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Cosmic rays are deflected by magnetic 
fields. 

Neutral "particles" point back to their 
sources: 

• Photons  

• Neutrinos (𝝂) 

• Gravitational waves 

Don’t expect to see all the messengers  
from the same source!

Search of Particle Accelerators/ 
Multimessenger Sources



Particle Accelerators in Nature
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Cosmic rays are deflected by magnetic 
fields. 

Neutral "particles" point back to their 
sources: 

• Photons (gamma rays) 

• Neutrinos (𝝂) 

• Gravitational waves 

Don’t expect to see all the messengers 
from the same source!

Search of Particle Accelerators/ 
Multimessenger Sources



Astrophysical Multimessenger Observatory Network: a 
Multimessenger approach

• Discover transient multi-
messenger sources 

• Trigger follow-up observations 
to identify and study 
counterparts 

• Analyze archival data in 
search of multi-messenger 
activity
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AMON: a framework to perform multi-messenger searchers

• Real-time coincidences 

• Use of sub-threshold data 

• Archival Studies 

• Store events 

• Coincidence analyses 

• Partners 

• Triggering Observatories 

• Follow-up Observatories 

• Pass-Through 

• Broadcast directly to GCN/TAN and SCIMMA
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AMON Team
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AMON Network and Hardware
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Cosmic rays are deflected by magnetic 
fields. 

Neutral "particles" point back to their 
sources: 

• Photons (gamma rays) 

• Neutrinos (𝝂) 

• Gravitational waves 

Don’t expect to see all the messengers 
from the same source!

Search of Particle Accelerators/ 
Multimessenger Sources



The Neutrino-Electromagnetic channel

• Coincidence analyses between very-high-energy gamma-ray data 
and high-energy neutrino data 

• Objective: Search for sources of high-energy neutrinos (i.e. hadronic 
accelerators)
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IceCube + HAWC 
Ayala, et al 2021

ANTARES +Fermi LAT 
Ayala, et al 2021

IceCube +Fermi LAT 
Turley, et al 2018

ANTARES + HAWC 
Paper submitted to ApJ

Archival Analysis

Real-time analysis

The NuEM channel: analyses

/3913



The NuEM channel: analyses

IceCube + HAWCANTARES +Fermi LAT

IceCube +Fermi LAT ANTARES + HAWC*

Archival Analysis

Real-time analysis

ANTARES has ceased operations

/3914



The NuEM channel: pipeline
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The NuEM Channel: algorithm

Coincidence Analysis

Event Selection 
Criteria

No

Yes

Wait for 
next event

• Estimate position 
• Calculate Ranking 

statistic 
• Calculate FAR

FAR<Thresh.

No

Yes

Send information 
to database

Wait for 
next event

Send Alert
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The NuEM Channel: selection criteria

/2317

IceCube + HAWC 
Ayala, et al 2021

ANTARES +Fermi LAT 
Ayala, et al 2021

ANTARES + HAWC 
Paper in preparation

Neutrino event 

tracks (cascades)


And photons


A HAWC event and

Neutrino events


Δt ± 1000s

Δθ < 5∘(10∘)

Δθ < 3.5∘

Δt ∼ HAWCtransit

IceCube +Fermi LAT 
Turley, et al 2018

A neutrino event 

and all photons 


Δθ < 5∘

Δt ± 100s
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• ApJ Link: http://iopscience.iop.org/article/10.3847/1538-4357/aad195/meta

Fermi Exposure corrected to the IceCube observations

IC40 IC59

Num. 𝜸 ~15x106 ~18x106

Num. 𝝂 ~13x103 ~108x103

Likelihood ~Null (North+ South) 
p~5%

Event	clustering:	Δθ	<	5°	and	Δt	=	t0	±	100	s

IceCube - Fermi LAT

http://iopscience.iop.org/article/10.3847/1538-4357/aad195/meta


ANTARES - Fermi LAT

Turley, et al 2019

• Use of  track and cascade events from Antares 

• Spatial selection:  

• Temporal selection:   

• Neutrino multiplets are constrained to have each neutrino within both the 
angular and temporal separation of  each other neutrino. 

• Photons  fall within the angular and temporal window as measure from the 
average neutrino position and time.

Δθ < 5∘(10∘)

Δt ± 1000s

/3919

https://iopscience.iop.org/article/10.3847/1538-4357/ab4a74/pdf


ANTARES - Fermi LAT

Turley, et al 2019

• Coincidences are still consistent with 
background expectations 

• Interestingly, second coincidence comes 
from a busy region.

/3920

https://iopscience.iop.org/article/10.3847/1538-4357/ab4a74/pdf


HAWC-IceCube/ANTARES

• Temporal selection: Time of  IceCube/ANTARES event inside of  HAWC 
monitoring transit time 

• Spatial selection:  Angular distance between IceCube/ANTARES event and 
HAWC hotspot less than 3.5º

tHAWC0
<latexit sha1_base64="2qflRRPIeS5yfbqH3NIjef55xaQ=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLdqLz1WMLbYhrDZbtqlm03YnQgl9F948aDi1Z/jzX/jts1Bqw8GHu/NMDMvTAXX6DhfVmlldW19o7xZ2dre2d2r7h/c6yRTlHk0EYnqhkQzwSXzkKNg3VQxEoeCdcJxc+Z3HpnSPJF3OEmZH5Oh5BGnBI30gEHeuu40A2caVGtO3ZnD/kvcgtSgQDuofvYHCc1iJpEKonXPdVL0c6KQU8GmlX6mWUromAxZz1BJYqb9fH7x1D4xysCOEmVKoj1Xf07kJNZ6EoemMyY40sveTPzP62UYXfo5l2mGTNLFoigTNib27H17wBWjKCaGEKq4udWmI6IIRRNSxYTgLr/8l3hn9au6e3tea9wUaZThCI7hFFy4gAa0oA0eUJDwBC/wamnr2Xqz3hetJauYOYRfsD6+AUI8kC8=</latexit><latexit sha1_base64="2qflRRPIeS5yfbqH3NIjef55xaQ=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLdqLz1WMLbYhrDZbtqlm03YnQgl9F948aDi1Z/jzX/jts1Bqw8GHu/NMDMvTAXX6DhfVmlldW19o7xZ2dre2d2r7h/c6yRTlHk0EYnqhkQzwSXzkKNg3VQxEoeCdcJxc+Z3HpnSPJF3OEmZH5Oh5BGnBI30gEHeuu40A2caVGtO3ZnD/kvcgtSgQDuofvYHCc1iJpEKonXPdVL0c6KQU8GmlX6mWUromAxZz1BJYqb9fH7x1D4xysCOEmVKoj1Xf07kJNZ6EoemMyY40sveTPzP62UYXfo5l2mGTNLFoigTNib27H17wBWjKCaGEKq4udWmI6IIRRNSxYTgLr/8l3hn9au6e3tea9wUaZThCI7hFFy4gAa0oA0eUJDwBC/wamnr2Xqz3hetJauYOYRfsD6+AUI8kC8=</latexit><latexit sha1_base64="2qflRRPIeS5yfbqH3NIjef55xaQ=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLdqLz1WMLbYhrDZbtqlm03YnQgl9F948aDi1Z/jzX/jts1Bqw8GHu/NMDMvTAXX6DhfVmlldW19o7xZ2dre2d2r7h/c6yRTlHk0EYnqhkQzwSXzkKNg3VQxEoeCdcJxc+Z3HpnSPJF3OEmZH5Oh5BGnBI30gEHeuu40A2caVGtO3ZnD/kvcgtSgQDuofvYHCc1iJpEKonXPdVL0c6KQU8GmlX6mWUromAxZz1BJYqb9fH7x1D4xysCOEmVKoj1Xf07kJNZ6EoemMyY40sveTPzP62UYXfo5l2mGTNLFoigTNib27H17wBWjKCaGEKq4udWmI6IIRRNSxYTgLr/8l3hn9au6e3tea9wUaZThCI7hFFy4gAa0oA0eUJDwBC/wamnr2Xqz3hetJauYOYRfsD6+AUI8kC8=</latexit><latexit sha1_base64="2qflRRPIeS5yfbqH3NIjef55xaQ=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLdqLz1WMLbYhrDZbtqlm03YnQgl9F948aDi1Z/jzX/jts1Bqw8GHu/NMDMvTAXX6DhfVmlldW19o7xZ2dre2d2r7h/c6yRTlHk0EYnqhkQzwSXzkKNg3VQxEoeCdcJxc+Z3HpnSPJF3OEmZH5Oh5BGnBI30gEHeuu40A2caVGtO3ZnD/kvcgtSgQDuofvYHCc1iJpEKonXPdVL0c6KQU8GmlX6mWUromAxZz1BJYqb9fH7x1D4xysCOEmVKoj1Xf07kJNZ6EoemMyY40sveTPzP62UYXfo5l2mGTNLFoigTNib27H17wBWjKCaGEKq4udWmI6IIRRNSxYTgLr/8l3hn9au6e3tea9wUaZThCI7hFFy4gAa0oA0eUJDwBC/wamnr2Xqz3hetJauYOYRfsD6+AUI8kC8=</latexit>
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HAWC Transit Time

tIceCube/ANTARES

⃗rIceCube/ANTARES
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The NuEM channel: how to obtain the FAR
• We perform simulations by scrambling the datasets several times. 

• Build the ranking statistic distribution 

• Calculate the false alarm rate

H. A. Ayala Solares et al 2021 ApJ 906 63/3922



Archival coincidences: HAWC-IceCube

H. A. Ayala Solares et al 2021 ApJ 906 63/3923



• SIMBAD: Several radio galaxies  

•  FAVA: closest sources are 1.87º and 1.97º apart 
from coincidence. 
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Archival coincidences: HAWC-ANTARES

• No counterpart found  in the SIMBAD catalog and the Fermi All-sky 
Variability Analysis (FAVA) monitoring

/3925

• Publication submitted to journal.



More on NuEM Channel
•We encourage follow-up observations of 

these coincidences 

                                     

•Visit the https://amontom.science.psu.edu/ 
to query alerts

/3926

https://amontom.science.psu.edu/


Coincidences in the NuEM Channel

• FAR threshold is < 4 per year for 
real-time alerts.  

• 14 alerts sent to GCN 

• For archival coincidences we looked 
at the ones with FAR <1 per year 

• 9 coincidences found
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Future of the NuEM Channel
• Light curves of the order of ~weeks and ~months -> Increase time window 

search
Outburst of blazer PKS B1424-418 

https://www.nature.com/articles/nphys3715
TDE AT2019dsg 

https://arxiv.org/abs/2202.03788
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Connect to AMON

• Use GCN to listen to alerts 

• Use SCiMMA for NuEM alerts https://hop.scimma.org 

• Beta version: Visit the https://amontom.science.psu.edu/ to query alerts 

• Contact: hgayala@psu.edu

29

https://hop.scimma.org
https://amontom.science.psu.edu/
mailto:hgayala@psu.edu
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Back-up Slides
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Ranking Statistic for the analyses with Fermi

32

Fermi+IceCube

Fermi+ANTARES



Ranking statistic is based on Fisher’s method.  

P-value from 
Maximum likelihood, 

Spatial Selection

HAWC hotspot 
 significance

Probability of more 
Than one neutrino  
In the transit time

P-value of the IceCube 
Neutrino based on energy

Ranking statistic (R.S.) value. 
It takes into account the number 

Of DoF

pCluster = 1�
PN�2

i=0 Pois(i;�)

33

χ2
6+2nν

= − 2 ln[p
λ
p

HAWC
p

cluster

nν

∏
i

p
IC,i

]

R . S . = − log p( > χ2
6+2nν

)

For the HAWC+IceCube and HAWC+ANTARES



• SIMBAD: TXS 0017+026 (PKS 
0017+026): radio galaxy (radio source). It 
is 58.25 arcsec (132.7 arcsec) from 
coincidence. 
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