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Extra-galactic Cosmic Rays
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@ Hillas criterion favors the origin of UHECRs
in relativistic objects
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(source: Swordy - U.Chicago)
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Acceleration at Relativistic Shocks.

By P M@ﬂf@@m 3G et 1995

Encounter with the shock:

@ Energy gain depends on u;, ji;

Ly

B} =T(E; — Apiz) = TEi(1 — B),

First cycle: & = E ~ 2 (~Compton scattering)

l h
3 - < [ SRS - ~ ~ o=

Elastic scattering (e.qg., gyration):

@ Following cycles: & ~ 2
Back in the upstream:

@ CAVEAT: return not guaranteed!




Acceleration in Relativistic Flows

S SO 27 - QYL SPIOR PR ST T TS R By B TR L SO RPN TR O3

@ Requirement: interface thickness << gyroradius << typical flow size

Laboratory (Downstream)

, Flow: (Upstream)

Most trajectories lead to a ~ I'? energy gain!
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UHECRs from AGN jets: constraints

W PORRY T SNIOR R -SRI ST U1 R By W W ORG ORI B - N e U3 R B W PRGOS O 21 - R R S G RSN e TS R By W R
K

. - . o 4 Emax
aConfinement (Hillas Criterion): LRIz V4

Zoe 1020V

®@Energetics: Quuecr(Ez1018eV)~5x1045erg/Mpc3/yr
Lbol = 1043-10%erg/s; Nagn=10-4/Mpc3
Qacn = a tew 1046-10%8erg/Mpc3/yr >> Quuecr ¢/

@ Reacceleration efficiency required:

@5 > 107 in energy;

@ A jet with opening angle of a few degrees - ".\ | e
reprocesses ~ 1 % of the seeds ' - ) T
@ Contributing AGNs o - )
aLikely radio-loud quasars, blazars, FR-I,... : - | "
N . - 6
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® What kind of AGN can contribute?

Energy density [erg Mpc ™~ dex’']

@ Enough sources within the horizon?

@What if [' ~ a few (e.g., FR-I galaxies) ?

@ Expected anisotropy?

Caprioli 2015, 2018



Testmg Espresso Acceleration

i One shot Two shots
— | -E \
Var: trl ]
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Effective Lorentz factor: I ~ 3.2

@ Espresso works for > 1 % ot the Galactic CR seeds

| : Ao . |
Mbarek & DC 2079 @ Two-shot acceleration (& 2 I™) is also possible!



Spectra and Anisotropy

Hillas Limit
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@ Espresso acceleration occurs up to the Hillas limit

@ First tested bottom-up mechanism for UHECRs

Ll
logio(a;)

® Re-accelerated UHECRs released almost isotropically
-3.4
—3.6

@ Weak dependence on the sign of B,
10g10(@) Mbarek & DC 2019

@ Astro implications of 3D RMHD simulations: RSN
. \ \\\// [ \| | ; b\ (’, ':}i/“'/ ;
= AN - 1, (f %,?,"
£ " ] . N o \-\'l\\ - \\-: 7 //6/,,”
@ Multiple espresso shots allow FR-l galaxies with  EEEEEIAESS '

[' ~ few (e.g., Cen A) to be UHECR sources, too

@ Even non-blazar AGNs may contribute to the
UHECR ftlux at Earth




@ Shear acceleration at the jet-cocoon layer proposed as
source of UHECRs (e.g., Ostrowski 1998, 2000; Kimura+2018)

@ depends on poorly-know scattering rate

@ Added sub-grid Monte Carlo scattering to our RMHD

jet with 7. .. = s (k = 1 - Bohm diffusion)

C

@ Scattering fosters acceleration of low-energy seeds
@ The Hillas limit only achieved via espressol

@ Overall spectrum becomes flatter

Mbarek & Caprioli 2021






UHECR attenuation in realistic AGNs

@ Included loss mechanisms for UHE protons and nuclei: 0 photadisintegration

with photodisintegration: g = 2
with photodisintegration: g= 1.6

@ CR = p CO“ISIOHS wilh photodisintegration: g=1

@ CR - y collisions (nuclei photodisintegration)

Particle Process Reactions

proton-proton (pp) p+p—=p+n+n1" =>p+n+e’ +ve+ v+ Py
photomeson (py) p+7v9—n-+ T > n+et +v.+ v, + v,
Nucleus (N) photomeson (Ny) | N4+ = 2" N4+n+7" 5 4" Ntn+et +ve+v, + 7,
photodisintegration AN+~ —> 2" N+n—->4"N+p+e + e
& neutron decay AN+v— " !N+p
y 107 108 10° 1010
Mbarek, Caprioli & Murase 2022 log1o(E/GeV)

@ Technically challenging & dependent on the AGN photon fields

@ Non-thermal emission (dominant), Broad-Line Region, dusty torus IR, CMB, starlight, ...

@ Even maximizing losses, UHECR composition should remain heavy at the highest energies

@ because espresso acceleration happens far from the jet basis

12



@ 3 channels for UHE neutrinos: — Cosmogenic
” ¢ Kaskade
@ CR - p collisions o

Source v
q=2
SOUIMCE V. ttiesussssdsssnnansnnonnnsasssssssssssnnanannansnnssssssshlannns

@ CR - y collisions (nuclei photodisintegration) il

Cosmogenic v
(£ZM19)

v upper limit

@ [}-decay of secondary nuclei (novel) " for He (NB10)

v upper limit
Proton (p) proton-proton (pp) p+p—=p+n+nt >p+n+te’ +vet+v.+ 7,
photomeson (p~y) p+y—on+rt sntet +vetv,+o,

Nucleus (N) photomeson (Ny) | N+5 = A"'N+n+7" - 47N+ n+e” +ve+vu + 7, : :
photodisintegration AN+ vy >4 IN+n—>4"N+p+e +7e N:v ~ 10°A:1

for Fe (MB10)
& A _y Al
neutron decay N+~ N+p .

Mbarek, Caprioli & Murase 2023

@ AGN contribution may dominate cosmogenic neutrino flux for £ > 10’GeV (ANITA, ARA, POEMMA)

@ IceCube neutrinos (E ~ 10° — 10° GeV ) may come from f-decay of secondary nuclei

@ Due to the role of non-thermal y, possible correlation with AGN tlares (e.g., TXS0506+056)

53



UHE CRs and Neutrinos frOm%Cen A

@ Centaurus A: closest AGN (FR-I, ~4Mpc, L, ; S 10* erg/s)

@ Auger24: 3-25% of UHECR ftlux
from Cen A consistent with 0T

4 )'Q‘«'\‘
AN

B Cen A jet (g=2)
Cen A jet (g=1)

vs from propagation
+confinement in Lobes

2 4 AUGER
4nE “OyRecR

2 TA
4nE “®jiecr

observed spectrum + composition
+ anisotropy

® Cen A can be a UHECR source, but
not powerful enough to be typical

E%¢ [erg cn™2 s71]
- - - -
(- o o (-

L L N L
o BN W N

@ Estimated source neutrino flux
from such UHECRs quite low
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1014 1015 1016

Mbarek, Caprioli & Murase, subm.

Cen A
IceCube-Gen2-10yr UHECRS

CenA jet
neutrino
flux

1017 1018 1019 1020
E(eV)
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Injection and Acceleration of Heavy Nuclei
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, PHYSICAL REVIEW VOLUME 75, NUMBER 8 APRIL 15, 1949

On the Origin of the Cosmic Radiation

ENRICO FERMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are orxgmated
and accelerated prxmanly in the interstellar space of the galaxy by colllsnons against movmg mag-
‘l' I'Q ..‘Q»l‘ = .l‘ ..“,“ ‘! ! ! . < ZQQ ..‘_ -"
'spectral dlstnbutlon of the cosmic rays. The chlef dlﬂiculty is that it falls to explam in a stralght- i
§_forward way the heavy nuclei observed in the primary radiation. *

- — - - S 2 gy - —2 ~ T - = o =

D i e ——— I e R——

g ama = gy e P Y, = >0 g v e a0 o o PSRN 4o g~ K> < 3 Aihaacs _ e i o Lo b sRa T B P P T T —— Ny _ae Yigh . Yog Rasha
o ma At Py e o2 - A2 = Cloy - AERERE -t S SO Sl = DM

Spectra result from balance between acceleration ana dN o F-(147/7)

collisional losses: heavy ions should have steeper spectra! dE



Chemical Composition of Galactic CRs - |

@ Similar to solar at low energies (Simpson 1983); All species have the same spectral slope
10% . ——rre
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@ Depends on volatility (refractory vs volatile elements), on
atomic mass A, on first ionization potential...

)
o
o

1

® Solar System

o
A

O Cosmic Ray flux ot 1 TeV

[H/Fe]solar> 104

o

@ Above ~1 TeV, fluxes of H, He, CNO, and Fe are comparable
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Hybrid Simulations
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e M=10, paraHe\ shock with singly- onized nuclei (Be. i, Spltkovsky 2017)
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Hybrid Simulations with Heavy lons

@ Quasi-parallel shock, M=20
lon DSA when proton DSA
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@ Post-shock T:scales with A

@ Enaxiscales with Z

@ The tail normalization scales with (A;/Z;)?

@ Explains CR chemical enhancements!

DC, Yi & Spitkovsky, 2017




A Summary

Origin Sources Mechanism Ermax Spectrum Evidence
SNRs;  Diffusive : ey

Galactic Star | Acceleration at 3Zx10¢ GeV? Universal ~E-2 = Y
| e.g., Tycho

clusters? non-rel shocks

...................................................................................................................................................................................................................................................................................................................

Anisotropy?
Neutrinos?

Espresso

Ext | AGN
Xtrage CINE in rel flows?

5Zx109 GeV Galactic, boosted
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Honoring Venia Berezinsky

@ No Wikipedia page, except a very simple one in German: This is ridiculous!

&Nichtangcmcldct Diskussionsseite Deitrage Denutzerkonto erstellen Anmelden

Artikel Diskussion Lesen Bsaroeiten Quoltext bearketten Versionsgeschichte | ¥/IPediz durchsuchen Q

-
}E&Fgﬁg&ﬁ: Photograph a histeric site, help Wikipedia, and win a prize. Participate in the world's largest photography competition this month!
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Mitmachen
Weniamin Sergejewitsch Beresinski (russisch BeHnamus Cepreeesud bepezuHekvin, englische Transkription Veniamin Berezinsky; * 17. April 1834 in Stalirgrad, Sowjetunion; 1 16. April 2023 in L'Aquila, Italienlz]} war ein russischer

Artikel verbessern . ) . . . . .
Physicer, der sich mit kosmischer Hohenstrahlung und Astro-Teilchenphysik befasste.
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Srezialseiten Beresinski stucierle an der Lomonosscw-Universitat mit dem Abschluss 1952 und wurde 1965 am Lebedew-Institut promovigrt (Aspirantur). 1975 habiltisrte er sich cort (russischer Doktoriitel). 1962 bis 1971 war er am Lebadew-Institut und

Permanenter Link i . ) . . . . . . ) .
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Kurzlink
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Druckversicn Beresingki arbeitete Uberwiegend als Thaoretiker.

In anderen Sprachen £} 1983 b's 1997 war er im Herausgeker-Gremium von Astronomy Letters und ab 1992 Herausgeber bei Astropariicle Physics.

PyceKmii Er war Mitglied des Istitutc Veneto di Scienze, Lettere ed Arti.
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