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Why Indirect Detection?





The WIMP Miracle

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 Earth universe.



Unitarity 
< 124 TeV

Neff 
>3 MeV

WIMP Miracle

Steigman et al. (1204.3622)

The Thermal Miracle



1 new particle (can be motivated by more-complex physics) 

1 new conserved quantity (“dark matter-ness”, r-parity) 

1 (maybe 0) new forces 

Thermal WIMPs - The Most Boring Model



1 new particle (can be motivated by more-complex physics) 

1 new conserved quantity (“dark matter-ness”, r-parity) 

1 (maybe 0) new forces 

Ruling out this model leaves only 
more interesting possibilities. 

Thermal WIMPs - The Most Boring Model



Dark Matter Complementarity



Dark Matter Complementarity



Dark Matter Complementarity Gambit Collaboration (1705.07917)



Why Indirect Detection?

Steigman et al. (1204.3622)



Why Gamma-Rays?



Why Gamma-Rays?



Why the Galactic Center?



Why Indirect Detection?

• For a standard dark matter density profile, the annihilation 
rate within 5o of the Galactic center is ~1 x 1038 ann s-1.  

• For a 1 m2 instrument, this produces a flux of 10-4 ann s-1. 



A Startling Coincidence

• Model: 

• 100 GeV dark matter particle annihilates to bb 

• Annihilation Rate is Thermal Cross-Section 

• Expected Galactic Center Flux (above 1 GeV):  

• 2 x 10-11 erg cm-2 s-1 

• Observed Flux: 

• 1 x 10-10 erg cm-2 s-1



• Model: 

• 100 GeV dark matter particle annihilates to bb 

• Annihilation Rate is Thermal Cross-Section 

• Expected Galactic Center Radio Flux:  

• 2 x 10-13 erg cm-2 s-1 

• Observed Flux: 

• 5 x 10-10 erg cm-2 s-1

A Startling Coincidence



The Galactic Center is Complicated

• 400 pc x 80 pc 
• 107 Mo of gas in Molecular Clouds 
• Conditions similar to nearby  

starburst galaxies

• Molecular Gas clouds in the Central Molecular Zone 
are hot (~50-100K) 

• Indicative of heating by a significant cosmic-ray 
population confined in the central molecular zone. 
(Yusef-Zadeh et al. 2013)



The Galactic Center is Complicated
Quintuplet Cluster  
ϴGC=0.2o, Age~4 Myr

Galactic Center is a dense star-
forming environment. 

3-20% of total Milky Way Star 
Formation 

2-4% - ISOGAL Survey Immer et al. (2012) 

2.5-5% - Young Stellar Objects Yusef-Zadeh et al. (2009) 
5-10% - Infrared Flux Longmore et al. (2013) 
10-20% - Wolf-Rayet Stars Rosslowe & Crowther (2014) 
2% - Far-IR Flux Thompson et al. (2007) 
2.5-6% - SN1a Schanne et al. (2007) 

Arches Cluster 
ϴGC=0.25o, Age~2 Myr

• The Supernovae of these 
stars produce 1051 erg!



The Galactic Center is Complicated

Chandra Observes > 9000 point sources from the inner 1o x 0.5o

• When these stars die, they can produce pulsars which 
produces another 1050 erg over their lifetime.



Integral 511 keV Excess

WMAP/PLANCK Haze

Fermi Bubbles

Galactic Center is a Bright Multi-Wavelength Source



COSMIC-RAY ACCELERATION AND PROPAGATION

Start with a source of relativistic cosmic-rays

• Supernova Explosions 

• Supernova Remnants 

• Pulsars 

• Shocks/Mergers



COSMIC-RAY ACCELERATION AND PROPAGATION

Start with a source of relativistic cosmic-rays

cosmic rays propagate

Solved Numerically: 
e.g. Galprop

• If they propagate to Earth, can be detected: 

• AMS-02/PAMELA 

• CREAM/HEAT/CAPRICE



COSMIC-RAY ACCELERATION AND PROPAGATION

Start with a source of relativistic cosmic-rays

cosmic rays propagate

Solved Numerically: 
e.g. Galprop

Gas/ISRF Alternatively can collide 
with Galactic gas or the 
interstellar radiation 
field.



COSMIC-RAY ACCELERATION AND PROPAGATION

Start with a source of relativistic cosmic-rays

cosmic rays propagate

Solved Numerically: 
e.g. Galprop

Gas/ISRF 



Energetic Arguments Fail

Supernovae: 

A Supernovae produces ~1051 
erg of energy.  

~10% to CR protons. 

Assuming 1 Galactic center SN every 250 years (10% the Galactic Rate), this provides an 
energy flux of 1.3 x 1040 erg s-1. 

If these cosmic-rays are trapped for 10 kyr  in a 100 pc box (D0 = 5 x 1028 cm2 s-1), filled 
with Hydrogen gas at density 100 cm-2, this will produce a total gamma-ray emission:  

6.7 x 1037 erg s-1 ✔



Energetic Arguments Fail

Sgr A* is expected to produce a tidal disruption event every ~105 yr, producing a time-
averaged energy output of 2 x 1039 erg s-1. 

If these CRs are primarily leptonic, and the electrons remain trapped in a region with a 40 eV 
cm-3 ISRF and a 200 μG magnetic field the gamma-ray flux from inverse Compton scattering 
is: 

Sgr A*: 

A tidal disruption event 
releases ~1045 erg s-1 for a 
period of ~0.2 yr. 

7.0 x 1037 erg s-1 ✔



Energetic Arguments Fail

✔

Pulsars 

MSPs observed in the galactic 
field are fit by a population with 
a mean gamma-ray flux of 3 x 
1034 erg s-1.  (Hooper & Mohlabeng 2015) 

Given the population of 129 MSPs among 124 globular clusters (with a total stellar mass ~5 
x 107 Mo). For the 1 x 109 Mo of stars formed in the inner degree of the Milky Way, we get: 

7.7 x 1037 erg s-1 ✔



Energetic Arguments Fail

Dark Matter 

For a 35 GeV dark matter 
particle annihilating at the 
thermal cross-section to bb, 
and a slightly adiabatically 
contracted r-1.35 density 
profile. 

The dark matter annihilation rate is 8.6 x 1038 ann s-1, which produces a gamma-ray flux of:  

6.9 x 1036 erg s-1 ✔



Two Regions of Interest

• 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 

• Background systematics controlled

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 

• Bright Signal

GALACTIC CENTER



Is this (theorist) heaven? 
or is this hell?

Conclusion: 
Every Model is Correct



A Template Based Model

Data 
750 — 950 MeV 

Best Angular Resolution Cut 
10o x 10o ROI

=

pion-decay

ICS

Point Sources Excess (NFW)?

ICS-CMB

bremsstrahlung



An Excess!

There are four resilient features of the GeV Excess: 

1.) High Luminosity of ~2 x 1037 erg s-1 



An Excess!

There are four resilient features of the GeV Excess: 

2.) A hard gamma-ray spectrum peaking at ~2 GeV. 



An Excess!

There are four resilient features of the GeV Excess: 

3.) A roughly spherically symmetric emission morphology. 



An Excess!

There are four resilient features of the GeV Excess: 

4.) Extension from roughly 0.1o to >10o from the Galactic Center. 



Other Features Can Depend on the Modeling





Spectrum Morphology

Sphericity Intensity

Significant Freedom 

Constrained Constrained 

Constrained 
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Dark Matter Models Exist



Bayesian Lines of Evidence



These are the four resilient features of the GeV Excess: 
2.) Hard Gamma-Ray Spectrum peaking at ~2 GeV 

Cholis et al. (2014) 

Pulsars match the spectral peak. 

Fit of low-energy spectrum 
disputed. 

Pulsar Fits to the Data



Pulsar Fits to the Data

These are the four resilient features of the GeV Excess: 
3.) Spherically Symmetric Emission Morphology 

Macias et al. (2016) 

Pulsars in the Galactic bulge expected to 
have spherically symmetric morphology. 

But could be X-shaped. Might be hard to 
distinguish. 



Pulsar Fits to the Data

These are the four resilient features of the GeV Excess: 
4.) Extension to >10o from the GC. 

Hobbs et al. (2005) 

Bulge does not extend out to 10o.  

But pulsars get significant 
kicks (~500 pc/Myr) 



Part I: 
Sub-Threshold Fluctuation Spectrum

Data-Driven Lines of Evidence



slide from Mariangela Lisanti



• Recent analyses of hot-spots and cold spots in the GC region 
find evidence for the presence of a population of sub-
threshold point sources. 

Bartels et al. (2015) Lee et al. (2015)

Evidence for Point Source Fluctuations?



Evidence for Point Source Fluctuations?

• Point sources effectively replace the smooth component of 
the excess (and this is preferred by the fit). 



Evidence for Point Source Fluctuations?

• Same result from a wavelet analysis — most emission is 
absorbed by a top-hat with a width determined by the PSF. 



Part I: 
Sub-Threshold Fluctuation Spectrum

Data-Driven Lines of Evidence



Difficulties in Point Source Determinations

• Changing the diffuse model can significantly change the 
distribution of even 5σ point sources. 



Balaji et al. (1803.01952)

Blue (total power in GCE), Red (power in GCE at scales larger than 4o.  

Significant negative point source power near the Galactic plane.

Alternative Models



Balaji et al. (1803.01952)

Alternative Models



Part II: 
Global Morphology

Data-Driven Lines of Evidence



Global Morphology of the Excess

Macias et al. (2016) 

Can compare different models for the Galactic Bulge with the data.



Global Morphology of the Excess



Part II: 
Global Morphology

Data-Driven Lines of Evidence



Cholis et al. (2014; 1409.0042)

Emission Extends Outside Bulge



Carlson, TL, Profumo (1603.06584)

Emission Extends Outside Bulge

Changes in the diffuse model can lead to very different fits. 



Part I: 
MSP Luminosity Function

Multi-Wavelength Lines of Evidence



Cholis et al. (2014; 1407.5583) Fermi-LAT Collaboration (2013; 1305.4385)

Arguments Against the Pulsar Interpretation



1035 erg s-1.

3x1034 erg s-1.

Approximate

Fermi-LAT Collaboration (2017; 1705.00009v1)

Arguments Against the Pulsar Interpretation



1035 erg s-1.

3x1034 erg s-1.

The distribution of observed pulsars does not show a 
bulge component. 

Paul Ray (Private Communication; see also 1205.3089 )

Arguments Against the Pulsar Interpretation



Part I: 
MSP Luminosity Function

Multi-Wavelength Lines of Evidence



Arguments for the Pulsar Interpretation

Other groups have found different luminosity distributions - can avoid 
this problem.  

Bartels et al. (1805.11097)



Arguments for the Pulsar Interpretation

Dynamical Models involving disrupted globular clusters have been 
proposed. 

Brandt & Kocsis (1507.05616)



Part II: 
LMXB Density

Multi-Wavelength Lines of Evidence



Multi-Wavelength Lines of Evidence



Low-Mass X-Ray Binary 
population should be 
linked to MSP population, 
because MSPs are spun-
up by accretion. 

Bright LMXBs can be observed very 
close to the galactic center — and 
differentiated in Globular Clusters! 

The Low-Mass X-Ray Binary Connection



Haggard et al. (2017; 1701.02726)

The Low-Mass X-Ray Binary Connection



Haggard et al. (2017; 1701.02726)

The Low-Mass X-Ray Binary Connection



Haggard et al. (2017; 1701.02726)

The Low-Mass X-Ray Binary Connection



Ackermann et al. (2015; 1503.02641)Are Dark Matter Models Ruled Out?



Part II: 
LMXB Density

Multi-Wavelength Lines of Evidence



Multi-Wavelength Lines of Evidence

Comparative normalization depends on the spin-down of both parameters. 

Hooper & Linden (1606.09250)



Keeley et al. (2017; 1710.03215) Sivertsson et al. (2017; 1708.07836)

Are Dark Matter Models Ruled Out?



Hooper & Linden (2015, 1503.06029)

Cuoco et al. (2017, 1711.06460)

Bertoni et al. (2016; 1602.07303)

Hints of Dark Matter Detections



Cuoco et al. (2017, 1711.06460)



Looking Forward
How to End a Talk When You Don’t Have a Conclusion



Looking Forward
How to End a Talk When You Don’t Have a Conclusion



Looking Forward
How to End a Talk When You Don’t Have a Conclusion

Leane et al. (2018; 1805.10305)



Looking Forward
How to End a Talk When You Don’t Have a Conclusion



Looking Forward
How to End a Talk When You Don’t Have a Conclusion



1.) Finding MSPs 

2.) Constraining the Dark Matter Density  

3.) Understanding Cosmic-Ray Propagation in the CMZ. 

4.) New Constraints on Indirect Detection 

Looking Forward
How to End a Talk When You Don’t Have a Conclusion



MeerKat and SKA will be extremely sensitive to 
Galactic center radio pulsars. Calore et al. (2016; 1512.06825)

Future Radio Surveys



Calore et al. (2016; 1512.06825)

Radio surveys can find pulsars coincident 
with the positions of known gamma-ray 
hotspots. 

Only a handful of sources necessary to 
provide definitive evidence. 

Future Radio Surveys



The major uncertainty in correlating the GCE and dwarf spheroidal 
galaxies is the local dark matter density.  

Keeley et al. (2017; 1710.03215)

New Observations of the Local Dark Matter Density



Iocco et al. (2015; 1502.03821)

New Observations of the Local Dark Matter Density



Cherenkov Telescope Array

H.E.S.S. Collaboration (2016; 1603.07730) 

New Insights into Cosmic-Ray Diffusion



LSST 

Continued DES observations, and upcoming LSST 
observations will find more (and smaller) dwarfs. 

New Dwarf Galaxies



AMEGO Collaboration



Continued Operation of the Fermi-LAT

Fermi-LAT observations will continue for up to another decade. 



Continued Operation of the Fermi-LAT

Fermi-LAT observations will continue for up to another decade. 



Continued Operation of the Fermi-LAT

Fermi-LAT observations will continue for up to another decade. 



Fermi-LAT observations will continue for up to another decade. 

Continued Operation of the Fermi-LAT



1.) The Galactic Center Excess (compared to any standard model of 
astrophysical emission) is real. 

2.) The two most promising models to explain the excess are dark matter 
and millisecond pulsars. 

3.) New observations and models over the next decade offer the 
potential to understand the galactic center at GeV energies.  

Conclusions



Can build models that inject cosmic-rays tracing gas in the CMZ. 

Diffuse Emission Models



Cranking up the CR injection causes significant over 
subtraction at low energies. The GCE feature remains, but 
is zero-subtracted. 

Diffuse Emission Models



Diffuse Emission Models

Better models fix this - GC excess returns! 



Two Types of Models

pion-decay

ICS ICS-CMB

bremsstrahlung

Template-Based Galprop-Based


