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outline of this talk

» multimessenger approach
» ultra-high energy cosmic rays
) gamma rays

» neutrinos

» CRPropa
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multimessenger astroparticle physics
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multimessenger astroparticle physics

astrophysical
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- GWV: gravitational waves

detector ALP: axion-like particles
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multimessenger astroparticle physics

» sources of some particles are not known

» sources may be related to the matter distribution in the

universe

» the presence of photon backgrounds (e.g. CMB, CIB, ...
permeating the universe provide a medium where interactions
will take place

» cosmic magnetic fields (galactic and extragalactic) can affect the
trajectory of particles (cosmic rays and gamma rays)
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multimessenger astroparticle physics

» sources of some particles are not known

matter

» sources may be related to the matter distribution in the distribution

universe

» the presence of photon backgrounds (e.g. CMB, CIB, ..) photon

permeating the universe provide a medium where interactions backgrounds
will take place

» cosmic magnetic fields (galactic and extragalactic) can affect the maghetic

trajectory of particles (cosmic rays and gamma rays) fields
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matter distribution in the universe

DM Density
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photon backgrounds
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cosmic magnetic fields: extragalactic
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cosmic magnetic fields: galactic

Jansson & Farrar model - regular component Jansson & Farrar model - total field

Jansson & Farrar,Ap] 757 (2012) 14
Jansson & Farrar ApJL 761 (2012) L]
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cosmic rays




ultra-high energy cosmic rays (UHECRS)

fundamental
questions

some
problems

» where do they come from!?
» what are they made of?

» how are they accelerated?

» what is the maximum energy they can reach!?
» do we see a GZK cutoff

» where does the transition between galactic and
extragalactic cosmic rays take place!?

» where does the transition between diffusive and
ballistic regimes happen?

» observables from CR experiments: spectrum, composition, anisotropy

» cosmic magnetic fields (galactic and extragalactic) are important

» test new physics scenarios using UHECRs
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the cosmic ray spectrum
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the cosmic ray spectrum
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iInteractions and energy loss processes
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iInteractions and energy loss processes

photopion

production

D+ — A+ s p+ 0 mean free path for nuclei written as a function
n-+nt of the mfp for protons and neutrons

expansion of the  dt I 1 1 E,

universe

T E = ACDM I
dz Hol+z,/Q,(1+2)34+Qx 112 cosmology

pair production

dE A, z

e 3aorh ™2 Z*m.c?kpT f(T)

photodisintegration NT)

1

nuclear decay
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20 proton dripping
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neutron dripping
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number of neutrons number of neutrons
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the “disappointing” model

Aloisio et al.,Astropart. Phys. 34
(2011) 620
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» highest energy cutoff due to maximum acceleration of sources
» no GZK effect
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deflections in extragalactic magnetic fields

RAB, |. Devriendt, D. Semikoz, M.-S. Shin, G. Sigl. In preparation.
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UHECRS from individual sources

Sigl. JCAP 08 (2004) 012
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red: with B field
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UHECR astronomy?

Sigl, Miniati, Ensslin. PRD 70
(2004) 043007
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UHECR astronomy?
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UHECR astronomy?

RAB, |. Devriendt, D. Semikoz, M.-S. Shin, G. Sigl. In preparation.
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» simulations being done by M.-S. Shin, |.
Devriendt, ...

filling factor
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magnetic fields can affect the shape of the
spectrum, so they should be taken into
account when performing simulations text for
one column no picture slide

universal spectrum — expected for a uniform
source distribution (separation << propagation
lengths) — no magnetic field effects

deviations from universal spectrum for pure
iron composition

large scale structures (magnetic field) +
cosmological effects + energy losses —

realistic simulations

cosmological effects may be relevant, mainly at

energies ~ EeV

» need to include cosmological effects in 3D

simulations — 4D simulations




spectrum-composition fits

Aloisio, Berezinsky, Blasi arXiv:1312.7459

1 025

» combined spectrum-composition (ID) fits of the Auger spectrum/

T
14(P,.He,A>4)=1.0, v4(p,He)=2.7

Sl Er ey composition [Aloisio+ *| 3, Taylor °| 3]
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» mixed composition; maximum source acceleration cutoff (no GZK)
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» results suggest an extra (light) class of sources below the ankle might
be needed — Auger + KASCADE-Grande data
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» hard spectra “problem” [Iaylor | 3]: these fits seem to suggest that the

KG light ———
5 PeV

opey sources have spectral indexes harder than expected (Y=1.0-1.6);
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» magnetic horizon effects might soften the hard spectra, making it again
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compatible with Fermi shock acceleration [Mollerach & Roulet " 3]

» magnetic horizon effects do not play a role at EeV energies in realistic

extragalactic magnetic field models [RAB & Sigl "1 4]

» caveat |: hadronic interaction models can fail to describe interactions

at the highest energies (e.g. muon problem [Auger [ 4])

» caveat ll: source distribution, magnetic field model, nearby sources, etc

10%°

— shape of the spectrum is sensitive to these parameters
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gamma rays
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main interactions
» cosmic microwave background (CMB)
» cosmic infrared background (CIB)

» cosmic infrared and optical background
(CIOB)

» universal radio background (URB)

energy losses
» pair production
» double pair production

» adiabatic expansion of the universe

Propagation of high energy cosmic rays, gamma rays and neutrinos
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TeV-GeV flux “problem”

Savelliev et al. arXiv:1311.6752

Essey et al. Ap| 731 (2011) 51
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TeV-GeV flux “problem”

Savelliev et al. arXiv:1311.6752

Essey et al. Ap| 731 (2011) 51
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solutions

» B>10"'7 G disperses the GeV cascade [Neronov & Vovk 10, Taylor+ "I 1]
» plasma instabilities suppresses the development of the cascades [Broderick+ "I | ]
» primary CRs continuously produces TeV gamma rays [Essey+ ’[ | ]

» Lorentz invariance violation [Mavromatos "1 0]

» gamma ray mixing with ALPs or hidden photons [Horns+ ’| 2]
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TeV-GeV flux “problem”

Savelliev et al. arXiv:1311.6752
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solutions

» B>10"'7 G disperses the GeV cascade [Neronov & Vovk 10, Taylor+ "I 1]

» plasma instabilities suppresses the development of the cascades [Broderick+ "I | ]
» primary CRs continuously produces TeV gamma rays [Essey+ ’[ | ]

» Lorentz invariance violation [Mavromatos "1 0]

» gamma ray mixing with ALPs or hidden photons [Horns+ ’| 2]
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electromagnetic cascades

» time delayed photons from primary gamma rays
[Plaga °94, Murase+ "08]

» gamma rays emitted by blazars

» gamma rays produce e*e  pairs — scatter

background photons via inverse Compton

» point-like sources will appear extended [Plaga 94|

» cascades — lower limits on the extragalactic
magnetic field [Neronov & Semikoz 09]

Magnetic diffusion

» flux suppression at E~GeV [Neronov & Semikoz
'09,Vovk+ ’12]
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cluster
simulalions

» controversial issue: plasma instabilities may play a
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role and suppress the development of the cascades
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electromagnetic cascades
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ultra-high energy photons
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results obtained with the EleCa code
[Settimo & De Domenico ’14]
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pion production and neutrinos

proton-gamma proton-proton pion decay

p+y—p+m p+p—p+p+n’ =t +u,
p+y—n+nt p+p—p+nt+at T = U+,
¥ — 2y

(a)v flavors at the source (b)v flavors on Earth

2
.5 | -
» injection of pions with Vi

energy En

» energy loss: dE/dt ~ Ex?

Eou (energy at which
decay equals energy
losses)

Kashti & Waxman. PRL I | - \

95 (2005) 111801 ' ‘ .01 0.1 1
€v/€o,u
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pion production and neutrinos

proton-gamma proton-proton pion decay

p+y—p+m p+p—p+p+n’ =t +u,
p+y—n+nt p+p—p+nt+at T = U+,
7'('0—)2’)/

(a)v flavors at the source (b)v flavors on Earth

1.

[ . . [ ° - \ - \ - * -
» injection of pions with . [ \H -
energy En ~_ 0.5 \ . " 0.5

\ energy loss: G flavors are sensitive to source physics ’i |
Eou (energy ml 1 10 . 0.01 0.1

decay equals energy €v/€o0,u €v/€o,u

losses) C) Vv, (r):Ve On Earth

Kashti & Waxman. PRL I | - \

95 (2005) 111801 ' ‘ .01 0.1 1
€v/€o,u
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Events per 988 Days with deposited E > 60 TeV

Events per 662 Days

-
S
[~

Southern Sky (downgoing)] [Northern Sky (upgoing)
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Bkg. Atmospheric Neutrinos (n/K)
Atmospheric Neutrinos (90% CL Charm Limit)
Atmospheric Neutrinos (90% CL Charm Limit) [assuming no veto]
Bkg.+Signal Best-Fit Astrophysical (best-fit slope E~2%)
- Bkg.+Signal Best-Fit Astrophysical (fixed slope E2)
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B Background Atmospheric Muon Flux

|EED 8kg. Atmospheric Neutrinos (#/X)

Background Stat. and Syst. Uncentainties

- Atmospheric Neutrinos (Benchmark Charm Flux)
—  Atmospheric Neutrinos (90% CL Charm Limit)
——  Signal+Bkg. Best-Fit Astrophysical £ 7 Spectrum
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high energy neutrinos

IceCube Collab. Science
342 (2013) 6161

0 TS=2log(L/LO)

— 4.0

—
I

. - . | e®e Differential Spectrum (best-fit, charm component floats to zero)
e 3.5 o ¢« Differential Spectrum (fit with charm fixed at IC59 90% C.L.)

SR NN W
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origin of high energy neutrinos

galactic sources
» hypernovae [Fox+ ’| 3, Ahlers & Murase "1 4]
» diffusive galactic emission [Ahlers & Murase ’| 4, Neronov+ "| 4]

» unidentified galactic gamma ray sources [Fox+ '/ 3]

extragalactic sources

» galaxy clusters [Berezisnky+ 9/, Murase+ "1 3]

» starburst galaxies [Loeb & Waxman "06, Murase+ "| 3]
» AGNs [Steckert+ "9 1]

» GRBs [Murase & loka ' 3]

» extragalactic hypernovae [Liu+ "[4]
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origin of high energy neutrinos
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origin of high energy neutrinos

)
—
<

T IIIII\I‘ T T TTTTIT T TTTTN{ T “ T IIIII\[ T T TTTTIT T T TTIT = T T T IIIIIIIE
H ! ! . ! H H H =

P

| cosmogenic
origin
[Sigl & vanViiet °14]

—
(@)
(o]
T

Bl B T e W

Auger (ICRC 2013)
UHECR (CRPropa)
IceCube 2012 (v limit)
Auger (v limit)
—— - ANITA-II (v limit)
[0 IceCube Flux Level
neutrinos v (CRPropa)

—
o
ol

Auger (ICRC 2013)
UHECR (CRPropa)
IceCube 2012 (v limit)
Auger (v limit)

102 ANITA-II (v limit)

Pl’lmal"leS IceCube Flux Level

E2dN/dE (eV m? s'sr
E2dN/dE (eV m? s'sr

—
o
w

—_
o
~
-I-I-I-HHII--}-I-ri-l-rrl1--1-1-HHHI-

—_i
o
[¢)

"|"|-rrlml""r"r-r1-|-rr|l""1"1-1-|1111 :

—_i
o
N

| 'I'I'I1| ~

BRI

neutrinns v (CRProna)

cosmogenlc and GRB neutrinos cannot easily +

explain lceCube PeV neutrinos

1C40+59 stacking
GRB limit

E’Jer [GeVZ-em ™25~ st

=== prompt GRB v,u+v#
o cosmogemc V#+VN

. NeuCosrr}A 20 14? ‘ ‘ ‘
1010 10! 107 108 109 1010 1011
E [GeV]

Rafael Alves Batista | Campinas, October; 2014 | Propagation of high energy cosmic rays, gamma rays and neutrinos



origin of high energy neutrinos

 Fermi2010 4+ :
Fermi 2012 —+—
cosmic ray reservoirs

» cosmic ray reservoir (e.g.: starburst

galaxies, clusters, etc)

» hadronuclear origin (pp scenario)

» escape of cosmic rays generate

E2 o [GeV cm?s?t sr'l]

neutrinos

=
Q
O

» explain simultaneously Fermi and

lceCube data o
10° 10' 10° 10° 10%
E [GeV]

10° 10° 107 10°

Murase et al. PRD
90 (2014) 023010
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Fermi Bubbles and neutrinos

» Fermi bubbles origin still unknown  — can
produce associated neutrinos

» small extended excess in IceCube data —
galactic center or Fermi bubbles? (not significant)

Ceait NASA BOE Fern LAT 8 F1 ke o2i21 g

Ahlers & Murase, PRD 90 (2014) 023010 Southern Sky (downgoing) Northern Sky (upgoing)

B Background Atmospheric Muon Flux

B Bkg. Atmospheric Neutrinos (=/K)

Background Stat. and Syst, Uncertainties

- Atmospheric Neutrinos (Benchmark Charm Flux)
- Atmospheric Neutrinos (90% CL Charm Limit)

| = Signal+Bkg. Best-Fit Astrophysical £* Spectrum |
eee Data

[o2]

()]

*  HiSCORE (5yrs, FB)
* LHAASO (1yr, FB)
* HAWC (3yrs, FB)
* CTA (100h, FB)
= = ANTARES (FB, prel.)
® GRAPES-3 (FB)
& CASA-MIA (FB)
'-I—' Fermi Bubble
'—I—' IceCube (FB) !
| | | . . . . R 950 ~0.5 0.0 0.5 1.0
103 102 107! 10 100 102 10> 10% sin(Declination)
Ey [TeV] IceCube Collab. Science 342 (2013) 6161

H

Events per 662 Days
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CRPropa:
simulating the propagation
of high energy particles




e Auger
power laws

—— power laws + smooth function
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cosmic ray observables
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» explain these three observables
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» explain also gamma ray and neutrino counterparts

» magnetic fields and source distribution may affect
spectrum and composition, and certainly affect

anisotropy

» 3D simulations are needed
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» large parameter space — fast simulations
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CRPropa 2
» “official” release
» see Kampert et al.Astropart. Phys. 42 (2013) 41

» ID simulations with cosmology (e.g. source
evolution, adiabatic losses, etc)

» 3D simulations in cosmic magnetic fields
(uniform B, turbulent B, uniform grid)

» source (point sources, uniform distribution,
density grid)

» interaction of particles with background
photons (CMB, CIB, URB)

» secondary gamma rays (kinetic equations -
DINT package)

» secondary neutrinos

» some improvements suggested by Kalashev &
Kido arXiv:1406.0735

CRPropa code

CRPropa 3
» development version

» see RAB et al. arXiv:1307.2643

» complete redesign of the code

» modular structure and python steering

» parallel processing

» 3D simulations with cosmology (“4D mode”)
» galactic magnetic field through lenses

» MC photon propagation (EleCa code)

» large scale magnetic fields through smooth
particle formalism

» updated photodisintegration cross sections
» more IRB models

» improved interaction rate tables

http://crpropa.desy.de
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ID example: UHECRS + secondaries

cosmic rays
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3D simualtion setup: large scale structure

.‘ L , -
i

0 10 20 30 40 60 70
x [Mpc] x [Mpc]

» MHD simulation: Miniati ’02 » magnetic field from the grid

» maximum rigidity = 1000 EeV » composition: 52% proton, 27% helium,

o . o/
» maximum source distance = 4 Gpc | 3% nitrogen, 8% iron

» sources following LSS baryon density » minimum energy = | EeV
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3D + 4D example: spectrum and composition

» adiabatic losses + source evolution +

magnetic fields — realistic description

» 4D mode drawback: slow compared to
3D; particles are detected when its

coordinates are within a hypervolume

—— simulation - 3D

- - - - simulation - 4D

—e— Auger 2013 (prelim.)
1 1 1 1 1 1 11 |

(3 spatial coordinates + time) around
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—
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Auger 2013 (prelim.)

prediction - EPOS-LHC
———— 3D simulation

4D simulation

Auger 2013 (prelim.)
prediction - EPOS-LHC
———— 3D simulation
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3D example: anisotropies

galactic lensing
» assumes no energy losses

» each lens corresponds to a different
energy bin

» lenses generated by backtracking protons
to the galactic border

» nuclei have deflection Z times higher

» technique based on the PARSEC code
[Bretz+’14]

» lenses are applied a posteriori

Edge of Galaxy
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summary and outlook

» difficult to construct model to explain main observables (spectrum, composition and anisotropies)
» understanding cosmic magnetic fields is crucial for particle astronomy
» status:

- UHECRSs can have mixed composition

- highest energy cutoff may be due to maximum source acceleration

- “local” sources may be needed

- extra light component below the ankle

» cosmogenic neutrino and photon fluxes depend on cosmic rays composition, maximum acceleration
and distribution of sources

» lceCube results represent the dawn of the era of neutrino astronomy
» multimessenger studies are now essential to explore all dimensions of the same problem

» future multimessenger studies: cosmic rays + gamma rays + neutrinos + gravitational waves
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Thank you!
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