Neutrinos and gamma rays from beta
decays in an active galactic nucleus

NGC 1068 jet

Koichiro Yasuda (UCLA)

Based on the collaboration work with
Alexander Kusenko (UCLA, Kavli IPMU), Yoshiyuki Inoue (Osaka U, iTHEMS, Kavli IPMU) & Nobuyuki Sakai (Osaka U)

Particle Astrophysics and Cosmology Including Fundamental
Intera Ctions (PACIFIC) 2024 - Mo'orea, French Polynesia






Big Puzzles from IceCube

> Neutrino point sources il i S
— active galaxy NGC 1068 100 .
—> Jet & Disk = gammarays & v's 10
» TeV Neutrino power T 100 Gy \
— ~ 10%2 erg/SeC ;‘i THI8: 1‘#' 1] \
» GeV-TeV gamma rays “,»| . FY
— Fermi LAT & MAGIC data A
10-% 1072 107 100¢ 1073 10° 103 10°

— significantly less than v’s

Energy [GeV]

[Abbasi et al. (2022) from IceCube collaboration]
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> pp/py interactions Corona
— series of pion decays

n® -2y, nt-outt+vy,-oet+v,+V,+v,

Possible sources for neutrinos
== X-ray Emission
\ f Reflected
= X-rays
[Eichmann et al. (2022), Inoue et al. (2022), Murase et al. (2022) etc] ; Jf
> Leptonic interactions

_ . . R : :
—> p + @ pair creation makes v,’s ‘ ~ “Accretion Disc
(infalling material)

[Bhattacharjee, Sigl (2000), Hooper, Plant (2023) etc] Black Hole

> AGN diSk'Corona mOdel [https://danwilkins.net/research]
— Hypothetical Central energetic engine izaiarski (1986), Kalashev et al. (2015) etc]

(still some uncertainty exists [Inoue Takasao Khangulyan (2024)])

> We pose another scenario without corona!
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Summary of our work

» Neutrino emissions from active galaxy

— Photodisintegration of *He

— B decay of neutrons

» Gamma ray emissions

— B decay electrons + Bethe-Heitler pairs

— Inverse Compton scattering of disk photons + Synchrotron

» Magnetic field strength

— Required strength from GeV data is consistent with ALMA survey

» Neutrino flavor ratio study can probe this scenario
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Our Disk & Jet Models

> standard disk model (No corona)
= Ly ~ (0.4 — 4. 7)x10%° erg/ SE@C [Pfuhl et al. from GRAVITY]

> maximum jet power
= Ljet = 10 X Ly, ~ 10*° erg/sec
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Our Disk & Jet Models

> standard disk model (No corona) S
= Ly ~ (0.4 — 4. 7)x10%° erg/ SE@C [Pfuhl et al. from GRAVITY]
» maximuin jet power

= Ljet = 10 X Lo ~ 10*° erg/sec

» emission radius :
— set Repission= 0.8 pc (before molecular cloud) :

> magnetic field
— ALMA implies ~ 100 uG at 10 pc
— It can go as highas ~ 0.1-1.0 Gat 1 pcscale L. . .
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Disk photons

» standard disk photons

— geometrically thin

— optically thick

» temperature gradient

— multicolor blackbody radiation
— peaks around UV

» IR photons from dust torus
— simple blackbody with T ~ 10° K
— Ligr = 10** erg/sec

—— standard disk photons
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Protons & *He in the Jet

» Dual cutoff power law model

— E7P between lower/higher cutoffs
power-law index: p = 2.4
proton lower cutoff: 1 PeV

1046 ,
] — t
1045 proton

proton lower cutoff: 103 PeV
— Consistent with the Hillas condition &

osity erg/sec
= = =

o o o
R H e
N w H

Emax CIBT > 1 PeV (fO]‘ q = 2)é 104!

(*He cutoffs) = 2 x (proton cutoffs) 12:
» Energy range of p & *He o

— Bulk Lorentz factors are the same

4He

104
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Photodisintegration of “He

» Subsequent g decays
*‘He + y = 2p + 2n
n—>p+el+ vV,
» PeV “He in the jet
= Yhe = 10°
» Photons in *He rest frame
— original UV photons: 10-40 eV
— disk photons are boosted
— boosted energy: Eyoosteq > 10 MeV

Total cross section o:pe mbarn

=
o
o

o
~
Ul

[Horiuchi, Suzuki, Arai (2012)]

25 MeV
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Interections of the Jet Protons

> Bethe-Heitler pair production
p+y—=p+e’ +e

> photo-pion process

p+ty—>p+nlorn+nt

n’ - 2y

nt -spttv, et +v, +V,+v,

1000 - —
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= J multi-pion -
b R diffraction -----
g 1‘ resonances
g 100 - ‘__\T ,’/\\\ - oW LN Ahu— bttt T e
3 300 MeV
) ‘\
w LY
7]
(@]
p -
O
E 1. Ppp—
S 10

0.1 1 10 100 1000

Particle Astrophysics and Cosmology Including
Fundamental InteraCtions (PACIFIC) 2024

g (GeV)
[Rachen, Stanev (1998)]



Optical Depths

» Mean free path

—> Using nphoton & Cross section o

Nphoton?

» Optical depth at R.pission
— Take ratio:

Remission o

)lfree —

0.8 pc
/lfree

’l’ f—
)lfree

» Flux calculation
CI)escaped =e " Cbinitial

_ —T
= (Dconverted — (1 — € )q)initial

Opatical depth T

105 i —— BH: Ljisk = 1042 erg/s, Rjet =0.8 pc
—— VV: Lgisk = 1043 erg/s, Rjet =0.8 pc
103 —— “*Hel(y, n): Laisk = 10*° erg/s, Rjet = 0.8 pc
—— photo m: Lgisk = 10%° erg/s, Rjet = 0.8 pc
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Gamma rays from electrons

» Inverse Compton (IC)
— electrons upscatter soft photons
— suppressed at higher energies (Klein-Nishina effect)

» Synchrotron

— spiral emission by B field

> naima

— Open python package

— relativistic particle distribution
— Synchrotron + IC
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Summary Plots

—— protons —— Neutrinos from He M MAGIC
—— Heliums IceCube 4 Fermi-LAT

> Neutrino emissions
— Photodisintegration of *He
— Compatible with IceCube data
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Summary Plots

—— protons e Electrons from He HH  MAGIC
—— Heliums IceCube 4 Fermi-LAT
» Neutrino emissions — Neutrinos from He
— Photodisintegration of *He
— Compatible with IceCube data — 108
> Electrons from g decay T o
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Summary Plots

—— protons e Electrons from He HH  MAGIC
—— Heliums --- e* from BH 4 Fermi-LAT
—— Neutrinos from He IceCube

> Neutrino emissions
— Photodisintegration of *He

— Compatible with IceCube data — 108
» Electrons from g decay, BH P
S
£ 10712
S
< 10714
o
é 10—16

10-10 10-7 10-%
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Summary Plots

—— protons
—— Heliums
—— Neutrinos from He

» Neutrino emissions

Electrons from He
--— e* from BH
—-— et from photopion

IceCube
M4 MAGIC

4  Fermi-LAT

— Photodisintegration of *He
— Compatible with IceCube data
» Electrons from g decay, BH & py
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Summary Plots

—— protons --- e* from BH IceCube
—— Heliums —-— e* from photopion HH  MAGIC
> Neutrino emissions e e -
— Photodisintegration of *He
— Compatible with IceCube data — 10
» Electrons from g decay, BH & py P
[ ] ° , v
» Gamma ray emissions from e* s 3 g _
— Inverse Compton emission s '.
S 1074 -
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Summary Plots

—— protons —-— e™* from photopion —-- Sync (pg)
—— Heliums — |C (BH) IceCube
- - - —— Neutrinos from He  —— |C (He4) M4 MAGIC
> Neutrlno emlSSIOnS ------- Electrons from He - ISan: (;H) 4 Fermi-LAT
— Photodisintegration of “He o oefomen Syne (Hed
— Compatible with IceCube data — 10-¢
> Electrons from g decay, BH & py ‘?; Lo
o o !/ (@]
» Gamma ray emissions from e*'s 2 o] TN _
— Inverse Compton emission Y SN '.
R . = 10—14 1/ .
— Synchrotron emissions S ) ‘-,
5 10716 i-
m : |_
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Summary Plots

— E'rol.tons - ;9C+ ;fl)m photopion —- _?_ytncli (pg)
» Neutino emissions Sy SR TR
— Photodisintegration of *He - e r = 2
— Compatible with IceCube data - 107 1a
» Electrons from g decay, BH & py ¥ g0,
» Gamma ray emissions from e*'s % o
— Inverse Compton emission glo_m_
— Synchrotron emissions S i
» Magnetic field strength 2107 I'l
— Fermi GeV data is explained by B~0.4 G lo- L AT/ 5\ \RY i
107 107 10°* 107! 10% 10> 10%® 10%!
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Outlooks

» Initial neutrino flavor ratio — protons —~ e* from photopion  —- Sync (pg)
—— Heliums — IC (BH) —— Total gamma rays
—_> . . = : . —— Neutrinos from He ~ — e IceCube
Ve V” VT 1 O O (B decay) ------- EIecti::rons from He - IS(;::: (ZI;)H) H  MAGIC
o Ve:v, v, =1:2:0 (photopion) - e*fomen - Sync (Hed) 4 FermiLar
» IceCube flavor study ~ 10°¢ a
— Observed/Oscillated flavor ratio can ',
probe our scenario isustamante, Abters 2019)] 5
— Simple QM time evolution estimate =107 |
o .
ve:v”:vrzS:Z:Z (ﬁ decay) «5“2310_14_“ ||
S VeivVyivp=1:1:1 (photopion) X 106] l|
> Precise jet/torus structure |
10—18 h : : : : 1A 1 . :
1 - 1 1071 1077 10* 107! 102 10° 108 10
—> to explain GeV-TeV wiggles e
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Another application of CR photodisintegration

EBL

[Kusenko, Voloshin (2011)]

> Excitation & deexcitation of escaped CR (Fe etc...) with CMB

Particle Astrophysics and Cosmology Including
Fundamental InteraCtions (PACIFIC) 2024



Another application of CR photodisintegration

1077
fitted power law (p=0.7)
b ” —— Our modelx0.0007143 with Z = 17.00
10-8 - . ——— Our modelx0.0021429 with Z = 18.00
w ’ ) —— Our modelx0.0002143 with Z = 19.00
E —— Our modelx0.0042857 with Z = 20.00
§ . " —— Our modelx0.0000004 with Z = 21.00
& 10-2 - o ¢ —— Our modelx0.0000286 with Z = 22.00
iy & Our modelx0.0000043 with Z = 23.00
S — Our modelx0.0005000 with Z = 24.00
;c Our modelx0.0002857 with Z = 25.00
W : o e .
. —— Our model with Z = 26.00(Fe) Preliminary work result with
—— Total gamma ray from Our model Alexander Kusenko,
Our model + fitted power law Shigehiro Nagataki,
& Senh Jirong Mao
10—11 r . .
1071 10° 10! 102 103

Gamma ray energy E [GeV]

» Excitation & deexcitation of escaped CR (Fe etc...) with CMB
» Possible explanation of Cen A gamma ray “Shoulder”
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Conclusion

> Neutrino emissions
— Photodisintegration of *He
— B decay of neutrons

» Gamma ray emissions
— IC & synchrotron of g decay electrons + Bethe-Heitler pairs

» Magnetic field strength
— Required strength from GeV data is consistent with ALMA survey

» Neutrino flavor ratio study can probe this scenario
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