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Overview
• Dark Matter Review -key pieces of evidence 

and the empirical picture of dark matter that 
emerges from these 

• Dark Matter Now - cosmological simulations, 
open questions and challenges for the current 
dark matter paradigm 

• Current DM Searches - looking to uncover the 
fundamental nature of dark matter



Dark Matter at a Glance

!
• massive, collisionless, 

at most weakly 
interacting !

• unclear on fundamental 
nature

Neutrinos (~0.3%)
Dark Matter (26.8%)
Dark Energy (68.2%)
Atoms (4.2%)
Stars (0.5%)

Integral to !
Structure Formation

Dark Matter
Dark Energy

Standard!
Matter



Key Dark Matter Evidence!
Earliest Observations

Cluster Dynamics & Galaxy Rotation Curves

Coma Cluster

image credit: O. Lopez-Cruz (INAOEP) Rubin, Ford and Thonnard, Ap. J. Lett. 1978



Key Dark Matter Evidence!
Earliest Observations (in hindsight)

Cluster Dynamics & Galaxy Rotation Curves
Dark matter distribution in the Coma cluster 9

Figure 8. Upper panel: The mass distributions for the best-
fitting model (α = 0). Lower panel: The mass-to-light ratios for
the best-fitting models with different α. The dark matter virial
radii are rv = 2.7 Mpc for all models shown.

in a wide range of radial distances 0.03 rv < r < rv, and
are somewhat steeper beyond 0.05 rv (see the lower panel)
than the standard NFW model deduced from cosmological
N-body simulations. Indeed, our best fitting NFW profile
has concentration c = 9.4, higher by 50% than the standard
NFW profile for which c = 6 according to equation (8).

The remaining parameters Mv and β are better con-
strained. The three panels on the left in Figure 5 show the
probability contours for Mv in the planes with the other 3
parameters. We find the best estimate for the dark mass
to be Mv = (1.2 ± 0.4) × 1015M⊙ (1σ error-bars). The
anisotropy parameter β is very close to isotropic, the best fit-
ting value β = −0.13 gives σθ = 1.06 σr, i.e. the best-fitting
orbits of early-type galaxies are very weakly tangential, al-
though fully consistent with isotropy, while radial orbits are
excluded at the 2σ level.

The upper panel of Figure 8 compares the mass distri-
butions in stars, gas and dark matter with the total mass

distribution for our best fitting model with α = 0. At the
dark matter virial radius rv = 2.7 Mpc, the total mass is
1.4 × 1015M⊙. The mass in galaxies is only 2% of the to-
tal mass, the mass in gas is 13% of the total (the galaxies
thus represent less than one-seventh of the baryonic mass),
and the dark matter contributes the remaining 85% of the
total mass. Therefore, the virial radius for the total mass is
0.85−1/3 = 1.06 times that of the dark matter, i.e. 97′ or 2.9
Mpc.

The cumulative mass-to-light ratio, i.e. the ratio of the
total mass distribution to the luminosity distribution in
galaxies, is

M/LB =
M(r)

LG(r)
. (25)

where M(r) is given by equation (24) with (2), (5) and
(12), while LG(r) = MG(r)/Υ. In the lower panel of Fig-
ure 8 we show M/LB for our best-fitting models for dif-
ferent α, with parameters from Table 1. The models differ
towards the centre and only for α = 1 does the distribution
tend to a constant value in this limit, since we have used
the NFW profile to fit the luminosity distribution of galax-
ies in Section 2. At radial distances larger than 0.3 Mpc,
the cumulative mass-to-light ratio decreases slowly to reach
M/LB ≈ 351M⊙/L⊙ at the total mass virial radius 2.9
Mpc.

6 DISCUSSION

We studied the velocity moments of early-type galaxies in
the Coma cluster and used them to constrain the distri-
bution of dark matter and velocity anisotropy. Our analy-
sis differs from previous analysis of optical data (e.g. The
& White 1986; Merritt 1987; den Hartog & Katgert 1996;
Carlberg et al. 1997; van der Marel et al. 2000; Biviano et
al. 2003; Biviano & Girardi 2003), in that

(i) we have, for a single cluster, a larger sample of galax-
ies, which, given their early morphological type, should be
in dynamical equilibrium in the cluster potential;

(ii) we remove pairs from the computation of the velocity
moments;

(iii) we include kurtosis in the analysis;
(iv) we model dark matter distribution using a gener-

alised formula inspired by the results of cosmological N-
body simulations;

(v) we include hot gas in our analysis.

In comparison to studies based upon stacking of many
clusters, our analysis of the Coma cluster benefits from not
having to introduce errors in any stacking procedure, and
from a cleaner removal of interlopers. On the other hand,
the analyses of stacked clusters have the advantage of aver-
aging out particular inhomogeneities of individual clusters
such as Coma, expected in hierarchical scenarios of struc-
ture formation. Indeed, the Coma cluster is known to have
irregular structure both in projected space (Fitchett & Web-
ster 1987; Mellier et al. 1988; Briel et al. 1992) and velocity
space (Colless & Dunn 1996; Biviano et al. 1996). In par-
ticular, the cluster has two central cD galaxies, NGC 4874
and NGC 4889, of which the first one is the central galaxy of

c⃝ 0000 RAS, MNRAS 000, 000–000

Begeman et al., 1991Lokas & Mamon, MNRAS 2003



Key Dark Matter Evidence!
Observational Tools

Planck satellite (ESA)

Chandra X-Ray Observatory  
(NASA)

Square Kilometer Array  
(SKA)

Hubble Space Telescope  
(NASA) AMS - 02 

(AMS collaboration)

Optical Cosmic Rays CMB

X-Rays Future !
Radio Telescope !
Arrays



Key Dark Matter Evidence!
Observational Tools

• used to determine mass 
distribution 

• useful for DM, especially in 
conjunction with X-ray and 
(visible) optical observations

Gravitational Lensing

image credits: NASA/ESA 



Key Dark Matter Evidence!
Determining Cosmic Parameters

CMB and Baryon Acoustic Oscillations
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Planck Collaboration: Cosmological parameters
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Fig. 1. Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency-averaged
temperature spectrum computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters de-
termined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm, computed over 94 % of the sky. The best-fit base ⇤CDM theoreti-
cal spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown
in the lower panel. The error bars show ±1� uncertainties.

The large upward shift in Ase�2⌧ reflects the change in the abso-
lute calibration of the HFI. As noted in Sect. 2.3, the 2013 analy-
sis did not propagate an error on the Planck absolute calibration
through to cosmological parameters. Coincidentally, the changes
to the absolute calibration compensate for the downward change
in ⌧ and variations in the other cosmological parameters to keep
the parameter �8 largely unchanged from the 2013 value. This
will be important when we come to discuss possible tensions
between the amplitude of the matter fluctuations at low redshift
estimated from various astrophysical data sets and the Planck
CMB values for the base ⇤CDM cosmology (see Sect. 5.6).

(4) Likelihoods. Constructing a high-multipole likelihood for
Planck, particularly with T E and EE spectra, is complicated
and di�cult to check at the sub-� level against numerical
simulations because the simulations cannot model the fore-
grounds, noise properties, and low-level data processing of
the real Planck data to su�ciently high accuracy. Within the
Planck collaboration, we have tested the sensitivity of the re-
sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2016). The most highly developed of

them are the CamSpec and revised Plik pipelines. For the 2015
Planck papers, the Plik pipeline was chosen as the baseline.
Column 6 of Table 1 lists the cosmological parameters for base
⇤CDM determined from the Plik cross-half-mission likeli-
hood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations,
and multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasize that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on
the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015

8

Planck collaboration 2015



Key Dark Matter Evidence!
Cluster Dynamics II - The Bullet Cluster
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Key Dark Matter Evidence!
Cluster Dynamics II
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Key Dark Matter Evidence!
Cluster Dynamics II
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Key Dark Matter Evidence!
Cluster Dynamics II
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Structure Formation
hierarchical growth of!

structure

universal!
 halo profiles
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Structure Formation
• Useful to test some aspects of 

models such as hot vs warm vs 
cold DM!

•  Compare DM vs baryon only 
structure formation!

• Could also test non-
gravitational DM interactions !

• limited by understanding of 
baryonic processes, resolution 

CLUES-Project

CDM

WDM



• Particle phenomenology 
ie: production and non-
gravitational 
interactions?!

• Structure formation - 
cups/core problem, 
missing satellites !

• Impact DM interaction 
could have on structure?

What is the Fundamental!
Nature of Dark Matter ???

D
M

??
?



Dark Matter Candidates!
Past and Present, Rejected and Realisable

• Cold gas, dim stars!

• MACHOS!

• Neutrinos (useful template)!

• Primordial Black Holes ???!

• MOND ???!

• Non-Standard Model Matter

not sufficient to account for!
complete DM phenomenology



Dark Matter Candidates

credit T. Tait from Feng et al 2014
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Dark Matter Candidates!
from beyond the Standard Model
• WIMPS (weakly interacting massive particles)!

• SUSY particles -  solves SM issues such as Hierarchy 
Problem and gauge coupling unification, so far no 
detection!

• Axions - arise as part of Peccei-Quinn Theory to solve the 
Strong CP Problem!

• Kaluza-Klein - from extra dimensions, aim to unify 
electromagnetism with gravity 

• Sterile Neutrino - motivated by chirality arguments



Ongoing Dark Matter Searches!
On A Collision Course with Particle Physics

? SMDM
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Indirect Detection



DM Collider Searches

CERN Event at LHC  (CERN)

Searches at colliders look for missing energy!
to try and identify potential DM candidates



Ongoing Dark Matter Searches!
On A Collision Course with Particle Physics

? SMDM
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Direct DM Searches

SL
AC
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• Search for photon 
signature from 
nuclear recoil!

• Look for 
oscillations in 
detection results as 
earth orbits sun



Direct DM Searches



Ongoing Dark Matter Searches!
On A Collision Course with Particle Physics
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Indirect DM Searches



Astrophysical DM Signals
• Look for DM annihilation products !

• Cosmic Rays - positron excess as seen by AMS/
PAMELA!

• Gamma Rays - excess in Galactic Centre!

• Cosmological Signature - 21cm signal 

• Overlay of other astrophysical structure and 
processes complicates analysis of these



Astrophysical DM Signals

• Both gamma 
ray and 
positron 
excess could 
be due to DM 
annihilation!

• Could also be 
pulsars



Epoch of Reionization

�1 z = 1100 z = 100 z = 30 z = 10

Big Bang and"
Inflation

Recombination

Cosmic"
Dark Ages

First Stars and"
Galaxies

Epoch of 
Reionisation

Now

DM annihilation modifies!
evolution of structure
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DM Annihilation and 
Structure Formation

DM Annihilation 
Model!

DM Halo!
Model

Energy Transfer

High redshift halos,!
potential host of first!

stars and galaxies

DM!
Annihilates

pristine atomic !
H and He gas

heats and !
ionises gas



DM Annihilation Model
Pdm =

c2

mdm
< v̄� > ⇢2dm

• annihilation cross-
section and mass to 
match annihilation 
power limits from Planck 

• consider different 
annihilation channels 

• generate realistic end 
product spectra using 
PYTHIA 



DM Halo Model
DM density profile Mass-concentration!
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First Look

Schon et al MNRAS 
2015, arxiv: 1411.3783

Compare 
gravitational 
binding energy to 
heating over the 
Hubble time!

Annihilation Feedback on Halo Gas

Schon, Mack+ 2015, MNRAS [arxiv: 1411.3783]

Comparing:  
dark matter 
annihilation 
energy
(over Hubble time)

to:  
gas binding 
energy
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Energy Transfer
PositronsElectrons Photons

• Ionisation 

• Excitation 

• Coulomb 
Interactions 

• Inverse Compton 

• Recombination

• Electron 
interactions +  

• Annihilation

• Ionisation 

• Compton 
scattering 

• Pair-creation (gas 
+ CMB photons)



Energy Transfer
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Detailed Halo Calculation  
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Detailed Halo !
Calculation  

• Examine DM annihilation 
impact on first stars!

• Sufficient heating to 
suppress gas infall for 
some models!

• Results can vary 
significantly with DM 
halo and annihilation 
models



Summary
• We have a functional understanding of Dark 

Matter but not yet a full picture!

• Particle physics can guide future searches, in 
particular when looking for non-gravitational 
signatures!

• DM searches in astrophysical settings need 
careful treatment of baryonic physics!

• Future DM exploration will contribute 
fundamentally to both cosmology and particle 
physics


