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UHE particle astrophysics with multiple messengers

Image credits: Carmelo Evoli
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(ultra-)high-energy cosmic messengers. detection principle
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ultra-high-energy particle astrophysics: the landscape
Alves Batista et al. Front. Astron. Space. Sci. 6 (2019) 23. arXiv:1903.06714

comparable!

common origin?

hypothesis

production 
in source

cosmological 
propagation

need to understand how particles are 
produced and how they propagate
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connecting the messengers: 
production & propagation



100 105 1010 1015 1020 1025

Robj [m]

10°14

10°7

1

107

1014

B
o
bj
[T
]

knee
ankle

1 PG-

1 kG-

1 µG-

1 nG-

1 G-

1 pc

-

1 AU
-

Hubble horizon

-

1 km

-

1 kpc

-

1 EeV

1000 EeV

LHC

neutron
stars white

dwarfs

magnetars

galaxy
clusters

LL GRBs

HL GRBs

GRB
afterglow

SNRs

AGN (knots
hotspots, lobes)

AGN
jets

sun
spots

interplanetary
space

starburst
winds

Rafael Alves Batista   |  LPPC Seminar, Harvard  |  Mar 29, 2023  |  Astrophysics with utra-high-energy cosmic messengers7

(ultra-)high-energy cosmic messengers: production and synergies

electrons

cosmic rays

photons

particle 
acceleration

neutrinos

photohadronic 
photonuclear 

electromagnetic 
hadronuclear 

others (negligible)

‣ how are (ultra-)high-energy particles produced? 

✦ charged particles: electromagnetic acceleration 

✦ neutral particles: particle interactions

ultra-high-energy (particle) astrophysics: 
messengers above ~ 1 EeV and their by-products

Hillas 
criterion

Emax ∼ 2qvshBRL ∼ 1018Z ( B
μG) ( R

kpc) eV
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multimessenger picture: sources
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multimessenger propagation picture: cosmic rays
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multimessenger propagation picture: gamma rays
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multimessenger propagation picture: neutrinos
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multimessenger propagation picture: photon backgrounds
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CRB Niţu et al. 2021

cosmic radio 
background (CRB)

extragalactic 
background light 

(EBL)

cosmic 
microwave 
background 

(CMB)



Rafael Alves Batista   |  LPPC Seminar, Harvard  |  Mar 29, 2023  |  Astrophysics with utra-high-energy cosmic messengers13

multimessenger propagation picture: intergalactic magnetic fields

contribution of voids dominate 
over cosmological distances

Alves Batista, Shin, Devriendt, Semikoz, Sigl. PRD, 96 (2017) 023010. arXiv:1704.05869
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voids

magnetic fields are very uncertain → a 
problem for UHE astronomy(?)
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simulating multimessenger signals

astrophysical 
inputs

propagation

outputs

injection spectrum 
initial composition 
source distribution 
source emissivity evolution

particle interactions 
particle acceleration 
background photon fields 
background matter fields 
magnetic fields

spectrum 
composition 
arrival directions 
arrival times

observations
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modelling the propagation

‣ mixing all ingredients → interpret (fit) observations 
based on models 

‣ this should be done self-consistently for all messengers 

‣ need to scan full parameter space of uncertainties

multimessenger 
simulation 
framework



Rafael Alves Batista   |  LPPC Seminar, Harvard  |  Mar 29, 2023  |  Astrophysics with utra-high-energy cosmic messengers16

the CRPropa framework

‣ publicly available Monte Carlo code 

‣ propagation of high-energy cosmic rays, gamma rays, 
neutrinos, and electrons 

‣ propagation in any environment (Galactic, extragalactic, 
around sources) 

‣ modular structure 

‣ parallelisation with OpenMP 

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

while
active

candidate
= particle

interactions /
energy losses

acceleration

cosmology

geometry

observer

break
conditions

propagation

crpropa.desy.de

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

Alves Batista et al.  JCAP 09 (2022) 035.  arXiv:2208.00107

https://github.com/CRPropa/CRPropa3
http://crpropa.desy.de
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the CRPropa framework: multimessenger connections

processes
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towards a unified framework for 
(ultra-)high-energy multimessenger studies
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the CRPropa framework: applications
fit UHECR measurements test UHECR source models transition G-EG CRs diffusion of Galactic CRs

gamma rays + IGMFs neutrinos from galaxy clusters cosmogenic neutrinos EGMF constraints
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Alves Batista, de Almeida, Lago, Kotera. 
JCAP 01 (2019) 002. arXiv:1806.10879

Eichmann et al. JCAP 02 (2018) 036. 
arXiv:1701.06792

Thoudam et al. Astron. Astrophys. 595 
(2016) A33. arXiv:1605.03111

Merten et al. JCAP 06 (2016) 046. 
arXiv:1704.07484

CTA Consortium. JCAP 02 (2021) 048. 
arXiv:2010.01349

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

GRAND Collaboration. Science China Phys 
63 (2020) 219501. arXiv:1810.09994

van Vliet, Palladino, Taylor, Winter. MNRAS 
510 (2022) 1289. arXiv:2104.05732

... and much more!
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making sense of UHE 
observations
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cosmic rays + photons + neutrinos: cosmogenic connections
EeV CRs, PeV neutrinos, TeV gamma rays: 

is there a cosmogenic connection?
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UHECR measurements
Pierre Auger Collaboration. Phys. Rev. Lett. 125 (2020) 121106. arXiv:2008.06488
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UHECR measurements: fit & cosmogenic neutrino predictions
Alves Batista, de Almeida, Lago, Kotera. JCAP 01 (2019) 002. arXiv:1806.10879
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UHECR measurements: fit & cosmogenic photon predictions
Alves Batista, de Almeida, Lago, Kotera. JCAP 01 (2019) 002. arXiv:1806.10879
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cosmic rays + photons + neutrinos:  source connections
EeV CRs, PeV neutrinos, TeV gamma rays: 

is there a cosmogenic connection? unclear

is there a source connection?
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a multimessenger view of galaxy clusters
Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. MNRAS 507 (2021) 1762. arXiv:2101.07702 

Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. To appear in Nature Comms. arXiv:2203.01260
1 EeV

0.1 EeV

contribution of clusters to diffuse gamma-ray and 
neutrino backgrounds may be sizeable



Rafael Alves Batista   |  LPPC Seminar, Harvard  |  Mar 29, 2023  |  Astrophysics with utra-high-energy cosmic messengers26

cosmic rays + photons + neutrinos:  source connections
EeV CRs, PeV neutrinos, TeV gamma rays: 

is there a cosmogenic connection? unclear

is there a source connection?possibly
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cosmic rays + photons + neutrinos:  source connections

EeV CRs, PeV neutrinos, TeV gamma rays: 

source or cosmogenic origin? look at individual 
objects!
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TXS 0506+056: UHE neutrinos

‣ TXS 0506+056: (possibly) first HE neutrino source 
to be identified 

‣ observations: neutrino + electromagnetic 

‣ are there UHE neutrinos as well? 
✦ no

Pierre Auger Collaboration. ApJ 902 (2020) 105. arXiv:2010.10953
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the brightest-ever gamma-ray burst: GRB 221009A
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the brightest-ever gamma-ray burst: GRB 221009A
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simulated with

observations can be explained without 
exotic physics → (mostly) Bethe-Heitler 

pair production by UHECRs

R. Alves Batista. arXiv:2210.12855
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fundamental physics 
and cosmology 
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cosmic magnetic fields
Alves Batista & Saveliev. Universe 7 (2021) 223. arXiv:2105.12020

reduce uncertainties in magnetic 
fields → smaller angular/
temporal uncertainties in 
multimessenger studies
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intergalactic magnetic fields with CTA
CTA Consortium. JCAP 02 (2021) 048. arXiv:2010.01349
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LIV: cosmic rays and photons
Pierre Auger Collaboration. JCAP 01 (2022) 023. arXiv:2112.06773
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p + γbg → p + π0 

p + γbg → n + π+ 

π0 → γ + γ
π+ → νµ + µ+

µ+ → e+ + νe + νµ(similar for nuclei)

photopion production
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deformed relativistic kinematics

‣ start off with Finsler geometry 

✦ defines a causal structure  

✦ defines observers and their measurements 

✦ encodes gravity in its dynamics 

‣ compute physical momentum 

‣ lifetime of fundamental particles is modified

F( ·x) = η ( ·x, ·x) − ℓm
2

·x0δij
·xi ·xj

η ( ·x, ·x)

pμ = m
∂F
∂ ·xμ

p0(v) = γm − ℓm2

2 (γ2 − 1) (2γ2 − 1)
pi(v) = − γmvi + ℓm2viγ4

τ = τ0
p0
m [1 + ℓ

2 ( m2

p0
+ p3

0
m2 − 2p0)] ≡ τ0γDSR

Lobo, Pfeiffer, Morais, Alves Batista, Bezerra. JHEP 09 (2022) 3. arXiv:2112.12172
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the future
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timeline for UHE observatories
Coleman et al. Astropart. Phys. 149 (2023) 102829. arXiv:2205.05845
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next-generation UHE observatories
Coleman et al. Astropart. Phys. 149 (2023) 102829. arXiv:2205.05845
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GRAND: science case
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GRAND Collaboration. Science China 63 (2020)  219501. arXiv:1810.09994
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GRAND: timeline
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GRAND: deployment of prototypes (GP13)
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outlook & summary
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a summary

‣ unknown sources: EeV UHECRs, PeV neutrinos, 
TeV gamma rays (part of it) 

✦ hypothesis: common origin (cosmogenic or 
sources) 

✦ cosmogenic vs. source origin unclear 

‣ cosmogenic neutrinos and photons remain 
undetected 

✦ could be a background when searching for 
sources 

‣ how far up in energy (beyond measurements) 
do the fluxes extend? 

✦ why is there a cut-off in the UHECR 
spectrum? GZK effect or maximal 
acceleration by sources?

?

‣ UHE messengers as cosmological probes 

‣ UHE messengers as probes of fundamental physics
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towards a unified ultra-high-energy paradigm

‣ theoretical challenges 

✦ self-consistent modelling of all messengers 

✦ scan full parameter space of uncertainties 

✦ computational improvements → microscopic 
transport of particles over cosmological distances 

‣ external input needed to move forward 

✦ knowledge of magnetic fields 

✦ cosmological photon fields  

‣ experimental challenges 

✦ to be tackled by next-generation observatories

GCOS

and many other experiments!
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