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Goals for these 
lectures

• Summarize the evidence for dark matter (DM)

• Understand the broad space of possibilities for DM and how 
they are bounded by cosmology

• Understand classic benchmark scenarios + production 
mechanisms, spanning the full range of possible DM masses

• Describe a range of strategies for experimentally detecting 
dark matter

• Today: historical overview of how the puzzle of DM developed 
+ what you need to know about cosmology



The missing mass
• Zwicky, 1933: estimated the mass in a galaxy cluster in two ways.

• These numbers are different by 2+ orders of magnitude (second one is larger).

• One possibility: there is (lots of) gravitating non-luminous matter.

Method 1 Method 2
Estimate mass from mass-to-light 
ratio, calibrated to local system.

• Count galaxies

• Add up total luminosity

• Convert to mass using mass-to-
light ratio of ~3, calibrated from 
local Kapteyn stellar system.

Use virial theorem + measurements of 
galaxy velocities to estimate gravitational 
potential, and hence infer mass.

KE = �1
2
PE in equilibrium

Galactic velocities measured 
by Doppler shifts

Mass estimate 2
Mass estimate 1



Rotation curves

• Rubin, Ford & Thonnard 1980 (following work in 
the 1970s): galactic rotation curves are flat, not 
falling as one would expect if mass was 
concentrated in the bulge at the Galactic center.

• Modified gravity? Or some “dark” unseen matter? 
If the latter, needs to extend to much larger radii 
than the observed Galactic disk - “dark halo”.
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Rotation curves

• Rubin, Ford & Thonnard 1980 (following work in 
the 1970s): galactic rotation curves are flat, not 
falling as one would expect if mass was 
concentrated in the bulge at the Galactic center.

• Modified gravity? Or some “dark” unseen matter? 
If the latter, needs to extend to much larger radii 
than the observed Galactic disk - “dark halo”.

van Albada, T. S., Bahcall, J. N., Begeman, K., & Sancisi, R., 1985Rubin, Ford & Thonnard, 1980
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New matter or modified 
gravity?

• Clowe et al 2006: studied the Bullet 
Cluster, system of two colliding clusters.

• X-ray maps from CHANDRA to 
study distribution of hot plasma 
(main baryonic component).

• Weak gravitational lensing to study 
mass distribution.

• Result: a substantial displacement 
between the two.

• Attributed to a collisionless cold dark 
matter component. When the clusters 
collided, the dark matter halos passed 
through each other without slowing 
down - unlike the gas.



Interpreting the Bullet 
Cluster

• Attributed to a collisionless cold dark matter component. 
When the clusters collided, the dark matter halos passed 
through each other without slowing down - unlike the gas.

• More recently, we have 
some evidence for 
very-low-dark-matter 
galaxies - thought to 
have lost their dark 
matter halos in similar 
encounters [e.g. Keim 
et al 2603.15860]

Credit: NASA/CXC/M.Weiss



Are we seeing collision 
remnants?

Video courtesy of W. M Keck Observatory / Adam Makarenko



The cosmic microwave 
background

• When the universe was ~400 000 years old (redshift = z ~ 1000), H gas 
became largely neutral, universe transparent to microwave photons.

• Cosmic microwave background (CMB) radiation was last scattered at 
that time. We can measure that light now.

DM annihilation and the CMB

� Cosmic microwave background radiation carries information from around z ~ 
1000, the epoch of hydrogen recombination. 

� Dark matter and baryons slow-moving, diffuse, nearly uniform (nonlinear 
structure formation does not begin until z < 100) F well-understood physics, 
without uncertainties from present-day Galactic astrophysics.

� Want to investigate the effect of high energy SM particles injected by DM 
annihilation F NOT the usual gravitational effects of DM.



CMB anisotropies
• Universe at z~1000 was a hot, nearly 

perfectly homogeneous soup of light 
and atoms.

• Oscillations in temperature/density 
from competing radiation pressure 
and gravity.

• Photon temperature anisotropies 
today allow measurement of 
temperature/density inhomogeneities 
at recombination.

• Peaks occur at angular scales 
corresponding to a harmonic series 
based on the sound horizon at 
recombination.



Measuring dark matter 
from the CMB

• Model universe as photon bath + 
coupled baryonic matter fluid + 
decoupled “dark” matter 
component (+ “dark” radiation, i.e. 
neutrinos).

• Dark component: does not 
experience radiation pressure, 
effects on oscillation can be 
separated from that of baryons.

• Result: this simple model fits the 
data well with a dark matter 
component about 5x more 
abundant than baryonic matter 
(total matter content is ~0.3 x 
critical density).

Wayne Hu, http://background.uchicago.edu/~whu/

http://background.uchicago.edu/~whu/


Structure formation
• CMB also maps out initial 

conditions for cosmic 
structure formation.

• After the photons 
decouple from the baryons, 
overdensities continue to 
grow under gravity, 
eventually collapsing into 
virialized (equilibrated) 
structures.



Could it be neutrinos?
• Structure formation varies markedly according to the kinematics 

of the dark matter, in particular whether it can free-stream during 
the growth of perturbations.

• If most DM is “hot” (relativistic during the early phases of 
structure formation), free-streaming erases structures on small 
scales. Large structures form first, then fragment.

• If most DM is “cold” (non-relativistic throughout this epoch), small 
clumps of DM form first, then accrete together to form larger 
structures.

• The relative ages of galaxies and clusters tell us that most DM 
must be cold.

• Neutrinos are hot dark matter - but cannot be all the DM.



DM as new physics
• Standard Model (SM) of particle physics has been spectacularly successful - but no 

particle dark matter candidate to our current knowledge. We need something:

• Stable on cosmological timescales

• Near-collisionless, i.e. electrically neutral

• “Cold” or “warm” rather than “hot” - not highly relativistic when the modes 
corresponding to the size of Galactic dark matter halos first enter the horizon 
(around z~106, temperature of the universe around 300 eV).

• Only stable uncharged particles are neutrinos, and they would be hot dark matter.

• DM is one of the most powerful pieces of evidence for physics beyond the SM.

• Everything we have learned so far has come from studying the gravitational effects 
of dark matter, or from its inferred distribution.



Taken from talk by Tim Tait, 
Snowmass July 2013 


