%
N ™ llar ATmosp
% Structure

s+ds



On Stellar Atmospheres

"Stars are massive and they have no walls."
Steve Shore: The Tapestry of Modern Astrophysics (2002)

"...the transition from confinement in the
stellar interior to open-ended interstellar
emptiness...

...will keep you and me busy
for years to come."

Rob Rutten: Radiative Transfer and Stellar Atmospheres (2000)

2 Stellar Atmospheric Structure jasonP. Aufdenberg, 10 July 2003, Michelson Interferometry Summer School



What’s to Come...

* Stellar Interiors vs. Stellar Atmospheres
* Parameters and Equations from a Stellar Atmosphere Model
* Spectroscopic Information on Stellar Atmospheric Structure
* From Basic Radiative Transport to Limb-Darkening
* with diversions for spherical atmospheres and the Sun’s temperature structure
* Concept of Radiative Equilibrium
* Real Stars
* Altair: rapid rotation
* Deneb: Stellar Winds

* B Peg: Extended M-giant atmospheres

* Summary & References
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Stellar Interiors versus Stellar Atmospheres

Interiors Atmospheres

Radiative flow of energy
Diffusion Equation Radiative Transfer

Equation
Thermodynamic State: Radiation Field

* Thermodynamic Equilibrium (TE) *Non-Local TE

*Radiation enclosed by matter

*Matter "sees" radiation of
at approx. the same temperature different temperatures

*Radiation field is Planckian *Radiation field is non-local
*Radiation field is isotropic *Radiation field is anisotropic

Thermodynamic State: Collisional Processes

*Radiative processes dominate
*Saha & Boltzmann Egns. P

W --> detailed balance
describe ionization and
and excitation

*Saha & Boltzmann don't

. ) ) describe ionization and
Maxwellian velocity

tati
distribution of ions and exciiation
electrons *Maxwellian velocities
(except chromospheres)
Stellar Atmospheric Structure
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Example Parameters and Equations for Stellar Atmosphere Models*

®Effective Temperature
®Reference Radius

®(CGravity @ Reference Radius
®Chemical Composition

Outer Structure
® Velocity Field

* In this case, hot stars with winds

Input Parameters
- Teff’ R‘{m g(R*)a Z
Rmaxa Ma Voo, ﬁwind-

®Quter Radius

®Mass-Loss Rate

®Max. Stellar Wind Velocity
®Velocity field of the Wind

Y

®Density structure via continuity equation

® [ TE ionization and level
populations, chemistry

®Non-LTE level populations;
radiative and collisional rates

Atmospheric Structure

Hydrodynamic Hydrostatig Inner Structure

U =vs (1= %)5 vind | dB — g e @Pressure gradient goes as gravity/opacity
_ M

P = T2

Equation of State

Y

Y

®Spherical geometry
o 3(r) =wv(r)/c

o7 =1/

Special Relativistic Radiative Transfer Equation
W+ B)5E g {71 — ) |20 — 20+ ) 52| 1}
_ 2
— 2 |20 1 2+ 8) 2| wi

Rate Equations
> j<ibi (Z—]) (Rji + Cji)
—bi 2 ci (Bj + Cyj)
+bi 3255 (Rij + Cij)

. (Z—) (Rji + Cji

Sty {2u+ﬁ(3—u2)

T

(4 28 2 T
=n—xI

@ 1s direction-cosine
®r is the radius

®] is the intensity
O is the emissivity

®y is the opacity

Y
Radiative Equilibrium
Temperature Corrections

|-F0r Interferometry

Full radiation field: intensities @ every angle

Stellar Atmospheric Structure

/ (M — xaJa)dA =0
0

® Temperature structure adjusted
to conserve energy; in cool

v stars convective equilibrium can be
established in the inner structure

Synthetic Spectrum
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Spectroscopic Information

Energy Distribution; Color Temperature o -af Chemical Abundance
—
:9 —1 A B
012 0.14 0.16 0.3 05 i /,>/
| 300 T T T T % é” . 0.1 A /
0 [« Virginis = Spica = HR 5056 ] = /
: 2 o014/ Linear Curve-of-Growth
L s b m
E i N %] A Wy = —)\2N fz
O 200fF - mc? ’
I % - I l | i | |
| l BT B =4 3 =2
9 f“ i 'P ‘I‘ ! l I Log A
© 150 [if) all N r{ }I Log (Abundance)
o ’,’ i (Y 7
ol ?
— 100 F Data -
Model 1.0
<
N|?I_
f< 50 ] . i i 1 . n i 1 ] v 0.8
8 6 4 2 =
-1 [ -1 3
A m™] o8
H 8L
o
surface flux; flux per unit area at the photosphere Tés o
1 L
F = FA d\ = B(Teff))\ d\ = UTeff Z. B
N R AN N N NN NN AN S NN N '
z connected to the flux at -06 —04 -02 00 02 04 06
AN A
Teg = W earth via the angular diameter A Wavelength
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Spectroscopic Information Continued...
Rotational Velocity

S urface Gravzty, Pressure Structure

------------------------- T T T T T >< 1.0
1.00F 2
< —
= 0.90| L os
L
o 0.80| 9 0.6
O ) 5 8 .
N o.70] = .
o :
C oo| — i e = 22 3 2
(- | ----- Model L°gEg§ = 226 E -_ : Ti N 25 km sec™ .
O | T Model Loglg) = 4.0 B Canis MaJOI‘lS o o021 o Cygni
= 0.50| B2 III E O o A2 Ia +~ 0 km sec™
040L . .. _:IO ........ 6 ......... 110 ....... Z ) 3756 3758 3760 3762 3764
M [A] Wavelength [A]
Outﬂow Velocztzes
Space, Orbital Motion oo o T
double line [ ]
M
: P e 2600
=
LI_ 2400-
‘ | | L B Orionis
| | T sa Majorls aka Mizar A “*I BR Ia - )
1/ 2V A2V | )
B 1 R

single line Wovelenqth I-A-l
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Spectroscopic Information Continued...

Radial and non-Radial Pulsation; Convection

Surface Structure via Doppler Tomography

A
I

Intensity Intensity

vsini

vispot)
Velocity—

v(spot) vsini

Velocity— "~

AB —25

(@} -
L
So S
-+ ™ <
5 |
_%‘ I BRI U | v b b b e b v b b e by :

60 90 120 150 180 210 240 270 300 330 360

longitude
Donati et al. (1999) MNRAS 302, 437

Stellar Atmospheric Structure

“no_ wi_ggles”

Telluric R
649586 = 5‘”

Vogt & Penrod (1983) ApJ 275, 661

Fel i e

Ball ju
6496.91

Solar Spectrum
Gray: OASP
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Intensity and the Radiative Transport

Intensity: The basic macroscopic quantity of
Radiative Transfer.

dE)\ = I)\dwddd)\dt

Energy per time per wavelength per area
per solid angle.

B dE)
 dwdod)dt ,

rsin 0 A@

I,

Intensity depends on:

1. location in space
2. direction
3. wavelength

Note: intensity is independent of the distance
from the source. The flux is not independent
of distance.

w- B\ = /I,\COSde

Stellar Atmospheric Structure jasonPr.

Transport of intensity along a ray:

o

I, I +dl,

|

s s +ds

absorption coefficignt emission coefficient
I b @S

i

>

path length
dly
s >0 €y > ky1, beam enhanced
S
dly .
75 < 0 €x < KxIx  beam extinguished
S\ = ex/k Source Function
dl
e+ 2=+,
Kk ds K
o Optical Depth
Radiative
Transfer % = —I,+ Sy dry = k) ds
Equation | 97

Aufdenberg, 10 July 2003, Michelson Interferometry Summer School



Perfect Black Bodies; Kirchoff’s (Radiation) Law

For a perfect blackbody, the intensity is
isotropic and homogeneous.

(A good approximation deep in a stellar
atmosphere.)

dl)

—— = —r) 1\ + €) S/\ZE)\//{/\
ds
dl, 1sotropic
— — 0 and
ds
homogeneous
S)\ = I)\ = B)\

2hc? 1
N5 ehe/ART _ 1

B) =

Planck Function

/7

10 Stellar Atmospheric Structure

Sy = By =€)\/ka

€x = K) - By

“A good emitter is a
good absorber”

Good Good This must be
Emitter Absorber true in general
not to violate
energy
SCTeen conservation.
From detailed

balance, this
must be true

at each wave-
length A in
order that the
2nd law of ther-
modynamics is

-' violated!
heated
sodium ]
vapor { // _
incandescent
> lamp
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Basic Spectral Line Formation: Isothermal Slabs

a. Source function not a function of optical depth b. Optical depth is much less than one ~ ¢. LTE ( S(r) = B() )
dI
d_;\ =L+ S| Dad |L(n) =L0)e ™+ S (1—-e ™| bd| L) = I(0)(1 — 7) + Sx(n).
Qjc
™
1 . EmiSSIOn 2. AbSOI’ptiOH ](7—) = Bdeep layer + T(Bouter layer — Bdeep layer)

B)\<T)deep layer < B)\<T)Outer layer - B)\ (T)deep layer > B)\ (T)outer layer -

D)< T,(D)<1 @
LO)<S, Oy

I
A Y I,,(0)
--------------------- S,
0 |
VO A%
A to corona
N
S
=
E chromosphere
8
E photosphere
= ;
temperature Qe 0
minimum - ¥ §
Height Photosphere Absorption Spectrum - Disk Center
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More Radiative Transfer: Now with Angles!

1. Setup Equation

| 1,(6)

.

| surface
T

Plane Parallel
Geometry

Radiative Transfer Equation
d1(0)
ds

= —kl(0) +e=—krI(0) + kS

oY
: dr, = dT1sec
K
-

I, S and T are
dI(0 ’
) _ I(0) — S | all functions of
sec Odr
wavelength

12 Stellar Atmospheric Structure

2. Solve for the Intensity at the Surface!

(use integrating factor: e—rsece)

dre) 160) - S 1(0,0) = /OO Se 7% d(1 sec )

secOdr

1(0,0) is the surface (t=0) viewed from angle 6.

Intensity varies with angle because
the source function varies with depth.

N
This is the formal solution to the equation of transfer. E
3. Trial Source Function !

plugin: S =a+4+br = cemecmemeeaaa-- -

1(0,0) :/ a e 7Y d(1 sec ) +/ b re "% d(1 sec )
0 0

1(0,0) =a+b cosb

Sa(Ty) = Z%ﬂi —D 1,(0,0) = ZA)\Z'COSiQ

1
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Determining the Temperature Structure of the Sun: Limb-Darkening

100

T ] T T T T [ T 1T T 1 [ T T T T | T T T T |
T e “mr 7| T = Disk Center ~ - Svia Iy a
9o+ (ﬁ g/az%/’”o—o/o/‘.”o/ O/O ﬂo,o-on/’(ff-__ ::c-:::_:__o_ 7 b b
> /s"’ 6(‘;/ o ’/of' o _Near Limb -
.a f’\’ ﬁad# . /? /wo’)/ P /° - 40,0/63'" . 0
% 80 |- s o,.f/ v ?O_y://cf ) {f al R h 0 sin 6 1
I= e s"// > S s
T) ol / /g ;’d a/ f/ // Rayleigh-Jeans i b
> itd 4 7 Approximation
I S
‘= i - / S A oo
E K] ) . / /ool o/Q o/ B)\ = 2CkT)\_4
QT N7 / dB, 2 |
= v/ ¥ v 0
I
ied ¢
o N _— i Solve Inverse Problem:
77 / n'o'p oPierce
20l o b oo b o by TR T T T O | . ..
5000 P00 vtongin 1. Measure intensities
Wavelength 1,(0,0) ZA)\ZCOS 0 Ayi = ay; - 1!
1.0
. 0.9 SA<TA) = Z a/\ﬂ_;\
+ o
K 0.8 20,000 A . .
8 2. Determine fit coefficients, Ao, A1, A2
Q - =~
O 10000 & 1,(0,0) = | Ay(A) + Ar(X) cos 6 + Ay(N) cos? 0§T,(0,0)
R A(0,0) = | Ao(A) + A1(A) cos @ + Az(A) cos™ 0 115(0,0) )
o °° 7,000 A S
E o 3. Find ¢ _ Central disk
. Fin r nction : :
TC? 5,000 A source runctio mtensity
0.4 .
- ==~ in absolute
~ Cos (0) Si(my) = é(AH Al(A)T LA 22 0072h7,(0,0) Vi
0.3}~ , AT , | A | A ALY ,units
N N O I SO N IO T B 0! 1! 2! < .
1.0 09 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 ~—

cos 0
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Determining the Temperature Structure of the Sun: Limb-Darkening

Continued...
1,(0,6) = [ A,(A) + A1(A) cos 8 + Ay(A\) cos® 8] 1,(0,0 Ao yy A Az ) o
A(0,0) = | Ao(A) + A1(A) cos @ + As(A) cos™ 01 11(0,0) —— §,(7,) = ST+ TN+ SN 10, 0)
. 9=0 L‘ 0=%>&ZK0:72{ i 6=0 |
Leads to the solar temperature structure assuming: M ~

1. Plane-parallel geometry is valid.
The sun’s photosphere is roughly 1000 km thick versus a solar

radius of 7 x 109 km, or an extenstion of 0.1%.

AR [TRe

1\

2. Local thermodynamic equilibrium is a good approximationo.:g

The Planck function connects S(t) to T(t), the temperature structure.

vy, T,

v, T
2hC2 1 > s Ej
— — S S s + = T
S)\ = B)\? B>\ )\5 ehc//\kT -1 PHOTONS
main sequence
HB
M—sd O

| } NLTE

' |

! |

] I s 4
\ | <

! | :

|

! 1 _

| l ll \ sd B

i \L = /I : LTE I

: | T mngeff T

, Z |

.[_)epth Log Effective Temperature
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Models for Limb-Darkening: Plane-Parallel vs. Spherical Geometry

a) plane-parallel case g:_ K’
Bos

X oaF

.u-

0.0
S 10 o8 (1] (7] 0.2 00

Angulor Rodius, (1- z)llz The Semi—inﬁnite nature Of

| | plane-parallel models means
that the atmosphere is optically
f=cos!p .
thick at all angles.
)
(o
/ 52—* Drop off characteristic of spherical models.

§ (
b) Spherical case ; /

A

Normolized K-bond Intensity
ER 8885
s T T T T
T

Angutor Rodivs, (12 " The rays of a spherical model
I ‘ impact nested shells, of which
the outer most are optically
thin.

(@5

/[
NN
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Spherical Models and the 3rd Parameter: Mass (or Radius)
Gravity, Mass, Radius: Choose Two!

The common use of plane-parallel model atmospheres GM

(e.g. Kurucz’s ATLAS programs) gets us accustomed g(r) = 2

to thinking that for a given chemical composition, a

model hydrostatic atmosphere is primarily In spherical models the gravity is
characterized by 1) the effective temperature a function of depth. The gravity

and 2) the surface gravity. Spherical models require a  Parameter must refer to a reference
3rd parameter, mass or radius, to established the radius consistent with the stellar
luminosity of the star (remember, flux is mass.

not conserved in the spherical case).

Atmospheric Extension is a function of Mass The ratios of angular diameter measurements

at several wavelengths, some of which probe
strong molecular bands, will depend of the
extension of the atmosphere and therefore the
mass.

Mass is an additional free parameter for
fitting visibility functions, however for
near by stars the mass may be well
constrained and provide a strong test
for the models.

same Teff
and gravity

10 Msun 1 Msun
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Temperature and Opacity of the Solar Atmosphere: Limb-Darkening

Continued...
1. Limb darkening measurements 2. Source function vs. optical depth
Sy(Ty)| -
|27
g(u) S W (ORTY) :
o |
—> |
I
/ '
/l |
4 |
;|
: | |
0 01 n 10 0 O 10 Ty
3. Assuming LTE, temperature 4. For a one-to-one temperature-depth
vs. optical depth relationship, the optical vs. wavelength
is determined
%/ ! i o 5+ =10 (a) |
I : y |
: % | i A / é 4t
i | | X \ ¢ o x xT1 -z Sl T
A< — ~
L i / e
oo = t
L " g
| ] | |
| ! | | o
Vi Vg Ve 1.6um A 0
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Determining the Temperature Structure of the Sun:
Disk-Center Absolute Intensities

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 30:1-60, 1976 January
© 1976. The American Astronomical Society. All rights reserved. Printed in U.S.A.

1. Compute the brightness temperature STRUCTURE OF THE SOLAR CHROMOSPHERE. II. THE UNDERLYING PHOTOSPHERE
AND TEMPERATURE-MINIMUM REGION

JORGE E. VERNAZZA, EUGENE H. AVRETT, AND RUDOLF LOESER
Center for Astrophysics, Harvard College Observatory and Smithsonian Astrophysical Observatory
Received 1974 November 21 revised 1975 April 28

from the measured central intensities,

2he/ N
BO,T) = e"c’“‘T/ C

7000 T T T T TTTIT T TTTTTr T T T T T T 7000
CENTRAL BRIGHTNESS 600+
Assume /=B and solve for T TEMPERATURE I
at each wavelength: puoas™ 5000
400}
Tp L T
Tbcenter — 14388 ) 200}
5 5000
A 1n [(]‘19()9/A IA) + 1] F HEIGHT ATT)‘=I
[o]
¥ Lo el L0 1 a1y L 1 1 \ 1 1 1 4000
2. Construct a model atmosphere which 10 f—ﬂﬁ.w—k.\, B ‘ o
reproduces the brightness temperature as 0ol Hi¢ \\ W \os
a function of wavelength. el e s 1,
T)‘= | .6
Models are fine tuned to match the inten- r 1 Jo4
. . o / =
. :
sity as a function of wavelength. S A R 1“’\1!\-. 1 !(7”\"' s i oo
0.002 oo - o o 2 3 TN s 7 8
: | 1 lllllll’:.ml | - 1 d | - 1 1 i 5 1 1 1 i ’Lm
The best fit model yields a s RN T o e N B T
am pm

temperature-depth relationship.

Fic. 1.—The two upper panels show the observed continuum brightness temperature at the disk center (shaded band) and the approximate height in the solar
atmosphere where the radiation is formed (solid line). The lower panels illustrate the relative contributions to the opacity at this height. These quantities are
plotted as functions of wavelength in the range 0.125-500 z. The opacity due to ““lines” is explained in § ILi.
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Radiative Equilibrium

Radiative Equilibrium applies in the
tenuous outer layers of stars where radiation
is the dominant energy transport mechanism.

R.E. is a special case of thermal equilibrium
which says that the temperature structure is
not changing with time so the radiative flux
must be constant.

This means the total energy absorption must
equal the total energy emitted in each layer;
there are no sources or sinks of radiative
energy.

(F\)blackbody 7 (F)\)pure hydrogen

/(F)\)blackl;logy d\ = /(F)\)pure hydgogen d\ =
s N

-

g

~
~

CjFﬁ ]:] | o|Log H x—section [cm’]

4

So ~o 3 Lol 5
~.o ';m N
Extended Atmospheres h “§ ~ax10'3
For non-plane parallel atmospheres € T~<
the flux is not constant, but falls off ; 2x101°
like 1/r2. In this case, only the 5
luminosity is constant with depth. ':' 0
=
e

19 Stellar Atmospheric Structure

/ Ii)\J)\CD\:/ Ii)\S,\d)\
0 0

| Absorbed Radiation = Emitted Radiation|

Hydrogen Bound—Free (Continuum) Opacity

— Bound-Free X-seclion

Paschen

Balmer

10000

Wavelength [A]

[ 5 Model Spectra: 10,000 K -
B 1 'Y -
C ' ]
C Yy Lines + Continuum ]
SR w - linyum ]
- \: N Y | ) R Black Body/Planck Function—|
= 1 L 3 I' -
S ot ' ]
SRR | P
L ] -
L 1 i i

PR : =

1000 10000

Wavelength [A]
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Rapid Rotation: Structural Distortion & von Zeipel Gravity Darkening

van Belle et al 2001

15 1.0 0.5 0.0 -0.5 -1.0

Relative Right Ascension (109 m)

1.0

0.5

0.0

-0.5

9

Relative Declination (10" m)

Stars must satisfy both mechanical and thermal
requirements for stability.

Mechanical: rotation distorts a star’s figure
as it adjusts its structure to maintain hydrostatic
equilibrium.

¢— Interferometric measurement of Altair (A7 V)!

Ratio of equatorial and polar radii Critical angular rotation velocity
3 7 + arccos(u) 8 GM
Re Ry = — crit = g
W/ =3 COS[ 3 ] et T 27 R3(w)

Equatorial velocity

W = U Werit

AItOLrog)GSA nm—band: 2nd Lobe: 0° vs 65° Latitude Veq = U Werit Re(“)

3 | o Tebeo a2 ]

T R T ] Thermal: At the equator, lower gravity reduces
§ bbb AN both the pressure and temperature gradients.

> i .

Z oot0f Local flux ~ local gravity 4
o} . .

2 Local effective temperature ~ (local gravity)

© 2% Effective Temperature varies with stellar latitude:
S o000l , , _J cooler equator, hotter pole.

n 300 400 500 600

700
Spatial Frequency [cyc\his/orcse

Cooler, wider

equator Hotter, narrow

latitude

20 Stellar Atmospheric Structure

cf

<

Effect: Limb-darkening varies as a function of
stellar latitude
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Y

Atmospheric Structure

Hydrodynamic

U = Voo (1- %)ﬁwmd

Hydrostatid
dP _ g

dr K

_ M
P = Znrzy

=

The limb brightness is sensitive
to the density structure, which is
a function of the mass-loss rate.

Data in the 1st lobe do not
constrain the mass-loss rate.

Stellar Winds, An Example
Limb-darkening Effects & Mass Loss Rates for Deneb (A2 Ia)

1(0,\)S(A)dA

q.B

o o
» (0]

©
)

o
o
:

Synthetic'Lib Profiles for o Cyg

Band—weighted Intensity

0.5 1.0 1.5
Angular Radius, p [mas]

o
o

o Cyg: Models vs. NPOI Obs.
L A A L

o 0.80F w
© F
D =
= 0700 E
a E
£
<C 0.60 III]I =
A ks
= Iﬁng 7
= 0.50F T =
= -7 -1 IaIITmI
R FAT0 . Mg yr I
£ -6 - I

> EO 10 M yr @I{ =

0.40 ¢ Mo 1 =y :
o EX2x107° Mg yr B
o g
O 0.30F =
> g
O
D 0206 o0

160 180 200 220 240 260

280

Spatial Frequency [cycles/arcsec]

0.020 . . . .
o | QUniform Disk | No Limb High spatial frequency data is needed
2 ois 318:2 Mo yr L P o = Darkening to break the angular diameter/mass-loss
= 0.015 r .
S X 2x107° %My yio' ™ o rate degeneracy.
< AND A ]
L f A
20,010 Ao P00 0 .
e : A & & % : L
L2 i o %X Simulations indicate that measurements
B o00s 0 § % ] of the 2nd lobe could provide a mass-
o) > . . . .
2 g loss diagnostic for hot supergiant, like
7 0000 E ) Deneb and Rigel (BS Ia).
500 600 700 800

Spatial Frequency [cycles/arcsec]
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High Mass-Loss
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Extended Cool Star Atmospheres, An Example: p Pegasi (M 2.5 II)

Titanium Oxide Band Head; Narrow Band Filters =~ Model Spectra versus Observed Spectra

1.0

UES Spectrum
Hydrostatic Model: 3700 K, log(g) = 0.5, 2.0 M, ,

o©
o

o
o)

o©
'S

Normalized Flux

Normalized Flux
o
N

754 nm
Band
~ = M

700 710 720 730 740 750 760 :
Wavelength [nm] 700 710 720 730 740 750 760

Wavelength [nm]

-
o

Spherical wind % . B Peg (M2 5 II—III) MKl vs. PHOENIX Model < Synthetic Limb Profiles for g Peg
1o =g T e = T T T T T
model fits 2 Teff = 3700 N _ ]
= L LOg(g = 0. ,(Q 1 O x 0
interferometry, SN 955 Loss - 2 56208 Mg yr~' 3 o
but not spectrum. <EE [ Data: = 08 o .
el Quirrenbach =2 [ : :
0.6 i =
Spherical = a|4(19931) s O°T 132(9)==538° ) R, | ]
= -ApdJ, 406, 215 = - Mass = XD
. 0 L £ [ Moss Loss = 5e208 Mg yr~'
hYdrOStatIC (0 0.4 0754 nm (cont.) Bond: Doto 7] D 0.4 |
d 1 ﬁt S X 754 nm iconl.g Band: Model < 9_0;}% nm 8:8} gg:g IEZ:R erj%me |
MOCEL TS [ 9712 nm (1) gond: Doty § 0o TR M B iR !
_O nm 1 ond; Model 2+ con n uiv :
spectrum, but not o 02 1';: !
M | |
mterferometry' g Diameter Ratio: 1.09+0.011 (Observed), 1.097 (Model) 5 0.0 L . . - :
O0Lwv s, T L s s L Loy o 0 6 8 10
o
B 0o 10 20 30 40 50 Angulor Rodms o [mas]

Spatial Frequency [cycles/arcsec]
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Closing Thoughts, Summary

Spectroscopy probes stellar fluxes, however interferometry probes stellar intensities,
the basic quantity of radiative transfer in stellar atmospheres. That’s very cool!

Spectroscopy and interferometry are complementary. How well does that best fit stellar atmo-
sphere model fit both the visibility data and the stellar spectrum.

Stellar atmospheres are not black bodies. Published spectrophotometry exists for
thousands of bright stars.

Most bright stars are variable. Contemporaneous spectrophotometry/spectroscopy and
interferometry should be the goal.

You always see to an optical depth of unity. In spherical atmospheres the limb is
very “fuzzy” and optically thin.

Spherical models are parameterized by Teff, log(g) and Mass.
Outer boundaries of real stellar atmospheres are complicated by winds, shells,

chromospheres, convection, magnetic fields, pulsation, etc. Realistic physical models
are beyond challenging. Interferometry will help to further constrain these fascinating problems.

23 Stellar Atmospheric Structure  jason P. Aufdenberg, 10 July 2003, Michelson Interferometry Summer School



Synthetic Visibilities
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Some References for Stellar Atmospheres

* Lecture Notes: ‘“Radiative Transfer in Stellar Atmospheres” -- R. J. Rutten
http://www.astro.uu.nl/~rutten/node20.html (and references there in)

* Introduction to Stellar Astrophysics: Volume 2: Stellar Atmospheres
E. Bohm-Vitense (Cambridge UP)

* The Observation and Analysis of Stellar Photospheres
D. Gray (Cambridge UP)

* Introduction to Stellar Atmospheres and Interiors
E. Novotny (Oxford)

* Kinetic Theory of Particles and Photons: Theoretical Foundations of Non-
LTE Plasma Spectroscopy -- J. Oxenius (Springer)

* The Analysis of Star Light: One hundred and fifty years of astronomical
spectroscopy -- J. B. Hearnshaw

* Mapping the Spectrum - Techniques of visual representation in research
and teaching -- K. Hentschel (Oxford)
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