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Gamma-ray burst (GRB)
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Discovery：1967-1973

Flashes in Gamma-ray band, about 1-3 GRBs detected per day

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

(BeppoSAX-HETE era)
Stage 4: 2004-2008

(Swift era)
Stage 5: 2008 -

(Fermi/Swift era)
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Early samples：1991-1996

I s o t r o p i c a l l y d i s t r i b u t e d

(Kouveliotou et al., 1993)

L o n g  G R B s  v s .  s h o r t  G R B s

p have an extragalactic origin
p have different types

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

http://www.batse.msfc.nasa.gov/batse/grb/skymap/


Observational Facts of GRBs (Stage 3) 

10/07/2025 4

D e t e c t i o n  o f  G R B  a f t e r g l o w

8 

Stage 3: 1997-2003  
(BeppoSAX-HETE era) 

Discovery of afterglow of long GRBs D e t e r m i n a t i o n  o f  r e d s h i f t
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the telescope during the observations (!25!) and a problem with
the Keck II lower shutter, approximately half of the telescope
aperture was blocked during the exposures. Instrumental sensitivity
was calibrated by an observation of the standard star15 BD+284211,
but owing to an approximate correction for the occulted aperture
the absolute calibration is only rough.
The resulting combined spectra from 11 May is shown in Fig. 1a.

It is customary to represent the spectral flux density (Fn) of a non-
thermal source by a power law, Fn ! na; here n is the frequency. The
optical index computed from the spectrum is aO ¼ " 0:9 # 0:3.
The large uncertainty is due to the uncertain correction for atmo-
spheric extinction in the blue region of the spectrum at the large
zenith angles of our observations.
Several absorption features are evident; the strongest, near 7,600

and 6,870 Å, are due to telluric O2. In the region between 4,300 and
5,300 Å (Fig. 1b), there are several significant absorption features16

that we identify. The identifications were made based on Mg II

doublet (5,129 and 5,143 Å) line ratios, and assigning further rough
identification of other metal lines based on wavelength ratios
between these and theMg doublet. Table 1 shows the lines identified
in the spectrum; independent redshifts are computed from each
line. This reveals a relatively strong17 metal line absorption system at
z ¼ 0:8349 # 0:0002, and a weaker Mg II system at z ¼ 0:768. The
eight lines present in the strong absorption systemmake the redshift
assignment unambiguous. The continuum source is either more
distant and absorbed by a gas cloud at this redshift, or perhaps is
located physically within the cloud, but the absorption places a firm
lower limit to the redshift of the source, z $ 0:835.
Such absorption systems are commonly seen in the spectra of

high-redshift quasi-stellar objects (QSOs)17. An imaging study of
such systems18 reveals that most are associated with normal galaxies
close to the line of sight to the QSO. An analysis of these systems19 at
redshift similar to the system we identify in OT J065349+79163
indicates a correlation (with significant scatter) between line
equivalent width and impact parameter. As the absorption we see
should be similar to QSO systems, we expect that deep images
(perhaps taken after the transient fades) would reveal a galaxy
responsible for this absorption system, though it is difficult to
predict its brightness or separation from the transient. A hint of
such an object has already been suggested20. Note that as the OTwas
far brighter than any other nearby object, any contamination of the
spectrum is negligible and thus the OT features were a physical
absorption.
At these redshifts, the number of Mg II absorption systems with

rest equivalent widthsWl % 0:3 Å per unit redshift is of the order of
unity17. Detection of one or two such absorption systems in our
spectrum is thus not unusual. However, the ratio of line strengths
(Mg I/Mg II) seems unusually high, and combined with the high

strength of theMg II absorption system provides some evidence for a
dense foreground interstellar medium. This implies either a small
impact parameter19, or, more likely, that the z ¼ 0:835 system is due
to the GRB host galaxy itself. We can also place an approximate
upper limit to the source redshift from the absence of apparent
Lyman-a absorption features in our spectra. The short-wavelength
limit of our data corresponds to zLya " 2:3. In addition to the lack of
individual lines, the mean observed continuum decrement at this
redshift is21,22DA " 0:1–0:2, and it increases with redshift. If present,
such a continuum drop should be detected in our data for
wavelength l % 4;000 Å. We can thus place an approximate upper
limit to the source redshift of z & 2:3.
One might ask whether from current observations we should

expect to see a host galaxy for the burst, if such a galaxy were
present. If we assume aminimum redshift of z ¼ 0:835 in a standard
Friedmann cosmology with H0 ¼ 70 km s" 1 Mpc" 1 and Ω0 ¼ 0:2,
the luminosity distance is 1:49 ' 1028 cm. The B band would be
redshifted just slightly past the Gunn i band, and for observations13

made on 10 May UT, the observed flux in the redshifted B band is
!39(Jy. For the assumed redshift and cosmology, this implies an

Figure 1 The spectrum of the optical variable. a, Full spectrum; b, expansion of a

limited region,with strongabsorption linesand identifications indicated. The lines

marked with an asterisk are identified with an absorption system at redshift

z ¼ 0:835, the others at z ¼ 0:767. The spectrumhas been smoothedwith a three-

pixel boxcar filter. A few additional weak features (not shown) have also been

tentatively identified with the z ¼ 0:767 system. Fn is the flux density, and d is the

wavelength in Å.

Table 1 OT J065349+79163 absorption lines

lvac

(Å)

Unc. Wl

(Å)

Unc. lrest

Å

z Assignment

.............................................................................................................................................................................
4,302.5 1.8 1.3 0.3 2,344.2 0.8354(8) Fe II

4,359.7 1.4 1.3 0.3 2,374.5 0.8360(6) Fe II

4,372.2 1.5 1.4 0.3 2,382.8 0.8349(6) Fe II

4,746.7 1.7 1.0 0.4 2,586.7 0.8350(7) Fe II

4,769.7 1.3 2.3 0.2 2,600.2 0.8344(5) Fe II

4,941.1 1.5 1.3 0.3 2,796.4 0.7670(5) Mg II

4,953.9 1.5 1.0 0.4 2,803.5 0.7670(5) Mg II

5,130.4 1.1 2.7 0.2 2,796.4 0.8346(4) Mg II

5,144.0 1.1 3.0 0.2 2,803.5 0.8348(4) Mg II

5,232.6 1.3 1.8 0.2 2,853.0 0.8341(5) Mg I
.............................................................................................................................................................................
Table gives measured parameters for identified absorption lines in OT J065349+79163 and
the inferred redshift of each feature. lvac is themeasured wavelength of each line, corrected
to vacuum, and the following column is the uncertainty (in Å); Wl is the observed (not rest
frame) equivalent width of the line in Å, along with the corresponding uncertainty; the last
three columns list the assigned physical absorption for each line, with rest vacuum
wavelength (lrest), implied redshift, and element/ionization state.

(Metzger et al. 1997)
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Galactic halo: 

Cosmological: 

For comparison: 

Energy emitted by a GRB in one second (assuming isotropic) is comparable to   
energy of  Sun emitted in the entire life time: 1033×3.15×107×1011~3×1051 erg 
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L⊗ ~ 1033erg/s,  Lgal ~ 1044 erg/s,    LAGN,M ~ 1048erg/s

Gamma-ray bursts: the most violent 
explosions after Big Bang! 

Luminosity estimation

p GRBs have multi-wavelength radiation
p GRBs originate from distant universe

GRB 970508
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Observational Facts of GRBs 
T h e o r i g i n  o f  l o n g  G R B s

Collapse of massive stars

13 

Confronting data with theory 

GRB/SN associations 

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).

4

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

T h e o r i g i n  o f  s h o r t  G R B s

GW 170817/GRB/KN

Binary-neutron-star mergers
(Abbott et al. 2017)
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Confronting data with theory 

GRB/SN associations 

Woosley (2001) 

𝛽~ − 2.2
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• Dissipative photosphere model
(Rees & Meszaros 2005)

𝑹𝐩𝐡~ 𝟑. 𝟕×𝟏𝟎𝟏𝟏𝐜𝐦 𝑳𝒘,𝟓𝟐𝚪𝟐.𝟓)𝟑

• Standard internal shock model
(Rees & Meszaros 1994)

𝑹𝐈𝐒 = 𝟐𝚪𝟐𝒄𝜹𝒕𝐦𝐢𝐧~𝟏𝟎𝟏𝟐 − 𝟏𝟎𝟏𝟑𝐜𝐦

• ICMART model
Internal-Collision-Induced MAgnetic
Reconnection and Turbulence 
(Zhang & Yan 2010)

𝑹𝐈𝐂𝐌𝐀𝐑𝐓 ~ 𝟏𝟎𝟏𝟓𝐜𝐦

GRB prompt emission model

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

Could the detection of neutrinos be helpful?



Neutrino emission: p𝛾 interaction
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Δ-resonance 𝐸3𝐸4~0.16 GeV5
Γ

1 + 𝑧

5

𝐸6 ≅ 0.05𝐸3

𝜋7 typically carries ~1/5 of proton energy
Each lepton shares 1/4 of the 𝜋7 energy

𝐸4~1MeV; Γ~100 𝐸6~108 − 109GeV IceCube range



Neutrino Emission
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Spectrum of GRB neutrino 

𝛼5/𝛽5: gamma-ray spectra index (Band function)
𝑝: proton spectra index
𝜖6,7: depends on the break in GRB spectrum
𝜖6,8: determined by 𝜋9 synchrotron cooling

Spectrum of GRBs: Band function

𝑛! ∝ 𝑛"𝜏"# ∝ 𝐸"
$"𝐸"

% &' ( $)

(Band et al., 1993, Briggs et al. 1999) 
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Neutrino Emission

(Zhang & Kumar 2013)

𝟏/𝟐

𝟏
𝟖
=
𝟏
𝟐
×
𝟏
𝟒
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• Targeting on high-energy astrophysical neutrinos, 𝟏𝟎𝟐𝐆𝐞𝐕 − 𝟏𝟎𝟗𝐆𝐞𝐕
• Effective area depends source position，𝑨𝐞𝐟𝐟,𝐦𝐚𝐱~𝟏𝟎𝟖𝐜𝐦𝟐

𝑵𝝂 = A𝒅𝒕A𝒅𝜴A
𝟎

<
𝒅𝑬𝑨𝐞𝐟𝐟 𝑬𝝂, 𝜴 𝝓𝝂 𝑬𝝂, 𝜴, 𝒕

(IceCube Collaboration 2021)   https://icecube.wisc.edu/datareleases/2021/01/all-sky-point-source-icecube-data-years-2008-2018/

Credit: IceCube Science Team - Francis Halzen 
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Current Status of GRB neutrino detection: GRB 221009A

“The brightest GRB of all time (BOAT)”

𝐸5,?@A ~ 10BB erg; 𝐿5,?@A ~10BCerg/s; z = 0.151

RA =  288.2645°
Dec  =  +19.7735°

(Cao et al. 2023)

Non-detection of associated neutrino 
IceCube provides the upper limit

𝑬𝝂𝟐𝝓𝝂 < 𝟒. 𝟏 ×𝟏𝟎)𝟐𝐆𝐞𝐕 𝐜𝐦)𝟐

（based on 𝐸)8 neutrino spectrum)

(Abbasi et al. 2023)
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Current Status of GRB neutrino detection: GRB 221009A

• Dissipative photosphere model à Disfavored
• Standard internal shock model à high radiation radius, high jet 𝚪 required 
• ICMART model à Survive

(Lian, Ai & Gao 2025)

Model selection

(Ai & Gao 2023)

Ph
IS
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When 𝚪 = 𝟑𝟎𝟎, 𝐑 = 𝟏𝟎𝟏𝟓𝐜𝐦,  𝛏𝐜𝐫 = 𝝐𝐩/𝝐𝒆 < ~𝟏𝟎
When 𝚪 = 𝟑𝟎𝟎, 𝐑 = 𝟏𝟎𝟏𝟒𝐜𝐦, 𝛏𝐜𝐫 = 𝝐𝒑/𝝐𝒆 < ~𝟑

(Murase et al. 2022)

Constraints on model parameters

(Abbasi et al. 2024)

Stacking GRBs

cannot provide tighter constraints 
than the‘BOAT’.

Current Status of GRB neutrino detection: GRB 221009A
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Prospect of Neutrino Detection: Single GRB Event

• Assume a future neutrino detector 𝓜 times more sensitive than IceCube (𝓜= 𝐀𝐞𝐟𝐟/𝐀𝐞𝐟𝐟,𝐈𝐂𝟖𝟔$𝐈𝐈)

q Photosphere model：
IceCube sensitivity à Detection limit 𝒛~𝟎. 𝟑𝟕

q Standard internal shock model：
𝓜= 𝟓à Detection limit 𝒛~𝟎. 𝟓

q ICMART model:
• Same distance and same sky position as GRB 221009A：

𝓜= 𝟏𝟎 required
• Same distance and best sky position: 

𝓜= 𝟑 required

(Lian, Ai & Gao 2025)

How sensitive should a detector be?

GRB 221009A-like GRB
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Prospect of Neutrino Detection: Stacking GRBs
2019 – 2023， 5-year sample, 1503 GRBs

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%

(Lian, Ai & Gao 2025)
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Prospect of Neutrino Detection: Stacking GRBs
What if GRB-associated neutrinos are still not detected  with advanced detector …? 

ℳ = 4
ℳ = 5.5

ℳ = 19

ℳ = 10

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

(Lian, Ai & Gao 2025)
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Future high-energy neutrino detectors

TRIDENT
The tRopIcal DEep-sea Neutrino Telescope

Stacking GRBs

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

(Zhang et al. 2018) 

• Model I： weak jet 𝜞 ≤ 𝟑𝟎
high baryon loading 𝝐𝒑/𝝐𝒆~𝟐𝟎
high neutrino flux

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

(Kimura  2022)

• Low isotropic luminosity：𝟏𝟎𝟒𝟔~𝟏𝟎𝟒𝟗 𝐞𝐫𝐠/𝐬
• High event rate: (100-200) 𝐆𝐩𝐜)𝟑 𝐲𝐫)𝟏

200 times higher than high-luminosity GRBs

Theotical model
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Prospect of Neutrino Detection: Low-Luminosity GRBs (LLGRBs)

• Single LLGRB (chocked jet model) 
produce neutrinos with flux 
comparable with GRB 221009A (BOAT)

• Low 𝜸-ray flux

• LLGRBs are considered one of the primary 
candidate sources of the IceCube diffuse 
neutrino background.

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

(Kimura  2022)

(He et al. 2018)

GRB 221009A
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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.


