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ABSTRACT

Observations from Spitzer and ground-based infrared spectroscopy reveal significant diversity in the molecular
emission from the inner few AU of T Tauri disks. We explore theoretically the possible origin of this diversity by
expanding on our earlier thermal—-chemical model of disk atmospheres. We consider how variations in grain settling,
X-ray irradiation, accretion-related mechanical heating, and the oxygen-to-carbon ratio can affect the thermal and
chemical properties of the atmosphere at 0.25-40 AU. We find that these model parameters can account for many
properties of the detected molecular emission. The column density of the warm (200-2000 K) molecular atmosphere
is sensitive to grain settling and the efficiency of accretion-related heating, which may account, at least in part, for
the large range in molecular emission fluxes that have been observed. The dependence of the atmospheric properties
on the model parameters may also help to explain trends that have been reported in the literature between molecular
emission strength and mid-infrared color, stellar accretion rate, and disk mass. We discuss whether some of the
differences between our model results and the observations (e.g., for water) indicate a role for vertical transport and
freezeout in the disk midplane. We also discuss how planetesimal formation in the outer disk (beyond the snowline)
may imprint a chemical signature on the inner few AU of the disk and speculate on possible observational tracers
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of this process.
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1. INTRODUCTION

Recent work with the Spitzer Space Telescope has found
that emission from water and organic molecules is common
in spectra of T Tauri stars (Carr & Najita 2011, 2008; Salyk
et al. 2011, 2008; Pontoppidan et al. 2010; Pascucci et al.
2009), with the emission likely arising from the inner few AU
region of the circumstellar disk (Carr & Najita 2008; Salyk
et al. 2008). These new molecular diagnostics complement the
more familiar near-infrared molecular diagnostics (CO, water,
OH) that probe disk radii <1 AU (see Najita et al. 2007;
Carmona 2010 for recent reviews). Since T Tauri disks are
optically thick in the continuum, these molecular emission
features presumably arise from a temperature inversion region
in a warm disk atmosphere. The possibility of warm molecular
emission from the atmospheres of inner disks is supported
by thermal-chemical models of disk atmospheres (Glassgold
& Najita 2001; Glassgold et al. 2004; Kamp & Dullemond
2004; Willacy & Woods 2009; Nomura & Millar 2005; Gorti &
Hollenbach 2008).

One of the interesting properties of the mid-infrared molec-
ular emission observed with Spitzer is that the fluxes and rel-
ative strengths of molecular features vary among the T Tauri
stars (Carr & Najita 2011; Salyk et al. 2011; Pontoppidan et al.
2010; Pascucci et al. 2009). The strength of the water emission
varies by a factor of >30 (e.g., Pontoppidan et al. 2010), and
an equally large range is found for the strength of the HCN
emission (e.g., Salyk et al. 2011). The water emission can be
brighter or fainter than the HCN emission, and HCN is usually
stronger than C,H, among T Tauri stars but is sometimes weaker
(Carr & Najita 2011; Salyk et al. 2011; Pontoppidan et al. 2010;
Pascucci et al. 2009). What is the origin of these variations in
flux and relative strength?

Several interesting possibilities are suggested by trends in the
demographics of molecular emission sources. While HCN is
typically stronger than C,H, in T Tauri stars, Pascucci et al.
(2009) found C,H; to be stronger than HCN in median spectra
of brown dwarfs. Pascucci et al. suggested that this dichotomy
arises because of the stronger UV field of T Tauri stars, which
enhances the dissociation of N, and the formation of HCN in
those systems.

Further possible trends in HCN emission strength were noted
by Teske et al. (2011). They found that the HCN emission
strength of T Tauri stars appears to increase with stellar accretion
rate and with X-ray luminosity, suggesting that these parameters
may play arole in the molecular emission fluxes. They suggested
that the trend of HCN flux with stellar accretion rate might
result from enhanced accretion-related mechanical heating in
the disk atmosphere, along the lines explored theoretically by
Glassgold et al. (2009). These authors had previously suggested
that increased rates of accretion-related mechanical heating can
increase the column density of warm water in the T Tauri disk
atmosphere, producing stronger water emission. A similar effect
might also be expected for other molecular species. Consistent
with this perspective, Salyk et al. (2011) have reported a higher
detection rate of molecular emission in systems with larger Hoe
equivalent widths (and tentatively also with stellar accretion
rate), which they interpret as suggesting that accretional heating
plays a role in enhancing the line emission. Salyk et al. also find
that molecular emission is preferentially detected from disks
that have experienced more grain settling, as indicated by their
mid-infrared colors.

As an alternate explanation for their results, Teske et al.
also discussed the possibility that increased UV irradiation
produced at higher stellar accretion rates might enhance the
HCN abundance, as discussed by Pascucci et al. (2009). Little
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interpretation was offered for the possible trend they found with
Ly, other than that X-ray irradiation may help to synthesize
HCN by raising the abundance of molecular ions and radicals.

Carr & Najita (2011) also reported a possible relation between
the HCN/H,O emission flux ratio and disk mass in their small
sample of T Tauri star spectra. The sources with the largest
HCN/H,O0 flux ratios are those with the largest disk masses.
They note that such a trend might be expected as a consequence
of planetesimal and protoplanet formation in the outer disk. As
described by Ciesla & Cuzzi (2006, and references therein),
because icy bodies ranging from centimeter to kilometer and
larger size migrate at different rates, their migration can lead
to enhancements or depletions of water vapor in the disk that
may vary as a function of both disk radius and time. Since
water is a significant reservoir of oxygen, these effects can
lower or raise the gas-phase oxygen-to-carbon (O/C) ratio in the
inner disk and possibly affect the HCN and H,O abundances in
the manner observed. More generally, because it is difficult to
diagnose the formation of kilometer-sized planetesimals, the
building blocks of planets, by other means, it is interesting
to explore whether their formation may induce this (or any
other) chemical signature in the inner disk that may signal their
formation.

Here, we explore the above ideas by expanding on our ear-
lier thermal-chemical model of disk atmospheres. Models of
disk atmospheres are in an early stage of development. In part,
this is because disks are complex systems, and many processes
potentially play a role in determining the thermal-chemical
properties of their atmospheres. The relevant processes include
those familiar from the study of molecular clouds and pho-
todissociation regions (e.g., UV and X-ray irradiation and their
roles in heating, photochemistry, and ionization; neutral and
ion—molecule reactions; and the freezeout and desorption of
molecules on grains). Other potentially important processes are
more unique to circumstellar disks and are generally less well
understood, both in terms of how they operate and their im-
pact on the thermal—chemical properties of disks. These include
grain growth and settling, mechanical heating related to the
magnetorotational instability, and radial and/or vertical trans-
port of gas and solids. Models are developed to gain insight
into how these processes affect disk atmospheres, with earlier
studies having concentrated on different sets of processes and
the interplay between them.

In our previous work, we constructed a model of inner disk
atmospheres that includes the thermal decoupling of the gas
and dust (e.g., Glassgold & Najita 2001; Glassgold et al. 2004;
see also Kamp & Dullemond 2004; Nomura & Millar 2005),
was based on X-ray heating and ionization, and included effects
such as grain growth and accretion-related mechanical heating
(Glassgold et al. 2004). We used this model to study the gas-
phase chemistry of water, including the effect of H, formation
on warm grain surfaces (Glassgold et al. 2009). Other studies
have emphasized the effect of UV irradiation on the disk (e.g.,
Nomura & Millar 2005; Woitke et al. 2009; Woods & Willacy
2009; Bethell & Bergin 2009), included freezeout and desorp-
tion in the disk midplane or outer disk (e.g., Markwick et al.
2002; Woods & Willacy 2009; Walsh et al. 2010), and explored
the effect of transport processes on disk chemistry (e.g., llgner
et al. 2004; Semenov et al. 2006; Willacy et al. 2006; Heinzeller
et al. 2011), processes that we have yet to include. In this pa-
per, we build on our earlier work, implementing an improved
X-ray ionization theory and an expanded chemical network and
explore how variations in X-ray irradiation, accretion-related
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mechanical heating, and the O/C ratio affect the thermal and
chemical properties of the atmosphere.

Our study complements other recent work on the chemistry
of inner disks (e.g., Agtindez et al. 2008; Woitke et al. 2009;
Willacy & Woods 2009; Nomura et al. 2009; Kress et al. 2010;
Markwick et al. 2002). The work of Agundez et al. (2008) is
perhaps the closest in spirit to our own study. In their study, they
addressed the steady-state properties of the disk atmosphere,
assuming that the disk is strongly irradiated by FUV photons and
adopting an extended neutral chemistry network that includes
carbon species. Our study complements the Agindez et al. study
in that we include X-ray (but not UV) irradiation of the disk.
While a more complete model would include UV irradiation,
here we explore how well a model that excludes UV can do in
accounting for the existing observations.

2. DESCRIPTION OF THE MODEL

We study the hydrocarbon chemistry of protoplanetary disks
with the steady-state thermal-chemical model developed by
Glassgold et al. (2004; henceforth GNIO4). This model is
based on the D’Alessio et al. (1999) disk atmosphere for a
generic T Tauri star of mass 0.5 M,, blackbody temperature
T, = 4000 K, and accretion rate 1078 Mo yr~!. The disk
is irradiated by stellar X-rays (which affect the temperature,
ionization, and chemical structure of the gas), but not by far-
ultraviolet (FUV) radiation. GNIO4 used the dust temperature
obtained by D’ Alessio et al. and calculated the gas temperature
on the basis of heating by collisions with dust grains, X-rays,
and accretion-related mechanical heating, balanced by a variety
of line cooling processes and gas—dust collisions. As a result,
the gas temperature is elevated over the dust temperature over
much of the atmosphere.

We adopt a steady-state treatment of the chemical kinetics
rather than a time-dependent one. This approach is supported
in part by the warm gas temperatures inferred for the Spitzer
molecular emission (300-1000 K), which generally imply short
chemical timescales compared to transport timescales. The
chemistry in GNIO4 was limited to 25 species for the elements
H, He, C, and O, and it contained 115 reactions. In a subsequent
study of the water chemistry of protoplanetary disks, Glassgold
et al. (2009; henceforth GMNOQ9) corrected and expanded the
chemistry to ~100 species and ~400 reactions.

GMNO09 emphasized the role of H, formation on warm dust
grains, following the theory of Cazaux & Tielens (2002, 2004)
and Cazaux et al. (2005) who showed that H, can form with
moderate efficiency (<0.2) on warm dust with temperatures up
to ~900 K. Other recent studies of disk atmospheres have also
employed this process in their models (e.g., Heinzeller et al.
2011; Woitke et al. 2009; Willacy & Woods 2009; Woods &
Willacy 2009). Enhanced H, formation on grains appears to
play an important role in producing significant warm molecular
columns in models such as ours that include grain growth
(Woods & Willacy 2009). If grain growth is not included,
enhanced H, formation on grains can lead to the overproduction
of warm molecular emission (e.g., Heinzeller et al. 2011).

In this paper, we build on our previous models by employing
an expanded chemical network that includes hydrocarbon,
nitrogen, and sulfur chemistry. The current model includes an
enhanced theory of X-ray ionization that treats individually
the nine most abundant heavy atoms (Addmkovics et al. 2011;
henceforth AGM11) in addition to C, N, and O. The chemical
network now contains ~115 species and ~1200 reactions. Even
so, the molecular complexity is limited to molecules (and ions)
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Table 1
Elemental Abundances
Element Abundance Depletion
H 1.00 1.0
He 0.10 1.0
C 1.40 x 10~ 2.0
N 6.00 x 1077 1.1
0 3.50 x 1074 14
Ne 6.90 x 1073 1.2
Na 2.31x 1077 7.5
Mg 1.00 x 107° 40
K 8.57 x 1079 12
Si 1.68 x 107¢ 19
S 1.40 x 1072 1.0
Ar 1.51 x 107 1.7
Fe 1.75 x 1077 180

of six atoms or less, with hydrocarbons containing no more than
two carbon atoms, as in CoHy.

The reaction list contains neutral and ion—molecule reactions,
X-ray interactions, dissociative and radiative recombination,
and radiative association. We evaluated the reactions in our
model using the primary literature and the critical evaluations
of Baulch et al. (2005) for neutral reactions and Anicich
(1993) for ion—-molecule reactions. We have also consulted
the NIST Chemical Kinetics Database (http://kinetics.nist.gov)
as well as the UMIST (Woodall et al. 2007) and KIDA
(http://kida.obs.u-bordeaux.fr) collections.

Irradiation by stellar and/or interstellar FUV is not included
in the present model, an assumption that would apply when the
disk is well shielded from UV (e.g., by an intervening funnel
flow). This assumption may also be more generally valid in
the context of heating. Earlier work (e.g., Nomura et al. 2007)
has shown that UV heating due to the photoelectric effect is
significantly reduced relative to other heating processes when
grains have grown and settled to the extent that has been deduced
for T Tauri disks (Furlan et al. 2006). This, and the uncertain
PAH abundance of T Tauri disks, mitigates our neglect of UV
heating, a topic that we return to in Section 4. More seriously,
UV photodissociation likely affects the molecular abundances
as we also discuss in Section 4.

One obvious difference between our X-ray-irradiated model
and others that focus on UV irradiation is that in our model
molecules are destroyed by H* and He*. In the presence of
UV irradiation, photodissociation would also play a significant
role in destroying molecules. In a similar vein, UV irradiation
will also alter the ionization and temperature structure from that
considered here. Another difference between UV and X-ray-
irradiated models is that X-rays are also able to ionize species
that are unavailable to UV photons. For example, although FUV
photons are unable to directly ionize N and N,, ion—neutral
reactions of N, with Hj and He* (which are generated by
X-rays) can activate the nitrogen chemistry.

We include the formation of H; on dust grains in the same way
as GMNOQO (their Equations (14) and (15)), following the theory
of Cazaux & Tielens. At the suggestion of Bai & Goodman
(2009), Cazaux & Tielens (2010) have since corrected their
calculations, but the changes are only of a quantitative nature.
We ignore the possibility of forming other molecules on grains.
GMNO09 found that ignoring H,O formation on grains did not
much affect the distribution of gaseous H,O. We also ignore
cooling by H,O rotational transitions as well as heating due to
UV absorption by H,O. Water line emission has been measured
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Table 2
Model Parameters

Parameter Symbol Ref. Value Variation Range
Stellar mass M, 0.5M¢y

Stellar radius R, 2Ro

Stellar temperature T. 4000 K

Disk mass Mp 0.005 Mg

Disk accretion rate M 1078 Mg yr~!

Grain size ag 0.707 pm 0.707-7.07 pm
X-ray luminosity Lx 2 x 1030 ergs™! 10%6-103! erg s ™!
X-ray temperature Tx 1 keV 1-5 keV
Mechanical heating ap 1.0 0.01-1.0
O/C abundance ratio 0/C 2.5 0.25-5
Radial distance r 1 AU 0.25-40 AU

to be a significant coolant for disk atmospheres (Pontoppidan
etal. 2010). These limitations will be remedied in future reports.

As discussed in more detail in AGM11, the abundances of
the heavy elements play an important role in the chemistry of
the disk atmosphere, because they are the dominant charge car-
riers below the atomic to molecular transition. Measurements
are not available for the absolute gas-phase abundances of the
elements in thick molecular clouds, not to mention protoplane-
tary disks. The only abundance determinations come from UV
absorption line spectroscopy of relatively diffuse interstellar
clouds (Ay S 2 mag) obtained from observations made with
satellite observatories. The measured abundances of the heavy
elements vary from cloud to cloud, and we continue to use those
abundances reported for the very well studied cloud toward ¢
Oph (Savage & Sembach 1996), as shown in Table 1. The last
column shows the depletion factors, defined as the ratio of solar
to interstellar abundances, with the former coming from Table
1 of the review of solar abundances by Asplund et al. (2009).
As discussed in this paper and in the review by Jenkins (2009)
of interstellar abundances, both sets of values have significant
uncertainties, in some cases factors of a few. Jenkins highlights
the case of S, where the UV observations suggest essentially no
depletion in interstellar clouds, despite the fact that this element
is seen in meteorites.

Although we use the depleted interstellar abundances in
Table 1 for the preliminary modeling purposes of this paper,
we recognize that the abundances of the heavy elements in dif-
fuse interstellar clouds may well have been altered in dense
clouds and by the formation and evolution of protoplanetary
disks. The determination of relative abundances in disks re-
mains a primary goal of observations of the emission line fluxes
of their atoms and molecules. As discussed in Section 1, we
will examine one particular modification of the elemental abun-
dances, the variation of the oxygen-to-carbon ratio (O/C) that
may be induced by the adsorption of water on solid bodies and
the transport of those bodies between large and small radii.

The molecular abundances in the inner disk atmosphere are
affected by the level of X-ray irradiation, the strength of the
accretion-related mechanical heating, and the oxygen-to-carbon
ratio (O/C). Of course they also change with the radial distance
from the star. We have investigated these effects by carrying
out variational calculations about a “reference case” defined in
Table 2. The X-ray variations are parameterized by the X-ray
luminosity Lx and the X-ray temperature Tx, and the mechanical
heating by the parameter o, in Equation (12) in GNI04,

9
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where p is the local mass density, ¢ is the isothermal sound
speed, € is the angular rotation speed, and ¢, is a phenomeno-
logical parameter specifying the strength of the heating. As
discussed by GMNO9 in connection with their Equation (1), the
grain surface area per unit volume is proportional to the dust-
to-gas ratio of the disk, pqust/ 0, and the inverse of the geometric
mean (a,) of the minimum and the maximum grain radii in a
power-law grain size distribution n(a) oc a =3,

Table 2 gives the range of parameter variations we considered.
As in our previous papers, the dust-to-gas ratio was fixed at 0.01,
and we considered values of ag that are 32 and 320 times larger
than the usual interstellar value of 0.0224 pm, i.e., 0.707 and
7.07 pwm. This range is consistent with the dust depletion factors
(~100-1000) that are found for the upper disk layers of T Tauri
stars based on their mid-infrared colors (Furlan et al. 2006).
We adopted Ly and Tx values that are typical of T Tauri stars
(Lx = 10¥-10%' ergs~!; Feigelson et al. 2005) as well as lower
values of Lx down to 10%° ergs~! in order to illustrate the role
of the X-rays.

The parameter o, was varied so that accretion heating was
either non-dominant (o, = 0.01) or dominant (¢, = 1) as a heat
source. The lower value is motivated by the viscosity parameter
for T Tauri disks, which has been estimated as o ~ 0.01 as
a vertical average in a steady-state disk (e.g., Hartmann et al.
1998). The larger value is motivated by three-dimensional MHD
calculations that suggest that turbulent accretion disks driven
by the magnetorotational instability experience greater energy
dissipation at the disk surface than in a classical “a-disk.” A
recent calculation by Hirose & Turner (2011) suggests that the
energy dissipation rate rises toward the disk surface, reaching
values that correspond to «j, >~ 1.

The range of radii we considered covers the inner disk region
probed by Spitzer (the inner few AU) and the larger radii relevant
to Herschel (out to 40 AU). We considered a range in the
O/C ratio in order to explore the dehydrated to super-hydrated
regimes described in Ciesla & Cuzzi (2006). Those models
indicate that the (vertically averaged) water vapor concentration
can increase by up to an order of magnitude (e.g., their Figure
1) or decrease by more than an order of magnitude (e.g., their
Figure 3) in the inner few AU region. We translated this into an
enhancement or decrement in the oxygen abundance by up to
an order of magnitude relative to the standard case. We describe
the results of our model calculations for the reference case in
Section 3.1 and the results for the variations in Section 3.2.

3. RESULTS
3.1. Reference Case

Figure 1 shows the vertical variation of some of the basic
physical quantities of the disk atmosphere for a range of radial
distances in the inner disk between 0.25 AU and 20 AU. In
all three panels, the abscissa is the vertical column density
Ny, integrated downward into the disk from above. The top
panel shows the ionization rate multiplied by the inverse-square
dilution factor. The similarity of the profiles at the different
radii shown illustrates the usefulness of characterizing disk
properties as a function of vertical column. Note that Compton
scattering, which is not treated here, begins to become important
for column densities approaching the maximum value in the
figure, Ny = 10* cm—2.

The temperature variation with column density (Figure 1;
middle panel) shows a particularly rapid drop at vertical column
densities Ny ~ (0.6-1.5) x 10*' cm~2. The temperature is high,
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Figure 1. X-ray ionization rate (top panel), gas and dust temperature (middle
panel), and abundances of atomic hydrogen, molecular hydrogen, and electrons
(bottom panel) as a function of vertical column density and radius in the
reference model.

(A color version of this figure is available in the online journal.)

in the range 4000-5000 K, at column densities below this value,
but it then drops into the warm 200-2000 K range at larger
column densities. The atmosphere remains warm until collisions
with dust grains bring the gas temperature down to the dust
temperature; this occurs somewhere in the column density range
Ny = 10?>-10% cm™2, with the value depending on radius. The
200-2000 K region (henceforth the “warm atmosphere”) is a
region of high density with ny = 3 x 10°-3 x 10'° cm™3 in
the reference case. As shown in the bottom panel of Figure 1,
the ionization fraction decreases by factors of ~100 where the
gas temperature drops abruptly and the transition from H to H,
occurs.

Many molecular abundances also increase by large amounts
as the temperature and ionization fraction drop, led by the
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atomic to molecular hydrogen transition shown in the bottom
panel of Figure 1. The changes from a primarily atomic to a
primarily molecular medium, and from higher to lower lev-
els of temperature and ionization, are the manifestations of a
thermal—chemical transition. This transition is mediated ther-
mally by the onset of strong molecular line cooling that causes
the sharp decrease in temperature. The chemical transition to
molecules results from the decrease in the ionization level of
H* and He™", which destroy molecules, and the suppression of
chemical temperature-dependent reactions that destroy them.

Thermal—chemical transitions are commonly found among
models in the literature, although the details of the transition
may differ depending on the irradiation field and other model
properties. The sharpness of the transition is one property
that can vary depending on the model parameters, and sharp
transitions like that of the (X-ray irradiated) reference model
may appear in UV irradiated models as well. The UV irradiated
model of Woitke et al. (2009) is a good example. The electron
fraction in that model varies sharply, from 10™* to 107> at
z/r = 0.15 over a radial range from ~0.5 to 10 AU. The
specific details differ from our model, although the possibility
of sharp transitions is a common element. Models that include
both UV and X-rays also find results similar to ours: e.g., arecent
calculation by P. Woitke (2011, private communication) has a
similar temperature structure. Nomura et al. (2007) also find a
sharp temperature decline when X-rays and UV are considered
and grains have grown to large size. There is also diversity
among X-ray-irradiated models: we find sharper transitions
when mechanical heating is included and shallower transitions
when mechanical heating is weak (Glassgold et al. 2004, 2009;
see also the following section).

The top two panels of Figure 2 show the transitions of carbon,
oxygen, and nitrogen to molecules for the reference model
at radii 0.25, 1.0, and 2.0 AU (Figure 2(a)), and 4.0, 10, and
20 AU (Figure 2(b)). The abundances in this figure are defined
relative to that of all hydrogen nuclei, and the region below the
main thermal—chemical transition near Ny ~ (1-3) x 10?! cm—2
is emphasized. Focusing for the moment on the results for
r = 1 AU, we find that, like the transition from atomic H to
H,, the transition from atomic carbon to CO is complete, and
CO remains abundant down to the largest vertical columns. In
contrast, the conversion of all of the residual oxygen (that is not
in CO) into H,O occurs in the warm atmosphere (Ng = (1-3) x
102! cm~2), but the H,O abundance declines at larger columns
where the gas is no longer warm, with O, and SO, as well as
atomic O becoming the major reservoirs of the residual oxygen.

Several other recent thermal—chemical calculations also study
H,0 synthesis in disk atmospheres. In the model of Woitke
et al. (2009), water is present in the disk atmosphere at 1 AU
although at much lower column densities (<10'* cm™2 above
200 K) than found here. In the calculation of Willacy & Woods
(2009), a much larger column of warm water (~10'> cm~2) is
present and at higher temperature (21000 K).

As shown in the second panel (from the top) of Figure 2,
the transformation from atomic to molecular nitrogen becomes
complete in the warm zone, and atomic N remains fairly abun-
dant throughout much of the inner disk. The bottom panel shows
the molecular ions generated by X-ray ionization. Although they
are important for the chemistry, they do not dominate the ion-
ization balance, which is accomplished in this model by heavy
atomic ions such as Si*, Fe*, and Mg*. However, this conclusion
is sensitive to the assumed elemental abundances, as discussed
by AGM11.
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We find that a thermal-chemical transition from hot and
atomic to warm and molecular always occurs in X-ray-irradiated
disks, at least out to 40 AU, although the details of the
transition (such as its location, sharpness, and other properties)
are sensitive to the input parameters of the chemical and thermal
models. We discuss this topic further in Section 3.2, where we
describe variations about the reference model. In this section,
we focus on the molecular abundances found in the reference
case.

The physical and chemical properties of the disk atmo-
sphere that are reported here are consistent with those from
our previous models (e.g., GNIO4; GMNO09). The present work
does have some quantitative differences with our earlier work.
These are associated with the many improvements in the
physical-chemical model and the computational program em-
ployed here.

It is no accident that the transition from atomic C to CO
follows closely the temperature and ionization transitions in
Figure 1, since CO is a dominant coolant in the
thermal—chemical transition. The attainment of maximal CO
abundance occurs relatively high in the disk atmosphere through
the action of warm neutral radical reactions, as discussed in
GNIO4 (Section 3) and GMNO09 (Section 2.2). The formation
of the OH radical is a key step in the synthesis of CO and H,,
through the endothermic reaction

O+H, - H+OH; 2)
the rate coefficient recommended by Baulch et al. (1992) is
k=85 x 107207267 ¢=3163/T oy =1, (3)

Water is then formed by an exothermic reaction with a modest
barrier,
OH+H, - H,O+H; 4)

its rate coefficient is
k=8.5x1.70 x 10716 71:60 u=1660/T cy3 g=1 — (5)

By contrast, CO is formed from OH by a fast neutral reaction
without a significant barrier. Despite the barriers in Equations (3)
and (5), water and CO are formed efficiently by the above
reactions at temperatures as low as ~250 K.

This situation is not duplicated in the case of hydride
formation for the two other abundant and chemically interesting
heavy atoms, C and N. In reactions analogous to Equation (3),
with O replaced by C and N, the thermal barriers are now
~12,000 K instead of ~3000 K. These barriers suppress
the formation of CH and NH by reactions with Hj, and the
inverse reactions, in which atomic H destroys CH and NH,
are both fast. In our X-ray-irradiated models, the abundance
of H decreases slowly below the thermal-chemical transition,
so both suppressed formation (via reactions with H,) and
rapid destruction (by H, i.e., reactions analogous to those
in Equations (1) and (3)) imply that neutral production of
carbon and nitrogen hydrides along the lines of oxygen hydride
synthesis is inefficient.

Nonetheless, the warm neutral chemistry that is responsible
for most carbon and oxygen going into CO and H,O plays an
important role in the synthesis of other molecules. This is shown
in Figure 3, which is a highly schematic chemical network that
shows how fast neutral reactions of OH with N, O, and CO
generate other molecules such as CO,, N,, and SO, (not shown)
and more complex molecules that will be discussed below. Thus,
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Figure 2. Abundances of various species in the reference model at (a) 0.25 AU (left), 1 AU (middle), and 2 AU (right); (b) 4 AU (left), 10 AU (middle), and 20 AU

(right).

the OH radical is the centerpiece of the warm chemistry of
protoplanetary disk atmospheres.
As shown in Figure 3, the production of NO by the fast
reaction
OH+N — NO+H k~5x10""em®s™  (6)
leads to the formation of N,:
NO+N — N, +0O k~4x10"em’s™.  (7)

The nitrogen hydrides can be synthesized by successive hy-
drogenation of the N* ion, produced by X-ray ionization, via

successive reactions with Hy, followed by dissociative recom-
bination of the hydride ions. Ion hydrogenation becomes weak
beyond NH3*, but proton transfer from molecular ions to neutral
hydrides will produce hydride ions up to NH}. Thus a combi-
nation of ion—molecule and neutral reactions initiated by X-ray
ionization can synthesize ammonia. A related sequence of neu-
tral reactions starting with NO leads to the synthesis of HCN:
NO+C — CN+0O k~3x 107" em’®s™!, (8)
k(B00OK) ~2.0x 107 “cm?s7.

€))

CN+H, - HCN+H
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Figure 2. (Continued)

21 22

Although many reactions have been omitted from this brief
description of the nitrogen chemistry for purposes of clarity,
the middle panel of Figure 2 shows that the main C — CO
and O — H,O0 transitions are accompanied by the almost full
conversion of N to N,. The transformation from N to N, is
mediated by neutral reactions as indicated in Figure 3. It is
accompanied by significant warm columns of other nitrogen-
bearing molecules, such as NO, NH3, HCN, and N,H*.

The integrated treatment of both neutral and ion—molecule
reactions is a feature of the underlying chemical model, with
some molecular species demonstrating a greater sensitivity to
X-ray irradiation than other species. The X-rays play a critical

23 24 21

role in the synthesis of NH; and NoH*. Since FUV radiation
is unable to ionize N and N, (which have ionization potentials
of 14.5 and 15.6 eV, respectively), the X-rays are important in
activating the nitrogen chemistry.

The hydrocarbon chemistry proceeds similarly to the nitrogen
chemistry. The number of hydrogen atoms in a hydrocarbon
molecule or ion can be increased by reactions with H, or
decreased by reactions with H. Neutral hydrocarbons can be
ionized by proton transfer from abundant molecular ions, such
as Hf, HCO*, and H3;0", and neutralized by dissociative
recombination with electrons; their charge is also affected by
charge transfer processes. These types of reactions are believed
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Figure 3. Schematic chemical network showing how fast neutral reactions of
OH with C, O, and N atoms generate oxides that provide pathways to CO3, Oa,
and Nj.

to be operative for the hydrocarbon families of interest, those
with one or two carbon atoms. A key point is that double-carbon
molecules are synthesized from those with just one carbon
atom by insertion reactions with C and C*, as illustrated by
the simplest examples,

C+CH, - GH,_; +H n=1-4), (10

C*+CH, — GH'_, +H m=1-4), (11)

or by molecular ions as suggested by Woodall et al. (2007):

CH{+C — CH"+H, and  CH}+C — CH"+H. (12)
These highly simplified remarks about hydrocarbon chemistry
are closely aligned with the general discussion of Agindez et al.
(2008). In their model variation that is closest to our model, these
authors use a photodissociation code to calculate the chemical
structure of the surface region of the D’ Alessio et al. (1999) disk
model. They assume that the gas and dust temperatures are the
same and that the dust is interstellar, and they consider stellar as
well as interstellar UV radiation but ignore X-rays. Despite the
many differences with their model, we draw the same general
conclusion: hydrocarbons are predicted to be present in the top
layers of protoplanetary disk atmospheres. There are of course
quantitative differences between the results of Aguindez et al.
and those reported here. We emphasize warm molecular column
densities that arise in regions with 7 > 200-300 K, because they
are related to measured fluxes. Agindez et al. do not calculate
gas temperatures, and they report total vertical column densities
in the disk surface layer, almost all of which is cool gas (<300 K)
at 1 AU.

Willacy & Woods (2009) also synthesize a significant column
of warm HCN. At 1 AU they find a column of ~4 x 10'® cm~2 at
a temperature 21000 K. As they note, the much lower columns
of C,H, that result in their models (~9 x 10% cm~?2) are likely
due to the omission of reactions involving H, with C, or C;H.

Despite the fact that CO tends to take up most of the available
carbon, the hydrocarbon chemistry is still active after the main
transition. This is a characteristic feature of the X-ray chemistry,
where X-ray-generated He™ ions produce C* ions when they
destroy CO by the ion—molecule reaction

He* +CO — C*+0O +He. (13)

NAJITA, ADAMKOVICS, & GLASSGOLD

Similar reactions, in which He" generates atomic ions from
other molecules, are in fact quite common, notably for N, and
COs. In the latter case O* is also produced.

In general, we find that both neutral and ion—molecule reac-
tions contribute to the production and destruction of molecular
species, with the relative importance of the two kinds of reac-
tions varying with position in the disk as well as with species.
Neutral reactions are more important in the warm disk sur-
face, while ion—molecule reactions play a significant role in the
cooler regions below. The species shown in Figure 2 offer many
challenges for the detection of molecules in the inner parts of
protoplanetary disks, and some have already been observed, as
discussed in Section 1.

We briefly summarize the results for the reference model at
1 AU, describing our results for the more abundant molecules.
To do this, we take advantage of the monotonically decreas-
ing run of temperature with increasing vertical column density
(Figure 1) and integrate the species’ volumetric densities down-
ward from the maximum (2000 K) to minimum (200 K) tem-
perature of the warm atmosphere. This corresponds to the re-
gion just below the main thermal—-chemical transition discussed
in Section 2 and roughly to the region that can produce ob-
servable line emission in disks seen partly face-on. We often
refer henceforth to these integrated columns simply as “warm
columns.”

1. H,O forms in the same region as CO and reaches a com-
parable abundance, ~10~*. The water abundance declines
below 4 x 10! cm~?2 before recovering its high abundance,
approaching 10?* cm~2. The resulting column density of
warm water is ~5 x 10'7 cm™2. In the region of reduced
water abundances, several other species take up the avail-
able oxygen. Together with water they (i.e., O, and SO;)
would enhance the cooling above that provided by O and
CO, the two species that contribute to the cooling in the
present calculation.

2. HCN is less abundant, reaching a maximum abundance of
~1077 in the warm atmosphere. The total column of warm
(>200 K) HCN is ~10" cm™2.

3. CyH; is less abundant than HCN, reaching a maximum
abundance of 107% in the warm atmosphere. The column
of warm C,H, is ~10'3 cm~2.

4. CO, has an abundance in the range 107 to 10~ in the warm
atmosphere; its warm column density is ~5 x 10" cm™2.

5. HCO is more abundant than CO,, with a warm column
density of ~1.4 x 10'® cm~2. The warm column density of
HCO" is ~1.4 x 10" cm™2,

6. NHj; reaches its maximum abundance of ~107° just below
the warm region; its warm column is ~3 X 1015 ecm—2.

While H>,O and some other molecules such as HCN and
C,H; form high up in the atmosphere and then decline in
abundance, some species increase further down (e.g., CHy),
or at least do not decrease (NHj; Figure 2). CHy has a
maximum abundance in the middle of the warm region where
T ~ 800 K. Just below the warm region, it begins to recover
from its abundance low (<107'%) and becomes abundant at
large depths: x(CHy) ~ 1077 for Ny > 10?* cm~2. We find
that the chemical as well as the temperature and ionization
structure of our disk model is highly stratified. Such a stratified
structure is unlikely to be altered by turbulent mixing unless
the transport timescale is unusually short (e.g., Heinzeller et al.
2011).
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Figure 4. Gas (solid) and dust (dashed) temperatures (top panel), electron
(dashed) and H; (solid) abundances (middle panel), and CO (dashed) and water

(solid) abundances (bottom panel) in the reference case (black), and for oy, = 1,
ag =7.07 (red) and a, = 0.01, a; = 0.707 (blue).

(A color version of this figure is available in the online journal.)

3.2. Variations on the Reference Case

In the previous section, we presented the abundances of major
species obtained for the reference case defined in Table 2. Even
for fixed stellar and disk properties, the model is characterized
by several parameters: the mechanical (accretion) heating, the
dust surface area, the C/O ratio, and the radial distance. Here,
we investigate how the variation of these parameters affects the
predictions of the model.

One important uncertainty is the efficiency of H, formation
on grains, as discussed at the beginning of Section 2. Without
it, i.e., with only gas phase formation of H,, the abundances of
molecules other than CO (H,0, CO,, HCN, C,H,) are much
reduced in the warm atmosphere, with the result that their warm
columns are very small (see also Agtindez et al. 2008; GNI04).
As noted in Section 2, theoretical calculations do support Hj
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Table 3

Warm Columns (200-2000 K)?*
o 1.0 1.0 0.01
ag 0.707° 7.07 0.707
H, 3.91E+21 2.40E+22 1.33E+21
H* 3.20E+12 3.60E+10 9.56E+15
HY 1.92E+13 1.45E+12 2.78E+13
He* 7.75E+12 5.00E+11 2.28E+14
0 1.70E+17 3.70E+16 1.76E+17
OH 457E+14 6.83E+13 1.31E+15
H,0 5.40E+17 5.29E+18 1.96E+17
H;0* 422E+13 1.36E+13 7.50E+13
0, 3.72E+17 1.73E+18 1.05E+17
Cco 1.09E+18 6.55E+18 4.30E+17
CO, 1.26E+15 1.10E+16 2.25E+14
HCO 1.33E+16 8.53E+16 3.54E+14
HCO* 2.28E+13 1.49E+12 4.60E+13
C 2.68E+14 3.33E+13 9.34E+15
CH; 3.78E+09 2.11E+10 1.41E+09
CH4 9.59E+11 1.28E+14 7.35E+10
CyH, 1.12E+13 5.53E+14 1.36E+12
c* 4.11E+12 1.33E+11 1.22E+15
CHY 5.48E+11 1.69E+11 1.41E+11
CoHY 3.79E+08 3.08E+08 3.73E+07
N 9.01E+16 1.24E+17 4.59E+16
N, 1.92E+17 1.37E+18 7.10E+16
NH3 3.42E+15 1.14E+16 8.40E+14
HCN 8.05E+14 7.29E+15 2.50E+14
NH} 5.30E+11 3.50E+10 7.44E+11
N,H* 1.53E+12 1.42E+11 2.73E+12
HCNH* 1.96E+11 3.67E+11 3.20E+11
NO 7.29E+14 1.23E+14 1.55E+15
S 1.28E+16 8.65E+16 1.42E+15
S* 2.42E+13 9.25E+11 6.04E+14
SO 7.23E+14 3.78E+15 3.75E+14
SO, 9.79E+16 5.70E+17 421E+16
Cs 1.01E+14 3.87E+14 1.04E+13
Notes.

# ag in pum and warm columns in cm~2,

b Reference case.

formation on warm grains, although there is still considerable
uncertainty about the efficiency of this process (e.g., Cuppen
et al. 2010). The formation rate also depends on the surface area
of the grains, which we parameterize in terms of a, (defined
in Section 2). The grain surface area in the reference model is
smaller than the interstellar value by a factor of ~30.

Figure 4 compares the thermal-chemical transition of the
reference case (black curves with a, = 0.707 um, o, = 1.0)
and two other cases in which ay is increased by a factor of 10 (red
curves) and «;, is reduced by 100 (blue curves). The red curves
correspond to a reduction in the grain surface area per hydrogen
nucleus by a factor of ~300 relative to interstellar grains, and
the blue curves have essentially no mechanical heating. In the
former case, the transition is shifted significantly deeper down
into the disk, from 1 x 102'cm=2 to 5 x 10> cm™2, with a
corresponding increase in volumetric density. Because the dust
cooling rate is also reduced by a factor ~300, the depth of the
warm layer is extended, and the warm molecular columns, given
in Table 3, are all increased, with the exception of OH. When
mechanical heating is essentially eliminated, the transition is
smoother and shifted upward in the atmosphere to the region
~2 x 102 cm™2-5 x 10%° cm™2. The associated warm region
is also shifted upward, and the warm molecular columns are
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Table 4
Dependence of Warm Columns (200-2000 K) on Lx?

Lx 1.0e26 1.0e27 1.0e28 1.0e29 1.0e30 2.0e30P 1.0e31
H; 3.84E+21 3.84E+21 3.84E+21 3.79E+21 3.67E+21 3.61E+21 3.98E+21
H* 2.53E+07 3.17E+08 3.70E+09 4.37E+10 8.42E+11 2.30E+12 2.68E+13
H} 1.26E+09 1.45E+10 1.50E+11 1.30E+12 9.42E+12 1.62E+13 4.76E+13
He* 4.31E+08 4.83E+09 5.18E+10 4.53E+11 3.50E+12 6.39E+12 2.64E+13
(0] 6.61E+13 6.55E+14 6.31E+15 4.08E+16 1.17E+17 1.40E+17 2.37E+17
OH 4.03E+11 2.09E+12 1.44E+13 6.63E+13 2.57E+14 3.96E+14 1.19E+15
H,0 9.45E+17 8.50E+17 7.67E+17 6.43E+17 5.42E+17 5.34E+17 6.25E+17
H;0* 3.93E+10 3.15E+11 1.65E+12 6.15E+12 2.33E+13 3.62E+13 1.22E+14
0, 2.59E+17 2.80E+17 3.17E+17 3.52E+17 3.48E+17 3.34E+17 3.44E+17
CcoO 1.00E+18 1.05E+18 1.05E+18 1.04E+18 1.02E+18 1.01E+18 1.16E+18
CO, 1.77E+15 1.49E+15 1.33E+15 1.15E+15 1.13E+15 1.22E+15 1.63E+15
HCO 9.92E+15 9.33E+15 9.25E+15 9.62E+15 1.20E+16 1.30E+16 1.15E+16
HCO™* 9.30E+08 1.48E+10 2.05E+11 1.79E+12 1.15E+13 1.89E+13 5.66E+13
C 9.56E+10 4.15E+11 2.65E+12 1.96E+13 1.34E+14 2.30E+14 7.64E+14
CHj; 1.01E+12 7.43E+10 1.37E+10 4.02E+09 3.08E+09 3.50E+09 5.58E+09
CHy 5.04E+15 9.23E+13 2.12E+13 5.25E+12 1.40E+12 1.00E+12 5.48E+11
CyH; 1.79E+16 4.03E+14 8.66E+13 2.10E+13 9.70E+12 1.06E+13 1.77E+13
(o 9.13E+07 1.14E+09 1.27E+10 1.45E+11 1.65E+12 3.31E+12 1.62E+13
CH} 8.72E+08 6.02E+09 2.65E+10 9.90E+10 3.32E+11 4.76E+11 1.04E+12
CHj 1.19E+08 2.66E+07 3.41E+07 6.07E+07 1.99E+08 3.30E+08 6.73E+08
N 2.37E+15 5.39E+15 1.26E+16 3.37E+16 7.21E+16 8.21E+16 1.14E+17
No 1.97E+17 2.21E+17 2.22E+17 2.09E+17 1.84E+17 1.77E+17 1.95E+17
NH3 5.37E+16 7.76E+15 1.97E+15 2.57E+15 3.10E+15 3.06E+15 3.12E+15
HCN 8.35E+15 3.58E+15 1.27E+15 9.11E+14 7.92E+14 7.69E+14 8.42E+14
NH} 1.08E+08 7.65E+08 3.77E+09 3.14E+10 2.63E+11 4.50E+11 1.34E+12
NpH* 7.34E+07 1.34E+09 1.65E+10 1.36E+11 7.97E+11 1.30E+12 3.72E+12
HCNH* 4.55E+10 1.04E+11 6.30E+10 6.68E+10 1.30E+11 1.74E+11 5.51E+11
NO 4.99E+11 3.56E+12 2.72E+13 1.07E+14 4.13E+14 6.32E+14 1.78E+15
S 1.06E+15 3.48E+15 8.01E+15 1.30E+16 1.25E+16 1.25E+16 1.50E+16
S* 1.44E+08 1.39E+09 4.21E+10 9.53E+11 1.06E+13 2.01E+13 9.82E+13
SO 4.79E+13 2.18E+14 3.76E+14 4.53E+14 5.80E+14 6.79E+14 1.33E+15
SO, 8.99E+16 9.15E+16 9.18E+16 9.17E+16 9.06E+16 8.96E+16 1.02E+17
CS 6.98E+14 6.98E+13 4.66E+13 5.60E+13 8.39E+13 9.64E+13 1.51E+14
Notes.

Iz inergs~! and warm columns in cm~2.

b Reference case.

decreased by a factor of five to ten, with the exception of OH,
which is increased by a factor of about three.

From this discussion, we can conclude that warm molecular
columns increase with increasing dust size (i.e., reduced dust
surface area; parameter a,) and increasing mechanical heating
(parameter «;,). Both effects are accompanied by a downward
shift in the location of the atomic to molecular transition. The
warm region starts at the transition, and larger warm columns
(which favor detection) are generated as the transition moves
downward into regions of higher density. Table 3 gives the warm
columns for some of the more abundant species that either have
already been observed in T Tauri disks or might be candidates
for future detection.

X-rays are the only source of external radiation in these model
calculations. While varying Tx from 1 keV to 5 keV did not
much alter our results, variations in Ly have a much larger effect.
Table 4 shows how the warm column of selected molecules and
ions depends on Lx at 1 AU for a large range of values of Ly
when the other model parameters are kept the same as in the
reference case. From Chandra observations of young clusters,
Preibisch & Feigelson (2005) found that the X-ray luminosity
function depends mildly on cluster age and, within clusters,
on the stellar mass range. For the Orion Nebular Cluster, the
median K star X-ray luminosity is Lx = 3 x 10%ergs™!, with

10

90% of the stars having Lx > 4 x 10 ergs~! and 10% having
Lx = 1.3 x 10*" ergs™'. In Table 4 we can see that the warm
columns of ions are especially sensitive to the X-ray luminosity
and, as might be expected, increase dramatically as Lx increases.
Even for X-ray luminosities as low as Lx = 10%ergs™! (i.e.,
several orders of magnitude lower than the X-ray luminosities
of typical T Tauri stars), the X-rays are a significant source of
ionization, and could influence the chemistry of T Tauri disks by
producing a variety of molecular ions by proton transfer and by
destroying neutral molecules by reactions with H* and He™*. At
these low X-ray ionization rates, the stellar UV radiation field
(not treated here) would also be particularly important.

But simple neutral molecules change little as Lx goes from
10% to 10°! erg s~!. The reason is that mechanical heating asso-
ciated with the magnetorotational instability theory of viscosity
dominates the heating of the disk atmosphere, and molecular
synthesis in the warm regions is built on temperature-sensitive
neutral reactions, as discussed in the previous section. In the
presence of strong accretion heating, the X-rays also have lit-
tle effect on the location of the main thermal-chemical tran-
sition defined by CO and H,. For example at R = 1 AU, the
transition shifts from 6.5 x 102 cm=2 for Lx = 10%® erg s~!
to 1.0 x 10! cm~2 for Ly = 10°! erg s~!, while for Ly <
10?8 ergs~! there is no change at all. Nonetheless, molecular
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Table 5
Dependence of Warm Columns (200-2000 K) on O/C Ratio*

o/C 0.25 0.50 1.00 1.50 2.00 2.5b 5.00
Hy 3.85E+21 3.88E+21 3.88E+21 3.91E+21 3.91E+21 3.91E+21 3.93E+21
H* 9.86E+13 4.40E+14 9.21E+14 1.09E+13 4.86E+12 3.20E+12 1.44E+12
H} 3.40E+13 4.06E+13 5.08E+13 3.41E+13 241E+13 1.92E+13 1.11E+13
He* 2.18E+13 2.95E+13 1.42E+13 1.05E+13 8.81E+12 7.75E+12 5.64E+12
(6] 1.61E+12 4.85E+12 1.17E+17 1.66E+17 1.76E+17 1.70E+17 1.45E+17
OH 2.78E+11 8.09E+11 431E+13 2.67E+14 3.93E+14 4.5TE+14 6.82E+14
H,O 3.68E+10 1.64E+11 9.15E+14 1.48E+17 345E+17 5.40E+17 1.62E+18
H;0* 1.26E+08 6.45E+08 2.28E+12 2.78E+13 3.68E+13 4.22E+13 6.24E+13
0, 2.21E+08 1.50E+09 5.74E+13 2.42E+16 1.95E+17 3.72E+17 1.25E+18
CcO 1.79E+16 3.69E+16 8.78E+17 1.07E+18 1.08E+18 1.09E+18 1.11E+18
CO, 3.65E+12 1.60E+13 5.85E+14 1.27E+15 1.27E+15 1.26E+15 1.20E+15
HCO 2.54E+17 5.12E+17 7.91E+16 3.17E+16 1.94E+16 1.33E+16 3.70E+15
HCO* 5.40E+12 1.39E+13 7.16E+13 5.00E+13 2.97E+13 2.28E+13 1.47E+13
C 5.45E+17 4.25E+17 1.12E+17 7.23E+14 3.83E+14 2.68E+14 9.01E+13
CH3 2.36E+11 9.99E+10 2.37E+10 3.89E+09 3.50E+09 3.78E+09 6.59E+09
CHy 1.88E+11 1.39E+11 3.03E+11 1.23E+12 1.03E+12 9.59E+11 7.56E+11
CyH; 1.24E+17 5.64E+16 9.34E+15 2.92E+13 1.53E+13 1.12E+13 3.85E+12
ct 1.80E+13 1.53E+13 8.14E+14 3.77E+13 7.11E+12 4.11E+12 1.16E+12
CH} 2.53E+12 2.33E+12 1.00E+12 9.03E+11 6.84E+11 5.48E+11 291E+11
CHj 1.51E+12 8.55E+11 3.77E+10 1.53E+09 6.80E+08 3.79E+08 5.23E+07
N 3.37E+17 3.76E+17 3.19E+17 1.57E+17 1.10E+17 9.01E+16 5.34E+16
Np 4.90E+16 3.48E+16 7.32E+16 1.59E+17 1.82E+17 1.92E+17 2.12E+17
NH3 4.76E+15 5.67E+15 1.05E+14 1.20E+15 2.87E+15 3.42E+15 3.69E+15
HCN 1.93E+16 9.55E+15 8.13E+15 2.10E+15 1.17E+15 8.05E+14 2.90E+14
NH} 1.17E+12 1.45E+12 1.96E+12 1.28E+12 7.56E+11 5.30E+11 2.35E+11
NoH* 4.65E+11 3.87E+11 4.65E+11 2.05E+12 1.81E+12 1.53E+12 9.69E+11
NH} 1.17E+12 1.45E+12 1.96E+12 1.28E+12 7.56E+11 5.30E+11 2.35E+11
HCNH* 1.08E+13 9.80E+12 2.96E+12 4.42E+11 2.60E+11 1.96E+11 1.23E+11
NO 8.48E+10 3.24E+11 3.89E+13 4.25E+14 6.28E+14 7.29E+14 1.05E+15
S 1.01E+17 1.03E+17 9.06E+16 1.51E+16 1.36E+16 1.28E+16 1.16E+16
St 5.90E+15 6.06E+15 9.44E+15 6.26E+13 3.04E+13 2.42E+13 1.83E+13
SO 5.94E+10 2.35E+11 9.94E+13 4.32E+14 5.78E+14 7.23E+14 1.31E+15
SO, 3.54E+07 3.96E+08 1.04E+16 9.59E+16 9.72E+16 9.79E+16 9.94E+16
CS 2.55E+15 1.44E+15 1.55E+14 9.78E+13 1.07E+14 1.01E+14 5.20E+13
Notes.

4 Warm columns in cm™2.

b Reference case.

ions still play a role, sometimes in forming neutrals by dissocia-
tive recombination and sometimes in destroying them by proton
transfer or charge transfer reactions.

By way of contrast, radicals are sensitive to X-rays, as
exemplified by OH and NO, both of which increase by about
3000 when Ly is increased from 10% ergs™' to 103! ergs~!. In
our model, the steady-state abundance of OH in warm regions is
mainly determined by its production by recombination of H;0O*
and destruction by neutral reactions. NO follows OH, since it is
produced from OH via Equation (6) and destroyed by atomic N
via Equation (7). A similar explanation applies to SO and SO,,
which are moderately sensitive to X-rays. It is of considerable
interest that the warm columns of the hydrocarbons CH4 and
C,H; decrease with increasing Lx. This trend is stronger for
CHy, very likely due to the fact that it is produced by dissociative
recombination of the molecular ion CHZ which is produced by
the radiative association of CH} and H,.

Variations in the O/C ratio can have a dramatic effect on
the abundances in the warm disk atmosphere. Table 5 gives
examples for the reference case at 1 AU. The oxygen abundance
has been varied at fixed carbon abundance so that the O/C
ratio varies from 0.25 to 5.0; the reference case value is 2.5.
Below O/C = 1, the reduction in the available oxygen leads to
a significant decrease in the warm column of CO and also of
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CO,. Pure oxygen species such as O, OH, H,0, O,, and H;0*
show very large decrements, especially below O/C = 1, as do
closely related oxides such as SO, and NO. At the same time,
pure carbon species like C;H, and CHy4 increase drastically.
Nitrogen species also change, but by large amounts only when
they contain carbon (e.g., HCN) or oxygen (e.g., NO). One
noteworthy result of this analysis is that the warm column of
Ne* increases rapidly with decreasing O/C ratio because it is
efficiently destroyed by H,O.

Ratios of warm columns derived from molecular line flux
measurements are often used in making preliminary interpreta-
tions of the observations. Our results show that variations in the
O/C ratio can cause significant changes in the warm column
ratios. Because H,O decreases more rapidly than CO with de-
creasing O/C, the H,O/CO ratio becomes very small for small
0O/C < 1. By way of contrast, the HCN/H,O ratio is a sensitive
decreasing function of the O/C ratio and becomes large as O/C
approaches unity. The same is true for the C,H,/H,O ratio, but
even more so because the warm column of C,Hj is a much more
sensitive function of O/C than HCN. Thus, these ratios can be
considered as signatures of enhanced carbon chemistry.

Looking at how the overall abundance patterns vary with
disk radius, we find that the abundance patterns at 1 AU are
similar at smaller and larger radii, as demonstrated in Figure 2
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Figure 5. Warm columns of various species as a function of disk radius in the
reference case.

for oxygen molecules (top panel), nitrogen molecules (middle
panel), and molecular ions (bottom panel). Some species show
large variations in their vertical column density distributions
as a function of radius, e.g., CO,. Our results for 40 AU are
not plotted because they are qualitatively similar to those for
20 AU. Figure 5 and Table 6 show the radial variation of warm
columns (i.e., the regions of the disk where line emission can
be efficiently generated) for the reference case. The radial range
in Figure 5 and Table 6 extends only to 10 AU because the
disk atmosphere at 20-40 AU does not have significant column
density in the 200-2000 K range (Figure 1). Note that the gas
column densities shown in Figures 2 and 5 and Table 6 do
not include the effect of freezeout, which would have a greater
impact in the disk midplane.

We see that the warm columns are large at very small radii,
decrease rapidly inside 1 AU, and then decrease more slowly
beyond. This behavior is typified by H, itself and is shared
by many of the more abundant molecules, e.g., CO, H,O, O,
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NH;, and HCN. The water column increases significantly at
radii <0.5 AU because the neutral reactions that produce water
are effective throughout the warm atmosphere (because of the
high gas temperature and density in this region) and lead to a
high abundance of water throughout (Figure 2). In contrast, at
1 AU, the water abundance drops at intermediate heights (below
Ny = 5 x 10?! cm~?) before recovering deeper down, leading
to a lower warm column than at 0.25 AU (Figure 5).

It is interesting that, in the top panel of Figure 5, the large
warm column of atomic H changes by no more than a factor
of two from 0.25 AU to 10 AU. The reason for this is that the
basic OH chemistry operative in the warm region (Equations (2)
and (4)) releases atomic H as atomic oxygen is processed into
water. The abundance of atomic H is important for the synthesis
of hydrocarbon molecules because many of the reactions that
hydrogenate carbon are reversed by atomic H reactions.

Many of the heavier molecules show similar patterns because
they share a common (warm neutral radical) chemistry and
because the physical properties of the warm region change
slowly with disk radius. For example, the ionization parameter
has the value ¢ /ny ~ 3 x 10729 cm?® s~ to within a factor of two
over radii from 0.25 to 20 AU (a factor of almost 100) because
the inverse square dilution of the X-ray ionization rate (top panel
of Figure 1) is largely compensated for by the decrease of the
density with radius. Consequently the electron fraction at the top
of the warm region is almost independent of radius, with a value
close to x, = 2 x 107°. This approximate invariance applies to
the ionization of the warm region, but not to the molecular
abundances which are affected by density and temperature
(and processes such as freezeout) as well as ionization. The
temperature does remain close to 1000 K at the top of the warm
column for small radii (middle panel of Figure 1), but it then
decreases significantly beyond 4 AU. Of course the density at
a given vertical column density decreases by more than 1000
as the radius increases from 0.25 to 20 AU. These changes also
cause the thermal chemical transition to move slightly upward
in the atmosphere with increasing radius, and this also tends to
lead to a reduction in warm column densities. The decreasing
density of the warm atmosphere as a function of radius may play
a role in limiting the radial extent of emission from molecular
transitions with high critical densities.

4. DISCUSSION
4.1. Inner Planet Formation Region

Our model results (Section 3) have potential implications for
the understanding of the inner and outer planet formation regions
of the disk, i.e., the regions roughly within and beyond the
“snowline” where water vapor would condense on grains. The
inner planet formation region, discussed in this section, is probed
by the molecular observations made with Spitzer and ground-
based near-infrared spectroscopy. The outer planet formation
region is discussed in the next section.

4.1.1. Warm Molecular Columns

As we found in GMNQ9, the warm atmosphere in our models
achieves temperatures comparable to that of the Spitzer molec-
ular emission from T Tauri disks (~300-1000 K; Carr & Najita
2008, 2011; Salyk et al. 2008, 2011). These temperatures are
maintained over significant column densities at disk radii out to
~4 AU (Figure 1, middle panel). Thus the temperature structure
of our disk atmosphere is consistent with the interpretation that
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Table 6
Dependence of Warm Columns (200-2000 K) on Disk Radius?

R (AU) 0.25 0.5 1b 2 4 10

H, 4.85E+23 1.54E+22 3.91E+21 2.35E+21 1.68E+21 7.76E+20
H* 9.89E+12 4.81E+12 3.20E+12 2.29E+12 1.74E+12 2.40E+12
Hj 3.68E+13 2.63E+13 1.92E+13 1.49E+13 1.16E+13 9.47E+12
(0} 1.59E+16 4.45E+17 1.70E+17 9.61E+16 7.29E+16 7.95E+16
OH 8.01E+14 8.10E+14 4.57TE+14 3.34E+14 2.94E+14 4.20E+14
H,0 1.66E+20 9.75E+17 5.40E+17 4.17E+17 3.00E+17 5.40E+16
H;0% 1.30E+14 6.21E+13 4.22E+13 3.20E+13 2.26E+13 6.92E+12
0, 6.54E+18 2.08E+18 3.72E+17 1.85E+17 1.28E+17 7.81E+16
CO 1.30E+20 4.28E+18 1.09E+18 6.56E+17 4.74E+17 2.25E+17
CO, 1.30E+16 1.77E+15 1.26E+15 1.09E+15 7.73E+14 2.22E+13
HCO 3.21E+16 1.72E+16 1.33E+16 1.11E+16 5.62E+15 9.52E+11
HCO* 1.89E+13 3.42E+13 2.28E+13 1.67E+13 1.41E+13 1.82E+13
C 6.60E+14 3.61E+14 2.68E+14 2.44E+14 2.36E+14 3.77E+12
CH3 1.20E+10 5.39E+09 3.78E+09 2.65E+09 1.38E+09 1.50E+08
CHy 2.33E+16 4.33E+12 9.59E+11 6.70E+11 4.73E+11 4.34E+10
CyH;, 9.11E+17 1.59E+13 1.12E+13 9.63E+12 6.79E+12 2.67E+10
Cc* 5.35E+12 4.89E+12 4.11E+12 3.43E+12 3.26E+12 5.42E+12
CH} 1.44E+12 7.73E+11 5.48E+11 3.76E+11 1.68E+11 1.56E+09
CoH} 9.87E+08 5.13E+08 3.79E+08 3.31E+08 2.48E+08 8.05E+05
N 2.93E+17 1.67E+17 9.01E+16 6.37E+16 4.42E+16 1.58E+16
N; 2.50E+19 8.37E+17 1.92E+17 1.11E+17 8.08E+16 4.00E+16
NH3 4.77E+18 1.29E+16 342E+15 1.76E+15 1.22E+15 6.51E+14
HCN 3.12E+18 2.50E+15 8.05E+14 4.99E+14 3.51E+14 1.34E+14
NH} 1.22E+12 7.20E+11 5.30E+11 4.18E+11 3.00E+11 1.30E+11
N,H* 1.89E+12 2.25E+12 1.53E+12 1.13E+12 9.42E+11 1.14E+12
HCNH* 1.20E+12 2.93E+11 1.96E+11 1.45E+11 9.66E+10 3.83E+10
NO 1.23E+15 1.31E+15 7.29E+14 5.32E+14 4.72E+14 6.63E+14
S 3.10E+16 1.69E+16 1.28E+16 9.75E+15 4 47E+15 1.07E+12
St 5.99E+13 3.32E+13 2.42E+13 2.13E+13 1.93E+13 2.59E+11
SO 1.91E+15 9.82E+14 7.23E+14 6.10E+14 4.29E+14 1.39E+13
SO, 1.36E+19 4.15E+17 9.79E+16 5.70E+16 4.35E+16 2.27E+16
CS 2.65E+14 1.33E+14 1.01E+14 9.06E+13 7.26E+13 6.11E+09
Notes.

2 Warm columns in cm™2.

b Reference case.

the Spitzer molecular emission arises from the inner few AU of
the disk.

Some molecular species appear quite sensitive to the parame-
ter variations we considered, with their warm molecular columns
varying significantly over the parameter range we explored. As
one example, the variation in grain size and mechanical heating
alone can produce warm column variations of ~30 in H,O and
HCN (Table 3). This sensitivity may help to account for the
factor of ~30 range in the H,O and HCN emission strengths
among T Tauri disks (Pontoppidan et al. 2010; Salyk et al. 2011;
Carr & Najita 2011). The role of grain settling in producing en-
hanced warm columns may also help to account for the finding
by Salyk et al. (2011) of the enhanced detectability of molecular
emission from more settled disks.

The warm molecular columns we find for some species are
also quantitatively similar to those inferred from the Spitzer data.
The line-of-sight column density of the water emission detected
with Spitzer (~10'8 cm™2), which has an associated projected
emitting area of wr? where r ~ 1 AU (Carr & Najita 2011; see
also Salyk et al. 2011), is similar to our (vertical) warm column
of water at 1 AU (10'7-5 x 10'8 cm~2; Tables 3-5). The much
smaller warm columns achieved at larger disk radii (<10'7 cm ™2
at 10 AU in the reference case) help to account for the inference
of AU-sized water emission regions from the Spitzer spectra,
although perhaps not completely (see Section 4.2).
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Larger warm columns are achieved at small disk radii
(~10® cm™2 at 0.25 AU in the reference case; Table 6 and
Figure 5). These are reminiscent of the water columns re-
ported at such radii based on K- and L-band spectroscopy of
disks (~102°-10%' cm~2; Carr et al. 2004; Najita et al. 2009;
Doppmann et al. 2011). However, the temperature of the ob-
served emission is warmer (~1500 K) than most of the warm
column (2000-200 K) in the model. Thus, while the empirical
situation is that strong near-infrared water emission is rare (e.g.,
Najita et al. 2007), this does not necessarily mean that water
is underabundant at small disk radii in most disks. Our models
suggest that large columns of water are commonly present at
small disk radii, but the water is typically not warm enough to
produce strong water emission in the near-infrared.

We can also compare our results to those derived for the
4.7 um CO fundamental emission from T Tauri stars, which
has a characteristic temperature of ~500-1000 K, line-of-sight
column density ~10'"® cm™2, and projected emitting area of
radius ~0.15 AU (Salyk et al. 2011; Najita et al. 2003). Our
reference model at 0.25 AU produces a vertical CO column of
5 x 107 em~2 over the vertical temperature range 2000-500 K,
in reasonable agreement with the observed values. The decrease
with radius of both the density of the atmosphere and CO column
over this temperature range may contribute to limiting the radial
extent of the CO fundamental emission from the disk.
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The Spitzer HCN emission detected from T Tauri stars
has been characterized as having a typical temperature of
~700 K (Carr & Najita 2011; Salyk et al. 2011). If the
emitting area is assumed to be the same as that of the water
emission (i.e., ~1 AU), the line-of-sight column density is
typically ~10" cm~2 (Salyk et al. 2011). Fits made without that
assumption yield smaller emitting areas (0.3-0.6 AU) and larger
HCN columns (a few x 10'% cm~?2), although the lower columns
of Salyk et al. are not ruled out (Carr & Najita 2011). In our
models, HCN is abundant throughout the inner disk atmosphere,
with a warm column of 10"°-10' cm~2 at 1 AU depending on
the model parameters (Tables 3-5), a range that encompasses
the values inferred by Salyk et al. (2011). The larger line-of-
sight columns preferred by Carr & Najita (2011) may not be
too different from the warm (vertical) columns of our models if
the HCN emission arises at disk radii closer to 0.5 AU, where
the warm column is larger, and when disk inclination effects are
taken into account.

The similar temperatures found for the Spitzer HCN and water
emission (Carr & Najita 2008, 2011; Salyk et al. 2008, 2011)
suggest that the HCN emission arises from the same region of the
disk atmosphere as the water emission. The smaller emitting area
inferred for the HCN emission, compared to the water emission,
in the best-fit models of Carr & Najita (2008, 2011) might seem
odd in that context. The difference might indicate that the HCN
emission is restricted to a smaller (possibly annular) region than
the water emission, perhaps because of the molecular abundance
distribution or excitation considerations. In our models, the
smooth variation of the warm HCN column with radius and
the slow decline beyond 1 AU (Figure 5) does not suggest an
annular distribution for the HCN. However, the radial range of
the HCN emission may also be restricted by the high densities
needed to excite the observed transitions and the decline in
density with disk radius in the warm atmosphere (Figure 2).

The C,H, emission detected with Spitzer has been character-
ized as having a C,H, /HCN column density ratio of ~0.1 and a
C,H, column of 10'3-10'® cm~2, assuming that the C,H, emis-
sion has the same temperature and emitting area as the HCN
emission (Carr & Najita 2008, 2011). Salyk et al. (2011) instead
assumed that the C,H, and HCN emission have the same emit-
ting area as the water emission but allowed the C;H,; and HCN
temperatures to differ; they inferred typical C;H, /HCN column
ratios ~1 and columns of ~10'3 cm™2 for C,H,. In our refer-
ence model, the C;H,/HCN warm column ratio is ~0.01 and
the C,H; column density is ~10"% cm~2 at 1 AU, both of which
are smaller than indicated by the observations. However, for the
case a, = 7.07, the CoH, /HCN warm column ratio is ~0.1 and
the C,H, column density is ~10" cm~2 at 1 AU (Table 3), more
similar to the reported values.

The Spitzer CO, emission has been fitted with characteristic
temperatures higher (Salyk et al. 2011) or lower (Carr &
Najita 2011) than that of water. Carr & Najita (2011) find
that the CO, column density is not well constrained by the
observations. Salyk et al. (2011) report CO, column densities
~10'-10'% cm~2, assuming that the CO, emission has the same
emitting area as the H,O emission. In our models, the CO, warm
column is ~10°-10'" cm~2 at 1 AU (Tables 3-5), similar to the
reported values.

As in GMNO09, our models are unable to account for the
OH emission from inner disks. The observed OH columns are
3 x 103 x 10'® cm~2 (Salyk et al. 2011; Carr & Najita 2008),
higher than in our models (~10'*~10'> cm~2; Tables 3-5). The
larger OH columns are very likely the result of UV irradiation
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of the disk, which is not yet implemented here. UV irradiation
can dissociate H,O to produce OH, potentially explaining
the large OH columns that are observed (Bethell & Bergin
2009; GMNO09). Hot OH emission, which may result from the
photodissociation of HO (e.g., Najita et al. 2010), has been
reported from T Tauri disks (Carr & Najita 2011), consistent
with this interpretation. Given the central role of the OH radical
in the warm chemistry of disk atmospheres (Figure 3), an
enhanced OH abundance (e.g., from photodissociation) may
lead to enhanced abundances of species that are synthesized
from OH.

Our models address the question raised by Salyk et al. (2011)
regarding the dominant carrier of nitrogen in the disk. Noting
that the HCN abundance they infer does not account for all of
the available nitrogen, Salyk et al. (2011) suggested NH3 or N,
as the possible carriers of the remaining nitrogen. They also
pointed out how NHj is unlikely to be the missing reservoir:
given the upper limit on NH3; emission in the Spitzer spectra
in the 10 um region, they inferred that the column of warm
NH; is <10'9cm™2 and N, was suggested to be the dominant
reservoir of nitrogen. Consistent with this interpretation, our
model predicts warm NH3 columns of 10'3-10'® cm~2 at 1 AU
(Tables 3-5) and that most of the nitrogen is in Nj.

4.1.2. Molecular Emission Trends

Our models may also provide some context for the various
molecular emission trends that have been reported in the liter-
ature. In their study of a small sample of T Tauri stars, Carr
& Najita (2011) found tentative evidence that the flux ratio of
HCN/H;0 emission increases with disk mass, increasing by a
factor of ~4 over disk masses of 0.002-0.02 M. They inter-
preted this result as a possible consequence of planetesimal or
protoplanet formation. This interpretation arises from consider-
ing the transport of water in the solar nebula (Ciesla & Cuzzi
2006). Because icy bodies ranging from micron, to meter, to
kilometer and larger size migrate at different rates, they can
transport water ice to the inner disk at greater or lesser rates
compared to the gas, reducing or enhancing the O/C ratio of
the inner disk and possibly affecting the chemistry of the inner
disk.

That is, when grains in the outer planet formation region
are small enough to couple well to the gas, water that is
frozen on these grains accretes along with the gas into the
inner planet formation region. The water is returned to the
gas phase when the ices evaporate, and the O/C ratio of
the inner disk gas is representative of the disk as a whole.
However, when the icy grains grow into meter-sized bodies, they
migrate inward extremely rapidly relative to the gas. When they
evaporate, they hydrate the inner disk, and in depositing water
and oxygen potentially enhance the O/C ratio there. In contrast,
if icy material in the outer planet formation region grows into
planetesimal or larger bodies, such large bodies cease to migrate
(and may go on to form planets). They thereby sequester water
(and oxygen) in the outer planet formation region, leaving the
inwardly migrating material dehydrated and oxygen-poor (e.g.,
Ciesla & Cuzzi 2006). This situation might both reduce the
water abundance in the inner disk and, by reducing the O/C
ratio, favor the formation of hydrocarbons in the inner disk.

We might therefore expect that early in the disk evolution
process (before significant grain growth has occurred) the
gaseous O/C ratio of the inner planet formation region will
reflect the bulk O/C ratio of the disk. At intermediate times, the
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inner disk may have a higher O/C ratio than the disk as a whole.
At late times, the inner disk may have a lower O/C ratio than the
disk as a whole. The timescale on which a disk transitions from
“early” to “intermediate” to “late” depends on the disk mass:
more massive disks would transition more rapidly through each
phase.

Thus, a coeval cluster of T Tauri stars with a range of disk
masses may have inner disks with a range of gas-phase O/
C ratios, and we might expect the inner disks of T Tauri
stars to show a range of HCN/H,O flux ratios, as is ob-
served (Carr & Najita 2011; Salyk et al. 2011). For T Tauri
stars transitioning from the “intermediate” to “late” phase,
HCN/H,0 might increase with disk mass, possibly account-
ing for the tentative trend reported by Carr & Najita (2011).

Our results support this scenario. As expected, a lower
O/C ratio enhances the HCN abundance and decreases the H,O
abundance in the inner disk. A very modest decrease in the O/C
ratio, from 2.5 (our reference case) to ~1.8, would raise the
HCN/H,O0 ratio of warm columns by a factor of ~4. It would
be interesting to measure other molecular ratios that might
corroborate this picture. We had earlier suggested the possibility
of using C,H,/H,0 as a diagnostic of the O/C ratio (Section 3).
Our results also suggest diagnostics of the “intermediate” phase
of evolution. For the case of O/C higher than the reference
model (i.e., an O/C ratio of 5), oxygen-bearing molecules such
as H,O and O, are enhanced and carbon-bearing molecules
such as C,H, and HCN are reduced in abundance relative to the
reference case (Table 5).

An alternative explanation for the tentative trend of
HCN/H;0 emission with disk mass reported by Carr & Najita
(2011) may be an excitation effect, where HCN is better excited
at the higher densities that would be present in a more massive
disk. This scenario would require that the disk mass estimated
from observations that probe large disk radii (>20 AU from
submillimeter/millimeter observations) applies to the inner few
AU of disks. These two possibilities (O/C ratio or excitation
effect) could be tested by looking for trends with disk mass of
emission from other molecules that are less sensitive to density.
Detailed excitation modeling would also be useful in sorting out
these possibilities.

More perplexing is the report by Teske et al. (2011) of a
possible trend of HCN flux with Ly, with HCN flux increasing
on average by a factor of ~4 in the range Lx = 2 x 102 x
10* erg s~!. In our models, a higher Ly enhances the abundance
of He*, which can break up CO and potentially enhance the
HCN abundance. However, our warm HCN columns vary
negligibly with Lx in the T Tauri luminosity range (Lx =
10?8-103! ergs™"). It would be interesting to see if studies of
larger samples of objects confirm a trend of HCN flux with Lx.

There is a bigger difference between the warm HCN column
for the reference case and for very low values of Lx. For
Lx = 10%ergs™!, the warm HCN column is an order of
magnitude larger than in the reference case (Table 4). As T
Tauri stars are known to be strong emitters of X-rays at a much
higher level than 10%¢ergs™', the ions produced by T Tauri
X-ray emission appear to have the effect of limiting the HCN
abundance and emission from disks.

There is tentative evidence that HCN flux increases with
stellar accretion rate, with HCN flux increasing from <1 mly
um to ~4 mJ]y um over the range 107° to 1077 Mg yr~!
(Teske et al. 2011). One possible explanation for this is that the
increased HCN flux arises from increased heating. GMNO09 had
earlier discussed how enhanced accretion-related mechanical
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heating in the disk atmosphere could enhance the water emission
from the disk, primarily by increasing the column density of the
warm atmosphere. We would expect a similar enhancement in
HCN emission, since a warmer disk atmosphere would enhance
the emission from other molecules as well as water, all other
things being equal.

Our results show that indeed increased accretion-related heat-
ing enhances the column of warm HCN in the disk atmosphere.
The warm HCN column increases by a factor of ~3 (from
2.4 x 10 em~2 to 7.7 x 10'* cm—2) for values of o, = 0.01-1,
with most of the increase in column occurring in the range
oy, = 0.1-1. In the higher «;, case, the warm HCN also occurs
deeper in the atmosphere and at higher density where it may be
better excited. If higher stellar accretion rates are accompanied
by higher rates of mechanical heating in the disk atmosphere,
both the increase in the warm column of HCN and the higher
density region in which it is located may account for the in-
creased HCN flux that is observed at higher stellar accretion
rates.

An alternative explanation is that the higher UV fluxes asso-
ciated with accretion lead to greater grain photoelectric heating
and enhanced warm molecular columns. Detailed modeling is
needed to explore the impact of increased UV irradiation and
whether the higher heating and photodissociation rates lead to
higher or lower warm molecular columns. The result is likely to
depend on the degree of grain settling in the atmosphere (e.g.,
Nomura et al. 2007).

An alternative chemical explanation for the trend is that the
higher UV fluxes dissociate N; in favor of atomic N, which
then enhances the formation and abundance of HCN. Such a
scenario was discussed by Pascucci et al. (2009) who argued
that the higher flux ratio of HCN/C,H, in the spectra of T Tauri
stars compared to those of brown dwarfs may result from the
higher accretion rates and consequently higher UV fluxes of T
Tauri stars. In our models, a significant fraction (approximately
half) of the nitrogen is already in atomic form in the warm
atmosphere even in the absence of UV irradiation, with the
remainder primarily in N,. Including the UV dissociation of
N, may then have a limited impact on the HCN abundance,
although detailed calculations are needed to be certain.

4.1.3. Water Molecule Shielding and Heating

The column density over which UV irradiation affects the
disk atmosphere, either chemically (through photodissociation)
or thermally (by depositing energy into the atmosphere), is
governed by the abundance of UV-absorbing dust and molecules
in the disk atmosphere. Molecules may provide the dominant
source of UV opacity in T Tauri disk atmospheres given the
high inferred rate of dust settling from disk atmospheres, as
previously noted in the specific context of water by Bethell &
Bergin (2009).

Our results support this interpretation. Since water absorbs
UV photons in the 1200-1800 A range with a cross-section of
10717 to 107" cm? (Parkinson & Yoshino 2003), stellar UV
photons encounter an optical depth of unity over a line-of-sight
disk column density (to the star) of Ny,o ~ 10'7-10'8 cm~2
or a vertical column density that is ~10 times smaller. The
much larger total vertical water column densities that can be
synthesized in our disk atmosphere models (>10'8 cm~2), the
warm column component of which (~10'® cm~2) is observed in
emission from T Tauri disks (Carr & Najita 2008, 2011; Salyk
et al. 2008, 2011), appear to be capable of shielding the lower
disk atmosphere and the disk midplane from UV irradiation.
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As noted above, UV irradiation of the disk may also heat the
disk surface through the absorption of UV photons by water and
other molecules. A simple estimate of the heating rate per unit
volume due to the absorption of UV photons by water is

.
I'uvy = ¢we™™ Eyy Xm,0 nH,

where ¢, is the unshielded dissociation rate due to stellar UV,
Tyy 1s the attenuation of the UV along a line of sight to a
given position in the disk, and Eyy is the energy deposited
as heat per dissociation. Laboratory experiments show that
water is strongly dissociated in the wavelength range from
1200 to 1800 A (e.g., Parkinson & Yoshino 2003). Since the
mean photon wavelength for dissociation is ~1500 A and
the threshold is 2340 A, Eyy =~ 3 eV. Bergin et al. (2003)
showed that the stellar UV flux of the representative T Tauri
star BP Tau at a distance of 100 AU is ~540 times the standard
Habing interstellar radiation field or ~5.4 x 10° larger at 1 AU.
Multiplying the unattenuated interstellar photodissociation rate
of 5.9 x 1071%s~! (Roberge et al. 1991) by 3 x 10°, after
correcting for the use by Roberge et al. of the Draine interstellar
radiation field, yields ¢, = 1.8 x 1073571,
Similarly, the X-ray heating rate is

I'x = ¢xe™™ Ex ny,

where ¢x is the unshielded X-ray ionization rate, tx is the line-
of-sight X-ray attenuation factor, and Ex is the heating per
X-ray ionization. In our reference model, ¢x = 8 x 1072s~!
at the top of the atmosphere at 1 AU and Ex ~ 20 eV
(GNIO4). Substituting the given numbers and assuming that
x(H,0) = 107%, the ratio of the UV water to X-ray heating
rates is ~3e~ " /e~ ™. This rough estimate confirms that UV
water heating is potentially significant at the disk surface and
that it is sensitive to the absorption of the UV by dust and
by water itself. In the reference model of this paper at 1 AU,
accretion heating in the neighborhood of the transition region
dominates X-ray heating by a factor between 10 and 100. A UV
heating rate that is ~3 times the X-ray heating rate could make
a quantitative difference, especially where the transition occurs.

Thus, water in the disk atmosphere may heat itself (cf. Bethell
& Bergin 2009), a situation that would help to explain why the
water emission observed with Spitzer has similar properties from
source to source (Carr & Najita 2011). If water is a significant
heat source at the disk surface, and if HCN is abundant at the disk
surface (e.g., in the low Lx case or the case of a, = 7.07 um),
UV heating by water may have a (thermal) role in explaining a
trend between HCN flux and stellar accretion rate. In addition
to its potential role as a heat source, water is also known to be
an important coolant based on its observed emission luminosity
(Pontoppidan et al. 2010). It would be important to explore
the impact of water on both the heating and cooling of the disk
atmosphere. Similar considerations apply to FUV absorption by
H,, which is more abundant than H,O but absorbs over a more
limited wavelength region. A detailed investigation is needed
to determine how and where these processes affect the disk
properties.

4.2. Outer Planet Formation Region

The outer planet formation region, with its low dust tem-
perature (e.g., <150 K at 10 AU; Figure 1), is more difficult to
treat with our current model because we do not include freezeout
and desorption processes. Moreover, the lower gas temperatures
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and densities in the outer planet formation region (Figure 1)
lead to slower chemical timescales. As a result, the steady-state
abundances that we calculate may be less valid, and transport
processes (e.g., Willacy et al. 2006; Willacy & Woods 2009;
Nomura et al. 2009; Heinzeller et al. 201 1), which are not treated
here, important. Nevertheless, some aspects of our results may
bear on existing observations and future attempts to observe this
region of the disk.

Our simple models predict a dramatic decrease in the warm
column of water beyond a few AU. At 10 AU and beyond,
much of the water that is produced would freeze out at the
low grain temperatures in the atmosphere. However, the model
does predict a detectable water column at smaller radii in the
region of the disk atmosphere where the dust temperature is high
enough that water would not freeze out. At 4 AU, the column
of water above the point where the grain temperature reaches
150K, 125K, and 100 K is 2 x 10"°cm=2,2 x 10'7 cm~2, and
3 x 10'7 cm™2, respectively. Such a warm water column would
likely produce detectable emission, in potential conflict with the
Spitzer results, which find a small emitting area for the water
emission of 7 7> where r < 2 AU (Carr & Najita 2011; Salyk
et al. 2011). This point was made by Meijerink et al. (2009)
based in part on the assumptions of the GMNO09 model.

Meijerink et al. suggested vertical transport as a way of
resolving the potential conflict (see also Pontoppidan et al.
2010). In the scenario they proposed water from the disk surface
is transported, via vertical turbulent diffusion, further down in
the disk to a region where the dust temperature is low enough that
water can freeze out onto the grains. These icy grains settle to
the disk midplane and are incorporated into large enough bodies
that they are not relofted to the disk surface. Meijerink et al.
argue that this effect (a “cold finger”’) can account for the small
emitting area inferred from the Spitzer water observations. They
further suggested that the radial distribution of water emission
at the disk surface might trace the location of the midplane
snowline, which is of interest for planet formation.

Since this picture, created to account for the properties of the
water emission observed with Spitzer, would also apply to other
molecules with similar condensation temperatures, one way to
test the picture is to see if such molecules have a similar radial
distribution to that of water. One possible test molecule is HCN;
its condensation temperature is similar to that of water (e.g.,
Walsh et al. 2010) and our models predict it to remain abundant
in the disk atmosphere out to 10 AU or more in the absence
of freezeout. Thus far, the emitting areas inferred for HCN
emission from the Spitzer data are not sufficiently constrained
to test this picture, as the HCN area can be smaller than, similar
to, or greater than the water emitting area, given the uncertainties
(Carr & Najita 2011). Searches for emission from cooler water
and HCN, e.g., with the Herschel Space Telescope, may better
address this issue.

There are several considerations that would bear on whether
our model results really motivate a “cold finger” for water or
any other molecule, as differences between the model results
and observations might be accounted for, to some extent, by
some combination of the following considerations. First, the
disk atmosphere beyond a few AU may be cooler than we
have inferred. If grains have settled less in the outer disk
(e.g., than in the inner disk), we will have underestimated
the gas-grain cooling there. Another concern is that we have
neglected water cooling. Including such effects may reduce
the warm water column and the molecular emission from the
disk atmosphere without requiring vertical transport. Second,
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the synthesis of molecules such as water may be less efficient
than we have assumed. Some of the neutral reactions we have
used have thermal barriers and their rate coefficients are very
sensitive to temperature (e.g., Equations (2) and (4)) and may
have been overestimated in the analyses of low-temperature
laboratory data. Another important issue is the (uncertain)
efficiency of H, formation on grains at high temperature, as
discussed in Section 3. Third, photodissociation may limit the
amount of water that is present in the disk atmosphere. While
processes such as photodissociation and a reduced efficiency of
H, formation on grains will affect both the inner and outer disks,
they may have a greater relative impact on the outer disk (where
the warm water column is expected to be small even without
these effects; Figure 5) and may push the warm water column
below an observable level in the outer disk.

We can test the first point above by looking for molecular
emission from molecules other than water. Our model predicts
a thermal—chemical transition out to beyond 40 AU and that CO
is abundant in the disk atmosphere over that range of radii. The
presence or absence of any resulting warm CO emission (e.g.,
with the Herschel Space Telescope) would probe whether or not
a warm disk atmosphere is present at radii beyond a few AU.

How well can the models presented here really identify
chemical signatures of planetesimal formation, one of the
longer-term motivations for our study? Our variation of the
O/C ratio in the inner planet formation region of the disk may
capture some of the relevant behavior of the scenario discussed
in Section 4.1.2. However, a detailed freezeout and desorption
model and the inclusion of transport processes (e.g., as explored
by other authors) is likely needed to predict which species
remain in the disk atmosphere and at what abundance. There
are a number of uncertainties in constructing such a model (see,
e.g., Walsh et al. 2010 for a discussion of desorption processes).
This is an important area for future work.

One tracer of the disk atmosphere that is independent of many
of the above concerns is H1 21 cm radiation, which is of interest
because one feature of X-ray-irradiated disk atmospheres is a
significant H1 component. Our models indicate an H1 column
of 2x 10'7=7 x 10" cm~2 in the 1-20 AU region from each face
of the disk. A similar column extending to 100 AU would imply
an H1 mass of ~10%® g, a value that is consistent with current
H1 upper limits but may be detectable with future observational
facilities (Kamp et al. 2007).

5. SUMMARY AND FUTURE DIRECTIONS

As discussed in the introduction, one goal of our modeling
effort was to explore the potential role of processes such as
grain settling, X-ray irradiation, accretion-related mechanical
heating, and the O/C ratio in determining the thermal-chemical
properties of disk atmospheres. Another was to explore how
well a model that excludes UV irradiation can do in accounting
for the existing observations of inner disk atmospheres. We also
aimed to make detailed comparisons with the observations in
order to determine the changes needed to improve our model.

To address these goals, we used an expanded version of
our thermal-chemical model of disk atmospheres to explore
the sensitivity of the properties of the atmosphere to model
parameters. We find that the warm columns (200-2000 K)
of many molecular species are sensitive to grain settling and
the efficiency of accretion heating, primarily because these
parameters affect the depth of the warm molecular layer at the
disk surface. We also showed how certain model parameters
(grain growth, stellar X-ray luminosity, mechanical heating,
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O/Cratio) affect the molecular abundances of disk atmospheres,
and which species are sensitive to which parameters.

We find many areas of agreement with the observations. The
model parameter variations we considered can account for many
of the properties of molecular species that have been detected
with Spitzer and ground-based near-infrared spectroscopy (i.e.,
their typical temperatures, warm columns, and emitting areas).
The sensitivity of warm columns to parameters such as grain
settling and accretion heating may account, at least in part, for
the large range in the molecular emission fluxes that have been
observed from T Tauri disks.

The dependence of the warm columns on model parameters
such as grain growth, accretion heating, and O/C ratio may
help to explain the trends reported in the literature between
the detection rate of molecular emission and mid-infrared color
(Salyk et al. 2011) and molecular emission flux with stellar
accretion rate (Teske et al. 2011) and disk mass. Regarding
the last, we find that the ratio of HCN/H,O increases with a
decreasing O/C ratio; a decreasing O/C ratio in the inner disk
is a potential effect of planetesimal and protoplanet formation
in the outer disk, which likely occurs at an accelerated rate in
higher mass disks (Carr & Najita 2011).

While the parameter variations we explored can account
for the average values and ranges of the observed molecular
emission properties of disks, a future challenge will be to explain
the properties of individual sources with a single set of model
parameters. Our model suffers from some obvious limitations,
e.g., our low OH abundance points out the need for including
UV irradiation and photodissociation in our model. The results
of our steady-state chemical model are also likely less valid
in the outer planet formation region of the disk because of
the longer chemical timescales there and because we have not
included freezeout, desorption, and transport processes. We aim
to address these challenges in future work.

We are grateful to John Carr for a careful reading of
the manuscript. This work has been supported in part by
NASA grant NNGO6GF88G (Origins) and by NASA Herschel
contracts 132594 (Theoretical Research) and 1367693 (DIGIT)
to UC Berkeley.
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