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Fundamental Questions about GalaxyFundamental Questions about Galaxy
Formation & EvolutionFormation & Evolution

When and how did galaxiesWhen and how did galaxies

   - form their stars ?     - form their stars ?  SFHSFH  (continuously (continuously –– in starbursts) in starbursts)

   - produce their heavy elements ?    - produce their heavy elements ? CEHCEH  (how much into ICM)(how much into ICM)

   - assemble their masses ?    - assemble their masses ? MAHMAH  (stellar (stellar –– gaseous) gaseous)

How did all this depend onHow did all this depend on

- galaxy mass / type ?- galaxy mass / type ?

(down-sizing, staged galaxy formation)(down-sizing, staged galaxy formation)

- environment (field, group, cluster) ?- environment (field, group, cluster) ?

→ → role of interactions, mergers, galaxy transformationrole of interactions, mergers, galaxy transformation??

How is the formation & evolution of galaxies relatedHow is the formation & evolution of galaxies related

to the formationto the formation  & evolution of Large Scale Structure?& evolution of Large Scale Structure?
U. U. FritzeFritze, , Göttingen Göttingen 20082008

The Hubble Sequence of Normal GalaxiesThe Hubble Sequence of Normal Galaxies

E, S0, Sa, E, S0, Sa, SbSb, Sc, , Sc, SdSd, , IrrIrr

Beyond the Hubble sequence:Beyond the Hubble sequence:
Dwarf galaxies : Dwarf galaxies : dEdE, , dSphdSph, , dIdI
Low surface brightness galaxies : E, disk, dwarfLow surface brightness galaxies : E, disk, dwarf
Starburst galaxies, interacting galaxies, Starburst galaxies, interacting galaxies, radio gals,radio gals,
AGN, AGN, ULIRGsULIRGs, SCUBA gals, , SCUBA gals, Lyman Break Gals, . . .Lyman Break Gals, . . .

    

(E. Hubble 1923ff)(E. Hubble 1923ff)

LMC
M 31

NGC 205

M 32M 87

U. U. FritzeFritze, , GöttingenGöttingen 2008 2008
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The Hubble Sequence ofThe Hubble Sequence of  Normal GalaxiesNormal Galaxies

early typeearly type late type galaxieslate type galaxies
old starsold stars young + old starsyoung + old stars
no/little HI, Hno/little HI, H22 plenty HI, Hplenty HI, H22, HII, dust, HII, dust
no SF todayno SF today  active SF todayactive SF today
red coloursred colours blue coloursblue colours
K-K-star absorption linestar absorption line  hot star + emission linehot star + emission line

  spectrum spectrum 
    

U. U. FritzeFritze, , Göttingen Göttingen 20082008

The Hubble Sequence ofThe Hubble Sequence of  Normal GalaxiesNormal Galaxies

    

      early typeearly type       late type galaxieslate type galaxies
  spectraspectra

EE SdSd

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Cosmic Microwave Background :Cosmic Microwave Background :

Universe at Universe at z=1000 z=1000 extremely homogeneous  &extremely homogeneous  &  
    isotropicisotropic

??  Splendid manifold of local galaxiesSplendid manifold of local galaxies ? ?

??  Relation of distant galaxies to local ones ?Relation of distant galaxies to local ones ?

Observations =  snapshotsObservations =  snapshots

Evolution of galaxiesEvolution of galaxies  ↔↔    numerical modelsnumerical models

LMC

M 31

NGC 205

M 32

            (E. Hubble (E. Hubble       1923ff)      1923ff)
M 87

U. U. FritzeFritze, , Göttingen Göttingen 20082008

3 Aspects of Galaxy 3 Aspects of Galaxy EvolutionEvolution

      Originally modelled one by one independently.Originally modelled one by one independently.
      Now attempting to couple consistently :  Now attempting to couple consistently :  GALEV modelsGALEV models**

   S : formation & evolution of stars +/- gas +/- dust   S : formation & evolution of stars +/- gas +/- dust
C : formation & C : formation & nucleosynthesis nucleosynthesis of stars; of stars; infall/outflow infall/outflow of gasof gas
D : internal & external gravitation, stars + gas + DMD : internal & external gravitation, stars + gas + DM

      **Hertha-Sponer Hertha-Sponer Research Award Research Award DtDt. . PhysikalPhysikal. . GesGes. 2003. 2003

Toomre '72ffTinsley '68ff

Bruzual '83ff

DynamicalDynamicalChemicalChemical

SpectralSpectral

Observational relations

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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  Galaxy Galaxy –– Galaxy  Interactions Galaxy  Interactions

NGC 2207 - IC 2163

U. U. FritzeFritze, , Göttingen Göttingen 20082008

  Galaxy Galaxy –– Galaxy  Interactions Galaxy  Interactions

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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  Galaxy Galaxy –– Galaxy  Interactions Galaxy  Interactions

U. U. FritzeFritze, , Göttingen Göttingen 20082008

    

((Berentzen Berentzen et al. 03)et al. 03)
GRAPE-3AF simulationGRAPE-3AF simulation

Galaxy  InteractionsGalaxy  Interactions

U. U. FritzeFritze, , Göttingen Göttingen 20082008

HST WFPC2
Cartwheel Galaxy
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Cartwheel Galaxy

Galaxy  InteractionsGalaxy  Interactions

HI showsHI shows

us theus the

culpritculprit

U. U. FritzeFritze, , Göttingen Göttingen 20082008

  Galaxy InteractionsGalaxy Interactions
Arp's Arp's Atlas of Peculiar Galaxies : 1966Atlas of Peculiar Galaxies : 1966

Arp Arp & & Madore Madore Atlas : 1987Atlas : 1987

hundreds ofhundreds of  disturbeddisturbed

galaxiesgalaxies

U. U. FritzeFritze, , GöttingenGöttingen 2008 2008
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Galaxy  InteractionsGalaxy  Interactions

    

<<star star   ↔ ↔   starstar> > ≃≃   101077 < <⊘⊘✮✮>>
<<galaxygalaxy  ↔ ↔   galaxygalaxy> > ≃≃   40 <40 <⊘⊘galgal>>

  ⇒⇒ < <1 major merger / galaxy / Hubble time1 major merger / galaxy / Hubble time>>
+  many minor ones !+  many minor ones !

Toomre Toomre & & Toomre Toomre (1972): Hubble sequence not(1972): Hubble sequence not  ab initio ab initio adad  
      infinituminfinitum

☛☛    Morphological transformationsMorphological transformations
         spiral + spiral  spiral + spiral →→ E/S0 E/S0
     disk +  dwarf galaxy       disk +  dwarf galaxy  →→  bulge  bulge    (e.g. (e.g. Sd Sd + dwarf + dwarf →→  SbSb, Sa), Sa)

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Galaxy  InteractionsGalaxy  Interactions

    

Toomre Toomre & & Toomre Toomre (1972): restricted N-body simulation (1972): restricted N-body simulation ☛☛
Morphological transformationsMorphological transformations

         spiral + spiral  spiral + spiral →→ E/S0 E/S0
     disk +  dwarf galaxy       disk +  dwarf galaxy  →→  bulge  bulge    (e.g. (e.g. Sd Sd + dwarf + dwarf →→  SbSb, Sa), Sa)

Parameter study: merging only atParameter study: merging only at  low relative velocitieslow relative velocities

Formation of bridges and tidal tailsFormation of bridges and tidal tails

Age sequence of 11 interacting systems from Age sequence of 11 interacting systems from ArpArp’’ss

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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The The Toomre Toomre Sequence of MergersSequence of Mergers

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Arp Arp 244 = NGC 4038/39244 = NGC 4038/39

(= (= Antennae)Antennae)
Arp Arp 242 = NGC 4676242 = NGC 4676

NGC 7592NGC 7592
NGC 7764NGC 7764

Arp Arp 81 = NGC 662181 = NGC 6621

Arp Arp 335 = NGC 3509335 = NGC 3509
Arp Arp 157 = NGC 520157 = NGC 520
Arp Arp 243 = NGC 2623243 = NGC 2623

NGC 3256NGC 3256  
Arp Arp 224 = NGC 392224 = NGC 392
Arp Arp 226226 = NGC 7252 = NGC 7252

Galaxy  InteractionsGalaxy  Interactions

    

⇒⇒ < <1 major merger / galaxy / Hubble time1 major merger / galaxy / Hubble time>>
+  many minor ones !+  many minor ones !

Toomre Toomre & & Toomre Toomre (1977): Estimate of galaxy merger rate:(1977): Estimate of galaxy merger rate:
11 out of11 out of  4000 NGC gals look like mergers4000 NGC gals look like mergers

11/4000 11/4000 ××  age(Universe)/age(Universe)/ττ(interaction) (interaction) ××  33** = 0.20 = 0.20

•• *interactions more frequent in earlier times*interactions more frequent in earlier times

  ∑(∑(E+S0)/E+S0)/∑a∑all gals (NGC) = 800/4000 = 0.20ll gals (NGC) = 800/4000 = 0.20

☛☛  all E/S0s could be merger remnants.all E/S0s could be merger remnants.

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Galaxy  InteractionsGalaxy  Interactions

    

⇒⇒ < <1 major merger / galaxy / Hubble time1 major merger / galaxy / Hubble time>>
+  many minor ones !+  many minor ones !

Toomre Toomre & & Toomre Toomre (1972): Hubble sequence not (1972): Hubble sequence not ab initio ab initio adad
infinituminfinitum

☛☛    Morphological transformationsMorphological transformations
   spiral + spiral    spiral + spiral →→ E/S0 E/S0
     disk +  dwarf galaxy       disk +  dwarf galaxy  →→  bulge  bulge

(e.g. (e.g. Sd Sd + dwarf + dwarf →→  SbSb, Sa), Sa)

Observations Observations vs modeling vs modeling ::

☛☛  Interactions/merger involving gas-rich galaxies canInteractions/merger involving gas-rich galaxies can  
trigger strong starbursts withtrigger strong starbursts with  extremely high starextremely high star  
formationformation  efficienciesefficiencies

  ⇒⇒      spectral transformation:spectral transformation:   spiral + spiral +  spiral + spiral + starburststarburst  →→  E  E
                    ((Fritze Fritze & Gerhard 1994a,b,   & Gerhard 1994a,b,   Fritze Fritze & & Burkert Burkert 1995)1995)

U. U. FritzeFritze, , Göttingen Göttingen 20082008

3 Aspects of Galaxy 3 Aspects of Galaxy EvolutionEvolution

Observations =  snapshotsObservations =  snapshots

Evolution of galaxiesEvolution of galaxies  ↔↔    numerical modelsnumerical models

Toomre '72ffTinsley '68ff

Bruzual '83ff

DynamicalDynamicalChemicalChemical

SpectralSpectral

Observational relations

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Chemical Evolution of GalaxiesChemical Evolution of Galaxies

Basic principlesBasic principles

✰✰  Initial conditions (gas cloud with all or part of present mass) Initial conditions (gas cloud with all or part of present mass) 

✰✰  Initial abundancesInitial abundances  (Big Bang or Pop3 pre-enrichment)(Big Bang or Pop3 pre-enrichment)

✰✰  IMF w. normalisation IMF w. normalisation ∫∫mlml
mupmupΦΦ(m) m dm = 1 (m) m dm = 1 

        or = FVM (=0.5)         or = FVM (=0.5) ((BahcallBahcall+03)+03)

Salpeter Salpeter 19551955  ΦΦ(m)~ m(m)~ mαα ,  , αα = -2.35 = -2.35

KroupaKroupa+03 : flatter below 1 M+03 : flatter below 1 M

✰✰  SFR(t)SFR(t)    ::    spirals:spirals:  SFR(t) := SFR(t) := ΨΨ(t) (t) ~ (G(t) / ~ (G(t) / MMtottot),),          G : gas massG : gas mass

✰✰  Infall/outflow Infall/outflow rates & abundances or closed boxrates & abundances or closed box

✰✰  Stellar yields & lifetimesStellar yields & lifetimes

✰✰  Assumption how to mix recycled and remaining gasAssumption how to mix recycled and remaining gas  

✰✰  Equations combining all this (B. Tinsley 1968ff)Equations combining all this (B. Tinsley 1968ff)

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Chemical Evolution : Gas & StarsChemical Evolution : Gas & Stars

          Big Bang : H, He, (...., LiBig Bang : H, He, (...., Li))

all heavy elements all heavy elements  ( > H, He   :=    ( > H, He   :=   astrophysastrophys. . „„metalsmetals““))
      ☞☞          fusioned fusioned within stars,within stars,
      ☞☞     get back into gas phase     get back into gas phase  by stellar winds, PN,   by stellar winds, PN, SNeSNe
      ☞☞          built into later stellar generationsbuilt into later stellar generations

Chemical abundances in the gas determined byChemical abundances in the gas determined by

➔➔  Stellar Initial Mass FunctionStellar Initial Mass Function
➔➔  Star Formation History of the galaxyStar Formation History of the galaxy
➔➔  Stellar lifetimes  &  yields (mass, composition)Stellar lifetimes  &  yields (mass, composition)
➔➔  In- &  outflow of gasIn- &  outflow of gas

➔ ➔   ZZGasGas  (t),   (t),   XXii
GasGas  (t)(t)       from modified Tinsley (68ff) equations  from modified Tinsley (68ff) equations 

     +      + SNIa SNIa contributionscontributions

    

U. U. FritzeFritze, , Göttingen Göttingen 20082008



12

Chemical & Spectral Evolution of a GalaxyChemical & Spectral Evolution of a Galaxy
GALEVGALEV

    

Stellar population : Stellar population : 
➔➔  Stellar Initial Mass Function Stellar Initial Mass Function ((Salpeter Salpeter 1955,1955,  KroupaKroupa+ 1993ff)+ 1993ff)
➔➔  Stellar evolutionary tracks, lifetimes, yieldsStellar evolutionary tracks, lifetimes, yields       
➔➔  Star Formation History of the galaxy Star Formation History of the galaxy 

Log Φ

Log m

-2.35

Normalisation :Normalisation :

∫∫
mlml

mupmup  mm  ΦΦ(m) dm = 1(m) dm = 1

mml l : hydrogen burning limit: hydrogen burning limit
mmupup  : ~120 - 140 M: ~120 - 140 M

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Chemical & Spectral Evolution of a GalaxyChemical & Spectral Evolution of a Galaxy
GALEVGALEV

    Simplified parameterisations : SFR(t) = Simplified parameterisations : SFR(t) = ΨΨ(t)(t)
   SFR (E) ~ exp (   SFR (E) ~ exp (-t -t / 1 / 1 GyrGyr))
   SFR (Sp) ~ a    SFR (Sp) ~ a ·· G(t) / M (t) G(t) / M (t)

with efficiency parameter a chosen as to yield with efficiency parameter a chosen as to yield 
characteristic timescales for SF tcharacteristic timescales for SF t** increasing  increasing 
from 2 from 2 Gyr Gyr for S0 through for S0 through 
       13        13 Gyr Gyr (SFR ~ const.) for (SFR ~ const.) for SdSd

(SFR(t(SFR(t**) = 1/e SFR() = 1/e SFR(t=0t=0))))

((Sandage Sandage 1986)1986)

Stellar population : Stellar population : 
➔➔  Stellar Initial Mass FunctionStellar Initial Mass Function  ((Salpeter Salpeter 1955,1955,  KroupaKroupa+ 1993ff)+ 1993ff)
➔➔  Star Formation History of the galaxy Star Formation History of the galaxy 

      ➔➔  Stellar evolutionary tracks, lifetimes, yieldsStellar evolutionary tracks, lifetimes, yields       
U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Chemical & Spectral Evolution of GalaxiesChemical & Spectral Evolution of Galaxies

    

Stellar population : Stellar population : 
➔➔  Stellar Initial Mass Function   Stellar Initial Mass Function   
➔➔  Star Formation History of the galaxy Star Formation History of the galaxy 

      ➔➔  Stellar evolutionary tracks, lifetimes (m, Z) & yields (m, Z)Stellar evolutionary tracks, lifetimes (m, Z) & yields (m, Z)        

    Z=0.004  Z=0.004  ττ(1 M(1 M⊙⊙) ~  ) ~  7*107*1099 yr,     yr,    ττ(100 M(100 M⊙⊙) ~ ) ~ 3*103*1066 yr yr
        Z=0.020  Z=0.020  ττ(1 M(1 M⊙⊙) ~ ) ~ 10*1010*1099 yr,     yr,    ττ(100 M(100 M⊙⊙) ~ ) ~ 2*102*1066 yr yr

2 M2 M⊙⊙

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Stellar Stellar nucleosynthesis nucleosynthesis & yields& yields

Big bang formed H, He, traces of Li.Big bang formed H, He, traces of Li.

All other elements have All other elements have beed beed produced by nuclear produced by nuclear 
          fusion in the cores of stars.fusion in the cores of stars.  

Stars lose mass (=gas) inStars lose mass (=gas) in  

✰✰  stellar windsstellar winds in late evolutionary phases in late evolutionary phases            ..
heavily dependent on stellar mass and heavily dependent on stellar mass and metallicity  Mmetallicity  Mwindwind  ~ Z~ Z44

✰✰  PNePNe
winds & winds & PNe PNe : : H, He, C, N, OH, He, C, N, O

✰✰  SNeSNe
SNe SNe type II : O, type II : O, NeNe, Mg, , Mg, SiSi, S, , S, ArAr, Ca, Ti, Ca, Ti

(= (= αα - elements) - elements)

in/after explosion: rapid & slow neutron capturein/after explosion: rapid & slow neutron capture
                r- r- & & s-process s-process elements (Ti, Cr, Fe, Ni; elements (Ti, Cr, Fe, Ni; SrSr, , BaBa, , PbPb))

SN type SN type Ia Ia : Ni : Ni ➞➞  FeFe

New stars are then formed out of more enriched gas New stars are then formed out of more enriched gas ……
➜➜    cosmic cycle.cosmic cycle.

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Chemical AbundancesChemical Abundances

    Definitions :Definitions :

mass fractionmass fraction (all elements >H, He) =:  (all elements >H, He) =: metallicity metallicity ZZ

solar solar metallicity metallicity ((photospheric photospheric abundances) Zabundances) Z
⊙⊙ ~ 0.02 ~ 0.02

gas gas metallicities/abundancesmetallicities/abundances: : 
HII regions : O HII regions : O –– abundance : R23 method,  abundance : R23 method, 

from emission linesfrom emission lines
 HI neutral gas : from HI absorption lines HI neutral gas : from HI absorption lines

(physical & (physical & chemchem. parameters !). parameters !)

 given in terms of given in terms of 12 + log (O/H)12 + log (O/H)       number ratios  number ratios relrel. to H. to H

ZZ⊙⊙ ~ 0.02    ~ 0.02   ↔↔   12+log (O/H) = 8.9   12+log (O/H) = 8.9

solar abundances not easy to determine &solar abundances not easy to determine &  
≠ ≠ meteoritic meteoritic abundabund. . 

Anders & Anders & Grevesse Grevesse 89, 89, GrevesseGrevesse+96, +96, AsplundAsplund+05, . . .+05, . . .

U. U. FritzeFritze, , Göttingen Göttingen 20082008

SolarSolar

    AbundancesAbundances

((AsplundAsplund+05)+05)

U. U. FritzeFritze, , Göttingen Göttingen 20082008



15

Chemical AbundancesChemical Abundances

Definitions :Definitions :

stellar stellar metallicities/abundancesmetallicities/abundances: : 
from stellar absorption linesfrom stellar absorption lines

(e.g. Lick indices)(e.g. Lick indices)
problems : spectral problems : spectral resolresol., S/N, crowding of lines, no ., S/N, crowding of lines, no 

clean features clean features 
(e.g. Fe line contains 40% contribution from Ca) (e.g. Fe line contains 40% contribution from Ca) 

((Tripicco Tripicco & Bell 95)& Bell 95)

given in terms of given in terms of [X/H] := log (X/H) [X/H] := log (X/H) –– log (X/H) log (X/H)
⊙⊙

    mass fractions !mass fractions !

often : [Fe/H], but also : [Mg/H], [Mg/Fe], [often : [Fe/H], but also : [Mg/H], [Mg/Fe], [αα/Fe]/Fe]

[Fe/H] = [Fe/H] =   0 0       solarsolar
   = -1    = -1     1/10   solar1/10   solar
   = -2    = -2     1/100 solar1/100 solar  

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Chemical Evolution of GalaxiesChemical Evolution of Galaxies

Type Type Ia SNe Ia SNe ::  account for ~50% Fe in galaxiesaccount for ~50% Fe in galaxies

Single-degenerate Single-degenerate scenario (scenario (Whelan Whelan & & Iben Iben 1974): 1974): 

Binary Binary system : 2 system : 2 stars with stars with m < 8 Mm < 8 M

primary becomes primary becomes C-O C-O white dwarfwhite dwarf

secondarysecondary becomes  becomes RG : RG : fills its fills its Roche Roche lobelobe, , 

mass mass flows flows onto onto the WD, the WD, drives it towards drives it towards the the 

Chandrasekhar limitChandrasekhar limit: : primary explodes by primary explodes by 

C-deflagration C-deflagration & & producesproduces  0.6 0.6 MMFeFe  

+ + traces traces of of other elements other elements from from C C to to SiSi

Clock for Clock for SNIaSNIa: lifetime of secondary : : lifetime of secondary : ≥≥ 1  1 Gyr Gyr !!

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Chemical Evolution of GalaxiesChemical Evolution of Galaxies

Type Type Ia SNe Ia SNe ::  

Single-degenerate Single-degenerate scenario (scenario (Whelan Whelan & & Iben Iben 1974): 1974): 

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Basic SN types and ratesBasic SN types and rates

I
a

I
b

I
I

ma
x.

+10
months

((adopted from Matteucci adopted from Matteucci 07)07)

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Chemical Evolution of GalaxiesChemical Evolution of Galaxies

Type II Type II SNe SNe arise from arise from the core the core collapse collapse of of massive stars massive stars 

(m = 8 - 40 M(m = 8 - 40 M) and produce ) and produce mainly alpha-elements mainly alpha-elements 

(O, Mg, Si, (O, Mg, Si, CaCa...) and some ...) and some FeFe,,

leave neutron leave neutron star star remnantremnant

Stars Stars more more massive massive (m > (m > 40 M40 M) ) can end up can end up as as 

Type Ib/c SNeType Ib/c SNe,,

leave neutron leave neutron star, or black star, or black hole hole ??  

Timescale for Timescale for SNII SNII enrichment enrichment ~ 10~ 1066  yryr

  

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Chemical Evolution of GalaxiesChemical Evolution of Galaxies

Infall/outflow Infall/outflow rates:rates:

closed box : no closed box : no infall/outflowinfall/outflow
open systems : open systems : infall infall raterate  F(t)F(t)

const. in time orconst. in time or
~ exp(- t / ~ exp(- t / ττ))    or even or even ~ exp(- t / ~ exp(- t / ττ (r)) (r))

outflow rateoutflow rate  E(t)E(t)
~ SFR(t)~ SFR(t)

Infall Infall abundances Zabundances ZFF, , XXiFiF: primordial (Big Bang or Pop3): primordial (Big Bang or Pop3)
Outflow abundances ZOutflow abundances ZEE, , XXiEiE: ????: ????

outflow triggered by stellar winds & outflow triggered by stellar winds & SNeSNe: hot &: hot &  
freshly freshly enrichedenriched

outflows observed to entrain neutral material,outflows observed to entrain neutral material,
how much ????how much ????

ClosedClosed  box :box :  simplest model, allows for analytical solutionsimplest model, allows for analytical solution

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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      Modelling the Chemical Evolution of GalaxiesModelling the Chemical Evolution of Galaxies
Tinsley's  equations :Tinsley's  equations :

(Beatrice Tinsley 1980, Fund. Cosmic Phys. 5, 287)(Beatrice Tinsley 1980, Fund. Cosmic Phys. 5, 287)
..

  ✰✰  MMtottot  = = MMbaryonbaryon  = G+S   = G+S   gas + starsgas + stars

  ✰✰  dG/dt dG/dt = = ––  ΨΨ + e (+ F  + e (+ F –– E)     E)    ΨΨ : :SFR, F : inflow, E : outflow rateSFR, F : inflow, E : outflow rate  
  ✰✰  dS/dt dS/dt = + = + ΨΨ  ––  e e             e : ejection rate from starse : ejection rate from stars

all all quatities =fquatities =f(time)!(time)!  
  
e(t) = e(t) = ∫∫mtmt

mupmup  (m - (m - mmremrem) ) ΨΨ(t - (t - ττmm))  ΦΦ(m) dm   (m) dm       ΦΦ : :IMF, IMF, 
                    mmtt  : turn-off mass, : turn-off mass, mmupup  : upper mass limit (IMF): upper mass limit (IMF)

  ✰✰  d(GZ)d(GZ)/dt /dt = += +  eeZZ  ––  Z Z ··  ΨΨ +  + ZZFF  ·· F F -  - ZZEE  ·· E E

eeZZ(t) = (t) = ∫∫mtmt
mupmup  [(m[(m  - - mmremrem)Z(t - )Z(t - ττmm) + m ) + m ppZZ(m)] (m)] ΨΨ(t - (t - ττmm) ) ΦΦ(m) dm (m) dm 

ppZZ(m) : newly produced yield of star with mass m (m) : newly produced yield of star with mass m 
(mass fraction)(mass fraction)

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Abundance evolution of individual elements :Abundance evolution of individual elements :

In analogy to global In analogy to global metallicity metallicity :   Z:   Z  ➝➝ X Xii
i :i : H, He, C, N, O, Mg,  H, He, C, N, O, Mg, MnMn, Al, , Al, SiSi, S, Cr, Fe, Ni, Zn, S, Cr, Fe, Ni, Zn

d(d(GXGXii))/dt /dt = += +  eeXiXi  ––  XXii  ··  ΨΨ +  + XXiFiF  ·· F F -  - XXiEiE  ·· E E

eeXiXi(t) = (t) = ∫∫mtmt
mupmup  [(m - [(m - mmremrem)X)Xii(t - (t - ττmm)+)+mpmpXiXi(m)] (m)] ΨΨ(t - (t - ττmm) ) ΦΦ(m)dm(m)dm

but but split IMF in mass range 3 split IMF in mass range 3 –– 8 M 8 M
⊙⊙ into fraction A of binaries  into fraction A of binaries 

giving rise to giving rise to SNIa SNIa and fraction (1-A) of single stars or binaries and fraction (1-A) of single stars or binaries 
that do not end as that do not end as SNIaSNIa. . 

Use for Use for SNIa SNIa binaries yields for binaries yields for SNIaSNIa  (e.g. (e.g. NomotoNomoto+97ff,+97ff,  
ThielemannThielemann+98)+98)

ppXiXi(m) : newly produced yield in element (m) : newly produced yield in element XXi i of star with mass m of star with mass m 
(mass fraction)(mass fraction)

      Modelling the Chemical Evolution of GalaxiesModelling the Chemical Evolution of Galaxies

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Equations :Equations :  

GGii  := mass fraction:= mass fraction  of gas in the form of element i of gas in the form of element i 

      Modelling the Chemical Evolution of GalaxiesModelling the Chemical Evolution of Galaxies

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Equations :Equations :  

SNIa SNIa rate : (rate : (Matteucci Matteucci & & Greggio Greggio 83)83)

      Modelling the Chemical Evolution of GalaxiesModelling the Chemical Evolution of Galaxies
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Modelling the Chemical Evolution of GalaxiesModelling the Chemical Evolution of Galaxies

∗∗ broad broad metallicity metallicity distribution of stars in solar distribution of stars in solar neighbneighb..

      requires requires accounting for composite accounting for composite metallicity metallicity distributiondistribution
of stars within galaxiesof stars within galaxies

(chemically consistent evolutionary synthesis)(chemically consistent evolutionary synthesis)
Metall. distribution of solarMetall. distribution of solar

neighborhood starsneighborhood stars
(Rocha-Pinto & Maciel 1998) (Rocha-Pinto & Maciel 1998) 

ΔΔ[Fe/H] > 2 dex[Fe/H] > 2 dex  

     Metall. distribution of halo     Metall. distribution of halo
stars and GCs in NGC 5128stars and GCs in NGC 5128

(Harris et al. 1999) (Harris et al. 1999) 

∗∗ broad broad metallmetall. . distribdistrib. of  stars & GCs in Elliptical gals. of  stars & GCs in Elliptical gals

U. U. FritzeFritze, , Göttingen Göttingen 20082008


