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Introduction



GW170817 (e.g. Abbott et al. 2017a, Kasliwal  et al. 2017) 
→ BNS mergers cause GW emission, sGRBs and kilonovae. 

BNS merger /sGRB /kilonova
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Fernandez & Metzger 2016



Prompt
Extended

Plateau

• Canonical sGRB :  
Short activity of central engine 
→ prompt emission + afterglow  

• X-ray long-term excess (Extended, Plateau) 

→ Prolonged engine activity & 

　 energy injection into jet 

→ Mechanism ?  

　 Dissipation process ? 

Late-time emission of sGRB
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X-ray lightcurve of sGRBs (Kisaka +17) 

log t

log L Prompt
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Our approach 
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Based on prolonged engine activity model,  

• Prediction of another observable phenomena by neutrino 
• Constraining on physical quantity of sGRBs  
• Especially dissipation radius & composition of jet 
→ Test the model

Theory: 
Prolonged 

engine activity 
model

Observation: 
IceCube, 
Gen2

 
Prediction: 
The  Number of 
Neutrino Signals  

Nν

Constrain

Calculation 
In this work



• IceCube：Neutrino Observatory @ the South Pole 
 　detecting astrophysical ν with ~ eV 

• IceCube-Gen2 : Future plan, ~ 5 times sensitivity 

• IceCube has already detected many events. 

• Sources ?

1015

IceCube

7
 IceCube-Gen2 Collaboration+ 2020



 No association of GRBs and ν (e.g. IceCube+15, 17,  Abbasi 2022). 
 but they are cosmological GRBs 
→ Local sGRBs are not strongly constrained. 
    They would associate with GWs. (  Mpc, O5)dL < 300

Constraint on GRBs
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 Abbasi +22

Extended & Plateau :  　
　　  s 

 upper limits :  

　　  erg/s

tdur ∼ 102.5 − 104

Lν ∼ 1049



Method
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p

BH
γ

p + γ → π+ + X → 3ν + X′ 

ν
Dissipation

 cmrdis ∼ 1012

BH

Ejecta

Cocoon

p

BH

Ejecta

JetCocoon

Dissipation

BH

Ejecta

The model : Cocoon photons

BH

Ejecta

Cocoon

Jet launch   st = 0

Prompt emission   st ∼ 101.5

 Break out   st < ∼ 1merge   st ∼ − 1

Extended emission   st ∼ 102.5

βjet ∼ 1
βcoc ∼ 0.3

βej ∼ 0.2

  sTobs ∼ 0   sTobs ∼ 102.5



Calculations 
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BH

γ

p + γ → π+ + X → 3ν + X′ 

ν
Dissipation

 cmrdis ∼ 1012

Proton (Cosmic-ray)  

 

(   →  )

dNp

dεp
= Nεp,nor (

εp

εp,cut
)−2 exp(−

εp

εp,cut
)

t′ −1
acc = t′ −1

cool εp,cut

+ adiabatic loss  
+ Bethe Heitler process

+ acceleration t′ acc

t′ cool  ∝ ε2
p

dNp

dεp

 
co-moving

ε′ p

 
GeV
102  

GeV
108

t′ pγ

Neutrino 

  

where      

  

ε2
νμ

dNνμ

dενμ

≈
1
8

fpγε2
p

dNp

dεp
εp=ενμ/0.05

fpγ = t′ cool /t′ pγ

t′ −1
pγ =

c
2γ′ 2

p ∫
∞

ε̄th

dε̄γσpγκpγε̄γ ∫
∞

ε̄γ /2γp

dε′ γε′ −2
γ

dn′ γ

dε′ γ



ε′ γ

Calculations 
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p

BH

γ

p + γ → π+ + X → 3ν + X′ 

ν
Dissipation

 cmrdis ∼ 1012

Photon  

• Internal   

   

• Cocoon 

dn′ in

dε′ γ
∝ ε′ −0.5

γ (ε′ γ ≥ ε′ γ,pk)

∝ ε′ −2
γ (ε′ γ < ε′ γ,pk)

ε′ γ
dn′ ex

dε′ γ
= Γj

8π(ε′ γ /Γj)3

h3c3

1
exp(ε′ γ /ΓjkBTcoc) − 1

+ adiabatic loss  
+ Bethe Heitler process

+ acceleration 
 (in co-moving flame of jet)

MeV  eV
t′ acc

t′ cool

t′ pγ

 ε′ γ
dn′ 

dε′ γ

 Cocoon

Internal



Results & Discussion 



Timescale and ν production rate
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Fast

Slow

Neutrino  
production t′ −1

pγ

Adiabatic loss  t′ −1
ad

Total cooling t′ −1
cool

Ratio is fpγ

Bethe Heitler process   
 , not effective in this case

t ′ −1
BH

p + γ → p + e+ + e−

Cooling and acceleration of proton

acceleration t′ −1
acc



expected number of signals (in every Γ, )sinδ

Detectability & Γ dependence
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Integration

Γex
pe

ct
ed

 n
um

be
r • Week dependence on Γ 

(cf. only internal photons → ) 

• 0.1 ν from 1 sGRB at  
(by IceCube )

∝ Γ−2

dL = 300Mpc

 s  cm, dL = 300Mpc tdur = 102.5 rdis = 1012 ξp = 10

Average

North

South

South

North

resultant spectrum Effective area of IceCube

upper limitLν ∼ 5 × 1047 <

Only internal



•  : normal distribution  

• , : homogeneous 
logtdur

dL δ

Operation time

16

→  highly probable to find ν signals in 13 years (IceCube : 2σ, Gen2 : 3σ) 
→   and number of proton in jet  

 　will be constrained by observation in the future.

rdis

distribution of  
based on Kisaka+17 

logtdur

Low 
probability 

High 
probability 

3σ

2σ

  cm,   rdis = 1012 ξp = 10



Some prompt jets are choked by ejecta (Moharana & Piran 17), 
but prolonged jets may break out.  (Matsumoto & Kimura 18)

Choked-jet events

17

Matsumoto & Kimura 2018

• Detection is the direct evidence of prolonged engine activity. 

• But difficult to find by EM → GW/ν association is important.  

• choked/successful ~ 0.5 (Sarin +22) → possible in ~20 years

Moharana & Piran 2017
T90

dN
dT90

Sign of 
choked jet



• We calculated neutrino emission from sGRB 
considering the prolonged jet model and cocoon photons.   

• Neutrinos are efficiently emitted with Extended Emission (  s) 

• 0.1 neutrino will be found from 1 sGRBs  
at detection horizon of LIGO/VIRGO/KAGRA O5. 

• It is highly probable to detect neutrinos  
from sGRB in 13 years. (IceCube : 2σ, Gen2 : 3σ) 

• Dissipation radius and composition of prolonged jet will 
be constrained by comparing the observation in the future 
with the prediction in this work. 

•  GW/neutrino association is important to detect choked-jet 
events and prove the model of prolonged engine activity.

t ∼ 102.5

dL ∼ 300 Mpc ∼

Summary
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Back Up



 : Cocoon temperature (Kimura+19) 

 

 cm   (Constant velocity)  

Tcoc

Tcoc = (3ℰcoc/4πR3
cocarad)1/4

Rcoc = 3 × 1012 (tdur /102.5s)

ℰcoc = 8.8 × 1044 (tdur /102.5s)−1 erg + 9.3 × 1044 (tdur /102.5s)−0.3 erg

Temperature  of cocoon
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Part of initial 
internal energy 

Injected by 
radioactive decay

, ,   

(at break out time) 
from Hamidani +20

vcoc Ekin,coc Eint,coc



• Synchrotron cooling of π  ( ) 

• Synchrotron cooling of μ  ( ) 

• flavors of ν & ν oscillation  (  ,    ) 

• Secondary energy distribution of π & μ decay

fsup,π

fsup,μ

Nν νe νμ ν̄μ

Also we considered 
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ε2
ν̄e

dNν̄e
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1
8

fpγ fsup,π fsup,με2
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p + γ → π+ + n

→ μ+ + νμ + n

→ e+ + νe + ν̄μ + νμ + n



,       : ν production rate  

: production timescale　 

Cosmic ray ( ):   

Cutoff energy is determined by  
the balance between the cooling  

, 
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1
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t′ −1
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c
2γ′ 2

p ∫
∞

ε̄th

dε̄γσpγκpγε̄γ ∫
∞

ε̄γ /2γp

dε′ γε′ −2
γ

dn′ γ

dε′ γ
∼ n′ γσc

ε2
p

dNp

dεp

dNp

dεp
= Nεp,nor (

εp

εp,cut
)−pinj exp(−

εp

εp,cut
)

t′ −1
acc = t′ −1

cool

t′ acc = ε′ p/ceB′ B′ = 2Lγ,isoξB/cΓ2
j r

2
dis

Cosmic-ray distribution
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,       : ν production 

rate  

: production timescale　 

Synchrotron cooling of π & μ  (  ,  ) 
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dNν̄e
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1
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fpγ fsup,π fsup,με2
p

dNp

dεp
εp=ενe/0.05

fpγ = t′ cool /t′ pγ

t′ −1
pγ =

c
2γ′ 2

p ∫
∞
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dε̄γσpγκpγε̄γ ∫
∞

ε̄γ/2γp

dε′ γε′ −2
γ

dn′ γ
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fsup,π fsup,μ

fsup,i = 1 − exp(−t′ i,cool /t′ i,dec)

t′ i,dec ∝ ε′ i

t′ i,cool = t′ −1
i,syn + t′ −1

add

t′ −1
i,syn = 6πm4

i c3/m2
e σTB2ε′ i

π & μ cooling
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Photomeson :  

 

 

where  is the neutrino fluences measured at the 

source and is luminosity distance. 

p + γ → π+ + n → μ+ + νμ + n → e+ + νe + ν̄μ + νμ + n

ϕνe+ν̄e
=

10
18

ϕ0
νe+ν̄e

+
4
18

(ϕ0
νμ+ν̄μ

+ ϕ0
ντ+ν̄τ

)

ϕνμ+ν̄μ
=

4
18

ϕ0
νe+ν̄e

+
7
18

(ϕ0
νμ+ν̄μ

+ ϕ0
ντ+ν̄τ

)

ϕ0
i =

dNi

dεi
/4πd2

L

dL

Neutrino oscillation 
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muon-neutrino 

,  

Anti muon-neutrino, electron-neutrino  

, 

dNνμ

dενμ

≈ ∫ dεπg(επ, ενμ
)fsup,π ( fpγ

dNp

dεp
)

εp=5επ

g(επ, ενμ
) =

θ(1/4εpi − ενμ
)

1/4επ

dNν̄μ

dεν̄μ

≈
dNνe

dενe

≈ ∫ dεμg(εμ, ενe
)fsup,μ ( fsup,π fpγ

dNp

dεp
)

εp=5επ= 20
3 εμ

g(εμ, ενe
) =

θ(1/3εμ − ενe
)

1/3εμ

Secondary distribution 

25



Time scale of pion, muon
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Other 
Parameters
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Plateau Emission
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Comparison of IC with Gen2



 

  ( average for duration) 

          (average for angle) 

　　　　（Poisson distribution ） 

　　(expected number)

q(T ) = 1 − exp(−TRSGRB4π∫
300Mpc

d(dL)d2
LPn≥1 ) ∼ RSGRB (T

4
3

πd3
L) Pn≥1

Pn≥1 = ∫ d(ln (tdur /s))F(tdur) ⟨pn≥1⟩ang

⟨pn≥1⟩ang =
1

4π ∫ dΩ pn≥1(δ)

pn≥1(δ) = 1 − exp(−N̄νμ
)

N̄νμ
= ∫ dενμ

ϕνμ+ν̄μ
(ενμ

)Aeff(δ, ενμ
)

Estimation of Operation time
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p

BH γ

Ejecta

JetCocoon

Not enough duration →  
→ Cocoon can’t cover the dissipative region. 
→ Detectability highly depends on 

rdis < Rcoc = cβcoctdur

tdur

Duration dependence 
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truncation by rdis > Rcoc

Schematic image 
in the case of rdis > Rcoc

 ,  cmdL = 300Mpc rdis = 1012

Probability



Repoted by Rastinejad +22 

 Mpc 

LIGO/Virgo were not in operation. 

 s 

→ Non-detection of ν is consistent 
　with the case of  

※ It is possible to be associated with 
　 GeV gamma-ray by Fermi/LAT at t~  s 
　 (Mei et al. 2022). 

dL = 350

tdur ∼ 50

rdis > Rcoc

104

GRB211211A : long GRB with kilonova

32Rastinejad +22



Analyzed GRBs are cosmological (z ~ 1-2) 
→ If the result is apply z~ 1-2,  
　 fluence become 100 times smaller. 
→ It is consistent.

Comparison with IceCube analysis
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 Abbasi +22

  Mpc,  sdL = 300 tdur = 102.5

~  GeV/ /events5 × 10−3 cm2
~  GeV/10−2 cm2

z ~ 0.5,  2 Gpc

Upper limits Resultant spectrum 



Prompt jet is choked. 
→ No prompt emission 
→ gamma-ray is not strong. 
→ It’s difficult to find.    

Prolonged jet break out 
→ Extended, Plateau emission 
→ It’s blight in soft X-ray. 

• XRT and others : FOV is small. 
• MAXI (FOV:  str) cannot follow up 

• Swift/BAT (FOV: 1.4 str): energy range is hard X-ray. 
 
→ Future wide-field X-ray monitor is necessary. 

7.3 × 10−2

EM observation of choked-jet

34


