An EHE neutrino accompaniecl 1:33 a Gravitational Wave

would reveal the origin of Ultrahig}w E‘nergg Cosmic Rags

or “UHECRSs from Binary Neutron Star Mergers”
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e UHECR hits S ducing 1000s

of seconclarg PartiCICSJ e.g., e, ‘
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f How to deduce the mass and energy of a UHECR

. Dc—:Pth of first interaction

o heavg nucleus: interacts quicklg (starts high)

o Proton: Ist interaction is cleeP or shallow

e Shower cle\/elopment

o heavy nucleus: shower clevc—:lops quicklg
o Proton: more interactions needecl to reach slﬁower max

e primary enerey from inteerated Huorescence emission
- : 2Y S

e Ground signal

e [Mvs muon coml:)onents - nuclear mass

o Primarg energy from total signal
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Hess: CRs Volcano Ranch, NM~

Aeronautisches Gelinde im Wiener Prater, von dem aus V. F. Hess in den Jahren 1911/12

1911 or 1912
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seine ersten Freiballon-Forschungsfahrten unternommen hatte. (Courtesy of Heeresge- Loma Amarilla =70 [ 3
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Plan of talk

Observations & status of UHECRSs:

o Modern data is very constraming; no GZK violation; “usual susl:)ects” sources

— AGNs, Gamma Ray Bursts (co”apse of massive star) — all have Problems

Y PROPOSAL . UHECRSs are Procluced inJiets of binarg neutron star mergers.

o This is first scenario which Potentia”g satisfies all requirements

o Can account for all UHECRSs with a single mechanism.

= F‘ascmatmg Preollctlon o ghest energy (JHIEC Ks are r-process nucler.

o EVERY EHE neutrino s ac:compamecl 399 a Gravxtatlonal Wave
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Constraints from SPectrum and Composition

< Energg injection iNn UHECRs > 10 EeV: = 6 x 104+ erg MPC~5 3r~1

* Mixed ‘coml:)osition; hard spectrum, depencls on &igiclitﬂ: R=E/(Ze)

o Peak rigiditg ~45FEV = Factor-few s!:)reacl In rigiclities
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How can sprc-:acl be so narrow 777 Ehlert,Oikonomou,Unger+23
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Constraints from Arrival Directions
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Keg conditions on UHECR sources

o Hillas criterion: CR escapes unless its Larmor radius is < source size =¥

Rmax,E‘\/ o 5 X 10 Ijet -‘--|<m 5G

* Source number clensity and energy injection rate:

* ngzlo>2 !\/\PC"5 and dQ/dt= 6 x10++ erg, Ml:)c~5 yr-! torE o> 10Fey
© Higlnest energy UHECRs are Proclucecl in TRANSIENTS

» Universal maximum rigiditg (Iittle source-to-source variation)

= Anomalouslg hig}w energy of “OMG” & Amaterasu (250 EeV & 220 EeV)
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- New Proposal: |

Binarg Neutron Star Mergers

20 §

o Universal Maximum Rigiditg 's natural tftm'15'6’“s '*w
o Mgns = 2.64 £ 0149 Mo =z e &
* Gravxtatnona”g«:lr:ven clgnamo Kiuchi+ NatureAstron23 0o &
o km-scale fields>105G ¢ Hillas

© Energg irjection rate:

)

s

(obs = 6 x 10++ erg Mpc? gr*")

BNS rate FNSmerg = 10~-1700 GPC~5 yr-!

< E‘nerg9 injet and outflow

o EfHfective source clensitg

Vv i FNSmerg > 100 GPC~5 yr-!
Vv (Kiuchi+23)

v magnetic smearing Becyr > 0.04
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BEGMF = BEGMF/nG \/Lc/Mpc = (CXPCCtCCI range Q.1-1)
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Potential cha”cnges to Biﬂarg Neutron Star merger scenario

s Factor-few univc—:rsalitg, merger-to-merger, N R .,

s  Understand detailed origjn bR

s  More hi-res simulations of BNS mergerjets to understand R__ sensitivity to NS

sPins

s Gl

o  Suthic

PO K Pheno: how much “Po“ution” from other sources is ok?

ent UHECR Production %

© s the BNS merger rate sutficient?

> i

=CR acceleration is etHicient: 0050 energy balance between Lpognﬁng & Licr

(Comisso, GFF & Muzio 2410.0554-6)




Binarg Neutron Star Mergers as the source of UHECRSs:

Two imPortant consequences
& tests
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Verg highest energy events explainecl!

Kasen+l/

Squeezed dynamical
v = 0.2c-0.3¢c

* r-process nucleosgnthesis takes Place in BNS mergers

+ sometimes an r~nuc|eus 1S swePt up ancl acceleratecl ' Disk wind

Bl - K ZTC—-XC =~ 4’5 ¢ (52”54’) =l e\
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r-process nucleosgnthesis B2 H

REVIEWS OF
MODERN PHYSICS

VoruMe 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

| 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 ~ :
M ount Wilson and Palomar Observatories, Carnegie Institution of Washington, P 0 ucieus 13 10-100 sec
California Institute of Technology, Pasadena, California

E. MARGARET BURBIDGE, G. R. BURBIDGE, WiLrLiaAM A. FOWLER, AND F. HoYLE

“It 1s 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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Merging NS’s Procluce “r~Process” elements

I | I | I | I I 1 | I ] | | I |
s Big . Dying Exploding Human synthesis He — | Stellar burning m
i 1 Bang & low-mass massive . No stable isotopes - 10— |He |
*’?ﬁ?f?ﬁ gg'*”ifuslon —C T stars e K= 10 [ E S s ®_
oy D D
g' B4e Cosmic Merging Exploding B C N X Cs) E Ne I 108} | § = ; 2 §_
—— ray neutron white SN SRS - | CON @ S @ S 8 |
Na Mg fission stars dwarfs Al SI P S Cl Ar 2} TS Ee S S 9 S 2
112 199 R NEW e TS s ~ 106—Du: S ] 1 i -
K...Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr - — B Ca N -
19 20 22 24 25 28 29 35 36 O 104 | a
Rb St Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te;. T E - -
37 18l NEgN N40 N N4 T a2 T4 a4 a5 46 47 49 B0° 51 52 53 54 'g 102F Ge r L
. |
Cs Ba , ;.:_l::l.f;:;-~Ta W. Re Os Ir Pt Au Hg Il..Pb Bi Po At Rn B = xeoBa Pb-
55 {5 7ot igg i gl gt Kiggtt Mgyt igghl Hpgt Wige T NG ol [agtl 1aa T HiestY e ol LiVB & 4
< 10 Pt |
Fr Ra _ » %Be =
HEsH e _La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 10-2 1= | | | | | | |
87 g coaiiitsy 66 sz, 0 20 40 60 80 100 120 140 160 180 200
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr Mass Number, A
90 9 93 94 | g5 97 89 100 101 102 103
Periodic table showing the cosmogenic origin of each element. The -

. elements heavier than iron with origins in supernovae are typically those
produced by the r-process, which is powered by supernova neutron bursts
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B2FH, Rev. Mod. Phys. 29, 547 (1957) ; A. Cameron, Report CRL-41 (1957) [
r(apid neutron capture) process: T, ) < T5- <.

And see Nicole Vassh movie hitps:/www.google.com/search?client=safari&rls=en&g=r-process+nucleosynthesis+movie&ie=UTF-8&oe=UTF-8#fpstate=ive&vld=cid:94d4d99d,vid:P1tHGLJXRTw,st:361

| r-process nucleosynthesis and the production of
Y heavy elements: A nuclear physics perspective

Samuel A. Giuliani

known nuclel
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184 Neutron drip line

rprocess path
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“UFA mechanism® gives goocl fit to spectrum & composition e

Each nucleon in UHECR carries E = 4 x e/ AENV=2TeY

Interacts with Photon in the environment of accelerator = &

g

with E 2 80 PeV — E, = 20 PaV
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Future test of 5N5~merger origin:
=20 PeV neutrinos coincident with GW from BNS Mmergers

s (UHECRSs interact while escapiﬂg the source,

Producingv’s with Lo 0 ey

= Evcrg ~ 20 PeV v should be accoml:)aniccl

]:)3 5 gravitational wave from the NS merger-.

CE+ET+IC-Gen2 x few yrs: very Promising.

o GWI70817 should also have been accompaniecl

139 20

]CBVO rab

eV neutrinos but estimated fluence for most

e case of alignecljet <= O D GeVem? per flavor.

Sensitivitg not aclec!uate bg orders of magnitude
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Review: Source candidates vs keg constraints

Neg = 1035 energy orclinarg Universal Highest
Mpc-3 injection galaxg R energl events

Powerful AGN [X] Vv X X X

| ong GRDBs [X] X X X X
TidalDistruption ~ -

EventsP : ’ v X X

Accretion 7 ? X
Shocks X A %
BNS mergers v V] v V4 v

All can satisfﬂ Hil!as 5iz§ > Larmﬁgrﬁradius
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Congratulations, George & Bahal»—-looking forward

to your many more great future accomplishmentslll
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New suggestion: UHECKSs are Proclucecl N binarg NS mergers.

- Uniquelg, can Proba]:>|9 satis@ all requirements:

+  Universal Maximum Rigiclity exp ained.
£ an Procluce all CRs (clepenclent on BNS merger rate & power in CRs)

< Highest energy events are r-process nuclei

o Should

- SRR St L A et SO ‘f»‘;“"*’ﬁm',‘-,",f_;_,,-‘~.'.y,; TR R I TR SO e e i P R e M Wryre

see coincidences between 220 PeV neutrinos and GWs from 5N5~merger
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UHECR data can discriminate between Acceleration Mechanisms!

- - - dN/AE = N,E 7 sech[(E/E,,)"]

i L exp(_E/Ecut)
—= E7Pexpl[-(E/E )] Y\
- - - E7sech[(E/E,,)’]

l 1 1 lllllll

107!

E/E.,

(a)

E3J(E) [eV?km™2sr'yr!]

(InA)
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| . Comisso, GRF, M. Muzio 2410.05546
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acceleration over that of diffusive shock acceleration .
sech(E/E_.) "2 rather than exp EE/=




