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The Galactic Center GeV Excess



The Result
• Observations by the Fermi Large Area Telescope have identified 

an excess in gamma-ray emission in the Galactic center, 
compared to the predicted emission from known astrophysical 
gamma-ray sources. 

• This excess is defined by: 

1.) A spectrum which peaks sharply at an energy of ~2 GeV, falling off 
rapidly at lower and higher energies. 

2.) A morphology that is spherically symmetric around the dynamical 
center of our galaxy, and which extends from 0.1o — 10o from the 
Galactic center.



The Fermi Large Area Telescope

• Space-based, pair-conversion 
telescope characterized by: 

1.) Energy Range: 30 MeV — 1 TeV 
2.) Effective Area: ~ 1 m2 
3.) Field of View: 2 sr 
4.) Energy Resolution: 10% 
5.) Angular Resolution: 

a.) 100 MeV: 10o 
b.) 1 GeV: 0.8o 
c.) 10 GeV: 0.1o



Gamma-Ray Emission Mechanisms
• Gamma-Ray Emission is non-thermal and requires a source of 

relativistic cosmic-ray particles.  

• Requires a mechanism like 1st order Fermi acceleration 

• Most reasonable source of cosmic-rays 
in the Milky Way are supernova shocks 

• Shocks from pulsars, black holes, and 
magnetohydrodynamic turbulence are 
also possible contributors.



The Central Molecular Zone

• 400 pc x 80 pc 
• 107 Mo of gas in Molecular Clouds 

• Molecular clouds heated to 50-100K by a 
significant cosmic-ray component.



What Generates these Cosmic-Rays?

The Galactic center region is known to contain nearly every 
known cosmic-ray acceleration mechanism.  

1.) Supernovae 
2.) Pulsars 
3.) Sgr A* 
4.) Reacceleration 
5.) Dark Matter Annihilation? 



The Galactic Center Supernovae
Multiwavelength observations indicate that the 
Galactic Center is a dense star-forming environment. 

2-20% of the total Galactic Star Formation Rate is 
contained within the Central Molecular Zone. 

Each SN injects 1051 erg into ISM, 10% in cosmic-rays 

Quintuplet Cluster  
ϴGC=0.2o, Age~4 Myr

Arches Cluster ϴGC=0.25o, 

Age~2 Myr

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) 



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

Galactic Center Pulsars

The Galactic Center is expected to host a significant population of both young 
pulsars (due to its high SFR), and millisecond pulsars (in part from the 
disruption of Globular Clusters). 

Over the lifetime of a young (recycled) pulsar,  ~1050 erg of energy our 
released, primarily in the form of relativistic e+e- pairs.



The Sgr A* Source
HESS has detected diffuse gamma-ray 
emission at energies ~100 TeV. 

The emission profile is indicative of 
diffusion from the central BH. 



Dark Matter Annihilation?
WIMPs are currently among the most well-
motivated dark matter models. 

WIMP annihilation naturally produces a 
significant cosmic-ray (and gamma-ray) flux. 

Dark Matter structure simulations uniformly 
predict that the GC is the brightest source of 
WIMP annihilations.  

Standard scenarios predict the flux from the 
GC exceeds dSphs by a factor of ~100 — 1000.



Reacceleration
More than 80 filamentary structures 
identified in the central 2o x 1o . 

The best astrophysical explanation 
involves significant re-acceleration 
via magnetic reconnection (Lesch & 
Riech 1992, Lieb et al. (2004). 

Strong magnetic fields may 
propagate through the Galactic 
center, significantly re-accelerating 
the cosmic-ray population.

Yusef-Zadeh et al. (2004)



Non-Thermal Emission (Observables)

Integral 511 keV ExcessWMAP/PLANCK Haze

Fermi Bubbles GeV Excess



Non-Thermal Emission (Observables)

The photon excesses extend very 
far from the central molecular 
region! 

This: 
(a)Indicates the relative power of Galactic center accelerators, compared to 

the Galactic plane. 
(b) Provides a large field of view for studies of GC emission. 
(c)Implies that propagation is important!



Start with a source of 
relativistic cosmic-rays

Cosmic-Ray Propagation



cosmic rays propagate

Solved Numerically: 
e.g. Galprop

Start with a source of 
relativistic cosmic-rays

Cosmic-Ray Propagation



cosmic rays propagate

Solved Numerically: 
e.g. Galprop

Gas/ISRF 
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relativistic cosmic-rays

Cosmic-Ray Propagation



cosmic rays propagate

Solved Numerically: 
e.g. Galprop

Gas/ISRF 

Start with a source of 
relativistic cosmic-rays

Cosmic-Ray Propagation



The Energetics of the Galactic Center
Total Gamma-Ray Flux (>1 GeV) in 
inner 1o is 1.1 x 10-9 erg cm2 s-1 

Approximately half of this emission is 
produced along the line of sight 
towards the GC, and thus we 
approximate the total gamma-ray 
luminosity of the central one degree 
to be  5 x 1036 erg s-1



Understanding the Gamma-Ray Source with Energetics
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 ✔



Understanding the Gamma-Ray Source with Energetics
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 ✔



Understanding the Gamma-Ray Source with Energetics
Sgr A* 

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

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

7.0 x 1037 erg s-1 ✔



Understanding the Gamma-Ray Source with Energetics

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 ✔



Theorist Conclusion #1: 
Every Model is Correct



Theorist Conclusion #2: 
More Information is Needed



The Morphology of the Signal

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

• Bright point sources masked at 2o 
• Background systematics controlled

INNER GALAXY

• Box around the GC (10o x 10o) 
• Include and model all point sources 
• Bright Signal

GALACTIC CENTER

• In Both Cases: Use likelihood analysis to calculate the spectrum and 
intensity of each source. 



The Morphology of the Gamma-Ray Signal

Data 
> 1 GeV 

front-converting events 
10o x 10o ROI

=

+
Excess?Point Sources

pion-decay

ICS ICS-CMB

bremsstrahlung

+ +

+ +



Fitting the Background Templates
In most recent analyses, fits are calculated independently in numerous 
energy bins spanning from ~100 MeV —- 100 GeV: 



Untuned Background Templates
Option 1: Gas Model 

Use a simple model for the integrated gas density 
over the line of sight. 

Completely independent of the gamma-ray data. 

Hadronic interactions are the primary source of 
astrophysical gamma-rays 

No sensitivity to a radially variable cosmic-ray density  

Extremely rudimentary analytic model. 
Hooper & Goodenough (2010), Hooper & Linden (2011) 



Option 2: Fermi Diffuse Model 

Template fit to the full sky, normalizing 
observed gas maps in cylindrical rings. 

Diffuse model has been fit to the full sky, 
providing a nuanced statistical fit to the data. 

Black box — Can not independently vary 
emission mechanisms in the fit. 

Not calibrated for the Galactic center. 

Abazajian & Kaplinghat (2010), Abazajian et al. (2014), Daylan et al. (2016) Acero et al. (2016) 

Untuned Background Templates



Option 3: Galprop 

Utilize computational tools to produce a 
physical model of the Galactic center, and 
compare to data.  

Can easily customize model for the Galactic 
center. 

Not clear what the physical parameters of 
Galactic center diffusion are. 

Grids are necessarily coarse compared to 
data. 

pion-decay

ICS ICS-CMB

bremsstrahlung

+ +

+ +

Calore et al. (2014) 

Untuned Background Templates



Picking an Excess Model

We employ an analytical model, known as 
the “generalized NFW Profile” which 
provides a fit to the observed dark matter 
density distribution. 

In the standard NFW scenario,  𝛄 = 1
Navarro, Frenk, White (1996) 

Springel et al. (2008, 0809.0898)

Brook & Di Cintio (2015) 



Utilizing different models for 
removing astrophysical and point 
source foregrounds. Multiple studies 
have consistently observed a 
gamma-ray excess. 

The statistical significance of the 
excess is ~30-60σ, depending on the 
ROI and photon selection employed. 
Goodenough & Hooper (2009, 0910.2998) 
Hooper & Goodenough (2010, 1010.2752)  
Hooper & Linden (2011, 1110.0006) 
Abazajian & Kaplinghat (2012, 1207.6047) 
Gordon & Macias (2013, 1306.5725) 
Gordon & Macias (2013, 1312.6671) 
Abazajian et al. (2014, 1402.4090) 
Daylan et al. (2014, 1402.6703) 
Calore et al. (2014, 1409.0042) 

Daylan et al. (2014) IG

Abazajian et al. (2014, 1410.6168)  
Bartels et al. (2015, 1506.05104) 
Lee et al. (2015, 1506.05124 ) 
Gaggero et al. (2015, 1507.06129) 
Carlson et al. (2015, 1510.04698) 
The Fermi-LAT Collaboration (2015, 1511.02938) 
Yang & Aharonian (2016, 1602.06764) 
Carlson et al. (2016, 1603.06584) 
Linden et al. (2016, 1604.01026) 
Horiuichi et al. (2016, 1604.01402)

Observational Results



Observational Results

The excess has an unusual spectrum - highly peaked at an energy of ~2 GeV. 

This spectrum is significantly harder than expected from astrophysical 
diffuse emission.

Calore et al. (2015)

IG

Fermi Diffuse Models Galprop Models



Observational Results

The GeV excess spherically symmetric, and is statistically significant from                         
0.1o — 10o from the Galactic Center.

Calore et al. (2014b)

GC/IG

Sphericity

Daylan et al. (2014)



Observational Results

These are the three resilient features of the GeV Excess: 
1.) Hard Gamma-Ray Spectrum peaking at ~2 GeV 
2.) Spherically Symmetric Emission Morphology 
3.) Extension to >10o from the GC. 

Upcoming Talks will Model this with: 
1.) Dark Matter annihilation 
2.) Millisecond Pulsars 
3.) Leptonic Outbursts from Sgr A*



In most recent analyses, fits are calculated independently in numerous 
energy bins spanning from ~100 MeV —- 100 GeV: 

An Excess Compared to What?



Cosmic-Ray Propagation Codes (e.g. Galprop), 
generally utilize a cosmic-ray injection rate at the 
Galactic center that is identically 0. 

These models were not produced to study the very 
center of the Galaxy! 

Results from these cosmic-ray propagation 
codes are used in many analyses of the 
Galactic center region. 

An Excess Compared to What?

Carlson et al. (2016a, 2016b) 
1510.04698 
1603.06584



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

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

Theoretically Motivated: Molecular Gas is the seed of star formation, 
the Schmidt Law gives: 

Specifically we inject a fraction of cosmic-rays (0 < fH2 < 1) following:

1510.04698

The Solution



Two features leap out immediately: 

1.) Spiral Arms 
2.) A bright bar in the Galactic Center

The Solution



The cosmic-ray injection rate now matches observational constraints. 

The Solution



Simulations!
Add the new cosmic-ray injection models 
into Galprop to produce a new steady-state 
cosmic-ray distribution.

New cosmic ray injection 
distribution produces a 
sharply peaked steady 
state cosmic-ray density



A Better fit to the Gamma-Ray Sky
1.) Adding a cosmic-ray injection 
component tracing fH2 improves the 
full-sky fit to the gamma-ray data. 

2.) The best fit value over the full 
sky is fH2 = 0.25 

3.) Technique will become more 
powerful with the introduction of 
3D gas and dust maps in the near 
future.



Application to the Galactic Center

Data 
> 1 GeV 

front-converting events 
10o x 10o ROI

=

+
Excess?Point Sources

pion-decay

ICS ICS-CMB

bremsstrahlung

+ +

+ +



Effect on the GC Excess

Increasing the value of fH2 decreases the intensity of the gamma-ray excess. 

However, the best global fit is fH2 = 0.1, with a GC excess intensity that 
decreases by only ~30%.

IG



Effect on the Excess Morphology

The morphology of the excess is also degenerate with fH2.  

As fH2 is increased, the best-fit morphology becomes stretched perpendicular to 
the galactic plane. 

However, marginalized over all values of fH2, the standard NFW template is still 
consistent with the data.

IG



Analysis in the Galactic Center
In this smaller region, the excess 
remains resilient to changes in the 
diffuse emission modeling. 

The removal of the large side-bands in 
the ROI is more important than the 
inclusion of the GC. 

fH2 = 0.15 still favored by the data, 
especially in the case of no NFW 
component. 

GC



The Galactic Center Deficit?

The best-fit value of fH2 is smaller in the Galactic center, compared to 
its best fit value in the Milky Way….

IG



The Galactic Center Deficit?

Forcing the value of fH2 to fit the best-fit value from the full galaxy 
leads to an excess template which is negative at low energies.

IG



Advection and Convection in the Galactic Center

Crocker et al. (2011) demonstrated that 
the break in the GC synchrotron spectrum 
is best fit in the regime with: 

a.) Large Magnetic Fields 
b.) Large Convective Winds 

Very different from typical Galprop 
diffusion scenario.



The Low Energy Spectrum

Applying strong convective 
winds to the diffuse emission 
model fixes the low-energy 
over subtraction.  

The intensity of the excess 
near the spectral peak also 
increases, up to ~50% of its 
nominal value. 

The model produces a significantly better fit to the gamma-ray sky 
dataset - and also coincides better with multi wavelength data. 

IG



A Similar Result with Different Techniques

Ajello et al. (2015)

Several recent papers have come 
to similar conclusions: 

Ajello et al.  (2015) find that the 
gamma-ray data near the galactic 
center is fit when the normalization 
of the inverse-Compton scattering 
component is highly peaked in the 
inner kpc. 



A Similar Result with Different Techniques

Several recent papers have come 
to similar conclusions: 

Gaggero et al. (2015) find that the 
gamma-ray data is better fit when 
a spherically symmetric gaussian 
flux is added to the gamma-ray 
data near the Galactic center.  

Gaggero et al. (2015)



A Similar Result with Different Techniques

Several recent papers have come 
to similar conclusions: 

Macias et al. (2016) find that the 
gamma-ray data is better fit when 
a template tracing the nuclear 
stellar bulge is added into the 
gamma-ray model. 



A Similar Result with Different Techniques

Several recent papers have come 
to similar conclusions: 

The Fermi-LAT collaboration has 
shown that the gamma-ray data is 
better fit when a new ICS 
component tracing the CMZ is 
added to the gamma-ray data. 



A Similar Result with Different Techniques

The majority of these analyses (with the exception of Macias et al.) 
still find a galactic center excess template (following an NFW profile) 
to provide a statistically significant improvement in the fit to the 
gamma-ray data. 

The remainder of the talks in this session will discuss interpretations 
of this excess.



Theory

Models

Observation--- Complexity ---



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. 

The Implications for WIMP Dark Matter 



WIMPS in Thermal Equilibrium
A particle with a weak interaction cross-
section and a mass on the weak scale 
naturally obtains the correct relic 
abundance through thermal freeze-out in 
the Early Universe. 

This guaranteed cross-section is unique to indirect detection.



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. 



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.

Gamma-Rays from WIMPs



The Galactic Center as an Indirect Detection Target
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.

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

Pato et al. (2015)



Spectrum Morphology

Sphericity Intensity

The WIMP Interpretation of the Galactic Center Excess



And intriguingly, the necessary dark matter cross-section is similar to 
the necessary thermal relic cross-section.

The WIMP Interpretation of the Galactic Center Excess
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Particle Physics Models Exist…



Simple Particle Physics Models Also Work

About 2/3 of the simple tree level diagrams compatible with the 
excess have not yet been ruled out by other experiments… Berlin  et al. (2014) 



Priors for a Dark Matter Discovery
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. 



Conversely, as a pessimist….

If astrophysical models were proven to produce the entirety of the 
Galactic center signal, nearly the full WIMP parameter space could be 
ruled out.



Not a Conclusion Yet…
1.) The Galactic Center is a complex, but exciting environment. Several 
significant excesses are tied to the dynamics of the Galactic center 
environment. 

2.) The GeV excess is a robust component of the Galactic center emission 
profile. At present, no models have successfully eliminated the excess. 

3.) Improving our diffuse emission modeling is imperative to 
understanding the properties of the excess. 



Extra Slides



Changing the background model 
has a significant effect on the 
spectrum of the gamma-ray 
excess.  

The spectrum becomes 
extremely hard as fH2 is 
increased, most likely indicating 
that the GCE template is picking 
up mismodeling of some 
residual.

Effect on the Excess Spectrum



The lack of cosmic-ray injection in the GC should still be slightly disturbing. 
Especially when we try to answer the question: “excess compared to what?” 

Our models indicate a degeneracy between cosmic-ray injection and the 
Galactic center excess template tracing an NFW profile. However, at present 
the best fit models still include a significant NFW component. 

Waxing Philosophical…..



Galactic center excess is resilient….

IG



A Better fit to the Gamma-Ray Sky

Fits are significantly improved, in 
particular in regions near the Galactic 
Center where there is significant 
kinematic gas information.



Masking 1FIG Sources in the GC

Changing the point source catalog from the 3FGL to the 1FIG has 
only a negligible effect on the gamma-ray excess.



Intriguingly, this persists even when the inner 2o are masked - 
implying that analyses of small ROIs favors the excess.

The Effect on the Galactic center Excess (masking |b| < 2o)



The Low Energy Spectrum

The Galactic Center models contain only a small preference 
for the convective winds, and the spectrum and intensity of 
the Galactic center excess component remains resilient. 



Analysis Far from the GC

Analysis regions far from 
the GC also show an 
excess — not much star 
formation occurs a few 
degrees above the 
Galactic plane. 

Calore et al. (2014, 1409.0042) 



Comparison to Cygnus-X


