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Astronomical Observations 
Used to Observe Dark Matter
• spiral galaxy rotation curves

• elliptical galaxy velocity dispersions

• galaxy-galaxy gravitational lensing

• dwarf galaxies

• CMB

• formation of large scale structure

• galaxy cluster mass measurements

• merging galaxy clusters



Galaxy Observations

Rubin et al 1978



Galaxy Observations

Rubin et al 1978

Gerhard et al 2001



Galaxy Observations

Rubin et al 1978

Gerhard et al 2001

Leauthaud et al 2012



CMB
Planck collaboration: CMB power spectra, likelihoods, and parameters
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Figure 28. Plik 2015 co-added TT , T E, and EE spectra. The blue points are for bins of �` = 30, while the grey points are
unbinned. The lower panels show the residuals with respect to the best fit PlikTT+tauprior ⇤CDM model. The yellow lines show
the 68 % unbinned error bars. For T E and EE, we also show the best-fit beam-leakage correction (green line; see text and Fig. 23).

own in Fig. 23), which is obtained when fixing the cosmology to
the TT -based model. Let us recall, though, that this correction
is for illustrative purposes only, and it is set to zero for all actual
parameter searches. Indeed, we shall see that these leakage ef-
fects are not enough to bring all the data into full concordance
with the model.

In more quantitative detail, Fig. 30 shows the binned (�` =
100) residuals for the co-added CMB spectra in units of the
standard deviation of each data point, (data�model)/error. For

TT , we find the greatest deviations at ` ⇡ 434 (�1.8�), 464
(2.7�), 1214 (�2.1�), and 1450 (�1.8,�). At ` = 1754, where
we previously reported a deficit due to the imperfect removal
of the 4He-JT cooler line (see Planck Collaboration XIII 2016,
section 3), there is now a less significant fluctuation, at the level
of �1.4�. The residuals in polarization show similar levels of
discrepancy.

In order to assess whether these deviations are specific to
one particular frequency channel or appear as a common sig-

35

Aghanim et al 2016



Clusters of Galaxies



Lensing Simulation

Mellier 1999



Tyson et al 1998

Cl 0024+1624



A2146

Coleman et al 2016

A 2146



• Measure the galaxy ellipticities from the 
second moment of the surface brightness

• Correct ellipticities for image distortion and 
smearing by the Point Spread Function

• Obtain a sparsely sampled, noisy 
measurement of the reduced shear g

Weak Lensing Techniques





• Measured reduced shear

• Gravitational shear 

• Convergence

• can convert:
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The white contours 
delineate regions of κ, 

or mass surface density

Reconstructed Surface Density



• Extremely noisy
• 15-20σ measurement of 2-D mass best you 

can do
• Conversion to 3-D mass has severe 

deprojection effects
• Very sensitive to any additional mass along 

the line of sight

• No assumptions regarding dynamical state of 
the system

Weak Lensing Mass Measurements



CROSS-CORRELATION CLUSTER LENSING IN THE SDSS II 15
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Fig. 8.— Model fits to !"(R) for the 12 N200 richness bins The model components are the NFW halo profile (green), miscentered halo
component (orange), the central BCG (red), neighboring halos (blue); the non-linear contribution (purple dashed). The magenta curves
show the sum of these components for the best-fit models in each bin.

Johnston et al 2007



red = X-ray 
plasma

blue = weak 
lensing 

convergence

The Bullet Cluster

Clowe et al 2006



Ragozzine et al (2011)

A1758N



A1758n (HST)



Merten et al (2011)

A2744



Abell 2146 Weak lensing 3

Figure 1. Colour composite of Abell 2146 from HST F435W, F606W and F814W observations. Labels for Cluster Abell 2146-A and cluster Abell 2146-B are
placed to the east of their Brightest Cluster Galaxies. The label C to the east of the BCG in Abell 2146-B is discussed in Section 4. Contours show the X-ray
intensity from Chandra X-ray Observatory as described in Russell et al. (2012). Note that in this figure East is to the top-right and North is to the bottom-right
as indicated, and the X-ray contours from Russell et al. (2012) are rotated accordingly for comparison with the HST composite.

c� .... RAS, MNRAS 000, ??–??

A 2146

King et al 2016



ACT-CLJ0102-4915

Jee et al 2014



fig. 2afig.

2bfig. 2c
Fig. 2.—(a) Central 6:4 0 ; 6:4 0 of Abell 520, showing the CFHT image, the diffuseChandraX-ray emission (red ), and the lensing surface mass density (blue, + 3, 3.5,

4, 4.5, and 5 ! contours determined from a bootstrap analysis). Spectroscopically confirmed member galaxies are marked with crosses; red-sequence galaxies appear
orange. (b) Red light distribution together with lensing contours from (a). (c) Same as (b), but with X-ray contours. Note the absence of galaxies in the central lensing peak.
[See the electronic edition of the Journal for a color version of this figure.]

Fig. 2a

Fig. 2b Fig. 2c

Mahdavi et al 2007

A520



Clowe et al 2014





Massey et al 2015

A 3827







• Self-interacting dark matter with cross-sections 1-100 cm2 g-1 
have been proposed to alleviate problems with CDM (cuspy 
cores, excess small halos) (Spergel \&\ Steinhardt 2000).

• Simulations and theoretical studies have reduced the allowed 
range to 0.5-5 cm2/g (Dave 2001; Ahn & Shapiro 2002).

• Agreement in position of dark matter and galaxy centroids 
in Bullet Cluster gives σ/m < 1.25 cm2/g.

• Offset between N1 galaxy and dark matter peak in A3827 
implies σ/m > 10-4 (tinfall/109 years)-2 cm2/g.

• Karlhoefer et al (2015) argue the A3827 offset gives a 
lower limit of σ/m > 1.5 cm2/g.

CDM Interaction Cross-Section



Bullet cluster 
upper limit

A3827 lower 
limit (t/109 yr)-2

A3827 lower 
limit (upper)

cm2/g

b/GeV

perch/stone
(Brexit!)

akaina/talent

alen2/Ørtug

1.25 10-4 1.5

2.23 1.78x10-4 2.67

3.14x10-2 2.52x10-6 3.77x10-2

3.48x10-10 2.78x10-14 4.18x10-10

2.84x10-3 2.27x10-7 3.41x10-3



• Astronomical evidence for dark matter spans objects that span a 
range of 107 in mass and 104 in radius (plus the CMB)

• Most merging cluster systems obey the light-traces-mass CCDM 
paradigm

• In an independent ground based image and a multi-color ACS 
mosaic, we find no signs of the dark peak in A520.  Jee, with the 
same data, argues one is still there

• The Bullet Cluster gives an upper limit on the collisional 
cross section of DM of 1.3(0.7) cm2/g.  A3827 gives a 
possible lower limit of 10-4 (1.5)cm2/g 

• Using alternative gravity models (TeVeS/MOND) reduces 
the amount of dark matter needed in clusters, but still at 
least 70% of a cluster’s mass must be dark matter

Summary



MOND (TeVeS) 
Modeling
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Bekenstein (2004) toy model
Better fit to Milky Way rotation 

curve (Famaey & Binney)



Effects of MOND



Changing Cluster Mass with 
Separation Distance



LOS Distance Effects in 
MOND

83

Mass(�Angus) Mass(�NFW)
Inclination � = 0 � = 1 � = ⇤ � = 0 � = 1 � = ⇤

0⇥ 2.81 4.00 8.45 3.01 4.29 8.04
10⇥ 2.80 3.98 8.45 3.00 4.27 8.04
20⇥ 2.78 3.95 8.45 2.98 4.24 8.04
30⇥ 2.74 3.90 8.45 2.93 4.19 8.04
40⇥ 2.68 3.81 8.45 2.87 4.10 8.04
50⇥ 2.58 3.68 8.45 2.77 3.96 8.04
60⇥ 2.46 3.49 8.45 2.64 3.77 8.04

Table 5.1: Mass measurements (in units of 1014 M�) from simulations of A1758 when
viewing the merger from inclination angles of 0⇥ to 60⇥ in the Angus and NFW potentials.
In the cases � = 0, 1 the ratio M0⇥/M60⇥ is 1.14 (for Angus and NFW potentials).

are in Figure 5.9. The fgas increases with greater displacement of the mass peak and is

highest in the curves with lowest �.

Figure 5.9: Gas Fraction in A907 as the 2D total mass component is moved away from the
center of the 700 kpc cutout.


