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<E per nucleon> ~ 2 EeV ➜ 𝛄 >109 



Today
• Review of UHECR essentials 

• Why BNS mergers are likely to be the site of UHECR production 

• UHECR acceleration in the magnetized turbulent outflow of a BNS merger 

• Predicting the UHECR spectrum and composition 

• Tests 

• What we need from YOU!
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Essential results from observations
• Mixed composition 

• Narrow range of mass at each E:   

• Rigidity spectrum is narrow. <R≡E/Ze> ≈ 4 EV 

• Only significant multipole is dipole ➜                                     
sources are not rare.

• No prominent sources ➜ sources are transients.
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Correct Source model must explain
• Tight mass-energy relation requires minimal population variance.  Excludes 

AGNs, long GRBs & TDEs.   (Ehlert, Oikonomou, Unger 2023)     

• Energy injection rate; source number density 

• Maximum rigidity (Hillas criterion) 

• Highest energy events: 150-250 EeV                                                     
(Amaterasu, Fly’s Eye, >10 Auger above150 EeV)  

• The highest energy events are from transients.
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Binary Neutron Star Mergers: 
the only (currently known) source satisfying all criteria

• Universal rigidity spectrum explained because: 

1. Magnetic field is generated by gravitational                                       
dynamo. 

2. Mass range of BNS is narrow:                                                                  > 
💕 known BNS’s: M= 2.64±0.14 (5%) M⊙ 

• UHECR energy injection rate promising: 
- 𝚪merger = (0.3-1.7)10-6 Mpc-3 yr-1 ; need UHECR energy per merger ≈ 1050 erg (total 
energy emitted > 1052.5 erg).
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Kiuchi+ NatureAstron23

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

 3.2 M⊙ ➝ 10% (negligible) spread 



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

• Universal peak rigidity explained because: 

1. Magnetic field is generated by gravitational                                       
dynamo. 

2. Mass range of BNS is narrow:                                                                  
known BNS’s: M= 2.64±0.14 (5%) M⊙ 

• UHECR energy injection rate promising: 

- 𝚪merger = (0.3-1.7)10-6 Mpc-3 yr-1 ; need UHECR energy per merger ≈ 1050 
erg (total energy emitted > 1052.5 erg).
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Kiuchi+ NatureAstron23

 Unique predictions enable definitive tests:
• EHE 𝛎’s ↔ gravitational waves  
•  Highest energy UHECRs: Z>26 
•  BNS merger ➜ initial B ➜ predict spectrum

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



Topics for today
• Where in the merger ejecta does UHECR acceleration occur?  ➜ Predict 

rigidity cutoff Rcut  and spectral shape

• What is the time profile for UHECR production?  (coincidences between 
GW and EHE 𝛎’s…)

• What are the relative abundances of different nuclei?

11 Kasen+2017

Te-Xe

Z=52-54



UHECRs mainly produced in the  
turbulent outflow  (maybe some UHECRs also from jets)

• Composition:  UHECRs have masses up to (at least) Fe, but jets only have p,He

•  Spectrum:  E-2.x  × function of (E/Ecut)  

- Outflow:  Magnetized turbulence cutoff: sech[ (E/Ecut)2]    (Comisso, GRF, Muzio ApJL 2024) 

- Jets:    Diffusive Shock Acceleration cutoff: exp(-E/Ecut) ???   (Protheroe+Stanev 1997) 

12UHECR data strongly favor sech[(E/Ecut)2] cutoff 

(Perego+22)
Comisso, GRF, Muzio ApJL 2024



Big Picture
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Gravitational Wave
Emitted

initialization of B
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• (Kiuchi+2023)

cools to ~ 1 MeV 
nucleosynthesis 
~1 s: 1010 cm
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cools to ~ 1 MeV 
nucleosynthesis
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Big Picture
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Gravitational Wave 
Emitted

initialization of B 
150ms, 500 km

• (Kiuchi+2023)

cools to ~ 1 MeV 
nucleosynthesis 
~1 s: 1010 cm

time

Duration of “hypernova” 
• depends on NS EoS 
‣ p,He balance in jet 
‣ total energy output

cools to ~ 1 MeV 
nucleosynthesis 
~1 s: r~1010 cm B drops till 

  
UHECR accel 

~1 day: 1014 cm



Big Picture
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Gravitational Wave 
Emitted

initialization of B 
150ms, 500 km

• (Kiuchi+2023)

cools to ~ 1 MeV 
nucleosynthesis 
~1 s: 1010 cm

time

Nucleosynthesis: 
‣ p,He in jet 
‣ Z,N≥20 elsewhere

cools to ~ 1 MeV 
nucleosynthesis 
~1 s: r~1010 cm



Big Picture
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Gravitational Wave 
Emitted

initialization of B 
150ms, 500 km

• (Kiuchi+2023)

cools to ~ 1 MeV 
nucleosynthesis 
~1 s: r~1010 cm B drops till 

  
UHECR accel 

~1 day: 1014 cm

time

• some nuclei accelerated to 
KE > 100 MeV 

• collisions ➜ breakup 
‣ range of A’s 
‣ fixes composition



Big Picture
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Gravitational Wave
Emitted

initialization of B
150ms, 500 km

• (Kiuchi+2023)

cools to ~ 1 MeV 
nucleosynthesis 
~1 s: 1010 cm

time

cools to ~ 1 MeV 
nucleosynthesis
~1 s: r~1010 cm B drops till 

  
UHECR accel

~1 day: 1014 cm

Predict Rcut  
for different {Z,A}



Predicting the UHECR spectral cutoff, Rcut,               
in the BNS magnetized turbulent outflow (1)

For a given B field, maximum energy of CR is set by   𝛕synch-loss ≈ 𝛕accel    

• 𝛕synch-loss depends on A, Z, B, & 𝑹igidity (= 𝛄 A/Z mp):   

• 𝛕accel  ≈ rLar/c ∼ (E/Z = 𝑹) / B   

𝛕accel / 𝛕synch-loss ∼ 1 ⇒  max B for given 𝑹

Fe

O
Bcrit,He = 3.7kG

at R = 5 EV
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Predicting Rcut  in the BNS magnetized 
turbulent outflow  (2)

• Initialize B(r=500 km) = 3.3 1012 G; Lcoh ≈  r/3    (Kiuchi+2023) 

• Assume that  B(r) = B0 (r/r0)-3/2  ; homologous expn (Rosswog+2014) 

• Maximum rigidity of CR when radius is r:  

•  Rmax (r) = 0.65 B(r) Lcoh (r)    (turb. accel. CFM24) 

•  but require 𝛕synch-loss (A,Z,R,r) ≿ 𝛕accel (R,B)  

•  ➜ Rcut (Z, A, r) is intersection    
p
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Rcut {p,He,O,Si,Fe,Te} ≈ {6.2, 9.4, 7.1, 6.3, 6.0, 5.9} EV
fit to Auger data assuming common ➜ Rcut = 6.8 EV



Essential UHECR facts explained!
• Spectrum from magnetized turbulence:   ∼ E-2.1 sech[(E/Ecut)2] 

• At each E, the range of masses is narrow:
- Minimal source-to-source variation 
- Rigidity spectrum of individual sources is narrow (sech) 
- Rcut ≈ 6-9 EV     (observed: Rcut = 6.3+6.3-2.3   EV ) 

• First explanation for highest energy events:  EXCELLENT interpretation as 
originating in A~130 Tellurium/Xenon peak. 
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   E = R ZTe-Xe  ≈ 4.5 EV x (52-54) = 240 EeV 
  EOMG ≈ 250±70 EeV,  EAmaterasu ≈ 212±25 EeV



Tests of BNS merger scenario
✓ Eroded r-process nuclei among UCRs (A>56) 

✓ Successful prediction of Rcut 

• Characteristic pattern of Rcut slightly varying with A reflecting 
synchrotron-limited acceleration 

• flux of EHE neutrinos 

• GW-𝛎 coincidences for EHE 𝛎’s (E> PeV) - time delay ≈1 day
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EHE Neutrino production
• Neutrinos come from UHECRs: 

• spallation neutrons beta decay:   E𝛎 ≈ 10-3 (En≈𝑹/2) ~ 2 PeV  

• photo-pion production:  E𝛎 ≾ (E/A)/20 ~𝑹/40 ~100 PeV 

• Time delay for 𝛎 is > time for ejecta to expand to 1014 cm where UHECRs 
form:  
• <vej > = 0.1 c ➜ delay of O(day)

22

To do:  make better estimate of rate of observing GW-nu coincidences
very crude: 1/yr with Cosmic Explorer, Einstein telescope & ICGen2



Path to predict UCR composition
• Initialize from r-process simulations

- Depends on NS EoS & … but will improve 

- Beyond ~ 30o, most nuclei are heavier than ~Fe 

• Follow expansion as outflow radius increases
- CRs accelerated to  ≿100 MeV collide, producing spallation 

- lighter nuclei are formed 

• Need PIC simulations 
• Expanding magnetized turbulence 

• “Uptake probability” into acceleration chain, to calculate  absolute magnitude of CR component.
23



Summary

New suggestion:   UHECRs are produced in binary NS mergers. 
Uniquely, potentially satisfies all requirements:  

Universal Maximum Rigidity explained — predicted value agrees with data. 
TBD: Total UHECR power (depends on BNS merger rate & power in CRs) 

Highest energy events are r-process nuclei — testable by Auger 

EHE neutrinos, and coincidences with GWs or sGRBs from BNS-merger
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Needed from YOU!!!
• BNS merger (simulation) community:

• photon field at large radii, to calculate spallation 

• nucleosynthesis abundances 

• Nuclear physics community:   

• breakup cross sections for reaction networks to predict UHECR composition 

• Particle Acceleration/Plasma Physics community:

• PIC simulation for spherically expanding system 

• PIC simulations to understand uptake
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Backup slides
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Source candidates vs key constraints

nS ≿ 10-3.5  

Mpc-3

energy 
injection

ordinary 
galaxy

Universal 
Rmax

Highest 
energy events

Powerful AGN [✘] ✔︎ ✘ ✘ ✘

Long GRBs [✘] ✘ ✘ ✘ ✘

TidalDistruption 
Events

? ? ✔︎ ✘ ✘

Accretion 
Shocks

? ? [✘] ✘ ✘

BNS mergers ✔︎ [✔︎] ✔︎ ✔︎ ✔︎

(All can satisfy Hillas  size > Larmor radius)
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Very highest energy UHECRs explained! 
(with narrow Rigidity ≈ 4.5 EV, where do UCR’s above 100 EeV come from?) 

r-process nucleosynthesis takes place in BNS mergers 

sometimes an r-nucleus is swept up and accelerated 

➜ E = R ZTe-Xe  ≈ 4.5 EV x (52-54) = 240 EeV   

•    Excellent agreement with OMG and Amaterasu! 

•    EOMG ≈ 250±70 EeV*,  EAmaterasu ≈ 212±25 EeV**

Kasen+17

*with modern air fluorescence yield       **higher if a proton

Te-Xe

Z=52-54
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Spectrum for Magnetized Turbulence
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31*σ ≈ Umag/KEden

*
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33Rcut = 0.65 B Lcoh
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Interactions in surroundings and 
propagation from source

• Flexible treatment of processing leaving source 
Unger, GF, Anchordoqui 2015, Muzio+GF 2023 

• Hardens the spectrum, since highest rigidity 
particles escape more readily 

• UCRs spallate in source environment, CMB and 
EGBL:  E/A (thus E/Z) approximately constant

36 Zhang+ 2405.17409



37E-s exp(-E/Ecut) require s ≈ 1 and get much worse fit



Does spectral cutoff discriminate between 
acceleration mechanisms?

• The sech[(E/Ecut)2] spectral cutoff of magnetized turbulence fits well, but is it generic? 

• Analytic treatment (Protheroe+Stanev 1999):  DSA ➜ E-2 exp(-E/Ecut) or softer 

• exp(-E/Ecut) cutoff gives poor fit to UCR data while sech[(E/Ecut)2] cutoff fits well 
(Comisso, GRF, Muzio ApJL 2024)  

• Must measure spectral cutoff in PIC simulations, for other acceleration mechanisms!

• Should also measure:
• ``Uptake efficiency” versus Z & A    ∼(Z/A), (Z/A)2, …??? 
• What is the low energy (rigidity) cutoff?  What governs it?
• Evolution of UB while CRs are accelerated?  Does CR acceleration sap UB and “shut down”? 
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G. Farrar, CDY lecture, June 14, 2023 R. Engel, CRMME22

Key components of UHECR observatory: 
• 1600 (ea) Water Cherenkov & Scintillator Detectors, 1.5 km spacing (100%) 
• Radio (100%, best for large zenith angle) 
• Fluorescence Detector ➜ Longitudinal profile (15%) 
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Achieving correct hadronic interaction models (HIMs)

• No accelerator-tuned HIM accurately describes the muon                
content and Xmax seen in UHECR shower observations


• Phase II tools should identify source of the problem  


• Underground muons ➜ muon spectral info 

• SSD/RD ➜ more precise  EM/hadronic separation   

• WCD + SSD/RD + FD + UMC ➜ MULTI-HYBRID composition assignment                                          

• Phase II + Machine Learning enables quality composition estimation 
for all Phase I data  (>60k events above the ankle)  

• Accurate HIMs + multi-hybrid composition ➜ robust A, Z inference

Auger Phys.Rev.D 109 (2024) 10, 102001
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“Muon Problem”

• Ground signal (S38) & Xmax distribution should not 
depend on zenith 

•Muon problem ➜ muon AND Xmax problems   

•  
• After shift, composition determination agrees between 
models, and becomes heavier than before.
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PRD2024



  EVERY EHE 𝛎 should be accompanied by a gravitational wave  from the 
NS merger.            

 Cosmic Explorer+EinsteinTelescope+IceCube-Gen2 x few yrs:   very 
promising 

GW170817 also accompanied by EHE neutrinos but  estimated fluence for            most 
favorable case of aligned jet << 0.15  GeV cm-2 per flavor.                                                        
Sensitivity not adequate by orders of magnitude

Future test of BNS-merger origin: 
EHE neutrino ≈coincident with GW from BNS merger 

Antares, IceCube, Auger, LVK ‘1742



r-process nucleosynthesis  B2FH
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Merging NS’s produce “r-process” elements
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image credit

And see Nicole Vassh movie  https://www.google.com/search?client=safari&rls=en&q=r-process+nucleosynthesis+movie&ie=UTF-8&oe=UTF-8#fpstate=ive&vld=cid:94d4d99d,vid:P1tHGLdXRTw,st:361 

N

Z
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G. Farrar, CDY lecture, June 14, 2023

V. Versi, UHECR22

WCD = water Cherenkov detector; FD = fluorescence detector

Major Upgrades Underway
TA x 4AugerPrime 

Adding  capability for better particle ID: 
Scintillators; underground muon detectors…
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