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Spectral Energy Distribution (SED) of a typical Very Low Mass star (VLMs) of
effective temperature (T,s) 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 T,¢ indicates the importance of "non-grey” opacities.




PHOENIX

Created in 1994 in Phoenix, AZ —_—
Peter Hauschildt, France Allard & Eddie Baron %+

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, CH,, NH;)
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)




First Successful Model Atmosphere Grid of VLMs: NextGen

dwearfa Teff Sequence (1950)
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Spectral sequence of VLMs according to Allard et al. (1990, 1995,
1997) et Hauschildt et al. (1999).




First atmosphere+interior models
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NEW EVOLUTIONARY TRACKS FOR VERY LOW MASS STARS
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ABSTRACT

We present new evolutionary calculations for low-mass and very low mass M dwarfs, for 3 metallicity range
-2<IM/H]) <0 down o the hydrogen-burming mmimum masy (007 < MM, < 06) We use the most
recent almosphere models cakeulated by Allard & Hauschilde (1995), based on symikeric spectra at finite metal-
licity, and gray atmosphere models based on Alexander & Ferguson (1994) Rossetand opacities.

Companisons are mede with obscrvationzl results down (o the boftom of the main sequence, for different
melallicitics, in magnitude-color and color-color diagrams. We find excellent agreement between theary and
observations over the whole charactenistic (emperaturelumnnusity range. This enables us 10 determine the
mass of {he famntest objects abserved, which is found to he my, = 0.08S M, for [M/H] = 0 and --0.5, and
., =009 M, for [M/H| = — L5 lor an age of 10 Gyr.

We also cxamine the eficet of the age, 1the metallicaty, and (he outer boundary conditions on the cvolution.

Subfect headings: stars: low-mass, brown dwarfs — stars: cvolotion — mars: late-type




GiB66. T.= 2900K: Logg= 5.0; [M/H]= 0.0
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Molecular Blanketing: CH,

« 30 Mio. Lines computed with the STDS program (U. Bourgogne - 2013 update: 80 Mio)
« Vibrational and rotational states up to ~ 8000 cm-!
« Completeness : ~ 50% (mid-IR) - 10% (H band) - 0% (¥/J band)
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MLTY Spectral Transition

Phoenix synthetic spectra (black)
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Rajpurohit et al (2013)
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Normalized Flux Normalized Flux Normalized Flux Normalized Flux Nermalized Flux Neemalized Flux

Normalized Flux

it BT-Settl model =

3200, log g =5.5, [m/H]= -1.7

Rajpurohit et al. (2014)
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& What model? = *

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




log(g)

¥ rr T rr [ T 1
0

The CO°BOLD GRID

.-
e

{

¥ 7] . v ¥ | . 4 v
- | o

AN
- |

. 0 Fre’y!tag et al. 2002
w ‘ Chiavassas et al. 2009

Kucinskas et al. 2013

n,‘| ) l’. }
LD LD

d'lfm;Ana fal BABAABAA A A

Wende o
et al. 2009

. ol

Caffau et al. 2011

Freytag et al. 2010

O O

o Tremblay et al. 2013

1

> Freytag & Hoefner 2008

Freytag et al 2014

L A

1

|

A

|

—

PR T T T N TR TN R

[ A l | — A l A ?

4.0

3.8

3.6

3.4

log(T./[K])

3.2

W
o




New evolution tracks

Table 1. Characteristics of previous and present atmosphere models.

Models Abundances TiO H,O MLT variant lmix/Hp K in 7o
NextGen' G93” Jo4°> Mo4® ML1 1 K1.2um
Dusty/Cond? G93® S98°  PS97?  f3 =24, (fu, f5) from Eq. 2 1 K1.2um
Allard et al. (2012a) c11? PI987 B06'  f3 =24, (f4, f5) from Eq. 2 2 K1.2um
Present models c11? P1987 B06'" (f3, f1, f5) = (24,3,1) ~1.6-2' e

' Hauschildt et al. (1999) - * Allard et al. (2001) - *Grevesse et al. (1993) - “DH: Asplund et al. (2009)+Caffau et al. (2011)
®Jorgensen (1994) - *Schwenke (1998) - "Plez (1998) - *Miller et al. (1994) - “Partridge & Schwenke (1997) -
1%Barber et al. (2006) - '* Based on RHD calibration - "*Harmonic interpolation between kross and Kplanck
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New BT-Settl Interior Models

. S S 4 Quadruple system LkCa 3 (Torres et al. 2013)
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Incertainties on TiO opacities remain: ML calibration improve the models
AMES TiO less accurate but more complete for young stars, BDs & Exoplanets

vs Plez 2008 TiO more accurate but not
complete enough
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Kopytova et al. (in prep.)
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Scaled-down RHD simulation of an M dwarf

Work in progress!

T.¢:= 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
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d.Model Cons

Tér—free models
-

' ical model
AN Mlcﬂ)physma mode

Seed = CE (iteration with cloud model*) = TiO,
Nucleation = from cosmic rays (Tanaka 2005) = DRIFT or 1D hydro (Gail 1984)
Condensation = Rossow (1978) = Gail 1984
Coalescence Rossow (1978) Gail 1984
Coagulation Rossow (1978) Gail 1984
Sedimentation Rossow (1978) Gail 1984
Supersaturation = P,,s/Pgas using CE tables for P = Gail 1984
Advective Mixing= from 2D RHD simulations = from 2D RHD simulations (without overshoot)
Composition = 64 types of condensates 5 types of condensates
Optical ctes = pure condensates (Jena database) composite optical ctes
Model solved = Updraft model with solar lowest layer = up to down (stationary solution of moment equations)
LY T M ST e O P o
* Cooling history of the gas is preserved “a

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 a‘rmospher'es (Wende pmva’re commumccmon)
qéf ,\r ‘:‘_ N x 4 LR

_,/,.




Comparing models from different authors

Estimated Teffs of brown dwarfs by Vrba et al. ‘04 & Golimowski et al. ‘04

MARCS

""" Atlas9 | The BT-Settl cloud model yields similar

DRIFT PHOENIX cloud extension then the Tsuji '02 model
with Tcrit=1700K, and succeeds globally in
UCM Case C reproducing the M-L-T transition.
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Global RHD simulations

Freytag, Schaffenberger & Allard 2014 (in prep.)

[ )
5t22935n07: Surface Intensity(21), time(  1.0)=350503.0 s JuplTer‘

However radius scaled by a factor 20 |
Improvement expected with MPI 2015
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Surface inhomogeneities £ Luhman 16A z
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spectra of the Luhman 16 AB brown
dwarfs (black curves). The vertical
ticks indicate absorption features:
H,O (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.




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 j

scales.

Global Circulation Model

Case of an L/T dwarf
(T4 of ~650 to 1150K)

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.




http://phoenix.ens-lyon.fr/simulator
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Web Simulator

Star, Brown Dwarf & Planet Simulator

Choose the physics required:
NextGen 99 ) MODEL SPECTRA ISOCHRONE '-fitting

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

¢ links below with grey backgrounds) and have been published in the following papers. You will find in this FORMAT file the information needed to
© spectra files.

s Computes synthetic spectra, with/
WIThOUT |r‘r‘ad|a1’|on by a par‘en'r S'I'ar'l and * NextGen Gas phase only, valid for Ter > 2700 K Allard et ul.")"."
photometry for: e
Hauschildt et al.'99

v stars
v brown dwarfs (1 Myrs - 10 Gyrs)

v irradiated stars or planets

* AMES-Dusty Dust in equilibnum with gas phase, "valid" for Near-IR studies with Tefr> 1700 K Allard et al. 01
Chabrier et al. '00

* AMES-Cond Same as AMES-Dusty with dust opacities ignored, "valid" for Terr < 1400 K Allard et al. 01
Baraffe et al. '03

* AMES-Cond-GAIA Available down to Tefr = 2500K
4 Tel l Ur‘iC exoplcme'l‘s * BT-Settd With a cloud model, valid across the entire parameter range Allard et al. 03
Allard et al. 07
» Computes isochrones and finds the Allrd et . 09
par'ame-fers of a STClr‘ by Chl-Squar‘e * BT-Dusty Same as AMES-Dusty with updated opacities Allard et al. 09
. . * B1-Cond Same as AMES-Cond with updated opacitics Allard et al. 09
itti |
fSTT :9 Ofs colors and/or‘ mags To The * BT-NextGen Same as NextGen with updated opacities Allard et al, 09
Isocnrones.
* Rosseland/Planck as well as e 50

monochromatic opacity tables
calculations.

Return to France Allard's web page



Web Simulator  pt1p://phoenix.ens-lyon.fr/simulator
=0

Star, Brown Dwarf and Planet Simulator

Welcome to the Phoenix web simulator. This simulator is a web interface to compute model atmospheres or opacity tables using the multi-purpose Phoenix model atmosphere code version 15 (adapted by D.

® Off ers SynT heT IC S peCT ra Cmd T h erma I Homeier and E. Allard ). You can either compute synthetic spectra and colors (Run Phoenix button), isochrones (Isochrone button), or opacity tables (Opacity Tables button). Or alternatively you can download
ST ru CT ures o f p u b l is h e d mo d el 9 ri d s ah d directly pre-computed model atmospheres, synthetic spectra, colors and isochrones or precomputed opacity tables by pressing the GRIDS button. Click on the grey buttons to select your option.
the relevant publications.

° COmpu‘reS Syn'fhe'flc SpeCTrG, W|1’h/ Computation:

. . . ?
without irradiation by a par‘en‘r star, and Select the required physics: :
photometry for: B et :

‘/ STGI"S Run Phoenix Isochrone Opacity Tables
v brown dwarfs (1 Myrs - 10 Gyrs)
v |r‘r‘0d|01'ed STGr‘ or planeT Alternatively go to the Precomputed Grids
v telluric exoplanets ?
GRIDS
» Computes isochrones and finds the
parameters of a star by chi-square
fitting of colors and/or mags to the
iSOC h rones . Reset Reset Simulator ?
* Rosseland/Planck as well as
Enstatite (MgSiO_})

monochromatic opacity tables
calculations.

Go to France Allard's web page




M-L transition: Comparing models from different authors

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

MARCS

Atlas9

DRIFT PHOENIX
UCM Tc=1700K
UCM Case C
Burrows Clear
Burrows Cloudy
NextGen
AMES-Cond
AMES-Dusty
BT-NextGen
BT-Cond
BT-Dusty
BT-Settl

N

0.02 mag uncertainty due
to solar abundances!
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