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Hydrogen 21cm line - Circunus Galaxy

Flux Distribution Velocity

Galaxy Flat Rotation Curves

V2 = GM/R
Flat v(R) => M(R) ~ R 
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Vera Rubin Gravitational Lensing by a Cluster

Einstein Ring from nearly perfectly aligned background galaxy

Example of Strong 
Gravitational Lensing

Gravitational Lensing By A Cluster

Typically measure M/L ratio 
> 100 on ~ 1Mpc scales
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Galaxy Cluster Collision: Collisionless DM

Xrays: hot gas

Lensing mass distribution

What is Dark Matter ?

• Cold Baryonic Matter (e.g. H2) or neutrinos?

• Violates nucleosynthesis limits from Big Bang & does not appear 
to be enough neutrinos

• Modified Gravity (MOND)

• Fails or needs unrealistic parameters to fit observations of large 
scale structure or CMB structure

• MACHOs = Massive Compact Halo Objects 
(black holes, brown dwarfs, etc.)

• Microlensing limits < 10% of MW Halo is MACHOs

• WIMPs = Weakly Interacting Massive Particles 
(�cold dark matter” = CDM)


