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Phenomenology and physics of late-type stars

1.1 Introduction

Stellar astrophysics has evidenced revolutionary advances during the past decades.
The advent of large-scale stellar surveys on telescopes equipped with highly-sensitive
detectors has transformed our understanding of the physics of stellar atmospheres
and their interiors. Detailed abundances, stellar parameters, and kinematics, which
are now available for more than a million stars, are also pre-requisites for under-
standing the evolution of the Milky Way and its stellar populations. The main rea-
son for the unique constraining power of stars is that they form an exceptionally
diverse class of cosmic objects, with physical conditions spanning many orders of
magnitude. In the Sun alone, density changes from ρcore ∼ 102 g/cm3 in the core
to ρsurface ∼ 10−7 g/cm3 in the photosphere (and five orders of magnitude less in
the chromosphere), and the local kinetic temperature drops from Tcore ∼ 107 K to
Tsurface ∼ 6000 K in the outer layers. For a red supergiant with a mass of 10 M�,
this change is even more dramatic, from ρcore ∼ 105 g/cm3 to ∼ 10−15 g/cm3 at
base of the wind above the photosphere.

The immense variation of the internal stellar conditions reflects the complex na-
ture of phenomena occurring in their interiors and surfaces. Physical theory allows
the existence of ”living”1 stars as small as only 8% of the mass and radius of our
own star, the ultra-cool M dwarfs, but also stars that exceed the radius of the Solar
System in size. The extreme contrast between the macro-physics, that is, the global
phenomena acting on the surfaces and in interiors of stars, such as convection, pul-
sation, winds, and mass loss, and also the micro-physics, which is needed to model
the production and transport of energy, implies an extraordinary complexity of the
theoretical models required to make robust predictions of the properties of stars.

1 Here we refrain from the so-called dead stars, stellar remnants such as white dwarfs, neutron stars, or black
holes, which may have much smaller radii.
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Thus, stars are indeed the ideal plasma physics laboratories, offering a window
into conditions that cannot be achieved elsewhere.

In this review, we focus on the so-called “cool”, late-type, stars, which repre-
sent spectral classes F,G,K, and M (Fig 1.1). The effective temperature, Teff , at the
surface of these objects does not change greatly, at most by a factor of two, from
a typical red supergiant (Teff ∼ 3400 K) to a typical hot main-sequence turn-off

star (Teff ∼ 6500 − 7000 K). However, cool stars possess other remarkable charac-
teristics, which make them the most robust and useful tracers of the evolutionary
history of their parent populations. First, the unevolved stars on the main sequence
preserve the natal composition of the gas cloud from which they formed. Secondly,
the lifetimes of cool stars range from a few million years for the most massive stars
to over a Hubble time for the least massive stars. Thirdly, cool stars span an enor-
mous range in luminosity (L = 4πR2σSBT 4

eff
), which reflects the variation in the

radius R and in the total emitted flux (Ftot = σSBT 4
eff

). Indeed, the most luminous
stars, with L ∼ 105 L� can nowadays be seen with 10-m telescopes to distances of
Mpc (millions of parsecs; Evans et al. 2011). Also, ongoing large stellar surveys are
discovering low-metallicity stars with ages greater than 13 Gyr (Frebel and Norris,
2015). These are the best candidates for probing the physical state of the very early
Galaxy and the conditions in the early Universe, at a level of detail superior to any
study of ultra-high-redshift galaxies.

The physics of cool stars is extremely complex, therefore in this chapter we are
not aiming to provide a comprehensive overview of all the major developments that
have occurred over the past decade. Neither is this meant to be an in-depth study
of any particular subject. The main goal of this article is to set the scene, and to
give the flavour of the current research in modelling and observations of late-type
stars, with a focus on their atmospheres. We will also mention the applications of
these data in studies of other astronomical domains. Models of stellar spectra are
used in most fields in contemporary astrophysics, from studies of stellar evolution
to exo-planet spectra, populations synthesis, and galaxy formation. Observations
of stellar abundances even have implications for cosmology. Therefore, it seems
very timely to review the present state of these studies, and draw an outlook for
future studies.

This chapter is structured as follows. We summarise the main observational con-
straints on the physical properties of cool stars and outline briefly their evolution
in Section 1.2. Model atmosphere and synthetic spectra, which are needed for the
quantitative diagnostic of the observations, are reviewed in Section 1.3. Section 1.4
presents a brief recap on stellar nucleosynthesis. Section 1.5 introduces the reader
to the fields of stellar populations and Galactic chemical evolution, and mentions
some outstanding science cases, which have been resolved and/or triggered by new
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observations or by application of the new models. We close with some conclusions
and an outlook for the future in Section 1.6.

1.2 Observations of cool stars

1.2.1 Terminology

Astronomers love acronyms, and below the reader will encounter many. In this sec-
tion a short overview of various types of stars and terminology will be given. The
fundamental parameters of stars, which set their evolutionary paths, are their mass
and chemical composition. However, from an observer’s perspective, it is common
to characterise stars by their effective temperature, surface gravity, and metallicity.
The latter classification is also approximate, as it stems from the historical effort to
employ one-dimensional hydrostatic plane-parallel model atmospheres, which are
semi-infinite (and thus have no size); the gravitational acceleration at the surface,
log (g), as well as the bolometric flux, are assumed to be constant as well. Through-
out the discussion in the next sections, it should be kept in mind that these are just
a set of approximations, and the standard quantities, Teff , log(g), and [Fe/H], are
not the fundamental parameters of stars, per se.

Metallicity2 is usually denoted as [Fe/H], i.e., the logarithmic ratio of the num-
ber of absorbing atoms of iron to hydrogen per unit volume in the star scaled to the
solar ratio. The abundances are defined in the following way:

log(AFe) = log(NFe/NH) + 12 (1.1)

[Fe/H] = log(AFe,star) − log(AFe,�) (1.2)

[Mg/Fe] = [Mg/H] − [Fe/H] = log(AMg,star) − log(AMg,�) − [Fe/H] (1.3)

In this notation, the Sun has [Fe/H] = 0 and zero abundance of any other element
relative to metallicity, i.e., for example [Mg/Fe] = 0. Based on this value, the star
will either be sub-solar ([Fe/H] < 0) or super-solar ([Fe/H] > 0). It is sometimes
convenient to have a finer division of the sub-solar metallicities, because chemical
traces of many nuclear processes are most easily found at various levels below solar
metallicity (see Table 1.1), and in some specialised research fields, only individual
metallicity bins are important. These notations are not binding, and it is common
in astronomical literature to refer to all cool stars with [Fe/H] < −1 simply as
metal-poor stars.

The effect of metallicity on the blue regions of stellar spectra is shown in Fig. 1.1.
2 In astronomy, every element beyond He is referred to as a ‘metal’.
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Figure 1.1 Blue regions of high-resolution spectra observed for the Sun (KPNO)
and the HDS/Subaru spectrum of a carbon-enhanced metal-poor (CEMP) star,
BD+44o493 (Ito et al., 2013). Note the dramatic contrast in the number of spec-
tral lines seen in these stars, which differ in metallicity by about four orders of
magnitude.
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This wavelength regime is most sensitive to the metallicity of a star, because it hosts
the largest number of metallic lines.

The classification based on mass is derived from stellar evolution theory, and
represents qualitatively different paths taken by stars in a given mass range. Stars
less than 2 M� are usually referred to as low-mass stars. Stars with mass from 2 to
∼ 7/10 M� are intermediate-mass objects, and those with even higher masses are
“massive” stars. The evolutionary paths of these objects are described briefly in the
next section.

Table 1.1 A common classification of cool stars by metallicity (Beers and
Christlieb, 2005).

Term Acronym [Fe/H]

Metal-rich MR [Fe/H] > 0
Metal-poor MP [Fe/H] < −1
Very metal-poor VMP [Fe/H] < −2
Extremely metal-poor EMP [Fe/H] < −3
Ultra metal-poor UMP [Fe/H] < −4
Hyper metal-poor HMP [Fe/H] < −5
Mega metal-poor MMP [Fe/H] < −6

1.2.2 A brief sketch of the evolution of low- and intermediate-mass stars

Stars live through one of two ways – contraction or nuclear burning. For the star
to end up on the main sequence, where nuclear burning in the core sets in, the
star must first undergo a phase of contraction3 to achieve a temperature in the core
sufficient to initiate nuclear reactions. Stellar evolution then proceeds as follows.
Nuclei with the lowest Coulomb barrier, starting with hydrogen, burn first, until
the fuel is exhausted in the core and the core contracts, increasing its temperature,
until the conditions allow ignition of nuclei with the next lowest Coulomb barrier,
and so forth. Fusion may also occur in the layers outside the core, forming the
famous “onion-shell” structure in massive stars. In this way, the chemical compo-
sition inside the star changes. Internal mixing processes during later evolutionary
stages can bring a portion of this material to the surface, which is the region we
can observe and derive abundances for.

Figure 1.2 shows a typical diagram representing the evolution of cool stars. The

3 The Kelvin-Helmholtz contraction, caused by cooling at the surface of a star and pressure drop, leads to
compression and heating in the core.
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definition of a cool star is very broad, and includes both low- and high-mass stars in
different evolutionary stages, or even in different systems, for example, single stars
and binaries. In particular, we find main-sequence stars, sub-giants, red giants, and
asymptotic giant branch stars, which are simply different stages of evolution for
low-mass stars.

• Main sequence (MS)
Inspecting figure 1.2 more closely, we find that the lower part of the diagram is
occupied by stars on the MS, those which fuse hydrogen into helium in the core.
Stars spend the majority of their lifetimes on the MS. For a typical 1 MSun star
like the Sun, the MS lifetime is ∼ 9 Gyr. Once the core H reservoir is depleted,
the star starts contracting, and as the outer layers heat up, H burning is ignited
in a shell. This is when the star turns off the main sequence. Turnoff stars are
extremely important for studies of stellar populations, because their ages can be
accurately determined through isochrone fitting (Soderblom, 2010).

• Turn-off (TO) and sub-giant (SG)
After the TO, the star becomes more luminous, but cooler, and moves onto the
sub-giant branch, where it undergoes hydrogen shell burning. The SG branch, al-
though representing a short evolutionary stage, is also important as an age diag-
nostic for individual stars, because this is the locus where the tracks of different
ages and metallicities do not overlap. The mass of the He core grows through
the ashes of H burning in the shell, and, at a certain point, the core becomes
degenerate4. This is when the star moves onto the red giant branch. Due to the
expansion and the surface cooling of a star, the envelope becomes convective,
allowing more efficient outward energy transport.

• Red Giant Branch (RGB)
Subsequent H burning in the shell goes on via the CNO cycle. The star moves
almost vertically in the Teff-log(g) diagram, maintaining its total flux, but rapidly
increasing the luminosity and radius. RGB stars are more luminous and cooler
than the MS stars, typically with Teff < 5200 K and surface gravities of log(g) <
3, yet luminosities up to 103 L�. The first dredge-up takes place on the ascending
part of the RGB, when the products of H burning are mixed up to the surface
through large-scale convection. The surface is then enriched in 13C and in N, but
depleted in Be, Li, and 12C.

The tip of the RGB is determined by the luminosity at which stars experience
the He flash, in which He ignition occurs as a runaway process, due to electron
degeneracy decoupling pressure from temperature. When enough thermal en-
ergy has been released, degeneracy is lifted, and the runaway process halts. All
stars at the tip of the RGB possess He cores of ≈ 0.5 M�, and similar luminosi-

4 This only happens for lower-mass stars.
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Figure 1.2 The evolutionary Teff - luminosity diagram for cool stars. The blue
dots represent the observed data for Cepheids in the Milky Way (Genovali et al.,
2014). Other observed datasets were taken from Ruchti et al. (2013), Gazak et al.
(2014), and Pace et al. (2012).

ties, which makes them a powerful diagnostic of extragalactic distances, as they
are “standard candles” (Salaris, 2012). The most recent studies indicate that the
impact of physics on stellar evolutionary models is significant, and may have an
effect on the determination of the Hubble constant, H0, using the tip of the RGB
method, on the order of few percent (Serenelli et al., 2017).

• Horizontal branch (HB)
After the tip of the RGB stage, the star moves into a new equilibrium configu-
ration, in which He burning occurs in the core under non-degenerate conditions,
with H burning in a shell. This phase lasts about 108 years, and the star radiates
with a luminosity of ∼ 50-100 L�. HB stars are easier to detect in globular clus-
ters (GCs) than in the field, and they offer an independent way of determining
the age of a GC, because the HB morphology depends on both age and metal-
licity (Catelan, 2009). The coolest end of the HB is also termed the “red clump”
(RC). The stars of solar-like metallicity pile up there, because the masses of He
degenerate cores are nearly equal. However, the mass of the H-burning envelope
also matters for the location of a core He-burning star in the Teff-log(g) plane,
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and this depends on the metallicity. In metal-poor GCs, the HB is extended to
higher temperatures (or bluer colours), due to the presence of old low-metallicity
stars with thin H envelopes.

It is barely possible to spectroscopically distinguish between ascending and
descending (towards the RC and core He-burning phase) stage, although at-
tempts have been made recently using indirect methods coupled to the data from
asteroseismology (Ness et al., 2016).

• Asymptotic giant branch (AGB)
After exhaustion of He in the core, the star consists of a C/O-core, a shell that
burns He to C, an inter-shell consisting of He, followed by a thin shell where
H burns to He. The outer H-rich envelope is convective. During this phase, the
star experiences multiple He shell flashes. Slow neutron-capture (s-process) nu-
cleosynthesis occurs in 13C-rich pockets, and the products are mixed up to the
surface during the thermal pulses (Karakas and Lattanzio, 2014).

The final stages of stellar evolution will depend critically on the initial mass and
metallicity of a star, but also on the mass loss. These stages are summarised in
Table 1.2 .

Other members of the cool star group include objects on the instability strip
(RR Lyrae, Cepheids), as well as red supergiants (RSGs), which are massive OB
stars that have evolved from the main-sequence. RSGs have enormous radii, up to
1500 R�, but temperatures rarely greater than ∼ 4300 K (Davies et al., 2013). The
atmospheres of RSGs are extremely diffuse, with gravitational acceleration at the
surface of log(g) . 1.

It is common to distinguish pulsating stars, those on the instability strip, from
non-pulsating stars. However, this picture is not physically correct. Indeed, all stars
oscillate, although oscillation periods (minutes to years), amplitudes (parts per mil-
lion, ppm), and the physical mechanisms driving pulsations are different (Gautschy
and Saio, 1995). Oscillations of the Sun are stochastically excited by mass motions
in the outer convective zone, and are particularly strong at frequencies around 3
mHz, – the so-called 5-minute oscillations. This is also the mechanism that drives
low-amplitude oscillations of MS and RGB stars (solar-like oscillations; Chaplin
and Miglio 2013).

Cepheids and RR Lyrae are the most prominent members of the radially pul-
sating group, which change their radii by up to 20% during pulsations. Cepheids
occur in two types: Type I, young intermediate-to-massive stars with 5-10 M�, and
Type II, old metal-poor stars with very low mass (M∼ 0.5 MSun). Type I Cepheids
have short periods, from less than a day to a few weeks, whereas Type II Cepheids
pulsate with longer periods, of a few to ∼ 50 days (Bono et al., 1997; Wallerstein,
2002). Cepheids are classical fundamental mode pulsators, which experience self-
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Table 1.2 Evolutionary paths of stars with different ZAMS masses (courtesy A.
Serenelli).

Class Mass range (M�) Main nuclear energy source
approximate Evolutionary endpoint

Brown dwarfs 0.01 − 0.08 deuterium burning
lithium burning (massive ones)
H-degenerate cores (> Hubble time)

Very low mass stars 0.08 − 0.45 hydrogen burning
helium core white dwarfs (> Hubble time)

Low mass stars 0.45 − 2 hydrogen burning
helium burning (degenerate ignition)
carbon/oxygen white dwarfs

Intermediate mass stars 2 − 7/10 hydrogen burning
helium burning (non-degenerate ignition)
carbon/oxygen white dwarfs

Massive stars 7/8 − 10/12 H-burning, He-burning
carbon burning (degenerate ignition)
oxygen/neon white dwarfs
e- capture supernovae (neutron stars)

Very massive stars > 10/12 H-burning, He-burning, C-burning
Ne-burning, O-burning, Si-burning −− > Fe-cores
Core collapse supernovae (neutron stars, black holes)
no remnant for pair-instability SNe (?)

excitation, driven mostly by the κ effect, the increase in opacity with heating and
compression under certain conditions. These conditions are met in the regions of
partial ionisation of He or H. Physically, Type II cepheids are thought to be ob-
jects that experience shell flashes, either on the evolution towards the AGB or on
the AGB, and are temporarily moved into the instability strip. Cepheids are very
important as extragalactic distance indicators, and can be used to calibrate SN Ia
for the determination of the Hubble constant (Madore and Freedman, 1998; Riess
et al., 2011; Zhang et al., 2017).

RR Lyrae are another class of pulsating (or variable) stars. If the H envelope
mass is low, the star ends up on the blue end of the horizontal branch, and is dynam-
ically unstable, which results in cyclic pulsation. These stars have short pulsation
periods, typically between 0.5 and 0.8 days (Catelan, 2009). RR Lyrae are low-
mass stars, which means that they are long-lived, and the ones found in the Milky
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Way today are typically ∼ 10 − 12 Gyr old. These stars are bright, identifiable via
their distinctive light-curves, and can be used to probe the earliest epochs of the
formation of the Galaxy, in particular its halo and the bulge (Lee, 1992; Hansen
et al., 2011; Soszyński et al., 2014; Marconi and Minniti, 2018).

Many stars occur in multiple systems, which affects not only the evolutionary
path of the system, but also their surface composition. One prominent example are
the Blue Stragglers (BS), which are thought to form through two channels, referred
to as “collisional BS” or “mass-transfer BS”. The latter refers to mass transfer from
the primary massive star, which has experienced Roche lobe overflow onto the less-
massive secondary. This hypothesis is supported by observations of BS in GCs, and
in particular, depletion of C and O in their atmospheres (Ferraro et al., 2006).

1.2.3 Multi-messenger diagnostics

Modern instruments offer a great variety of tools that can be used to perform multi-
wavelength observations of stars. Photometric observations, i.e., observations of
the integrated light in a given bandpass, are most useful to globally map stellar
populations or to perform deep imaging in smaller parts of the sky, centred on
smaller objects (globular or open star clusters). Observations in different photo-
metric bands offer potential diagnostics of the stellar atmosphere. The bluer bands
are, in particular, quite important as Teff and metallicity indicators. Filters in the
near-UV that cover the Balmer jump can also be used as an indicator of the surface
gravity (Casagrande et al., 2011). Infra-red photometry is a particularly powerful
means to probe the high-extinction regions of the Milky Way, such as the disc and
the bulge. Imaging from space facilities, like HST or Gaia, offer much cleaner in-
formation, devoid of the blurring and absorption/emission signatures of the Earth’s
atmosphere. This is particularly useful for studies of the content of distant com-
pact stellar populations, such as globular clusters, where high angular resolution is
essential.

Spectroscopy is a very powerful method to explore the surface properties of
stars. Modern instruments, such as the optical spectrographs UVES at VLT, HIRES
at Keck, HDS at SUBARU, or MIKE at Magellan, provide high resolving power,
R > 30 000, with full wavelength coverage across the optical region of several
thousand angstroms from blue to red. For a bright star with magnitude V < 12,
one may reach very high signal-to-noise ratios, thus resolving the weakest spectral
lines, representing low-abundance exotic elements such as silver (Hansen et al.,
2012). Spectroscopic information typically derives from a number of diagnostic
features, which can be combined, e.g., by exploiting the requirement of excitation
– ionisation balance to constrain the total flux (Teff) or pressure (gravitational ac-
celeration at the surface) (Bergemann et al., 2012; Ruchti et al., 2013). Metallicity,
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Figure 1.3 A line of neutral cobalt in the solar spectrum, computed using LTE
and NLTE, with and without HFS, respectively.

or iron abundance, can be derived through the analysis of numerous iron lines. In
a typical high-resolution optical spectrum of a late-type star, there are > 1 mil-
lion detectable lines of Fe I. The abundances of other elements can be derived from
individual spectral lines, which are found all over, from the near-UV to the near-IR.

While the positions of spectral lines appear to be completely random, they are
of course not, as the wavelength (or energy) simply reflects the arrangement of the
energy levels in the electronic configuration system of a given atom. This, in term,
depends on the atomic properties, such as the mass of the nucleus, its magnetic mo-
ment, and the number and degree of filling of the electronic shells. Some elements
with non-zero magnetic moments, particularly those with odd numbers of neutrons
and odd numbers of protons in the nucleus, experience splitting of energy levels
due to the interaction of nuclear magnetic moments with magnetic fields produced
by the outer electrons. The larger the magnetic moment, such as 5/2 for Mn and
7/2 for Co, the more prominent is the hyperfine splitting (HFS) of spectral lines,
which is clearly distinguishable in a high-resolution stellar spectrum (Bergemann
and Gehren, 2008; Bergemann et al., 2010). For some Co I lines, for example, the
splitting exceeds 0.5 Å, far larger than the typical Doppler broadening caused by
the thermal motions of atoms in the stellar atmosphere (Fig. 1.3). Furthermore,
most elements are represented by a number of stable and un-stable isotopes in dif-
ferent abundance proportions. Barium is one of the species that is strongly affected
by isotopic splitting, in addition to HFS.

The shapes and positions of spectral lines also convey an enormous amount of
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information about the stellar surface: From the overall wavelength shift of the lines
one may measure the radial velocity of the star, from the line shape the stellar
rotation velocity, and, with sufficiently high-resolution spectra, the direction and
velocity of mass flows at the surface (Dravins, 1999; Allende Prieto et al., 2002;
Ramı́rez et al., 2008). At very high spatial and temporal resolution, like that avail-
able from observations of the Sun (Asplund et al., 2009; Lind et al., 2017), one may
even determine the properties of convective motions from the blue- and red-shifts
of individual spectral lines, which react sensitively to the atmospheric dynamics.
Some spectral lines, like the Mn I 5395 Å (Danilovic et al., 2016), Ni I 6767.8 Å,
and Hα 6562.8 Å lines, are also sensitive to magnetic field and velocities in stellar
chromospheres (Leenaarts et al., 2012).

Stellar spectra are generally a remarkable source of information. However, not
all required information can be derived from a spectrum. In particular, among the
most important determinations is the evolutionary state of stars, which constrain
the mass, the age, or even the position of a star on the RGB. Recent purely em-
pirical studies have shown that mass might be correlated with the shape of the
Hydrogen α line (Bergemann et al., 2016); the strength of the Li I line at 6707 Å
is sometimes also used as a proxy for age (Soderblom, 2010). Additional chemi-
cal clocks, such as [C/Fe] and [N/Fe] (Martig et al., 2016), [Y/Mg] (Spina et al.,
2016), or chronometer pairs based on the radioactive species Th and U (Hill et al.,
2017; Placco et al., 2017; Hansen et al., 2018a), have also been used.

One particularly important development during the past decade is related to the
advent of large-scale spectroscopic surveys. Many surveys have been carried out on
2-, 4-, or even 8-m class telescopes, like the APOGEE and SDSS/SEGUE surveys
(at the 2.5-m telescope at Apache Point Observatory), GALAH (at the 3.8-m AAT),
and Gaia-ESO (at the 8-m VLT). The targets identified in low-resolution programs
are often followed up at higher resolution with larger facilities, such as Keck and
SUBARU (Beers and Christlieb, 2005). Future large-scale spectroscopic efforts
include DESI, 4MOST, MOONS, WEAVE, PFS, and multi-object spectrographs
at the GMT, TMT, and ELT, both in the optical and in the near-IR.

1.3 Modelling atmospheres and spectra of cool stars

Spectroscopy of cool stars greatly relies on models, in particular, on models of stel-
lar atmospheres and model (synthetic) spectra. The models are usually computed
in an ab-initio fashion, by consistently solving a set of equations to describe the en-
ergy balance and transfer in the atmospheres. The predicted observables include the
stellar energy distribution (SED), photometric magnitudes, limb-darkening, spa-
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tially resolved intensities, and detailed line profiles, which can be compared to the
observations.

The classical 1-dimensional (1D) models have traditionally assumed several
simplifying approximations, the assumption of hydrostatic equilibrium and Lo-
cal Thermodynamic Equilibrium (LTE). Hydrostatic equilibrium describes the bal-
ance between gas pressure and gravitational force, dP/dz = −gρ(z), which can be
regarded as the simplest form of the Navier-Stokes equations, ignoring any mass
motions. To make the models more realistic, it is common to factor in other terms,
such as radiative and turbulent pressures. The latter, dP/dz ∼ −ρxν2, where ν is the
characteristic velocity. For energy conservation, the assumptions of flux constancy,
i.e., no sources or sinks of energy, and radiative equilibrium (for the radiative flux
calculations) are typically used. The convective energy transfer is treated using
approximate recipes, such as the ‘mixing-length theory’. The convective flux is
Fconv ∼ aMLT/Hp, where aMLT is the mixing-length parameter and Hp is the scale
height, Hp = −dr/dlnP. In the hydrostatic approximation, Hp is proportional to
∼ P/ρg, the typical distance over which density drops by a factor of e. The mixing
length describes the characteristic distance, travelled adiabatically (no exchange
of energy with the environment), after which a mass element thermalises with the
environment. LTE is a simple approximation, based on the Boltzmann and Saha
formulae that describe the distribution of atoms among their internal energy states
(excitation and ionisation). The Saha equation describing ionisation only holds in
the limit of weak ionisation of the plasma, where Coulomb interactions between
ions and electrons have no impact on the other charged particles, thus the ‘screen-
ing’ of the ionisation potential can be neglected.

These simplified 1D LTE models are broadly used, mainly because of their com-
putational tractability. Huge grids of 1D LTE plane-parallel stellar atmospheres
models have been computed already (Kurucz, 1993; Gustafsson et al., 2008). These
models are also useful to explore the effect of individual parameters, such as opac-
ities, on the energy balance.

Recent advances in the field focus on two major directions. New three-dimensional
(3D) models (Collet et al., 2007; Nordlund et al., 2009; Freytag et al., 2012) deal
with some major problems of the classical models, through the inclusion of full 3D
hydrodynamics, at the expense of some simplifications related to radiative transfer.
These models solve the compressible Euler equations for the conservation of mass,
momentum, and energy, and exist in two variations: (a) the box-in-a-star model,
which assume that the gravitation potential is constant (dF/dz = −g, and applied
to solar-like stars), and (b) the star-in-a-box models, which include the entire star
in the simulation box, and adopt a spherical gravitational potential with a softened
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Figure 1.4 A 3D hydrodynamical simulation of a red supergiant star (Chiavassa
et al. 2011).

1/r profile (Freytag et al., 2002)5. The latter variant is needed when modelling
pulsating stars and stars with very extended envelopes.

Recent studies of stellar convection have shown that the characteristic size of the
granules at the surface scales with the pressure scale height (Schwarzschild, 1975;
Freytag et al., 1997; Chiavassa et al., 2009; Trampedach et al., 2013; Tremblay
et al., 2013). For red supergiants, Hp is huge, because of their very low densi-
ties at the surface and large radii, thus in the models of red supergiants enormous
convective cells emerge (Chiavassa et al., 2011). The size of granules depends on
wavelength. In the deeper layers, close to the depths where the 1.6µm (opacity min-
imum) continuum forms, the cells have a size of 1.8 to 2.5 AU in diameter. These
cells evolve on the timescales of several years and penetrate deep into the star. In
the outermost layers, at small optical depths, granules are of only a fraction of an
AU in size, and vary on shorter timescales of less than a few months. For giants
and supergiants, the photo-centre also changes because of variability, which has an

5 The potential in the core region is softened to 1/
√

(r2 + a2), where a is the softening parameter.
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impact on the accuracy and estimate of the parallaxes (Ludwig, 2006; Chiavassa
et al., 2011).

Solar-like stars are covered by thousands of cells, with smaller diameters of only
103 km. The granulation pattern in theoretical models shows remarkable similarity
when contrasted with spatially resolved observations of the Sun, not only in terms
of the size of granules, but also intensity contrast, and variability, suggesting that
the simulations are indeed offering a realistic description of the physics of these
stars (Nordlund et al., 2009).

The 2D and 3D convective simulations have also been used to explore the mecha-
nism of pulsations consistently with convection (Freytag and Höfner, 2008; Freytag
et al., 2017). Early 1D simulations assumed a “sinusoidal piston”, i.e., arbitrarily
injected kinetic energy at the bottom to simulate the stellar pulsations (numerically,
variable inner boundary conditions). In contrast, 3D radiative-hydrodynamics mod-
els show pulsations on the timescales of years, i.e., global periodic variations of the
physical surface properties, which are usually referred to as “pulsations”6. These
models also show that shocks, which are triggered by acoustic waves, move mate-
rial from the inner regions to the outer regions, where dust forms and the radiative
pressure on dust leads to stellar winds, consistent with observations of AGB stars.

Recently, it has become possible to perform detailed spectrum-synthesis cal-
culations using 2D radiation-hydrodynamics (RHD) simulations of short-period
Cepheids (Freytag et al., 2012). The RHD simulations are still limited in their
treatment of radiative transfer by including grey opacities, but they are capable
of producing self-excited oscillations due to the κ mechanism starting from initial
hydrostatic conditions.

This enables a test of the validity of the quasi-static approximation, which has
been used to study pulsating stars for decades. Intriguingly, new results employ-
ing RHD models show that the hydrostatic 1D model atmospheres may be used to
provide unbiased estimates of stellar parameters, but only for the phases of maxi-
mum expansion and the beginning of the compression phase, corresponding to the
photometric phases of 0.3 to 0.65 (where 0 is set to be the maximum light phase)
(Vasilyev et al., 2017). It has also been shown that the long-standing problem of the
“K-term”, i.e., the putative residual negative line-of-sight velocity of the Galactic
Cepheids (Parenago, 1945; Stibbs, 1956; Wielen, 1974; Pont et al., 1994; Nardetto
et al., 2009) is simply the result of the convective blueshift (Vasilyev et al., 2017).

Another important ingredient of stellar atmosphere models is non-local thermo-
dynamical equilibrium (NLTE). This term involves a large number of physical pro-
cesses, which describe the various channels through which gas particles interacts
with the radiation field, including excitation, ionisation, recombination, and charge

6 Note that in these simulations it is difficult to distinguish radial from non-radial modes, since the change in
volume is accompanied by a change in shape.
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transfer (Barklem, 2016). NLTE calculations are now possible for very large atomic
models, like those of neutral iron or cobalt (Bergemann et al., 2010). The available
theoretical evidence indicates that the effects of deviations from LTE are typically
not negligible, and vary both in sign and in magnitude. Whereas the spectral lines
of the lighter elements, such as Li and O, usually exhibit negative NLTE effects (in
the sense that NLTE abundances are lower than LTE ones), the optical lines of Fe-
peak elements show positive effects. The situation is then reversed for the lines of
even heavier species, like Cu, which again exhibit increasingly negative departures
from LTE. These are mainly related to the abundance of the element, the ionisation
potential of the ion in a given ionisation stage, and the excitation potential of the
energy levels involved in the transition. Fe-peak elements are mostly affected by
over-ionisation, whereas lighter species and the lines of singly-ionised (majority
species) are mainly sensitive to resonance-line scattering. The analysis of NLTE
diagrams, such as in Fig. 1.5, indicate that the NLTE effects are not completely
random, but follow certain regularities, permitting predictions of the magnitude of
the NLTE corrections even for the elements for which detailed calculations are not
yet available. In particular, this behaviour suggests that the NLTE corrections for
the optical Ni lines should be minor and positive, of ∼ 0.05 dex. For heavier species
with higher ionisation potentials, slightly negative NLTE effects are expected.

It is now also possible to combine 3D models and NLTE, either in the form of
NLTE calculations with mean 3D (< 3D>) models (Osorio and Barklem, 2016;
Bergemann et al., 2017a) or full 3D calculations, where radiative transfer is per-
formed through 3D cubes of physical parameters (Amarsi and Asplund, 2017). The
available evidence is still sparse, however, as comparison of mean 3D NLTE with
1D LTE, as well as with full 3D NLTE abundances, has only been performed for
a limited number of chemical elements. The results indicate that, for the solar-like
stars, full 3D NLTE, <3D> NLTE, and 1D NLTE results are consistent within the
standard error of abundance determination (i.e., within 0.03 dex or even less), for
Li, O, Na, Mg, Al, and Fe (Figure 1.5). Comparing this to the typical differences
between 1D LTE and 1D NLTE estimates, which may differ by an order of mag-
nitude, the available evidence suggests that full 3D NLTE calculations and NLTE
calculations with averaged 3D models, as well the NLTE analysis with the stan-
dard 1D hydrostatic models, provide a solid basis for high-precision abundance
diagnostics of late-type stellar spectra.

Finally, it is important to assess the accuracy of the models when applied to dif-
ferent regimes of the electromagnetic spectrum. For the Sun, there is sufficient ev-
idence that chromospheric radiation transport plays an increasingly important role
in the UV (Hauschildt et al., 1999; Hall, 2008; Linsky, 2017). The chromosphere
is also visible in the cores of the strong lines, which is a particularly limiting fac-
tor in the infrared, where the number of spectral lines is far lower than at optical
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wavelengths. Whether the UV region is appreciably affected by the chromospheric
radiation transport in stars other than the Sun is not yet well-understood. Obser-
vational evidence suggests that the chromosphere may affect even very metal-poor
stars like HD 84937 ([Fe/H]= −2.0; Spite et al. 2017). Because of the absence of
ab-initio chromospheric models for such stars, no conclusions on the accuracy of
the UV diagnostics can yet be drawn.

1.4 A recap on stellar nucleosynthesis

Stars are the factories for all chemical elements beyond H and He in the Universe.
Production of chemical elements occurs in stars of different types and different
evolutionary phases, as different conditions are needed to reach the necessary tem-
peratures and pressures to ignite specific nuclear reactions. Theoretical evidence,
corroborated by meticulous observations of element abundances in SNe, AGB, and
novae ejecta (José and Iliadis, 2011), indicate that there are several major groups
of chemical elements that are co-produced under similar conditions, and thus can
be used to trace specific production sites. These sites are described below, and are
shown schematically on the cosmic abundance chart (Figure 1.6).

• Hydrogen (H, and Deuterium, D), He, a tiny amount of Li, and minuscule frac-
tions of B and Be, are produced in Big Bang nucleosynthesis (BBN), during
the first few minutes, when the temperature drops from 1032 K to 109 K. Li
production is still not entirely understood, and it is very sensitive to the photon-
to-baryon number in the BBN (Steigman, 2007), which offers an interesting way
to constrain the Big Bang models through observations of Li abundances in the
oldest stars (Sbordone et al., 2010). Stellar models suggest that 7Li can be de-
stroyed by hot-bottom-burning (Lattanzio et al., 1996). Also, recent observations
provide evidence for the production of Li in novae (Tajitsu et al., 2015). An im-
portant astrophysical puzzle is the depletion of Li in the oldest Galactic stars;
the abundance of Li in their atmospheres is a factor of 3-4 less than what is ex-
pected from primordial nucleosynthesis (Fields, 2012). B and Be are produced
mainly by cosmic ray spallation reactions. Some solar-like young stars show ex-
treme under-abundance of Li and Be, which has been one of the prime puzzles in
stellar evolution, but recent models with episodic bursty accretion and rotational
mixing appear to resolve the puzzle (Viallet and Baraffe, 2012).

• Carbon, nitrogen, and oxygen are formed in intermediate-mass stars (AGB phase)
and in massive stars. Carbon is produced via triple-α reactions during He burn-
ing, which has a low probability, and only works because of a fundamentally
crucial Hoyle resonance, an excited energy state of 12C, which matches exactly
the interaction energy of 8Be and an α-particle. Nitrogen can be formed in two
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ways; if it is formed directly from He it is called primary nitrogen. This can
take place in AGB or massive stars and requires a large degree of stellar rotation
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and mixing (Spite et al., 2005; Chiappini et al., 2005). If, on the other hand, N is
formed at the expense of C and O in the CNO cycle, it is referred to as secondary
N (Spite et al., 2005).

• The production of alpha elements goes on via a sequence of 4He captures on
nuclei. The α-capture on 12C makes stable 16O, releasing some energy. This is
then followed by the α-ladder, producing stable isotopes of Mg, Si, S, Ca, and
unstable isotopes 44Ti (decays to 44Ca), 48Cr (decays to 48Ti), 52Fe (decays to
52Cr), and 56Ni. The latter has the maximum binding energy per nucleon and
decays to the dominant isotope of iron, 56Fe.

• The odd-Z elements 23Na and 27Al are produced during the carbon- and neon-
burning phases in intermediate-mass and massive stars, M > 3 M�. They are
thought to be so-called ‘secondary’ nuclei, requiring pre-existing neutron-rich
seed nuclei (Gehren et al., 2006).

• Fe-peak elements require very high temperatures and pressures for their produc-
tion. Furthermore, neutron-rich (odd-Z) elements, like Mn and Co, also depend
on the neutron enrichment. These conditions are usually satisfied during the late
stages of the evolution of massive stars (which are then composed of multiple
shells, in which nuclear burning takes place) and during explosions. Recent mod-
els of SN Ia explosions (Seitenzahl et al., 2013; Seitenzahl and Townsley, 2017)
indicate that the production of Mn is an extremely sensitive tracer of Type Ia
SNe. A fraction of Ti and Cr is produced during hydrostatic O burning. Heavier
elements are produced in explosive conditions in supernovae, when the outward
propagating shock wave heats the matter to sufficiently high temperatures nec-
essary for the production of these high-Z species. Some species are produced
by incomplete Si burning, such as Cr and Mn, while others are produced in the
region of complete Si burning (e.g., Co) and α-rich freeze-out from nuclear sta-
tistical equilibrium (Thielemann et al., 2007). The difference between the two
lies essentially in the peak temperature in the burning layer. Incomplete Si burn-
ing typically occurs at 4 · 109 K < T < 5 · 109 K, whereas compete Si burning
occurs at T > 5 · 109 K (Thielemann et al., 2007).

• Thermonuclear fusion does not produce elements beyond Fe – Ni. The reason
is that charged-particle reactions past 56Ni are endoergic, i.e. they no longer
produce energy, but consume it. Thus, most elements heavier than iron form
by capturing neutrons onto heavy existing isotopes and subsequent β-decays.
Only very few proton-rich nuclei are produced by a p-process 7, which may be
associated with core-collapse supernovae8 or SN Ia.

There are two main channels through which the elements beyond the Fe peak

7 Only 35 stable p-nuclei exist (Travaglio et al., 2018).
8 This could be a νp-process taking place in core-collapse supernovae as proposed by, e.g., Fröhlich et al.

(2006).
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can be formed, either through a slow neutron-capture (s-) process, where the
capture rate is much longer than the subsequent beta-decay rate, or the rapid
neutron-capture (r-) process, where the captures happen much faster than the
decay, driving the process far from the so-called valley of stability.

• The s-process is a secondary process, requiring pre-existing seed nuclei, and it
typically takes place in AGB stars, which burn H and He in shells. The He-rich
layer, which separates the two shells, hosts 13C-rich pockets, which form through
captures of protons from the convective envelope onto 12C nuclei. Then, the reac-
tion 13C(α,n)16O produces free neutrons, which are captured onto existing seeds,
typically Fe-peak nuclei, creating nuclei with atomic numbers A ∼ 90−205. This
process is thought to be responsible for the main s-process component. In more
massive stars, M> 15 M�, s-process nucleosynthesis can take place through
the 22Ne(α,n) 25Mg reaction, at higher temperatures and densities (Frischknecht
et al., 2016). This process is thought to produce the weak s-process component
(A < 90). None of these processes can be observed directly, and to date there
remain many unknowns associated with them, where the size of the 13C-pockets
remain one of the largest uncertainties. Recent studies detected the radioactive
Tc which is only produced by the s-process in pulsating AGB stars (Merrill,
1952; Neyskens et al., 2015).

• Approximately half of the heavy elements are, however, not formed by the s-
process, but are attributed to the r-process, a primary process that can form the
heaviest isotopes starting out with just protons and many neutrons. This means
that no pre-existing heavy isotope is needed in this process. The r-process re-
quires extreme conditions, such as very high neutron densities (> 1025cm−3),
high temperatures, high entropies, and fast expansion of the explosion. Previ-
ously, the r-process was thought to be primarily associated with core-collapse
SNe explosions. However, recent 2D SNe models have shown that the 9-11M�
SNe are not sufficiently neutron rich to produce elements heavier than Sn (Z =

50) (Wanajo et al., 2011).
Recent observations of the ‘kilonova’ SSS17a (Drout et al., 2017; Kasen et al.,

2017; Pian et al., 2017; Shappee et al., 2017; Smartt et al., 2017) provide strong
indications that the r-process is likely to be hosted by the merger of two neutron
stars (NSM), an event that has recently received a great deal of attention because
of its association with the gravitational wave detection GW170817 by the ad-
vanced LIGO-VIRGO collaboration. NSMs are extremely rich in neutrons and
can easily host the r-process. A merger of two neutron stars emits gravitational
waves, produces a kilonova event (Metzger et al., 2010), and powers a short
gamma ray burst. The afterglow of a kilonova is powered by the radioactive
decay of unstable heavy isotopes, and a boost in the abundance of lanthanides
detectable in the near-IR is expected (Tanvir et al., 2013; Martin et al., 2015).
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However, one should keep in mind that neutron stars are also the endpoints of
the evolution of massive stars, and so far it has not been possible to separate the
contribution of heavy element material from rare core-collapse SNe explosions
or ejecta of a NSM based on observations (Thielemann et al., 2017). Massive
supernovae can also form the r-process elements, provided they have strong
magnetic fields and explode asymmetrically with jets (Nishimura et al., 2017;
Mösta et al., 2017). This needs to be probed in more detail with refined models
and observations.

1.5 Stellar populations and Galactic Chemical Evolution (GCE)

The chemical abundance measurements in stars, as well as theoretical studies of
element production, have an important application in astrophysics – studies of the
chemical evolution of stellar populations and galaxies.

As massive stars evolve faster, their ejecta will pollute the interstellar medium
(ISM) earlier (on shorter time scales) than is the case for lower-mass stars. The
latter take longer to evolve and to eject their processed material. Therefore, lower-
mass stars will experience a time delay with respect to more massive objects, which
end their lives as SNe, leaving behind neutron stars, black holes, or nothing at
all. Thus, by observing stars with different masses and ages, we can study the
chemical evolution of galaxies, and, hence, the associated processes that influenced
their formation, such as mergers, infall and outflows, galactic winds, the initial
mass function, and star-formation activity (Tinsley, 1979; Lacey and Fall, 1983;
Goetz and Koeppen, 1992). On the other hand, old stars, which are also expected
to be the most metal-poor ones, probe the first heavy element pollution of the ISM
after the Big Bang, and they are excellent testbeds of stellar yields, the first initial
mass function, and early stellar evolution (Bromm and Larson, 2004; Matteucci
and Calura, 2005).

A few observational trends stand out clearly when we study Galactic Chemi-
cal Evolution. Stars with metallicity below [Fe/H]∼ −2 show a large star-to-star
abundance scatter in neutron-capture elements, such as Ba, compared to elements
like Mg, which exhibit little scatter (Figure 1.8). Since most of these very metal-
poor stars are halo stars, when identified by their space motions (kinematics) 9,
this observation provides constraints on the Galactic halo formation. In particu-
lar, the heavy-element scatter may indicate that the Galaxy was inhomogeneous
in the early stages, and the halo could have hosted transient star-forming regions

9 Halo stars exhibit a wide range of orbital eccentricities, including low and high eccentricity. Compared to the
disc stars, which have exclusively low-eccentricity orbits, halo stars also have much larger velocity
dispersions.
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that were dense and sufficiently massive to sustain prolonged self-enrichment by
Type II and Type Ia SNe (Gilmore and Wyse, 1998; Karlsson, 2005; Karlsson and
Gustafsson, 2005).

The scatter in s-process elements in stars with [Fe/H] < −2 may also indicate that
the massive objects might have ejected different amounts of elements, i.e., having
yields that are dependent on mass and metallicity (Maeder, 1990). Then, the fact
that the scatter decreases at metallicities above [Fe/H]≈ −2 is consistent with the
general enrichment dominated by several distinct nucleosynthesis channels, and
reflects the background metallicity level. The relative pollution by an individual
object becomes less significant as the base metallicity level increases. This is best
seen in the distributions of, e.g., elements produced by the s- and r-process. The
change in scatter could also be related to the onset of AGB pollution, as these stars
will have had sufficient time to evolve and eject material rich in C, N, and s-process
elements (Busso et al., 1999).

Under closer inspection, observations suggest that the Galactic halo popula-
tion is even more complex. It has now been firmly established that galaxies form
through mergers and accretion of sub-halos (Searle and Zinn, 1978; White and
Frenk, 1991; Bullock and Johnston, 2005). This implies not only that some scat-
ter in chemical abundances of the halo stars is expected, but also that chemical-
abundance diagrams may contain specific ‘features’, indicating stellar populations
which were not formed in-situ in the Milky Way, but were added to our galaxy over
time. The known dwarf galaxies exhibit a very large range of star formation histo-
ries (Tolstoy et al., 2009; Kirby et al., 2011; Leaman, 2012). Recent observations
indicate that the halo indeed has a metal-rich ([Fe/H] ∼ −1) stellar component,
which hosts low-[α/Fe] stars (Nissen and Schuster, 1997, 2010), suggesting their
origin in dwarf galaxies. The metal-rich part of the halo and the thick-disc stars
overlap in metallicity, with the thick disc extending to [Fe/H] ∼ −1.8. However,
in contrast to the thick-disc population, the halo stars show an inverse correlation
between [Fe/H] and α/Fe (Bergemann et al., 2017b); the slope of the trend line is
important for chemical-evolution models.

The structure of the Galactic halo is still a matter of a debate. Carollo et al.
(2007, 2010), Beers et al. (2012), and others since, have argued that “the halo”
comprises both inner-halo and outer-halo populations of stars, based on their ob-
served spatial distribution, kinematics, and chemical abundances (the inner-halo
population peaking at metallicity [Fe/H] ∼ −1.6; the outer-halo population peaking
at [Fe/H] ∼ −2.2). This evidence is important, because the populations mark differ-
ent eras of formation, and differences in the mass distributions of the sub-galactic
fragments (mini-halos) that merged or were accreted during their formation. Nu-
merical galaxy-formation simulations also lend support to this view (Font et al.,
2011; McCarthy et al., 2012; Tissera et al., 2013, 2014, 2018).
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However, some have questioned this interpretation (Schönrich et al., 2011; Dea-
son et al., 2013; Schönrich et al., 2014), suggesting that the secondary (retrograde
rotating) halo component should be much weaker, if present. In this context, it is
interesting that the Gaia DR2 collaboration has reported an intriguing duality in the
CMD plane of kinematically selected halo stars, suggesting two components with
[Fe/H] of −1.3 and −0.5 (Gaia Collaboration et al., 2018). At least one of these
could be related to the inner-halo population described above, but more evidence
in the form of ages and detailed chemical abundances will be needed to understand
the origin of this structure.

Generally, the interpretation of chemical abundance-age-kinematics diagrams in
the context of Galaxy formation scenarios is non-trivial. Although the overall abun-
dances of heavy elements generally increases with time, detailed observations show
that the metallicity of stars does not uniquely correlate with age, neither during the
Galactic halo nor during disc formation (Holmberg et al., 2009; Bergemann et al.,
2014). Galaxy-formation simulations suggest that the oldest stars are expected to
be found in the Galactic bulge, the most metal-rich component of the Milky Way
(White and Springel, 2000; Brook et al., 2007; Starkenburg et al., 2017; Griffen
et al., 2018).

The apparent distribution of stars in the chemical-abundance plane is, however,
highly sensitive to the selection function of the observational program (Bergemann
et al., 2014; Thompson et al., 2018). “Mono-metallic” or “mono-abundance” stel-
lar populations, i.e., groups of stars exhibiting similar abundances, do not neces-
sarily imply that they are co-eval, or even formed within the same Galactic com-
ponent. Conversely, stars formed in the halo, in the disc, or in the bulge, do not
possess a well-defined characteristic signature in the chemical-abundance plane,
and even less so in kinematics. In particular, and in contrast to the surface chemical
composition of unevolved stars, stellar kinematics does change after stellar birth
(Binney and Lacey, 1988). Stars experience dynamical disturbances in the Galaxy
that changes their orbits, and this kinematical re-arrangement makes it difficult to
tag stars and identify their parent population. Stars formed in the Galactic centre
can be relocated into the outer bulge or inner halo (El-Badry et al., 2018), those
formed in the disc plane acquire large altitudes above the plane (Laporte et al.,
2017; Bergemann et al., 2018), and disc stars themselves experience radial migra-
tion via scattering of giant molecular clouds and transient spiral arms (Sellwood
and Binney, 2002; Schönrich and Binney, 2009a,b).

More metal-rich stars, mostly members of the disc, show another interesting cor-
relation: The relative abundances of their α−elements, [α/Fe], indicate a break at
[Fe/H]∼ −1. This is commonly referred as a knee, and is thought to arise because
of the onset of SN Ia pollution (Matteucci and Greggio, 1986). SN Type Ia events
result from mass transfer in a binary system of low mass stars. They have a typ-
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ical time delay of ∼ 1 Gyr, although there is extragalactic evidence for a fast SN
Ia channel (Mannucci et al., 2006). SN Ia produce substantial amounts of Fe-peak
elements, but very little α−elements, resulting in the downward trend (Fig. 1.7 and
1.8). The proposed dual structure of the Galactic disc, which is seen in the [α/Fe]
vs. [Fe/H] in some elements, but not in the others, is still a matter of debate (Lee
et al., 2011; Mikolaitis et al., 2014; Bergemann et al., 2014). Bensby et al. (2014)
found the bimodal distribution in [Ti/Fe], but not in [Mg/Fe], whereas Hawkins
et al. (2016) observe bi-modality in [Mg/Fe] but not in [Ti/Fe]. The old unsettled
problem of whether the thick disc is a stand-alone population with a formation
history different from that of the thin disc (Chiappini et al., 1997) is, in turn, com-
plicated by the apparent complex structure of the former being not a monolithic
population (Spagna et al., 2010; Curir et al., 2012; Schönrich and McMillan, 2017).
Volume complete, statistically significant samples of stars need to be analysed in
high-quality spectra and with updated models, to control for systematic errors, and
settle this debate.

Figure 1.7 The evolution of the net yields of Mg and Fe in a simple stellar popu-
lation (adapted from Rybizki et al. 2017).
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Figure 1.8 Left panel: [Mg/Fe] vs [Fe/H], right panel: [Ba/Fe] vs [Fe/H]. Note
the difference in star-to-star scatter as indicated by the standard deviation around
the mean (grey shaded region). Data from the Frebel (2010) compilation. Figure
adopted from Hansen et al. (2014).

1.5.1 Old and unique chemical tracers

Among the low-metallicity stars in the halo, there exist a number of stars with
particularly important abundance patterns, which are shaping our view of the origin
of the elements.

The star CS 22982-052, one of the most strongly r-process-enhanced stars (an
r-II star, following Beers and Christlieb 2005, with [Eu/Fe] > +1.0), was analysed
most recently by Sneden et al. (2003). Up until 2013, this was the star for which
we had the most complete abundance information after the Sun. However, Siqueira
Mello et al. (2013), based on both HST- and ground-based high-resolution spec-
tra, analysed the r-II star CS 31082-001, and obtained measurements for a total
of almost 70 stable elements in the periodic table (including the “jewelry store”
elements silver, gold, and platinum, as well as the radioactive species thorium and
uranium). Although these stars exhibit essentially identical elemental-abundance
patterns among the heavy elements from Ba to Hf (matching a scaled-solar r-
process distribution), they differ dramatically in their [Th/Eu] abundance ratios,
a phenomenon referred to as the ”actinide boost” (see, e.g., Mashonkina et al.
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2014). Roughly 30% of r-process-enhanced stars exhibit the actinide boost, which
may provide a fundamental clue to the origin of the r-process. Over the past few
decades, a total of ∼ 25 − 30 r-II stars have been identified. This number is ex-
pected to dramatically increase in the near future due to dedicated survey efforts
now underway, e.g., the R-Process Alliance effort (Hansen et al., 2018b), whose
goal is to bring the number of known r-II stars up to on the order of 100 or more.
Such large, “statistical” samples, are required to search for the subtle elemental-
abundance signatures that may be used to differentiate different astrophysical sites
of the r-process.

By way of contrast, there also exist stars that appear highly deficient in their
light and heavy r-process elements, relative to a scaled-solar pattern. HD 88609
and HD 122563 are two such stars (Honda et al., 2007), which have been used
to support the operation of a “weak” or “limited” r-process, decoupled from the
“main” r-process (Hansen et al. 2012, 2014, Frebel subm).

To date, the most Fe-poor star yet found was discovered by Keller et al. (2014).
This CEMP star is so Fe-poor that it only has an upper limit of [Fe/H] < −7.5.
Comparison to yield predictions from supernovae (e.g., Heger and Woosley 2002)
showed that the chemistry matched that of the ejecta from a 60M� Type II SN.
However, later 3D and NLTE corrections to both molecular and atomic line abun-
dances indicated a slightly higher metallicity, as well as a less massive progenitor
(Bessell et al., 2015; Nordlander et al., 2017). Another interesting, hyper metal-
poor star, SDSS J102915+172927, was recognized a few years earlier by Caffau
et al. (2011), from high-resolution spectroscopic follow-up of extremely metal-
poor turnoff stars identified in the Sloan Digital Sky Survey. This star is unique in
the sense that it has [Fe/H] ∼ −5, but unlike all other such extreme stars, the star
appears to lack a signature of carbon enrichment (however, only weak upper limit
on [C/Fe] has been as yet reported). Recently, additional ultra, hyper, and mega
([Fe/H] < −6) metal-poor TO stars from SDSS have been reported by Aguado
et al. (2018), and references therein, all of which exhibit carbon enhancement (or
have upper limits on [C/Fe]), indicating that they are CEMP stars.

Significant fractions of very metal-poor stars are in fact known to be CEMP stars.
These stars can be further divided into sub-classes based on their neutron-capture
elemental-abundance patterns. CEMP-s stars are the most populated sub-class,
where the elements representing the slow neutron-capture process are prominent.
At least 80% of the CEMP-s stars are binaries (Starkenburg et al., 2013; Hansen
et al., 2016b), and almost certainly are associated with mass-transfer events from a
former AGB companion. However, several stars in this sub-class are suspected to
be single stars, which might be explained by massive-star pollution (Choplin et al.,
2017) of the natal cloud from which the low-mass star observed today formed. In
contrast, the CEMP-no stars are characterized by a lack of neutron-capture over-
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Figure 1.9 Observations of two stars (black dots) with similar stellar parameters
(and [Fe/H]=-2.5) but very differing chemical composition. Top: HE 2310-4523
compared to synthetic spectra (blue line) with [C/Fe] = +0.2 and [Mg/Fe] = +0.25
(Hansen et al. 2016), bottom: HE 0317-4705 and synthetic spectra (red line) with
[C/Fe] = +1.4, [Mg/Fe] = +0.5 (Hansen et al. subm.). The green dashed line
represents no C and no Mg.
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abundances. A number of lines of evidence point to their formation very early in
the history of the Universe, and indeed some CEMP-no stars may well represent
bona-fide second-generation stars that have locked up the nucleosynthesis products
of the very first (massive) stars (see Hansen et al. 2016a, and references therein).
A handful of stars to date have been identified as CEMP-r stars, which, in ad-
dition to their carbon-enhancement, exhibit strong over-abundances of r-process
elements (interestingly, this class includes the canonical r-II star CS 22892-052).
Their origin is still very much under discussion. Finally, a hybrid class, known
as CEMP-r/s stars, includes carbon-enhanced stars with both r- and s-process
elemental-abundance signatures present in their spectra. At first, it proved diffi-
cult to explain how both the r- and s-process enriched material got mixed into
these stars, however, recent models have shown that a nucleosynthetic process, the
so-called intermediate neutron-capture process (i-process), which may operate in
AGB or massive stars, might explain this abundance pattern (Dardelet et al., 2014;
Hampel et al., 2016; Clarkson et al., 2018).

Although the signature of increasing fractions of CEMP stars with decreasing
[Fe/H] has been recognized for many years (Beers and Christlieb 2005, and ref-
erences therein), the most recent evaluation of their frequencies have been revised
upward by as much as a factor of two, compared with the previous result (Lee
et al., 2013)10. Two CEMP classes can be distinguished in a relatively simple way.
Spite et al. (2013) and Bonifacio et al. (2015) demonstrated that the two dominant
classes of CEMP stars have different enhancements of absolute C abundances (
A(C) = logε(C) = log (NC/NH) + 12,). The CEMP-s stars exhibit a high level of
A(C), mainly owing to C-rich material being transferred in a binary system, while
the CEMP-no stars (typically not binaries) have lower A(C).

Yoon et al. (2016) demonstrated that the morphology of the A(C)-[Fe/H] space
is richer still, separating out three groups of CEMP stars, the Group I stars com-
prising CEMP-s stars, and the Group II and Group III stars comprising CEMP-no
stars with apparently different progenitors ors and/or enrichment histories. Yoon
et al. further showed that CEMP-s and CEMP-no stars can be distinguished based
on medium-resolution spectroscopic measurement of A(C) alone, with a success
rate commensurate with that obtained from high-resolution spectroscopic mea-
surement of Ba. From application of this approach, one can clearly see the very
different behaviours of CEMP-no and CEMP-s stars in the revised frequency dia-
gram (Fig. 1.10). Comparison of these derived frequencies with predictions from

10 This revision arises for two primary reasons. First, CEMP stars near the TO were under-counted in the Lee
et al. (2013) study, due to the diminished strength of the CH G−band for stars with Teff > 5750 K, and
corrections needed to be applied to cooler RGB stars to account for the effect of carbon dilution from first
dredge-up. The Yoon et al. 2018 (subm.) study includes only SG and RGB stars, with the correction of
Placco et al. (2014) applied.
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population synthesis and numerical galaxy assembly models should prove illumi-
nating.

1.6 Conclusions and future outlook

We have endeavoured to provide a brief overview of an extremely broad set of top-
ics, and in truth have only brushed the surface. Many of the fields discussed in the
present chapter are advancing rapidly, and will remain vibrant for a long time. It is
easy to forget that no more than a century has passed since humans came to under-
stand that the Milky Way is but one of perhaps 100 billion galaxies in the Universe,
and that nuclear fusion powers individual stars over their lifetimes, no matter how
brief or how long. As of this writing, the Gaia mission is making its second pub-
lic data release, with new, precise, information on distances, proper motions, and
spectral energy distributions for more than a billion stars in the Galaxy, and radial
velocities for many millions of the brighter stars. Significantly more detailed infor-
mation will follow once the full dataset is acquired and distributed. This represents
the beginning of a new era, where fundamental information for the stars of the
Milky Way will enable researchers to confront outstanding issues with a level of
detail that was not imaginable a few decades ago.

Our ability to model many aspects of the evolution of stars, in particular those
which can be used to infer the nature of the earliest generations born in the Uni-
verse, is still in relative infancy. Present and future massive photometric and spec-
troscopic surveys of resolved stellar populations in the Milky Way will no doubt
spur these modelling efforts to take on even greater challenges. The success of these
efforts depends crucially on the contributions from astronomers and physicists who
are only now beginning their careers, so they must be encouraged and nurtured in
order to carry this quest for understanding to the next level.
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Figure 1.10 The cumulative and differential CEMP frequencies, as a function
of [Fe/H], plotted separately for CEMP-no and CEMP-s stars, classified from
medium-resolution spectroscopy. The light grey line indicates the frequencies of
CEMP-no stars for a sample of stars with available high-resolution spectroscopic
information, from Placco et al. (2014). (Figure adopted from Yoon et al. 2018,
subm.).
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Beers, T. C., Carollo, D., Ivezić, Ž., An, D., Chiba, M., Norris, J. E., Freeman, K. C., Lee,
Y. S., Munn, J. A., Re Fiorentin, P., Sivarani, T., Wilhelm, R., Yanny, B., and York,
D. G. 2012. The Case for the Dual Halo of the Milky Way. ApJ, 746(Feb.), 34.

Bensby, T., Feltzing, S., and Oey, M. S. 2014. Exploring the Milky Way stellar disk. A
detailed elemental abundance study of 714 F and G dwarf stars in the solar neigh-
bourhood. A&A, 562(Feb.), A71.

Bergemann, M., and Gehren, T. 2008. NLTE abundances of Mn in a sample of metal-poor
stars. A&A, 492(Dec.), 823–831.

Bergemann, M., Pickering, J. C., and Gehren, T. 2010. NLTE analysis of CoI/CoII lines
in spectra of cool stars with new laboratory hyperfine splitting constants. MNRAS,
401(Jan.), 1334–1346.

Bergemann, M., Lind, K., Collet, R., Magic, Z., and Asplund, M. 2012. Non-LTE line
formation of Fe in late-type stars - I. Standard stars with 1D and ¡3D¿ model atmo-
spheres. MNRAS, 427(Nov.), 27–49.

Bergemann, M., Ruchti, G. R., Serenelli, A., Feltzing, S., Alves-Brito, A., Asplund, M.,
Bensby, T., Gruyters, P., Heiter, U., Hourihane, A., Korn, A., Lind, K., Marino, A.,
Jofre, P., Nordlander, T., Ryde, N., Worley, C. C., Gilmore, G., Randich, S., Ferguson,
A. M. N., Jeffries, R. D., Micela, G., Negueruela, I., Prusti, T., Rix, H.-W., Vallenari,
A., Alfaro, E. J., Allende Prieto, C., Bragaglia, A., Koposov, S. E., Lanzafame, A. C.,
Pancino, E., Recio-Blanco, A., Smiljanic, R., Walton, N., Costado, M. T., Franciosini,
E., Hill, V., Lardo, C., de Laverny, P., Magrini, L., Maiorca, E., Masseron, T., Mor-
bidelli, L., Sacco, G., Kordopatis, G., and Tautvaišienė, G. 2014. The Gaia-ESO
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V., Riva, A., Rivard, A., Rixon, G., Roegiers, T., Roelens, M., Romero-Gómez, M.,
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Laporte, C. F. P., Johnston, K. V., Gómez, F. A., Garavito-Camargo, N., and Besla, G.
2017. The Influence of Sagittarius and the Large Magellanic Cloud on the Milky
Way Galaxy. ArXiv e-prints, Oct.

Lattanzio, J., Frost, C., Cannon, R., and Wood, P. R. 1996. Hot bottom burning in interme-
diate mass stars. Mem. Soc. Astron. Italiana, 67, 729.

Leaman, R. 2012. Insights into Pre-enrichment of Star Clusters and Self-enrichment of
Dwarf Galaxies from Their Intrinsic Metallicity Dispersions. AJ, 144(Dec.), 183.
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