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Abstract. We have investigated the two-dimensional (R, Z) distribution of deuterated molecular species in circum-
stellar disks around young stellar objects. The abundance ratios between singly deuterated and normal molecules
(“D/H ratios”) in disks evolve in a similar way as in molecular clouds. Fractionation is caused by rapid exchange
reactions that are exothermic because of energy differences between deuterated and normal species. In the mid-
plane region, where molecules are heavily depleted onto grain surfaces, the D/H ratios of gaseous molecules are
higher than at larger heights. The D/H ratios for the vertical column densities of NHj, H2O, and HCO™ are
sensitive to the temperature, and decrease significantly with decreasing radial distance for R < 300 AU. The
analogous D/H ratios for CHs and H2CO, on the other hand, are not very sensitive to the temperature in the
range (T = 10—50 K) we are concerned with, and do not decrease with decreasing R at R > 50 AU. The D/H
column-density ratios also depend on disk mass. In a disk with a larger mass, the ratios of deuterated species to
normal species are higher, because of heavier depletion of molecules onto grains. In the second part of the paper,
we report molecular column densities for disks embedded in ambient cloud gas. Our results suggest that CN and
HCO™ can be tracers of gaseous disks, especially if the central object is a strong X-ray source. Our results also
suggest that the radial distributions of CN, CoH, HCN, and HoCO may vary among disks depending on the X-ray

luminosity of the central star.

Key words. ISM: molecules — stars: T Tauri — circumstellar matter — protoplanetary disk

1. Introduction

Protoplanetary disks are formed around young stellar ob-
jects as the stars are created, and are birthplaces of plane-
tary systems. Molecular evolution in protoplanetary disks
is important because it can reveal the chemical connection
between planetary and interstellar matter. Since chemical
abundances are determined by physical parameters such
as temperature and density, studies of molecular evolution
in protoplanetary disks can also be of help in determining
the structure and physical evolution of the disks from the
molecular line observations.

In recent years it has become possible to detect molec-
ular lines in protoplanetary disks by radio astronomy.
Aperture-synthesis images have directly revealed gaseous
CO disks, which are in Keplerian rotation (Kawabe et al.
1993; Koerner et al. 1993; Dutrey et al. 1994; Koerner
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& Sargent 1995; Saito et al. 1995; Guilloteau & Dutrey
1998). In addition to the CO studies, Dutrey et al.
(1997) surveyed other molecular lines in the disks around
DM Tau and GG Tau using the IRAM 30 m telescope.
These stars, with ages 1 10% yr and 3 10° yr respec-
tively (Beckwith et al. 1990; Handa et al. 1995), have
large gaseous disks with radii ~800 AU. The molecular
line spectra detected towards the two stars are similar de-
spite the fact that the disk around GG tau is circumbinary.
The averaged fractional abundances of gaseous CO, CN,
CS, HCN, HNC, H,CO, CoH, and HCO* were reported
by Dutrey et al. (1997), who found that the abundances
of heavy-element-containing molecules relative to hydro-
gen are lower than those in molecular clouds by factors of
10-100, and relative abundances among heavy molecules
are also different. Specifically, the abundance ratio of CN
to HCN is much higher in disks than in molecular clouds.

In order to reveal the chemical and physical causes for
these differences, Aikawa & Herbst (1999a) (hereinafter
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Paper I) investigated the two-dimensional distribution of
molecules in a disk by calculating molecular concentra-
tions from a network of chemical reactions. They found
molecular abundances to vary with height Z from the mid-
plane. At larger radii (R > 100 AU), which contribute
most to the molecular emission lines because of the large
area, the temperature is so low (7' ~ 10 K), that most
molecules, except for Hy and He, are partially adsorbed
onto grains to form ice mantles. In the midplane region
(Z =~ 0) molecular depletion is the most effective because
disks are in hydrostatic equilibrium in the vertical direc-
tion, and the density is the highest in the midplane region.

In regions above and below the midplane, significant
amounts of molecules remain in the gas phase because
of lower densities, and because of non-thermal desorp-
tion, which is caused by cosmic rays and/or radiation (ex.
X-rays) from the interstellar field and the central star.
Aikawa & Herbst (1999a) suggested that the observed
molecular lines come mostly from this region. There is
a height distinction between stable molecules and radi-
cals, however. In the surface (uppermost) region of a disk,
radicals such as CN are very abundant because of pho-
todissociation via UV radiation. The molecular column
densities obtained in Paper I by integrating over height
are in reasonable agreement with observation; molecular
depletion in the midplane explains the low average abun-
dance of heavy-element-containing species relative to hy-
drogen, and the high abundance ratio of CN to HCN is
caused by photochemistry in the surface region. It is clear
that consideration of the 2-D distribution of molecules is
essential in order to interpret the observed molecular line
intensities.

In this paper we present two extensions of the work
in Paper I. Firstly, we include deuterium chemistry in the
2-D disk model. Since the line survey by Dutrey et al.
(1997), further searches for molecular lines in protoplan-
etary disks have been conducted by several groups of ob-
servers. One of the most interesting results is the de-
tection of deuterated species in the disk of LkCalb (Qi
et al. 1999; Qi 2000). The average DCN/HCN ratio is es-
timated to be about 0.01, which is much higher than the
D/H elemental abundance ratio of 1.5 1075. Aikawa &
Herbst (1999b) showed that a high D/H ratio in a disk
is a natural outcome of the incorporation of interstellar
material to the protoplanetary disk and a low tempera-
ture disk chemistry, which is similar to cloud chemistry.
They were concerned, however, only with icy material in
the midplane region, and did not predict column densities
for deuterated gaseous molecules. A two-dimensional disk
model with deuterium chemistry and comparison with ob-
servation should be helpful in constraining the physical
properties of the disk, such as temperature. Such a the-
oretical model should also be useful in guiding searches
for other deuterated molecules. The results presented here
fulfill these expectations, at least partially.

Secondly, we consider disks that are embedded in
molecular clouds or circumstellar envelopes. Up to now,
molecular line observations of disks have been successful
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only in cases where a disk is removed from molecular
clouds or where the system velocity is quite different from
the cloud velocity. Most disks, which presumably are em-
bedded in cloud gas or circumstellar envelopes, are hard to
observe via molecular lines because of contamination with
ambient gas. If we were able to predict which molecules
could selectively trace disk gas, the species could be used
to search for embedded gaseous disks, and so permit more
statistically reliable arguments on disk properties, such as
their size and time scales of gaseous dissipation.

The rest of the paper is organized as follows. In Sect. 2
we describe our model of protoplanetary disks and the
chemical reaction network we utilize. Numerical results
on the distribution of molecular abundances, the column
density ratio of deuterated and normal species, and the
dependence of D/H ratios on selected physical properties
of disks are discussed in Sect. 3. In Sect. 4, we report
our investigation of molecular abundances in disks that
are embedded in ambient gas, and discuss which, if any,
molecular lines can be used as disk tracers. We summarize
our results in Sect. 5.

2. Model
2.1. Disk model

As in Paper I, we have adopted simple static disk mod-
els — the Kyoto model (Hayashi 1981) extrapolated to
700 AU, and a model in which the mass and density are
lowered by an order of magnitude. The lower mass model
is similar to that adopted by Dutrey et al. (1997), with
which they estimate the averaged molecular abundances
in DM Tau. The total disk mass is about 6 102 M, for
the extended Kyoto model, and 6 10~3 Mg, for the lower
mass model. Although much work has been undertaken
to formulate the structure and physical evolution of pro-
toplanetary disks (Cameron 1973; Hayashi 1981; Adams &
Lin 1993, and references therein), there is still no obvious
standard model. The main goal of this paper is to compre-
hend the essential characteristics of deuterium chemistry
in a protoplanetary disk using simple disk models.

The details of the Kyoto model are described in
Paper I. The column density of hydrogen nuclei ¥y
(cm~2) and the temperature T'(K) as functions of R are
given by the equations

—-3/2
7210% (1 / (1)
100 AU

—1/2 1/4
28 <7R ) (L_) | @)
100 AU Lg
The luminosity of the central star L, is assumed to be
1 L in this paper. It is assumed for simplicity that the
disk is isothermal at each radius.
The gas is in hydrostatic equilibrium in the vertical

direction. From the mass distribution given by Eq. (1) and
the temperature distribution given by Eq. (2), the density

Su(R) =

T(R) =



Y. Aikawa and E. Herbst: Molecular evolution in protoplanetary disks. II.

distribution by number of hydrogen nuclei (cm~2) can be

shown to be
R —11/4 . _GM*umH
100 AU P RET
GM,pumy
kT(R2 + Z2)1/2

nu(R,Z) = 1.9 109<

<exp | 3)
where G is the gravitational constant, y is the mean molec-
ular weight of gas, my is the mass of a hydrogen atom,
and k is the Boltzmann constant. Since the disk mostly
consists of Hy and He, the mean molecular weight pu is
2.37, with the elemental abundances of Anders & Grevesse
(1989). The mass of the central star M, is assumed to
be 1 Mg.

2.2. Reaction network

The basic equations for molecular evolution are given by
) _ S~ (i I A
ar ZQZJH(J) +ZBZJkn(j)n( )’ ( )

J Jik

where n(¢) is the number density of species ¢, and the a;;
and (3;;, are rate coefficients. We use the “new standard
model” network of chemical reactions for the gas-phase
chemistry (Terzieva & Herbst 1998; Osamura et al. 1999).
The ionization rate by cosmic rays is assumed to be the
“standard” value for molecular clouds, ¢ = 1.3 10717 57!
(e.g. Millar et al. 1997), because the attenuation length
of cosmic ray ionization is much larger than the column
density for R > 50 AU. The ionization rate is uncertain by
a factor of a few at least (e.g. van der Tak & van Dishoeck
2000). Calculations with ¢ = 2.6 10717 s~! yield molecular
column densities that differ by less than a factor of 3 from
those with our standard (.

We have extended the network to include mono-
deuterated analogues of hydrogen-bearing species (Millar
et al. 1989; Aikawa & Herbst 1999b). For normal exother-
mic reactions and dissociative recombination reactions, we
have assumed that the total rate coefficient is unchanged
for deuterated analogues, and have also assumed statis-
tical branching ratios. There are some exceptions to the
statistical rules; for example, the dissociative recombina-
tion of HCND™ does not produce DCN but HCN. Similar
rules are set for the hydrogenation of HCN and DCN; i.e.,
HCN + HyDOT produces HCNDT or HCNHY, but not
DCNHT. Another important exception is

HyCN +D — HCN +HD (a)
— DCN + H, (b)

The lower branch (b) is one of the main formation paths
for DCN. If we apply the statistical rule, the branching
ratio a/b is 2. However, the experiment by Nesbitt et al.
(1990) shows the ratio a/b = 543. In this paper we assume
the ratio a/b to be 5.

We have included those deuterium exchange reactions
for molecular ions and HD that are known to proceed in
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the laboratory or have been studied in detail theoretically
(Millar et al. 1989); such reactions drive the fractionation
yet are known to occur for only a few ions since activation
energies are common (Henchman et al. 1988).

Although our model does not contain surface chem-
istry, as does the latest model of Willacy & Langer (2000),
we do include the surface formation of Hy molecules, the
surface recombination of ions and electrons, and formation
and desorption of ice mantles. As in Paper I, we adopt an
artificially low sticking probability S = 0.03 for adsorb-
ing species on the grain surface, in order to mimic the
effect of non-thermal desorption. The sticking coefficient
was originally chosen to fit the observed spectrum of CO
emission lines in GG Tau. For thermal desorption from ice
mantles, we adopt the same rate coefficients as in Aikawa
et al. (1997). The total numbers of species and reactions
included in our network are 773 and 10539, respectively.

The elemental abundances used here are the so-called
“low-metal” values (e.g. Lee et al. 1998; Aikawa et al.
1999). The initial molecular abundances are determined
by following molecular evolution in a precursor molecu-
lar cloud core with physical conditions nyg = 2 10* cm™3
and T = 10 K up to 3 10° yr, at which time observed
abundances in molecular clouds are reasonably reproduced
(Terzieva & Herbst 1998).

2.3. X-rays

Results from the X-ray observation satellites, ROSAT and
ASCA, show that T Tauri stars are strong X-ray emitters,
with X-ray luminosities in the range 10%?—103! erg s~!
(Montmerle et al. 1993; Glassgold et al. 1997). We include
chemical processes caused by X-rays following Maloney
et al. (1996) and Glassgold et al. (1997). In Paper I, we
showed that X-rays affect the disk chemistry via ionization
and induced UV radiation. Direct and secondary ioniza-
tion of heavy elements by X-rays, which were not taken
into account in Paper I, are included in this paper. We
find that inclusion of these new processes does not much
alter the results of Paper I. For completeness, however, we
discuss their inclusion. We adopt an X-ray luminosity of
103! erg s~!, which is almost the upper limit of the ob-
served luminosity, in order to examine the upper limit of
the X-ray effects.

2.3.1. Secondary ionization

X-rays produce electrons with energies of several hundred
eV by ionizing atoms and molecules. These electrons cause
secondary ionization of about 30 molecules and atoms per
keV of primary electron energy, most of which are hydro-
gen molecules. Secondary ionization is more effective than
direct ionization by X-rays in a hydrogen-dominated gas,
so that the overall ionization rate per unit time is given
approximately by

Cx = Nsec/U(E)F(E)dEa (5)
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where Nge. is the number of secondary ionizations per unit
primary photoelectron energy, o is the cross section for
direct X-ray ionization for all elements weighted by their
solar abundances, and the X-ray photon flux F(F), in
units of per unit area per unit time, is given by

F(E) = Fo(E)e™® (6)

where 7 is the optical depth along a path from the central
star. The actual value of (s at a radius of R = 700 AU in
the Kyoto model is shown as a function of height from the
midplane in Fig. 2 of Paper I. The ionization rate via X-
rays is higher than that via cosmic rays in regions roughly
above the scale height of the disk.

Although the photoelectrons ionize mostly Ho and H,
the secondary ionization of heavy elements may be impor-
tant for their chemistry. Secondary ionization rate coeffi-
cients for heavy elements are estimated by

g = ¢ ZmlB)

oeiu(E) @

where 0ei m (E) is the electron-impact ionization cross sec-
tion of element m at energy E. We used the cross sec-
tions given by Lennon et al. (1988), and averaged the ra-
tio Oeim(E)/0ein(E) over the energy range 0.1—1 keV,
because the energy of the primary electron is a few hun-
dred eV. Typically, the ratio is ~3—7 for elements such as
C (4.29) and Mg (7.09).

2.3.2. Direct ionization

The direct X-ray ionization rates for C, N, O, Si, S, Fe, Na,
Mg, Cl and P are calculated at each point of the disk using
the X-ray flux obtained from Eq. (6) and the ionization
cross sections given by Verner et al. (1993). We assume
primary ionization of heavy elements in a molecule leads
to a doubly ionized species because of the Auger effect;
the doubly ionized species then dissociate into two singly
charged ions. We consider this destructive reaction only
for simple diatomic molecules, because we do not know
the products when polyatomic molecules are dissociated
by X-rays. This simplification does not affect our results,
because X-ray induced photolysis is much more efficient
than direct ionization in terms of molecular destruction.

2.3.3. UV photolysis induced by X-rays

Energetic photoelectrons produced by X-rays collide with
hydrogen atoms and molecules, and generate UV photons,
just as cosmic rays do. Although this process was consid-
ered in Paper I, it was not discussed. In Hs-dominated
regions, the photoreaction rate coefficient for a species m
is given by

Ry = 2.6¢¥pmraa (1 — w)*l st (8)

where ¢ = 1.4 is the ratio of number of Lyman-Werner
photons produced per Hy ionization (Maloney et al. 1996).
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Since hydrogen is mostly in the molecular form in the re-
gion we are interested in, we adopt the constant value
xg2 = 0.5 in this formula. We can ignore the contribution
from hydrogen atoms because atomic hydrogen only dom-
inates in the surface regions, which do not contain many
molecules. The coefficient py, is given by Gredel et al.
(1989), and w is the grain albedo, which is assumed to
be 0.5. For molecules which are not listed in Gredel et al.
(1989), we estimate the value of py, from similar molecules.
Following Gredel et al. (1987), we adopt py, = 10 for CO.
The deuterated hydrogen molecule HD is also subject to
photodissociation by induced UV. Because HD is dissoci-
ated by lines, just like CO, we assume p,, = 10 for HD.

In fact, Eq. (8) assumes that induced photons are ab-
sorbed by molecules locally; in other words, a spatial gra-
dient of (x is not considered. Since (x is higher at larger
heights in our model, and since induced photons can be
emitted in the vertical direction of the disk, the induced
photons could penetrate deeper into the disk than we es-
timate, especially in the outer radius (R > 500 AU) in
our lower mass disk, in which the total column density is
low (A, < 1 mag). But a quantitative calculation of this
effect requires a 2-D radiation transfer calculation, which
is beyond the scope of this paper.

2.4. UV radiation

A protoplanetary disk is irradiated by UV radiation from
the external interstellar field and from radiation due to
the central star. The UV flux from the central star varies
temporally, and at R = 100 AU the unattenuated UV
flux can reach a value 10* times higher than the interstel-
lar flux (Herbig & Goodrich 1986; Imhoff & Appenzeller
1987; Montmerle et al. 1993). As in Paper I, we utilize this
maximum value. The radiation fields from the two sources
strike the disk from different directions, and thus suffer
different degrees of attenuation. We obtain the attenua-
tion of interstellar UV in terms of the visual extinction
Ay, by calculating the vertical column density from the
disk surface to the height we are interested in, using the
relation A, = Ny /[1.8 10! cm~2 mag~?!]. The attenua-
tion of the stellar UV, A3 is obtained by calculating
the column density from the central star. Values of A,
and ASY3r are given in Table 1 of Paper I, as a function of
height at R = 700 AU for the Kyoto model. These values
of extinction are then put into the photo-rate equations
of our network.

In Sect. 4, where we report calculated values for molec-
ular distributions in embedded disks, we consider an addi-
tional attenuation of 1-2 mag via ambient gas, while the
attenuation of the stellar radiation is not modified.

Although the UV radiation is mainly attenuated by
dust, self- and mutual-shielding must be considered for
H; and CO (van Dishoeck & Black 1988; Lee et al. 1996),
so that we must solve for the molecular abundances and
the UV attenuation self-consistently. As in Paper I, we
solve a one-dimensional slab model at each radius of the
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Fig. 1. Vertical distribution of normal (dashed lines) and deuterated (solid lines) molecules at R = 500 AU. The disk age is
assumed to be t = 9.5 10° yr and the disk mass is less massive than the Kyoto model by an order of magnitude

disk and utilize modified shielding factors from Lee et al.
(1996).

3. Results
3.1. Vertical distribution

Figure 1 shows the vertical distribution of various
molecules (dashed lines) and their singly deuterated coun-
terparts (solid lines) at R = 500 AU and at t = 9.5 10° yr,
which is a typical age of a T Tauri star. The disk is as-
sumed to be less massive than the Kyoto model by an
order of magnitude. The effects of X-rays from the cen-
tral star are included. Throughout this paper, we will also
present the results of models in which the mass is that of
the Kyoto model, in which X-rays are turned off, and in
which the time is changed. The low mass model is empha-
sized because in Paper I, we showed that it is consistent
with the observational result of DM Tau by Dutrey et al.
(1997).

As can be seen in Fig. 1, most molecules have a peak
abundance at some intermediate height; in the surface re-
gion of the disk the molecules are dissociated by UV pho-
tons both from the interstellar field and the central star,
while close to the midplane most molecules are adsorbed
onto grains. In the midplane region, however, some gas-
phase species show a “late-time peak” at t ~ 10°—106 yr
(Ruffle et al. 1997; Paper I) which can occur in gas-grain

models with low sticking efficiencies or with non-thermal
desorption. The high abundance of NH3 in the midplane
is caused by this peak.

A comparison of the concentrations of molecules and
their deuterated isotopomers in Fig. 1 shows that molecu-
lar D/H ratios are much higher than the elemental abun-
dance ratio D/H of 1.5 107°. This is not surprising because
deuterium fractionation proceeds in a similar way as in
molecular clouds. Owing to the energy differences between
deuterated species and normal species, and to some rapid
exchange reactions, species such as H;,r and CH3+ have a
high D/H ratio, and the high ratio propagates to other
species through ion-molecule reactions (Millar et al. 1989;
Aikawa & Herbst 1999b). Another route to fractionation
lies through the dissociative recombination of molecular
ions with high D/H ratios, which leads to a high atomic
D/H ratio. Neutral-neutral reactions involving H and D
then propagate these high atomic D/H ratios. For exam-
ple, a major production route for DCN is the reaction
between D and HoCN.

Figure 1 also shows that molecular D/H ratios are
higher at smaller heights, where molecules are more heav-
ily depleted from the gas phase onto grain surfaces.
Molecular depletion enhances the D/H ratio of the re-
maining gaseous species. For example, HoD is formed
by the reaction H;,r + HD and, in many situations, is de-
stroyed mainly by the reaction HoDt 4+ CO. Hence the
ratio HoDT /HT is proportional to n(HD)/n(CO), which
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Fig. 2. The column densities of deuterated and normal species as a function of radius. The disk mass is assumed to be less than
the Kyoto model by an order of magnitude. The disk age is t = 9.5 10° yr

increases as the gaseous CO abundance decreases (Brown
& Millar 1989). At sufficiently small CO densities, the
dominant destruction route for HoD* becomes reaction
with electrons or back reaction with Hs.

3.2. Radial distribution of D/H ratios

By integrating the vertical distributions of molecular
abundances, we obtain molecular column densities. The
column densities of deuterated and normal species are
shown in Fig. 2 for assorted molecules as a function of disk
radius. The time is the same as in Fig. 1: t = 9.5 10° yr.
Despite the addition of direct and secondary ionization of
heavy elements via X-rays in this paper, the calculated
column densities of normal species are almost the same
as in Paper I. One notable modification concerns the NHg
column density in the outermost region (R > 500 AU) of
the disk. In Paper I, we assumed that the Hj‘ + N reaction
produces NHT; however, subsequent information shows
that the reaction does not proceed efficiently (Scott et al.
1998). In the outer region, where N atoms are relatively
abundant because of the low density, this reaction was a
key component in the synthesis of NHs. At R = 700 AU in
the lower mass model with X-rays and ¢ = 9.5 10° yr, the
column density of NH3 was 1.2 10'2 cm™2 in Paper I, but
it is only 6.7 10'° cm™2 in the current model. At smaller
radii (R < 300 AU) the modification is less significant.

We obtained averaged D/H ratios for molecules at each
radius by dividing the column density of the deuterated
species by that of the normal species. Figure 3 shows
D/H ratios for the lower mass disk model, and Fig. 4
for the Kyoto model. The thick lines show the ratio at
t = 9.5 10° yr, and the thin lines at a shorter time of
3 10° yr. The solid lines are for models with X-rays and
the dashed lines for models without X-rays.

The radial dependence of the column density ratios
shown in Figs. 3 and 4 can be understood from the ma-
jor mechanism of deuteration. For example, the D/H ra-
tios of NH3, HoO, and HCO™ decrease at R < 300 AU.
These three species are deuterated through HoD*. Since
the exothermicity for the reaction Hi + HD — HyD* +
Hs is relatively low (230 K), the back reaction becomes
important as the temperature rises near the star and low-
ers the D/H ratio in the inner regions. On the other hand,
the D/H ratios in CH4 and HoCO do not decrease inwards,
because those species are deuterated through CHyD ™, for
which the exothermicity of the deuterium exchange reac-
tion is much higher (370 K) than that for HoD*. Finally,
the DCN/HCN column density ratio slightly decreases in-
wards because D atoms are less abundant in inner regions.

X-rays affect the column density ratios. For R >
300 AU, the D/H ratios of HCO', NH3 and H,O are
smaller in the case with X-rays than otherwise, because
the enhancement of the HoDT to H;j ratio is limited by
the rate at which HoD™ is destroyed by recombination
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Fig. 3. The column density ratios of deuterated to normal species as a function of radius. The disk mass is assumed to be less
than the Kyoto model by an order of magnitude. The thick lines show the ratios at t = 9.5 10° yr, the thin lines at t = 3 10° yr.
The solid lines show models with X-rays and the dashed lines without X-rays

with electrons, which are more abundant in the case with
X-rays (Guélin et al. 1982; Caselli et al. 1998). In the in-
ner regions, on the other hand, HyD™ is always destroyed
more efficiently by the reaction with CO or Hs, and thus
the ratios are less dependent on the electron abundance.

The D/H ratios also depend on the total mass of the
disk. Comparing Fig. 3 with Fig. 4, we can see that, ex-
cept for DCOT/HCOT™, the ratios are higher in the Kyoto
model, especially in the outer region. This mass depen-
dence is caused by molecular depletion onto grains, which
is more efficient in disks with higher mass. This depen-
dence does not appear for HCOT, because its abundance
peaks at a larger height than those of neutral species, at
which D/H ratios are less affected by depletion.

So far, detection of deuterated species has been re-
ported only in the disk around LkCal5, where Qi (2000)
observed DCN and HDO using the OVRO interferometer
(see also Qi et al. 1999). He found DCN and HCN to be
distributed within a radius of ~1"” (140 AU at the distance
of 140 pc) and ~3"-4" from the central star, respectively.
The differing sizes of the distributions reflect the fact that
the only DCN line detected is the J = 3—2 transition. The
column density of DCN was estimated to be 1 10'3 cm™2
from the integrated intensity of DCN(J = 3—2), while the
column density of HCN was estimated to be ~10'® cm™2
from the intensities of the H**CN J =3—-2and J =1-0
lines. Our model result for the DCN/HCN ratio within

R < 200 AU is consistent with the observation, inde-
pendent of the disk mass. However, the absolute column
densities of HCN and DCN in the model are significantly
smaller than observed. In the region of radius < 200 AU,
the column density of DCN is ~10*! cm ™2 in our low mass
disk model (Fig. 2) and is < 1012 cm~2 in the Kyoto model
(see Fig. 4 and Paper I). Moreover, the column densities
of various molecules detected in LkCal5 are significantly
higher than those in DM Tau (Qi 2000). One possible ex-
planation for this difference would be the disk mass. The
mass of the disk around LkCal5 is estimated to be 0.2 Mg
from the dust continuum, which traces the region of radius
~100 AU, while the mass of Kyoto model within 100 AU
is 0.024 Mg. In addition to modifying the Kyoto model
to include higher masses, the major possibilities for im-
proving our absolute column densities are (a) to lower the
artificial sticking probability used in our current model
(S = 0.03) so that more material remains in the gas phase
at a given time, or (b) to include specific non-thermal
desorption mechanisms (Willacy & Langer 2000), and to
consider the variability of their efficiency among disks.
Finally, a K5 star HD284589, located close to LkCalbs,
may affect the molecular abundances in the disk through
heating and/or UV radiation. These are prospects for fu-
ture work. Observations of deuterated species in DM Tau
would be desirable to compare with our current calculated
values.
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Fig. 4. The column density ratios of deuterated to normal species as a function of radius, but for the Kyoto model. The thick
lines show the ratios at t = 9.5 10° yr, the thin lines at ¢ = 3 10° yr. The solid lines show models with X-rays and the dashed
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Like DCN, the estimated column density of HDO in
LkCal5 — (2—7) 10 em™2 (Qi 2000) — is higher than the
value (< 110 ecm™2) obtained in our models. Since HyO
cannot be observed from the ground, the HDO/HO ratio
is not determined. It is interesting that the intensity peak
of HDO is offset from the central star, which is consistent
with our model.

4. Disks embedded in ambient gas

Statistical observations of molecular emission lines in disks
are important in order to determine their size, time scale of
gas dissipation, and chemical abundances. Several gaseous
disks have been found via surveys of CO J = 2 — 1 and
J =1—0 lines (Kawabe et al. 1993; Koerner et al. 1993;
Dutrey et al. 1994; Koerner & Sargent 1995). The merit of
using CO lines is that the molecule is in general much more
abundant than any other molecules with heavy elements
in interstellar conditions. However, the number of disks
observed via molecular lines is much smaller than that via
dust continuum studies. One of the difficulties in searching
for gaseous disks via CO lines is contamination of the lines
with ambient cloud gas. CO is abundant not only in the
disk, but also in ambient clouds, and the critical densities
of the excitation of its J =2 — 1 and J =1 — 0 lines are
comparable to the cloud gas density. Hence it is useful if we
can find molecular lines which preferentially trace the gas
in disks. Such lines have to satisfy the following two con-

ditions: (a) their critical densities should be higher than a
typical density of molecular clouds (ng ~ 10* cm™3) and
(b) the molecule should be reasonably abundant within
the disk. In fact, there are many molecular rotational lines,
especially the high—J lines, the critical density of which
is higher than the cloud density but lower than or compa-
rable to the disk density. The latter condition (b) can be
checked based on our model.

In our calculation of molecular column densities in
disks in Paper I, however, we assumed the disks to be
directly exposed to the interstellar radiation field. In or-
der to see if there is any molecular line which can be used
to trace embedded disks, we have to reconsider the prob-
lem including the UV attenuation via ambient gas. One
possible tracer is CN, the rotational (N = 2 — 1) tran-
sition of which is one of the strongest lines detected in
the disks around DM Tau, GG Tau, and LkCal5 (Dutrey
et al. 1997; Qi 2000). The clear detection of the line indi-
cates that CN is relatively abundant in these disks, and
the high critical densities (ng = 3 10° cm™3 for N =1-0
and 10% cm =3 for N = 2—1) of the lines seem ideal in order
to avoid contamination with ambient clouds at lower den-
sity. But theoretical studies show that CN exists mostly in
the surface regions of disks, in which interstellar UV plays
a dominant role in the chemistry (Paper I), and thus it is
not clear if it is also abundant in disks shielded from in-
terstellar radiation. In this section, we discuss the column
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Fig. 5. Column densities of assorted molecules as a function of radius. The disk mass is assumed to be less than the Kyoto
model by an order of magnitude, and the disk age is t = 9.5 10° yr. Ionization, dissociation, and induced photolysis by X-rays
are not considered. The solid lines show results for disks directly exposed to the interstellar UV field, while the dashed and
dotted lines show results for disks embedded in ambient gas of A, = 1 and 2, respectively

densities of CN, together with other species, in embedded
disks.

Figures 5 and 6 show calculated radial column density
distributions of assorted species in the lower mass disk
model at t = 9.5 10° yr. Figure 5 contains model results in
the absence of any X-ray emission from the central star,
while Fig. 6 shows results when X-ray processes are in-
cluded. The solid lines, dotted lines, and dashed lines are
for A, = 0,1, and 2 mag, respectively. It is easy to see
that the distributions can depend on both the X-ray irra-
diation and the degree of extinction. In the model without
X-rays, the column densities of radicals such as CN and
CoH are extremely sensitive to the existence of ambient
gas above and below the disk since this gas interferes with
the photodissociation that produces the radicals. The ef-
fect is especially drastic at inner (R < 300 AU) radii,
where the gas density is higher and thus abundances of
radical species are very low without photoprocesses. It
should be noted, however, that the column density of CN
in the case with A, = 2 mag is still reasonably large at
R > 300 AU. We additionally calculated molecular abun-
dances at R = 500 AU for A, = 4 mag, in which the CN
column density is 3.7 10'2 cm™2. These results suggest
that CN can be a disk tracer at least in the outer regions
(R > 300 AU) for T Tauri stars without high X-ray lumi-
nosity.

In the model with X-rays from the central star, the
column densities of radicals such as CN, CH, and C3H are
high even in the inner regions. The high ionization rate
and induced photolysis by X-rays significantly enhance
the radical species in regions with small radius and large
height. We should note that the column densities of those
radicals obtained in this model are upper limits because
the X-ray luminosity we assumed — Ly, = 103! erg s—!
— is close to the upper limit of the temporally varying
X-ray intensity from T Tauri stars. But sufficient col-
umn densities of the radicals are expected in the inner
regions (< 200 AU) even if the average X-ray luminos-
ity is lower by an order of magnitude, since their radical
column densities roughly depend linearly on the X-ray lu-
minosity there. Therefore CN can trace even the inner
regions (R < 200 AU) of embedded disks when there is
some X-ray luminosity.

As for other species, it is interesting to note that the
column densities of HCO' and NHj3 tend to be higher in
disks with non-zero Ay, regardless of the X-ray luminos-
ity, which suggests that their high frequency transitions
with high critical densities can also be tracers of embedded
disks. The centrally peaked distribution of HCO' makes
it the better tracer because the line can be more sensitive
to a disk with small radius.
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Fig. 6. Same as in Fig.

Although the calculations reported in this section deal
with the effect of embedding disks in clouds, a close ob-
servation of Figs. 5 and 6 shows that some qualitative
trends are actually independent of the degree of extinc-
tion. For example, species such as CN, CoH, and HyCO
show a central peak in the case with X-ray irradiation and
a central hole in the case of no such irradiation regardless
of whether or not the disk is embedded. This behavior is
not universal; the HCN distribution shows a similar de-
pendence on the X-ray luminosity only when the disks are
embedded. Specifically, in the model without X-ray irra-
diation, HCN (in the case of A, > 1 mag) shows a central
hole of radius ~200 AU, while in all cases with X-ray ir-
radiation it is centrally peaked. Thus, if X-ray fluxes are
different from one disk to another, one can expect the ra-
dial distributions of individual molecules to be different.
Interestingly, interferometric observations show that CN
is centrally peaked in the disk around DM Tau (Dutrey
2000, personal communication) but exhibits a central hole
in the disk around LkCal5 (Qi 2000).

5. Summary

We have presented two major extensions from our previous
models reported in Paper 1.

Firstly, we have investigated the two-dimensional dis-
tribution of deuterated species in protoplanetary disks.
The molecular D/H ratios in gaseous disks evolve in a sim-
ilar way as in molecular clouds. In the vertical direction

5, but with X-rays from the central star i
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the D/H ratios are higher at lower height, where molecules
are more heavily depleted onto grain surfaces.

The D/H ratios of HCO", NHj3, and HyO decrease
significantly towards smaller radii at R < 300 AU. These
molecules are deuterated through HyDT, the abundance
of which is rather sensitive to the temperature, which
increases at small radii. The D/H ratios of CH4 and
H>CO do not decrease inwards because these species are
deuterated through CH,DT, which is formed from CHZ
through a sufficiently exothermic reaction that it does not
possess much of a temperature dependence in the range
(T' < 40 K) we are concerned with in this paper. The
DCN/HCN ratio is higher at larger radii because DCN
is formed primarily from HyCN via the reaction with
D atoms, which are more abundant at larger radii, where
the density is lower.

The D/H ratios depend not only on the temperature,
but also on the disk mass and the X-ray flux. In the disk
with larger mass, the column-density ratios of deuterated
species to normal species are generally higher because of
heavier depletion of molecules onto grains. With a higher
X-ray flux, the D/H ratios of HCOT, NH3 and H2O are
smaller at large radial distances because the enhancement
of the HyDT to H;,r ratio is reduced by more copious
electrons.

Our results for the ratio of the column densities of

DCN and HCN are in reasonable agreement with the
observation of the disk around LkCal5 (Qi 2000) whether
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we utilize the Kyoto or the low mass model, but the ab-
solute column densities we calculate are too low for this
rather massive disk.

Secondly, we have investigated molecular column den-
sities in disks embedded in ambient clouds using models
without and with X-rays from the central T Tauri star.

In the models without X-rays, the column densities of
radicals such as CN are sensitive to the attenuation of
interstellar UV by ambient gas, especially in the inner ra-
dius of the disk. In the disk with direct UV irradiation, the
CN column density is 3 10'2—3 10'3 cm~2 in the region
50 < R < 700 AU, while in the disk embedded in ambi-
ent gas, the column density of CN is 1012—10'3 cm~2 in
the outer region of the disk (R > 300 AU), but decreases
for radii 300 AU by orders of magnitude. On the other
hand, in the models with X-rays, ionization and induced
photolysis by X-rays enhance the abundance of CN and
other radicals so that the column density of CN is as high
as > 10'3 cm™2 at 50 < R < 700 AU. Since the X-ray flux
is higher in inner regions, radial distributions of radicals
such as CN are centrally peaked. Indeed, the distributions
for non-radicals tend to show a similar effect.

The molecular ion HCO™ is centrally peaked regardless
of the X-ray luminosity, and is more abundant in the case
with UV shielding via ambient clouds. Inclusion of X-rays
further enhances the column density of HCO™.

Our calculated results, combined with the fact that CN
and HCO™ are clearly detected in the non-embedded disks
around DM Tau, GG Tau, and LkCal5, suggest that CN
and HCO™ can be gaseous disk tracers towards embedded
objects especially with high X-ray luminosity. Our results
also suggest that the radial distribution of the radicals CN
and CoH and some non-radical species (HCN and HyCO)
may vary among disks depending on the X-ray luminosity
of the central star.
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