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the overall goal is to extract reliable 
abundances from observed spectra
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either by measuring the “equivalent width”(EW) 
absorption of single isolated absorption lines

or by extracting the contributions of individual 
elements in complex blended spectra

which can be 
interpreted in terms of 
stellar nucleosynthesis

https://n
e

d
.ip

ac.ca
lte

ch
.ed

u
/level5

/Pagel/Pagel1_3
.htm

l



how do we 
execute this …
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https://en.wikipedia.org/wiki/Model_pho
tosphere (Bengt Gustafsson)

https://apod.nasa.gov/apod/ap010530.html

to approximate 
this …

“good enough”??

https://en.wikipedia.org/wiki/Model_photosphere
https://en.wikipedia.org/wiki/Model_photosphere


comprehensive texts
Thorough, detailed, mathematical from a 
theoretical modeling point of view

pragmatic, easily applicable, from an 
observer’s point of view; excellent figures



minimum requirements for a spectroscopic analysis 

➢ line analysis code for EWs or synthetic spectra

➢ stellar model atmosphere (𝜏, T, Pg, Pe, (turbulent velocities, …)

➢ line list (𝜆, species, 𝜒lower or EPlower , gf, (damping, EW, …)

➢ observed spectrum for EW measurements or syntheses

• my discussion of course will be based on my own code MOOG (Sneden 1973)

• MOOG has its particular assets and liabilities

• but so do all line analysis codes

• your job is to first understand the peculiarities of the code that you adopt/write

• and then to stay in command of what you do

• it is a poor user who blames the code!  If a code has unhappy limits, find another code
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▪ [X/Y] = log10(NX/NY)star – log10(NX/NY)Sun

   where N is an elemental number density;

   These are abundances relative to the Sun

▪ A ≡ log ε(X) = log10(NX/NH) + 12.0    (spectroscopy)

   these are “absolute” without reference to the Sun

▪ log N(X) = log10(NX/NSi) + 6.0  (meteorites)

▪ Metallicity ➔ [Fe/H] ➔ sometimes labeled [M/H]

▪ Most metal-rich?  [Fe/H] ~ +0.5 (proven)

▪ Most metal-poor?  [Fe/H] <~ –8 (probably not the limit)

▪ Metallicity labels (watch out!  these vary greatly from paper to paper)

  metal-poor:  [Fe/H] ≤ -2             

  very metal-poor:  [Fe/H] ≤ -2

  extremely metal-poor:  [Fe/H] ≤ -3

  NATURE paper metal-poor:  [Fe/H] ≤ -6 or -7 or …



WATCH OUT! [X/Y] quantities have ASSUMPTIONS

This is the only careful treatment that has been published



stellar line formation
there are many good sources, especially in texts by Hubeny & 
Milahas (2014), Gray (2021), LeBlanc (2010), Crivellari et al. 
(2012)

all discuss the pathways from: 

  to:  
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line analysis codes: a partial list of popular ones
Line analysis code:
▪ Kurucz WIDTH:  http://kurucz.harvard.edu/programs/WIDTH
▪ Kurucz SYNTHE:  http://kurucz.harvard.edu/programs/SYNTHE
▪ Hubeny TLUSTY:  http://nova.astro.umd.edu
▪ Plez TURBOSPECTRUM: http://www.pages-perso-bertrand-plez.univ-montp2.fr
▪ Masseron BACCHUS:  https://ui.adsabs.harvard.edu/abs/2016ascl.soft05004M/abstract
▪ Sneden MOOG:  http://www.as.utexas.edu/~chris/moog.html
▪ Wheeler KORG:  https://github.com/ajwheeler/Korg.jl
▪ Other personal programs not generally available to public

WHICH CODE TO USE?  WHO CARES!  KEEP FOCUSED ON WHAT YOU WANT AND 
BE HONEST ABOUT WHAT YOU REPORT

These codes all have tradeoffs between convenience, speed, and 
sophistication of basic physics:
▪ Allowance for scattering in continuum opacities & source functions
▪ LTE or “better”
▪ How much atomic/molecular information comes with code
▪ Plane-parallel or spherical geometry
▪ User friendliness
▪ Common-sense outputs that help user avoid stupidities

http://kurucz.harvard.edu/programs/WIDTH/
http://kurucz.harvard.edu/programs/SYNTHE/
http://nova.astro.umd.edu/
http://www.pages-perso-bertrand-plez.univ-montp2.fr/
https://ui.adsabs.harvard.edu/abs/2016ascl.soft05004M/abstract
http://www.as.utexas.edu/~chris/moog.html
https://github.com/ajwheeler/Korg.jl


MOOG was written to try to 
mimic Edmonds (1969)

local thermodynamic equilibrium (LTE), plain-parallel geometry, 
no spots, magnetic fields, simple microturbulence description, …

Don’t be a coward!  It is simple FORTRAN coding meant to be 
available for modification by users, so look “under the hood” to 
find where these equations live:

This is a good paper to understand “contribution curves”



Requirement for chemical composition analyses:

A grid of model stellar photospheres:
▪ Kurucz ATLAS:  http://kurucz.harvard.edu/grids.html
▪ Gustafsson MARCS:  http://marcs.astro.uu.se
▪ Hauschildt PHOENIX:  https://www.physik.uni-hamburg.de/en/hs/group---hauschildt.html

Typical model atmosphere output:  Kurucz ATLAS

TEFF   3500.  GRAVITY 0.00000 LTE 
TITLE SDSC GRID  [+0.0]   VTURB 0.0 KM/S    L/H 1.25                            
OPACITY IFOP 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 0 0 0 0
CONVECTION ON   1.25 TURBULENCE OFF  0.00  0.00  0.00  0.00
ABUNDANCE SCALE   1.00000 ABUNDANCE CHANGE 1 0.91100 2 0.08900
READ DECK6 72 RHOX,T,P,XNE,ABROSS,ACCRAD,VTURB
1.92081317E-02   2162.9 1.918E-02 3.953E+05 6.942E-06 1.304E-03 0.000E+00
2.55242080E-02   2185.4 2.549E-02 5.259E+05 7.141E-06 1.219E-03 0.000E+00
3.37376143E-02   2204.8 3.370E-02 6.928E+05 7.301E-06 1.118E-03 0.000E+00
4.44603299E-02   2223.3 4.441E-02 9.084E+05 7.451E-06 1.024E-03 0.000E+00
5.84449198E-02   2243.2 5.838E-02 1.191E+06 7.631E-06 9.457E-04 0.000E+00
7.66163984E-02   2264.8 7.653E-02 1.561E+06 7.847E-06 8.769E-04 0.000E+00
1.00122149E-01   2288.2 1.000E-01 2.047E+06 8.106E-06 8.122E-04 0.000E+00
1.30562972E-01   2308.0 1.304E-01 2.662E+06 8.320E-06 7.329E-04 0.000E+00
1.70060206E-01   2328.6 1.699E-01 3.462E+06 8.564E-06 6.653E-04 0.000E+00
...
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8construction of model 
atmospheres is a long 
subject for textbooks

RHOX = 𝜌x
where x is physical depth

d𝜏 = 𝜅𝜌dx

ABROSS = Rosselan mean 
opacity

http://kurucz.harvard.edu/grids.html
http://marcs.astro.uu.se/
https://www.physik.uni-hamburg.de/en/hs/group---hauschildt.html


Requirement for chemical composition analyses:
input line lists

o input atomic and molecular line lists

o at a fundamental level, abundance ∝ Nf, 
where “N” is number density of absorbers and 

“f” is  the oscillator strength

o if oscillator strength ”f” is wrong, every 
other sophistication in your analysis is 
utterly useless

o recent lab improvements make neglect 
of this issue a serious analysis flaw https://physics.osu.edu/research/atomic-molecular-and-optical-

physics/agostini-dimauro-atomic-physics-research-group/lab

I am very interested (obsessed) with this issue

See DETAILS:  slides 19–33



A good summary site for lab atomic data

Warning:  the transition 
probabilities at NIST are 
“curated”

this means that they have 
been often renormalized in 
individual NIST papers



NIST entries for Fe I near 4045Å:  6 lines

Acc. = their estimated accuracies for lab values; be wary of “C” and worse



But line lists for spectrum syntheses has 30 Fe I lines; 
they often come from semi-empirical line databases



the Kurucz line database has all sorts of transition data

http://kurucz.harvard.edu/



the dominant “compilation” transition data site

http://vald.astro.uu.se/

❖ it is excellent!

❖ the biggest concern is casual 
application by users

❖ VALD has all the necessary 
information to make critical 
assessment of line lists

❖ users need to take the time to 
understand from where line 
parameters have been taken

❖ users must assess the 
uniformity of transition data 
for individual species

http://vald.astro.uu.se/


linemake:  a simple curated line database

https://github.com/vmplacco/linemake

+   simple to download compile and execute

+   lab data sources are clearly labeled, and 
controlled in transparent ways

+   create synthetic spectrum lists or examine 
files for individual species

+/–   for syntheses, lines without trustworthy 
lab data are adopted from the Kurucz 
database

–   output line lists are specifically for MOOG 
input (but one can modify the FORTRAN 
source code)

–    almost always the choice is one lab source 
per species



Requirement for chemical composition analyses:
 “reliable” model atmosphere parameters

Effective temperature Teff: colors and/or spectral line data

➢ Colors: often B-V, V-I, V-K, J-K

➢ Calibrated with “infrared flux method”

➢ Gaia colors now contribute heavily to Teff

➢ spectral lines

➢ “traditional” abundance vs excitation energy

➢ requires well understood transition probabilities

➢ done while deriving abundances in line analysis

➢ becoming more common:  line depth ratios (calibrated)

➢ preselected and calibrated line depths sensitive to Teff

➢ somewhat empirical approach
Blackwell et al. 1979



Teff estimated from calibrated photometry

works best with long color baseline extending into the near-IR
sensitive to metallicity and dust obscuration effects
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an empirical Teff method: absorption line depth ratios

• this is Boltzmann/Saha at work as Teff decreases 
from spectral type goes from G0 V to K5 V

• V I 6251Å (E.P.=0.3eV) grows as V gets less ionized 
and as electrons go to lower excitation states

• Fe I 6252.6Å (E.P.=2.4eV) gets less ionized (more 
slowly that V!) but the higher excitation state loses 
electrons to lower states, so the absorption line 
depth changes more slowly

• NET:  a big change in the line depth ratio – very 
sensitive Teff probe

Gray & Johanson 1991

Biazzo 2007

• an empirical method; no detailed line parameters needed
• look for wavelength regions with “good” line pairs
• useful Teff limits for a line pair:

• too warm:  one/both lines become too weak
• too cool: both lines become hopelessly saturated

• between these limits good line ratios are very sensitive
• translation to Teff is a question of calibration



good line depth ratios can be found in any region

Afşar et al. 2023

Here is one example: IGRINS 
spectra of 2 red horizontal branch 
stars

Work out without calculations just 
why the spectra are similar & 
different

The listed model parameters,the 
line data,  aided by Boltzmann & 
Saha, are all you need here

In this paper identified 21 useful line ratios

Alas!!  this method cannot really be used in the near-IR 
for gravity-sensitive line pairs … because there are very 
few ionized-species lines!

the star-to-star scatter in 
dominated by the LDR–Teff 
calibration relationship (usually 
linear or quadratic)

The big bonus:  ability to 
estimate Teff values in 
regions too dust-obscured 
to obtain optical spectra



Requirement for chemical composition analyses:
 “reliable” model atmosphere parameters

Surface gravity log g: cluster, physical, and/or spectral line data
   Cluster:  

▪ Easiest method in theory
▪ Want L/Lsun

▪ Need good reddening E(B-V)
▪ Usually must assume RV = AV/E(B-V)
▪ Must derive true distance modulus V-MV

Rosenberg et al. 2000



to be more explicit on physical gravity

assumed (guessed);
Stellar isochrones

IDEALLY: determined previously
BUT OFTEN determined iteratively 
at the same time as Teff

from photometry (IR flux method)
or rough estimate (good enough)

cluster color-mag;
parallax (Gaia hopefully);
spectral type;
guesses from colors

Alonso et al 1999

BC = Mbol - MV



Requirement for chemical composition analyses:
 what we call “microturbulence”

sources of observed broadening of spectral lines:
❑ spectrograph instrumental broadening (you should know this)

❑ thermal but slowly changing (2kT/m)1/2

❑ microturbulence (affects total absorption of strong saturated lines)

❑ “damping”: natural, Stark, van der Waals (affects strong lines)

❑ macroturbulence (large-scale motions; “no effect” on line strengths

❑ rotation (can’t easily be disentangled from macroturbulence)

❑ magnetic fields

❑ starspots and other atmospheric complications

The microturbulent velocity is defined as the microscale non-thermal 
component of the gas velocity in the region of spectral line formation. 
Convection is the mechanism believed to be responsible for the 
observed turbulent velocity field, both in low mass stars and massive 
stars.                https://en.wikipedia.org/wiki/Microturbulence

https://www.sciencedirect.com/topics/physics-
and-astronomy/stellar-abundances



Teff, log(g), vmicro, [Fe/H] metallicity, [X/Y]
“all at once”: iterative abundance calculations 

a Boltzmann excitation argument a Saha ionization argument

a microturbulence/damping argument

✓ trying to change parameters to satisfy all on average
✓ YOU should explain the “arguments” to yourself
✓ but parameter choices are rarely independent!

✓ e.g. the strong lines are usually the low 
excitation lines

✓ e.g. in metal-rich K-M giants most lines are 
strong!

✓ all this discussed in detail by Martina Baratella



Some support for standard LTE stellar abundance analyses

Sneden & Lawler 2005updates by, e.g. Asplund et al. 2009 do not change the basic agreement



What about the critical CNO abundances?

• Carbon: C I, C2 blue/yellow,  CH blue, CN blue, red, near-IR, CO near-IR
• lots of transitions; can you make them all agree?

• Nitrogen: CN from blue through near-IR
• very dependent on first deriving C and O abundances

• Oxygen: O I, [O I], O-rich molecules in special cases
• most abundances depend on ONLY the [O I] 6300.3Å line

When Teff < 6000K, these are coupled and need molecular equilibrium calculations
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simplified molecular equilibrium:  H-C-N-O
P(H) = p(H) + 2p(H2) + p(CH) + p(NH) + p(OH) + 2p(H2O) + … very coupled equartions

P(C) = p(C) + p(CH) + 2p(C2) + p(CN) + p(CO) + p(CO2) + … 

P(N) = p(N) + p(NH) + p(CN) + 2p(N2) + p(NO) + …

P(O) = p(O) + p(OH) + p(CO) + p(NO) + 2p(O2) + 2p(CO2) + …

But (happily!) the importance of each depends on abundance of the element(s) and the 
molecular dissociation energy

P(H) = p(H) + 2p(H2) + …     (H cares only about itself)

P(C) = p(C) + p(CO) + …     (C cares only about O)

P(N) = p(N) + 2p(N2) + …     (N cares only about itself)

P(O) = p(O) + p(CO) + …     (O cares only about C)

p(AB)

p(A)p(B)
= const

M (AB)

M (A)M (B)
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many codes quietly do this in the background…. but YOU must be aware



isotopic abundances:  can be “easy” for molecular features

Afşar et al 2018 McKenzie et al 2024

MagnesiumCarbon

Sun: 12C/13C ≃ 90
can use C2, CH, CN, CO

Sun:  24Mg:25Mg:26Mg ≃ 79%:10%:11%



much harder for atoms but not impossible
Sn
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Sneden et al. 2014

See DETAILS:  slides xx-xx
for more good & bad examples



final comments:  pointing to where LTE simply fails

here is a plot of [Si/Fe] abundances in 
metal-poor stars using the dominant 
3905Å Si I lines

Wait a minute:  a temperature-
dependent Si/Fe ratio simply cannot 
be right!

Given the claimed importance of Si in 
cosmic chemical evolution, we must 
do better

See DETAILS:  slides 33–47



another warning sign:
 neutral resonance lines in metal-

poor stars

I argue that the Cr II & Mn II lines give 
“correct” [Si/Fe] abundance ratios 

and higher-excitation Cr I & Mn I essentially 
are in agreement

but the Cr I & Mn I lines are uniformly ”low” 
by factors of at least 2 

Here’s the pragmatic problem: most 
published Cr and Mn abundances for metal-
poor stars rely on the resonance lines



This just scratches the surface!

Don’t forget that abundances are 
supposed to tell us about stellar & 

Galactic chemical evolution

Thanks, and further contacts are 
welcome:  chris@verdi.as.utexas.edu
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