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A bit of history…



Seyfert galaxies

Broad-line emission from galactic nuclei are know since early 1900’s

The displayed broad lines could only be excited by photons more energetic than 
those from young stars

Carl Seyfert



QSO first discovery

Boom of radioastronomy in 1950s: Third Cambridge (3C) Catalogue

Most 3C sources were identified with elliptical galaxies
…but a few looked point-like (like stars)

They indicated redshifts unusually high for such bright objects

Maarten Schmidt3C 273 has B,V < 13 mag and z=0.158

And contemporary works by Sandage, Matthews, etc.



Searching for far away QSOs

Fan et al. (2006)



Farthest QSOs known to date

Mortlock et al. (2011)

z=7.085

Very rare objects:  < 1 quasar per Gpc^3 at z=6,  or <1 per 100 sq. deg.

Bañados et al. (2017)

z=7.54



The AGN components



QSO and AGN

AGN/QSO classification is complex  - QSO are the the most luminous AGN
(outshine host galaxy, so they look point-like)

Credit: A. Simonnet

✦ blue light excess

✦ light variability in some cases

✦ optical light polarisation

✦ X-ray emission due to accretion

✦ radio quiet or loud (some with jets)

✦ some have broad (> 1000 km/s)  line  
emission (permitted lines) - AGN type 1

✦ Others only narrow lines - AGN type 2



The central engine
The central engine is a supermassive black hole accreting gas

Black hole mass ~ 10    - 10    Msun - event horizon size of solar system6 8

Gas supplied at a rate of ~ 1 Msun/yr

Gas being accreted forms a disk which is heated by friction
UV, optical and X-ray 

14.3. MAXIMUM ENERGY RELEASE IN SPHERICAL ACCRETION 337

Table 14.1: Energy released by accretion onto various objects

Accretion onto Max energy released (erg g−1) Ratio to fusion
Black hole 4.5×1020 75
Neutron star 1.3×1020 20
White dwarf 1.3×1017 0.02
Normal star 1.9×1015 10−4

14.3 Maximum Energy Release in Spherical Accretion

The most spectacular consequence of accretion is that it is
an efficient mechanism for extracting gravitational energy.

• The energy released by accretion is approximately

∆Eacc = G
Mm
R

,

whereM is the mass of the object, R is its radius, and
m is the mass accreted.

• In Table 14.1 the amount of energy released per gram
of hydrogen accreted onto the surface of various ob-
jects is summarized (see Exercise).

• From Table 14.1, we see that accretion onto very
compact objects is a much more efficient source of
energy than is hydrogen fusion.

• But accretion onto normal stars or even white dwarfs
is much less efficient than converting the equivalent
amount of mass to energy by fusion.
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Credit: M. Guidry

338 CHAPTER 14. BLACK HOLES AS CENTRAL ENGINES

Let us assume for the moment, unrealistically, that all ki-
netic energy generated by conversion of gravitational en-
ergy in accretion is radiated from the system (we address
the issue of efficiency for realistic accretion shortly). Then
the accretion luminosity is

Lacc =
GMṀ
R

≃ 1.3×1021
(

M/M⊙

R/km

)(

Ṁ
g s−1

)

erg s−1,

if we assume a steady accretion rate Ṁ.



The broad-line region

Urry & Padovani (1995)

Broad-line region extends 0.01-0.1 pc 
around central engine

Very hot gas clouds w/ v ~1000-10,000 km/s

Although different components are 
present (scaled) in both stellar and 
supermassive black holes, broad-line 
regions are exclusive to supermassive 
black holes

Direct visibility is extremely difficult



The dusty torus

Current evidence suggests that dusty 
torus is clumpy rather than homogenous

Tristram et al. 

Circinus



The narrow-line region

Urry & Padovani (1995)

Narrow-line region extends 100-1000 pc
out of central engine

Well resolved for nearby AGN with HST

Gas clouds w/ v ~100-500 km/s

Overlaps host galaxy (distinction unclear)



AGN Classification



The Unification Scheme

Urry & Padovani (1995)

AGN type 1-2 classification depends only 
on the viewing angle

Key: polarised light



Spectral Properties



The SED contribution of different regions

Figure credit: B. Venemans
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11/12/2017	 Quasars	and	their	host	galaxies	in	the	EoR,	Bariloche		⎯		Bram	Venemans	
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The Astrophysical Journal, 785:154 (22pp), 2014 April 20 Leipski et al.
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Figure 2. Schematic representation of the components used for SED fitting. As
an example, we use the observed photometry of the z = 5.03 QSO J1204−0021.
(A color version of this figure is available in the online journal.)

The rest frame UV/optical and infrared SEDs of these
10 objects can be fitted well with a combination of these 4
components. The best fitting model combinations are shown
in Figure 3 and Table 6 summarizes some basic properties
determined from the fitting. Using these fits we also determine
the relative contributions of the different components to the total
infrared SED. For this we combine the dust component in the
NIR and the torus model, both of which are likely to be powered
by the AGN. We compare this AGN related emission to the
additional FIR component and show their relative contributions
to the total infrared emission as a function of wavelength in
Figure 4. We see that in the presence of luminous FIR emission
(LFIR ∼ 1013 L⊙), this component dominates the total infrared
SED at rest frame wavelengths above ∼50 µm for all 10 objects.
This means that in such cases of strong FIR/submillimeter
emission, rest frame wavelengths !50 µm isolate the additional
FIR component without the need for full SED fits (at least
in our modeling approach). The possible heating source for
the additional FIR component (AGN versus star formation) is
further discussed in Section 4.4.

We also extend a similar SED fitting approach to objects
with fewer Herschel detections. In cases where two PACS
detections are available (nine sources), these data provide
sufficient constraints for the torus model, while the upper limits
in the SPIRE bands (and in the millimeter where available; see
Table 4) limit the contribution of the additional FIR component
(fixed to a temperature of 47 K). These fits are presented in
Figure 5 and some basic properties derived from the fitted
components are presented in Table 6. From this table we use the
UV/optical luminosity and the AGN-dominated dust luminosity
to show that the ratio of the AGN-dominated dust-to-accretion
disk emission decreases with increasing UV/optical luminosity
(Figure 6). This behavior may reflect the increase of the dust
sublimation radius for more luminous UV/optical continuum
emitters (e.g., Barvainis 1987) which, under the assumption of a
constant scale height, is often explained in terms of a decreasing
dust covering factor with increasing luminosity in the context
of the so-called receding torus model (Lawrence 1991).

The measured FIR fluxes for our 10 FIR-detected objects fall
only moderately above the 3σ confusion noise limit (Table 5).
Thus, the photometric upper limits for the nine FIR non-
detections (i.e., only detected in PACS) yield upper limits on
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Figure 3. SEDs of the 10 quasars detected in at least four Herschel bands. The
plots shows νFν in units of erg s−1 cm−2 over the rest frame wavelength. The
colored lines indicate the results of a multi-component SED fit as described
in Section 4.1. They consist of a power-law (blue dotted), a blackbody of
T ∼ 1200 K (yellow dash-dotted), a torus model (green dashed), and a modified
blackbody of ∼47 K (see Table 6; red long dashed). The black solid line shows
the total fit as the sum of the individual components.
(A color version of this figure is available in the online journal.)

LFIR that do not differ significantly from the detection on an
individual basis (Table 6). Further constraints on the average
FIR properties of the PACS-only sources are provided by a
stacking analysis as presented in Section 4.4.

4.2. The SEDs at λrest < 4 µm

For two-thirds of the sample, the upper limits in the Herschel
observations do not provide strong constraints to MIR or FIR
components to allow full SED fitting. We therefore chose to
limit the fitting to rest frame wavelengths corresponding to the
MIPS 24 µm band (∼3–4 µm rest frame) and shorter where
the majority of the sources is well detected. For these data we
fit a combination of a power-law in the UV/optical and a hot
blackbody in the NIR. To minimize the influence from emission
lines (e.g., Lyα, Hα) and the small blue bump on the fitted
power-law slope, we limit the data points to Spitzer bands at
λobs " 5.8 µm and only using the y-band photometry in the
rest frame UV. In those cases where no y-band photometry is
available (five objects), we use the z-band instead. For selected
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The X-ray spectrum

Credit: G. Risaliti



The optical spectrum

Broad lines 

Narrow lines 

BPT 
diagram



General Review



 Summary of what you have learned in this course

• Classify galaxies according to morphology 

• Measure galaxy light profiles

• Quantitatively describe the statistical properties of stellar populations within 
 galaxies 

• Measure distances to different astronomical objects

• Quantitatively describe stellar motions in a galaxy as consequence of 
gravitational potential

• Basics of gravitational lensing / reionisation

• Basics of the dynamics and other main properties of the Milky Way

• Main photometric and spectral differences between elliptical and spiral galaxies 

• Differences in the study methodology between nearby and distant galaxies
   (resolved vs. integrated galaxy view)
• Calculate, under simple assumptions, the level of a galaxy chemical enrichment
• Fundamental properties and classification of AGN

• Techniques to search for high-redshift galaxies



 Galaxy Morphology

Galaxy morphology is a consequence of galaxy formation, 
evolution and environment

I(r) = Ie exp

n

�bn [(r/re)
1/n � 1]

o

5 

Connecting profile shape to total flux 

The best method for measuring the flux of a galaxy is to measure its 

profile, fit a Sersic fn, and then derive the flux. 

Galaxies – AS 3011 9 
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)
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∫ exp(−x)dx

L = 2πI0α
2
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∫ exp(−x)dx

Recognise this as the Gamma fn (Euler's integral or factorial fn) :

Γ(z) = t z-1

0

∞

∫ e
− t
dt = (z −1)!

So :    L = 2πI0α
2
nΓ(2n)

Or for integer n :   L = πI0α
22n(2n −1)!= πI0α

2(2n)!
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L = (2n)! π Σ0 α
2 

-  Very important and useful formulae which connects the total 
luminosity to directly measureable structural parameters. 

-  Most useful when expressed in magnitudes: 

-  For n=1:  

-  For n=4: 

-  So for fixed m as   

-  Note: SBs are like mags low value = high SB, high value=low SB !! 

€ 

10−0.4m = (2n)!π10−0.4µα 2

−0.4m = −0.4µ + log[(2n)!πα 2]

m = µ − 5log(α) − 2.5log[(2n)!π ]

€ 

m = µ
o
− 5log10α − 2

€ 

m = µ
o
− 5log10α −12.7

€ 

α↑µ
o
↑ I

o
↓



 Stellar Populations

Integrated galaxy properties are the consequence of the
 dominant stellar populations 

Relation between Mass and Magnitude
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M(M)

The simplest IMF is that inferred by Salpeter (1955), which is a power-law

 (M) / M�2.35

can be determined from theory or observation…

theory doesn’t work very well…

assume a simple function

The Initial Mass Function (IMF)

There are a number of different IMFs.

Most evidence suggests that the stellar IMF is universal, meaning 
it always have the same form. But this is hard to test.

Evolution of Stellar Populations
Stars with masses <1.5 M⊙ live for >2.5 Gyr and put out most energy after the MSTO

For these low-mass stars, the MS lifetimes are
�MS

10 Gyr
�

�
M
M�

��3

dN/dM � K(M/M�)��Assume the IMF to be a power-law with α≤-2.35 for !GB, then                                    
the luminosity is	

L � KM�EGB(MGB)
30 Gyr

�
MGB

M�

�4��

e.g., 1 M⊙ star puts out EMS~10.8 L⊙ Gyr on the MS and EGB~24 L⊙ Gyr on RGB, HB and AGB

L �
�

EGB
dN

dM

�

MGB

����
dMGB

dt

����
energy released on GB per star times the 
change in the number of stars per unit time

If stars of mass M emit a total energy of EGB on the giant branch, then the luminosity of the 
population will be

MGB

M�
�

�
�MS

10 Gyr

��1/3
Note: GB lifetimes are ~10% of MS lifetimes, so the range of 
masses on the GB is small, approx. that of MSTO.or

differentiate and then substitute τms in terms of MGB

dM
dt

� �1
3

�
MGB

M�

�4 �
M�

10 Gyr

�
and so

Evolution of Stellar Populations

We can differentiate L to find

d lnL

dt
�

�
d lnEGB

d lnMGB
+ (4� �)

�
d lnMGB

dt

� 0.3��
�
1.3 + 0.3

d lnEGB

d lnMGB

�

So as long as α<4, then the luminosity of 
a coeval population decreases with time, 
meaning, in the absence of star 
formation, galaxies (and star clusters) get 
fainter with time!
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Evolutionary Timescales

The main-sequence lifetime is a crucial timescale: it is a clock.                                     
By measuring the magnitude and colour of the main sequence turnoff (MSTO or just 
TO) we can determine the age of a stellar population – and therefore something about 
its evolution	

The brighter and bluer the MSTO, the younger the population, because brighter, bluer 
MS stars are more massive

Stellar Evolution Models

A set of stellar models all with the 
same composition 

Isochrones - single age stellar populations

A set of stellar models all with the 
same age and same composition 	

The resulting track in an HR diagram 
or a CMD is called an isochrone

4.5 Myr

14 Gyr

age ➔

main-sequence 
turnoffs

Globular clusters

All MW GCs are old, and their CMDs are very 
similar.  They vary primarily due to composition 
differences	

• “metallicity” [Fe/H]	

• He content	

• variations of other elements	

• Age is an important but secondary 
consideration

Examples of globular clusters

Similar sequences

The exact location of the features in 
the HR diagram depends 

• age 
• metallicity, 
• a quantity related to He or other 

element abundances.

The initial mass function (IMF)

Hipparcos limit

This is the result (in black).  	

• Most of the stars are faint.	

• If we weight by the luminosity of the stars: nearly all of the light is in bright stars 	

• If we weight by the mass of the stars: most of the stellar mass is in low-mass stars

all stars

only MS

An Example: Solar Neighbourhood

Thus we can also determine the mass-to-light ratio of the Solar Neighbourhood:

• the V-band luminosity density is 	

• the mass density is (including white dwarfs)	

• combining, the mass-to-light ratio in solar units is	

!

0.053L� pc�3

0.039M� pc�3

M/LV � 0.67 M�/L�

Note this is the present-day luminosity function (PDLF), which is the LF we see after the 
high-mass stars have evolved away

This is a lower limit to the total mass per unit luminosity (in a given band)

An Example: Solar Neighbourhood

proportion of massive stars to dim low mass stars

The Initial Mass Function (IMF)
A critical input for stellar population models crucial to understand the formation and 
evolution of galaxies is the initial mass function, usually shortened to IMF.

Z
M (M)dM = M�

We normalize ψ(M) such that N0 is the total 
number of solar masses formed in the event:

dN = N0 (M)dM

This specifies the distribution of mass in stars immediately after a star formation event: the 
number of stars dN with masses between M and M+dM is

The Initial Mass Function (IMF)

To determine ψ(MV), we 
need to determine dN 
immediately after a star-
formation event to get 
the initial luminosity 
function Φ0

dN = �(M) dM

Now we can determine:  (M) =
dM

dM�0[M(M)]

If the system has been forming stars at a constant rate (roughly true for the MW disk) 
since time t, then

�0(M) = �(M)�
�

t/�MS for �MS(M) < t
1 otherwise
t/τms corrects that we only see stars of magnitude M that formed in the 
last fraction t/τms of the population’s life

specifies the relation between stellar mass and absolute magnitude

Globular clusters

Picture credit: J.-C. Cuillandre

very compact objects: Re ~ 5-10 pc

in local galaxies: GC are bluer than 
host galaxies, suggesting lower 
metallicities

Typically have between 1,000 and 
1,000,000 stars

contain some of the oldest stars of 
the host galaxy  
tight sequence  in CMD

GC set a minimum age for the host galaxy and have been used to 
constrain the age of the Universe



 The Cosmic Distance Scale

Independent distance measurements allow for calibration of 
Hubble’s law

The cosmological distance ladder

Lecture Four: 

The Cosmic Distance Scale

Sparke & Gallagher, chapter 2

20th April 2016 

http://www.astro.ucla.edu/~wright/distance.htm

https://www.astro.rug.nl/~etolstoy/pog16/

Knowing the distances to galaxies is 
fundamental for a lot of problems.

or	

understanding the large scale structure in the Universe, and 
whether the Universe has always expanded at the same 
rate.

e.g., are two galaxies going to 
interact? or are they just 
conicidental on the sky?

or	

simply determining absolute luminosities

Distance Scales The Cosmological Distance Ladder: starts with distances to 
the nearest stars, ends with distances to the furthest 

galaxies

1-100pc
<100kpc

<3Mpc
<3000Mpc

Distance indicators
Absolute vs. relative distance measures

Absolute methods: those that can determine a precise distance (usually through 
geometrical means or timing) generally only work nearby!	

Relative methods: those that refer to a standard candle or standard ruler — e.g., 
comparing stars with similar brightnesses or galaxies with similar sizes, which work out 
to very large distances!

ZELDOVICH

Distance Indicators

Mostly 
“primary”: 
first rung

Mostly 
“secondary or 

tertiary”: 
higher rungs

pc

Pathways to Extra-galactic Distances

Jacoby et al. 1992 PASP, 104, 599



 Galaxy Dynamics

The motion of stars and gas clouds within galaxies reveals 
matter distribution 

Two components in the gravitational potential

Galactic dynamics 
Galactic dynamics 

•  Stars in galaxies subject (only) the force of gravity. 

•  Knowledge of the mass distribution of a galaxy allows to predict how the positions 
and velocities of stars will change over time. 

 
 

d2r/dt2	=	-	GM(r)/r2	r/r 

Galactic dynamics 
 
•  We can also use the stellar motions to derive the mass distribution.  

  
      A star moving on a circular orbit follows an Equation that relates to mass present inside 

orbit:  
                 Vc

2 = G M(r)/r 
 
 
When comparing the mass in stars to the mass 
derived “dynamically”, we find there is more mass  
than can be accounted for by the stars and gas  
à dark matter 

 
 
•  Observed motions do not only tell us about mass distribution at present position 

of a star but along their orbit 
–  e.g. measurement of the escape velocity  
–  this is the velocity that a star must have to be able to escape the system: 
              E = 1/2 v2 + �(r) = 0 à           vesc = (2 |�(r)|)1/2            à the full potential matters 

•  We can consider the stars as point masses 
–  their sizes are small compared to their separations 

 
 
•  The gravitational potential of a galaxy is the sum of: 

–   a smooth component (the average over a region containing many stars) 
–   the very deep potential well around each individual star  

 
 
 
 
 
 

•  The motion of stars within a galaxy is determined almost entirely by the smooth 
part of the force.  
–  Two-body encounters are only important within dense star clusters  

Important points to remember    

Poisson’s equation

Motion under gravity 

•  Newton’s law of gravity:   
 
 
•  In a cluster of N stars with masses m�, at positions xα 
 

   

 

      (Note heavy and light stars suffer the same acceleration) 
 
 

•  In terms of the gradient of the gravitational potential Φ(x): 
 

 
 with 

•  The potential at point x produced by a continuous mass distribution represented 
by density ρ(x)   

  
 
 

   Essentially replaced the discrete summation by an integral, and the masses by ρ(x) d3x 

 

•  If the potential is known, rather than the density, we obtain Poisson’s equation: 
  
 
  
 
 

•  Not all Φ(x) are physically meaningful: only those for which ρ(x) > 0 everywhere (mass is 
always positive).  

 
•  Note similarity to the electromagnetism and electric field: (∇Φe= - E) and the charge 

distribution ρe: ∇2Φe = - 4π k ρ e, where k is Coulomb’s constant.  
     ρe may be positive or negative: electric force can be repulsive or attractive. 

Spherical systems: Newton’s theorems 

•  Theorem 1: A body that is inside a spherical shell of matter 
experiences no net gravitational force from that shell. 

	
	
δm1 = ρ r1

2 dr1
 dΩ1    and     δm2 = ρ r2

2 dr2 dΩ2 

But   dr1 = dr2 = dr    and    dΩ1 = dΩ2 = dΩ. 
Then δ m1/r1

2 = δ m2/r2
2. 

 
A particle M located at r experiences a force  
F = f1 + f2 where 
f1 = - GM δm1/r1

2 ε1 and f2 = -GM δm2/r2
2 ε2 

 
Since ε1 = -ε2,  
then        F = -GM(δ m1/r1

2 - δ m2/r2
2) = 0 

 
  

Theorem 2: The gravitational force on a body that lies outside a closed 
spherical shell of matter is the same as it would be if all the shells’ 
mass was concentrated in a point at its centre. 

  The gravitational force within a spherical system that a  
   particle feels at a radius R is only due to the mass inside  
  that radius.  

 
 
 
•  Therefore if a star moves on a circular orbit, its acceleration is given by  

   vc
2/r = GM(r)/r2 

•  For a point mass, the circular velocity vc
2 = GM/r, and so   vc � 1/r1/2 

 
•  Since M generally increases with radius this implies that for a spherical galaxy, the circular 

velocity never falls off more rapidly than the Kepler case 1/r1/2, except beyond its edge… 
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F = f1 + f2 where 
f1 = - GM δm1/r1

2 ε1 and f2 = -GM δm2/r2
2 ε2 

 
Since ε1 = -ε2,  
then        F = -GM(δ m1/r1

2 - δ m2/r2
2) = 0 

 
  

Theorem 2: The gravitational force on a body that lies outside a closed 
spherical shell of matter is the same as it would be if all the shells’ 
mass was concentrated in a point at its centre. 

  The gravitational force within a spherical system that a  
   particle feels at a radius R is only due to the mass inside  
  that radius.  

 
 
 
•  Therefore if a star moves on a circular orbit, its acceleration is given by  

   vc
2/r = GM(r)/r2 

•  For a point mass, the circular velocity vc
2 = GM/r, and so   vc � 1/r1/2 

 
•  Since M generally increases with radius this implies that for a spherical galaxy, the circular 

velocity never falls off more rapidly than the Kepler case 1/r1/2, except beyond its edge… 

Solution to epicycle equation of motion

•  If we multiply Eq. (4) by dR/dt, and integrate wrt t, then 
  

   ½ (dR/dt)2 + Φeff(R,z;Lz) = cst. 
  
      which is like an energy-conservation law. 
  

•  The effective potential Φeff  ( = Φ(R,z) + Lz
2/(2 R2)) behaves like a potential energy 

for the star’s motion in R and z.  
 
 
•  Note that the effective potential is minimum when: 
 
	� ∂Φeff /∂R = 0 à ∂Φ/∂R – Lz

2/R3 = 0,   
             at R = Rg     ∂Φ/∂R|Rg

 = Lz
2/Rg

3 = Rg (dφ/dt)2 
  this is the radius of a circular orbit 

 
and  
	

	� ∂Φeff/∂z = ∂Φ/∂z = 0 à z = 0        on the plane 
 
 

Epicycles 
•  We will now derive approximate solutions to the eq. of motion for stars on nearly 

circular orbits in the symmetry plane (e.g. the disk).  
–  Since gas moves on circular orbits (why?), the stars born will also move on very nearly circular orb 

 
•  Define: x = R – Rg, and expand the effective potential around the point (Rg,0): 	

		

	Φeff(R,z) ~ Φeff(Rg,0) + ½ ∂2Φeff/∂R2|Rg,0 x2 + ½ ∂2Φeff/∂z2|Rg,0 z2 + … 
    

 (the linear terms disappear because this expansion is performed around a stationary point of 
the potential). 

•  Let us define  
	κ2 = ∂2Φeff/∂R2|Rg,0  
 and  

 ν2 = ∂2Φeff/∂z2|Rg,0  

The eq. of motion become 
•  d2R/dt2 = -∂Φeff/∂R, or d2x/dt2 = - ∂2Φeff/∂R2|Rg,0 x  

              d2x/dt2 = -κ2 x 
 
•  d2z/dt2 = -∂Φeff/∂z, or d2z/dt2 = - ∂2Φeff/∂z2|Rg,0 z  

        d2z/dt2 =  -ν2 z 
 

•  These are the equations of motion of two decoupled harmonic oscillators with 
frequencies κ and ν. 	
	κ is the epicyclic frequency and  
 ν as the vertical frequency:  
	 		
	 	 	 	κ2(Rg) = ∂2Φ/∂R2|Rg,0 + 3 Lz

2/Rg
4   

	 	 	 	ν2 (Rg)= ∂2Φ/∂z2|Rg,0  	

•  The solution to the eq. of motion is 
 
 

x = Xo cos(κ t + Ψ)   and z = Zo cos(ν t + θ)             for κ2 > 0. 
 
  

The motion of a star in the disk can be described as an oscillation about a guiding 
center that is moving on a circular orbit.  

 
The approximation to 2nd order in z in the effective 
potential is only valid if ρ(z) ~ cst (from Poisson’s 

eq). However, the disk density decreases 
exponentially. This means that the approximation 

can at most be valid for 1 scale-height (z < 300 pc).  
Cumulative effect of individual encounters

Distant weak encounters 

•  In a distant encounter, the force of one star on another is so weak that the stars 
hardly deviate from their original paths after the encounter.  

 
•  We will consider the case of a star moving through a system of N identical stars of 

mass m. 

 

•  We assume that  
–  the change in velocity is very small: δv/v << 1,  
–  the perturbing star is stationary  

–  This is known as the impulse approximation. 
 

•  The pull by m induces a motion dv perpendicular to the original trajectory. The full 
force is  F = - GmM/r2 ε, and that in the perpendicular direction is  

  
 

  

•  The change in velocity of star  M 

 
à the faster the relative velocity, the smaller the perturbation is. 

θ

              Cumulative effect of the individual encounters: 
    relaxation time  

 
•  If the surface density of stars in system is n, the number of (weak) encounters dne 

with impact parameter b that a star suffers when crossing the system over time t  
    dne = n V t  2 π b db 

•  Each of these encounters will produce a change in dv, but because the 
perturbations are randomly oriented, the mean vector change is zero  
             (there is no change in direction, but the road is “bumpy”) 

 
•  The accumulation of weak encounters can be measured by Sum of (ΔV�)2 

•  After a time trelax, such that ��V�2�=  V2  the memory of the initial path is lost. 
		

	 	 

•  This is called the relaxation timescale:  
 

•  It is the timescale required for a star to change its velocity by the same order, due 
to weak encounters with a “sea” of stars. Compared to the strong collisions 
timescale, trelax < ts 

 
•  Some characteristic values: 

–  Typically ln Λ ~ 20.  
–  Exact values of bmin and bmax are not very important (logarithmic dependence): bmax = system size, 

and bmin = rs, for example for 300 pc < bmax < 30 kpc, and rs = 1 AU (near the Sun),  ln Λ ~ 18 – 22.  

•  For an elliptical galaxy, N ~ 1011 stars, R ~ 10 kpc, and the average relative velocity 
of stars is v ~ 200 km/s, then trelax ~ 108 Gyr!  

•  For stars in a globular cluster like Ω Cen, trelax ~ 0.4 Gyr, so relaxation will be 
important over a Hubble time.     

•  This implies that when calculating the motions of stars like the Sun, we can ignore pulls of 
individual stars, and consider them to move in the smooth potential of the entire Galaxy. 

 

Relaxation time

Relaxation is the cumulative effect of individual encounters

Distant weak encounters 

•  In a distant encounter, the force of one star on another is so weak that the stars 
hardly deviate from their original paths after the encounter.  

 
•  We will consider the case of a star moving through a system of N identical stars of 

mass m. 

 

•  We assume that  
–  the change in velocity is very small: δv/v << 1,  
–  the perturbing star is stationary  

–  This is known as the impulse approximation. 
 

•  The pull by m induces a motion dv perpendicular to the original trajectory. The full 
force is  F = - GmM/r2 ε, and that in the perpendicular direction is  

  
 

  

•  The change in velocity of star  M 

 
à the faster the relative velocity, the smaller the perturbation is. 

θ
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•  If the surface density of stars in system is n, the number of (weak) encounters dne 

with impact parameter b that a star suffers when crossing the system over time t  
    dne = n V t  2 π b db 

•  Each of these encounters will produce a change in dv, but because the 
perturbations are randomly oriented, the mean vector change is zero  
             (there is no change in direction, but the road is “bumpy”) 

 
•  The accumulation of weak encounters can be measured by Sum of (ΔV�)2 

•  After a time trelax, such that ��V�2�=  V2  the memory of the initial path is lost. 
		

	 	 

•  This is called the relaxation timescale:  
 

•  It is the timescale required for a star to change its velocity by the same order, due 
to weak encounters with a “sea” of stars. Compared to the strong collisions 
timescale, trelax < ts 

 
•  Some characteristic values: 

–  Typically ln Λ ~ 20.  
–  Exact values of bmin and bmax are not very important (logarithmic dependence): bmax = system size, 

and bmin = rs, for example for 300 pc < bmax < 30 kpc, and rs = 1 AU (near the Sun),  ln Λ ~ 18 – 22.  

•  For an elliptical galaxy, N ~ 1011 stars, R ~ 10 kpc, and the average relative velocity 
of stars is v ~ 200 km/s, then trelax ~ 108 Gyr!  

•  For stars in a globular cluster like Ω Cen, trelax ~ 0.4 Gyr, so relaxation will be 
important over a Hubble time.     

•  This implies that when calculating the motions of stars like the Sun, we can ignore pulls of 
individual stars, and consider them to move in the smooth potential of the entire Galaxy. 

 



 Large Scale Structure

Different galaxy populations have different clustering propertiesThe Large Scale Distribution of Galaxies
Galaxies not distributed at random

Cosmic web:
I Voids
I Filaments
I Halos

2dFGRS/Virgo Consortium
3

The two point correlation function ⇠(r)

Joint probability �2
P12 of finding a galaxy in some volume

�V1 at r1 and another in �V2 at r2 is

�2
P12 = n̄

2 [1 + ⇠(r12)] �V1 �V2 (1)

⇠(r) is the two-point galaxy-galaxy correlation function
n̄ is mean number density of galaxies
r12 = |r1 � r2| (statistical homogeneity and isotropy)

⇠(r) > 0 =) galaxies are clustered
⇠(r) = 0 =) galaxies are randomly distributed
⇠(r) < 0 =) galaxies tend to avoid each other

NB: Integral constraint
NB: For r > 0, if r = 0 then ⇠(r) described by �D/n̄

4

The two-point correlation function w(✓)

⇠(r) has a two-dimensional (projected) analogue w(✓) s.t.

�2
P12 = ⌘̄2 [1 + w(✓12)] �⌦1 �⌦2 (5)

⌘̄ is mean number of galaxies per unit solid angle ⌦
�⌦i are elements of solid angle
✓12 = |✓2 � ✓1|

This is useful if you don’t have ‘accurate’ redshift
information!

⇠(r) and w(✓) can be connected using the Limber (1953)
equation (averaging ⇠(r) along the line of sight)

7

Galaxy clustering by colour
A good description of ⇠(r) is (sometimes!) a powerlaw

⇠(r) = (r/r0)
�� (4)

r0 is correlation length

‘Red’ galaxies are more strongly clustered than ‘blue’
galaxies (have larger r0)

Skibba+ 13
6

Dark matter halos

The final stage of the nonlinear evolution of a density
perturbation is a dark matter ‘halo’

They are ‘biased’ tracers of
the matter distribution

⇠(r)matter = b

2⇠(r)
halos

(14)

simulations show bias
depends on halo mass

Halos can grow further through halo mergers and smooth
accretion of matter

12



 Milky Way

A unique test case for understanding in detail how a galaxy 
internally works

The Multi-wavelength view

Picture credit: https://mwmw.gsfc.nasa.gov/mmw_images.html

Stellar orbits in the MW

age vs. scale height

n(R,z,S) = n(0,0,S) exp(-R/HR(S)) exp(-z/Hz(S))

HR(S) is the scale-length of the disk
Hz(S) is the scale-height

Strong dependence on spectral type

There is an effect relating stellar age to scale 
height.	

This is caused by giant molecular clouds 
scattering stars as they pass by, increasing 
the scale height, and this effect increases 
with time.

Age

Figure 2.10,   Sparke & Gallagher (2nd edition)

The distribution with age

From Nordström et al. (2004), the Geneva-Copenhagen survey

The distribution of the motions of (F and G) stars in the z direction, shows that older stars 
have a larger vertical velocity dispersion:

�2
z � �v2

z � �vz�2�
the Sun moves upwards at ~ 7 km/s

Open circles show stars with less than a quarter of the Sun’s iron abundance

This is caused by giant 
molecular clouds 
scattering stars as they 
pass by, increasing the 
scale height, and this 
effect increases with 
time.

Figure 2.9,   Sparke & Gallagher (2nd edition)

Stellar Orbits in the Milky way
• Stars in the disc all orbit the Galactic 

centre: 
• in the same direction 
• in the same plane (like planets do) 
• they “wobble” up and down 

• this is due to gravitational pull from the 
disk 

• this gives the disk its thickness 

• Stars in the bulge and halo all orbit 
the Galactic center: 
• in different directions 
• at various inclinations to the disk 
• they have higher velocities 

• they are not slowed by disk as they 
plunge through it 

• nearby example: Barnard’s Star

Venn et al. 2004

Disentangling the Milky Way

W

V 

U

Rot.

G.C.

NGP

T=(U2 + W2)1/2

Components of the Local Group



 Elliptical and Spiral GalaxiesLocation on the galaxy stellar mass function

Lecture Ten: 

Disc/Disk/Spiral Galaxies

Sparke & Gallagher, chapter 523rd May 2016 

http://www.astro.rug.nl/~etolstoy/pog16

Also made use of Binney & Merrifield,        
Galactic Astronomy, Chp. 4.2 & 4.4

SDSS Images of Spiral Galaxies (Sa to Sd): 

Blanton 2009

Galaxy mass functions 949

Figure 4. Bivariate distribution for SB versus mass. The contours represent
the volume-corrected number densities from the sample: logarithmically
spaced with four contours per factor of 10. The lowest dashed contour
corresponds to 10−5 Mpc−3 per 0.5 × 0.5 bin, while the lowest solid contour
corresponds to 5.6 × 10−5 Mpc−3. The grey dashed-line regions represent
areas of low completeness (70 per cent or lower as estimated by Blanton
et al. 2005a). The diamonds with error bars represent the median and 1σ

ranges over certain masses with a straight-line fit shown by the middle dotted
line. The outer dotted lines represent ±1 σ .

survey (Cross & Driver 2002). From the tests of Blanton et al.
(2005a), as shown in fig. 3 of that paper, the SDSS main galaxy
sample has 70 per cent or greater completeness in the range 18–
23 mag arcsec−2 for the effective SB µR50,r .

In order to identify at what point the GSMF becomes incomplete
because of the SB limit, we computed the bivariate distribution in
SB versus stellar mass. Fig. 4 shows this distribution represented by
solid and dashed contours (1/Vmax and 1/n LSS corrected). There is
a relationship between peak SB and logM, which is approximately
linear in the range 108.5 to 1011 M⊙. At lower masses, the distri-
bution is clearly affected by the low-SB incompleteness at µR50,r

> 23 mag arcsec−2. Therefore, any GSMF values for lower masses
should be regarded as lower limits if there are no corrections for SB
completeness.

The other important consideration is the fact that the r-band
selection is not identical to the mass selection required for the
GSMF. This is nominally corrected for by 1/Vmax but it should be
noted that galaxies with high M/L at a given mass are viewed over
significantly smaller volumes than those with low M/L. Fig. 5 shows
the bivariate distribution in M/L versus mass. The limits at various
redshifts for the SDSS main galaxy sample are also identified. For
example, galaxies with M < 108 M⊙ and log (M/Lr ) > 0.1 are
only in the sample at z < 0.008. At these low redshifts, the stellar
mass and Vmax depend significantly on the Hubble-flow corrections.
However, it does appear that the SB limit affects the completeness
of GSMF values at higher masses than the M/L limits. At M <

108.5 M⊙, the SB limit becomes significant, while atM< 108 M⊙,
the GSMF is affected both by the constrained volume for high M/L
galaxies and, more severely, by the SB incompleteness.

3.2 Corrected GSMF with lower limits at the faint end

Fig. 6 shows the results of the GSMF determination. The binned
GSMF is represented by points with Poisson error bars, with lower

Figure 5. Bivariate distribution for M/L versus mass. The contours rep-
resent the volume-corrected number densities: logarithmically spaced with
four contours per factor of 10. The lowest dashed contour corresponds to
10−4 Mpc−3 per 0.5 × 0.2 bin. The dotted lines represent the observable
limits for an r < 17.8 mag limit and different redshift limits (ignoring
k-corrections). The grey dashed line region represents galaxies that can only
be observed at z < 0.008 where Hubble-flow corrections are significant
(cz < 2400 km s−1).

Figure 6. GSMF extending down to 107 M⊙ determined from the NYU-
VAGC. The points represent the non-parametric GSMF with Poisson error
bars; at M < 108.5 M⊙ the data are shown as lower limits because of the
SB incompleteness (Fig. 4). The dashed line represents a double-Schechter
function extrapolated from a fit to the M> 108 M⊙ data points. The dotted
line shows the same type of function with a faint-end slope of α2 = −1.8
(fitted to M > 108.5 M⊙ data). The dash–dotted line represents a power-
law slope of −2.0. The shaded region shows the range in the GSMF from
varying the stellar mass used and changing the redshift range.

limits represented by arrows. The GSMF has been corrected for
volume (1/Vmax) and LSS (1/n) effects.9 The masses used were

9 We compared the GSMF computed using 1/n(z) correction for LSS vari-
ations with the stepwise maximum-likelihood method (Efstathiou et al.
1988). There was good agreement between the two methods after matching
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Appearance depends on the distribution of stars, gas, the angle at which we see them, and 
even the bandpass in which we observe them

Photometry of disk galaxies
The surface brightness profiles of disk galaxies are complex: 

:more than one component (central bulge, disk, bar, spiral arms, rings=), 
:large amounts of dust (not transparent)

Their appearance depends both on the stellar distribution and that of gas 
and dust, and on the angle from which we observe them.

Face on i = 0o Edge on: i = 90o   

Galaxy photometry

z=0

Morphological properties of ellipticals
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Figure 4. Bivariate distribution for SB versus mass. The contours represent
the volume-corrected number densities from the sample: logarithmically
spaced with four contours per factor of 10. The lowest dashed contour
corresponds to 10−5 Mpc−3 per 0.5 × 0.5 bin, while the lowest solid contour
corresponds to 5.6 × 10−5 Mpc−3. The grey dashed-line regions represent
areas of low completeness (70 per cent or lower as estimated by Blanton
et al. 2005a). The diamonds with error bars represent the median and 1σ

ranges over certain masses with a straight-line fit shown by the middle dotted
line. The outer dotted lines represent ±1 σ .

survey (Cross & Driver 2002). From the tests of Blanton et al.
(2005a), as shown in fig. 3 of that paper, the SDSS main galaxy
sample has 70 per cent or greater completeness in the range 18–
23 mag arcsec−2 for the effective SB µR50,r .

In order to identify at what point the GSMF becomes incomplete
because of the SB limit, we computed the bivariate distribution in
SB versus stellar mass. Fig. 4 shows this distribution represented by
solid and dashed contours (1/Vmax and 1/n LSS corrected). There is
a relationship between peak SB and logM, which is approximately
linear in the range 108.5 to 1011 M⊙. At lower masses, the distri-
bution is clearly affected by the low-SB incompleteness at µR50,r

> 23 mag arcsec−2. Therefore, any GSMF values for lower masses
should be regarded as lower limits if there are no corrections for SB
completeness.

The other important consideration is the fact that the r-band
selection is not identical to the mass selection required for the
GSMF. This is nominally corrected for by 1/Vmax but it should be
noted that galaxies with high M/L at a given mass are viewed over
significantly smaller volumes than those with low M/L. Fig. 5 shows
the bivariate distribution in M/L versus mass. The limits at various
redshifts for the SDSS main galaxy sample are also identified. For
example, galaxies with M < 108 M⊙ and log (M/Lr ) > 0.1 are
only in the sample at z < 0.008. At these low redshifts, the stellar
mass and Vmax depend significantly on the Hubble-flow corrections.
However, it does appear that the SB limit affects the completeness
of GSMF values at higher masses than the M/L limits. At M <

108.5 M⊙, the SB limit becomes significant, while atM< 108 M⊙,
the GSMF is affected both by the constrained volume for high M/L
galaxies and, more severely, by the SB incompleteness.

3.2 Corrected GSMF with lower limits at the faint end

Fig. 6 shows the results of the GSMF determination. The binned
GSMF is represented by points with Poisson error bars, with lower

Figure 5. Bivariate distribution for M/L versus mass. The contours rep-
resent the volume-corrected number densities: logarithmically spaced with
four contours per factor of 10. The lowest dashed contour corresponds to
10−4 Mpc−3 per 0.5 × 0.2 bin. The dotted lines represent the observable
limits for an r < 17.8 mag limit and different redshift limits (ignoring
k-corrections). The grey dashed line region represents galaxies that can only
be observed at z < 0.008 where Hubble-flow corrections are significant
(cz < 2400 km s−1).

Figure 6. GSMF extending down to 107 M⊙ determined from the NYU-
VAGC. The points represent the non-parametric GSMF with Poisson error
bars; at M < 108.5 M⊙ the data are shown as lower limits because of the
SB incompleteness (Fig. 4). The dashed line represents a double-Schechter
function extrapolated from a fit to the M> 108 M⊙ data points. The dotted
line shows the same type of function with a faint-end slope of α2 = −1.8
(fitted to M > 108.5 M⊙ data). The dash–dotted line represents a power-
law slope of −2.0. The shaded region shows the range in the GSMF from
varying the stellar mass used and changing the redshift range.

limits represented by arrows. The GSMF has been corrected for
volume (1/Vmax) and LSS (1/n) effects.9 The masses used were

9 We compared the GSMF computed using 1/n(z) correction for LSS vari-
ations with the stepwise maximum-likelihood method (Efstathiou et al.
1988). There was good agreement between the two methods after matching
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The total luminosity function in either 
environment is the sum of the individual 
luminosity functions of each Hubble type.

Largest fraction in either 
environment of all galaxies are 
dwarfs (dE and Irr). Even though Sp 
and E the most prominent in terms 
of mass and luminosity. 
More E in Virgo...

6

Dwarf galaxies
Most Dark Matter dominated objects known?

BCD

dSph

dI

7

Elliptical galaxies

Elliptical galaxies look very simple...	

• roughly round	

• smooth light distribution	

• no obvious patches of star formation	

• no obvious strong dust lanes (except 
sometimes...)

 the brightest and the faintest galaxies in the Universe...

...but they’re really not!	

Detailed studies show significant complexity:	

• large range of shapes: oblate to triaxial	

• large range of luminosities and concentrations	

• rotation vs. pressure support	

• cuspy vs. cored centers	

• complex star formation histories

8
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Figure 4. Bivariate distribution for SB versus mass. The contours represent
the volume-corrected number densities from the sample: logarithmically
spaced with four contours per factor of 10. The lowest dashed contour
corresponds to 10−5 Mpc−3 per 0.5 × 0.5 bin, while the lowest solid contour
corresponds to 5.6 × 10−5 Mpc−3. The grey dashed-line regions represent
areas of low completeness (70 per cent or lower as estimated by Blanton
et al. 2005a). The diamonds with error bars represent the median and 1σ

ranges over certain masses with a straight-line fit shown by the middle dotted
line. The outer dotted lines represent ±1 σ .

survey (Cross & Driver 2002). From the tests of Blanton et al.
(2005a), as shown in fig. 3 of that paper, the SDSS main galaxy
sample has 70 per cent or greater completeness in the range 18–
23 mag arcsec−2 for the effective SB µR50,r .

In order to identify at what point the GSMF becomes incomplete
because of the SB limit, we computed the bivariate distribution in
SB versus stellar mass. Fig. 4 shows this distribution represented by
solid and dashed contours (1/Vmax and 1/n LSS corrected). There is
a relationship between peak SB and logM, which is approximately
linear in the range 108.5 to 1011 M⊙. At lower masses, the distri-
bution is clearly affected by the low-SB incompleteness at µR50,r

> 23 mag arcsec−2. Therefore, any GSMF values for lower masses
should be regarded as lower limits if there are no corrections for SB
completeness.

The other important consideration is the fact that the r-band
selection is not identical to the mass selection required for the
GSMF. This is nominally corrected for by 1/Vmax but it should be
noted that galaxies with high M/L at a given mass are viewed over
significantly smaller volumes than those with low M/L. Fig. 5 shows
the bivariate distribution in M/L versus mass. The limits at various
redshifts for the SDSS main galaxy sample are also identified. For
example, galaxies with M < 108 M⊙ and log (M/Lr ) > 0.1 are
only in the sample at z < 0.008. At these low redshifts, the stellar
mass and Vmax depend significantly on the Hubble-flow corrections.
However, it does appear that the SB limit affects the completeness
of GSMF values at higher masses than the M/L limits. At M <

108.5 M⊙, the SB limit becomes significant, while atM< 108 M⊙,
the GSMF is affected both by the constrained volume for high M/L
galaxies and, more severely, by the SB incompleteness.

3.2 Corrected GSMF with lower limits at the faint end

Fig. 6 shows the results of the GSMF determination. The binned
GSMF is represented by points with Poisson error bars, with lower

Figure 5. Bivariate distribution for M/L versus mass. The contours rep-
resent the volume-corrected number densities: logarithmically spaced with
four contours per factor of 10. The lowest dashed contour corresponds to
10−4 Mpc−3 per 0.5 × 0.2 bin. The dotted lines represent the observable
limits for an r < 17.8 mag limit and different redshift limits (ignoring
k-corrections). The grey dashed line region represents galaxies that can only
be observed at z < 0.008 where Hubble-flow corrections are significant
(cz < 2400 km s−1).

Figure 6. GSMF extending down to 107 M⊙ determined from the NYU-
VAGC. The points represent the non-parametric GSMF with Poisson error
bars; at M < 108.5 M⊙ the data are shown as lower limits because of the
SB incompleteness (Fig. 4). The dashed line represents a double-Schechter
function extrapolated from a fit to the M> 108 M⊙ data points. The dotted
line shows the same type of function with a faint-end slope of α2 = −1.8
(fitted to M > 108.5 M⊙ data). The dash–dotted line represents a power-
law slope of −2.0. The shaded region shows the range in the GSMF from
varying the stellar mass used and changing the redshift range.

limits represented by arrows. The GSMF has been corrected for
volume (1/Vmax) and LSS (1/n) effects.9 The masses used were

9 We compared the GSMF computed using 1/n(z) correction for LSS vari-
ations with the stepwise maximum-likelihood method (Efstathiou et al.
1988). There was good agreement between the two methods after matching
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The total luminosity function in either 
environment is the sum of the individual 
luminosity functions of each Hubble type.

Largest fraction in either 
environment of all galaxies are 
dwarfs (dE and Irr). Even though Sp 
and E the most prominent in terms 
of mass and luminosity. 
More E in Virgo...
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Dwarf galaxies
Most Dark Matter dominated objects known?

BCD

dSph

dI

7

Elliptical galaxies

Elliptical galaxies look very simple...	

• roughly round	

• smooth light distribution	

• no obvious patches of star formation	

• no obvious strong dust lanes (except 
sometimes...)

 the brightest and the faintest galaxies in the Universe...

...but they’re really not!	

Detailed studies show significant complexity:	

• large range of shapes: oblate to triaxial	

• large range of luminosities and concentrations	

• rotation vs. pressure support	

• cuspy vs. cored centers	

• complex star formation histories

8

Morphological properties of spirals

Lecture Ten: 

Disc/Disk/Spiral Galaxies

Sparke & Gallagher, chapter 523rd May 2016 

http://www.astro.rug.nl/~etolstoy/pog16

Also made use of Binney & Merrifield,        
Galactic Astronomy, Chp. 4.2 & 4.4

SDSS Images of Spiral Galaxies (Sa to Sd): 

Blanton 2009

Galaxy mass functions 949

Figure 4. Bivariate distribution for SB versus mass. The contours represent
the volume-corrected number densities from the sample: logarithmically
spaced with four contours per factor of 10. The lowest dashed contour
corresponds to 10−5 Mpc−3 per 0.5 × 0.5 bin, while the lowest solid contour
corresponds to 5.6 × 10−5 Mpc−3. The grey dashed-line regions represent
areas of low completeness (70 per cent or lower as estimated by Blanton
et al. 2005a). The diamonds with error bars represent the median and 1σ

ranges over certain masses with a straight-line fit shown by the middle dotted
line. The outer dotted lines represent ±1 σ .

survey (Cross & Driver 2002). From the tests of Blanton et al.
(2005a), as shown in fig. 3 of that paper, the SDSS main galaxy
sample has 70 per cent or greater completeness in the range 18–
23 mag arcsec−2 for the effective SB µR50,r .

In order to identify at what point the GSMF becomes incomplete
because of the SB limit, we computed the bivariate distribution in
SB versus stellar mass. Fig. 4 shows this distribution represented by
solid and dashed contours (1/Vmax and 1/n LSS corrected). There is
a relationship between peak SB and logM, which is approximately
linear in the range 108.5 to 1011 M⊙. At lower masses, the distri-
bution is clearly affected by the low-SB incompleteness at µR50,r

> 23 mag arcsec−2. Therefore, any GSMF values for lower masses
should be regarded as lower limits if there are no corrections for SB
completeness.

The other important consideration is the fact that the r-band
selection is not identical to the mass selection required for the
GSMF. This is nominally corrected for by 1/Vmax but it should be
noted that galaxies with high M/L at a given mass are viewed over
significantly smaller volumes than those with low M/L. Fig. 5 shows
the bivariate distribution in M/L versus mass. The limits at various
redshifts for the SDSS main galaxy sample are also identified. For
example, galaxies with M < 108 M⊙ and log (M/Lr ) > 0.1 are
only in the sample at z < 0.008. At these low redshifts, the stellar
mass and Vmax depend significantly on the Hubble-flow corrections.
However, it does appear that the SB limit affects the completeness
of GSMF values at higher masses than the M/L limits. At M <

108.5 M⊙, the SB limit becomes significant, while atM< 108 M⊙,
the GSMF is affected both by the constrained volume for high M/L
galaxies and, more severely, by the SB incompleteness.

3.2 Corrected GSMF with lower limits at the faint end

Fig. 6 shows the results of the GSMF determination. The binned
GSMF is represented by points with Poisson error bars, with lower

Figure 5. Bivariate distribution for M/L versus mass. The contours rep-
resent the volume-corrected number densities: logarithmically spaced with
four contours per factor of 10. The lowest dashed contour corresponds to
10−4 Mpc−3 per 0.5 × 0.2 bin. The dotted lines represent the observable
limits for an r < 17.8 mag limit and different redshift limits (ignoring
k-corrections). The grey dashed line region represents galaxies that can only
be observed at z < 0.008 where Hubble-flow corrections are significant
(cz < 2400 km s−1).

Figure 6. GSMF extending down to 107 M⊙ determined from the NYU-
VAGC. The points represent the non-parametric GSMF with Poisson error
bars; at M < 108.5 M⊙ the data are shown as lower limits because of the
SB incompleteness (Fig. 4). The dashed line represents a double-Schechter
function extrapolated from a fit to the M> 108 M⊙ data points. The dotted
line shows the same type of function with a faint-end slope of α2 = −1.8
(fitted to M > 108.5 M⊙ data). The dash–dotted line represents a power-
law slope of −2.0. The shaded region shows the range in the GSMF from
varying the stellar mass used and changing the redshift range.

limits represented by arrows. The GSMF has been corrected for
volume (1/Vmax) and LSS (1/n) effects.9 The masses used were

9 We compared the GSMF computed using 1/n(z) correction for LSS vari-
ations with the stepwise maximum-likelihood method (Efstathiou et al.
1988). There was good agreement between the two methods after matching
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Appearance depends on the distribution of stars, gas, the angle at which we see them, and 
even the bandpass in which we observe them

Photometry of disk galaxies
The surface brightness profiles of disk galaxies are complex: 

:more than one component (central bulge, disk, bar, spiral arms, rings=), 
:large amounts of dust (not transparent)

Their appearance depends both on the stellar distribution and that of gas 
and dust, and on the angle from which we observe them.

Face on i = 0o Edge on: i = 90o   

Galaxy photometry

View angle determines very much the shape

• non-smooth structures • may have bulge + disc
• dust extinction can be important• disky-like

Spectra of star forming galaxies (incl. spirals)

Disc galaxies looks as you might expect 
given their colours:	

early-type spirals have older stars and 
few if any emission lines from star-
formation regions	

late-type spirals have younger stars and 
emission lines from star-formation 
regions

Spectra of disc galaxies

Typically hz~0.1hR	

Sometimes a second component can be fit to the vertical direction, as if there were a thick 
disk but inclination effects, scattered light, and a flattened halo can all mimic a thick disk.

Figure 21: The S0-galaxy NGC 4762, which has a very bright thick disk, as was first described
by Tsikoudi (1980). The z-extent indicated by the arrows is where the thin disk dominates.
On the right the outer extent of the thick disk is slanted w.r.t. the symmetry plane (producing
an approximately diamond shape), indicative of a double exponential light distribution. These
images were produced with the use of the Sloan Digital Sky Survey.

der Kruit & Searle, 1981b); in van der Kruit (1984) it is shown that this distribution can be
interpreted as a superposition of a thin and thick disk plus a small, central bulge. Recent studies
show that the scaleheight of its thick disk is 1.44±0.03 kpc and its radial scalelength is 4.8±0.1
kpc, only slightly longer than that of the thin disk (Ibata, Mouhcine & Rejkuba, 2009). The
relationship between the scalelengths of the thin and thick disk is an important constraint on
the various formation mechanisms of thick disks, as discussed below.

7.3 Kinematics and Chemical Properties

Little information is available on the kinematics and chemical properties of thick disks in galaxies
other than the Milky Way. The larger scaleheight of the Galactic thick disk means that its
velocity dispersion is higher than for the thin disk (about 40 km s�1 in the vertical direction
near the sun, compared to about 20 km s�1 for the thin disk (e.g. Quillen & Garnett, 2000).
The stars of the thick disk are usually identified by their larger motions relative to the Local
Standard of Rest, but kinematic selection is inevitably prone to contamination by the more
abundant thin disk stars. Recently it has become clear that the Galactic thick disk is a discrete
component, kinematically and chemically distinct from the thin disk. It now appears that thick
disk stars can be more reliably selected by their chemical properties.

Near the Galactic plane, the rotational lag of the thick disk relative to the LSR is only about
30 km s�1 (Chiba & Beers, 2000; Dambis, 2009), but its rotational velocity appears to decrease
with height above the plane. The stars of the thick disk are old ( > 10 Gyr) and more metal-
poor than the thin disk. The metallicity distribution of the thick disk has most of the stars with
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Scale Height

Bulges
'About half of all disk galaxies contain 
a central bar-like structure. 

'The long to short axis ratio can be as 
large as 5:1.

'When viewed edge-on: boxy shape 
(not round) of the light distribution. 

In some cases the isophotes
are squashed, and the bulge/bar has a 
peanut-like shape.

Bars

Can be quite long, with axial ratios as 
large as 5:1	

Seen edge-on, bars are flattened, boxy 
structures and can even be “peanut” 
shaped

Bulges
'About half of all disk galaxies contain 
a central bar-like structure. 

'The long to short axis ratio can be as 
large as 5:1.

'When viewed edge-on: boxy shape 
(not round) of the light distribution. 

In some cases the isophotes
are squashed, and the bulge/bar has a 
peanut-like shape.

Bars

the spectra of spiral galaxies (like those of all star-forming galaxies) are characterised 
by the presence of emission lines



 The integrated galaxy view

Galaxy colour-magnitude diagrams

Credit: Baldry et al.

z=0

The blue and red galaxy sequences are clearly separated up to at least z~1

At higher z, red=passive is not valid any more
due to increasing importance of dust extinction

The typical SEDs of star forming galaxies

UV visible far-IRnear-IR

Spectral energy distribution (SED) fitting

λo= λe x (1+z)

Photometric 
redshift

Age Stellar 
Mass

Dust
Extinction

Credit: STScI

‘cheap’ alternative
 to spectroscopic 

redshifts



 Chemical Enrichment and Galaxy Growth

Closed-box model

The metallicity evolution as a function of time is given by

Z(t) = �p ln


Mg(t)

Mg(0)

�

where p is the metal yield and is assumed to be constant.

Star formation quenching I

Credit: K. Schawinski

The SFR - M* plane

Rodighiero et al.



 High-Redshift Galaxies The spectroscopic confirmation

Shapley et al. (2003)

5

FIG. 2.— A composite rest-frame UV spectrum constructed from 811 individual LBG spectra. Dominated by the emission from massive O and B stars, the overall
shape of the UV continuum is modified shortward of Lyα by a decrement due to inter-galactic HI absorption. Several different sets of UV features are marked:
stellar photospheric and wind, interstellar low- and high-ionization absorption, nebular emission from H II regions, Si II* fine-structure emission whose origin is
ambiguous, and emission and absorption due to interstellar HI (Lyα and Lyβ). There are numerous weak features which are not marked, as well as several features
bluewards of Lyα which only become visible by averaging over many sightlines through the IGM. The composite LBG spectrum is available in electronic form
from http://www.astro.caltech.edu/∼aes/lbgspec/.

stacked spectra of ~800 Lyman-break-selected galaxies



 AGN

Seyfert galaxies

Broad-line emission from galactic nuclei are know since early 1900’s

The displayed broad lines could only be excited by photons more energetic than 
those from young stars

Carl Seyfert

The narrow-line region

Urry & Padovani (1995)

Narrow-line region extends 100-1000 pc
out of central engine

Well resolved for nearby AGN with HST

Gas clouds w/ v ~100-500 km/s

Overlaps host galaxy (distinction unclear)

The optical spectrum

Broad lines 

Narrow lines 

BPT 
diagram



 Were you expecting to learn something in this
 course that you haven’t learned?


