
PHYS 622 (Spring 2017)
Astrophysics II: Galaxies and Cosmology
Tues & Thurs, 2:30-3:45 pm, HBH 453

Instructor: Mustafa A. Amin
email: mustafa.a.amin@rice.edu
o�ce: HBH 364
o�ce hrs: Thurs 4:00-5:00 pm (or by appointment)
Ph: (832) 938-5826

Course Description: This course is an introduction to modern cosmology and aspects of
galaxies. On the cosmological front, you will learn about the standard cosmological model:
inflation followed by a radiation, a dark-matter and finally a cosmological constant domi-
nated universe. You will learn about (1) the interplay between the contents of the universe
and its space-time dynamics, (2) about how di↵erent particle species emerge from the ther-
mal soup after the big bang and (3) the evolution of structure in our universe: from tiny
quantum fluctuations during our universe’s infancy to correlated distribution of galaxies we
see in the sky today. In second half of the course we will discuss galaxies in detail including
our own host galaxy. We will emphasize the kinematics and dynamics of galaxies, their
classifications as well as important scaling relations between observables. Throughout the
course, we will emphasize the the interplay between di↵erent areas of physics in an astro-
physical/cosmological setting and how our current theoretical understanding of galaxies and
cosmology is firmly rooted in observations.

Learning Objectives:
By the end of the course, you (the student) should be able to to do the following:

• Describe and calculate the dynamics of the homogeneous universe, understand how the
dynamics relates to its contents as well as observational probes of these dynamics.

• Be familiar with the thermal history of our universe and be able to calculate how
di↵erent species of particles emerge from the thermal soup in the early universe.

• Calculate the evolution of density perturbations in our universe; from initial conditions
during inflation to the present day and understand corresponding observations.

• Describe properties of our host galaxy including its morphology and kinematics.

• Understand galaxy classifications and be familiar with scaling relations between di↵er-
ent observables of galaxies.

• Make order of magnitude estimates, apply concepts from many di↵erent areas of physics
and perform detailed calculations of astrophysical/cosmological observables with an
understanding of the approximations involved.

Prerequisites: A good base in electromagnetism, classical mechanics, statistical mechan-
ics, special relativity, quantum mechanics, and of course prior exposure to astrophysics in
general will be helpful. I will introduce relevant ideas as needed for (aspects of) general
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relativity, familiarity with GR will make your life easier. I will assume familiarity with sys-
tems of ordinary di↵erential equations, multivariable calculus, Fourier analysis and linear
algebra. Formally, for undergraduate students at Rice the prerequisites include (ASTR 350
OR ASTR 360) and (PHYS 301 and PHYS 302).

Class Website: All course materials including problem sets, links to relevant websites,
supplementary material, class updates and announcements will be posted on the ASTR 452
Canvas page. It is your responsibility to check Canvas regularly for the most recent infor-
mation concerning the class.

Main Text(s): I will provide hand written class notes after class. For the cosmology section,
you should refer to the cosmology notes by D. Baumann which be available on Canvas. For
the galaxies part, I recommend the book by Peter Schneider. The book by Schneider is
recommended, but not required for you to buy.

• Class Notes: My hand written notes for the class will be provided after each class.

• Cosmology Lecture Notes by Baumann (U. of Amsterdam): We will mostly follow Bau-
mann’s notes for the cosmology part of this course, with some omissions and additions.
At the minimum, you should read these notes and class notes.

• Extragalactic Astronomy and Cosmology by Peter Schneider: We will use this book
for the galaxies part of the course. It has a good balance of relevant observational
details along with the theory. It is also a gentler, less mathematical treatment for the
cosmology part of the course.

Additional Resources:

• Cosmology by Steven Weinberg: If you want rigor, this is the place to go to. The
presentation is “clean”. It has most of the interesting things you can do “by hand” in
cosmology. It might not be easy on the first reading but I recommend referring to it if
you are confused elsewhere.

• Physical Cosmology by Mukhanov: I like the treatment of hydrodynamical perturba-
tions in this book. It also has some more advanced topics relevant for the very early
universe.

• Spacetime and Geometry: An Introduction to General Relativity by Carroll. This is an
excellent textbook for GR at the graduate level.

• Physical Cosmology by Scott Dodelson: This is a detailed, graduate level text. It is
particularly good in its detailed treatment of the cosmic microwave background.

• An Introduction to Modern Astrophysics by Carroll & Ostlie. Less advanced than the
course, but comprehensive.

Caution: Notation varies across texts! Baumann and Mukhanov use the “mostly minus”
+ � �� metric convention while Weinberg, Dodelson and Carroll use the “mostly plus”
�+++ metric convention.
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Exams and Problem Sets:
Problem sets every 1 - 2 weeks
2 Oral Exams (a Midterm and a Final)

Grading Policies: Homeworks will account for 60% of the grade and the two exam will ac-
count 20% each of the total grade. Late Homeworks are annoying. For unexcused tardiness,
there will be a 20% reduction/per day in credit, with no credit 2 days after the homework
is due. If illness or other circumstances beyond your control lead to a delay in submission,
please contact me as soon as possible (preferably before the deadline). The final grade for the
course will include some discretion based on class participation/interactions etc. Attendance
is not mandatory, but highly recommended.

Collaboration and Help: For a better understanding of the material you are strongly
encouraged to talk to other students, postdocs and faculty (including me!). For the prob-
lem sets, you should work on each problem independently first (� 1 hr). When needed,
get help about the general idea of how to do the problem but not the details of the entire
calculation. If you collaborate/get help from others, they should be acknowledged in the
problem sets along with details of what you collaborated/got help on. The write-up should
always be done independently. Do not look up solutions online or from previous years.
The Honor Code applies. You can review Rice’s Honor Council documentation online at:
honor.rice.edu/index.cfm

Special Needs: If you have a documented disability that requires special consideration
for this class then please contact the me as soon as possible to discuss your needs. Students
with disabilities should also contact the Disability Support Services O�ce in the Ley Student
Center (dss.rice.edu).

Note: I reserve the right to change the contents and policies in this syllabus during the
semester to suit the needs of the class.
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an orientation 
and an invitation 



we are here









Image Credit: Hubble Ultra-Deep Field, NASA/ESA





1930’s



Image Credit: Hubble Ultra-Deep Field, NASA/ESA

large scale isotropy and homogeneity 
+ inhomogeneities



cosmic microwave background 

T0 = 2.73K

Credit: Roger Ressmeyer

Cosmic Microwave Background (CMB) 

Penzias and Wilson (1965) 



cosmic microwave background 

T = 2.726± 0.001K

COBE/FIRAS
Mather et. al 1994
Fixen et. al 1996



our cosmic story 



credit: adapted from NASA 

    homogeneous 

cold

expanding

hot 
(filled with radiation + matter)

The Standard Cosmology
    inhomogeneous 



credit: adapted from NASA 
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(filled with radiation + matter)

formation of structure
    inhomogeneous 



chemical enrichment 



Reheating !
after inflation

Inflation

universe gets!
populated 
with particles

C
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first nuclei

?

our cosmic story

first atoms

14 billion years

formation of structure



+ + QFT ) + GR

seems sufficient … 



but wait … 



galaxies are rotating too fast … 



galaxies cluster are way too hot … 

hot cluster: x-rays!



too much distortion of images 



need “faster” gravitational growth  



and then there is … 



universe is undergoing  

accelerated expansion ! 



and … 



why is this so uniform? 

T = 2.726± 0.001K

COBE/FIRAS
Mather et. al 1994
Fixen et. al 1996

requires seemingly causal correlations



credit: adapted from NASA 

cold

expanding

hot 
(filled with radiation + matter)

correct “initial” conditions?
requires seemingly causal correlations



but there is more … 



you will learn: 

- how we know what we know about 
the cosmos  

- our best physical model for our 
universe



along with “known” physics, we 
will need to add 

- dark matter 
- dark energy 
- inflation

amongst other things, also matter-antimatter asymmetry
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Figure 6.4: Compilation of the latest measurements of the matter power spectrum.
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Figure 6.5: The latest measurements of the CMB angular power spectrum by the Planck satellite.

6.6.2 CMB Anisotropies

The temperature fluctuations in the cosmic microwave background are sourced predominantly

by scalar (density) fluctuations. Acoustic oscillations in the primordial plasma before recombi-

nation lead to a characteristic peak structure of the angular power spectrum of the CMB; see

fig. 6.5. The precise shape of the spectrum depends both on the initial conditions (through the

parameters As and ns) and the cosmological parameters (through parameters like ⌦m, ⌦⇤, ⌦k,
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Figure 3.10: Theoretical predictions (colored bands) and observational constraints (grey bands).

• ⌧n: a large neutron lifetime would reduce the amount of neutron decay after freeze-out

and therefore would increase the final helium abundance.

• Q: a larger mass di↵erence between neutrons and protons would decrease the n/p ratio

at freeze-out and therefore would decrease the final helium abundance.

• ⌘: the amount of helium increases with increasing ⌘ as nucleosythesis starts earlier for

larger baryon density.

• GN : increasing the strength of gravity would increase the freeze-out temperature, Tf /
G

1/6
N , and hence would increase the final helium abundance.

• GF : increasing the weak force would decrease the freeze-out temperature, Tf / G
�2/3
F ,

and hence would decrease the final helium abundance.

Changing the input, e.g. by new physics beyond the Standard Model (BSM) in the early universe,

would change the predictions of BBN. In this way BBN is a probe of fundamental physics.

Light Element Synthesis⇤

To determine the abundances of other light elements, the coupled Boltzmann equations have to

be solved numerically (see fig. 3.11 for the result of such a computation). Fig. 3.10 shows that

theoretical predictions for the light element abundances as a function of ⌘ (or ⌦b). The fact that

we find reasonably good quantitative agreement with observations is one of the great triumphs

of the Big Bang model.
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Exercise.—Show that

r = 16" (6.5.77)

nt = �2" . (6.5.78)

Notice that this implies the consistency relation nt = �r/8.

Inflationary models can be classified according to their predictions for the parameters ns

and r. Fig. 6.3 shows the predictions of various slow-roll models as well as the latest constraints

from measurements of the Planck satellite.
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Figure 6.3: Latest constraints on the scalar spectral index ns and the tensor amplitude r.

6.6 Observations

Inflation predicts nearly scale-invariant spectra of superhorizon scalar and tensor fluctuations.

Once these modes enter the horizon, they start to evolve according to the processes described in

Chapter 5. Since we understand the physics of the subhorizon evolution very well, we can use

late-time observations to learn about the initial conditions.

6.6.1 Matter Power Spectrum

In Chapter 5, we showed that subhorizon perturbations evolve di↵erently in the radiation-

dominated and matter-dominated epochs. We have seen how this leads to a characteristic shape

of the matter power spectrum, cf. fig. 5.4. In fig. 6.4 we compare this prediction to the measured

matter power.5

5 With the exception of gravitational lensing, we unfortunately never observe the dark matter directly. Instead

galaxy surveys like the Sloan Digital Sky Survey (SDSS) only probe luminous matter. On large scales, the density

contrast for galaxies, �g, is simply proportional to density contrast for dark matter: �g = b�m, where the bias

parameter b is a constant. On small scales, the relationship isn’t as simple.
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6.6.2 CMB Anisotropies

The temperature fluctuations in the cosmic microwave background are sourced predominantly

by scalar (density) fluctuations. Acoustic oscillations in the primordial plasma before recombi-

nation lead to a characteristic peak structure of the angular power spectrum of the CMB; see

fig. 6.5. The precise shape of the spectrum depends both on the initial conditions (through the
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precision cosmology !
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Figure 1.9: Type IA supernovae and the discovery dark energy. If we assume a flat universe, then the
supernovae clearly appear fainter (or more distant) than predicted in a matter-only universe (⌦m = 1.0).
(SDSS = Sloan Digital Sky Survey; SNLS = SuperNova Legacy Survey; HST = Hubble Space Telescope.)
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Figure 1.10: A combination CMB and LSS observations indicate that the spatial geometry of the universe
is flat. The energy density of the universe is dominated by a cosmological constant. Notice that the CMB
data alone cannot exclude a matter-only universe with large spatial curvature. The evidence for dark energy
requires additional input.

Single-Component Universe

The di↵erent scalings of radiation (a�4), matter (a�3) and vacuum energy (a0) imply that for

most of its history the universe was dominated by a single component (first radiation, then

matter, then vacuum energy; see fig. 1.11). Parameterising this component by its equation of

state wI captures all cases of interest. For a flat, single-component universe, the Friedmann

equation (1.3.135) reduces to
ȧ

a
= H0

p
⌦I a

� 3
2
(1+wI) . (1.3.136)
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inflation

first nuclei

few minutes

?

how did we get here ?

first atoms

400,000 years

14 billion years

<< 1 sec

formation of structure













































































































































































































































































































































































































GALAXIES



1 Geometry and Dynamics

The further out we look into the universe, the simpler it seems to get (see Fig. 1.1). Averaged

over large scales, the clumpy distribution of galaxies becomes homogeneous and isotropic, i.e. in-

dependent of position and direction. As we will see, in §1.1, homogeneity and isotropy single

out a unique form of the spacetime geometry of the universe. We will discuss how particles and

light propagate in this spacetime in §1.2. Finally, in §1.3, we will show how the equations of

general relativity relate the rate of expansion of the universe to its matter content.

Figure 1.1: The distribution of galaxies is clumpy on small scales, but becomes more uniform on large scales
and at early times.

1.1 Geometry

1.1.1 Metric

I am assuming you have seen a metric before. (Otherwise, we will be in trouble.) Just to remind

you, the metric is an object that turns coordinate distances into physical distances. For example,

in three-dimensional Euclidean space, the physical distance between two points separated by the

infinitesimal coordinate distances dx, dy and dz is

d`2 = dx2 + dy2 + dz2 =
3X

ij=1

�ij dx
idxj , (1.1.1)
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6.6.2 CMB Anisotropies

The temperature fluctuations in the cosmic microwave background are sourced predominantly

by scalar (density) fluctuations. Acoustic oscillations in the primordial plasma before recombi-

nation lead to a characteristic peak structure of the angular power spectrum of the CMB; see

fig. 6.5. The precise shape of the spectrum depends both on the initial conditions (through the

parameters As and ns) and the cosmological parameters (through parameters like ⌦m, ⌦⇤, ⌦k,



A “zoo” of galaxies



A “zoo” of galaxies

Are all the other galaxies in the 
Universe similar to the Milky Way?

Hubble Ultra Deep Field

Hubble Ultra Deep Field

Are all the other galaxies in the 
Universe similar to the Milky Way?

Hubble Ultra Deep Field

elliptical galaxy

spiral galaxy



Are all the other galaxies in the 
Universe similar to the Milky Way?

Hubble Ultra Deep Field

M 87

- spheroid
- no disc
- red-yellow color—> old stars

- (in Virgo cluster)



The shape of elliptical galaxies

Hubble Ultra Deep Field

M 87 Ellipticity = 1 - b/a

ba

E0 
E1 
E2 
… 
E7 

ellipticity ✏ = 1� b/a

E0, E1, E2, . . . En

n = 10✏



Classification of Ellipticals

ellipticity ✏ = 1� b/a

E0, E1, E2, . . . En

n = 10✏



Are all the other galaxies in the 
Universe similar to the Milky Way?

Hubble Ultra Deep Field

•  Lenticular 
galaxy: has 
a disk like a 
spiral galaxy 
but much 
less dusty 
gas 
(intermediate 
between 
spiral and 
elliptical) 

Lenticular Galaxy

- intermediate between spirals and ellipticals
- dusty stellar disc
- less dusty spheroid



Are all the other galaxies in the 
Universe similar to the Milky Way?

Hubble Ultra Deep Field

Spirals



Grand design spirals
M51Grand Design Spirals



Are all the other galaxies in the 
Universe similar to the Milky Way?

Hubble Ultra Deep Field
•  Barred spiral galaxy: has a bar of stars across 

the bulge 

Barred Spiral



disk/bulge

pitch angle

disc/bar

Classification of Spirals



Hubble Sequence (not evolutionary!)

The Hubble’s sequence
This is NOT an evolutionary sequence



Irregulars



Cluster of galaxies

 MCS J0416.1–2403
HST



Gravitational DynamicsGa

1. Virial theorem 
2. Time scales for relaxation

see notes























































galaxy 
rotation curves

Saluchi et. al 2007 
arXiv:0707.4370



dark matter halo: simulations

Milky Way sized halo, Aquarius simulation, 200 Million particles



Digression: Astrophysical Case for Dark Matter



gravitational lensing



gravitational lensinggravitational lensing

↵ ⇡ 4GM

bc2



distortion of images 



too much distortion! 



Bullet Cluster



contours: mass distribution from lensing
Clowe et. al 2006



contours: mass distribution from lensing

optical



NOT enough “visible matter”
Mass discrepancy = 10 x baryonic matter



Dark matter?



important evidence of dark matter ?

some debate about large collision velocity …



hot stuff evaporates



galaxy clusters are too hot!

hot cluster: x-rays!

need more invisible mass!



closer to home …
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Figure 10. Circular velocity curve of the Galaxy and their individual components along a galactocentric distance (r). The blue marker represents the value of
vcirc obtained in the CME bins in r. Red solid line is our fit of the total potential. Black dotted and dotted-dashed lines are the fixed disk and the bulge circular
velocity profile for set of adopted values of masses and scale radii. Dashed line is the fitted NFW profile. Black dots with error bars are the collated vcirc values
given by Sofue et al. (2009) whereas yellow solid line is the average of the given observed values.

whereMdisk = 6.5×1010 M⊙, b = 3.5 kpc,Mbulge = 1.80×1010
M⊙, and a = 0.5 kpc (Sofue et al. 2009).
Note, the disk potential as given by Equation (10) is spher-

ically symmetric. It means the disk is considered to be a
spherical body with exponential surface density fall-off. To
get an idea on the error that is incurred due to the assump-
tion of the disk as a spherical body with the mass same
as the flattened disk we refer reader to Binney & Tremaine
(2008)(Figure 2.17). Roughly the maximum error in vcirc is
13%, which is at a distance about twice of the disk scale
length. However, at the larger distances along the mid-plane
the discrepancy is smaller. In the general case of triplanar
symmetry (elliptic disk), in reality, the disk potential has to
be the function of both polar and azimuthal coordinates and
in the special case of axial symmetry (circular disk) it has to
be the function of sole polar coordinates, in addition to the
radial coordinates (r). We here use the spherically symmetric
form for two reasons. Firstly, we make use of the the spher-
ical form of the Jeans equation given by Equation (7) which
demands a spherical potential. Secondly, it is to ease the com-
parison with earlier studies , e.g., Xue et al. (2008), that adopt
a similar definition. However, later on we consider a 3D disk
potential and discuss its consequences on the estimation of
mass. The function g in NFW potential is given by

g(c) = ln(1+ c)−
c
1+ c

and

Rvir =
!

2MvirG
H2
0Ωm∆th

"1/3

.

The total potential Φ(r) of the Galaxy is then simply

Φ(r) = Φbulge(r)+Φdisk(r)+ΦNFW(r) (13)

We adopt the value of Hubble constant, H0 = 70.4
kms−1Mpc−1, Ωm = 0.3 (Komatsu et al. 2011), and ∆th = 340
(Bryan & Norman 1998).
A NFW halo has two free parameters the massMvir and the

concentration c. Since we do not have enough data points
spanning a wide range in radius, we avoid fitting both the
parameters simultaneously. Instead we use the concentration
mass relation,

c = 327.3M−0.12
vir , 1011 !Mvir/M⊙ ! 1013, (14)

as has been reported in N body simulations of dark matter
halos (Macciò et al. 2007).
Finally, we can derive the resultant circular velocity

(vcirc) from the total potential (Equation 13) by computing
(rdΦ/dr)1/2. We fit the obtained theoretical rotation velocity
curve to our observed values of vcirc shown by the blue dots
in Figure 10, and the red line is our best fit circular velocity
curve. The vcirc profiles for the different components are also
shown separately. The dashed black line is the corresponding
best fit NFW halo profile. The best fit value for the fit param-
eter, Mvir, for our three component baryon and dark matter

Rotation Curve for the Milky Way



local group



local group dwarf spheroidal galaxy: NGC 147
near andromeda
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Fig. 2.— left: Projected velocity dispersion profiles for seven Milky Way dSph satellites. Overplotted are profiles corresponding to
mass-follows light (King 1962) models (dashed lines; these fall to zero at the nominal “edge” of stellar distribution), and best-fitting NFW
profiles that assume constant velocity anisotropy. Short, vertical lines indicate luminous core radii (IH95). Distance moduli are adopted
from Mateo (1998). right: Solid lines represent density, mass and M/L profiles corresponding to best-fitting NFW profiles. Dotted lines in
the top and middle panels are baryonic density and mass profiles, respectively, following from the assumption that the stellar component
(assumed to have M/L=1) has exponentially falling density with scale length given by IH95.
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Robin, A. C., Reylé, C., Derrière, S., & Picaud, S. 2003, A&A, 409,
523

Sen, B., Walker, M. G., & Woodroofe, M. 2007, Statistica Sinica
(submitted)

Simon, J. D., & Geha, M. 2007, astro-ph/0706.0516, 706
Strigari, L. E., Bullock, J. S., Kaplinghat, M., Diemand, J., Kuhlen,

M., & Madau, P. 2007, ArXiv e-prints, 704
Tolstoy et al. 2004, ApJ, 617, L119
Vogt, S. S., Mateo, M., Olszewski, E. W., & Keane, M. J. 1995,

AJ, 109, 151
Walker, M. G., Mateo, M., Olszewski, E. W., Bernstein, R., Wang,

X., & Woodroofe, M. 2006a, AJ, 131, 2114
Walker, M. G., Mateo, M., Olszewski, E. W., Bernstein, R. A., Sen,

B., & Woodroofe, M. 2007, ApJS (in press)
Walker, M. G., Mateo, M., Olszewski, E. W., Pal, J. K., Sen, B.,

& Woodroofe, M. 2006b, ApJ, 642, L41
Westfall, K. B., Majewski, S. R., Ostheimer, J. C., Frinchaboy,

P. M., Kunkel, W. E., Patterson, R. J., & Link, R. 2006, AJ,
131, 375

Wilkinson, M. I., Kleyna, J. T., Evans, N. W., Gilmore, G. F.,
Irwin, M. J., & Grebel, E. K. 2004, ApJ, 611, L21

velocity dispersion in dwarf spheroidals
https://arxiv.org/abs/0708.0010v1



4

Fig. 2.— left: Projected velocity dispersion profiles for seven Milky Way dSph satellites. Overplotted are profiles corresponding to
mass-follows light (King 1962) models (dashed lines; these fall to zero at the nominal “edge” of stellar distribution), and best-fitting NFW
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from Mateo (1998). right: Solid lines represent density, mass and M/L profiles corresponding to best-fitting NFW profiles. Dotted lines in
the top and middle panels are baryonic density and mass profiles, respectively, following from the assumption that the stellar component
(assumed to have M/L=1) has exponentially falling density with scale length given by IH95.
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Figure 6.4: Compilation of the latest measurements of the matter power spectrum.
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Figure 6.5: The latest measurements of the CMB angular power spectrum by the Planck satellite.

6.6.2 CMB Anisotropies

The temperature fluctuations in the cosmic microwave background are sourced predominantly

by scalar (density) fluctuations. Acoustic oscillations in the primordial plasma before recombi-

nation lead to a characteristic peak structure of the angular power spectrum of the CMB; see

fig. 6.5. The precise shape of the spectrum depends both on the initial conditions (through the

parameters As and ns) and the cosmological parameters (through parameters like ⌦m, ⌦⇤, ⌦k,

Planck collaboration: CMB power spectra & likelihood
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-` values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.

Table 8. Constraints on the basic six-parameter ⇤CDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100✓MC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100✓⇤ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60

33

or some non-trivial modification of gravity … (CMB is difficult)



NO non-gravitational detection yet!

• Indirect detection — decay/ annihilation products) 

• Direct detection — accelerators (LHC), underground 
detectors (Xenon, CDMS)

Also, work continues on modifications of gravity …
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Figure 1. B, R, I and H band calibrations of the Tully–Fisher relation. Solid circles are galaxies with distances measured using
Cepheids, solid triangles are galaxies with distances estimated via surface brightness fluctuation measurements within dE companions
and open circles are systems thought to be group members with at least one galaxy with a Cepheid distance, and therefore thought to
be at a similar distance. The dashed line is a least-squares fit to the solid points in each panel.

Mb,i
H = −10.39(log W i

R − 2.5) − 22.22 ± 0.08 (0.30)

where the superscripts b and i indicate Galactic extinction
and internal extinction corrections, respectively. The
zero points give the absolute magnitude for galaxies
with log W i

R = 2.5, or Vmax = 160 km s−1. In all
bandpasses, the random uncertainty in the zero point
is negligible compared with the remaining systematic
uncertainty in the absolute calibration of the Cepheids
themselves (∼0.13 mag, or 7% in distance). The rms
dispersions of the relations are given in parentheses.
Given these calibrations, the absolute magnitude of any
spiral galaxy can be predicted from its rotational velocity
and its distance estimated from its measured apparent
magnitude.

Application of the Tully–Fisher relation to field
galaxies
The Tully–Fisher relations have been used to estimate the
distances to several hundred spiral galaxies within an
expansion velocity of about 8000 km s−1. An example of
the resulting ‘Hubble flow’ is shown in figure 2. Since
the velocities are a combination of both the expansion
and any local peculiar velocities induced by gravity, the
deviations in velocity can be correlated with position on
the sky to produce maps of the deviations from the mean

expansion field. The primary features seen in such maps
are (1) local streaming of ∼100 km s−1 associated with
the non-uniform distribution of matter within 10 Mpc
of the Local Group, (2) retarded expansion velocities of
several hundred km s−1 near the Virgo cluster of galaxies
and (3) a large-scale streaming of about 400 km s−1

towards a ‘Great Attractor’ located at a distance of about
60 Mpc in the direction of the Hydra–Centaurus cluster
complex. These peculiar velocities are usually assumed
to result from the gravitational accelerations produced by
the irregularities in the large-scale distribution of mass.
With this assumption, various research groups have used
these ‘flow maps’ to constrain the mean mass density
of the universe (!) as well as to examine the degree to
which the distribution of galaxies follows the distribution
of mass. These investigations appear to favor low values
of ! (∼0.2) and also imply that mass is generally traced by
the distribution of galaxies.

Distant clusters and the Hubble constant
The errors in the distances of individual galaxies measured
using the Tully–Fisher relations are about 15% when using
high-quality observational data. As a result, the absolute
errors can become large for distant galaxies. Since there
are still significant peculiar velocities out to velocities of

Copyright © Nature Publishing Group 2001
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gas, which can be determined from the strength of the
21-cm line, to the stellar mass a much tighter correlation
is obtained, see Fig. 3.21(b). It reads

Mdisk = 2×109 h−2 M⊙
! vmax

100 km/s

"4
, (3.19)

and is valid over five orders of magnitude in disk mass
Mdisk = M∗ + Mgas. If no further baryons exist in spirals
(such as, e.g., MACHOs), this close relation means that
the ratio of baryons and dark matter in spirals is constant
over a very wide mass range.

3.4.2 The Faber–Jackson Relation
A relation for elliptical galaxies, analogous to the Tully–
Fisher relation, was found by Sandra Faber and Roger
Jackson. They discovered that the velocity dispersion in
the center of ellipticals, σ0, scales with luminosity (see
Fig. 3.22),

L ∝ σ4
0 ,

or

log(σ0) = −0.1MB + const . (3.20)

“Deriving” the Faber–Jackson scaling relation is pos-
sible under the same assumptions as the Tully–Fisher
relation. However, the dispersion of ellipticals about
this relation is larger than that of spirals about the
Tully–Fisher relation.

Fig. 3.22. The Faber–Jackson relation expresses a relation be-
tween the velocity dispersion and the luminosity of elliptical
galaxies. It can be derived from the virial theorem

3.4.3 The Fundamental Plane
The Tully–Fisher and Faber–Jackson relations specify
a connection between the luminosity and a kinematic
property of galaxies. As we discussed previously, vari-
ous relations exist between the parameters of elliptical
galaxies. Thus one might wonder whether a relation ex-
ists between observables of elliptical galaxies for which
the dispersion is smaller than that of the Faber–Jackson
relation. Such a relation was indeed found and is known
as the fundamental plane.

To explain this relation, we will consider the vari-
ous relations between the parameters of ellipticals. In
Sect. 3.2.2 we saw that the effective radius of normal el-
lipticals is related to the luminosity (see Fig. 3.7). This
implies a relation between the surface brightness and
the effective radius,

Re ∝ ⟨I⟩−0.83
e , (3.21)

where ⟨I⟩e is the average surface brightness within the
effective radius, so that

L = 2πR2
e ⟨I⟩e . (3.22)

From this, a relation between the luminosity and ⟨I⟩e
results,

L ∝ R2
e ⟨I⟩e ∝ ⟨I⟩−0.66

e

or

⟨I⟩e ∝ L−1.5 . (3.23)

Hence, more luminous ellipticals have smaller surface
brightnesses, as is also shown in Fig. 3.7. By means
of the Faber–Jackson relation, L is related to σ0, the
central velocity dispersion, and therefore, σ0, ⟨I⟩e, and
Re are related to each other. The distribution of elliptical
galaxies in the three-dimensional parameter space (Re,
⟨I⟩e, σ0) is located close to a plane defined by

Re ∝ σ1.4
0 ⟨I⟩−0.85

e . (3.24)

Writing this relation in logarithmic form, we obtain

log Re = 0.34 ⟨µ⟩e +1.4 log σ0 + const , (3.25)

Fig. 1.— The M• � � relation for our full sample of 72 galaxies listed in Table A1 and at http://blackhole.berkeley.edu. Brightest
cluster galaxies (BCGs) that are also the central galaxies of their clusters are plotted in green, other elliptical and S0 galaxies are plotted
in red, and late-type spiral galaxies are plotted in blue. NGC 1316 is the most luminous galaxy in the Fornax cluster, but it lies at the
cluster outskirts; the green symbol here labels the central galaxy NGC 1399. M87 lies near the center of the Virgo cluster, whereas NGC
4472 (M49) lies ⇠ 1 Mpc to the south. The black-hole masses are measured using the dynamics of masers (triangles), stars (stars) or gas
(circles). Error bars indicate 68% confidence intervals. For most of the maser galaxies, the error bars in M• are smaller than the plotted
symbol. The black dotted line shows the best-fitting power law for the entire sample: log10(M•/M�) = 8.32 + 5.64 log10(�/200 km s�1).
When early-type and late-type galaxies are fit separately, the resulting power laws are log10(M•/M�) = 8.39 + 5.20 log10(�/200 km s�1)
for the early-type (red dashed line), and log10(M•/M�) = 8.07 + 5.06 log10(�/200 km s�1) for the late-type (blue dot-dashed line). The
plotted values of � are derived using kinematic data over the radii rinf < r < re↵ .

compare the two definitions of � for 12 galaxies whose
kinematics within r

inf

are notably di↵erent from kine-
matics at larger radii. As shown in Table 1, excluding
r < r

inf

can reduce � by up to 10-15%. Ten of the 12 up-
dated galaxies are massive (� > 250 km s�1 using either
definition). Rusli (2012) presented seven new stellar dy-
namical measurements of M• along with central velocity
dispersions. We have used the long-slit kinematics from
Rusli (2012) and references therein to derive � according
to Equation 1; our � values appear in Tables A1 and 1.
For the M• � M

bulge

relation, we have compiled the
bulge stellar masses for 35 early-type galaxies. Among
them, 13 bulge masses are taken from Häring & Rix
(2004), who used spherical Jeans models to fit stellar
kinematics. For 22 more galaxies, we multiply the V -
band luminosity in Table A1 with the bulge mass-to-

light ratio (M/L) derived from kinematics and dynam-
ical modeling of stars or gas (see Table A1 for refer-
ences). Where necessary, M/L is converted to V -band
using galaxy colors. The values of M

bulge

are scaled to
reflect the assumed distances in Table A1.
Most of the dynamical models behind our compiled val-

ues of M
bulge

have assumed that mass follows light. This
assumption can be appropriate in the inner regions of
galaxies, where dark matter does not contribute signifi-
cantly to the total enclosed mass. Still, several measure-
ments are based on kinematic data out to large radii.
Furthermore, some galaxies exhibit contradictions be-
tween the dynamical estimates of M/L and estimates of
M/L from stellar population synthesis models (e.g., Cap-
pellari et al. 2006; Conroy & van Dokkum 2012). For this
reason, we adopt a conservative approach and assign a
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Fig. 1.— The M• � � relation for our full sample of 72 galaxies listed in Table A1 and at http://blackhole.berkeley.edu. Brightest
cluster galaxies (BCGs) that are also the central galaxies of their clusters are plotted in green, other elliptical and S0 galaxies are plotted
in red, and late-type spiral galaxies are plotted in blue. NGC 1316 is the most luminous galaxy in the Fornax cluster, but it lies at the
cluster outskirts; the green symbol here labels the central galaxy NGC 1399. M87 lies near the center of the Virgo cluster, whereas NGC
4472 (M49) lies ⇠ 1 Mpc to the south. The black-hole masses are measured using the dynamics of masers (triangles), stars (stars) or gas
(circles). Error bars indicate 68% confidence intervals. For most of the maser galaxies, the error bars in M• are smaller than the plotted
symbol. The black dotted line shows the best-fitting power law for the entire sample: log10(M•/M�) = 8.32 + 5.64 log10(�/200 km s�1).
When early-type and late-type galaxies are fit separately, the resulting power laws are log10(M•/M�) = 8.39 + 5.20 log10(�/200 km s�1)
for the early-type (red dashed line), and log10(M•/M�) = 8.07 + 5.06 log10(�/200 km s�1) for the late-type (blue dot-dashed line). The
plotted values of � are derived using kinematic data over the radii rinf < r < re↵ .
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are notably di↵erent from kine-
matics at larger radii. As shown in Table 1, excluding
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inf

can reduce � by up to 10-15%. Ten of the 12 up-
dated galaxies are massive (� > 250 km s�1 using either
definition). Rusli (2012) presented seven new stellar dy-
namical measurements of M• along with central velocity
dispersions. We have used the long-slit kinematics from
Rusli (2012) and references therein to derive � according
to Equation 1; our � values appear in Tables A1 and 1.
For the M• � M

bulge

relation, we have compiled the
bulge stellar masses for 35 early-type galaxies. Among
them, 13 bulge masses are taken from Häring & Rix
(2004), who used spherical Jeans models to fit stellar
kinematics. For 22 more galaxies, we multiply the V -
band luminosity in Table A1 with the bulge mass-to-

light ratio (M/L) derived from kinematics and dynam-
ical modeling of stars or gas (see Table A1 for refer-
ences). Where necessary, M/L is converted to V -band
using galaxy colors. The values of M

bulge

are scaled to
reflect the assumed distances in Table A1.
Most of the dynamical models behind our compiled val-

ues of M
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have assumed that mass follows light. This
assumption can be appropriate in the inner regions of
galaxies, where dark matter does not contribute signifi-
cantly to the total enclosed mass. Still, several measure-
ments are based on kinematic data out to large radii.
Furthermore, some galaxies exhibit contradictions be-
tween the dynamical estimates of M/L and estimates of
M/L from stellar population synthesis models (e.g., Cap-
pellari et al. 2006; Conroy & van Dokkum 2012). For this
reason, we adopt a conservative approach and assign a
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Figure 1. B, R, I and H band calibrations of the Tully–Fisher relation. Solid circles are galaxies with distances measured using
Cepheids, solid triangles are galaxies with distances estimated via surface brightness fluctuation measurements within dE companions
and open circles are systems thought to be group members with at least one galaxy with a Cepheid distance, and therefore thought to
be at a similar distance. The dashed line is a least-squares fit to the solid points in each panel.

Mb,i
H = −10.39(log W i

R − 2.5) − 22.22 ± 0.08 (0.30)

where the superscripts b and i indicate Galactic extinction
and internal extinction corrections, respectively. The
zero points give the absolute magnitude for galaxies
with log W i

R = 2.5, or Vmax = 160 km s−1. In all
bandpasses, the random uncertainty in the zero point
is negligible compared with the remaining systematic
uncertainty in the absolute calibration of the Cepheids
themselves (∼0.13 mag, or 7% in distance). The rms
dispersions of the relations are given in parentheses.
Given these calibrations, the absolute magnitude of any
spiral galaxy can be predicted from its rotational velocity
and its distance estimated from its measured apparent
magnitude.

Application of the Tully–Fisher relation to field
galaxies
The Tully–Fisher relations have been used to estimate the
distances to several hundred spiral galaxies within an
expansion velocity of about 8000 km s−1. An example of
the resulting ‘Hubble flow’ is shown in figure 2. Since
the velocities are a combination of both the expansion
and any local peculiar velocities induced by gravity, the
deviations in velocity can be correlated with position on
the sky to produce maps of the deviations from the mean

expansion field. The primary features seen in such maps
are (1) local streaming of ∼100 km s−1 associated with
the non-uniform distribution of matter within 10 Mpc
of the Local Group, (2) retarded expansion velocities of
several hundred km s−1 near the Virgo cluster of galaxies
and (3) a large-scale streaming of about 400 km s−1

towards a ‘Great Attractor’ located at a distance of about
60 Mpc in the direction of the Hydra–Centaurus cluster
complex. These peculiar velocities are usually assumed
to result from the gravitational accelerations produced by
the irregularities in the large-scale distribution of mass.
With this assumption, various research groups have used
these ‘flow maps’ to constrain the mean mass density
of the universe (!) as well as to examine the degree to
which the distribution of galaxies follows the distribution
of mass. These investigations appear to favor low values
of ! (∼0.2) and also imply that mass is generally traced by
the distribution of galaxies.

Distant clusters and the Hubble constant
The errors in the distances of individual galaxies measured
using the Tully–Fisher relations are about 15% when using
high-quality observational data. As a result, the absolute
errors can become large for distant galaxies. Since there
are still significant peculiar velocities out to velocities of
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gas, which can be determined from the strength of the
21-cm line, to the stellar mass a much tighter correlation
is obtained, see Fig. 3.21(b). It reads

Mdisk = 2×109 h−2 M⊙
! vmax

100 km/s

"4
, (3.19)

and is valid over five orders of magnitude in disk mass
Mdisk = M∗ + Mgas. If no further baryons exist in spirals
(such as, e.g., MACHOs), this close relation means that
the ratio of baryons and dark matter in spirals is constant
over a very wide mass range.

3.4.2 The Faber–Jackson Relation
A relation for elliptical galaxies, analogous to the Tully–
Fisher relation, was found by Sandra Faber and Roger
Jackson. They discovered that the velocity dispersion in
the center of ellipticals, σ0, scales with luminosity (see
Fig. 3.22),

L ∝ σ4
0 ,

or

log(σ0) = −0.1MB + const . (3.20)

“Deriving” the Faber–Jackson scaling relation is pos-
sible under the same assumptions as the Tully–Fisher
relation. However, the dispersion of ellipticals about
this relation is larger than that of spirals about the
Tully–Fisher relation.

Fig. 3.22. The Faber–Jackson relation expresses a relation be-
tween the velocity dispersion and the luminosity of elliptical
galaxies. It can be derived from the virial theorem

3.4.3 The Fundamental Plane
The Tully–Fisher and Faber–Jackson relations specify
a connection between the luminosity and a kinematic
property of galaxies. As we discussed previously, vari-
ous relations exist between the parameters of elliptical
galaxies. Thus one might wonder whether a relation ex-
ists between observables of elliptical galaxies for which
the dispersion is smaller than that of the Faber–Jackson
relation. Such a relation was indeed found and is known
as the fundamental plane.

To explain this relation, we will consider the vari-
ous relations between the parameters of ellipticals. In
Sect. 3.2.2 we saw that the effective radius of normal el-
lipticals is related to the luminosity (see Fig. 3.7). This
implies a relation between the surface brightness and
the effective radius,

Re ∝ ⟨I⟩−0.83
e , (3.21)

where ⟨I⟩e is the average surface brightness within the
effective radius, so that

L = 2πR2
e ⟨I⟩e . (3.22)

From this, a relation between the luminosity and ⟨I⟩e
results,

L ∝ R2
e ⟨I⟩e ∝ ⟨I⟩−0.66

e

or

⟨I⟩e ∝ L−1.5 . (3.23)

Hence, more luminous ellipticals have smaller surface
brightnesses, as is also shown in Fig. 3.7. By means
of the Faber–Jackson relation, L is related to σ0, the
central velocity dispersion, and therefore, σ0, ⟨I⟩e, and
Re are related to each other. The distribution of elliptical
galaxies in the three-dimensional parameter space (Re,
⟨I⟩e, σ0) is located close to a plane defined by

Re ∝ σ1.4
0 ⟨I⟩−0.85

e . (3.24)

Writing this relation in logarithmic form, we obtain

log Re = 0.34 ⟨µ⟩e +1.4 log σ0 + const , (3.25)
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Fig. 1.3. Schematic structure of the Milky Way consisting
of the disk, the central bulge with the Galactic center, and
the spherical halo in which most of the globular clusters are
located. The Sun orbits around the Galactic center at a distance
of about 8 kpc

former viewed from “above” (face-on) and the latter
from the “side” (edge-on). In the former case, the spi-
ral structure, from which this kind of galaxy derives
its name, is clearly visible. The bright knots in the spi-
ral arms are regions where young, luminous stars have
recently formed. The image shows an obvious color
gradient: the galaxy is redder in the center and bluest in
the spiral arms – while star formation is currently tak-
ing place in the spiral arms, we find mainly old stars
towards the center, especially in the bulge.

The Galactic disk rotates, with rotational velocity
V(R) depending on the distance R from the center. We
can estimate the mass of the Galaxy from the distri-
bution of the stellar light and the mean mass-to-light
ratio of the stellar population, since gas and dust repre-
sent less than ∼ 10% of the mass of the stars. From this
mass estimate we can predict the rotational velocity as
a function of radius simply from Newtonian mechanics.
However, the observed rotational velocity of the Sun
around the Galactic center is significantly higher than
would be expected from the observed mass distribution.
If M(R0) is the mass inside a sphere around the Gal-
actic center with radius R0 ≈ 8 kpc, then the rotational
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Fig. 1.4. The upper curve is the observed rotation curve V(R)
of our Galaxy, i.e., the rotational velocity of stars and gas
around the Galactic center as a function of their galacto-centric
distance. The lower curve is the rotation curve that we would
predict based solely on the observed stellar mass of the Gal-
axy. The difference between these two curves is ascribed to
the presence of dark matter, in which the Milky Way disk is
embedded

velocity from Newtonian mechanics3 is

V0 =
!

G M(R0)

R0
. (1.1)

From the visible matter in stars we would expect
a rotational velocity of ∼ 160 km/s, but we observe
V0 ∼ 220 km/s (see Fig. 1.4). This, and the shape of
the rotation curve V(R) for larger distances R from the
Galactic center, indicates that our Galaxy contains sig-
nificantly more mass than is visible in the form of stars.4

This additional mass is called dark matter. Its physical
nature is still unknown. The main candidates are weakly
interacting elementary particles like those postulated by
some elementary particle theories, but they have yet not
been detected in the laboratory. Macroscopic objects
(i.e., celestial bodies) are also in principle possible can-
didates if they emit very little light. We will discuss ex-
periments which allow us to identify such macroscopic

3We use standard notation: G is the Newtonian gravitational constant,
c the speed of light.
4Strictly speaking, (1.1) is valid only for a spherically symmetric mass
distribution. However, the rotational velocity for an oblate density
distribution does not differ much, so we can use this relation as an
approximation.
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Fig. 1.3. Schematic structure of the Milky Way consisting
of the disk, the central bulge with the Galactic center, and
the spherical halo in which most of the globular clusters are
located. The Sun orbits around the Galactic center at a distance
of about 8 kpc

former viewed from “above” (face-on) and the latter
from the “side” (edge-on). In the former case, the spi-
ral structure, from which this kind of galaxy derives
its name, is clearly visible. The bright knots in the spi-
ral arms are regions where young, luminous stars have
recently formed. The image shows an obvious color
gradient: the galaxy is redder in the center and bluest in
the spiral arms – while star formation is currently tak-
ing place in the spiral arms, we find mainly old stars
towards the center, especially in the bulge.

The Galactic disk rotates, with rotational velocity
V(R) depending on the distance R from the center. We
can estimate the mass of the Galaxy from the distri-
bution of the stellar light and the mean mass-to-light
ratio of the stellar population, since gas and dust repre-
sent less than ∼ 10% of the mass of the stars. From this
mass estimate we can predict the rotational velocity as
a function of radius simply from Newtonian mechanics.
However, the observed rotational velocity of the Sun
around the Galactic center is significantly higher than
would be expected from the observed mass distribution.
If M(R0) is the mass inside a sphere around the Gal-
actic center with radius R0 ≈ 8 kpc, then the rotational
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Fig. 1.4. The upper curve is the observed rotation curve V(R)
of our Galaxy, i.e., the rotational velocity of stars and gas
around the Galactic center as a function of their galacto-centric
distance. The lower curve is the rotation curve that we would
predict based solely on the observed stellar mass of the Gal-
axy. The difference between these two curves is ascribed to
the presence of dark matter, in which the Milky Way disk is
embedded

velocity from Newtonian mechanics3 is

V0 =
!

G M(R0)

R0
. (1.1)

From the visible matter in stars we would expect
a rotational velocity of ∼ 160 km/s, but we observe
V0 ∼ 220 km/s (see Fig. 1.4). This, and the shape of
the rotation curve V(R) for larger distances R from the
Galactic center, indicates that our Galaxy contains sig-
nificantly more mass than is visible in the form of stars.4

This additional mass is called dark matter. Its physical
nature is still unknown. The main candidates are weakly
interacting elementary particles like those postulated by
some elementary particle theories, but they have yet not
been detected in the laboratory. Macroscopic objects
(i.e., celestial bodies) are also in principle possible can-
didates if they emit very little light. We will discuss ex-
periments which allow us to identify such macroscopic

3We use standard notation: G is the Newtonian gravitational constant,
c the speed of light.
4Strictly speaking, (1.1) is valid only for a spherically symmetric mass
distribution. However, the rotational velocity for an oblate density
distribution does not differ much, so we can use this relation as an
approximation.
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a component i of the velocity vector, the dispersion σi

is defined as

σ2
i =

!
(vi −⟨vi⟩)2"

=
!
v2

i −⟨vi⟩2"

= n−1
#

3

d3v f(v)
$
v2

i −⟨vi⟩2%
. (2.33)

The larger σi is, the broader the distribution of the
stochastic motions. We note that the same concept ap-
plies to the velocity distribution of molecules in a gas.
The mean velocity ⟨v⟩ at each point defines the bulk
velocity of the gas, e.g., the wind speed in the atmo-
sphere, whereas the velocity dispersion is caused by
thermal motion of the molecules and is determined by
the temperature of the gas.

The random motion of the stars in the direction
perpendicular to the disk is the reason for the finite
thickness of the population; it is similar to a thermal
distribution. Accordingly, it has the effect of a pressure,
the so-called dynamical pressure of the distribution.
This pressure determines the scale-height of the dis-
tribution, which corresponds to the law of atmospheres.
The larger the dynamical pressure, i.e., the larger the
velocity dispersion σz perpendicular to the disk, the
larger the scale-height h will be. The analysis of stars
in the Solar neighborhood yields σz ∼ 16 km/s for stars
younger than ∼ 3 Gyr, corresponding to a scale-height
of h ∼ 250 pc, whereas stars older than ∼ 6 Gyr have
a scale-height of ∼ 350 pc and a velocity dispersion of
σz ∼ 25 km/s.

The density distribution of the total star population,
obtained from counts and distance determinations of
stars, is to a good approximation described by

n(R, z) = n0
$
e−|z|/hthin +0.02e−|z|/hthick

%
e−R/h R ;

(2.34)

here, R and z are the cylinder coordinates introduced
above (see Sect. 2.1), with the origin at the Galactic
center, and hthin ≈ hotd ≈ 325 pc is the scale-height of
the thin disk. The distribution in the radial direction can
also be well described by an exponential law, where
hR ≈ 3.5 kpc denotes the scale-length of the Galactic
disk. The normalization of the distribution is determined
by the density n ≈ 0.2 stars/pc3 in the Solar neighbor-
hood, for stars in the range of absolute magnitudes of
4.5 ≤ MV ≤ 9.5. The distribution described by (2.34) is

not smooth at z = 0; it has a kink at this point and it is
therefore unphysical. To get a smooth distribution which
follows the exponential law for large z and is smooth in
the plane of the disk, the distribution is slightly modi-
fied. As an example, for the luminosity density of the
old thin disk (that is proportional to the number density
of the stars), we can write:

L(R, z) = L0e−R/h R

cosh2(z/hz)
, (2.35)

with hz = 2hthin and L0 ≈ 0.05L⊙/pc3. The Sun is
a member of the young thin disk and is located above
the plane of the disk, at z = 30 pc.

2.3.2 The Galactic Disk:
Chemical Composition and Age

Stellar Populations. The chemical composition of stars
in the thin and the thick disks differs: we observe the
clear tendency that stars in the thin disk have a higher
metallicity than those in the thick disk. In contrast, the
metallicity of stars in the Galactic halo and in the bulge
is smaller. To paraphrase these trends, one distinguishes
between stars of Population I (Pop I) which have a Solar-
like metallicity (Z ∼ 0.02) and are mainly located in
the thin disk, and stars of Population II (Pop II) that
are metal-poor (Z ∼ 0.001) and predominantly found
in the thick disk, in the halo, and in the bulge. In reality,
stars cover a wide range in Z, and the figures above
are only characteristic values. For stellar populations
a somewhat finer separation was also introduced, such
as “extreme Population I”, “intermediate Population II”,
and so on. The populations also differ in age (stars of
Pop I are younger than those of Pop II), in scale-height
(as mentioned above), and in the velocity dispersion
perpendicular to the disk (σz is larger for Pop II stars
than for Pop I stars).

We shall now attempt to understand the origin of
these different metallicities and their relation to the
scale-height and to age. We start with a brief discus-
sion of the phenomenon that is the main reason for the
metal enrichment of the interstellar medium.

Metallicity and Supernovae. Supernovae (SNe) are
explosive events. Within a few days, a SN can reach

hthin ⇡ 325 pc

hthick ⇡ 1.5 kpc

n ⇡ 0.2 stars pc�3

hR ⇡ 3.5 kpc

thin disc: younger stars 
thick disc: older stars 



Galactic disc: Luminosity

1.2 Overview

5

Fig. 1.3. Schematic structure of the Milky Way consisting
of the disk, the central bulge with the Galactic center, and
the spherical halo in which most of the globular clusters are
located. The Sun orbits around the Galactic center at a distance
of about 8 kpc

former viewed from “above” (face-on) and the latter
from the “side” (edge-on). In the former case, the spi-
ral structure, from which this kind of galaxy derives
its name, is clearly visible. The bright knots in the spi-
ral arms are regions where young, luminous stars have
recently formed. The image shows an obvious color
gradient: the galaxy is redder in the center and bluest in
the spiral arms – while star formation is currently tak-
ing place in the spiral arms, we find mainly old stars
towards the center, especially in the bulge.

The Galactic disk rotates, with rotational velocity
V(R) depending on the distance R from the center. We
can estimate the mass of the Galaxy from the distri-
bution of the stellar light and the mean mass-to-light
ratio of the stellar population, since gas and dust repre-
sent less than ∼ 10% of the mass of the stars. From this
mass estimate we can predict the rotational velocity as
a function of radius simply from Newtonian mechanics.
However, the observed rotational velocity of the Sun
around the Galactic center is significantly higher than
would be expected from the observed mass distribution.
If M(R0) is the mass inside a sphere around the Gal-
actic center with radius R0 ≈ 8 kpc, then the rotational
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Fig. 1.4. The upper curve is the observed rotation curve V(R)
of our Galaxy, i.e., the rotational velocity of stars and gas
around the Galactic center as a function of their galacto-centric
distance. The lower curve is the rotation curve that we would
predict based solely on the observed stellar mass of the Gal-
axy. The difference between these two curves is ascribed to
the presence of dark matter, in which the Milky Way disk is
embedded

velocity from Newtonian mechanics3 is

V0 =
!

G M(R0)

R0
. (1.1)

From the visible matter in stars we would expect
a rotational velocity of ∼ 160 km/s, but we observe
V0 ∼ 220 km/s (see Fig. 1.4). This, and the shape of
the rotation curve V(R) for larger distances R from the
Galactic center, indicates that our Galaxy contains sig-
nificantly more mass than is visible in the form of stars.4

This additional mass is called dark matter. Its physical
nature is still unknown. The main candidates are weakly
interacting elementary particles like those postulated by
some elementary particle theories, but they have yet not
been detected in the laboratory. Macroscopic objects
(i.e., celestial bodies) are also in principle possible can-
didates if they emit very little light. We will discuss ex-
periments which allow us to identify such macroscopic

3We use standard notation: G is the Newtonian gravitational constant,
c the speed of light.
4Strictly speaking, (1.1) is valid only for a spherically symmetric mass
distribution. However, the rotational velocity for an oblate density
distribution does not differ much, so we can use this relation as an
approximation.
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iron abundance. Indeed one finds [Fe/H] = −4.5 for
extremely old stars (i.e., 3×10−5 of the Solar iron abun-
dance), whereas very young stars have [Fe/H] = 1, so
their metallicity can significantly exceed that of the Sun.

However, this age–metallicity relation is not very
tight. On the one hand, SNe Ia occur only ! 109 years
after the formation of a stellar population. The exact
time-span is not known because even if one accepts the
scenario for SN Ia described above, it is unclear in what
form and in what systems the accretion of material onto
the white dwarf takes place and how long it typically
takes until the limiting mass is reached. On the other
hand, the mixing of the SN ejecta in the ISM occurs only
locally, so that large inhomogeneities of the [Fe/H] ra-
tio may be present in the ISM, and thus even for stars
of the same age. An alternative measure for metallic-
ity is [O/H], because oxygen, which is an α-element,
is produced and ejected mainly in supernova explo-
sions of massive stars. These begin only ∼ 107 yr after
the formation of a stellar population, which is virtually
instantaneous.

Characteristic values for the metallicity are −0.5
" [Fe/H]" 0.3 in the thin disk, while for the thick disk
−1.0" [Fe/H]"−0.4 is typical. From this, one can
deduce that stars in the thin disk must be significantly
younger on average than those in the thick disk. This
result can now be interpreted using the age–metallicity
relation. Either star formation has started earlier, or
ceased earlier, in the thick disk than in the thin disk,
or stars that originally belonged to the thin disk have
migrated into the thick disk. The second alternative is
favored for various reasons. It would be hard to under-
stand why molecular gas, out of which stars are formed,
was much more broadly distributed in earlier times than
it is today, where we find it well concentrated near the
Galactic plane. In addition, the widening of an initially
narrow stellar distribution in time is also expected. The
matter distribution in the disk is not homogeneous and,
along their orbits around the Galactic center, stars expe-
rience this inhomogeneous gravitational field caused by
other stars, spiral arms, and massive molecular clouds.
Stellar orbits are perturbed by such fluctuations, i.e.,
they gain a random velocity component perpendicular
to the disk from local inhomogeneities of the gravita-
tional field. In other words, the velocity dispersion σz of
a stellar population grows in time, and the scale-height
of a population increases. In contrast to stars, the gas

keeps its narrow distribution around the Galactic plane
due to internal friction.

This interpretation is, however, not unambiguous.
Another scenario for the formation of the thick disk
is also possible, where the stars of the thick disk were
formed outside the Milky Way and only became con-
stituents of the disk later, through accretion of satellite
galaxies. This model is supported, among other reasons,
by the fact that the rotational velocity of the thick disk
around the Galactic center is smaller by ∼ 50 km/s than
that of the thin disk. In other spirals, in which a thick
disk component was found and kinematically analyzed,
the discrepancy between the rotation curves of the thick
and thin disks is sometimes even stronger. In one case,
the thick disk has been observed to rotate around the
center of the galaxy in the opposite direction to the gas
disk. In such a case, the aforementioned model of the
evolution of the thick disk by kinematic heating of stars
would definitely not apply.

Mass-to-Light Ratio. The total stellar mass of the thin
disk is ∼ 6×1010 M⊙, to which ∼ 0.5×1010 M⊙ in the
form of dust and gas has to be added. The luminosity of
the stars in the thin disk is L B ≈ 1.8×1010 L⊙. Together,
this yields a mass-to-light ratio of

M
L B

≈ 3
M⊙
L⊙

in thin disk . (2.36)

The M/L ratio in the thick disk is higher. For this com-
ponent, one has M ∼ 3×109 M⊙ and L B ≈ 2×108 L⊙,
so that M/L B ∼ 15 in Solar units. The thick disk thus
does not play any significant role for the total mass
budget of the Galactic disk, and even less for its total
luminosity. On the other hand, the thick disk is invalu-
able for the diagnosis of the dynamical evolution of the
disk. If the Milky Way were to be observed from the
outside, one would find a M/L value for the disk of
about 4 in Solar units; this is a characteristic value for
spiral galaxies.

2.3.3 The Galactic Disk: Dust and Gas
The spiral structure of the Milky Way and other spiral
galaxies is delineated by very young objects like O- and
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