Neutrino signatures from magnetar remnants of
BNS mergers

Mainak Mukhopadhyay
Fermilab
Kavli Institute for Cosmological Physics (KICP),
University of Chicago

Zoom seminar on the interface of particle physics and GWs
January 13, 2026




New physics, understanding the fundamentals,....



New physics, understanding the fundamentals,....

Man-made Accelerators

LHC

Tevatron

Image credits: Wikipedia
Science Comm., DESY, Zeuthen 3



Prologue

New physics, understanding the fundamentals,....

Man-made Accelerators

Cosmic Accelerators

Tevatron

High-energy astrophysical phenomena

Image credits: Wikipedia
Science Comm., DESY, Zeuthen 4



Prologue

New physics, understanding the fundamentals,....

Man-made Accelerators
Cosmic Accelerators i
‘.

Tevatron }_ ~ 
t High-energy astrophysical phenomena §

Image credits: Wikipedia
Science Comm., DESY, Zeuthen 5
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High-energy neutrino detectors
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High-energy (HE) neutrinos
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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,+v,or 7,) +e*

= y+y

Proton energy loss due to p-p interactions
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Conditions for HE-v production:

Proton inelasticity
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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 €21y

d) (a) and (b) -> production of charged mesons - pions
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Proton energy loss due to p-y interactions
16



BNS

S. Gezari, Annu. Rev. Astron. Astrophys. 2021. 59:21-58
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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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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

Astrophys. J. 987 (2025) 2 (arXiv: 2407.04767)

Electromagnetic signatures from pulsar remnants of binary neutron-star mergers
MM, S.S. Kimura
Astrophys. J. Lett. 989 (2025) 2, L41 (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

¢
SWIFT NEUTRON STAR
COLLISION V. 2

ANIMATION: DANA BERRY Fate decided by EOS, Mass, Spin, .
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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 dEq, =L, — Eqyn dR _ Eyn / ejecta
S
dt R dt 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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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

B Q-B
nGJ__ZﬂZec
N = oA C=47£2R>§BO
P GI= e Ze ¢ P?

Polar cap
Acceleration sites: +

Termination
shock (TS)

32



8pcutoff — max [

Acceleration sites:

dN

p-inj

/
dsp

‘cutoff,pc ., 'cutoff, TS

P

» €

Polar cap
+

Termination
shock (TS)

|

—_ A7norm)inj norm utoff,
_Npo Q}l)nj(g) No 5( pc 0] pc)

[GeV]

/
EP

-——-————---_-
—
—y

=" Ecury (Fid.)
{ == P (Fid.)

max
— toff, TS (F;
109 8 g/cutaft, TS (Fid.)

| - tea (Fid.)
: ...... éurv (Opt )
| — /pC (Opt )

max

E,/)CUtOff' TS (Opt.)

........... tsq (Opt.)

w10

t[s]

33



dN . .

p1Mj - yrmorm yinj
de’ _ NP QP (8 )
p
‘cutoff cutoff,pc _, 'cutoff, TS
£ g [t oo s
‘cutoff,pc __ 'pc ’
gp = min €max> Ecurv
2
TR
pc _—
Emax = 4;7gap(Ze)Bd R.
cP
1/4
4.8 2
. B 3m,c*B Ry
€cury ypmpc e

Nnorm 5 (

cutoff pc)

[GeV]

/
€p

—————————--__
—
—y

Ecury (Fid.)
erc, (Fid.)

max

E;)cutoff, TS (Fld )

tsd (Fid.)
curv (OPL.)
/pC (Opt)

max

g;qutoff, TS (Opt.)

tsd (Opt-)

o

t[s]

34



4

dN . .

/
dep

8pcutoff _ max cutoff,pc Cutoff TS

acc tloss

B

_ |
= naccel’)/ (ZecBl’l thSS foe + - 001

'acc

£ = max [R(t)z/D (&), R(z)/c]

#1—‘H¢*+@$

cool

p.inj . ..
— Nnoerln](e/)
p P

Nnorm 5 ( Cutoff,pc)

P

1010+ ST
T o o oy — —
' EEE éurv (F|d )
; 1 oem = ll‘ﬁgx (F|d )
8 109_. E;)cutoff,TS (Fid.)
& |- tsq (Fid.)
...... gL, (Opt.)
—-== g (Opt.)
— /cutoff, TS
o5 £l (Opt.)
e tsq (Opt.)
104 | - I”165

'—1 -1
+ fg1 + Igyn

35



. Non-thermal and
~_thermal photons in
~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

nebula

e thermal photons in
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Cosmic ray (CR) proton acceleration
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The money plot: Neutrino fluences (takeaway)
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Detection strategy: triggered stacking search

St~1s—-10"s

o
— —

)
/

Trigger from next-
gen GW detectors —»

Neutrinos in

(ET, CE) IceCube-Gen 2

Triggered-stacking searches

1 signal 1 signal
event

\.

event

42



Neutrinos from py in

Protons accelerated

at the potential gap

the nebula

Survey Telescopes

Pointing Telescopes

diim [Mpc]

diim [Mpc]

‘e
.
0
e
*
.
L

....
........

.
.
.
.
444444
wus
auss

104
== SKAO
== Roman
——  Rubin ® 2N
EP-FXT ,/ \
== AMEGO
10°] o Fermi LAT \v
== CTAO
<
1021 XS\(*
,‘
10° 108
Tobs [s]
104 T
—e— ALMA
== VLA >/
== ngVLA / e
JWST ,,.7‘“-
Chandra
10° —— NuSTAR /
/
|
102 |
l T
10° 106
Tobs [s]

.
o

Survey Telescopes

Pointing Telescopes

diim [Mpc]

diim [Mpc]

Non-thermal and
thermal photons in
nebula

Av

Termination
Shock (TS)

. Protons re-
accelerated
at TS

1S reprocessed
ermal radiation

Photons post

attenuation in ejecta

104

10%] o Fermi LAT

102 4

=t SKAO
=% Roman
== Rubin

EP-FXT // -«.\

== AMEGO

= CTAO

10°

106
Tobs [S]

104

=
o
w

1()2 4

] == NuSTAR

—e— ALMA

== VLA

== ngVLA
JWST
Chandra

{
I
I

10°

106
Tobs [s]

jv [GeV cm‘z]

2
V.

E

log10(1 — q(dgw: Top))

10°

45 _ 105 el Gy
10 10° s . et (\ZPS '?q%‘..
1 mmm 105 — 105 5 S \CGCU‘O X o) e,
_1 1. \m\ 00 R
1079 e 1055 - 100 s .
— = 105—1065s

10-2] == 1065-107s

10734

1074

Fiducial

10—5_

0.0 -
—0.5"
—1.0 1
~1.5-
—2.0

—2.5

106 107 108
E, [GeV]

20

fid — 01

mag

o =03

mag

30

-3.0

UL
dGW

~ 1448 M
=L = — ==L = 1072 (Fig)

hXx ;0

10\9\.
(Op NN

10 15 20 25 30
Top [yr]

43



Future prospects: the big picture

Fate of BNS merger remnants (in
particular stable remnants)

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, ....)

U signatures
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LSST, UVEX, COSI, ....

EM-triggered searches for
neutrinos

Thank You!
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