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GAMMA RAYS FROM DARK
MATTER ANNIHILATIQD

Dark matter substructu‘res

wactic center

Pieri et al, arXiv:0908.0195



GAMMA RAYS FROM DARK
MATTER ANNIHILATIQD

Dark matter substructu‘res )

Galactic center

Predicted signal from galactic center much
. larger than dark matter substructures 2
~ (~10-1000x or more, depending on DM profile,
region around GC)

Pieri et al, arXiv:0908.0195




THE FERMI SKY

Fermi LAT data | 4 years,E > | GeV




UNDERSTANDING THE
GAMMA-RAY SKY
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GALACTIC GAMMA-RAY
INTERSTELLAR EMISSION

) The interstellar gamma-ray emission in the Milky Way is produced by cosmic
rays interacting with the interstellar gas and radiation field
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GALACTIC CENTER REGION

s Complex region: CR intensities, density of radiation fields and gas are highest and most
uncertain; significant foreground/background contribution with long integration path
over the entire Galactic disc. Large uncertainties modeling the gamma-ray interstellar
emission

) Large density of gamma-ray sources: many energetic sources near to or in the line of
sight of the GC, difficult to disentangle from interstellar emission

=) A signal of new physics (dark matter
annihilation/decay) is predicted to be largest
here, where modeling of the interstellar
emission+sources is problematic




GALACTIC CENTER EXCESS

) An excess in the Fermi LAT GC data was first claimed by Goodenough and Hooper
(arXiv:0910.2998.) More recent analyses also find an excess

) Generally, two approaches to model the interstellar emission:

Interstellar emission model (IEM) based on the CR propagation code (GALPROP):
physically motivated models, however do not fully capture complexity of the Galaxy

T'+ The excess is consistent with a dark matter annihilation signal in spectrum and spatial
€ morphology:

U

s¢ - ~950 GeV mass, annihilating into b-bbar with an annihilation cross-section consistent
with predictions for a thermal relic, ~ few 026 cm3/s

- NFW profile with slope y=1.1-1.3
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OTHER INTERPRETATIONS

& In addition to DM, unresolved pulsar interpretation is found plausible
Claimed excess is found consistent with O(1000) millisecond pulsars within ~1 kpc of
GC but see also

Very young pulsars might also contribute to the excess
Spherical symmetry? Cuspy distribution? Extend out to 10°? Possibly

Also tested with non-poissonian photon statistics template analysis and wavelet

decomposition
& CR proton or electron outbursts interpretations have also been proposed

0s. Abazajian et al, arXiv:1402.4090 Lee et al, arXiv:1412.6099
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Is the presence of the excess, and its characterization, robust?

A closer look at the uncertainties in the interstellar gamma-
ray emission is crucial to answer these questions



1eP
MODELING THE ge*®

INTERSTELLAR EMISSION

& Alternative approach by Fermi LAT collab. to develop a set of specialized models for

the inner 15°x15° to extract the emission from the innermost ~| kpc

& Determine point sources self-consistently with modeling of the interstellar emission

LAT counts, |-100 GeV
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Interaction of cosmic rays and interstellar gas &

radiation field = gamma-ray interstellar emission
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Interaction of cosmic rays and interstellar gas &

radiation field = gamr ia-ray interstellar emission
R

3.0 - - -

OB stars

Pulsars

CR source density |arbitrary units]

5 10 15 20

© Start with physically motivated models (GALPROP) as baseline: select two
possibilities for the CR source distribution (a major uncertainty; Pulsars, OB
stars used as proxies)

= Tune the Y-ray intensities (in rings) predicted by baseline models to the
gamma-ray data outside of the 15°x15° region to address some of the
shortcomings of the baseline models for improved fore/background

determination




SCALING PROCEDURE
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SCALING PROCEDURE

Fit this to the dag
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SCALING PROCEDURE
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= Determine intensities for the ; 5 _ by fitting
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Structured excesses and deficits point to imperfectly modeled
components and/or un-modeled contributions
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RESULTS - |IEM

Integrated flux in 15°x15° ROI
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: Some significant discrepancies remain

‘Better agreement
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ADDITIONAL COMPONENT

 Spatial morphology: 2D gaussians, dark matter annihilation/decay, or a gas-like as proxy for
unresolved source. Spectrum: exponentially cutoff power law (motivated by some dark
matter and pulsar models); fit in independent energy bins

= The dark matter annihilation morphology yields the most significant improvements in the
data-model agreement for the 4 fore/background |IEMs
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RESIDUAL MAPS

DARK MATTER

DATA-MODEL (Pulsars, index scaled)
Wthout dark matter:
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DARK MATTER COMPONENT
MORPHOLOGY

« Cuspiness of the DM profile (whether a standard, Y=I, or cuspier, Y=1.2,
profile is favored) depends on [EM modeling

 Centroid is offset compared to Sgr A* (disfavored at ~90% C.L., C. Karwin et al,
in prep), but:
v some dependence on |[EM (offset ~0.5°-1°)

¥ cannot rule out offset is due to shortcomings in modeling of IEM
Pulsars, index scaled

| Data-Model, 2-10 GeV
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DARK MATTER
COMPONENT SPECTRUM

) The dark matter component spectrum depends strongly on the fore/background
models.

Grey bands include systematic uncertainties explored by Fermi LAT collab. analysis
= A broader range of interpretations is allowed compared to previous results

- ™7 - : T ™ Y T LB B S B | N
R * X “
- ? . 3 -
— I 1 = 1 )
o 1« T T T
ST P-4
210 ¢ 1 210K
‘.8 spectrum ] ‘.‘3 " INFW annihilation spectrum
2 " [0 Pulsars intensity-scaled | ) 2 {110 Pulsars intensity-scaled
- =) Pulsars index-scaled - ¥ =) Pulsars index-scaled
‘:‘O OB Stars intensity-scaled ';O : OB Stars intensity-scaled [ 1
m - OB Stars index-scaled m - OB Stars index-scaled
e Hooper & Slatyer (2013) e Hooper & Slatyer (2013) :
X Gordon & Macias (2013) ¥ Gordon & Macias (2013)
1075 |- © Abazajian etal (2014) 105 Abazajian et al (2014) f
- W Calor‘c clal(?OlS)‘ - 3% Calore et al (2015) \

10° 10° 10° 10°
Energy (MeV) Energy (MeV)



IMPLICATIONS FOR DARK
MATTER MODELS

) Consider general models with DM particles annihilating into two-body (fermionic)
final states where the interactions between the dark sector and standard model
particles occurs via scalar or vector interactions

- Scalar interaction proportional to the fermion mass

- Vector interaction independent of fermion mass

« Fit the relative strengths of couplings to quarks and leptons to the Fermi LAT data
with the developed |[EMs+point sources

C. Karwin, et al, in prep.
Pseudoscalar Interactions, NFW y=12
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IMPLICATIONS FOR DARK
MATTER MODELS

) Consider general models with DM particles annihilating into two-body (fermionic)
final states where the interactions between the dark sector and standard model
particles occurs via scalar or vector interactions

- Scalar interaction proportional to the fermion mass

- Vector interaction independent of fermion mass

« Fit the relative strengths of couplings to quarks and leptons to the Fermi LAT data
with the developed |[EMs+point sources

C. Karwin, et al, in prep.
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IMPLICATIONS FOR DARK
MATTER MODELS

) Consider general models with DM particles annihilating into two-body (fermionic)
final states where the interactions between the dark sector and standard model
particles occurs via scalar or vector interactions

- Scalar interaction proportional to the fermion mass

- Vector interaction independent of fermion mass

 Fit the relative strengths of couplings to q'2rle and lentanc ta the Farmi I AT data

' : Direct d ion doesn’t rul lar
with the developed IEMs+point sources ' cct detection doesnt rule out scafa
interactions as an interpretation of the GC

C.Karwin, et al,in prep. excess, while vector interactions are excluded |
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Galactic latitude (deg)

RESIDUAL MAPS
DARK MATTER

Improvements across the region, but some

discrepancies between data and model remain
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4 Not surprising... there are limitations in all interstellar emission models

employed so far, e.g., cylindrical symmetry, the gas distribution, as well as
interplay between the interstellar emission and point sources.

?’W% o

4‘:_’.\ |
The density of cosmic-ray sources andinterstellar mediumifis associated with spiral
arms, Galactic bar/bulge, and thep?f'ore radic g |
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Ay e
Currently there are no detailed 3D models for the
and cosmic-ray sources

interstellar gas, radiation field,




4+ Not surprising... there are limitations in all interstellar emission models
employed so far, e.g., cylindrical symmetry, the gas distribution, as well as
interplay between the interstellar emission and point sources.
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= Understanding these issues and addressing these limitations is crucial
to confirm the presence and properties of additional components,
dark matter or otherwise!

= Work is underway in addressing these limitations




3D ISRF

« First steps on 3D modeling of the interstellar radiation fields underway
(GALPROPT. Porter et al)
Build improved stellar luminosity model tuned to multi-wavelength data (few pm

and ~ 100 pm), test case results are shown
IC Y-ray map based on preliminary 3D ISRF is asymmetric (not so for 2D ISRF)!

Implications for residual emission and its interpretation
(IC_3D - IC_2D)/IC_2D at ~I GeV

At 1057.931502 MeV

Stellar Luminosity Distribution

0.218611 (example std)/std 0.21182



GC PRELIMINARY RESULTS
WITH 3D ISRF

Pulsars |ntenS|t scaled 2D ISRF
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Similar features in reS|duaIs as W|th 2D ISRF but more enhanced for 3D ISRF




GC PRELIMINARY RESULTS
WITH 3D ISRF

Integrated flux in 15°x15° ROI
 emE—— M
Pulsars, |ntenS|ty scaled, 2D ISRF Pulsars, |ntenS|ty scaled, 3D ISRF
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Work in progress for improved determination of 3D ISRF, and inclusion of

3D distribution for CR electrons, as well as improved 3D gas maps
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DWARF SPHEROIDAL GALAXIES

) Optically observed dwarf spheroidal galaxies: largest
clumps predicted by N-body simulation.

) Excellent targets for gamma-ray DM searches

» Very large M/L ratio: |0 to ~> 1000 (M/L
~10 for Milky Way)

p DM density inferred from the stellar data!
Data so far cannot discriminate, in most
cases, between cusped or cored dark matter
profiles.

However, Fermi’s DM constraints with dSph
do not have a strong dependence on the
inner profile

p Expected to be free from other gamma ray
sources and have low dust/gas content, very
few stars




DWARF SPHEROIDAL GALAXIES

DES Collaboration, arXiv:1508.03622
BEFORE 2015
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DWARF SPHEROIDAL GALAXIES

) Search for a signal in 25 dwarf spheroidal galaxies, 6 years of Fermi LAT data

"= No significant emission is found

) Limits probe DM explanation of the GC excess
Fermi LAT Collaboration, arXiv 1503.02641
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DWARF SPHEROIDAL GALAXIES

) Search for a signal in 25 dwarf spheroidal galaxies, 6 years of Fermi LAT data

"= No significant emission is found

) Limits probe DM explanation of the GC excess
Fermi LAT Collaboration, arXiv 1503.02641

10+
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DWARF SPHEROIDAL GALAXIES

) Search for a signal in 25 dwarf spheroidal galaxies, 6 years of Fermi LAT data

"= No significant emission is found

) Limits probe DM explanation of the GC excess
Fermi LAT Collaboration, arXiv 1503.02641

10 y 74
= Pass 8§ Combined dSphs
Fermi-LAT MW Halo

10-23 | -- H.ES.S. GC Halo

N B . MAGIC Segue 1
e L. . . — @ Abazajian et al. 2014 (1o

Uncertainties in the astrophysical background 7, 2 Gordon & Macias 2013 (26}
model also allow for a broader range of DM % Daylan ct al. 2014 (20)
masses and annihilation channels = -2 Calore et al. 2014 (20)
(see e.g. Agrawal et al, arXiv:1411.2592) 3
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VHE GAMMA RAYS:
H.E.S.S., MAGIC, VERITAS

 Higher energy threshold compared to
Fermi LAT

= Sensitive to higher dark matter
masses

) No dark matter-like emission is
observed

) Dark matter constraints are
competitive with Fermi LAT for

dark matter particle masses
above ~| TeV
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PUTTING IT ALL TOGETHER
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‘ — Pass 8 Observed Limit (5 years)

| — Pass 8 Median Limit (5 years)
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CONCLUSIONS

«’ An intriguing hint of a potential signal in gamma-ray from the Galactic center
has been claimed

= However the astrophysical background is currently a limitation. More work
is required to better understand the data

= A consistent signal from other DM targets/searches would provide the
most compelling confirmation of the DM interpretation for this excess

’ In the meanwhile, indirect searches continue to set strong constraints on the
nature of DM

) Improvements in current experiments as well as upcoming experiments
promise more interesting results to come

Thank you!



