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The Galactic Center

• Total Observed Gamma-Ray Flux from 1-3 GeV within 1o of 
the GC is ~1 x 10-10 erg cm-2 s-1  

!

• The flux expected from a vanilla dark matter model                 
(100 GeV -> bb with an NFW profile) is ~2 x 10-11 erg cm-2 s-1 

!

• There’s no reason this needs to be true -- the total gamma-
ray emission from the Galactic center happens to fall within 
an order of magnitude of the most naive prediction from 
dark matter simulations



Two Separate Analyses
Inner Galaxy Galactic Center

• |b| > 1o 
!

• Bright point sources 
masked at 2o 
!

• Allow diffuse templates 
(galactic diffuse, isotropic, 
Fermi bubbles, dark matter) 
to float independently in 
each of 30 energy bins 

• |b| < 5o, |l| < 5o 
!

• Include and model all point 
sources (37 d.o.f.) 
!

• Use likelihood analysis to 
calculate the spectrum and 
intensity of each source 
component 
!

• Calculate log-likelihood to 
determine significance of 
component 



Consistent Results!

Inner Galaxy Galactic Center
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Inner Galaxy Galactic Center



The Magnitude of the Signal

Galactic Center



Spectral vs. Morphological Fitting: 
The Ring Fit Analysis

Inner Galaxy



Some (Very Slight) Evidence for Changes in the Profile?
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Galactic Center

Peaked Towards the Galactic Center



Comparison To Other Residuals

Inner Galaxy



Non-Dark Matter Explanations

• Several Models have been proposed to explain the excess 

• An undetected population of MSPs (Abazajian et al. 2011) 

• Transient Outbursts from the Galactic Center 

• Hadronic (Carlson & Profumo 2014) 

• Leptonic (Petrovic et al. 2014)



Why Could it be MSPs?

Hooper et al. (2013)



Why Could it be MSPs?

Slide from Manoj Kaplinghat





Millisecond Pulsars

Fermi observations allow us to study the 
spectrum of the millisecond pulsar population 



Millisecond Pulsars

• We can also calculate the 
luminosity function of MSPs 

• Two methods are used, one 
based on the population of field 
MSPs, and the other based on 
the population of X-Ray bright 
MSPs detected in the globular 
cluster 47 Tuc.

Cholis et al. (2014)



Millisecond Pulsars



Millisecond Pulsars



Millisecond Pulsars

• Using the luminosity function shown here - There would need to be 
226 (+91/-67) MSPs with luminosity > 1034 erg s-1 in the circular 
region, and 61.9 (+60/-33.7) with luminosity > 1035 erg s-1. 

• We can also compare the MSP population to the observed LMXB 
population. Using the ratio for LMXBs to the MSP luminosity of 
globular clusters, we predict that the gamma-ray luminosity in the 
Galactic center would imply a population of 103 (+70/-45) LMXBs in 
the GC, only 6 are detected



Why are Outburst Models Reasonable?
1.) Sgr A* is currently in a quiescent state, with a current luminosity 10-9 of the Eddington luminosity. 
!
2.) However, evidence points towards historical outbursts



Why are Outburst Models Reasonable?



Hadronic Outbursts

Carlson & Profumo (2014)

Carlson & Profumo (2014) proposed that an outburst of 
protons from the galactic center could explain the 
spherical symmetry and spectrum of the excess



Hadronic Outbursts



Current Models Don’t Fit
• Thanks to Eric Carlson and Stefano Profumo for providing us with the Galprop output 

files. 

• We have run these models through our code (similar to what we do with the dark matter 
fits). The models pick up the following TS values: 

• 0.5 kyr: TS = 33 

• 2.5 kyr: TS = 43 

• 19 kyr: TS = 14 (with arbitrary spectrum: TS = 26.6) 

• 100 kyr: TS = 0.0  (with arbitrary spectrum: TS = 0.28) 

• 2 Myr: TS = 0.0, (with arbitrary spectrum: TS = 0.0) 

• 7.5 Myr Continuous: TS = 0.0 (with arbitrary spectrum: TS = 0.0) 

• Linear Combination of All Hadronic Outburst Models TS = 51 

• Dark Matter Template (Daylan et al. 2014): TS = 315



Current Models Don’t Fit
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More Generally - Signal Doesn’t Seem to Correlate with Gas



Leptonic Emission

• A peaked spectrum of cosmic-ray 
leptons can also produce hard 
emission from bremsstrahlung or 
inverse Compton scattering 

!

• However, electrons cool rapidly, it 
is difficult to produce the same 
hard spectrum over several 
degrees in the sky

Petrovic et al. (2014)



Future Indirect Tests - Dwarf Galaxies

The Fermi-LAT Collaboration (2013)



Future Indirect Tests - Dwarf Galaxies

• Fermi-LAT collaboration 
finds a TS=8.7 for a 25 GeV 
dark matter particle 
annihilation to b-quarks 

• Interpreted as a Poisson 
signal, this would correlate 
to 2.95σ The Fermi-LAT Collaboration (2013)

!

• However, the significance of this excess is mitigated by the 
observed probability of finding hotspots in blank sky 
locations 

• This decreases the local significance to 2.2σ



Future Indirect Tests - Dwarf Galaxies

Carlson, Hooper, Linden (2014)

Preliminary



Conclusions

• The excess in emission at the galactic center (compared to diffuse 
models) is well established, and extremely bright 

• There is no clear astrophysical interpretation of the data. In particular 
the hard spectrum and spherical morphology of the excess are hard to 
model with astrophysical templates 

• Stay Tuned!



Signal!



The Galactic Center

The Fermi-LAT Collaboration (2013)



Small Bug
After the work was posted on arXiv a small bug was found in 
the code for the Inner Galaxy analysis, which affects the 
smoothing of the diffuse background model  
!
Work is currently ongoing to update the results based on the 
new model. Early results show that the best fit dark matter 
cross-sections change by approximately 20%. 
!
Note:  
!
1.) The qualitative conclusions of the paper remain unchanged. 
2.) The bug does not affect either the galactic center analysis or 
the rings fit (on the last slide)



Small Bug



Dark Matter Models

• Many models are safe from current 
direct detection and collider constraints

Berlin, Hooper, McDermott (2014)


