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Goals of the course

✤ Provide a physical characterisation of galaxies

✤ Describe the main physical processes that shape galaxies

✤ Provide methods and tools to investigate galaxies
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What is a galaxy?

✤ Not a trivial question until ~90 years ago
✤ The great Curtis-Shapley debate (1920) 
✤ Edwin Hubble (mid 1920’s)

✤ A galaxy is a self-gravitating object made of:
✤ stars (unless “dark galaxy”...)
✤ gas+dust (InterStellar Medium, ISM)
✤ Dark Matter (DM)

✤ DM is crucial to define a galaxy at low mass (~106 MSun),  
e.g. to distinguish a dwarf galaxy from a globular cluster

✤ Central supermassive Black Hole (SMBH)

https://en.wikipedia.org/wiki/Great_Debate_(astronomy)
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Why study 
galaxies?
✤ Galaxies trace the cosmic evolution, 

from the Big Bang to present day’s 
complexity

✤ Galaxies are mid-way between the 
big cosmological “misteries” (the 
dark sectors) and the “ordinary” 
physics

✤ Galaxies are hosts to stellar and 
planetary systems

✤ Galaxies are a key tile of the puzzle 
to answer the question: where do 
we come from?

✤ Last but not least… galaxies are 
beautiful and fascinating objects! Dark Matter Density Gas Density Gas Temperature

z=0

z=1

z=2

z=4 Credits: Illustris Simulation
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✤ Size and distance: 
✤ pc=3.086e+18 cm ; kpc, Mpc 
✤ [lyr = 0.31 pc = c×3.154e+7sec= 9.461e+17 cm — 1 pc = 3.26156 lyr — “deprecated”]

✤ Distance modulus
✤ Mass: Solar unit: M⊙=1.989e33 g
✤ Luminosity: 

✤ Solar unit: L⊙=3.84e+26 W=3.84e+33 erg s-1

— Note that astronomers often talk of “solar luminosity” and omit “per unit frequency or wavelength”
✤ Flux density (per unit frequency or wavelength)

✤ Magnitudes
✤ cgs: erg sec-1 cm-2 Hz-1 or erg cm-2 sec-1 Å-1 
✤ Jansky: 1 Jy=10-26 Watt m-2 Hz-1 

✤ Surface brightness:
✤ mag arcsec-2 [this notation is math nonsense!!!]
✤ L⊙ pc-2

✤ Speed:
✤ km/s
✤ c (speed of light); z=v/c

Some units/definitions to get familiar with
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Some order-of-magnitude “facts” 
about galaxies
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Luminosity and Mass

1010 LSun

1011 LSun

Luminosity Stellar Mass

Bell et al. (2003)
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Size

✤ A galaxy’s size is not an obvious parameter: always watch out for the 
exact definition

✤ Order of magnitude is kpc, but a range of a factor 10 or even 100 is 
allowed by the Nature

Shen et al. (2003)

1010 LSun 1011 LSun
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Kinematic quantities

✤ Rotation and velocity dispersion
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Persic, Salucci & Stel (1996)

the observable (for example, we will studyX = log !, log Ro
or lo= !2.5 log Io). For each volume-limited catalog, we
fitted for the slope S and zero point of the linear relation. If
there really were a linear relation betweenM andX, and nei-
ther X norM evolved, then the slopes and zero points of the
different volume-limited catalogs would be the same.

To illustrate, the different symbols in Figure 4 show
hlog !|Mi, the Faber-Jackson relation (Faber & Jackson
1976), in our data set. Most data sets in the literature are
consistent with the scaling h!|Li / L1/4, approximately
independent of wave band. For example, Forbes & Ponman
(1999), using a compilation of data from Prugniel & Simien
(1996) report L / !3.92 in the B band. At longer wave-
lengths, Pahre, Djorgovski, & de Carvalho (1998) report
LK / !4.14"0.22 in theK band, with a scatter of 0.93 mag.

Stars, circles, diamonds, triangles, squares, and crosses
show the relation measured in volume-limited catalogs of
successively higher redshift (redshift limits are the same
as in Fig. 1). The galaxies in each subsample were further
divided into two equal-sized parts based on luminosity.
The symbols with error bars show the mean log ! for
each of these small bins in M, and the rms spread around
it (note that the error on the mean is smaller than the
size of the symbols in all but the highest redshift cata-
logs). The solid line shows the maximum likelihood esti-
mate of the slope of this relation at z = 0, which we

describe in x 4. Comparison with this line shows that the
higher redshift population is slightly brighter. The slope
of this line is shown in the top of each panel: ! / L1/4,
approximately, in all the bands, consistent with the
literature. The zero point, however, is different; at fixed
luminosity, the objects in our sample have velocity
dispersions that are smaller than those reported in the
literature by about log ! = 0.05.

We have enough data that we can actually do more
than simply measure the mean X at fixed M; we can also
compute the distribution around the mean. If we do this
for each catalog, then we obtain distributions that are
approximately Gaussian in shape, with dispersions that
depend on the range of luminosities that are in the sub-
sample. Rather than showing these, we created a compo-
site catalog by stacking together the galaxies from the
nonoverlapping volume-limited catalogs, and we then
divided the composite catalog into five equal-sized bins in
luminosity. The histograms in the bottom of the plot
show the shapes of the distribution of velocities in the
different luminosity bins. Except for the lowest and high-
est redshift catalogs for which the statistics are poorest,
the different distributions have almost the same shape;
only the mean changes.

Onemight have worried that the similarity of the distribu-
tions is a signature that they are dominated by measurement

Fig. 4.—Relation between luminosity L and velocity dispersion !. Stars, circles, diamonds, triangles, squares, and crosses show the error-weighted mean
value of log ! for a small range in luminosity in each volume-limited catalog (see text for details). (Only catalogs containingmore than 100 galaxies are shown.)
Error bars show the rms scatter around this mean value. Solid line shows the maximum likelihood estimate of this relation, and the label in the top left shows
the scaling it implies. Histograms show the distribution of log ! in small bins in luminosity. They were obtained by stacking together nonoverlapping volume-
limited catalogs to construct a composite catalog, and then dividing the composite catalog into five equal-sized bins in luminosity.

1854 BERNARDI ET AL. Vol. 125

Bernardi et al. (2003)
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Mass Budget

✤ “Baryons” vs Dark Matter
✤ Cosmic fraction of baryons: 

16%
✤ In galaxies: baryons are just 

a few % (e.g. in M33: ~2%)
✤ Gas vs stars

✤ Cold gas fraction can range 
from ~0 to ~1

✤ In the Local Universe a 
typical star-forming spiral 
has 10-30% of baryonic mass 
in form of neutral hydrogen 
(HI)

✤ Dust is typically <1%

DM

Stars

Gas

Re Corbelli et al. (2014)

M33
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Environment
Leo Triplet

Virgo Cluster

Coma Cluster
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Programme

1. Introduction about galaxies and their basic 
morphological properties

2. Morphology and structure of (spiral) galaxies 
3. SED interpretation I: introduction and basic 

notions of stellar populations
SED from UV to FIR and Radio
The optical continuum as the sum of stellar 
spectra

Stellar spectra and their dependence on 
mass, age, chemical composition
Stellar Population Synthesis
Attenuation by dust

4. SED interpretation II: stellar population 
properties from optical/NIR 
spectrophotometry

5. SED interpretation III: star formation and 
interstellar medium

6. Scaling relations of stellar populations and 
ISM

Global & local
Chemical enrichment processes
Stellar and AGN feedback

7. Kinematics and dynamics of spiral galaxies
8. Kinematics and dynamics of elliptical 

galaxies
9. Processes of dynamical evolution of galaxies
10.Galaxies and their Environment
11. Active Galactic Nuclei (AGNs) and 

SuperMassive Black Holes (SMBHs)
Impact on SEDs - diagnostic diagrams
Measuring SMBHs and their scaling relations

12.Overview of the redshift evolution of galaxy 
properties
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Morphology

✤ A morphological classification is the first 
approach to try and organize our knowledge 
about galaxies (as about anything else...)

✤ Obvious visual distinction between spiral and 
elliptical morphology (first hint at bimodality)

✤ What kind of structure (and physical property) is relevant for a morphological 
classification?

✤ observationally driven vs physically driven classification:  
what is relevant depends (also) on our questions
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Morphology: brief 
historical review
✤ The Hubble’s tuning fork

Hubble, 1926, ApJ, 64, 321
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S0 galaxies

✤ Sandage (1961): nucleus, lens, envelope

✤ Evolution across the Hubble sequence?

Galaxy morphology 165

Fig. 2.7. NGC2784 displays the main elements – nucleus, lens, and envelope, that
define an S0 galaxy (Sandage 1961).

Fig. 2.8. These galaxies show the main S0 galaxy categories descibed in the Hubble
and Carnegie atlases of galaxies.

158 Ronald J. Buta

Fig. 2.1. Does the similarity between these two galaxies, one an intermediate-type
spiral and the other a late S0, imply an evolutionary connection?

extrinsic factor affecting the morphology of nearby galaxies. As a disk-
shaped galaxy is viewed from a face-on orientation to an edge-on orientation,
the appearance of familiar morphological features can change. For example,
a bar may become so foreshortened that it is not recognisable. If a bar has
significant three-dimensional structure, its face-on shape can be lost while
its edge-on shape becomes its distinguishing characteristic. Rings and spiral
patterns can be lost or less recognisable, although, as shown in B13, these
features may still be evident even at inclinations as high as 81◦.

Wavelength of observation. The influence of dust and star formation on
spiral galaxy morphology has a strong wavelength dependence (Fig. 2.2).
The blue (B) band, the historical waveband of galaxy classification studies,
is sensitive to reddening and extinction by dust, and to the hot blue stars
associated with star-forming regions. As wavelength increases from B to
the near-infrared (IR), the dust becomes more transparent, reddening and
extinction are reduced, and the influence of star-forming regions diminishes,
giving spiral galaxies a smoother appearance in the red and near-IR.
However, a curious thing happens in the mid-IR. In this wavelength domain,
the ultraviolet energy absorbed by dust grains in star-forming regions is

Buta, arXiv:1304.3529v1
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More complexity...
172 Ronald J. Buta

Fig. 2.16. Classification of NGC3081.

galaxies, their existence would widen the parameter space at the left end of
the VRHS. However, recent studies have indicated that dEs and dS0s are
likely not connected to actual E or S0 galaxies but to Magellanic irregulars.
Kormendy & Bender (2012) have suggested that dEs and dS0s are environ-
mentally modified Magellanic irregulars, and that the true dwarf members of
the E galaxy class are objects like the compact Es in Fig. 2.78. Kormendy &
Bender have proposed renaming all dE and dS0 galaxies ‘spheroidals’. This
connects these objects directly to galaxies referred to as ‘dwarf spheroidals’
and dwarf irregulars in the Local Group. Detailed studies of Local Group
dwarf spheroidals and irregulars reveal systems with a complex star forma-
tion history (Mateo 1998).
Dwarf spirals are a controversial subject; only a few genuine cases are

known. IC3328, a dE, was shown to be a true dwarf spiral by Jerjen et

al. (2000). NGC3928 was recognised as a dwarf spiral by van den Bergh
(1980). It is shown relative to the supergiant spiral UGC6614 in Fig. 2.18.

2.4 Tuning fork controversy

The RHS and VRHS classifications have always had a problem with early-
type galaxies:

168 Ronald J. Buta

Fig. 2.11. The de Vaucouleurs (1959) revised Hubble-Sandage classification system.

Fig. 2.12. Family and variety in the VRHS as continuous characteristics (from B13).

168 Ronald J. Buta

Fig. 2.11. The de Vaucouleurs (1959) revised Hubble-Sandage classification system.

Fig. 2.12. Family and variety in the VRHS as continuous characteristics (from B13).
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“Special” classes

✤ LSB giant galaxies

✤ dwarf galaxies: 

✤ dE, dS0, (d)Sph (see Kormendy & Bender 2012)

✤ dIrr, dIm

~100 kpc!
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Giant Elliptical: M87

Dwarf Elliptical: VCC1491 Fornax dSph (Local Group)

dIm: Large Magellanic Cloud
©Eckhard Slawik. Image via ESA

from Wikipedia

SDSS

dIrr galaxy: NGC1569



Stefano Zibetti - INAF OAArcetri - Astrophysics of Galaxies  - Course 2019/2020 - Lecture I



Stefano Zibetti - INAF OAArcetri - Astrophysics of Galaxies  - Course 2019/2020 - Lecture I

Dependence on observing 
“conditions”
✤ Wavelength

✤ for historical reasons morphological classes are defined on blue/
visible light images, i.e. sensitive to starlight and to ~young stars in 
particular, but also to dust attenuation

✤ longer wavelengths up to 2.5μm are sensitive to older stars (~bulk 
of stellar mass) and less sensitive to dust

✤ at λ>3μm ISM/dust emission kicks in
✤ at shorter λ (UV) more and more sensitive to the youngest stars 

and to dust absorption
✤ Resolution

✤ especially fine morphology becomes harder and harder when you 
loose resolution, impossible to spot small bars, rings, lenses etc.
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A panchromatic view of M51

FUV (1500 Å) NUV (2500 Å) SDSS-u (3500 Å) SDSS-g (5000 Å)

SDSS-r (6000 Å) SDSS-i (7500 Å) SDSS-z (8500 Å) H (1.65μm)

3.6 μm 5.8 μm 8 μm

Hα
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Observing conditions: telescope and seeing

Courtesy F. Mannucci

Omega Centauri without and with AO 
— ESO-MAD, from Marchetti et al. (2008)

M92
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Effects of seeing
✤ Seeing degrades resolution

✤ Loss of details in the structure

✤ Sharp peaks are smoothed, cuspy profiles are flattened

No. 2, 2010 A CATALOG OF DETAILED VISUAL CLASSIFICATIONS FOR 14,034 GALAXIES 451

sesneLsgniRsraB

Figure 22. Dependence of fine fraction on seeing. Top: histogram distribution of seeing (PSF FWHM in arcsec) for (a) bars, (b) rings, and (c) lenses. The histograms
have not been corrected for volume effects. Bottom: fractional histogram for (d) bars, (e) rings, and (f)lenses as a function of seeing. For barred galaxies, the distribution
of strong (red, dotted line), intermediate (purple, long dashed line), and weak (blue, short dashed line) bars are shown. For ringed galaxies, inner (blue, short dashed
line), outer (purple, long dashed line), and combination (red, dotted line) ring distributions are shown. In galaxies with lenses, inner (blue, short dashed line) and outer
(purple, long dashed line) lens distributions are shown. The solid black line shows the total distribution.
(A color version of this figure is available in the online journal.)

8.1. Local Statistics

A summary of the statistics of our sample is given in
Table 3. The T-Type distribution clearly shows that elliptical
and classical spirals are well represented but objects later than
Scd are not in comparison. This is of course entirely as expected,
since any apparent magnitude-limited sample has an absolute
magnitude distribution peaking around M⋆. Elliptical and S0
galaxies account for 34% of our sample, classical spirals 61%
and very late types, including peculiars/mergers, approximately
5%. We postpone the discussion on abundances of fine classes
(bars, rings, lenses) and interacting objects to a forthcoming
paper in the series along with the correlations seen with active
galactic nucleus (AGN) activity but provide a brief overview
here. Figure 24 shows the distribution of (a) galaxies with
definite bars, rings, and lenses, and (b) galaxies defined as
AGNs, pure Seyferts, and pure LINERs, as in Kauffmann et al.
(2003a).6 For objects later than ES0 but with no inclination
cut, we find bars, rings, and lenses are 26% ± < 0.5%,
25% ± < 0.5%, and 5% ± < 0.5% of our sample population,
respectively. We find rings and lenses are located nearly entirely
in classical spirals (classes earlier than Scd), though there is
a strong T-Type dependence as can be seen in Table 3 with a

6 Seyfert galaxies are defined to have [O iii]/Hβ > 3 and [N ii]/Hα > 0.6
while LINERs have [O iii]/Hβ < 3 and [N ii]/Hα > 0.6.

ring fraction peak of 42% for Sa galaxies. Bars are distributed
through all disk T-Types as expected. Figure 24(b) shows the
AGNs in our sample are dominated by pure LINERs (19%)
with far fewer pure Seyferts (3%). The total AGN fraction is
approximately 29% in our sample, though again, from Table 3,
there may be a T-Type dependence. We find AGN fraction is
highest for classical spirals, with 45% of Sa galaxies being
active.

8.2. Interacting Galaxies

Table 4 provides a summary of the different types of inter-
acting objects in our sample, specifically objects with tidal tails
or shells as well as objects identified in close pairs with another
galaxy. Galaxies under the “general” column are disturbed but
have not been placed into any of the previous categories. Objects
listed as pairs are objects with a nearby interacting companion
and include both the early and late stages of interaction. Inter-
action classifications are not mutually exclusive, and there is
overlap between some of the columns (galaxies with shells or
tails can also be in pairs). In total, there are 969 (7%) interact-
ing objects in our sample. 30% ± 2% of the interacting objects
host an AGN, similar to 29% ± 0.5% of non-disturbed galaxies.
However, the AGN fraction differs among the different classes
of interacting objects. Considering only those close pairs which
are at an early stage of interaction (171) we find a slightly re-

Nair & Abraham (2010)

SD
SS


