
Neutrino from Hypercritical 
Accretion

Myeong-Gu Park
Kyungpook National University

2020-02-06MMAA Workshop, Muji



Astrophysical neutrino burst events 
involving compact objects

• NS-NS/BH-NS mergers
• GW events
• Gamma-ray burst
• EM afterglow
• Neutrino burst

• AGNs
• High energy neutrino
• EM 

• Supernovae
• Supernova fall back
• Hypercritical accretion



Gamma-Ray Bursts (GRBs)
• Brief, bright flash of gamma-

rays

• Vela 5 (1969~1979) detected 
73 GRBs 

• Timescales of 10 msec ~ hours

• Wide variation both in time-
structure and duration

• As bright as the visible stars, 
some as bright as Venus

• Never repeat from the same 
source



Identification of GRBs

• Isotropic distribution in the sky
• Local: Solar System, Galactic Halo?
• Cosmological
• 1973 ~ 1993

• Compton Gamma-Ray Observatory (1991~2000)

• BeppoSax (1996~2002)
• Italian-Dutch X-ray mission
• 0.1~200 keV, good energy resolution
• Wide-field cameras

• Capable of monitoring X-ray transient phenomena

• 1 msec resolution from 60~600 keV





BeppoSax GRB 970228 (discovered with WFC)

Each square is about 6 arc min

Feb 28, 1997 (8 hr after GRB using MECS) March 3, 1997 (fainter by 20)

Woosley



Groot, Galama, von Paradijs, et al IAUC 6584, March 12, 1997

William Hershel Telescope Isaac Newton Telescope

Woosley

GRB 970228



Spectrum of the host galaxy of GRB 970228 obtained at the Keck 2 Telescope.
Prominent emission lines of oxygen and neon are indicated and show that the 
galaxy is located at a redshift of z = 0.695. (Bloom, Djorgovski, and Kulkarni 
(2001), ApJ, 554, 678. See also GCN 289, May 3, 1999.



Energetics of GRB 970228

• Distance
• z = 0.6950

• Cosmological distance ~ 4.274 Gpc

• Brightness
• 1.6 x 1052 erg in gamma-rays alone

• ~ 2000 x LSN

• isotropic emission assumed



GRB 990123

• z = 1.61

• E ~ 1054 erg

• Typical GRBs
• z ~ 1

• E ~ 1053 erg



Short and Long GRBs

• Short vs Long GRBs
• Short GRBs (SGRBs): t < 2 sec
• Long GRBs (LGRBs): t > 2 sec

• LGRBs
• ~ 70% of GRBs
• Associated with star-forming regions
• Many associated with a core-collapse 

supernova

• SGRBs
• ~ 30% of GRBs
• Not associated with star formation
• Associated with elliptical galaxies, the 

central regions of large galaxy clusters



GRB Engines

• Short GRBs
• Compact GR emission region

• NS-NS or BH-NS merger model

• GW170817
• GW signal

• GRB 170817A – short GRB

• Afterglow - kilonova



• Long GRBs
• Collapsar model

• Core of an extremely massive, low-metallicity, 
rapidly rotation star collapses into a black 
hole

NASA



Thermal Neutrinos from NS-NS Merger
• Gravitational binding energy 

should be released as in 
supernovae
• ~ 3 x 1053 erg

• Released as thermal and kinetic 
energy

• Some of these energy in the 
form of photons and neutrinos

• Relativistic radiation 
hydrodynamic simulations 
(Sekiguchi+ 2011)
• ~ 3-8 x 1053 erg/s 

• 20-75 MeV neutrinos 1.35, 1.5, 1.6 Msun



• Neutrino luminosities for 
three flavors

• Expected detection 
number for 0.5 Mton HK + 
KNO
• > 5 for distance < 5 Mpc in 

2-3 sec for hyper-massive 
NS

• GW or GRB detectors 
provide the precise time of 
the event



• GR axisymmetric neutrino radiation 
hydrodynamic simulations 
(Fujibayashi+ 2017)
• A massive NS + torus

• Neutrino-driven outflow

• Neutrino radiation hydrodynamics
• Radiation moment formalism (Thorne 1981)

• Streaming + Trapped

• M1 closure for streaming neutrinos



BNS Merger Rate

• BNS merger rate from aLIGO
• RBNSM ~ 250 - 2810 Gpc-3/yr (arXiv2001.01761)

• For 𝐷eff = 200 Mpc, 

𝑅 ∙
4𝜋

3
𝐷eff
3 ~ 8.4 - 94 events/yr



Neutrinos from GRBs

• Detailed models of GRBs still uncertain.
• How does the central engine produce the fireball and 

launch the relativistic jet?

• Detection of neutrinos can confirm or reject many 
scenarios



Thermal Neutrinos from BNS Merger

• HK + KNO (Kyutoku-Kashiyama 2018)

• Expected number of neutrino events
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• Expected number of neutrino events for a single merger

𝑛 ≈ 0.5 × 10−3 × 𝑓𝐸𝑓𝑠𝑒𝑓𝑜𝑠𝑐
𝑀𝑇

0.5 Mt

𝐸Δ𝑡
3 × 1052erg

𝐸

10 MeV

𝐷

100 Mpc

−2



• Superposition (Kyutoku-Kashiyama 2018)
• Superposition of many mergers

• LIGO will tell the time of the events

• Total number of neutrino detection
𝑁 = 𝑅𝐵𝑁𝑆𝑀 ⋅ 𝑡𝑜𝑏𝑠 ∙ 𝑛

~0.78 ×
𝑀𝑇

0.5 Mt

𝐸Δ𝑡
3 × 1052erg

𝐸𝜈
10 MeV

𝐷eff
200 Mpc

𝑡𝑜𝑏𝑠
30 yr

• Noise control by using timing information from LIGO and 
using only Δ𝑡𝑜𝑏𝑠 ≈ 1 sec



Relativistic Beaming?

• Particle energy is boosted by the bulk Lorentz factor Γ.

𝐸 = Γ 𝐸 0

• Number flux of particles is boosted by Γ2.
• Beam is focused into an angle of Γ−1.

𝐸

𝐷2
= Γ2

𝐸

𝐷2
0

• Number of events observed decreases by Γ−2.

𝑅𝐵𝑁𝑆𝑀 = Γ−2 𝑅𝐵𝑁𝑆𝑀
0

• Duration of burst shortened by Γ−1.



• Total number of neutrino detection

𝑁 = Γ−2𝑅𝐵𝑁𝑆𝑀
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• Estimated Γ
• 100 ≤ Γ ≤ 1000 from observation + afterglow model 

(Ghirlanda+ 2018)



Non-thermal neutrinos from NS-
NS/BH-NS mergers

• High-energy neutrinos from relativistic fireballs 
(Waxman & Bahcall 1997)

• Relativistic jet

• Blanford-Znajek process



Neutrinos from Blazar

• IceCube
• Gigaton neutrino detector 

since Dec. 2010

• 5160 Digital optical modules 
distributed over 86 strings

• Cherenkov emission from 
secondary particles

• IceCube-170922A
• ~ 290 TeV

• Coincident with 𝛾-ray (Fermi) 
flaring blazar TXS 0506+056



Science, 13 July 2018





z = 0.3365



Blazar
• Highly variable Active Galactic Nucleus

• hours to days

• Emission across the EM spectrum
• Source of high-energy gamma ray

• Some show superluminal motion

• Theoretical model
• AGN with a relativistic jet, directed very nearly 

toward Earth
• Relativistic beaming: Γ ≤ 10

• Classification
• BL Lac objects: low-power radio galaxies
• Optically Violently Variable (OVV) Quasars: radio-

loud quasars

Markarian 501





Multi-messenger Observation

• Neutrino luminosity
𝐿𝑖𝑠𝑜
𝜇

~ 7.2 × 1046 erg/s in 6 months period

𝐸𝑖𝑠𝑜
𝜇

~ 1.1 × 1054 erg

• Gamma-ray luminosity
• 𝐿𝑖𝑠𝑜

𝛾
~ 1.3 x 1047 erg/s (0.1 – 100 GeV) within two weeks 

of IceCube-170922A 



Blazars as neutrino sources

• Neutrinos prior to IceCube-170922A

• All-flavor neutrino fluence: 4.2 x 10-3 erg/cm2 (32 TeV ~ 3.6 PeV)

• Lν,iso = 1.2 x 1047 erg/s   >  Lγ = 0.28 x 1047 erg/s



• Emission mechanism
• Accelerated protons interact with ambient lower-energy 

photons

• Production of gammas and neutrinos
• Neutral pions – decay to gamma rays

• Charged pions – decay to neutrinos and leptons

• Luminosity and spectrum of lower-energy neutrinos?



Hypercritical Accretion

• ሶ𝑀 ≫ ሶ𝑀𝐸

• Optical depth 𝜏𝑒𝑠 ≫ 1

• Radiations are trapped.

• Torus or thick disk, quasi-spherical

• Cooled by neutrinos



• Condition for neutrino cooling domination 
• ሶ𝑀 > 3 × 10−4 Msun/yr for spherical infall onto NS 

(Chevalier 1989) 
• ሶ𝑀 > 3 × 104 Msun/yr for disk around rotating BH 

(Chen & Beloborodov 2007)
• ሶ𝑀~ 107 Msun/yr for disk around BH (Caballero et al. 

2016)

• Possible scenario
• NS-NS or BH-NS mergers
• Collapsar
• SN fallback
• Tidal disruption of stars by SMBH



Caballero et al. 2016



• Temperature profile (Caballero et al. 2016)

non-rotating BH



rotating BH



• Neutrino optical depth

Neutrino trapping 
can also occur.



• Luminosity/Radiation Efficiency

For ሶ𝑀~ 107 Msun/yr,
𝐿𝜈~8 × 1052 ergs/s



Radiation + Neutrino Hydrodynamics

• Radiation and neutrino driven (momentum & 
energy) hydrodynamics are important in highly 
dense accretion flow



Mixed-frame Radiation Moment 
Formalism

• Interaction between radiation and matter can exchange 
energy and momentum to each other.
• Details can change the dynamics significantly
• Full relativistic description required
• Diffusion approximation is not accurate enough
• Radiation(neutrino) trapping is actually complicated

• Radiation moment formalism (Park 2006)
• Use frequency integrated radiation energy (scalar), momentum 

(vector), and pressure (tensor) to describe the radiation field
• Covariant description
• Straightforward application to any given spacetime
• Valid for any optical depth regime
• Closure relation required



• Schwarzschild spacetime (Park 2006)



• Kerr spacetime (Takahashi 2007)



• Radiation + Neutrino Moment Formalism
• Moment formalism for neutrinos

• Extension to multi-component

• Extension to varying geometry?
• If tetrads can be defined at any time, moment formalism can 

be applied


