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Programme

1.The Model Atmosphere

2.The Line Profile

3.Spectral Analysis 



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.

1894: Max Planck 1814: Joseph von  Fraunhofer
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.2. Equivalent widths

W� =

Z
A�d�

<latexit sha1_base64="DQkE6p/l1EwoOx2stCdVUUcPa8I=">AAACEHicbVDLSsNAFL2pr1pfUZduBovoqiRV0I1QdeOygn1AE8JkMmmHTh7MTIQS+glu/BU3LhRx69Kdf+O0zUJbDwwczjmXuff4KWdSWda3UVpaXlldK69XNja3tnfM3b22TDJBaIskPBFdH0vKWUxbiilOu6mgOPI57fjDm4nfeaBCsiS+V6OUuhHuxyxkBCsteeZxx8sdrvMBHqNL5LBYoatfUlAwz6xaNWsKtEjsglShQNMzv5wgIVlEY0U4lrJnW6lycywUI5yOK04maYrJEPdpT9MYR1S6+fSgMTrSSoDCROinF5qqvydyHEk5inydjLAayHlvIv7n9TIVXrg5i9NM0ZjMPgozjlSCJu2ggAlKFB9pgolgeldEBlhgonSHFV2CPX/yImnXa/ZprX53Vm1cF3WU4QAO4QRsOIcG3EITWkDgEZ7hFd6MJ+PFeDc+ZtGSUczswx8Ynz/a5Zx6</latexit>

A� = (1� F�/Fcontinuum)
<latexit sha1_base64="kpPjJyYuX6HBeMOILpEUvxEFJQc=">AAACH3icbVBLSwMxGMzWV62vqkcvwSLUg3W3inoRqoJ4rGAf0JaSzWbb0CS7JFmhLP0nXvwrXjwoIt76b0y3e6itA4HJzHwk37gho0rb9tjKLC2vrK5l13Mbm1vbO/ndvboKIolJDQcskE0XKcKoIDVNNSPNUBLEXUYa7uBu4jeeiVQ0EE96GJIORz1BfYqRNlI3f3HTjdvM5D00gtewCB14Au9ntNPkJjnEgdBURBEfwWPYzRfskp0ALhInJQWQotrN/7S9AEecCI0ZUqrl2KHuxEhqihkZ5dqRIiHCA9QjLUMF4kR14mS/ETwyigf9QJojNEzU2YkYcaWG3DVJjnRfzXsT8T+vFWn/qhNTEUaaCDx9yI8Y1AGclAU9KgnWbGgIwpKav0LcRxJhbSrNmRKc+ZUXSb1ccs5K5cfzQuU2rSMLDsAhKAIHXIIKeABVUAMYvIA38AE+rVfr3fqyvqfRjJXO7IM/sMa/GeKgjw==</latexit>

The line profile
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.3. The line profile: I

Pure LTE (no scattering)

Cheap and cheerful !

HOWEVER:

Scattering cannot be ignored 
at  high temperatures and/
or low-gravities.

A⌫ = (1� F⌫/Fc)
<latexit sha1_base64="Tmkvpf5XNJ3cS1PTNi3rlraMjew=">AAACCXicbZDLSgMxFIYz9VbrrerSzcEi1IV1pgq6EaqCuKxgL9CWIZNm2tBMZkgyQhm6deOruHGhiFvfwJ1vY9rOQlt/CHz5zzkk5/cizpS27W8rs7C4tLySXc2trW9sbuW3d+oqjCWhNRLyUDY9rChngtY005w2I0lx4HHa8AbX43rjgUrFQnGvhxHtBLgnmM8I1sZy83DpJm0Rj+ACiuDAEdyk92NDBA7BzRfskj0RzIOTQgGlqrr5r3Y3JHFAhSYcK9Vy7Eh3Eiw1I5yOcu1Y0QiTAe7RlkGBA6o6yWSTERwYpwt+KM0RGibu74kEB0oNA890Blj31WxtbP5Xa8XaP+8kTESxpoJMH/JjDjqEcSzQZZISzYcGMJHM/BVIH0tMtAkvZ0JwZleeh3q55JyUynenhcpVGkcW7aF9VEQOOkMVdIuqqIYIekTP6BW9WU/Wi/VufUxbM1Y6s4v+yPr8AVAzluU=</latexit>

S⌫ = B⌫
<latexit sha1_base64="sx4j9TaCCJPq9bDJkt4rNj9le7g=">AAAB+nicbZDLSsNAFIZPvNZ6S3XpZrAIrkpSBd0IpW5cVrQXaEOYTCft0MkkzEyUEvsoblwo4tYncefbOG2z0NYfBj7+cw7nzB8knCntON/Wyura+sZmYau4vbO7t2+XDloqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkbX03r7gUrFYnGvxwn1IjwQLGQEa2P5dunOz3oinaArVJ+Tb5edijMTWgY3hzLkavj2V68fkzSiQhOOleq6TqK9DEvNCKeTYi9VNMFkhAe0a1DgiCovm50+QSfG6aMwluYJjWbu74kMR0qNo8B0RlgP1WJtav5X66Y6vPQyJpJUU0Hmi8KUIx2jaQ6ozyQlmo8NYCKZuRWRIZaYaJNW0YTgLn55GVrVintWqd6el2v1PI4CHMExnIILF1CDG2hAEwg8wjO8wpv1ZL1Y79bHvHXFymcO4Y+szx+gTpOX</latexit>

F⌫ =

Z
S⌫E2(⌧⌫)d⌧⌫

<latexit sha1_base64="XhDolIIDVjSUmdZcRoKOU51Dwrw=">AAACHXicbVDLSsNAFJ34rPUVdelmsAh1U5Ja0I1QFMVlRfuAJoTJZNIOnUzCzEQooT/ixl9x40IRF27Ev3HaZlFbDwycc+69zL3HTxiVyrJ+jKXlldW19cJGcXNre2fX3NtvyTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsfXI3r7UciJI35gxomxI1Qj9OQYqS05Zm1Gy9zeDqCF9ChXMH7XF571TJ0FEqn+gQGM8ozS1bFmgAuEjsnJZCj4ZlfThDjNCJcYYak7NpWotwMCUUxI6Oik0qSIDxAPdLVlKOISDebXDeCx9oJYBgL/fSGE3d2IkORlMPI150RUn05Xxub/9W6qQrP3YzyJFWE4+lHYcqgiuE4KhhQQbBiQ00QFlTvCnEfCYSVDrSoQ7DnT14krWrFPq1U72ql+mUeRwEcgiNQBjY4A3VwCxqgCTB4Ai/gDbwbz8ar8WF8TluXjHzmAPyB8f0L/KmhQw==</latexit>

⌧⌫ =

Z s2

s1

⌫(s)ds
<latexit sha1_base64="W9lY8SUcVFHfXCveVZj9w0R+0FE=">AAACGXicbVDJSgNBEO1xN25Rj14agxAvYSYKehGCXjwqmAUycajpdJImPT1Dd40QhvkNL/6KFw+KeNSTf2NnObg9qOLxXhXd9cJECoOu++nMzS8sLi2vrBbW1jc2t4rbOw0Tp5rxOotlrFshGC6F4nUUKHkr0RyiUPJmOLwY+807ro2I1Q2OEt6JoK9ETzBAKwVF10dIg8xXaU7PqC8UBpkJvPzW9mpO/SEkCUz9sjmkXRMUS27FnYD+Jd6MlMgMV0Hx3e/GLI24QibBmLbnJtjJQKNgkucFPzU8ATaEPm9bqiDippNNLsvpgVW6tBdrWwrpRP2+kUFkzCgK7WQEODC/vbH4n9dOsXfayYRKUuSKTR/qpZJiTMcx0a7QnKEcWQJMC/tXygaggaENs2BD8H6f/Jc0qhXvqFK9Pi7VzmdxrJA9sk/KxCMnpEYuyRWpE0buySN5Ji/Og/PkvDpv09E5Z7azS37A+fgCVv+gfQ==</latexit>

For Fc : ⌫ = c
<latexit sha1_base64="IUNvRUSMC8a28GlcrhfmHmQCGrw=">AAACFnicbVDLSsNAFJ34rPUVdelmsAguakmqoAhCUSguK9gHNCFMppN26GQSZiZCCfkKN/6KGxeKuBV3/o3TNoi2Hrhw5px7mXuPHzMqlWV9GQuLS8srq4W14vrG5ta2ubPbklEiMGniiEWi4yNJGOWkqahipBMLgkKfkbY/vB777XsiJI34nRrFxA1Rn9OAYqS05JnHqSNCWI+EU3bKMIN1D19AZ4jiGHmpw5MMXv48ceaZJatiTQDniZ2TEsjR8MxPpxfhJCRcYYak7NpWrNwUCUUxI1nRSSSJER6iPulqylFIpJtOzsrgoVZ6MIiELq7gRP09kaJQylHo684QqYGc9cbif143UcG5m1IeJ4pwPP0oSBhUERxnBHtUEKzYSBOEBdW7QjxAAmGlkyzqEOzZk+dJq1qxTyrV29NS7SqPowD2wQE4AjY4AzVwAxqgCTB4AE/gBbwaj8az8Wa8T1sXjHxmD/yB8fENSuOePA==</latexit>

For F⌫ : ⌫ = c + �l�⌫
<latexit sha1_base64="ibunPh0SuX0tP4M0xnZB2qqCrpY="></latexit>



.3. The line profile: II

Semi-LTE:  including e- scattering

A⌫ = (1� F⌫/Fc)
<latexit sha1_base64="Tmkvpf5XNJ3cS1PTNi3rlraMjew=">AAACCXicbZDLSgMxFIYz9VbrrerSzcEi1IV1pgq6EaqCuKxgL9CWIZNm2tBMZkgyQhm6deOruHGhiFvfwJ1vY9rOQlt/CHz5zzkk5/cizpS27W8rs7C4tLySXc2trW9sbuW3d+oqjCWhNRLyUDY9rChngtY005w2I0lx4HHa8AbX43rjgUrFQnGvhxHtBLgnmM8I1sZy83DpJm0Rj+ACiuDAEdyk92NDBA7BzRfskj0RzIOTQgGlqrr5r3Y3JHFAhSYcK9Vy7Eh3Eiw1I5yOcu1Y0QiTAe7RlkGBA6o6yWSTERwYpwt+KM0RGibu74kEB0oNA890Blj31WxtbP5Xa8XaP+8kTESxpoJMH/JjDjqEcSzQZZISzYcGMJHM/BVIH0tMtAkvZ0JwZleeh3q55JyUynenhcpVGkcW7aF9VEQOOkMVdIuqqIYIekTP6BW9WU/Wi/VufUxbM1Y6s4v+yPr8AVAzluU=</latexit>

F⌫ = 2

Z 1

0
I⌫µµdµ

<latexit sha1_base64="0yTXLBsnhgcM5+g9RXlwjx1xJC0=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0XQTUmqoBuhKIjuKtgHNDFMJpN26GQSZiZCCf0GN/6KGxeKuHXlzr9xknahrQfmcjjnXu7c4yeMSmVZ30ZpYXFpeaW8Wllb39jcMrd32jJOBSYtHLNYdH0kCaOctBRVjHQTQVDkM9Lxh5e533kgQtKY36lRQtwI9TkNKUZKS555dOVlDk/H8BzWoUO58qx7G94UohNpXRcY5MUzq1bNKgDniT0lVTBF0zO/nCDGaUS4wgxJ2bOtRLkZEopiRsYVJ5UkQXiI+qSnKUcRkW5WnDSGB1oJYBgL/biChfp7IkORlKPI150RUgM56+Xif14vVeGZm1GepIpwPFkUpgyqGOb5wIAKghUbaYKwoPqvEA+QQFjpFCs6BHv25HnSrtfs41r99qTauJjGUQZ7YB8cAhucgga4Bk3QAhg8gmfwCt6MJ+PFeDc+Jq0lYzqzC/7A+PwBpYOcNg==</latexit>

I⌫µ =

Z 1

0
S⌧⌫e

�⌧/µd⌧
<latexit sha1_base64="JNivOj0PvmMB7XZbceYNVI1xj3g="></latexit>

S⌫ = (⌫B⌫ + �⌫J⌫)/(⌫ + �⌫)
<latexit sha1_base64="sCBnr/blJMJ04EfMtMNvJJATU74="></latexit>

⌧⌫ =

Z s2

s1

⌫(s)ds
<latexit sha1_base64="W9lY8SUcVFHfXCveVZj9w0R+0FE=">AAACGXicbVDJSgNBEO1xN25Rj14agxAvYSYKehGCXjwqmAUycajpdJImPT1Dd40QhvkNL/6KFw+KeNSTf2NnObg9qOLxXhXd9cJECoOu++nMzS8sLi2vrBbW1jc2t4rbOw0Tp5rxOotlrFshGC6F4nUUKHkr0RyiUPJmOLwY+807ro2I1Q2OEt6JoK9ETzBAKwVF10dIg8xXaU7PqC8UBpkJvPzW9mpO/SEkCUz9sjmkXRMUS27FnYD+Jd6MlMgMV0Hx3e/GLI24QibBmLbnJtjJQKNgkucFPzU8ATaEPm9bqiDippNNLsvpgVW6tBdrWwrpRP2+kUFkzCgK7WQEODC/vbH4n9dOsXfayYRKUuSKTR/qpZJiTMcx0a7QnKEcWQJMC/tXygaggaENs2BD8H6f/Jc0qhXvqFK9Pi7VzmdxrJA9sk/KxCMnpEYuyRWpE0buySN5Ji/Og/PkvDpv09E5Z7azS37A+fgCVv+gfQ==</latexit>

J⌫ = (4⇡)�1

I
I⌫d⌦

<latexit sha1_base64="CreRJ/tsyWdAJzzFhr6XZ2RyJac=">AAACFHicbVDLSsNAFJ34rPVVdelmsAgVsSS1oBuh6EbdWME+oIlhMpm0QyeTMDMRSuhHuPFX3LhQxK0Ld/6N0zYLbT1w4XDOvdx7jxczKpVpfhtz8wuLS8u5lfzq2vrGZmFruymjRGDSwBGLRNtDkjDKSUNRxUg7FgSFHiMtr38x8lsPREga8Ts1iIkToi6nAcVIacktHF67qc2TITyDpaod04P79MgaQjuiXMGrzPPtm5B0kVsommVzDDhLrIwUQYa6W/iy/QgnIeEKMyRlxzJj5aRIKIoZGebtRJIY4T7qko6mHIVEOun4qSHc14oPg0jo0reM1d8TKQqlHISe7gyR6slpbyT+53USFZw6KeVxogjHk0VBwqCK4Cgh6FNBsGIDTRAWVN8KcQ8JhJXOMa9DsKZfniXNStk6Llduq8XaeRZHDuyCPVACFjgBNXAJ6qABMHgEz+AVvBlPxovxbnxMWueMbGYH/IHx+QNYOJ0m</latexit>

µ
dI⌫
d⌧⌫

= I⌫ � S⌫
<latexit sha1_base64="pnRCpMVU+5j31FC8IWFdPVha6go=">AAACHXicbZDLSsNAFIYn9VbrrerSzWAR3FiSWtCNUHSju4r2Ak0Ik8mkHTqZhLkIJfRF3Pgqblwo4sKN+DZO2yy09YeBb/5zDjPnD1JGpbLtb6uwtLyyulZcL21sbm3vlHf32jLRApMWTlgiugGShFFOWooqRrqpICgOGOkEw6tJvfNAhKQJv1ejlHgx6nMaUYyUsfxy3Y01dCOBcBbe+JnL9Xicha5COr/AC5j78ATezcgvV+yqPRVcBCeHCsjV9MufbphgHROuMENS9hw7VV6GhKKYkXHJ1ZKkCA9Rn/QMchQT6WXT7cbwyDghjBJhDldw6v6eyFAs5SgOTGeM1EDO1ybmf7WeVtG5l1GeakU4nj0UaQZVAidRwZAKghUbGUBYUPNXiAfIRKVMoCUTgjO/8iK0a1XntFq7rVcal3kcRXAADsExcMAZaIBr0AQtgMEjeAav4M16sl6sd+tj1lqw8pl98EfW1w8vX6KS</latexit>

Sc : ⌫ = c
<latexit sha1_base64="ZFktWpCgMCl2WDRHYJh/J7uAADM=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsxUQRGEohuXFe0DOsOQSTNtaCYTkoxQhtm58VfcuFDErb/gzr8xfSDaeuDCyTn3kntPKBhV2nG+rMLC4tLySnG1tLa+sbllb+80VZJKTBo4YYlsh0gRRjlpaKoZaQtJUBwy0goHVyO/dU+kogm/00NB/Bj1OI0oRtpIgb1/G+Bz6A2QECjIPJ7m8OLnifPALjsVZww4T9wpKYMp6oH96XUTnMaEa8yQUh3XEdrPkNQUM5KXvFQRgfAA9UjHUI5iovxsfEcOD43ShVEiTXENx+rviQzFSg3j0HTGSPfVrDcS//M6qY7O/IxykWrC8eSjKGVQJ3AUCuxSSbBmQ0MQltTsCnEfSYS1ia5kQnBnT54nzWrFPa5Ub07KtctpHEWwBw7AEXDBKaiBa1AHDYDBA3gCL+DVerSerTfrfdJasKYzu+APrI9vONOY6Q==</latexit>

S⌫ : ⌫ = c + �l�⌫
<latexit sha1_base64="dpcNXKMp4JaeQ5Q6umygA5/vkTw=">AAACH3icbVDLSgMxFM34rPVVdekmWARBKDNVVASh6MZlRfuAzjBk0kwbmsmEJCOUoX/ixl9x40IRcde/MZ0Ooq0HQs4991ySewLBqNK2PbYWFpeWV1YLa8X1jc2t7dLOblPFicSkgWMWy3aAFGGUk4ammpG2kARFASOtYHAz6bceiVQ05g96KIgXoR6nIcVIG8kvnd37qcuT0SV0B0gINK3g1U+JR/AYurhPfQZdYa7M4JfKdsXOAOeJk5MyyFH3S19uN8ZJRLjGDCnVcWyhvRRJTTEjo6KbKCIQHqAe6RjKUUSUl2b7jeChUbowjKU5XMNM/T2RokipYRQYZ4R0X832JuJ/vU6iwwsvpVwkmnA8fShMGNQxnIQFu1QSrNnQEIQlNX+FuI8kwtpEWjQhOLMrz5NmteKcVKp3p+XadR5HAeyDA3AEHHAOauAW1EEDYPAEXsAbeLeerVfrw/qcWhesfGYP/IE1/ga1uKLG</latexit>

µ = cos ✓
<latexit sha1_base64="JkLXL3qoEAUL/hOdW56mlAm/KsQ=">AAAB+nicbVBNSwMxEM36WevXVo9egkXwVHaroBeh6MVjBfsB3aVk02wbmmyWZFYptT/FiwdFvPpLvPlvTNs9aOuDgcd7M8zMi1LBDXjet7Oyura+sVnYKm7v7O7tu6WDplGZpqxBlVC6HRHDBE9YAzgI1k41IzISrBUNb6Z+64Fpw1VyD6OUhZL0Ex5zSsBKXbcUyAxf4YAqgwMYMCBdt+xVvBnwMvFzUkY56l33K+gpmkmWABXEmI7vpRCOiQZOBZsUg8ywlNAh6bOOpQmRzITj2ekTfGKVHo6VtpUAnqm/J8ZEGjOSke2UBAZm0ZuK/3mdDOLLcMyTNAOW0PmiOBMYFJ7mgHtcMwpiZAmhmttbMR0QTSjYtIo2BH/x5WXSrFb8s0r17rxcu87jKKAjdIxOkY8uUA3dojpqIIoe0TN6RW/Ok/PivDsf89YVJ585RH/gfP4AIx2TRw==</latexit>

MUST solve transfer equation explicitly



.3. The line profile: III

Doppler broadening (thermal, microturbulence):  

Radiative broadening: Γr

Electron (Stark) broadening: Γe

Ion (van der Waal’s) broadening - heavy ions : ΓW

⇒Voigt profile:

 

⇒line absorption coefficient:

Pressure broadening (quadratic Stark effect) - H, He, resonance lines

H(a, ⌫) :

a =
(�r + ne�e + nH�W)

4⇡�⌫D
⌫ = �⌫/�⌫D

<latexit sha1_base64="tQET+RwZtSUp1/KbkSLAVim5hNk="></latexit>

�l�⌫ = nijkflH(a, v)/�vD
<latexit sha1_base64="f6Z50c4xB9k3NX9Znv2lyNRaWv4="></latexit>

�vD = �
q

CTT/Ak + Cvv2t
<latexit sha1_base64="KyOqhsz4VFtx5XT5/XHBLbMWo0w="></latexit>



.3. The line profile: IV

Temperature: lines from adjacent ions. e.g. C+ and C++ 

Pressure: lines with strong wings. e.g. H, He  
 
Abundance: weak lines 

Turbulence: sharp lines. e.g. from heavy ions: Fe++



.4. Examples: I - an isolated line
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.4. Examples: II - spectrum synthesis
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.5. Atomic Data

For every line:
Z: atomic number
I: ionisation stage
λ: wavelength
gf: transition probability x 

statistical weight
χijk: excitation potential of 

lower level
Γr: radiative damping constant
Γe: electron damping constant
ΓW: ion damping constant

For strong lines:
Pressure broadening 

coefficients / profiles 

H: Vidal, Cooper & Shamey: 
Lyman, Balmer, Paschen

HeI: Beauchamp et al. (optical), 
Barnard et al. 
(4471,4026,4921,4388), 
Dimitrijevic (various), ….

HeII: Schöning & Butler
Metals: lte_lines



.6. Computational Tools: types

1.Model atmospheres

2.Formal solutions (emergent spectrum, lines, …)

3.Atomic data

4.Interface — theory / observation — analysis

5.Other resources 



.6. Computational Tools: codes

1.Model atmosphere (structure important, spectrum approximate, photometry ) 

1.ATLAS (Kurucz), MARCS (Gustaffson), STERNE (Jeffery+), …

2.PHOENIX, TLUSTY (Hubeny), TMAP (Werner) 

3.CMFGEN (Hillier, Crowther), PoWR (Hamann) 

2.Formal solution (structure assumed, spectrum crucial)

1.SYNTHE (Kurucz), SPECTRUM (Jeffery), SPECTRUM (Gray), LINFOR, 
MOOG (Sneden), SME (Valenti+Piskunov), … 

2.PHOENIX, SYNSPEC, TMAP

3.Atomic data

1.Kurucz, Tübingen, VALD, NIST, OP, Iron Project, …  



lte-codes 
Armagh Stellar Atmospheres Software Collection

• sterne - model atmospheres

• spectrum - formal solutions

• ffit - optimization to fluxes

• sfit - optimization to spectra

• lte_lines - atomic data

• idlines - line identification and fit verification

• [ isfit - interactive spectral fitting ] 

http://193.63.77.2:2805/~SJeffery/software_store/index.html

https://armaghop.sharepoint.com/sites/SJeffery/lte_codes/



.7. Spectral Analysis - next time

1.Spectral classification 

2.Spectral energy distribution (SED) fitting

3.Coarse analysis (for Teff, log g)

4.Fine analysis (for abundances)

5.Automatic methods (χ2, ANN, PCA, GA, …)

6.Errors


