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IceCube Observatory 

Radiation 

Are neutrinos coming from BLAZARs?Are neutrinos coming from BLAZARs?

See P. Padovani talkSee P. Padovani talk

Eiffel Tower
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1 deg2
 

● 290 TeV  
● 56% probability to be

 of astrophysical origin
● In spatial and temporal coincidence 

with a flare from TXS 0506+056 

TXS 0506+056 flare at all the bands
when the neutrino arrived

IceCube Collaboration et al. (2018a,b) 

Sept. 2017: IC 170922A

1 deg2
 

IceCube Collab oration et al.  (2018a,b) 
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A powerful tool: the very long baseline interferometry (VLBI) networks

VLBA
Very Long Baseline Array

(American antennas)

EVN
European VLBI Network

(worldwide antennas,
mainly in Europe)

e-MERLIN

Multi-Element Radio 
Linked Interferometer 

Network (UK)

EAVN
East Asia VLBI  Network

(Asian antennas)

angular resolution  /D where D is ∝ λ  thousands of km!∝

 → milliarcsec resolution!
 (parsec resolution at z of our sources)
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Ros et al. 2020 

NOV 2017 MAY 2018

Signature of layers in the jet → region of efficient neutrino production (Tavecchio et al. 2014, Righi et al. 2017)

S=500 mJy S=720 mJy

43 GHz,  parsec scale res. 

slice-1

slice-2

Surface brightness (m
Jy/beam

)

1mas~5pc

Distance from the slice mid-point (mas)

Ros et al. 2020 

VLBI study on TXS0506+056 - I
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Li et al. 202015 GHz

720 mJy

● Jet morphology 
● Jet component kinematics 
● Brightness temperature, position angle evolution
● The flare occurred in the core (pc-scale)
● Magnetic field strength before and after the neutrino event

Conversion of 
magnetic energy  particle energy →

 → ongoing particle acceleration

VLBI study on TXS0506+056 - II
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Plavin et al. 2020,2021

-significant positional association of 
bright VLBI blazars with neutrinos  

-significant temporal association of 
VLBI flares with neutrinos 

Plavin et al. 2020

18 AGNs

VLBI population studies
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Search for other neutrino emitter blazars Search for other neutrino emitter blazars 
through VLBI follow-upsthrough VLBI follow-ups

● Blazar-like
● -ray associatedγ → 5 “best” candidates 

+ 4 new VLBI follow ups of NEUTRINO events
on a total of ~8 events followed with VLBI and published so far

 → 10  radio sources candidate counterparts 

Between 2019 and 2020

Nanci et al. 2022

Our VLBI study
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 IC190704A

50%

90%

BRONZE
155 TeV 
20 deg2  

50%

90% GOLD  
375 TeV
26 deg2 

50%
90%

BRONZE 
105 TeV
6 deg2  

 IC201021A

50%
90%

GOLD 
214 TeV
4 deg2 

IC200109A

IC201114A

Nanci et al. 2022
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Our VLBI study: Does neutrino emission correspond to enhanced radio activity? 

N
eutrino

1. 1WHSP J104516.2+275133 – IC 190704A   → FIRST VLBI OBSERVATION  NO ARCHIVAL DATA for comparison→

2. TXS 1100+122 – IC 200109A  → VLBI OBSERVATION  → hints of enhanced activity 
                                                  + RATAN-600 observations at 2.3, 5, 8, 11, 22 GHz (Kovalev et al.2020a)

 

TXS 1100+122

*Radio Fundamental catalog
*

Nanci et al. 2022
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N

eutrino

3. PKS 1723+125 – IC 201021A   → enhanced activity 

MOJAVE*
TELAMON* – after IC 201021A   

*Effelsberg Monitoring of AGN Jets with Very-High-Energy Astroparticle Emissions 
(Kadler et al. 2021)*Monitoring Of Jets in Active galactic nuclei with VLBA Experiments

Ju
ly2021

N
o

v 2020

M
ay 2022

time

Our VLBI study: Does neutrino emission correspond to enhanced radio activity? 

Nanci et al. 2022
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Our VLBI study: Can we see recurring radio properties linked to neutrino production?

8.4 GHz 7.6 GHz 23.5 GHz  

2013
2020

4.  NVSS J065844+063711 

2020

Jet kinematics 
and 

morphology
 

 → will come 
with 

monitoring of 
the sources

TXS 1100+122
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1. IC-211208A (bronze) – PKS 0735+17 (z=0.424) 
      → in flare at the neutrino arrival

Sahakyan et al. 2022

           Stay tuned... 

2. IC-220205A (bronze) – PKS 1431+134 (z=0.247) 
      → lensed object, 1st blazar with counter jet

stacked image 
of 23 epochs by 
MOJAVE 

 15 GHz

Peirson et al. 2022

Our future VLBI study: new VLBI follow-ups

https://ui.adsabs.harvard.edu/search/q=author:%22Peirson%2C+A.+L.%22&sort=date%20desc,%20bibcode%20desc
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Towards Astri and CTA in the neutrino counterparts research 
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TXS 0506+056 flare 
at all the bands

when the neutrino 
arrived

IceCube Collaboration 
et al. (2018a,b) 

Towards Astri and CTA in the neutrino counterparts research 
- KSP Transients: High-energy neutrino transients
CTA follow-ups of neutrino alerts
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Sitarek et al. 2022

Towards Astri and CTA in the neutrino counterparts research
-Understanding TeV-blazars: among the most promising neutrino-emitter candidates
 (e.g., Tavecchio et al.2014, Padovani et al.2015, Giommi et al.2020)

With the CTA sensitivity: 
● discover the “high” redshift TeV-blazar population
● Not only TeV-blazars in flaring state 

With the CTA energy resolution: 
Better constraints on the TeV-blazars 
SEDs at the highest energies 
 → constraints on the emission models

With the CTA monitoring of TeV-blazars:
Locate the gamma-ray emission region
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PAST..

+ 4 neutrinos follow-ups with VLBI (+ 10 radio candidates)
● VLBI classification of the cospatial sources 

● Check of the state of activity at the neutrino arrival

● Working on the jet kinematics

Nanci et al.2022

PKS 1725+123: ~ enhanced state of activity
TXS 1100+122: ~ hint of enhanced state of activity 

Thank you for your attention!

Summary 

..PRESENT..
+ 4 NEW neutrinos follow-ups with VLBI ..more are expected

  ..FUTURE!
● CTA+MWL follow-up of neutrino events 
● CTA – VLBI synergies to address the open questions on TeV-blazars 
and their possible connection with neutrinos

time
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backup slides
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1. IC-211208A (bronze) – PKS 0735+17 (z=0.424) 
      → in flare at the neutrino arrival

2. IC-220205A (bronze) – PKS 1431+134 (z=0.247) 
      → lensed object, 1st blazar with counter jet

3. IC-220205B (gold)  – PKS 1741-03 (z=1.054) 
       → in Plavin et al. 2020

4. IC-220425A (gold)  – TXS 1749-101 
            → previous association with a 2018-ICevent
                       – TXS 1742-078 
                        → flaring state  

Our future VLBI study: new VLBI follow-ups

           Stay tuned... 
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From 2019-07-04 to 2020-11-14

33 IceCube alerts 

 → 12 Gold events 

 → 5 of them with at least 1 gamma-ray source in the 90% loc.area

Some numbers on IceCube events

Gold events:
1. IC190704A  - 1WHSP J104516.2+275133 

2. IC190730A - PKS 1502+106
3.  IC191001A -  AT2019dsg

4. IC200109A - TXS 1100+122 
5. IC200530A - Type IIn superluminous supernova 
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+ 4 new VLBI follow ups of NEUTRINO events!
on a total of ~8 events followed with VLBI and published so far

Before and contemporary to our work:

● PKS B1424−418 – Kadler et al. (2016)
● TXS 0506-056 – Kun et al. (2019), Li et al. (2020), Ros et al. (2020) and others
● PKS 1502+106 – Britzen et al. (2021)
● AT2019dsg – Prashanth et al. (2021)  
● Nanci et al.  +4 VLBI follow-ups
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Stay tuned for follow-ups of new events! 

IceCube-220205BIceCube-211208A
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Multi-wavelength Collaboration
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Li et al. 202015 GHz

720 mJy

VLBI study on TXS0506+056 - II

Kinematics 

conical jet body
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Li et al. 202015 GHz

720 mJy

VLBI study on TXS0506+056 - II precessing motion 
(e.g., along a helical trajectory)

Sinusolidal fit: 
→ precession with a period of about 5 years

For J2 and J3
→ precession with a period of about 17 years

For J1
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Li et al. 202015 GHz

720 mJy

VLBI study on TXS0506+056 - II

 = T δ b,obs /T b,int
Assuming T b,int  = T b,eq  
eq=equipartition of energy between the 
radiating particles and magnetic fields 
(T b,eq  = 5 × 10

 10 K (Readhead 1994)) 

Apparent core position shift  synchrotron self-absorption in the radio core→

The projected core shift: 

core size difference between two frequencies(mas)

projected jet half opening angle (in degrees)

The core shift: 
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Sitarek et al. 2022

Towards Astri and CTA in the neutrino counterparts research
-Understanding TeV-blazars: among the most promising neutrino-emitter candidates
 (e.g., Tavecchio et al.2014, Padovani et al.2015, Giommi et al.2020)

With the CTA sensitivity: 
● discover the “high” redshift TeV-blazar population
● Not only TeV-blazars in flaring state 

With the CTA energy resolution: 
Better constraints on the TeV-blazars 
SEDs at the highest energies 
 → constraints on the emission models

With the CTA monitoring of TeV-blazars:
Locate the gamma-ray emission region
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1 deg2
 1 deg2
 1 deg2
 

IceCube Collaboration et al. (2018a,b) IceCube Collaboration et al. (2018a,b) 

● 290 TeV  
● 56% probability to be

 of astrophysical origin
● In spatial and temporal coincidence 

with a flare from TXS 0506+056 

TXS 0506+056 flare over all the bands
when the neutrino arrived

IceCube Collaboration et al. (2018a,b) 

Sept. 2017: IC 170922A

1 deg2
 

IceCube Collaboration et al. (2018a,b) 

+ neutrino flare from TXS 0506+056 
prior to IC 170922A

2015
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What we can do from the VLBI point of view?
Search for other neutrino-emitter blazarsSearch for other neutrino-emitter blazars
 → Multi-epoch and multi-frequency VLBI follow-ups of new neutrino events

1. Characterization of the radio sources

     VLBI vs arcsecond scales
The archive :

 
The NRAO VLA Sky Survey (NVSS) - 1.4 GHz - 45 arcsec resolution

The Faint Images of the Radio Sky at Twenty-Centimeters (FIRST) - 1.4 GHz - 6 arcsec resolution  

The Very Large Array Sky Survey (VLASS) -  3 GHz - 2 arcsec resolution
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What we can do from the VLBI point of view?
Search for other neutrino-emitter blazarsSearch for other neutrino-emitter blazars
 → Multi-epoch and multi-frequency VLBI follow-ups of new neutrino events

1. Characterization of the radio sources

2. Does neutrino emission correspond to enhanced radio activity ?

     VLBI today vs VLBI yesterday
VLBI yesterday :

 
The Radio Fundamental Catalog (RFC)  VLBI observations of thousands of sources →



  32 → 10  radio sources  

-------------  VLBI follow-up when the neutrino  -----------
(1)  has a positional consistency with at least 1 Fermi-LAT sources

(2)  has a positional consistency with a radio source

IC Name Alert Type Loc. region 
(90%)
(deg2)

Energy
(TeV)

Number 
γ-ray 
sources

(in 90% loc)

Total of 
radio 

sources 
observed

1 IC 190704A Bronze (30%) 20 155 2 2

2 IC 200109A Gold (50%) 26 375 2 3

3 IC 201021A Bronze 6 105 1 2

4 IC 201114A Gold 4 214 1 3

+ 4 new NEUTRINO events!



  33 → 10  radio sources  5 good candidates  →

-------------  VLBI follow-up when the neutrino  -----------
(1)  has a positional consistency with at least 1 Fermi-LAT sources

(2)  has a positional consistency with a radio source

IC Name Alert Type Loc. region 
(90%)
(deg2)

Energy
(TeV)

Number 
γ-ray 
sources

(in 90% loc)

Total of 
radio 

sources 
observed

1 IC 190704A Bronze (30%) 20 155 2 2

2 IC 200109A Gold (50%) 26 375 2 3

3 IC 201021A Bronze 6 105 1 2

4 IC 201114A Gold 4 214 1 3

+ 4 new NEUTRINO events!

● Blazar-like: flat spectrum, 
no extended emission

● -ray associatedγ



  34

● Similar to TXS 0506+056 
● In agreement with thoretical 

predictions  → 10  radio sources  5 good candidates  →

-------------  VLBI follow-up when the neutrino  -----------
(1)  has a positional consistency with at least 1 Fermi-LAT sources

(2)  has a positional consistency with a radio source

IC Name Alert Type Loc. region 
(90%)
(deg2)

Energy
(TeV)

Number 
γ-ray 
sources

(in 90% loc)

Total of 
radio 

sources 
observed

1 IC 190704A Bronze (30%) 20 155 2 2

2 IC 200109A Gold (50%) 26 375 2 3

3 IC 201021A Bronze 6 105 1 2

4 IC 201114A Gold 4 214 1 3

+ 4 new NEUTRINO events!

● Blazar-like: flat spectrum, 
no extended emission

● -ray associatedγ
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1st Event
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Neutrino
-BRONZE  
-155 TeV
-20 deg2 (90%)

Neutrino IC190704A 1

50%

90%

Gamma-ray
4FGL J1045.3+2751
-new detection 
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Neutrino IC190704A 1

50%

90%

Gamma-ray
4FGL J1045.3+2751
-new detection 

VLBI
1WHSP J104516.2+275133
- 0.89° from IC190704A; 
- 0.02° from 4FGL counterpart
- z = 1.914
- VLBI Luminosity(5 GHz) ~ 4 x 10 25 W/Hz

Fermi 68%
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4.4 GHz

7.6 GHz

< 40pc

< 25pc

4 
x 

2
m

as
2 

x 
1 

m
as

Rm
s  =  0. 09 m

Jy /be am
 

Rms = 0.1 mJy/beam 

2 weeks after 
IC 190704A

7.7 GHz

4.7 GHz

6 months after 
IC 190704A

1

Rm
s = 0.03 m

Jy/beam
 

< 35pc

< 20pc

3 x 1 
mas

2 x 0.8 
mas

Rm
s  =  0. 02 m

Jy /be am
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4.4 GHz

7.6 GHz

4 
x 

2
m

as
2 

x 
1 

m
as

Rm
s  =  0. 09 m

Jy /be am
 

Rms = 0.1 mJy/beam 

2 weeks after 
IC 190704A

7.7 GHz

4.7 GHz

6 months after 
IC 190704A

1

Rm
s  = 0. 0 2 m

Jy /b e am
 

3 x 1 
mas

2 x 0.8 
mas

S = 3.4±0.4 mJy

S = 3.4±0.4 mJy

S = 2.7±0.3 mJyRm
s = 0.03 m

Jy/beam
 

S = 2.7±0.3 mJy
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2nd Event
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Neutrino IC200109A 2

90%

Gamma-ray
4FGL J1103.0+1157

Neutrino
-GOLD  
-375 TeV
-26 deg2 (90%)

50%
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Neutrino IC200109A 2

50%

90%

Gamma-ray
4FGL J1103.0+1157

Neutrino
-GOLD  
-375 TeV
-26 deg2 (90%)

VLBI
TXS 1100+122
- 1.25° from IC200109A; 
- 0.009° from 4FGL counterpart
- z = 0.91
- VLBI Luminosity(5 GHz) ~ 6.4 x 10 26 W/Hz 

Fermi 68%
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2

20
p

c

4.9 GHz
25

0p
c

23.5 GHz

jet!

8.4 GHz

4 x 3
 mas

2 x 1
 mas

1 month after IC 200109A

0.8 x 0.3
 mas Rms = 0.1 mJy/beam Rms = 0.1 mJy/beam 

Rms = 0.08 mJy/beam 

Speak ~  380 mJy/beam
Sint    ~ 409 mJy

8.4 GHz

EVN
VLBA VLBA



  44

2TXS 1100+122 pc/kpc properties

● neutrino follow-up data vs VLBI archival data  → hints(?) of enahanced activity at pc scales
 Kovalev et al.2020a confirm high state with RATAN-600 observations (at 2.3, 5, 8, 11, 22 GHz)

N
eutrino
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3rd Event
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Neutrino IC201021A

50%

90%

3Gamma-ray
New det.: J1725.5+1312 (1)
4FGL J1728.0+1216 (2)

VLBI
(1) No catalogued radio counterpart but 
a source is detected in the VLASS
-possible X-ray counterpart: 1RXS J172314.4+142103-

(2) PKS 1725+123 
- 2.57° from IC201021A; 
- 0.02° from 4FGL counterpart
- z = 0.568
- VLBI Luminosity(5 GHz) ~ 3 x 10 26 W/Hz 

Neutrino
-BRONZE event 
-105 TeV
-6 deg2 (90%)
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Neutrino IC201021A - radio (1)

50%

90%

3

Rms = 0.02 mJy/beam 

5.1 GHz

35x35
 mas

2 weeks after IC 201021A
e-Merlin follow-up

Speak  ~ 0.96 mJy/beam
Sint    ~ 1.1 mJy
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Neutrino IC201021A - radio (2)

50%

90%

3Fermi 68% 

VLBI
(2) PKS 1725+123 
- 2.57° from IC201021A; 
- 0.02° from 4FGL counterpart
- z = 0.568
- VLBI Luminosity(5 GHz) ~ 3 x 10 26 W/Hz 
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3
5.1 GHz

80 x 40
 mas

2 weeks after IC 201021A
e-Merlin follow-up

5 
kp

c

jet!
Rms = 0.05 mJy/beam 

Speak  ~ 323 mJy/beam
Sint    ~ 334 mJy
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3
●  archival VLBI data around neutrino arrival  → hints of enahanced activity at pc scales

 PKS 1723+125 pc/kpc properties

N
eutrino
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4th Event
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4Neutrino IC201114A

50%

90%

Gamma-ray
4FGL J0658.6+0636 

VLBI
NVSS J065844+063711 
- 0.79° from IC201114A;
- 0.05° from 4FGL counterpart

Neutrino
-GOLD event 
-214 TeV
-4 deg2 (90%)
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4Neutrino IC201114A

50%

90%

Fermi 68% 
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4
4.9 GHz 8.4 GHz 23.5 GHz

jet!

Rms = 0.03 mJy/beam 

Rms = 0.03 mJy/beam 

2 x 1
 mas

2 x 1
 mas

1 x 0.4
 mas

1 month after IC 201114A

Speak ~  10 mJy/beam
Sint    ~ 15 mJy

8.4 GHz

EVN VLBA VLBA
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● neutrino follow-up data vs archival VLBI data  → lack of enahanced activity at pc scales

 NVSS J065844+063711 pc/kpc properties 4
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 IC190704A

50%

90%

BRONZE
155 TeV 
20 deg2  

IC200109A

50%

90% GOLD  
375 TeV
26 deg2 

IC201114A

50%

90%

GOLD 
214 TeV
4 deg2 

50%

90%

BRONZE 
105 TeV
6 deg2  

 IC201021A -ray associated candidatesγ

Nanci et al. 2022
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