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Motivation: NGC 1068
All-sky scan found hot spot at NGC 1068 location.

In catalog search (110 sources), at NGC 1068:

➢ 79 candidates; spectral index = 3.2 ± 0.2 
➢ single source significance 5.2 𝝈 (local)

4.2 σ post-trial 
significance of 
evidence!

Science 378,538-543(2022)
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Why NGC 1068?
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Where could neutrinos be produced?

� starburst activity
� AGN outflows/winds
� faint jet
� AGN core region (e.g. corona)

🌟 Seyfert galaxy 
🌟 Compton thick environment, column
🌟 density ~ 1025 cm-2

🌟 High level of star formation
🌟 Bright in X-ray
🌟 High-energy gamma-ray likely to be obscured
🌟 Proposed possible source of high-energy CR and 

neutrinos: Silberberg, Shapiro (1979, 1983)
Murase and Stecker arXiv:2202.03381

Find more similar sources! More 
model-dependent studies on neutrino emission 
are needed!

NGC 1068

Fermi-LAT

MAGIC

Murase et al, 
PRL 2020 Inoue et al, 

APJ 2020

Q. Liu & S. Yu | TeVPA 2023

https://arxiv.org/search/astro-ph?searchtype=author&query=Murase%2C+K
https://arxiv.org/search/astro-ph?searchtype=author&query=Stecker%2C+F+W
https://arxiv.org/abs/2202.03381
https://arxiv.org/pdf/1904.04226.pdf
https://arxiv.org/pdf/1904.04226.pdf
https://arxiv.org/pdf/1909.02239.pdf
https://arxiv.org/pdf/1909.02239.pdf
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● AGN cores optically thick for GeV-TeV gamma 

rays are one of the best neutrino source 

candidates.

● Acceleration of ions via stochastic and/or 

magnetic reconnection processes.

● In Seyfert galaxies, magnetized coronae can be 

formed due to accretion and magnetic dissipation.

● The disk-corona model can accommodate neutrino 

flux at medium energies (~30 TeV). 

Murase et. al, PRL 125 (2020)

Bright X-ray emission 

Disk-corona Model credit: D. Wilkins

Q. Liu & S. Yu | TeVPA 2023
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● Neutrino flux predictions based on the High CR 

pressure scenario of the disk-corona model. 

○ Most promising for identification with current 

data.

● Thermal X-ray luminosity serves as the proxy of CR 

injection and neutrino emission: L𝝼 ∝L𝜸 ∝ LCR 

○ Spectra normalized by CR pressure.

○ CR injection function: 𝐹p, inj ∝𝒇injLX-ray 

○ Injection fraction: CR to thermal ratio 

𝒇inj∝PCR/Pth 

■ CR to thermal pressure ratio

Disk-corona Model

Kheirandish+ ApJ 2021

Q. Liu & S. Yu | TeVPA 2023

https://arxiv.org/pdf/2102.04475.pdf


Source Selection
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Select from BASS
➔ Seyfert Galaxies
➔ Bright in 2-10 keV X-ray

Circinus

Northern Sky

Centaurus A NGC7582 ESO138-1

Southern Sky

27 (+NGC 1068) sources

14 sources

Q. Liu & S. Yu | TeVPA 2023

https://www.bass-survey.com/


Northern Sky Analyses: 
Catalog & Stacking Searches

Catalog:

● Using disk-corona model, parameter: ns

● Using the power-law spectrum, parameter: ns, 𝜸
Stacking:

● Using disk-corona model with weights = nexp
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● Same Northern Sky 
Muon Track sample 
as IceCube Science 
2022 with ~1.7 yr 
more data. ~20% 
increase in 
statistics. 

● Improved analysis 
method (kernel 
density estimation) 
is also applied. 

* NGC 1068 is excluded (27 sources) to avoid bias.
Q. Liu & S. Yu | TeVPA 2023

https://arxiv.org/pdf/2211.09972.pdf
https://arxiv.org/pdf/2211.09972.pdf
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Northern Sky Result: Catalog Search
In addition to NGC 1068, 2 sources have pre-trial significances above 3σ.

3.5σ -> 2.5σ  (27 sources)=> post-trials 2.3σ  (2 flux assumptions)

Q. Liu & S. Yu | TeVPA 2023
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Northern Sky Result: Catalog Search
In addition to NGC 1068, 2 sources have pre-trial significances above 3σ.

NGC 1068
~14 Mpc

~7 Log(M/M⊙)
LogLX

2-10keV~42.9 erg/s
(NuSTAR and XMM-Newton: 

LogLX
2-10keV~43.8 erg/s)

CGCG 420-015
~130 Mpc

~8.3 Log(M/M⊙)
LogLX

2-10keV~44 erg/s

NGC4151
~16 Mpc

~7.6 Log(M/M⊙)
LogLX

2-10keV~42.3 erg/s

Q. Liu & S. Yu | TeVPA 2023
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Northern Sky Result: CGCG 420-015

● Quite far (~130 Mpc)
● Supermassive BH: 2x108 

M⊙

● High X-ray luminosity 
(LogLX

2-10keV ~44 erg/s)
● Compton thick, highly 

obscured

● Model fit finds better 
significance and localization.

● The best-fit flux is a factor of 
~10 larger than the expectation.

Q. Liu & S. Yu | TeVPA 2023
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Northern Sky Result: NGC 4151

● ~16 Mpc
● ~4x107 M⊙

● X-ray luminosity of 
LogLX

2-10keV ~42.3 erg/s
● L𝜸/LX < 0.25%

● ~0.18 degree from the 4th 
hottest spot in IceCube Science 
2022

● Most significant in power-law 
analysis, comparable significance 
in both flux assumptions.

Q. Liu & S. Yu | TeVPA 2023



12

Northern Sky Result: Binomial Test
● The significance of observing an excess of k 

sources with local p-values below or equal to 
a chosen threshold pk for the two flux 
assumptions analyzed. 

● Optimized to search for a smaller number of 
emitters in a source list.

● Larger significance with the model fit
● 2.9σ excess in the binomial test using model fit

○ k=2: CGCG 420-015 and NGC 4151
○ 2.7σ of post-trial significance

*Would be 4σ if NGC 1068 included 
Q. Liu & S. Yu | TeVPA 2023
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Northern Sky Result: Stacking

● No significant emission is found in the stacking 
search excluding NGC 1068.

● The upper limit constrains the collective 
emission to ~30% of the expectation.

Q. Liu & S. Yu | TeVPA 2023
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Northern Sky Result: Discussions
● It’s possible that there is a subset of sources that have high CR-thermal 

pressure (optimistic scenario) similar to NGC 1068. But it’s also possible that 
there are not many that share similar properties. Moderate scenarios are only 
testable with next-generation neutrino telescopes. 

● In environments with high levels of column densities, there is a large 
uncertainty on the intrinsic X-ray flux measurements which can significantly 
change expectations.
○ e.g. for NGC 1068, NuSTAR & XMM-Newton report higher LX

 than BASS, 
which leads to more moderate CR pressure which will reduce the 
expectations of other sources.

● In order to find more sources and verify the models, we need more studies on 
the multi-wavelength emission of the sources.

Q. Liu & S. Yu | TeVPA 2023
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Southern Sky Sensitivities
A similar study focusing on the Southern Sky is performed with an improved track 
selection technique.

Stacking analysis (w/o Cen A) 
expect to see a strong signal
→ selected sources together 
produce 10% of the measured 
diffuse flux at 10 TeV
(space for other potential 
sources!)

Starting track

Q. Liu & S. Yu | TeVPA 2023



Summary and Outlook
➔ We incorporate the disk-corona model for catalog and stacking searches to study high-energy 

neutrino emission from X-ray bright Seyfert galaxies. The generic power-law spectrum is also 

studied for a catalog search.

➔ With Northern Sky: 

◆ No significant excess observed in the stacking search, we constrain the collective neutrino 

emission from those sources.

◆ Our results hint at neutrino emission from two sources in addition to NGC 1068, i.e. NGC 

4151 and CGCG  420-015 with 2.7σ. 

➔ With Southern Sky: similar studies are performed with an improved track selection technique 

and sensitivities are shown.

➔ Future identification is promising, with important multi-messenger input.

➔ The next-generation detectors with improved sensitivities covering the whole sky will advance 

searches in the upcoming years. 18
Q. Liu & S. Yu | TeVPA 2023
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Thank you!

Aachen Collaboration meeting 2023

Madison meeting 2022
Q. Liu & S. Yu | TeVPA 2023



Overflow slides
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Motivation: NGC 1068
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IceCube

Through-going 
track

Earth absorption helps 
removing muon 
background

2011 – 2020

Science 378,538-543(2022)
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Northern Sky
Results

Intrinsic X-ray flux is  

upper limit fluxes  
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Northern Sky Result: NGC 1068

● ~14 Mpc
● ~107 M⊙

● X-ray luminosity of 
LogLX

2-10keV ~42.9 erg/s
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Northern Sky
Results



Likelihood Scans
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Profile likelihood scans for the flux parameters for the top sources with the power-law fit. 



NGC 1068 
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~8 TeV
~0.2 deg

~1 TeV
~0.2 deg

(distance to source)

better modeling of directional 
distributions of individual neutrinos 
in particular well reconstructed 
events  (at TeV energies) 

energy reconstruction: neural 
network provides more accurate 
and more precise energy estimates 
especially at TeV energies 



More slides
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