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Chapter 5

Spiral Galaxies
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5.1 Components of Spiral Galaxies

Disk: metal rich stars, strong rotation, star formation, HI, H2-gas, molecular clouds,
dust, hot gas (heating by star formation and supernovae)

Bulge: metal poor to super metal rich stars, weak rotation, concentrated in the central
part, (barrish?)

Stellar halo: metal poor stars, little/no rotation, wide variety of orbits, globular clusters,
X-ray gas, low density HI/HII-gas

Dark halo: dominating mass outside of 10 kpc, (maybe) slightly flattened

Galaxies, Cosmology and Dark Matter Summer 2000



CHAPTER 5. SPIRAL GALAXIES Page 134

5.2 Radial Brightness and Density Profiles

see: T. Boroson (1981) ApJS, 46, 177
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Surface Brightness Distribution:

Bulges: typically de Vaucouleurs or r
1
4-profile
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Σ : surface brightness
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Disks: typically exponential profile, R0 = scale length

Σ(r) = Σ0e
− r
R0

Ltot = 2πΣ0R
2
0

Density distribution:

Stellar halo: existence confirmed only in the Milky Way (µ & 26 mag
arcsec2)

ρH ∼ r−3.5, ρH(R�) ' ρdisk
1000

Globular clusters: ngc ∼ r−3.5, ngc(10kpc) ' 10−3kpc−3 (in the Milky Way)

Dark Matter Halo: ρDM ∼ r−2, r < 100...200 kpc
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5.3 Characteristic Parameters of Bulges and Disks

M31 Galaxy
Bulge
Luminosity (LB,�) 7.7× 109 2× 109

Luminosity (fraction of total) 0.25 0.12
Effective radius (kpc) 2.2 2.7
Axis ratio 0.57 0.85
Velocity dispersion (kms−1) 155 130
Number of globular clusters 400− 500 160− 200
Disk
Luminosity (LB,�) 2.4× 1010 1.7× 1010

Central surface brightness (
LB,�
pc2

) ∼ 95 ∼ 110

Scale length (kpc) 6.4 5.0
B - V (errors about 0.1) 0.76 0.85
HI gas content (M�) 3× 109 4× 109

Rotation velocity (kms−1) 260 220
IRAS infrared luminosity (L�) 2.6× 109 1.5× 1010

Gas metallicity gradient (dex kpc−1) −0.04 −0.08
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5.4 Globular Cluster Systems of Galaxies

Besides disk and bulge, the globular clus-
ter systems and the halo stars are other
important components of spirals. Com-
pared to disks and bulges these compo-
nents are by a factor of 10 . . . 1000 more
metal poor. Typical ages for globular clus-
ters in the Milky Way are 12 Gyr to 15 Gyr.
Therefore, globular clusters and halo stars
seem to be the oldest objects in spirals
(consistent with their metallicity).
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see: Zinn (1985)
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see: Gilmore, King, van der Kruit (1989)
Saas Fee Course
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5.5 Star Formation History in Spirals

The Hα-line strength and the far-infrared luminosity provide information
about the present star formation rate Ψ in galaxies. The Hα strength is di-
rectly proportional to the ionizing flux of massive, hot stars and thus to the num-
ber of these stars that is a measure of the actual star formation rate. The far-IR-
luminosity comes from warm dust grains which are surrounding the star formation
regions. These grains absorb a large fraction of the UV photons, heat up and
radiate blackbody radiation at their equilibrium temperature.

Colours and Hα-equivalent widths provide information about the star forma-
tion history. A high star formation rate in the past will have produced many low-
mass red stars that cause the galaxy to appear redder and to have more continuum
light. The Hα-equivalent width (a measure for the strength of the Hα emission rel-
ative to the underlying continuum) is an indicator of how many stars are currently
formed relative to the average star formation rate over the history of the galaxy.
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Comparing the Hα-flux with colours leads to:

present Ψ

〈Ψ〉
=

 < 1 for Sa...Sb
' 1 for Sc
> 1 for Sd...Im

(for a schematic star formation history of different Hubble types see Sandage
(1996))

The relation between the equivalent width of Hα compared to a colour (e.g. B-V)
is an indicator for the slope of the initial mass function (IMF). Current data show
compatibility with the Salpeter IMF and are probably incompatible with a Miller-
Scalo IMF.

Equivalent width (EW):

This is the width of a section of the continuum near the line which contains as much
light as is either contributed by the line (for an emission line) or blocked by the line (for
an absorption line).

EW =

∫
fλ,line dλ

fλ,continuum
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see: Kennicutt et al. (1983) AJ, 88, 1098
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see: Kennicutt et al. (1983) AJ, 88, 1098
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see: Kennicutt et al. (1983) ApJ, 272, 54

SFR Ψ:
Ψ

M�/yr
' LHα

1041erg/sec

underlying assumption is the
so-called case B approximation:

Photons of the Lyman-continuum
are completely absorbed and
reemitted as Lyα, Hα, etc. (see
Osterbrock: Astrophysics of
Gaseous Nebulae)
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see: Devereux et al. (1990) ApJ, 350, 25

Galaxies, Cosmology and Dark Matter Summer 2000



CHAPTER 5. SPIRAL GALAXIES Page 147

see: Devereux et al. (1990) ApJ, 350, 25

O/B stars→
photons of
the Lyman
continuum

↗ ionisation of the gas

↘ heating of the dust to
10...1000 K

→ Lyα, Hα, etc. photons

→ thermal far-IR
emission
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see: Kennicutt et al. (1983)
ApJ, 272, 54

The three evolutionary models use different
IMF (from top to bottom):
Φ ∼ m−2

Φ ∼ m−2.35

Φ ∼ Miller-Scalo IMF

Wλ '
Hα flux

continuum flux
' present SFR

luminosity of old stars
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see: Kennicutt et al. (1983) ApJ, 272, 54
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see: Sandage et al. (1989) A&A, 161, 89
very schematic
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5.6 Stellar Population of the Galactic Bulge

Stars of the bulge are old low mass stars with ages of 5...12 Gyr (as observed in
‘Baade’s window’)

The metallicity distribution ist consistent with a closed-box-model , which can be
derived as follows:
The mass of the not yet processed gas as a function of its metallicity is:

Mg(Z) = Mg,0 exp

(
−Z
y

)
which has the derivative:

dMg(Z) = −Mg,0

y
exp

(
−Z
y

)
dZ

dMg(Z) is the fraction of mass with a metallicity in the interval [Z, Z + dZ].
After −dMg(Z) is processed into stars with the mass dMs(Z), the metallicity of the
gas is in the interval [Z + dZ, Z + 2 dZ] (dMs = −dMg).
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Therefore the metallicity distribution of the stars is:

1

Ms

dMs

dZ
= − 1

Mg,0

dMg

dZ
=

1

y
exp

(
−Z
y

)
with Ms = Mg,0 normalized to 1

The yield y of metals can be derived from the mean metallicity of the stars:

y ' 2Z� ' 0.04

which means that the metal production of the bulge was 4% of the mass locked
into remnants (higher than in disk?)
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The tip of the AGB can be used
as age estimator⇒ age > 5 Gyr

see: ESO/CTIO Workshop on Bulges of Galaxies (1990)
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see: ESO/CTIO Workshop on Bulges of Galaxies (1990)
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5.7 Stellar Population in the Solar Neighbourhood

Two key observations:

Metallicity-velocity diagram shows ‘two’ populations:
⇒ disk-population with vrot ' 220 km

s and [Fe/H] ' −1.0... + 0.5
⇒ halo-population with vrot ' 0 km

s and [Fe/H] ' −0.5...− 3.0 (like GC!)

The metallicity-age diagram for the disk population shows a relatively con-
tinuous age distribution between today and 10− 13 Gyr (this is consistent with
observations of external galaxies, see: Kennicutt).
The metallicity distribution in the solar neighbourhood is not compatible with
a simple closed-box-model : there are not enough metal-poor stars (”G-dwarf
problem”). Probable reasons may be pre-enrichment of the disk gas due to bulge
formation, radial gas flows or continuous infall of gas.
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Element abundances in solar neighbourhood:

see: Wheeler et al. (1989) ARAA, 27

[α/Fe] = logarithmic ratio
between mass of α ele-
ments (O, Mg, . . . ) and
Fe mass normalized to
the sun:

[α/Fe] = log
ρα/ρα�
ρFe/ρFe�

The abundance ratios
are correlated with the
kinematics of the stars.
Stars with little rotation
(halo stars) have low
metallicity and high α/Fe
ratios and therefore have
been formed very early
when the galaxy was in
the early phases of col-
lapse (see SN II vs SN Ia
enrichment).
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see: Tinsley (1980) Fundamental of Cosmic Physics, 5, 287
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see: Tinsley (1980) Fundamental of Cosmic Physics, 5, 287
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see: Pagel (1993) Instituto Astrofisica di Canarias Winter School
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Properties of the Galaxy and the solar cylinder:

Galaxy solar cylinder
Age 10 to 15Gyrs

Mass now in stars 7 ∗ 1010M� 45M�pc
−2

Mass now in gas ≈ 7 · 109M� 7 to 14M�pc
−2

Gas fraction 0.1 0.14 to 0.25
Surface brightness 23mV , mbol arcsec

−2

(M/LV ) / (M/LV )� 5 3
Processes tending to deplete the gas:

Average past SFR (5− 7)α−1M�yr
−1 (3− 4.5)α−1M�pc

−2Gyr−1

Gas consumption time ≈ 1Gyr 1.5 to 5Gyr
Processes tending to restore the gas:

Mass ej. from AGB + PN 0.8M�pc
−2Gyr−1

Mass ej. from O stars ≈ 0.05M�pc
−2Gyr−1

Mass ej. from SN ≈ 0.15M�yr
−1 ≈ 0.05M�pc

−2Gyr−1

(Total mass ejection from stars ≈ 1M�pc
−2Gyr−1)

Net inflow from IGM ≤ 2M�yr
−1 ≤ 1M�pc

−2Gyr−1

see: Pagel (1993) Instituto Astrofisica di Canarias Winter School
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Classical interpretation of these data by Eggen, Lynden-Bell and Sandage:
(see: (1962) ApJ, 136, 748)

The Galaxy was built in two phases:

1. In the beginning the gas collapsed within a few hundred million years from a large
volume:
→ metal poor stars (and GCs) with negligible rotation→ halo

2. After that a slower, dissipative phase followed:
→ because of its angular momentum, the gas concentrated more and more in the
disk (it may have been pre-enriched with metals expelled during bulge-formation).
→ stars formed in the disk due to instabilities and triggering by the continuous infall
of gas.

This model is very likely to be too simple but correct in essence!

The modern view is that galaxies form via hierarchical clustering.
(see, e.g., discussion in Norris, J. (1987) in The Galaxy,
or Katz, N. (1992) ApJ, 391, 502)
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