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Matteucci & Brocato 90!
•  efficient SFR!
•  shorter timescale!

Matteucci 94!
•  inverse galactic winds!
•  increasing SF efficiency!



Milky Way-type galaxy 
Initial Condition: λCDM fluctuated sphere with λ~0.1, r~3Mpc, !

Mtot~1012 M, Ntot~120.000, Mgas~106 M, MDM~107 M"

(CK & Nakasato 2011, ApJ, 729, 16) !Face on! Edge on!

Movie: http://star.herts.ac.uk/~chiaki/works/�



Star Formation History depends on environment �
Bulge r<1, Solar Neighborhood: 7.5<r<8.5,|z|<0.5 kpc	



CK & Nakasato 2011 �



Solar neighborhood�

Chemodynamical Simulation (CK & Nakasato 2011) �



Chemodynamical Simulation (CK & Nakasato 2011) �



Bulge – old, metal-rich, α-enhanced 

Observation: McWilliam & Rich (2004), 	


Lecureur et al. (2008)	



See also Johnson et al, Ness et al. �



Vertical gradient in Bulge MDF �
  The number of metal-rich (low [α/Fe]) stars decreases 

& metal-poor stars increase at higher latitudes 
(Zoccali+ 08; Bensby+ 11; Hill+ 11; Uttenthaler+ 12)!

CK 2013 �



Disk – inside-out formation 
  Metallicity Gradients: flatter at higher |z| (Cheng et al. 12), 

steeper at higher z (Jones et al. 10; Yuan et al. 11).!

−0.05 �

CK & Nakasato 2011 �



No [α/Fe] Gradients in disks �

CK 2013 �

Vertical grad in bulge!



Inhomogeneous chemical enrichment 
Variation for in situ component!
I.  Local variation in SF, inflow, outflow, and metal flows. !
II.  Heavy elements are distributed via SWs SNe, and the 

elemental abundance ratios depend on M,Z,E etc. !
III.  The ISM may be mixed before the next star formation 

by other effects e.g., diffusion and turbulence. !
Additional effects!
IV.  Mixing of stars due to dynamical effects (migration, 

accretion of merging satellites).!
Therefore!
1.  No strong Age-Metallicity Relation.!
2.  Most metal-poor stars�≠ Oldest stars!
3.  Long-lifetime sources (e.g., AGB) can contribute at 

low metallicities.!



Age-Metallicity Relation 

Observation: Holmberg et al. (2007)	


See also Casagrande et al. 11;	


Anguiano et al.(RAVE)	





Connecting to other galaxies… 



10Mpc; N~2×1283; mgas~107 M; H0=70, Ωm=0.3, Ωλ=0.7, Ωb=0.04, n=1, σ8=0.9 

Cosmological Simulations 

Stellar Luminosity Gas Metallicity 

Movie: http://star.herts.ac.uk/~chiaki/works/�



Mass-Metallicity relations (without AGN) �

Es, center (Bender et al. 93)!
SDSS (Gallazzi et al. 05) �

Tremonti et al. 04 �

Yabe et al. 11�

Savaglio et al.05!
Zahid+ 11 �

Erb et al. 06 �

Gas emission weighted, r<10kpc��

CK+07; CK 13 with WMAP-7 cosmology�

Quider et al. 09�

Stellar Population r<10kpc�

R23 & O23 method!
N2 method �



Summary+�
In λCDM based chemo-hydro-dynamical simulations, chemical enrichment 

takes place inhomogeneously, !
  Disk !

Inside-out. Z radial & vertical gradients exist, but no [α/Fe] radial 
gradient. Z radial gradient is steeper at higher-z (up to z~2).!

  Bulge!
 Assembly at high-z. Mostly old, metal-rich, high [α/Fe], low [Mn/Fe], 

high [(Na,Al,Cu,Zn)/Fe]. Z & [α/Fe] vertical gradients exist. �
 Bar may form later (Scannapieco & Athanassoula 12), which will show 

boxy and cylindrical rotation.!
  Thick disk!

 Half of stars have formed in merging subgalaxies.!
  Ellipticals!

 Successive merging of gas-rich galaxies at high-z. Stars are old. Z 
gradients exist, the slope depends on the merging history.!

 Mass-metallicity relations originated from mass-dependent galactic 
winds. The [α/Fe] problem may be solved with AGN feedback.!

Chemical evolution (namely elemental abundances and  their gradients) are 
the key to understand galaxy formation & evolution.!


