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Our main aim

Understanding the chemical/dynamical evolution of galaxies

• When, where and how the stars formed

• What are their elemental abundances (chemical evolution)



What we mean with stellar population?

A group of stars sharing some common properties, therefore a common 
formation and evolution path
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The common properties





Stars with common properties:

they formed in the same environment 
following a common chemical evolutionary path



How to measure ages?

Age = 1-13 Gyr • Turn-off and Sub-Branch Giant 
are sensitive to age variation

• Main Sequence and Red Giant 
Branch are less sensitive to age 
variation (age-metallicity 
degeneracy)

Isochrone fitting: comparison of the position of a star in the Herztsprung-Russell 
diagram with theoretical isochrones



How to measure ages?

Isochrone fitting: comparison of the position of a star in the Herztsprung-Russell 
diagram with theoretical isochrones

Problematic for individual stars

We need to know the distance, 
the reddening and the metallicity 
(but the Gaia mission helps us) …

Easy for stellar clusters 

All the stars at the same distance and 
with the same [Fe/H] and E(B-V) 



How to measure chemical abundances ?

R ~ 2000

R ~ 40000

Low spectral resolution … 
Information about global metallicity 
and some metals

High spectral resolution … 
Detailed abundances for several 
elements

Using stellar spectra



Photometry

Spectroscopy

Tangential velocities 
(proper motions)

Radial velocity

OBJECT’S MOTION

How to measure stellar orbits?
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Doppler shift in the non-relativistic case:

Radial velocity



Proper motions

DECLINATION 
PROPER MOTION

Measure of the variation of the position on the sky with the time 
(typically expressed as mas/year)

RIGHT ASCENSION 
PROPER MOTION



GAIA mission

Magnitudes, distances and proper motions for almost 2 billions of stars



CHEMICAL 
ABUNDANCES

Stellar evolution and
stellar nucleosynthesis

Star formation rate

Initial Mass Function Inflow/outflow



 

Period Table of the Elements



Period Table of the Elements

METALS



The first stars DO NOT have metals... but they produce them and pass them on to 
subsequent stars.   Each generation of stars is richer in metals than the previous one.
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We have found a clock to estimate the relative age of stars. 

=
The fewer metals we measure ... the older the star is.



CHEMICAL TAGGING

The use of chemical tagging in Galactic archaeology was first proposed by Freeman 
& Bland-Hawthorn (2002), who suggested that the abundances of elements in stars 
could be used as unique signatures over their lifetime to ‘reconstruct’ stellar groups 
that have long since dissolved. 

Chemically tagging groups of stars born 
in the same birth cloud (same chemical composition) 



Chemical composition = stellar DNA

The chemical composition reflects the star formation and chemical enrichment 
of the galaxy where the stars formed …  even if a galaxy is accreted by 
another one and their stars now belong to the major galaxy, we can identify 
them as “external stars” thanks to their chemistry (the so-called chemical 
tagging).



An old nomenclature used by astronomers… but still in use:

Population I:
Young, metal-rich stars like the Sun … 2% of their mass is made of metals.

Population II:
Old, metal-poor stars … 0.1% or less of their mass is composed of metals.

Population III:
The first stars, completely devoid of metals … NO METALS AT ALL!!!

This is a very simplified scheme of the stellar populations in the Milky Way 

For instance, the Galactic Bulge is old (like Pop II stars) and metal-rich 
(like Pop I stars).



Two main tracers of stellar populations in the Milky Way

Globular clusters (OLD)

Open clusters (YOUNG)



Gaia Mission …
Color-magnitude diagrams of different components of the Milky Way 
(different ages)



An old nomenclature used by astronomers… but still in use:

Population I:
Young, metal-rich stars like the Sun … 2% of their mass is made of metals.

Population II:
Old, metal-poor stars … 0.1% or less of their mass is composed of metals.

Population III:
The first stars, completely devoid of metals … NO METALS AT ALL!!!

WARNING!!!

Our knowledge of the chemistry of stars today is very detailed, 
but it hasn't always been this way...



Until the 1920s, it was believed that all stars had the same chemical composition as 
the Sun, which was thought to be made entirely of… iron (like the Earth's crust)!!!

Cecilia Payne, PhD Thesis “ Stellar Atmospheres” (1925).
One of her results suggests that 

the dominant element in the Sun is the hydrogen



Two stars with chemical abundances one-tenth that of the Sun.



EPOCH

METALLICITY



In this star there is one 
atom of Fe for each 

10 millions of H atoms

METALLICITY

EPOCH
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Metallicity … we use [Fe/H] as a proxy

Is Fe the most abundant metal in the stars? NO

Oxygen             8.76
Carbon              8.50
Neon                 8.05
Nitrogen           7.86
Magnesium        7.54
Silicon               7.53
Iron                  7.52
Sulfur                7.16
Argon                6.50
Aluminum           6.46

The 10 most abundant elements in the Sun

Oxygen
Carbon                             Neon

𝐴 𝐹𝑒 =	 log!"(
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Iron is the element providing the largest number of spectral lines

We measures Fe lines 

- At different wavelengths
- At different stellar parameters
- At different metallicities (also in very metal-poor stars)

Metallicity … we use [Fe/H] as a proxy



All the metals provide information about the chemical evolution … 
timescale, chemical polluters …

 

𝛼-elements : 
mainly produced in SN II
(short timescale)

Fe (and iron-peak elements):
mainly produced in SN Ia
(long timescale)

S-process elements: 
mainly produced in AGB stars 

R-process elements: 
mainly produced in neutron 
stars mergers 



[𝛼/Fe] is the classical diagnostic of SFR and IMF …The 𝛼	 −knee 
It marks the onset 

of the chemical enrichment 
by SNIa

Not only Iron …



The knee moves toward lower metallicity 
in environments with lower SFR

Kobayashi+23
Matteucci & Brocato(1990)



MILKY WAY : HALO 

High [𝛼/Fe] : 
Production by SN II in short 
time scale (low production of Fe)

Low [𝛼/Fe] : 
Production by SN Ia in long time 
scale (low production of 𝛼  and 
high production of Fe)



Reddy+06

MILKY WAY : THIN/THICK DISK

Thick disk stars

Thin disk stars



MILKY WAY : THIN/THICK DISK

Hayden+15APOGEE

THICK DISK

THIN DISK



Hayden+17

MILKY WAY : THIN/THICK DISK



Cunha+08
MILKY WAY : BULGE

The Galactic Bulge stars are solar or 
over-solar and with high [𝛼/Fe]  … 

The Galatic Bulge is old and with a very 
efficient star formation rate (fast 
chemical enrichment)



AND THE STELLAR POPULATIONS OUTSIDE THE MILKY WAY?

Irregular galaxies

Large and Small 
Magellanic Clouds

Dwarf spheroidal 
galaxies

Sagittarius, 
Sculptor, Fornax …







Large Magellanic Cloud

The LMC GCs draw well-defined 
sequences wrt MW GCs

This reflects the different 
chemical enrichment histories 

of the two galaxies

LMC GCs

MW GCs

[Si+Ca+Ti/Fe]

Mucciarelli+23a



Large Magellanic Cloud

The stellar populations in the Large Magellanic Clouds have an α	 −knee 
more metal-poor than the Milky Way 



The SMC stars draw well-defined 
sequences wrt MW stars

This reflects the different 
chemical enrichment histories 

of the two galaxies

Small Magellanic Cloud
Mucciarelli+23b

SMC globular clusters
SMC field stars



Dwarf spheroidal galaxies

Tolstoy+09

The dwarf spheroidal galaxies have star formation rates slower than that of the 
Milky Way and they exhibit lower [alfa/Fe] wrt to Milky Way stars of similar 
[Fe/H].



Hasselquist+21Dwarf spheroidal galaxies



Nissen & Schuster+10

Stellar populations hidden in the Galactic Halo



Nissen & Schuster+10

UVES@VLT spectra

R ~ 55,000

SNR > 200



Nissen & Schuster+10

UVES@VLT spectra

R ~ 55,000

SNR > 200

The Halo stars with low [α/Fe] ratio at the same 
[Fe/H] should formed in galaxies with a lower star 
formation rate.

Accreted stars: formed in external galaxies 
accreted by the Milky Way
 



Helmi+18

The Gaia mission identified Milky Way stars moving on different orbits (thanks to 
proper motions and parallaxes). These stars have lower [α	/Fe] than Milky Way stars 
with normal orbits. These stars are the remnant of a past merger event with a now 
disrupted dwarf galaxy (Gaia-Enceladus).



The age-metallicty relation of in-situ and accreted globular clusters.
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In situ and accreted globular 
clusters in the Milky Way trace 
different age-metallicity relations:
different stellar populations



An old nomenclature used by astronomers… but still in use:

Population I:
Young, metal-rich stars like the Sun … 2% of their mass is made of metals.

Population II:
Old, metal-poor stars … 0.1% or less of their mass is composed of metals.

Population III:
The first stars, completely devoid of metals … NO METALS AT ALL!!!



The current nomenclature for the stellar populations in the Milky Way

Halo, in-situ stars:
Old, metal-poor stars formed in the early Milky Way

Halo, accreted stars:
Old, metal-poor stars formed in Milky Way satellites (accreted and now disrupted)

Thick disk stars:
Old, metal-intermediate stars

Thin disk stars:
Young, metal-intermediate/metal-rich stars

Galactic Bulge:
Old, metal-rich stars formed in the early Milky Way



Summary

• High-resolution spectroscopy (often together with precise kinematics) allows 
us to group stars with similar chemical composition (= similar chemical DNA)

• New nomenclature of the stellar populations in our Galaxy thanks to the 
chemical tagging

• A step towards the future: the use of chemical tagging to identify stellar 
populations in external galaxies


