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ABSTRACT
We investigate the evolution of molecular abundances in a protoplanetary disk in which matter is

accreting toward the central star by solving numerically the reaction equations of molecules as an initial-
value problem. We obtain the abundances of molecules, both in the gas phase and in ice mantles of
grains, as functions of time and position in the disk. In the region of surface density less than 102 g
cm~2 (distance from the star AU for the mass accretion rate 10~8 yr~1), cosmic rays areZ10 M

_barely attenuated even on the midplane of the disk and produce chemically active ions such as andH3`He`. We Ðnd that through reactions with these ions considerable amounts of CO and which areN2,initially the dominant species in the disk, are transformed into and HCN. In theCO2, CH4, NH3,regions where the temperature is low enough for these products to freeze onto grains, they accumulate in
ice mantles. As the matter migrates toward inner warmer regions of the disk, some of the molecules in
the ice mantles evaporate. It is found that most of the molecules desorbed in this way are transformed
into less volatile molecules by the gas-phase reactions, which then freeze out. Molecular abundances
both in the gas phase and in ice mantles crucially depend on the temperature and thus vary signiÐcantly
with the distance from the central star. Although molecular evolution proceeds in protoplanetary disks,
our model also shows that signiÐcant amount of interstellar ice, especially water ice, survives and is
included in ice mantles in the outer region of the disks. We also Ðnd that the timescale of molecular
evolution is dependent on the ionization rate and the grain size in the disk. If the ionization rate and the
grain size are the same as those in molecular clouds, the timescale of the molecular evolution, in which
CO and are transformed into other molecules, is about 106 yr, which is slightly smaller than theN2lifetime of the disk. The timescale for molecular evolution is larger (smaller) in the case of lower (higher)
ionization rate or larger (smaller) grain size. We compare our results with the molecular composition of
comets, which are considered to be the most primitive bodies in our solar system. The molecular abun-
dances derived from our model naturally explain the coexistence of oxidized ice and reduced ice in the
observed comets. Our model also suggests that comets formed in di†erent regions of the disk have di†er-
ent molecular compositions. Finally, we give some predictions for future millimeter-wave and subÈ
millimeter-wave observations of protoplanetary disks.
Subject headings : circumstellar matter È ISM: abundances È ISM: molecules È

solar system: formation È stars : formation È stars : preÈmain-sequence

1. INTRODUCTION

The theoretical study of the evolution of molecular abun-
dances in protoplanetary disks is important from various
points of view. First, it will directly show the composition of
material the bodies in planetary systems are made from.
The molecular composition determines some of the basic
properties of planets such as density, thermal history, and
atmospheric composition. Knowledge of the molecular
composition at each radius of the disk is helpful in under-
standing and predicting the properties of individual planets
formed therein.

Second, the theoretical study of molecular evolution is of
great help to obtaining the physical states of the protopla-
netary disks from molecular line observations. Recent radio

1 Present address : Department of Physics, Kyoto University, Kyoto
606-8502, Japan.

observations have produced great progress in the study of
protoplanetary disks. For example, emission lines of mol-
ecules such as CO, CN, and HCO` have recently been
detected for some T Tauri stars (Skrutskie et al. 1993 ; Guil-
loteau & Dutrey 1994 ; Handa et al. 1995 ; Dutrey, Guillo-
teau, & 1997), and the aperture-synthesis imagingsGue� lin
have directly revealed the distribution of CO around some
T Tauri stars in the Taurus molecular cloud with a spatial
resolution of a few hundred AU (Kawabe et al. 1993 ;
Koerner, Sargent, & Beckwith 1993 ; Dutrey, Guilloteau, &
Simon 1994 ; Koerner & Sargent 1995 ; Saito et al. 1995).
Moreover, the future sub-millimeter arrays will enable us to
observe the disks with higher spatial resolution and thus to
observe more precisely the structure and evolution of proto-
planetary disks.

Combining observational data with theoretical studies of
molecular abundances will help determine the initial condi-

705



706 AIKAWA ET AL. Vol. 519

tions and the process of planet formation. In particular, we
will be able to Ðnd out when and how the gaseous com-
ponent in the disk disappears by comparing disks in various
evolutionary stages. The gaseous component in our primi-
tive solar nebula must have disappeared at some stage of
planet formation. The mechanism of this gaseous dissi-
pation is not yet well understood, though some mechanisms
have been suggested such as photoevaporation by irradia-
tion from the central star (Shu, Johnstone, & Hollenbach
1993) and the tidal e†ect of protoplanets (Takeuchi,
Miyama, & Lin 1996). Observations of the gaseous com-
ponent in various disks can provide critical constraints on
the mechanism of dissipation and thus on the mechanism
and timescale of planet formation. However, derivation of
some physical quantities from molecular line observations
requires the help of theoretical study on molecular evolu-
tion. For instance, the amount of the gaseous component in
the disk is estimated by observations of molecules other
than the main component because does not emitH2, H2photons except at the very inner region of the disk (radius

AU).R[ 0.1
Third, molecular abundances can be a useful probe in

investigating the formation processes of our own solar
system. Ultimately, we can constrain the processes, places,
and epochs of the formation of primitive bodies, such as
comets, by comparing their molecular composition with the
theoretical results on the distribution and evolution of
molecular abundances in the disk. Comets are the most
primitive among the existing bodies in our solar system and
are now considered to be remnants of icy planetesimals
formed in the outer region of the solar system AU).(RZ 20
Various molecular species, such as CO, and HCN,NH3,
have recently been detected in comet Hyakutake and comet
Hale-Bopp (Crovisier 1998 and references therein). In addi-
tion, from a statistical study on the molecular composition
of comets AÏHearn et al. (1995) found signiÐcant composi-
tional groupings of comets, which are apparently related to
their formation site. The physical conditions of our solar
system in the early stages must have been encoded in com-
etary compositions.

Some theoretical work has been done on molecular abun-
dances in protoplanetary disks. In their early work Lewis
and his colleagues investigated the composition in the disk
assuming thermochemical equilibrium (Lewis 1974 ; Lewis,
Barshay, & Noyes 1979). For gas with the solar abundance
and for the pressure appropriate to the solar nebula, they
predicted that most of the carbon is in the form of CO at

K and in the form of at lower temperaturesT Z 700 CH4and that most of the nitrogen is in the form of atN2 T Z
300 K and in the form of at lower temperatures. ThisNH3means that the disk should be CO- and atN2-rich R[ 1
AU and and at AU.CH4- NH3-rich RZ 1

It was pointed out, however, that in the region of low
temperatures the reaction rates are so low that thermoche-
mical equilibrium cannot be achieved within the timescale
of the disk (Lewis & Prinn 1980). Instead of the chemical
equilibrium model, Prinn (1993) (and references therein)
proposed the ““ kinetic inhibition model ÏÏ (hereafter KI
model), assuming that the matter at di†erent radius is well
mixed by turbulence. Their basic idea is that the molecular
abundances in the matter Ñowing outward are ““ quenched ÏÏ
when the temperature has decreased to a value below which
the timescale for chemical reaction is larger than the
dynamical timescale. Adopting a dynamical timescale for

the disk of D1013 s, they concluded that the molecular
abundances are quenched at 850È1500 K (R\ 1 AU) and
that CO and were the dominant components in theN2solar nebula.

In this paper we investigate the molecular abundances in
the protoplanetary disks with a model more realistic than
the previous ones. First, we take into account the ionization
of the gas by cosmic rays and the subsequent ion-molecule
reactions, which are not included in the KI model. Since the
attenuation length of the cosmic-ray ionization is about 96
g cm~2, the disk is partially ionized by cosmic rays at RZ 7
AU in the minimum-mass solar nebula (Umebayashi &
Nakano 1981). The reaction rate coefficients of ion-
molecule reactions are larger than those of neutral-neutral
reactions especially at the low temperature typical at RZ
10 AU. Thus, ion-molecule reactions can be efficient espe-
cially in the outer regions of the disk, regions that were
regarded as chemically inactive in the KI model. The
second point concerns the disk model. In this paper we
adopt the standard accretion-disk model (Lynden-Bell &
Pringle 1974). In the KI model they assumed that the
matter in the outer regions (R? 1 AU) was transported
from the region inside the quenching radius (R\ 1 AU).
However, it is implausible that most matter in the outer
regions passed within the quenching radius. According to
Lynden-Bell & Pringle (1974), most of the matter loses its
angular momentum due to viscosity and accretes toward
the central star ; most of the matter migrates inward at any
radius. Indeed, observations at ultraviolet, optical, and
infrared wavelengths suggest that there are accretion Ñows
in protoplanetary disks (Hartigan et al. 1991 ; Basri &
Bertout 1993 and references therein). Stevenson (1990)
investigated the efficiency of mixing in the standard accre-
tion disk and found that the amount of contamination from
inside the quenching radius is small or negligible in the
outer region of the disk. Third, we investigate the molecular
abundances by solving directly the time-dependent reaction
equations. In contrast to the KI model, we obtain the evolu-
tion and distribution of molecular abundances fully time
dependently.

Some of the points described above were taken into
account in recent works on the molecular evolution of the
protoplanetary disks including ours. Aikawa et al. (1997,
hereafter Paper I) showed that the ionization and ion-
molecule reactions play an important role in the molecular
evolution. But they neglected the accretion Ñow in the disk.
Although Finocchi & Gail (1997) took into account the
e†ects of ionization and accretion Ñow, they did not con-
sider the condensation of molecules onto grains and the
e†ect of charged grains, which play important roles in the
molecular evolution (Paper I). In this paper we take into
account the e†ects of ionization, accretion Ñow, formation
of ice mantles, and desorption of molecules from the ice
mantles at the same time. Molecular evolution in the accre-
tion disk was also investigated recently by Willacy et al.
(1998, hereafter W98). The main di†erence between W98
and this paper is in the temperature distribution in the disk
as mentioned in ° 4.1. In this paper we also investigate
dependences of molecular evolution on some physical
parameters in the disk, which were not worked out in W98.

In ° 2 we describe our models of accretion disk and
chemical reaction network. In ° 3 we show the numerical
results on the evolution and distribution of molecular abun-
dances and the dependence of our results on some physical
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parameters such as the cosmic-ray Ñux and the grain size.
Comparison with previous works (KI model and W98), the
dependence of our results on the disk model, and the uncer-
tainties in the reaction network are discussed in ° 4. In ° 5
we compare our results with the composition of comets, and
give some expectations for the future molecular line obser-
vations of the disks based on our results.

2. MODEL

2.1. Disk Model
We describe here our theoretical model for the structure

of the protoplanetary disks. The excess of ultraviolet radi-
ation and intense Ha emission lines observed for T Tauri
stars indicate that the disks are accreting toward the central
star at age several ]106 yr (Strom et al. 1989). We adopt[
the steady accretion disk model (Lynden-Bell & Pringle
1974 ; Frank, King, & Raine 1992, p. 77), in which the accre-
tion rate and the disk structure are assumed not to change
with time. The column density & of the disk at the radial
distance R from the central star is given by

l&(R)\ M0
3n
C
1 [

AR
*

R
B1@2D

, (1)

where l is the viscosity, is the mass accretion rate, andM0 R
*is the radius of the central star ; we adopt the cylindrical

coordinates (R, ', Z). The cause of the viscosity is not well
known, though some candidates have been proposed, such
as turbulence caused by the shearing instability of a weakly
magnetized disk (Balbus & Hawley 1991 ; Hawley & Balbus
1991). Because of insufficient knowledge we adopt the a-
prescription of the viscosity given by Shakura & Sunyaev
(1973) :
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where k is the Boltzmann constant, is the mass of amHhydrogen atom, G is the gravitational constant, T is the
temperature, k is the mean molecular weight of the gas, and

is the mass of the central star. We adopt k \ 2.37,M
* and We determine the accretionM
*
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_
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_

.
rate and a by referring to the observational data. TheM0
ultraviolet excesses indicate yr~1,M0 D 10~8È10~7 M

_which corresponds to a D 10~2, for the disk mass
M D 10~2 estimated from the spectral energy distribu-M

_tion in the infrared wavelengths (Basri & Bertout 1993).
We assume for simplicity that the disk is isothermal in the

Z-direction because the heat is easily transported in this
direction by the thermal radiation of dust particles. Then
the gas density at the midplane of the disk by number of
hydrogen nuclei is given by

nH \ 0.706
2

Jn
&

2HmH
, (5)

for the mass fraction of hydrogen, 0.706, for the solar abun-
dance (Anders & Grevesse 1989). The accretion velocity is

given by

v
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The temperature distribution in the disk is determined by
the balance between heating by absorption of the stellar
radiation and by gravitational energy release due to viscous
accretion and cooling due to thermal radiation of the disk ;
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where p is the Stefan-Boltzmann constant, is the lumi-L
*nosity of the central star, and

q\ i& (8)

is the optical thickness of the disk for the thermal radiation,
i being the absorption coefficient. The Ðrst term on the
right-hand side of equation (7) represents the heating by the
central star (Kusaka, Nakano, & Hayashi 1970 ; Ruden &
Pollack 1991), and the second term represents the energy
released by viscous accretion (Lynden-Bell & Pringle 1974).
The left-hand side of equation (7) represents the emission of
the thermal radiation from the disk ; this expression is exact
when q> 1 and holds well at We adopt the absorp-qZ 1.
tion coefficient

i \ 0.5
A T
30 K

B2
cm2 g~1 (9)

according to & Siebenmorgen (1994), who calcu-Kru� gel
lated the absorption coefficient for various kinds of dust
particles using Mie theory. We adopt in thisL

*
\ 1 L

_paper.
The structure of the accreting protoplanetary disk is

obtained by solving equations (1)È(9). Adopting M0 \ 1
] 10~8 yr~1, a \ 0.01, and we obtain theM

_
L
*

\ 1 L
_

,
temperature distribution as shown by the solid line in
Figure 1a. In the region of radius AU, which we areRZ 10
primarily concerned in (see below), the energy released by
accretion is much smaller than the radiation energy from
the central star, and thus the Ðrst term dominates in the
right-hand side of equation (7). This ensures the isother-
mality of the disk in the Z-direction assumed above even if
the disk is optically thick to its own thermal radiation. Then
the temperature is nearly proportional to R~3@7 as long as
the disk is optically thick to the thermal radiation in
accordance with Kusaka et al. (1970). At larger radii, RZ
100 AU, where the disk is optically thin to the thermal
radiation, the temperature is almost independent of R.
Although energy Ñux from the central star decreases with
radius in proportion to R~2, it is compensated by decrease
of disk opacity for thermal radiation and Ñaring of the disk.

The dotted line in Figure 1a shows the distribution of the
column density &. The column density is proportional to
R~15@14 at AU, where the disk is optically thick toR[ 10
the thermal radiation, while it is proportional to R~3@2 at

AU, where the disk is optically thin. It is to beRZ 100
noted that the disk is mainly ionized by cosmic rays at

AU, where & is smaller than the attenuation length ofRZ 2
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FIG. 1.ÈModel of the disk in steady accretion with the accretion rate
yr~1 and the coefficient for viscosity a \ 0.01 exposedM0 \ 1 ] 10~8 M

_to the stellar radiation of (a) distribution of the temperature TL
*

\ 1 L
_

;
(solid line) and the column density & (dotted line), and (b) distribution of the
gas density by number of hydrogen nuclei, (solid line), and the accretionnHvelocity (dotted line).v

R

cosmic-ray ionization, 96 g cm~2 (Umebayashi & Nakano
1981). Thus, the ionization by cosmic rays should be taken
into account in this region.

Figure 1b shows the gas density by number of hydrogen
nuclei (solid line) and the accretion velocity (dottednH v

Rline) in the disk. The matter migrates D102 AU in 106 yr.

2.2. Reaction Network
Because density and temperature may not be high

enough for the chemical equilibrium to be achieved within
the evolutionary timescale of the protoplanetary disk, it will
be necessary to solve the time-dependent reaction equations
to Ðnd out the molecular abundances in the disk. We also
consider the e†ect of the accretion Ñow. The time variation
of the number density n(i) of species i along the accretion
Ñow is governed by

dn(i)
dt

4
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where t is the time and the source term S(i) is given by
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The Ðrst term on the right-hand side of equation (11)
represents the reactions with external particles such as ion-
ization by cosmic rays. The second term represents the two-
body reactions in which species i is formed by the reaction
of species j and k, and species i (\j) is destroyed by the
reaction with k. The third term represents the three-body
reactions, in which species i is formed by the reaction of
species j and k with the excess energy carried away by
species l. The adopted rate coefficients in the gas phase are
essentially the same as those in the UMIST94 database
(Millar et al. 1991 ; Farquhar & Millar 1993). We also take
into account some three-body reactions referring to the
reaction network adopted in the atmospheric chemistry
(Brasseur & Solomon 1986).

The total number of species and that of reactions
included in our network are about 250 and 2300, respec-
tively.

Because of the poor experimental data and theoretical
study, we have insufficient information on the rate coeffi-
cients of three-body reactions. Thus, we consider only the
regions of density, cm~3, which corresponds tonH [ 1012

AU in our disk model (Fig. 1b). With a typical rateRZ 10
coefficient k D 10~30 cm6 s~1 for three-body reactions, we
have cm3 s~1 in this density range even forkn(H2) [ 10~18
the most abundant species as a third body. This value isH2smaller than the characteristic rate coefficient D10~17 cm3
s~1 for the radiative association, which is the slowest
among the two-body reactions. Thus, three-body reactions
are not important in this density range.

The attenuation length of cosmic-ray ionization, 96 g
cm~2 (Umebayashi & Nakano 1981), is much larger than
the column density of the disk at AU. Thus, weRZ 10
adopt the ““ standard ÏÏ ionization rate for the molecular
clouds, f\ 1.3] 10~17 s~1, which has been derived from
the observed abundances of ions in molecular clouds (Lepp
1992). This is not much di†erent from the ionization rate
calculated from the observed cosmic-ray intensity (Spitzer
& Tomasko 1968). Although we take into account the ion-
ization and dissociation of molecules by the interstellar and
stellar ultraviolet radiation, they have been found to hardly
a†ect the results ; the ultraviolet radiation is attenuated by
grains in a thin surface layer of the disk with a thickness
D10~3 g cm~2.

In addition to the reactions in the gas phase, we also take
into account the reactions on grain surfaces : formation of

molecules, recombination of ions and electrons, as wellH2as formation of ice mantles due to adsorption of molecules
and thermal desorption of molecules from the ice mantles.
For simplicity and clarity, we do not consider the other
chemical reactions on grain surfaces because detailed
mechanisms and reaction rate coefficients are not well
known. We adopt the same adsorption and desorption rate
coefficients as in Paper I (see also Yamamoto, Nakagawa, &
Fukui 1983 ; Hasegawa & Herbst 1993 ; Sandford & Alla-
mandola 1993). We neglect the nonthermal desorption
induced by cosmic rays, UV photons, and X-rays because
they are not e†ective in the density region we are concerned
in. Owing to the high density, the adsorption rate in the
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TABLE 1

THE ABUNDANCES OF ELEMENTSa AND GRAINS

Element Abundance Element Abundance

H . . . . . . . 1.00 Mg . . . . . . . . 1.09([6)
He . . . . . . 9.75([2)b Si . . . . . . . . . . 9.74([7)
C . . . . . . . 7.86([5) S . . . . . . . . . . . 9.14([6)
N . . . . . . . 2.47([5) Fe . . . . . . . . . 2.74([7)
O . . . . . . . 1.80([4) Grain . . . . . . 1.02([2)c
Na . . . . . . 2.25([7)

a The abundances by number of the elements that are in
the gas phase and in grain mantles. The elements in refrac-
tory grain cores are not included.

b a(b) means a ] 10b.
c The abundance of refractory grain cores by mass rela-

tive to hydrogen.

disk is much higher than in molecular clouds, where non-
thermal desorption can be e†ective (Aikawa et al. 1996,
Bergin & Langer 1997).

We determine the initial abundances of various molecules
and dust in the following way. We adopt the solar abun-
dance (Anders & Grevesse 1989) as the total elemental
abundances. Considerable amounts of elements, except for
hydrogen and helium, are in refractory dust cores. Since the
dust cores do not evaporate at the temperatures with which
we are concerned K), we exclude the elements(T [ 100
taken in the cores from the scheme of chemical reactions.
The amount of the elements that are not in the dust cores
and participate in the reactions can be estimated from the
observations of the di†use medium (e.g., Morton 1974) and
is shown in Table 1.

We assume for simplicity that all grains are spherical with
radius a \ 10~5 cm and their internal density gog \ 2.5
cm~3, typical values for the interstellar grains. Thus, we Ðnd
the relative number density of grains n(grain)/nH \ 1.63
] 10~12. We neglect the increase of grain radius due to the
growth of the ice mantle because this is not very large.

We determine the initial molecular abundances of the
protoplanetary disks referring to the abundances of the
molecular clouds, which are raw material of the protoplane-
tary disks. We assume that initially hydrogen is in the form
of carbon is in CO, the remaining oxygen is locked upH2,as water ice mantle, nitrogen is in the form of and theN2,other heavy elements are in atomic forms. We call this case
Model A. The dependence of our results on the initial
molecular abundances will be discussed in ° 3.3.

3. NUMERICAL RESULTS

3.1. Molecular Evolution in the Accreting Flow
In this section we show the results of the numerical calcu-

lations on the molecular evolution. We Ðrst describe the
molecular evolution of the matter that is accreting toward
the central star. We consider the disk, which initially has a
radius RD 1000 AU. The matter at each radius migrates
inward with the velocity given by equation (6). Thev

Rdensity and the temperature T of the matter change withnHtime according to equations (5) and (7), respectively, as the
matter migrates toward the central star. We solve equations
(10) and (11) along the accretion Ñow. The calculation is
performed for a period of 3 ] 106 yr, which is a typical
duration time of the accretion phase (Strom et al. 1989).

As an example we show the evolution of molecular abun-
dances in the matter, which migrates from R\ 395 AU to

R\ 10 AU in 3] 106 yr. Figures 2aÈ2e show the evolution
up to t \ 2.4] 106 yr, while the temperature of the matter
is kept almost constant. In this period the matter migrates
down to R\ 54 AU. Figure 2a shows the density and tem-
perature of the matter as a function of time, or along the
path of migration.

Figures 2bÈ2e show the evolution of C-, N-, O-, and S-
bearing molecules, respectively. Since the temperature is
almost constant at T D 20 K, the evolution is very similar
to those described in Paper I.

Initially, all carbon is assumed to be in the form of CO.
As time goes on, ice, HCN ice, ice, and iceCO2 CH4 H2CO
form as shown in Figure 2b. The main formation processes
of these molecules in the gas phase are shown in Figure 3a.
First, some of molecules are ionized by cosmic rays toH2produce ions, which subsequently react with to formH2` H2By reaction with CO is transformed into HCO`,H3`. H3`,
some of which become HCO through grain-surface recom-
bination. Finally, reactions of HCO with O and N form

and HCN, respectively. Although neither O nor NCO2atoms exist initially, they are formed from CO and N2,respectively, through ion-molecule reactions. The reaction
of HCO with HCO produces Helium ions, He`,H2CO.
which are formed by cosmic-ray ionization, react with CO
to form C`. Radiative association with and H-atomH2abstraction from transform C` into which recom-H2 CH5`,
bines to form CH4.Owing to the low temperature and high density, most of
these products are adsorbed onto grain surfaces in a short
timescale D103(107 yr and accumulate in icecm~3/nH)
mantles. Formation of ice mantles works as a ““ sink ÏÏ in the
chemical reaction network. Some kinds of species can
survive by forming ice mantles ; otherwise they are
destroyed and transformed into other molecules by the
reactions in the gas phase. For example, reacts withCH4C` to form larger hydrocarbons at higher temperatures at
which is easily desorbed from the ice mantles (seeCH4below).

Figure 2c shows the time variation of the abundance of
N-bearing molecules relative to hydrogen. Initially, all
nitrogen is assumed to be in the form of As time goesN2.on, HCN ice and ice become dominant. The mainNH3formation process of is as follows (Fig. 3b). The reac-NH3tion of with He` forms N`, which is transformed intoN2by repeated H-atom abstraction from isNH4` H2 ; NH4`turned into through dissociative recombination,NH3which Ðnally accumulates in the ice mantle. As described
above, HCN is formed through the reaction of HCO with N
atom. Nitric oxide NO is mainly formed by the reactions
N ] OH] NO] H and O ] NH] NO] H. The reac-
tion of HCN with HCO` produces HCNH`, which recom-
bines to form CN.

Figure 2d shows the time variation of the abundance of
O-bearing molecules. Initially, oxygen is assumed to be in
the form of ice and CO. As shown in Figure 3c, theH2Oreaction with He` destroys CO to form an O atom, which
reacts with HCO to produce OH. The oxygen molecule O2is formed by the reaction of OH with an O atom.

Figure 2e shows the time variation of the abundance of
S-bearing molecules. Initially, sulphur is assumed to be in
atomic form. As time goes on, OCS ice, SO ice, and iceH2Sare formed. As shown in Figure 3d, radiative association of
CO with S forms OCS. Reaction of S with OH produces
SO, which reacts with O to form Sulphur monoxideSO2.
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FIG. 2.ÈEvolution of molecular abundances in the matter which migrates from R\ 395 AU to R\ 54 AU in 2.4 ] 106 yr ; (a) the temperature T (dotted
line) and the density of the matter, (solid line), as functions of time, and (b)È(e) evolution of C-, N-, O-, and S-bearing molecules, respectively. The numeralsnHwith arrows in (a) show the distances of the matter from the central star in units of AU at the corresponding times.

SO also reacts with C to form CS. Sulphur atoms react with
or HCO` to form HS`, which is transformed toH3` H3S`

by radiative association with Then, is formed byH2. H2Sdissociative recombination of H3S`.
Since the evolution at the later stages t º 2.4] 106 yr is

complicated, it is shown separately in Figures 4aÈ4e with
the time (abscissa) in the linear scale. Figure 4a shows the
density and the temperature of the matter as functions of
time. In this period the matter migrates from 54 to 10 AU,
and the temperature rises rapidly up to T B 38 K. As the
matter moves to warmer regions, some ices sublimate. For
example, is desorbed at t D 2.9] 106 yr (RD 20 AU)CH4when the temperature rises to its sublimation temperature
D28 K. Then is transformed into larger hydrocarbonsCH4etc., by ion-molecule reactions and disso-C2H2, C3H4,ciative recombinations in the gas phase (Fig. 3a). The abun-
dance of CO in the gas phase shows a complex behavior. Its
abundance is decreasing at t D 2.4] 106 yr (RD 50 AU) as
CO is transformed into the other C-bearing molecules such
as and At t D 2.9] 106 yr (RD 20 AU), CO isH2CO CO2.formed anew from radicals such as HCO and OH, which

have been desorbed from the ice mantle. Carbon monoxide
is also produced from which has been formed fromCH3,Formaldehyde is produced by the reactionCH4. H2CO

at t D 2.9] 106 yr. Simi-HCO] HCO] H2CO] CO
larly, OCN ice, ice, and ice begin to increaseNO2 H2CS
rapidly when their precursors CN, NO, and S, respectively,
start sublimating.

3.2. Spatial Distribution of Molecules in the Disk
To Ðnd out the spatial distribution of the molecular

abundances in the accretion disk at t \ 3.0] 106 yr, we
perform the similar calculation as described above for the
matter which starts migration at various positions ; the
matter moving in 3.0 ] 106 yr from R\ 426 to 20 AU, 456
to 30 AU, 486 to 40 AU, 514 to 50 AU, 541 to 60 AU, 568 to
70 AU, and 619 to 90 AU.

Figures 5aÈ5d show the spatial distribution of C-, N-, O-,
and S-bearing molecules, respectively, at t \ 3.0] 106 yr.
We can see that the molecular abundances do not change
much at AU, where the temperature is nearly con-RZ 50
stant at D20 K. This is because the molecular evolution
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does not depend sensitively on the density, though it
depends crucially on the temperature. At AU, theR[ 50
temperature rises considerably as R decreases, and therefore
molecular abundances vary with radius. For example, CH4ice is much less abundant at AU than in the outerR[ 20
regions. Instead, larger hydrocarbons such as ice,C3H4which are formed from the desorbed are more abun-CH4,dant at AU than in the outer regions.R[ 20

At AU, HCO cannot accumulate in the iceR[ 20
mantle. Therefore, and HCN, which are producedH2CO
from HCO, are more abundant than in the outer regions.
On the other hand, the abundance of ice is constant atNH3R\ 10È90 AU, since the temperature in this region is much
lower than the sublimation temperature of (D80 K)NH3and higher than the sublimation temperature of the precur-
sor molecule (D20 K).N2In the region of 20 AU, CO is signiÐcantlyAU[ R[ 40
depleted because it is destroyed by the reaction with inH3`the gas phase. At AU the abundance of CO is highR[ 20

once again as it is produced from HCO, which is desorbed
from ice mantles.

Figure 6 shows the distribution of molecular abundances
at an earlier stage t \ 1 ] 106 yr. To get this Ðgure we
followed the molecular evolution in the matter which
migrates in 1 ] 106 yr from 91 to 10 AU, 107 to 20 AU, 123
to 30 AU, 139 to 40 AU, 155 to 50 AU, 171 to 60 AU, 186 to
70 AU, and 216 to 90 AU. Many species such as hydrocar-
bons, and SO have already been formed at this time.NH3,Comparing Figure 6 with Figure 5, we can see that the
abundances of these species increase with time anywhere in
the disk, while CO and decrease with time anywhere.N2

3.3. Dependence on the Parameters
3.3.1. Ionization Rate

In the previous subsections we discussed how ionization
by cosmic rays drives the molecular evolution, especially in
the outer regions of the protoplanetary disks. Since the
attenuation length of cosmic-ray ionization, 96 g cm~2, is

FIG. 3.ÈMajor reactions concerning (a) carbon, (b) nitrogen, (c) oxygen, and (d) sulphur compounds. The grain-surface recombinations are shown by the
arrows with ““ G( [ ) ÏÏ.



FIG. 3.ÈContinued

FIG. 4.ÈEvolution of molecular abundances in the matter which migrates from R\ 54 AU to R\ 10 AU in the period between t \ 2.4] 106 and
3 ] 106 yr (after the Ðnal stage of Fig. 2) ; (a) the temperature T (dotted line) and the density of the matter, (solid line) as functions of time, and (b)È(e)nH,
evolution of C-, N-, O-, and S-bearing molecules, respectively. The numerals with arrows in (a) show the distances from the central star in units of AU at the
corresponding times.
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FIG. 5.ÈDistribution of molecular abundances in the accretion disk at
t \ 3 ] 106 yr. Panels (a)È(d) show the distribution of C-, N-, O-, and
S-bearing molecules, respectively.

signiÐcantly larger than the column density of the disk at
AU, we adopted the ionization rate appropriate toRZ 10

the molecular clouds, f\ 1.3] 10~17 s~1. However, there
are some uncertainties about the ionization rate in the pro-
toplanetary disks ; (i) low-energy cosmic rays may be scat-
tered by strong magnetized protostellar winds ; (ii) cosmic
rays can be scattered by the magnetic Ðelds in the turbulent
disk (Dolginov & Stepinski 1994) ; and (iii) the Ñux of
cosmic rays can be signiÐcantly larger if the protostar is
located near a young supernova remnant.

FIG. 6.ÈDistribution of molecular abundances in the same accretion
disk as in Fig. 5, but at an earlier stage t \ 1 ] 106 yr. The other details are
the same as in Fig. 5

Although the precise value strongly depends on the
physical situation around young stellar objects, the ioniza-
tion by cosmic rays can be as low as fD 10~18 s~1 if the
Ñux of cosmic rays at energy below 100 MeV are scattered
completely (Umebayashi & Nakano 1981). Dolginov &
Stepinski (1994) investigated the propagation of cosmic rays
within a magnetized turbulent disk and found that the ion-
ization rate is proportional to where d isexp [[(d/ddiff)2],the vertical distance measured from the disk surface and a
penetration depth is 0.2 to 0.3 times the scale height Hddiff



714 AIKAWA ET AL. Vol. 519

of the disk. Though their disk model is quite di†erent from
ours, it may be possible that the ionization rate by cosmic
rays is decreased extensively and the ionization due to
decay of radioactive elements becomes dominant. For the
solar abundance, the most efficient element is 40K, which
gives the total ionization rate of D10~22 s~1 (Umebayashi
& Nakano 1981). The evidence for extinct 26Al in the
Allende meteorite suggests that the solar system was formed
near a supernova remnant (Clayton 1985). Since super-
novae are considered to be sources of cosmic rays, the ion-
ization rate in the solar nebula might have been by at least
an order of magnitude higher than that adopted above.
Such a high value is suggested from the heating of inter-
stellar matter (Hayakawa, Nishimura, & Takayanagi 1961).
In addition to cosmic rays, the universal existence of
gamma ray emission from the decay of 26Al in our galaxy
(Mahoney et al. 1984 ; Share et al. 1985 ; Diehl et al. 1993)
suggests that 26Al can be an important source of ionization.
If 26Al were present with the abundance estimated from the
amount of 26Mg in the Allende refractory inclusions, the
ionization rates reaches about several ]10~19 s~1
(Umebayashi & Nakano 1981 ; T. Umebayashi 1997,
private communication). Because of these uncertainties, we
have also investigated the cases of f\ 1.3] 10~18 s~1 and
1.3] 10~16 s~1.

In Figure 7 we show the evolution of molecular abun-
dances in the matter which migrates from R\ 568 to 70
AU in 3] 106 yr for the three cases of the ionization rate f ;
(a) 1.3] 10~18 s~1, (b) 1.3] 10~17 s~1, and (c) 1.3] 10~16
s~1. We can see that the molecular evolution is critically
dependent on the ionization rate. The abundances of species
such as ice, ice, ice, and ice atCO2 CH4 NH3 H2St \ 3 ] 106 yr are lower by a factor of 3È10 for the case of
the low ionization rate (Fig. 7a) compared with the stan-
dard case (Fig. 7b). The formation of these molecules starts
by the reactions of CO, and S with He` and SinceN2, H3`.
the production rates of He` and are proportional toH3`the ionization rate, the formation of ice, ice,CO2 CH4 NH3ice, and ice is more efficient in the case of higher ioniza-H2Stion rate. However, the formation rates of these molecules
are not necessarily proportional to f because the higher
formation rates are somewhat compensated by their higher

destruction rates due to radicals and ions, which are more
abundant in the case of higher ionization rate.

In the case of the higher ionization rate (Fig. 7c), the
abundances of ice, hydrocarbon ice, ice, andCH4 NH3 H2Sice are signiÐcantly higher than those in the standard case
(Fig. 7b), while the abundances of ice and HCN ice areCO2not. The relatively low abundances of and HCN ices inCO2Figure 7c can be explained as follows. These molecules are
formed from HCO, which is produced via the grain-surface
recombination of HCO`. Although HCO` is formed effi-
ciently through the reaction of CO with because of theH3`higher abundance of HCO` is efficiently transformedH3`,
back to CO by dissociative recombination because the
abundance of electrons is also higher in the case of the
higher ionization rate (Fig. 7c).

The ionization rate fD 10~18 s~1 is probably a lower
limit for the protoplanetary disks ; the observed cosmic-ray
Ñux at the energy GeV can provide this rateEZ 1
(Umebayashi & Nakano 1981 and references therein). In the
case of solar nebula, the amount of 26Mg in the Allende
refractory inclusions also suggests this rate. For this lower
limit, HCN, and ices have the relativeCH4, CO2, NH3abundances at t \ 3 ] 106 yr, and CO ice isn(i)/nH D 10~6
the dominant species among C-bearing molecules with
n(CO)/nH D 10~4.

Since the ionization rate is such a critical parameter for
the evolution of molecular abundances in the disk, it is
desirable to estimate it by, e.g., observing the ions in the
protoplanetary disks.

3.3.2. E†ect of Grain Growth

So far we have assumed for simplicity that the dust/gas
ratio by mass is 1.02 ] 10~2 and the grain radius is 10~5
cm, which are typical for the interstellar grains (e.g., Mathis,
Rumpl, & Nordsieck 1977). However, these parameters may
change as the dust grains coagulate and/or sediment toward
the midplane of the disk. We now investigate the e†ect of
their growth and sedimentation on the molecular evolution
of the disk.

Figure 8 shows the molecular evolution of the matter
which migrates from R\ 568 to 70 AU in 3 ] 106 yr for the
three cases of the grain radius a ; (a) 10~5 cm, (b) 10~4 cm,

FIG. 7.ÈEvolution of molecular abundances in the matter which migrates from R\ 568 to 70 AU in 3] 106 yr for di†erent values of the cosmic-ray
ionization rate ; (a) 1.3] 10~18 s~1, (b) 1.3] 10~17 s~1 (standard case), and (c) 1.3] 10~16 s~1.
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FIG. 8.ÈEvolution of molecular abundances in the matter which migrates from R\ 568 to 70 AU in 3] 106 yr for di†erent values of the grain radius ;
(a) 1 ] 10~5 cm (standard case), (b) 1] 10~4 cm, and (c) 1] 10~3 cm.

and (c) 10~3 cm. The dust/gas ratio by mass is Ðxed at the
above-mentioned value. In the cases of larger (and therefore
fewer) grains (Figs. 8b and 8c), the abundances of ice,CO2ice, and HCN ice are lower by 1 to 2 orders ofH2CO
magnitude at t \ 3 ] 106 yr compared with the standard
case (Fig. 8a). The reason for this is that their abundances
depend critically on the rate of the grain-surface recombi-
nation of HCO`, which is signiÐcantly smaller in the cases
of larger grains ; the total geometrical cross section of grains
in a unit volume, na2n(grain), is inversely proportional to
the grain radius a. Moreover, the Coulomb force at the
grain surface, which attracts ions, is smaller for larger
grains. On the other hand, the abundances of ice andCH4ice at t \ 3 ] 106 yr are similar for the cases ofNH3a \ 10~5 cm and a \ 10~4 cm and smaller by a factor of
D3 for the case of a \ 10~3 cm. The adsorption rate is
proportional to the total cross section of grains in a unit
volume and is smaller by 2 orders of magnitude in Figure 8c
compared with Figure 8a. Therefore, in the case of larger
grains, higher fractions of and in the gas phaseCH4 NH3can be destroyed and transformed into the other molecules
before they are adsorbed onto grains. Sulphur dioxide, SO2,on the other hand, is more abundant in the case of larger
grains. For larger grains, more can be in the gas phaseO2because of less efficient adsorption. Thus, reacts with SO2to form SO, which is transformed to by the reactionSO2with an O atom. Formation of OCS is also more efficient in
the case of larger grains because there is more CO in the gas
phase.

The micron-sized grains have a thermal (Brownian)
velocity distribution because they couple efficiently with the
smallest scales of turbulence (Weidenschilling & Cuzzi
1993 ; Chokshi, Tielens, & Hollenbach 1993). Therefore, the
timescale of grain-grain collision in the disk is given by

qcol(th)\ Mna2vgr n(grain)N~1

\ 7.6] 105
A20 K

T
B1@2A a

10~5 cm
B5@2

]
A0.0102

m
BA108 cm~3

nH

B
yr , (12)

where is the thermal velocity of grains, m is the dust/gasvgrratio by mass, and the gas density is normalized to thenHdensity 108 cm~3 at RD 200 AU in our disk model. Matter
which is in the region of radius R\ 10È90 AU at
t \ 3 ] 106 yr was at AU for the Ðrst 8 ] 105 yrRZ 200
(Fig. 2). Because the collision timescale is qcol(th)Z 8 ] 105
yr for grains of radius 10~5 cm at AU, grains canRZ 200
hardly grow during this period even if the sticking probabil-
ity is as high as unity. Thus, the molecular evolution is not
much a†ected by the growth of grains at least at t [ 8 ] 105
yr.

As the matter migrates further to the inner regions of
higher density, the timescale of grain-grain collision
decreases. Numerically, we have

qcol(th)\ 2.4] 106
A20 K

T
B1@2A a

10~4 cm
B5@2

]
A0.0102

m
BA1010 cm~3

nH

B
yr , (13)

where cm~3 corresponds to the density at RD 50nH \ 1010
AU in our disk model. Thus, at t D 3 ] 106 yr grains in the
accreting matter can be as large as a D 10~4 cm, and the
formation of ice, HCN ice, and ice will beCO2 H2CO
suppressed in this later stage. Thus, according to Figure 8b,
the abundances of HCN ice and ice at t \ 3 ] 106 yrCO2can be as low as in the region of R\ 10È90n(i)/nH D 10~6
AU. The abundances of and ices are scarcelyCH4 NH3a†ected by the grain growth as long as the grain radius

cm.a [ 10~4
When the turbulence ceases, the accretion Ñow would

also stop because angular momentum transport is not
expected in the disk. The growth of grains will be acceler-
ated in such situation. Once the disk becomes quiet enough,
grains begin to sediment toward the midplane of the disk.
The sedimentation velocity of the grain is determined by the
balance between the gas-drag force and the vertical com-
ponent of the stellar gravity acting on the grain and is pro-
portional to the grain radius. Thus, larger grains sink faster
and collide with smaller grains, which are sinking more
slowly. According to Nakagawa, Nakazawa, & Hayashi
(1981) the collision time at height Z from the midplane is
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given by

qcol(sed)B
2

3nm
H
Z

tK B 7.4] 103
A0.0102

m
B

]
AH
Z
BA R

50 AU
B3@2A M

*
1 M

_

B~1@2
yr , (14)

where is the Keplerian orbital period. The collision time-tKscale is independent of the grain size. Because is veryqcol(sed)small, the grains would grow very rapidly, and thus the
molecular evolution would be much slower in the post acc-
retion phase than in the accretion phase if the sticking prob-
ability in grain-grain collision is Precisely speaking,Z10~2.
this e†ect of grain growth will be somewhat compensated
for by the higher dust/gas ratio near the midplane due to
the sedimentation of dust grains, and by the Ñuffiness of the
dust aggregates, which causes a larger surface area than in
the case of compact grains.

3.3.3. Initial Abundances of Molecules

So far we have assumed that initially carbon is in CO,
nitrogen is in and the remaining oxygen is in iceN2, H2O(called Model A). In this subsection we discuss the depen-
dence of our results on the initial conditions by comparing
with the results for another set of the initial molecular abun-
dances, which we call Model B. Table 2 shows the initial
molecular abundances in Model B ; the initial molecular
abundances in the gas phase were determined by referring
to the observations of TMC-1 (Irvine, Goldsmith, & Hjal-
marson 1987) and those in ice mantles by referring to the
observations of luminous young stellar objects and Ðeld
stars through molecular clouds by ground-based infrared
telescopes and the Infrared Space Observatory (ISO)
(Whittet 1993 ; Whittet et al. 1996 ; van Dishoeck 1998 ;
Whittet et al. 1998). As for the elemental abundances we

TABLE 2

THE INITIAL MOLECULAR COMPOSITION FOR MODEL Ba

Species Abundance Species Abundance

N . . . . . . . . . . . . . . . . . . 4.06([6)b O . . . . . . . . . . . . . . 4.25([6)
Si . . . . . . . . . . . . . . . . . . 9.74([7) S . . . . . . . . . . . . . 9.13([6)
Fe . . . . . . . . . . . . . . . . . 2.74([7) Na . . . . . . . . . . . . 2.25([7)
Mg . . . . . . . . . . . . . . . . 1.09([6) H2 . . . . . . . . . . . . 5.00([1)
C2 . . . . . . . . . . . . . . . . 2.64([8) N2 . . . . . . . . . . . . 8.15([6)
CH . . . . . . . . . . . . . . . . 1.00([8) OH . . . . . . . . . . . 1.50([7)
CO . . . . . . . . . . . . . . . . 3.97([5) CN . . . . . . . . . . . . 1.50([8)
CS . . . . . . . . . . . . . . . . 5.00([9) SO . . . . . . . . . . . . 2.70([9)
HCN . . . . . . . . . . . . . 1.00([8) C2H . . . . . . . . . . 4.00([8)
OCS . . . . . . . . . . . . . . 1.00([9) H2CO . . . . . . . . 1.00([8)
NH3 . . . . . . . . . . . . . . 1.10([8) HC3N . . . . . . . . 3.00([9)
CH3CN . . . . . . . . . . 5.00([10) CH3OH . . . . . . 2.00([9)
HCO` . . . . . . . . . . . . 4.00([9) N2H` . . . . . . . . 2.50([10)
HCS` . . . . . . . . . . . . 3.00([10) CO ice . . . . . . . . 2.15([5)
H2O ice . . . . . . . . . . 8.60([5) CO2 ice . . . . . . 1.29([5)
NH3 ice . . . . . . . . . . 4.30([6) CH4 ice . . . . . . 1.72([6)
CH3OH ice . . . . . . 2.58([6)

a The abundances are by number relative to hydrogen nuclei.
b a(b) means a ] 10b.

adopt the same values as in Model A, or in Table 1. All the
elements that are not in molecular form are assumed to be
in atomic form, except for hydrogen and nitrogen. Hydro-
gen is assumed to be in Four-Ðfths of the remainingH2.nitrogen is assumed to be in and one-Ðfth in atomicN2form referring to the theoretical models in molecular clouds
(e.g., Millar, Farquhar, & Willacy 1997).

Figures 9 and 10 show the evolution of molecular abun-
dances in the matter which migrates from 395 to 10 AU in
3 ] 106 yr for Model B. Comparing these with Figures 2
and 4 for Model A we Ðnd that the molecular abundances
in Model B are similar to those in Model A except for the

FIG. 9.ÈEvolution of molecular abundances in the matter which migrates from R\ 395 AU to R\ 54 AU in 2.4] 106 yr for Model B (the initial
molecular abundances determined referring to the observations of gaseous species in TMC-1 and the observations of interstellar ices ; Table 3). The other
details are the same as in Fig. 2.
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FIG. 10.ÈEvolution of molecular abundances in the matter which migrates from R\ 54 AU to R\ 10 AU for model B in the period between
t \ 2.4] 106 and 3 ] 106 yr after the Ðnal stage of Fig. 9. The other details are the same as in Fig. 4.

following two points. First, in the early stages in Model B,
HS ice is considerably less abundant, and ice andSO2 NO2ice are more abundant. These di†erences are caused by O
atoms, which are initially more abundant in Model B. By
reaction with an O atom HS in the gas phase is transformed
into SO, which reacts again with O to produce After OSO2.
atoms are transformed into (at yr), HS iceO2 t Z 2 ] 105
increases considerably. Since is also more abundant inO2Model B, is formed more efficiently by the reaction ofNO2NO with whose precursor isHO2, O2.The second point concerns the origin of ice mantles. In
Model B, signiÐcant amounts of ices were assumed to exist
initially in accordance with the observations, which we call
the ices of interstellar origin. Most of the molecules in ice
mantles do not react with other species in 3] 106 yr. Com-
paring the Ðnal or peak abundances of some ices with their
initial abundances we Ðnd that most of ice, two-thirdsH2Oof ice, half of ice, and one-third of ice are ofCO2 CH4 NH3interstellar origin. This suggests that a signiÐcant fraction of
the ice mantles, especially ice, in the protoplanetaryH2Odisks can be of interstellar origin. However, it should be
noted that there still remain some uncertainties in the com-
position of the interstellar ice. No stringent limit on the
amount of the interstellar ice is given because itsNH3absorption band blends with other features. Interstellar

ice is difficult to observe from the ground because ofCH4telluric contamination. Since the ISO observations of ices
were only toward luminous young stars, except for ice,CO2which was obtained toward Elias 16, it may be possible that
its observational data trace not only interstellar ices in

quiescent clouds but also matter in warm circumstellar
shells, which was processed in a similar way as described in
our model.

Figure 11 shows the spatial distribution of molecular
abundances in the disk at t \ 3 ] 106 yr for Model B.
Despite the di†erences in the initial abundances, the dis-
tribution at this stage is similar to that for Model A, except
for the following minor di†erences. In the outer regions

AU, CO, both in gas phase and in ice, is moreRZ 50
heavily depleted in Model B than in Model A. This is
because reactive species (e.g., O atom) with CO are initially
more abundant in Model B. The boundary between the
CO-rich and CO-depleted regions depends not only on the
temperature, but also on the rate of CO destruction. Since
the timescale of desorption is short near the boundary, the
boundary is determined by the competition between CO
destruction and migration. In Model B, OCS ice is less
abundant because it is formed by the reaction of S with CO,
which is less abundant than in Model A.

We have also performed calculation with another set of
elemental abundances ; the low-metal model in which the
elemental abundances of S, Si, Mg, Fe, and Na are lower by
2 orders of magnitude (e.g., Lee et al. 1998). The initial
molecular abundances are essentially the same as in Model
B. We have found that the results are similar to those in
Figures 9, 10, and 11 for C-, N-, and O-bearing molecules.
While the absolute abundances of S-bearing molecules are 2
orders of magnitude lower in the low-metal model than in
Model B, the relative abundances among S-bearing mol-
ecules are very similar to those in Model B except for CS
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FIG. 11.ÈDistribution of molecular abundances in the accretion disk at
t \ 3 ] 106 yr for Model B. The other details are the same as in Fig. 5.

ice, which is relatively more abundant (n(CS ice)/nH D 10~8)
because of its high initial abundance.

From these results, we can conclude that the main results
described in the previous subsections hardly depend on the
initial molecular abundances.

4. DISCUSSION

4.1. Comparison with Previous W orks
The molecular composition obtained in our model is

quite di†erent from that in the KI model. We have found
that a considerable amount of CO, which originally came

from the interstellar cloud, is transformed into other C-
bearing molecules. At the Ðnal stage t \ 3 ] 106 yr of our
model 10~2È10~1 of carbon is in ice and ice. OnCH4 CO2the other hand, in the original KI model only 10~7 of
carbon is in ice and less than 10~2 of carbon is inCH4 CO2ice. Similarly, about 0.3 of nitrogen is in ice in ourNH3model, while only 10~5 of nitrogen is in ice in the KINH3model. One of the reasons for these di†erences is in our
taking into account the cosmic-ray ionization, which drives
molecular evolution by producing ions and radicals. We
have also taken into account the adsorption and desorption
of molecules on grain surface in the time-dependent equa-
tions together with the chemical reactions. In contrast, in
the KI model, molecular abundance is determined at the
quenching radius (R\ 1 AU) where the temperature is high
(see ° 1), and adsorption and desorption in the matter trans-
ported to the outer region is treated in an equilibrium
manner. In our model, CO is transformed into andCH4and into which accumulate in the iceCO2, N2 NH3,mantles, since they are less volatile than CO and This isN2.
another reason for the higher ratios of ice)/n(CO)n(CH4and in our model than in the KI model.n(NH3 ice)/n(N2)Although the high abundance of hydrocarbons and NH3is also derived by W98, their model is di†erent from ours. In
W98, the temperature in the outer region of the disk (RZ
40 AU) is so low K), that the depletion onto grains(T [ 10
is more severe than in our model. Instead of gas-phase reac-
tions, grain-surface reactions play a dominant role at such
low temperatures. It should be noted that the temperature
in the outer region is underestimated by W98: they con-
sidered only the heating by mass accretion and neglected
the heating by the central star, which is the dominant
energy source at AU for as shown inRZ 10 L

*
B 1 L

_
° 2.1. Thus, we think that the results of W98 for the outer
region apply to disks around stars with lower luminosity

The dependence of our result on the tem-(L
*

\ 1 L
_

).
perature distribution and the luminosity of the central star
will be discussed in ° 4.3.

4.2. Uncertainties in the Grain-Surface Recombination of
HCO`

One of the merits of solving directly the reaction equa-
tions is that we can distinguish the major reactions that
determine the abundance of each molecule among thou-
sands of reactions. Analyzing the reaction network, we have
found that the key reaction which critically determines the
transformation rate of CO to HCN, and is theCO2, H2CO
grain-surface recombination of HCO`. We have assumed
that the grain-surface recombination occurs without disso-
ciation as long as the resultant species are stable.

In this assumption HCO` is just neutralized to HCO,
with the Coulomb energy of recombination deposited onto
grain surface, while it is dissociated into CO and H by the
gas-phase recombination. However, there are no direct evi-
dences for or against this assumption at present. Therefore,
we have also performed numerical calculation with another
assumption that HCO` dissociates to H and CO as a result
of the grain-surface recombination.

In Figure 12 we show the evolution of molecular abun-
dances in the matter migrating from R\ 568 to 70 AU in
3 ] 106 yr in the two cases ; HCO` recombines on grains
(a) to form HCO and (b) to form CO and H atom. In the
dissociative case (Fig. 12b) ice and HCN ice are lessCO2abundant and CO is more abundant at t \ 3 ] 106 yr com-
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FIG. 12.ÈEvolution of molecular abundances in the matter which migrates from R\ 568 to 70 AU in 3 ] 106 yr. The product of the grain-surface
recombination of HCO` is assumed to be (a) HCO (standard case) and (b) CO ] H.

pared with Figure 12a. The abundances of ice, hydro-CH4carbon ice, ice, and S-bearing molecules are not muchNH3a†ected, since they are formed through the other reactions.
The S-bearing molecules are omitted in Figure 12 because
they are similar to Figure 7b.

Figure 13 shows the distribution of molecules at
t \ 3 ] 106 yr for the dissociative case (b). Among C-
bearing molecules, CO is the most abundant through
R\ 10 to 90 AU. The abundances of ice, HCN ice,CO2and ice, whose precursors are HCO, are lower thanH2CO
those in Figure 13a (Fig. 5) by an order of magnitude. On
the other hand, the distributions of the other species such as

ice, hydrocarbon ice, and ice are similar to thoseCH4 NH3in Figure 13a, since they are formed through the other reac-
tions, which are irrelevant to HCO. Most sulphur is taken
up by OCS ice in the inner regions because of the high CO
abundance.

It should be emphasized that the grain-surface recombi-
nation is more important in the disks than in molecular
clouds. The abundance ratio of negatively charged grains to
free electrons is much larger in protoplanetary disks than in
molecular clouds because of higher density (Umebayashi
1983). Therefore, collision of HCO` with charged grains is
more important in protoplanetary disks than in molecular
clouds. It should be investigated by laboratory experiments
and/or computational chemical studies whether the grain-
surface recombination is dissociative or not.

We have assumed in ° 3 that HCO` recombines to form
HCO. This assumption gives upper limits to the abun-
dances of HCN, and and a lower limit to theCO2, H2CO
abundance of CO.

4.3. Dependence on the Disk Model
As a typical case we have adopted as theL

*
\ 1 L

_luminosity of the central star, yr~1 as theM0 \ 10~8 M
_

mass accretion rate of the disk, and the coefficient of vis-
cosity a \ 0.01. Here we brieÑy discuss the e†ects of these
quantities on the molecular evolution.

Molecular evolution crucially depends on the tem-
perature in the disk. Since the luminosity of the central star
is a major factor in determining the temperature distribu-
tion, molecular abundance would be quite di†erent in disks
with di†erent luminosity of the central star. The e†ect of the
stellar luminosity can be estimated roughly by scaling the
molecular distribution shown in, e.g., Figure 5 with the tem-
perature rather than with the distance from the central star.
For example, ice is abundant in the regions ofCH4 T [ 28
K, and the larger hydrocarbon ices are abundant in the
regions of K as seen in Figure 5 (see also ° 5.1). ThisT Z 28
boundary for the distribution of the two kinds of molecules
must also locate at an annulus of T B 28 K for the other
values of though the radius of this annulus depends onL

*L
*
.
The sublimation temperatures of the most volatile mol-

ecules such as CO (D20 K) and (D16 K) provide impor-N2tant criteria for the molecular evolution. If the temperature
in the disk is so low that even the most volatile species such
as CO and do not evaporate, the chemical reactions inN2the gas-phase are suppressed, and chemical reactions on the
grain surface will dominate as investigated by W98. Such a
condition would apply to disks around stars with lower
luminosity (L

*
\ 1 L

_
).

Besides the luminosity of the central star, the temperature
distribution also depends on the dust opacity in the disk,
which can be a source of uncertainty. Since temperature is
such a critical parameter for the molecular evolution, it
would be best if the temperature distribution were to be
ultimately determined by observation. However, to date
there are signiÐcant di†erences between the values of tem-
perature derived from di†erent observations. While Beck-
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FIG. 13.ÈDistribution of molecular abundances in the accretion disk at
t \ 3 ] 106 yr. The product of the grain-surface recombination of HCO`
is assumed to be CO ] H. The other details are the same as in Fig. 5.

with et al. (1990) estimated the temperature at 100 AU,
to be 10 K for DM Tau and 15 K for GM Aur fromT100 AU,

the spectral energy distribution of continuum emission,
Guilloteau & Dutrey (1998) estimated K forT100AU \ 32
DM Tau, and Dutrey et al. (1998) estimated KT100AU\ 37
for GM Aur based on the aperture synthesized image of the
CO emission line.

The competition between the accretion Ñow and the
chemical reactions also determines the molecular abun-

dances in the disk. If the accretion rate is so high that most
of the matter accretes onto the central star in a timescale
much shorter than 106 yr, which is the typical chemical
timescale for CO and the molecular abundances areN2,hardly a†ected by chemical reactions except for the highly
active species such as atoms for which chemical timescales
are much shorter. In such a situation the molecular abun-
dances in the disk would be similar to that in molecular
clouds and hardly vary with radius in contrast to those
described in ° 3 (see also ° 5.2).

5. COMPARISON WITH OBSERVATIONS

5.1. Chemical Compositions of Comets
It is widely accepted that comets are one of the most

pristine objects in the solar system, preserving a large
amount of volatile material such as water. They are now
considered to be the remnants of icy planetesimals formed
in the outer region AU) of the solar nebula. Here(RZ 20
we compare the molecular abundances in our model disk
with those in comets and discuss what comets tell us about
the early stages of the solar system.

In this comparison we have to bear in mind that there are
some uncertainties in determining the composition of
comets. It is difficult to directly detect molecules in com-
etary nuclei. Instead, we observe molecules and radicals
(daughter molecules) which are formed in the comae via
photolysis induced by the solar UV radiation, and we esti-
mate the molecular composition (parent molecules) in the
cometary nuclei using chemical reaction models. Thus, the
molecular composition derived from the observations is
somewhat dependent on the model. In addition it is quite
unclear whether the cometary nuclei are chemically homo-
geneous, and how much they were reprocessed in their for-
mation stages and during their stay in the Oort cloud or in
the Kuiper belt. There are several evidences indicating the
presence of macroscopic internal heterogeneity in cometary
nuclei. For example, in the observations of comet Halley,
the relative production rate of and varied moreH2CO H2Othan tenfold, and outbursts were observed for some kinds of
species, such as outbursts (Mumma, Weissman, &CO2-richStern 1993). Since further consideration of these uncer-
tainties is out of the scope of this paper, we make a compari-
son assuming that the molecular abundances derived from
the observations represent the bulk and pristine composi-
tion of cometary nuclei.

5.1.1. Origin of Cometary Ice

Table 3 shows the molecular abundances of the recent
comets taken from Mumma et al. (1993), Feldman et al.
(1996), Weaver et al. (1996), Lis et al. (1996), and Crovisier
(1998). The abundances are expressed as the numbers of
molecules on a scale for which water ice, the most abundant
species in comets, is 100. Among C-bearing molecules, CO
is the most abundant and is also observed. MethaneCO2was observed in several comets, but it was not detected in
comet Levy (Mumma et al. 1993 and references therein).
Ammonia was directly detected for the Ðrst time inNH3comet Hyakutake with the abundance 0.0025 relative to
water (Lis et al. 1996). Several kinds of S-bearing molecules
were also detected in comet Hale-Bopp (Crovisier 1998 and
references therein).

One of the most important characteristics of the molecu-
lar composition in comets is the coexistence of oxidized ice
(e.g., CO and and reduced ice (e.g., andCO2) CH4
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TABLE 3

ABUNDANCES OF VOLATILE SPECIES IN THE RECENT COMETS

Relative
Species Abundancea Object Comments

H2O. . . . . . . . 100
CO . . . . . . . . . D7È8 Comet P/Halley

20 West (1976 VI)
2 BradÐeld (1979 X)

1È3 Austin (1990 V)
20 Hale-Bopp

H2CO . . . . . . 0È5 Comet P/Halley variable
0.04 Levy (1990 XX) if a parent molecule
0.1 Autsin (1990 V) if a parent molecule
D1 Hale-Bopp

CO2 . . . . . . . . 3 Comet P/Halley infrared obs. (Vega 1 IKS)
6 Hale-Bopp

CH4 . . . . . . . . \0.2È1.2 Comet P/Halley ground-based infrared obs.
0È2 Comet P/Halley Giotto IMS; model dependent

\0.2 Levy (1990 XX) ground-based infrared obs.
1.5È4.5 Wilson (1987 VII) airborne infrared obs.

0.7 Hyakutake
1 Hale-Bopp

NH3 . . . . . . . . 0.1È0.3 Comet P/Halley variable ; based on obs. of NH2
1È2 Comet P/Halley Giotto IMS
0.25 Hyakutake
0.6 Hale-Bopp

HCN . . . . . . . 0.1 Comet P/Halley variable ; ground-based radio
\0.02 Comet P/Halley Giotto IMS

0.2 Hale-Bopp
0.03È0.2 several comets

N2 . . . . . . . . . . D0.02 Comet P/Halley ground-based N2` emission
H2S . . . . . . . . 1.6 Hale-Bopp
SO . . . . . . . . . 0.6 Hale-Bopp
SO2 . . . . . . . . 0.15 Hale-Bopp
OCS . . . . . . . 0.5 Hale-Bopp

a The abundance is by number on a scale for which which is observed in all theH2O,
comets, is 100.

hydrocarbon), as pointed out by Yamamoto (1991) and as
can be seen in Table 3. As shown in the previous sections,
this coexistence in the protoplanetary disk is naturally rea-
lized by taking into account the cosmic-ray ionization in the
disk. Via ion-molecule reactions, both and areCO2 CH4produced from CO, which originally came from the molecu-
lar cloud. The abundances of and relativeCH4, NH3, CO2to are a few ]10~2 at yr, which are consis-H2O Z t Z 106
tent with the observed compositions of the comets (Table 3).
Carbon monoxide and would also coexist in ice mantlesN2even in the region of AU because they can be physi-R[ 40
cally trapped in water ice (Bar-Nun et al. 1985), although
this e†ect was omitted in our calculation.

Some other models have been proposed as regards the
origin of cometary ice. The original KI model cannot
explain the coexistence of oxidized ice and reduced ice ; in
this model and (PrinnCH4/CO D 10~7 NH3/N2D 10~5
1993 and references therein). Prinn & Fegley (1989) pro-
posed that these reduced molecules were formed by the
Fischer-Tropsch-type reactions, which are the catalytic
reactions on the clean surface of metallic Fe and can
produce hydrocarbons from CO and They also pro-H2.
posed that reduced molecules in the comets were produced
in the circumplanetary nebula, where the pressure might
have been much higher than in the protoplanetary disk.
Applying the KI model to the circumplanetary nebula,
Prinn & Fegley (1989, and references therein) obtained the

abundance ratios of reduced ice to oxidized ice CH4/CO D
106 and However, to take this matter intoNH3/N2D 1.
comets, some mechanism is required to mix the matter pro-
cessed in the circumplanetary nebulae with the material in
the protoplanetary disk.

The interstellar ice residue model has been proposed to
explain the origin of cometary ice (Greenberg 1982 ; Yama-
moto et al. 1983 ; Yamamoto 1985 ; Mumma et al. 1993). In
this model, the formation of cometary ice is divided roughly
into two stages. The Ðrst is the interstellar-cloud stage, in
which gaseous molecules in the cloud condense onto grain
surfaces. The second is the solar-nebula stage, in which very
volatile species such as CO and are lost by sublimationN2from the ice mantles since the solar nebula is warmer than
the interstellar cloud. While our model is similar to the
interstellar ice residue model in that the interstellar ice con-
tributes to the abundances of the molecules in comets which
are scarcely desorbed (° 3.3), the di†erence is that in our
model chemical reactions are taken into account in the disk
in addition to sublimation of ice mantles. Our model pre-
dicts that a signiÐcant amount of molecules is produced in
the disk in addition to the interstellar components. Obser-
vations of carbon-chain molecules in comets suggest that
chemical reactions occurred in the solar nebula, as will be
mentioned in the next subsection.

In summary, our model reproduce some comet obser-
vations more naturally than the previous models. Our
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model also shows that the grain size and the cosmic-ray Ñux
critically determine the production rates of molecules in the
protoplanetary disks. If we could know how much mol-
ecules were produced in the solar nebula by comparing
cometary ice with interstellar ice in detail, we might be able
to give constraints on the cosmic-ray Ñux, the ionization
state, and the timescale of grain growth in the solar nebula.

5.1.2. Chemical V ariation and Formation Site of Comets

An array of observational evidence is accumulating in
support of the idea that comets exhibit internuclear heter-
ogeneity. The ratios of the production rates among various
molecules vary strongly from comet to comet (Table 3).
Although the variability may be related to processing at
comet surfaces and insolation after the formation, the most
important cause must be in cosmogonic di†erences, or the
molecular composition of each comet must depend strongly
on where it was formed. Indeed, our results show that the
molecular composition in the disk varies with the distance
from the central star. We now discuss the possibility of
estimating the formation site of each comet from its molecu-
lar composition.

First of all, we can make use of the fact that the abun-
dances of some molecules in ice mantles change drastically
around the annulus where the temperature is equal to its
sublimation temperature (sublimation front). Figure 14
shows the sublimation fronts of some kinds of species. Since
the temperature distribution in the disk depends on the
luminosity of the central star, the positions of the fronts are
shown as functions of the stellar luminosity. In the case of

for example, would be abundant in theL
*

\ 1 L
_

, CH4comets formed at AU, but would be depleted in theRZ 20
comets formed at AU (see also Fig. 5). The abun-R[ 20
dance of CO shows a similar behavior ; its abundance is
almost constant in the outer regions and begins to decrease
at RD 40 AU, where the temperature is equal to its subli-
mation temperature (D20 K).

Second, our model shows that some kinds of species, such
as ice, are more abundant in the inner regions. SinceC3H4they are formed from the precursors such as CO and CH4,their abundances increase as R decreases inside the subli-
mation fronts of the precursors, take the peak values

FIG. 14.ÈSublimation fronts of some molecules as functions of the
stellar luminosity.

around their sublimation fronts, and then decrease as R
decreases. Thus, comets with more must have formedC3H4in the inner regions than those with less Similarly,C3H4.and are more abundant inside the sublimationCO2 H2CO
front of HCO (at RD 20 AU) than outside.

It is to be noted that the spatial distribution of the mol-
ecules such as mentioned above cannot be obtainedC3H4in the models without chemical reactions in the disk. If all
the volatiles in comets were unprocessed interstellar matter
as in the interstellar ice residue model, the molecular com-
position in comets would depend on the formation site only
through sublimation, not through chemical reactions of the
sublimated species ; for example, the comets with more

would have been formed in the outer regions thanC3H4those with less conversely to our model.C3H4,Observing 85 comets over a period of 17 years and inves-
tigating the molecular production rates in each comet,
AÏHearn et al. (1995) found that the group of comets called
““ JupiterÏs family ÏÏ is depleted in carbon-chain molecules,
such as and by a factor of 20 compared with theC2 C3,
other groups. They argue that most of the Jupiter-family
comets came originally from the Kuiper belt outside the
Neptune and Pluto orbits, while most of the nonÈJupiter-
family comets, such as the Halley-family and long-period
comets, came originally from the region of Uranus and
Neptune, on the basis of the statistical study on the orbital
evolution. Their result suggests that carbon-chain mol-
ecules or their parent molecules were more abundant in the
inner region of the solar nebula. Since the large hydrocar-
bons, and can be the parent molecules of theseC2H2 C3H4,
carbon-chain molecules, their conclusion is consistent with
our model with chemical reactions in the protoplanetary
disk and is not consistent with the interstellar residue ice
model.

5.2. Future Observations of Protoplanetary Disks with
Molecular L ines

One of the most important progresses in the recent radio
astronomy is the development of the observational tech-
niques at submillimeter wavelengths. For example, the sub-
millimeter array (SMA) is now under construction on
Mauna Kea.

One of the advantages of the observations at higher fre-
quencies is higher spatial resolution. With the expected
sensitivity of the telescope, an angular resolution of about
1A will be available at SMA, while it is about a few arcse-
conds with the existing interferometers at mm wavelengths.
An angular resolution of 1A corresponds to a spatial
resolution of about 140 AU for the nearest star-forming
region (Taurus molecular cloud) at 140 pc from the earth.
As for the spatial resolution, we can expect further progress
in the near future. The Large Millimeter and Submillimeter
Array (LMSA) and the Millimeter Array (MMA) have
recently been proposed. These projects aim at an angular
resolution of about which corresponds to a spatial0A.05,
resolution of 7 AU for the Taurus molecular cloud. On the
basis of our results we here give some expectations for the
future observations with such high spatial resolution.

It should be born in mind, however, that in this paper we
have investigated the molecular abundances only near the
midplane of the disk. The surface layers may have quite
di†erent molecular abundances because the density is much
lower than at the midplane and the matter is irradiated with
UV radiation and X-rays. Although the mass contained in
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the surface layers is signiÐcantly smaller than the total mass
of the disk, they may considerably a†ect the intensities and
proÐles of the molecular emission lines from the disk
(Aikawa et al. 1996). We have to fully calculate the vertical
distribution of molecules in the disk for more direct com-
parison with observations. The vertical distribution of CO
molecules in the outer region AU of the disk andRZ 100
comparison with observational data is described in Aikawa
et al. (1996). The vertical distribution of other molecules will
be reported in the forthcoming paper.

5.2.1. Dissipation of Gaseous Component

By the observations of molecular lines from many proto-
planetary disks we might be able to Ðnd out statistically
when and how the gaseous component in the disks disap-
pears. Since Jovian planets should have formed in the
gaseous disk, knowledge on the dissipation of the gaseous
component will give us a critical constraint on the forma-
tion timescale of the Jovian planets in the planetary systems
(° 1).

In this and our previous papers we have obtained the
abundance of CO in the disk, which is the most frequently
used probe in the radio observations of protoplanetary
disks. We have found the abundance ratio in the gas phase

in the region of K AU) atn(CO)/nH D 10~4 T Z 20 (R[ 40
yr. For this region we can derive the amount of thet [ 106

gaseous component from the observations of the CO emis-
sion lines by adopting the constant conversion factor
nH/n(CO)D 104.

In the disk of age yr, CO might have been trans-t Z 106
formed into and depleted in the region of 20CO2 K [T [
70 K (40 AU). Further investigation isAUZRZ several
needed to predict the abundance of CO in this region, such
as an investigation of the branching ratio of grain-surface
recombination of HCO` and observational study on the
ionization state of the disk (see ° 3.3 and ° 4.2). In the region
of K AU), CO can be abundant in theT Z 70 (R[ several
gas phase and coexist with (Paper I) even at the ageCO2yr, because CO is formed anew from whicht Z 106 CO2,sublimates around 70 K.

It should be noted again that we have investigated the
abundance of CO only at the midplane. In the surface
region of the disk, where the density is much lower, gaseous
CO can be abundant even if the temperature is lower than
the values stated above K for yr and(T [ 20 t [ 106 T [

K for yr). It means that gaseous CO may be70 t Z 106
detected even in the regions of low temperature, but we
cannot estimate the amount of gaseous component from the
intensity of CO emission lines in these regions because CO
is signiÐcantly depleted near the midplane (Aikawa et al.
1996).

5.2.2. T emperature Distribution in the Disk

In addition to CO some other molecules, such as CN and
CS, are observed in the protoplanetary disks (Dutrey et al.
1997). Since these molecules are less volatile and more easily
accreted onto grains than CO, it seems difficult to estimate
the total amount of gaseous component in the disk from the
observation of their emission lines. However, our model
shows that they can be a good indicator of the temperature.
The abundance of a gaseous molecule sharply changes
around its sublimation front, the position of which di†ers
from molecule to molecule. Table 4 shows the sublimation
temperatures of some molecules which are observable with
radio telescopes. Thus, observations of various molecular

TABLE 4

SUBLIMATION TEMPERATURES

OF MOLECULES

Sublimation
Temperature

Species (K)

CO . . . . . . . 23
CN . . . . . . . 38
CS . . . . . . . . 55
NH3 . . . . . . 85

lines with high spatial resolution will reveal the precise tem-
perature distribution in the disk.

5.2.3. Accretion V elocity

The distribution of molecules in the disk depends on the
accretion velocity. For example, CO is abundant even in the
region of 20 K, if the timescale of accretion isK [ T [ 70
smaller than the chemical timescale for CO-destruction,
t D 106 yr (see also ° 3.3). The molecules in the ice mantle
evaporate when the matter migrates inside their subli-
mation front. The evaporated molecules exist and will be
observed in an annular region whose width is approx-
imately given by the product of the accretion velocity and
the timescale for molecular destruction by chemical reac-
tions. As an example we show in Figure 15 the distribution
of gas in the disk with at t \ 3 ] 106 yr,H2CO L

*
\ 5 L

_together with the distribution of the density and tem-
perature. The accretion velocity AU yr~1 isv

R
D 10~4

similar to that in the standard case The width(L
*

\ 1 L
_
).

FIG. 15.ÈDistribution of molecular abundances in the accretion disk at
t \ 3 ] 106 yr for (b). The other parameters are the same as inL

*
\ 5 L

_the standard case. Panel (a) shows the distribution of the density and the
temperature in the disk.
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of the region where gas is abundant is D10 AUH2CO
because the abundance of decreases in D105 yr afterH2CO
desorption. Thus, we will be able to estimate the accretion
velocity by observing the distribution of some molecules in
the disk.

6. SUMMARY

We have investigated the evolution of the molecular com-
position in a protoplanetary disk in which matter is accret-
ing toward the central star by solving numerically the
reaction equations of molecules as an initial-value problem.
We have obtained the molecular composition both in the
gas phase and in ice mantles of grains as a function of time
and position in the disk. The main results are as follows.

In the region of radius AU, where the columnRZ several
density of the disk is smaller than the attenuation length of
cosmic-ray ionization, D96 g cm~2, the ions formed by
cosmic-ray ionization play an important role in molecular
evolution. A considerable fraction of CO, which came orig-
inally from the interstellar cloud, is destroyed by ion-
molecule reactions and is Ðnally transformed into CO2,HCN, and Similarly, is transformed intoH2CO, CH4. N2HCN and Formation of ice mantles is also importantNH3.in molecular evolution. In the regions where the tem-
perature is low enough for the products to freeze onto
grains, they are adsorbed onto grains in a short timescale
because of the high density in the disk and thus accumulate
in ice mantles. Although molecular evolution proceeds in
the protoplanetary disk, our model also shows that some
amount of interstellar ice survives and contributes consider-
ably to the molecular abundances in ice mantles in the disk.
Especially, most of water ice in the disk is interstellar origin.

We have also found that the timescale for molecular evol-
ution depends on the ionization rate and the grain size. If
the ionization rate and the grain size are the same as those
in the molecular clouds, the timescale in which CO and N2are transformed into the other species is estimated to be
D106 yr, which is slightly shorter than the lifetime of the
disk. Since the molecular evolution is enhanced by ioniza-
tion, the chemical timescale is larger in the case of lower
ionization rate. Grains play critical roles in molecular evol-
ution ; by sticking to grains some products can survive,
which would otherwise be destroyed by gas-phase reac-
tions. Since the number ratio of negatively charged grains to
free electrons is much higher in the protoplanetary disks
than in the interstellar clouds, grain-surface recombination
is more important in the disk. Grain-surface recombi-
nations produce some molecules which are not formed by
dissociative recombination in the gas phase. Since the colli-

sion rate with grains is inversely proportional to the grain
radius, the production rates of some kinds of species depend
on the grain size.

The spatial distribution of molecules depends crucially
on the temperature distribution. For example, ice isCH4abundant in the region of AU, where the tem-RZ 20
perature is lower than its sublimation temperature D28 K.
In the inner region is desorbed and the ice of largerCH4hydrocarbon, which is formed from are abundant.CH4,

We have compared the molecular composition in ice
mantles derived from our model with that in comets and
have found that our model reproduces naturally the
coexistence of oxidized ice and reduced ice, which is
observed in comets. It is suggested that the formation site of
each comet can be estimated from its molecular composi-
tion. For example, comets with abundant must haveCH4formed at AU, while the comets with abundantRZ 20
carbon-chain molecules formed in the inner region.
Detailed observations of molecular composition in comets
will give a constraint on the cosmic-ray Ñux or the timescale
of the grain growth in the early stages of our solar system,
because the molecular abundances in the disk depend on
the ionization rate and grain size.

We have expressed some expectations for the obser-
vations based on our results. The total amount of the
gaseous component in the disk can be estimated from the
observation of the CO emission lines by adopting the rela-
tive abundance of obtained by our modeln(CO)/nH D 10~4
at least in the region of AU K) for the disksR[ 40 (T Z 20
of age yr. Observations of various molecules such ast [ 106
CO, etc., with high spatial resolution can reveal theNH3,temperature distribution and the accretion velocity in the
disk.
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