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Spectral Energy Distribution (SED) of a typical Very Low Mass star (VLMs) of 
effective temperature (Teff) similar to that of a young brown dwarf (few million 
years).  The SED of de dM8e VB10 (full line) is compared to a model (AH95, dotted 
lines) based on band model opacities.  The spectrum where all discrete opacities 
(atomic & molecular line transitions) are omitted (dot-dashed), and the blackbody SED 
of same Teff indicates the importance of “non-grey” opacities.   



PHOENIX 

•  1D, static, Radiative Transfer OS/ALI : 
!  spherical symmetry with adaptive angular resolution 
!  restraint relativity effects (solution in comoving frame) 
!  3D  

•  Hydrostatic Equilibrium (stars, brown dwarfs, planets), or 
•  Velocity field in relativistic expansion (novae, supernovae) 
•  Layer-dependant velocity up to speed of light (novae, supernovae) 
•  Convection: Mixing Length Theory 
•  Atomic diffusion 
•  Non-LTE (rate-operator splitting) for atoms and CO  
•  Chemical Equilibrium with NLCE for certain species (CO, CH4, NH3) 
•  26 ionization levels, 85 elements (Th, U), 600 molecules, >1000 grain types 
•  Dynamical (no pre-tabulation) Opacity Sampling  
•  Database of atomic and molecular transitions  
•  Extinction cross-sections for 64 types of grains 
•  Cloud Model based upon Rossow (1978) timescales (sedimentation, condensation) 
•  Supersaturation computed from chemical equilibrium tables. 
•  Mixing from Radiative HydroDynamic (RHD) 

Created in 1994 in Phoenix, AZ 
Peter Hauschildt, France Allard & Eddie Baron 



First Successful Model Atmosphere Grid of VLMs: NextGen 

Spectral sequence of VLMs according to Allard et al. (1990, 1995,  
1997) et Hauschildt et al. (1999).    

Teff: 

1500-10,00
0K 

Logg: 
3.5 - 6.0 

[M/H]: 

0.3 - -4.0 



First atmosphere+interior models



BT2-Settl or MUSE/GAIA grid 



Molecular Blanketing: CH4 
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•  30 Mio. Lines computed with the STDS program (U. Bourgogne – 2013 update: 80 Mio) 
•  Vibrational and rotational states up to ~ 8000 cm-1 
•  Completeness : ~ 50% (mid-IR) – 10% (H band) – 0% (Y/J band) 



Phoenix synthetic spectra (black) 
vs observed spectra (color curves) 

Includes disequilibrium chemistry 
for N2, NH3, CO, CO2, CH4  
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Grid currently extends from : 
Teff= 300 – 7000K 

Logg= 3.0 – 5.5 
[M/H]= +0.5 - -2.0 



Rajpurohit et al. (2013)  

NTT @ La Silla, R=10.4Å vs Phoenix synthetic spectra 



Rajpurohit et al. (2014)  

UVES R = 40,000 



What model? 
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•  Classical (1D & static) :  PHOENIX, MARCS, etc. 
(NLTE, detailed composition i.e. nb. of atoms, ions, molecules, dust grains taken into account, etc.) 

•  Synthetic Spectra and Colors " atmospheric and structural parameters  
•  Thermal Structures "  classical interior and evolution models 

•  Classical (3D & static): PHOENIX-3D, LinFor3D, etc. 
•  Extreme High-Resolution Spectra " Line by line Abundance Determination 

•   Local 2-3D local RHD :  CO5BOLD, Stagger, etc. 
•  Validation of the 1D thermal structure  
•  Calibration of the Mixing Length (for the atmosphere) 
•  Determination of the velocity field "  disequilibrium chemistry 
•  Determination of the diffusion coefficient (e.g. dust diffusion)  

•  Global RHD with rotation : CO5BOLD (but many others without atmosphere). 
•  Influence on the thermal structure, spectrum, abundances 
•  Calibration of the Mixing Length (for the interior) 
•  Global velocity field " differential rotation 
•  Surface inhomogeneities "  brown dwarf and exoplanet variability studies 

•  Global MHD : MURaM, Bifrost, CO5BOLD, Stagger, etc. 
•  Influence on the thermal structure, spectrum, abundances 
•  Calibration of the Mixing Length (for the interior) 
•  Study of the dynamo mechanism 
•  Small-scale inhomogeneities (bright points...) 



The CO5BOLD GRID 

Freytag et al. 2010 

Kucinskas et al. 2013 

Freytag & Hoefner 2008 

Caffau et al. 2011 

Tremblay et al. 2013 

Freytag et al. 2014 

Wende  
et al. 2009 

Freytag et al. 2002 
Chiavassas et al. 2009 
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New evolution tracks 
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New BT-Settl Interior Models
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Incertainties on TiO opacities remain: 
AMES TiO less accurate but more complete 

vs Plez 2008 TiO more accurate but not 
complete enough  

ML calibration improve the models 
for young stars, BDs & Exoplanets 

Quadruple system LkCa 3 (Torres et al. 2013)  
 

d = 127 pc and extinction E(B−V) = 0.10  
as in Torres et al. (2013)  



New BT-Settl Interior Models 

15 



Kopytova et al. (in prep.) 

2MASS+PPMXL photometry 

FRANEC: Tognelli, Moroni, P. G.  
                    & Degl'Innocenti (2011) 
BT-Settl: Allard et al. (2010) 

HYADES 



Scaled-down RHD simulation of an M dwarf 
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Work in progress! 
 
Teff= 3600K,  
logg= 3.5,  
[M/H]= 0.0 
 
Scale factor= 1/100 
 
No rotation yet 
 
At term:  
Calibration of the ML for 
the effects of rotation 
 
And yet later: 
Calibration of the ML for 
the effects of rotation 
AND magnetic field 



Comparative Cloud Model Construction 
Parameter-free models 

PHOENIX BT-Settl (Allard et al. 2003,2012) 

•  Seed                  = CE (iteration with cloud model*)  
•  Nucleation          = from cosmic rays (Tanaka 2005) 
•  Condensation      = Rossow (1978) 
•  Coalescence        = Rossow (1978) 
•  Coagulation         = Rossow (1978)  
•  Sedimentation    = Rossow (1978) 
•  Supersaturation = PVS/Pgas using CE tables for PVS  
•  Advective Mixing= from 2D RHD simulations  
•  Composition        = 64 types of condensates 
•  Optical ctes       = pure condensates (Jena database) 
•  Model solved      = Updraft model with solar lowest layer 

DRIFT-PHOENIX (Helling et al. 2008) 
 
•  = TiO2 
•  = DRIFT or 1D hydro (Gail 1984) 
•  = Gail 1984 
•  = Gail 1984 
•  = Gail 1984 
•  = Gail 1984 
•  = Gail 1984 
•  = from 2D RHD simulations (without overshoot)  
•  = 5 types of condensates 
•  = composite optical ctes 
•  = up to down (stationary solution of moment equations) 

Phenomenological model Microphysical model 

* Cooling history of the gas is preserved  

In effect, there isn’t much difference between up-to-down and updraft models because 
grains do not DRIFT or settle through much (within one layer only!) under the conditions of 
M-L type dwarf atmospheres (Wende, private communication). 
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Comparing models from different authors 
Estimated Teffs of brown dwarfs by Vrba et al. ’04 & Golimowski et al.‘04 

The BT-Settl cloud model yields similar 
cloud extension then the Tsuji ‘02 model 
with Tcrit=1700K, and  succeeds globally in 
reproducing the M-L-T transition.   

D
u
s
t
y

DRIFT- 
Phoenix 

Cond or Dust-free 
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" 

Jupiter 

Global RHD simulations 
Freytag, Schaffenberger & Allard 2014 (in prep.) 

Teff= 2200K, logg= 3.5, solar, P=8 Hr 

However radius scaled by a factor 20 ! 
Improvement expected with MPI 2015 20 



Surface inhomogeneities 
revealed by Doppler 
imaging tomography! 
 
Crossfield et al. (Nature 505, 2014) 

High-resolution, near-infrared 
spectra of the Luhman 16AB brown 
dwarfs (black curves). The vertical 
ticks indicate absorption features: 
H2O (blue) and CO (red), and 
residual telluric features (gray). 
The lines of the B component are 
broader.  
 
Surface map of brown dwarf 
Luhman 16B, which clearly depicts a 
bright near-polar region (seen in 
the upper-right panels) and a 
darker mid-latitude area (lower-
left panels) consistent with large-
scale cloud inhomogeneities. The 
lightest and darkest regions shown 
correspond to brightness variations 
of roughly ±10%. The time index of 
each projection is indicated near 
the center of the figure.  21 



22 

Showman & Kaspi (2013)  

Fig. 7. Snapshots at different 
times of the temperature per- 
turbations at 1 bar in a single 
model with rotation period of 10 
hours.  
 
Temperature perturbations are 
deviations of temperature 
from the reference state, in K. 
Time separation between frames 
is 4.8 hours.  

Global Circulation Model 

Case of an L/T dwarf  
(Teff of ∼650 to 1150K) 

 
The rotation significantly modifies the convective 
properties. The interaction of convection with the 
overlying, stably stratified atmosphere will 
generate a wealth of atmospheric waves, and we 
argue that, just as in the stratospheres of planets 
in the solar system, the interaction of these 
waves with the mean flow will lead to a significant 
atmospheric circulation at regional to global 
scales. 



Web Simulator 
           ONLINE! 

•  Offers synthetic spectra and thermal 
structures of published model grids and 
the relevant publications. 

•   Computes synthetic spectra, with/
without irradiation by a parent star, and 
photometry for: 
#  stars  

#  brown dwarfs (1 Myrs - 10 Gyrs) 
#  irradiated stars or planets 

#  telluric exoplanets 
•   Computes isochrones and finds the 
parameters of a star by chi-square 
fitting of colors and/or mags to the 
isochrones. 
•  Rosseland/Planck as well as 
monochromatic opacity tables 
calculations. 

http://phoenix.ens-lyon.fr/simulator 
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Web Simulator 
   ONLINE in Jan. ’15 ! 

•  Offers synthetic spectra and thermal 
structures of published model grids and 
the relevant publications. 

•   Computes synthetic spectra, with/
without irradiation by a parent star, and 
photometry for: 
#  stars  

#  brown dwarfs (1 Myrs - 10 Gyrs) 
#  irradiated star or planet 

#  telluric exoplanets 
•   Computes isochrones and finds the 
parameters of a star by chi-square 
fitting of colors and/or mags to the 
isochrones. 
•  Rosseland/Planck as well as 
monochromatic opacity tables 
calculations. 

http://phoenix.ens-lyon.fr/simulator 
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M-L transition: Comparing models from different authors 

Estimated Teffs of M dwarfs by Cassagrande, Flynn & Bessell ‘08 

Oxygen solar abundance reduced by 
-22% (Caffau et al. ’11)  
-34% (Asplund et al. ’09)  
-39% (Grevesse et al. ’07)  
compared to Grevesse et al. ’93  

0.02 mag uncertainty due 
to solar abundances! 


