AST2000 Lecture Notes
Part 1F
Dark matter
Questions to ponder before the lecture
1. How many elementary particles (particles which do not consist of smaller particles) do you know
about?
2. Do you know why astronomers believe that a form of matter called dark matter exists?
3. Why do we call it dark matter?
4. What could dark matter possibly be?

Illustration of the dark matter halo (blue) around the Milky Way (Credit: ESO/L. Calada)
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AST2000 Lecture Notes
Part 1F
Dark matter
• the tau particle and the tau associated neutrino.

Before looking at the evidence for dark matter,
we will first look at our present understanding of
normal matter.
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In collisions involving the electron, an electron
(anti)neutrino is often created, in collisions involving the muon, a muon (anti)neutrino is often
created and the same goes for the tau particle.
Each lepton has lepton number +1 whereas an antilepton has lepton number -1. This is a property
of the particle similar to charge: In the same way
as the total charge is conserved in particle collisions, the total lepton number is also conserved.

Some particle physics

Nature is composed of three kinds of elementary
particles: leptons, quarks, and gauge bosons. In
addition, there is also the Higgs boson which does
not belong to any of these groups. All these particles have so-called antiparticles, particles which
have opposite charges but are otherwise identical
to their partner particle. Nature also has four
forces acting on these elementary particles: the
strong and weak nuclear forces, the electromagnetic force and the force of gravity (from the point
of view of general relativity the latter is not a
force, from the point of view of particle physics,
it is). Actually, it has been discovered that the
weak nuclear force and the electromagnetic force
are two aspects of the same thing. At higher energies they unify and are therefore together called
the electroweak force.

There are also 6 kinds of quarks grouped in three
generations. In the order of increasing mass these
are
• the up (charge +2/3e) and down (charge
−1/3e) quarks.
• the strange (charge −1/3e) and charm
(charge +2/3e) quarks.
• the bottom (charge −1/3e) and top (charge
+2/3e) quarks.
A quark has never been observed alone it is always connected to other quarks via the strong
nuclear force. A particle consisting of two quarks
is called a meson and a particle consisting of three
quarks is called a baryon. Mesons and baryons together are called hadrons. A proton is a baryon
consisting of three quarks, two up and one down
quark. A neutron is another example of a baryon
consisting of two down and one up quark.

The leptons can be divided in two groups, the 3
‘heavy’ (with much more mass than in the other
group) leptons with electric charge -1 and 3 light
leptons called neutrinos (with a very small mass)
which are neutral. Each heavy lepton has a neutrino associated with it. In all there are thus 6
leptons

In quantum theory, the forces of nature are car• the electron and the electron associated neuried by so-called gauge bosons. Two particles attrino.
tract or repel each other through the interchange
• the muon and the muon associated neutrino. of gauge bosons. Normally these are virtual gauge
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bosons: Particles existing for a very short time,
just enough to carry the force between two particles. The energy to create such a particle is borrowed from vacuum: The Heisenberg uncertainty
relation
h
∆E∆t ≤
,
(1)
4π
allows energy ∆E to be borrowed from the vacuum for a short time interval ∆t. The gauge
bosons carrying the four forces are

dard model of particle physics and all known particles are called standard model particles.
Looking at your summary, you will realize that
almost all the visible mass of the universe is
made up of protons and neutrons (which are both
baryons). There is also a considerable amount
of electrons in the universe, but their mass is so
small compared to the baryons that they are not
very important in the total mass. For this reason, astrophysicists tend to call all normal matter (all standard model particles) for baryons,
no matter if they are leptons, mesons or gauge
bosons. When we now enter the discussion about
whether dark matter is baryonic matter or nonbaryonic matter, what astrophysicists really mean
is whether the dark matter belongs to the above
groups of known matter (leptons, quarks or gauge
bosons), or whether it is a completely new particle which may not even interact with the standard
model particles.

• gluons in the case of the strong nuclear force
• W and Z bosons in the case of the weak nuclear force
• photons in the case of the electromagnetic
force
• (gravitons in the case of the gravitational
force: note that a quantum theory of gravity
has not yet been successfully developed)
In quantum theory, the angular momentum or
spin of a particle is quantized. Elementary particles can have integer spins or half integer spins.
Particles of integer spins are called bosons (an
example is the gauge bosons) and particles of
half integer spin are called fermions (leptons and
quarks are examples of fermions). Fermions and
bosons have very different statistical properties,
we will come to this in the next lecture.
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Using Kepler’s laws for stars orbiting the center of a galaxy

We will now use Kepler’s laws of gravitation on
much larger scales. We will study stars orbiting
the center of galaxies. Our own galaxy, the Milky
Way, contains more than 2×1011 stars. The diameter of the galaxy is about 100 000 light years and
the Sun is located at a distance of about 25 000
light years from the center. It takes about 226
million years for the Sun to make one full revolution in its orbit.

Finally, all particles have a corresponding antiparticle: A particle having the same mass, but
opposite charge. Antileptons also have opposite
lepton number: -1. This is why a lepton is always created with an antineutrino in collisions.
For instance, a free neutron disintegrates (a free
neutron only lives for about 12 minutes) into a
proton and electron and an electron antineutrino.
A neutron is not a lepton and hence has lepton
number 0. Before the disintegration, the total
lepton number is therefore zero. After the disintegration, the total lepton number is: 0 (for the
proton) + 1 (for the electron) -1 (for the antineutrino) = 0, thus lepton number is conserved due
to the creation of the antineutrino.

The Milky way is a spiral galaxy where most of
the stars are located in the galactic disc surrounding the center of the galaxy and in the galactic
bulge, a spherical region about 10 000 light years
in diameter located at the center (see figure 1).
We will apply Newton/Kepler’s laws to stars in
the outer parts of a galaxy, at a large distance r
from the center. For these stars, we may approximate the gravitational forces acting on the star
to be the force of a mass M (r) (which equals the
total mass inside the orbit of the star) located at
the center of the galaxy. Kepler’s third law (Newton’s modified version of it, see part 1B, exercise

Now make a schematic summary of all the elementary particles and forces that have been observed in nature. The model describing all these
particles and their interactions is called the stan3

Fact sheet: The Standard Model of particle physics is a theory concerning
the electromagnetic, weak, and strong nuclear interactions, which mediate the
dynamics of the known subatomic particles. The model includes 12 fundamental fermions and 4 fundamental bosons. The 12 elementary particles of spin
1/2 (6 quarks and 6 leptons) known as fermions are classified according to
how they interact, or equivalently, by what charges they carry. Pairs from each
classification are grouped together to form a generation, with corresponding
particles exhibiting similar physical behavior. Fermions respect the Pauli exclusion principle, and each fermion has a corresponding antiparticle. Gauge
bosons (red boxes) are defined as force carriers that mediate the strong, weak,
and electromagnetic interactions. (Note that the masses of certain particles are
subject to periodic reevaluation by the scientific community. The values in this
graphic are as of 2008 and may have been adjusted since.) (Figure:Wikipedia)

1B.2) for this star reads

of the galactic disc, we may consider the amount
of mass inside the orbit to be the total mass M of
4π 2
2
3
the galaxy (since there is not much more mater ,
P =
G(M (r) + m∗ )
rial outside the star’s orbit which can contribute
to the total mass), that is to say M (r) → M
where we assume a circular orbit with radius r.
asymptotically for large values of r. In this case
The orbital velocity of the star at distance r is
expression (2) above can be written as
(check!)
r
2πr
2πr
GM
v(r) =
=p
v(r) =
.
2
3
P
4π r /(G(M (r) + m∗ ))
r
r
GM (r)
.
(2) Thus, we expect the orbital velocity of stars√in
≈
r
the outer parts of the galaxy to fall off as 1/ r
with
the distance r from the galactic center.
where we used Kepler’s third law and assumed
that the total mass inside the star’s orbit is much
By measuring the Doppler effect, we can estimate
larger than the mass of the star, M (r)  m∗ .
the velocity of stars orbiting a galaxy at different distances r from the center. A huge number
of observations show that the galactic rotation
curve, the curve showing the orbital velocity as
a function of distance r, is almost flat for large r
for a large number
of galaxies. Instead of falling
√
off as v ∝ 1/ r , the orbital velocity turns out
not to decrease with distance (see figure 2). This
came as a big surprise when it was first discovered. There must be something wrong about the
assumptions made above. The main assumption
made in our derivation was that the density of
stars traces the mass density in the galaxy. Using
Figure 1: Dimensions of a typical galaxy.
the fact that the density of stars falls of rapidly
The density of stars is seen to fall off rapidly for large r, we also assumed the total mass denaway from the center of the galaxy. Observa- sity to fall off similarly. This is true if the only
tions indicate that the stellar density decreases constituents of the galaxy were stars. However, if
as 1/r3.5 . Therefore, for stars in the outer parts there are other objects in the galaxy which do not
4

Fact sheet: A galaxy is a massive, gravitationally bound system that consists of stars, stellar remnants, an interstellar medium of gas and dust, and a
poorly understood component called dark matter which accounts for around
90% of the mass of most galaxies. Examples of galaxies range from dwarfs
with as few as ten million (107 ) stars to giants with a hundred trillion (1014 )
stars. There are numerous ways to classify these objects, but as far as apparent
shape is concerned, there are three main types: spiral galaxies, elliptical galaxies, and irregular galaxies. Pictured above are NGC 6384 (spiral), NGC 1132
(elliptical), and the Large Magellanic Cloud (irregular).(top: NASA, ESA, and
the Hubble Heritage Team; lower left: ESA/Hubble & NASA; lower right: R.
Gendler)

have already seen traces of such an effect: the invisible matter changes the rotation curve of stars
in the galaxies. Is there a way to use the rotation
curve v(r) to estimate the density profile ρ(r) of
the dark matter?

emit light, which we cannot see, and which has a
different distribution of mass than
√ the stars, the
assumptions leading to the ∝ 1/ r relation does
not hold. One could explain this discrepancy between theory and data if there was an additional
invisible matter component, dark matter.

In the lack of better models, we will assume the
distribution of dark matter to be spherically symmetric about the center of the galaxy. Thus, we
assume that the density can be written as a function of distance r to the center only. We know
that the total mass dM of a spherical shell of infinitesimal thickness dr at a distance r from the
center of the galaxy can be written as
dM = 4πr2 ρ(r)dr.

The surface of a spherical shell at distance r is
4πr2 , the volume of the same shell of thickness
dr is 4πr2 dr. Multiplying with the density ρ(r)
we obtain the total mass of the shell given in the
previous expression. We now look back at equaFigure 2: Models of galactic rotation curves. The lower
curve is the curve expected from Kepler’s laws (taking into tion (2), write it in terms of M (r) and take the
account that M(r) is a function of r for lower radii), the derivative of M (r) with respect to r
upper curve is a model for the observed velocity curve.

3

dM
v(r)2
=
.
dr
G

Modeling the mass density field Here we used the fact that v(r) (taken from
observations) seems independent of r such that
of a galaxy
dv/dr ≈ 0 for large distances from the center.
This is strictly not a necessary assumption, for
any power law in the velocity v(r) ∝ rn (where n
is an arbitrary index) this expression holds up to
a constant factor (check by taking the derivative
of M (r) setting v(r) ∝ rn ). Thus, the following
expressions will be valid for more general forms
of the velocity v(r) and is therefore also valid for
more central regions.

Assuming that there is indeed an unknown matter component which has a different density profile ρ(r) than the stars, we could make an attempt
to find out how this dark matter is distributed in
the galaxy. How can we map the matter distribution of invisible matter? We can simply look
at its gravitational effect on visible matter. We
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We now have two equations for dM/dr. Setting most distances r is given by
these two expressions equal, we obtain
ρ0
ρ(r)
=
,
(4)
1 + (r/R)2
v(r)2
ρ(r) =
.
(3)
4πGr2
where ρ0 and R are constants which are estiThis is a simple expression for the matter den- mated from data and which vary from galaxy
sity in the galaxy at distance r from the center, to galaxy. For small radii, r  R we obtain
expressed only in terms of the rotational veloc- ρ = ρ0 = constant. For large radii r  R we
ity v(r). Note that for spherical symmetry, this get back ρ(r) ∝ r−2 .
expression holds also for small values of r. One
could think that for stars close to the center, the Before you proceed, check that you now undermatter outside the star’s orbit would also con- stand well why we think that dark matter must
tribute to the gravitational forces. However, it exist! Can you imagine other possible explanacan be shown that the gravitational forces from a tions of the strange galactic rotation curves withspherical shell add to zero everywhere inside this out including dark matter?
shell. Thus, simply by a set of Doppler measurements of orbital velocities at different distances r
in the galaxy we are able to obtain a map of the 4 What is dark matter?
matter distribution in terms of the density profile
ρ(r).
Possible candidates to dark matter:
Recall that observations have shown the rotation
curve v(r) to be almost flat, i.e. independent of
r, at large distances from the center. Looking at
equation (3) this means that the total density in
the galaxy falls of like 1/r2 . Recall also that observations have shown the density of stars to fall
off as 1/r3.5 . Thus, the dark matter density falls
of much more slowly than the density of visible
matter. The dark matter is not concentrated in
the center to the same degree as visible matter, it
is distributed more evenly throughout the galaxy.
Moreover, the density ρ(r) which we obtain by
this method is the total density, i.e.

• planets and asteroids?
• brown dwarf stars?
• something else?
From our own solar system, it seems that the
total matter is dominated by the Sun, not the
planets. The total mass of the planets only make
up about one part in 1000 of the total mass of
the solar system. If this is the normal ratio, and
we have no reason to believe otherwise, then the
planets can only explain a tiny part of the invisible matter. Brown dwarf stars (more about these
in later lectures) are stars which had too little
mass to start nuclear reactions. They emit thermal radiation, but their temperature is low and
they are therefore almost invisible. Observations
of brown dwarfs in our neighborhood indicates
that the number density is not large enough to
explain the galactic rotation curves.

ρ(r) = ρ(r)LM + ρ(r)DM ,
the sum of the density due to luminous matter (LM) and the density due to dark matter
(DM). Since the density of luminous matter falls
off much more rapidly ρ(r)LM ∝ r−3.5 than the
dark matter, the outer parts of the galaxy must
be dominated by dark matter.

We are left with the last option, ’something else’.
Actually, different kinds of observations in other
areas of astrophysics indicate that the dark matter must be non-baryonic matter. As we learned
in the beginning of this lecture, non-baryonic
matter in astrophysics means matter which is not
part of the standard model of astrophysics and
which does not (or only very weakly) interact

What happens to the mass density as we approach
the center? Doesn’t it diverge using ρ(r) ∝ r−2 ?
Actually, it turns out that the rotation curve
v(r) ∝ r close to the center. Looking at equation
(3) we see that this implies a constant density
in the central regions of the galaxy. A density
profile which fits the observed density well over
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Fact sheet: Composite image of the galaxy cluster 1E 0657-56, better known
as the ”Bullet cluster”, which was formed after the collision of two large clusters of galaxies. Hot gas detected in X-rays is seen as two pink clumps in the
image and contains most of the ”normal” (i.e. baryonic) matter in the two
clusters. The bullet-shaped clump on the right is the hot gas from one cluster,
which passed through the hot gas from the other cluster during the collision.
An optical image shows the galaxies in orange and white. The blue areas are
where astronomers find most of the mass in the clusters, determined using
the gravitational lensing effect where light from distant objects is distorted by
intervening matter. Most of the matter in the clusters (blue) is clearly separate from the normal matter (pink), giving direct evidence that nearly all of
the matter in the clusters is dark. (X-ray: NASA/CXC/CfA/M.Markevitch et
al.; optical: NASA/STScI; Magellan/U.Arizona/D. Clowe et al.; lensing map:
NASA/STScI; ESO WFI; Magellan/U.Arizona/D. Clowe et al.)

with normal visible matter in any other way than not to have mass. Only some recent experiments
have detected that they have a small but nonthrough gravitational interactions.
zero mass. Neutrinos, even if they are counted
From particle physics, we learn that the par- as baryons, react only weakly with other partiticle of light, the photon, is always created as cles and are therefore difficult to detect. One has
a result of electromagnetic interactions. Non- been able to show that neutrinos do not make an
baryonic matter does not take part in electro- important contribution to the total mass of galaxmagnetic interactions (or only very weakly), only ies. Nowadays, the most popular theories for dark
gravitational interactions, and can therefore not matter are mostly theories based on CDM. Many
emit or absorb photons. These particles are there- different candidates for CDM exist in theoretical
fore ’dark’. Theoretical particle physics has pre- particle physics, but so far one has not been able
dicted the existence of such non-baryonic matter to identify which particle might be responsible for
for decades but it has been impossible to make the dark matter in galaxies.
any direct detections in the laboratory since these
particles hardly interact with normal matter. We Dark matter has been seen in many other types
can only see them through their gravitational in- of observations as well. For instance by observing
teraction on huge structures in the universe, such the orbits of galaxies about a common center of
as galaxies. This is one example of how one can mass in clusters of galaxies, a similar effect has
use astrophysics, the science of the largest struc- been seen: the orbits cannot be explained by intures in the universe, to study particle physics, cluding only the visible matter. Traces of dark
the science of the smallest particles in the uni- matter has also been seen through observations
of gravitational lenses (which we will come back
verse.
to later) as well as other observations in cosmolDark matter is usually divided into two groups, ogy.
1. warm dark matter (WDM): light particles
with high velocities (v ≈ c)
2. cold dark matter (CDM): massive particles
with low velocities (v  c)
One candidate to WDM are the neutrinos although these actually belong to baryonic matter (again: if you look back to the beginning of
part 1F, you see that neutrinos are leptons, not
baryons, but as explained there, astrophysicists
tend to call all standard model particles baryons).
Until a few years ago, neutrinos were thought
7
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Exercises

data og filer til oppgaver/ filer
−t i l −oppgaver−i −d e l −1 f /

Exercise 1F.1

Each file contains two columns, the first column is
the position where the observation is made given
as the angular distance (in arcseconds) from the
center of the galaxy. These data are observations
of the so-called 21 cm line. Neutral hydrogen
emits radiation with wavelength 21.2 cm from a
so-called forbidden transition in the atom. Radiation at this wavelength indicates the presence of
neutral hydrogen. Galaxies usually contain huge
clouds of neutral hydrogen. Measurements of the
rotation curves of galaxies are usually made measuring the Doppler effect on this line at different
distances from the center. The second column in
these files is just that, the received wavelength of
the 21.2 cm radiation. Again you need to use the
Doppler formula to translate these wavelengths
into radial velocities.

Two galaxies with similar sizes orbit a common
center of mass. Their distance from us has been
estimated to 220 Mpc (one parsec=3.26 light
years, 1 Mpc=106 parsecs). Their angular separation on the sky has been measured to 3.10 . Their
velocity with respect to the center of mass has
been estimated to v = 100 km/s for both galaxies, one approaching us the other receding. Assume circular orbits. Assume that the velocities
of the galaxies only have a radial component such
that the given velocity is the full velocity of the
galaxies.

1. What is the mass of the galaxies? (Hint:
here you need to go back to the two-body
problem. First calculate the radius of the
orbit and then use equations from the lectures on celestial mechanics. You will need The three galaxies are estimated to be at distances 32, 4 and 12 Mpc. The total velocity of
to play a little with the equations.)
the galaxies has been measured to be 120, −75
2. The size of the galaxies indicate that they and 442 km/s (positive velocity for galaxy movcontain roughly the same number of stars as ing away from us).
the Milky Way, about 2 × 1011 . The average
1. Make a plot of the rotation curves of these
mass of a star in these two galaxies equals
galaxies, plot distance in kpc and velocity in
the mass of the Sun. What is the total mass
km/s.
of one of the galaxies counting only the mass
2. Make a plot of the density profile of the
of the stars?
galaxies (assuming that equation (3) is valid
3. What is the ratio of dark matter to luminous
for all distances), again plot the distance
matter in these galaxies? This is an idealize
in kpc and the density in solar masses per
example, but the result gives you the real
parsec3 .
average ratio of dark to luminous matter ob3. Finally, assume that the density profile of
served in the universe.
these galaxies roughly follow equation (4).
Find ρ0 and R for these three galaxies (in the
Exercise 1F.2
units you used for plotting). Hints: Looking at the expression for the density, it is
In the following link there are three files with simeasy to read ρ0 off directly from the plot of
ulated (idealized) data taken from three galaxies:
the density profile. Having ρ0 you can obtain
h t t p : / /www. u i o . no/ s t u d i e r / emner /
R by trial and error, overplotting the density
matnat / a s t r o /AST2000/ h18 /
profile equation (4) for different R on top of
undervisningsmateriell h2018 /
your profile obtained from the data.
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