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• Program

– Dispersion velocities in galaxy-clusters

– Rotation curves

– Gravitational lensing

– Galaxy-cluster collisions

– Large structure formation

– Cosmic microwave background
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• Material for the lecture:



Figure 1: Examples of rotation curve measurements. Figure from V. Rubin et al., 1978.

Figure 2: Various regimes of gravitational lensing image distortion. A circular source is distorted
into an ellipse by weak lensing being the typical resulting axis ratio ∼ 2% (exaggerated for illus-
tration). For most curved space-time (most massive objects), strong gravitational lensing produces
multiple imaging and giant arcs. Figure from R. Massey et al. (2010), arXiv:1001.1739.

Figure 3: (Left) Strong lensing: Einstein ring. Figure from ESA/Hubble & NASA. (Right) Weak
lensing in Abell 2218. Figure from NASA.



Figure 4: Galaxy-cluster collisions: bullet cluster, Abell 520 and DLSCL J0916.2+2951, respec-
tively. Figures from astro-ph/0608407, X-ray: NASA / CXC/ U. Victoria/ A. Mahdavi et al. and
arXiv:1110.4391.

Figure 5: Galaxy-cluster collisions: (Right) Diagram of the displacement between gas (red), dark
matter (blue) and the stars (green). (Left) Displacement results for 72 collisions. Figure from D.
Harvey et al. Science 347 (2015) 1462, arXiv:1503.07675.

Figure 6: Cosmic microwave background maps. (left) Figure Planck Collaboration,
arXiv:1507.02704. (Right) CMB resolution for different satellite measurements.



Figure 7: Comparison of clustering in observations of galaxy surveys (in blue) and in dark matter
simulations (red). From Springel, Frenk & White, Nature 440 (2006).

Figure 8: Comparison of the large scale dark matter and gas density fields. Figure from the Illustris
simulation.



Figure 9: Temperature angular power spectrum of the primary CMB map by Planck. Figure Planck
Collaboration, arXiv:1502.01589.


