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DARK MATTER



DARK MATTER

Ignoring several possible complications, 
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

WEAKLY INTERACTING MASSIVE PARTICLES



DARK MATTER
WEAKLY INTERACTING MASSIVE PARTICLES

INDIRECT DETECTION OF WIMPS



INDIRECT DETECTION OF WIMPS

Particle Physics

Instrumental Response

Astrophysics



Launched in June 2008 and has been 
taking science data for > 6 yr 

Detects 𝛄-rays between ~30 MeV - 1 TeV

INDIRECT DETECTION OF WIMPS
WE HAVE AN INSTRUMENT!

Effective Area ~ 0.8 m2 

Field of View ~ 2.4 sr 

Energy Resolution ~ 10% 

Angular Resolution is highly 
Energy Dependent



Why Do We Search in 
Gamma-Rays?

INDIRECT DETECTION OF WIMPS
PARTICLE PHYSICS

For a dark matter particle 
with a mass of ~100 GeV, the 
standard model annihilation 
products tend to have energy 
in the 10 GeV range 



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

INDIRECT DETECTION OF WIMPS
DARK MATTER DENSITY PROFILES

A simple analytic formula has been found that provides a 
reasonable fit to the observed density distribution of dark 
matter over halos of widely varying masses. 

In the standard NFW scenario,  𝛄 = 1



INDIRECT DETECTION OF WIMPS
DARK MATTER DENSITY PROFILES

THE GALACTIC CENTER

For typical parameters from an 
NFW profile:

J ~ 1021 GeV2 cm-5



INDIRECT DETECTION OF WIMPS
DARK MATTER DENSITY PROFILES

THE GALACTIC CENTERPut Another Way: 
The Fermi-LAT telescope observes a flux in the inner 1o 
between 1-3 GeV of approximately 1 x 10-10 erg cm-2 s-1 

A Generic Dark Matter Scenario predicts a flux of                          
2 x 10-11 erg cm-2 s-1 

Unfortunately, the 
backgrounds are  
not negligible.  

Chandra image of Galactic Center



INDIRECT DETECTION OF WIMPS
PUTTING IT ALL TOGETHER

Fortunately, these terms are separable for standard CDM



1.) Dark Matter is one of the most mysterious, but important 
extensions to the standard model 

2.) WIMPs are among the most well-motivated models for dark 
matter annihilation 

3.) The observation of dark matter annihilation products offers the 
capability to observe/understand the WIMP particle 

4.) The Milky Way Galactic Center is a promising target for 
indirect detection studies. 

5.) The Fermi-LAT has provided us with an unparalleled ability to 
detect WIMPs annihilating at the thermal cross-section

WHY WE’RE DOING WHAT WE’RE DOING



PREVIOUS WORK
Many Analyses of the Galactic Center over the past 5 years: 

Goodenough & Hooper (2009)                            
Hooper & Goodenough (2011, PLB 697 412)   
Hooper & TL (2011, PRD 84 12) 
Abazajian & Kaplinghat (2012, PRD 86 8) 
Hooper & Slatyer (2013, PDU 2 18) 
Gordon & Macias (2013, PRD 8 8) 
Macias & Gordon (2013, PRD 89 6) 
Abazajian et al. (2014, PRD 90 2) 
Daylan et al. (2014) 
Calore et al. (2014) 

0910.2998 
1010.2752 
1110.0006 
1207.6047 
1302.6589 
1306.5725 
1312.6671 
1402.4090 
1402.6703 
1409.0042

Different studies have used various techniques and regions 
of interest, but have obtained consistent results!



EXCESS SPECTRUM

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. (2014, 1409.0042)



MORPHOLOGY

Inner galaxy prefers density profile 𝛄 = 1.26 
Galactic Center prefers 𝛄 = 1.17 
𝛄 = 1.26 is consistent with both, profile may also vary with radius

GALACTIC CENTERINNER GALAXY



MORPHOLOGY

Can additionally fix the spectrum and allow the normalization to 
float independently in different radial bins. In this case we find      
𝛄 = 1.4, which provides some evidence that the profile is 
steepening with distance.



MORPHOLOGY

Calore et al (2014) also find 
evidence for excess emission in 
morphological bins that extend 
far from the GC.  

Consistent spectrum!



EMISSION MAPS

INNER GALAXY GALACTIC CENTER



PROFILE CORES

The emission intensity continues to rise to within 10 pc of the GC.



CENTERED-NESS?

The center of the emission 
profile is located to within 
0.05o of Sgr A*. 

This disfavors Sgr A East 
as the source of the 𝛄-ray 
excess (though only at 2σ).



ELLIPTICITY

Extended 
along plane

Extended 
perpendicular  

to plane

The ellipticity serves as a powerful discriminator of baryonic 
mechanisms, which tend to be much more luminous along the plane.



CURRENT STATE OF MEASUREMENTS

All published studies agree: 

• 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



IMPORTANT CAVEAT
I have discussed “dark matter fits” to the 𝛄-ray data.  

But this does NOT mean that the mechanism producing the 
excess has a dark matter origin 

The data analysis tells us that the model of 𝛄-ray  data 
improves when we add a template with: 

• A spherically symmetric, radially falling emission 
profile with r -2.0 to -2.8 

• A spectrum which peaks at an energy of ~2 GeV and 
has a hard low-energy spectrum compared to known 
astrophysical emission mechanisms



INTERPRETATIONS
Three Classes of Interpretations Have Been 
Proposed So Far: 

1.) A Population of GC Millisecond Pulsars 

2.) An Outburst of Hadronic or Leptonic Emission 
from the Galactic Center 

3.) Dark Matter Annihilation



INTERPRETATIONS
MILLISECOND PULSARS

Cholis, TL, Hooper (2014, 1407.5625)

• To first order, the peak of the 
MSP energy spectrum matches 
the peak of the observed 
excess 

• MSPs are thought to be 
overabundant in dense star-
forming regions (like globular 
clusters, and potentially the 
galactic center)
ABAZAJIAN (2011, 1011.4275) 
ABAZAJIAN & KAPLINGHAT (2012,  1207.6047) 
PETROVIC ET AL. (2014, 1411.2980)



INTERPRETATIONS
MILLISECOND PULSARS: M31

Slide from Manoj Kaplinghat



INTERPRETATIONS
MILLISECOND PULSARS

CHOLIS, TL, HOOPER (2014, 1407.5583) 
CHOLIS, TL, HOOPER (2014, 1407.5625)

• Analyze the average spectrum and luminosity of the Fermi MSP and globular 
cluster populations: 
• 5.5 years of data 
• P7 Reprocessed Photons 
• 15 energy bins, no spectral model assumed



INTERPRETATIONS
MILLISECOND PULSARS

CHOLIS, TL, HOOPER (2014, 1407.5583) 
CHOLIS, TL, HOOPER (2014, 1407.5625)



CHOLIS, TL, HOOPER (2014, 1407.5583) 
CHOLIS, TL, HOOPER (2014, 1407.5625)

• 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. 

• These should be detectable by the 
Fermi-LAT as bright point sources

• We can also compare the MSP population to observed LMXBs. The ratio of 
LMXBs to the MSP luminosity of globular clusters, predicts a population of 
103 (+70/-45) LMXBs in the GC in order to produce the GC excess. Only 6 are 
observed.

MILLISECOND PULSARS
INTERPRETATIONS



INTERPRETATIONS
MILLISECOND PULSARS

PETROVIC, SERPICO, ZAHARIJAS (2014, 1411.2980)

• Petrovic et al. argue that this may still be 
consistent with the data, if a break in the MSP 
luminosity function is added in order to 
decrease the number of bright systems. 

• It is not clear how this new cutoff is affected 
by non-isotropic emission “beaming”, which is 
expected to exist in most pulsars.



INTERPRETATIONS
HADRONIC OUTBURSTS

CARLSON & PROFUMO (2014, 1405.7685)



INTERPRETATIONS
HADRONIC OUTBURSTS

CARLSON & PROFUMO (2014, 1405.7685)

Difficult to explain 
the low-energy 
spectrum without 
introducing highly 
peaked proton 
injection spectra



INTERPRETATIONS
HADRONIC OUTBURSTS

CARLSON & PROFUMO (2014, 1405.7685)

Best Fitting Linear Combination of Hadronic Outburst Models:            TS=51 (14 d.o.f)
Best Fitting NFW Template                                                                      TS=315 (5 d.o.f)



INTERPRETATIONS
LEPTONIC OUTBURSTS

PETROVIC, SERPICO, ZAHARIJAS (2014)

Electron Cooling is a significant issue — the models which 
correctly fit the morphology of the GC excess are poor fits to the 
spectrum of the GC excess, and vice versa.



INTERPRETATIONS
ASTROPHYSICAL MECHANISMS: BAYESIAN VIEW

• Current astrophysical models form a relatively poor fit to the 
excess. 

• However, the Bayesian prior on the existence of these 
emission mechanisms is quite high. 

• Preview - More nuanced astrophysical models should be 
coming soon, and may provide reasonable fits to the data. 
Stay tuned!



INTERPRETATIONS
DARK MATTER

Spectrum Morphology

Sphericity Intensity



INTERPRETATIONS
DARK MATTER BERLIN, HOOPER, MCDERMOTT (2014)

About half of the tree-level diagrams producing the GC signal are 
currently compatible with direct detection and collider constraints. 

More than 100 papers considering specific models have been submitted.



FUTURE TESTS OF DARK MATTER

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

Results from the 4-year, P7 
Analysis of the Fermi-LAT data 
showed a TS=8.7 excess!

DWARF GALAXIES

FERMI-LAT COLLABORATION (2013, 1310.0828)



FUTURE TESTS OF DARK MATTER

However, a new analysis of the 
Fermi-LAT data was recently 
presented at the Fermi Symposium 
(not yet published) 

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

DWARF GALAXIES

BRANDON ANDERSON, 2014 FERMI-LAT SYMPOSIUM



FUTURE TESTS OF DARK MATTER

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

NEW DWARFS!



FUTURE TESTS OF DARK MATTER

Several of these dwarfs (Reticulum 2 and possibly Triangulum 2) 
are close enough to be important targets for dwarf galaxy 
searches

RETICULUM 2 



FUTURE TESTS OF DARK MATTER

Yeoman’s work by several optical spectroscopers has given us two 
estimations of the J-factors for Reticulum 2

RETICULUM 2 



FUTURE TESTS OF DARK MATTER

Yeoman’s work by several optical spectroscopers has given us two 
estimations of the J-factors for Reticulum 2

RETICULUM 2 



FUTURE TESTS OF DARK MATTER

Reticulum 2 also has an excess!

RETICULUM 2 



FUTURE TESTS OF DARK MATTER

Reticulum 2 also has an excess!

RETICULUM 2 



FUTURE TESTS OF DARK MATTER

Reticulum 2 also has an excess!

RETICULUM 2 



FUTURE TESTS OF DARK MATTER
If the tension between the GC and 
dwarf observations persists, this could 
be addressed via secondary emission 
models: 

The spectrum and morphology of the 
signal can then be reproduced through 
the secondary up-scattering of the ISRF.  

This is a natural solution in models of 
self-interacting dark matter.

DWARF GALAXIES: MODEL BUILDING

KAPLINGHAT, TL, YU (2014, 1311.6524) 
KAPLINGHAT, TL, YU (2015, 1501.03507)

χ χ -> ɸ ɸ -> e+e-



FUTURE TESTS OF DARK MATTER
DIRECT DETECTION SEARCHES

However, these limits are 
model dependent. 

Annihilations through a 
pseudo-scaler mediator 
will be unobservable with 
direct detection

BERLIN, HOOPER, MCDERMOTT (2014)



CONCLUSIONS
1.) A bright, spherically symmetric, hard spectrum excess has 
been observed coincident with the dynamical center of the Milky 
Way. 

2.) This excess is difficult to explain with known astrophysical 
source mechanisms, such as MSPs and galactic outbursts. 

3.) Dark matter provides a natural fit to the characteristics of the 
GC excess 

4.) However, any dark matter claim must be backed up by 
redundant observations. Significant work must still be done to 
test out or confirm our models of the GC excess.



EXTRA SLIDES



COMPARISON TO OTHER RESIDUALS



FRACTIONAL INTENSITY 



IG EXCESS WITH GC EVENTS REMOVED



SPECTRUM INSIDE/OUTSIDE BUBBLES



SPECTRAL VARIATION INSIDE BUBBLES



CORRELATION WITH GAS



SPECTRAL VARIATIONS IN DIFFUSE MODEL



ELLIPTICITY IN GENERAL DIRECTION



PREVIOUS WORK
GOODENOUGH & HOOPER (2009), HOOPER & GOODENOUGH (2011)



PREVIOUS WORK Employ analytic model for 
the integrated gas density 
near the galactic center 
(Kalberla & Kerp 2009) 

Fit the emission in regions 
far from the galactic 
center ( |l| > 5o), and 
extrapolate into center 

Remove emission 
correlating with gas, and 
examine intensity and 
spectrum of remaining 
emission 

 

HOOPER & TL (2011)



PREVIOUS WORK

Produce full model of 𝛄-ray emission 
in the GC, including all point sources 
and diffuse emission models 

Fit data with, and without, a dark 
matter component, use log-
likelihood to determine best fit 

ABAZAJIAN & KAPLINGHAT (2011)

μi = model counts             ki=data counts



PREVIOUS WORK

Use Log-Likelihood Formulation, but add additional 
components corresponding to known high-energy 
emission sources (20 cm lines, H.E.S.S. ridge)

GORDON & MACIAS (2013), MACIAS & GORDON (2013)



PREVIOUS WORK

Examined the variation in the 
low-energy spectrum of the GC 
Excess for different choices in the 
diffuse background modeling. 

ABAZAJIAN ET AL. (2014)



DAYLAN ET AL. (2014) 1402.6703



DAYLAN ET AL. (2014)

• Mask galactic plane (e.g. |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 

TWO ANALYSIS METHODS

• 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 component 

• Calculate log-likelihood to 
determine significance 

INNER GALAXY GALACTIC CENTER



DAYLAN ET AL. (2014)
CTBCORE

Use additional information to 
classify each photon event 
based on the accuracy of its 
directional reconstruction

see Portillo & Finkbeiner (1406.0507)



PREVIOUS WORK

Instead analyzed the Fermi 
bubbles. They found an excess 
low-energy emission which fell of 
with increasing distance from the 
GC.

HOOPER & SLATYER (2013)



FUTURE TESTS OF DARK MATTER
Better constraints on the spherical symmetry, spatial 
extension, and low-energy spectrum of the GC 
excess can support a DM interpretation.  

One interesting analysis has found evidence of a 
secondary inverse-Compton component with an 
intensity matching that expected by dark matter 
annihilation to leptonic final states.

THE GALACTIC CENTER

ABAZAJIAN ET AL. (2014B, 1410.6168)



FERMI-LAT COLLABORATION
Though no Fermi-LAT publication on the GC has yet been published, 
the preliminary results were shown at 2014 Fermi Symposium. 

They also find improved fits when an NFW template is added, the 
spectral details of the additional component depend on the modeling 
of the astrophysical diffuse emission. 

Simona Murgia, 2014 Fermi Symposium



FUTURE TESTS OF DARK MATTER
OTHER GAMMA-RAY TARGETS

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

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 



FUTURE TESTS OF DARK MATTER
COSMIC-RAY SEARCHES

BERGSTROM ET AL. (2013, 1306.3983)

Observations of the cosmic-ray 
positron spectrum by the AMS-02 
instrument can place strong 
constraints on the annihilation to 
leptonic final states. 

In some cases (i.e. direct annihilation 
to e+e-) these can fall below the 
thermal cross-section by two orders 
of magnitude. 



FUTURE TESTS OF DARK MATTER
COSMIC-RAY SEARCHES HOOPER, TL, MERTSCH (2014, 1410.1527)

Observations of Cosmic-Ray 
Antiproton Fluxes show some 
evidence for an excess compared to 
astrophysical models, which can be 
fit by a dark matter candidate. 



FUTURE TESTS OF DARK MATTER
DIRECT DETECTION SEARCHES

The 20 - 60 GeV Mass Range is optimal for direct detection searches.



DAYLAN ET AL. (2014)
RESULTS: CORRELATION WITH GAS

Can add in the SFD dust map, integrated over the line of sight, and globally 
bias each ring in order to test the fit to local peaks in the gas density



CALORE ET AL. (2014) (1409.0042)
Tour de force paper which 
investigates the resiliency of 
the 𝛄-ray excess to changes in 
the astrophysical diffuse model. 

Tests over 300 diffuse models 
and finds the GC excess to be a 
resilient feature 

Finds some evidence for extra 
high energy emission compared 
to Daylan et al. (2014)



FERMI-LAT COLLABORATION



FUTURE TESTS OF DARK MATTER
How can this test statistic be 
translated into a significance? 

Can cross-correlate hotspots in 
the Fermi-LAT data with the 
positions of known high-energy 
blazars and radio galaxies. 

This allows for a determination 
of the significance, which was 
nearly 2.7σ 

DWARF GALAXIES

CARLSON, TL, HOOPER (2014, 1409.1572)



INDIRECT DETECTION OF WIMPS
DARK MATTER DENSITY PROFILES

THE GALACTIC CENTER: BACKGROUNDS

What Are These Backgrounds? 

* Point Sources (SNR, pulsars, etc.) 

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

* Inverse Compton Scattering



PREVIOUS WORK
Despite different 
background models, ROIs, 
and degrees of freedom, 
the results of each analysis 
are statistically consistent

CONSISTENCY!

Gordon & Macias (2013)

Abazajian & Kaplinghat (2012)

Hooper & TL (2011)


