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The multi-messenger paradigm
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Extreme astrophysical
phenomena
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~ 40 Mpc (NGC 4993)

Gravitational waves

T-100 seconds

The neutron stars spiral Close
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High-energy (HE) neutrinos

p+p—>Nr+X p+y—>Nr+X
= = v, +0,+v,or 7,) +e*

> y+y
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High-energy (HE) neutrinos

Conditions for HE-v production:

a) Acceleration of ions (p and nuclei) to sufficiently high
energies - Shocks, magnetic reconnection, stochastic
acceleration aided by turbulence

b) Rate of acceleration > Rate of energy loss
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High-energy (HE) neutrinos

p+p—>Nr+X p+y—>Nr+X
= = vy, +0,+yor 7,) +e*

= y+y

Proton energy loss due to p-p interactions

-1 __
> =NNK, 0, C

y PP~ pp

Nucleon density T P-p cross-section

Conditions for HE-v production:

Proton inelasticity

a) Acceleration of ions (p and nuclei) to sufficiently high .
energies - Shocks, magnetic reconnection, stochastic Proton energy p-y cross-section
acceleration aided by turbulence -~ / -

b) Rate of acceleration > Rate of energy loss ~1 ¢ _Y —\ = )

c) Significant density on target media - matter and oy (GP) 02 | dGKPV(G)GPV(G)G ) dee"n,
radiation 'p Ja, T €l2ry

d) (a) and (b) -> production of charged mesons - pions
that decay into neutrinos, charged leptons, and
gamma-rays

Photon energy in
proton rest frame

Proton energy loss due to p-y interactions
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BNS mergers: particle accelerators and multi-messenger zoo
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BNS mergers: particle accelerators and multi-messenger zoo
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Apparent magnitude

BNS mergers: particle accelerators and multi-messenger zoo
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Apparent magnitude

BNS mergers: particle accelerators and multi-messenger zoo
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Based on

High-energy neutrino and EM emissions from magnetars

Based on: High-energy neutrino signatures from pulsar remnants of binary neutron-star mergers:
coincident detection prospects with gravitational waves

MM, S.S. Kimura, B.D. Metzger

Accepted in ApJ (arXiv: 2407.04767)

Electromagnetic signatures from pulsar remnants of binary neutron-star mergers
MM, S.S. Kimura
Submitted to ApJL (arXiv: 2506.09157)

Hunting for high-energy and ultrahigh energy neutrinos from BNS mergers at next-
generation GW and neutrino detectors

Based on: Gravitational wave triggered high energy neutrino searches from BNS mergers: prospects for
next generation detectors

MM, S. S. Kimura, K. Murase

Phys. Rev. D 109, 4, 043053 (2024) (arXiv: 2310.16875)

Ultrahigh energy neutrino searches using next-generation gravitational wave detectors at radio neutrino
detectors: GRAND, IceCube-Gen2 Radio, and RNO-G

MM, K. Kotera, S. Wissel, K. Murase, S.S. Kimura

Phys. Rev. D 110, 6, 063004 (arXiv: 2406.19440)
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Fate of NS-NS mergers

s
SWIFT NEUTRON STAR
COLLISION V. 2

Fate decided by EOS, Mass, Spin, ....

ANIMATION: DANA BERRY
310-441-1735

PRODUCED BY ERICA DREZEK

BH-Torus,Jet

Rapidly differentially-
rotating neutron star S"p”a/;,
ass

'.Ve

Piro, Giacomazzo, Perna arXiv:1704.08697 Stable NS 25



Merger

Rapidly differentially-

rotating neutron star S,,pf ,
U9

Piro, Giacomazzo, Perna arXiv:1704.08697

Fate decided by EOS, Mass, Spin, ....

BH-Torus,Jet
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Magnetar’s spin down energy

Non-thermal Magnetic

onergy  Thermal Ty

Metzger, B. D., & Piro, A. L. 2014, MNRAS, 439, 3916
Fang, K. & Metzger, B.D. 2017, ApJ 849, 153
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Model: Evolution of thermal, non-thermal, and magnetic energies

Magnetar’s spin down energy

Non—thermalm

Magnetic
energy Thner:nal Energy
Spin-down energy
luminosity o
Photon diffusion
from nebula to
Non-thermal energy dEy, =L, — Eqyn dR _ Eyn / ejecta
S
dt R dtr 1
PdV work by the

nebula
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Model: Evolution of thermal, non-thermal, and magnetic energies

Magnetar’s spin down energy
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Non-thermal energy dE =L, — B AR By
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Photon diffusion
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Model: Evolution of thermal, non-thermal, and magnetic energies

Magnetar’s spin down energy
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Model: Evolution of thermal, non-thermal, and magnetic energies

Magnetar’s spin down energy
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Model: Evolution of thermal, non-thermal, and magnetic energies
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CR protons extracted from the magnetar surface: Goldreich-
Julian (GJ) number density of charges
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- Non-thermal and
~_thermal photons in
i nebula

Compute steady state CR spectrum
by solving the transport equation
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Compute steady state CR spectrum
by solving the transport equation

|

This along with the photon field spectrum
gives the neutrino fluences

+

e’ — e spectra

dN 7o Ve < Yot
dy, Vo2, Ve > Yobrs

Electron break Lorentz factor

For galactic PWNe:
Yorr ~ 10° = 10°

Pair injection at upstream of TS ->
decreased wind velocity and hence

lower 7, 1,,. We choose 7, ;. = 10°

Non-thermal and

-, . thermal photons in

nebula
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Cosmic ray (CR) proton acceleration

% Y . Non-thermal and

Compute steady state CR spectrum et € X , thermilem?;ons in
by solving the transport equation
|
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F.. ¥ 7/ Y

This along with the photon field spectrum
gives the neutrino fluences

et — e~ spectra
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dy, Vo2, > s | et — e pairs
’ Transport Equation
Electron break Lorentz factor Synchrotron, inverse

For galactic PWNe: Compton, Breit-Wheeler
Yoo~ 10° — 106 processes
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Pair injection at upstream of TS ->
decreased wind velocity and hence

lower 7, .. We choose ¥, 1, = 10° EM cascades

40



The money plot: Neutrino fluences (takeaway)
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| m=—Fiducial, faq = 0.1
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lceCube EHE limit (2018)
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Nebula attenuated photon spectra
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X-ray/MeV Radio

HE and VHE y-rays
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Protons accelerated
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Fate of BNS merger remnants (in
particular stable remnants) -
Composition of the ejecta

Understanding: (a) Sites: polar cap vs.
equatorial current sheets and (b)
Mechanisms: turbulence, magnetic
reconnection, of particle acceleration

Magnetar origins of superluminous
supernovae (SLSNe) and radio emissions
from SLSNe, like, PTF10hgi

Magnetar boosted kilonovae (broadband
emission from short GRBs, like, GRB
200522A) - detectable unto 100 Mpc

Probing physics beyond the
Standard Model:

103 G — 10 G magnetic fields
(axions, ....)
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High-energy neutrino detectors

IceCube Lab
\—_<_-‘ — == IceTop
— = 81 Stations
Som TG g TRl — 324 optical sensors date: December 4, 2012
— = energy: 2 PeV

topology: shower
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Neutral-current / Ve Charged-current v, Charged-current v ¢

IceCube observes seven
astrophysical tau neutrino candidates

Posted on March 7, 2024 by Alisa King-Klemperer
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Isolated energy

deposition (cascade) o _
with no track Image credits: icecube.wisc.edu

Up-going track Double cascade
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http://icecube.wisc.edu
https://www.youtube.com/watch?v=2DDQYHIbL3Q

IceCube Lab
- IceTop Neutral-current / ve Charged-current v, Charged-current v+
= —/ 81 Stations

50 m - - ; 324 optical sensors
IceCube observes seven
AR astrophysical tau neutrino candidates
‘ | Posted on March 7, 2024 by Alisa King-Klemperer
IceCube Array _

86 strings including 8 DeepCore strings (simulation)
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Amanda Il Array
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DeepCore
8 strings-spacing optimized for lower energies
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% —_I 324m with no track
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Effective volume ~ 1 km?

KM3NeT

Baikal GVD ANTARES

Future detectors: IceCube-Gen2,
RNO-G, GRAND, P-ONE....

Image credits: icecube.wisc.edu
KM3NeT: Edward Berber, Nikhef g0


http://icecube.wisc.edu

Details about r-process heating rate

Fraction of photons that have
thermalized (non-trivial)

heat ’
= E M.
P therm. S =rp™el Fraction of thermalized
photons that diffuse from
ejecta to the nebula
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Time at which ejecta
becomes transparent iy
to gamma-rays

Rate of energy
generated from r-
process nuclei decay
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Hotokezaka et al. (2016)
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Neutrino fluences: timescales
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Neutrino fluences: importance of pion cooling

45105 et
: 1045-105s ... <58 1052 ] , -
5 5.5 .- ‘oe—G‘ E I | |
| === 10°=10>s ceGW™ i f | .
| — 10°>—10°%s 1051_? /i—\
- - 106_106.55 r—l1050_ _ —‘— -——.—l-_j:_
m— 100> -10"s 2 . ! -
1
';' 1049 i
Q i
Fiducial 2 1048 i
< I
L 1047 i
1
10% |
1
1
1
]_045. — , ]
104 10° 106
10° 106 107 108 tls]
1013 1 — E;)cutoff, pc (Fid.) : ///‘
] 5 .
| == & . (Fid.) o ///,/
] |
1012 —_ E;)cutoff, PC (Opt.) : ///,’
; == E[/),th (Opt) :///g/
3 11— tsq (Fid.) Lo
2 10 E S P :
& :
|
|
|
i
: |
- |
) ._Pion cooling not _ |

' ' 108 - —
P.|0n cooling 104 mp&itant P
Important t [s]



Tor

it

T T o 8 O
T oL w v = =
W o o m o o
S BE _E & ©OF _E
iT de e._Ld @) MLd e._Ld
— m — = : m
o
o 0 © < N o
— (@) (@) (@) o o

<

64



