
Trends along the Hubble SequenceTrends along the Hubble Sequence
  ☛☛  MetallicityMetallicity: chemical composition : : chemical composition : Zaritsky Zaritsky et al.et al.  9494
Recall : Big Bang formed H, D, Recall : Big Bang formed H, D, 33He, He, 44He, He, 77Li.Li.

all other elements formed in (previous) stellarall other elements formed in (previous) stellar  
generations (nuclear fusion, SN generations (nuclear fusion, SN nucleosynthnucleosynth.).)

metallicity metallicity Z := mass fraction of everything > Z := mass fraction of everything > 44HeHe
metallicity metallicity of the of the stellar populationstellar population : :
luminosity-weighted stellar luminosity-weighted stellar metallicity metallicity from stellarfrom stellar  

absorption lines in the integrated spectrumabsorption lines in the integrated spectrum

    



Trends along the Hubble SequenceTrends along the Hubble Sequence

    ☛☛  MetallicityMetallicity: chemical composition: chemical composition
metallicity metallicity Z := mass fraction of everything > Z := mass fraction of everything > 44HeHe
solar (solar (photosphericphotospheric) ) metallicity metallicity ZZ  = 0.02= 0.02
metallicity metallicity dominated by Odominated by O, , ……, C, , C, ……, N, , N, …………, Fe, , Fe, ……
metallicity metallicity of the of the stellar populationstellar population : :
luminosity-weighted stellar luminosity-weighted stellar metallicity metallicity from stellar from stellar 

absorption lines in the integrated spectrumabsorption lines in the integrated spectrum
[Fe/H] := log ([Fe/H] := log (XXFeFe/X/XHH) - log) - log  ((XXFeFe/X/XHH))

XXii :=  := mass fractionmass fraction of element of element  ii
[Fe/H] = 0[Fe/H] = 0                : solar: solar
[Fe/H] = -1    [Fe/H] = -1          : 1/10 solar: 1/10 solar
[Fe/H] = -2    [Fe/H] = -2          : 1/100 solar: 1/100 solar
[Fe/H] = +0.4[Fe/H] = +0.4      : 2.5 solar: 2.5 solar

    



Trends along the Hubble SequenceTrends along the Hubble Sequence

metallicity metallicity of the of the InterStellar InterStellar Medium (= ISM)Medium (= ISM): Z: Z
measured measured from HII region emission lines (!), from HII region emission lines (!), 
expressed in terms ofexpressed in terms of

12 + log (O/H)12 + log (O/H)
O/H := NO/H := NOO/N/NHH          number(!) densitiesnumber(!) densities

Transformation into [O/H] requires mass numberTransformation into [O/H] requires mass number
12 + log (O/H)12 + log (O/H)      = 8.9= 8.9      for solar abundance Zfor solar abundance Z

12 + log (C/H)12 + log (C/H)      = 8.6= 8.6 forfor    ZZ

12 + log (Mg/H) = 7.612 + log (Mg/H) = 7.6 for  Zfor  Z

. . . . .. . . . .
12 + log (O/H)    = 7.912 + log (O/H)    = 7.9      for 1/10 for 1/10 ZZ

Solar Solar photospheric photospheric abundancesabundances
    →→  B. B. Pagel Pagel : : Nucleosynthesis Nucleosynthesis & & ChemChem. . EvolEvol. of Galaxies. of Galaxies

    



Trends along the Hubble SequenceTrends along the Hubble Sequence

☛☛  MetallicityMetallicity::  Zaritzky Zaritzky et al. 1994et al. 1994
trend of HII region trend of HII region metallicities metallicities among spiral typesamong spiral types

radial gradients in HII abundances across disksradial gradients in HII abundances across disks  
➜➜    compare compare metallicities metallicities at 1 Rat 1 Ree

      Sd/Irr         Sd/Irr         SaSa

    



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 ✔✔
  ☛☛  MetallicitiesMetallicities: chemical composition: chemical composition

    ➜➜    <SFR><SFR>HTHT(t)(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



The Star Formation History of the Milky WayThe Star Formation History of the Milky Way
  Sbc Sbc galaxygalaxy

Rocha-Pinto xxx, Rocha-Pinto & Rocha-Pinto xxx, Rocha-Pinto & Maciel Maciel xxxxxx
            from individual star age and from individual star age and metallicity metallicity determinationsdeterminations

Short-term (Short-term (101088yr)yr) fluctuations by factor <4 around simple fluctuations by factor <4 around simple  
            model SFHmodel SFH

Broad (>factor 10) stellar Broad (>factor 10) stellar metallicity metallicity distributiondistribution
<[Fe/H]><[Fe/H]>  ≤≤  00    subsolarsubsolar

    



    ★★    The Hubble Sequence of Normal GalaxiesThe Hubble Sequence of Normal Galaxies
  + barred spirals+ barred spirals

★★  Dwarf GalaxiesDwarf Galaxies
          = by far the dominant galaxy type by numbers= by far the dominant galaxy type by numbers

dE  dE  . . .  . . .  dSph  dSph  . . .  . . .  dIdI
                    Blue Compact Dwarf Galaxies Blue Compact Dwarf Galaxies BCDGsBCDGs

★★    ““Hubble Parallel SequenceHubble Parallel Sequence”” of of
      Low Surface      Low Surface  Brightness Galaxies Brightness Galaxies LSBGsLSBGs

★★  ““ExoticExotic”” Galaxies Galaxies  : : Starburst, interacting,Starburst, interacting,
..        Radio,         Radio, SeyfertSeyfert, Liner, Infrared , Liner, Infrared UltraluminousUltraluminous, , ..
..                ERO, SCUBA, Lyman Break ,ERO, SCUBA, Lyman Break ,  QSO host, . . .QSO host, . . .  

        galaxiesgalaxies

    



Local GalaxiesLocal Galaxies
    Low surface brightness galaxies : Es, disks, dwarfsLow surface brightness galaxies : Es, disks, dwarfs

parallel sequence to Hubble sequenceparallel sequence to Hubble sequence

LSB Es, LSB Es, dEsdEs, , dSphsdSphs: old stellar pops, no gas (diff. to: old stellar pops, no gas (diff. to  
          detect)detect)

Sagittarius Sagittarius dSph dSph ((IbataIbata+95),+95),  Canis Canis Major Major (Lewis+04)(Lewis+04)

LSB disks and irregulars : very gas-rich, low SFR,LSB disks and irregulars : very gas-rich, low SFR,
Malin-1Malin-1 young stellar pops, low young stellar pops, low metallicitymetallicity

? old stellar component ?? old stellar component ?
? formation epoch ?? formation epoch ?

? late formation or slow evolution ?? late formation or slow evolution ?
? why ?? why ?

in isolation or low gal. dens. in isolation or low gal. dens. environmenvironm. !. !

    



Local GalaxiesLocal Galaxies
LSB Es, LSB Es, dEsdEs, , dSphsdSphs: old stellar pops, no gas: old stellar pops, no gas

Pegasus Pegasus dSphdSph     Sculptor Sculptor dSphdSph

LSB disks and irregulars :LSB disks and irregulars :
very gas-rich, low SFR,very gas-rich, low SFR,

Malin-1Malin-1    



Local GalaxiesLocal Galaxies
Normal (= big) galaxies : Normal (= big) galaxies : EllipticalsEllipticals

      ~ ~ spheroidal spheroidal ee:= 1-b/a, 0 := 1-b/a, 0 ≤≤ e  e ≤≤  0.70.7
   de    de Vaucouleurs Vaucouleurs rr¼¼-surface-surface  

    brightness brightness profileprofile

RRee := effective radius := effective radius
= half light radius= half light radius

IIee  := intensity within R:= intensity within Ree
  

    

M 87



Local GalaxiesLocal Galaxies

Normal (= big) galaxies : Normal (= big) galaxies : EllipticalsEllipticals

  disky disky –– boxy Es boxy Es
low-Llow-L  –– high-L high-L

   old, low-mass stars   old, low-mass stars
   K-star type spectrum, red colours   K-star type spectrum, red colours
   no HI, no molecular gas, no SF   no HI, no molecular gas, no SF

X-ray gas 10X-ray gas 106 6 …… 7 7 K in halos to >400 kpc, K in halos to >400 kpc,  ~5% ~5% MMtottot

wide range in mass :wide range in mass :        101099 . . . 10 . . . 101414 M M⊙⊙
wide range in luminosities :wide range in luminosities :        -25 -25 ≤≤ M MBB[[magmag] ] ≤≤ -12 -12

            cD cD . . . . . . . . . . . . . . . . . . . . . . dEdE
    10 10 ≤≤ M/L  M/L ≤≤ 100 (in solar units [M 100 (in solar units [M

⊙⊙ /L /L
⊙⊙])])
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Local GalaxiesLocal Galaxies
Normal (= big) galaxies : Normal (= big) galaxies : EllipticalsEllipticals

      no/slow rotation (big/dwarf Es)no/slow rotation (big/dwarf Es)
          dynamically hot : high stellardynamically hot : high stellar

                    velocity dispersionvelocity dispersion
               extended systems of Globular   extended systems of Globular  

ClustersClusters  < 200 < 200 kpckpc, (0 - few in , (0 - few in dEsdEs,,
100s - 1000s in Es, 10.000 in 100s - 1000s in Es, 10.000 in cDscDs))

                  gradients in colour & gradients in colour & metallicitymetallicity
    1.boxiness, counter-rotating cores, ripples & shells1.boxiness, counter-rotating cores, ripples & shells

in ~ 50% Es,in ~ 50% Es,
2.2.circumnuclear molecular gas & SF in some Es,circumnuclear molecular gas & SF in some Es,

1., 2.1., 2. indicate past/recent interaction indicate past/recent interaction
    ➜➜  Initial Collapse Initial Collapse vsvs. hierarchical accretion. hierarchical accretion      

      scenarios for formation of elliptical galaxiesscenarios for formation of elliptical galaxies
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Local GalaxiesLocal Galaxies
Normal (= big) galaxies : Normal (= big) galaxies : SpiralsSpirals Sa,  Sa, SbSb, Sc, , Sc, SdSd

B/D light ratio B/D light ratio ➘➘  for Sa . . .   for Sa . . . SdSd
narrow range in luminositiesnarrow range in luminosities

-21 -21 ≤≤  M  MBB[[magmag] ] ≤≤ -16 -16

bulge + disk + halobulge + disk + halo
        B           D         HB           D         H

      Bulge : Bulge : spheroidal spheroidal E0 - E4, old (+young ?) starsE0 - E4, old (+young ?) stars
      Disk   : stars, gas,Disk   : stars, gas,  dust, SF, young open clustersdust, SF, young open clusters
      Halo Halo     : old metal-poor stars & old Globular Clusters: old metal-poor stars & old Globular Clusters

Stellar disks : exponential luminosity profileStellar disks : exponential luminosity profile
µµ(r)= (r)= µµoo exp( exp(-r/r-r/roo) ) (Freeman 70)(Freeman 70)

    µµoo : central surf. brightness ~ 145 L : central surf. brightness ~ 145 L
⊙⊙  /pc/pc2  2  narrow rangenarrow range

!!
    rroo  : scale length: scale length  ~ 2 . . . 5 ~ 2 . . . 5 kpckpc
Stellar Stellar disks end @ disks end @ Holmberg radiusHolmberg radius  RRHH : R : RHH ~ 5  ~ 5 rroo

µµ(R(RHH)= 26.5 )= 26.5 mag mag arc secarc sec-2 -2 ~(1 - 2)% night sky~(1 - 2)% night sky

    

M 31

NGC 205

M 32



Local GalaxiesLocal Galaxies
Normal (= big) galaxies : Normal (= big) galaxies : SpiralsSpirals Sa,  Sa, SbSb, Sc, , Sc, SdSd

bulge - disk decompositionbulge - disk decomposition

Stellar disks : exponential luminosity profileStellar disks : exponential luminosity profile
µµ(r)= (r)= µµoo exp( exp(-r/r-r/roo) ) (Freeman 70)(Freeman 70)

    µµoo : central surf. brightness ~ 145 L : central surf. brightness ~ 145 L
⊙⊙  /pc/pc2  2  narrow rangenarrow range

!!
    rroo  : scale length ~ 2 . . . 5 : scale length ~ 2 . . . 5 kpckpc
Stellar Stellar disks end @ disks end @ Holmberg radius Holmberg radius RRHH : R : RHH ~ 5  ~ 5 rroo

µµ(R(RHH)= 26.5 )= 26.5 mag mag arc secarc sec-2 -2 ~(1 - 2)% night sky~(1 - 2)% night sky

    

M 31

NGC 205

M 32



Local GalaxiesLocal Galaxies
Normal (= big) galaxies : Spirals Sa, Normal (= big) galaxies : Spirals Sa, SbSb, Sc, , Sc, SdSd

disks dynamically cold : disks dynamically cold : σσ≪≪  vvrotrot

  HI disks 3 HI disks 3 ×× more extended than stellar disks more extended than stellar disks
      molecular gas (thin disk) COmolecular gas (thin disk) CO
      dust disks 1.5 dust disks 1.5 ×× more extended than stellar disks more extended than stellar disks

SF ongoing in disk/spiral armsSF ongoing in disk/spiral arms
SF more extended than stellar diskSF more extended than stellar disk

       (H       (Hαα: : Ferguson+98,van Zee+98Ferguson+98,van Zee+98, , GALEX-UVGALEX-UV: : ThilkerThilker+07+07))

        ➜➜    Stellar disks grow from inside outStellar disks grow from inside out

    

M 31

NGC 205
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Local GalaxiesLocal Galaxies

              Ferguson+98 :Ferguson+98 :  HHαα emission from HII regions beyond emission from HII regions beyond
the optical radius in spiralsthe optical radius in spirals

    



Local GalaxiesLocal Galaxies
    ThilkerThilker+07,+07,  Gil de Paz+05 : Gil de Paz+05 : Galex Galex UV UV emission from hotemission from hot

young stars young stars beyond the optical radius in spiralsbeyond the optical radius in spirals

E.g. NGC 4625E.g. NGC 4625
GalexGalex: FUV: FUV deep B-banddeep B-band

    



Local GalaxiesLocal Galaxies
              Normal (= big) galaxies : Spirals Sa, Normal (= big) galaxies : Spirals Sa, SbSb, Sc, , Sc, SdSd

Masses within 1 RMasses within 1 RHH  ::    3·103·101010 . . . 9·10 . . . 9·101111MM

SaSa                     SbSb                       ScSc                       SdSd

    SFRo    SFRo(Sa)(Sa)      <<        SFRoSFRo((SbSb))      <<      SFRoSFRo(Sc)(Sc)    <<      SFRoSFRo((SdSd))
    G/(S+G)(Sa)  < G/(S+G)(Sa)  <   G/(S+G)(G/(S+G)(SbSb) < G/(S+G)(Sc) < G/(S+G)() < G/(S+G)(Sc) < G/(S+G)(SdSd))

~0.05~0.05     ~0.15~0.15               ~0.3~0.3         >0.5>0.5
Z(Sa) Z(Sa)     >  >         Z(   Z(SbSb))      >      Z(Sc)>      Z(Sc)        >   >        Z( Z(SdSd))

      (B-V)(Sa)(B-V)(Sa)    >  (B-V)(>  (B-V)(SbSb))      >  (B-V)(Sc)>  (B-V)(Sc)          >  (B-V)(>  (B-V)(SdSd))
    M/L(Sa)M/L(Sa)   >  >      M/L(M/L(SbSb))      >    M/L(Sc)>    M/L(Sc)          > >        M/L( M/L(SdSd))
      ~6.2~6.2 ~4.4~4.4 ~2.6~2.6 (Rubin+82)(Rubin+82)

      MWMW  : M: MBB=-19.4,=-19.4, M31: MM31: MBB=-20.5,=-20.5,
      LMC: MLMC: MBB=-18.1,=-18.1,          SMC: MSMC: MBB=-16.6=-16.6

    



Local GalaxiesLocal Galaxies
Normal (= big) galaxies : Spirals Sa, Normal (= big) galaxies : Spirals Sa, SbSb, Sc, , Sc, SdSd

        differential rotationdifferential rotation
120 120 km/s km/s ≤≤  vvrotrot  ≤≤ 240  240 km/skm/s

rotational velocity rotational velocity ➔➔    totaltotal  
                            (dynamical) mass(dynamical) mass

rotation curvesrotation curves  ➔➔ Dark Matter halosDark Matter halos
disks :disks :    gradients in   gradients in     - - colorcolor

  - extinction- extinction
  - - metallicitymetallicity
  - stellar age- stellar age

        difficult to disentangledifficult to disentangle

    

M 31

NGC 205
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Local GalaxiesLocal Galaxies

      Dwarf galaxies : Dwarf galaxies : dEdE, , dSphdSph, , dIdI

    

LMC

dE dE : mini-E : mini-E 101077 . . . 10 . . . 1099 M M⊙⊙
red, old, metal-poorred, old, metal-poor

dSph dSph : mini-S0: mini-S0
red, ?old?, ?metal-poor?red, ?old?, ?metal-poor?

dI dI : irregular : HI, CO, SF: irregular : HI, CO, SF
blue, young starsblue, young stars
low low metallicitymetallicity


