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Some Great Questions
of modern physics & astronomy:

What is the missing mass problem?
What is the dark matter?
Is it necessary to modify the law of gravity?

This course will address

a multiplicity of answers have been hypothesized,
of which at most one can be essentially correct.

First we will cover the empirical evidence that
indicates the existence of mass discrepancies



Empirical roots of the problem

Theoretical fruit: 

Hypothesized solutions

Dark matter tree sketched in 1995



There seems to be more dynamical mass 
than luminous mass in the plane of the 
Milky Way (Oort discrepancy; 1932; 1960s). 

A factor of ~2 problem



Milky Way



There seems to be more dynamical mass 
than luminous mass beyond the edge of 
spiral galaxies (Opik 1920s? Babcock 1950s, 
Roberts 1960s, Rubin, Shostak 1970s, 
Bosma 1980s). 

A factor of ~2 - 10 problem



Spiral
Galaxy

Rotation
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There seems to be more dynamical mass 
than luminous mass in clusters of galaxies 
(Zwicky 1933, 1937). 

A factor of ~100 - 1000 problem



Galaxy Cluster

4 distinct measures:  velocity dispersion, gravitational lensing, 
SZ effect, and hydrostatic equilibrium of X-ray gas

Zwicky 1933, 1937



There needs to be more gravitation than 
can be provided by baryons [normal 
matter] (Peebles; Silk 1960s). 

A factor of ~100 problem in the growth of 
large scale structure 



Large Scale Structure

Need something to prompt structure formation - gravity + visible matter don’t suffice

Each dot is an entire galaxy



Theoretical desire for  

(Guth; Linde 1980 [Inflation]). 

A factor of ~a few issue

Ωm = 1



open

FuturePast

flat

Coincidence/flatness problem:
why is the density parameter of order unity?

Ωm

Ωm = 1



1986



open

FuturePast

flat ΛCDMΩm ΩΛ

Coincidence/flatness problem:
why is the density parameter of order unity?



Bulk flows: galaxies move faster than 
expected relative to Hubble flow.

Need something to stabilize spiral 
galaxies (Ostriker & Peebles 1973) disk stability



Dark Matter

Modified
Gravity



Pruning the tree

Baryonic Dark Matter

Many candidates:  
brown dwarfs
Jupiters
very faint stars
very cold molecular gas
warm (~105 K) ionized gas

Can usually figure out a way to detect 
them:  most have been ruled out.

Baryons: 3-quark particles like 
protons and neutrons. These 
provide the bulk of the mass of 
normal matter.



Pruning the tree

Hot Dark Matter  (HDM)

Obvious candidate:  
neutrinos

neutrinos got mass!...
...but not enough.  

Also
- neutrinos suppress small scale structure formation
- can’t crowd together closely enough

(phase space constraint from Fermi exclusion principle)

HDM moves relativistically 
(near speed of light: ).V ∼ c



Some new particle, usually assumed to be a
WIMPs (Weakly Interacting Massive Particle)
don’t interact electromagnetically, so very dark. 

Two big motivations:

1) total mass outweighs normal mass from BBN

2) needed to grow cosmic structure

Pruning the tree

Cold Dark Matter  (CDM)
CDM moves non-relativistically 
( ). Usually assumed to be 
non-baryonic, e.g., some new 
particle outside the Standard 
Model of particle physics.  

V ≪ c



(1) There’s more dark 
mass than baryons.

Ωm ≈ 6Ωb

From cosmology

From dynamics

or equivalently, the 
baryon fraction

fb = 0.17

The gravitating mass density 
exceeds the baryon density from 
Big Bang Nucleosynthesis (BBN)

Non-baryonic because

Ωm > Ωb



(2) There isn’t enough time to form the observed
cosmic structures from the smooth initial conditions unless 

there is a component of mass independent of photons.

t = 3.8 x 105 yr t = 1.4 x 1010 yr

very smooth:  δρ/ρ ~ 10-5 very lumpy:  δρ/ρ ~ 1

These considerations made CDM the dominant paradgim

Dynamically cold because

Need a growth factor of 100,000 but there is only time for a factor of 1,000 for the fluctuations observed in normal matter.

Density fluctuations grow like the expansion factor, 
δρ
ρ

∼ a(t) ∼
1

1 + z



To be CDM

• Dynamically cold 

• slow moving particles that can clump gravitationally to form structure 

• Effectively non-baryonic 

• does not interact with electromagnetic radiation 

• does not participate in Big Bang Nucleosynthesis

only 2 basic requirements

WIMPs have been considered the odds-on favorite CDM candidate 
because of the so-called `WIMP miracle’: the relic density of a new 
weakly interacting particle is about right to explain the mass density.



In the very early universe



Can imagine other candidates as well:

Warm DM
Self-interacting DM
etc.

Lots of particle dark matter candidates:

WIMPs
Axions
Light dark matter
wimpzillas
etc.

All of these ideas require a new “dark sector” beyond the known physics of the Standard Model. 
Some require complex dark sectors, with new forces as well as new particles (i.e., new forces of 

nature that only interact in the dark sector, e.g., dark E&M mediated by dark photons.)

Traditionally preferred candidate for CDM

Hypothesized for a perceived problem with CP symmetry; not obvious it is related to DM problem

A low mass WIMP-like entity that violates the Lee-Weinberg limit ( )mX > 2 GeV

A very high mass WIMP-like entity approaching the unitarity limit (1000s of GeV)

There are limits that exclude many possibilities, yet no limit to stuff we can make up

Low mass (typically keV scale) so not dynamically cold, but not too hot either

These DM particles interact with themselves via some new force 
that is only active in the dark sector, mediated by dark photons



Indeed, the list of dark matter 
candidates continues to grow

?

1995



?

“Graphical representation of the (incomplete) landscape of candidates.” (arXiv:1310.8642)

2013


