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https://messmapp.github.io/index.html

1. Neutrino observational strategy (using 
the least number of assumptions as possible) 

2. Theoretical angle (SED modeling: AM3) 

3. Multi-wavelength (photon) observations 
strategy, including time-evolution 
information and #1/#2 (when possible)
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The blazar SED paradigm

MessMapp Research



Blazar / neutrino correlation
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IceCube Neutrino (p-value) sky-map 
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Informs about the level of anisotropy in the event spatial distribution 

The smallest the local p-value, the highest the discrepancy from background expectations
For convenience, we define:  L-value = —log(p-value Loc)



IceCube skymaps: sensitive to comic sources
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Hotspots consistent with NGC 1068 and TXS 0506+056



IceCube skymaps: sensitive to comic sources
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Hotspots consistent with NGC 1068 and TXS 0506+056

Are there others linked to an  
astrophysical origin?



Skymap: Cross-correlation analysis
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Northern and southern hemispheres treated separately

Sky-map : 107 pixels (sky locations)

—> Focus on the clusters (spots) with strongest deviation from 
background expectations — to limit trials



Skymap: Cross-correlation analysis
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Perform positional cross-correlation analysis, between blazar sample and neutrino 
spot sample.
Combining the (independent) north and south analysis, the global post-trial p-value 
for the chance correlation is 2.59 x 10-7.

Buson+ 2022
Buson+ 2023 

also confirmed by independent studies, e.g. 
Bellenghi+, when using the same IceCube skymap

Summary of findings 



Candidate PeVatron Blazar sample
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Southern hemisphere candidate associations



Candidate PeVatron Blazar sample
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Southern hemisphere candidate associations

 Focus on one object 
which has broadband 

MWL data of good quality

5BZB J0630-2406

 — May it be a plausible neutrino candidate?



Physical properties 
                5BZB J0630-2406
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• Source at redshift 
• Historically classified as a BL Lac object : lack of emission 

lines, high synchrotron peak
• Hints of a luminous accretion disk with broad emission lines 

swapped by the jet synchrotron (Ghisellini+12). 
• High-power, radiatively efficient blazar, i.e. a blue flat 

spectrum radio quasars, broad lines and a standard 
accretion disk (a.k.a. masquerading BL Lacs)

• Properties similar to TXS 0506+056 and PKS 1424+240

z ≥ 1.23

Classification

Ghisellini+ 2011, 2012; Padovani+ 2012

IceCube skymap

5BZB J0630-2406



Multi-Epoch Modeling 2

Good continuous coverage in optical and gamma rays
Four X-ray observations
Strong, correlated variability  in all (available) bands

Start from modelling the SED for T2:
• Serendipitous simultaneous data in the X-ray band: 

• Swift / XMM /NuSTAR
• Complementary optical and Fermi-LAT

#2
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Multi-Epoch modeling
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preliminary



Theoretical modeling 
                5BZB J0630-2406

14

Lepto-hadronic solution

• Luminous accretion disk 
 

• Accretion regime , 
. 

• Dissipation radius is on the outer edge of 
the BLR

• Combination of limited  absorption 
and efficient neutrino production.

Ldisk ≃ 5 × 1045 erg ⋅ s−1

η ∼ 2 × 10−4

Lγ /LEdd = 0.15



Theoretical modeling 
                5BZB J0630-2406
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Lepto-hadronic solution

SED modelled via both purely leptonic and 
mixed lepto-hadronic scenarios, suggesting 

that the hadronic component is subdominant, 
except in the X-ray and the MeV bands. 



Theoretical modeling 
                5BZB J0630-2406
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Lepto-hadronic solution

• Evidence for a break in the X-ray spectra (3 sigma).
• Standard leptonic models face challenges in reproducing it.
• Naturally explained by the kick-in of the hadronic 

contribution



Evolution of the neutrino emission
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Increase in neutrino emission relates to change in X-rays 
X-rays better proxy for neutrinos than gamma  ! rays

 " flu
x

!-ray flux X-ray flux



Neutrino predictions
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Neutrino predicted from theoretical modeling 

preliminary



Evolution of the neutrino emission
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N(#μ)
predicted

preliminary
   T1(1)        T1(2)   T1(3)                  T2



Evolution of the neutrino emission
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N(#μ)
predicted

preliminary

N(#μ)
observed

IceCube

   T1(1)        T1(2)   T1(3)                  T2



Evolution of the neutrino emission
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N(#μ)
predicted

preliminary

N(#μ)
observed

Extending the neutrino 
observation time-
window does not 

necessarily result in a 
(stronger) detection

IceCube

   T1(1)        T1(2)   T1(3)                  T2



MessMapp Research Group 
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Collaborators:  
M. Ajello, A. Coleiro, G. 
Illuminati, S. Marchesi, M. 
Santander, A. Tramacere 
F. Vazza

Current active members 
Full list of contributors : https://messmapp.github.io/group.html



Summary

• A subsample of candidate PeVatron blazars proposed as associated 
with IceCube neutrino hotspots; post-trial probability of ~2.59 x 10-7. 

• Theoretical modelling of MWL SED confirms plausible neutrino emitter:  
Candidate association, 5BZB J0630-2406: 

• X-ray flare happening during the 7yr IceCube observation  
• SED modeling predicts variable neutrino emission 
• Consistent with an increase in the observed neutrino event rate 
• Overall properties similar to TXS 0506+056; contributing <1% to 

the diffuse neutrino flux  

• ‘Tip of the iceberg’ : other individual sources may be already 
detectable in the 15-yr (proprietary) IceCube datasets 

• Analysis and results fully reproducible:  
• Datasets available via e.g. Zenodo. 
• Software hosted e.g. in GitHub. First public release: AM3.

23



Back up
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Multi-epoch modeling

25

Leptonic solutions



Theoretical modeling 
                5BZB J0630-2406

Leptonic / Lepton-hadronic modeling

obs

blob

1

2

3

4

5

6

BLR

disk

BLR

torus

disk

torus

diss

•  Simulation of the acceleration and the cooling of 
electrons and / or protons inside of a spherical region 
(blob) with the AM3 code (Gao+ 2017, Klinger+ 2023).

•  Spherical region moving at relativistic speed inside the 
jet surrounded by an accretion disk and a dust torus 
emitted as black bodies. 

•  Emission from the accretion disk is reprocessed by the 
BLR.

•  Parameters are fitted to reproduce the SED by 
minimising the  between the simulated and the 
observed data.

χ2
d.o.f
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Neutrino point-source Searches 4

The ‘highest-quality’ data for point-
source searches publicly available

Blazar sample

5BZCat (Massaro+ 2015)
• no preferred selection

Southern hemisphere
• 7-year sky map 
• 2008 - 2015

Northern hemisphere
• 10-year sky map 
• 2011 - 2020

IceCube coll. 2017 IceCube coll. 2022

Observational Approach
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IceCube neutrino data 



IceCube Neutrino (p-value) sky-map 

IceCube coll. results 
• No excess is found at statistically significant level in the hot-spot all-sky 

population analysis
• Caveat: 

• Many trials, more than 107 sky locations tested
• Need very strong sources in order to detect them with this approach

However, IceCube skymaps are sensitive to comic sources

Informs about the level of anisotropy in the event spatial distribution 

The smallest the local p-value, the highest the discrepancy from background expectations
For convenience, we define:  L-value = —log(p-value Loc)
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High-energy neutrino event topologies
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Poor angular resolution: ~10° Angular resolution: < 1°

~1 km
~ 100 m

Rarely observed

Shower 
(mainly from νe and ντ)

Track 
(mainly from νμ)

Double bang 
(from ντ)


