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Dark Matter Is:
1.) Dark
2.) Stable
3.) Cold
4.) Collisionless

No known particle has these properties!

Dark Matter Cosmology



Particle Dark Matter

The Density of Dark Matter is similar to the density of 
protons in our universe.

This requires either significant fine tuning, or a 
dynamical interaction - which in QFT must correspond 
to some force. 



Particle Dark Matter
Gravity is Weak!
- The search for a dark matter particle must rely on 
another force.

Does the dark matter particle have any other 
interactions?

- Electromagnetic Interactions
- Strong Force Interactions
- Weak Force Interactions
- Planck Scale Interactions
- Something Else?



Dark Matter in Thermal Equilibrium

A particle with a weak interaction 
cross-section and a mass on the 
weak scale is expected to 
naturally obtain the correct relic 
abundance through thermal 
freeze-out in the Early Universe. 



Observing a Dark Matter Particle
Myriad Evidence Suggests Dark Matter exists, and 
should have non-gravitational interactions:

We shouldn’t think of dark matter searches as a 
“needle in a haystack”. Our theoretical priors should 
lead us to bet that particle dark matter can be feasibly 
observed. 



Gamma-Rays from WIMPs

If dark matter had a thermal cross-section in the early 
universe, it should still have an observable cross-
section today. 



Gamma-Rays from WIMPs

Once a standard model final state is selected, the resulting 
photon spectrum can be calculated from known physics. 

For WIMP scale dark matter, photon energy peaks in the GeV 
range.



Dark Matter in the Galactic Center
Both observational data and simulations indicate that 
the Galactic Center should 
produce the highest flux of 
dark matter annihilation 
products of any location 
in the sky.

Pato et al. (2015)

Recent work has provided 
the first direct evidence for 
dark matter within the Milky 
Way solar circle. 



Dark Matter in the Galactic Center

For the remainder of this talk, we employ a simple 
analytical model, known as the “generalized NFW 
Profile” which provides a reasonable fit to the observed 
dark matter density distribution of dark matter halos.  

In the standard NFW scenario,  𝛄 = 1

Navarro, Frenk, White (1996) 
Springel et al. (2008, 0809.0898)



The Galactic Center in Gamma-Rays

Multi-wavelength observations 
indicate the complexity of the 
galactic center region. 

Chandra observes ~9000 point 
sources in inner degree. 

VLA finds bright non-thermal 
emission structures.

Chandra
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The Galactic Center in Gamma-Rays

What Are These Backgrounds? 

* Point Sources (SNR, pulsars, etc.) 

* Hadronic Interactions (pp -> π0 -> 𝛄𝛄) 
  
* Bremsstrahlung 

* Inverse Compton Scattering



The Fermi Large Area Telescope

Operational Characteristics: 
- Effective Area ~ 1 m2 
- Field of View ~ 2 sr 
- Energy Resolution ~ 10%

Launched: June 2008 

Observes Gamma-Rays with 
Energies 30 MeV - 1 TeV 

Collaboration of five 
countries and dozens of 
institutions.



Fermi-LAT Sensitivity to Dark Matter

Angular Resolution is: 
 1.) poor (compared to all other wavelengths). 
 2.) highly energy dependent. 
 3.) highly photon selection dependent.



Why We’re Doing What We’re Doing….
1.) Dark Matter is a key component of the universe, and we 
know nothing about it. 

2.) WIMPs are a well-motivated model for a dark matter 
particle. 

3.) Observations of gamma rays from WIMP annihilations offers 
the opportunity to understand the dark matter particle. 

4.) The Milky Way Galactic Center is among the most promising 
targets for WIMP searches. 

5.) The Fermi-LAT instrument makes such an observation 
feasible (expected?). 



Many Studies
Goodenough & Hooper (2009)                            
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Hooper & TL (2011, PRD 84 12) 
Abazajian & Kaplinghat (2012, PRD 86 8) 
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Abazajian et al. (2014, PRD 90 2) 
Daylan et al. (2014) 
Calore et al. (2014) 
Bartels et al. (2015) 
Lee et al. (2015) 
TL (2015)
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How Does This Analysis Work?

Data 
750 — 950 MeV 

Best Angular Resolution Cut 
10o x 10o ROI

=

pion-decay

ICS ICS-CMB

bremsstrahlung

Dark Matter Point Sources

+ +

+

+

+



How Does This Analysis Work?

• Mask galactic plane (e.g. |b| > 1o), 
and consider 40o x 40o box 

• Bright point sources masked at 2o 

• Use likelihood analysis, allowing 
the diffuse templates to float in 
each energy bin 

INNER GALAXY
• Box around the GC (10o x 10o) 

• Include and model all point 
sources 

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

GALACTIC CENTER

Daylan et al. (2014)



Observational Results

Spectral Model highly resilient to changing systematic 
background models ~300 models considered here.  

Low energy spectrum hard to constrain due to systematics 
High energy spectrum difficult due to statistics

Calore et al. (2015)



Observational Results
Utilizing our template fitting algorithm, we can determine 
the gamma-ray flux which is best fit by an NFW profile.  

Subtracting off other astrophysical emission leaves a bright 
excess near the GC. 



Observational Results

INNER GALAXY GALACTIC CENTER

Inner galaxy prefers density profile 𝛄 = 1.18 
Galactic Center prefers 𝛄 = 1.17



Observational Results

The GeV excess is statistically significant from        
0.1o — 10o from the Galactic Center

Calore et al. (2014b)



Observational Results

The peak of the new emission source lies within 0.05o of the GC. 

Strong argument that this feature is dynamically centered on 
the GC in 3D space.



Observational Results

The Galactic Center analysis finds the excess to be 
spherically symmetric, to within approximately 20%.  

The inner galaxy finds a weak preference for some 
extension perpendicular to the galactic plane. 

Extended 
along plane

Extended 
perpendicular  

to plane



Spherical Symmetry and the GCE

pion-decay

Inverse Compton

ICS-CMBbremsstrahlung

Dark Matter Point Sources



Summary of Data Analysis
All currently published observational studies of the Galactic 
Center excess agree:  

• Current best fit models of astrophysical gamma-ray 
emission have uncovered a gamma-ray excess - with a 
fractional intensity of ~15% 

• The spectrum of the excess is peaked at an energy of ~2 
GeV, and falls off at low energies with a spectrum that is 
harder than expected for astrophysical pion emission 

• The excess extends to at least 10o away from the galactic 
center, following a 3D profile which falls in intensity as         
r -2.2 to -2.8



Comparison to Dark Matter Models

Spectrum Morphology

Sphericity Intensity
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Trying to Kill the Beast
Astrophysical mechanisms might also explain the excess! 

1.) What if there is a new population of point sources near the 
galactic center? 

2.) What if our best models for diffuse astrophysical emission 
are wrong? 

3.) What if the galactic center has a complex/active past?

To some extent, all three of these are certainly true. So a better 
question is: 

Can uncertainties in our astrophysical modeling plausibly 
explain the Galactic Center observations? 



Pulsars in the Galactic Center

• The peak of the MSP energy 
spectrum matches the 
peak of the GeV excess 

• MSPs are thought to be 
overabundant in dense 
star-forming regions like 
the Galactic Center

Cholis, TL, Hooper (2014) 



Pulsars in the Galactic Center

Slide from Manoj Kaplinghat



Pulsars in the Galactic Center
Recent Provocative Paper claims evidence for such a 
population of undetected point sources. 

Normally, a Log-Likelihood for a fit to the data is 
calculated by assuming that the data is         
generated by a Poisson random process:



Pulsars in the Galactic Center
Instead, Lee et al. add a non-Poissonian term into the 
Likelihood calculation, and calculate the relative 
weight of the Poisson and non-Poissonian errors on a 
pixel by pixel basis. 



Pulsars in the Galactic Center

In each pixel, you can 
calculate the probability 
that the data is explained 
by Poisson variations, or 
whether a non-Poissonian 
variation is required.  

The circled areas 
correspond to known 
Fermi-LAT point sources.

Can produce skymaps and flux distributions of non-Poissonian 
emission, and see how this absorbs the point-to-point variations.

Lee et al. (2015)



Pulsars in the Galactic Center
Method: 

1.) Add in a new template 
that has the global 
morphology of the NFW 
template, but contributes 
with non-Poissonian 
statistics.  

2.) Fit data to the GC 
excess. 

3.) Find the flux distribution of non-Poissonian datapoint near 
the Galactic Center 

Lee et al. (2015)



Pulsars in the Galactic Center

When both a traditional NFW template and the non-Poissonian 
NFW template are allowed to float arbitrarily, the non-
Poissonian template absorbs the gamma-ray excess.  

Lee et al. (2015)



Why Not Pulsars?

• 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.

• Can measure the fluxes 
of known MSPs and 
calculate the expected 
fluxes of MSPs in the 
Galactic Center.

Cholis et al. (2014)



Why Not Pulsars?

• A luminosity of 1035 erg s-1 at the galactic center is 
equivalent to a gamma-ray flux of 8.0 x 10-9 photons 
cm-2 s-1. These systems have not been observed in the 
Galactic Center. 



Why Not Pulsars?

• Note that the population of new point sources have 
fluxes barely below the Fermi-LAT point source 
detection threshold.  

• Can see if these hotspots cross-correlate with known 
radio pulsars.



Why Not Pulsars?

• After building a technique to evaluate blank sky 
locations, we find that the positions of ATNF pulsars 
do not correlate with gamma-ray hotspots. 

TL (2015)



Diffuse Gamma-Ray Models
Supernovae Source Cosmic-Ray Protons: 

1051 erg  (~10% in relativistic protons) 
                (~2% in relativistic electrons)

cosmic rays propagate

Solved Numerically: 
e.g. Galprop

Gas/ISRF 

Only ways to constrain models: 
1.) Compare with gamma-rays outside the GC ROI 
2.) Local measurements of cosmic-ray primary/secondary ratios.

Uncertainties in 
every step of 
cosmic-ray diffusion
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But all models have used very similar diffuse backgrounds! 



Systematically test the resilience of the galactic 
center excess to changes in the morphology of 
cosmic-ray injection, the morphology of target 
gas, and the propagation of cosmic-rays. 

Galactic center is fairly resilient to  
many of these changes.  

Astrophysical Diffuse Modeling



Cosmic-Ray Injection Sources

Cosmic-Ray Injection is 
thought to trace the historic 
(~109 yr) supernova rate.  

Need tracers of current and 
past supernovae rate: 

+ Observed SNR 
+ Pulsars 
+ OB Stars 

Interestingly the models used for these analyses have extremely 
small injection rates near the GC (in several cases identically 0).



The Galactic Center in Gamma-Rays

But we know that the Galactic 
Center contains significant 
cosmic-ray injection. 

Chandra



Solution: Add a new cosmic-ray injection morphology 
tracing the molecular gas density. 

Observational Resilient: Several tracers of molecular gas 
are sensitive to the galactic center region. 

Theoretically Motivated: Molecular Gas is the seed of star 
formation, the Kennicutt-Shmidt Law gives 

Specifically we adopt:

Cosmic-Ray Injection Sources



Adding a Molecular Gas Component

Adds significant cosmic-ray injection to the inner galaxy, and 
additionally a large bar structure. 



This tracer improves the fit to the gamma-ray data over the 
full sky.

Adding a Molecular Gas Component



This Reduces the Gamma-Ray Excess!

And it greatly reduces the intensity of the gamma-ray excess!



Why Not Astrophysical Modeling?

However, these fits were performed in models without an NFW 
template. 

Adding an NFW template into the fit eliminates the need for fH2 > 0 
in the inner galaxy, and still provides a slightly better fit to the 
data. 

However, the overall fit to the gamma-ray sky prefers fH2 ~ 0.2



Why Not Astrophysical Modeling?

Moreover, when we focus on the very center of the galaxy (<5o), 
these alterations to the gamma-ray model do not appear to 
decrease the intensity of the gamma-ray excess. 



Coming to a Conclusion
1.) Over the last two years - the existence of a significant 
gamma-ray excess (compared to current astrophysical 
models) has been confirmed. 

2.) The gamma-ray excess has features compatible with a dark 
matter signal — a dark matter motivated NFW profile remains 
the best fitting template to the gamma-ray data. 

3.) Several well motivated astrophysical models have been 
produced, and new techniques are being developed to 
differentiate between these models. 

4.) New multi wavelength models and studies are needed.  



Alternative Targets

Dwarf Galaxies can also 
produce a significant 𝛄-ray 
signal from dark matter 
annihilation. 

Latest published results 
showed a TS = 8.7 local excess 
at the mass of the GC signal. 



The observed excess has 
disappeared, and the new limit is 
now in mild tension with some 
models of the GC excess

Alternative Targets



The Dark Energy Survey is likely to greatly improve the detection 
of dwarf spheroidal galaxies in the Southern Hemisphere. Future 
limits may improve drastically if nearby dwarfs are discovered.

Alternative Targets



Analyses of the DES, and Pan-Starrs Data have recently observed 
19 (and counting) new dwarf candidates in the Southern 
Hemisphere. 

Alternative Targets



Yeoman’s work by several optical spectroscopers has 
given us two estimations of the J-factors for Reticulum 2
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The LMC also shows hints of a dark matter excess 

However, there are considerable backgrounds 
here as well.

Buckley et al. (2015)

Alternative Targets



May find other bright indirect 
detection targets.  

One possibility is the population of 
High Velocity Clouds orbiting the 
Milky Way 

Some may be confined by dark 
matter halos 

However, no 𝛄-ray excess is 
observed in these systems 

NICHOLS & BLAND-HAWTHORN (2009, 0911.0684) 
NICHOLS ET AL. (2014, 1404.3209) 
DRLICA-WAGNER ET AL. (2014, 1405.1030)

Alternative Targets



Conclusion

- There is a comprehensive dark matter interpretation of the 
story: 

- The J-factor of the GC exceeds all dwarf spheroidal galaxies 
by more than 2 orders of magnitude 

- A relatively significant detection should appear in the LMC 
and SMC (study forthcoming) 

- The stacked analysis of the dwarfs should begin to show a 
statistical excess - starting with the brightest object



- For the skeptics, there are many ways this story could fall 
apart: 
- Improved J-factor measurements may indicate that 

Reticulum II is not the brightest dwarf 
- The significance of the dwarf analysis might go down with 

P8 data 
- Astrophysical explanations for excesses in the Galactic 

Center and the LMC may be produced 

- The next few years promise to present significant hints (or 
significant constraints on) the dark matter particle models that 
can explain the GeV excess.

Conclusion


