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structure of this talk

UHECR propagation

UHECR astronomy

cosmogenic neutrinos and photons
high-energy particles from galaxy clusters

part 1

gamma-ray propagation
intergalactic magnetic fields (IGMFs)
multimessenger method for IGMF constraints pa rt 2

plasma instabilities: propagation effects
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part 1

propagation of ultra-
high-energy cosmic rays

ultra-high-energy cosmic rays (UHECRS)

cosmogenic neutrinos and photons
the CRPropa framework

uncertainties in UHECR propagation
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the multimessenger landscape at high energies

10> -
| -+ IceCube HESE,v,6yr -+ FermiEGB KASCADE
10~6{ — IceCube EHE 9yr == Auger2016 A Auger
" }.— Auger2017 @, o TA
E 10_7 E **"'-0-
— 1 ++
” 10-8 o JU[ ___________ fluxes are
N E
IE ] comparable!
S 107°
v Cosmogenic Y
9- 10—10 :
Ta Cosmogenic V — common
N e o
W origin?
10-11 Cosmogenic \u'
] (optimistic)
10—12 _ . | | |
101 103 10° 10’ 10° 101!

Alves Batista et al. Front. Astron. Space. Sci. 6 (2019) 23.  F[GeV]
arXiv:1903.06714

CRs are the key to unveil the non-
thermal (ultra-)high-energy universe
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the cosmic-ray spectrum
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anatomy of the cosmic-ray spectrum
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UHECRs

» where do they come from?
fundamental

. » what are they made of?
questions

» how are they accelerated?

» what is the maximal energy UHECRs can reach?
some

» why do we see a flux suppression at 40 EeV?
problems y PP

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

» can we do UHECR astronomy?
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how do ultra-high-energy
cosmic rays propagate?
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recipes for astroparticle propagation

astrophysical Injection spectrum
Initial composition

Inputs source distribution
source emissivity evolution

particle interactions
particle acceleration

propagation background photon fields
background matter fields
magnetic fields

spectrum
composition
arrival directions
arrival times

outputs

observations
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INGREDIENTS: cosmological radiation fields

EBL Stecker et 6 (UL)
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INGREDIENTS: cosmic magnetic fields
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UHECR propagation: interactions

photopion production

P+ Ybog = p+ o

m = y+y
p+ng—}n+T[+

T = v, + Yt

(similar for nuclei) Ut — et +ve + vy,

Bethe-Heitler pair production

nucleus(A,Z) + Yog — nucleus(A,”Z) + e- + e*

photodisintegration
nucleus(A, Z) + Yog = nucleus(A-1,Z) + n

nucleus(A,Z) + Ypg = nucleus(A-1,Z-1) + p

nuclear decay

nucleus(A,Z) — nucleus(A-4,Z-2) + a
nucleus(A,Z) — nucleus(A,Z+1) + e + ve
nucleus(A,Z) = nucleus(A,Z-1) + e+ + ve
nucleus(A,Z)" — nucleus(A,Z2) +y

nucleus-nucleus interactions
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T — Vy+ U

(similar for nuclei) M- — e + Ve +V,
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ingredients for UHECR propagation: interactions
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CR/Propa CRPropa: an overview

Alves Batista et al. JCAP 05 (2016) 038. arXiv:1603.07142

» publicly available Monte Carlo code
» modular structure propagation

» propagation of cosmic rays,gamma rays,
neutrinos

candidate

» galactic and extragalactic propagation
» modular structure

» parallelisation with OpenMP

geometry
interactions

» development on Github: https://
github.com/CRPropa/CRPropa3

» CRPropa 3.2 coming out very soon! cosmology

crpropa.desy.de
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CR/Propa CRPropa: interactions

inverse
Compton
scattering

nuclear
decay
triplet pair
roduction
P electrons
photo-
disintegration
Interactions
pair
production Bethe- _
Heitler pair
production
photons
photopion
production
double pair
production

elastic
scattering
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CR/Propa CRPropa: propagation modes

Stochastic
Differential
Equations
3D (galactic)

propagation

modes

simple 1D
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CR/Propa CRPropa: magnetic fields

SAGA
interface: uniform
AMR grid

Quimby
interface:
SPH
extragalactic Jansson &
and grid- Farrar 2012
based (mOdlfled)
Terral &
turbglent Ferriere Jansson &
auid 2017 Farrar 2012
. . Pshirkov &
magnetic fields Tinyakov
2011
turbulent toroidal archimedean
(non-grid) halo spiral
. logarithmic
generic .
spiral
uniform

single-mode dipolar
helical
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what are the relevant
uncertainties for
UHECR propagation?
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UHECR propagation uncertainties: EBL model

Alves Batista, Boncioli, di Matteo, van Vliet, Walz. JCAP 10 (2015) 063. arXiv:1508.01824
Alves Batista, Boncioli, di Matteo, van Vliet. JCAP 05 (2019) 006. arXiv:1901.01244
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UHECR propagation uncertainties: photodisintegration

Alves Batista, Boncioli, di Matteo, van Vliet, Walz. JCAP 10 (2015) 063. arXiv:1508.01824
Alves Batista, Boncioli, di Matteo, van Vliet. JCAP 05 (2019) 006. arXiv:1901.01244
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what are the prospects
for UHECR astronomy?

the effects of magnetic fields
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UHECR astronomy?

—— Alves Batista et al. 2017 - model F
————— Alves Batista et al. 2017 - model L
—— Alves Batista et al. 2017 - model S
--------- Alves Batista et al. 2017 - model O
—— Das et al. 2008

— Dolag et al. 2004

— Hackstein et al. 2018 - primordial
——- Hackstein et al. 2018 - primordial2R
————— Hackstein et al. 2018 - primordial3R
—-—+ Hackstein et al. 2018 - astrophysical
N Hackstein et al. 2018 - astrophysicalR

—— Kotera & Lemoine 2009 - B « p/(1 + p_z)
————— Kotera & Lemoine 2009 - B o p°°
——- Kotera & Lemoine 2009 - B  p?/3

\ | — Sigl et al. 2003
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» cosmological simulations of the cosmic web give VERY different results
» power spectrum of magnetic fields affects UHECR astronomy
» we know nothing about extragalactic magnetic fields

» ...but we can set limits
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Alves Batista, Shin, Devriendt, Semikoz, Sigl. PRD, 96 (2017) 023010. arXiv:1704.05869

Ges UNIVERSITY OF
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https://arxiv.org/abs/1704.05869

UHECR deflections in extragalactic magnetic fields

Alves Batista, Shin, Devriendt, Semikoz, Sigl. PRD, 96 (2017) 023010. arXiv:1704.05869
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https://arxiv.org/abs/1704.05869

UHECR deflections in extragalactic magnetic fields

Alves Batista, Shin, Devriendt, Semikoz, Sigl. PRD, 96 (2017) 023010. arXiv:1704.05869
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cosmogenic neutrinos
and photons
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diffuse neutrinos and photons

EeV CRs, PeV neutrinos, TeV gamma rays:
Is there a cosmogenic connection?
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UHECR measurements

spectrum composition
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interpreting the data: spectrum-composition fit

Alves Batista, de Almeida, Lago, Kotera. JCAP 01 (2019) 002. arXiv:1806.10879

m = —1.6;a = +1.0; log(Rmax/V) = 18.7 m=—1.6;a = 4+1.0;log( Rmax/V) = 18.7

®  Auger R
simulation
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. t
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1] — 11<7<20

1 — 21<Z2<26
/
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Y

CRPropa simulations with all relevant interactions

fit to Auger data (2017)

fit favours negative source
evolution with hard injection

uniform source distribution up to zmax=1 . .
spectra dominate by CNO nuclei

five nuclear species: H,He, N, Si, Fe
CR injection: power-law with exponential cut-off

cosmological evolution of sources: (1+z)m
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interpreting the data: cosmogenic neutrinos and photons

Alves Batista, de Almeida, Lago, Kotera. JCAP 01 (2019) 002. arXiv:1806.10879

source evolution: (14 z)™
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» these are pessimistic estimates (zmax=1)

» there are uncertainties due to photodisintegration uncertainties, hadronic interaction models

[Heinze et al. 2019]
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» magnetic fields may increase this flux [Wittkowski & Kampert 2019]

10° 1010 1011 1012 1013

» even so, UHECR data does not seem to explain the diffuse neutrino and gamma-ray fluxes

1014
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diffuse neutrinos and photons

EeV CRs, PeV neutrinos, TeV gamma rays:
is there a cosmogenic connection? » not clear

Is there a source connection? « |
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CR propagation in
galaxy clusters
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cosmological simulations of structure formation

Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. arXiv:2101.07702

» use cosmological simulations of structure formation ~(130 Mpc)3
» selected representative clusters of different masses
» CRPropa simulations

» consider all CR interactions with cluster photon fields, gas, etc.

B(Gauss) 7T

» compute flux of neutrinos (CRs will be trapped) 5 le-06

- 6.e-09
| . 3.e-11
* B 2e-13

- l.e-15
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Alves Batista, de Gouveia Dal Pino, Dolag, Hussain. Proceedings IAU Focus Meeting FM8. arXiv:1811.03062

1 EeV 0.1 EeV

140.0 5 140.0 5
139.5 139.5
6 ——0
139.0 139.0
138.5 1385
r— U r—
a = 2
2 138.0 g 2 138.0
> SN
137.5 — 137.5
137.0 137.0
136.5 136.5
136.0 136.0
112 113 114 115 112 113 114 115
x [Mpc] x [Mpc]

35 Rafael Alves Batista | NBIA Astroparticle Seminar | March 1, 2021 | Propagation of astroparticles: a multimessenger view



diffuse neutrino fluxes

Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. arXiv:2101.07702
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Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. arXiv:2101.07702
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diffuse neutrino fluxes
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structure of this talk

UHECR propagation

UHECR astronomy

cosmogenic neutrinos and photons
high-energy particles from galaxy clusters

part 1

gamma-ray propagation
intergalactic magnetic fields (IGMFs)
multimessenger method for IGMF constraints pa rt 2

plasma instabilities: propagation effects
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part 2
propagation of high-
energy gamma rays

high-energy gamma rays rays
intergalactic magnetic fields

axion-like particles
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diffuse neutrinos and photons

why is the cosmogenic gamma-ray

i intergalactic
flux (~TeV) not similar to the > ¢ )
neutrino flux (~PeV)? propagation
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gamma-ray propagation: interactions

pair production double pair production
y+ybg—>e-+e+ y+ybg—>e-+e++e-+e+
inverse Compton scattering triplet pair production
et +Ypg 2 er +Y €" +Ybg €7 +Y
€ +Ypg > e +Y € +Ybg > € FY
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gamma-ray propagation: interactions

pair production
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inverse Compton scattering
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constraining IGMFs
with gamma rays

how did magnetic fields originate in the Universe?

what are the properties of intergalactic magnetic fields?

Rafael Alves Batista | NBIA Astroparticle Seminar | March 1, 2021 | Propagation of astroparticles: a multimessenger view



45

intergalactic magnetic fields (IGMFs)

10713 10711 10°° 10~ 107> 103 101 10! 103 10°
L [Mpc]
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strategy 1: point-like sources will
appear extended

strategy 2: secondary gamma rays

will arrive with time delays

strategy 3. combination of 1 and 2

— spectral changes

B=10"10G
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EBL: Gilmore et al. 2012
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a multimessenger method
for constraining IGMFs
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TXS 0506+056: the first cosmic neutrino source

A original GCN Notice Fri 22 Sep 17 20:55:13 UT B
6.6° refined best-fit direction IC170922A 6.6°
' IC170922A 50% - area: 0.15 square degrees '
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IceCube Collaboration. Science 361 (2018) 147. arXiv:1807.08794
IceCube Collaboration. Science 361 (2018) eaat1378. arXiv:arXiv:1807.08816
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multimessenger constraints on IGMFs

Alves Batista & Saveliev. ApJL 902 (2020) L11. arXiv:2009.12161

» neutrino flare may be a gamma-ray flare

eneral . .
J . » fit CRPropa simulations for (ai, Emax, Qn, Emaxn, N,Jo) for each (B, L)
idea
» maximise likelihood for pairs (B, L)
» assume AGN active over Atagn~10, 104,107 yr
EBL: Domlnguez et al. 2011; AtAGN = 10%yr EBL: Stecker et aI 2016 (LL); Atagy = 10t yr
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IGMF effects on TXS 0506+056: maximum gamma-ray energy

Saveliey, Alves Batista. MNRAS 500 (2021) 2188. arXiv:2009.09772

014 EBL: Gilmore et al. 2012; Atagy = 10% yr 10_1§BL: Dominguez et al. 2011; Atagy = 107 yr
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do plasma instabilities
quench electromagnetic
cascades?
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do plasma instabilities quench electromagnetic cascades?

Alves Batista, Saveliev, de Gouveia Dal Pino. MNRAS 489 (2019) 3836. arXiv:1904.13345

» plasma instabilities depend on the temperature and density of intergalactic

medium, and on the luminosity of the blazar beam
general

idea

» effect can be approximated as a cooling term for electrons

» grplinst: a CRPropa plugin to account for plasma instability effects on
gamma-ray cascades https:.//github.com/rafaelab/grplinst

Tigm = 10* K; nigy = 107t cm™3; L = 10* erg/s
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do plasma instabilities quench electromagnetic cascades?

Alves Batista, Saveliev, de Gouveia Dal Pino. MNRAS 489 (2019) 3836. arXiv:1904.13345
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summary and outlook
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UHECR propagation contains many uncertainties
magnetic fields may make UHECR astronomy difficult (but not impossible)

to interpret the UHECR data requires a self-consistent framework and detailed
simulations

seem to be the way to study the ultra-high-energy Universe!
detection of cosmogenic neutrinos possible in the future

cluster of galaxies are an important contribution to the diffuse neutrino flux

first ever (weak) constraints on the coherence length: between ~100 kpc and 300 Mpc

magnetic power spectrum may affect gamma-ray propagation — constraints on
magnetogenesis models

plasma instabilities: no major problems for IGMF constraints
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