Neutrinos and gamma rays

Two complimentary messengers
of the non-thermal universe

Markus Ackermann
Humboldt Kolleg
KitzbUhel, 30.06.2016

"

Alexander von Humboldt
Stiftung/Foundation

ICECUBE PRELIMINARY

:: WIPAC

©©® wisconsiN IcECUBE
. . PARTICLE ASTROPHYSICS CENTER

Galactic



The thermal universe
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B The “classic” astrophysical messenger:

Thermal emission and spectral lines.

B Thermal emission is seen throughout
the spectrum from radio to x-ray
wavelengths.

Markus Ackermann

Vela-C molecular cloud, far-infrared

Intensity [MJy/sr]

400

350

300

250

200

150

100

50

Cosmic Microwave Background

T T T T T T
COBE Data +——+—

Black Body Spectrum ——

10 12 14 16 18 20

Frequency [1/cm]

22




The non-thermal universe

Cygnus A - 22 cm radio !
g T N Synchrotron

radiation Thermal
radiation

Intensity

Frequency

Milky Way > 1 GeV gamma rays

B Non-thermal emission is produced by
radiative energy loss processes of
high-energy particles

w B Production of high-energy particles:
B Acceleration in astrophysical

Bremsstrahlung " p-p collisions

environments !

B Decay or annihilation of non-

standard model particles ?
Inverse Compton process
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Particle acceleration in the universe
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; 10-1 O Akeno - ground array ) L. .
£ A AGASA-ground array | B We know that efficient particle
™ O FlysEye-air fluoresconce | accelerators must exist in the cosmos !
2 10'4 HiRes1 mono - air fluorescence :
L es2 mono - air fluorescence . . . .
nreszmono-srfuormene || ® Cosmic rays with energies > 102 eV hit
107 O Auger - hybrid | our atmosphere every day.

B What is the connection of the
observed non-thermal emission to the
cosmic rays at Earth ?

B What are the sites that can accelerate
particles to > 10%° eV?

B Which cosmic accelerators dominate
the CR flux in which energy range ?
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Are cosmic rays important ?

Energy densities in the Milky Way

Energy density

~ Milky Way-like spiral galaxy

Cosmic rays 0.8eV/cm3
CMB 0.3eV/cm3
Starlight 0.5eV/cm?d
Magnetic fields ~0.3eV/cm?d

Gas pressure ~0.5eV/cm?3

B Cosmic rays
B heat the interstellar gas
Hinteract with the magnetic fields
Hinfluence star formation

— They are important for Galaxy dynamics
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Acceleration mechanisms Shock

upstream downstream
arXiv:0806.4046

B What are the mechanisms driving such
extreme particle acceleration ?

B Diffusive shock acceleration

Turbulence
L ULF waves
m Acceleration in plasma turbulence
m Magnetic reconnection "

m Electrostatic gaps Diffusive acceleration

Jet of high-speed
particles

Magnetic field

B What can we learn about the . -
astrophysical environments ?
B gas & photon densities
B magnetic fields

Accretion

m bulk motion disk
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Signatures of new physics in the universe

B Some high-energy particles might have
been produced in the annihilation or
decay of non-standard model particles.

B Many particle physics motivated models
for dark matter predict observable
signatures in the non-thermal sky.
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simulated y-ray emission
from dark matter annihilation
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The multi-messenger paradigm

B Every messenger is unique.
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The multi-messenger paradigm

B Every messenger is unique.
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The multi-messenger paradigm

B Every messenger is unique.

Inverse Compton ‘ Synchrotron
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The multi-messenger paradigm

B Every messenger is unique.
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Neutrinos can escape dense environments

B High-energy neutrinos from core-collapse SNe.
(e.g. Ando & Beacom, 2005)

B Neutrinos from the cores of active galactic nuclei
(e.g. Stecker et al., 1991)

Py ¢ velocity
distribution

g, rctions B High-energy neutrinos from dark matter annihilation in
e (GRMOT ) the sun.
\/
rc:a.pm
rarl.‘ruimlatil:m
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The gamma-ray horizon

B Above 100 GeV the universe starts to turn opaque for y-rays.
B Only neutrino telescopes can do astronomy at PeV/EeV energies.
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Neutrinos carry flavor

free decay of strong magnetic very strong

P  secondaries fields P rr_lagnetic
fields

{v Qe
N ﬁ A

P.Y

-|-|-+

Flavor ratio _
C Flavor ratio Flavor ratio
Ve. Vu.V . . . .
1 : 2 : O Ve . Vl_j . VT Ve . Vp . V
0:1:0 1:0:0

B Study of flavor ratios can help to distinguish production processes and environments
B Flavor ratios at Earth different to flavor ratios at source due to neutrino oscillations.

Markus Ackermann 11



Detecting photons and neutrinos: Gamma-ray telescopes

Space based

Fermi LAT

30 MeV - 1 TeV
20% of the sky
~1 m2
85% of the year
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Instruments

Energy range
Field-of-view
Effective area

Duty cycle

.' rond based

HESS, MAGIC, Veritas
50 GeV - 100 TeV
~ 0.02% of the sky
~10000 m?

10% of the year
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Gamma-ray telescopes

«/ | : | i Anticoincidence N . .
\@}%‘\ ,\ T = Detector (background rejection) Particle
- Shower

&

~~ Conversion Foll

\‘N
‘ ‘| [~ Particle Tracking
' Detectors

Calorimeter
(energy measurement)

Fermi LAT Instruments HESS, MAGIC, Veritas
30 MeV -1 TeV Energy range 50 GeV - 100 TeV
20% of the sky Field-of-view ~ 0.02% of the sky

~1 m? Effective area ~10000 m?
85% of the year Duty cycle 10% of the year
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Neutrino Telescopes

IceCube Lab
_.\.--‘_-‘:.:.—‘.- s IceTop air-
— - -..":"- R ae— S o /
50 m [— \-:.-..-.. e shower array
! | ]
| (
| | IceCube array
| ] * 86 strings
| || * 5160 optical
| | Sensors
1450 m DeepCore
* 8 strings
* denser
L — spacing
' Eiffel Tower
2450 m
2820 m

lceCube

B Construction completed in 2010
B see talk by F. Halzen for details
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Science with gamma-ray and neutrino telescopes

.... two examples

B What are the extragalactic sources that produce the
highest energy cosmic rays?

B What can we learn about WIMP dark matter ?
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Why are the highest energy cosmic rays extragalactic ?

log [B (G)]

~10 [ arXiv:1506.05916v1

5
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10

15
log [R (cm)]

Hillas criterion: Particle must
be confined in acceleration
region to be accelerated further

Larmor radius <= size of
acceleration region

Emax <= a B racc

Galactic accelerators do not
have large enough B X racc to
reach 1020 eV

Caution: necessary but not
sufficient criterion
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Active Galactic Nuclei and Gamma-ray bursts

dio, X-rays ‘ 4 Radio, X-rays

UV and
visible
13

Supermassive
= black hole

Accretion disk
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X-rays,
visible,
then radio

Stellar-mass

/ black hole
iy

Accretion disk
“ (100 km)

Helium

Hydrogen

Collapsar

“‘7 Gamma ray burst

35000

1 ] I L 1 4 I

1 GRB 130427A:

300004 GBM light curve > 1 MeV |

25000

15000 —\ o “

10000 ‘ .;

5000 - { .

Time since trigger (s)

B Active Galactic Nucleus:

Accretion of matter
around supermassive
black hole produces
relativistic jets

B Gamma-ray Bursts:
Stellar core collapse
produces short-lived
highly relativistic jets

20
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Active Galactic Nuclei and Gamma-ray bursts in gamma rays

3LAC catalog

B Blazars:

B Most abundant extragalactic source of
high-energy gamma rays

B Responsible for >~ 90% of total
extragalactic gamma-ray radiation

S _-'3.0_ _;?.D_ _-_?0. — -_} Q :1:5.0 =18/

®FSRQ
®BL Lac obj.

*Radio galaxy

Ackermann et al., ApJ, 2015

R
TR Ly
B Gamma-ray Bursts: R e g R
m Dominant transient B TN s
phenomenon on gamma- R g x E X X R
180 1T XK X KE f R K %
ray sky e, Gl SRR

1310 GBM GRBs
174 Swift GRBs
73 LAT GRBs
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Connection to neutrinos and cosmic rays

10-5 |

E? x ® [GeVs~!sr !tcm™?

10-10 |

- L. Mohrmann, Ph.D. thesis

| | | I 1 | | | | | |

¢ Diffuse 'y (Fermi LAT) ¢ Cosmic rays (Auger) ]
@ Cosmic v (IceCube, this work) B Cosmic rays (TA) i

] ] | l ] | ] | | ]

B Gamma rays alone cannot probe the presence of ultra-high-energy cosmic rays.

10° 10* 102 10% 10* 10° 10% 107 10® 109 10%0 10!t

E [GeV]

B GeV gamma-rays could be produced by interactions of TeV electrons

B A correlation to the observed cosmic neutrinos would be a strong indication that we
indeed see the accelerators of UHECR.

Markus Ackermann
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Correlation between AGN, GRB and cosmic neutrinos

Markus Ackermann

ICECUBE

3LAC catalog

®BL Lacobj.

*Radio galaxy

ELIMINARY

Fermi GRBs as of 140218

1310 GBM GRBs
174 Swift GRBs
73 LAT GRBs

B No correlation
found between
neutrinos and
Gamma-ray
Blazars or GRBs

Galactic

20



Implications
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B Implications:

B Source properties could suppress neutrino
production

m Observed neutrino signal is unrelated to sources
producing UHECR

m Other sources are responsible for UHECR (see

Neutrino Energy [GeV]

next slide)

B Gamma rays from these sources are
suppressed through internal absorption

9 -7
10 10 —+@+ Ahlers et al.
—+H— Waxman-Bahcall 190

B Gamma-ray Blazars can
contribute only a small fraction
to the observed neutrino flux

B Non-observation of neutrinos in
coincidence with GRBs
excludes model predictions
(which assume that they are the
dominant CR production
sources)

100
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Other source candidates

B Cores / accretion disks of Active Galactic Nuclei

B Shocks in accretion disk or magnetic reconnection could
accelerate particles.

B Intense UV - X-ray photon fields might absorbb gamma rays
and present a good target for neutrino production.

m 1020 eV seems difficult to reach with shock acceleration

Starburst Galaxies

B Galaxies with extreme rates of star formation in specific
regions (starburst region)

m Not clear if shocks in starburst region are strong enough to
accelerate particles to 1020 eV

m Usually assumed transparent to gamma-rays —> difficult to
reconcile with observed gamma-ray sky

... the puzzle just has gotten more interesting.

Markus Ackermann
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Neutrinos, gamma rays & new physics

B We know that cold dark matter dominates the matter in the universe
B Many candidate dark matter particles from particle physics (theory).
B |dentification of DM particles by observation of

B creation in accelerators,

B scattering in direct detection experiments
B annihilation/decay

10% . Generation
10?; _> Direct
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10%
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10” fuzzy CDM l gravitino
107 Te KK graviton
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Neutrinos, gamma rays & new physics

B We know that cold dark matter dominates the matter in the universe
B Many candidate dark matter particles from particle physics (theory).
B |dentification of DM particles by observation of

B creation in accelerators,

B scattering in direct detection experiments
B annihilation/decay
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Indirect searches for WIMP dark matter

B Search for secondaries from the DM annihilation/decay process.

B Gamma-rays or neutrinos from regions with high DM densities.

B Fraction and spectrum of antiparticles in the cosmic rays.

4 . / Gamma-rays
§F 7/ 1

-~
0

)4 W/Z/q ,
WIMP Dark 7
Matter Particles 0 § — /V Ve
Ecpe100GeV ™ =
% WHZ/g et
| Neutrinos.
£ow\
% \( v ) L ,e
_— el\
. \ +afewpl/p, d/d
% T \y . Anti-matte

direct annihilation into gamma rays suppressed
in most models by factor 10-3 - 104
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Fermi LAT

PAMELA
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The clearest signal: Gamma rays from dSph galaxies

20.0

19.5

logyo(J) (GeV? cm™)

175}

17.0
1.0

0.0
-0.5
—-1.0

Residual

Fornax

Bechtol et al., 2015

19.0
18.5F

18.0}

e  Ultra-faint dSph

Classical dSph

0.5}

Distance (kpc)

250 300

B Small spheroidal galaxies in the vicinity
of the Milky way.

B Almost no star formation
® Almost no gas
® \ery high mass-to-light ratio (>>100)

M Little astrophysical background for DM
searches in dSph galaxies.

B Estimate of dwarf mass from stellar
velocity dispersion and half-light radius.

B 20 dSph galaxies in 2014 (continuously
increasing)

The J-factor

[ [ p2eae)aes)
AQ(p,0) los
DM distribution
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Limits on WIMP dark matter from Dwarf Sph Galaxies

10721,

CVn IIB
CVnl o

0o 111 Boo IE* .- la 10—22 —
| :

4-year Pass 7 Limit

6-year Pass 8 Limit
Median Expected
68% Containment

—~~ 107 95% Containment :
S 10—24 .
10—25 J
ol b ]
10—« Ackermann et al,, 2015, PRL 101 10 10° T
[ — 4-year Pass 7 Limit DM Mass (GeV/ 02)
10-22L| — 6-year Pass 8 Limit |
F| -- Median Expected 5
g-2s||  68% Containment m 15 dwarf galaxies observed
~ L 9% Contaiment over 6 years with Fermi LAT.
n I
g 107 m No signal observed.
) [
=~ 10-25] m The best limits on the DM
S annihilation cross section so far.
107%0% B Exclusion limits below the
0= ] thermal relic cross section for
% 3 WIMP masses below 100 GeV

101 102 10°
DM Mass (GeV/c?)
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Future prospects

Funk, 2013
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107
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10—25
10%° O cC*
— I:AT 10 years, 3x more Dwarfs
107 = CTA GC Halo (500 hrs)
10-28 1 ] ool 1 1 a0 aa 1 1 P VN T T T
10 10 10° 10°

My [GeV] Cherenkov 'Telescope Array (CTA)
construction starting 2017 =

B Many candidate dSph galaxies recently
discovered by optical surveys

B Future observations of the ground based CTA
will cover the high-mass range
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What about neutrinos ? Dwarf stacking limits, NFW profile

AT
10 = —— b quarks
ool —— \W bosons
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L 107
102
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10— 10 i 2 3 4 5
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—~ 107"+ + « 559 Contatnintidt”

B Like gamma rays, neutrinos are produced
iIn WIMP annihilation

B But limits on astrophysical sources are not
competitive for most annihilation channels

107 107 10° 10*
DM Mass (GeV/c?)
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The unique channel reserved for neutrinos
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B Sun captures WIMPs that annihilate then in the core

B In equilibrium:
m Capture rate = Annihilation rate

log._(m /GeVc?)

B Measuring WIMP annihilation in the sun is a measurement of the scattering cross

section

B Sun is a hydrogen target — very good sensitivity on spin-dependent cross section.

Markus Ackermann
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Summary

B Neutrinos and gamma-rays are two complementary channels to study the non-
thermal universe

B They allow us new insights about cosmic particle acceleration as well as beyond-
the standard model physics

B The most prominent extragalactic gamma-ray source populations do not produce
the dominant fraction of the observed cosmic neutrinos.

B |nteresting implications for the search for the sources of ultra-high-energy cosmic rays

B Indirect searches for WIMP dark matter do not see a signal.
m [imits are below the thermal relic cross sections up to a WIMP mass of about 100 GeV
B Future gamma-ray telescopes will be able to probe mass ranges up to tens of TeV

B Non-observation of neutrinos from the sun provides the best limits on the spin-
dependent scattering cross section so far.
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