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Bravo and thanks to Francis

the colleagues who worked so haro




Strong indirect evidence =»

UHECRSs are produced in
Binary Neutron Star Mergers




Binary Neutron Star Mergers
are only (currently known) source candidate satisfying all criteria
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- Mass range of binary NS’s is narrow

- Magnetic field is generated by gravitational
dynamQ Kiuchi+ NatureAstron23

= Magnetic fields have nearly the same strength & structure in all BNSM’s

arXiv: 2405.112004 [astro-ph.HE] & PRL 2025
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Binary Neutron Star Mergers
only (currently known) source candidate satisfying all criteria

Transient, but not long GRB, AGN, TDE ... merger = 191:60 M

EhlertOikonomouUnger23 /4 © "
BNSM: Universal rigidity spectrum explained: 7 or SO\

stron23 |

« May have UHECRs with Z>26

* two populations of light CRs (p or He): jet and spallation
c.r * UHE v spectrum peaks at higher energy (bc sources at lowerz) ~ 9°°




Two distinct populations of UHECRS: (1) accelerated In the
turbulent outflow, (2) accelerated in the jets

(e.q., Perego+22)

11 EeV (p) / 35 EeV (He) * BNS nucleosynthesis:

» Jets contain p or He
» in outflow, A = 40

Kiuchi+ NatureAstron23

- Jets have 10x higher field
strength =» jet p or He reach
A = 40 higher E

Recut=6-7 EV
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No-free-parameter prediction ot Reut

GRF ApdL25 & AAS YouTube

Rmax Synch&Accel(dashed) lims vs radius
Rmax(EV)

R_cut vs radius in jet
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- Turbulent outflow: Rcu g€, 0SiFeTel (6.2 9.4,7.1.6.3. 6.0, 59} EV
e Jet (analyzed as if magnetized turbulence): Ecut =~ 11 EeV (proton), Ecut = 35 EeV (He)

Higher energy p or He component predicted from jet



Strong indirect evidence =»

UHECRSs are produced in
Binary Neutron Star Mergers




BNS merger scenario implies

v Minimal source population variance, Rcut= 6-7 EV

v Two populations of protons: from jet, Ecut =11 EeV;
from photo-disintegration of outflow, Ecut= Rcut/2=6-7 EV

arrar, NYU




Today: new work with Anna Suliga




Injected flux

Escaping flux
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UHECR data vs
best-fit models

jet & outflow
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Fit to Auger spectrum, <InA> & V(In A)

Key parameters of best-fit models:
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Comparing models

Suliga-GF paper coming soon

5-10% r-process component favored

Figure 2: Fit quality (y?) as a function of the heavy-fractions. Best-fit model “jet-p BNS”

(panel A) and “no-jet BNS” model (panel B).
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Highest energy UHECRSs, above 130 EeV, are naturally explained!

GRF arXiv: 2405.112004 & PRL 2025

s Eovg = 250+70 EeV

Fvents above Ecuire =7 EV X 26 = 180 EeV have had
Nno good explanation. Now, r-process =» natural!

Ecutso=RecutZse =7 EV x 34 = 240 EeV

* Auger has =10 events with E > 130 EeV + 10! & Ege Qtahwf
" " -OMG: 320(250)Ee |

EAmaterasu = 212125 EeV

/ )

AS+GF: current Auger dataset contains 21 evts with A>60 and E >80 EeV, 13 evits > 100 EeV

perfect detector, 100x Auger dataset:




The Neutrino Spectrum

depends on source evolution with redshift

§M .. heutrino spectrum
0 discriminates between
= BNS mergers & other
source types

/ . BNS mergers

Redshift 16




Neutrino spectrum harder with BNS

BNS merger rate peaks at z=1, while SFR peaks at z=2
=>» fewer, but higher energy neutrinos

Comoving source density
Ve IC Sensitivity
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Diffuse Neutrino spectrum also probes jet
component of UHECRs

Jet-p B no-jet
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Summary

oredicted jet and outflow confirmed at > 7.2 sigma
mild preterence for presence of A>56
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Fundamental Physics from BNSM UHECRs & v’s

- QCD in strongly interacting regime: Neutron Star Equation of State He/p in jet?

- Particle acceleration:

¢ spectral cutoff of bulk outflow — confirms magnetized turbulence
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lest 2: Every ERE Neutrino Is

accompanied by a Gravitational Wave

e Neutrinos come from UHECRS

» spallation neutrons beta decay: E, = 103 (En=R/2) ~ 2 PeV
e photo-pion production: E, = (E/A)/20 ~R/40 ~100 PeV (KM3NeT

G. Farrar, NYU




E3J 2 J
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Theory to-do list

- Normalized neutrino spectrum from individual BNSM (iikelinood of sGRB or GW coincidence)

- Constrain T in jet and outflow acceleration region from astro/sims

- Impact of expansion on acceleration and UFA analysis
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Fraction Nuclear Composition Mix vs polar angle
: o | | |
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Propagation energy loss length, from SimProp, enters into

extragalactic and surrounding source
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Magnetically dominated turbulence from first-principles PIC simulations
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> The large computational domain allow
us to capture both the MHD cascade
at large scales and the kinetic cascade
at small scales

L. Comisso, GRF, M. Muzio, ApJL2024




Particle acceleration via magnetized turbulence: nonthermal particle spectrum
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> magnetized turbulence accelerates particles into a spectrum of the form:

d_N = NoE™feut (E’ Ecut) with  foy (E’ ECUt) = sech [(E/Ecm)z]

dE
-— L. Comisso, GRF, M. Muzio, ApJL2024




Future test of 5N5~merger origin:
FHE neutrino =coincident with GW from BNS merger

+ FEVERY EHE v should be accompanicd ,'33 a gravitational wave from the
NS merger.

o Cosmic Explorer+E:insteinTelescoPe+lceCube—-GenZ x few yrs: very

GW170817 Neutrino limits (fluence per flavor: v, +7y)
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