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Abstract. The temperature structure and the motions in the atmospheres
of cool stars are affected by the underlying convection zone. The radiation hy-
drodynamics code CO5BOLD has been developed to simulate (small patches
of the) convective surface layers of these stars. Updated opacity tables based
on PHOENIX data and a description for the formation, destruction, advective
transport, and settling of dust have made the code fit to handle the conditions in
brown dwarf atmospheres. Currently, objects from 8500K down to about 900K
have been simulated. Recently, incident radiation has been included, allow-
ing simulations with conditions found on hot planets. In non-irradiated brown
dwarf models we encounter mixing by gravity waves and in the cooler models
convection within the clouds. The qualitative effects of incident radiation are
surprisingly small, as long as the effective temperature of the object stays well
below the dust condensation temperature. Beyond that point, there are no layers
where dust could form, anymore.

1. Introduction

Temperatures in the atmospheres of late type M dwarf stars and brown dwarfs
are so low that dust particles can form (Tgas < 1800K). These grains should
sink under the influence of gravity into deeper layers and vanish from the at-
mosphere, clearing it from condensable material. However, observed spectra
can only be reproduced by models accounting for dust formation and its result-
ing greenhouse effect in the visible layers (Tsuji et al. 1996; Leggett et al. 1998).
The approaches to model dust within classical 1D hydrostatic stellar atmosphere
models presented in Helling et al. (2008) differ considerably, and all rely on not
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well justified assumptions about the extent of the cloud layers or the amount of
mixing.

On candidate to cause mixing is surface convection that influences the strat-
ification in various ways: Convective energy transport leads to a change in the
mean temperature structure but also to spatial and temporal fluctuations in
the temperature field, with implications for the formation of molecules (see e.g.
Wedemeyer-Böhm et al. 2005). Velocity fields affect shapes of spectral lines,
are able to mix material, and can transport wave energy. Moreover, the correct
description of the surface convection zone is necessary for detailed models of the
interior of stellar or sub-stellar objects.

Time-dependent radiation hydrodynamics (RHD) models can describe self-
consistently the mixing of material beyond the classical boundaries of a convec-
tion zone, as demonstrated for instance for main-sequence A-type stars (Freytag
et al. 1996) or for M dwarfs (Ludwig et al. 2002, 2006). The aim of the current
project is to extend the latter simulations into the regime of brown dwarfs and
hot planets, where dust clouds have a strong influence onto the photospheric
temperature structure.

2. Simulations with CO5BOLD

2.1. Numerical radiation hydrodynamics

We used the radiation-hydrodynamics code CO5BOLD in the local setup (see
Freytag et al. 2002; Wedemeyer et al. 2004; Freytag et al. 2004) to calculate
time-dependent 2D models of the atmospheres of sub-stellar objects, including
the very top layers of the convection zone. The restriction to two dimensions,
so far, arises from the need to cover the extremely long settling and mixing
time scales of dust and monomers. The code solves the coupled equations of
compressible hydrodynamics and non-local radiation transport on a Cartesian
grid with a time-explicit scheme. The tabulated equation of state account for
the ionization of hydrogen and helium, and the formation of H2 molecules.

The 1D hydrodynamics fluxes are computed with an approximate Riemann
solver of Roe-type and combined unsplit, i.e. the fluxes in vertical and horizontal
direction are computed from the same state (and not after each other) and their
contributions are added, because the conditions in the cool objects are almost
incompressible.

Usually, we use open top and bottom boundary conditions for local mod-
els that comprise the upper part of a deep convection zone. However, closed
boundaries keep the amount of dust constant within the computational domain
and are employed for all the brown dwarf models. I.e., the lower boundary is
closed although the stellar convection zone should extend down to the center
of the star. To keep the entropy close to a prescribed value, the internal en-
ergy in a few grid layers (10 km heigh) at the bottom of the model is adjusted.
This mechanism acts as an energy source and replenishes the radiative energy
losses through the top of the model. This parameter (the value of the entropy
plateau sin in the deep convective layers) controles the effective temperature and
is taken from the start model. In addition, a drag force damps downdrafts in
these layers.
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Figure 1. Entropy fluctuations (top panel; bright color indicates material
hotter than the surroundings) and dust concentration (bottom panel; the
bright band at the top is the dust), without irradiation. Teff=900K, logg=5.

The top boundary is closed, too, partly to keep material inside. It has damp-
ing zone of about 8 grid points where a strong drag force is applied. Damping
just at an open boundary appeared to be not sufficient to keep under control
gravity waves with moderate Mach number (with peak values close to 1) but
large vertical gradients due to the occurrence of waves with small vertical wave-
length.

Incident radiation along the vertical ray is described by two parame-
ters: the effective temperature of a black body Teff,inci and a dilution factor
(Rstar/dstar−planet)

2.

2.2. Dust model

To account for the presence of dust we added terms in the modules for hydro-
dynamics, radiation transport, source terms, and in the handling of boundary
conditions.
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It is impossible to account for all microphysical processes that might play a
role for dust formation in current time-dependent multi-dimensional simulations.
Instead, we chose a treatment of dust that includes only the most basic – and
hopefully the most important – ingredients.

We concentrate on Forsterite grains (Mg2SiO4, 3.3 g/cm3) that are relatively
abundant and give the largest contribution to the total dust opacities. The dust
scheme is based on a simplified version of the dust model used in Höfner et al.
(2003): one density field (instead of four as in Höfner et al. 2003 and Freytag &
Höfner 2008) describes the amount of dust, the other the amount of “monomers”.
The ratio of dust plus monomers density over gas density is allowed to change,
in contrast to the dust description by Höfner et al. (2003).

Instead of modelling the nucleation and the detailed evolution of the number
of grains we assume a constant fraction of seeds in the total amount of dust and
monomers. Would all material in a grid cell be condensed into dust, the grains
would have the maximum radius rd,max, which is an external parameter and is
set typically to 1 µm. The radius rd of dust grains for given dust mass density ρd

and monomer mass density ρm is computed from rd = rd,max [ρd/(ρd + ρm)]1/3.
Condensation and evaporation are modelled as in Höfner et al. (2003), with
parameters and saturation vapor curve adapted to Forsterite.

In the hydrodynamics module, monomers and dust densities are advected
together with the gas density. However, a settling speed according to Rossow
(1978) is added to the vertical advection velocity of the dust grains, assuming
instantaneous equilibrium between gravitational and viscous force that act onto
the grains.

For RHD models of cool stars we usually assume a complete mixture of
the atmosphere and the same element composition everywhere in the model.
CO5BOLD can deal with the effects of ionization but not with a variation of el-
ement composition with space and time. Therefore, the depletion of elements is
completely ignored in the equation of state: anyway, the formation of molecules
has only a minor effect on e.g. the heat capacity as long as hydrogen exists in
the form of H2. However, molecules play a major role for the opacity. And the
formation of molecules depends on the abundance and depletion of elements. To
take this partially into account we derive the CO5BOLD opacity table from a
data cube with κ(T, P, ν) generated with the PHOENIX atmosphere code (Fer-
guson et al. 2005), since gas phase opacity calculations are too prohibitive for a
dynamical account in hydro simulations. For this application we find the limiting
Cond case a priori most suitable, i.e. dust condensation in equilibrium with the
gas phase while ignoring dust opacities so as to reproduce an efficient sedimenta-
tion case. The resulting gas phase opacities are depleted from refractory element
contributions in the proportion predicted by chemical equilibrium in layers were
conditions favor dust formation, and not depleted in inner atmospheric layers
where gas is too hot for dust formation. This choice allows for an as adequate
as possible account of gas phase opacities in the innermost atmospheric layers
where dust does not form, as well as in the dust forming layers. Dust opacities
are included dynamically. The detailed gas opacities are averaged into 5 bins
to account for non-grey effects. In contrast to the sophisticated treatment of
the gas opacities, we use a simple formula for the dust opacities, assuming that
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Figure 2. Logarithm of rms-value of vertical velocity (left) and mean tem-
perature (right) over logarithm of pressure for models with effective tempera-
tures (from top to bottom at the right part of both plots) of 2800K, 2600K,
2400K, 2200K, 2000K, 1800K, 1600K, 1400K, 1200K, 1000K, 900K. Plus
signs indicate the points where the Rosseland optical depths reaches unity.

the large particle limit is valid for all grain sizes and treating scattering as true
absorption.

3. Results of the simulations

3.1. Temperature sequence

We present a temperature sequence of non-irradiated models reaching from cool
M dwarfs to cool brown dwarfs (Teff=2800 K to 900 K; logg=5) demonstrating
the contributions of different mixing processes.

The top panel in Fig. 1 shows the typical granulation pattern with cool
downdrafts even narrower than in solar granulation (Ludwig et al. 2002, 2006)
in a warmer environment. There is a thin transition layer to the stable atmo-
sphere with strong inhomogeneities induced by gravity waves. Figure 1(bottom)
indicates the location of the actual dust clouds and shows their spatial variations
due to gravity waves and convection within the clouds.

The bump on the plot of the rms-value of the vertical velocity over the
logarithm of pressure in Fig. 2(left) is due to convective motions. The wiggly
increase with decreasing pressure (to the left) is mostly due to gravity waves.
While the amplitude of the convection in the deeper layers decreases monoton-
ically with effective temperature, the wave amplitudes show a more complex
temperature dependence.

The plot of the temperature over the logarithm of pressure in Fig. 2(right)
shows the effect of the dust onto the stratification for models of 2400 K and
below: within the clouds the temperature drops rapidly, while below the cloud
deck the greenhouse effect causes a temperature plateau with a fairly shallow
slope.

Figure 3 shows the position of the clouds relative to the convection zone
for the entire temperature sequences covered by the models. At higher effective
temperatures one can just see through the thin cloud layers right into the top
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Figure 3. Logarithm of pressure over effective temperature for various
points of interest: black triangles: top and bottom of each model, red crosses:
top of convectively unstable layers, lower set of blue squares: point withy
maximum convective velocity vvert,rms, black circles: location of cloud layers,
green plus signs: layers with τRosseland=2/3.

of the convection zone. A intermediate temperatures the clouds become thicker
and opaque. At lower effective temperatures most of the dust sits below the
visible layers which are less affected by it.

3.2. Sequences with different amounts of irradiation

We varied the incident radiation for models with two different internal effective
temperatures (Teff=1200 K and 900 K), resulting in a models with various total
effective temperature Teff,t, as indicated in the plots.

We started with small amounts of irradiation being afraid that a significant
flux entering the model at the top would somehow impede the convection and
alter the entire structure. However, small amount of incident flux have a small
effect (compare Figs. 1 and 4) essentially restricted to the upper atmospheric
layers only. As seen in the top right panels in Fig. 6 and Fig. 7 the temperature
rises slightly above and at the top of the cloud layers until the effective temper-
ature is sufficient to emit the flux coming from below as well as the irradiated
flux. There is only little effect onto the velocities (top left panels in Figs. 6 and
7) and the dust concentration decreases only slightly (bottom left panels), as
also observed with Phoenix Dusty models (Barman et al. 2001). The decrease
in dust leads to a decrease in the monomer depletion (bottom right panels).

In contrast, the irradiation in the CoRoT-3b case (model with Teff,t=1735 K
in Fig. 7) is sufficient to raise the temperature to levels where essentially no
(Forsterite) dust can form and the corresponding monomers show little deple-
tion. We find however a dust haze forming close to the top. The velocity
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Figure 4. Entropy fluctuations and dust concentration for model with small
amounts of irradiation: logg=5, Teff=900K, Teff,t=1276K.
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Figure 5. Entropy fluctuations for model with strong irradiation. logg=5,
Teff=900K, Teff,t=1735K.
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Figure 6. Logarithm of rms-value of vertical velocity (top left), mean tem-
perature (top right), dust concentration (bottom left), and monomer concen-
tration (bottom right) over logarithm of pressure for models with different
amount of irradiation. The internal effective temperature is of about 1200K.
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amplitude shows little change. The remaining atmospheric motions are purely
due to gravity waves (cf. Fig. 5).

4. Conclusions

The presented 2D radiation hydrodynamical atmosphere models of substellar ob-
jects show that overshoot velocities decline roughly exponentially with distance
from the convectively unstable regions, as found previously in e.g. A-type and
M-type dwarfs. However, the velocities drop so steeply that they are only impor-
tant close to the convection zone. Instead, gravity waves dominate the mixing of
the upper atmospheric layers with amplitudes even growing with height, modu-
lating dust concentration and cloud thickness. At effective temperatures below
about 2000 K, dust layers become thick enough to cause convection within the
clouds. The induced combined mixing is sufficient to balance the settling of dust
grains.

Models with higher effective temperatures show a high-altitude haze of op-
tically thin clouds. At lower effective temperatures thick and dense clouds exist
but mostly below the visible layers, that are essentially depleted of the material
that went into the dust. In between, dust is an important opacity source in the
atmosphere.

Incident radiation mainly affects the temperature of the uppermost atmo-
spheric layers. Small amounts of irradiation (corresponding to orbital distances
beyond about 0.05 AU for a solar type star host) have no qualitative effect onto
the cloud dynamics, causing only a small rise of the temperatures at the top and
above the clouds, which leads to some decrease of the dust concentration.

Nevertheless, when irradiation heats up the atmosphere too much, as is the
case for CoRoT-3b at 0.055 AU from an F star host, dust cloud formation and
with it cloud convection is suppressed, except perhaps in the planetary limb i.e.
a dust haze in the uppermost layers. But gravity waves induced by the lower
convection zone remain.
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