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New physics, understanding the fundamentals,....
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The multi-messenger paradigm
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High-energy
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Blazar flare
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The neutron stars spiral close
together and radiate gravitational
waves that trigger ultrasensitive
detectors on Earth

Gamma rays
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Orbiting detectors spot a
short gamma ray burst,
produced by jets of material
shooting through the debris
at near-light-speed
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Optical and infrared
telescopes locate a “kilonova”
that glows a telltale red from
the radioactivity of newly
forged heavy elements.
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source, perhaps as the slowing
jets broadcast radiation in
wider cones

X-rays
(Chandra)
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IceCube Lab
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High-energy (HE) neutrinos

p+p—->Nr+X p+y—> Nr+X
nt = v, +0,+vorp,)+e*

)= y+y
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High-energy (HE) neutrinos

Conditions for HE-» 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

p+p—-> Nr+X pt+y—> Nr+X

}

+ . . +
= —>v,+y,+ylorp,)+e

o
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High-energy (HE) neutrinos

p+p—-> Nr+X pt+y—> Nr+X
= = v, +0,+vor D) +e*
0
A e o
Proton energy loss due to p-p interactions

_1 _
tpp — WKppOppC

Nucleon density I 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 l . / .
b) Rate of acceleration > Rate of energy loss -1 _ ¢ —~ — —\ = -2
c) Significant density on target media - matter and oy (619) 22 deKP?’(e)GP?’(G)G . dee"n,
radiation b 21y

€th T

Photon energy in
proton rest frame

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

Proton energy loss due to p-y interactions
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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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Apparent magnitude

BNS mergers: particle accelerators and multi-messenger zoo
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Outline

Part 1: High-energy neutrino 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

(in preparation)

Electromagnetic signatures from pulsar remnants of binary neutron-star mergers
MM, S.S. Kimura
(in preparation)

Part 2: 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

(in preparation)
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310-441-1735

PRODUCED BY ERICA DREZEK

Piro, Giacomazzo, Perna arXiv:1704.08697

Rapidly differentially-
rotating neutron star S"p/'a

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

BH-Torus,Jet
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Rapidly differentially-
rotating neutron star Sllp,-a
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Magnetar’s spin down energy

Non-thermal Magnetic

energy Tehneergsl Energy

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

Magnetar’s spin down energy

Non-thermal Magnetic

energy Thermal Energy

Spin-down energy

luminosit
4 Photon diffusion

from nebula to

Non-thermal energy dE L Eyn dR Enth / ejecta

d " R dr b

/

PdV work by the
nebula

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
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Photon diffusion
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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
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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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Termination
shock (TS)
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Cosmic ray (CR) proton acceleration: injection spectra
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Compute steady state CE spectrum
by solving the transport equation
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spectrum gives the neutrino
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The money plot: Neutrino fluences (takeaway)
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Neutrino fluences: importance of pion cooling
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Outline

Part 1: High-energy neutrino 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

(in preparation)

Part 2: 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

(in preparation)
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==== HF detectors, 1064 nm beam

= |F detectors |550 nm beam
[] fused silica optics

[] silicon optics
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Evans et al., (2021)
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A

Detection strategy: triggered stacking search

Trigger from next- | Neutrinos in

—_
gen GW detectors IceCube-Gen 2

Triggered-stacking searches
St~1s—-10"s
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Next-generation GW detectors

* o)
GW150914 ¢

*
W170817

Sensitive to NS-NS
mergers from very
high redshifts

Evans et al., (2021)
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Impacts on triggered stacking searches
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Motivations: How to obtain meaningful triggers?

Use the sky localization capabilities of the GW detectors....

+75:0Q

+60:00
+45:00
+30:00

+15:00

T, GW170608

+00:00 N
12:00 & 06:00 04:00

-15:00
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-30:00

GW170809

GW170814-HLV ;

00 & GW150914
. . L}“ = 1/

Obtain distance
Fraction of total limits for GW
> - >
sky area covered Set threshold: fy, detectors to collect
meaningful triggers

Abbott et al., Liv. Rev. Rel. (2020)
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Chan et al., PRD (2018)
Wanderman & Piran, MNRAS (2015)
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High energy neutrinos from BNS mergers

Probability to detect more than one neutrino UL UL
associated with GW signal in T, q(dgw- Top) = 1 —exp| =TI (dgy)

a, T,
1(dJ%) =4nJ d(dcom>< ~—R(2)d% Py (d))

0 1+z) .\

Probability to detect

d(I}J\I;v _ min(a’g%, dg%{/) more than one neutrino

\ Assume a Poissonian probability

Depends on f, Depends on 6t
The event rate is calculated is
u/ 0 ooHE.iso convoluting the lceCube 10 years
qby(%?E’iSO E d)= (1+2) v . Ey_z point source effecti\(e area with the
drd? m(g;nax/g}/nm) muon neutrino flux
PHE is0 _ %?E’tme B 1 o The flux is calculated assuming a
v s <fbm ) GW dN /dE, x E; *spectrum.

HE ~ tot
gHbe — £ % Eqw ~ aé a~1%
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Next-generation GW and UHE neutrino detectors

==== HF detectors, 1064 nm beam 03
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GW-triggered UHE neutrino searches at GRAND-200k

(‘51“0=0102 s, EJHEue = 9 5 % 1048 erg, Rg = 300 Gpc~3yr~! 61“0=0106 s, EJHEue = 9 5 % 1048 erg, Rg = 300 Gpc~3yr!

CE, fi, =102
-0.51 "\ —— ET, fi,=10"2 —
o ’ —— CE+ET, fi,=1073 S
2o CE+ET, fir = 1072 3
------- !‘--- ----* n bLD
~1.51 5
I
o N GRAND-200k o GRAND-200k
' \\ § | —- CEoOrET
YR OUU ST Ngereens 30| T s —— CE+ETfin=1077 ............50
L N «=++ CE+ET, fjn =102
-3.0— - - - - — - -3.0— - - - - - -
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Top [yr] Top [yr]
0 0c_E+ET, fin=1073,6t=10%s,Ro =300 Gpc3yr~! 0 (SZE+ET fin=1073,6t=10%s, Ry =300 Gpc3yr~?!
\\ — 83HE,true =1 x 1048 erg
—0.5 ™ EWHEtrue = 2.5 x 1048 erg —
Q.
_1.0] ‘ gtJHE,true =5x 1048 erg l\cj
20 N N\ N rneer e 35
~1.5 S IS5 N
S | GRAND-200k ‘N,
— ~
-2.0 \\ = —2.01 UHE, true _ 48
= _— e =1x10% er
GRAND-200k “~_ S v X
254 VU NP S 2 25 grEme=25x10"%erg 30
30 —. gUHEtue = 5 % 1048 erg
-3.0- : : : : : : -3.0— : : : : : :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Top [yr] Top Lyr]

59



[x10* erg]

UHE,true

&

v

%II/JHE,true [X1049 erg]
2

-
—_

[
<

GRAND-200k|

10'f
B
O
: Top Lyrs]
2 100 |
: 18
E-l IceCube-Gen?2 :
:8)\9 A Radio
. S 14
"0 1 2 3 4 35 6
10
101 r
6
E
D]
3 2
2 100 i
:
En
= lceCube-Gen2 |
39 Radio
0.1 30

-
—_

60



75°

Declination

Right Ascension

° 30° 0° 330° 300

/

\ BN GRAND

7 GRAND (Auger site)

" lceCube-Gen2 Radio

75°
60°
45°
- 30°
c v \
U_lso
)
- -30°\ \ \\
-45°
-60°

-75°

\ /I RNO-

Right Ascension

61



Y Non-thermal and
thermal photons in
nebula

Protons accelerated
at the potential gap

Av
Neutrinos from py in .
the nebula
®
v -.

Termination
Shock (TS)

Protons re-
accelerated
atTS

1s reprocessed
ermal radiation

Photons post
attenuation in ejecta

ot = 1000 s

0.0 0.0 0.0
CE (f;=1%) N\ ET (f,=0.1%) ET+CE (f,=0.01%)
-0.5 -0.5{ VA -0.5
\ L x
310 3 10 \ !4 310
S =) \ . 20| & 20
=S T S feeeeees e N S 3 NG
I -1 I -1 \ [
L - S G 2 = <\ ‘s,
El N EL \ A S \ =) 2
g-20 5 g-20 c?\)\ g-20 WA "o
z - Z 30 > < 36
=25 eraranrannnnanannnnnns =25 erannnnnnnnnan EEEETEETETRETED PP PP B R e
-3.0+ -3.0 . -3.0
0.0 25 50 7.5 100 125 150 17.5 20.0 0.0 25 50 7.5 10.0 125 150 17.5 20.0 0.0 25 50 7.5 10.0 125 150 17.5 20.0
Top Lyr] Top Lyr] Top Lyr]
0.0 0.0 0.0

CE (fn=1%) ET (fin = 0.1%)

ET+CE (fi,=0.01%)

-0.5
S .
= = =~ .
3 3 10 106
& & 005 26
S feeeens =
| I -15
=) o = e
E] E] \ 7
g g7 25
» S 30
..... B T TP PP PP
-3.0 -3.0
5.0 7.5 10.0 12,5 15.0 17.5 20.0 00 25 50 7.5 10.0 125 15.0 17.5 20.0 00 25 50 7.5 10.0 12,5 15.0 17.5 20.0
Top [yr] Top lyr] Top lyr]

=252

10—1 _

5 5.5 Lesnnt
— 105-10%%s o8

e e 1055 -10°s
— 10°-1065 s
—= 1055-10"s
— 107 -1075s

upe™
ps limit

anns?

G

.
.
.

. e

IEE TR ER]

GRAND-200k

Optimistic

101 :
¥ B
© [
E 3
x 10° 3
: :
E %J IceCube-Gen2
A N .
o GRAND-200k] % R;dlo
0.1 ‘ , ‘ 20 01L | o |
2 3 4756
log,, ot
101‘ 2 : 101‘
2 54
E X
210° % 100
:
S S8}
3; % A IceCube-Gen2
GRAND-200k] % Radio
O-1% 300 36
0 3.4 5 6 3458

T, [yrs]
18
14

10

62



‘Wandering the immeasurable
Pérégrinations 3 Linfin

ceRN 2014

on do s Fondation Meyrinaisa du Casing

63



64



