
1

The Physics of GalaxiesThe Physics of Galaxies

Observations versus TheoryObservations versus Theory

From the Early Universe to the PresentFrom the Early Universe to the Present

  PartPart  11

Prof. Dr. Prof. Dr. Uta FritzeUta Fritze

University of Hertfordshire, UKUniversity of Hertfordshire, UK

((Universität GöttingenUniversität Göttingen))

XX. Heidelberg Physics Graduate DaysXX. Heidelberg Physics Graduate Days

Spring 2008Spring 2008
U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Large Large groundbased groundbased & Hubble Space& Hubble Space  & Satellites& Satellites
  TelescopesTelescopes       TelescopeTelescope

    large mirrors & fields of view large mirrors & fields of view   high spatial resolution &high spatial resolution &
        γγ-ray, X-ray, UV-wavelengths-ray, X-ray, UV-wavelengths

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

  ➜➜  explosion in galaxy researchexplosion in galaxy research

over the full spectral range over the full spectral range γγ-rays . . . radio-rays . . . radio

ESO - VLT ChileESO - VLT Chile
HSTHST

GALEXGALEX
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M 87 HST
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NGC 1232          VLT
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Area 1/100 Full MoonArea 1/100 Full Moon
~ 3000 Galaxies~ 3000 Galaxies

Faintest galaxies :Faintest galaxies :
        29         29 magmag

  ↳↳      candle at  candle at  DDmoonmoon
Multi Multi –– band imaging band imaging

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

    

  ☛☛  Introduction & basicsIntroduction & basics
  ☛☛  Local Galaxies : overviewLocal Galaxies : overview

  ☛☛  Modelling the formation & evolution of galaxiesModelling the formation & evolution of galaxies
  ☛☛  Chemical, spectral & dynamical evolutionChemical, spectral & dynamical evolution

  ☛☛  The Milky Way and the Local GroupThe Milky Way and the Local Group
  ☛☛  Resolved stellar populations Resolved stellar populations vs vs integrated lightintegrated light

  ☛☛  Starbursts & interacting galaxiesStarbursts & interacting galaxies
  ☛☛  Galaxy transformation in clustersGalaxy transformation in clusters

  ☛☛  TowardsTowards  the highest the highest redshiftsredshifts
  ☛☛  Galaxy formation scenariosGalaxy formation scenarios
  ☛☛  Open questionOpen question  &&  future perspectivesfuture perspectives
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Galaxies consist of StarsGalaxies consist of Stars

& eventually of gas (in& eventually of gas (in  several coexisting phases)several coexisting phases)
        & dust& dust

The sun is The sun is ““ourour”” star. The Earth is one star. The Earth is one  out of 8 planetsout of 8 planets
orbiting the sun.orbiting the sun.  Light from the sun travels 8 min. toLight from the sun travels 8 min. to
reach the Earth, 4 h to reach reach the Earth, 4 h to reach NeptunNeptun..

The nearest star is The nearest star is Proxima Proxima Centauri, ~4.2 Centauri, ~4.2 Lyr Lyr away.away.
1 1 Lyr Lyr = c= c  · · ππ  ·· 10 1077  km = 300.000 km = 300.000 · · ππ  ·· 10 1077  kmkm

[[km/skm/s] [] [s/yrs/yr]] = 9 = 9 ·· 10 101212 km km
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The SunThe Sun

= = ““ourour”” star, is a gaseous sphere, ~ 4 billion yr old, star, is a gaseous sphere, ~ 4 billion yr old,
produces energy byproduces energy by  nuclear fusionnuclear fusion
      H + H + H + H -> H + H + H + H -> 44He + 2eHe + 2e++ + 2 + 2γγ + 2 + 2ννee + 26.7  + 26.7 MeVMeV
has diameter has diameter 1.4 × 101.4 × 1066 km, mass  km, mass 1 M ~  2 × 102 × 103030 kg, kg,

mean density mean density 1408 kg/m1408 kg/m33

& chemical composition (mass fractions) :& chemical composition (mass fractions) :

HH      74%74%
HeHe     24%24%
C, O, Fe,C, O, Fe, \\
Ni, Ni, SiSi, S, Mg,, S, Mg,   〉〉  ~2%~2%
NeNe, Ca, Cr, Ca, Cr //

    from from FraunhoferFraunhofer’’s s lines (1814)lines (1814)

Astrophysical Astrophysical ““semanticssemantics”” :  : metals or metals or metallicity metallicity Z :=Z :=
everything heavier thaneverything heavier than  H and HeH and He   Z ~  0.020.02
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C, O, Fe,C, O, Fe, \\
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Galaxies consist of ~ 10 Galaxies consist of ~ 10 …… 1000 billion stars 1000 billion stars

& eventually of gas (in& eventually of gas (in  several coexisting phases)several coexisting phases)
                & dust& dust

Stars are born in cooling and collapsing gas/dustStars are born in cooling and collapsing gas/dust   
              clouds,clouds,  they livethey live  & evolve & die.& evolve & die.

Stars are social, they are always born in groups orStars are social, they are always born in groups or  
clusters.clusters.

Most clusters disperse before stars become visibleMost clusters disperse before stars become visible  
after blowing away their natal dust cocoonafter blowing away their natal dust cocoon

--> field stars--> field stars

New stars first appear in the NIR, which can penetrateNew stars first appear in the NIR, which can penetrate
the dust.the dust.
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Stars are born with widely differentStars are born with widely different masses masses
but with a universal mass distributionbut with a universal mass distribution
  ➔➔  Stellar Initial Mass Function Stellar Initial Mass Function ((Salpeter Salpeter 1955,1955,  KroupaKroupa+ 93, + 93, ……))

lower mass limit : lower mass limit : mmll ~ 0.04 M ~ 0.04 M    hydrogen burning limithydrogen burning limit,,
  below 0.04 Mbelow 0.04 M:  :  Jupiters Jupiters & brown dwarfs& brown dwarfs

upper mass limit : upper mass limit : mmuu  ~ 140 M~ 140 M    ?? (1 M ~ 2 × 1030 kg)

Log Φ

Log m

-2.35

Normalisation :Normalisation :

∫∫mlml
mumu  mm••ΦΦ(m)dm = 1(m)dm = 1
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Stars evolve & dieStars evolve & die
-- depending on their initial mass-- depending on their initial mass

& chemical composition& chemical composition

The magic diagram of stellar evolution :The magic diagram of stellar evolution :  
Hertzsprung Hertzsprung - Russell (1910) diagram (HRD)- Russell (1910) diagram (HRD)
Stellar evolution & stellar Stellar evolution & stellar nucleosynthesis nucleosynthesis 

= input physics= input physics  for galaxy evolutionfor galaxy evolution
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Stars evolve & dieStars evolve & die
-- depending on their initial mass-- depending on their initial mass

& chemical composition& chemical composition

The magic diagram of stellar evolution :The magic diagram of stellar evolution :  
Hertzsprung Hertzsprung - Russell (1910) diagram (HRD)- Russell (1910) diagram (HRD)
Stellar evolution & stellar Stellar evolution & stellar nucleosynthesis nucleosynthesis 

= input physics= input physics  for galaxy evolutionfor galaxy evolution
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Stars evolve & dieStars evolve & die
-- depending on their initial mass-- depending on their initial mass

& chemical composition& chemical composition

The magic diagram of stellar evolution :The magic diagram of stellar evolution :  
Hertzsprung Hertzsprung - Russell (1910) diagram (HRD)- Russell (1910) diagram (HRD)
Stellar evolution & stellar Stellar evolution & stellar nucleosynthesis nucleosynthesis 

= input physics= input physics  for galaxy evolutionfor galaxy evolutionSchaller et al. 1992Schaller et al. 1992
U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Stars evolve & dieStars evolve & die
-- depending on their initial mass-- depending on their initial mass

& chemical composition& chemical composition

2 M2 M⊙⊙

    Z=0.004  Z=0.004  ττ(1 M(1 M⊙⊙) ~  ) ~  77××101099 yr,     yr,    ττ(100 M(100 M⊙⊙) ~ ) ~ 33××101066 yr yr
        Z=0.020  Z=0.020  ττ(1 M(1 M⊙⊙) ~ ) ~ 1010××101099 yr,     yr,    ττ(100 M(100 M⊙⊙) ~ ) ~ 22××101066 yr yr

Crude rule of thumb:Crude rule of thumb:  

metal-poor stellarmetal-poor stellar  

populations are bluerpopulations are bluer  

(in the optical)(in the optical)

& brighter & brighter thanthan  

metal-rich ones.metal-rich ones.  

Stellar lifetimes (total & in various phases/positions inStellar lifetimes (total & in various phases/positions in  
the HRD) depend on chemical composition. E.g.the HRD) depend on chemical composition. E.g.

solar abundancesolar abundance

low low metallicitymetallicity
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Stars evolve & dieStars evolve & die
-- depending on their initial mass-- depending on their initial mass

& chemical composition& chemical composition

Stars end their life -- depending on their initial mass:Stars end their life -- depending on their initial mass:  
MM✰✰ < 8 M < 8 M  ::  in the ejection of a planetary nebula (PN) in the ejection of a planetary nebula (PN) 
➔➔  Remnant : white dwarf = naked degenerate CO core,Remnant : white dwarf = naked degenerate CO core,  

initially very hot but faint, cools and fades:initially very hot but faint, cools and fades:  
➜➜    whitewhite  dwarf cooling sequencedwarf cooling sequence

Limiting upper mass of a white dwarf : 1.4 Limiting upper mass of a white dwarf : 1.4 MM  

((e- e- degeneracy pressure degeneracy pressure vsvs. . gravgrav. collapse: Chandrasekhar 1931). collapse: Chandrasekhar 1931)  
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Stars evolve & dieStars evolve & die
-- depending on their initial mass-- depending on their initial mass

& chemical composition& chemical composition

Stars end their life -- depending on their initial mass:Stars end their life -- depending on their initial mass:  
MM✰✰ < 8 M < 8 M  ::  in the ejection of a planetary nebula (PN) in the ejection of a planetary nebula (PN) 
➔➔  Remnant : white dwarf = naked degenerate CO core,Remnant : white dwarf = naked degenerate CO core,  

initially very hot but faint, cools and fades:initially very hot but faint, cools and fades:  
➜➜    whitewhite  dwarf cooling sequencedwarf cooling sequence

Limiting upper mass of a white dwarf : 1.4 Limiting upper mass of a white dwarf : 1.4 MM  

((e- e- degeneracy pressure degeneracy pressure vsvs. . gravgrav. collapse: Chandrasekhar 1931). collapse: Chandrasekhar 1931)  

CatCat’’s eye PNs eye PN
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Stars evolve & dieStars evolve & die
-- depending on their initial mass-- depending on their initial mass

& chemical composition& chemical composition
Stars end their life -- depending on their initial mass:Stars end their life -- depending on their initial mass:  

MM✰✰  ≥≥ 8 M 8 M  ::  in a supernova explosion (SN)in a supernova explosion (SN)

10105353 erg ~ 10 erg ~ 104444 J  ? J  ?
➔➔  Remnant : neutron star of (stellar) black holeRemnant : neutron star of (stellar) black hole
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Stars evolve & dieStars evolve & die
-- depending on their initial mass-- depending on their initial mass

& chemical composition& chemical composition
Stars end their life -- depending on their initial mass:Stars end their life -- depending on their initial mass:  

MM✰✰  ≥≥ 8 M 8 M  ::  in a supernova explosion (SN)in a supernova explosion (SN)

10105353 erg ~ 10 erg ~ 104444 J  ? J  ?
➔➔  Remnant : neutron star of (stellar) black holeRemnant : neutron star of (stellar) black hole

Crab Nebula SN 1054Crab Nebula SN 1054

KeplerKepler’’s s SN remnant SN 1604SN remnant SN 1604
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Stars evolve & dieStars evolve & die
-- depending on their initial mass-- depending on their initial mass

& chemical composition& chemical composition
Stars end their life -- depending on their initial mass:Stars end their life -- depending on their initial mass:  

MM✰✰  ≥≥ 8 M 8 M  ::  in a supernova explosion (SN)in a supernova explosion (SN)

10105353 erg ~ 10 erg ~ 104444 J  ? J  ?
➔➔  Remnant : neutron star of (stellar) black holeRemnant : neutron star of (stellar) black hole

Crab Nebula SN 1054Crab Nebula SN 1054

KeplerKepler’’s s SN remnant SN 1604SN remnant SN 1604

SN 1994D in NGC 4526SN 1994D in NGC 4526
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Stars are gaseous spheresStars are gaseous spheres

they produce energy through nuclear fusion,they produce energy through nuclear fusion,
transport it to their surface (photosphere)transport it to their surface (photosphere) by by
radiation or convection radiation or convection & radiate like black bodies& radiate like black bodies

                ➜➜    BoltzmannBoltzmann’’s s & & WienWien’’s s lawslaws

    + > 50 million absorption lines+ > 50 million absorption lines
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Stellar spectra and spectral typesStellar spectra and spectral types

OO

AA

KK

Stellar spectra depend onStellar spectra depend on  
☛☛  stellar mass & evolutionarystellar mass & evolutionary  stagestage  

(i.e. on temperature & luminosity)(i.e. on temperature & luminosity)  
  spectral classesspectral classes  : O B A F G K M,: O B A F G K M,  
  luminosity classes : V (main sequence), III (giants), I (luminosity classes : V (main sequence), III (giants), I (supergiantssupergiants))

☛☛ on chemical  on chemical composition: absorption linescomposition: absorption lines
U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Stellar Stellar nucleosynthesisnucleosynthesis

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.
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Brief History of Galaxy ResearchBrief History of Galaxy Research

    

  ☛☛  1923 Edwin Hubble, Mt. Wilson 1923 Edwin Hubble, Mt. Wilson ObsObs. :. :
Cepheids Cepheids inin    M31 = Andromeda nebulaM31 = Andromeda nebula
      ➜➜  M31 = external galaxyM31 = external galaxy

Henrietta Swan Leavitt 1912: period luminosity relation 
for Cepheid variables.

Cepheid with P=3 d has 800 × luminosity of the sun.
Cepheid with P=30 d has 10.000 × luminosity of the sun.

Absolute luminosities of Milky Way
Cepheids from parallax

distances

MMVV -  - MMVV⊙⊙ = -2.5 log L = -2.5 log LVV/L/LVV⊙⊙    [[magmag]]

    LLVV⊙⊙    = 3.8= 3.8  × 10× 103333  erg/serg/s, , MMVV⊙⊙ = 4.83  = 4.83 magmag

  MMVV : absolute : absolute  magnitudemagnitude
    mmVV  : apparent magnitude: apparent magnitude

Mt Wilson 
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Brief History of Galaxy ResearchBrief History of Galaxy Research
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Brief History of Galaxy ResearchBrief History of Galaxy Research

    

☛☛  1923 - 1925: 1923 - 1925: Hubble sequence of galaxiesHubble sequence of galaxies
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Brief History of Galaxy ResearchBrief History of Galaxy Research

    

☛☛  1929 1929 E. Hubble, Mt. Palomar 5mE. Hubble, Mt. Palomar 5m : :
galaxy galaxy redshiftsredshifts

Mt Palomar

DistanceDistance

R
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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

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

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
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M31  Caltech M31  Caltech –– ROSAT  ROSAT –– Chandra  Chandra –– GALEX  GALEX –– IRAS IRAS

        Observations at different wavelengthsObservations at different wavelengths
  →→    complementary information  complementary information
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      GALEX GALEX –– SDSS    (Gil de Paz+06) SDSS    (Gil de Paz+06)
    UVUV           opt.opt.

        Observations at different wavelengthsObservations at different wavelengths
  →→    complementary information  complementary information
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GALEX M51    (Johnson+06)GALEX M51    (Johnson+06)

GALEX GALEX –– optical  optical –– Spitzer Spitzer

        UVUV           mid-IRmid-IR

FUV : blue  6FUV : blue  6““  resolresol..

HHαα  : green degraded to 6 : green degraded to 6““

24 24 µµm dust : red 6m dust : red 6““  resolresol..

        Observations at different wavelengthsObservations at different wavelengths
➜➜  complementary information  complementary information
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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, Starburst galaxies, interacting galaxies, radio gals,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
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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

stellar densities : not measurablestellar densities : not measurable
➜➜      surface brightnesssurface brightness

      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
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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 coloursK-star type spectrum, red colours

      no HI, no molecular gas, no SFno HI, no molecular gas, no SF

    wide range in luminosities :    -25 wide range in luminosities :    -25 ≤≤ M MBB[[magmag] ] ≤≤ -12 -12
            cD cD . . . . . . . . . . . . . . . . . . . . . . dEdE

MMVV -  - MMVV⊙⊙ = -2.5 log F = -2.5 log FVV/F/FVV⊙⊙    [[magmag]]

    10 10 ≤≤ M/L  M/L ≤≤ 100 (in solar units [M 100 (in solar units [M
⊙⊙/L/L⊙⊙])])

    

M 87
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Local GalaxiesLocal Galaxies

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

      no HI, no molecular gas, no SFno HI, no molecular gas, no SF

But :But :
extendedextended

> 400 > 400 kpckpc
X-rayX-ray  haloshalos
gas 10gas 106 6 …… 7 7 K K
  ~ 5% ~ 5% MMtottot

if X-ray gas is bound if X-ray gas is bound ➜➜    mass estimate : Dark Matter !mass estimate : Dark Matter !

    wide range in mass :wide range in mass :        101099 . . . 10 . . . 101414 M M⊙⊙
    10 10 ≤≤ M/L  M/L ≤≤ 100 (in solar units [M 100 (in solar units [M

⊙⊙/L/L⊙⊙])])

    

M 87

 white: optical, pink:X-rays

NGC 2300 group
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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 dispersion  velocity dispersion  σσ»»vvrotrot

velocity dispersion  velocity dispersion  σσ :=  := relrel. . velocveloc. of. of  starsstars
against each otheragainst each other

      extended systems of Globularextended systems of Globular  ClustersClusters  < 200 < 200 kpckpc,,
(0 - few in (0 - few in dEsdEs, , 100 - 1000 in Es, 10.000 in 100 - 1000 in Es, 10.000 in cDscDs))

         gradients in colour &    gradients in colour & metallicitymetallicity

    1.boxiness, counter-rotating cores, ripples &1.boxiness, counter-rotating cores, ripples &  shells shells 
in ~ 50% Es,in ~ 50% Es,

2.2.circumnuclear molecular gas & SF in some Es,circumnuclear molecular gas & SF in some Es,
  ➜➜  past/recent interactionpast/recent interaction

    ➜➜  Initial Collapse Initial Collapse vsvs. hierarchical accretion. hierarchical accretion      
      scenarios for formation of elliptical galaxiesscenarios for formation of elliptical galaxies

    

M 87

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

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 star clustersdust, SF, young star clusters
      Halo Halo     : old metal-poor stars & old Globular Clusters: old metal-poor stars & old Globular Clusters

    

M 31

NGC 205

M 32

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Milky Way, Sbc, NIR montage, COBE 

Local GalaxiesLocal Galaxies

The Milky Way : The Milky Way : SbcSbc

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

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 Lcentral surf. brightness ~ 145 L⊙⊙  /pc/pc2  2  narrow range !narrow 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

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

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

    subject to instabilitiessubject to instabilities
  ➜➜  bar formationbar formation

HIHI    : neutral hydrogen gas: neutral hydrogen gas
HII : ionized hydrogen gasHII : ionized hydrogen gas

 HI disks 3 × more extended than stellar disks HI disks 3 × more extended than stellar disks

      molecular gas (thin disk) COmolecular gas (thin disk) CO

      dust disks 1.5 × more extended than stellar disksdust disks 1.5 × 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+98, : Ferguson+98,van Zee+98, GALEX-UV: GALEX-UV: ThilkerThilker+07)+07)

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

    

M 31

NGC 205

M 32

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008



8

Local GalaxiesLocal Galaxies

    

              Ferguson+98 :Ferguson+98 :  HHαα  emission from HII regions ( emission from HII regions ( ➜➜ star star
    formation) beyond formation) beyond the optical radius in spiralsthe optical radius in spirals

    Hot gas : HII : emission linesHot gas : HII : emission lines

          trace physical & chemical conditionstrace physical & chemical conditions
NNee, T, Tee abundancesabundances

 H : Lyman,  H : Lyman, BalmerBalmer, , PaschenPaschen, , ……..
UVUV         opt.opt. NIRNIR     series     series
        HHαα, H, Hββ, H, Hγγ,H,Hδδ,,……

 lines from all elements & lines from all elements &  
ionisation stagesionisation stages

  also forbiddenalso forbidden** lines, e.g. [OII] lines, e.g. [OII]

  **  collisionnally collisionnally de-excitedde-excited
under terrestrial conditions,under terrestrial conditions,

              but not in Hyper-UHV in spacebut not in Hyper-UHV in space

F(HF(Hαα) ) [[erg/serg/s] ] ~ ~ SFRSFRo o [M[M/yr]/yr]

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

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

    

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

GALEX GALEX –– SDSS   SDSS    (Gil de Paz+06)  (Gil de Paz+06)

Some galaxies appear much more extended in the UVSome galaxies appear much more extended in the UV
than in the optical, HI, and Hthan in the optical, HI, and Hαα

Star formation extends far beyond the optical disk !Star formation extends far beyond the optical disk !

(= far beyond where the stars are)(= far beyond where the stars are)

➜➜    inside out formation of disks but :inside out formation of disks but :

Reservoir ???Reservoir ???

HII regions ??? HII regions ??? (but see Ferguson+04)(but see Ferguson+04)

IMF ??? IMF ??? ((cfcf. . Kotulla Kotulla & & FritzeFritze, in prep.), in prep.)

        Observations at different wavelengthsObservations at different wavelengths
  →→    the GALEX Surprise  the GALEX Surprise

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

GALEX GALEX –– SDSS   SDSS    (Gil de Paz+06)  (Gil de Paz+06)

Some galaxies appear much more extended in the UVSome galaxies appear much more extended in the UV
than in the optical, HI, and Hthan in the optical, HI, and Hαα

Star formation extends far beyond the optical disk !Star formation extends far beyond the optical disk !

(= far beyond where the stars are)(= far beyond where the stars are)

➜➜    inside out formation of disks but :inside out formation of disks but :

Reservoir ???Reservoir ???

HII regions ??? HII regions ??? (but see Ferguson+04)(but see Ferguson+04)

IMF ??? IMF ??? ((cfcf. . Kotulla Kotulla & & FritzeFritze, in prep.), in prep.)

        Observations at different wavelengthsObservations at different wavelengths
  →→    the GALEX Surprise  the GALEX Surprise

Arp Arp 7878
HHαα (WIYN) on top of GALEX UV (WIYN) on top of GALEX UV

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

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

    

M 31

NGC 205

M 32

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Local GalaxiesLocal Galaxies

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

        disks :   gradients in  disks :   gradients in  
  - - colorcolor
  - extinction- extinction
 -  - metallicitymetallicity
  - stellar age- stellar age

       difficult to disentangle difficult to disentangle

    

M 31

NGC 205

M 32

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008
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Spiral GalaxiesSpiral Galaxies

      Spirals Sa, Spirals Sa, SbSb, Sc, , Sc, SdSd::
Masses within 1 RMasses within 1 RHH  ::    99··10101111 . . . 3 . . . 3··101010 10 MM

SaSa                     SbSb                       ScSc                       SdSd

        SFRoSFRo(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 magmag,,   M31: MM31: MBB= -20.5 = -20.5 magmag,,
      LMC: MLMC: MBB= -18.1 = -18.1 magmag,,          SMC: MSMC: MBB= -16.6 = -16.6 magmag

    

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Galaxies beyond the Hubble SequenceGalaxies beyond the Hubble Sequence

      Dwarf galaxies : Dwarf galaxies : dEdE, , dSphdSph, , dIdI
M32, NGC 205   -  LMC, SMCM32, NGC 205   -  LMC, SMC

    

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

dwarf galaxies : by far thedwarf galaxies : by far the
dominant population ofdominant population of
galaxies galaxies (by(by  number) --number) --

in particular in clustersin particular in clusters

M 31

NGC 205

M 32Pegasus Pegasus dSphdSph

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

    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, dEs dEs : old stellar pops, no gas (diff. to detect): old stellar pops, no gas (diff. to detect)
Sagittarius, Sagittarius, Canis Canis MajorMajor

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. !. !

    

Galaxies beyond the Hubble SequenceGalaxies beyond the Hubble Sequence

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

    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, dEs dEs : old stellar pops, no gas (diff. to detect): old stellar pops, no gas (diff. to detect)
Sagittarius, Sagittarius, Canis Canis MajorMajor

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. !. !

    

Galaxies beyond the Hubble SequenceGalaxies beyond the Hubble SequenceMalin-1Malin-1

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

    Sey NGC 7742

Radio gal 3C31 = NGC 383, blue: opt., red: radio
SDSS QSO @ z=5.8

white/brown: stellar light, red: hot expanding gas

Starburst gal. M82
 Subaru 

Galaxies beyond the Hubble SequenceGalaxies beyond the Hubble Sequence

Starbursts, Starbursts, Seyfert Seyfert galaxies, radio galaxies, quasarsgalaxies, radio galaxies, quasars

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

    Sey NGC 7742

Radio gal 3C31 = NGC 383, blue: opt., red: radio
SDSS QSO @ z=5.8

Galaxies beyond the Hubble SequenceGalaxies beyond the Hubble Sequence

Starbursts, Starbursts, Seyfert Seyfert galaxies, radio galaxies, quasarsgalaxies, radio galaxies, quasars

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008
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    Sey NGC 7742

Galaxies beyond the Hubble SequenceGalaxies beyond the Hubble Sequence

Starbursts, Starbursts, Seyfert Seyfert galaxies, radio galaxies, quasarsgalaxies, radio galaxies, quasars

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

    Sey NGC 7742

Radio gal 3C31 = NGC 383, blue: opt., red: radio

Galaxies beyond the Hubble SequenceGalaxies beyond the Hubble Sequence

Starbursts, Starbursts, Seyfert Seyfert galaxies, radio galaxies, quasarsgalaxies, radio galaxies, quasars

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

    

SDSS QSO @ z=5.8

Galaxies beyond the Hubble SequenceGalaxies beyond the Hubble Sequence

Starbursts, Starbursts, Seyfert Seyfert galaxies, radio galaxies, quasarsgalaxies, radio galaxies, quasars

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

    
    

Arp 220, Palomar 5m

Arp 220, HST visible

Arp 220, Chandra

Galaxies beyond the Hubble SequenceGalaxies beyond the Hubble Sequence

Interacting galaxies,Interacting galaxies,
Ultraluminous Ultraluminous Infra-Red Galaxies (Infra-Red Galaxies (ULIRGsULIRGs))

NGC 2207 - IC 2163

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

    
    

Arp 220, Palomar 5m

Arp 220, HST visible

Arp 220, Chandra

Galaxies beyond the Hubble SequenceGalaxies beyond the Hubble Sequence

Interacting galaxies,Interacting galaxies,
Ultraluminous Ultraluminous Infra-Red Galaxies (Infra-Red Galaxies (ULIRGsULIRGs))

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

    
    

Arp 220, Palomar 5m

Arp 220, HST visible

Arp 220, Chandra

Galaxies beyond the Hubble SequenceGalaxies beyond the Hubble Sequence

Interacting galaxies,Interacting galaxies,
Ultraluminous Ultraluminous Infra-Red Galaxies (Infra-Red Galaxies (ULIRGsULIRGs))

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008
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Splendid manifold of local galaxiesSplendid manifold of local galaxies  ::

? How & when did they form & how did they evolve ?? How & when did they form & how did they evolve ?

? nature ? nature vsvs. nurture ?. nurture ?

2 approaches :2 approaches :

☛☛  study distant galaxies :study distant galaxies :  identify progenitorsidentify progenitors

high high redshiftredshift

☛☛  study nearby galaxies in detail : traces of their historystudy nearby galaxies in detail : traces of their history

astro-archeologyastro-archeology

Observations =  snapshotsObservations =  snapshots

Evolution of galaxiesEvolution of galaxies  ↔↔    numerical modelsnumerical models

LMC

M 87 NGC 205 M 31

M 32

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

3 Aspects of Galaxy Evolution3 Aspects of Galaxy Evolution

      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

  **2003 2003 Hertha-Sponer Hertha-Sponer Research award DPGResearch award DPG

Toomre '72ffTinsley '68ff

Bruzual '83ff

DynamicalDynamicalChemicalChemical

SpectralSpectral

Observational relations

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Local GalaxiesLocal Galaxies

    Fundamental relations  for Fundamental relations  for Ellipticals Ellipticals & & dEs dEs ::

Color Color –– magnitude relation :  magnitude relation : brighter Es are redderbrighter Es are redder
Luminosity Luminosity ––  metallicity metallicity relation :relation :  brighter Es are morebrighter Es are more

metal-richmetal-rich
Faber Faber –– Jackson relation : Jackson relation :  central velocity dispersioncentral velocity dispersion

     increases with luminosity     increases with luminosity
➔➔        distance determinationdistance determination

Kormendy's Kormendy's relations :relations :
brighter Es have large effective radiibrighter Es have large effective radii
brighter Es have lower (average) surface brightnessbrighter Es have lower (average) surface brightness

..

Sphs Sphs (and GCs) do not follow (and GCs) do not follow Kormendy's Kormendy's relationsrelations
..

Fundamental Plane relations :Fundamental Plane relations :  effective radius effective radius –– surface surface
brightness brightness –– luminosity  luminosity –– central velocity dispersion central velocity dispersion

➜➜      M/L increases with LM/L increases with L

    

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Local GalaxiesLocal Galaxies
    Fundamental relations  for Fundamental relations  for Ellipticals Ellipticals & & dEs dEs ::

Color Color –– magnitude relation :  magnitude relation : brighter Es are redderbrighter Es are redder
(de (de Vaucouleurs Vaucouleurs 61, 72, fffff)61, 72, fffff)

    

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Local GalaxiesLocal Galaxies
    Fundamental relations  for Fundamental relations  for Ellipticals Ellipticals & & dEs dEs ::

Luminosity Luminosity ––  metallicity metallicity relation :relation : brighter Es are more brighter Es are more
metal-rich*metal-rich*

Vader 86,Vader 86,
Bica Bica & & Alloin Alloin 87,87,  
Skillman 89Skillman 89

    

[F
e/

H
]

[F
e/

H
]

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Local GalaxiesLocal Galaxies

      **  how to measure stellar how to measure stellar abundances/metallicities abundances/metallicities in in 
ellipticals/S0s/star clusters:ellipticals/S0s/star clusters:

from absorption lines !from absorption lines !

    The stronger the absorption line of a given atom orThe stronger the absorption line of a given atom or
molecule in a stellar spectrum, the more of it must bemolecule in a stellar spectrum, the more of it must be
in the stellar photosphere (c.f. ionization corrections,in the stellar photosphere (c.f. ionization corrections,
etc.).etc.).

      In integrated spectra of galaxies itIn integrated spectra of galaxies it’’s mores more
complicated: luminosity weighted mean stellarcomplicated: luminosity weighted mean stellar
abundances/metallicitiesabundances/metallicities

      ~ 20 Lick indices, measured in ~ 20 Lick indices, measured in extenso extenso in stellarin stellar
spectra with dependencies on [Fe/H]*, spectra with dependencies on [Fe/H]*, Teff Teff andand
surface gravity studied in detail (e.g. Mg2, surface gravity studied in detail (e.g. Mg2, MgbMgb, , NaDNaD,,
Fe52, Fe52, ……,,  TiOTiO, , ……))

    

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008
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Local GalaxiesLocal Galaxies

      **  what the hell is what the hell is [Fe/H] ?[Fe/H] ?

[Fe/H] : Log stellar [Fe/H] : Log stellar metallicity metallicity or (luminosityor (luminosity  
weighted mean)weighted mean)  metallicity metallicity of aof a  stellarstellar  

populationpopulation

    

  **  how to measure stellar how to measure stellar abundances/metallicities abundances/metallicities in in ellipticals/S0s/star clusters:ellipticals/S0s/star clusters:

from absorption lines ! from absorption lines ! 

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Gaseous & stellar Gaseous & stellar metallicitiesmetallicities

    ☛☛  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 : : [Fe/H] [Fe/H]
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

    

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Stellar & GaseoStellar & Gaseous us MetallicitiesMetallicities

Metallicity Metallicity of the of the Inter Stellar Medium (= ISM)Inter Stellar 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

    

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Local GalaxiesLocal Galaxies

    Fundamental relations  for Fundamental relations  for Ellipticals Ellipticals & & dEs dEs ::

Faber Faber –– Jackson relation :  Jackson relation : central velocity dispersion*central velocity dispersion*
(Faber(Faber  & Jackson 76)& Jackson 76)           increases with luminosityincreases with luminosity

➔➔    distance / mass determinationdistance / mass determination

    

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Local GalaxiesLocal Galaxies

    How to measureHow to measure  velocity dispersion*velocity dispersion*

E.g. elliptical galaxy : integrated spectrum of all itsE.g. elliptical galaxy : integrated spectrum of all its
2 - 2000 billion stars2 - 2000 billion stars
~ 2 - 2000 billion~ 2 - 2000 billion  ××  K-star spectrumK-star spectrum

K-star spectrum : absorption lines with intrinsic widthK-star spectrum : absorption lines with intrinsic width

Elliptical galaxy spectrum : absorption lines areElliptical galaxy spectrum : absorption lines are  
broadened by stellar velocity dispersionbroadened by stellar velocity dispersion

(= random motions of stars)(= random motions of stars)

Comparison of galaxy spectrum with star spectrumComparison of galaxy spectrum with star spectrum
➜➜    stellar velocity dispersionstellar velocity dispersion

    

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008

Local GalaxiesLocal Galaxies
    Fundamental relations  for Fundamental relations  for Ellipticals Ellipticals & & dEs dEs ::

Faber Faber –– Jackson relation :  Jackson relation : central velocity dispersioncentral velocity dispersion
     increases with luminosity     increases with luminosity

(Faber(Faber  & Jackson 76)& Jackson 76)

➔➔    distance / mass determinationdistance / mass determination

LLVV ~  ~ σσεε,, σσ: central : central velocveloc. . dispdisp..

MMrr~ ~ σσ4 4 / (/ (ρρrr r) r)

➜➜      M/L increases with LM/L increases with L
luminousluminous  Es have older stellarEs have older stellar  

populations and/orpopulations and/or
more Dark Mattermore Dark Matter

  εε~ 4 for bright gals~ 4 for bright gals
  εε~~  3.2 for3.2 for  faint galsfaint gals
  εε~ 5.4 for ~ 5.4 for cD cD galsgals

    
(Ziegler+05)(Ziegler+05)

U. U. FritzeFritze, HD Grad. Days 2008, HD Grad. Days 2008
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Local GalaxiesLocal Galaxies
    Fundamental relations  for Fundamental relations  for Ellipticals Ellipticals & & dEs dEs ::

Fundamental Plane relations : Fundamental Plane relations : effective radius effective radius ––  
surface brightness surface brightness –– luminosity  luminosity –– central velocity central velocity    

          dispersiondispersion
            3 global parameters enough to describe structure of3 global parameters enough to describe structure of    

      normalnormal  ellipticalsellipticals, 2-dimensionally correlated: plane, 2-dimensionally correlated: plane

LLVV ~  ~ σσee
aa  IIee

b         b           rree ~  ~ σσee
cc I Ieedd

      aa       bb       cc         dd
            DresslerDressler+87+87 2.652.65 -0.65-0.65 1.331.33 -0.83-0.83
            Djorgovski Djorgovski 3.453.45 -0.86-0.86 1.391.39 -0.90-0.90

            & Davis 87& Davis 87
  ➜➜  M/L increases with LM/L increases with L
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Local GalaxiesLocal Galaxies
      Fundamental relations  for Spirals :Fundamental relations  for Spirals :

    Luminosity Luminosity ––  metallicity metallicity relation : relation : for spirals and for spirals and IrrsIrrs::
  brighter brighter Sps/Irrs Sps/Irrs have higher have higher ISM ISM metallicitiesmetallicities

similar to relation for similar to relation for ellipticals ellipticals (stellar (stellar metallmetall.).)

(Skillman 89)(Skillman 89)

    

[F
e/

H
]

[F
e/

H
]SpiralsSpirals Es, Es, dSphsdSphs
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Redshift Redshift Evolution of Fundamental Evolution of Fundamental PLanePLane

        RedshiftRedshift
      evolutionevolution
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Local GalaxiesLocal Galaxies

Galaxy mix :Galaxy mix :

in the field : normal (=big) galaxies >70% in the field : normal (=big) galaxies >70% SpsSps
                    ~20% Es~20% Es

                <10% S0s<10% S0s

in galaxy clusters : <10% in galaxy clusters : <10% SpsSps
                    ~20% Es~20% Es
                    >70% S0s>70% S0s

dwarf-to-normal galaxy number ratio in clusters muchdwarf-to-normal galaxy number ratio in clusters much
higher than in the fieldhigher than in the field

Galaxy clusters form continuously through Galaxy clusters form continuously through infall infall ofof
field galaxiesfield galaxies

➔➔        transformation of galaxy typestransformation of galaxy types
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Local GalaxiesLocal Galaxies
    Luminosity function for galaxies :  Luminosity function for galaxies :  Schechter Schechter 19761976

    Schechter Schechter LF : LF : ΦΦ(L) = ((L) = (ΦΦ  **/L*)(L/L*)/L*)(L/L*)αα  exp(-L/L*)exp(-L/L*)

LL* * : characteristic luminosity: characteristic luminosity
MMBB* = -19.7 + 5 log h,    * = -19.7 + 5 log h,      h:= Hh:= Hoo/100/100
LLBB* * = 9 10= 9 1099 h h-2-2 L L  ~ 2 10~ 2 101010 L L            for Hfor Hoo=70=70
ΦΦ* * : (local) normalisation = 1.6 : (local) normalisation = 1.6 ··1010-2-2 h h33 Mpc Mpc-3-3

difficult to determine !difficult to determine !
αα    : faint end slope: faint end slope
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Local GalaxiesLocal Galaxies
    Luminosity function for galaxies :  Luminosity function for galaxies :  Schechter Schechter 19761976

    Schechter Schechter LF : LF : ΦΦ(L) = ((L) = (ΦΦ  **/L*)(L/L*)/L*)(L/L*)αα  exp(-L/L*)exp(-L/L*)

LL* * : characteristic luminosity: characteristic luminosity
MMBB* = -19.7 + 5 log h,    * = -19.7 + 5 log h,      h:= Hh:= Hoo/100/100
LLBB* * = 9 10= 9 1099 h h-2-2 L L  ~ 2 10~ 2 101010 L L            for Hfor Hoo=70=70
ΦΦ* * : (local) normalisation = 1.6 : (local) normalisation = 1.6 ··1010-2-2 h h33 Mpc Mpc-3-3

difficult to determine !difficult to determine !
αα    : faint end slope: faint end slope
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Local GalaxiesLocal Galaxies
    Local luminosity functions for galaxiesLocal luminosity functions for galaxies  ::

field galaxiesfield galaxies
break-downbreak-down

into typesinto types

faint end slope faint end slope αα  ~ ~ ––1.11.1
((NNgalgal  ➙➙  infinf. for L. for LBB  ➘➘))

cluster galaxies:cluster galaxies:
steep faint end slopesteep faint end slope

faint end slope faint end slope αα  << << ––1.11.1
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Local GalaxiesLocal Galaxies

    Luminosity function for galaxies :  Luminosity function for galaxies :  Schechter Schechter 19761976
    Schechter Schechter LF : LF : ΦΦ(L) = ((L) = (ΦΦ  **/L*)(L/L*)/L*)(L/L*)αα  exp(-L/L*)exp(-L/L*)

LL* * : characteristic luminosity: characteristic luminosity
MMBB* = -19.7 + 5 log h               h:=H* = -19.7 + 5 log h               h:=Hoo/100/100

              ΦΦ* * : (local) normalisation = 1.6 : (local) normalisation = 1.6 ··1010-2-2 h h33 Mpc Mpc-3-3

difficult to determine !difficult to determine !
αα    : faint end slope: faint end slope

low luminosity galaxies dominate by numberlow luminosity galaxies dominate by number
high luminosity galaxies dominate the lighthigh luminosity galaxies dominate the light

in the local universein the local universe

MMBB* (E) < M* (E) < MBB* (Sa) < M* (Sa) < MBB* (* (SbSb) < M) < MBB* (Sc) < M* (Sc) < MBB* (* (SdSd))
 -21.5          -19.7           -18.9            -18.8           -17.7 -21.5          -19.7           -18.9            -18.8           -17.7

with considerable overlap in Virgo (with considerable overlap in Virgo (SandageSandage+85)+85)
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Local GalaxiesLocal Galaxies

    Schechter Schechter LF : LF : ΦΦ(L) = ((L) = (ΦΦ  **/L*)(L/L*)/L*)(L/L*)αα  exp(-L/L*)exp(-L/L*)
              ΦΦ* * : (local) normalisation = 1.6 : (local) normalisation = 1.6 ··1010-2-2 h h33 Mpc Mpc-3-3

difficult to determine !difficult to determine !
large volume : bright galaxies ok,large volume : bright galaxies ok,

faint galaxies incompletefaint galaxies incomplete

small volume: faint galaxiessmall volume: faint galaxies
complete,complete,

  bright galaxiesbright galaxies  poorpoor
statisticsstatistics

  redshift redshift evolution : clues toevolution : clues to
galaxy evolutiongalaxy evolution    
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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,, HII,

dustdust
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 
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The Hubble Sequence ofThe Hubble Sequence of  Normal GalaxiesNormal Galaxies

    

      early typeearly type       late type galaxieslate type galaxies
  spectraspectra

EE SdSd
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Trends along the Hubble SequenceTrends along the Hubble Sequence

  ☛☛  Morphology : Bulge/disk light ratio Morphology : Bulge/disk light ratio (by definition)(by definition)
  ☛☛  ColoursColours
  ☛☛  SpectraSpectra
  ☛☛  SFRSFR00**
  ☛☛  LuminositiesLuminosities
  ☛☛  Composition: stars, gas, dustComposition: stars, gas, dust
  ☛☛  MetallicityMetallicity: chemical composition: chemical composition

    ? how to explain ?? how to explain ?
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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
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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 !!
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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
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    ☛☛  SFRSFR00*  : how to measure *  : how to measure SFRs SFRs ??

from emission line strengths !from emission line strengths !

Stars are formed with IMF, most massive stars are hotStars are formed with IMF, most massive stars are hot
enough to emit ionizing photons. These ionize theenough to emit ionizing photons. These ionize the
surrounding gas : HII region,surrounding gas : HII region,  which emits radiation:which emits radiation:
continuum & emission lines.continuum & emission lines.

Massive stars are short-lived (10Massive stars are short-lived (105-65-6 yr) yr)
emission lines trace present/very recent SFR.emission lines trace present/very recent SFR.

Hydrogen emission line strength HHydrogen emission line strength Hαα i is a measure ofs a measure of
SFRSFR00  (more accurately of <SFR>(more accurately of <SFR>10 10 Myr Myr ).).

For galaxies at higher For galaxies at higher redshiftredshift, shorter wavelength, shorter wavelength
lines have to be used, e.g. [OII].lines have to be used, e.g. [OII].

UV flux also measures SFR,UV flux also measures SFR,  but rather <SFR>but rather <SFR>100 Myr100 Myr
since stars of somewhat lower mass & longersince stars of somewhat lower mass & longer  

lifetimes contribute to the UV flux.lifetimes contribute to the UV flux.
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Trends along the Hubble SequenceTrends along the Hubble Sequence
  ☛☛  SFRSFR00  :   : Kennicutt Kennicutt & Kent& Kent  19831983
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Trends along the Hubble SequenceTrends along the Hubble Sequence
  ☛☛  Luminosities :Luminosities :

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

MMBB* (E) < M* (E) < MBB* (Sa) < M* (Sa) < MBB* (* (SbSb) < M) < MBB* (Sc) < M* (Sc) < MBB* (* (SdSd))
  -21.5          -19.7           -18.9        -21.5          -19.7           -18.9           -18.8           -17.7 -18.8           -17.7
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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
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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
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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
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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
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