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Wheat’s to Com@oco

Intro: All about limb darkening

Part I: Procyon, Convection,and Limb Darkening

Part Il: Deneb, Stellar Winds, and Limb Darkening
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Limb Darkening Basics

You see...to optical depth unity

» To observer

Center-to-Limb Intensity Profile

red -
weak limb darkening

blue -
strong limb darkening

Intensity Ratio

M — COS 6 Gray (1992)
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Early Multi-Wavelength Limb Darkening

H.C.Vogel’s Visual Solar Spectrophotometry (1877)
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Early Model Limb Darkening Models

Schwarzschild (1906) Models vs. Contemporary Data
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1906 - K. Schwarzschild L) i Yo%, iy ]
Derived a center-to-limb S 0.4F % .
profile for the Sun with € - %, S
a radiative equilibrium O - %,7 .
temperature structure. }‘E i i
He showed this to be 0.2 B0 ]
consistent with i |
observations, ruling out i i
an adiabatic equilibrium coL. . .oy
temperature structure. 1.0 0.8 0.6 0.4 0.2 0.0

cos 6

Assumptions: mass absorption coefficent

is both Wavelength and depth lndependent' Adapted from K.Schwarzschild (1906) “Uber das Gleichgewicht der Sonnenatmosphare”

Angular —dependent intensity 1S replaced by Nachrichten von der Kéniglichen Gesellschaft der Wissenschaften zu Géttingen. Math.-phys. Kalsse, 295, 41
its mean Translation in D.H. Menzel, Ed., Selected Papers on the Transfer of Radiation (1966) NY: Dover
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New Models, New Physics, Hydrogen
and the Origins of Convective Instability

1921 - E. A. Milne

Replaced Schwarzchild’s mean intensity
by an angular average producing a
radiative equilibrium temperature
structure with better flux conservation,
yielding a limb darkening coefficent of
in better agreement with observations.

1925 - C. Payne and H. N. Russell
Established hydrogen as the principal
component of the solar atmosphere.

1930 - A. Unsold
Investigated the effects of hydrogen
ionization on the stability of radiative

equilibrium against convection. 1939 - R. Wildt
Recognizes the importance of

wavelength dependent H” bound-free
and free-free opacity. This opacity
causes the solar atmosphere to be
unstable to convection.
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Wavelength-Dependent Opacity of the Solar Atmosphere

bound-free

THH
free-free

Continuous Opacity

0
400 800 1200 1600 2000 2400
Wavelength [nm]
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Reconstructing the Sun’s Temperature Structure
by Inverting the Planck Function

Vernezza, Avrett, & Loeser
(1976) ApJS 30,1
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Linking Intensity to Depth: The Eddington-Barbier Approximation

=00 = [ Su(t) e/ dty /.
0

From Rob Rutten’s excellent lecture notes:
http://www.phys.uu.nl/~rutten/Astronomy_lecture.html
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Intensity
h (cost) /(1)

Solar Limb Darkening and the Overshooting Approximation

Castelli, Gratton & Kurucz (

1997) A&A 318, 841
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Multi-Wavelength Diameters from Speckle Interferometry (@Palomar)

Alpha Ori Alpha Lyr
~50 milli-arcseconds  ~3 milli-arcseconds
blue
green
yellow
red Gezarietal.(1972)

ApJ, 173, L1
Blazit et al.(1977)
ApJ,214,L79
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Limb-Darkening Measurements from Lunar Occultation

Ridgway et al. (1982) e
AJ 87,104

Worth Hill Observatory

Wavelength

Delaware Valley Amateur Astronomers

Angular Diameter
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magnification
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Limb Darkening Measurements from Microlensing

Abe et al. (2003) A&A 411,493
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Schematic Two-Telescope Interferometer

Geometric
Delay Projected

Baseline

Baseline

Delay Line
1 1
< 1 1
| :
Delay Line :<—):
1 1
Beam Combiner 1/2 Geometric Delay

adapted from Oskar van der Lihe
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The Observable: Visibility

Imax - Imin

Imax * Imin Imax

Imin

on the sky what the interferometer measures
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“Direct” Limb darkening measurements from interferometry

M511 o Her (Perrin et al., 2004)
M4.5 111 BY Boo (Wittkowski et al., 2001)
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New Direct Limb Darkening Measurements
B- and A-type Supergiants & F-type stars

M5 I
M4.5 11l
M4 1l
M1lab
MO Il
K21l
K1.511l
KO Il

Polaris
Procyon ¢
B Cas

A2 1a Deneb <«
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Jason P. Aufdenberg Where did Half of the Sun’s Oxygen Go? Testing Stellar Atmosphere Models.... Dipartimento di Fisica Universita di Pisa 13 April 2005



Part 1

Procyon,

Convection,
and

Limb Darkening
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Asplund et al. (2004) A&A 417, 751

Line formation in solar granulation

Recent 3-D radiative transfer models
have reduced the solar oxygen

IV. [O 1], O 1and OH lines and the photospheric O abundance abundance by nearly a factor Of 2'

M. Asplund', N. Grevesse>?, A. J. Sauval*, C. Allende Prieto’, and D. Kiselman®
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Abstract. The solar photospheric oxygen abundance has been determined from [O 1], O 1, OH vibration-rotation and OH pure
rotation lines by means of a realistic time-dependent, 3D, hydrodynamical model of the solar atmosphere. In the case of the
OT lines, 3D non-LTE calculations have been performed, revealing significant departures from LTE as a result of photon losses

in the lines. =
abundances, in sharp contrast with the results of classical 1D model atmospheres:
measurements of the local interstellar medium and nearby B stars. This low abund:
correspondence between lines of very different line formation sensitivities, and between the
and center-to-limb variations. Together with the corresponding down-ward revisions of the sol
abundances, the resulting significant decrease in solar metal mass fraction to Z = 0.0126 can, how
impressive agreement between predicted and observed sound speed in the solar interior determined from

Key words. convection — line: formation — Sun: abundances — Sun: granulation — Sun: photosphere

1. Introduction

Oxygen is the most abundant element in the Universe with a
non-Big Bang nucleosynthesis origin. As a consequence, oxy-
gen plays a central role in many different fields of astrophysics
ranging from supernova physics and galaxy evolution to dat-
ing stars and production of the light elements through cosmic
ray spallation. Yet it appears that in many crucial objects for
which accurate knowledge of the oxygen abundances is neces-
sary the oxygen content is hotly debated. Recent disputes re-
volve around the overabundance of oxygen in metal-poor halo
stars (see Asplund & Garcia Pérez 2001; Nissen et al. 2002,
and references therein), the Galactic radial abundance gradient
(Rolleston et al. 2000; Cunha & Daflon 2003), and, astonish-
ingly, the solar oxygen abundance. Partly these disagreements
stem from differences in the adopted input data (e.g. g f-values,
effective temperatures 7q, surface gravities log g) but more im-
portantly they reflect the choice of spectral lines to derive the

Send offprint requests to: M. Asplund,
e-mail: martin@mso.anu.edu.au
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11 oxygen diagnostics yield highly consistent
his low value is in good agreement with
e is also supported by the excellent
erved and predicted line shapes
carbon, nitrogen and neon
, potentially spoil the
ioseismology.

abundances using classical 1D stellar model atmospheres. In
particular in the solar case, the freedom of parameters to ob-
tain consistency is very restricted yet the discrepancy is present
in full.

Until recently the commonly adopted solar oxygen abun
Ijance was log g = 8.93 + 0.04' (Anders & Grevesse 1989)1
This historically high abundance was suggested by analys
of the forbidden [O1] 630.0 nm line (Lambert 1978) as wgll
as OH vibration-rotation and pure rotation lines in the/in-
frared (Grevesse et al. 1984; Sauval et al. 1984) using the
1D hydrostatic Holweger-Miiller (1974) semi-empirical fnodel
of the solar atmosphere and LTE line formation. On thle other
hand, a much lower abundance is indicated by the’ permit-
ted high-excitation OT lines, most noteworthy the/IR triplet
at 777 nm, when employing the same model atmogphere with
non-LTE line formation. This discrepancy of aboyt 0.2 dex be-
tween different abundance indicators have ofter/been blamed
on over-estimated departures from local thermodynamic

! On the customary abundance scale defined s e(X) = 10 x
N(X)/N(H).




Procyon: The Visual Binary (P = 40.82 yr)

Girard et al (2000) ApJ 119, 2428
T T T T ‘ T T T T ‘

@ 3.5 pc, the 13th closest
star system to the Sun 4 7
http://www.chara.gsu.edu/~thenry/
RECONS/TOP100.htm
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Massp =1.497 £ 0.037 Mg
Massg = 0.602 £ 0.015 Mg,

Procyon A (F5 1V): Fundamental Parameters

Girard et al (2000) ApJ 119, 2428 Angular diameter = 5.45 £ 0.05 mas (Kervella et al. 2003)
Parallax = 285.93 + 0.88 mas (Hipparcos: Perryman et al.)
Radius =2.05% 0.02 Rg

Log(g) =3.95% 0.02 cgs

Bolometric flux = 17.8 £ 0.9 x 10°W m™

Effective Temperature = 6516 =87 K

HST/WFPC2 PC image (160 s)
F218W filter
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Procyon: Astroseismology Target

letters to nature Narure|voL 430]1 JULY 2004

No stellar p-mode oscillations in
space-hased photometry of Procyon

Jaymie M. Matthews', Rainer Kusching', David B. Guenther?,
Gordon A. H. Walker', Anthony F.J. Moffat’, Slavek M. Rucinski’,
Dimitar Sasselov® & Werner W. Weiss®

4 1. 32 days, 99% temporal coverage
0 2. p-mode peak amplitude < 15 parts per million or
-4 . .
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3-D Hydrodynamical Simulations of Procyon

Allende Prieto et al (2002) ApJ 567, 544

CONVECTION IN SPECTRUM OF PROCYON

Procyon Sun
= SHe%
_ 3-D versus 1-D
£ T=0.3 Center-to-Limb Profiles
1.0
Trms= 8.2% _ 0.8+
= T=1.0 = Prediction:
= \E Tl 1-D (MARCYS) 1.6 %
04t 1.00 um| angular size
difference
e+ between
- T=3.0 1 micron
= 0.8} and
> —
o 450 nm
N
E 0.6
n 0.45 um
— 0.4 M
- T - 10 | 1-D (MARCYS)
E 0.2 . I . I . I . | .
> 0.0 0.2 0.4 0.6 0.8 1.0
o
F1G. 19.—Limb darkening for the three-dimensional (rhombi) and one-

dimensional (asterisks) models. Third-order polynomials have been fitted
4 5 by regular least-squares fits to the data.

0 5 10 15 200 1
x [Mm]
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A Tail of Three Atmosphere Codes

1) 1-D PHOENIX: A general-purpose state-of-the-art stellar and planetary atmosphere code
+ 17 other PHOENIX developers

See: Hauschildt & Baron (1999)

1-D Spherical Symmetry, i-ngomp-and App.Math, 109,41

non-LTE line blanketing,
MLT convection, Aufdenberg et al.(2002) ApJ 570,344

Peter Hauschildt France Allard Eddie Baron
Expanding Atmospheres

2) 3-D CO°BOLD: The “*COservative COde for COmputation of COmpressible COnvection in a BOx of L Dimensions”

3-D hydrodynamics,
plane parallel
non-grey opacities

See: Freytag, Steffan & Dorch (2002)

Hans-Ganther Ludwig Astronomische Nachrichten, 323, 213.

3) 1-D ATLAS 12: Latest version of the Kurucz atmosphere and spectrum synthesis code

1-D Plane-Parallel

LTE line-blanketing

MLT convection with “Overshooting Approximation” See: http://kurucz.harvard.edu/
and

Castelli, Gratton & Kurucz (1997) A&A 318, 841
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A CO°BOLD model for Procyon

d3gt65g40n3.10-26-3
T T T T T T T
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Model intensities = Model visibilities

The visibility V is the Hankel transform of a set of intensities I, angles L, and angular diameter O | p

VBN = [ S [www/xxl _ W/?] wdp

Squared visibility for a baseline B and mean wavelength A ( for filter transmission S( A ):

V(BAg)? = A2 dA JZXS() F(A) dA

) F()\)Q ) o= Jo S F(X) d

O

1
Flux:FA:/ I(p, \) o dp
0
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Mark Ill and VLTI: Optical and Near-IR Interferometry

Mark IIT Very Large Telescope Interferometer
Mt. Wilson, California Paramnal, Chile

e

A = 500 nm, 800 nm

CHARA Array
Mt. Wilson, California

A=2.2 uym
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Squared Visibility
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Angular Diameters from 1-D & 3-D Model Fits

Models without
overshooting
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Procyon’s 2-D Surface: Many Temperatures, Many Colors

Model Intensity Map Intensity Historgram
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Procyon’s Spectral Energy Distribution vs.
Composite Model Spectrum
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Synthetic vs. Observed Stromgren Photometry
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Part 11
Deneb & Rigel,
Stellar Winds,

and

Limb Darkening
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FromF51Vto A2la &B8la...

A Theoretician’s HR Diagram
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Plane Parallel vs. Spherical Limb Profiles

b) spherical case

a) plane-parallel case
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Plane Parallel Limb Profiles
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Spherical Limb Profiles
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Deneb (& Cygni): the prototypical A-type supergiant

New!

Jason P. Aufdenberg Where did Half of the Sun’s Oxygen Go? Testing Stellar Atmosphere Models.... Dipartimento di Fisica Universita di Pisa 13 April 2005



Deneb’s Stellar Wind: Ultraviolet to Radio Constraints

Mg II h&k double P-Cygni lines
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NPOI and CHARA: More Optical and Near-IR Interferometry

Navy Prototype Optical Interferometer Center for High Angular Resolution Astronomy Array
Flagstaff, Arizona Mt. Wilson, California

500 nmn, $00 nm |
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R Deneb: NPOI 1st lobe data
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and 2nd lobe model predictions
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2004 CHARA/FLUOR Observations of Deneb: Wind Detected!

Deneb: Peak of 2nd Lobe Consistent with Mass Loss
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A Surprise! Deneb Appears Asymmetric
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Rigel = B 0ri0niS Fundamental Parameters Fbol = (38.6 + 2.0) x 109 W m-2

constrained by observations BRoss =2.75+ 0.01 mas
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Summary

1. Multi-wavelength (optical + near-IR) visibility measurements are
providing very-high precision angular diameters: = 0.1%. Such
measurements can tightly constrain limb-darkening.

2. For Procyon, such measurements test models with different
temperature gradients due to different convection treatments. 3-D predictions
are confirmed: Procyon’s limb less darkened than most 1-D models predict.

3. 1-D models can be made to fit observed limb darkening, but can’t to match full SED.

For Procyon, the mean temperature structure appears to be partially decoupled

from its mean photometric colors. What do precise colors tell us about Te¢f and convection?
4. Visibility measurements of Deneb yield a mass-loss rate consistent with UV

and radio diagnostics, but uncertainties are still large (>> 15%), but now

within an order of magnitude.

5. Deneb’s stellar disk appears to asymmetric at ~3% level, asymmetric outflow?

6. More insights into stellar atmospheres and stellar interiors will be coming
from interferometry. Stay tuned!
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