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Galactic Chemical Evolution (GCE)

 [Fe/H] and [X/Fe] evolve in a galaxy: fossils that retain the 

evolution history of the galaxy → Galactic Archaeology

Nomoto, CK, Tominaga 2013 ARAA

(SNIbc)



Galactic Chemical Evolution (GCE)

d(Zfg )

dt
= ESW +ESNcc +ESNIa - Zy +ZinflowRinflow -ZRoutflow

Inflow Outflowdecreased by 

star formation

Galaxy Evolution
① One-zone models                      

(Tinsley 80, Pagel 97, Matteucci 01...)

• instantaneous mixing approximation

② Semi-analytic models
• cosmological mass assembly

③ Hydrodynamical simulations
• inhomogeneous enrichment

• internal structures

• metallicity gradients

• comparison to IFU!

Cosmological box, or “zoom-in” for MW
Nuclei in the Cosmos XIII, Debrecen 2014

• nucleosynthesis yields

• initial mass function (IMF)

• binaries, SNIa/NSM progenitors

• nuclear reaction rates

Nuclear Astrophysics

Metal ejection rates

NSM

CK & Taylor 2023, ArXiv: 2302.07255



Galactic Chemical Evolution (GCE)

Inflow

❖ Cosmological flow (Z=0)

❖ Galaxy mergers (Z>0)

❖ Fountain (Z>0, low-α)

❖ Radial flow (high Z, high-α)

(Vincenzo & CK 2020)

Outflow

❖ Supernova driven winds 

(Mtot<1010M

)

❖ AGN driven winds 

(Mtot>1011M

)

❖ Tidal/ram pressure stripping

(Taylor, CK, Kewley 2020)

d(Zfg )

dt
= ESW +ESNcc +ESNIa - Zy +ZinflowRinflow -ZRoutflow

NSM

CK & Taylor 2023, ArXiv: 2302.07255

✓ All included in cosmological hydrodynamical simulations 

(subject to numerical resolution), as well as stellar migration.

✓ Constrained from: Evolution of (1) Metallicity radial gradients, 

(2) Elemental abundance ratios



The Origin of Elements

dotted lines: solar values
※Purely theoretical, no empirical equations.

※Mass-loss is counted toward AGB or ccSN.

CK, Karakas, Lugaro 2020, ApJ



❖ NS-BH improved

❖ Yieds for both 

dynamical ejecta 

(Ye<0.1) and ν-driven 

winds from torus 

(Ye~0.2).

❖ Higher rates 

depending on binary 

population synthesis.

Points: observations

of nearby stars

NSM contribution will be higher, but MRSNe are still needed



Thermonuclear (Type Ia) Supernovae
Ch-mass explosion

Sub-Ch-mass explosion

CK, Leung, Nomoto 2020, also Seitenzahl+2013
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Chemo-hydrodynamics

SNIa/NSM

SNII/HN

Cooling(Z)
(Sutherland & Dopita93)

Feedback
100% thermal
to NFB~72
kinetic, stochastic, mechanical?

BH,NS,WD

UV background radiation

(Haardt & Madau 1996)

Stellar Wind

Growth
accretion∝Bondi-Hoyle

merger

∝Macc

BH Formation
Z=0, >crit,1000M



seed? 
Star Formation
∇･v<0, tcool<tdyn, tdyn<tsound

tsf=tdyn/c, c=0.02-0.1, Kroupa IMF
density criteria? magnetic fields?



• GRAPE-SPH code (CK 2004)

• Chosen from 150 initial 

conditions with  top-hat λCDM

fluctuation generated in 8Mpc

• Disk: 48, Sb galaxy: 5 cases 

i.e. higher [Mg/Mn]

2011

gap?



K20

K11

Spite+ 05, w 3D shift −0.24; 
Amarsi+ 19; 
Melendez & Barbuy 02
Fulbright & Johnson 03;
Bensby+ 04; 
Zhao+ 16, NLTE.

1989

Barbuy didn’t need APOGEE☺

Melendez & Barbuy didn’t need NLTE☺



Cosmological ‘zoom-in’ simulation

Gadget3-based code (CK+ 2007), Aquila IC (Scannapieco+12), 3x105M


, 0.5kpc

https://star.herts.ac.uk/~chiaki/works/Aq-C-5-kro2.mpg

Basic features are the same in CK & Nakasato 11, Brook+12, Scannapieco+12, 

Auriga, FIRE-2, ARTEMIS, VINTERGATAN... but input stellar physics matters!

, 

https://star.herts.ac.uk/~chiaki/works/Aq-C-5-kro2.mpg


Metallicity Map

Metallicity

low to high

Gaia DR3



[O/Fe] Map

[α/Fe]

low to high

Gaia DR3



Age-Metallicity Relation



Age-Metallicity Relation



[O/Fe]-Age evolution

Inhomogeneous enrichment

youngold



The [O/Fe]-[Fe/H] Relation

Observations: ●Zhao+16; ○Spite+05

△Bensby+04; ×Amarsi+19

Bimodal

low 

First shown in CK & Nakasato 2011

~11Gyr



α/Fe bimodality in simulated MW

Bimodal



v/σ dependence

no dependence



[X/Fe]-[Fe/H] relations in MW

CK 2024

A(H, He, Li, Be, B)

[X/Fe] for “metals”

Metallicity

☆ First stars project e.g. Barbuy+2011 HST/STIS



The α/Fe bimodality universal?

MW e.g. Hayden+ 2015

JWST

PN

M31 CK, Bhattacharya+ 2023

S0 Somawanshi,...CK+ 2024

[Fe/H]

[α
/F

e
]

α element: O, Ne, Mg, Si, S, Ar, Ca

Subaru PFS will map M31 (Kirby poster) 



Cosmological box simulations

[O/H] = –5 (blue) to -1 (red); > -1 (white)

Taylor & CK (2015), 25Mpc, 1.4x107M


, 1.6kpc resolution https://www.youtube.com/watch?v=jk5bLrVI8Tw

See also, Steinmetz & Navarro 94, Cen & Ostriker 99, ... CK+07, EAGLE, IllustrisTNG, 

HORIZON-AGN, Magneticum, SIMBA-C...

https://www.youtube.com/watch?v=jk5bLrVI8Tw


SMACS 0723 25 Dec 2021 launch

11 July 2022

Extra-galactic Archaeology!

NIRSpec/JWST
R = 100 (MOS)

R = 1000 (MOS + fixed Slits)

R = 2700 (fixed Slits + IFU)

CNO, Ne, Ar, S, Fe

Bunker+2023

↑

Nitrogen

log N/O > -0.25

CK & Ferrara 2024 for a GCE model



The N/O-O/H relation of SFGs
Fiorenzo Vincenzo & CK 2018b, MNRAS, 478, 155

33 star-forming galaxies in cosmological simulation

obs. of stars & HII @z=0, & DLA

Inhomogeneous AGB enrichment (this work)

or primary production (Barbuy 1983)

i.e. rotating massive stars (Chiappini+05)

Z-dependence 

of N yields in 

SNe & AGBs
(secondary) (primary)

GN-z11



Summary

❖We have good understanding on                                     

the origin of elements in the universe, 

except for the elements around Ti and some n-

capture elements (Au). 

❖ Zoom-in simulations – Spatial distribution of elements (from C to U) in 

the Milky Way are in good agreement with observations. 

Bimodality/trimodality are predicted for many elements, e.g. α, odd-Z, Mn, r-

process elements in all disk galaxies (if my SNIa model is correct).

❖ Cosmological box simulation – Self-regulated galaxies follow the 

similar O/Ar-O/H relation, equivalent to the α/Fe-Fe/H relation. Observed 

Low-α galaxies can be explained intermittent star formation as for the N-rich 

galaxy GN-z11 (with Wolf-Rayet stars; CK & Ferrara 24), while MW’s 

satellites are likely affected by strong SN feedback & sub-Ch-mass SNe Ia.

Book Chapter in Handbook of Nuclear Physics, ArXiv: 2302.07255

Data Release (incl. all elements with K20 yields) in 2025

https://arxiv.org/abs/2302.07255
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