The Origin of Ultra-high Energy* Cosmic Rays
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UHECK trivia

0 Highest energy CR =200 Fc\ = 2xj00eN o single nucleus with the
kinetic energy of the highest energy pro gol? ball

o 100 EeV neutron: Relativistic time dilation (y=E/mc2 = 10") = [ifetime is a

million years = can travel across a galaxg without clecaging

o Flux of CRs above 150 EeV = 0.2 /km?/ millennium
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How to deduce the mass and energy of a UHECR

@ DePth of first interaction:

o heavg nucleus: interacts quicklg (starts high)

o Proton: Ist interaction is cleep or shallow

e Shower clevelopment:

o heavg nucleus: shower develops quicklg

o Proton: more interactions ncedccl to reach shower max.

o Primarg energy from integrated fluorescence emission

e Ground signa|:

e M vs muon comPonents = nuclcar mass

o Primar9 energy from total signal
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The Hybrid Observation Method of Auger

Detector signal (arb. units)
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Composition gets <
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mplications of the observations

1<A=<2 7<A<19

o Composition iIs mixed, mass increases with &
* Narrow range of masses at each E.

Rigidity spectrum is narrow: <R=E/Ze>=~4 EV
* Arrival directions: Sources are abundant

* No prominent sources for highest E events:
Sources are transients
7



Binary Neutron Star Mergers
only (currently known) source candidate satisfying all criteria

- Universal rigidity spectrum explained:

1. Magnetic field is generated by gravitational
dynamo »

2. Mass range of BNS is narrow »

Known BNS’s: M= 2.64+0.14 (5%) Mo
(3.2 Mo — 10% (negligible) spread)

 UHECR energy injection rate promising:
- need UHECR energy per merger = 10°0 erg (<1% of total energy emitted )

Q0

G. Farrar, NYU

arXiv: 2405.112004 [astro-ph.HE] & PRL 2025



Binary Neutron Star Mergers
only (currently known) source candidate satisfying all criteria

- Universal rigidity spectrum explained:

t=t orger = 191.66 Ms

me

1. Magnetic field is generated by gravitational
dynamo »

2. Mass range of BNS is narrow »
Known BNS’s: M= 2.64+0.14 (5%) Mo

Unique predictions enable definitive tests:

Kiuchi+ NatureAstron23

e UHECR ene
- need UHE

» EHE v'S « gravitational waves

 Highest energy UHECRS: Z>26

 BNS merger =» initial B =» predict spectrum
= et ev—— ow— [aStro-ph.HE] & PRL 2025

emitted )

G. Farrar, NYU



Questions we can answer now

Where in the merger ejecta does acceleration occur?
(predict spectrum & cutoff)

What is the time profile for UHECR production?
(coincidences between GW and EHE v's?)

 Abundances of different UHECR nuclei?
(r-process nucleosynthesis)
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Outflow after merger (Kasen+2017)

Squeezed dynamical
v = 0.2c-0.3c

Tidal dynamical
Disk wing v = 0.2c-0.3c

v<0.1c
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Topics for today

Outflow after merger (Kasen+2017)

v/ UHECR acceleration occurs in the magnetized outflow R T—
=» Predicts rigidity cutoff Reut and spectral shape v =0.2c-0.3
v UHECR production occurs ~ 1 day after merger Tidal dynamical
(coincidences between GW and EHE v’s...) Disk wind v~ 0SSme
v<0.1c
» Abundances of different UHECR nuclel

s Goriely
e Cowan, Thielemann & Truran
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grav-driven dynamo=»B
t=150ms, 500 km

Gravitational Wave
Emitted
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coolsto ~ 1 MeV
nucleosynthesis
~1 s:r~1010 cm

G. Farrar, NYU
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B drops till synch losses
are subdominant

UHECR acceleration
~1 day: 1014 cm




Gravitational Wave
-mitted

initialization of B
150ms, 500 km

i o123 > 3
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t—-t =151.66 ms
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coolsto ~ 1 MeV
nucleosynthesis
~1s:r~100 cm

G. Farrar, NYU
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r-process nucleosgnthesis B2 H

REVIEWS OF
. MODERN PHYSICS

VoruMme 29, NUMBER 4 OctoBER, 1957

. . . r process.—The nuclear physics of this process de-
Synthesis of the Elements in Stars mands that neutrons be added extremely rapidly, so

E. MARGARET BURBIDGE, G. R. BURBIDGE, WiLrLiaM A. FOWLER, AND F. HOYLE that the total time-scale for the addition of a maximum
; Kellogg Radiation Laboratory, California Institute of Technology, and of about 200 neutrons per iron nucleus is ~10-100 SCC‘
Mount Wilson and Palomar QObservatories, Carnegie Institution of W ashington, , , Rt
; California Institute of Technology, Pasadena, California

“It is the stars, The stars above us, govern our conditions”;
(King Lear, Act IV, Scene 3)

but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
(Julius Caesar, Act I, Scene 2)
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Big Picture
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UHECRSs mainly produced in the
turbulent outflow (maybe some UHECRs also from jets)

(Perego+22)

Comisso, GRF, Muzio ApdL 2024

Spectrum: E-2x x function of (E/Ecu)

S
=
S
=
Z
=
0

—--= E7exp[-(E/E,,)"]
- - - E7sech[(E/E,,)]

Outflow: Magnetized turbulence =» cutoff sech| (E/Ecut)?] (Comisso, GRF, Muzio ApJL 2024)

Jets: Diffusive Shock Acceleration cutoff: exp(-E/Ecut) ???  (Protheroe+Stanev 1997)
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Peak energy when acceleration = 0SS

s Initialize Blir=500km) = 3.3 10lel5 | oo 113 (Kilichip 2023)

* Homologous expansion: B(r) = Bo (r/ro)=3/2 (Rosswog+2014)

 Maximum rigidity CRs at radius r: _

® Rmax (r) o 065 B(r) LCOh (r) (’[urb. accel CFM24) erMX(EV)Rmax Synch&Accel(dashed) lims vs radius

25

< bUt I’equn’e Tsynch-loss (A,Z,R,r) = Taccel (R,B)

* => Rcut (£, A, 1) is intersection |

Te
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BNS initialization =» no-free-parameter
oredictions of Reyt |

 Turbulent outflow: Rcut{p.He.O.Si,

e llel 62 94 720 6.8 60 59 E\

Auger fit: Rcut=6.3 EV (has factor-

o Jet: some proton and/or He; Ecut

2 uncertainty)

~ 11 EeV for proton, Ecut = 35 EeV for He

Additional light component improves Auger fit by 50 (Muzio+2019)

Rmax Synch&Accel(dashed) lims vs radius

1.0x10" 15x10"* 20x10"




Tests of BNS merger scenario

v Successful prediction of Reut

v Eroded r-process nuclei among UCRs (A>56

arrar, NYU




lest 1: £>150 EeV events are
from r-process primaries

i Eonve = 250+70 EeV

+ Ecutre =5 EV x 26 = 130 EeV +1-0 E uncertainty =» 150 EeV

* Auger should look closely at the ~10 events with E > 130 EeV,
to see if they favor A > 56.

G. Farrar, NYU DD



Test 2: EHE Neutrino « Grav. Wave

e Neutrinos come from UHECRSs:

e gspallation neutrons beta decay: E, = 103 (En=R/2) ~ 2 PeV

e photo-pion production: E, = (E/A)/20 ~R/40 ~100 PeV

G. Farrar, NYU
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Source candidates vs keg constraints

Neg = 1025 energy orclinarg Universal Highest
MPC~5 injection galaxy Rmax energy events
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ummary: BNS mergers explain essential
features of UHECRS

- Minimal source-to-source variation

- Spectrum from magnetized turbulence: ~ E-21 sech[(E/Ecut

G. Farrar, NYU
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