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Large Large groundbased groundbased &&  Hubble SpaceHubble Space
  TelescopesTelescopes TelescopeTelescope

    large mirrors & fields of view large mirrors & fields of view           high spatial resolutionhigh spatial resolution

  ➜➜  nearby galaxies in enormous detailnearby galaxies in enormous detail
  ➜➜  distant galaxies in large numbersdistant galaxies in large numbers

ESO - VLT ChileESO - VLT Chile

HSTHST

SALTSALT



M 87 HST



NGC 1232          VLT



Area 1/100 Full MoonArea 1/100 Full Moon
~ 3000 Galaxies~ 3000 Galaxies

Faintest galaxies :Faintest galaxies :
        29 mag        29 mag

  ↳↳   candle at  D   candle at  Dmoonmoon
Multi Multi –– band imaging band imaging

         UV          UV –– NIR NIR
  WFPC2 + NICMOS  WFPC2 + NICMOS



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 models numerical models

LMC

M 31

NGC 205

M 32

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



X-rays : hot gas, binary starsX-rays : hot gas, binary stars

UV : young, hot, high-mass starsUV : young, hot, high-mass stars
→→      star formation (=SF)star formation (=SF)

opt. : solar-type, opt. : solar-type, intermedintermed. mass. mass  
starsstars

NIR : old, cool, low mass starsNIR : old, cool, low mass stars
→→      galaxy massgalaxy mass

mid- & FIR : dust -  mid- & FIR : dust -  thermtherm. emission. emission
sub-mm : cold, molecular gassub-mm : cold, molecular gas

    →→    1. order reservoir for SF1. order reservoir for SF
Radio : neutral hydrogen gasRadio : neutral hydrogen gas

    →→    2. order reservoir for SF2. order reservoir for SF Spiral galaxy M81Spiral galaxy M81

        Observations at different wavelengthsObservations at different wavelengths
→→    complementary informationcomplementary information



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 +/- 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

DynamicalDynamicalChemicalChemical

SpectralSpectral

Observational relations



Local GalaxiesLocal Galaxies
      Normal (= big) galaxies : Hubble sequenceNormal (= big) galaxies : Hubble sequence

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

    Dwarf galaxies : Dwarf galaxies : dEdE, , dSphdSph, , dIdI
Low surface brightness galaxies : E, disk, dwarfLow surface brightness galaxies : E, disk, dwarf
Starburst galaxies, interacting galaxies, radio gals,Starburst galaxies, interacting galaxies, radio gals,

    AGN, AGN, ULIRGsULIRGs, SCUBA gals, Lyman Break Gals, . . ., SCUBA gals, Lyman Break Gals, . . .

    

LMC
M 31

NGC 205

M 32

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

M 87



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 
    



The Hubble Sequence ofThe Hubble Sequence of  Normal GalaxiesNormal Galaxies

    

      early typeearly type       late type galaxieslate type galaxies
  spectraspectra

EE SdSd



The Hubble Sequence ofThe Hubble Sequence of  Normal GalaxiesNormal Galaxies

All properties (chemical abundances, gas content,All properties (chemical abundances, gas content,
spectra) spectra) 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)

    



Trends along the Hubble SequenceTrends along the Hubble Sequence

  ☛☛  Morphology : Bulge/disk light ratio Morphology : Bulge/disk light ratio ✔✔
  ☛☛  ColoursColours
  ☛☛  SpectraSpectra
  ☛☛  SFRSFR00
  ☛☛  LuminositiesLuminosities
  ☛☛  Composition: stars, gas, dust Composition: stars, gas, dust ✔✔
  ☛☛  MetallicityMetallicity: chemical composition: chemical composition

metallicity metallicity Z := mass fraction of everything > Z := mass fraction of everything > 44HeHe

    ➜➜    <SFR><SFR>HTHT(t)(t)
    



Trends along the Hubble SequenceTrends along the Hubble Sequence

  ☛☛  Colours : RC2 (de Colours : RC2 (de Vaucouleurs Vaucouleurs et al. 1977),et al. 1977),
RC3 (RC3 (Buta Buta et al. 1995)et al. 1995)

 <elliptical> <elliptical>        . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . .  . . <. . <Sd/IrrSd/Irr>>
          T = T = –– 5 5       T = 8, 10T = 8, 10

        redred           blueblue

    



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 !!

    



Trends along the Hubble SequenceTrends along the Hubble Sequence

  ☛☛  Spectra : UV(IUE)Spectra : UV(IUE)  + optical(KPNO) : Kinney et al.+ optical(KPNO) : Kinney et al.  9696
Template spectra of differentTemplate spectra of different  galaxy typesgalaxy types

    

SaSa  
NGC 4594NGC 4594

Sb Sb 
NGCNGC  30313031

Sc Sc 
NGCNGC  24032403



Trends along the Hubble SequenceTrends along the Hubble Sequence
  ☛☛  SFRSFR00  :   : Kennicutt Kennicutt & Kent& Kent  19831983

    



Trends along the Hubble SequenceTrends along the Hubble Sequence
  ☛☛  Luminosities :Luminosities :

Sandage Sandage et al.et al.  1985a, b1985a, b

    



Trends along the Hubble SequenceTrends along the Hubble Sequence

    

  ☛☛  Luminosities : Luminosities : Sandage Sandage et al.et al.  1985a, b1985a, b

        ⇓⇓


