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* Observations by the Fermi Large Area Telescope have identified
an excess in gamma-ray emission in the Galactic center,

* 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 0.1° — 10° 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 m? LR L s
3.) Field of View: 2 sr " . . |
4.) Energy Resolution: 10%
5.) Angular Resolution:

a.) 100 MeV: 10°

b.) 1 GeV: 0.8°

c.) 10 GeV: 0.1°




 Gamma-Ray Emission is non-thermal and requires a source of
relativistic cosmic-ray particles.

* Requires a mechanism like 1st order Fermi acceleration

reflections with energy gain SHOCK reflection with energy loss
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* Most reasonable source of cosmic-rays
in the Milky Way are supernova shocks

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




400 pc x 80 pc
107 M, 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?




Multiwavelength observations indicate that the

Galactic Center is a dense star-forming environment. .0 0T o e

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

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

2-4% - ISOGAL Survey Immer et al. (2012) . '
2.5-5% - Young Stellar Objects vusetzaden et al. 2009 . L 7
5-10% - Infrared Flux Longmore et al. (2013) . ~"..
10-20% - Wolf- Rayet Stars rossiowe & crowther (2012)
2% - Far-IR FlUX Thompson et al. (2007)

2.5-6% - SN1a schanne et al. (2007) .



Galactic Center Pulsars

Chandra Observes > 9000 point
- - sources from the inner 1° x 0.5°
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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, ~10°° erg of energy our
released, primarily in the form of relativistic e*e pairs.



HESS has detected diffuse gamma-ray
emission at energies ~100 TeV.

The emission profile is indicative of

diffusion from the central BH.
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Dark Matter Annihilation?

Low-energy photons Positrons

WIMPs are currently among the most well- QJ% :
motivated dark matter models. .\ / ';":.‘,’1‘#.2‘}%',‘,‘2’9” Electrons
WIMP annihilation naturally produces a A “*P“’"SM
significant cosmic-ray (and gamma-ray) flux. . \ /@ A““P"’“"'S

Supersymmetric

neutralinos Protons

Bosons

Decay process mmm)

Dark Matter structure simulations uniformly
,  predict that the GC is the brightest source of
1 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 2°x 1°.

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)

Galactic Latitude

Galactic Longitude




Non-Thermal Emission (Observables)
Fermi Bubbles GeV Excess

WMAP/PLANCK Haze Integral 511 keV Excess



Non-Thermal Emission (Observables)

Non-Thermal Emission (Observables)
Fermi Bubbles GeV Excess
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The photon excesses extend very
far from the central molecular
& region!

WMAP/PLANCK Haze Integral 511 keV Excess

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!



Cosmic-Ray Propagation

Start with a source of
relativistic cosmic-rays
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Solved Numerically:
e.g. Galprop



Gas/ISRF

Start with a source of
relativistic cosmic-rays

cosmic rays propagate
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Gas/ISRF
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The Energetics of the Galactic Center

Total Gamma-Ray Flux (>1 GeV) in
inner 1°is 1.1 x 107 erg cm? s™*

Approximately half of this emission is
oroduced along the line of sight
towards the GC, and thus we
approximate the total gamma-ray

luminosity of the central one degree
tobe 5x10°°erg s’




ermi-LAT Observations of the Galactic Center S u p e rn ova e :

Total Gamma-Ray Flux (>1 GeV) in
inner 1°is 1.1 x 107 erg cm*® s’

Approximately half of this emission is 51
- oroduced along the line of sight A S d 1 O f
o el T upernovae produces ~ erg of energy.
' approximate the total gamma-ray
luminosity of the central one degree
tobe 5x10°°erg s

~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 104 erg s1.

If these cosmic-rays are trapped for 10 kyr ina 100 pc box (Do =5 x 10%2® cm?
s 1), filled with Hydrogen gas at density 100 cm, this will produce a total

gamma-ray emission:
6.7x10% ergs’! v



Understanding the Gamma-Ray Source with Energetics

Pulsars:

Fermi-LAT Observations of the Galactic Center

Total Gamma-Ray Flux (>1 GeV) in
inner 1°is 1.1 x 10° erg cm* s’

Approximately half of this emission is
oroduced along the line of sight

g [ MSPs observed in the galactic field are fit by a

approximate the total gamma-ray
luminosity of the central one degree

i population with a mean gamma-ray flux of 3 x
Y 1 034 erg 5-1. (Hooper & Mohlabeng 2015)

Given the population of 129 MSPs among 124 globular clusters (with a total
stellar mass ~5 x 107 M,).

For the 1 x 107 M,, of stars formed in the inner degree of the Milky Way, we
get:

7.7 x10% ergs’! v



=ermi-LAT Observations of the Galactic Center S g r A*

Total Gamma-Ray Flux (>1 GeV) in
inner 1°is 1.1 x 10 erg cm? s’

Approximately half of this emission is

g [ S A tidal disruption event releases ~10%° erg s

approximate the total gamma-ray

,..1) for a period of ~0.2 yr.
= 2.

Sgr A* is expected to produce a tidal disruption event every ~10° yr,
producing a time-averaged energy output of 2 x 103° erg s™'.

If these CRs are leptonic, and the electrons are trapped in a region with a 40
eV cm3 ISRF and a 200 uG B-field the gamma-ray flux from inverse Compton

scattering is: 7.0 X 1 037 erg 5'1 V



Understanding the Gamma-Ray Source with Energetics
Fermi-LAT Observations of the Galactic Center Da rk M atte r

Total Gamma-Ray Flux (>1 GeV) in
inner 1%is 1.1 x 107 erg cm? s’

P For a 35 GeV dark matter particle annihilating at
ohe SaI0tegs the thermal cross-section to bb, and a slightly
el i ‘@ adiabatically contracted r'-3> density profile.

The dark matter annihilation rate is 8.6 x 10°% ann s™!, which produces
a gamma-ray flux of:

6.9x10%%ergs’! v



Theorist Conclusion #1:
Fvery Model is Correct



Theorist Conclusion #2:
More Information is Needed



The Morphology of the Signal INNER GALAXY
GALACTIC CENTER

- Vlask galactic plane (e.g. |b| > 1°), ana
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- Bright point sources masked at 2°
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- Box around the GC (10° x 10°)
- Include and model all point sources
- Bright Signal

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

> 1 GeV
front-converting events
10° x 10° RO




In most recent analyses, fits are calculated independently in numerous
energy bins spanning from ~100 MeV — 100 GeV:
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Option 1: Gas Model

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

sq deg™")

Completely independent of the gamma-ray data.
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Hooper & Goodenough (2010), Hooper & Linden (2011)



lates

Untuned Background Temg

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. . 1030 60 100

Not calibrated for the Galactic center.

—45" —90" —135"

Abazajian & Kaplinghat (2010), Abazajian et al. (2014), Daylan et al. (2016) ) I Acero et al. (20106)




Untuned Background Templates

pion-decay bremsstrahlung

Option 3: Galprop

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

1,_,__,—_4

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

Can easily customize model for the Galactic
center.

Grids are necessarily coarse compared to Calore et al. (2014)
data.



M, =2Xx10%M,
r..=428kpc

We employ an analytical model, known as
the “generalized NFW Profile” which |

: : 1020.1 1 10 102 10°
provides a fit to the observed dark matter Mgl
density distribution. Sl

Brook & Di Cintio (2015)

In the standard NFW scenario, y=1

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



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 ~30-600, depending on the
ROI and photon selection employed.

Goodenough & Hooper (2009, 0910.2998) Abazajian et al. (2014, 1410.6168)
Hooper & Goodenough (2010, 1010.2752) Bartels et al. (2015, 1506.05104)

Hooper & Linden (2011, 1110.0006) Lee et al. (2015, 1506.05124 )

Abazajian & Kaplinghat (2012, 1207.6047) Gaggero etal. (2015, 1507.06129)

Gordon & Macias (2013, 1306.5725) Carlson et al. (2015, 1510.04698)

Gordon & Macias (2013, 1312.6671) The Fermi-LAT Collaboration (2015, 1511.02938)
Abazajian et al. (2014, 1402.4090) Yang & Aharonian (2016, 1602.06764)

Daylan et al. (2014, 1402.6703) Carlson et al. (2016, 1603.06584)

Calore et al. (2014, 1409.0042) Linden et al. (2016, 1604.01026)

Horiuichi et al. (2016, 1604.01402)

0.5-1 GeV residual
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Daylan et al. (2014)
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Fermi Diffuse Models

GCE Spectrum

Pass 8 Source Data

N|<13. 1<|b|<15

— = broken PL -+-= DM 7tr™
PL with exp. cutoff ¥ GC excess spectrum with
- DM bb stat. and corr. syst. errors

Calore et al. (2015)
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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.



NG

Hooper&Goodenough 2010 Calore+ 2014

CeV excess emission Boyarsky-+ 2010 Fermi coll. (preliminary)

at £ =2 GeV Hooper&:Slatyer 2013 ++++ contracted NFW ~ — 1.26
Gordon+ 2013 Fermi Bubbles (extrapolated)
Abazajian+ 2014 HI + H2 (at z < 0.2 kpc)
Daylan+ 2014
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Daylan et al. (2014) Calore et al. (2014b)

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



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 >10° 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:
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Cosmic-Ray Propagation Codes (e.g. Galprop),
generally utilize a cosmic-ray injection rate at the
Galactic center that is identically O.

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

SNR Results from these cosmic-ray propagation

N scale-height 200 pc codes are used in many analyses of the

Galactic center region.

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



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

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

Molecular Gas is the seed of star formation,
1.4+.15

the Schmidt Law gives:
5 2ISFR X 20305

Specifically we inject a fraction of cosmic-rays (0 < fu2< 1) following:

1510.04693
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Two features leap out immediately:

1.) Spiral Arms
2.) A bright bar in the Galactic Center
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The cosmic-ray injection rate now matches observational constraints.



Add the new cosmic-ray injection models
into Galprop to produce a new steady-state

cosmic-ray distribution.
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N/A
N/A
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Description

DifTusion constant at & =4 GV

Index of diffusion constant energy cependence
Half-height of diffusion halo

Radius diffusion halo

Alfvén velocity

Vertical convection gradient

p injection index below [above) R = 11.5 GV
e~ injection index below (above) R =2 GV
Distribution of (1 — fga2) primary sources”
['raction of sources in star formation mode!”
Schmidt Index”

Critical 1I: density for star formation®

£

Lecal (r = Hs ) magnetic field strength

Scaling radius and height for magnetic field
Helative CMB, Optical, FIR density

New cosmic ray injection
distribution produces a
sharply peaked steady

state cosmic-ray density



1.) Adding a cosmic-ray injection "-® Local (jb] > &)
° ° OUter (|b| < 80 |Z| > 800)
component tracing fy2 improves the e (1< 8° i < 80°)

full-sky fit to the gamma-ray data. ' Total

2.) The best fit value over the full
SlQ/ IS sz = 0.25

—20000 -

3.) Technique will become more 40000
powerful with the introduction of 0000
3D gas and dust maps in the near
future.




Application to the Galactic Center

113 142 170

Data

> 1 GeV
front-converting events
10° x 10° RO




;“2 — 832 @ @ With GCE
H2 = D.UC

fra = 0.10
iz =0.15

— sz:025

0.00 0.10 : 0.20 0.25 0.30

E [GeV]

Increasing the value of fy2 decreases the intensity of the gamma-ray excess.

However, the best global fit is fu2 = 0.1, with a GC excess intensity that
decreases by only ~30%.




0.9 : 2. : r 0.9 : 2. : i 0.9 1.0 2.0

e (< 1 = disklike) e (< 1 = disklike) e (< 1 = disklike) ¢ (< 1 = disklike)

The morphology of the excess is also degenerate with fy..

As fu2 is increased, the best-fit morphology becomes stretched perpendicular to
the galactic plane.

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



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.

fu2 = 0.15 still favored by the data,
especially in the case of no NFW
component.

All Backgrounds

Floating

10
Encrgy (GeV)

100




@-@® With GCE @ @ No GCE @ @ local @ @ Quter ©Q Inner © © Total

0.05 0.10 0.20 0.30

The best-fit value of fu2 is smaller in the Galactic center, compared to
its best fit value in the Milky Way....
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Forcing the value of fu2 to fit the best-fit value from the full galaxy
leads to an excess template which is negative at low energies.




—

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.

Log[B/Gauss]



IG

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

T 600 kn/s The intensity of the excess
R Bl near the spectral peak also
4 k ' ] ¢ ° °
L ARl increases, up to ~50% of its

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



Several recent papers have come Pulsars

to similar conclusions: 1-10 GeV
Ajello et al. (2015)

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.




—=— ¢ = 200 pc
Several recent papers have come s o = 300pc Gaggero et al. (2018)

—=— o = 400 pc

to similar conclusions: o | I

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.




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.

()
i
-
ik
“r=
i
«
—
Q
i
2
O
«
—
«
&)

.0
357°
Galactic Longitude




GC excess

Preliminary Ly atence mode

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.




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 - --- Complexity --- Observation
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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.



A particle with a weak interaction cross-
section and a mass on the weak scale
eetrsaa naturally obtains the correct relic
abundance through thermal freeze-out in
the Early Universe.
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This guaranteed cross-section is unique to indirect detection.
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If dark matter had a thermal cross-section in the early universe, it
should still have an observable cross-section today.
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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.



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.
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And intriguingly, the necessary dark matter cross-section is similar to
the necessary thermal relic cross-section.
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About 2/3 of the simple tree level diagrams compatible with the

excess have not yet been ruled out by other experiments... ... ...,



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

o(81A4) PA)
P(A|B) = ~=p(8)

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

ruled out.



1.) The Galactic Center is a complex, but exciting environment. Several
signhificant 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.
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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.



[.3-1 GeV
1-5 GeV
5-a0N GaY

ux/Canonical

I

200000
Local
160000 F == (nter
- Inner
LUOUOU Total

50000

10’ 20 10 40 50607080 0.2 02 0. 05 0 10 20 33 40 50 60 70 80
128 0 ; 1
Dg |10%em?®s d duv/dz [km s~

0.3 1 GGeV
-3 GeV
5-300 CcV

—
=
-

. —
—
—
-
~
—
3

-

Flux/

/
/

r"i()ﬂ'f-F

000 e N0 (CKE
4000 | , —e CQCLE
3000

2000

1000

1000
200000

Ax? IG

1530000

lobal

1
p

100000

50000

Ax* €

10 1s 2.0 25 3.0 3340 05 1D 1A 20 25

7 S : 7 ' ; zp [kpce] Opt+FIR ISRIY

Primary Source Tg/E(B-V)




.ocal

*1Inner X 0.1
. - .- ....”

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



1§20 f 7o
0.1 0.15 0.2 ).2! 0.1 0.15 0.2

All Backgrounds ts = SO0 [sotropic & Bubbles Fixed

Floating Fo = 0.05
s e 0.10

e
s -
ST

»
— {7 = 0.15 f
— gy = 0.20 .

% — fuy — 0.25 .f
—  fra = 0.30 /

1076

P
| .
7
|
o
B
—_—
P_‘
~—
&
P~ -
78
C':'
—/
S
=~
=
'
\
=
fa

}—I
CI.
-]

100
Energy (GeV) Energy (GeV) Energy (GeV)

Changing the point source catalog from the 3FGL to the 1FIG has
only a negligible effect on the gamma-ray excess.
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Intriguingly, this persists even when the inner 2° are masked -
implying that analyses of small ROIs favors the excess.
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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.
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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)
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