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Electromagnetic Spectrum
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Wave(l:gtge::\) M crowave m Visible Ultraviolet X-ray Gamma Ray
|
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)

Produced thermally
Stars, CMB, etc...

Energy Source + Acceleration Mechanism +
Gamma-ray Production Mechanism - Absorption/Propagation =

Gamma-ray Sky
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Produced thermally
Stars, CMB, etc...

Extreme Event + Extreme Fields +
Cosmic Rays and Targets - Foreground gas/dust =

Gamma-ray Sky
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Fermi-LAT Performance

P8R2_SOURCE_V6, 10 years, TS=25, > 10 photons per bin

Pass 8: Releasedg June 201 S
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/ Space Telescope

Fermi-LAT Performance

P8R2_SOURCE_V6, 10 years, TS=25, > 10 photons per bin
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Extragalactic Sources il 3
TA' . Solar Flares +

Actfve Galactic Nucléi Terrestrial Gamma-ray Flashes

+ Gamma-ray Bursts
+ Starburst Galaxies...

X +Supernova Remnants
+ Globular Clusters | |
+ Pulsar Wind Nebulae + ... >3000 sources

Pulsars

>1 GeV, 8 year map

Galactic Sources Exotic and Transient Astrophysics
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/ Results from Fermi-LAT
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Gamma-ray
Space Telescope

Indirect detection of Dark Matter

Gamma-ray signatures
of Dark Matter

Recent Fermi-LAT Searches
for Dark Matter
WIMPs and Axions

R. Caputo, UCSC | CosPA 2016 6



Observed =

Particle Properties x Astrophysics Properties

3
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Dark Matter Distribution

R. Caputo, UCSC | CosPA 2016 L. Pieri et al., PRD 83 023518 (2011)



Dark Matter Distribution

Search Strategies for WIMPs

Dwarf Spheroidal
Satellite Galaxies

Galaxy Clusters

Galactic Center
Milky Way Halo |

Spectral Lines y
Isotropic Background

R. Caputo, UCSC | CosPA 2016 L. Pieri et al., PRD 83 023518 (2011)



i The Galactic Center

/ Space Telescope

Challenges of observing the Galactic Center

R. Caputo, UCSC | CosPA 2016 9
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The Galactic Center

Challenges of observing the Galactic Center

Radio (0.4 GHz)
Atomic Hydrogen
Radio (2.7 GHz)
Molecular Hydrogen
Infrared

Mid Infrared

Near Infrared
Optical

X-Ray

Gamma Ray
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Dwarf Spheroidal Galaxies

Companion galaxies
around Milky Way

Old, little star formation
Low Luminosity

High Mass-to-Light ratio

More nearby
with well constrained
J-factors

R. Caputo, UCSC | CosPA 2016
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g Joint LAT/DES results
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Joint LAT/DES results

Dark Energy Survey:
Finding new dwarf spheroidal galaxies
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Dark Energy Survey:

Finding new dwarf spheroidal galaxies

Joint LAT/DES results

Year 2 limits is that they
are consistent with the
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. Summary of WIMP Dark Matter Searches
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o Future WIMP Dark Matter Searches
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@g g Other Dark Matter Candidates

Gamma-ray
Space Telescope

d Axion-Like Particles

R. Caputo, UCSC | CosPA 2016 http://www.symmetrymagazine.org/article/what-could-dark-matter-be 15



Ax'i,ons and Axion-Like Particles (ALPs)

Observed Spectrum

* Interact with SM via photon-ALP
oscillations

— mass/photon coupling

— coupling to gamma-rays in astrophysical
B fields via "Primakoff Effect"

° Ilght ALPs m, = peV Credit: M. Meyer
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Central Galaxy of the Perseus cluster: NGC 1275
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Rapidly rotating Neutron Stars \ R
1967: Jocelyn Bell - LGM signal
Rotational periods: ms to s
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Axions in Pulsars

Source Name|RA (°) [Dec.(°)|£ (°) |b(°) |d (kpc) |Age (Myr)|Bgut (G)
J0108-1431 |17.035 |-14.351|140.93|-76.82(0.24070 527|166 2.52x 101
J0953+0755 [148.289(7.927 [228.91(43.7 |0.26270:9917.5 2.44x10M
J0630-2834 |97.706 |-28.579|236.95|-16.76(0.3327 0052 [2.77 3.01x1012
J1136+1551 |174.014|15.851 |241.90{69.20 |0.360700195.04 2.13x10'2
Away from ; T
),'f ~ b Ey: 60-200 MeV
galactic plane > 105
Close ; 10 Predicted Spectral Energy
é’ = Distribution for gamma
Measured £ 107 rays from axion decays for
. = [ Jo108-1431
B-Field S0y
107

10 100 200

B. Bereniji, et al., Phys. Rev. D 93, 045019 (2016) arXiv:1602.00091 E (MeV)

R. Caputo, UCSC | CosPA 2016 19



Axions in Pulsars

No excess upper limit on
QCD axion mass:

7.9x10-2 eV

(m, ,f'o\"):' dd/dE(cm *s 'MeV 1)

1

—
<

(-

- Predicted Spectral Energy
= Distribution for gamma

= rays from axion decays for
- J0108-1431

Ev: 60-200 MeV

Source Name|RA (°) [Dec.(°)|£ (°) |b(°) |d (kpc) |Age (Myr)|Bgut (G)
J0108-1431 |17.035 |-14.351|140.93|-76.820.2407 5551 | 166 2.52x10!
J0953+0755 [148.289(7.927 [228.91(43.7 |0.26270:9917.5 2.44x10M
J0630-2834 |97.706 |-28.579|236.95|-16.76(0.3327 0052 [2.77 3.01x1012
J1136+1551 |174.014|15.851 |241.90{69.20 |0.360700195.04 2.13x10'2

10 100 200

B. Bereniji, et al., Phys. Rev. D 93, 045019 (2016) arXiv:1602.00091 E (MeV)

R. Caputo, UCSC | CosPA 2016 19



Axions in Pulsars

“sssermil
o
Source Name|RA (°) [Dec.(°)|£ (°) |b(°) |d (kpc) |Age (Myr)|Bgut (G)
J0108-1431 [17.035 |-14.351140.93|-76.82|0.2407 0521|166 2.52x10"!
J0953+0755 |148.289(7.927 228.91(43.7 [0.262109%(17.5 2.44x10"!
J0630-2834 |97.706 |-28.579|236.95|-16.76(0.3327 0052 [2.77 3.01x 1012
e ammn damama o s Naas il an [ i mialo - an ann

ALPs from NS|

LA

LLILALAAI |

Ll

] LI |

{1 .
Globular clusters
ALPS 11
:\ loll
|
IAXO
>
D
)
o
'(-_
= -12 s’
Q} IO -'5 ’,’
i ,QO‘“
. N
,'J%*
l()'I3 ™Y ;’rllnml LSS B AL B B B R R R AR B AR R L ‘ BLRALLLL |
o' 10 10? 10°® 10”7 10°¢ 10 10
m, (eV)

R. Caputo, UCSC | CosPA 2016

107

1072 107!

| III"I' | llll”ll LI IITHI] | IIIIIII' |

10°

19




& Results from Fermi-LAT
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Gamma-ray
Space Telescope

Multi-messenger Astrophysics
high energy neutrinos

Fermi High Energy
Point source catalogs

Astrophysical Connections:
Blazars and Star Forming Galaxies
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90° longitude ™ LAT position

0° longitude

3 Note: Cosmic-ray electron and
2 /ia N et anisotropy papers coming soon
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Galactic

hotspot p-value: 0.08 i RN e

2 TS=2l0g(L/LO) 11.3

Connections between the Fermi-LAT 2FHL, UHE cosmic rays,
neutrinos and blazars

R. Caputo, UCSC | cdg@Cube collaboration, Science 342, 1242856 (2013) https://icecube.wisc.edu/science/highlights 21



., 2FHL - HE Neutrino Connection

>70% blazars

| g p—— -~ . . o

R. Caputo, UCSC | CosPA 201Burley, C. F, arXiv: 1608.08983

Fermi-LAT collaboration, ApJ. 222 (2016) no.1, 5
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/2FHL/




/~
“sermi
)
Flaring blazars:
Mrk 421, Mrk 501, 1ES 0805+524,
1ES 1218+304, 3C66A, and W Comae

2FHL - HE Neutrino Connection
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Fermi-LAT collaboration, ApJ. 222 (2016) no.1, 5
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/2FHL/
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2FHL - HE Neutrino Connection
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>70% blazars
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A’lvarez, arXiv: 1611.09869

Fermi-LAT collaboration, ApJ. 222 (2016) no.1, 5
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d o 2LAC - HE Neutrino Connection

Second LAT Catalogue (2LAC)
1S>25, August 2008 - August 2010

IceCube Collaboration, arXiv:1611.03874 Fermi-LAT collaboration, ApJ, 743, 2, 37. (2011),

R. Caputo, UCSC | CosPA 2016 24
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., 2LAC - HE Neutrino Connection

Second LAT Catalogue (2LAC)
1S>25, August 2008 - August 2010
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Gamma-ray
Space Telescope

Hadronic interactions in
Star-Forming Galaxies

10 Fermi upper bounds on direct & cascade y-ray flux

! Tamborra, Ando & Murase (2014) |

2FHL w(S) for bl >10°

y E |C|enq; 5 :
op et 4
: I—PSOUFCG - 1} T

Detected '

0y (100 TeV) [10° 8 GeV ! em 25 ! sr!]

n 3
3
10-2 ! _ D Vu +v'1 2y1’
3 3 O MESE 2yr
/A HESE 3yr
€ combined fit
107 | 11 -10 .-9 0-5 - - * - l : 1
10 10 10 0 21 22 23 24 25 26 27 28

2
S [ph/cm- /s] spectral index I” of starburst population

Fermi-LAT Collaboration, AJ. 799 (2015) 86

R. Caputo, UCSC [ CosPA 2016 £orii | AT Collaboration, PRL 116 (2016) n0.15, 151105

Bechtol et al., arXiv:1511.00688 25



/ Results from Fermi-LAT
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Gamma-ray
Space Telescope

Detection of Gravitational Waves

Electromagnetic
counterparts to GWs

Recent followup observations
of LIGO GW events

R. Caputo, UCSC | CosPA 2016 26



- Era of Gravitational Wave Astrophysics

Fermi (GBM and LAT) it
perfect instruments to P L
follow up transient ot
events
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BBH mergers not o R
expected to produce L GW150914
EM radiation c

Short GRBs and NS-NS
mergers primary
candidate for GW
emission
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Transient Analyses with Fermi-LAT
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" Fermi-LAT Observations
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LAT “looking” in wrong direction upper limits were set on much later
intervals.
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Long Baseline Search
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/ A note on the Fermi-GBM detection
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LIGO Localization
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ng& A note on the Fermi-GBM detection

" Gamma-ray
Space Telescope

GBM Localization

GBM localization from the bottom of the spacecraft,
shows up in all 14 detectors

R. Caputo, UCSC | CosPA 2016 Connaughton, V et al., ApJL. 826 (2016) no.1, L6 32



& ., A note on the Fermi-GBM detection
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Gamma-ray
Space Telescope

Combined Localization

Nal

., 04 a6 08 10 L2« ?
o oh per deg’

weak transient above 50 keV, 0.4 s after the GW event,
false alarm probability of 0.0022 (2.9 o)

R. Caputo, UCSC | CosPA 2016 Connaughton, V et al., ApJL. 826 (2016) no.1, L6 32
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Fermi-LAT Observations

AT FoV

GW151226

Racusin, J. L. et al. 2016, ApJ
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Fermi-LAT Observations
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The Future...
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A Medium Energy Gamma-ray Observatory: AMEGO
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. Next Generation Gamma-ray Space Telescope

A Medium Energy Gamma-ray Observatory: AMEGO
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In Summary

* Fermi-LAT is an excellent probe of particle Dark Matter

— Indirect detection is the only detection technique that searches for
DM in astrophysical targets

— The LAT provides the strongest constraints on thermal relic WIMPs
and axions/ALPs

e Fermi-LAT is an essential part of multi-messenger studies
— Astrophysical high energy neutrinos and cosmic rays
— Catalogs provide a basis for connections

e Gravitational Wave counterparts

— GBM the most prolific detector of sGRBs (~40 triggered per year,
and 40-80 more in un-triggered ground sub-threshold searches)

— LAT is the only instrument capable of detecting GRB afterglows over
the entire sky during normal survey operations

R. Caputo, UCSC | CosPA 2016 36
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Thank you!
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