical optical depth of model F (solid
of crystalline silicate at a fixed radius outwards-dfo AU first  lines) compared to the solar model S (dashed lines) after 10
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0.012

and 18 yr, respectively. One can see that the lowest metallicity
model F exhibits optical depths larger than unity untif g0at 0.010 F
least within the inner 3 AU of the disk where the most impor-
tant chemical processes occur. Protoplanetary disks with zer
metallicity below~3000 K are vertically optically thin (Duschl = ggos |

& Mayer 2003, in preparation) since dust in these disks is ab- 2

Modd S
t=105yr
0.008 | [Fe/H]=0.0

car
sent and the sole absorbers are H and He. We conclude that 0004 | _
protoplanetary disks of masses of about a tenth of the sun be- o2 | ens sl.am
come optically thin for all times roughly below [Ad] = —4.0. iro
For lower disk masses, however, this limit for the metallicity - s -
shifts to larger values. 0.1 1 10 100
r [AU]
6.7. Distribution of solid matter in the disk models 3107 ' ' '
of different metallicity Model F ]
t=10"yr
Figure 10 shows the radial dependence of the dust-to-gas masg 2 10* | [FeH]=20 ice ]
ratio faust.gas Of the solar abundance model S (top) and the = i ]
model with lowest metallicity, [FEH] = —2.0, model F (bot- j
tom), after 18 yr of disk evolution. Also shown are the cumu- = 110%F car E
lative contributions of the individual dust speciesigst.gas AS _
can be seen, the gas-to-dust ratio in the zone of terrestrial plan- _’A(e_ns\ slam ]
ets in the solar model S after Agrs is~200, and significantly 0k —coF _iro .
decreases below 100 as soon as the conditions allow ice con- 0.1 1 10 100
densation {gust.gas * 0.0117), i.e. more than one half of the r [AU]

mass of the condensates is in form of ice within the “icy” re-, )
gion of the disk. The other half of the mass of the condensa&%’ 10. Cumulative plot of the dust-to-gas mass ratfggas0f the

A - . . Ividual dust species versus radial distanaé the solar abundance
is distributed among carbon, silicate and iron grains roughlyr|rr]1ooIeI S (top) and the model F with lowest metallicity, [Fé = —2.0,

the ratio 1:2:1. Corundum has only a minor C_Onmbu_tlo_n to trQtSOttom) after 10yr of disk evolution. The individual dust species are
total condensed mass but, as already mentioned, is imporiggtieq by obvious abbreviations.

for the structure of the innermost parts of the disk since it is the
last condensate that disappears.

As compared to the solar abundance model S (Fig. 10, tapjginating from the ISM, respectively. A more detailed discus-
the lowest metallicity model F (Fig. 10, bottom) exhibits a bgion of the silicate chemistry, including iron bearing silicates
a factor of~50 smaller abundance of condensed matter. Thaad quartz, is given in Paper IV.
factor is smaller than 100, i.e. smaller than the value one would Figure 10 shows, again, the radial inward shift of the con-
expect from the value of metallicity 6f2.0 in model F, since densations fronts of the individual dust species in the low
Fe and C are less abundant relative to O and Si in this moggdtallicity model F (bottom) as compared to solar metallic-
as compared to the solar reference model S. This is attributgdmodel S, top) that results from the fact that low metallicity
to supernovae of type la and AGB-stars that produce much ffieks are cooler than their high metallicity counterparts.
and C, respectively, only in the late stages of the galactic chem- Figure 11 shows a plot of the surface density of the
ical evolution, and furthermore attributed to the evolution of théondensed matter at the location of ice condensation (90% of
abundance of C that does not deviate much from the evolutigre available oxygen locked up in ice) versus the metallicity
of the Fe abundance in the galactic neighbourhood of the qp@/H] at 16 (boxes) and 1®yr (crosses) for the models of
(e.g. Portinari et al. 1998; cf. Table 1). As a consequencedfiterent metallicity. Also plotted in Fig. 11 with a dashed line
model F ice contributes abouf2to the mass balance of thgs the valuezy = 20 gcnt? at the location of the snow line
condensates outwards the snow line, and the mass ratio of gaiich is found to be required for the formation of Jupiter within
bon to silicate to iron grains is roughly 1:6:1. As well as FeePyr (Lissauer 1987; Wetherill 1989). These authors assumed
also Al achieves its present-day abundance not until late timge nucleated instability as the process of formation of giant
of the chemical evolution of the galaxy, hence the mass fragaseous planets. The main argument for this estimate is that
tion of corundum relative to the other condensates in modebfpiter must have formed fast enough to stir up the orbits of the
is clearly lowered compared to model S. planetesimal at the present location of the asteroid belt and in-

Figure 10 shows, again, the remarkable extent of ouftibit the formation of a planet there. It can clearly be seen that
ward radial mixing of the crystalline silicates which have beemone of the present models reaches the critical surface density
annealed in the inner parts of the disk. At the same tingédust and ice found by Lissauer (1987) and Wetherill (1989),
amorphous silicates are depleted in the inner region of ttespectively, for the formation of Jupiter.
disk. In the present work the silicates are divided into crys- This is in part a consequence of the depletion of the disk
talline forsterite, crystalline enstatite and amorphous silicatesitter with time by accretion which, to our knowledge, is
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100 ' ' ' ' ' ' ' 7. Summary
In the present paper we performed time dependent model cal-
10 ¢ o . . . .
8 culations of protoplanetary accretion disks in the one zone ap-
%E - o éF+ proximation with diferent element mixtures. The metallicities
s 1 o 4+ S B of the models range from super-solar, [F¢ = 0.2, down
i - + c to 1% of solar metallicity, [FEH] = —2.0. Particular attention
01l + D has been given to a realistic modeling of the dust metamor-
+ E phosis within the model. For this reason the model includes
F the condensation of the most abundant dust species in chemi-
001 ' ' ' ' ' ' ' cal equilibrium in the inner part of the disk, a realistic opacity
-3.0 2.0 -1.0 0.0 1.0 - . . o
[FeH] description of the disk matter, and radial mixing processes of

dust species. The results can be summarized as follows:
Fig. 11. Surface density of the condensed matter (dust and ice) at

the location in the disk where the degree of condensation df.ideas With decreasing (increasing) metallicity the temperature in

the value  versus the metallicity [Féd] at 10 (boxes) and 10yr the disk drops (increases) as a consequence of an overall
(crosses) for the models offfiirent metallicity (denoted by capitals). ~ reduced (increased) opacity which is determined by dust
The dashed line represents the critical valueXgrof 20 gcnt? of and ice for temperatures lower than the dust sublimation
the minimum surface density of condensed material at the snow line temperature<1800 K). The dust-to-gas ratio is reduced to
which found to be required for the formation of Jupiter withirf ¢0 the same extent as the metallicity decreases.

(Lissauer 1987; Wetherill 1989). — As the disks become cooler with decreasing metallicity

they show a quasi-homologous inward shift of their tem-
perature and density structures at a given instant. As a
consequence, species such as crystalline forsterite, crys-
talline enstatite and solid carbon are less abundant in the
not taken into account in models of giant planet formation by outer disk regions in low metallicity models as compared
the nucleated instability so far (for a recent model see, e.g., to the solar abundance model. The strength of viscous
Thommes et al. 2003). The disks in the present model ini- accretion, however, is independent of metallicity in our
tially are rather massive in facMgisx = 0.2 M., which cor- one-zone model since we apply tBeviscosity which only
responds to ten times the minimum-mass model of the solar depends on the radial coordinate. In the present model it is
nebula (Hayashi 1981), but have lost almost one half of their assumed that the turbulence in the disk also drives the radial
mass after 19yr. The extent of the depletion of disk matter in  mixing. For this reason thefficiency of mixing does not

turn depends on the viscosity, i.e. the valuggefhich is 10° change with decreasing metallicity, i.e. decreasing opacity
in all simulations. To realize a disk that exceeds the critical and temperature.
24 = 20gcm? at the snow line at least until 39r of disk  — The composition of the silicates strongly depends on the

evolution the disk mass has to be of the order of the stellar ratio of the abundances of Mg to Si, since in equilibrium
mass. Such a disk should Ilkely to be gravitationally unstable between forsterite and enstatite Mg and Si both are com-
in its outer parts since the Toomre parameter (Toomre 1964) pletely condensed into a mixture of forsterite and enstatite.
becomes less than unity there. In case Ofeyg/esi ~ 1 enstatite grains are more abundant

On the other hand the distribution of mass within the disk than forsterite grains by more than about an order of mag-
depends on the disk angular momentum. Choosing a lower ini- Nitude. Atevg/esi = 1.5 enstatite and forsterite have equal
tial disk angular momentum results in the deposition of more abundances. In case gfig/esi > 2 enstatite is not stable
mass in the inner and intermediate disk parts, and more con-under the conditions of protoplanetary disks, and forsterite
densed material at the location of the snow line will be avail- is the only silicate existing in this case (with MgO bearing
able then. However, we found in test simulations tHeat on the excess Mg). However, the latter cases will rarely be re-
the surface density of condensed matter at the ice front to be alized in disks in the solar neighbourhood since in the most
small when varying the initial angular momentum. To obtain €xtreme cases [M§i] is about 16°in stars observed in the
¥q=20 g cnt? the disk angu|ar momentum has to be about ten solar V|C|n|ty (Timmes et al. 1995; Ferrarotti & Gail 2001)
times smaller thadgsk = 10°3g cn? s2, the value chosen for
the present model calculations. The disk angular momentum As the Fe abundance decreases relative to the abundance o
then is similar to that of the Hayashi (1981) minimum-mass the silicate forming elements O, Mg and Si with decreasing
model of the solar nebula, but for a disk with a mass of ten times metallicity, the relative abundance of solid iron drops in the
the Hayashi (1981) minimum-mass model, Myisx = 0.2 M,. low metallicity models.

This seems to be unrealistic for such a massive disk. — The abundance of ice (i.e. ice mantled grains) grows with

The above results possibly impose strong constraints on theincreasing O abundance. The ice opacity feature therefore
formation process of the gaseous planets in our and other plan-iS more pronounced in models with enlarged O abundance.
etary systems. We will discuss this issue in the conclusions Corundum, which is considered in the model calculations
(Sect. 8). as a representative for the most refractory solids in
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protoplanetary disks, decreases in abundance as the AlHowever, observations of crystalline silicates in YSOs are
abundance decreases. In typical solar neighbourhood stare. The only two certain detections of crystalline silicates in
with low metallicity ([Fg¢H] < —1.5) Al is distinctly de- YSOs are TW Hya (Weinberger et al. 2002) and Hen 3-600 A
pleted relative to other key dust forming elements. ThifHonda et al. 2003), but only the latter authors fit the mid-IR
and the fact that low metallicity models never experspectrum of the disk by assuming a composition of both amor-
ence temperatures as large-d2150 K above which corun- phous and crystalline silicates, and found a large fraction of
dum dominates the opacity of the disk until it disappearabout 50% crystalline silicates with,d fror = 2/3. This value
makes corundum less important in low metallicity modelsf fond fror is very low compared to the values resulting from the
of protoplanetary disks. This also holds for other refrapresent model calculations of stars in the solar neighbourhood
tory solids not considered in the present work, e.g. TiO amdth typical element mixtures and indicates an unusually large
Al-Ca-Mg compounds such as diopside (CaM@®) and Mg abundance or low Si abundance. Whether the crystalline
spinell (MgALO4). silicates seen in these rather old disks actually originate from

— Carbon grains survive up to higher temperatures in mod@@ annealing process, or if it is only exposed material which
of low metallicity since the abundance of O and, thus, tH&s formerly been processed within large protoplanetary bod-
concentration of OH decreases with decreasing metallicityS: Ffeémains open. _ _

SO that the Carbon grains are oxidized |a§$ent|y The Value Offengffor N the So|al’ nebula, hOWeVer, IS not

M\{ell known since primordial dust which condensates directly

— The sun is an untypical star in its galactic environme .
with respect to the abundances of O, Mg, Si and Al. Aféomthe gas phase is hardly detected. Bradley et al. (1992) have

; . analyzed the structure and composition of a sample of inter-
a particular consequence the ratio of abundances of crys- :
. . i . i anetary dust particles (IDPs) and found two IDPs to resemble
talline enstatite to crystalline forsterite (more general: cry3-

talline pyroxene to crystalline olivine) in the solar nebula € infrared spectrum around the 41 silicate feature of the
Py Y comets Halley (1986 03) and Bradfield (1987 29). Moreover,

is higher-than-average as compared to protgplanetaryd%gse IDPs show no indication of aqueous alteration, which
with solar metallicity and aypical element mixture as for ~ . . .
stars in the galactic vicinity of the sun. p0|r_1ts to the condgnsat|on_ of these sme_lll crystalline silicate
) i o grains £100 nm) within their glassy matrix from nebula gas
— In -disk models in the one zone approximation the evgjithout being processed within large bodies afterwards. The
lution of the surface density decouples from the thermalyatio petween Fe poor pyroxenes and olivines in these IDPs
structure of the disk. Thus, the radial profilessoin mod-  found by Bradley et al. (1992) is roughly 2:1. This is rather
els. of diferent metallicity gt the same instant are Fhe sam@w compared tofend fror ~ 12 expected for the solar nebula
This is not the case far-disk models. However, since weang indicates a rather largg,/es; of about 43 (standard solar
consider the vertical selfgravity of the disk in the model cajz)ye:~1.08) or the accumulation of either IDP material within
culations, ther-prescription no more makes sense (Duschlye|atively narrow zone of around 1280 K in the disk where en-
etal. 2000). The mass densitydrdisk models, in contrast, gtatite transforms into forsterite (at around 8U after 18 yr;
is still coupled to the thermal structure of the disk. see Figs. 6 and 10a) which seems unlikely, however.
— The vertical selfgravitation of the disk leads to a large “gap” In contrast to the low value ofend fior in IDPs found by
in the radial profile of the aspect ratig/r in the intermedi- Bradley et al. (1992), Wooden et al. (1999) found a crystalline
ate and outer parts of the disk. This might lead to shadowipgroxene-to-olivine ratio in comet Hale-Bopp 0f08}2 (1o
effects within the gap zone, i.e. the heating of the disk pnfidence) by fitting IR spectra of the comet dfatient helio-
irradiation of the star could be strongly reduced at the lgentric distances. In a further analysis Wooden et al. (2000)
cation of the gap. Irradiation of the upper layers of the didk the IR spectra of Hale-Bopp by spectra of single IDPs
by the star is not included in the present model calculationvghich show extreme pyroxene and olivine contents, respec-
This will be an issue of future investigations. tively, and found crystalline pyroxene-to-olivine ratios in the
range 3. ..8. These results are more consistent with the value
of fend ffor = 12 at the birth place of the comets calculated in the
present model with solar abundance. Moreover, Wooden et al.
The main topic of this paper was to simulate protoplanetary 48999) found the spectra of Hale-Bopp best matched by sili-
cretion disks with element mixturesftérent from that of the cates with Mg numbers M@Mg + Fe) ~ 0.9, i.e. with respect
solar system. In this context the composition of the primitivi® its composition the crystalline pyroxene (olivine) in comet
material from which larger bodies (asteroids, comets, planettile-Bopp is almost pure enstatite (forsterite). As well Bradley
are built within protoplanetary disks is of particular interest fof1999) found Mg numbers 0£0.9 in a sample of crystalline
understanding the formation of planetary systems. In Paperpyroxene and olivine grains extracted from polar micromete-
and in the present work it has been shown that in the inr@ites and IDPs for almost the entire sample. A possible expla-
warm parts of the disk the original unequilibrated ISM dustation for the observed large Mg numbers in these likely pris-
transforms into thermally equilibrated dust. With respect to thime silicate grains of the solar nebula is that the unequilibrated
silicate dust this equilibration process produces both crystalliG@morphous) ISM pyroxene and olivine grains entering the so-
enstatite and crystalline forsterite, respectively, whereby the lar nebula were subject to an annealegilibration process
tio of the degrees of condensation of these speéigsfior, de-  within the solar nebula which transforms them into crystalline
pends on the abundance ratio of Mg to Si. enstatite and olivine grains.

8. Conclusions
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Finally we like to remark that the metallicity increases tosf v, andX,. Sincey; itself is a function ofZ,, one basically
wards the galactic center as the synthesis of heavy elemasiitains a relation
proceeds more rapid in the inner as compared to the outer parts

(m)
of the galactic disk. Actually, Laws et al. (2003) found in theit1 = ¥(&2); (A.3)
statistical analysis the frequency of planetary system, respggyare the functiott is determined by the solution of the set of
tively planets, to increase towards the galactic center. Egs. (A.1), (22)(32) and (A.2).

We conclude with the remark that the present work Serves 14 connect the structure of the stationary inner disk with

as a further building block within this series that attempts e strycture of the time dependent outer disk we proceed as
explain the composition of planetary system bodies, especiailyjoys: let m denote the current iteration step of the global

the composition of asteroids and comets of the solar systeMyeration of the surface densisy (see Fig. 1). The solution for

¥1 within the global iteration is
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2 155"
Appendix A: Inner boundary condition where we terminate the expansion®fafter the linear term.

%1 and 6%, are the corrections o™ and =™ in the mth

Previous calculations of disk evolution in the one-zone agtobal iteration step. From Eq. (A.4) the correctigXy is ap-
proximation (e.g. Lin & Papaloizou 1985; Ruden & Lin 1986proximately given by
Ruden & Pollack 1991; Bell & Lin 1994) show that the in-
nermost disk region rapidly develops on the short viscoys, ~ ¥
timescale of the innermost disk region into a quasi-stationary 9%
state where the mass accretion ritds radially nearly con-
stant over an extended region in the inner parts of the disk.
value of M in this region gradually changes in time, however. Y(22) - Y(Z)
This suggests that it is possible to calculate the disk struct@fe I X2, (A-6)
in the innermost parts of the disk as for a stationary disk. 2

In this case, the structure of the stationary inner disk is deith £, = (1-10°)%,. The values oE(Zm) and 6%, respec-
termined byM (and the stellar madd.), which are free param- tively, are given from the solution of the set of Egs. (21)—(32)
eters within the frame of the theory of stationary one-zone difk the time dependent outer disk structure since the set of
models. These free parameters have to be determined by @@®gs. (21)—(32) is solved at each radial poinby starting at
pling the stationary inner disk evolution to the time dependetitte outer boundark = K and then by moving radially inwards
calculation of the disk evolution in the outer parts at some rérrough the set of grid-points down to the second innermost
diusry. This radiug; serves as the inner boundary for the outgyointk = 2. Also the value of, is given from the solution of
time dependent model and as the outer radius for the quahi set of Egs. (21)-(32).

63, (A.5)

m
2"2

.IWg substitute Eq. (A.5) by afilerence scheme,

stationary inner disk. _ Given these values of, andX; the set of equations. for
The diterence equation fdvl at the inner boundary of thethe structure of thestationaryinner disk is solved twice (for
time dependent model is (cf. Eq. (31) in Paper II) %, andX)) with a Newton-Raphson method up to an accuracy
of 10°%. From Eq. (A.6) the correctiofz; to X is obtained.
. 3 ) . ) .
My = ———— (yzzz V2 —viZy \/ﬁ) , (A.1) The global solution for the time dependent disk structure is ob-
Vr2— tained by globally iterating up to an accuracy of 18 (see

wherey, andX, are the viscosity and surface density at the seEi-g' 1). o . . .
ond innermost grid point of the time dependent model. The The quasistationary inner boundary condition omits the un-

are to be calculated from the solution of the equations for tRBYsical descent of the surface density and of other relevant
time dependent radial disk structure. Howeverands, are quantities such as the temperature at the inner disk edge which

not known in advance. They have to be calculated from tf@Sults from the no-torque inner boundary conditian € 0).
set of equations for the disk structurekat 1 in the station- A further advantage of the quasistationary inner boundary con-

ary case. The basic set of equations in this case is formed%yon is that it comprises no restriction for the choice of the

Egs. (22)—(32) and loCation of the inner boundamy, i.e. r; within a disk model
can be chosen far outwards without the risk of unphysical de-
M| R, viations from the real disk structure. The only restriction is that
Xy = 371, (1 - E) (A-2)  one has to be sure that the disk is quasistationary inside of

The quasistationary inner boundary condition can not be ap-
which replaces Eq. (21). These equations can be solved, ifplied, however, to time dependent phenomenons such as the
andx; are prescribed. These equations form a nonlinear setfdd Orionis outbursts which are attributed to a thermal insta-
equations for the basic disk quantities of the disk, includiig  bility in the inner parts of protoplanetary disks (Hartmann &
As a result one obtaingl; as a function of the assumed valueKenyon 1996). In this case the mass accretion rate at the inner
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edgeM; is a strongly time dependent quantity, and thereforeLin, D. N. C., & Papaloizou, J. 1985, in Protostars & Planets Il, ed.
different suitable inner boundary condition has to be applied in D. C. Black, & M. S. Matthews (Tucson: University of Arizona

this and other such cases. Press)
Lissauer, J. J. 1987, Icarus, 69, 249

Marigo, P. 2002, A&A, 387, 507
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