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TXS 0506+056 — identified high-energy neutrino source
IceCube-170922A 

Multimessenger observations

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 VLA/17B-403 teams, 2018, Science, 361, 6398 2
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Gaussian decomposition of the single dish 
flux density curve at 15 GHz measured with 
the OVRO 40m Telescope 

Flux density curve of the jet components 
(MOJAVE/VLBA at 15 GHz )

VLBI core

The VLBI core is responsible for the abrupt radio brightening of the source at 15 GHz
Same results at 43 GHz (Ros, Kadler, Perucho, et al. 2020, A&A, 633, L1)

Radio brightening of TXS 0506+056
Kun, Biermann, Gergely 2019, MNRAS Letters, 483, 42

IceCube-170922A
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Neutrino emission from the direction of the blazar TXS 0506+056
prior to the IceCube-170922A alert

The IceCube Collaboration found an excess of high-energy neutrino events between September 2014 and 
March 2015. Allowing for time-variable flux, this constitutes 3.5σ evidence for neutrino emission from the 
direction of TXS 0506+056, independent of and prior to the 2017 flaring episode.
IceCube Collaboration 2018,  Science 361, 147-151



■ 2014-15: no gamma-ray flare.
The long-term radio flare starts after that burst.

■ 2017: the blazar was off at the time of the neutrino 
and then turned on as seen in the optical 
(MASTER), TeV gamma (MAGIC) and Fermi data.
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The plot is made to internal use 

 Lipunov et al. 2020, ApJ, 896, 19L

2 times-increase
in about 2 hours

TXS 0506+056

2017

https://ui.adsabs.harvard.edu/abs/2020ApJ...896L..19L/abstract#abs/2020ApJ...896L..19L/abstract


Neutrino candidate source FSRQ PKS 1502+106
at highest flux density at 15 GHz
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Background

■ What can gamma and radio data teach us 
about blazars and neutrinos?

■ Catalogue searches and comparisons of 
OVRO radio flux densities and Fermi light 
curves

■ PKS 1502+106: neutrino arrived in a deep 
gamma-minimum

■ Likelihood analysis of Fermi data
■ Dedicated project on a cluster of 16x2.2 GHz 

Intel Skylake vCPUs (PI: EK; Parent cluster: 
ELKH Cloud, Wigner Data Center, Hungary)

8Kun, Bartos, Becker-Tjus, Biermann, Halzen, Mező,
2021, ApJL, 911, L18
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Mode1: gamma correlates with radio, the radio lagging behind 
the gamma flux (R=0.85, τc=59+-32 days) 
Mode2: more complex connection

PKS 1502+106: gamma-ray flux vs radio flux density

9What caused this switch?
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Kun, Bartos, Becker-Tjus, Biermann, Halzen, Mező, 2021, ApJL, 911, L18

Three famous cases, when a neutrino arrived in at least a 
local, for PKS in a global gamma-minimum
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Kun, Bartos, Becker-Tjus, Biermann, Halzen, Mező, 2021, ApJL, 911, L18

Temporal γ-suppression potentially resolves the apparent contradiction of 
the blazar models simultaneously producing a detectable neutrino flux and 
a gamma flare, since at the time of efficient neutrino production the 
observed gamma-flux drops. 
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Three famous cases, when a neutrino arrived in at least a 
local, for PKS in a global gamma-minimum



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)

High-energy fluxes of gamma rays, neutrinos, and cosmic rays

■ Similar power-law energetics, Γν: 2.3-2.9
■ Contribution to the specific messenger:

■ Gamma-rays: blazars~80%
■ Neutrinos: blazars<30%

■ More flux in neutrinos at lower energies that 
could be expected from gamma-rays, if 
they have the same sources.

■ There could be a population of neutrino 
sources, that are obscured in gamma-rays
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Tension between the Fermi diffuse gamma-ray sky 
and IceCube neutrino sky

Murase, Guetta, Ahlers (2016), Murase (2019)

■ Calculation of the diffuse neutrino spectrum 
(with Γν=2.0).

■ Calculation of the corresponding diffuse 
gamma-ray spectrum, assuming sources are 
optically thin to two photon annihilation.

■ To explain the <100 TeV IceCube neutrino 
observations (showers), only neutrino emitters 
should contribute to the Fermi isotropic diffuse 
gamma-ray background in the 3 GeV to 1 TeV 
range of the gamma-spectrum.

■ Softer fluxes overshoot the data.
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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)
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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))
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Likelihood analysis of 9 Fermi point sources within 90% containment area 
of track-type neutrino events published by Giommi et al. (2020)

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

■ Found 29 4FGL DR2 point sources, from which in case of 9 sources the 
predicted number of gamma-photons in 10 years is more than 1000
(5 BLL, 3 FSRQ, 1 SEY1)

■ Generated the likelihood light curve of these gamma sources
■ We see IF these AGN emit the neutrinos, neutrinos do not like to come during 

gamma-flares (4 after gamma flare, 1 before gamma flare, 1 at gamma flare,
1 between two gamma flares, 2?)
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Transformed 90% error-ellipses

First we transformed the asymmetric error regions of neutrinos into ellipse shapes
17



90% error-ellipses + 4FGL DR2 gamma sources
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4FGL DR2 gamma sources, within 90% error ellipses - n=29
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■ Matched positions of point sources in the Fermi 4FGL DR2 catalog
with track-type neutrinos from Giommi et al. (2020)

■ Found 29 4FGL DR2 point sources, from which in case of 9 sources the 
predicted number of gamma-photons in 10 years is more than 1000
(5 BLL, 3 FSRQ, 1 SEY1)

■ Generated the likelihood light curve of these gamma sources
■ We see IF these AGN emit the neutrinos, neutrinos do not like to come during 

gamma-flares (4 after gamma flare, 1 before gamma flare, 1 at gamma flare,
1 between two gamma flares, 2?)
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Likelihood analysis of 9 Fermi point sources within 90% containment area 
of track-type neutrino events published by Giommi et al. (2020)



29 sources:

Kun et al., in prep.

21



Source properties 
from 4FGL DR2:

Kun et al., in prep.
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Source properties 
from 4FGL DR2:

Kun et al., in prep.
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Let’s focus on the gamma regime (4FGL DR2)
We picked gamma sources with NPred > 1000 (predicted number of gamma photons), 
otherwise to dim to be analysed - 9 gamma sources remain in the sample (out of 29) 

Downloaded Fermi data within +- half year about the corresponding neutrinos
24

Kun et al., in prep.



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

■ Found 29 4FGL DR2 point sources, from which in case of 9 sources the 
predicted number of gamma-photons in 10 years is more than 1000
(5 BLL, 3 FSRQ, 1 SEY1)

■ Generated the likelihood light curve of these gamma sources
■ We see IF these AGN emit the neutrinos, neutrinos do not like to come during 

gamma-flares (4 after gamma flare, 1 before gamma flare, 1 at gamma flare,
1 between two gamma flares, 2?)

25

Likelihood analysis of 9 Fermi point sources within 90% containment area 
of track-type neutrino events published by Giommi et al. (2020)



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

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

- 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, 10%-15%-20%)
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Likelihood analysis of 9 Fermi point sources within 90% containment area 
of track-type neutrino events published by Giommi et al. (2020)



TXS 0506+056

TS<=9
9<TS<=25
TS>25

BLL
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- TS=-2ln(Lmax,0/Lmax,1), where Lmax,0 is the maximum likelihood value for a model without an additional source (the 'null 
hypothesis') and Lmax,1 is the maximum likelihood value for a model with the additional source at a specified location
- Basic rule of thumb, the square root of the TS is approximately equal to the detection significance for a given source

Kun et al., in prep.
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- TS=-2ln(Lmax,0/Lmax,1), where Lmax,0 is the maximum likelihood value for a model without an additional source (the 'null 
hypothesis') and Lmax,1 is the maximum likelihood value for a model with the additional source at a specified location
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PKS 1502+106

TS<=9
9<TS<=25
TS>25

FSRQ
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- TS=-2ln(Lmax,0/Lmax,1), where Lmax,0 is the maximum likelihood value for a model without an additional source (the 'null 
hypothesis') and Lmax,1 is the maximum likelihood value for a model with the additional source at a specified location
- Basic rule of thumb, the square root of the TS is approximately equal to the detection significance for a given source

Kun et al., in prep.



PKS 0426-380

TS<=9
9<TS<=25
TS>25

BLL
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- TS=-2ln(Lmax,0/Lmax,1), where Lmax,0 is the maximum likelihood value for a model without an additional source (the 'null 
hypothesis') and Lmax,1 is the maximum likelihood value for a model with the additional source at a specified location
- Basic rule of thumb, the square root of the TS is approximately equal to the detection significance for a given source

Kun et al., in prep.



PMN J0948+0022

TS<=9
9<TS<=25
TS>25

SEY1
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- TS=-2ln(Lmax,0/Lmax,1), where Lmax,0 is the maximum likelihood value for a model without an additional source (the 'null 
hypothesis') and Lmax,1 is the maximum likelihood value for a model with the additional source at a specified location
- Basic rule of thumb, the square root of the TS is approximately equal to the detection significance for a given source

Kun et al., in prep.



RBS 0958

TS<=9
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BLL
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- TS=-2ln(Lmax,0/Lmax,1), where Lmax,0 is the maximum likelihood value for a model without an additional source (the 'null 
hypothesis') and Lmax,1 is the maximum likelihood value for a model with the additional source at a specified location
- Basic rule of thumb, the square root of the TS is approximately equal to the detection significance for a given source

Kun et al., in prep.



PKS 1313-333

TS<=9
9<TS<=25
TS>25

FSRQ
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- TS=-2ln(Lmax,0/Lmax,1), where Lmax,0 is the maximum likelihood value for a model without an additional source (the 'null 
hypothesis') and Lmax,1 is the maximum likelihood value for a model with the additional source at a specified location
- Basic rule of thumb, the square root of the TS is approximately equal to the detection significance for a given source

Kun et al., in prep.



GB6 J1040+0617

TS<=9
9<TS<=25
TS>25

BLL
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- TS=-2ln(Lmax,0/Lmax,1), where Lmax,0 is the maximum likelihood value for a model without an additional source (the 'null 
hypothesis') and Lmax,1 is the maximum likelihood value for a model with the additional source at a specified location
- Basic rule of thumb, the square root of the TS is approximately equal to the detection significance for a given source

Kun et al., in prep.



PKS 1454-354

TS<=9
9<TS<=25
TS>25

FSRQ
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- TS=-2ln(Lmax,0/Lmax,1), where Lmax,0 is the maximum likelihood value for a model without an additional source (the 'null 
hypothesis') and Lmax,1 is the maximum likelihood value for a model with the additional source at a specified location
- Basic rule of thumb, the square root of the TS is approximately equal to the detection significance for a given source

Kun et al., in prep.



NVSS J042025-374443

TS<=9
9<TS<=25
TS>25

?
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- TS=-2ln(Lmax,0/Lmax,1), where Lmax,0 is the maximum likelihood value for a model without an additional source (the 'null 
hypothesis') and Lmax,1 is the maximum likelihood value for a model with the additional source at a specified location
- Basic rule of thumb, the square root of the TS is approximately equal to the detection significance for a given source

Kun et al., in prep.



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

■ Found 29 4FGL DR2 point sources, from which in case of 9 sources the 
predicted number of gamma-photons in 10 years is more than 1000
(5 BLL, 3 FSRQ, 1 SEY1)

■ Generated the likelihood light curve of these gamma sources
■ We see IF these AGN emit the neutrinos, neutrinos do not like to come during 

gamma-flares (4 after gamma flare, 1 before gamma flare, 1 at gamma flare,
1 between two gamma flares, 2?)

■ If these AGN emit the neutrinos, they might be temporarily gamma-absorbed
■ Theoretical works in this direction - results coming soon
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Likelihood analysis of 9 Fermi point sources within 90% containment area 
of track-type neutrino events published by Giommi et al. (2020)



Thank you!
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smoothed data mapTXS 0506+056
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map of residual significanceTXS 0506+056
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smoothed data mapPKS 1502+106
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map of residual significancePKS 1502+106
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smoothed data mapPKS 0426-380
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map of residual significancePKS 0426-380
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smoothed data mapPMN J0948+0022
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map of residual significancePMN J0948+0022
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smoothed data mapRBS 0958
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map of residual significanceRBS 0958
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smoothed data mapPKS 1313-333
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map of residual significancePKS 1313-333
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smoothed data mapGB6 J1040+0617
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map of residual significanceGB6 J1040+0617
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smoothed data mapPKS 1454-354
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map of residual significancePKS 1454-354
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smoothed data mapNVSS J042025-374443
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map of residual significanceNVSS J042025-374443
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