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Overview

® Introduction

# Modeling atmospher es
s Model assumptions and input physics
s Radiativ e transfer
s Rate equations

#® Results
s compar ison to obser vations

® Conclusions
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Applications

PHOENIXv13 isbeing used to model
o A—-M dw arfs & giants
® O-Bstarsand stellar winds
o M/L/T dw arf & Exoplanet atmospher es
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Applications

nova atmospher es

SNI & Ilatmospher es
irradiated planets/star s

CVs: WD primaries and TOADs
AGN disks

© o o o 0
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Model Construction

# Basic Physical Model
s spherical shell
s static (stars)or expanding (novae, winds, SNe)
s hydrostatic or hydrodynamical equilibr ium
s centr al source provides energy
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Model Construction

# Constraint equations:

® energy conser vation
| temper atur e structur e

s momentum conser vation
| pressure & velocity structur e
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Model Construction

# “Auxiliary” equations:
» Radiativ e transfer equation
| special relativistic form
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Radiativ e Transfer

Assumptions:
# spherical symmetry,
® time independence (@@ 0O),

o full special relativistic treatment in the Lagrangian
frame.

Spherically symmetr ic, special relativistic equation of
radiativ e transfer

o par tial integr o-dif ferential equation,

# telegr apher' sequation: boundar y value problem
In r and Initial value problem in (cer tain
restrictions apply)
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Model Construction

# “Auxiliary” equations:
s equation of state ! (T;Pgas ) relation

s high temper atures:
(hot stars, Supernovae, novae)
' need to include many ions

s low temper atures:
(Brown dw arfs, Jupiter -like planets , cool
novae)

l need to include 100'sof molecules & dust
species
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Molecules

Selectedanoleculesonsidereth the EOS
NH G CN CO MgH CaH SiH TiO H,O H,
N> NO CO O, VO MgS SiO AlH HCI
HF HS TiH AlO BO CrO LaO MgO ScO
SiF NaCl CaOH HCN GH, CH, Ch GH HCO NH,
LIOH GO AIOF NaOH MgOH AIO, AlLO AIOH SiH SiG
H,S OCS KOH TiO, TiOClI VO, Fek YO, Zro, BaOH
LaO GH; G SIG Chs GH NH;s GNo GN Cak

AIOCI SpC CS CaC} AIF CaF Sb SiS CS AICI
KCI CaCl TiS TiCl SiN AlS AL FeO SiC TiF
FeH LICI NS NaH SO S AIBO, AICIF  AIC) AlF,

AIOF, AIOH ALO, BeBQ OBF HBO HBO, HBS BH, BO.H,
BH; H;BO; KBO, LiBO, NaBGQ BO, BaC} Bak BaOH, BaCIF
BeC} BeF, BeOH Ben BelHO, BeO BegOsz CICN CHCI CHF
CHP CHClI KCN NaCN BeG GCHClI GHF (NaCN} C, Cs
CaQH, MgCIF SIKClI FeC} K,Ch MgCh NaChb TiOChb SrCh TiCh
ZrChb TiCk ZrCk ZrCh CrO SihkF OTiF SiHhF Mgk Srk,
ZrF,  TiFs  ZrFy,  FeOH, SrOH  (KOH), (LiOH), MgQOH, (NaOH) SrOH,
PH PHs SiH,  SpN PO, SO P4 Sk NO, NG
GN GH; CGH HGN C4H, CHCN HGN GCH CaH4 CsH-
HGN GHsS GHO CGHs GHs HGN  GHsN GHsO  GeHg CsHsO
HC;N OH CH C OH CH CN SiH H, HS
CS FeO BO AICL, AR AIOF, AIOH CO NO* H,*
TiO* zZrO" AIOH" BaOH HCO CaOH SrOH H;O' H3
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Liquids & Solids

Selectediquid/dug speciexonsidereth the EOS

Al/l B/l

Li/l Mg/l
S/l Ti/l
CINa/l VO
Mg,Si/l CwOll

OsVo/l  CEND/I
BsHo/l  H1008S

Ca Co

Nb Ni

Zr MgO
MnS TiO
TiOz yA(®))
Ti407 V203
MgTiO; MgSIiQ
ZrSiQ  Fe03

Bal/l Bell Call Crll Cull Fell K/
Mn/| Na/l Nb/I Ni/l P/ S/ Sill
Vi Znll Zrll BeO/l CIKI/ NbO/I oSl

B, Till BaC}/l CaCJ/l ChbFe/l CLSr/l O,Si/l Li,O/I
CkFe/l  CnrOsl NiS/ BLIOG/I CbS/I NS/ AlL,O4/|
N b205/ | B4 K207 B4N a207 LizOgSi B4Li207 M g308P2 A|3 F14N

BsK,0,3 BigHi4 Al B Ba Be C
Cr Cu Fe Li Mg Mn Na
P S Si Sr Ti \ Zn
FeS CaO CaSs MgS TiN AIN NiS

VO CuO FeO TiC SiC ZrC H,O
SIQ FeS Nng Mg3N2 Nigsz TizOg Ti3O5
A|203 A|203 A|203 A|203 A|2$3, Cr0O3 CaTIC%
CaSiQ MnSIQ@Q NaSIQ; K,SIQ FeSiQ CaSiQr Mg,SIiO
FesOs  MgAbOs MgTiOs ALSIO, CaMgSi CaMgSi CaAbLS

CaAjSi KAISEO NaAlSi AlkSLO MgG CrCG MxC AlLG CrG;

Cr3Cs
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Model Construction

# statistical equilibr ium equations
| relate the population of each energy level to

non-local radiation eld and to collisional
processes

# radiativ e transfer & statistical equilibr ium
equations are intricately coupled
Il must be solved together

| statistical equations are inherently non-local )
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Model Construction

#® energy conser vation
s solve in the Lagrangian frame

s radiativ e and con vectiv e (MLT)ener gy
transpor t

)
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Model Construction

® atomic line blank eting: 5 30 10° lines
dynamically selected from a listof 42 1CP lines

® molecular line blank eting: 15 300 1C° lines
dynamically selected from a listof 700 1CP lines

o direct opacity sampling of line blank eting

# depth dependent Voigt or Gauss pro les
' no ODF or opacity sampling tables (NLTE!).
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Computational Problem

# memor y & I/O requir ements

s line lists(far) too large for memor y
I scratch les & bloc k algor ithm
I trade memor y for I/O bandwidth
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Computational Problem

# (serial) CPUtime

s small for each individual point on the
wav elength grid:  10:::100msec

s number of wavelength points for radiativ e
transfer: 30,000-500,000 (can be > 10°)

s ! 50,000sec to “sweep” once through all
wav elength points
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Computational Problem

# (serial) CPUtime

s typically , 1Oiterations (sweeps) are requir ed
to obtain an equilibr ium model

s ! 6 CPUdays

s there are, literally, 1000's of models in a typical
grid ...
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Computational Problem

# Solution: parallel computing
s dram atically reduces wallcloc k time per model
s makes full scale model calculations “easy”

s allows ef cient use of existing large
supercomputer facilities

s scaling nearly linear, limited by I/O
performance
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Results: A stars

® models work well for AOV's...

o Lyr: PHOENIX vs. Absolute Spectrophotometry

/‘074 — T T T ‘ ]

e full NLTE model, T=9550K, Log(g)=3.95, Vega abundances, §=3.30 mas N
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Results: solar type stars

® models work well for G2V's...
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Model Assumptions: Novae

#® steady state, i.e., @ 0O,
spherical symmetry,

°

® power law density,i.e., (r)/ r N, with a very low
power law exponent N 3,

constant (in radius) masslossrate, M- = const

alter nativ ely, the model structur e can be taken
from hydrodynamical simulations.
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Resultsfor individual novae

# Nova LMC 1991
s very fast nova
s reball phase observed with IUE!
s 1/10 solar metal abundances
s d 52kpc
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LMC 1991 (Fireball)

Flux (ergs s cm™ &)
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LMC 1991 (CML)
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Results: Cool Atmospher es

#® Trends (Allard et al, 2001)
s T = 250Q 180Q 1000K
s age 5Gy (Cha brier et al, 2000)

M— I.— T dwarfs

[ [ _]

2 I p—

1 — |"

/;\\ -
—_— — —
= —V N
Ilr_.= O — —
a0 B ]
o - —
— L —
— 1 I —
— 2 —
- d = 5 pc I
B H_O N
— 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 ]
1 = 3 4

Wavelength (erm)

lﬁ Universitat Hamburg talk.tex — Model Atmospheres with PHOENIX— Peter H. Hauschildt —5/2/2003 —22:06 —p.28/50



Results: Cool Giants

# sphericity effects

s | systematic effects for microlensing, eclipsing
binar ies ...

relative intensity

O
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O
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Results: Example: Sge

# PHOENIXmodel t (Aufdenber g et al):

Echelle Spectroscopy of y Sge

MACHPpLAMNNCO Rt = w T
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Results: Example: Sge

® PHOENIXmodel t (Aufdenber g et al):

NPOI Wavelength Dependent Uniform Disk Sizes
for v Sagittae
Measurements versus Model
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Results: L and Tdw arfs

#® dust formation and opacity
s Te < 2500K

s changes optical spectr um dram atically
s cloud formation
s color -color diagr ams

#® clouds
s dust opacity “drops” for Te < 1700K

s ! dust settling
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Results: Dust Settling

# (uantitativ e settling models (Allard et al) )

Flux in 10" erg/cm/s/cm*/cm
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Problems Are Good!

# Input physics
| line data, con vection, dust, clouds, settling

non-equilibr ium chemistr y (NLCE)
NLTEeffects (irradiation)
effects of fast rotation on dust (clouds , settling)

structur e of outer atmospher e (con vection,
activity)
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Conclusions: The Future

better molecular line lists(H,O!)

optical proper ties of dust par ticles
I mater ials physics!

detailled models of dust formation
I composition/sizes/sha pes

better con vection

non-equilibr ium effects ! NLTE NLCE
3D calculations ! irradiation
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Conclusions & The End

models hav e signi cantly improved over the last
decade due to

better technology (methods , computer s)
better input data (line lists)
less assumptions
mor e physics
a lot of work by a few people
however, a number of problems remain

they'll be xed soon, sothat new problems can
turn up ...
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Radiativ e Transfer

I(r; ; ):specic intensity scaled by r?,
r: radial coor dinate,

. cosine of the direction angle, = cos
v: velocity, =v=¢ 2=1=1 2),
(r; ): extinction coef cient, = + ¢+ ' ()

(r; ): emissivity.
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Radiativ e Transfer

Example for (r; )
A
=B (M+ &J()+ /() "()I()d

0

with Z

J()=1()d
1

B (T): thermal emission
eJ ( ): electr on scatter ing

R R; _ o
s o 1 ()Id d:spectral line emissivity
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Numer ical solution

Basic idea: discretize @@ and treat the boundar y
value problem for each wavelength individually ,
Oper ator splitting (OS) method

solve along char acter istics of the RTE

piece wise par abolic ansatz to calculate | for
given J

iterate to self-consistent solution for J

eigen values of iteration maitrix close to unity
I use oper ator splitting to reduce eigen values
of ampli cation matrix (
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Statistical Equilibrium

X
N (Rji + Gji)
J <
8 9
< X X n. —
n; . (Rj + Cjj) + L (R + Cjj).
< j>i ’
X N
+ n; n—J (Rji + Cji) = O
j>i i

Line and continuum scatter ing

! -iteration does not work!
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Solution

Oper ator Splitting method:

de ne a “rate oper ator’” in analogy to the
-oper ator:

Rij = [Rj ][n]
dene an “approximate rate oper ator’ [R;]and
write the iteration scheme in the form:

Rij = [Rjj l[Mnew] + [Rij] [Rj] [Noia]
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Solution

Nj:old [Rj i l[Nnew ]
j<i

n.

Ni; old [Rjj I[Nnew ] + n_J [Rjj 1[Nnew]
j<i j>i i
n.
*  Njold n—J [R;i][Nnew ]
j > |
+ Njnew ([ Rjillnoia ]+ Cji)
j<i
Ni; new ([ Rijllnoa]l+ Cj)
j<i
n.
+ n—J ([ Rijllnoa]l+ Cjj)
j > [
n.
+ Nj:new n—J ([ Rjillnaa]l+ Cji) = 0(
j > |
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Radiativ e Equilibrium

Lagrangian frame:
Z 4

( J ) d = Eex
0

I Eddington ux In Lagrangian frame

@r°H) =~ @r?d) 2
@ + @ +Fr (J K)

2@12(3 4 K + 2 H) = Eex (%)

+
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Radiativ e Equilibrium

connection to Eulerian guantities:

Jobs = 2 J+2H+ °K ;
Hops = ° (1 HH+ (I +K)
Kobs = 2 K+2H+ 2
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Radiativ e Equilibrium

Note: if H=J then the above transformation is
crucial!

typically , Hops( = 0) = Hg isthe interesting

obser vable

but calculations are done in the Lagrangian
frame

I solve for “emer gent Lagrangian ux”
HO = 2 14 2 Ho Ho (f obs + Jobs)

With fops  Jobs=Hobs & Gobs K obs=Hobs:.

(
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Radiativ e Equilibrium

assume geometr y factor s,f J=H & g K=H not
sensitive to T

| integr ate (*) to get “tar get” H( ) estimate
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Results: Pre-CVs

Pre-CV : non-inter acting WD+dM

model dM irradiated by WD
(Barman et al)
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Results: Pre-CVs

obser vable emission lines from the dM
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Results: Irradiated Planets

Man y current models ignore ener gy conser vation
or make inconsistent assumptions

| can lead to shaky conclusions

models Incl. energy & momentum conser vation
I dram atic effects on model structur e for
close-b y planets
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Results: Irradiated Planets

results depend strongly on
distance from parent star
type of the parent star
amount of dust present in the atmospher e

transit models requir e transmission spectr um

modeling

strong irradiation effects

I large NLTE& NLCE effects likely (
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