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Advantage of gamma-rays: propagation not 
affected by the Galaxy. 
Can give a specific signature both in spatial 
variation (line-of-sight cone) and spectral shape. 

INDIRECT DARK MATTER DETECTION IN 
GAMMA RAYS

✴<v>, fixed by measured DM density today (for a thermally decoupled 
relic).
✴dN/dE fixed by particle physics
✴   - from N-body simulations; 

Flux of gamma rays produced in DM annihilations:

Bergstrom, L., talk at DM2010.
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Prompt (direct) radiation:

continuum spectra: 

line:

final state radiation:

through radiative processes:

How are DM  ray fluxes 
produced?
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Dominant production 
for DM annihilating 
to quarks and gauge 
bosons (i.e. SUSY) .

Important if 
there is a 
significant 
branching to 
leptons.

Loop suppressed, but 
unique, smoking gun, 
signature.



✴Fermi-LAT instrument: excellent in measuring the gamma ray diffuse emission. 
Large field of view: 20% of the sky at any instant. 

✴energy range: 20 MeV to >300 GeV (LAT), includes previously unexplored energy 
band 10-100 GeV. 

✴Diffuse emission has high potential for DM searches -- makes use of the rich information 
contained in the morphology as well as in the DM annihilation/decay spectral features. 
Astrophysical backgrounds are hard (but possible) to disentangle.
✴Diffuse DM analysis by the Fermi team (this talk):

✴analysis of the Extragalactic (Isotropic) Signal, by using the intensity and spectral 
shape of the signal (1) or small scale angular anisotropies (more by J. Siegal-Gaskins, 
at IDM2010)
✴analysis of the the Galactic diffuse signal (2)



Isotropic diffuse signal 

After the contribution from the 
Galactic diffuse emission, point 
sources+residual cosmic rays ... are 
subtracted we are left with the 
isotropic diffuse emission.

THE GAMMA RAY FERMI SKY:

5

Ackermann, M., talk at TeVPa, 2009.
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Isotropic diffuse signal 

Abdo, A. et al., Phys.Rev.Lett.104:101101,2010.



What makes the GeV extragalactic signal?

Dark matter annihilation in 
all halos at all redshifts 
should contribute, too.

Guaranteed contribution: 
unresolved extragalactic 
sources: blazars (AGNs with 

jets aligned with out line of sight), 
star forming and star 
burst galaxies... 

Fermi-LAT collaboration, JCAP 1004:014,2010.

Isotropic diffuse signal 



Cosmological signal of DM
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★spectrum shape: depends on the 
particle physics AND attenuation effects 
AND the way DM structures evolve 
with z (N-body simulation) -- 
Potentially a way to disentangle the 
signal from the backgrounds.

★Overall normalization: degenerate 
with the annihilation rate. A robust 
prediction from N-body simulations (for 
(z)), and uncertainties involved is 
needed...

DM forms structures in gravitational collapse, and in those over-dense regions, DM self-
annihilation signal is greatly enhanced ((z)). 

Fermi-LAT collaboration, JCAP 1004:014,2010.



 Overall normalization: Results from N-body simulations are limited by computing 
resources, most critically for this consideration -- by mass resolution (resolution 
>105Msol, while theoretical lowest mass scale <10-3Msol, ->Torsten’s talk). 

We used BOTH:

★direct results from Millennium Simulation II 
(where extrapolation to small halo masses is 
done using simple power law, with carefully 
chosen index- optimistic/conservative choice),
 
★and semi-analytical model: extrapolation soft, 
based on physical modeling of the evolution of the 
concentration of halos with red shift.

★Note: both semi-analytic approach and 
conservative extrapolation give similar 
prediction. However, uncertainties in the 
overall normalization are  large.

Cosmological signal of DM (z) 
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Fermi-LAT collaboration, JCAP 1004:014,2010.



Isotropic diffuse signal - 
astrophysical contribution

Cosmic gamma rays from AGNsAGNs have been the favored candidates, (the 
brightest extragalactic sources in the gamma-
ray sky). 
However, based on Fermi measurement of 
blazar luminosity function, -> they can 
make up maximally 30% of the 
extragalactic signal.

Star Forming Galaxies (like our own): based 
in part on the Fermi measurement of the Galactic 
diffuse emission, Fields et al.  conclude that SFG 
could make up most of the extra galactic 
signal at lower energies.

Fermi-LAT collaboration, arxiv:1003.0895., submitted JCAP.

Fields et al., arxiv:1003.3647.
we take a very general approach w.r.t. the astrophysical signal:



Cosmological DM signal has significant constraining potential/ reaching interesting part 
of parameter space with the 1 year data. 
The isotropic flux should get lower as Fermi continues to detect more extra galactic sources 
-> increased sensitivity for DM searches.
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Isotropic diffuse signal - DM constraints 
DM DM->bb
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Pamela/Fermi regions in tension with the DM interpretation.

ONLY DM CONTRIBUTION TO THE 
ISOTROPIC FLUX CONSIDERED

DM FLUX CONSTRAINED ABOVE THE 
BEST FIT POWER LAW BACKGROUND

Isotropic diffuse signal - DM constraints 



The full sky fit to the Galactic diffuse data 
can probe DM efficiently, by exploiting 
both, spatial and spectral information. 

However, to constrain the dark matter 
contribution, a rigorous understanding of 
the astrophysical signal is needed. 

Galactic halo DM analysis
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[Ongoing work - preliminary results]



Astrophysical models

A set of  astrophysical models has been refined to match the Fermi data, while 
being consistent with the available CR data, using iterations with a full sky 
fitting procedure of linear templates. (see talk by T. Porter)

Templates used are the gas H I and H2 templates (describing pion decay and 
bremsstrahlung scattering on the gas); IC maps, all obtained with the Galprop 
code, plus the isotropic template (with a spectrum as discussed previously) 

To set DM constraints, we add DM template sky maps to a chosen astrophysical 
model considered to be ‘conservative’ for DM searches (more on this later). DM maps 
are obtained with a galprop code, with a set of propagation parameters 
consistent with the astrophysical model assumed.
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Template maps and key features of our fitting procedure:

DM density is the highest in the Galactic Center, and DM limits are the most critically 
determined by the fit in that region. Note: H2 and HI are mostly confined to the plane 
(the extended part of the emission comes mostly from the local ring). IC map is the most 
extended and is expected to influence the DM limits the most.

 Astrophysical template maps depend on 
number of parameters of which: the source 
distribution  and the cosmic ray propagation 
parameters -- are the most critical parameters for 
DM constraints. 

other parameters Troy mentioned (Ts, XCO...) 
mostly concern the signal along the plane and 
are not critical for DM considerations.

ICHIH2

mask: point sources and the galactic 
plane (-5<b<10 deg):

example of template maps:
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- only photons produced in DM annihilations (’b-bbar’ case)
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-photons + electrons produced in DM annihilations, too: propagation 
parameters play role also for DM maps (’µ’ case)

DM maps and energy spectra considered:
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The exclusion limits - procedure

We perform a full sky fit with the following free parameters: overall normalization of H2, 
HI, IC (3) and DM maps (1 or 2); normalization of the isotropic component (1) and 
residual contribution from point sources (1).

We set the limits as the 3 sigma confidence level above the best fit normalization of the 
DM contribution. 

These limits depend critically on the astrophysical background model assumed. This is 
mainly due to a degeneracy between the spatial shapes of the DM signal and the IC component of 
the Galactic diffuse emission. 

We use Data Clean event class (where the charged particle contamination has been 
minimized, while maintaining 70% of the acceptance of the Diffuse event class at high 
energies) and 21 months data, in the 800 MeV-100 GeV energy range.



Astrophysical model: Cosmic 
ray source distribution

18

There are four different source distributions currently considered in the Fermi 
analysis of the diffuse signal (Troy’s talk).

Since in this model CR sources go to zero in 
the GC region and have low gradient in the 
nearby region, -> it gives one of the most 
conservative DM limits, among currently 
discussed models. 

In this analysis we use the distribution of 
CR sources (SNR) as inferred from the 
direct observation of SNR (Case & 
Bhattacharya 1998). This distribution is 
based on the observation of 46 SNR, and is 
expected to suffer from heavy 
observational bias, especially in the GC 
region, which is the most critical for the 
DM searches. 



Astrophysical model: Size of 
CR diffusive halo

19

A larger halo gives a broader latitude distribution. Fermi data suggest a 
preference for a large halo - maximum likelihood is for 10 kpc.

Another critical choice when setting the DM limits: small halo size fits data 
worse  in terms of the latitude profiles; this effect is also degenerate with the 
DM contribution, making the DM limits weaker in that case. 

We consider a model with CR source distribution as determined 
by the direct observation of SNR and smaller halo size z=4 kpc, 
(with other parameters optimized to the CRE and Fermi data) to 
set the DM limits.
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Current work on quantifying the 
effect of the astrophysical model 
choice
• Investigate many different diffuse models by varying 7 different parameters.

D0_xx  Diffusion Coefficient 1e+27 -- 4e+29 cm2 s 
z_max Halo Height 1 -- 11 kpc 
D_g_1 (2) Diffusion Index 0.33, 0.5 
v_Alfven Alfven Velocity 0 -- 50 km s^-1 
electron_g_1 Electron Injection Index 1.8 -- 2.5 
nuc_g_1 Nucleon Injection Index 1.7 -- 2.6 
nuc_g_2 Nucleon Injection Index (Above reference rigidity) 2.26, 2.43 
source_model SNR Pulsars 

Idea: to incorporate the uncertainty in the astrophysical model, 
by finding the best fit model to the gamma ray data (for a given 
DM contribution), and weighting it by the 2 of such model w.r.t. 
the CR data.
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Difficulty:
likelihood varies by a huge amount 
among astrophysical models

✦->  DM limit is effectively determined 
by a single diffuse model even in this 
approach, rather than many models 
contributing to ln Lk profile - it is 
currently hard to quantify the effect of 
the  uncertainty in the choice of a 
diffuse model on the dark matter limits. 
Work in progress...

Current work on quantifying the 
effect of the astrophysical model 
choice

more by B. Anderson, at IDM2010.



Exclusion plots
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annihilating DM, DMDM->µµ

PAMELA (pink) and Fermi (Blue) regions are excluded when full DM spectrum (FSR+IC) 
is considered.
However, since the Inverse Compton spectrum 
depends on the electron propagation parameters 
(taken to be the same as in the underlying diffuse 
model) we show also constraints based only on the  
FSR spectrum, which is based on directly produced 
photons.
Note: FSR-only limits are weak since the data only 
up to 100 GeV has been used.
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Exclusion plots 
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annihilating DM, DMDM->bb

as expected, limits do not depend much on the DM profile assumed (given mostly by 
a sky region 10<|b|<20 deg). 

good constraining potential of this approach, freeze-out value reached for low 
masses. limits are expected to improve significantly with a better understanding of 
the astrophysical model (most critically in the region of the Galactic Center).



•Extragalactic signal has a significant potential for DM searches. Improvements in 
our understanding of the halo assembly process (i.e. Galaxy size simulations, 
baryon effects) , and possible imprints on the DM spectrum, critical for DM 
searches. 
   
•Galactic halo DM limits: obtained doing a full sky which exploits both, spatial and 
spectral information of DM and astrophysical signal. Limits presented are relative to the 
astrophysical model assumed: We use conservative set-up, CR source distribution as given 
by the direct observation of SNR, and a small halo size, z=4 kpc. 

• Future improvements: understanding of astrophysical background critical for DM 
searches in the diffuse signal.  Near-term improvements include better modeling of the 
extragalactic source classes (based also on the Fermi data) and improved modeling of the 
Galactic diffuse emission in the inner Galaxy. 
 
•Lots of work still ahead! Fermi is a 5-10 year mission. 

Outlook 2

Outlook



extra



binned likelihood

✤ poisson statistics, summed over all the energy and spatial bins.

✤ For each bin: D is the measured photon counts, F number of photons 
the model predicts. 


