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ABSTRACT

We present the results of simulations of the forma-
tion and the evolution of carbon monoxide (CO) and
of magnetic fields in the solar atmosphere, extend-
ing from the upper convection zone to the middle
chromosphere. The radiation hydrodynamics code
CO®BOLD has been extended to a magnetohydro-
dynamics version. Furthermore, the time-dependent
treatment of chemical reaction networks has been
added. Next to the time-dependent solution of the
reaction network, the code accounts for the advec-
tion of the resulting particle number densities with
the hydrodynamic flow field and also for the radiative
cooling by carbon monoxide lines.

Although the largest absolute amount of CO is lo-
cated in the middle photosphere, CO is also abun-
dant in the layers above and binds a large fraction of
carbon. An exception are the hot propagating shock
waves that frequently dissociate the carbon monox-
ide molecules.

These shock waves, which are a ubiquitous phe-
nomenon in the model chromosphere, also shape the
magnetic field of these layers. As a result the chro-
mosphere is characterised by highly dynamic mag-
netic filaments that are formed in the compression
zone behind and along shocks. Nevertheless, the
magnetic field in the chromosphere is much more ho-
mogeneous than in the photosphere below, resulting
in a dynamic small-scale 'canopy’ at the boundary of
these layers.
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1. INTRODUCTION

Despite much progress during the last years, many
questions concerning the chromosphere of the Sun
remain open. A self-consistent and comprehensive
three-dimensional time-dependent numerical model,
matching all accessible chromospheric diagnostics, is
of essential importance to gain insight in the dynamic
and inhomogeneous structure of the solar chromo-
sphere. Unfortunately, modelling the chromosphere
is a numerically very demanding task since a re-
alistic description of this layer requires the inclu-
sion of many physical ingredients. In order to make
progress, the radiation magnetohydrodynamics code
CO®BOLD (Freytag et al., 2002) has been upgraded
recently. It now offers a large range of possible ap-
plications. For instance, it is used for 2D and 3D
simulations of the formation and destruction of car-
bon monoxide (CO) in the non-magnetic solar pho-
tosphere and low chromosphere, including radiative
cooling due to spectral lines of CO that was consid-
ered being an important cooling agent for long time.
First 2D and 3D simulations with the new mag-
netohydrodynamics (MHD) version are currently in
progress.

Here we focus on a recently calculated MHD model
with carbon monoxide chemistry and radiative cool-
ing that extends from the upper convection zone to
the low/middle chromosphere.

2. THE CODE

The numerical simulations presented here were all
carried out with the code CO’BOLD (Freytag et al.,
2002; Wedemeyer et al., 2004). It is designed for
simulating hydrodynamics and radiative transfer in
the convective layers of stars and offers a range of
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additional features, e.g. the treatment of dust for-
mation in stellar atmospheres (Hofner et al., 2004).
Recently, the code has been extended to treat mag-
netohydrodynamics (see Schaffenberger et al. in
these proceedings). Moreover, the time-dependent
treatment of chemical reaction networks has been
implemented. The changes of the number densi-
ties of chemical species due to chemical reactions,
the advection with the hydrodynamic flow field, and
even radiative cooling due to spectral lines of carbon
monoxide are taken into account (Wedemeyer-Bohm
et al., 2005; Wedemeyer-Bohm & Steffen, in prep.).
Time-dependent hydrogen ionisation is the latest
new option, although hydrogen is treated as a mi-
nority species only so far (Leenaarts & Wedemeyer-
Bohm, in prep.).

In CO®BOLD operator splitting allows to treat hy-
drodynamics, tensor viscosity, chemistry, and radia-
tive transfer in subsequent steps of this order. The
overall computational time step is typically around
0.1s to 0.2s for non-magnetic simulations but up to
a factor ten smaller for the MHD case, depending
on magnetic field strength. A second order accurate
HLL-solver was chosen for the extension to magne-
tohydrodynamics. For more details of the numerical
scheme see the contribution by Schaffenberger et al.
(in these proceedings). The advantage of the new
MHD code is that its special design, using an approx-
imate Riemann-type solver, allows the simulation of
magnetic fields in the solar chromosphere where the
frequent formation of shocks causes traditional finite
difference schemes to fail.

The advection of chemical species and the solution of
the system of chemical reactions are separated. The
advection with the hydrodynamic flow field is done
analogously to the gas density within the HD/MHD
solver. The chemical evolution is then calculated for
each grid cell separately and starts with the compu-
tation of the reaction rates. The rates depend on the
local temperature and the number densities of the
chemical species. The solution of the resulting sys-
tem of first order differential equations then yields
the number densities at the new time.

For the radiative cooling due to carbon monox-
ide spectral lines an additional opacity band in
the infrared wavelength range has been introduced
(Wedemeyer-Bohm & Steffen, in prep.). It accounts
for the opacity around a wavelength of A\ = 4.7 um
where the fundamental vibration rotation lines of
carbon monoxide are located. The additional CO
opacity is calculated from the time-dependent CO
number density using approximate opacity distribu-
tion functions (ODFs). The radiation transport is
then solved in a Rosseland mean opacity band and
the IR band and results in a net radiative heating
rate that is finally used to update the internal en-
ergy of the gas.

The lateral boundary conditions are periodic whereas
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Figure 1. Average stratification of the 2D MHD
model with CO chemistry and radiative cooling.
a) gas temperature T, b) logarithmic gas density p,
¢) logarithmic number densities of CO (nco, solid)
and CH (ncu, dashed), and d) absolute magnetic
field |B|. Panel e) shows the mazimum magnetic
field strength. The vertical dotted lines in panel c
mark the mazima of the average distributions.

the lower boundary is “open”, i.e. material can flow
in and out of the computational box. The upper
boundary condition is usually of ’transmitting’ type
in our non-magnetic simulations so that shock waves
can leave the computational domain without being
reflected. Examples are the simulations of the dy-
namics of the solar chromosphere (Wedemeyer et al.,
2004) and of the formation of carbon monoxide in the
solar atmosphere (Wedemeyer-Bohm et al., 2005). In
the MHD case, however, the upper boundary can
only be treated as closed so far.

3. THE MODELS

The 2D model with magnetic fields, chemical reac-
tion network for CO, and its radiative cooling ex-
tends 4800km in horizontal and 2500km in verti-
cal direction. The origin of the height axis is ad-
justed to the average level of optical depth unity.
The lower boundary is therefore located at -1450 km
and the upper at 1050 km. The initial model was ex-
tracted from a non-magnetic 2D simulation (Wede-
meyer, 2003). A homogeneous vertical magnetic field
of a flux density of 10 G, corresponding to fields in



1000
500

z [km]
o
log T [K]

-500
-1000

1000 2000 3000 4000
x [km]

1000

500

z [km]
o
[10"erg g”]

-500

€

-1000

1000 2000 3000 4000
x [km]

8
g
1000 2000 3000 4000
x [km]
i g
S

1000 2000 3000 4000
X [km]

Figure 2. Ezemplary snapshot from the 2D MHD simulation including chemistry: a) logarithmic gas temperature
T, b) logarithmic gas density p, ¢) internal energy e;, and d) absolute velocity |v| with arrows indicating the
flow direction (V). The height of optical depth unity is drawn as dashed line. The solid line is a contour for a

gas temperature of T = 5000 K.

network-cell interiors, and number density arrays for
the chemical species were added. A total duration of
9600s is available for this simulation with the first
3600s excluded from analysis to ensure relaxation
of the model. An additional simulation run with
a higher initial field of By = 100G is currently in
progress.

The resulting stratification of the model with
By = 10G, averaged horizontally and in time, is
shown for various quantities in Fig. 1, whereas
Figs. 2-4 display an exemplary snapshot from the
simulation. The quantities in Fig. 2 reveal the struc-
tural differences of the included layers. The top of
the convection zone is characterised by comparably
large spatial scales and long dynamical timescales.
The bottom of the photosphere features granule in-
teriors with upward flowing hot gas and cool nar-
row downdrafts that form intergranular lanes when
seen from above. In contrast, the upper layer of the
model, the chromosphere, is made up of a cool back-
ground and ubiquitous hot propagating shock waves
that evolve on very short timescales.

We also have a first 3D MHD model with 1202 cells
and an extension of 4780x4780x2790km. The initial
model was extracted from a previously computed,
relaxed non-magnetic model, too. Again, a homoge-
neous vertical magnetic field of a flux density of 10 G
was superposed. So far a full hour simulation time
is available. This model is described in more detail
by Schaffenberger et al. in these proceedings.

4. CHEMISTRY

4.1. Chemical reaction network

The chemical reaction network used here takes into
account the reactions that are most important for the
formation and dissociation of CO under the physi-
cal conditions of the solar atmosphere. The network
connects the chemical species H, Hy, C, O, CO, CH,
OH, and a representative metal, by 27 reactions (for
details see Wedemeyer-Bohm et al., 2005).

The abundance of helium was adopted for the “rep-
resentative metal”, which acts as catalytic element,
thus providing a upper limit for the influence of the
“metal”. Photoreactions and ion-molecule reactions
are excluded because they have only negligible in-
fluence on the total CO concentration for heights
< 1000km in the solar atmosphere (Asensio Ramos
et al., 2003).

We exclude nitrogen chemistry in our reaction net-
work since tests showed that it is negligible for the
formation of carbon monoxide in the solar atmo-
sphere (Wedemeyer-Bohm et al., 2005).

Simulations with altered reaction networks, exclud-
ing particular species and/or reactions or even whole
branches, reveal that the most important formation
channel for carbon monoxide in the solar atmosphere
is the one via hydroxide (OH).
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Figure 8. Same snapshot as in Fig. 2. a) CO number density nco, b) CH number density ncu, ¢) fraction
of C atoms bound in CO (nco/nc.ot), and d) fraction of C atoms bound in CH (ncu/nc tor). The height of
optical depth unity is drawn as dashed line. The solid line is a contour for a gas temperature of T = 5000 K.

4.2. Carbon monoxide

The resulting number density of carbon monox-
ide (Fig. 3a) is similar to the results of earlier
non-magnetic simulations (Wedemeyer-Bohm et al.,
2005). The highest absolute density of CO is lo-
cated in the cool regions in the middle photosphere,
mapping the reversed granulation pattern. The low
temperatures in these regions lead to a strong and
almost instantaneous formation of carbon monoxide.
The warm regions, caused by compression during the
deflection of lateral flows into the downdrafts, are
void of CO. The same is true for the hot propagating
shock waves in the chromosphere above. Although
the bulk of CO is found in the middle photosphere,
peaking at z ~ 140km (Fig. 1), a result that is line
with earlier findings by Uitenbroek (2000) and Asen-
sio Ramos et al. (2003), its relative abundance re-
mains high in the upper layers. This can be seen
from the fraction of all carbon atoms (nc o) that
are bound in CO (Fig. 3c), where the total number
density of carbon is defined as

(1)

for the chemical reaction network used here (see
Sect. 4.1). While the fraction is zero in the con-
vection zone and in hot atmospheric regions, it can
reach even a value of one in a large part of the upper
layers, indicating that all available carbon atoms are
bound in carbon monoxide molecules.

NC,tot = NC,atom + nco + ncu

The assumption of instantaneous chemical equilib-

rium is valid almost everywhere in the model at-
mosphere but it fails in the vicinity of chromo-
spheric shock waves where the dynamic timescales
are shorter than the chemical ones. There, a time-
dependent approach is mandatory.

4.3. Carbon monoxide radiative cooling

The influence of the implemented radiative cooling
due to CO infrared lines has been analysed by means
of 2D simulations with and without the additional
cooling. Although there is strong CO cooling in the
fronts of propagating shock waves in the chromo-
sphere, the resulting average temperature stratifica-
tion is only ~ 100K cooler. That can be explained
with the short dynamical timescales that are much
shorter than the effective radiative cooling timescale.
The time between two successive shock wave heat-
ing events is too short for a gas element in the solar
atmosphere to relax to a cool state due to carbon
monoxide line cooling.

4.4. Methylidyne

Since the chemical reaction network for carbon
monoxide includes the methylidyne radical CH, the
simulation provides the time-dependent CH number
density for all spatial positions and times (Fig. 3b).
Obviously the bulk of CH is present in the low pho-
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Figure 4. FExemplary snapshot from 2D MHD simulation including chemistry: a) horizontal magnetic field
component B, b) vertical magnetic field component B,, ¢) absolute magnetic field |B|, and d) logarithmic
plasma B. The height of optical depth unity is drawn as dashed line, whereas the solid white contour marks the
height of plasma beta 3 = 1. The black lines are magnetic field lines.

tosphere close to optical depth unity. It is thus on
average located somewhat lower in the atmosphere
than CO (Fig. 1), peaking at z = 30 km.

But in contrast to CO, methylidyne has no high
relative abundance in the upper layers as can be
seen from the fraction of all carbon atoms that are
bound in CH (Fig. 3d). The fraction hardly reaches
a value of 1073 and that only in regions where CO
has no significant abundance. Consequently, CH ex-
ists in a relatively thin layer in the low photosphere
only whereas the more aggressive formation of car-
bon monoxide let this species dominate almost ev-
erywhere above the low photosphere with exception
of hot shock waves.

The CH molecule is of particular interest because its
spectral lines dominate the so-called “G band” near
A = 430nm. Depletion of CH causes its absorption
lines to become weaker, resulting in a higher bright-
ness of the G band. This effect is seen in connection
with magnetic flux concentrations in the low photo-
sphere that are radiatively heated (see, e.g., Steiner
et al., 2001; Schiissler et al., 2003). The resulting in-
crease in gas temperature causes dissociation of CH
and thus a lower CH abundance and consequently
higher G band brightness at these locations. A pre-
liminary analysis reveals a correlation between mag-
netic field strength and CH number density similar
to the finding by Shelyag et al. (2004).

5. MAGNETIC FIELDS

The horizontal and the vertical components B, and
B., as well as the absolute magnetic field |B| are
shown in Fig. 4 for the exemplary snapshot. The
vertical flux tube at x = 850km has only a weak
magnetic field of 540 G. The maximum field strength
of the whole sequence is 830 G but only 560 G near
optical depth unity (see Fig. le). Consequently, no
dip in the height of optical depth unity (“Wilson de-
pression”) and with it no “hot walls” are present that
would heat the flux sheet atmosphere. The gas in the
weak flux tube in Fig. 4 is even cooler than the am-
bient medium as can be seen from Fig. 2a, resulting
in prominent formation of CO and CH at that loca-
tion (Fig. 3). This indicates that this weak magnetic
structure might even have a negative contrast in the
G band. The situation is different for the simulation
run with the higher initial field of By = 100 G (Fig. 5)
with flux tubes of |B| > 1kG. There, a “Wilson de-
pression” and a depletion of CH molecules is seen at
the positions of the stronger flux tubes.

In both simulations the flux tubes stay bundled
throughout the convection zone down to the lower
boundary but spread out with height in the photo-
sphere. There, they form the characteristic funnel-
like structure that is exhibited prominently in Fig. 4d
by the magnetic field lines and the plasma (3, which
is the ratio of gas pressure to magnetic pressure. Al-
though flux tubes are rather rare in this weak field
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Figure 5. Close-up of a run with higher initial mag-
netic field strength of By = 100 G. Plotted are abso-
lute magnetic field strength (colour), height for op-
tical depth unity (dashed), contour for plasma beta
0 =1 (solid white), and magnetic field lines (solid
black).

simulation, they seem to form a “small-scale canopy”
that is also present in the 3D model. The aver-
age height where plasma 3 = 1 exceeds the upper
boundary of the model for 47% of all columns (for
the whole simulation sequence). The 3D model has
a higher extent so that the § = 1-surface lies almost
everywhere in the computational domain, resulting
in a value of 990km with a standard deviation of
150km. Apart from flux tubes the field is concen-
trated in narrow sheets close to the surface of optical
depth unity and is strongly reduced in the low and
middle photosphere as result of lateral flows above
granules that advect the magnetic field towards the
intergranular lanes, leaving weak field behind only.

The chromosphere is filled with magnetic field more
homogeneously compared to the photosphere below
since the flux tube funnels spread out in this thin-
ner regime until they cover the whole horizontal ex-
tent. The field is very dynamic due to the propaga-
tion of shock waves that — like already in the non-
magnetic simulations by Wedemeyer et al. (2004)
— are a ubiquitous phenomenon in the model chro-
mosphere. An example can be seen in the upper
right corner of the snapshots, best in gas temper-
ature (Fig. 2a) and velocity (Fig. 2d). The shock
wave sweeps and densifies the magnetic field, form-
ing a thin filament of enhanced magnetic field (see
Fig. 4 close to * = 4200km and z = 700km). The
chromosphere is filled with this kind of filament that
have a field strength of not more than a few tens
of Gauss. The weak field filaments form, move, and
eventually dissolve quickly with the traversing shock
fronts, giving rise to a highly dynamic chromospheric
field that evolves on very short time scales, much
shorter than in the photosphere or in the convection
zone. It is conceivable that these transient phenom-
ena excite magneto-acoustic waves and Alfvén waves
propagating along selected magnetic lines of force.

6. OUTLOOK

The presented models and first results just illustrate
the beginning a of large series of enhanced mod-
els of the lower solar atmosphere, now including
the chromosphere that has been difficult to model
so far. The radiation magnetohydrodynamics code
CO®BOLD is under continuous development. For the
future, important points to work on concern the ra-
diative transfer in the chromosphere and its influ-
ence on the energy balance of these layers, as well
as a transmitting upper boundary condition for the
MHD case. Future models will have higher spatial
resolution on the one hand and a larger spatial ex-
tension in horizontal but also in vertical direction on
the other. An important goal is a sequence of sim-
ulations with different magnetic field strength that
will allow the investigation of the transition and dif-
ference of the magnetic network and the weak field
cell interiors.
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