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Gamma-ray burst (GRB)

Discovery : 1967-1973 Stage 1: 1967(1973) - 1990

(dark era)
By mid 90’s, 118 different theoretical models

Stage 2: 1991-1996
(CGRO(BATSE) era)
Stage 3: 1997-2003
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Monitor compliance with the 1963 Partial Test Ban Treaty by the Soviet Union

Flashes in Gamma-ray band, about 1-3 GRBs detected per day
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Observational Facts of GRBs (Stage 2)

Early samples : 1991-1996

Isotropically distributed

2704 BATSE Gamma-Ray Bursts

+90

e,

Fluence, 50-300 keV (ergs cm™)

Credit: NASA/Marshall Space Flight Center/Space Sciences Laboratory

O have an extragalactic origin
O have different types
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Long GRBs vs. short GRBs

BATSE 48 Catalog

NUMBER OF BURSTS
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http://www.batse.msfc.nasa.gov/batse/grb/skymap/
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Observational Facts of GRBs (Stage 3)

Detection of GRB afterglow

GRB 970228

X-ray afterglow: Costa et al. 1997
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O GRBs have multi-wavelength radiation
O GRBs originate from distant universe
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Determination of redshift

GRB 970508
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Luminosity estimation

Galactic halo:

2
d F,
L (iso) = 4md’F, =1.2 x 10%erg/s — >
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Cosmological:
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For comparison:

Ly ~10%ergfs, L, ~10%erg/s, L,y ~10%erg/s

(Metzger et al. 1997)



.? UNIVERSITY OF COPENHAGEN 10/07/2025

Observational Facts of GRBs

The origin of short GRBs
The origin of long GRBs GW 170817/G 2B/KN
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Collapse of massive stars Binary-neutron-star mergers
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Observational Facts of GRBs : Relativistic Jet Woosley (2001)

* The huge luminosity of GRBs raises the “Compactness Problem”.
* The only solution is that the GRB ejecta is moving with a speed

very close to speed of light!

Compactness Problem

For isotropic emission, total radiated energy
Ey = F(4nD?)
~ 1051 (F/(10~Sergs/em?))(D/ (3Gpc))2.
The source size R; = ¢dT ~ 3 x 107 cmdT_s.

The optical depth for vy — ete™, 7., is very
large:
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GRB prompt emission model

- Dissipative photosphere model
(Rees & Meszaros 2005)

Collision of different shells: | Reconnection of random Rph ~ 3 . 7 X 1 0 11 cm LW’ 5o Fz_g

Internal shock model magnetic field;
1012 — 105 cm ICMART model
~1015 cm

e osphere mode  Standard internal shock model
10" — 10" cm (Rees & Meszaros 1994)
e — Ris = 2T%cét;,~101% — 1013 cm

| &ﬁ « ICMART model

engine Internal-Collision-Induced M Agnetic

Reconnection and Turbulence
(Zhang & Yan 2010)

15
RicmarT ~ 107°cm

Almost everything related to GRBs has been comfirmed, except for the prompt emission model.

Could the detection of neutrinos be helpful?
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Neutrino emission: py interaction

2

I’
2
A-resonance EpEy~O.16 GeV (1 n z)

nntt — nutv, — netv,v,v,, fraction1/3,

A+
Py = ~ { ¥ — pyy, fraction 2/3.

n* typically carries ~1/5 of proton energy
Each lepton shares 1/4 of the ©* energy

E, = 0.05E,

E,~1MeV; I'~100  me— E,~10* — 10°GeV  IceCube range
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Neutrino Emission

Spectrum of GRBs: Band function
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Spectrum of GRB neutrino

Ny X Ny Ty, X E,

dN(Ey)
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a,/B)y: gamma-ray spectra index (Band function)

p: proton spectra index

Ev}l :
EV,Z :

depends on the break in GRB spectrum
determined by m* synchrotron cooling

av=p+1_ﬁy; lgv:p‘l'l_ay; Yv =By +2
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Neutrino Emission
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IceCube Neutrino Detection

IceCube Lab 1.00

|IC86-I Effective Area

\- L%esToP each with 108
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strings-spacing optimized for lower energies — —0.25 102 2
360 optical sensors l_ )
* Eiffel Tower g
324m
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L, —1.00 - T 1072
102 103 104 10° 10° 107 108 10°
Credit; IceCube Science Team - Francis Halzen True Neutrino Energy (GeV)

- Targeting on high-energy astrophysical neutrinos, 10°GeV — 10°GeV
- Effective area depends source position , A.¢f jax~10%cm?

Nv = jdtfd.ﬂf dEAeff(Ev,.Q)¢v(Ev,ﬂ, t)
0

(IceCube Collaboration 2021) https://icecube.wisc.edu/datareleases/2021/01/all-sky-point-source-icecube-data-years-2008-2018/
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Current Status of GRB neutrino detection: GRB 221009A

“The brightest GRB of all time (BOAT)" Non-detection 9f associated ne.utl:ino
IceCube provides the upper limit

E,iso ~ 10°° erg; L, ;5o ~10°*erg/s; z = 0.151
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Neutrino Energy (GeV)
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Current Status of GRB neutrino detection: GRB 221009A

Model selection

1004~ Internal Shock
—— Photosphere
700 - —— ICMART A
r'TT ~~~~~
600 - ST =Y R A N /i
O
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N> 10
200 -
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101 10° 10t 102 10° 104 10 106 107 108 10°
R13 . E, [GeV] . .
(A1 & Gao 2023) ’ (Lian, A1 & Gao 2025)

« Dissipative photosphere model - Disfavored
- Standard internal shock model - high radiation radius, high jet I' required
 ICMART model - Survive
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Current Status of GRB neutrino detection: GRB 221009A

Constraints on model parameters

2cét :
(1+23

Tdiss

10.I4 10]5 1016

Tdiss [cm]

WhenT = 300,R = 10cm, &, =€,/€, < ~10
When T = 300,R = 10"*cm, &, = €,/€, < ~3

700 900

300
I

(Murase et al. 2022)
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Stacking GRBs

—1] | Model :
07T = 400
ENTnp = 5 o
»5 \\\
10~ ", =
7 \\
/, \\
// \
// \\
— 4
1073 = A
= ~==- 9264 GRBs \
y —— GRB 221009A i
\
10° 10! 10
E (GeV)

cannot provide tighter constraints

(Abbasi et al. 2024)

than the‘'BOAT".
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Prospect of Neutrino Detection: Single GRB Event

How sewsitive should a detector be?

- Assume a future neutrino detector M’ times more sensitive than IceCube (M = A.¢/Actficg6-11)

The Magnification Factor

10

GRB 221009A-like GRB

ICMART
—— Photosphere
—— Internal Shock

0.1

0.2 0.3 0.4 0.5
Redshift

U Photosphere model:
IceCube sensitivity - Detection limit z~0.37
0 Standard internal shock model:
M =5 = Detection limit z~0.5
O ICMART model:
« Same distance and same sky position as GRB 221009A:
M = 10 required
- Same distance and best sky position:
M = 3 required

(Lian, A1 & Gao 2025)
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Prospect of Neutrino Detection: Stacking GRBs

2019 — 2023, 5-year sample, 1503 GRBs (Lian, Ai & Gao 2025)

ICMART
{ —— Internal Shock 90% -
1 =—— Photosphere

—
o
o

80% 1
10403

70% -
10711 5 60% -
50% -
10712 4 40% A

30% -

Observation probability

=13 |
10 20% -

ICMART
10% - —— Internal Shock
10-14 r ' —— Photosphere

E2dN/dE,dtdQ [GeV cm~2 sr~! s71]

10° 104 10° 10° 107 108 10° 0%

E, [GeV] 10" Y(l-:-(;r 10"

Enlarge the effective area by a factor of M =5 - 10

 If GRBs originate from the photosphere model or the standard internal shock model, then after
5 years of data accumulation, the chance of detecting GRB-associated neutrinos is close to 100%.

« If GRBs originate from ICMART model, then after 5 to 10 years of data accumulation , the chance
of detecting GRB-associated neutrinos could reach 35% - 60%
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Prospect of Neutrino Detection: Stacking GRBs

What if GRB-associated neutrinos are still not detected with advanced detector ---?

102
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10—1 .

1072
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Dissipative photosphere Internal Shock
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10t
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L 100

== L1071

10!
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Neutrino Number

" 1072 10-1 4

1072
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£B/£e 6tmin[5]

- 10—1

- 10—2

L -3
I _4

Neutrino Number

ICMART

1013 1614 1015 1016 1017
Rlcm]

(Lian, A1 & Gao 2025)

« More stringent constraints on model parameters
« Rule out the model if the required parameter space is unreasonable.

Neutrino Number
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Future high-energy neutrino detectors

Stacking GRBs TRIDENT

The tRoplcal DEep-sea Neutrino Telescope

25 1 I ™\
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N 1 1
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| 1 =
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I i
1 1 N [a
5 I S~ = !
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i e e
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P i
’ ! t T T T =
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The Magnification Factor

(Lian, Ai & Gao 2025) TRIDENT Collaboration arXiv: 2207.04519
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Prospect of Neutrino Detection: Low-Luminosity GRBs

Theotical model
- Low isotropic luminosity : 10*°~10*° erg/s

. 3 Model I: weak jet (I' < 30)
- High event rate: (100-200) Gpc=3 yr™! . .

200 times higher than high-luminosity GRBs h!gh baryo.n loading(e,/€.~20)
high neutrino flux

Model Il: chocked jet
keV — MeV photons (shock breakout)
trapped photons + accelerated protons
produce high-energy neutrinos
(Meszaros & Waxman 2001)

x @ /{ Observer

w
[ ]

log(Ldpo/dL) [Gpc™ yr~']

nuclei or mixed proton or mixed

46 27 28 29 50 51 52 53 54
log(Lyiso [erg s™'])

Progenitor
star

(Zhang et al. 2018)

internal shock

(1S) (Kimura 2022)
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Prospect of Neutrino Detection: Low-Luminosity GRBs (LLGRBs)

Single chocked jet event, 1 Gpc~z = 0.2 Diffuse neutrino background

= Choked LP GRB IS (r/u cooling scenario)
. (He et al. 2018) 10°¢ —— Choked LP GRB IS (v attenuation scenario)
e S T — - Choked UL GRB CS (Murase & loka 2013)
""""""""""""""" 7 +}+ 6 -yearlceCube HESE
e “* GRB221009A e o +}+ 6 - yearlceCube Shower
] ") . T
€ -, T e I s, “ 107
% 10-2 .’,,.{, f ~\~\ ~\.\ X 2 10
° P % g
ks -3 ¥ S \.
= 10 , \\ \ %
3 P 4 % N )
~Na \ \' ‘:‘ 108 F
w 10~% \\\- A N,e;
== Liss=3.3x10%ergs™,t=3.3 x 10%s, " = 10 (Intermediate) \ Sy
107° § mmn Lo =3.3x 10%%rgs1, t = 3.3 x 10%, I = 100 (Soft) \
w Liso=1.0x10%%ergs™%, t=1.0 x 10%s, I = 100 (Hard)
10—6‘3 'd -5 16' .7 10-9 164 . 165 P 165 2 167 AL N
10 10 B 10 E, [GeV] (Kimura 2022)
* Single LLGRB (chocked jet model) - LLGRBs are considered one of the primary
produce neutrinos with flux candidate sources of the IceCube diffuse
comparable with GRB 221009A (BOAT) neutrino background.

* Low y-ray flux
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Summary and Discussion

« Multi-messenger detection with neutrinos is significant for differentiating
GRB prompt emission models.

* The neutrino flux associated with GRBs is lower than anticipated.

* Increasing the effective area of neutrino detectors can achieve the GRB-
neutrino joint detection in the near future.

* Low-luminosity GRBs have higher neutrino flux and higher event rate.
More sensitive neutrino detectors, in coordination with high-energy satellites

(X-ray telescopes) may enable joint detections.
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