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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
e Supernova fall back
* Hypercritical accretion
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Gamma-Ray Bursts (GRBs)

Trigger Trigger 143 Trigges 1406
L 2

* Brief, bright flash of gamma- .- -

] '

gor || 1 3 st ]

rays £ ] I { e L M__
Baf Ll ! i _; 4 ol :

CIN VA B b 10 ‘ h R\-\q_ L :

40

* Vela 5(1969~1979) detected - - R

73 GRBS s h |iI = UMUM i > e
* Timescales of 10 msec ™~ hour . . 1./ SR I Y SV N

* Wide variation both in time- .22, o o
structure and duration E R o ’| e |
e As bright as the visible stars, " ./ w__ = |, L

some as bright as Venus o e,

* Never repeat from the same
source
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ldentification of GRBs

* |sotropic distribution in the sky
e Local: Solar System, Galactic Halo?

* Cosmological
e 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
e Capable of monitoring X-ray transient phenomena
* 1 msec resolution from 60~600 keV
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BeppoSax GRB 970228 (discovered with WFC)

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

BeppoSék observation of GRES70228 fisld Beppofiy cbhservaticn of GREA70228 fiald
Sax MECS 1997 Feb 28 Exposure: 14234 = sS4 WMECS 1997 Mar 3 Exposure: 16272 =
shozmas®  shozMogt  sMo1™azt shor™ise shp2™3e®  sho2Mog®  s"o1™Maz® sPo1Mise
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GRB 970228
William Hershel Telescope Isaac Newton Telescope
WHTRBRT W oy

':i: j-, -'.'A' & L5 ;. '.'I." ." _;’ 12 " J : . .
“' : : . ' ,' _-,'|' - ',;:' ” —— !. vv..‘ : 7 : . *‘

Groot, Galama, von Paradijs, et al IAUC 6584, March 12, 1997
Woosley
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2 B 17 1T 1 I | SO I L l | B 5 ] P P B | ] Ik 1 F Bl
0 . )
- GRB 970228 g -
1.5 — host galaxy & E} =
. 2z = 0.6950 = € e 7
o ; 2 -
B =8 H
- 1 — S ~ -
2 = % CRPAN H
2 L. = .
5 '
o i L
T | 1 | | l | | L1 | 1 | | | l | 1 | | I | L1 1 1
4000 5000 6000 7000 8000 9000

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.
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Energetics of GRB 970228

* Distance
 z=0.6950
* Cosmological distance ~ 4.274 Gpc

* Brightness

* 1.6 x 10°? erg in gamma-rays alone
¢ ~2000 X Lgy,

* isotropic emission assumed
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GRB 990123

ez=1.61
e E~10°%erg

* Typical GRBs
e z~1
e E~ 103 erg
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Short and Long GRBs

* Short vs Long GRBs

e Short GRBs (SGRBs): t < 2 sec i R | ]

* Long GRBs (LGRBs): t > 2 sec ) na 8 E

* LGRBs é E - Short-duration bursts | Long-ddration tursts ,E

e ~70% of GRBs 8 “L g

e Associated with star-forming regions | Z i | E

* Many associated with a core-collapse i i

supernova i AT i e i o e
0001 001 01 1 10, 100, 1000,

° SG RBS Time (seconds)
* ~ 30% of GRBs el ol ol e i g
Telescope.

 Not associated with star formation

* Associated with elliptical galaxies, the
central regions of large galaxy clusters
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GRB Engines

e Short GRBs
* Compact GR emission region
* NS-NS or BH-NS merger model

* GW170817
* GW signal
« GRB 170817A —short GRB
» Afterglow - kilonova
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* Long GRBs

* Collapsar model

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

Pt

N
SNV
v\
A
<

Black hole
engine

Prompt \
emission \H

Afterglow

Long gamma-ray burst
(>2 seconds’ duration)

|

A red-giant
star collapses

—> i < onto its core....

f

\

—
g -

..becoming so
dense that it
expels its outer

ayersina
supernova
[/_~Explosion.

Gamma rays
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Thermal Neutrinos from NS-NS Merger

* Gravitational binding energy
should be released as in
supernovae

e ~3x10°3erg

 Released as thermal and kinetic
energy

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

* Relativistic radiation
hydrodynamic simulations
(Sekiguchi+ 2011)

« ~3-8x10°3erg/s
 20-75 MeV neutrinos

[10MeV] p_ [10'% g/em’]

L, | 107 erg/s] Ty

HINW AN NO
ococooooo~
T T T T T T R | i

[—

h
T

(@) —

1.0 ¢

, @
! 1

r-1

ms]|

merge |

1.35,1.5, 1.6 M,
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* 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

L1007 erg/s] L, (107 erg/s] Ly, (107 erg /]

L O RNWREUD — 0 W O
T T T T T T T

L(a) L

1
0

T
10
10
107!
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20

25
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* GR axisymmetric neutrino radiation
hydrodynamic simulations
(Fujibayashi+ 2017)

* A massive NS + torus
* Neutrino-driven outflow

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

1052 o

Luminosity [erg s7']

Average energy [MeV]

5F 3
e Streaming + Trapped OE T e
T | ! | ! | ! | ! ] ’ ] ! L
* M1 closure for streaming neutrinos F D oy —-n- 4102
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S
-
-
""""""
-
-
-----
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Total heating rate (T < 2/3) [erg s
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BNS Merger Rate

* BNS merger rate from aLIGO
 Ronenm ~ 250 - 2810 Gpc3/yr (arXiv2001.01761)
* For Dagr = 200 Mpc,

R- %ﬂDgff ~ 8.4 - 94 events/yr
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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
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Thermal Neutrinos from BNS Merger

 HK + KNO (Kyutoku-Kashiyama 2018)
* Expected number of neutrino events

tf Emax
N, = N, ] ] 6 (E, )o(E)dEdt
t;

Emin

* Number of target protons

2 (My My
Ny~ —(— ] =67 x103*
"7 18 (mp> (1 Mt)

* Cross section for proton

(E) =9.5x10"* cm F 13 Mevy' g
oI 10 MeV m,c2

* Expected number of neutrino events for a single merger
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e Superposition (Kyutoku-Kashiyama 2018)
e Superposition of many mergers
e LIGO will tell the time of the events
e Total number of neutrino detection

N = Rpnsy " tops -

~0.78 X MT EAt (Ev> Deff tobs
' 0.5 Mt/ \3 x 10°2erg/ \ 10 MeV / \ 200 Mpc/\30 yr

* Noise control by using timing information from LIGO and
using only At,,s = 1 sec
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Relativistic Beaming?

Particle energy is boosted by the bulk Lorentz factor I'.
(E) =T (E)o

Number flux of particles is boosted by I'?.

« Beam is focused into an angle of I 1. e frf‘me L Observer frame:
isotropic emission beamed
' I
i — FZ E ‘ —p ‘
D2 D2
0

Number of events observed decreases by 2.

— 172 po
RBNSM =T RBNSM

Duration of burst shortened by ' *.
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* Total number of neutrino detection

_ p-2p0
N = T7?Rpnsum - tobs * 1o

78 r My Exe (E)o Defr tobs
" \300/\0.5Mt/\3 x 10°2erg/\10 MeV/\ 200 Mpc/ \ yr

e Estimated I

« 100 <T <1000 from observation + afterglow model
(Ghirlanda+ 2018)

10[

Homogeneous ISM |

<o
=)
T

Fraction(>T)

=
~
T

021

0.0L =S
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Non-thermal neutrinos from NS-
NS/BH-NS mergers

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

* Relativistic jet
* Blanford-Znajek process
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Neutrinos from Blazar

° |CeCu be IceCube Lab
™ it S ol
* Gigaton neutrino detector 50 [y~ — o e
since Dec. 2010
! IceCube Array

86 strings including 8 L
5160 optical sensors

* 5160 Digital optical modules
distributed over 86 strings

* Cherenkov emission from

Amanda Il Array

Secondary pa rticles 1450mi _” (precursor to IceCube)
/ DeepCore
¢ |CeCU bE'170922A 480 optical sensors.
e ~ 290 TeV Aﬂ EnoTam
* Coincident with y-ray (Fermi) **r

flaring blazar TXS 0506+056
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RESEARCH

RESEARCH ARTICLE

NEUTRINO ASTROPHYSICS

Multimessenger observations of a

flaring blazar coincident with
high-energy neutrino IceCube-170922A

The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLLA/17B-403 teams™t

Previous detections of individual astrophysical sources of neutrinos are limited to the
Sun and the supernova 1987A, whereas the origins of the diffuse flux of high-energy
cosmic neutrinos remain unidentified. On 22 September 2017, we detected a high-energy
neutrino, IceCube-170922A, with an energy of ~290 tera—electron volts. Its arrival
direction was consistent with the location of a known y-ray blazar, TXS 0506+056,
observed to be in a flaring state. An extensive multiwavelength campaign followed,
ranging from radio frequencies to y-rays. These observations characterize the
variability and energetics of the blazar and include the detection of TXS 0506+056

in very-high-energy y-rays. This observation of a neutrino in spatial coincidence with
a y-ray—emitting blazar during an active phase suggests that blazars may be a source
of high-energy neutrinos.

Science, 13 July 2018

evaluated below, associating neutrino and y-ray
production.

The neutrino alert

IceCube is a neutrino observatory with more
than 5000 optical sensors embedded in 1 km? of
the Antarctic ice-sheet close to the Amundsen-
Scott South Pole Station. The detector consists of
86 vertical strings frozen into the ice 125 m apart,
each equipped with 60 digital optical modules
(DOMs) at depths between 1450 and 2450 m.
When a high-energy muon-neutrino interacts
with an atomic nucleus in or close to the detec-
tor array, a muon is produced moving through
the ice at superluminal speed and creating
Cherenkov radiation detected by the DOMs. On
22 September 2017 at 20:54:30.43 Coordinated
Universal Time (UTC), a high-energy neutrino-
induced muon track event was detected in an
automated analysis that is part of IceCube’s real-
time alert system. An automated alert was dis-
tributed (77) to observers 43 s later, providing an
initial estimate of the direction and energy of the
event. A sequence of refined reconstruction algo-
rithms was automatically started at the same
time, using the full event information. A repre-
sentation of this neutrino event with the best-
fitting reconstructed direction is shown in Fig. 1.
Monitoring data from IceCube indicate that the
observatory was functioning normally at the time
of the event.
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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 Markarian 501

* AGN with a relativistic jet, directed very nearly
toward Earth

e Relativistic beaming: I' < 10

Classification
* BL Lac objects: low-power radio galaxies

* Optically Violently Variable (OVV) Quasars: radio-
loud quasars
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Multi-messenger Observation

* Neutrino luminosity
(L‘.‘ )~ 7.2 X 10%® erg/s in 6 months period

lSo

EF ~1.1x10°*erg

LSO
* Gamma-ray luminosity
e IV ~1.3x10% erg/s (0.1 - 100 GeV) within two weeks

LSO

of IceCube-170922A
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Blazars as neutrino sources

* Neutrinos prior to IceCube-170922A

20125 2013.0 2013.5 2014.0 2014.5 2015.0
PR R T T S (R SR TR T [ SR T TN [T TR T T T [ T TR SR T R ED

' >
"5 = = Best Fit: Gaussian PR 5 =
= | i 5
= ' <
@ ' ' 1 =
w J‘ ! =
2 = D-E i)
Ll oy Lt :

o I|_ .
= 4 1 i — I.l | “l.l"ll 01 S
56200 56400 56600 56800 57000 E

MJD

* All-flavor neutrino fluence: 4.2 x 103 erg/cm? (32 TeV ~ 3.6 PeV)
e L,...=1.2x10%erg/s > L,=0.28 x 104 erg/s

V,isO
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* 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?
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Hypercritical Accretion

* M » Mg

* Optical depth 7, > 1

e Radiations are trapped.

 Torus or thick disk, quasi-spherical
* Cooled by neutrinos
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* Condition for neutrino cooling domination

« M >3 x 107* M. _/yr for spherical infall onto NS
(Chevalier 1989)

* M >3 x 10* M, /yr for disk around rotating BH
(Chen & Beloborodov 2007)

« M~ 107 M_,_/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

sun

sun
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e +p—ntv
e+tn —ptv

v—transparent
V—opaque

trapped
neutrmao

free nucleons
o particles

Caballero et al. 2016
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* Temperature profile (Caballero et al. 2016)
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* Neutrino optical depth

102; T L B I AR
I o=0.1 ——— |
10" E a=0.03 - -
< . i ~. a=0.01 - ]
o 107 ¢ .
O - i
< 10 ¢ E
O
o 102 L -
S 10° ¢ -
S 4p3 _ - Neutrino trapping
= i 1 can also occur.
o 10% F a=0.95 ~
Z I
107 3 §
10'6 i |||| 1 1 ||||||| 1 1 ||||||_
1 10 100 1000
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* Luminosity/Radiation Efficiency
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Radiation + Neutrino Hydrodynamics

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

e Radiation moment formalism (Park 2006)

* Use frequency integrated radiation energy (scalag_, 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



& KYUNGPOOK
I(n NATIONAL UNIVERSITY

» Schwarzschild spacetime (Park 2006)

e Euler equation

ouU’ o Uz@U*’“ o
ot 97 Oxt 92
FQ
— Wy » [(rUQ) +(frsin9U¢)2}
0P, F2()P 0P,

Uut—2< Uy
i T PR

= UG ' +[14+T2(U")G" +r?U" UG
+ Psin? QUTUCG? + [T+ U Ua f°
* Spherically symmetric case without external force:

yoU"™ 19U m yU"OP, N y? OP,

r.

w,U* [F?(Uf) ~ T *(U")?]

I ot +2 or +7‘2+ng Ot wy Or

Y Y
— _GZO — XCOFT
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» Kerr spacetime (Takahashi 2007)

e Euler Equation (R. Takahashi 2007)

au 8u7ﬂ
ot Ot
h | /
+ % [(111 P)f?"?"),-r(ur)z + 2(11'1 ,.},mq)ﬁuruﬁ — (11’1 799)57“ :;99 (u.9)2
h (u?)? | | |
Bl % (')f ) [%@(Iﬂ Yoo ) (L + B2) + 2746852 + 5?)

—  2a*(In a),,}
1 0F, o L 0P, . ;0P
v or 0\ T
= —2utu"Gt + 1+ vy (u 2 |G"
+ g u? G 50 (Q+ B)NG? + BG Ul




@ KYUNGPOOK
I(n NATIONAL UNIVERSITY

e Radiation + Neutrino Moment Formalism
e Moment formalism for neutrinos
e Extension to multi-component

e Extension to varying geometry?

* If tetrads can be defined at any time, moment formalism can
be applied



