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3.2 Zusammenfassung / Abstract  

3.2.1 Wortlaut des Antrags / abstract of the proposal 

Die Modellierung der chemischen Entwicklung protoplanetarer Akkretionsscheiben zieht zunehmend die 
Aufmerksamkeit von Astrophysikern auf sich, da ein Verständnis dieser Entwicklung die Grundvoraussetzung 
für ein besseres Verständnis der Anfangsbedingungen für den Sonnennebel sowie die Entstehung extrasolarer 
Planetensysteme liefert. Die chemische Entwicklung wirkt in direkter Weise auf die dynamische Entwicklung 
zurück, wobei als Beispiel der für MHD-Simulationen ausschlaggebende Parameter Ionisationsgrad dienen kann. 
Aufbauend auf numerischen Modellen für die Chemie in 1+1D-Scheiben werden wir zunächst untersuchen, wie 
Schlüsselparameter wie die Massenakkretionsrate die Ergebnisse beeinflussen. Außerdem werden wir die Mo-
delle hin zu größeren Radien ausdehnen, was eine vollkommen neue Behandlung der thermischen Struktur der 
Scheiben erfordert, weil hier die stellare Heizung wichtiger als die viskose Heizung wird. Dies erfordert die Ein-
beziehung eines 2D-Strahlunsgtransportes. Unabhängig von astrophysikalischen Anwendungen ist die Kopplung 
von komplizierten chemischen Reaktionsnetzwerken und dynamischen Systemen an der Grenzlinie zwischen 
Chemie und Physik auch von generellem Interesse und hat weite Anwendungen in verschiedenen Wissenschafts-
feldern, so bei Verbrennungsprozessen. 

The modeling of the chemical evolution of protoplanetary disks attracts presently great attention in 
astrophysics because of the increasing interest in the initial conditions for the solar nebula and other planetary 
systems. Furthermore, chemistry interacts with the dynamical evolution of disks with the ionization degree, 
important for MHD calculations, as a key example. Based on our models developed for chemistry in 1+1D disks 
we will start an exploratory phase to understand how different networks and physical parameters such as the 
mass accretion rate influence chemistry. In addition, we will extend the models to larger radii where stellar 
radiation dominates over viscous heating in determining the disk structure and dynamics. This will require the 
treatment of 2D radiation transfer. The results of our calculations can be checked against observational results 
coming from molecular spectroscopy of circumstellar envelopes and disks. Apart form astrophysics, we want to 
note that the coupling of a complicated chemical reaction network with a dynamical system is a fundamental 
problem on the borderline between chemistry and physics, important in many different scientific areas such as 
combustion chemistry. 

3.2.2 Zusammenfassung des Berichts / abstract of the report 

Using the reduction scheme developed during the first funding period, we investigated in detail the 
chemistry of ionization in an accreting protoplanetary disk. From chemical perspective the disk is divided into 
highly ionized, mostly atomic surface, less ionized, chemically rich intermediate layer, and dark, dense and cold 
neutral midplane. We found that in the darkest region of the midplane accretion cannot be efficiently sustained 
by turbulence and thus this zone is “dead”. 

Another important part of the project was the detailed chemical and line radiative transfer modeling of the 
(sub)-millimeter single-dish and interferometric observations of the protoplanetary disk and remnant envelope 
around young star AB Aur. We used a 2 D model of the disk physical structure, a gas-grain chemical network 
with surface reactions, and a 2 D line radiative transfer code to calculate molecular abundances and to simulate 



synthetic spectra and spectral maps. By varying a priori unknown parameters, these spectra were modeled and 
iteratively compared to the observational data. The best-fit model of the AB Aur system allowed us to constrain 
the size, orientation, kinematics, mass, and even the age of the AB Aur disk and envelope. 

Finally, we succeeded in coupling an extended chemical network that includes gas-phase processes as 
well as surface reactions and gas-grain interactions (accretion, desorption) with 1 D and 2D turbulent mixing 
models of a steady-state protoplanetary disk. A comparison between models with and without 1D and 2D mixing 
is made, and a puzzling observational evidence of very cold CO gas in disks is explained in framework of the 
full 2D mixing chemistry. 

3.3 Ausgangsfragen, neuster Stand der Forschung / Initial goals, current status of the field 

The understanding of disk chemistry provides unique information on disk physical structure and chemical 
composition (including ionization degree) at various evolutionary stages. This will become even more true when 
the next generation of radio interferometers like ALMA (Atacama Large Millimeter Array) and space-borne 
infrared satellites like Hershel will start to operate within several year and offer unprecedented spatial and 
spectral resolution and high sensitivity at many frequencies. The observational studies of nearby young stars 
enshrouded in protoplanetary disks, coupled to advanced chemical modeling, allow to reveal initial conditions 
for planet formation and thus are tightly related with cosmochemisty of the early Solar nebula. Since young 
accretion disks are highly dynamical entities, it is necessary to couple disk chemistry and dynamics. However, 
modeling of complex chemistry involving gas-phase and grain surface reactions as well as gas-grain interactions 
on top of dynamical evolution of accretion disks requires high numerical demands and thus remains a challenge 
for numerical astrophysics. This was the initial and ultimate goal of the funded project. 

During the last two years significant progress in understanding of the disk structure was achieved both 
theoretically and observationally. A number of nearby dense disks that were imaged at VLA (Very Large Array, 
USA) at millimeter and centimeter wavelengths reveal evidence of significant grain growth (Przygodda et al. 
2003, Rodmann et al. 2006). The question how dust grains do grow in such disks was addressed theoretically 
and a general scheme of the grain evolution in proto- planetary disks was developed (Dullemond and Dominik 
2005). Initially tiny sub-micron grains that are well mixed with the gas collide and stick and form larger 
aggregates. Eventually these aggregates become so big (about 10 cm) that they are not supported by gas drag 
forces against gravitation and slowly sediment toward the midplane, changing the entire disk structure. This is a 
crucial process for the disk chemistry as the UV penetration, disk density and temperature, dust-to-gas mass ratio 
are all changing with time. It was found that molecular column densities for most species, excluding HCO+ and 
H2D+, are not much affected during the initial growth phase to millimeter-sized particles but strongly affected in 
more evolved disks (Aikawa and Nomura 2006, Jonkheid et al. 2006). 

A first attempt to couple chemistry with dynamics in outer disk region beyond 100 AU using a 1D 
vertical turbulent mixing code with gas-grain chemical network was done by Willacy et al. (2006). They found 
that vertical mixing modifies abundances and column densities of many molecules, and is in better agreement 
with observational results than the steady-state (non-mixing) model. Semenov et al. (2006) used a 2D-mixing 
code coupled with a complex chemistry and found that transport processes in disks are capable of sustaining a 
large reservoir of very cold CO in their midplane, a puzzling observational fact that cannot be understood in 
frame of conventional static chemical models (Dartois et al. 2003). 

3.4 Angewandte Methoden / Applied methods 

The coupling of a complex, gas-grain chemical network with surface reactions with multidimensional 
transport processes (turbulent mixing, global accretion flows) requires the development of a compu-tationally 
efficient yet numerically stable integration scheme. We developed such a method that at present allows us to 
model the disk chemical evolution within 1 - 5 Myr using an extended chemical network consists of about 250 
species and 2500 reactions that is coupled to a 1D or 2D turbulent mixing model. Even for the most extreme case 
of the 2D coupled chemodynamical model the necessary computational demands are low: the calculations 
usually take 1 - 2 weeks on a single CPU machine (2.8 GHz Xeon, 2 GB of RAM). This goal could not be 
achieved without the use of the reduction method to remove unnecessary species and reactions from a chemical 
network which was developed during the first half of the funding period. 



3.5 Ergebnisse und ihre Bedeutung / Results and their importance 

The first step in our project was to study chemistry of the ionization degree in a protoplanetary disk from 
inner to outer parts (Semenov et al. 2004). While the latter is interesting because it can be directly observed, the 
inner disk zone is important from dynamical point of view as viscous heating dominates over stellar heating 
there. For that we used the mathematically correct algorithm to reduce the number of reactions and molecules in 
a chemical model that was developed during the first half of the project time, adopted a disk model with a 
vertical temperature gradient (D’Alessio et al. 1999), and coupled it with a gas-grain chemistry including surface 
reactions, the ionization due to stellar X-rays (Glassgold et al. 1997), stellar and interstellar UV radiation, 
cosmic rays and radionuclide decay. We could isolate small sets of chemical reactions that reproduce the 
evolution of the ionization degree at several distinct disk zones with an accuracy of 50—100 % for the entire 
evolutionary span of 1 Myr. We found that in the dark midplane, where most of molecules are frozen out onto 
dust grain surfaces, the ionization degree is controlled by cosmic rays and radionuclides only and is very low. 
Since turbulence cannot be driven by the magnetorotational instability this region is a quiescent (the so-called 
"dead zone") from the evolutionary point of view, and accretion should be layered in protoplanetary disks 
(Gammie 1996). 

 
Fig. 1: (Left) Comparison of the time-dependent disk fractional ionization in the intermediate layer at 10 AU 
calculated with the full (546 species in 5219 reactions) and a reduced network for 19 evolutionary time moments. The 
overall accuracy of the reduced network made of 115 species and 308 reactions is about a factor of 2. (Right) Same as 
the left panel but with better time resolution (99 time steps) and the added case of the fractional ionization computed 
with the automatically reduced (151 × 297) network. The manually reduced network is inaccurate by a factor of 8 in 
this case, while the automatically reduced one is accurate up to the factor of 2. 

In contrast, in the intermediate layer the chemistry of the fractional ionization is driven by the attenuated 
stellar X-rays and is far more complicated as X-rays produce ionized helium and hydrogen, which initiate a 
quick. This region is particularly interesting for interpretation of the observed spectra because many molecular 
lines are excited there (van Zadelhoff et al. 2003). For the first time we found that surface hydrogenation of long 
carbon chains (e.g., HC5N) can be of crucial importance for the evolution of the ionization degree in 
protoplanetary disks (see Fig.1). In the intermediate layer reduced networks contain more than a 100 species and 
hundreds of reactions, while in the unshielded low-density surface layer it is sufficient to keep about 20 species 
and reactions in reduced networks. Note that these reduced networks are different in different parts of the 
intermediate layer, which indicates that the chemistry of ionization is dominated by different ions. We found that 
C+ is the most abundant ion in the disk, but HCO+ is the dominant observable ion. Finally, we compared 
calculated column densities of key molecules to the results of other recent studies and observational data, and 
found a fairly good agreement between the theoretical results and observed abundances. 

Since with the adopted disk chemical and physical model we reproduced the column densities of many 
observed species, we decided to apply it and study one particular object in detail. The main difficulty with 
interpretation of the spectral data obtained with a single-dish antenna or interferometer is unbiased determination 
of the observed quantities (temperature, density, column density). In contrast to absorption lines that are 
generated by absolute amount of absorbing material on the line of sight, (sub-) millimeter emission lines are 
typically excited in various disk regions with distinct physical conditions, kinematics, and chemical composition. 
Therefore, often it is not possible to extract a wealth of information from the line data without sophisticated 
chemical and line radiative transfer modeling. 

We focused on the AB Aur system that represents a young Herbig Ae intermediate-mass star (~2.5 solar 
masses) surrounded by a compact (about 600 AU) dense disk and a more extended (>10,000 AU) envelope. 
Nowadays this object attracts a particular attention in observational astrophysics since spiral arms, a dark lane, 
and other inhomogeneous structures were discovered in the AB Aur disk (Fukagawa et al. 2004, Pietu et al. 
2005). Nine different molecular species in a dozen rotational transitions were detected at low resolutions (10—
30”) using the IRAM telescope: CO, C18O, CS, HCO+, DCO+, H2CO, HCN, HNC, and SiO. In contrast, with 
PdBI we detected only the HCO+(1-0) emission from the AB Aur disk at the modest 5” resolution. The size and 



symmetric appearance of the HCO+(1-0) velocity map allowed us to constrain the radius of the disk (~200—500 
AU) assuming face-on orientation and it’s rotational profile (V ∝ r-0.5). 

To account for these observational data, we used for the first time a coherent modeling of the disk and 
envelope physical structure, chemical evolution, and radiative transfer in molecular lines. Since many parameters 
of the AB Aur disk were known from other studies, we adopted a 2D flared passive disk model with vertical 
temperature gradient assuming Keplerian rotation (Dullemond & Dominik 2004). To represent the AB Aur 
envelope, we adopted the infalling isothermal spherical cloud model with a central region shadowed by the disk 
and two wide cones transparent to the stellar radiation. Next, for both the disk and envelope models we 
computed time-dependent abundances and column densities using the gas-grain chemical network supplied by 
dust surface reactions. After that, the calculated abundances were used to simulate the spectra of CO(2-1), 
C18O(2-1), HCO+(1-0; 3-2), CS(2-1), and CS(5-4) transitions by mean of the 2D non-LTE line radiative transfer 
code (Pavlyuchenkov & Shustov 2004). Finally, these synthetic line spectra and spectral map were iteratively 
compared with the observational data (about 30 times) in a robust step-by-step way, constraining various 
parameters of the AB Aur system and their uncertainties one in a time. 

Surprisingly, our best-fit disk model reproduces the intensities, widths, and profiles of the observed HCO+ 
spectra on the entire interferometric map (see Fig.2). The constrained parameters of the AB Aur disk are the 
following. The AB Aur disk is in Keplerian rotation and inclined by 17±6 deg., the disk radius is 400±200 AU, 
and the disk mass is 1.3×10-2 solar masses with a factor of 7 uncertainty. The best-fit model of the AB Aur 
envelope successfully reproduces the intensities, widths, and profiles of the single-dish CO(2-1), C18O(2-1), 
HCO+(1-0;3-2), and CS(2-1) spectra with the exception of the CS(5-4) data, which can be fitted only by the 
clumpy. We found that the large ~2 km/s width of the observed CO(2-1) emission cannot be explained by this 
model alone and is likely due to contamination by moving gas clouds along the line of sight to AB Aur. The 
best-fit envelope model has a mean temperature of about 35±14K, power-law density distribution r-1.0±0.3 with the 
initial density of 10-19 g/cm3 and mass of about 6×10-3 solar masses. Our best-fit model predicts that the mass 
accretion in the AB Aur system is regulated by steady contraction of the envelope which will roughly last for 
another 25 Myr, which can also be true for other protoplanetary disk systems with surrounding envelopes 
(Semenov et al. 2005).  

 
Fig. 2: The AB Aurigae system consists of a small and dense protoplanetary disk surrounded by a large diffuse 
envelope, which we seen nearly face-on. (Top) The gas velocities in the AB Aur disk probed with the Plateau de Bure 
interferometer in HCO+(1-0) (red-blue ellipse) are overplotted by the observed (white) and modeled (yellow) spectra. 



The "butterfly" pattern on the velocity map is characteristic of an inclined rotating configuration. (Bottom) The 
thermal structure of the flared disk model is shown on the right, the schematic sketch of the entire system is given on 
the left.  

However, not all observational facts can be explained with advanced but steady-state disk model. 
Recently, using high angular and spectral resolution interferometric imaging of DM Tau in various CO isotopic 
lines with the Plateau de Bure Interferometer, followed by sophisticated χ2-minimization fitting, Dartois et al. 
(2003) found a reservoir of the abundant CO gas in the outer disk midplane, where the temperature is lower than 
20 K. According to the results of standard static (non-dynamical) models within a few million year essentially all 
CO should be frozen out on dust grains as it cannot thermally desorb back into the gas phase at such a low 
temperature. This is a strong indication that transport processes indeed may play a role in chemical evolution of 
protoplanetary disks. 

To address this problem quantitatively, we developed a 1D/2D turbulent mixing model for a 2D flared 
disk coupled to the gas-grain chemical code including surface reactions. A fast and numerically efficient implicit 
integration scheme was developed to allow massive computations. To further speed up the chemical simulations, 
we utilized our mathematically-proved reduction technique and isolated a network that is accurate for key 
observational molecules in the entire disk. We also realized that reduced chemical networks must be used with 
care in studies of mixing in protoplanetary disks as they may produce spurious results for some molecules.  

 

Fig. 3: Logarithm of relative gas-phase CO abundances (with respect to the total number of hydrogen nuclei) in the 
DM Tau disk at 5 Myr calculated with four chemical models.(From left to right): Static (non-mixing) chemistry, 
chemistry with vertical mixing only, chemistry with radial mixing only, and chemistry with full 2D mixing. 

With this approach, we simulated the chemical evolution of the DM Tau disk within 5 Myr using static 
(non-mixing), vertical mixing, radial mixing, and full 2D mixing chemical models (Fig.3, see also Semenov et 
al. 2006). It was found that the gas-phase CO concentration in the outer, cold disk regions can be significantly 
enhanced due to the combined effect of vertical and radial mixing, which thus acts as efficient non-thermal 
desorption mechanism. The frozen CO together with grains is eventually transported from the disk midplane to 
the warm intermediate layer and evaporates into the gas phase, while the CO gas sinks back toward the midplane 
and freezes onto the grain surfaces again. Overall, turbulent mixing tend to increase the gas-phase CO 
concentration by a few orders of magnitude, which is sufficient to explain the column densities of the CO gas at 
T=13 K observed by Dartois et al. (2003). Note that it is quite difficult to suggest other robust non-thermal 
mechanism of such enhancement in the outer, cold and dark disk midplane, since most of the free-floating CO 
molecules should stick there to the grain surfaces within a few hundred years and never come back. We ruled out 
a hypothesis of the substantial grain growth that could potentially decrease the efficiency of the gas-grain 
interactions and thus postpone the complete freeze out of the CO gas because in this case the disk midplane will 
likely be warmer than 10—20K, which contradicts to the observations. 

3.6 Zusammenfassung und Ausblick / Summary and future 

In dem Teilprojekt 3 der Forschergruppe verfolgten wir das Ziel, ein chemisches Netzwerk mit etwa 2500 
Reaktionen zwischen 250 Reaktionspartnern mit einem hydrodynamischen 1+1-Modell einer protoplanetaren 
Akkretionsscheibe zu koppeln. Wir Haben uns darauf konzentriert, den Einfluss von Reaktionsraten und Stern-
Scheibe-Parametern (stellare Leuchtkraft, Akkretionsrate) auf die Resultate der Modellrechungen zu untersu-
chen. Das Projekt schliesst die Entwicklung eines Ionisationsmodells für proto-planetare Akkretionsscheiben 
sowie von numerischen Verfahren zum Test der Empfindlichkeit der Ergebnisse bezüglich geänderter Reaktions-
raten ein. 

Insgesamt war das Projekt sehr erfolgreich, alle geplanten Untersuchungen konnten durchgeführt werden. 
In den kommenden Jahren wollen wir das chemisch-dynamische Model ausweiten, indem wir sowohl Staub-
wachstum und -sedimentierung mit einbeziehen als auch das Eindringen von hochenergetischer Strahlung (UV, 
Röntgenstrahlen) in die Scheibe konsistenter berücksichtigen. Zusätzlich ist geplant, in das Reaktionsnetzwerk 
auch Deuterierung aufzunehmen, neuste Modelle für Desorption zu berücksichtigen und die Chemie auf den 
Stauboberflächen mit einem stochastischen Ansatz zu behandeln. Nicht zuletzt sollen die berechneten Daten 
immer wieder mit aktuellen Beobachtungen verglichen werden 

The goal of this project was the coupling between a chemical network including about 2500 reactions 
between 200 species and the 1+1 D model for a protoplanetary accretion disk. The studies have concentrated on 



the influence of reaction rates and stellar/disk parameters (stellar luminosity and accretion rates) on the outcome 
of the model. The project included the development of an ionization model for protoplanetary accretion disks 
and numerical tools to test the sensitivity of the results to different reactions. 

This project was very successful and delivered results as planned in the proposal. During the next few 
years we want to extend our disk chemodynamical model by accounting for the grain growth and sedimentation, 
and by treating more consistently the penetration of high-energy radiation (UV, X-rays) into the disk. In 
addition, we plan to switch to a larger set of chemical reactions including deuteration, newly discussed 
desorption processes, and a feasible (stochastic) approach to simulate surface chemistry. Last but not least, the 
predictions made with our model will be thoroughly compared with available and forthcoming observational 
data. 
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