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Abstract We investigate the chemical evolution in the midplane of protoplanetary
disks in the region 1 AU � r � 10 AU, focusing on cosmic ray induced processes.
These processes drive the chemical pathways of formation of gas phase molecules
which later can be adsorbed onto the surface of grains. We improve on previously
existing chemical models by treating the interaction of cosmic rays with the
gas/grain environment in a way that is consistent with the local conditions. This
means including the effects of dust aggregation in the disk and the extinction of
cosmic ray induced UV photons by the gas. We conclude that the effects of cosmic
ray UV flux enhancement brought about by grain growth are as relevant as their
extinction by gas species. Thus we identify CO, CO2, SiO, S and O2 as the main
species that contribute to the gas extinction in these regions. The implementation of
this method seeks to complete other models that use steady state estimations of the
chemical composition of the disk.

1 Introduction

Cosmic rays play a role in ionizing the material and driving the chemistry in
protoplanetary disks, which has been largely underestimated. This is specially true
in the region where they can be most relevant: the cold environment of the midplane
of protoplanetary disks. This region is known to be opaque to stellar UV and X
ray photons [27] and for this reason it has the reputation of being a dead zone.
However, the region of the midplane located at z=r < 0:05 and 1 < r < 10 AU
can in fact be dominated by cosmic ray processing, as they penetrate above column
densities of ˙ � 150 g cm�2 [19, 23]. Steady state chemical models applied to
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these regions cannot fully describe the chemical evolution of the midplane, as the
chemical relaxation timescale can be up to 108 years [27], which is longer than the
lifetime of the disk [9].

Current chemical models of protoplanetary disks do include to a large extent
the effects of cosmic rays [18, 22, 24–27]. However, the effects of the local gas
opacity and grain growth are for the most part overlooked, as the parameters for
estimating cosmic ray photoionization/dissociation rates are usually taken from
molecular cloud literature [10, 28].

Our goal is to identify the main contributors to the extinction of cosmic ray
induced UV (CRUV) photons in different regions of the midplane (r D 1–10 AU)
of a disk of a T Tauri star. We implement a time dependent calculation of the
CRUV photo rates that includes the extinction provided by the dust and also by
gas species, which depend on their relative abundances. We implement this method
in our time dependent chemical rate equation solver chem_compact. This code is
benchmarked against steady state chemical abundances from the PRODIMO solver
[27] and against observed cometary ice abundances [4, 7].

2 Cosmic Ray Induced UV Photons

Besides direct ionization of gas phase species cosmic rays can ionize the medium by
inducing a UV field that comes from secondary ionization of molecular hydrogen.
The process, known as the Prasad Tarafdar mechanism [15], starts when an electron,
with a typical energy of 30 eV, is released after the cosmic ray ionization of an H2

molecule. This electron then hits another (neutral) H2 molecule, which leaves it in
an excited electronic state [16, 21]. The emission probability profile of CRUV is
obtained from the transition probability of the first three excited electronic levels
(B 1˙C

u and C 1˙u). In the subsequent decay to excited vibrational states of the
ground electronic level, Lyman and Werner photons are emitted in the 90–170 nm
range.

Cosmic ray induced UV photons can be absorbed by the material in the local
environment where they are generated. Both gas and dust can absorb these photons
and become a source of local extinction, but this depends on the local density and
temperature conditions. For instance, at 10 AU most of the material is frozen on
the surface of dust grains and therefore the extinction of CRUV depends entirely
on the local dust properties. Thus, in such gas poor environments the CRUV
photoprocesses will not be affected by the composition of the gas and the chemistry
can be described in a fairly straightforward way.

The rate of CRUV photoprocesses depends on the shape of the photon emission
probability from every cosmic ray ionization of H2:

kCU;i D �H2

nH2
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P is the emission probability profile of a CRUV photon, �i is the photoprocess cross
section, and �tot is the total (gasCdust) cross section. This cross section includes
the information of the relative gas abundances and cross sections of all other gas
phase species. This expression implicitly includes a shielding effect, which can be
important in regions where high density/temperature combinations create a gas rich
environment. From Eq. (1) we can define the frequency averaged opacity as:

h�i i D
R

F.�/�i .�/ d�R
F.�/ d�

: (2)

The shape of the radiation field that dissociates or ionizes a species F.�/ not only
depends on the CRUV emission probability, but also on the CRUV extinction of all
other species �tot.�/, which leads to the frequency dependent opacity �i .�/:

F.�/ D P.�/

�tot.�/
I �i .�/ D �i �i .�/

nhHi
�gas

: (3)

Here �gas D nhHi	mH (	 being the mean molecular weight). This formula for the
opacity yields units of cm2 per gram gas. Using Eq. (3) the expression for the opacity
can be rewritten as:

h�ii D ��i

�0	mH
I �0 D

Z
P.�/

�tot.�/
d� : (4)

The grain size distribution in a protoplanetary disk has larger grains in protoplan-
etary disks than in molecular clouds because of grain growth [8]. An increase in the
average grain size will decrease the combined area per unit volume, which means
that grains will become less efficient in absorbing incoming UV photons. From a
typical protoplanetary disk dust size distribution f .a/ � a�p , where a is the dust
radius (0.1 
m � a � 10 
m) we calculate the maximum CRUV photon flux in a gas
poor region of a protoplanetary disk to be NCU ' 386;000 photons cm�2s�1. This
value is 40 times larger than in molecular clouds, compared to previous estimates of
104 photons cm�2s�1 [20].

3 Chemical Model

The code chem compact is our VODE based [5] gas/grain chemical rate equation
solver. In it we include a reaction network based mostly on the UMIST06 database
for astrochemistry [28] and including H2 formation on grains [6] and ad/desorption
reactions: Adsorption and thermal and stellar UV photodesorption from [2, 13, 14],
cosmic ray direct and induced UV photo- desorption from [11, 17]. We consider 67
chemical species composed of 8 elements.
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Table 1 Physical conditions
in relevant gas rich-regions,
from the PRODIMO

simulation [27]

r (AU) T (K) nhHi (cm�3)

1 80 1014

3–5 65 1012

7–8 40 1011

The initial conditions for our disk model were obtained by running our chemical
evolution code under molecular cloud conditions (T D 20 K, nhHi D 106 cm�3)
from atomic, low metallicity abundances. The resulting abundances after 107 year
were used as initial conditions. We use low metal initial abundances because Si, Fe,
and Mg form dust grains before the formation of the disk.1

In order to estimate the effects of gas opacity in the CRUV photoprocess rates and
therefore in the chemical evolution, we replace the relevant rates from the UMIST

[28] database with our own rates, Eq. (1). As these rates depend on �i , we recalculate
them at every timestep as the solver yields new values for the gas abundances.

3.1 Chemistry in Gas-Rich Regions

The gas-rich regions of the disk probed in our models are listed in Table 1. In
the regions studied, the dominant species are CO (gas) and H2O (ice) consistently,
while O2, O, SiO, CO2, and CH4 are the secondary carriers of carbon, silicon and
oxygen. The opacity is mostly provided by O2, SiO, CO2, and S, where SiO and
O2 are the species that dominate the opacity. From Figs. 1 and 2 we can see that
the evolution of SiO and O2 correspond to changes in the opacity. For this reason,
here we will showcase the interaction between those species. We can see that the
correlation between the chemical evolution and the opacity is very complex, and the
variations are not linear in nature. This shows that the chemical evolution obtained
when considering the effects of gas opacity is not simply halfway between low and
a high CRUV field conditions, but it has to be studied in a case by case basis.

In Fig. 2 we can see that at 1 AU after 104 year the gas opacities rise, while the
dust opacity remains constant. The late O2 enhancement seen in Fig. 1 implies that
it is providing most of the CRUV gas extinction, and thus SiO absorbs less CRUV
photons. Thus, as the opacity fraction provided by dust grains is reduced, O2 self
shields and it slows down atomic oxygen formation via photodissociation of SiO.
This causes a rebound effect after 105 year, as O2 needs a constant supply of atomic
oxygen for its formation.

At 3–5 AU from the central star the temperature is lower than at 1 AU. Thus,
SiO is now mostly in the ice phase, while retaining a small presence in the gas.
It is kept at a stable but low level throughout the simulation. This implies that OH

1This is what sightlines show where the absorption lines of these metals are measured from various
clouds against a bright background star [12].
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Fig. 1 Chemical abundance
evolution
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Fig. 2 CRUV gas opacity vs.
time. For reference, the dust
opacity is 68 cm2/g (gas)

formation from SiO is not as efficient as it was at 1 AU. The low OH formation
rate cannot sustain the formation of O2 because the oxygen in it is lost to H2O. The
consequent decrease in O2 opacity causes the CRUV photorates to increase for other
molecules, as it allows more CRUV photons to dissociate or ionize other species.
This is evidenced in Fig. 2, as the SiO opacity increases as the O2 opacity decreases.
Now CH4 CRUV photodissociation becomes very efficient at forming CH2, which
reacts with OH faster than any other OH reaction. This exacerbates the depletion of
O2, as seen at the end of the simulation in Fig. 1. The gas opacity in this region is
about a third less than in the 1 AU region, which is caused by the lack of efficient
O2 formation and the freeze out of SiO.

As we can see from the chemical evolution plot in Fig. 1, at 7–8 AU SiO is
completely frozen after only 1 year, with negligible gas phase abundances, even
though the chemical evolution for the other significant species remains more or less
the same. However, the lack of SiO in the gas phase impacts the late formation of
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H2O that appears at lower distances. Since O2 is not consumed in the formation
of water, its depletion is not as dramatic as in the 3–5 AU region. The gas opacity
here is very similar to that observed at 3–5 AU (Fig. 2), except for the absence of
SiO opacity due to freeze out, which enhances the CRUV rates for all other species,
including CO.

The longevity granted to SiO in our efficient CRUV induced OH formation
models in the disk midplane has repercussions beyond the midplane of the disk.
Following [1], the vertical drift timescale �vd of a molecule that moves up to a
distance z D � above the midplane can be estimated using the disk viscosity.
A simple calculation for � D 0:1 AU, corresponding to the AV D 1 region (at
r D 1 AU) of the disk yields that �vd ' 280 year. An SiO molecule can survive
for approximately 103 year (if  D 1) or 1 year (if  D 103) before being
photodissociated by the stellar UV field at the AV D 1 region. Therefore, in the
optimistic (former) case it is possible for SiO to accumulate around AV D 1 and
to be detectable. However, since the region where SiO is being formed has a small
radial extent (r � 1 � 5 AU), its detection could prove to be very difficult.

3.2 Chemistry at 10 AU

In this region the environment is cold enough (20 K, at a density of 1010 cm�3) to
allow us to study the chemical evolution without taking into account the gas opacity
[7]. Under these conditions, the CRUV rate constant takes the familiar form:

kCU;i D �H2

�UV
hHi.1 � !/

Z 3:28 PHz

1:76 PHz
P.�/�i .�/ d� : (5)

This is the expression that is frequently used in models that include CRUV
photoprocesses [10, 21, 28], mostly because it is valid for ISM and molecular cloud
conditions (low gas abundances). This formula is very convenient for computing
the chemical rate equations, as everything in the rate constant can be calculated
beforehand.

After 106 years the ice content resembles what is observed in cometary ices [3,4],
where H2O ice is followed by CO and CO2 ice and, to a lesser degree, CH4 ice. In
our model, CH4 ice is formed only after water ice formation has become so efficient
that it takes away most of the oxygen from CO and leaves the carbon free to form
other molecules. This suggests that the CH4 ice found in comets may have been
formed at a late stage of the disk evolution.

We present a comparison between measured cometary ice abundances and our
resulting ice abundances in Table 2. Our resulting ice ratios are very close to
the cometary values when using a cometary carbon-to-oxygen ratio. This happens
because a fraction of the total carbon may be stored in the core of dust grains in our
model. These results fit the cometary nCO#=nH2O# and nCO2#=nH2O# ratios closely,
which means that the relative abundances of ice species can be predicted by our
model.



The Cosmic-Ray Dominated Region of Protoplanetary Disks 139

Table 2 Ice ratios in comets
compared to our results

Ratio Cometary c cb: [C/O] D 0.16
measurementsa 107 year

nCO2#=nCO# <0.6 0.43
nCO#=nH2O# <0.2 0.14
nCO2#=nH2O# 0.02–0.12 0.06
nCH4#=nH2O# 0.003–0.015 <0.001
a Abundances compiled from cometary measurements

in [3, 4]
b Ratios from our chem compact model

4 Conclusions

We have included the information of the gas opacity of all molecules that are
photoprocessed by cosmic ray induced UV photons in our chemical evolution
model. By studying the impact that the gas opacity of individual species has
on the chemistry and viceversa, we can build a simplified tool that includes the
most important species while understanding the underlying relationship between
the opacity and the chemistry. As some opacities rise, an important shielding
effect appears and the CRUV photoprocess rates change. This affects the chemical
formation pathways for both gas and ice phase species.

The most important species that contribute to the gas opacity are O2, SiO, Si, CO
and CO2, in a consistent manner throughout the 1–8 AU region of the disk midplane.
We find that the opacities of O2, SiO (and CO2 in the warm regions around 1 AU)
are the most variable in time and hence are the ones that require most attention, and
whose effects cannot be easily dismissed. As the CO and S abundances remain more
or less constant in those regions, their opacity remains fairly constant as well. Thus,
future models must include this treatment of CRUV gas and dust opacity while only
considering the contribution of the most significant species that our models yield for
the probed regions of the disk.

Finally, we found that if SiO is steadily created in the midplane at long
timescales, it can drift vertically upwards and accumulate around the AV D 1

region, thus suggesting a possibility for future detections of SiO in protoplanetary
disks.
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