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A very brief introduction





Programme

1.The Model Atmosphere

2.The Line Profile

3.Spectral Analysis 



Lorem Ipsum Dolor

0. Introduction

1.Astronomical spectrographs

2.Spectroscopy as a tool for stellar exploration









Spectrum reveals physics and chemistry of a stellar surface

Spectroscopy 
• Effective temperature
• Density -> surface 

gravity -> radius
• Luminosity
• Chemical composition
• Dynamics



Stellar  
Evolution



1. The Model Atmosphere
1.The radiative transfer equation

2.Radiative and hydrostatic equilibrium

3.Local and non-local thermodynamic equilibrium

4.Statistical equilibrium 

5.Radiative opacity and atomic physics

6.Building a model atmosphere

7.Non-classical models (winds, diffusion, molecules)



Lorem Ipsum Dolor

Stellar Atmospheres

Stellar interior: radiation in full LTE is “grey”: obeys Planck’s law
Stellar surface: radiation obeys Kirchoff’s laws
Absorption lines governed by number of ions and density of 
electrons
A “model atmosphere” allows the emergent radiation to be 
compared with the observed spectrum.
Early models were “one zone” models.  Limited …

1894: Max Planck 1814: Joseph von  Fraunhofer



0. Assumptions
1.The model atmosphere

1.LTE or non-LTE

2.Plane-parallel or spherical

3.Stationary, expanding, or time-dependent

4.Chemically homogeneous or stratified

5.Line-opacity (none, atoms, molecules)

6.Magnetic or not



1. Radiative Transfer

I⌫ =
dE⌫

dAd⌦dtd⌫
<latexit sha1_base64="zVXA+gE14gtC9pC9lHGLehgD8cE=">AAACFnicbZDNSsNAFIUn9a/Wv6hLN4NFcGNJqqAboSqCrqxga6EJYTKZtEMnkzAzEUrIU7jxVdy4UMStuPNtnLZZaOuBgcN37+XOPX7CqFSW9W2U5uYXFpfKy5WV1bX1DXNzqy3jVGDSwjGLRcdHkjDKSUtRxUgnEQRFPiP3/uBiVL9/IELSmN+pYULcCPU4DSlGSiPPPLj2MoenOTyFTigQzoLLCciz4AwGzk1EeggGSlsNPbNq1ayx4KyxC1MFhZqe+eUEMU4jwhVmSMqubSXKzZBQFDOSV5xUkgThAeqRrrYcRUS62fisHO5pEsAwFvpxBcf090SGIimHka87I6T6cro2gv/VuqkKT9yM8iRVhOPJojBlUMVwlBEMqCBYsaE2CAuq/wpxH+l0lE6yokOwp0+eNe16zT6s1W+Pqo3zIo4y2AG7YB/Y4Bg0wBVoghbA4BE8g1fwZjwZL8a78TFpLRnFzDb4I+PzB79onx0=</latexit>

dA

dΩ

Iυ

ds

Specific Intensity, Iυ



1. Radiative Transfer

I⌫ =
dE⌫

dAd⌦dtd⌫
<latexit sha1_base64="zVXA+gE14gtC9pC9lHGLehgD8cE=">AAACFnicbZDNSsNAFIUn9a/Wv6hLN4NFcGNJqqAboSqCrqxga6EJYTKZtEMnkzAzEUrIU7jxVdy4UMStuPNtnLZZaOuBgcN37+XOPX7CqFSW9W2U5uYXFpfKy5WV1bX1DXNzqy3jVGDSwjGLRcdHkjDKSUtRxUgnEQRFPiP3/uBiVL9/IELSmN+pYULcCPU4DSlGSiPPPLj2MoenOTyFTigQzoLLCciz4AwGzk1EeggGSlsNPbNq1ayx4KyxC1MFhZqe+eUEMU4jwhVmSMqubSXKzZBQFDOSV5xUkgThAeqRrrYcRUS62fisHO5pEsAwFvpxBcf090SGIimHka87I6T6cro2gv/VuqkKT9yM8iRVhOPJojBlUMVwlBEMqCBYsaE2CAuq/wpxH+l0lE6yokOwp0+eNe16zT6s1W+Pqo3zIo4y2AG7YB/Y4Bg0wBVoghbA4BE8g1fwZjwZL8a78TFpLRnFzDb4I+PzB79onx0=</latexit>

dA

dΩ

Iυ

ds

F⌫ =

I
I⌫d⌦

<latexit sha1_base64="Xo5YVflVnfF1cQ2bem+rU154TTE=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZmpgm6EoiC6soJ9QGcYMpm0DU0yQ5IRytClG3/FjQtF3PoJ7vwb03YW2nogcHLOvdx7T5gwqrTjfFuFhcWl5ZXiamltfWNzy97eaao4lZg0cMxi2Q6RIowK0tBUM9JOJEE8ZKQVDi7HfuuBSEVjca+HCfE56gnapRhpIwX2/lWQeSIdwXPoxVRoeJP/I++Wkx4K7LJTcSaA88TNSRnkqAf2lxfFOOVEaMyQUh3XSbSfIakpZmRU8lJFEoQHqEc6hgrEifKzySEjeGiUCHZjaZ7ZZaL+7sgQV2rIQ1PJke6rWW8s/ud1Ut098zMqklQTgaeDuimDOobjVGBEJcGaDQ1BWFKzK8R9JBHWJruSCcGdPXmeNKsV97hSvTsp1y7yOIpgDxyAI+CCU1AD16AOGgCDR/AMXsGb9WS9WO/Wx7S0YOU9u+APrM8fqA2ZHA==</latexit>

Specific Intensity, Iυ

Flux, Fυ



1. Radiative Transfer
Specific Intensity, Iυ

Flux, Fυ
The radiative energy per unit area. The specific intensity from solid 
angles in all directions.

The radiative energy per frequency interval, per normally incident 
area, per unit solid angle, per unit time.

I⌫ =
dE⌫

dAd⌦dtd⌫
<latexit sha1_base64="zVXA+gE14gtC9pC9lHGLehgD8cE=">AAACFnicbZDNSsNAFIUn9a/Wv6hLN4NFcGNJqqAboSqCrqxga6EJYTKZtEMnkzAzEUrIU7jxVdy4UMStuPNtnLZZaOuBgcN37+XOPX7CqFSW9W2U5uYXFpfKy5WV1bX1DXNzqy3jVGDSwjGLRcdHkjDKSUtRxUgnEQRFPiP3/uBiVL9/IELSmN+pYULcCPU4DSlGSiPPPLj2MoenOTyFTigQzoLLCciz4AwGzk1EeggGSlsNPbNq1ayx4KyxC1MFhZqe+eUEMU4jwhVmSMqubSXKzZBQFDOSV5xUkgThAeqRrrYcRUS62fisHO5pEsAwFvpxBcf090SGIimHka87I6T6cro2gv/VuqkKT9yM8iRVhOPJojBlUMVwlBEMqCBYsaE2CAuq/wpxH+l0lE6yokOwp0+eNe16zT6s1W+Pqo3zIo4y2AG7YB/Y4Bg0wBVoghbA4BE8g1fwZjwZL8a78TFpLRnFzDb4I+PzB79onx0=</latexit>

d⌦ = sin ✓d✓d�
<latexit sha1_base64="BT2QO4CqwfGIw3BFb4V7EVtBQW8=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjNV0I1QdOPOCvYBnVIymds2NJMZkjtCKf0AN/6KGxeKuPUD3Pk3pg9EWw+EHM45l+SeIJHCoOt+OZml5ZXVtex6bmNza3snv7tXM3GqOVR5LGPdCJgBKRRUUaCERqKBRYGEetC/Gvv1e9BGxOoOBwm0ItZVoiM4Qyu184XQv4mgy+gF9Y1Q1MceIKPhz530hE25RXcCuki8GSmQGSrt/KcfxjyNQCGXzJim5ybYGjKNgksY5fzUQMJ4n3WhaaliEZjWcLLMiB5ZJaSdWNujkE7U3xNDFhkziAKbjBj2zLw3Fv/zmil2zltDoZIUQfHpQ51UUozpuBkaCg0c5cASxrWwf6W8xzTjaPvL2RK8+ZUXSa1U9E6KpdvTQvlyVkeWHJBDckw8ckbK5JpUSJVw8kCeyAt5dR6dZ+fNeZ9GM85sZp/8gfPxDUesmoI=</latexit>

F⌫ =

I
I⌫d⌦

<latexit sha1_base64="Xo5YVflVnfF1cQ2bem+rU154TTE=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZmpgm6EoiC6soJ9QGcYMpm0DU0yQ5IRytClG3/FjQtF3PoJ7vwb03YW2nogcHLOvdx7T5gwqrTjfFuFhcWl5ZXiamltfWNzy97eaao4lZg0cMxi2Q6RIowK0tBUM9JOJEE8ZKQVDi7HfuuBSEVjca+HCfE56gnapRhpIwX2/lWQeSIdwXPoxVRoeJP/I++Wkx4K7LJTcSaA88TNSRnkqAf2lxfFOOVEaMyQUh3XSbSfIakpZmRU8lJFEoQHqEc6hgrEifKzySEjeGiUCHZjaZ7ZZaL+7sgQV2rIQ1PJke6rWW8s/ud1Ut098zMqklQTgaeDuimDOobjVGBEJcGaDQ1BWFKzK8R9JBHWJruSCcGdPXmeNKsV97hSvTsp1y7yOIpgDxyAI+CCU1AD16AOGgCDR/AMXsGb9WS9WO/Wx7S0YOU9u+APrM8fqA2ZHA==</latexit>



1. Radiative Transfer
Extinction Coefficient, κυ

Optical Depth, τυ

The combined effects of absorption and scattering of radiation. The 
energy removed from a beam of radiation by an elementary volume 
of cross-section dA and length ds:

A dimensionless quantity used to describe the opaqueness of a 
stellar atmosphere.  The optical depth decreases with height s.

dE⌫ = ⌫I⌫dAdsd⌦d⌫dt
<latexit sha1_base64="XVCtLer6pmE8TZNi8152RcKZl90=">AAACH3icbVDLSgMxFM34rPU16tJNsAiuykwVdSNURdCVFewDOqXcyaRtaCYzJBmhDP0TN/6KGxeKiLv+jWk7C209EO7JOfeS3OPHnCntOCNrYXFpeWU1t5Zf39jc2rZ3dmsqSiShVRLxSDZ8UJQzQauaaU4bsaQQ+pzW/f712K8/UalYJB71IKatELqCdRgBbaS2fRrgm3bqiWSIL7DXhziG7HqX1eASBwoH3n1Iu2CqSHCg23bBKToT4HniZqSAMlTa9rcXRCQJqdCEg1JN14l1KwWpGeF0mPcSRWMgfejSpqECQqpa6WS/IT40SoA7kTRHaDxRf0+kECo1CH3TGYLuqVlvLP7nNRPdOW+lTMSJpoJMH+okHOsIj8PCAZOUaD4wBIhk5q+Y9EAC0SbSvAnBnV15ntRKRfe4WHo4KZSvsjhyaB8doCPkojNURreogqqIoGf0it7Rh/VivVmf1te0dcHKZvbQH1ijH0xroeU=</latexit>

⌧⌫ =

Z s2

s1

⌫(s)ds
<latexit sha1_base64="CUv4nU4a+H4uHNhfxNTR/nai+Do=">AAACGXicbVDJSgNBEO1xjXGLevTSGAS9hBkjLgch6MWjglEhE4eaTidp0tMzdNcIYZjf8OKvePGgiEc9+Td2FsTtQRWP96rorhcmUhh03Q9nYnJqema2MFecX1hcWi6trF6aONWM11ksY30dguFSKF5HgZJfJ5pDFEp+FfZOBv7VLddGxOoC+wlvRtBRoi0YoJWCkusjpEHmqzSnR9QXCoPMBF5+Y/tOTv0eJAmM/C2zTVsmKJXdijsE/Uu8MSmTMc6C0pvfilkacYVMgjENz02wmYFGwSTPi35qeAKsBx3esFRBxE0zG16W002rtGg71rYU0qH6fSODyJh+FNrJCLBrfnsD8T+vkWL7oJkJlaTIFRs91E4lxZgOYqItoTlD2bcEmBb2r5R1QQNDG2ZxGMLhAHtfJ/8llzsVr1qpnu+Wa8fjOApknWyQLeKRfVIjp+SM1Akjd+SBPJFn5955dF6c19HohDPeWSM/4Lx/Am55oLA=</latexit>



1. Radiative Transfer
Emission Coefficient, jυ

Source Function, Sυ

The energy added to a beam of radiation by an elementary 
volume of matter intercepting the beam is:

The ratio of the emission coefficient to the extinction coefficient.  A 
useful quantity in computing the changes to radiation passing 
through a gas.

dE⌫ = j⌫dAdsd⌦d⌫dt
<latexit sha1_base64="yVTwW1cwE9F5ZOBpMEZwKqujfI0=">AAACEnicbZBPS8MwGMbT+W/Of1WPXoJD0Mtop6AXYSqCNye4TVhLSdNsi0vSkqTCKPsMXvwqXjwo4tWTN7+N2daDbr4Q8uN53pfkfcKEUaUd59sqzM0vLC4Vl0srq2vrG/bmVlPFqcSkgWMWy7sQKcKoIA1NNSN3iSSIh4y0wv7FyG89EKloLG71ICE+R11BOxQjbaTAPojgZZB5Ih3CU3ifU3QGIwUj75qTLjK3SGGkA7vsVJxxwVlwcyiDvOqB/eVFMU45ERozpFTbdRLtZ0hqihkZlrxUkQThPuqStkGBOFF+Nl5pCPeMEsFOLM0RGo7V3xMZ4koNeGg6OdI9Ne2NxP+8dqo7J35GRZJqIvDkoU7KoI7hKB8YUUmwZgMDCEtq/gpxD0mEtUmxZEJwp1eehWa14h5WqjdH5dp5HkcR7IBdsA9ccAxq4ArUQQNg8AiewSt4s56sF+vd+pi0Fqx8Zhv8KevzB/JcnGU=</latexit>

S⌫ = j⌫/⌫
<latexit sha1_base64="BPbJ4x7fJXw2V7BC85uNgENaa9I=">AAACCXicbZC7TsMwFIadcivlFmBksaiQmEpSkGBBqmBhLIJepCaKTly3NXWcyHaQqqgrC6/CwgBCrLwBG2+D22aAwi9Z+vyfc2SfP0w4U9pxvqzCwuLS8kpxtbS2vrG5ZW/vNFWcSkIbJOaxbIegKGeCNjTTnLYTSSEKOW2Fw8tJvXVPpWKxuNWjhPoR9AXrMQLaWIGNb4LME+kYn+O7nI6wN4Qkgdk1sMtOxZkK/wU3hzLKVQ/sT68bkzSiQhMOSnVcJ9F+BlIzwum45KWKJkCG0KcdgwIiqvxsuskYHxini3uxNEdoPHV/TmQQKTWKQtMZgR6o+drE/K/WSXXvzM+YSFJNBZk91Es51jGexIK7TFKi+cgAEMnMXzEZgASiTXglE4I7v/JfaFYr7nGlen1Srl3kcRTRHtpHh8hFp6iGrlAdNRBBD+gJvaBX69F6tt6s91lrwcpndtEvWR/fx0SZww==</latexit>

dV = dAds
<latexit sha1_base64="1qsTzP71Yp8sbHCpe6nDMx03ocM=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CJUvXisYD8gDWWz2bRLN7thdyOU0J/hxYMiXv013vw3btsctPXBwOO9GWbmhSln2rjut7Oyura+sVnaKm/v7O7tVw4O21pmitAWkVyqbog15UzQlmGG026qKE5CTjvh6G7qd56o0kyKRzNOaZDggWAxI9hYyY9QG12j6AZFul+pujV3BrRMvIJUoUCzX/nqRZJkCRWGcKy177mpCXKsDCOcTsq9TNMUkxEeUN9SgROqg3x28gSdWiVCsVS2hEEz9fdEjhOtx0loOxNshnrRm4r/eX5m4qsgZyLNDBVkvijOODISTf9HEVOUGD62BBPF7K2IDLHCxNiUyjYEb/HlZdKu17zzWv3hotq4LeIowTGcwBl4cAkNuIcmtICAhGd4hTfHOC/Ou/Mxb11xipkj+APn8wcpLI/f</latexit>



1. Radiative Transfer
Radiative Transfer Equation (RTE)
The net change in intensity of a radiation beam as a result of its 
interaction with matter is obtained by combining the effects of 
emission and extinction:

net change in radiative energy = emission - extinction

using the 
definition for 
optical depth:

this implies: and finally:

dI⌫
ds

= j⌫ � ⌫I⌫
<latexit sha1_base64="3HlI0t0vIQUC5O3BLXRCg7E8O8E=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwY0mqqBuh6EZ3FewDmhAmk0k7djIJMxOhhPyJG3/FjQtFxF3/xmmbhbYeGDj3nHu5c4+fMCqVZY2N0tLyyupaeb2ysbm1vWPu7rVlnApMWjhmsej6SBJGOWkpqhjpJoKgyGek4w9vJn7niQhJY/6gRglxI9TnNKQYKS155rkTCoSzAN55mcPTHOZZIHN4BR+L+gQ6Q5QkqCiLNs+sWjVrCrhI7IJUQYGmZ347QYzTiHCFGZKyZ1uJcjMkFMWM5BUnlSRBeIj6pKcpRxGRbja9L4dHWglgGAv9uIJT9fdEhiIpR5GvOyOkBnLem4j/eb1UhZduRnmSKsLxbFGYMqhiOAkLBlQQrNhIE4QF1X+FeIB0YEpHWtEh2PMnL5J2vWaf1ur3Z9XGdRFHGRyAQ3AMbHABGuAWNEELYPAMXsE7+DBejDfj0/iatZaMYmYf/IEx/gH/oqL1</latexit>

dI⌫
d⌧⌫

=
j⌫
⌫

� I⌫
<latexit sha1_base64="zNLDVCzRc2tFU8N0tjP4fGNCTE4=">AAACMnicbVDLSsQwFE19juOr6tJNcBDcOLQq6EYYdKM7BecB0zLcZlKNk6YlSYWh9Jvc+CWCC10o4taPMDPtgK8DgZNz7iG5J0g4U9pxnq2p6ZnZufnKQnVxaXll1V5bb6k4lYQ2Scxj2QlAUc4EbWqmOe0kkkIUcNoOBqcjv31HpWKxuNLDhPoRXAsWMgLaSD373AslkKyPz3uZJ9Ic54Z7GtLimuNjXEzclkKGvQEkCUz83UmyZ9ecujMG/kvcktRQiYue/ej1Y5JGVGjCQamu6yTaz0BqRjjNq16qaAJkANe0a6iAiCo/G6+c422j9HEYS3OExmP1eyKDSKlhFJjJCPSN+u2NxP+8bqrDIz9jIkk1FaR4KEw51jEe9Yf7TFKi+dAQIJKZv2JyA6YhbVqumhLc3yv/Ja29urtf37s8qDVOyjoqaBNtoR3kokPUQGfoAjURQffoCb2iN+vBerHerY9idMoqMxvoB6zPL31Sq4Q=</latexit>

dI⌫
d⌧⌫

= S⌫ � I⌫
<latexit sha1_base64="1MHZz+MjIim4QmdcVMqp68eYoQs=">AAACHHicbVDNS8MwHE39nPOr6tFLcAheHO0m6EUYetHbRPcBaylpmm5haVqSVBilf4gX/xUvHhTx4kHwvzHbKujmg8DLe+9H8nt+wqhUlvVlLCwuLa+sltbK6xubW9vmzm5bxqnApIVjFouujyRhlJOWooqRbiIIinxGOv7wcux37omQNOZ3apQQN0J9TkOKkdKSZ9adUCCcBfDayxye5jDX3FEonV5zeA5vC+f4J+OZFatqTQDniV2QCijQ9MwPJ4hxGhGuMENS9mwrUW6GhKKYkbzspJIkCA9Rn/Q05Sgi0s0my+XwUCsBDGOhD1dwov6eyFAk5SjydTJCaiBnvbH4n9dLVXjmZpQnqSIcTx8KUwZVDMdNwYAKghUbaYKwoPqvEA+QbkvpPsu6BHt25XnSrlXterV2c1JpXBR1lMA+OABHwAanoAGuQBO0AAYP4Am8gFfj0Xg23oz3aXTBKGb2wB8Yn99igqGK</latexit>

dI⌫dAd⌦d⌫dt = j⌫dAdsd⌦d⌫dt� ⌫I⌫dAdsd⌦d⌫dt
<latexit sha1_base64="SQgyGUYeWLP7XPo6QVv/Wtf8bFM=">AAACUnicfVJNSwMxFEzrV61VVz16CRbBi2W3CnoRql7syQr2A7qlvM2mbWw2uyRZoSz9jYJ48Yd48aCm7R5qKz4IGWbm8ZJJvIgzpW37PZNdWV1b38ht5rcK2zu71t5+Q4WxJLROQh7KlgeKciZoXTPNaSuSFAKP06Y3vJ3ozWcqFQvFox5FtBNAX7AeI6AN1bWYj6vdxBXxGPvX2HfvA9oHs4sY+xpf4ac5US3pp9gdQhRBaqr+Z+5aRbtkTwsvAycFRZRWrWu9un5I4oAKTTgo1XbsSHcSkJoRTsd5N1Y0AjKEPm0bKCCgqpNMIxnjY8P4uBdKs4TGU3a+I4FAqVHgGWcAeqAWtQn5l9aOde+ykzARxZoKMhvUiznWIZ7ki30mKdF8ZAAQycxZMRmABKLNK+RNCM7ilZdBo1xyzkrlh/Ni5SaNI4cO0RE6QQ66QBV0h2qojgh6QR/oC31n3jKfWfNLZtZsJu05QL8qW/gBipyx4A==</latexit>



2. Radiative and Hydrostatic Equilibrium
Radiative Equilibrium

Hydrostatic Equilibrium
Pressure gradient in equilibrium with local gravity so nett radial 
acceleration is zero. 

Conservation of energy is assumed to apply to the 
atmosphere of the star, hence no sources or sinks 
and the divergence condition yields: 

If all energy is carried by radiation: 
F =

Z 1

0
F⌫d⌫

<latexit sha1_base64="5k+dURsNvxldClkci9BTNPnwWns=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4KjNV0Y1QFMRlBfuATh0yaaYNzWSG5I5QhvkSN/6KGxeKCK70b0wfi9p6INzDOfeSe48fC67Btn+s3NLyyupafr2wsbm1vVPc3WvoKFGU1WkkItXyiWaCS1YHDoK1YsVI6AvW9AfXI7/5yJTmkbyHYcw6IelJHnBKwEhe8cwNCfQpEelNhi+xyyV49kNqagDDDM+4XurKJMNdbIpXLNllewy8SJwpKaEpal7xy+1GNAmZBCqI1m3HjqGTEgWcCpYV3ESzmNAB6bG2oZKETHfS8XkZPjJKFweRMk8CHquzEykJtR6GvukcravnvZH4n9dOILjopFzGCTBJJx8FicAQ4VFWuMsVoyCGhhCquNkV0z5RhIJJtGBCcOZPXiSNStk5KVfuTkvVq2kceXSADtExctA5qqJbVEN1RNETekFv6N16tl6tD+tz0pqzpjP76A+s71+n7KLR</latexit>

dP

d⌧
=

g


<latexit sha1_base64="Lmjuo8OseIk2857RL8uxr5I7Euo=">AAACDnicbVBNS8NAEN3Ur1q/oh69LJaCp5JUQS9C0YvHCrYVmlAm2027dLMJuxuhhPwCL/4VLx4U8erZm//GbZuDtj6Y4fHeDLvzgoQzpR3n2yqtrK6tb5Q3K1vbO7t79v5BR8WpJLRNYh7L+wAU5UzQtmaa0/tEUogCTrvB+Hrqdx+oVCwWd3qSUD+CoWAhI6CN1LdrXiiBZAPcyk3zNKQ5vsRzcZhn3hiSBPK+XXXqzgx4mbgFqaICrb795Q1ikkZUaMJBqZ7rJNrPQGpGOM0rXqpoAmQMQ9ozVEBElZ/NzslxzSgDHMbSlNB4pv7eyCBSahIFZjICPVKL3lT8z+ulOrzwMyaSVFNB5g+FKcc6xtNs8IBJSjSfGAJEMvNXTEZgotAmwYoJwV08eZl0GnX3tN64Pas2r4o4yugIHaMT5KJz1EQ3qIXaiKBH9Ixe0Zv1ZL1Y79bHfLRkFTuH6A+szx86ZZw8</latexit>

d

ds
F(s) = 0
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3. Local Thermodynamic  Equilibrium
Local thermodynamic equilibrium (LTE) implies that:   
electron and ion velocity distributions are Maxwellian,  
the equation of state for matter (atoms and ions) balances the local 
radiation field;  
temperatures measured from ions should match that from the flux 
distribution (as defined by the Planck function).  
The principal criterion is that collisional processes dominate over 
radiative. 

In LTE, the level populations for atoms and ions may be obtained 
from the Boltzmann excitation and Saha ionisation equations. 

In strict LTE: 
S⌫ = I⌫ = B⌫
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3. Non-local Thermodynamic  Equilibrium
When densities are low, or temperatures are high, radiative processes 
become significant relative to collisions. This has two consequences.

1. Radiation field departs from the Planck function: 

2. Electron-level populations depart from Saha-Bolzmann 
equilibrium. 

S⌫ 6= B⌫
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4. Statistical  Equilibrium
When densities are low, or temperatures are high, radiative processes 
become significant relative to collisions. This has two consequences.

1. Radiation field departs from the Planck function: 

2. Electron-level populations depart from Saha-Boltzmann 
equilibrium. 

3. Need to be calculated with Einsten-Milne rate equations to 
obtain details balance for all level populations

S⌫ 6= B⌫
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5a. Radiative Opacity and Atomic Physics

Scattering processes:        between atoms, free electrons and photons

Continuous Opacity:

Line Opacity:



Contribution of processes to the opacity
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Effect of opacity on model atmosphere



6. Building a model atmosphere
1. Adopt an initial temperature distribution: T(τυ0)

2. Integrate the equation of hydrostatic equilibrium to obtain 
the pressure profile P(τυ0)

3. Calculate other physical variables such as ρ(τυ0),  κυ0(τυ0) 
since they depend only on P(τυ0) and T(τυ0) under LTE 

4. Construct an optical depth scale τυ for each υ

5. The source function Sυ(τυ0) can now be found as a 
function of τυ0 and the RTE can be integrated

6. Adjust T(τυ0) to satisfy radiative equilibrium:  
 

7. [ Adjust composition to satisfy chemical equilibrium ]

F = �T 4
e↵
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7. model inputs and outputs

Output: structure T, P, ne, κ  as fn of τυ0  or z (optical or 
geometric depth)

From formal solution: Fυ and Fυc (line and continuum) :

1. low resolution spectrum over large frequency range

2. photometric magnitude for any filter

3. line profiles, equivalent widths for any line

4. high-resolution spectrum for any frequency range

Input: Teff, g, ni, vturb

Assumptions: … several choices …  + atomic data



Results: Hydrogen-rich atmosphere



Results: Helium-rich atmosphere
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A1. Stellar Opacities

Scattering processes:        between atoms, free electrons and photons

Continuous Opacity:

Line Opacity:



Bound-free absorption cross-section

The cross-section for absorption of a photon and ionisation from 
energy level n is approximately Gaunt (1930):
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STERNE2(2003) used photoionisation cross-sections calculated by 
Kurucz (1970): 

H, He, O, Mg, Al, Si and Ca 

& Peach(1970): 

C & N



The IRON Project (IP) is carrying out new calculations for the iron 
group elements.  

The Opacity Project (OP), formed in 1984, is an international 
collaboration involving research groups from the U.K., France, Germany, 
Venezuela and the United States. 

The aim of the project is to compute accurate atomic data required for 
opacity calculations, including energy levels, transition frequencies, 
oscillator strengths and absorption cross-sections.

Cross-sections were computed for the lowest-lying electron states in H, 
He, Li, Be, B, C, N, O, F, Ne, Na, Mg, Al, Si, S, Ar, and Ca have been 
included in STERNE3.

Cross-sections for Fe I, Fe II, Fe II have been included in STERNE3.

The Opacity Project & The IRON Project



OP C I cross-section compared to the 
hydrogenic approximation (red 
curve). IP Fe I cross-section compared 

to the hydrogenic 
approximation.

Comparison: Absorption cross-sections
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Results

An increase in the CII opacity when using the OP cross-sections leads to an 
increase in the continuum opacity at λ > 1000 angstroms.

Ratio of CII opacity computed with the OP 
cross-sections to the opacity computed 
using the Peach data.

Effect of the CII opacity on the emergent 
flux. The dotted line represents the model 
with the new opacities. Teff = 20 000 K
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where κνi represents the specific opacity. A is the atomic mass and Z 
the effective charge of each ion. 

Thus, under the diffusion approximation, the chemical composition is 
a function of the local opacity only, and not of the initial composition.

  

A2. Chemical Diffusion 
In complete chemical equilibrium, the diffusive velocities for each 
chemical species, i, must be zero. 

To satisfy this requirement, the specific density of each element, ρi, must 
satisfy the following equation:

  



Chemical equilibrium for hot subdwarfs

←

Helium abundance vs 
depth in 
atmosphere

→

H and He line 
profiles for 
homogeneous and 
stratified 
atmospheres


