The Indirect Detection of Dark Matter with Gamma—Rays
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Next Week

Doubly indirect searches for dark matter annihilation

Question: What happens if the annihilation produces something fike
electrons and protens, can we see those too?



The Indirect Detection of Dark Matter with Gamma-Rays
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Dark Matter Annihilation

Dark Matter Indirect Detection

Dark Matter il inh

lat a reduced rate)

Unlike accelerator and direct detection seaches, we krow the eress-
section we are looking for

Where Should We Look for Dark Matter?
Lots of possible targets! R
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What Does Dark Matter Annihilate Into?
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If dark matter s it's own antiparticle (or If a dark matter particle
and antiparticle collide), then it can annihilate into any set of
standard model particles and antiparticles

J-Factor

Hurmibes of anmihilations
axpected from astrophysics

Looking for Standard Model Particles

Uneharged pagticles (photons, neutrines) leage
the site of the dark matter annihilation event.
and travel straight to our detectors on earth
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Dark Matter Indirect Detection

thermal freeze-out (early Univ.)

indirect detection (now)
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Dark Matter annihilation in the early universe should still continue today
(at a reduced rate)

Unlike accelerator and direct detection seaches, we know the cross-
section we are looking for!



Complications

The perfect correspondence between the
increasing WIMP cross-section in the early universe
can be spoiled by a few different features:
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However, many models predict some portion of the interaction is
simple - leading to a cross-section today that is relatively close to
the magic3x10% cm’ s



What Does Dark Matter Annihilate Into?

Low-energy photons Positrons
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. Medium-energy Electrons
\ gamma rays

M Neutrinos

- °

stﬂns % .

Antiprotons

Supersymmetric - e
AT T Bosons W/Wrotons

Decay process =)

Why Gamma-Rays?

The Standard Modsl H me: I'nb h W|MP miracle says
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e [,T,N When these particles annihilate, a fraction of that
L cnergy goes into light immediate

So this light tends to have an energy of <-100 GeV
(usually the photon energy peaks at about 1/20th of
the dark matter mass)

If dark matter is it's own antiparticle (or if a dark matter particle
and antiparticle collide), then it can annihilate into any set of

standard model particles and antiparticles




Why Gamma-Rays?

The Standard Model Remember, the WIMP miracle says
Pl that the particle that interacts via a

| weak force, and has a mass on the

weak scale (~100 GeV) can produce the

dark matter

When these particles annihilate, a fraction of that
energy goes into light immediate

So this light tends to have an energy of <~100 GeV
(usually the photon energy peaks at about 1/20th of

the dark matter mass)




. / %m. Uncharged particles (photons, neutrinos) leage
& .e. =% thesite of the dark matter annihilation event,

- and travel straight to our detectors on earth
e this week!
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Where Should We Look for Dark Matter?

Lots of possible targets!

&v.. I AN B i SR
VRS e, Dwarf Spheroidal Galaxies

Galaxy Clusters

Galactic Center
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Via Lactea

Dark Matter Density Profiles

40 kpc

Simulations tell us where the
dark matter density is high

The square of the dark matter

density tells us the annihilation
rate

Aquarius



J-Factor

1 Bmax (N
Ps(AQ) = ir 2<J§ ) / d—E’YdE»Y Number of annihilations
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Measuring Dark Matter in Dwarfs

Can actually measure the velocity of each star - calculate the
gravitational force from dark matter!




Gamma-Ray Instruments

Cherenkov Telescopes
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Construction of the Fermi-LAT

11 incoming gamma ray

I
!

i HH

Anticoincidence
Detector (background rejection)

Conversion Foll

Particle Tracking
Detectors

Calorimeter
(energy measurement)

Gammra sy Lawge Area Space Teleaccpe [GLAST)
- mwhwmumg‘wmwm




Launch of the Fermi-LAT
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June |l, 2008




Fermi-LAT Skymap

NASA'’s Fermi telescope reveals best-ever view of the gamma-ray sky
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Garmma ray
Space Telescope Credit: NASA/DOE/Fermi LAT Collaboration
- EGRET All-Sky Gamma-Ray Survey Above 100 MeV



New Millisecond Radio Pulsars Found in Fermi LAT Unidentified Sources

Fermi-LAT Discoveries - Pulsars

Previously, only 7 gamma-ray pulsars
were observed. The Fermi-LAT has
observed 161 pulsars so far, including 40
new pulsars first detected in gamma-rays.

JI1E10417
J151 -l}-dﬂ J1103-53
J2215+51 8, . _*-..'q.—-_-‘qmﬁ%) — O Y
~ o O O e .
il 2017206 7748 Total number of pulsars: 161
J2302+44 O O JOG14-33
J2214+30 J1902-51

: Young, radio selected: 46
iy B Young, gamma selected: 40
Young, X-ray selected: 4
O Led by Famando Camilo (Columbia Univ) using Australia's CSIRO Parkes Observatory MSP, radio selected : 70

(_) Led by Mallory Roberts (Eureka Sclentific/GMU/NRL) using the NRAO's Green Bank Telescope

Led by Scott Ransom (NRAO) using the Green Bank Telescope f MSP, gamma Selected : 1

O Led by Ismael Cognard (CHNRS) using France's Nangay Radio Telescope

O Led by Mike Keith (ATNF) using Parkes Obsarvatory Found in radio searches of LAT sources : 38
EGRET/COMPTEL pulsars: 7
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 New pulsars discovered in a blind search

Fermi Pulsar Detections S Msssondsmiteyule

@ Young radic pulsars

7 Pulsars seen by Compton Observatory EGRET instrument



Fermi Bubbles

Fermi data reveal giant gamma-ray bubbles

Giant "Bubbles"” of Gamma-Ray
Emission above and below the
galactic center

Thought to be powered by
outburst activity from the Galactic
Center

- Credit: HASAMDCEFemi LATD. Finkheirer et &l

— 50,000 ightyears

-

2014 Douglas Finkbeiner, Tracy Slatyer, and Meng Su

The scientists awarded the 2074 Rossi Prize were Professor Douglas Finkbeiner of the Harvard-Smithsonian Center for Astrophysics (CfA), Professor Tracy
Slatyer of the Massachusetts Institute of Technology (MIT) and Meng Su, a joint Einstein/Pappalardo fellow of physics at MIT and the Kavli Institute for
Astrophysics and Space Research for their discovery, in gamma rays, of the large unanticipated Galactic structure now called the "Fermi Bubbles." From end
to end, Fermi bubbles extend 50,000 light years, or roughly half of the Milky Way's diameter. These structures may be the remnant of an eruption from a
supersized black hole at the center of our Galaxy.




Extragalactic Background

Predicted Cioo/(I)? Maximum fraction of IGRB intensity
[sr] DATA DATA:CLEANED

Blazars 2x 1074 21% 19%

Source class

Star-forming galaxies 2x107"7 100% 100%
Extragalactic dark matter annihilation 1x10°° 95% 83%
Galactic dark matter annihilation 5x 107° 43% 37%
Millisecond pulsars 3x 1072 1.7% 1.5%

New views of the isotropic
gamma-ray emission from all
the structure in the universe

Fermi LAT, 50 months, (FG model A) - Don't know what contributes
Fermi LAT, 50 months, (FG model B) most of the backgrou nd

Fermi LAT, 50 months, (FG model C)

Galactic foreground modeling uncertainty ° Shows the expected
turnover at high energies

E2 dN/JE [MeV cm? s sr ]
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Terrestrial Gamma-Ray Flashes

Can also see gamma-rays from the Earth.

It turns out that gamma-rays are produced

in lightening strikes, cosmic-rays appear to
- be the primary trigger for lightning

! Gomma Rays

0T Tube







How Does an ACT Work?

Look for Cherenkov Light from objects
moving faster than the speed of light
inside a medium (in this case, the
atmosphere)

~10 km Gamma ray

Particle shower

Cherenkov
Effect

What Dees o Cherenkov Shower Look Like?

neutrino =

cosﬁ:ﬁ:ﬂ:l_l

nf n




slide from Andrew McCann

Sky Plane Projection
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Operating ACTS

. o e anl®

Andrew McCann
(Spring Z0IS Compton Lectures)

Cherenkov Telescope Array (Under Development)




~10 km ' Gamma ray

Particle shower

~  HAWC COLLABORATION

High Altitude Water Cherenkov (Puebla,
Mexico)

Looks at the shower itself, as it moves
through massive water tanks




Comparing ACTS to Fermi-LAT to Water Cherenkov Telescopes

Effective Area

Fermi-LAT - | square meter
ACT - 100,000 square meters
HAWC - 10000 square meters

Field of View

Fermi-LAT - 6400 square degrees
ACT - 70 square degrees
HAWC - 15000 square degrees

(2)

(b)

(€)

Angular Resolution
Fermi-LAT - | degree (I GeV)
ACT - 0.03 degrees (I TeV)
HAWC - 0. degrees (10 TeV)

Duty Cycle
Fermi-LAT - 100%
ACT - 25% (2000 hours/year)
HAWC - 100%



Blazars

ACTs can work along
with the Fermi-LAT to
help us understand
the universes most
energetic sources
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Energy [ MeV ]

Extragalactic Background Light

" HESS. + Fermi Observations of a Blazar




Extragalactic Background Light

RN T oo T T rrrg T T TIrrT LU LR

Madau & Pozzeti "00 (HST) »

Elbaz et al. "02 (I1SO)

Papovich et al. "(M (Spitzer)

Fazio et al. "04 (Spitzer)

Xu et al. "05 (GALEX)

Dole et al. "06 (Spitzer)

Frayer et al. "06 (Spitzer)

9 Gardner et al, "00 (HST)

,v \ Berta et al. "1 1 (Hershel/PEP)

- ‘} Wright & Reese 00 (DIRBE) +
f& Wright "04 (DIRBE)

\ \\ Levenson et al. "07 (DIRBE)

Levenson & Wright "08 (DIRBE)

Bemnstein 07 (HST)

\ Matsuoka et al. "1 | (Pioneer) o

\ Matsumoto et al, " 11 (IRTS)
Matsuura et al. "'11 (AKARI)

\ Cambrésy et al. "01 (DIRBE) +—&—

Dwek & Arendt "98 (DIRBE) ¢
\ Gornjian et al "00 (DIRBE)
A Finkbewmner et al "00 (DIRBE)

' Hauser et al "98 (DIRBE) ¢
Lagache et al "00 (DIRBE)
Edelstein et al "00 (V oyger)
Brown et al "00 (HST/STIS)
\\ Albert et al ‘08 (MAGIC)

Baseline Model

Kneikse et al, 04

Stecker et al. "06
Franceschini et al. (8
Gilmore et al, 09

Finke et al. "10

\ Kneiske & Dole “10

Yoshiyuki Inoue et al. 2013 ApJ 768 197 Gilmore et al. *12
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Pulsars

Detection of pulses from the Crab Pulsar at energies over 100 GeV!
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VERITAS, this work

Fermi (Abdo et al, 2010)

MAGIC (Aliu et al. 2008)

MAGIC (Albert et al. 2008)
CELESTE (De Naurois et al. 2002)
STACEE (Oser et al. 2001)
HEGRA (Aharonian et al. 2004)
Whipple (Lessard et al. 2000)
Broken power law fit
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Broken power law
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Galactic Center

Supernova Remnant G0.9+0.1

HESS J1745-290 (The Galactic Centre)

Emission along the Galactic Plane

Mystery Source HESS J1745-303 %

Studies of the Galactic Center (by HE.SS.)
have helped uncover the nature of the
source

Aharonian et al. (2008)

Peak Flare
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Observations

Dwarf Galaxies - Galaxy Clusters _ Galactic Center!

HET

Fermi-LAT

Possibly a signal in Fermil .

Will be the subject of the final Compton Lecture

ke

Nature's Cur veballs - Gamma-Ray Lines?

¥ Observation of a Gamma-Ray Line in the

-+ Galactic Center

4

L g o o

¥ %_d Would be a "smoking gun" signature of
et dark matter

Christaph Weniger

........

Extra Photons at 30 GeVl




Dwarf Galaxies

Fermi-LAT

newest Fermi-LAT analysis
strongest limits on dark matter annihilation

Fermi-LAT telescope stacks the popu lation of dwarf galaxies, to
enhance the signal.

Sees no signal and sets strong limits on dark matter annihilation

Atmospheric Cherenkov Telescopes

HFW rofle

m, {Taw)

HESS.

ACTs have done pointed
observations at dwarf galaxies,
and set limits on dark matter
annihilation at high masses




Fermi-LAT

Name GLON GLAT Distance logo(JNFW)»

(deg) (deg) ( kpc) (logyol GeV? em—5 sr]) —

- - = Observed Limit

Bootes | 358.1 69.6 66 18.8 +0.22 - Median Expected
Bootes 11 353.7 68.9 42 1 68% Containment
Bootes I11 35.4 75.4 a7 een oLl
Canes Venatici | 74.3 79.8 17.7 £+ 0.26
Canes Venatici 11 113.6 82.7 17.9 + 0.25
Canis Major 240.0 -8.0
Carina 260.1 -22.2 18.1 + 0.23
Coma Berenices 241.9 83.6 44 19.0 + 0.25
Draco 86.4 .7 ) 18.8 £+ 0.16
Fornax 237.1 -65.7 18.2 4+ 0.21
Hercules 28.7 36.9 18.1 + 0.25
Leo | 226.0 49.1 HY 17.7 £ 0.18
Leo 11 220.2 67.2 23: 176+ 0.18
Leo IV 265.4 56.5 1791+ 0.28
Leo V 261.9 58.5
Pisces 11 79.2 -47.1
Sagittarius 5.6 -14.2 26
Sculptor 287.5 -83.2 1] 18.6 + 0.18 Mass (GeV)
Segue 1 220.5 50.4 23 19.5 + 0.29
Segue 2 149.4 -38.1 35

Sextans 243.5 42.3 86 18.4 +0.27 newest Fcrmi-l_ﬂT anaquis

Ursa Major | 159.4 54.4 97 18.3 4 0.24

Ursa Major 11 152.5 37.4 32 190.3 + 0.28 -I- -I-I -|- d k -H- hl -l-
Urea Minor 060 448 e 1882019 $TrongesT iMITS on adrk matrer anniniidarion
Willman 1 158.6 56.8 38 19.1 4 0.31

The Fermi-LAT Collaboration (2013)
Fermi-LAT telescope stacks the population of dwarf galaxies, to
enhance the signal.

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

Preliminary

(ov) (em” s~

Sees no signal and sets strong limits on dark matter annihilation




Atmospheric Cherenkov Telescopes
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Galaxy Clusters

Fermi-LAT

So far, no observation of gamma-rays from
galaxy clusters, so set upper limits

Fermi=LAT Collaboration (2010)

Veritas abservations of Coma Cluster (2008)

HESS. limits from the Fernax Dwarf

Nada!

Even stacked clusters show no emission!




Fermi-LAT

So far, no observation of gamma-rays from
galaxy clusters, so set upper limits

WMAP models Fornax WMAP models

[ Al SUSY models [ 1 Al SUSY models a
L

Probing the cosmic-ray content of galaxy clusters by stacking
Fermi-LAT count maps

Caote et al. 2003

rt2, (1. Farnicr* . A Mana 3 L 11, Stranmann!, and
ik 10010

1t
TMP Mass [GeV] WIMP Mass [GeV]

1000

Fermi-LAT Collaboration (2010

1 ol E 4 into &n upper li
' [ 2 gh it | fur individual s

Even stacked clusters show no emission!




-
<
=

=
n

L]
£

<
A
-

‘?

—— NFW, Burkert SR10 q,
—— NFW SR10a,

Burkert SR10 a,
= NFW RB02

NFW RS08
— NFW DWO01

Fermi limits for NFW

194 194.5 195 1955 96
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Veritas observations of Coma Cluster (2008)

H.E.S.S. limits from the Fornax Dwarf

Nada!




Galactic Center!

Possibly a signal in Fermi!

Will be the subject of the final Compton Lecture



Nature’s Curveballs - Gamma-Ray Lines?

Observation of a Gamma-Ray Line in the
Galactic Center

Would be a "smoking gun" signature of
dark matter

Christoph Weniger 052101 GV

Why a Smoking Gun?
R Dark Matter can’t annihilate

Lines Started Turning Up Everywhere

Line was fownd in the sample of
Unassociated sources - could

sssssss
f

Extra Photons at 130 GeV!




Why a Smoking Gun?

Dark Matter can't annihilate
directly to two photons

Why? - Well then it would
interact with photons, wouldn't
be dark. Also some problems
with spin

But more complicated diagrams can be constructed
(and should exist) allowing dark matter to annihilate
to photons at loop level

(Y =—




Everybody Get Excited! -

Information Refarences (74) Citations (280)

A Tentative Gamma-Ray Line from Dark Matter Annihilation at the Fermi Large Area '
Telescope

Christoph Weniger (Munich, Max Planck Inst.)
Apr 2012 - 21 pages

JCAP 1208 (2012) 007
DOI: 10.1088/1475-7516/2012/08/007
MPP-2012-73
e-Print: arXiv:1204.2797 [hep-ph] | PDE

Abstract (arXiv)

The observation of a gamma-ray line in the cosmic-ray fluxes would be a smoking-gun signature for dark matter
annihilation or decay in the Universe. We present an improved search for such signatures in the data of the Fermi
Large Area Telescope (LAT), concentrating on energies between 20 and 300 GeV. Besides updating to 43 months of
data, we use a new data-driven technique to select optimized target regions depending on the profile of the Galactic
dark matter halo. In regions close to the Galactic center, we find a 4.6 sigma indication for a gamma-ray line at 130
GeV. When taking into account the look-elsewhere effect the significance of the observed excess is 3.2 sigma. If
interpreted in terms of dark matter particles annihilating into a photon pair, the observations imply a dark matter mass of
129.8\pm2.44+7} {-13} GeV and a partial annihilation cross-section of <\sigma v> = 1.27\pm0.324{+0.18} {-0.28} x
10*-27 cm*3 s*-1 when using the Einasto dark matter profile. The evidence for the signal is based on about 50
photons/ it will take a few years of additional data to clarify its existence.

Spurred tons of interest in the community,
Two key questions:

.) Is the line real?

2.) Why could we see the line, but not the
continuum?
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Lines Started Turning Up Everywhere

Convolving with line spread function
T T I L

|
80

Two lines 1?7

120 160

Line was found in the sample of
unassociated sources - could
mean that they are dark matter
subhalos!

Line was also found in Earth limb

Earth Limb?

Earth Limb:

* Photons from cosmic-ray - atmosphere Limb photons (Z~112 deg)

interaction have Z~112 deg, which implies .~
8 ~ 112 deg — 50 deg ~ 62 deg 1
in standard survey mode

* ©<60 deg possible during ToO
observations with larger
rocking angle

Cosmic rays

Rocking angle |s
50 deg in survey mode
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Oddly, the line seems to be slowly
fading away over time. Statistical
significance is dropping, as
sometimes happens

P7CLEAN_V6, Reg3

T

Accumulated significance [«]

30 40 50 60
Time [months]




Next Week

Doubly indirect searches for dark matter annihilation

Question: What happens if the annihilation produces something like
electrons and protons, can we see those too?
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