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The IceCube high-energy starting event sample: Description and flux characterization with 7.5 years of data 
IceCube Collaboration, Phys. Rev. D 104, 022002 (2021)


Motivation: Tension between the Fermi diffuse gamma-ray sky 
and the IceCube neutrino sky

More flux in neutrinos at lower energies that could be expected from gamma-rays,

 if they have the same sources.



Cosmic Neutrinos from Temporarily Gamma-suppressed Blazars

Kun, Bartos, Becker-Tjus, Biermann, Halzen, Mező, 2021, ApJ, 911,L18 


A very interesting FSRQ: PKS 1502+106

• Redshift of TXS 0506+056 is about 0.336 (DL is 1786.8 Mpc or 5.828 Gly) 
NPred: 7619.8; Flux(1-100GeV): 8.02e-09 ph/cm2/s;  Peak flux: 1.94e-07 ph/cm2/s  

• Redshift of PKS 1502+106 is about 1.838 (DL is 14256.4 Mpc or 46.498 Gly) 
NPred: 25352.5; Flux(1-100GeV): 2.02e-08 ph/cm2/s;  Peak flux: 9.72e-07 ph/cm2/s 

The associated IceCube neutrino 
IC-190730A came during a prolonged 

gamma-ray minimum and peak radio flux 
density of PKS 1502+106

PKS 1502+106 is an 
exceptionally luminous FSRQ

https://iopscience.iop.org/article/10.3847/2041-8213/abf1ec


Transparent mode*        Suppressed mode (gamma-rays cascade down to X-rays)

The proposed scenario

 in jets,  is probably subdominant because of the lower particle densitiespγ pp

*DCF: the radio flux density curve lags 

behind the gamma-rays with  Δτ = 59 ± 32 days

τpγ ~0.4 τγγ ~𝓞(100)



Three examples of recording an IceCube neutrino event 

during a local or global gamma-ray minimum 

… but we need more



Multiwavelength Search for the Origin of IceCubeʼs Neutrinos

Kun, Bartos, Becker Tjus, Biermann, Franckowiak, Halzen, 2022, ApJ, 934, 180


Track neutrinos from the list compiled by Giommi et al. 2020

(70 events from IC-090813A to IC-190730A)


2.1σ connection

https://iopscience.iop.org/article/10.3847/1538-4357/ac7f3a


Track neutrinos from the list compiled by Giommi et al. 2020

(70 events from IC-090813A to IC-190730A)


Multiwavelength Search for the Origin of IceCubeʼs Neutrinos

Kun, Bartos, Becker Tjus, Biermann, Franckowiak, Halzen, 2022, ApJ, 934, 180


1.2σ connection

https://iopscience.iop.org/article/10.3847/1538-4357/ac7f3a


Track neutrinos from the list compiled by Giommi et al. 2020

(70 events from IC-090813A to IC-190730A)


Multiwavelength Search for the Origin of IceCubeʼs Neutrinos

Kun, Bartos, Becker Tjus, Biermann, Franckowiak, Halzen, 2022, ApJ, 934, 180


2.0σ connection (4.8 GHz)
2.1σ connection (8.4 GHz)

https://iopscience.iop.org/article/10.3847/1538-4357/ac7f3a


Fermi-LAT matches


Swift-XRT matches


CRATES (4.8 GHz) matches


CRATES (8.4GHz) matches

The number of…

…with the 70 track neutrinos



Results

1. We found similar levels of correlation between the 70 IceCube neutrinos 
and gamma-ray, X-ray, and radio source catalogs. Each of these catalogs 
correlated with neutrino sources at 1.2σ–2.1σ.  

2. The subsample of CRATES radio sources complete in radio luminosity 
can explain between 4% and 53% of the neutrinos at 4.8 GHz and 
between 3% and 42% of the neutrinos at 8.4GHz (90%C.L. and 50% 
signalness), when the probability of detecting a neutrino is assumed to 
be proportional to the (k-corrected) radio flux. This result is consistent 
with the contribution of AGNs to IceCube’s neutrinos based on 
individually identified sources.  

Then we moved to the Fermi-LAT data of neutrino source candidates in the next paper



Searching for temporary gamma-ray dark blazars associated with IceCube neutrinos 

(Kun, Bartos, Becker-Tjus, Biermann, Franckowiak, Halzen, Mező, 2023, A&A, in print)


Matched positions of point sources in the Fermi 4FGL-DR2 catalog with track-type neutrinos from Giommi et al. (2020) 

https://ui.adsabs.harvard.edu/abs/2023arXiv230506729K/abstract


8 of them were bright enough to get a good photon statistics  
in a one year long time range centered on the respective neutrino detection

Searching for temporary gamma-ray dark blazars associated with IceCube neutrinos 

(Kun, Bartos, Becker-Tjus, Biermann, Franckowiak, Halzen, Mező, 2023, A&A, in print)


Matched positions of point sources in the Fermi 4FGL-DR2 catalog with track-type neutrinos from Giommi et al. (2020) 

https://ui.adsabs.harvard.edu/abs/2023arXiv230506729K/abstract


Technical information: 
- Dedicated project on a cluster of 16x2.2 GHz Intel Skylake vCPUs (PI: EK), ELKH Cloud (Hungary, 
Wigner Data Center), using Docker technology (now we have 64 cores)


Software packages: fermipy v1.0.1, ScienceTools v2.0.8 (FermiBottle) 
- Instrument response function: P8R3_SOURCE_V2_v1 
- Galactic interstellar emission model: gll_iem_v07.fits  
- Isotropic diffuse emission model: iso_P8R3_SOURCE_V2_v1.txt


- ROI=15o, evtype=3 (front and back), evclass=128


- Standard quality cuts (zmax=90, (DATA_QUAL > 0) &&(LAT_CONFIG==1)) 
- Minimum separation between two new point sources: 0.3 deg, TSmin=25 (~5sigma) 
- Adaptive binning (Lott et al. 2012, 15%)


- Proximity of Sun was checked (with the threshold of 15 degrees) 

Binned likelihood analysis of the Fermi-LAT data 

of 8 neutrino source candidate blazars (associated with 7 events)



Flaring behavior is not typical  
for neutrino source candidate blazars

the only blazar with elevated gamma-ray flux



Flaring behavior is not typical  
for neutrino source candidate blazars



Why we do not see gamma-ray flares  
during the neutrino detection?

• Sources in our sample are not the sources of the corresponding IceCube neutrinos


• In-source effects (e.g. gamma-ray suppression due to high gamma-gamma opacity)


• Or a combination of these

We plan to conduct a similar study at higher energies with MAGIC and VERITAS data

with an updated list of track neutrinos


the probability to randomly pick a bin with 
higher flux than the neutrino bin



Recently, Neronov, Savchenko and Semikoz (2023) showed the scaling 

between the hard X-ray flux (14-195 keV Swift-BAT) and IceCube neutrinos.


NGC 1068 teaches us about the neutrino emission in Seyfert galaxies. 

It’s faint with Fermi-LAT, and bright with Swift-BAT. 


What if Seyferts are steady sources, they show gamma-ray absorption, cascades to hard X-
rays, neutrino emission all the time (uniform time PDF), therefore cumulatively they can explain 

the diffuse neutrino sky detected by IceCube.


What if blazars are more transient sources, they just flash up in neutrinos

(e.g. star wanders through the jet, component ejection, etc..), 


and they can explain rather the high-energy triggers of IceCube?


Lots of questions, ton of work to do

We also started to do a neutrino stacking analysis


Thank you for your attention!

Do we still need jets? 


https://arxiv.org/abs/2306.09018


Backup slides



Additional point sources found in the ROI of the target sources



The flavor-averaged diffuse high-energy cosmic neutrino flux 
is related to cosmic-ray flux:

The IceCube all-flavor diffuse neutrino flux: ~3x10-11 TeV cm-2 s-1 sr-1

The injection rate of cosmic rays above 1016 eV: dE/dt~1-2x1044 erg Mpc-3 yr-1

Lead to optical depth for pγ interactions as: τpγ ~0.4 
(assuming that muon neutrino emission rate follows a power law E−Γ, where Γ=2.19

τγγ ~𝓞(100)

Theory suggests a gamma-ray flare is not expected when the source is a highly efficient 
neutrino emitter, since the gamma-gamma opacity is about 2 orders of magnitude larger 
than the gamma-proton opacity, that can explain the CR and neutrino observations.

(e.g. Murase (2019), Halzen (2020))

The proposed scenario

 in jets,  is probably subdominant because of the lower particle densitiespγ pp



• Astrophysical muon neutrino energies ( ) 119 TeV- 4.8 PeV  correspond to 
proton energies ( ) 2.4 PeV — 96 PeV ( )


• Assuming the meson production is dominated by Delta-resonance, these 
protons interact with X-ray and UV target photons, constraining the two-photon 
annihilation depth at  (compatible with Fermi-LAT)


• 5-200 GeV photons produce  pairs with  
photons


• In blazar jets the electron Lorentz factor is highly relativistic, rendering the energy 
of photons absorbing the pionic gamma-rays to keV, MeV or even GeV regime


• We expect temporary neutrino emission, gamma-ray absorption, X-ray flare

Eμ
Ep Ep ≈ 20Eμ

Eγ ∼ 5 − 200 GeV

e+e− 10 keV(γ/10)2 − 3eV(γ/10)2

The proposed scenario

 in jets,  is probably subdominant because of the lower particle densitiespγ pp


