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PHOENIX version 16

integrated /1D and /3D versions
same micro-physics from 1D to 3D

new EOS (ACES)

dust formation/destruction —
DRIFT (Helling & Woitke)

massively parallel:
s Multi-sfage domain decomposition
s MPI

s weak & strong scaling verified to 4k+ processes
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Applications

fPHC)ENIX v16 is being used to model
o “all” types of normal stars
# NOova and supernova atmospheres

# very low mass stars, brown dwarfs & Exoplanet
atmospheres

# irradiated planets/stars

°

terrestrial planets
o disks (proto-planetary, AGN)
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Model Construction

- N

o Basic Physical Model

spherical shell

static (stars) or expanding (novae, winds, SNe)
hydrostatic or hydrodynamical equilibbrium
cenfral source provides energy

e o o ©
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Model Construction
-

o Constraint equations:

s energy conservation
— femperature structure

& Mmomentum conservation
— pressure & velocity structure
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Model Construction
f #® "Auxiliary” equations: T
» Radiative fransfer eguation
s solved via (non-local) operator splitfing
s full characteristics based method
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Model Construction
-

#® Radiative transfer egquation
s 1 or3D
s tfime independence
s problem: scattering (dust, lines)

0
pred?
# solve for large optical depths & stfrong scattering

AN

718) + 1 VI, &,10) = x(n,8) (S(v, 7) = 1(v, 7))

o dallow for irradiation, velocity fields
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3DRT Framework

o Cartesian (spherical, cylindrical) coordinates

o voxel grid ("cells”)
s physical dafta constant within a voxel
s Solve RT inside the voxels

# Qgrid coordinates, e.Q., [—n., +n,]

® — voxel coordinates from (—ny, —n,, —n;) TO
(—Hlx, Ty, +nz)
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Data size

small grid:
Ng = Ny = Ny = 32
— (2% 32+ 1)% = 274625 voxels
compare to typically 64 to 128 grid points in 1D!
large grid:
Ng =Ny =n, = 128
— (2% 128 + 1)? = 16 974 593 voOxels
— one scalar physical variable (e.g., T) — 129 MB
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3DRT Framework

# solufion through operator splitting
11— A*(l — €] Jnew = ij — A*(l — €)jold,

where Ji, = AS14.
#® need method to perform FS
#® need method to construct A*

hamburger
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Computation of A*
-

# ftri-diagonal operator in the 1D case

°

— nearest neighbor A* in 3D

o [|D: considers inferaction of point with two direct
neighbors

# 3D: interaction of a voxel with the 33 — 1 = 26
surrounding voxels

# (or 6 neighbors in strictly face-centered view)
o 3D: storage requirements large but worth it!
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convergence: ¢ = 107°

2—level—atom line transfer, epsilon=1e—8
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Model Construction
-

o “Auxiliary” equations:
s equation of state — (T, Py, p) relation
s high temperatures:
(hot stars, Supernovae, novae)
— need to include many ions
s |low temperatures:
(Brown dwarfs, Jupiter-like planets, cool
novae)
— need to include 100°s of molecules & dust
species
s ACES EOS (Travis Barman), valid above 100K
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Molecules

Selected molecules considered in the EQOS
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Liquids & Solids

Selected liquid /dust species considered in the EOS
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Model Construction
- -

o stafistical equilibrium equations
— relate the population of each energy level to
non-local radiation field and to collisional
processes

o radiative tfransfer & statistical equilibrium
eqguations are infricately coupled
— must be solved together
— statistical equations are inherently non-local =
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Fe NLTE model atoms
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Model Construction

# atomic line blanketing: ~ 5 — 30 x 10° lines
dynamically selected from a list of 83 x 10° lines

# molecular line blanketing: ~ 15 — 600 x 10° lines
dynamically selected from a list of 1.2 x 10” lines

o direct opacity sampling of line blanketing

#® depth dependent line profiles
— no ODF or opacity sampling fables (NLTED.

o special profiles for important lines
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Computational Problem
-

f o 1D (serial) CPU time: 1-6 CPU days
o 3D (serial) CPU time: 10 CPU years

# Solufion: parallel computing
s dramatically reduces wallclock fime per model

s dallows efficient use of existing large
supercomputer facilities

s 1D: 8-16 CPUs for a few hours
s 3D: 4096 CPUs for one day
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Results: A stars
-

® models work well for AOV's . ..

o Lyr: PHOENIX vs. Absolute Spectrophotometry

7 074 = T T T ‘ =
—————————— full NLTE model, T=9550K, Log(g)=3.95, Vega abundances, 6=3.30 mas —
| ——— Coadded IUE data (Bohlin) + Hayes data -
1+10% B
—5
—~ 10 — —
\U) L ]
o L _
- L _
@)
&
L I~ IUE Comparison m
~ 1.6x107 °F ‘ ‘ ]
— -5 —~ 1.4x10"°F ]
10 - 0 5 b —
— N‘E 1.2x710 — v -
Tl C 1ox107SE N
[ (= r i ] n
= | & s.0x<10 AN = —
L | LZ 6.O><1076 “ { |
L 4.0x107° ‘ ‘ ‘ . i
1500 2000 2500 3000
-7 Wavelength
/‘ O ‘ L L | | | ‘
1000 10000

Log Wavelength

hamburger Brussels.tex — The PHOENIX Model Atmosphere Package - Peter H. Hauschildt — 21/6/2011 - 16:49 — p.20



-

® models work well for G2V's ...
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Dust formation/destruction

f o directly couple DRIFT (Helling & Woitke) dust T
model to PHOENIX model atmospheres

s PHOENIX — provides atmosphere structure
(T, Py, ...)

s DRIFT — compute dust formation/desfruction
(cloud deck)

s — feedback to PHOENIX

s — New atmosphere structure

s Iterate fo convergence
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DRIFT dust mode

f Helling & Woitke
stationary solution

-

nucleation rates for (T1i0O,) y seeds

/ most important solids used (TiOy, Al,Os3, Fe, SiO,,
MgQO, MgsiO3, Mg»SIO»)

mixing by convection + overshooting

© o o o

°

°

grain size distribution via moments
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DRIFT dust mode
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DRIFT-PHOENIX models
-

® |ocation of convection zone crucial for dust
formation!

# considering feedback dust formation vs.
atmosphere sfructure crucial

# cloud deck depends on model parameters
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atmosphere structure feedback
B o
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Application: good fits
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Application: good fifs
- L

I OMASSJ09211410—2104446 -

ol T.=2000K |
0 59(g)=5.5

I [M H% 05 |

0.8 B N

j: L |
= 06k -
Dl B a
2 — a
0.4 3
0.2

L Pl phop

0.5 1.0 1.5 20 2.5 3.0

wavelength | um]

Witte et al (2011)

bt Brussels.tex — The PHOENIX Model Atmosphere Package - Peter H. Hauschildt - 21/6/2011 - 16:49 - p.28



Application: good fifs
- L
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Irradiation
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Results: 2D structure
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Results: 3DRT w/ irradiation
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Results: 3D w/ irradiation
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spherical 3D coordinates

(65,33,65) (r,theta,phi) + 1282 solid angle points

B

WOO E ‘ M T T \V‘\y\y VWV 7 SE—SKS% ; :2’4"—“'4». KX (KX KX KX KX KX KX KX KX KX KX 2
s K"
- X
- X _
— /A —

A

[ A =
- A .
- - ]
— /A —
— /A —

K

1072 = A —
- A .
L A _

@ KKK p 7
o~ — _
e A

- p _

1077 = . —
- A 3
- & _
L KX |
- /A —

KX

- X _

1074 = A ]
EA—ADAALA LA LD spherical 3
L + epsilon = 1e-0 ]
— & epsilon = le-2 -
- * epsilon = le—4 7
L A epsilon = 1e-6 _

107° | | | | |

107 1072 10° 10? 10° 10°
optical depth
hamburger

sternwarte

(@]
©

Brussels.tex — The PHOENIX Model Atmosphere Package - Peter H. Hauschildt —21/6/2011 - 16:49 - p.35



PHOENIX 1D vs 3D: 3000K
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PHOENIX 1D vs 3D: 5700K
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PHOENIX 1D vs 3D: 9000K
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3D visualization: hydro model, line
B

|
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3D visualization: GCM planet
-
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Conclusions: The Future

® bpetter/more detailed line profiles

o opftical properties of dust particles
— materials physics!

o detailed models of dust formation
— composifion/sizes/shapes

o non-equilibrium effects — NLTE+NLCE
o multi-D RT calculations — irradiation
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