,,v"‘ff;g—:‘"\“"o,
Mem. S.A.It. Vol. 75, 282 éo“/,'b“ %%

© SAIt 2008 Memorie della

Progress in modeling very low mass stars, brown
dwarfs, and planetary mass objects

F. Allard, D. Homeier, B. Freytag, W. Scfianberger, & A. S. Rajpurohit

CRAL, UMR 5574, CNRS, Université de Lyo&cole Normale Supérieure de Lyon,
46 Allee d'ltalie, F-69364 Lyon Cedex 07, France, e-m#dll1lard@ens-1lyon. fr

Abstract. We review recent advancements in modeling the stellar teteliar transition.
The revised molecular opacities, solar oxygen abundameéslaud models allow to re-
produce the photometric and spectroscopic propertiesisftthnsition to a degree never
achieved before, but problems remain in the important Malnsition characteristic of the
effective temperature range of characterizable exoplanetsli$¥uss of the validity of these
classical models. We also present new preliminary globaia®n HydroDynamical M
dwarfs simulations.
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1. Introduction in M dwarfs with Teg < 3000 K. In T dwarfs

the visual to red part of the SED is domi-

The spectral transition from very low mas$ated by the wings of the Na D and 0.jih
stars (VLMSs) to the latest type brown dwarfS | a1aii doublets which form out to as much

is remarkable by the magnitude of the transsg 5009 A from the line center (Allard et al.

formation of the spectral features over a smajqq71, a). The SED of those dwarfs is there-

change in ffective temperature. It is charactery, o qominated by molecular opacities and res-
ized by i) the condensation onto seeds of stro ance atomic transitions under pressuge (

opacity-bearing molecules such as CaH, TiQ 51y proadening conditions, leaving no win-

and VO which govern the entire visual to nearz .+ 1nto the continuum (Allard 1990, 1997)
infrared part (04 — 1.2 um) of the spectral en- ' '

ergy distribution (hereafter SED); ii) a "veil-  With the absence of magnetic breaking due
ing” by Rayleigh and Mie scattering of sub-to a neutral atmosphere (Mohanty et al. 2002),
micron to micron-sized aerosols; iii) a weakbrown dwarfs should presentftérential rota-
ening of the infrared water vapor bands due ton and clouds should be distributed in bands
oxygen condensation and to the greenhouse @iound their surface much as is shown for
blanketing €ect) caused by silicate dust in thelupiter. Burgasser et al. (2002) have suggested
line forming regions; iv) methane and ammothat brown dwarfs in the L-T transition are af-
nia band formation in T and Y dwarfs; and fi-fected by cloud cover disruption. And indeed,
nally v) water vapor condensation in Y dwarfsseveral objects show even large-scale photo-
(Ter < 500 K). Condensation begins to occumetric variability (Artigau et al. 2009, Radigan
et al. 2012) — on the order of 5% to even 10-
Send offprint requests to: F. Allard 30% in the best studied case. Buenzli et al.
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(2012) find periodic variability both in near-ues as reference, the Grevesse et al. (2007) re-
IR and mid-IR for a T6.5 brown dwarf in si- sults show a reduced oxygen abundance by -
multaneous observations conducted with HS39%, while Asplund et al. obtain a reduction
and Spitzer. The phase of the variability varieby -34%. These values poses problem for the
considerably between wavelengths, suggestimgerpretation of solar astero-seismological re-
a complex atmospheric structure. Recent largsults (Basu & Antia 2008, Antia & Basu 2011).
scale surveys of brown dwarf variability withMore recently, Cau et al. (2011) used the
Spitzer (Pl Metchev) have revealed mid-IRCO5BOLD code to obtain a more conserva-
variability on order of a few percent in 50% tive reduction of oxygen by -22%. The lat-
of L and T type brown dwarfs. On the basiger value still allows an acceptable representa-
of these results, variability may be expectetdon of the VLMs while preserving the astero-
for young extrasolar planets, which share sinseismological solar results.

ilar Teff and spectral types. And the ubiquity  Higher spectral resolution and up-to-
of cloud structures in L3-T8 dwarfs stronglydate opacities also contributed to improve
suggests that these may persist into the coolgt. Ms models compared to previous versions
(> T8) objects. (Hauschildt et al. 1999, Allard et al. 2001).

The models developed for VLMs and  The comparison of the BT-Se®HOENIX
brown dwarfs are a unique tool for the charmodels based on the €au et al. (2011) solar
acterization of imaged exoplanets, if they cagbundances to the low resolution spectra and
eXpIain the stellar-substellar transition. Aan the Casagrande et al. (2008b) temperature
global circulation models subjected to cloudcale is shown in Figs. 1 and 2. Fig. 1 shows
formation in presence of rotation are necesn unprecedented agreement with spectral type
sary to explain the observed weathering phghrough the M dwarf spectral sequence of the
nomena. Recently, Allard et al. (2012a,b) anghodels. One can see in Fig. 2 that the new BT-
Rajpurohit et al. (2012) have published the pregett| models lie slightly to the blue of the BT-
liminary results of a new model atmosphergysty models by Allard et al. (2012) based on
grid computed with the’HOENIX atmosphere the Asplund et al. (2009) solar abundances, but
code accounting for cloud formation and mix1arge|y to the red of the AMES-Copidusty
ing from Radiation HydroDynamical (RHD) models by Allard et al. (2001) and the BT-
simulations (Freytag et al. 2010). In this panextGen models Allard et al. (2012) based on
per, we present the latest evolution in modelinghe Grevesse et al. (1993) solar abundances.
their SED and their observed photometric Vari"rhe even lower oxygen abundance values of
ability and present new prospectives for thigrevesse et al. (2007) cause the MARCS mod-
field of research. els by Gustafsson et al. (2008) to lie to the
right of the diagram. The NextGen models by
> M dwarfs Hauschildt et al. (1999) also lie to the right of

) the diagram due, among others, to the missing
Because oxygen compounds dominate ttand incomplete molecular opacities.
opacities in the SED of VLMs, their syn- The BT-Settl models are computed solv-
thetic spectra and colors respond sensibly fog the radiative transfer in spherical symmetry
the abundance of oxygen assumed. Allard et &nd the convective transfer using the Mixing
(2012a,b) compare models usinfdient solar Length Theory (Bohm-Vitense 1958, see also
abundance values (Grevesse et al. 1993, 20Q0,dwig et al. 2002 for the exact formalism
Asplund et al. 2009) and found an improvedised inPHOENIX) using a mixing length as
agreement with constraints (Casagrande et derived by the RHD convection simulations
2008a) for the solar abundances obtained u@-udwig et al. 2002, 2006, Freytag et al. 2012)
ing RHD simulations by Asplund et al. Inand a radius as determined by interior mod-
this paper, we present models based on tleds (Bardfe et al. 1998, 2003, Chabrier et al.
Caffau et al. (2011) solar abundances. Takin000) as a function of the atmospheric param-
the Grevesse et al. (1993) solar abundance vaters T, surface gravity, and composition).



284 Allard et al.: Modeling the stellar-substellar traiusit

6000 7000 . 8000 9000
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Fig. 1. Fig. 1 of the article by Rajpurohit et al. (in prep.). The eptito red SED of M dwarfs from MO to
M9 observed with the NTT at a spectral resolution of 10.4 Acamapared to the the best fitting (chi-square
minimization) BT-Settl synthetic spectra (dotted linegsuming a solar composition according tdf@aet

al. (2011). The models displayed have a surface gravityr@=6.0 to 5.5 from top to bottom. The best fit is
determined by a chi-square minimization technic. The slifitee SED is particularly well reproduced all
through the M dwarfs spectral sequence. However, somedtidits of missing opacities (mainly hydrides)
persist to the blue of the late-type M dwarf cases such asmgispacities in the B?L*<— X 2x* system of
MgH by Skory et al. (2003) and the opacities are totally miggor the CaOH band near 5500 A. Note that
chromospheric emission fils the Na | D transitions in thedatgpe M dwarfs displayed here, and that the
M9.5 dwarf has a flatten optical spectrum due to dust scagefielluric features near 7600 A have been
ignored from the chi-square minimization.

PHOENIX use the classical approach consistailing in these atmospheres. But this is not the
ing in neglecting the magnetic field, convecease of the impact of the velocity fields on the
tive andor rotational motions and other multi-cloud formation and wind processes (see sec-
dimensional aspects of the problem, and aten 5 below).

suming that the averaged properties of stars

can be approximated by modeling their prop- i )

erties radially (uni-dimensionally) and stati-3- Global RHD M dwarf simulation

cally. Neglecting motions in modeling the phoy; ms and brown dwarfs are fully convec-

tospheres of VLMSs, brown dwarfs, and planetg e * ang their convection zone extends into
is ac_ceptable since the convective velocn_yfluct«neir atmosphere up to optical depths of even
tuation efects on line broadening are hidden ;-3 (Allard 1990, 1997). Convection isfie

by the strong van der Waals broadening andent in M dwarfs and their atmosphere, ex-
the important molecular line overlapping Prezept in the case of 1 Myr-old dwarfs which
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Fig. 2. Estimatedl and metallicity (decreasing from lighter to darker tones)M dwarfs by Casagrande
et al. (2008a) on the left, and brown dwarfs by Golimowski le{2004) and Vrba et al. (2004) on the
right are compared to the NextGen isochrones for 5 GyrsfBasd al. (1998) using model atmospheres
by various authors: MARCS by Gustafsson et al. (2008), ATRAS Castelli & Kurucz (2004), DRIFT-
PHOENIX by Helling et al. (2008), UCM by Tsuiji (2002), Clg&toudy by Burrows et al. (2006), NextGen
by Hauschildt et al. (1999), AMES-Cofidusty by Allard et al. (2001), the BT-CoyidustyNextGen mod-
els by Allard et al. (2012) and the current BT-Settl modetsm® curves labeled in the legend can only be
seen in the more extended Fig. 4.

dissociate H, little sensitive to the choice of have even been observed with periods nearly
mixing length (Allard et al. 1997). A mixing as low as their breakup velocity (1 hour). In
length value betweem = |/H, = 1.8 — 2.2 has comparison, planets of our solar system have
been determined by Ludwig et al. (2002, 2006} larger rotation period, such as 10 hours for
depending on surface gravity. These simulalupiter, and 24 hours for the Earth. This rapid
tions have been recently extended to the latestation (as well as their magnetic field) causes
type brown dwarf regime using CO5BOLD bya suppression of the interior convection ef-
Freytag et al. (2010). In brown dwarfs the inficiency leading to a slowed down contrac-
ternal convection zone retreats progressively ton during their evolution, and to larger radii

deeper layers with decreasimgs. then predicted by classical evolution models
The magnetic breaking known to operatéChabrier et al. 2007).
in low mass stars is not or lesffieiently op- The CO5BOLD code solves the coupled

erating in fully convective M dwarfs{ M3) equations of compressible hydrodynamics and
and brown dwarfs. Brown dwarfs can therenon-local radiative energy transport on a carte-
fore rotate with equatorial speeds as large as 6an grid with a time-explicit scheme. It can be

kmy/sec or periods of typically 1.5 hour. Somaused in a local setup (with constant downward
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Fig.4. Same as Fig. 2 but extending into the brown dwarf regime faagmof 3 Gyrs. The region below
2900K is dominated by dust formation. The dust free modetsipg the blue part of the diagram and only
at best explain T dwarf colors, while the Dusty and DRIFT nis@aplain at best L dwarfs, becoming only
redder with decreasinge;. The BT-Settl, Cloudy and UCM;; = 1700 K models describe a complete
transition to the red in the L dwarf regime before turning tte blue into the T dwarf regime, only the
BT-Settl extends into the Y dwarfs regimé < 500 K).

gravity) to model small patches of the stelprep.). Itis found that at realistic Coriolis num-
lar surface or in a global “star-in-a-box” setugbers, rotation is indeed able to reduce the con-
(with central gravitational potential) to modelvective flux (predominantly towards the equa-
entire stars. The “star-in-a-box” setup has bednr) to contribute significantly to the increase
used by Stfen & Freytag (2007) to com- in radius as suggested from analysing classical
pute global RHD simulations of the scaledmodels.

down Sun in the presence of rotation, described

by Coriolis and centrifugal forces. In the cur4_Cloud formation in PHOENIX

rent code version, angular-momentum conser-

vation and the isotropy of the flows at smallfo describe the cloud formation IPHOENIX
Mach numbers have been further improvedillard et al. (2003) took the approach of using
This setup has been used, see Fig. 3, to co-cloud model drawn from an extensive study
pute a sequence of radially scaled-down to§f cloud formation in planetary atmospheres
models of M dwarfs with various rotation pe-(Rossow 1978) which compares layer-by-layer
riods to determine the change in mixing lengtthe timescales of the main processes (mixing,
that corresponds to the suppression of convesedimentation, condensation, coalescence and

tion by rotation (Schiienberger & Freytag, in coagulation_). The_mixing timescales are taken
from RHD simulations (Freytag et al. 2010, see
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tion gradually from the bottom to the top of the
atmosphere. This model obtains both the den-
sity distribution of grains and the grain average
size per layer, and includes 55 types of grains.
We do not assume a seed composition since our
cloud model modifies the equilibrium chem-
istry iteratively to the nucleation rate limit at
each atmospheric layers. The cloud compo-
sition in the photospheric layers varies with
spectral type from zirconium oxide (Zgand
refractory ceramics (perovskite and corundum;
CaTiO;s, Aly03) in late-M dwarfs, to silicates
(enstatite, forsterite, etc.) in early-L dwarfs,
and to salts (CsCl, RbCl, NaCl) and ices;(
NHs, NH4SH) in late-T and Y dwarfs. This
method is coherent with the observed weak-
ening and vanishing of TiO and VO molecu-
Fig.3. Global RHD simulation of an M dwarfs lar bands (via CaTiQ TiO,, and VG grains)
with solar composition. Obtained parameters argom the optical spectra of late M and L dwarfs,
Ter= 314344K, logg = 4.38, and a radius of revealing CrH and FeH bands otherwise hid-
0.003 R.. The surface pressure is 68227/8r9€, den by the molecular pseudo-continuum, and
:?; iggﬁ;gﬁ:‘;'t?’s '52 gé%??ie-?ﬁe@éggﬁaﬁeg;e the resonance doublets of alkali transitions
sure is 1.67214e09 gcm €, the central density isﬁNhICh are only condensing ont.o salt grains in
6.92703e-4 gm. The model covers 10 pressuréate'T. dwarfs: We s_olve the Mie equation f_or
pherical grains using complex refraction in-

scale heights from the center to the surface. The si . !
ulations use greJHOENTX opacities in the outer lay- deX Of materials as a function of wavelength

ers merged with OPAL data for the interior layerscompiled by the Astrophysikalisches Institut

The rotation period of the simulation is 1 hour andind Universitats-Sternwarte in Jena.

the simulation is shown equator-on in the reference The results are shown in Fig. 4 where

frame of rotation. One can notice a slight oblateneghie new BT-Settl model atmospheres colors

of the model at this exaggerated velocity for an Mare interpolated onto the published theoretical

dwarf. isochrones (Bare et al. 2003). New interior
and evolution models consistent with the BT-

section 5 below for details). For the Allard etSettl model atmospheres are in development.
al. (2012a,b) pre-release of the BT-Settl mod-
els, _the cloud ”?00'?' was improved by a d_y5_ Cloud Formation in CO5BOLD
namical determination of the supersaturation
— the ratio of the saturation vapor pressure t€loud formation is included in the CO5BOLD
the compound local gas pressuRy(f)/Ps/). simulations of VLMs and brown dwarfs
In the current pre-release the cloud model ig-reytag et al. 2010) by assuming a mass den-
further improved by the implementation of asity of forsterite dust “monomers” initially set
grain-size-dependent forward scattering, artd its maximum abundance at solar metallic-
by accounting for nucleation based on cosmiy, i.e. assuming no settling. Evaporation is ac-
rays studies (Tanaka 2005). This latter chang®unted for by applying a rate determined from
allows the cloud model to limit its refractorythe forsterite saturation vapor curve. Grain
element depletion and form relatively moregrowth by condensation and sedimentation are
dust grains in higher atmospheric layers. accounted for using the formulations described
The cloud model is solved from the innerby Rossow (1978). The grains are assumed to
most to the outermost atmospheric layer, dérave sizes up to km and the correspond-
pleting the gas composition due to sedimenténg geometric cross-section is added to the
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Fig.5. 3D RHD simulations usingO5BOLD (Freytag et al. 2010) of a small box of — from top to right
to bottom right — 2600K, 2200K, 2000K, 1800K and 1500K atnfmsps of logg=5.0, solar metallicity.
The models have no rotation, except for the 2200K case shotie dop left using an unrealistically small

rotational period of 15 minutes to highlight the — otherwiggligible — éfects on the surface convection
cells and the atmopheric wave pattern.
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opacity bins on-the-fly. Fig. 5 shows local 3Dradiation and ground interactiofffects impor-
"box-in-a-star” type RHD simulations usingtant for planets are not present. This allows to
CO5BOLD and the same cloud model, wher&entify the fundamental mechanism of cloud
the dfects of cloud formation (restricted toformation and the determination of the velocity
forsterite formation) and Corioligkects (in the field by RHD simulations (Freytag et al. 2010).
top left case) are investigated. Here, the cen- We have compared the behavior of the re-
trifugal force has been neglected since over theently published model atmospheres from var-
box size the centrifugal force would simplyious authors across the M-L-T spectral tran-
translate into a reduced gravity of the simulasition from M dwarfs through L type and T
tion. The Coriolis force is exaggerated to extype brown dwarfs and confronted them to con-
plore the maximum possiblefect of rotation straints. If the onset of dust formation is oc-
locally at the surface. curring belowTe = 2900K, the greenhouse
Global simulations of quasi-hydrostatic M,or line blanketing &ects of dust cloud forma-
L and T dwarfs that can resolve the convedion impact strongly § — Ks < 2.0) the near-
tion and cloud formation processes, must biafrared SED of late-M and early L-type at-
significantly scaled downs( 20 so far) in ra- mospheres for 130Q Tt < 2500K. The BT-
dius compared to the real object. ConclusiorSettl models by are the only models to span the
from these RHD simulations must thereforentire regime from stars to planetary mass ob-
be wisely drawn from both types of local andects (300 k Teg < 70,000 K). In the M dwarf
global simulations to learn about the cloud surange, the results appear to favor the BT-Settl
face coverage of across the M-L-T transitionbased on the GBau et al. (2011) solar abun-
The preliminary conclusions are that the rodances versus MARCS and ATLAS 9 models
tation does not fiect remarkably the convec-based on other values. In the M dwarfs range,
tive shape and size of convectisgrface cells, the BT-Settl models show an unprecedented fit
the related gravity waves and the cloud forgquality, even in theV bandpass despite still
mation process at the surface. We know alsmissing or incomplete opacities (in particular
from several global circulation simulations offor the electronic bands of CaOH, and missing
rotating planets (periods around 3 days foopacities in the corresponding MgH B-X sys-
tidally locked for Jupiter around solar typetem bands), above 2500 K. In the brown dwarf
stars) that strong winds and currents are gengaend planetary) regime, on the other hand, the
ated on larger scales at the surface. These langeified cloud model by Tsuji (2002) succeeds
scale features are believed to be responsilite reproducing the constraints, while the BT-
for the distribution of clouds on the surface ofSettl models also show a plausible transition.
Jupiter. The higher rotation velocities of browrNo models succeed in reproducing perfectly
dwarfs can therefore similarly and easily caustne M-L transition between 2500 and 2000K
comparable patterns at their surface. Howevet this stage. ThisTes range is similar to
it is not yet clear how patchy cloud coverthat of young (directly observable by imaging)
age and variability can occur. Correspondingnd strongly irradiated planets (Hot Jupiters).

global simulations are being developed. However, Bonnefoy et al. (2010, 2013) obtain
reasonable parameters and fit quality to the col-
6. Summary and Prospectives ors and SINFONI near-infrared integral field

spectra of giant planets.

We showed that M dwarfs can be modeled ad- Possible further development of the cloud
equately using up-to-date opacities and the renodel could lie in an improvement of the treat-
vised solar abundances by fEau et al. (2011) ment of coagulation and of the grain opacities
which preserve the agreement with the results general (e.g. porosity, non-sphericity, mixed
from solar astero-seismology (Antia & Baswrain composition rather than adding the con-
2011). We also showed that VLMs and brownribution of pure grain species, etc.).

dwarfs allow to study the process of cloud for- In this paper, we have presented the first
mation in a relatively simple context where irpreliminary global RHD simulations of an M
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dwarf in presence of rotation. This simulatiorarger radii then predicted by classical interior
is precise enough in the interior while able tanodels for M dwarfs with strong magnetic
resolve the atmospheric convective cells at thfeelds in close-binary systems (Chabrier et al.
surface. The strong molecular and atomic re2007). Global Magneto RHD (MRHD) simu-
onance line opacities prevailing in M dwarflations which account for rotation are needed
atmospheres lead to a control of their cookto identify the mixing length to use in classical
ing evolution by the atmosphere, such that ifmodels to compensate for this suppression.
terior and evolution codes must consider th&he non-magnetic global RHD models pre-
atmospheric structure as their boundary coented in this paper already show that rotation
dition (Bardtfe et al. 1998). This requires thealone can have a significant impact on the
computation of large and fineATes= 100 K; convective €iciency and the stellar radius.
Alogg < 0.5 dex) model atmosphere gridsMRHD simulations are being developed also
which will however be dficult to be achieve using CO5BOLD (Nutto et al. 2012, Freytag
by computationally expensive RHD codes likeet al. 2012, Wedemeyer-Bohm et al. 2012).
CO5BOLD. Implicit hydrodynamical simula- The CO5BOLD MRHD simulations have not
tions more adequate to address the interior copet been applied to global M dwarf models
vection conditions are being developed (Viallefto investigate the dynamo mechanism and the
et al. 2011). But these simulations will havesuppression of convection by magnetic fields
to resolve the atmosphere and treat the r& the interior, or to simulate magnetic spots).
diative transfer and the surface cooling add-ortunately however, we do not expedieets
quately. RHD simulations do not cover evoas important as for solar spots since M dwarf
lution timescales and cannot replace classicalodel atmospheres have proven to be insensi-
stellar evolution and atmosphere models. In thi#ve to the value of the mixing length (Allard
meanwhile, therefore, classical 1D static inteet al. 1997) unless of course if convection is
rior models are being developed using the neaompletely suppressed at depth over the stellar
BT-Settl model atmospheres as surface boundisk. The BT-Settl model atmospheres and
ary conditions, and will be published shortly. synthetic spectra can therefore be used safely
Global RHD simulation which account forto determine the parameters of moderately
rotation are needed to resolve the cloud surfaeetive VLMs, brown dwarfs, and planetary
distribution and induced potential variability.mass objects. The BT-Settl synthetic colors
In principle, it is only a small step to go fromand spectra are distributed via tRHEOENIX
the global RHD simulations of an M dwarfweb simulatof.
to global simulations of late-type M dwarfs,
brown dwarfs, and gas giant planets that ac-
count for dust cloud formation and rotationAcknowledgements. The research leading to these
Such simulations are under development af@sults has received funding from the French
to be expected for the end of 2013. Agence Nationale de la Recherche” (ANR),
M dwarfs are magnetically active with pOS_the Programme National de Physique Stellaire

iblv an imoortant maaneti t cover d PNPS) of CNRS (INSU), and the European
SIbly a porta agnetic spot coverage esearch Council under the European Community’s

to their more concentrated magnetic field linegq enth Eramework Programme (FEU07-2013
(same magnetic field strengths over smallfrant Agreement no. 247060). It was also con-
radii) than solar type stars. Magnetic spotgucted within the Lyon Institute of Origins under
are due to the local suppression of convectiajrant ANR-10-LABX-66.

by the magnetic field lines emerging at these

points of the stellar surface. In the Sun, spots

are showing an important suppression of thgeféerences

local convection, causing an important cooling\|jard, F. 1990, PhD thesis, Ruprecht Karls
(almost half the solafer). The suppression of  ypjy, Heidelberg

convection éiciency by rotation and magnetic
field is also known to lead to a slowed down ! httpy/phoenix.ens-lyon.fsimulator
contraction during their evolution, and to
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