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Chemical Evolution during StarburstsChemical Evolution during Starbursts
ISM:ISM:  strong increase instrong increase in  metallicity metallicity Z during starburstZ during starburst

in  particular for SNII productsin  particular for SNII products : :

[Mg/Fe] [Mg/Fe] ➚➚, [C/O] , [C/O] ➘➘  , [N/O] , [N/O] ➘➘

reflected in stars & star clusters forming late in longreflected in stars & star clusters forming late in long  
burstsbursts

((Fritze Fritze & Gerhard1994a,b)& Gerhard1994a,b)           

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Spectral Evolution of a GalaxySpectral Evolution of a Galaxy

Integrated light, no spatial resolution, no dynamicsIntegrated light, no spatial resolution, no dynamics

Galaxy spectrum (t) = Galaxy spectrum (t) =   ∑∑ Stellar spectra +  gas ( Stellar spectra +  gas (emem./abs.)./abs.)
      (1 - 200) *10(1 - 200) *10  99                           +  dust (abs./  +  dust (abs./ emem.).)

    Stellar spectrum =  black body Stellar spectrum =  black body 
                                + 50 million atomic & molecular lines                                 + 50 million atomic & molecular lines 

                  
highhigh  mass stars :  hot,    bright + blue :       UV  -  opt.      short - livedmass stars :  hot,    bright + blue :       UV  -  opt.      short - lived
low mass stars  :  cool,     faint + red :       opt.  -  NIR       long - livedlow mass stars  :  cool,     faint + red :       opt.  -  NIR       long - lived

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 lifetimes & evolutionary tracks (mass, composition)Stellar lifetimes & evolutionary tracks (mass, composition)
  

        Z : Z : Metallicity Metallicity := Mass fractions of heavy elements (>H, He):= Mass fractions of heavy elements (>H, He)

Sun : Z=0.02Sun : Z=0.02  
U. U. FritzeFritze, , Göttingen Göttingen 20082008
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All Evolutionary Synthesis ModelsAll Evolutionary Synthesis Models

   start from gas cloud and give   start from gas cloud and give

           - Star Formation History (SFH) (= SFR(t))     - Star Formation History (SFH) (= SFR(t))

         - Stellar Initial Mass Function (IMF)         - Stellar Initial Mass Function (IMF)

use data base of stellar input physics to use data base of stellar input physics to           
calculate spectral evolution of the stellar componentcalculate spectral evolution of the stellar component

GALEV GALEV modelsmodels calculate the evolution of calculate the evolution of

 - resolved stellar population (CMDs),  - resolved stellar population (CMDs),   
 - integrated light (spectra, photometry, Lick indices)  - integrated light (spectra, photometry, Lick indices) 
 - chemical abundances (gas and stars) - chemical abundances (gas and stars)

    Chemically Consistent Evolutionary SynthesisChemically Consistent Evolutionary Synthesis

    coupled to a cosmological model:coupled to a cosmological model: redshift evolution  redshift evolution ofof
- spectra, luminosities, colours, emission / abs. lines- spectra, luminosities, colours, emission / abs. lines
- gas content, gas abundances, SFR- gas content, gas abundances, SFR

U. U. FritzeFritze, , Göttingen Göttingen 20082008

GALEV GALEV Evolutionary Synthesis ModelsEvolutionary Synthesis Models
Input physics :Input physics :  stars & gas :stars & gas :

Stellar evolutionary tracks / isochrones : Stellar evolutionary tracks / isochrones : all masses Mall masses Mll  ……  MMupup

Padova Padova / Geneva/ Geneva

Stellar spectra & absorption features : Stellar spectra & absorption features : all spectral types &all spectral types &
luminosity classes & luminosity classes & metallicities metallicities : model atmospheres: model atmospheres                            

(Kurucz / Lejeune) & Lick indices(Kurucz / Lejeune) & Lick indices

Gaseous emission : continuum & lines : Gaseous emission : continuum & lines : HII regionsHII regions

NNLycLyc  : : Schaerer Schaerer & de & de Koter Koter 1997, Smith et al. 20031997, Smith et al. 2003
Line Ratios : Line Ratios : Izotov Izotov et al. 1994, 1997, 1998et al. 1994, 1997, 1998

Stellar yields : Stellar yields : PNe, SNII, SNIa: C, N, O, Mg, . . ., Fe, . . .PNe, SNII, SNIa: C, N, O, Mg, . . ., Fe, . . .

5 metallicities       [Fe/H] = -1.7   . . .   + 0.45 metallicities       [Fe/H] = -1.7   . . .   + 0.4

          solar scaled abundancessolar scaled abundances

all stellar input physics depends significantlyall stellar input physics depends significantly

                          on metallicity and so does the output !on metallicity and so does the output !
U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Output :Output :

Time evolution of Time evolution of     CMDs  CMDs  for resolved stellar populationsfor resolved stellar populations

Time & redshift evolution ofTime & redshift evolution of

    Spectra         Spectra     90 A    .....   16090 A    .....   160  µµmm

        Emission line strengthsEmission line strengths

        Luminosities UV ..... KLuminosities UV ..... K      Johnson, HST, Washington, Stroemgren, .....Johnson, HST, Washington, Stroemgren, .....

        ColorsColors

    Absorption features    Absorption features    Mg2, Mgb, Fe5270, Fe5335, TiO1, TiO2, .....Mg2, Mgb, Fe5270, Fe5335, TiO1, TiO2, .....

        Galaxy masses: gas & stars, M/LGalaxy masses: gas & stars, M/L

    ISM abundances    ISM abundances      modified form of Tinsley's equationsmodified form of Tinsley's equations

                    including SNIa (carbon deflagr. wd       including SNIa (carbon deflagr. wd ****))

GALEV GALEV Evolutionary Synthesis ModelsEvolutionary Synthesis Models

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Evolution of Resolved Stellar Populations : CMDs(t)Evolution of Resolved Stellar Populations : CMDs(t)

run/stop:run/stop:

click onclick on  

picturepicture

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Spectral Evolution of a GalaxySpectral Evolution of a Galaxy
SStartar F Formationormation H Historyistory  ΨΨ(t)(t)   --   --  single burstsingle burst    -->   star cluster-->   star cluster

            --  --  extendedextended            -->   galaxies-->   galaxies

IInitial nitial MMass ass FFunction :    unction :    SalpeterSalpeter, , KroupaKroupa, , ……
  ++  Stellar evolutionary tracks / isochrones  Stellar evolutionary tracks / isochrones

-->     HRD / CMD (t) -->     HRD / CMD (t)  (star cluster / galaxy) (star cluster / galaxy)
  + +  Spectra Spectra

-->     integrated spectrum (t) -->     integrated spectrum (t)  (star cluster / galaxy) (star cluster / galaxy)
  + +  Filter  Filter characteristics/zeropointscharacteristics/zeropoints

-->     integrated luminosities, magnitudes, -->     integrated luminosities, magnitudes, colorscolors
U. U. FritzeFritze, , Göttingen Göttingen 20082008

  with TP- AGBwith TP- AGB
without TP- AGBwithout TP- AGB

Age dating from V-I without TP- AGB :Age dating from V-I without TP- AGB :
ages wrong by ages wrong by ≥≥ 50 % 50 %

                                                     e.g.  V- I ~  0.6  :                                                     e.g.  V- I ~  0.6  :
                                                       Age|                                                         Age|  w/o TP-AGB w/o TP-AGB ~   6.3 10~   6.3 108 8 yryr
                                                       Age|                                                         Age|  TP-AGBTP-AGB      ~   6.6 10      ~   6.6 1077 yr yr

(Schulz, (Schulz, FvAFvA, Fricke 2002), Fricke 2002)

SSimpleimple S Stellartellar P Populationsopulations

Completeness of stellar tracks / isochrones :Completeness of stellar tracks / isochrones :

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Gaseous EmissionGaseous Emission
Gaseous emissionGaseous emission   important at young ages important at young ages

  NNLycLyc  [1/s] ([1/s] (TTeffeff, R, R
✰✰) ) ionising fluxionising flux

summed over all O-, B-starssummed over all O-, B-stars

((Stroemgren Stroemgren spheres, case B spheres, case B recombrecomb. . OsterbrockOsterbrock))

Lines and continuous emissionLines and continuous emission

F(HF(Hββ) ~ ) ~   NNLycLyc

hydrogen line ratios : atomic physicshydrogen line ratios : atomic physics

(Lyman, (Lyman, BalmerBalmer, , PaschenPaschen, Brackett series), Brackett series)

heavy element line ratios : depend on heavy element line ratios : depend on metallicitymetallicity

- from - from photoionisation photoionisation modelsmodels

- from observations- from observations

Continuous emission ~ Continuous emission ~   NNLycLyc U. U. FritzeFritze, , Göttingen Göttingen 20082008

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Evolution of 1 Generation of StarsEvolution of 1 Generation of Stars
SSimple imple SStellar tellar PPopulation  (= opulation  (= SSPSSP = star cluster) = star cluster)

4 4 Myr Myr . . . 16 . . . 16 Gyr   Gyr   effects of the chemical compositioneffects of the chemical composition

  (Schulz, (Schulz, FvAFvA, Fricke  2002, Anders & , Fricke  2002, Anders & FvA FvA 2003)2003)

 MMVV

4 4 MyrMyr

8 8 MyrMyr

20 20 MyrMyr

Solar Solar metallicitymetallicity

[Fe/H]= - 1.7[Fe/H]= - 1.7
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  4 Myr
  8 Myr
12 Myr
16 Myr
20 Myr

SSimpleimple S Stellartellar P Populationsopulations
Gaseous emission : Gaseous emission :  at young ages  6 . . . 15  at young ages  6 . . . 15 MyrMyr

effects of effects of metallicitymetallicity

ZZ⊙⊙                                                                lineslines

continuumcontinuum

1/50 Z1/50 Z
⊙⊙

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Evolution of a Evolution of a SSimple imple SStellar tellar PPopulationopulation
(Schulz, (Schulz, FvAFvA, Fricke 2002, Anders & , Fricke 2002, Anders & FvA FvA 2003)  2003)   (= star cluster) (= star cluster)

http://www.star.http://www.star.hertsherts.ac..ac.uk/uk/~~ufritze/galev/ufritze/galev/

 MMVV

 B-VB-V  V-KV-K

SSpectralpectral
EEnergynergy

DDistributionistribution
SEDSED

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Spectral Evolution of a GalaxySpectral Evolution of a Galaxy

Elliptical 
1, 3, 5, 12 Gyr

Sd 
12, 5, 1 Gyr

    

Stellar population : Stellar population : 
➔➔  Stellar Initial Mass Function   Stellar Initial Mass Function   
➔➔  Stellar evolutionary tracks (m, Z) Stellar evolutionary tracks (m, Z)       
➔➔  Star Formation Histories of various Star Formation Histories of various 

galaxy types galaxy types 

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Chemically Consistent Evolutionary SynthesisChemically Consistent Evolutionary Synthesis
GALEVGALEV

simultaneous modelling of thesimultaneous modelling of the

★★  chemical evolution of the gas/ISM  and the  chemical evolution of the gas/ISM  and the

★★ spectral evolution of the stellar component (incl. spectral evolution of the stellar component (incl.
gaseous emission : HII regions)gaseous emission : HII regions)

➜➜        chemically consistent approachchemically consistent approach

: = account for increasing initial abundances: = account for increasing initial abundances

of successive stellar generationsof successive stellar generations

by using input physics of appropriate by using input physics of appropriate metallicitymetallicity

for each stellar generationfor each stellar generation
U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Why  Chemically  Consistent ModellingWhy  Chemically  Consistent Modelling  ??

    ★★ Bulk of local galaxy population have Bulk of local galaxy population have
    subsolar abundances    subsolar abundances

late late –– type & dwarf galaxies type & dwarf galaxies

    ★★ Normal local galaxies feature broad Normal local galaxies feature broad
     stellar metallicity distributions     stellar metallicity distributions

solar neighbourhood, MW & M31 bulges, solar neighbourhood, MW & M31 bulges, ellipticalsellipticals

  ★★ Distant galaxies are less evolved / enriched Distant galaxies are less evolved / enriched

      in particular the faint ones in Deep Fields      in particular the faint ones in Deep Fields

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Observed Stellar Observed Stellar Metallicity Metallicity DistributionsDistributions

 (Sarajedini & Jablonka 05) (Sarajedini & Jablonka 05)

MW & M31 bulgesMW & M31 bulges

E : NGC 5128 haloE : NGC 5128 halo

 (Harris & Harris 2000) (Harris & Harris 2000)

Solar neigh-Solar neigh-
bourhoodbourhood
G-, K-, M- starsG-, K-, M- stars

  (Rocha-Pinto &(Rocha-Pinto &
        Maciel Maciel 1998)1998)

ΔΔ[Fe/H] ~ 2 [Fe/H] ~ 2 dexdex

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Trends along the Hubble SequenceTrends along the Hubble Sequence
  ☛☛  Morphology : Bulge/disk light ratioMorphology : Bulge/disk light ratio  ✔✔
  ☛☛  ColoursColours
  ☛☛  SpectraSpectra
  ☛☛  SFRSFR00
  ☛☛  LuminositiesLuminosities
  ☛☛  Composition: stars, gas, dustComposition: stars, gas, dust
  ☛☛  MetallicitiesMetallicities: chemical composition: chemical composition
All trends All trends cancan be explained by differences in the be explained by differences in the
Star Formation HistoriesStar Formation Histories (=  (= SFHSFHss))

SFR = Star Formation Rate;SFR = Star Formation Rate;  SFHSFH = SFR(t) = SFR(t)

    

ΨΨ(t)|(t)|EE~e ~e -t/1Gyr-t/1Gyr ΨΨ(t)|(t)|SpSp~ ~ aaSpSpGG(t)(t)
aaSaSa> > aaSbSb> > aaScSc> > aaSdSd

ΨΨ(t)|(t)|SdSd~ ~ constconst

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Trends along the Hubble SequenceTrends along the Hubble Sequence

  ☛☛  Spectra : Spectra : Kennicutt Kennicutt 1992, Kinney et al.1992, Kinney et al.  19961996
Template spectra of different galaxy typesTemplate spectra of different galaxy types

Spectral typeSpectral type    ↔↔    morphological typemorphological type
in the local universe in the local universe ✔✔
NOT at high NOT at high redshift redshift !!

    

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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The Star Formation History of the Milky WayThe Star Formation History of the Milky Way
  Sbc Sbc galaxygalaxy

RochaRocha--PintoPinto+2000+2000, Rocha-Pinto & , Rocha-Pinto & Maciel Maciel 1997, 19981997, 1998
from individual star age and from individual star age and metallicity metallicity determinationsdeterminations

Decrease by factor ~4 since the beginning +Decrease by factor ~4 since the beginning +
short-term (short-term (101088yr)yr) fluctuations by factor < 2 around simple fluctuations by factor < 2 around simple

  model SFHmodel SFH
Broad (>factor 10) stellar Broad (>factor 10) stellar metallicity metallicity distributiondistribution

〈〈[Fe/H][Fe/H]〉〉  < < 00    subsolarsubsolar

    

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Implications for Local GalaxiesImplications for Local Galaxies

SFRs SFRs from Hfrom H
αα , O[II], UV severely overestimated for , O[II], UV severely overestimated for

    low     low metallicity metallicity galaxiesgalaxies

                      Z=0.0004Z=0.0004 ZZ
⊙⊙

       Z=0.05     Z=0.05
                                       I ZW 18, SBS 0335 I ZW 18, SBS 0335
HHαα              22 11  0.85 0.85
O[II]  O[II]    33 11  0.87 0.87
UV(1500) UV(1500) 1.31.3 11  0.89 0.89
UV(2800)  UV(2800)  1.41.4 11  0.89 0.89

when using standard calibrationswhen using standard calibrations  ((Kennicutt Kennicutt 98,98,
Gallagher et al. 89)Gallagher et al. 89)  valid for Z ~ Zvalid for Z ~ Z

⊙⊙
(Bicker & (Bicker & FvA FvA 2005)2005)

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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  Stellar Stellar metallicity metallicity distributions in model galaxiesdistributions in model galaxies

      ➜➜ light contributions from different metallicity & agelight contributions from different metallicity & age
  subpopulations dominate at different wavelengths  subpopulations dominate at different wavelengths

(Bicker et al.(Bicker et al.
2004)2004)                             Elliptical Elliptical ≠≠ SSP SSP

12 Gyr      Sb12 Gyr      Sb 12 Gyr   Sd12 Gyr   Sd

Chemically Consistent Evolutionary SynthesisChemically Consistent Evolutionary Synthesis

12 12 Gyr   Gyr   EE

U. U. FritzeFritze, , Göttingen Göttingen 20082008

    

Möller, FvA, Fricke 1997

Chemically Consistent EvolutionaryChemically Consistent Evolutionary  SynthesisSynthesis

ISM abundances and luminosity weighted stellarISM abundances and luminosity weighted stellar
metallicities metallicities in various in various passbandspassbands

ISM                                              EISM                                              E

Sb                                              SdSb                                              Sd

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Chemically Consistent EvolutionaryChemically Consistent Evolutionary  SynthesisSynthesis

Bicker, FvA, Möller 2004

V V –– band luminosity band luminosity
 contributions of different contributions of different
  metallicity metallicity 

subpopulationssubpopulations

EE

SbSb

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Blue Compact Dwarf GalaxiesBlue Compact Dwarf Galaxies
BCDGsBCDGs: blue, compact,: blue, compact,

often irregular, often irregular, unrelaxedunrelaxed,,

gas-rich, gas-rich, SFRSFRo o »»  <SFR><SFR>pastpast,,

HI consumption timescale «HI consumption timescale «  ttHubbleHubble,,

very metal-poor <Z> ~ 1/10 Zvery metal-poor <Z> ~ 1/10 Z,,

1 - several starburst knots on top1 - several starburst knots on top

of older stellar population (NIR)of older stellar population (NIR)

Papaderos Papaderos et al.et al.

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Blue Compact Dwarf GalaxiesBlue Compact Dwarf Galaxies

Papaderos Papaderos et al.et al.

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Blue Compact Dwarf GalaxiesBlue Compact Dwarf Galaxies

Models for underlying galaxy (Models for underlying galaxy (ugug) E, ) E, Sd Sd + ongoing starburst+ ongoing starburst

Starburst parameters:Starburst parameters:
- time of onset (=age of - time of onset (=age of ugug))
- increase of SFR- increase of SFR
- duration of the burst (10- duration of the burst (1055  –– 10 1066 yr in dwarf galaxies yr in dwarf galaxies

~ dynamical timescale)~ dynamical timescale)
- age of the starburst- age of the starburst

Burst strength : Burst strength : b := b := ΔΔS/S S/S       or  ( b :=)or  ( b :=)  ΔΔS/G =: SFES/G =: SFE

Type & age of Type & age of ug ug determined from outer regions/NIRdetermined from outer regions/NIR  
colourscolours

Burst properties from colours  (1Burst properties from colours  (1stst estimates) estimates)
& spectra (more accurate determinations)& spectra (more accurate determinations)

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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ugug
ΨΨ11 : const. SFR : const. SFR
ΨΨ22 : exp. declining : exp. declining

SFRSFR

different burstdifferent burst
strengthsstrengths

((Krüger Krüger et al. 1991)et al. 1991)

Blue Compact Dwarf GalaxiesBlue Compact Dwarf Galaxies

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Huge impact of gaseous emission on broad band coloursHuge impact of gaseous emission on broad band colours
during active burst phaseduring active burst phase

((Krüger Krüger et al. 1995)et al. 1995)

Blue Compact Dwarf GalaxiesBlue Compact Dwarf Galaxies

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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    GALEV GALEV evolevol. . synthsynth.  for sample of .  for sample of BCDs BCDs 
with photometry in BVI+JHK :with photometry in BVI+JHK :

SFR ~ 0.1 - 10 MSFR ~ 0.1 - 10 M
⊙⊙

/yr/yr
burst strengthburst strength      b := b := ΔΔSSburstburst  / S / S     →→      post - starbursts post - starbursts 

        b=0b=0.001 - 0.05,.001 - 0.05,  

mini bursts as comparedmini bursts as compared  
to mergers !to mergers !

b b ↘↘ for  for MMtottot  ↗↗

              okay with stochastic okay with stochastic 
 self-propagating SF self-propagating SF

          ((KrügerKrüger, , FvAFvA, Loose 1995), Loose 1995)

Blue Compact Dwarf GalaxiesBlue Compact Dwarf Galaxies

U. U. FritzeFritze, , Göttingen Göttingen 20082008

  Galaxy Galaxy –– Galaxy  Interactions Galaxy  Interactions

NGC 2207 - IC 2163

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

The The Toomre Toomre Sequence of MergersSequence of Mergers

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Barnes & Hibbard 02Barnes & Hibbard 02
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The The Toomre Toomre Sequence of MergersSequence of Mergers

NGC3921

NGC 7252

U. U. FritzeFritze, , Göttingen Göttingen 20082008

The The Toomre Toomre Sequence of MergersSequence of Mergers
HI observations

 (Hibbard+02)

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Dynamical Evolution of a GalaxiesDynamical Evolution of a Galaxies

DynamicalDynamicalChemicalChemical

SpectralSpectral

= 3= 3rdrd aspect of galaxy  aspect of galaxy evolutionevolution

S : formation & evolution of stars +/- gas +/- dustS : 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

Toomre '72ffTinsley '68ff

Bruzual '83ff

Observational relations

U. U. FritzeFritze, , Göttingen Göttingen 20082008

Dynamical Evolution / Formation of GalaxiesDynamical Evolution / Formation of Galaxies

    Gravitation  &  Hydrodynamics  :Gravitation  &  Hydrodynamics  :

Dark matterDark matter  :   : semianalytsemianalyt. / . / numernumer. N-body   . N-body     -   -   dissipationslessdissipationsless
Stars Stars :                  N-Body-Tree-Codes              :                  N-Body-Tree-Codes                    -   -   collisionlesscollisionless
GasGas :      ( :      (SSmooth mooth PParticle) article) HHydrodynamics   -   dissipativeydrodynamics   -   dissipative
                           (+ Tree-Codes)                           (+ Tree-Codes)

+  Star Formation +  Star Formation Criterium  Criterium  +   Feedback+   Feedback
                                                                                                                                      ↓↓
          (radiation, (radiation, mechanmechan. energy, mass, heavy elements). energy, mass, heavy elements)

from stars and AGBfrom stars and AGB

    
➜➜  galaxy interactionsgalaxy interactions

➜➜    galaxy formationgalaxy formation

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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  Galaxy InteractionsGalaxy Interactions
Toomre Toomre & & Toomre Toomre 1972 ff : first numerical modelling of1972 ff : first numerical modelling of

disk disk –– disk  interactions disk  interactions  : N-body: N-body    (N=128 (N=128 ……))

    ☛☛ tidal tails & bridges tidal tails & bridges

    ☛☛  morphological transformation of disks morphological transformation of disks ➜➜ spheroids spheroids

spiral + spiral spiral + spiral ➜➜ E/S0 E/S0

spiral + dwarf spiral + dwarf ➜➜ spiral with bulge spiral with bulge

U. U. FritzeFritze, , Göttingen Göttingen 20082008

  Galaxy InteractionsGalaxy Interactions
Toomre Toomre & & Toomre Toomre 1972 ff : first numerical modelling of1972 ff : first numerical modelling of

disk disk –– disk  interactions disk  interactions  : N-body: N-body    (N=128 (N=128 ……))

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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  Galaxy InteractionsGalaxy Interactions
Toomre Toomre & & Toomre Toomre 1972 ff : first numerical modelling of1972 ff : first numerical modelling of

disk disk –– disk  interactions disk  interactions  : N-body: N-body    (N=128 (N=128 ……))

U. U. FritzeFritze, , Göttingen Göttingen 20082008

  Galaxy InteractionsGalaxy Interactions
Toomre Toomre & & Toomre Toomre 1972 ff : first numerical modelling1972 ff : first numerical modelling

for the Antennae & other galaxiesfor the Antennae & other galaxies

          ★★  slow slow prograde prograde encounters : strongestencounters : strongest  

tidal forces, nicest tailstidal forces, nicest tails

          ★★  tidal forces tidal forces symetricsymetric, 1 tail per disk, 1 tail per disk

          ★★  tidal tails develop on tidal tails develop on ttdyndyn  ::        l = l = vvrotrot  ··tt

                        after 1after 1stst  pericentrepericentre

          ★★  tail length ~ tail length ~ MMdisk disk ::

      equal length tails ~ equal mass disksequal length tails ~ equal mass disks

                  ★★  shells : minor accretionshells : minor accretion

          ★★  polar ring galaxies : dwarf accretionpolar ring galaxies : dwarf accretion

          ★★  ring galaxies : bullet perpendicularring galaxies : bullet perpendicular  

through centre ofthrough centre of  diskdisk

U. U. FritzeFritze, , Göttingen Göttingen 20082008



21

  Galaxy InteractionsGalaxy Interactions
Toomre Toomre & & Toomre Toomre 1972 ff : first numerical modelling1972 ff : first numerical modelling

for the Antennae & other galaxiesfor the Antennae & other galaxies

  ★★  violent relaxation : exp. disk violent relaxation : exp. disk ➜➜  de de Vaucouleurs Vaucouleurs profile Eprofile E
  ➜➜ L- L-σσ  relation & fundamental plain relationsrelation & fundamental plain relations

★★  incomplete : gradients partly surviveincomplete : gradients partly survive

★★  propagates outward: fall-back of material,propagates outward: fall-back of material,

few % escapefew % escape

U. U. FritzeFritze, , Göttingen Göttingen 20082008

  Galaxy InteractionsGalaxy Interactions

Toomre Toomre & & Toomre Toomre 1972 ff : first numerical modelling of1972 ff : first numerical modelling of

disk disk –– disk  interactions disk  interactions  : N-body: N-body    (N=128 (N=128 ……))

morphological transformation of disks morphological transformation of disks ➜➜ spheroids spheroids

spiral + spiral spiral + spiral ➜➜  ““EE””

spiral + dwarf spiral + dwarf ➜➜ spiral with bulge spiral with bulge

Counterarguments : Counterarguments : 

  *  central densities too small  *  central densities too small

  *  GC specific frequencies too small  *  GC specific frequencies too small

TTGCGC:=N:=NGCGC /  / MMgalgal

    <T<TGCGC(E)> ~ 2 <T(E)> ~ 2 <TGCGC(Sp)>(Sp)> (Ashman & (Ashman & Zepf Zepf 95)95)

U. U. FritzeFritze, , Göttingen Göttingen 20082008
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Dynamical ModelsDynamical Models  & Galaxy Interactions 2008& Galaxy Interactions 2008

N-body TREE Codes : N-body TREE Codes : stars + DM stars + DM           N~10N~1055 -10 -1066

  disk + bulge + halo  disk + bulge + halo

SPH TREE Codes : SPH TREE Codes : gasgas     (or Sticky Particles method)     (or Sticky Particles method)

➜➜ high gas concentrations towards centres high gas concentrations towards centres

  ➜➜ central gas densities ~ stellar central densities of Es central gas densities ~ stellar central densities of Es  ✔✔
as observed in ULIRGs  (= Ultraluminous IR Galsas observed in ULIRGs  (= Ultraluminous IR Gals

    = advanced stages of gas-rich mergers)= advanced stages of gas-rich mergers)

HI from beyond the optical radius brought into the galaxy/centreHI from beyond the optical radius brought into the galaxy/centre

Problems : shock resolution, molecular cloud structure,Problems : shock resolution, molecular cloud structure,  

multi-phase ISM, SF multi-phase ISM, SF criterium/criteriacriterium/criteria, feedback, feedback

  ➜➜ formation of  GCs in mergers : GC specific frequency formation of  GCs in mergers : GC specific frequency  ✔✔

U. U. FritzeFritze, , Göttingen Göttingen 20082008

    
Cartwheel Galaxy

Galaxy  InteractionsGalaxy  Interactions

HI showsHI shows

us theus the

culpritculprit
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((Berentzen Berentzen et al. 03)et al. 03)
GRAPE-3AF simulation :GRAPE-3AF simulation :
stars: N-body, gas: SPHstars: N-body, gas: SPH
gas traces much sharpergas traces much sharper

      structures than starsstructures than stars
with SF: young stars tracewith SF: young stars trace

sharper structures than oldsharper structures than old
onesones

Galaxy  InteractionsGalaxy  Interactions

HST WFPC2
Cartwheel Galaxy

Dynamical Models : Galaxy InteractionsDynamical Models : Galaxy Interactions

Orbital parameters & galaxy properties :Orbital parameters & galaxy properties :

global global —— nuclear starbursts  nuclear starbursts —— AGN fuelling AGN fuelling
(e.g. Barnes & (e.g. Barnes & Hernquist Hernquist 1992, 1992, Jogee Jogee 2005)2005)

prograde prograde encounters : global starbursts encounters : global starbursts (? contracting ?)(? contracting ?)

retrograde -- retrograde -- ““ -- --                : nuclear starbursts & AGN fuelling: nuclear starbursts & AGN fuelling

Consistent inclusion ofConsistent inclusion of

- - SF,SF,

      - - AGN formation/feeding andAGN formation/feeding and  

      - - feed back from bothfeed back from both

still under constructionstill under construction
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