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OutlineOutline

• Introduction to γ rays and dark matter

• Fermi-LAT
• Dark Matter in Dwarf Spheroidal Galaxies
• Likelihood analysis
• Data analysis 
• Results 
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  rays from Dark Matterrays from Dark Matter
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  rays from Dark Matterrays from Dark Matter

=

×

γ-ray flux Particle physics

Dark Matter Distribution
“Astrophysical factor” or “J-factor”
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The Fermi-LATThe Fermi-LAT

Fermi Large Area Telescope

• Launched Jun 11, 2008
• Pair-conversion telescope
• 20 MeV to > 300 GeV
• Observes all sky in ~2h
• Energy resolution < 10%
• Angular resolution < 3.5˚

Fermi
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The Fermi The Fermi γγ-ray sky-ray sky
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AGN = Active Galactic Nuclei
PSR = Pulsar
SNR = Supernova Remnant
PWN = Pulsar Wind Nebula
unass. = Unassociated sources
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Where to look for Dark MatterWhere to look for Dark Matter

Galaxy Clusters

Milky Way Halo

Dwarf Galaxies

Galactic Center

Extragalactic diffuse

Spectral Lines
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✔ dSphs are DM dominated systems (they have very high M/L ratios).
✔ Many dSphs are closer than 100 kpc to the Galactic Centre.
✔ Low background

● Most dSphs are expected to be free from other astrophysical -ray sources.
● Small content of gas and dust.

✗ Predicted flux from DM                                                                                  
     is very low.
✗ Dependence on DM 
 distribution. 

   But: 
   fortunately good 
   estimates from stellar 
   velocity data

Dwarf spheroidal galaxiesDwarf spheroidal galaxies

Ursa Major II

Sculptor

Draco

Fornax

Ursa Minor Bootes I

Coma Berenices
Segue 1

Sextans

Carina
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Very faint galaxies...Very faint galaxies...
Segue 1

Credit: Marla Geha, 
http://keckobservatory.org/news/found_heart_of_darkness/
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Very faint galaxies...Very faint galaxies...
Segue 1

Credit: Marla Geha, 
http://keckobservatory.org/news/found_heart_of_darkness/



12
Maja Llena Garde

on behalf of the Fermi-LAT collaboration

Analysis detailsAnalysis details

● 10 dSphs
● 24 month Pass 6 data 
● Diffuse event class (only events with the highest gamma-like confidence) 
● Region of interest: 10° radius centered on dSph location 
● Energy range from 200MeV to 100GeV 
● Standard cuts removing Earth albedo (zenith angle < 100°) 
● Instrument response function: P6_V3_DIFFUSE 
●  Models:

● dSphs modelled as DM point sources (DMFIT) 
● Galactic and Isotropic diffuse models recommended by the Fermi-LAT collaboration 
● Point-like sources from the 1FGL point source catalogue (A. A. Abdo et al 2010 ApJS 188 

405) with some additions
● Binned Likelihood (using energy and spatial information)
● Parameter of interest: DM cross-section                                                                                     

Nuisance parameters: J-factors, normalizations of the Diffuse Backgrounds, and the 
normalization of nearby sources (<5°)
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Analysis methodAnalysis method

• Maximum likelihood fit to data
● Fermi-LAT Science Tools

• Nuisance parameters
● Diffuse Backgrounds, Point 

Sources and J factors
● J factors from stellar velocity 

measurements, but we have 
the likelihood!
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• Different targets but same model
• Target-independent parameters can be fitted jointly!
• Target-dependent parameters are treated as nuisance 

parameters

• Not to be confused with data stacking!

Joint LikelihoodJoint Likelihood

Individual parameters 

Common parameters
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●  γ-ray spectrum is universal. J-factors individual.
●  Joint likelihood ( not data stacking) - add likelihood function of each dSph, 

keep v as common parameter across all likelihood functions:

● J-factor statistical uncertainties included! 
● The analysis can be individually optimized, and is more robust under 

background fluctuations and J-factor uncertainties. 
 

● We have used Composite2 in Fermi ScienceTools

Joint Likelihood for the dSphsJoint Likelihood for the dSphs

Include the 
J-factor 
likelihood to 
include 
uncertainties

Individual parameters (J-
factors, backgrounds, 
point sources)

Common parameters, 
ie DM properties
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Joint Likelihood exampleJoint Likelihood example



17
Maja Llena Garde

on behalf of the Fermi-LAT collaboration

J-factor testsJ-factor tests

● We only include statistical uncertainties in our analysis.
● Examine systematic uncertainties in deriving the dwarf J-factors 

● Choice of profile:
- J-factors integrated over a cone with radius 0.5 degrees
- Comparable to or larger than the scale radii of the dwarfs
- The choice of cored or cusped profile at small radii has little effect

● Change of stellar kinematic analysis:
- J-factors determined using the methodology of Strigari et al. (2008) and Martinez et 
al. (2009)
- Perform combined analysis of 6 conventional dwarfs with J-factors calculated 
independently by Chabonnier et al. (2011)
- Combined results differ by < 25% for these 6 dwarfs and when incorporated into the 
full combined analysis of 10 dwarfs this becomes a ~ 10% effect

● Impact of ultra-faint dwarfs:
- The dark matter distributions of Segue 1 and Ursa Major II are calculated from 66 
and 20 stars, respectively
- Removing both Segue 1 and Ursa Major II from combined analysis impacts the 
results by a factor of ~1.5
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Upper Limits from dSphsUpper Limits from dSphs

• 24 months of data
• 10 dSphs
• Model the dSphs as DM 

point sources.
• Model Galactic and 

isotropic backgrounds 
and near by point 
sources.

• J-factor uncertainties 
included!

• The joint likelihood limit 
start to constrain 
interesting parameter 
space.
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Combined limits for 10 dSphsCombined limits for 10 dSphs

• 4 annihilation 
channels

• Start to constrain very 
interesting parameter 
space at low WIMP 
masses.
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What the future may hold...What the future may hold...

2yr, 10 dSphs - The published results 
from Ackermann et al. (2011)

10yr, 30 dSphs - The predicted limits 
using 10 years of data (5x increase) 
and 30 dSphs (3x increase). 
Additionally, the projected effects of 
spatial extension are included. These 
limits go roughly as 1/sqrt(15) at low 
mass (mass < 200 GeV) and 1/15 at 
high mass.

10yr, 10 dSphs - Predicted limits only 
assuming a 5x increase in data.

2yr, 30 dSphs - Predicted limits taking 
the current 2yr data sample but using 
30 dSphs.

Spatial extension is expected to 
minimally change the limits.

Preliminary
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SummarySummary

• Robust constraints, including J-factor uncertainties, on 
dark matter annihilation cross-sections from a joint 
likelihood analysis of 10 dSph galaxies for different 
annihilation channels.

• The limits start to cut into parameter space below the 
thermal WIMP cross-section for low masses!

• Various tests and cross-checks have been made to verify 
the method.
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Back-up slidesBack-up slides
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Other channelsOther channels
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Coverage testsCoverage tests

Coverage: the fraction of times the true value is contained in the confidence interval 
in a large number of repeated identical experiment.
Here we have tested the coverage on a toy model: Poisson with known background.
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Behavior testsBehavior tests

Soft spectra

20GeV b-bbar WIMP

Hard spectra

1000GeV b-bbar WIMP

Fig. by Alex Drlica-Wagner

The behavior is 
not always the 
same.

Depends on how 
the parameter is 
defined, and 
hardness of 
spectra.
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