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Get acquainted with the ingredients and main assumptions of GCE 
models 

Learn about their successes (and failures) in reproducing the data 

Be aware of current challenges 

Get inspired !
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AIMS OF THIS LECTURE 

Galactic chemical evolution models follow the evolution of the chemical composition of the ISM 
out of which stars form in different galaxies/galactic components



“The following question can be asked: What has been the history of the matter, on which we can make observations, 
which produced the elements and isotopes of that matter in the abundance distribution which observation yields? 
This history is hidden in the abundance distribution of the elements. To attempt to understand the sequence of events 
leading to the formation of the elements it is necessary to study the so-called universal or cosmic abundance curve. 
Whether or not this abundance curve is universal is not the point here under discussion. It is the distribution for matter 
on which we have been able to make observations.” 

(Burbidge, Burbidge, Fowler & Hoyle 1957, Reviews of Modern Physics, 29, 547)

“… it should be clear that attempts to understand the evolution of stars and gas in galaxies inevitably 
get involved in very diverse aspects of astronomical theory and observation. This is not a field in which 
one can hope to develop a complete theory from a simple set of assumptions, because many relevant 
data are unavailable or ambiguous, and because galactic evolution depends on many complicated 
dynamical, atomic, and nuclear processes which themselves are incompletely understood…” 

(Tinsley 1980, Fundamentals of Cosmic Physics, 5, 287)
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GCE BASICS 
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GALACTIC ARCHAEOLOGY 
Map the composition of stars in all evolutionary stages (possible only in the MW) —> stellar evolution and nucleosynthesis 

Get detailed positions and motions —> probe dynamics, mergers 
Jointly to stellar ages —> full characterisation of the MW components chemical history 

EARLY LARGE-SCALE SPECTROSCOPIC SURVEY 
RAVE | Timeline: 2003-2013 | ~500,000 bright, nearby stars (9 < I < 12) | R ~ 7500 | Wavelength: 8410-8800 A (Ca II triplet)

SDSS | Timeline: 2005-2011 | ~250,000 faint stars (14 < g < 20.3) | R ~ 2000 | Wavelength: 3800-9200 A (optical)

Gaia-ESO Survey | Timeline: 2011-2018 | ~115,000 (mostly disc) stars & OCs | R ~ 17000 (GIRAFFE) 47000 (UVES) | Wavelength: 
4000-9000 A

APOGEE | Timeline: 2011-2021 | ~600,000 red giant stars (H < 14), OCs, some GCs | R ~ 22500 | Wavelength: 1.51-1.70 𝜇m

GALAH | Timeline: 2014-2023 | ~600,000 FGK dwarfs and giants (V < 14), OCs, some GCs | R ~ 28000 | Wavelength: 471-789 nm


NOW 
LAMOST | Timeline: 2012-present | >1e6 (LR), > 5e6 (MR) | R ~ 1800 (LR) 7500 (MR) | Wavelength: 3700-9000 A

Gaia DR3 (2022) | ~5e6 FGK nearby stars | R ~ 11500 | Wavelength: 845-872 nm


… AND MORE IS COMING:

(Courtesy S. Lucatello)
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GALACTIC ARCHAEOLOGY 
SOME ACHIEVEMENTS:

No 𝞪-enhanced stars
Galactic abundance gradient


Hayden et al. (2015)
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GALACTIC ARCHAEOLOGY 
SOME ACHIEVEMENTS: Magrini et al. (2023)

Temporal evolution of the Galactic abundance 
gradients with OCs 
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GALACTIC ARCHAEOLOGY 
SOME ACHIEVEMENTS:

Image credit: S. Payne-Wardenaar / K. Malhan, MPIA

Malhan et al. (2022)

Mapping ancient mergers with Gaia DR3
Helmi et al. (2018)
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GALACTIC ARCHAEOLOGY 
SOME ACHIEVEMENTS:

Gao et al. (2020)

New constraints on cosmological Li and Galactic Li evolution

Romano et al. (2021)
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About 200,000 MS and subgiant stars with 6D phase space 
information from Gaia DR3 + StarHorse ages 
—> Discovery of the oldest thin disc of the Milky Way, extending 
from metal-poor to super-solar metallicities (Nepal+ 2024)

GALACTIC ARCHAEOLOGY 
SOME ACHIEVEMENTS:
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GALACTIC ARCHAEOLOGY 
SOME ACHIEVEMENTS:

APOKASC-3 catalogue: 

>12000 evolved stars with APOGEE spectroscopic parameters 
and Kepler asteroseismology 

Exceptionally precise measurements 
of masses, radii, and ages of stars 

(Pinsonneault+ 2025)
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EXTRAGALACTIC ARCHAEOLOGY 
Maiolino et al. (2024)

He, CNO, Ne abundance determinations at high redshift 
thanks to JWST/NIRSpec 

Pay attention to gas densities… (Hayes+ 2025)



HOW DO WE EXPLOIT THESE DATA?



GCE is not a full astrophysical theory (yet): 
it provides a framework 

in which the observed chemical composition 
of stars and gas in galaxies 

can be interpreted
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GCE codes are either 
stand-alone bundles or modules 

embedded in more complex 
(cosmological)  

hydrodynamical simulations
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GCE codes are either 
stand-alone bundles or modules 

embedded in more complex 
(cosmological)  

hydrodynamical simulations

Follow all stable/
unstable elements 
produced by stars 
Computationally 
cheaper

Follow a subset of elements 
Massive use of HPC 
resources



INITIAL CONDITIONS 

STAR FORMATION RATE (SFR) 

STELLAR INITIAL MASS FUNCTION (IMF) 

RECIPES FOR GAS ACCRETION/LOSS 

STELLAR YIELDS AND STELLAR LIFETIMES 

BINARY STARS
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GCE MODEL INGREDIENTS 



INITIAL CONDITIONS 

STAR FORMATION RATE (SFR) 

STELLAR INITIAL MASS FUNCTION (IMF) 

RECIPES FOR GAS ACCRETION/LOSS 

STELLAR YIELDS AND STELLAR LIFETIMES 

BINARY STARS

Monolithic collapse (Eggen et al. 1962) 
Image credit: ESO/L. Calçada

Hierarchical formation (White & Rees 1978) 
Image credit: ESO/L. Calçada

Image credit: Scientific American/Malcolm Godwin


From pristine gas [e.g., YP = 0.24721; (D/H)P = 2.439e-5; (3He/H)P = 1.039e-5; (7Li/H)P = 5.464e-10; Pitrou et al. 2021] 
to present-day galaxies !
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GCE MODEL INGREDIENTS 



INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR INITIAL MASS FUNCTION (IMF) 

RECIPES FOR GAS ACCRETION/LOSS 

STELLAR YIELDS AND STELLAR LIFETIMES 

BINARY STARS
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GCE MODEL INGREDIENTS 



INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR INITIAL MASS FUNCTION (IMF) 

RECIPES FOR GAS ACCRETION/LOSS 

STELLAR YIELDS AND STELLAR LIFETIMES 

BINARY STARS

Schmidt (1959):    
1—3   (2–3 in the ISM of the MW)


  
Kennicutt (1989):    

1—3


Kennicutt (1998):    

1.4


Gao & Solomon (2004):    

1  in dense gas


ΣSFR ∝ Σn
H I

n =

ΣSFR ∝ Σn
H I+H2

n =

ΣSFR ∝ Σn
H I+H2

n =

ΣSFR ∝ Σn
H I+H2

n =

Recommended readings: 
Gao & Solomon (2004) 

Kennicutt & Evans (2012) 
Bolatto et al. (2013) 

Schinnerer & Leroy (2024)
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GCE MODEL INGREDIENTS 

Kennicutt & Evans (2012)



INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR INITIAL MASS FUNCTION (IMF) 

RECIPES FOR GAS ACCRETION/LOSS 

STELLAR YIELDS AND STELLAR LIFETIMES 

BINARY STARS

Gaia distances + dust maps  
SFH from deep CMDs 
for large MW volumes 

(Lallement+2018, Casagrande+2018, Babusiaux+2018)
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GCE MODEL INGREDIENTS 

Left: SFH representative of the 2-kpc-
radius bubble around the Sun 
(Ruiz-Lara et al. 2020)



Three collisions between the Sgr dwarf spheroidal galaxy and the Milky 
Way might have triggered major star formation episodes in the MW disc 
(Purcell+ 2011; Laporte+ 2018; Antoja+ 2020)

Image credit: ESA
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GCE MODEL INGREDIENTS 
INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR INITIAL MASS FUNCTION (IMF) 

RECIPES FOR GAS ACCRETION/LOSS 

STELLAR YIELDS AND STELLAR LIFETIMES 

BINARY STARS

1 2
3

1

2 3
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GCE MODEL INGREDIENTS 
INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR IMF 

RECIPES FOR GAS ACCRETION/LOSS 

STELLAR YIELDS AND STELLAR LIFETIMES 

BINARY STARS
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GCE MODEL INGREDIENTS 
INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR IMF 

RECIPES FOR GAS ACCRETION/LOSS 

STELLAR YIELDS AND STELLAR LIFETIMES 

BINARY STARS

The IMF describes the distribution of stellar masses 
formed in a single star formation event (Salpeter 1955)


Moving from star counts to an IMF is not trivial!


Needs corrections for stellar multiplicity and evolutionary 
effects, making assumptions about the age and structure 
of the Galactic disc, some knowledge of the star 
formation rate and its evolution with time, considering 
the diffusion of stellar orbits, and more (Scalo 1986; 
Kroupa 2002; Chabrier 2003; Kroupa et al. 2013; Hopkins 
2018)

Bastian et al. (2010)
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GCE MODEL INGREDIENTS 
INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR IMF 

RECIPES FOR GAS ACCRETION/LOSS 

STELLAR YIELDS AND STELLAR LIFETIMES 

BINARY STARS

Adapted from Zucker et al. (2022)

Direct estimate of 
the IMF (star 
counts) possible 
only in the solar 
vicinity (right-
hand figure) 

Is the IMF 
universal or does 
it vary in space/
time? (e.g., 
Cappellari+ 2012; 
left-hand figure)
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GCE MODEL INGREDIENTS 
INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR IMF 

RECIPES FOR GAS ACCRETION/LOSS 

STELLAR YIELDS AND STELLAR LIFETIMES 

BINARY STARS
Many IMFs! Stellar IMF, composite IMF, cumulative 
composite IMF, galaxy-wide IMF, cosmic IMF…


Moreover: is the stellar IMF an invariant probability 
density distribution function or it is an optimally 
sampled distribution function?


(Recent review: Jerabkova, DR, Kroupa+ submitted) 

Credits: Tereza Jerabkova

Recommended readings: 
Bastian et al. (2010) 

Hopkins (2018) 
Smith (2020) 

Hennebelle & Grudic (2024)



INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR IMF 

GAS ACCRETION/LOSS 

STELLAR YIELDS AND STELLAR LIFETIMES 

BINARY STARS
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GCE MODEL INGREDIENTS 



INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR IMF 

GAS ACCRETION/LOSS 

STELLAR YIELDS AND STELLAR LIFETIMES 

BINARY STARS

Larson (1976), Matteucci & Francois (1989), 
Chiappini et al. (2001)… inside-out formation of 
galactic discs:


 

Merger history from cosmological simulations, e.g., 
Schaye et al. 2010 (below); Kruijssen et al. 2020 
(right)… and many others

τinf(rin) < τinf(rout)
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GCE MODEL INGREDIENTS 



INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR IMF 

GAS ACCRETION/LOSS 

GAS (OUT)FLOWS 

BINARY STARS
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GCE MODEL INGREDIENTS 



INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR IMF 

GAS ACCRETION/LOSS 

GAS (OUT)FLOWS 

BINARY STARS
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GCE MODEL INGREDIENTS 

Recommended reading: 
Thompson & Heckman (2024)

M82 as seen by Hubble (left) and JWST (right)

© NASA, ESA, CSA, STScI, A. Bolatto (University of Maryland)

Emission and absorption line measurements of 
cool/warm gas provide the best physical 
diagnostics of galactic outflows 
Hydrodynamical simulations study how mass, 
energy, and momentum injected by SNe are 
mixed with the ISM and entrained into an 
outflow

This remains a principal topic of research

Mancera Pina et al. (2020)



INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR IMF 

GAS ACCRETION/LOSS 

GAS (OUT)FLOWS 

BINARY STARS
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GCE MODEL INGREDIENTS 

Illustration Credit: NASA, ESA, and A. Feild 
(STScI). Science Credit: NASA, ESA, and N. 

Lehner and C. Howk (University of Notre Dame)

Galactic fountains (Shapiro & Field 1976; Bregman 
1980; Kahn 1981; Melioli et al. 2008; Spitoni et al. 
2009) and radial gas flows (Lacey & Fall 1985; 
Portinari & Chiosi 2000; Spitoni et al. 2015) also 
impact the chemical evolution of galaxies



INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR IMF 

GAS ACCRETION/LOSS 

GAS (OUT)FLOWS 

STELLAR EVOLUTION AND NUCLEOSYNTHESIS
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GCE MODEL INGREDIENTS 
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STELLAR EVOLUTION IN 1 SLIDE 

Credit: Penn State Astronomy & Astrophysics



INITIAL CONDITIONS 

STAR FORMATION RATE  

STELLAR IMF 

GAS ACCRETION/LOSS 

GAS (OUT)FLOWS 

STELLAR EVOLUTION AND NUCLEOSYNTHESIS

Nova system

Neutron star merger

JWST MIRI image of PN NGC 3132

Chandra Image of Cassiopeia A 
(Credit: NASA/CXC/SAO)

FE-PEAK ELEMENTS 
(> 30 Myr)

RARE ISOTOPES 
(7Li, 13C, 15N, 17O, 26Al)

(> 1 Gyr)

ALPHA ELEMENTS 
(< 30 Myr)

C, N, S-PROCESS 
ELEMENTS 

(30 Myr—13 Gyr)
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GCE MODEL INGREDIENTS 
Recommended readings: 

Nomoto et al. (2013) 
Karakas & Lattanzio (2014) 

Kobayashi et al. (2020) 
Burrows & Vartanyan (2021) 

Romano (2022) 
Arcones & Thielemann (2023)

Magnetar

R-PROCESS ELEMENTS 
(Both long and short lived progenitors)

Collapsar



Big Bang nucleosynthesis: H, D, 3He, 4He, 6Li, 7Li

(e.g., Pitrou et al. 2021)

Cosmic ray spallation processes in the ISM: Li, Be, B

(e.g., Meneguzzi et al. 1971; Lemoine et al. 1998)

Single low- and intermediate-mass stars (1–8 M⊙): 3He, 4He, 12C, 13C, 14N, 17O, F, s-process elements (Sr, Y, Zr, Ba, Pb, …)

(e.g., Cristallo et al. 2009, 2011, 2015; Lagarde et al. 2012; Ventura et al. 2013, 2018, 2020, 2021; Karakas & Lugaro 2016; 
Cinquegrana & Karakas 2022)

Novae (binary low- and intermediate-mass stars): 7Li, 13C, 15N, 17O (+ 26Al, 60Fe)

(e.g., José & Hernanz 1998; José et al. 2020; Starrfield et al. 2020)

SNeIa (binary low- and intermediate-mass stars): Si, S, Ca, Ti, V, Cr, Mn, Fe, Ni, Co, Cu, Zn

(e.g., Iwamoto et al. 1999; Leung & Nomoto 2018, 2020; Seitenzahl et al. 2013)

Electron-capture supernovae (8–10 M⊙): 1st peak s-process elements (Sr, Y, Zr, …)

(e.g., Poelarends et al. 2008; Doherty et al. 2015; Jones et al. 2019)

Massive stars (M > 10 M⊙): 4He, 7Li (?), 12C, 13C, 14N, 15N (?), 17O, 18O, F, Na, Al, 𝛼, Fe-peak, s- and r-process elements 


   (e.g., Heger & Woosley 2010; Nomoto et al. 2013; Pignatari et al. 2015; Nishimura et al. 2017; Limongi & Chieffi 2018; 

   Roberti et al. 2024; Limongi et  al. 2025)


Compact binary mergers: r-process elements

(e.g., Lattimer & Schramm 1974, 1976; Hotokezaka et al. 2013; Rosswog 2013)
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ELEMENT PRODUCTION SITES 



First attempt to model the chemical evolution of galaxies


Assumptions:

Closed-box system

Instantaneous recycling approximation (IRA): all stars with m  1 M☉ die 
instantaneously, all stars with m < 1 M☉ live forever

Initial mass function not dependent on time

Gas well mixed at any time (instantaneous mixing approximation)


Analytical solution possible


Basic relation between global metallicity (Z) and gas fraction in the studied 
system

≥
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THE SIMPLE MODEL 



Set of integro-differential equations, where i refers to any generic element


Add complexity: radial motions of gas and stars, recycling of matter through hot halos...


Add complexity: inhomogeneous models


… a model that follows how the chemical composition of the ISM changes in time and 
space in galaxies owing to different physical processes

dΣi(r, t)
dt

= − ψ(r, t)Xi(r, t) + Ri(r, t) +
dΣi,inf(r, t)

dt
−

dΣi,out(r, t)
dt

Star formation Stellar feedback
Gas accretion Galactic-scale outflow
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GCE BASIC EQUATIONS 



Star formation Stellar feedback
Gas accretion Galactic-scale outflow

dΣi(r, t)
dt

= − ψ(r, t)Xi(r, t) + Ri(r, t) +
dΣi,inf(r, t)

dt
−

dΣi,out(r, t)
dt
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GCE BASIC EQUATIONS 
Recommended reading: 

Matteucci (2021)



Star formation Stellar feedback
Gas accretion Galactic-scale outflow

dΣi(r, t)
dt

= − ψ(r, t)Xi(r, t) + Ri(r, t) +
dΣi,inf(r, t)

dt
−

dΣi,out(r, t)
dt

Star formation efficiency: from a few % (ultrafaint dwarfs) 
to >50% (bulges of spirals, massive ellipticals)
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GCE BASIC EQUATIONS 
Recommended reading: 

Matteucci (2021)

ψ(r, t) = ν Σn
gas(r, t)



Star formation Stellar feedback
Gas accretion Galactic-scale outflow

dΣi(r, t)
dt

= − ψ(r, t)Xi(r, t) + Ri(r, t) +
dΣi,inf(r, t)

dt
−

dΣi,out(r, t)
dt

Fixed by the request of reproducing 
the current density of matter 

Varies from hundreds of 
Myr to ~a Hubble time

dΣi,inf(r, t)
dt

= Λ exp−t/τinf(r) Xi,inf
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GCE BASIC EQUATIONS 
Recommended reading: 

Matteucci (2021)



Star formation Stellar feedback
Gas accretion Galactic-scale outflow

dΣi,out(r, t)
dt

= wi ψ(r, t) Xi(r, t)

Very ill-constrained, may vary from 
element to element (differential wind) 

dΣi(r, t)
dt

= − ψ(r, t)Xi(r, t) + Ri(r, t) +
dΣi,inf(r, t)

dt
−

dΣi,out(r, t)
dt
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GCE BASIC EQUATIONS 
Recommended reading: 

Matteucci (2021)



Star formation Stellar feedback
Gas accretion Galactic-scale outflow

dΣi(r, t)
dt

= − ψ(r, t)Xi(r, t) + Ri(r, t) +
dΣi,inf(r, t)

dt
−

dΣi,out(r, t)
dt
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GCE BASIC EQUATIONS 
Recommended reading: 

Matteucci (2021)

Ri(r, t) = RLIMS
i (r, t) + RSNII

i (r, t) + RSNIa
i (r, t) + Rnovae

i (r, t) + RNSM
i (r, t)



Star formation Stellar feedback
Gas accretion Galactic-scale outflow

dΣi(r, t)
dt

= − ψ(r, t)Xi(r, t) + Ri(r, t) +
dΣi,inf(r, t)

dt
−

dΣi,out(r, t)
dt

Production matrix (Talbot & Arnett 1973; Portinari et al. 1998)
Stellar lifetimes

Stellar IMF
φ(m) ∝ (m/M⊙)−x IMF slope
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GCE BASIC EQUATIONS 
Recommended reading: 

Matteucci (2021)

Ri(r, t) = RLIMS
i (r, t) + RSNII

i (r, t) + RSNIa
i (r, t) + Rnovae

i (r, t) + RNSM
i (r, t)

RSNII
i (r, t) = ∫

mU

m(t)
ψ(r, t − τm)Qmi(t − τm)φ(m) dm



Fraction of initial stellar mass expelled as newly-produced element j during the full stellar lifetime:



mnew
j = mpj = mpwind

j + mpSN
j = ∫

τ(m)

0
[Xj(t) − Xinit

j ] ·M(t) dt + ∫
m̃(τ)

mremn

[Xj(m′￼) − Xinit
j ] dm′￼

meje
j = mold

j + mnew
j = (m − mremn) Xinit

j + mpj

Stellar yield

Stellar lifetime

Surface abundance

Initial abundance

Mass loss rate
Stellar remnant 
mass

Remaining mass 
at age 𝜏

Abundance at 
Lagrangian mass 

coordinate m’

Initial abundance

This term can be < 0 !

GISM3 International Summer School, Banyuls-sur-mer, France                                                         30 July 2025                                                         D. Romano, INAF-OAS

STELLAR YIELDS       
gIMF

STELLAR 
LIFETIMES



Grids of yields: need to be 
dense enough

Dependence on initial stellar 
mass, metallicity and, 
sometimes, stellar rotation

Need magnetic fields included
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STELLAR YIELDS 
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STELLAR YIELDS 
Stellar yields are uncertain 

Uncertainties are related to: 

still poorly known nuclear reaction rates, 12C(𝜶, 𝜸)16O 

convection 
extra-mixing (rotation, thermohaline, magnetic field) 
coupling between them 
mass loss rates (bursting vs continuous) 
mass cut location 
possible binary interactions 
1D —> 3D



Establish a chronology of events (basing on when a given stellar source is expected to 
contribute significantly to a given element) 

Infer how a system was formed, by constraining the roles of any gas flows and the shape of 
the gIMF 

Constrain stellar evolution and nucleosynthesis theory in a statistical way, by comparing the 
predictions obtained using different stellar yields to the average abundance trends 
observed in different galaxies/galactic components
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PURE GCE MODELS ALLOW A QUICK SCAN
OF THE PARAMETER SPACE !

Solar neighbourhood

Bulge

Dwarf galaxy

Adapted from figure 4 of Matteucci & 
Brocato (1990)
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PURE GCE MODELS ALLOW A QUICK SCAN
OF THE PARAMETER SPACE !



Romano et al. (2010)

MILKY WAY (solar neighborhood) 

Stellar rotation is necessary to 
explain primary 14N (and 13C) 
production at low Z (also Chiappini et 
al. 2006, 2008)


Hypernovae are needed to explain Zn 
abundances in halo stars (also 
Kobayashi+ 2006)


K, Sc, Ti, V remain critical elements 
(also Kobayashi+ 2020)
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Benchmark GCE model: two-infall model. The Galaxy forms out of two main sequential accretion episodes: the first forms the inner 
halo and thick disc, the second forms the thin disc on much longer timescales (first presented by Chiappini+ 1997, 2001).


On the left: the observed density of stars in the [α/Fe]—[Fe/H] space for 
the APOKASC stars by Silva Aguirre et al. (2018), compared with the latest 
version of the two-infall GCE model for the solar neighbourhood. Filled 
red circles indicate the abundance ratios of the chemical evolution model at 
the given age. The area of each bin is fixed at the value of (0.083 dex)×(0.02 
dex).

Note: the APOKASC (APOGEE + Kepler Asteroseismology Science 
Consortium) sample presented by Silva Aguirre et al. (2018) is composed 
by 1989 red giant stars with stellar properties from a combination of 
spectroscopic, photometric, and asteroseismic observables.

Note: the adopted stellar yields are empirical yields based on the fit of a set 
of observed stellar abundances (François et al. 2004).

Figure from Spitoni et al. (2019)

MILKY WAY (solar neighborhood) 
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Model predicted age distributions (cyan histograms) for the high-α and low-α components, compared to the APOKASC data (left and 
right panels, respectively; Spitoni et al. 2019).

Benchmark GCE model: two-infall model. The Galaxy forms out of two main sequential accretion episodes: the first forms the inner 
halo and thick disc, the second forms the thin disc on much longer timescales (first presented by Chiappini+ 1997, 2001).


~ THICK 
DISC

~ THIN 
DISC

MILKY WAY (solar neighborhood) 
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Model predicted age distributions (cyan histograms) for the high-α and low-α components, compared to the APOKASC data (left and 
right panels, respectively; Spitoni et al. 2019).

Benchmark GCE model: two-infall model. The Galaxy forms out of two main sequential accretion episodes: the first forms the inner 
halo and thick disc, the second forms the thin disc on much longer timescales (first presented by Chiappini+ 1997, 2001).


~ THICK 
DISC

~ THIN 
DISC

MILKY WAY (solar neighborhood) 
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STARS MIGRATE !

EARLY CHEMICAL 
ENRICHMENT IS 

INHOMOGENEOUS !
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On the left: [C/Fe] vs [Fe/H] trend predicted by the 
two-infall model compared to data for 757 nearby 
dwarf stars (Delgado-Mena et al. 2021). The stellar 
yields are from Ventura et al. (2013, 2014, 2018, 
2020, 2021) for low- and intermediate-mass stars 
and from Limongi & Chieffi (2018) for massive stars.

Romano (2022)

MILKY WAY (solar neighborhood) 
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Benchmark GCE model: two-infall model. The Galaxy forms out of two main sequential accretion episodes: the first forms the inner 
halo and thick disc, the second forms the thin disc on much longer timescales (first presented by Chiappini+ 1997, 2001).




MILKY WAY (solar neighborhood) 
A&A 670, A109 (2023)
https://doi.org/10.1051/0004-6361/202244349
c� The Authors 2023

Astronomy
&Astrophysics

Beyond the two-infall model
I. Indications for a recent gas infall with Gaia DR3 chemical abundances

E. Spitoni1 , A. Recio-Blanco1, P. de Laverny1 , P. A. Palicio1 , G. Kordopatis1 , M. Schultheis1 , G. Contursi1 ,
E. Poggio1,2 , D. Romano3 , and F. Matteucci4,5,6

1 Université Côte d’Azur, Observatoire de la Côte d’Azur, CNRS, Laboratoire Lagrange, Bd de l’Observatoire, CS 34229,
06304 Nice cedex 4, France
e-mail: emanuele.spitoni@oca.eu

2 Osservatorio Astrofisico di Torino, Istituto Nazionale di Astrofisica (INAF), 10025 Pino Torinese, Italy
3 INAF, Osservatorio di Astrofisica e Scienza dello Spazio, Via Gobetti 93/3, 40129 Bologna, Italy
4 Dipartimento di Fisica, Sezione di Astronomia, Universitádi Trieste, Via G.B. Tiepolo 11, 34131 Trieste, Italy
5 INAF Osservatorio Astronomico di Trieste, Via G.B. Tiepolo 11, 34131 Trieste, Italy
6 INFN Sezione di Trieste, Via Valerio 2, 34134 Trieste, Italy

Received 24 June 2022 / Accepted 13 December 2022

ABSTRACT

Context. The recent Gaia Data Release 3 (DR3) represents an unparalleled revolution in Galactic archaeology, providing numerous
radial velocities and chemical abundances for millions of stars as well as all-sky coverage.
Aims We present a new chemical evolution model for the Galactic disc components (high- and low- ↵ sequence stars) designed
to reproduce the new abundance ratios provided by the General Stellar Parametriser-spectroscopy module for the Gaia DR3 and
constrained by the detailed star formation (SF) histories for both the thick and thin disc stars inferred from previous Gaia releases.
Methods. Sophisticated modelling based on previous Gaia releases have found evidence for narrow episodes of enhanced SF inferred
in recent time. Additionally, Gaia DR3 indicated the presence of young (massive) low-↵ disc stars that show evidence of a recent
chemical impoverishment in several elements. In order to reproduce these observables, we propose a new chemical evolution model
in which the low-↵ sequence is generated by two distinct infall episodes. Hence, in this study we compare Gaia DR3 chemical
abundances with the predictions of a three-infall chemical evolution model for the high- and low-↵ components.
Results The proposed three-infall chemical evolution model nicely reproduces the main features of the abundance ratio [X/Fe] versus
[M/H] (X=Mg, Si, Ca, Ti, ↵) of Gaia DR3 stars in di↵erent age bins for the considered ↵ elements. Moreover, the most recent gas
infall – which started ⇠2.7 Gyr ago – allowed us to predict accurately predict the Gaia DR3 young population which has experienced
a recent chemical impoverishment.
Conclusions. We extended previous chemical evolution models designed to reproduce APOGEE and APOKASC data in order to
predict new Gaia DR3 chemical abundances. To this aim, we proposed a three-infall chemical evolution model to better trace both (i)
the young population in Gaia DR3 with evidence of chemical impoverishment and (ii) the SF history from previous Gaia releases.

Key words. Galaxy: disk – Galaxy: abundances – Galaxy: evolution – Galaxy: kinematics and dynamics – solar neighborhood –
evolution

1. Introduction

Unravelling the origin and evolution of our Galaxy’s disc
ultimately relies on the study and interpretation of signatures
imprinted in resolved stellar populations, such as their chem-
ical and kinematic properties (Freeman & Bland-Hawthorn
2002). Intermediate releases of Gaia mission data (Gaia
Collaboration 2016, 2018) have already dramatically improved
the comprehension of the structure and evolution of our Milky
Way, mainly through unprecedentedly astrometric and line-of-
sight velocity measurements (Gaia Collaboration 2021a; Laporte
et al. 2019a).

However, Galactic archaeology relies also on the inter-
pretations of chemical signatures present in the stellar atmo-
spheres (Matteucci 2021, 2012; Freeman & Bland-Hawthorn
2002; Feltzing 2016). In fact, once a star is born, the chemi-
cal enrichment history of the interstellar medium (ISM) from
which it was formed is imprinted in its atmosphere. For this

reason, in the stellar atmospheres, we can find insights into the
processes that determined the formation and regulated the evo-
lution of various components of our Galaxy. Hence, previous
studies focused on Galactic archaeology have had to comple-
ment the intermediate Gaia data releases with chemical data
from ground-based observations. However, ground-based sur-
veys like the GALactic Archaeology with HERMES survey
(GALAH; Buder et al. 2021), the Apache Point Observatory
Galactic Evolution Experiment project (APOGEE; Majewski
et al. 2017; Ahumada et al. 2020; Abdurro’uf et al. 2022),
Gaia-ESO Survey (Randich et al. 2022), The RAdial Veloc-
ity Experiment (RAVE; Steinmetz et al. 2020), and Large Sky
Area Multi-Object Fibre Spectroscopic Telescope (LAMOST;
Yu et al. 2021) continue to have all the issues associated with
biased samples, hampering observations from Earth. In this con-
text, Gaia Data Release 3 (DR3; Gaia Collaboration 2023a)
and Recio-Blanco et al. (2023), Gaia Collaboration (2023b)
have brought a truly and unprecedented revolution, opening

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Gaia DR3 GSP-Spec: radial velocities and abundance for 
millions of stars (all sky coverage; Recio-Blanco+ 2023) 

Young disc stars are metal-poor                   recent metal 
impoverishment? (metal-poor stars cannot all be inward 
migrators…) 

A third major infall episode? (See Ruiz-Lara+ 2010) 

(Spitoni+ 2023)
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Stars may move: Schoenrich & Binney (2009); Minchev et al. (2013); Kubryk et al. (2015a,b); Spitoni et al. (2015); 
Vincenzo & Kobayashi (2020)…

Left: birth radii of stars now found in the solar vicinity (green shaded strip). The solid black curve plots the total distribution, while the colour-coded curves show 
the distributions in six different age groups. The dotted-red and solid-blue vertical lines indicate the positions of the bar’s corotation resonance (CR) and outer 
Lindblad resonance at the final simulation time. Right: [Fe/H] distributions for stars ending up in the solar vicinity. The importance of the bar’s CR is seen in the 
large fraction of stars with 3 < r0 < 5 kpc (blue line).

Minchev et al. (2013)

MILKY WAY (disc) 
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Stars may move: Schoenrich & Binney (2009); Minchev et al. (2013); Kubryk et al. (2015a,b); Spitoni et al. (2015); 
Vincenzo & Kobayashi (2020)…

Vincenzo & Kobayashi (2020)

MILKY WAY (disc) 
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Stars age: their atmospheric composition changes
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Adapted from Romano et al. (2021)

MILKY WAY (disc) 
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Abundance gradients: inside-out disc formation (Larson 1976; Matteucci & François 1989) is not enough!

Observed (dots) and predicted (lines) radial abundance gradients for magnesium. Model MW A considers only inside-out 
formation. Models MW B, F, G consider also a variable star formation efficiency. Models MW C, D, E consider also radial gas 
flows.

VARIABLE STAR FORMATION EFFICIENCY                                   RADIAL GAS FLOWSvvvvv

Palla et al. (2020)

MILKY WAY (disc) 
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MILKY WAY (disc) 
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Molecular cloud data: physical processes/systematics might perturb isotopologue abundance ratios from isotopic ones..

Colzi et al. (2022)

14N/15N ratios from HCN and HNC for sources in the outer (Colzi+ 2022) and inner disc (Colzi+ 2018), using the J = 1–0 rotational transitions of 
HN13C, H15NC, H13CN, HC15N



MILKY WAY (disc) 
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Sun et al. (2024)

Molecular cloud data: physical processes/systematics might perturb isotopologue abundance ratios from isotopic ones..



MILKY WAY (disc) 
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Colzi et al. (2022)

Molecular cloud data: physical processes/systematics might perturb isotopologue abundance ratios from isotopic ones..

   0

  50

 100

 150

   5   10   15   20

12
C

/13
C

DGC (kpc)



MILKY WAY (disc) 

GISM3 International Summer School, Banyuls-sur-mer, France                                                         30 July 2025                                                         D. Romano, INAF-OAS

Zou et al. (submitted)

Molecular cloud data: physical processes/systematics might perturb isotopologue abundance ratios from isotopic ones..



EXTERNAL GALAXIES 
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GCE models as probes of the gIMF

Emission in both 13CO and C18O optically thin for the bulk of the 
molecular gas in four SMGs at z ~ 2—3. The systematically low 
I(13CO)/I(C18O) ratios reflect intrinsic isotopologue abundance ratios 
over galaxy-sized molecular hydrogen reservoirs —> gIMF skewed 
towards massive stars in the starbursts (Zhang et al. 2018, Nat)
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GCE models as probes of the gIMF

Emission in both 13CO and C18O optically thin for the bulk of the 
molecular gas in four SMGs at z ~ 2—3. The systematically low 
I(13CO)/I(C18O) ratios reflect intrinsic isotopologue abundance ratios 
over galaxy-sized molecular hydrogen reservoirs —> gIMF skewed 
towards massive stars in the starbursts (Zhang et al. 2018, Nat)
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Fig. 11: Evolution of CNO abundance ratios as a function of oxy-
gen abundance for single starburst models with di↵erent IMFs,
based on the framework of galactic chemical evolution models
from Kobayashi et al. 2020. Symbols are as in Figure 10, with
GS-z9-0 in green and other high-z objects observed by JWST

from the literature highlighted in yellow. Shaded regions in the
C/O vs O/H and C/N vs O/H panels mark the range allowed by
pure CCSNe based on the yields from Tominaga et al. 2007 and
Watanabe et al. 2024, respectively. The blue model assumes a
‘standard’ IMF (with high-mass end slope x = 1.3), whereas the
magenta and red curves assume a top-heavy IMF (with flat slope)
for massive stars in range 30–120M�, and 100–280M�, respec-
tively, with the latter including PISNe. For each model, the curve
reaches the observed O/H in GS-z9-0 after 4.05 Myr. The com-
bined CNO pattern of GS-z9-0 is better matched by models with
underlying top-heavy IMF. In order to reproduce the abundance
patterns of GS-z9-0 with a ‘standard’ IMF, a more tailored ‘dou-
ble burst model’ (with two bursts separated by 100 Myr, dashed
orange track) is needed, similar to what proposed by Kobayashi
& Ferrara 2024 to explain the nitrogen enhancement in GN-z11.

in the G140M spectrum ‘a-posteriori’ into the model (i.e., af-
ter attenuating the intrinsic spectrum), as it could possibly a↵ect

Fig. 12: Zoom-in on the tentative (⇠ 2.5�) detection of Ly�
emission line in the G140M spectrum of GS-z9-0. The emis-
sion feature is observed shifted by ⇠ 450 km s�1 redward of the
systemic Ly� at redshift z= 9.4327.

the observed profile.7 We then convolve the attenuated model by
the PRISM LSF provided by de Graa↵ et al. (2024) and resam-
ple it to the PRISM wavelength grid before comparing to the
data. In order to properly account for the inter-correlation be-
tween adjacent wavelength bins in the fitting procedure, the �2

goodness-of-fit statistics involves the covariance matrix empiri-
cally derived from 2000 bootstrapped realisations of the PRISM
spectrum leveraging the 186 available individual exposures, as
detailed in Jakobsen et al. (in preparation). In particular,

�2 = RT [CovF�]�1R (2)

where [CovF�]�1 is the inverted covariance matrix and R=F� -
Fmodel is the vector of residuals.

Here in particular we explore which constraints can be set
on the size of the ionised bubble and the amount of neutral gas
along the line of sight in a simple scenario where the intrinsic
stellar spectrum (modelled by a ‘power-law’) is attenuated by a
fully neutral IGM. In this model, the fraction of neutral hydrogen
is set to unity (i.e. xHI

= 1), while the size of the surrounding
ionised region Rion (expressed in physical Mpc) and the column
density of neutral gas are free to vary. We assume the neutral gas
to pertain to the local galaxy ISM or the surrounding circum-
galactic medium (CGM), similar to what is observed in DLA
systems, hence we fix the redshift of such DLA component to
the systemic redshift of GS-z9-0. The Ly↵ optical depth due to
the DLA component is modelled as a Voigt profile (following the
approximation of Tasitsiomi 2006) and is solely parametrised by
the column density of neutral atomic hydrogen NHI (we assume
an ISM temperature T=104 K, and no additional contribution due
to a turbulent medium).

The best-fit model (red curve in Figure 13, �2 = 54.57 for 34
degrees of freedom) predicts log(NHI /cm�2)= 19.92 and Rion =
0 as formal best-fit values, delivering a good match to the ob-
served spectral profile. We explore the confidence region for the
two main parameters by mapping the �2 over the Rion = 0 ver-
sus NHI parameter space, taking the ��2 = (�2 � �2

best) = 1, 4, 9
contour levels as the 1�, 2� and 3� confidence intervals, re-
spectively. As shown in the bottom left panel of Figure 13, any

7 We note that while such a weak Ly� line is not expected to be seen
directly at the PRISM resolution, where it becomes fully blended with
the break, it does a↵ect its spectral shape, e.g. Jones et al. (2024).
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Curti et al. (2024)



STOCHASTIC ENRICHMENT 
AND THE HIGH-Z UNIVERSE



Rossi et al. (2024); also Argast et al. (2004),  
Cescutti (2008) for n-capture elements

Maps: Inhomogeneous GCE model with 
yields of Pop III stars from Heger & 
Woosley (2010) with different initial 
masses, different level of internal mixing, 
and different explosion energies


Lines: classical GCE models


Considering early inhomogeneous 
evolution deeply affects model 
predictions


Stars: homogeneous sample of subgiant 
stars from Mucciarelli et al. (2022) 

STOCHASTIC ENRICHMENT 
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STOCHASTIC ENRICHMENT 

Maps: Inhomogeneous GCE model with 
yields of Pop III stars from Heger & 
Woosley (2010) with different initial 
masses, different level of internal mixing, 
and different explosion energies


Lines: classical GCE models


Considering early inhomogeneous 
evolution deeply affects model 
predictions


Stars: homogeneous sample of subgiant 
stars from Mucciarelli et al. (2022) 

Rossi et al. (2024); also Argast et al. (2004),  
Cescutti (2008) for n-capture elements
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GN-z11 @ z=10.6 (430 Myr after the Big Bang), M★~109 M⊙, Re~200pc,
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Bunker et al. (2023)

EXTREME-N EMITTERS AT HIGH Z 



STOCHASTIC ENRICHMENT 
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Chemical enrichment of GN-z11. Different evolutionary tracks represent different Pop III star-forming clumps, 
which merge into the main branch of the galaxy. The tracks are color coded according to time elapsed since the 
beginning of star formation (left) and stellar mass (middle). Abundance data are from Cameron et al. (2023) 
and Senchyna et al. (2024); the adopted SFH is from Tacchella et al. (2023). Figure from Rossi et al. (2024)

See also Charbonnel et al. (2023), D’Antona et al. (2023), Nagele & Umeda (2023), Kobayashi & Ferrara (2024), 
Nandal et al. (2024), Rizzuti et al. (2025)… for alternative explanations
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IN THE (NEAR) FUTURE… 
Shell mergers in late 

evolutionary phases of 
massive stars? 

(Rizzuti et al. 2024)

C and O isotopic ratios in unevolved stars with age determinations 
(also for comparison with molecular cloud data…)
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