Origin of Ultra-high Energy* Cosmic Rays in
Binary Neutron Star Collisions

and the crucial role of nuclear physics

Glennys R. Farrar, New York University
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e 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

arrar, NYU
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Cosmic Rags

G. Farrar, NYU
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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

Sensitivity to mass 15%. duty cycle
and type of primary
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Auger Spectrum
< Xmax>

O'(Xmax)

Composition gets
heavier with energy

A single mass group
dominates at each E

G. Farrar, NYU
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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
9



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

 UHECR energy injection rate promising:
- need UHECR energy per merger = 1050 erg (<1% of total energy emitted )

G. Farrar, NYU 10 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



Topics for today

Outflow after merger (Kasen+2017)

Where in the merger ejecta does UHECR acceleration o&cur? figimased cippmios
V = U.2C—-U.o5C

What is the time profile for UHECR production?
Tidal dynamical

(coincidences between GW and EHE v’s?) ek wing V= 0:26-03¢
ISK WINn

v<0.1c

e Abundances of different UHECR nuclei?

} Auger 2021
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Topics for today

Outflow after merger (Kasen+2017)
v/ UHECR acceleration occurs in the magnetized outflow

Squeezed dynamical

=» Predicts rigidity cutoff Reut and spectral shape v =0.2¢-0.3¢
v/ UHECR production occurs ~ 1 day after merger Tidal dynamical
(coincidences between GW and EHE v’s...) Diskwind ¥~ S RE
v<0.1c
Abundances of dlfferent UHECR nuclei

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 accel
~1 day: 1014 cm




Gravitational Wave
-mitted

initialization of B
150ms, 500 km

i o123 > 3

52.0
51.5

t—-t =151.66 ms

merger
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coolsto ~ 1 MeV
nucleosynthesis
~1s:r~100 cm

G. Farrar, NYU
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B|g PICTUI’@ Expands at v~ 0.1 ¢C
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Big Picture

Gravitational Wave
Emitted

Initialization of B
150ms, 500 km

l(i wc,L—‘; +25— lg-m‘

time Expands at v~ 0.1 ¢C

UHE ¢R S
cools to ~ 1 I\/Ie_\/ e
nucleosynthesis
~18:r~1010¢cm | Y- 27 B drops till

~1 day: 1014 cm
Predict Rcut

for different {Z,A}
) '

G. Farrar, NYU

Next: Predict UHECR composition given §
nuclear physics breakup cross sections



Big Picture
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Predicting Raut for IN the magnetized
turbulent outtlow

t=t erger = 191.66 ms

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

s bl require Tsynch-loss (A,Z,R,r) = Taccel (R,B) )

20

* => Rcut (£, A, 1) is intersection |

Si

Rcut {p,He,0,Si,Fe,Te} ~ {6.2, 9.4, 7.1, 6.3, 6.0, 5.9} EV ’ 3

Te

(cm)
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Tests of BNS merger scenario

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

v Successful prediction of Reut

G. Farrar, NYU




lest 1: E>150 EeV events are

from r-process primaries

E — R ZTe-Xe ~ 45 EV X 52'54 — 240 EeV
. EOMG ~ Oi70 EeV, EAmaterasu ~ 212+25 EeV

G. Farrar, NYU




lest 2: ERE Neutrino production

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




Path to predict UCR composition

- Initialize from r-process simulations

- Depends on NS EoS & ... but will improve

- Beyond ~ 30°, most nuclel are heavier than ~Fe

- Follow expansion as outflow radius increases

G. Farrar, NYU




Need to know...

- BNS merger (simulation) community:

e photon field at large radii, to calculate spallation

* nucleosynthesis abundances

* Nuclear physics community:

G. Farrar, NYU




In sum: BNS mergers explain essential
features of UHECRSs

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

- Minimal source-to-source variation
- R~ 69 EV observed: Reyt = 6.3%63 53 EV

G. Farrar, NYU
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ENERGY LOSS IN PROPAGATION = GZK Horizon

Greisen, Z,a_ts.cpin, Kuzmin (GZK) bound
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Spectrum for Magnetized Turbulence
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Ultra-High-Energy Cosmic Rays Accelerated by|Magnetically Dominated Turbulence
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ABSTRACT

Ultra-High-Energy Cosmic Rays (UHECRS), particles characterized by energies exceeding 1018 eV, ] ] ] ] ] . . _ _
are generally believed to be accelerated electromagnetically in high-energy astrophysical sources. One » The evolution of the pal’th|e den5|ty fs(X, P, t) of SpecCies s In 4 » Solution via partlcle-m-cell method
prf)m.ising me?chanism o.f UHECR.acc?leratior.l is me.xgnetized turbuler}ce. We d(?monstrate from first collisionless p| asma is described by the Vlasov equ ation
principles, using fully kinetic particle-in-cell simulations, that magnetically dominated turbulence ac-
celerates particles on a short timescale, producing a power-law energy distribution with a rigidity- 0 fs p
dependent, sharply defined cutoff well approximated by the form f.u (F, Ecyt) = sech [(E / Ecut)Q]. —
Particle escape from the turbulent accelerating region is energy-dependent, with tese x E~° and ot Mms7ys
6 ~ 1/3. The resulting particle flux from the accelerator follows dN/dEdt « E~*sech [(E/Ecu)?], )
with s ~ 2.1. We fit the Pierre Auger Observatory’s spectrum and composition measurements, taking |p |
. o . . . and F=q;| E+ — x B).
into account particle interactions between acceleration and detection, and show that the turbulence- m2 C2 YsMsC
associated energy cutoff is well supported by the data, with the best-fitting spectral index being S ss

s = 2.170:9%. Our first-principles results indicate that particle acceleration by magnetically dominated > E ( X, t) and B( X, t) are determined from Maxwell's equa tions
turbulence may constitute the physical mechanism responsible for UHECR acceleration.
OE

Frae ccurlB = —4nJ, divE = 4mp,

where y2 =1 + P

B
%—t—I—ccurlE:O, divB =0,

where the source terms are computed by

PIC code: TRISTAN-MP
p=> qs /R fidp,  J= . (Spitkovsky 2005)
S

Comisso | PSU 2024 ||



Magnetically dominated turbulence from first-principles PIC simulations

> The large computational domain allow
us to capture both the MHD cascade
at large scales and the kinetic cascade
at small scales

Comisso | PSU 2024 14



Particle acceleration via magnetized turbulence: nonthermal particle spectrum

10— T - ';Ilz 10— T T

-~ ANJAE = N, E7 sech[(E/E.. "] ., | 3

3 10° 1, 3 10°} —:
S S B
_— = ~ _
< {6 <

= El o 107 . .

B i 4 n —-= E7 eXp[_(E/Ecut)z] \"-“ \’\'\é

_ . --- E7Psech[(E/E.)’] \'-_‘\‘ \

2 10" L. .. s B

10 10°
E/Ecut E/Ecut

> magnetized turbulence accelerates particles into a spectrum of the form:

Z—Z = NyE o (E.Eny)  with  foy (E. Eyy) = sech[(E/Ecut)z]

Comisso | PSU 2024 |5




Particle acceleration via magnetized turbulence: cutoff energy

10* 3 " 10* 3 |

- (0 x B 2) : : :
i I - |

— ‘ — 10°F ' E
3 10— : - ER: :
¥ I i |

5 ' ST l __
S - — 0=128 i > = — 1 /d,=213 {
) — 0=64 | - |
=107 =132 | ; S 1 [ ./d.=133 |

R PR S0 — s |
 _ 5=8 | - -- E7Psech[(E/E )]

0.3 1.0 3.0 10" 10° 10

E/ Ecut E/ E cut

> cutoff [sech[(E/E, )] |scales with |E_ . = ZeR_ . = Ze(B. kl.)|, where from the fits
> magnetized turbulence does accelerate particles to the “Hillas limit” if one assumes R, = [.
Rcu’[ — 065 B LCOh Comisso | PSU 2024 |6




Particle acceleration via magnetized turbulence: particle acceleration elements

,,,,,,,,,,,,,,, 110
/-‘\5 e _
2 10'F 5o 110~
S RSSO R
:';9 -— 000 = ZQLQ
= o° 110
s OoO0O00OO0OpQpQpQgpQmOo :
0 i
107} | o | | 0!
10 20 30 0.04 0.10 0.40
E/Ecut

,' Wtot /oL 0 :
\ WL rE (t) - v(t) dt e = | B L
| = q 0 l,L ace 4DE @6“2 5Br2ms ¢

™~ E, = (E-B)B/B> |
E,=E-E, ~—(V/c)xB

Kyoo = 0.1 from PIC simulations
(see Comisso & Sironi 2019)

Comisso | PSU 2024 |9




Particle acceleration via magnetized turbulence: spactrum out o

» residence time within the accelerator:

5 5
L> L? (E - < <E?, 8=1/3
t N—( Cm) x E° i 1

" de Lc\ E
> flux of particles escaping the accelerator S \‘\\
is given by
dN 1 dN
P(E) = = x E~° sech[(E/Ecut)z] S - '
dEdt 1. dE 0.04 0.10 0.40
E/E..
with s pHo N 2.1
T o~ 1/3 from PIC simulations of highly
p~24 magnetized (o > 1) turbulence

Comisso | PSU 2024 20



INnteractions in surroundings and
propagation from source

source environment EBL/CMB detection

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

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

(%)
Q
=
I
+J
o
-
Q
N
)
O
>
o
—
O
-
LL]

* UCRs spallate in source environment, CMB and 1020 1021 1022
-GBL: E/A (thus E/Z) approximately constant E [eV]

/hang+ 2405.17409



source environment EBL/CMB detection ' . '
> We computed particle interaction and

propagation according to Unger,

Farrar, Anchordoqui 2015 (see also
Muzio and Farrar 2023)

L ])2 Ncomp (<1n A>m,j —_ (ln A>])2

0 m,i ]
=D, +
0. o2 .\ .
; J 1 j (InA),j

Neomp (Var(In A),, ; — Var(In A);)°

+
02 . _
j Var(ln A),j
» Best fit to data return s = 2.1J_r8°(1)§ ' - s 3.0

E-s exp(-E/Ecut) require s = 1 and get much worse fit Comisso | PSU 2024 2




Does spectral cutoff discriminate between
acceleration mechanisms?

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

* Analytic treatment (Protheroe+Stanev 1999). DSA =» E2exp(-E/Ecut) or softer

* exp(-E/Ecut) cutoft gives poor fit to UCR data while sech|(E/Ecut)2] cutoff fits well
LomineD. s Muzio an L2l




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%)

G. Farrar, CDY lecture, June 4, 2023 R Eng@h CRMME22
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Achieving correct hadronic interaction models (HIMs)

Auger Phys.Rev.D 109 (2024) 10, 102001

No accelerator-tuned HIM accurately describes the muon

content and Xmax seen in UHECR shower observations
—_—)

* Phase |l tools should identify source of the problem

e WCD + SSD/RD + FD + UMC = MULTI-HYBRID composition assignment

e Accurate HIMs + multi-hybrid composition =» robust A, Z inference

 Underground muons =» muon spectral info

e SSD/RD =» more precise EM/hadronic separation

Rhad ( 6min )

1.5

" v EPOS-LHC | — lo
- 4+ QGSletll-04) ——- 30
1.4 |~ Sibyll23d | — — SO
13 |-
Cox
- AN
NND))
12 |- SRR GEN =
NN
SISO
11— Nl
1.0 F
llllllll llllllll IllllllllllllIlllllllllll
20 -10 0 10 20 30 40 50 60

AXpmax / (g/lem?)

 Phase Il + Machine Learning enables quality composition estimation [ st

for all Phase | data (>60k events above the ankle)

39




‘Muon Problem’

Testing Hadronic-Model Predictions of Depth of Maximum of Air-Shower Profiles and
Ground-Particle Signals using Hybrid Data of the Pierre Auger Observatory

The Pierre Auger Collaboration

* Ground signal (S38) & Xmax distribution should not | ,
d e pe N d oNn Zen |th T S613 Malargiie, Mondoza, Argenting; PR D 2 O 24

EPOS-LHC 0 € (0°,33°) http://'www.auger.org*
g g (Dated: February 19, 2024)

We found that for the best description of the data distribu-
tions in the energy range 10'8 to 101°eV for 8 < 60° the
MC predictions of X;,,x should be deeper in the atmosphere
by about 20 to 50 g/cm?, and the hadronic signal should be
increased by about 15 to 25% 1n all three models. These mod-
ifications reduce the differences between the models in X«

0 0
500 600 700 800 900 1000 1100 1200 500 600 700 800 900 1000 1100 1200
X/ (g/cmz) X/ (g/cmz)

0 € (51°,60°)

and §(1000), and as a consequence, lead to smaller uncer-
tainties on the estimated fractions of the primary nuclei. Due
to the deeper MC X.x scale and, correspondingly, a heav-
ier mass composition inferred from the data compared with
non-modified models, the scaling factors for the hadronic sig-
nal are found to be smaller than in previous estimations not
¥ considering any modifications to the MC X,,x scales. The

0 0
500 600 700 800 900 1000 1100 1200 500 600 700 800 900 1000 1100 1200
X / (gem?) X / (glem?)

v _ T
FIG. 1: Examples of two-dimensional distributions of S and X for protons (left) and iron nuclei (right) generated with EPOS-LHC +
EP0s-LHC for zenith angles between 0° and 33° (top) and 51° and 60° (bottom). The red points indicate the mean values of S. 4 QGSJet1I-04
E =10'%3t0 10190¢V. : Sibyll 2.3d"

Primary fraction

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

FIG. 6: Left: Correlations between AXpax and Rpad(6Omax~55°) modifications of the model predictions obtained from the data
fits. The contours correspond to 10, 30, and 50 statistical uncertainties. The gray rectangles are the projections of the total
40 systematic uncertainties. Right: The most likely primary fractions of the four components from the data fits using AXmax and
Ry,4(0). The height of the gray bands shows the size of projected total systematic uncertainties.



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)

103 ¢ +500 sec time-window |

Promisi ng,

i
1

*» GWI70817 also accompaniecl bg EHE neutrinos but estimated fluence for | ; lo

favorable case of aligned jet << 0.15 GeVem2 per flavor. sy T
103k o
Sensitivity not adequate by orders of magnitude "y | Auger
e : o o 'g 10!k —W -
B R S e S s o i Sh R T o L S A S s | 14 day time-win dow 4 1 day

B 10_3 - MEEPRETTT B A R TTT B Ar A ETTT] B S SrE T R ® .. . e - )
102 103 10* 105 10° 107 10° I LSy 10!
¢
41 Antares, lceCube, Auger, LVK 17§ E/GeV




