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Overview

Introduction

Modeling atmospher es
Model assumptions and input ph ysics
Radiativ e transfer
Rate equations

Results
compar ison to obser vations

Conclusions

talk.tex – Model Atmospheres with PHOENIX– Peter H. Hauschildt – 5/2/2003 – 22:06 – p.3/50



Applications

PHOENIXv13 is being used to model

A–M dw arfs & giants

O–B stars and stellar winds

M/L/T dw arf & Exoplanet atmospher es
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Applications

nova atmospher es

SNI & II atmospher es

irradiated planets/star s

CVs: WD pr imar ies and TOADs

AGN disks
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Model Constr uction

Basic Physical Model
spher ical shell
static (stars) or expanding (no vae, winds , SNe)
hydrostatic or hydrodynamical equilibr ium
centr al source provides ener gy
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Model Constr uction

Constraint equations:
ener gy conser vation
! temper atur e structur e
momentum conser vation
! pressure & velocity structur e
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Model Constr uction

“Auxiliary” equations:
Radiativ e transfer equation
! special relativistic form
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Radiativ e Transfer

Assumptions:

spher ical symmetr y,

time independence (@=@t � 0),

full special relativistic treatment in the Lagrangian
frame.

Spherically symmetr ic, special relativistic equation of
radiativ e transfer

par tial integr o-dif ferential equation,

telegr a pher' s equation: boundar y value problem
in r and initial value problem in � (cer tain
restrictions a pply)
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Radiativ e Transfer
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Model Constr uction

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

high temper atur es:
(hot stars, Supernovae, novae)
! need to include man y ions
low temper atur es:
(Brown dw arfs, Jupiter -like planets , cool
novae)
! need to include 100' s of molecules & dust
species
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Molecules

Selectedmoleculesconsideredin the EOS
NH C2 CN CO MgH CaH SiH TiO H2O H2

N2 NO CO2 O2 ZrO VO MgS SiO AlH HCl
HF HS TiH AlO BO CrO LaO MgO ScO YO
SiF NaCl CaOH HCN C2H2 CH4 CH2 C2H HCO NH2

LiOH C2O AlOF NaOH MgOH AlO2 Al2O AlOH SiH2 SiO2

H2S OCS KOH TiO2 TiOCl VO2 FeF2 YO2 ZrO2 BaOH
LaO2 C2H4 C3 SiC2 CH3 C3H NH3 C2N2 C2N CaF2

AlOCl Si2C CS2 CaCl2 AlF CaF Si2 SiS CS AlCl
KCl CaCl TiS TiCl SiN AlS AL2 FeO SiC TiF2

FeH LiCl NS NaH SO S2 AlBO2 AlClF AlCl2 AlF2

AlOF2 AlO2H Al2O2 BeBO2 OBF HBO HBO2 HBS BH2 BO2H2

BH3 H3BO3 KBO2 LiBO2 NaBO2 BO2 BaCl2 BaF2 BaO2H2 BaClF
BeCl2 BeF2 BeOH BeH2 BeH2O2 Be2O Be3O3 ClCN CHCl CHF
CHP CH3Cl KCN NaCN BeC2 C2HCl C2HF (NaCN)2 C4 C5

CaO2H2 MgClF SiH3Cl FeCl2 K2Cl2 MgCl2 Na2Cl2 TiOCl2 SrCl2 TiCl2
ZrCl2 TiCl3 ZrCl3 ZrCl4 CrO2 SiH3F OTiF SiH2F2 MgF2 SrF2

ZrF2 TiF3 ZrF4 FeO2H2 SrOH (KOH)2 (LiOH)2 MgO2H2 (NaOH)2 SrO2H2

PH2 PH3 SiH4 Si2N PO2 SO2 P4 Si3 NO2 NO3

C3N C2H3 C4H HC3N C4H2 CH3CN HC5N C6H C4H4 C6H2

HC7N C4H4S C4H4O C4H6 C6H4 HC9N C5H5N C6H5O C6H6 C6H6O
HC11N OH� CH� C�

2 OH CH CN� SiH� H�
2 HS�

CS� FeO� BO� AlCl2� AlF2
� AlOF2

� AlOH� CO2
� NO+ H2

+

TiO+ ZrO+ AlOH+ BaOH+ HCO+ CaOH+ SrOH+ H3O+ H+
3
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Liquids & Solids

Selectedliquid/dust speciesconsideredin the EOS

Al/l B/l Ba/l Be/l Ca/l Cr/l Cu/l Fe/l K/l
Li/l Mg/l Mn/l Na/l Nb/l Ni/l P/l S/l Si/l
Sr/l Ti/l V/l Zn/l Zr/l BeO/l ClK/l NbO/l OSr/l
ClNa/l VO/l B2Ti/l BaCl2/l CaCl2/l Cl2Fe/l Cl2Sr/l O2Si/l Li2O/l
Mg2Si/l Cu2O/l Cl3Fe/l Cr2O3/l NiS2/l BLiO2/l Cl2S2/l Ni3S2/l Al2O3/l
O3V2/l Cl5Nb/l Nb2O5/l B4K2O7 B4Na2O7 Li2O3Si B4Li2O7 Mg3O8P2 Al3F14N
B5H9/l H10O8S B8K2O13 B10H14 Al B Ba Be C
Ca Co Cr Cu Fe Li Mg Mn Na
Nb Ni P S Si Sr Ti V Zn
Zr MgO FeS CaO CaS MgS TiN AlN NiS
MnS TiO VO CuO FeO TiC SiC ZrC H2O
TiO2 ZrO2 SiO2 FeS2 NiS2 Mg3N2 Ni3S2 Ti2O3 Ti3O5

Ti4O7 V2O3 Al2O3 Al2O3 Al2O3 Al2O3 Al2S3 Cr2O3 CaTiO3

MgTiO3 MgSiO3 CaSiO3 MnSiO3 Na2SiO3 K2SiO3 Fe2SiO4 Ca2SiO4 Mg2SiO4

ZrSiO4 Fe2O3 Fe3O4 MgAl2O4 MgTi2O5 Al2SiO5 CaMgSi2 Ca2MgSi Ca2Al2S
CaAl2Si KAlSi3O NaAlSi3 Al6Si2O MgC2 Cr3C2 Mg2C3 Al4C3 Cr7C3

Cr23C6
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Model Constr uction

statistical equilibr ium equations
! relate the population of each ener gy level to
non-local radiation �eld and to collisional
processes

radiativ e transfer & statistical equilibr ium
equations are intricately coupled
! must be solved together
! statistical equations are inher ently non-local )
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Fe NLTEmodel atoms

talk.tex – Model Atmospheres with PHOENIX– Peter H. Hauschildt – 5/2/2003 – 22:06 – p.15/50



Model Constr uction

ener gy conser vation
solve in the Lagrangian frame
radiativ e and con vectiv e (MLT)ener gy
transpor t

)
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Model Constr uction

atomic line blank eting: � 5 � 30� 106 lines
dynamically selected from a list of 42� 106 lines

molecular line blank eting: � 15� 300� 106 lines
dynamically selected from a list of 700� 106 lines

direct opacity sampling of line blank eting

depth dependent Voigt or Gauss pro�les
! no ODF or opacity sampling ta bles (NLTE!).
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Computational Problem

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

(serial) CPU time
small for each individual point on the
wav elength gr id: � 10: : : 100msec
number of wav elength points for radiativ e
transfer: 30,000-500,000 (can be > 106)
! � 50; 000sec to “sw eep” once through all
wav elength points
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Computational Problem

(serial) CPU time
typically , � 10 iterations (sweeps) are requir ed
to obtain an equilibr ium model
!� 6 CPU days
ther e are, literally, 1000's of models in a typical
gr id . . .

talk.tex – Model Atmospheres with PHOENIX– Peter H. Hauschildt – 5/2/2003 – 22:06 – p.20/50



Computational Problem

Solution: par allel computing
dram atically reduces wallcloc k time per model
makes full scale model calculations “easy”
allo ws ef�cient use of existing large
supercomputer facilities
scaling near ly linear , limited by I/O
perf ormance
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Results: A stars

models work well for A0V' s . . .
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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., @=@t � 0,

spher ical symmetr y,

po wer law density , i.e., � (r ) / r � N , with a very low
po wer law exponent N � 3,

constant (in radius) mass loss rate, _M = const:

alter nativ ely, the model structur e can be tak en
from hydrodynamical simulations .

talk.tex – Model Atmospheres with PHOENIX– Peter H. Hauschildt – 5/2/2003 – 22:06 – p.24/50



Results for individual novae

Nova LMC 1991
very fast nova
�r eball phase obser ved with IUE!
� 1/10 solar metal a bundances
d � 52kpc
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LMC 1991 (Fireball)

1/10 solar a bundance �t with Te� = 11kK, N = 7,

vmax = 2000km s� 1, Fe I–IIINLTE.
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LMC 1991 (CML)

1/10 solar a bundance �t with Te� = 14kK, N = 3,

vmax = 4000km s� 1, Fe I–IIINLTE.
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Results: Cool Atmospher es

Trends (Allar d et al, 2001)
Te� = 2500, 1800, 1000K
age 5Gy (Cha br ier et al, 2000)
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Results: Cool Giants

spher icity effects
! systematic effects for micr olensing, eclipsing
binar ies . . .
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Results: Example: 
 Sge

PHOENIXmodel �t (Aufdenber g et al):
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Results: Example: 
 Sge

PHOENIXmodel �t (Aufdenber g et al):
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Results: L and Tdw arfs

dust formation and opacity
Te� �< 2500K

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

clouds
dust opacity “dr ops” for Te� �< 1700K

! dust settling
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Results: Dust Settling

quantitativ e settling models (Allar d et al) )
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Problems Are Good!

input ph ysics
! 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(H2O!!)

optical proper ties of dust par ticles
! mater ials ph ysics!

detailed models of dust formation
! 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 impr oved over the last
decade due to

better technology (methods , computer s)
better input data (line lists)
lessassumptions
mor e ph ysics
a lot of work by a few people

however, a number of problems rem ain

the y'll be �xed soon, so that new problems can
turn up . . .
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Radiativ e Transfer

I (r; �; � ): speci�c intensity scaled by r 2,
r : radial coor dinate,
� : cosine of the direction angle, � = cos�
v: velocity , � = v=c, 
 2 = 1=(1 � � 2),
� (r; � ): extinction coef �cient, � = � + � e + � l ' (� )
� (r; � ): emissivity.

(
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Radiativ e Transfer

Example for � (r; � )

� = �B � (T) + � eJ (� ) + � l ' (� )
Z 1

0
' (� )J (� ) d�

with

J (� ) =
Z 1

� 1
I (� ) d�

�B � (T): ther mal emission

� eJ (� ): electr on scatter ing

�
2

R1
0

R1
� 1 ' (� )I d� d� : spectr al line emissivity

(
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Numer ical solution

Basic idea: discretize @=@� and treat the boundar y
value problem for each wav elength individually ,

Oper ator splitting (OS) method
solve along char acter istics of the RTE
piece wise par a bolic ansatz to calculate I for
given J
iterate to self-consistent solution for J
eigen values of iteration matr ix close to unity
! use oper ator splitting to reduce eigen values
of ampli�cation matr ix (
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Statistical Equilibrium

X

j <i

nj (Rj i + Cj i )

� ni

8
<

:

X

j <i

(Rij + Cij ) +
X

j >i

�
n�

j

n�
i

�
(Rij + Cij )

9
=

;

+
X

j >i

nj

�
n�

j

n�
i

�
(Rj i + Cj i ) = 0:

� 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 = [Rij ][n]

de�ne an “a ppr oximate rate oper ator” [R�
ij ] and

write the iteration scheme in the form:

Rij = [R�
ij ][nnew] +

�
[Rij ] � [R�

ij ]
�

[nold]

(
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Solution

j <i

nj ;old [R�
j i ][nnew ]

� n i; old

���
�

j <i

[R�
ij ][nnew ] +

j >i

� n �
j

n �
i

�

[R�
ij ][nnew ]

���
�

+
j >i

n j ;old

� n �
j

n �
i

�

[R�
j i ][nnew ]

+
j <i

n j ;new ([� Rj i ][nold ] + Cj i )

� n i; new

�	�
�

j <i

([� Rij ][nold ] + Cij )

+
j >i

�

n �
j

n �
i

�

([� Rij ][nold ] + Cij )

�	�
�

+
j >i

n j ;new

�

n �
j

n �
i

�

([� Rj i ][nold ] + Cj i ) = 0:(
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Radiativ e Equilibrium

Lagrangian frame:
Z 1

0
(� � � � � J� ) d� = Eext

! Eddington �ux in Lagrangian frame

@(r 2H )
@r

+ �
@(r 2J )

@r
+

�
r

r 2(J � K )

+ 
 2@�
@r

r 2(J + K + 2� H ) = Eext (*)
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Radiativ e Equilibrium

connection to Eulerian quantities:

Jobs = 
 2 �
J + 2� H + � 2K

�
;

Hobs = 
 2 �
(1 � � 2)H + � (J + K )

	

K obs = 
 2 �
K + 2� H + � 2J

�

(
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Radiativ e Equilibrium

Note: if � � H=J then the a bo ve transformation is
crucial!

typically , Hobs(� = 0) = H0 is the inter esting
obser va ble

but calculations are done in the Lagrangian
frame

! solve for “emer gent Lagrangian �ux”

H (1) = 
 2 ��
1 + � 2�

H0 � � H0 (f obs + gobs)
	

with f obs � 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 va ble emission lines from the dM
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Results: Irradiated Planets

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

! can lead to shaky conclusions

models incl. ener gy & momentum conser vation
! 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 par ent star
type of the par ent star
amount of dust present in the atmospher e

transit models requir e transmission spectr um
modeling

strong irradiation effects
! large NLTE& NLCE effects likely (
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