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Some evidence for the existence of dark matter
(or why we think that dark matter exists?)

Evidence has been accumulating for more than 80 years … 
Shortly after the discovery of galaxies!



1. Galactic Rotation Curves of Disk Galaxies

Orbital velocities of stars and gas in a disk 
galaxy may be inferred from spectral analysis
(Doppler-Fizeau effect).

Plot of the orbital velocities of stars/ gas as
a function of distance from galactic center 
is called a “rotational curve”.

Outside the galactic bulge, velocities were 
expected to drop off with distance … (Keplerian velocity).

Observationally, rotation curves remained flat outside the galactic bulge!



Solution: 
Dark matter (halo)!

(Sanders, 2010)



2. Galaxy Clusters

50 to 103 galaxies in each cluster, held by their own force of gravity.

Zwicky (1933) was the first to notice this phenomenon in the Coma Cluster.

(Sanders, 2010)



Masses of galaxy clusters can be estimated in different ways as:
a. From the scatter in radial velocities of the galaxies within clusters. 
b. From X-rays emitted by hot gas in the clusters. From the X-ray energy 
spectrum and flux, the gas temperature and density can be estimated, 
hence giving the pressure; assuming pressure and gravity balance 
determines the cluster's mass profile. 

Conclusion: dark matter outweighs visible matter by approximately 5 to 1. 



3. Gravitational Lensing

According to Einstein’s general theory of relativity, masses cause 
the bending of space-time, which causes the deflection of beams 
of light ... (a sort of “gravitational” lense)

The magnitude of the lensing effect gives an estimate 
of the intermediate (lensing) mass causing it  …



Observationally, normal matter is not sufficient.

Solution: Dark matter!

Strong gravitational lensing 
as observed by the HST in 
Abell 1689 indicates the 
presence of dark matter 



4. The Cosmic Microwave Background Radiation



Power Spectrum of
The Cosmic Microwave 
Background Radiation



Conclusion: 
Cosmologies with dark matter (e.g. Lambda-CDM) 

Are the only ones to correctly simulate the power spectrum

The relative height of the 2nd to 3rd acoustic peaks 
depends on the amount of dark matter



5. Large-Scale Structure in the Universe

Observed (normal) matter alone is not sufficient to produce 
the observed large-scale structure in the Universe … 

Solution: Dark matter!



6. Special Feature:
The Coma Cluster



The (Generally Accepted) Properties of Dark Matter

It does not emit or absorb any form of EM radiation … 

It “mainly” interacts with matter (or with itself) 
via the gravitational interaction … 

Its density varies with inverse volume … 



What is dark matter, after all ?!

It could not be normal “baryonic” matter … 

Normal matter interacts with EM radiation … 

Neutrinos (hot dark matter) was suggested … But they do 
not clump quickly enough …

Compact objects (black holes, strange stars, brown dwarfs …) 
do not fit: they should form too many gravitational lenses …



Solution: particle physics?



Some Problems with Dark Matter

The Tully-Fisher relationship (correlation between the galaxy’s brightness 
and the (asymptotic) rotational velocity …   

The Core-Cusp problem (density peaks at galactic centers 
that do not fit with observational data) 

Dark matter simulations predict the existence of more dwarf galaxies 
than observed. 

Dark matter simulations predict that less satellite galaxies are aligned
in planes of their host galaxies than observed. 



An alternative to dark matter:

Modified Newtonian Dynamics (MOND)







Ω = −
𝐺𝑀

𝑟

𝑎 =
𝐹

𝑚
=
𝐺𝑀

𝑟2
=
𝑣2

𝑟

𝑣 =
𝐺𝑀

𝑟

Ω = 𝑎0𝐺𝑀 ln
𝑟

𝐺𝑀

𝑎 =
𝐹

𝑚
=

𝑎0𝐺𝑀

𝑟
=

𝑣2

𝑟

𝑣 = 𝑎0𝐺𝑀
1/4

Newtonian dynamics vs. MOND

Declining (Keplerian) rotation curves … Flat rotation curves …



Remarks about MOND

MOND is a non-relativistic theory, it needs a relativistic generalization 
(a theory of modified gravity/ quantum gravity …)

MOND needs an “interpolation function” 
(between the classical Newtonian and the modified Newtonian regime)

Effects of MOND become significant below a certain critical acceleration,
a0=10-10 m.s-2

The value of the critical acceleration, a0 , could be related 
to the Hubble constant:  a0 = c H0
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Relationship with Milgrom’s MOND



Milgrom’s MOND equation!





Conclusions

We need more observations …

We need a theoretical framework for MOND …

We need more experiments (particle physics, MONDian dynamics …)



Could there be a “hybrid theory”?



Thank you for your listening!




