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Dark Matter freeze-out

The density of dark matter particles is regulated 
by the so-called Boltzmann equation
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The relic density of Dark Matter particles today 
is approximately equal to

...identifies a thermal cross section, approximately at the weak scale, this is 
sometimes referred to as ‘the WIMP miracle’!



Dark Matter annihilations today

In regions with very high dark matter density the 
annihilation rate can be very high!
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•dN/dE is the number of particles (e.g. photons) per 
energy interval produced in the annihilation process 
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Dark Matter annihilations today

In regions with very high dark matter density the 
annihilation rate can be very high!
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•dN/dE is the number of particles (e.g. photons) per 
energy interval produced in the annihilation process 
•σv is the annihilation cross section 
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Dark Matter annihilations today

In regions with very high dark matter density the 
annihilation rate can be very high!
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•dN/dE is the number of particles (e.g. photons) per 
energy interval produced in the annihilation process 
•σv is the annihilation cross section 
•m is the mass of the Dark Matter particle 
•ρ is the mass density

�i (⇥,Ei) =
dN
dEi

�⇤v�
8�m2

�

�

los
⇥2

�(⌅,⇥)d⌅



Indirect Detection

Early Universe

X

Today
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relic density (NR freeze-out) 
!
!
!
!
!
!

Electroweak-scale cross sections can reproduce 
correct relic density. 
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Annihilation Flux 
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Particle physics input from extensions of the 
Standard Model. Need to specify distribution of 
DM along the line of sight.
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Why “annihilations”?

X   = DARK MATTER SM        = STANDARD MODEL PARTICLE 



Indirect Detection

Gamma-ray telescopes 
!

•ACTs: HESS, MAGIC, VERITAS, (CTA)	


•Space satellite FERMI LAT	


•Future: CTA (Gamma400?, DAMPE?)	


!

Neutrino Telescopes 
!

•Amanda, IceCube	


•Antares, Nemo, Nestor	


•Km3Net

Anti-matter Satellites 
!

•PAMELA	


•AMS-02	


•Future: Herd?	


!
Other 
!

•Synchrotron Emission	


•SZ effect	


•Effect on Stars	


•X-ray telescopes	


•Axion searches (recent ‘discovery’…)



Deriving Exclusion Plots	


I. Take a numerical simulation



Density profiles “observed” in N-body simulations

Navarro-Frenk-White	


!

Moore	


!
Einasto

Navarro et al. 2008 Navarro et al. 2008

“Universal” profiles, 
characterised by 2 
parameters. 
Surprisingly accurate 
for most purposes.



Gamma-rays from DM annihilation



The integral along the line of sight will give something proportional to the figures 
on the right, but then to convert this into a flux, one needs to specify N_gamma, 
i.e. the photon spectrum per annihilation...
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Total gamma-ray flux



Predicted Annihilation Flux
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Full sky map of Number of photons above 3 GeV



5-year full-sky map. http://fermi.gsfc.nasa.gov

The FERMI sky

http://fermi.gsfc.nasa.gov/ssc/first_light_allsky.jpg


Sensitivity Map

ID gamma-ray targets: 
!
- Galactic center 
- Dwarf Galaxies 
- ‘Clumps’ 
- [external galaxies, EGRB] 

Pieri, GB, Branchini 2009



Indirect Detection
Recent results: Daylan et al. arXiv:1402.6703 

!

“Within these maps, we find the GeV 
excess to be robust and highly statistically 
significant, with a spectrum, angular 
distribution, and overall normalization that 
is in good agreement with that predicted by 
simple annihilating dark matter models”

See also thorough analysis in Calore et al. arXiv:1409.0042



“To constrain the degree to which the 
gamma-ray excess is spatially 
extended, we have repeated our 
Inner Galaxy analysis, replacing the 
dark matter template with a series of 
concentric ring templates centered 
around the Galactic Cen-!
ter. !
!
The dark-matter-like emission is 
clearly and consistently present in 
each ring template out to 12o , 
beyond which systematic and 
statistical limitations make such 
determinations!
difficult. For comparison, we also 
show the predictions for a 
generalized NFW profile with γ = 1,4”

The GeV excess	


http://arxiv.org/abs/1402.6703

http://arxiv.org/abs/1402.6703


The GeV excess	


Thorough analysis by Calore, Cholis & Weniger, 	



in http://arxiv.org/abs/1409.0042

http://arxiv.org/abs/1409.0042


The GeV excess	


Through analysis by Calore, Cholis & Weniger, 	



in http://arxiv.org/abs/1409.0042

http://arxiv.org/abs/1409.0042


The GeV excess	



Presented a few *hours* ago at the Fermi Symposium, Nagoya, Japan!



The GeV excess	


http://arxiv.org/abs/1402.6703

…so what?!

http://arxiv.org/abs/1402.6703


The trouble with indirect searches

... the “inverse problem” always admits  a solution, even 
when the data have nothing to do with DM!



The GeV excess	


Colis, Hooper and Linden, 	



http://arxiv.org/abs/1407.5625

Astrophysical sources?	


!

Gamma-ray point sources should be faint (no sources 
brighter than ∼1034 erg/s), and extremely numerous (tens of 
thousands of sources within the innermost kpc). 	


!
[The luminosity function of millisecond pulsars, in contrast, 
is observed to extend to at least ∼2 × 1035 erg/s, plus 
observed energy spectrum is softer]

http://arxiv.org/abs/1407.5625


How do we convince ourselves?

Geringer-Sameth et al., arXiv:1410.2242

cross-check with dwarf galaxies!



What can CTA do?
Silverwood, Weniger, Scott, Bertone, arXiv:1408.4131


