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ABSTRACT

Gas to solid phase changes of abundant species in a viscous, irradiated protoplanetary disk are investigated using a
new formulation for the freezeout effect. The method is based on a procedure using species-dependent phase dia-
grams while following the chemical evolution of water and carbon monoxide gas until their partial pressures are suf-
ficient to de-sublimate vapor into ice. It is found that water ice is dominant throughout the nebula while a significant
amount of water vapor coexists with the ice in the cooler parts of the inner nebula. Volatile CO molecules de-sublimate
only in the colder outer regions of the nebula near the center plane.Computed columndensities for COgas are compared
with similar calculations using an adsorption/desorption model by Aikawa and Herbst and are shown to predict similar
distributions.

Subject headinggs: planetary systems: formation — planetary systems: protoplanetary disks

1. INTRODUCTION

Davis (2005) considered the migration of an evolving water-
ice sublimation front in a two-dimensional axisymmetric proto-
planetary disk. In the cited paper the condensation front location
was computed for an evolving protoplanetary diskmodel. Over a
period of about 10million years the gas/ice boundary was shown
to change significantly. No quantitative values of relative abun-
dances of gases and solids were computed and only plausible as-
sumptions were made regarding available abundances. In this
paper, the condensation of gaseousmaterial in the protoplanetary
disk is considered in a quantitative manner using a more complete
(but steady state) protoplanetary disk model where both the con-
densation front and the relative abundances of the considered
species are computed in a self-consistent manner.

The present paper uses physical and chemical modeling to pre-
dict relative abundances of both ice and vapor in the colder regions
beyond the sublimation front. This work includes a new formula-
tion of the thermal adsorption/desorption process in the chemical
network governing species evolution. This approach is different
from the kinetic condensation/sublimationmodel commonly used,
e.g., Aikawa et al. (1996) and Aikawa & Herbst (1999), but it will
be shown that computed abundances are in reasonable agreement
in regions where comparisons can be made.

The two species considered here are H2O and CO. Water is a
key component of protoplanetary disks and is also one of themost
abundant species. It is a unique astrophysical substance since it
undergoes critical phase changes in themiddle regions of the solar
nebula and, in its condensed state, may play a major role in ter-
restrial planet formation. Residual water vapor and water ice are
found in planets, asteroids, and comets, which indicates water’s
ubiquitous nature. Carbon monoxide is chosen as the other spe-
cies since it has a significant abundance (�10�5 relative to H)
compared to other volatiles, has been definitely detected in sev-
eral T Tauri stars (van Zadelhoff et al. 2001), and is expected to
sublimate in the outer reaches of solar-type disks. It is demon-
strated here how the disparate temperature/pressure environment
in a protoplanetary disk affects both the equilibrium species abun-
dance and the relative amount of H2O and CO gas and ice.

Earlierwork on chemical/physical processing in the nebula con-
sidered the inner nebula, and a series of papers dealingwith aspects
of high-temperature dust vaporization are available. The chemical

evolution of silicate and carbon dustwas considered byDuschl et al.
(1996). They address phase changes of silicate dust from solid to
gas phase at temperatures beyond 1500 K in the region near the
central star. This work was expanded to include gas chemistry in
addition to dust vaporization (Bauer et al. 1997), where they in-
cluded the possibility of H2O and CO vaporization in which these
species are considered mantles on the dust particles. The model
was extended to the outer nebula with a fixedwater condensation
front at about 10 AU and was reported by Willacy et al. (1998).
All of this work used simple semianalytical active-disk models
with an �-viscosity turbulence model.
The chemical evolution of molecular species in a one-

dimensional protoplanetary disk including phase change processes
on grains in the chemical network is considered by Aikawa et al.
(1996). Thesemodels, now in commonuse, employ physics-based
formulations where each adsorption or desorption term contains a
number of free parameters (dust radius, sticking coefficient, etc.)
that need to be chosen a priori. Here we bypass this step by us-
ing vapor pressure curves (similar to Duschl et al. 1996) for the
adsorption/desorption process and make the assumption that the
timescale for the phase change process is very fast compared to
both chemical and evolutionary processes. The above cited physics-
based adsorption/desorption process is extended to a two-
dimensional model using a vertically isothermal disk (also with
an �-viscosity model) by Aikawa & Herbst (1999).
Outer-disk modeling is now increasingly associated with a

flared-disk model based on heating from a central star (or other
nearby stellar sources). Rapid advances in this type of modeling
followed research which advocated a simple two-layer model for
an illuminated disk (Chiang &Goldreich 1997). This model was
critically comparedwithmore sophisticated radiative transfer pro-
cedureswith the goal of predicting spectral energy densities (SEDs)
of T Tauri or Herbig A/B stars (Dullemond & Natta 2003). Pre-
dicting SEDs from observational data continues to be a very im-
portant activity and a number of recent papers apply this basic
formulation in increasingly more sophisticated ways. The radia-
tive transfer method used by Dullemond et al. (2002) forms the
basis of the passive (nonviscous) portion of the disk dynamics pre-
diction code used in this paper. Here we use their basic formula-
tion to study the disk’s internal passive heating rather than as a
source term to compute emitted SEDs. Internal viscous heating is
included and is modeled using the �-viscosity model (Richard &
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Zahn 1999; Davis 2002). This intense viscosity-based thermal
source, which is important for chemical processing, is restricted
to the midplane region of the inner part of the disk.

The plan of the paper is as follows: In x 2 the two-dimensional
axisymmetric dynamic model is described and in x 3 the new sub-
limation model is introduced and related to the conventional
adsorption/desorption approach. In x 4 the distributions of abun-
dant species are compared and detailed vertical distributions of gas
and ice are considered. In the final section the radial distributions
of surface density for the species H2O and CO are examined.

2. MODEL

In this section the underlying diskmodel is described followed
by the gas-phase chemistry network adopted in this study. The
last part of this section describes the new approach to gas/ice
sublimation.

2.1. The Dynamic Model

The disk model used in this paper is based on the so-called
fiduciary disk used in the two-dimensional �-disk modeling of
D’Alessio et al. (1999). It represents a typical T Tauri star with a
radius of 2 R�, a mass of 0.5M�, and an effective temperature of
4000 K. The disk has a mass accretion rate of 10�8M� yr�1 with
an equivalent �-viscosity of 0.01. The center-line surface density
and temperature (from the first figure of the cited reference) are
indicated by long-dashed lines in Figures 1a and 1b. The current
model requires such a surface density distribution as input. The
surface density from the fiducial disk of Figure 1a, along with the
stellar parameters,was used in the radiative transfer code described
above, and the computed center-line temperature is indicated in
Figure 1b by the solid line. These results show good agreement
with the fiducial �-viscosity model and verify that both radiative
transfer codes (with internal heating computed using different tur-
bulent viscosity models) give similar results. The value of � used
here was taken as 7 ; 10�6 and was chosen to yield reasonable
disk lifetimes as indicated by Davis (2002).

In order to compare computed column densities with the results
of Aikawa & Herbst (1999), their simplified dynamic model was
also considered and is given by the analytical formulas in equa-
tions (1) and (2) of the cited paper. The surface density distribution
is based on a minimum-mass nebula model (� � r�3/2) as com-
monly used in protoplanetary disk theory (Hayashi 1981), and is
extended to two dimensions using a constant-temperature model
at each radial station. The temperature distribution is a function of
radius alone and is represented by an r�1/2 power law. The surface
density and temperature are also shown in Figures 1a and 1b as
short-dashed lines. The main differences in the two formulations
are the (unrealistically) high surface densities in the near-nebula
and the constant-power-law slopes using the minimum-mass neb-
ula. However, both models predict generally similar temperature
profiles for r > 10 AU.

Computed two-dimensional temperature and number density
distributions for the dynamicmodel are indicated in Figure 2. Here
contours of temperature and number density exponent are pre-
sented in terms of z/zmax (zmax is the maximum value of the ver-
tical grid at each radial station and is chosen as approximately 5
times the density scale height at each station) with log (r, AU) as
abscissa. The ordinate is a rough angular measure of tan � in a
polar coordinate system centered at the central star andmeasured
from the center line. The use of a logarithmic scale enhances the
inner nebula. The short-dashed line represents density scale height
and defines the region near the center plane (an included angle of
about 22�) bounding about 80%of the diskmass. The long-dashed
line defines the photospheric height defined as the vertical location

where the optical depth is unity. It is computed from the density
and a Rosseland mean opacity. The region below this line is the
high-opacity area of the disk (e.g., � > 1).

Themodel shows vertical temperature inversions in the region
1–2AUdue to the competing effects of viscous and radiative heat-
ing. Two interesting observations from these contours are that
(1) the photospheric height in the inner nebula approximately
tracks the set of minimal radii for each temperature contour, and
(2) the high-mass region below the curve of density scale height
supports relatively constant temperatures at each radius. These
boundaries can be interpreted as delineating the high-mass, high-
opacity planet-forming regions of the disk from themore observ-
able diffuse portion of the nebula. The former region is a small
fraction of the disk energized by the central star, but includes most
of the disk area influenced by internal heating. The outer diffuse
region captures the low-optical-depth tenuous gas and is the main
contributor to the observed disk. It is also the portion of the disk
where photoionized species should predominate.

Fig. 1.—(a) Surface density and (b) center-plane temperature for the disk mod-
els considered in this paper. Long-dashed lines: Surface density and temperature
fromD’Alessio et al. (1999) using an �-viscosity model, � ¼ 0:01 (case 1). Short-
dashed lines: Surface density and temperature fromAikawa&Herbst (1999) using
a minimum-mass model (case 2). Solid line: Temperature computed from the input
surface density given by D’Alessio et al. using a �-viscosity model, � ¼ 7 ; 10�6

(case 3). In cases 1 and3, the stellarmass is 0.5M�, the stellar radius is 2R�, and the
effective temperature is 4000K. Case 2 represents amodelwith solar luminosity and
mass.
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2.2. The Chemical Network

The evolution of gas-phase chemical species in the nebula is
governed by a system of second-order (considering nomore than
two-body reactions) nonlinear ordinary differential equations. Such
reaction networks include atomic and molecular collisions and a
variety of ionizing reactions. They also require a large number of
reaction coefficients that depend on the thermodynamic state at
each point of the nebula and are typically gleaned from experi-
mental databases or theoretical studies. Here we adopt the network
known as the UMIST99 database, which consists of 396 species
connected by 3740 reactions. The UMIST99 database for gaseous
reactions includes the following components: two-body reactions
using conventional chemical kinetics; photon induced reactions
from the interstellar radiation field augmented by that from the
central star with an exponential decay based on the local optical
depth; and cosmic-ray reactions using an ionization rate � ¼ 1:3 ;
1017 s�1. Surface formation of hydrogen molecules on grain sur-
faces is also included. The only input to the network is the local
temperature and density from the dynamic model along with ini-
tial abundances. These are taken as elemental solar abundances
whose major constituents are in the ratio H :O :C :N ¼ 1 :9:2 ;

10�5 : 4:4 ; 10�5 : 2:0 ; 10�5, and all molecular species form na-
turally during the evolutionary process.
A new feature added to the network is an evolutionary sub-

limation model to predict the phase change of H2O and COmol-
ecules from gas to solid state. The important freezeout processes
for these abundant species use the newmodel described in the fol-
lowing section. This phase-diagram-based condensationmodel re-
places the conventional thermal adsorption/desorption process.

2.3. The Sublimation Model

With regard to the sublimation model, a central role is played
by the phase diagram. Phase diagrams for water and carbonmon-
oxide are shown in Figures 3a and 3b, respectively. The four crit-
ical points for terrestrial conditions are indicated for reference. The
operating range in a disk is log p below�10 (horizontal line) and
is orders of magnitude below the critical points. Here the phase

Fig. 2.—Contours of the temperature (K) and number density exponent
(10n cm�3) for the nebula based on the fiducial disk model. The scale is chosen to
delineate contours over a wide range of radii. The value of zmax is approximately
5 times the density scale height at each radius. The long-dashed line is the pho-
tospheric scale height (where the optical depth is 1), and the short-dashed line
represents the density scale height.

Fig. 3.—Phase diagrams for (a) water and (b) carbonmonoxide. MP:Melting
point. BP: Boiling point. TP: Triple point. CP: Critical point. Typical partial pres-
sures for nebula species are well below these values and are represented by the re-
gion below log p ¼ �10. The vertical lines represent typical trajectories for the
buildup of indicated species in the disk. The dashed curve in the bottom panel is
derived from adsorption/desorption equilibrium for CO.
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change will consist of a freezeout from gas to solid at a particular
time during chemical evolution. Since the sublimation curves are
almost vertical here, a commonly quoted parameter is the sub-
limation temperature of about 120 K for water and 25 K for CO.
In reality the phase diagram has a finite curvature and there is a
weak dependence on partial pressure. This mild pressure depen-
dence determines the critical abundance of H2O and CO where
freezeout occurs sincemolecular abundances are vanishingly small
at the initial time and slowly build to their final values.

The basic procedure is to compute freezeout by advancing the
chemical network until the partial pressure of the considered spe-
cies reaches the sublimation curve from below. At this point the
gaseous abundance is fixed at this freezeout value. As the network
continues to generate an incremental gaseous species, it is instan-
taneously converted to the ice phase. This assumes that the time-
scale for condensation is small compared with that for chemical
evolution,which is generally true (Duschl et al. 1996). In thisman-
ner the ice abundance builds up to its steady state value and gas
abundance remains at the critical value. The relative proportion of
vapor and ice depends on local thermodynamic conditions and
may vary widely over the nebula. It should be noted that sublima-
tion process removes water and carbonmonoxidemolecules from
the network, so the gaseous components of these species are re-
duced accordingly. The elements contained in the frozen-out mol-
ecules are no longer available in their original elemental gaseous
abundances and these reductions can affect other carbon and oxygen
containing species in the network.

Figure 3a shows the freezeout effect for H2O vapor at three
typical operating conditions shown by vertical lines at 20, 110,
and 360 K. These temperatures represent conditions in the outer,
mid-, and inner nebula. ( In an evolving nebula these trajectories
would be curved lines.) The height of each line indicates the
buildup of water molecules to water’s steady state abundance
from its initial condition log p ¼ �1. In the outer nebula the
vast preponderance is water ice (piercing of the sublimation
curve at very low partial pressures). However, in the mid-nebula
the gas-ice boundary appears during chemical evolution and the
gas partial pressure can be quite high. The point where the sub-
limation curve is first breached determines the partial pressure of
water vapor at that position. In the inner nebula, water ice is ab-
sent and only water vapor appears. The curve for CO in Fig-
ure 3b is typical of highly volatile species. The two vertical lines
depict trajectories at 24 and 110 K in the outer and mid-nebula.

The line corresponding to the far-nebula pierces the sublimation
curve at a low partial pressure and CO ice is, as expected, the most
abundant phase. However, there is always a small amount of CO
gas at these cold temperatures. Simple models that use a sublima-
tion temperature alone will not capture this effect.

Figure 3b also compares the vapor pressure curve for COwith
that obtained from adsorption/desorption processes. Following
the presentation given, for example, in Aikawa et al. (1996) the
competing effects of adsorption and desorption are modeled us-
ing the physics-based formulation

A� D ¼ �a2ngrainsS

ffiffiffiffiffiffiffiffiffi
8kT

�Mi

s
ni � ndes�osce

�Ei=kT :

The first term represents adsorption of species iwithmassMi onto
grains and depends on a number of (not all well documented) pa-
rameters. The second term represents desorption of the particular
species in terms of an ‘‘oscillator model’’ and an exponential fac-
tor representing the desorption energy. Assuming ngrains ¼ ndes
the vapor pressure curve is obtained from setting A ¼ D. Using
typical parameters from the cited reference, an equivalent
adsorption/desorption vapor pressure curve for CO is obtained. It
is shown by the dashed curve in Figure 3b and tracks the vapor
pressure curve quite well over the operating range considered.

3. RESULTS

3.1. Ice and Vapor Abundances

An example of the freezeout effect in an evolving chemical net-
work is indicated in Figure 4, which shows time histories of water

Fig. 4.—Chemical evolution of gas /ice at r ¼ 2:2 AU showing time-variable
phase changes at two elevations (high abundance of ice and low abundance of gas at
large times) and the presence of vapor alone at z ¼ 0:49 AU. The three temperatures
are 95, 92, and 206 K, respectively, for this fiducial disk model. Solid lines: Solid
phase. Dashed lines: Gas phase.

Fig. 5.—Inset plots of (a) H2O ice and (b) CO ice abundances. In each case the
boundary separating vapor from ice is shown with the curved line. Here (a) high-
lights the inner part of the nebula and (b) emphasizes the CO ice formation region in
the colder outer regions of the disk.
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molecules at 2.2 AU for three elevations with temperatures of 95,
91, and 206 K, respectively. The phase change from gas (g) to
solid (s) occurs at different times. In this case the phase change
occurs very early in the evolution for the two lower elevations. The
final steady state abundances (relative to hydrogen atoms) are
(1) z ¼ 0, n ¼ 5:1 ; 10�14 (g), 1:5 ; 10�5 (s); (2) z ¼ :24, n ¼
1:4 ; 10�13 (g), 3:8 ; 10�8 (s); and (3) z ¼ :49, n ¼ 2:14 ; 10�9

(g), 0.0 (s). In this inner-disk example the ice extends from the
center line to an upper boundary at about 0.30 AU. At other radii
the ice may form a cloud between two intermediate elevations.
This effect is shown in Figure 5.

Figure 5a shows profiles of water-ice abundances as insets at a
number of radial stations in the region r < 5 AU bounded by the
condensation front. The ice sublimation front in the region near

1 AU is interesting. A cloud layer of ice covers the center plane,
which is itself heated by viscous body forces. Above the ice layer
the gas is heated by stellar radiation, especially where the optical
depth is less than 1. The condensation front has two branches: a
short segment from r ¼ 0:95 1:3AUwhere it intersects the cen-
ter plane, and an extended branch that grows and eventually en-
compasses the entire disk below the photosphere. The two branches
meet at a cusp. This two-branched structure is similar to that com-
puted for the evolving nebula in Davis (2005) and approximates
the evolutionary state from that paper at a time of about 106 yr. The
inset profiles show the spatial evolution of ice abundances. The
spatial gradient of ice abundance is quite large in the region near
the condensation front, and mass diffusion effects can be impor-
tant. This possibility is investigated by Cuzzi & Zahnle (2004)

Fig. 6.—Vertical distribution of steady state gas (gray symbols) and ice (black symbols) at three radial locations in the near-nebula. Left panels: Temperature and number
density profiles. The number densities are compared with the constant-temperature approximation (short-dashed curve). Density and photospheric scale heights are shown by
short- and long-dashed lines, respectively. Middle panels: Vertical distribution of water abundance. Right panels: Vertical distribution of CO abundance.
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using these large horizontal gradients as a possible migration path
for water and other volatiles. They show that large ice gradients in
the vicinity of the front induce vapor phase enhancement in the
hotter region closer to the central star. They surmise that this ef-
fect can contribute to the planet-building process in this region.

From Figure 5a a local peak ice-abundancemaximum appears
above the center plane and evolves into amonotonically decreas-
ing profile that slowly decays with radial distance but grows in
vertical extent. Figure 5b shows the condensation front for CO
and is characteristic of less volatile species. Here the condensation

front first appears at much higher radii and is a smooth one-
branched curve, and the maximum CO abundance decays mono-
tonically along the center plane. In this case the gaseous regime
predominates except in the center-plane region at radii greater
than about 50 AU. The pattern at these large radii is to have ice
regions up to and slightly above the density scale height overlaid
by an extensive region of gaseous CO.

Vertical profiles of gas/ice abundances at representative near-,
mid-, and far-nebula regions are shown in Figures 6 and 7. The
middle panels of Figure 6 show the radial transition from the first

Fig. 7.—Vertical distribution of steady state gas (gray symbols) and ice (black symbols) at three radial locations in the mid- and far-nebula using the same notation as
Fig. 6.
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appearance of water ice in the inner part of the nebula at 1.11 AU
to extensive icy regions at 1.56 AU. The right panels indicate the
predominance of CO vapor at these near-field stations. The left
panels show the temperature and density profiles at these radial
stations. The thermal profile contains an inversion with its mini-
mum near the photospheric height (long-dashed line) which, at
these radii, is greater than the density scale height (short-dashed
line). A simple, constant-temperature exponential number density
profile (Willacy&Langer 2000; Aikawa&Herbst 1999) is shown
by the short-dashed curve. This result shows that the simplified
number density model is certainly adequate in this inner, dense,
and optically thick part of the disk. The water vapor/ice profiles
are indicated in the middle panels with ice as black symbols. At
1.11 AU the abundance of water vapor is relatively constant at
10�5 nH below the density scale height and is reduced to about
10�8 nH above the photosphere. An ice cloud is just starting to
appear in the region between the density and photospheric scale
heights that is close to the temperature minimum. This is the level
wherewarming fromviscous heating (from below) and stellar heat-
ing (from above) are minimal. At r ¼ 1:31 and 1.56 AU the ice
layer expands in both directions and the lower limb extends to
the center plane.With further distances the ice expands in the ver-
tical direction (cf. Fig. 5a). In this near-field ice region the gas/ice
ratio is significant as both phases appear in relatively high abun-
dances. The CO abundance, as expected, is entirely gaseous and
is relatively constant at a value of about 10�4 nH in both radius
and elevation except in the higher, tenuous regions of the disk.

Figure 7 shows profiles farther out in the nebula. In the mid- to
far-nebula the density scale height exceeds the photospheric height,
and by 33AU the optical depth is less than 1 throughout the nebula.
The temperature profiles are essentially flat in the planet-forming,
high-density region near the midplane where the number density is
also well approximated by an exponential error function profile.
The center-plane temperature is quite cold and there is no inver-
sion of the temperature profile since viscous heating is ineffective
at these distances and most of the heating is attributed to stellar
radiation at higher elevations. Water-ice abundance is extensive
and ice extends from the center plane tomuch larger altitudes. This
is expected based on the lower center-plane temperature. The net
effect is that the gas/ice ratio becomes extremely small and is re-
duced by as much as 10 orders of magnitude at some elevations.
Only high above the center plane does gaseouswater exist in abun-
dances close to that of ice. The CO is entirely gaseous except at
large distances where CO ice forms at the center plane. The sur-
face density of CO at these large radii has contributions from both

gas and solid phases and, along with water surface density, is con-
sidered in the following section.

3.2. Ice and Vapor Surface Densities

The radial distribution of water column density has some inter-
esting features. Starting from small radii, the apparent steplike
behavior for gaseous water in Figure 8 (dashed line) is due to the
enhanced temperature inversion at these smaller radii (cf. Fig. 2).
Numerical simulations show that the point of minimum temper-
ature serves as a species discriminator whereby diverse oxygen
containing compounds can form in the chemical network at dif-
ferent levels depending on the local temperature (and weakly on
the number density). For example, at 0.4AU (log r¼�0:4, zmax ¼
0:093 AU) the predominant oxygen-containing species is wa-
ter vapor for 0 < z/zmax < 0:22; CO for 0:22 < z/zmax < 0:43;
atomic oxygen for 0:43 < z/zmax < 0:86; and finally water vapor
again at larger altitudes. These species are well correlated with the
temperature variations around the minimum at z/zmax ¼ 0:43.
Thus, at each radius the contribution to water vapor changes in a
ways that results in the vertically integrated gas-phase curve in Fig-
ure 8 for log r < 0. At larger radii the temperature drops below
that required for water sublimation, and the predominant species
at all levels is water ice, as indicated by the solid curve. In the re-
gion near 1 AU there is mixture of ice and vapor in almost equal
proportions. In the far-nebula the ice abundance exceeds the gas-
eous component by many orders of magnitude. In a recent paper
Dominik et al. (2005) show how it is possible to get water vapor

Fig. 8.—Radial distribution of gas (dashed curve) and ice (solid curve)
column densities for water species. Note the domination of ice species in the
region beyond 1 AU.

Fig. 9.—Radial distribution of CO surface densities. (a) Comparison of gas
(dashed curve) and ice (solid curve) with calculations fromMarkwick et al. (2002)
andWillacy&Langer (2000). (b) Far-field comparisonwith gas-phase calculations
from Aikawa & Herbst (1999). Curve 1: Fiducial disk model. Curve 2: Aikawa-
Herbst model. Curve 3: Range of CO abundances using the minimum-mass disk
model of Aikawa & Herbst (1999).
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in the far-nebula. In that case other photodesorption processes are
invoked and regions far above the center plane are considered.

The column density for CO in Figure 9a shows a very different
behavior. In the logarithmic scale of Figure 9a the slow growth
to a peak at about 1 AU is attributed to the presence of other car-
bon compounds due to thewide range of temperatures encountered
in this region. In general a variety of carbon- and oxygen-containing
species appear in the region <1 AU where the temperature is less
than that required to vaporize the dust (Bauer et al. 1997). Species
such as CH4, C2, and HNC with abundances greater than CO may
appear. There is also a large population of carbon ions in the upper
region of the inner nebula. All these effects tend to increase the CO
surface density as the temperature decreases with increasing radius.
Beyond 1 AU the CO abundances remain high and relatively con-
stant while the surface density decreased uniformly due to the de-
creasing overall density. At about 55AUCO freezeout occurs and a
mixture of gas and ice remains to large radii. FromFigure 7a theCO
ice is overlain by a large (but diffuse) region of CO vapor at all
larger radii, so both phases contribute to the overall surface den-
sity but ice predominates due to its location in the dense center
plane. The symbols show computed gaseous CO surface density
data from Markwick et al. (2002) and Willacy & Langer (2000).
These authors use a variety of modeling techniques, but the
general trends are similar in all cases.

In Figure 9b the surface density is compared directly with com-
putations (using a linear scale in the r-direction) by Aikawa &
Herbst (1999), who calculate COgas abundances in the far-nebula
region. Their model consisted of an exponential surface density
and constant temperature at each station and differs from the cur-
rent model as illustrated in Figure 1. Curve 1 is the predicted CO
gas column density using the ‘‘fiducial disk,’’ and the sublima-
tion front is indicated at about 55 AU. This station is much less
than the value of 200AUpredicted by theAikawa&Herbstmodel,
as indicated by the pair of short-dashed curves 3 showing the range
of values from the cited paper. This is another instance of the
difficulty of comparing the wide variety of coupled chemical /
dynamicmodels used in chemical evolutionmodeling (Markwick

et al. 2002). The CO gas column density was recomputed using
the Aikawa &Herbst dynamic model and the same chemical evo-
lution model as curve 1. The calculation is shown as dashed
curve 2 and indicates good agreement up to and including the
sublimation front at 200 AU. This result shows that the simpli-
fied condensation model used here is fully consistent with the
adsorption-desorption model.

4. CONCLUSIONS

This paper showed how a simplified phase change model can
be included in the chemical evolution process to predict relative
abundances of both gaseous and solid components. With respect
to water ice in the nebula, its maximum abundance must be no
greater than about 4 ; 10�5 since the abundance of water mole-
cules must not exceed levels of atomic oxygen. These additional
water-ice opacity sources may be important as its spatial distri-
bution can affect the local optical depth,which in turn can affect the
temperature. This feedback effect will be considered in future
work.

The carbon monoxide abundance is found to coexist in both
solid and gaseous form in the outer nebula. CO ice predominates
in the center-plane region. Since CO gas is one of the commonly
measured species in protoplanetary disks, the gas column densi-
ties can be a useful gauge to determine ice abundances in the outer
nebula. This ice (in addition towater ice) is also an important com-
ponent of cometary nuclei, which presumably forms in the colder
regions of the nebula.

In this model supersaturation was not included, but it can be
easily implemented with a modified vapor pressure curve. Addi-
tional freezeout of additional species would only require imple-
menting the relevant phase diagrams.

I would like to thank an anonymous reviewer for important
suggestions regarding this paper. This work was partially sup-
ported by the NASA/Ames Astrobiology Program.
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