GAMMA-RAY SIGNAL FROM THE
CENTRAL MILKY WAY

A COMPELLING CASE FOR ANNIHILATING DARK MATTER
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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
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INDIRECT DETECTION OF WIMPS

Astrophysics

Instrumental Response




Why Do We Searchin s ‘ —

.\«1_/ =40 GeV

Gamma-RaVS? | - Proft‘lmo & Ullio (2010)

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
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INDIRECT DETECTION OF WIMPS

\'P DARK MATTER DENSITY PROFILES
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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, y = 1

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




Name GLON GLAT Distance logo(JNFW)e

(deg) (deg) (kpc) (‘()glu:(;Q'\"2(flll_'.' sr)
Bootes | 358.1 69.6 66 I18.8 4 0.22
Bootes 11 353.7 68.9 12
Bootes 111 354 75.4 47
Canes Venatici | 74.3 79.8 218 17.7 + 0.26
Canes Venatici 11 113.6 82.7 160 17.9 £ 0.25
Canis Major 240.0 -8.0 7
Carina 260.1 -22.2 105 18.1 4 0.23
Coma Berenices 241.9 83.6 14 19.0 £ 0.25
Draco 86.4 34.7 76 I8.8 4 0.16
Fornax 237.1 -65.7 147 18.2 + 0.21
Hercules 28.7 36.9 132 18.1 £ 0.25
Leo 1 226.0 49.1 254 17.7 4+ 0.18
Leo 11 220.2 67.2 233 17.6 £ 0.18
Leo IV 265.4 56.5 154 17.9 4 0.28
Leo V 261.9 58.5 178
For typical parameters from an s
Sagittarius 5.6 -14.2 26
e Sculptor 287.5 -83.2 86 18.6 4 0.18
N FW prOfI Ie: Segue 1 220.5 50.4 23 19.5 4 0.29
Segue 2 149.4 -38.1 35

Sextans 243.5 42.3 86 18.4 4+ 0.27
Ursa Major | 159.4 544 18.3 +0.24

21 V2 _5 Ursa Major 11 152.5 37.4 32 19.3 4 0.28
P~ 1 0 e cm Ursa Minor 105.0 44.8 18.8 4 0.19

Willman 1 158.6 56.8 38 19.1 4+ 0.31




INDIRECT DETECTION OF WIMPS

\'P DARK MATTER DENSITY PROFILES

Put Another Way: \'V THE GALACTIC CENTER

The Fermi-LAT telescope observes a flux in the inner 1°
between 1-3 GeV of approximately 1 x 1019 erg cm2 s

A Generic Dark Matter Scenario predicts a flux of
2x10" ergcm™ s

Unfortunately, the
backgrounds are .
not negligible.

Chandra image of Galactic Center




INDIRECT DETECTION OF WIMPS

\'P DARK MATTER DENSITY PROFILES

k’ THE GALACTIC CENTER: BACKGROUNDS

What Are These Backgrounds?

aaaaaaaaa
created in the
collision

% | Cosmi : rticle
* Point Sources (SNR, pulsars, etc.) S O e
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* Hadronic Interactions (pp -> T -> yy) - o &
‘_ ,,,,,,

* Bremsstrahlung

* Inverse Compton Scattering




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

Detects y-rays between ~30 MeV - 1TeV |. .

P7REP_SOURCE_ V15 PSF at normal incidence
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Energy Resolution ~ 10%

10" | = f; Angular Resolution is highly
107 | 10 Energy Dependent
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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.

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



Many Analyses of the Galactic Genter 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)

Different studies have used various technigues and regions
of interest, but have obtained consistent results!
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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 ( ILI > 5°), and
extrapolate into center

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



Produce full model of y-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

In L = Zkiln,ui — ;i — In (k;!)

Hi = model counts ki=data counts




Use Log-Likelihood Formulation, but add additional
components corresponding to known high-energy
emission sources (20 cm lines, H.E.S.S. ridge)
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0.86 1.10 GeV

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

Diffuse Sources’ Residual

Diffuse Models
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Hooper & TL (2011)

vvv] v v vvvvvv[

[ _ ~— Sum i
| mpy=30 GeV, bb -+« Dark Matter |

= = Point Source |
-+ Galactic Ridge (n°= »y)

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

E?* dN/dE (GeV em ™ s71)

Inner slope: Bl 1o CI, this work channel, m, —InL
20 CI, this work

L __. Hooper & Linden (2011) b[_), 10 GeV 139913.6
bb, 30 GeV 139658.3
bb, 100 GeV 139881.1
bb, 300 GeV 140056.6
o th. T bb, 1 TeV R 140108.2
90% leptons bb, 2.5 TeV 140114.2
77, 10 GeV 139787.7
771, 30 GeV 140055.9

Gordon & Macias (2013) e, 100 Ge 140113.4

5 10 15 20 25 30 35 40 45

My [GeV] Abazajian & Kaplinghat (2012)

< ov > [cm®/s]




| have discussed “dark matter fits” to the y-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 y-ray data
improves when we add a template with:

A spherically symmetric, radially falling emission
profile with r %01 -23

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



Instead analyzed the Fermi
bubbles. They found an excess
low-energy emission which fell of
with increasing distance from the
t{
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1402.6703

The Characterization of the Gamma-Ray Signal from the Central Milky Way:
A Compelling Case for Annihilating Dark Matter

Tansu Daylan,! Douglas P. Finkbeiner,!»? Dan Hooper,®»* Tim Linden,®
Stephen K. N. Portillo,? Nicholas L. Rodd,® and Tracy R. Slatyer®7

' Department of Physics, Harvard University, Cambridge, MA
® Harvard-Smithsonian Center for Astrophysics, Cambridge, MA
9Fermi National Accelerator Laboratory, Theoretical Astrophysics Group, Batavia, IL
4 University of Chicago, Department of Astronomy and Astrophysics, Chicago, IL
® University of Chicago, Kavli Institute for Cosmological Physics, Chicago, IL
®Center for Theoretical Physics, Massachusetts Institute of Technology, Boston, MA
7School of Natural Sciences, Institute for Advanced Study, Princeton, NJ

Past studies have identified a spatially extended excess of ~1-3 GeV gamma rays from the region
surrounding the Galactic Center, consistent with the emission expected from annihilating dark mat-
ter. We revisit and scrutinize this signal with the intention of further constraining its characteristics
and origin. By applying cuts to the Fermi event parameter CTBCORE, we suppress the tails of
the point spread function and generate high resolution gamma-ray maps, enabling us to more easily
separate the various gamma-ray components. Within these maps, we find the GeV excess to be
robust and highly statistically significant, with a spectrum, angular distribution, and overall nor-
malization that is in good agreement with that predicted by simple annihilating dark matter models.
For example, the signal is very well fit by a 31-40 GeV dark matter particle annihilating to bb with
an annihilation cross section of ov = (1.4 — 2.0) x 107%° ¢cm®/s (normalized to a local dark matter
density of 0.3 GeV/cm®). Furthermore, we confirm that the angular distribution of the excess is
approximately spherically symmetric and centered around the dynamical center of the Milky Way
(within ~0.05° of Sgr A"), showing no sign of elongation along or perpendicular to the Galactic
Plane. The signal is observed to extend to at least ~ 10° from the Galactic Center, disfavoring the
possibility that this emission originates from millisecond pulsars.

PACS numbers: 95.85.Pw, 98.70.Rz, 95.35.4+d; FERMILAB-PUB-14-032-A, MIT-CTP 4533

INTRODUCTION tons), other explanations have also been proposed. In
particular, it has been argued that if our galaxy’s central
stellar cluster contains several thousand unresolved mil-
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Use additional information to
classify each photon event
based on the accuracy of its
directional reconstruction

see Portillo & Finkbeiner (1406.0507)

Point Spread Function

Multiple Coulomb scattering
in tungsten foils (low E)
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INNER GALAXY

Mask galactic plane (e.g. Ibl > 19)
Bright point sources masked at 2°

Allow diffuse templates (galactic
diffuse, isotropic, Fermi bubbles,
dark matter) to float
independently in each of 30
energy bins

Box around the GC (10° x 10°)
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



NFW, v=1.26
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Spectra show a consistent peak at ~2 GeV.

Low energy spectrum in GC may be either systematic modeling or
due to bremsstrahlung emission from DM produced electrons



Full Sky, |b|>1° /
— — — Southern Sky, |b|>7

NNER GALAXY GALACTIC CENTER

1.2 1.3 1.4 1.5 e 1.1 1.2 1.3
Inner Profile Slope, ¥ Inner Profile Slope, ¥

Inner galaxy prefers density profile y = 1.26
Galactic Center prefers y = 1.17
v = 1.26 is consistent with both, profile may also vary with radius
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Can additionally fix the spectrum and allow the normalization to
float independently in different radial bins. In this case we find

v = 1.4, which provides some evidence that the profile is
steepening with distance.




0.5-1 GeV residual 1-2 GeV residual Total Flux Residual Model (x3)
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Fits for DM Cores

30 50 70
Size of Dark Matter Core (pc)

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



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

This disfavors Sgr A East
as the source of the y-ray

excess (though only at 20).




Extended perpendicular
plane to plane

0.5 0.7 1.0
Axis Ratio

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




0.5 1.0 1.5 2.0 0.5 1.0 1.5
f(r) Inner Profile Slope, y f(r) Inner Profile Slope, y

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




After the submission of the paper, a small error was found in the
smoothing of one of the astrophysical diffuse maps. This has
been corrected, and additional work has been done to implement
energy-dependent smoothing into the analysis.




- = broken PL -+= DM77r™

-+ PL with exp. cutoff ¥ GC excess spectrum with

Tour de force paper which O e
investigates the resiliency of
the y-ray excess to changes in

the astrophysical diffuse model.

1
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dN/dE |GeV cm s

E2

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

Finds some evidence for extra E
high energy emission compared 5
to Daylan et al. (2014)




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
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Without NFW: DATA-MODEL
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Pulsars, tuned-index

Counts in 0.1°x0.1° pixels
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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 10° away from the

galactic center, following a 3D profile which falls in
intensity as r %21 28



| have discussed “dark matter fits” to the y-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 y-ray data
improves when we add a template with:

A spherically symmetric, radially falling emission
profile with r %01 -23

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 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

. ./'-




To first order, the peak of the
MSP energy spectrum matches
the peak of the observed
excess
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MSPs are thought to be
overabundant in dense star-
forming regions (like globular
clusters, and potentially the
galactic center)
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DEGENERACY WITH MILLI-SECOND
PULSARS IN SPATIAL PROFILE VWe make the

_ reasonable
Voss and Gilfanov 2007/ :
assumption that

Low-Mass X-ray
Binaries have the
b, same spatial
steepening distribution as

with respect to

Bulge stellar , MSPs

distribution

o~
.E
=
QO
-
O

N
prd

00” towards M3 |
center =
|.5 kpc distance
from center =

|0 degrees towards
R [arcsec] MW center

Orange line is same as best-fit excess template
(R~'2 in projection implies r22 de-projected)!
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 Analyze the average spectrum and luminosity of the Fermi MSP and globular
cluster populations:

e 5.5 years of data
 P7 Reprocessed Photons
* 15 energy bins, no spectral model assumed



® Fermi MSPs
+ Stacked MSPs
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Field »-m-s

* There would need to be 226 Eteapolate doLSCTVed Systems e
(+91/-67) MSPs with luminosity > : 4
10%* erg s™! in the circular region, and
61.9 (+60/-33.7) with luminosity >
10%° erg s'.
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y-ray Luminosity (erg/s)

 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.
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Gamma-ray emissions
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X-ray emissions

Milky Way
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Difficult to explain
the low-energy
spectrum without
introducing highly
peaked proton
Injection spectra

PLExp]
BPL1: Free Al

BPL2: Fixed Al
Daylan ot ol P6VII
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Best Fitting Linear Combination of Hadronic Outburst Models:
Best Fitting NFW Template
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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 GG excess, and vice versa.



Astrophysical models form a relatively poor fit to the
spectrum and morphology of the GC excess.

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

Further examination is required to study the characteristics
of these emission models and compare them with Fermi data.



NFW, 7=1.26
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- 1 v 2 » » ')
Model DM Mediator Interactions Elastic Near Future Reach?

Number | ‘ I ‘ Scattering | Direct | LHC
1 | Dirac Fermion Spin-0 | XY'x, ff ‘(7‘\‘1 ~ (q/2m,)* (st'alar)' No | Maybe
1 ::M:njurmm F("rllli()l): Spin-0 Yx, ff :n_\», ~ (q,r"'.?m\)"’ (srn]:xr): No Maybe
2 Dirac Fermion Spin-0 Yx, [v°f osp ~ (¢°/4m,m,)* | Never Maybe
2 ::lelj()r:xllil l"ormi(m; Spin-0 r'x, [ f osp ~ (¢*/4m,, m\)"’ Never Maybe
3 Dirac Fermion | Spin-1 L XY X, byub | os1~ loop (vector) Yes | Maybe

osp ~ (q/2m,)* or

Dirac Fermion Spin-1 XY'xs Y’ f Never Maybe

‘ | osp ~ (q/2my)* ’ '
Dirac Fermion Spin-1 XYY xs fr.7Yf osp ~ 1 Yes Maybe
-T‘\lnjnr:mn Fermion | Spin-1 T-\"r“"; X, f*.,,""’ft osp ~ 1 Yes Maybe
| Complex Scalar Spin-0 | oo, °f | ogp ~ (q/2m,,)? | No | Maybe
Real Scalar | Spin-0 | &, f¥°f ' osp ~ (q/2m,)* ’ No | Maybe
| Complex Vector | Spin0 | BLB fv*f | osp~(¢/2ma)? | No |  Maybe
Real Vector Spin-0 B.B*, f¥°f osp ~ (q/2m,)? ' No Maybe
Dirac Fermion | Spin-0 (¢-ch.) | v(1 £45)b og1 ~ loop (vector | |

)
Dirac Fermion Spin-1 (¢-ch.) (14 *-"‘)b os) ~ loop (vector)
)
)

(
. 4 (
Complex Vector |Spin-1/2 (t-ch.)| X +*(1 & v*)b ost ~ loop (vector
(

Real Vector Spin-1/2 (t-ch.)| X, v*(1 £+°)b os; ~ loop (vector

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.



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.

—2x1077 |

E®dN/dE [GeV em™2 s~




Dwarf Galaxies can also
produce a significant y-ray

signal from dark matter
annihilation.

Latest published results
showed a TS = 8.7 local excess
at the mass of the GC signal.
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How can this test statistic be
translated into a significance?

- \: 2 - = NoBZCAT <1’
All Positions No CRATES <1
No BZCAT <0.5 — No BZCAT or CRATES <1

Can cross-correlate hotspots in
the Fermi-LAT data with the
positions of known high-energy
blazars and radio galaxies.
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This allows for a determination ———
of the significance, which was Lost Statistic (15)
nearly 2.70




»  Fermi-LAT Pass 8 Dwarfs Composite 95% C.L. Upper Limit

Preliminary

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

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

Mass (GeV)
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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.



If the tension between the GC and
dwarf observations persists, this could
be addressed via secondary emission
models:

XX->P P ->ete

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

B SIDM: no baryons
SIDM: disk+bulge

w— w= yu1.2 halo profile

This is a natural solution in models of
self-interacting dark matter.
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May find other bright indirect detection
fargets.

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

Some may be confined by dark matter
halos

However, no y-ray excess is observed in &
these systems
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Observations of the cosmic-ray
positron spectrum by the AMS-02
instrument can place strong
constraints on the annihilation to
leptonic final states.

Positron fraction

In some cases (i.e. direct annihilation

dashed: Fermi LAT

to e*e’) these can fall below the

thermal cross-section by two orders
of magnitude.




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.
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The 20 - 60 GeV Mass Range is optimal for direct detection searches.
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However, these limits are
model dependent.
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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 GG excess.
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Diffuse template
DM template
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bl > 17, full sky o

bl > 1, south x
Ib| > 5, full sky
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