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- Using 1D LTE model atmospheres to calculate stellar abundances.

- Equivalent widths and spectral synthesis from a practical point of view. How to assemble good line lists.

- Constraining the models -- how to calculate stellar parameters:

- Excitation and ionisation balance method. Advantages and limitations.

- Alternative methods: using photometry, astrometry, and asteroseismology.

- (In the afternoon) How to interpret MOOG output.
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Some definitions

Equivalent Width (EW) - width of a box of unit height with the same area of the measured spectral line.

Reduced Width (RW) - the base-10 logarithm of the EW, normalised by the wavelength of the spectral line.

Abundance (A(X)) - logarithm of the number density of the element X relative to H in the stellar photosphere.

Stellar parameters - Effective Temperature Teff, surface gravity log g, metallicity [M/H], microturbulence vt.

Curve of growth - function relating A(X) and RW.
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Equivalent Widths - Voigt profile

The process of line formation includes processes 
that enlarge the spectral line, each one resulting 
in line broadening with either Gaussian or 
Lorentzian profiles.

The resulting shape of a spectral line is the 
so-called Voigt profile.

The Voigt profile is a convolution between a 
Gaussian and a Lorentzian.
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Equivalent Widths

Weaker line (more Gaussian) Stronger line (approaching saturation)
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How to fit EW?

There are several options. Among them:

- Using IRAF’s task splot.

- Using ARES (Sousa et al. 2007, 2015) - https://github.com/sousasag/ARES

- Writing your own routine! (e.g., using scipy.optimize.curve_fit)

https://github.com/sousasag/ARES
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Stellar parameters - excitation/ionisation method

Uses the spectral lines themselves to derive the stellar parameters.

According to the Boltzmann’s (excitation) equation, the number of absorbers 
producing a spectral line depends on both the lower excitation potential 
(LEP) and temperature.

Thus, spectral lines with LEP approaching zero (ground state) will have a 
larger number of atoms in the state required to absorb a photon in their 
particular wavelength, and will be stronger (if all other variables are the 
same).

Puls et al. 2018

The denominator is 
the partition function!
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Hence, by measuring spectral lines of different values of LEP we can 
constrain the temperature scale of the model atmosphere and its effective 
temperature. We do that by ensuring that all lines of the same species have 
the same abundance (plus some scatter). Thus, the slope of a linear fit of the 
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The denominator is 
the partition function!

Alencastro Puls PhDT 2023
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Stellar parameters - excitation/ionisation method

Uses the spectral lines themselves to derive the stellar parameters.

Stronger lines are more sensitive to changes in microturbulence than weaker 
lines. This can be visualised by inspecting curves of growth for the same line 
formed in atmospheres with different values of microturbulence.

Hence, by measuring spectral lines in a large range of EW (~1.0-1.5 dex in 
RW scale) we can constrain the microturbulence of the model atmosphere. 
Again, we do that by ensuring that all lines of the same species have the 
same abundance (plus some scatter). Thus, the slope of a linear fit of the 
abundances wrt to RW must be zero.
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Stellar parameters - excitation/ionisation method

Uses the spectral lines themselves to derive the stellar parameters.

Lines if the same element in different ionisation states present different 
sensitivities to pressure. In the model atmosphere, pressure is linked to 
surface gravity.

Hence, by measuring spectral lines of the same element, but from different 
ionisation states, we can constrain the surface gravity of the star. Thus, the 
difference of the average/median abundance of lines from different 
ionisation states must be zero.

Puls et al. 2018
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Stellar parameters - excitation/ionisation method

Uses the spectral lines themselves to derive the stellar parameters.

The element Fe is usually employed to derive stellar parameters.

The main reasons are:
- The rich variety of Fe lines in the optical region of the electromagnetic 

spectrum;
- The relatively high abundance of Fe compared to other metals in the 

universe;
- The photospheres of late type stars (FGK-types) being in the “goldilocks 

zone” for formation of both Fe I (neutral) and Fe II (singly ionised) lines.
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Stellar parameters - excitation/ionisation method

Uses the spectral lines themselves to derive the stellar parameters.

- Pros:
- Self consistency with the spectrum under study.
- Does not require further observations.
- Allows differential analysis.

- Cons:
- Model dependence.
- Fe I and Fe II abundances are not consistent in lower metallicities 

due to differential LTE effects.
- Suboptimal choice of line list may bias the derived parameters.
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The line list

Before choosing the lines that will compose the line list, we must know 
what’s the purpose of the analysis.

Defining stellar parameters? Fe lines are recommended. The other 
elements will depend on your aims.

Also:
- What’s the wavelength coverage of the spectrum/spectra?
- What’s the expected metallicity? Compare with a spectral atlas!
- What are the Teff and evolutionary states of the star(s)? Where 

is/are the star(s) in a colour-magnitude diagram?
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The line list

For stellar parameters, a large range in LEP is necessary for the neutral 
species.

States with LEP ⪆ 5 eV are usually not populated enough to form 
spectral lines in FGK-type stars.

Good! Avoid!
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The line list

The log gf, or the oscillator strength f, is a quantity related to the 
probability of the photon being absorbed by the atom. It is proportional to 
the Einstein coefficients. 

In the linear part of the curve of growth, the difference (log gf - LEP [eV]) 
is a good approximation to compare the strength of lines of the same 
species.

Hence, the range of RW necessary to constrain 
microturbulence can be predicted by the 
combination of the atomic parameters LEP and 
log gf.
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The line list

The log gf, or the oscillator strength f, is a quantity related to the 
probability of the photon being absorbed by the atom. It is proportional to 
the Einstein coefficients. 

In the linear part of the curve of growth, the difference (log gf - LEP [eV]) 
is a good approximation to compare the strength of lines of the same 
species.

For instance: Fe I lines at 6173.334 Å 
and 6240.646 Å have the same 
excitation energy, but the transition 
probability is larger for the former, 
resulting in a stronger line.

Strassmeier+ 2018
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Stellar parameters - other methods

Colour-Teff relations.
Gonzalez Hernandez & Bonifacio 2009

Chaplin & Miglio 2013

Asteroseismology
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Measuring stellar abundances

More equivalent widths
Remember:
Lines must be clean!

For lines with heavy blending 
or hyperfine structure:

Spectral synthesis!
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More equivalent widths
Remember:
Lines must be clean!

For lines with heavy blending 
or hyperfine structure:

Spectral synthesis!

Alencastro Puls MsCT 2018
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Some applications: origin of the elements

Studies on detailed stellar composition 
give hints on the sites of formation of 
different elements.
For instance, detailed chemical analysis 
of old, metal-poor stars helps to constrain 
the astrophysical sites of the r-process 
elements.

Hansen+ 2014 ApJ 797 123
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Some applications: stellar clusters

Globular clusters were traditionally thought to 
be formed by the same progenitor cloud, but 
detailed chemical analysis has challenged that 
scenario.

Any theory of formation of globular clusters has 
to take those differences into account.

Gratton+ 2012 A&ARv 20 50
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Some applications: Galactic archaeology

Large scale surveys also give hints on the 
formation of large structures in the Milky 
Way.
For instance, two substructures of the 
Milky Way disc have different chemical 
profiles.

Image: GingerLemon@Wikipedia
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Some applications: the origin of the Sun

The search and study of solar twins can shed light on the origin of the Sun in the Galaxy, as well as how it 
differs (or not) from the average star, and a better understanding of Sun-like exoplanet hosts.

Melendez+ 2014 ApJ 791 14

Melendez+ 2009 ApJ 704 66


