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IceCube in Multi-Messenger Astronomy 
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Multi-Messengers: what are they?

Why multi-?

What can be learnt from MMA w. Neutrinos?
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Multi-Messengers: what are they?

Why multi-?

What can be learnt from MMA w. Neutrinos?
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How do you message someone?

You have multiple ways. So does Nature 
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Multi-messengers: 
Different types of particles and waves sent by our Universe 

Cosmic particles / Astroparticles:
High-energy photons, cosmic rays, and neutrinos produced 
by extreme activities of the Universe. 

Electromagnetic 
Radiation 

Neutrinos 

Cosmic Rays 

Gravitational 
Waves 
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Active Galactic Nuclei, 
starburst galaxies

Big bang Galaxies & stars
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<latexit sha1_base64="O53FbRekokj0rUD4lQE+lkWQW0o=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mKqMeCF48V7Ae0a8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ3FuNvr7S2vrG5Vd6u7Ozu7R9UD4/aJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST29zvPDFteKwe7DRhgSQjxSNOic0lHz9eDao1XMdzoFXiF6QGBZqD6ld/GNNUMmWpIMb0fJzYICPacirYrNJPDUsInZAR6zmqiGQmyOa3ztCZU4YoirUrZdFc/T2REWnMVIauUxI7NsteLv7n9VIb3QQZV0lqmaKLRVEqkI1R/jgacs2oFVNHCNXc3YromGhCrYun4kLwl19eJe2Luo/r/v1lrXFZxFGGEziFc/DhGhpwB01oAYUxPMMrvHnSe/HevY9Fa8krZo7hD7zPHw+YjYk=</latexit><latexit sha1_base64="O53FbRekokj0rUD4lQE+lkWQW0o=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mKqMeCF48V7Ae0a8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ3FuNvr7S2vrG5Vd6u7Ozu7R9UD4/aJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST29zvPDFteKwe7DRhgSQjxSNOic0lHz9eDao1XMdzoFXiF6QGBZqD6ld/GNNUMmWpIMb0fJzYICPacirYrNJPDUsInZAR6zmqiGQmyOa3ztCZU4YoirUrZdFc/T2REWnMVIauUxI7NsteLv7n9VIb3QQZV0lqmaKLRVEqkI1R/jgacs2oFVNHCNXc3YromGhCrYun4kLwl19eJe2Luo/r/v1lrXFZxFGGEziFc/DhGhpwB01oAYUxPMMrvHnSe/HevY9Fa8krZo7hD7zPHw+YjYk=</latexit><latexit sha1_base64="O53FbRekokj0rUD4lQE+lkWQW0o=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mKqMeCF48V7Ae0a8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ3FuNvr7S2vrG5Vd6u7Ozu7R9UD4/aJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST29zvPDFteKwe7DRhgSQjxSNOic0lHz9eDao1XMdzoFXiF6QGBZqD6ld/GNNUMmWpIMb0fJzYICPacirYrNJPDUsInZAR6zmqiGQmyOa3ztCZU4YoirUrZdFc/T2REWnMVIauUxI7NsteLv7n9VIb3QQZV0lqmaKLRVEqkI1R/jgacs2oFVNHCNXc3YromGhCrYun4kLwl19eJe2Luo/r/v1lrXFZxFGGEziFc/DhGhpwB01oAYUxPMMrvHnSe/HevY9Fa8krZo7hD7zPHw+YjYk=</latexit><latexit sha1_base64="O53FbRekokj0rUD4lQE+lkWQW0o=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mKqMeCF48V7Ae0a8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ3FuNvr7S2vrG5Vd6u7Ozu7R9UD4/aJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST29zvPDFteKwe7DRhgSQjxSNOic0lHz9eDao1XMdzoFXiF6QGBZqD6ld/GNNUMmWpIMb0fJzYICPacirYrNJPDUsInZAR6zmqiGQmyOa3ztCZU4YoirUrZdFc/T2REWnMVIauUxI7NsteLv7n9VIb3QQZV0lqmaKLRVEqkI1R/jgacs2oFVNHCNXc3YromGhCrYun4kLwl19eJe2Luo/r/v1lrXFZxFGGEziFc/DhGhpwB01oAYUxPMMrvHnSe/HevY9Fa8krZo7hD7zPHw+YjYk=</latexit>

109
<latexit sha1_base64="1z7Z8+k4aWTkGtjKjtgO0Iw1ASg=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mKoN4KXjxWsB/QriWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWIy/vdLa+sbmVnm7srO7t39QPTxqmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObnO/88S04bF6sNOEBZKMFI84JTaXfPx4M6jWcB3PgVaJX5AaFGgOql/9YUxTyZSlghjT83Fig4xoy6lgs0o/NSwhdEJGrOeoIpKZIJvfOkNnThmiKNaulEVz9fdERqQxUxm6Tkns2Cx7ufif10ttdB1kXCWpZYouFkWpQDZG+eNoyDWjVkwdIVRzdyuiY6IJtS6eigvBX355lbQv6j6u+/eXtcZlEUcZTuAUzsGHK2jAHTShBRTG8Ayv8OZJ78V79z4WrSWvmDmGP/A+fwAUJI2M</latexit><latexit sha1_base64="1z7Z8+k4aWTkGtjKjtgO0Iw1ASg=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mKoN4KXjxWsB/QriWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWIy/vdLa+sbmVnm7srO7t39QPTxqmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObnO/88S04bF6sNOEBZKMFI84JTaXfPx4M6jWcB3PgVaJX5AaFGgOql/9YUxTyZSlghjT83Fig4xoy6lgs0o/NSwhdEJGrOeoIpKZIJvfOkNnThmiKNaulEVz9fdERqQxUxm6Tkns2Cx7ufif10ttdB1kXCWpZYouFkWpQDZG+eNoyDWjVkwdIVRzdyuiY6IJtS6eigvBX355lbQv6j6u+/eXtcZlEUcZTuAUzsGHK2jAHTShBRTG8Ayv8OZJ78V79z4WrSWvmDmGP/A+fwAUJI2M</latexit><latexit sha1_base64="1z7Z8+k4aWTkGtjKjtgO0Iw1ASg=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mKoN4KXjxWsB/QriWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWIy/vdLa+sbmVnm7srO7t39QPTxqmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObnO/88S04bF6sNOEBZKMFI84JTaXfPx4M6jWcB3PgVaJX5AaFGgOql/9YUxTyZSlghjT83Fig4xoy6lgs0o/NSwhdEJGrOeoIpKZIJvfOkNnThmiKNaulEVz9fdERqQxUxm6Tkns2Cx7ufif10ttdB1kXCWpZYouFkWpQDZG+eNoyDWjVkwdIVRzdyuiY6IJtS6eigvBX355lbQv6j6u+/eXtcZlEUcZTuAUzsGHK2jAHTShBRTG8Ayv8OZJ78V79z4WrSWvmDmGP/A+fwAUJI2M</latexit><latexit sha1_base64="1z7Z8+k4aWTkGtjKjtgO0Iw1ASg=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mKoN4KXjxWsB/QriWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWIy/vdLa+sbmVnm7srO7t39QPTxqmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObnO/88S04bF6sNOEBZKMFI84JTaXfPx4M6jWcB3PgVaJX5AaFGgOql/9YUxTyZSlghjT83Fig4xoy6lgs0o/NSwhdEJGrOeoIpKZIJvfOkNnThmiKNaulEVz9fdERqQxUxm6Tkns2Cx7ufif10ttdB1kXCWpZYouFkWpQDZG+eNoyDWjVkwdIVRzdyuiY6IJtS6eigvBX355lbQv6j6u+/eXtcZlEUcZTuAUzsGHK2jAHTShBRTG8Ayv8OZJ78V79z4WrSWvmDmGP/A+fwAUJI2M</latexit>
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<latexit sha1_base64="Ht0NCTDYuZrspcIa88HcNXZU4Iw=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hZ0Q0GPAi8cI5gHJGmYnk2TI7Owy0yuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090VJkpa9P1vb2Nza3tnt7BX3D84PDounZy2bJwaLpo8VrHphMwKJbVookQlOokRLAqVaIeT27nffhLGylg/4DQRQcRGWg4lZ+ikNvUfM1qd9Utlv+IvQNYJzUkZcjT6pa/eIOZpJDRyxaztUj/BIGMGJVdiVuylViSMT9hIdB3VLBI2yBbnzsilUwZkGBtXGslC/T2RscjaaRS6zojh2K56c/E/r5vi8CbIpE5SFJovFw1TRTAm89/JQBrBUU0dYdxIdyvhY2YYR5dQ0YVAV19eJ61qhfoVel8r12t5HAU4hwu4AgrXUIc7aEATOEzgGV7hzUu8F+/d+1i2bnj5zBn8gff5Az7Qjsw=</latexit><latexit sha1_base64="Ht0NCTDYuZrspcIa88HcNXZU4Iw=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hZ0Q0GPAi8cI5gHJGmYnk2TI7Owy0yuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090VJkpa9P1vb2Nza3tnt7BX3D84PDounZy2bJwaLpo8VrHphMwKJbVookQlOokRLAqVaIeT27nffhLGylg/4DQRQcRGWg4lZ+ikNvUfM1qd9Utlv+IvQNYJzUkZcjT6pa/eIOZpJDRyxaztUj/BIGMGJVdiVuylViSMT9hIdB3VLBI2yBbnzsilUwZkGBtXGslC/T2RscjaaRS6zojh2K56c/E/r5vi8CbIpE5SFJovFw1TRTAm89/JQBrBUU0dYdxIdyvhY2YYR5dQ0YVAV19eJ61qhfoVel8r12t5HAU4hwu4AgrXUIc7aEATOEzgGV7hzUu8F+/d+1i2bnj5zBn8gff5Az7Qjsw=</latexit><latexit sha1_base64="Ht0NCTDYuZrspcIa88HcNXZU4Iw=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hZ0Q0GPAi8cI5gHJGmYnk2TI7Owy0yuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090VJkpa9P1vb2Nza3tnt7BX3D84PDounZy2bJwaLpo8VrHphMwKJbVookQlOokRLAqVaIeT27nffhLGylg/4DQRQcRGWg4lZ+ikNvUfM1qd9Utlv+IvQNYJzUkZcjT6pa/eIOZpJDRyxaztUj/BIGMGJVdiVuylViSMT9hIdB3VLBI2yBbnzsilUwZkGBtXGslC/T2RscjaaRS6zojh2K56c/E/r5vi8CbIpE5SFJovFw1TRTAm89/JQBrBUU0dYdxIdyvhY2YYR5dQ0YVAV19eJ61qhfoVel8r12t5HAU4hwu4AgrXUIc7aEATOEzgGV7hzUu8F+/d+1i2bnj5zBn8gff5Az7Qjsw=</latexit><latexit sha1_base64="Ht0NCTDYuZrspcIa88HcNXZU4Iw=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hZ0Q0GPAi8cI5gHJGmYnk2TI7Owy0yuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090VJkpa9P1vb2Nza3tnt7BX3D84PDounZy2bJwaLpo8VrHphMwKJbVookQlOokRLAqVaIeT27nffhLGylg/4DQRQcRGWg4lZ+ikNvUfM1qd9Utlv+IvQNYJzUkZcjT6pa/eIOZpJDRyxaztUj/BIGMGJVdiVuylViSMT9hIdB3VLBI2yBbnzsilUwZkGBtXGslC/T2RscjaaRS6zojh2K56c/E/r5vi8CbIpE5SFJovFw1TRTAm89/JQBrBUU0dYdxIdyvhY2YYR5dQ0YVAV19eJ61qhfoVel8r12t5HAU4hwu4AgrXUIc7aEATOEzgGV7hzUu8F+/d+1i2bnj5zBn8gff5Az7Qjsw=</latexit>

7

FermiFermi

IACTs 
MAGIC 
HESS 

VERITAS

Water 
Cherenkov 

C--"&8%-"5#9.#"D-+%'%E%2-)2#
9%2F'+/8&5#E)'G-,# Auger

The Universe in Light
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Knee

Ankle

Cosmic Rays

Ultrahigh-Energy 
Cosmic Rays

Man-made accelerators 

Victor Hess 1912
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2015

Katz & Spiering (2011)

Cosmic Neutrino Background

2002

IceCube

• First sources identified: TXS 0506+056, 
NGC 1068  

• The origin of the bulk of astrophysical 
neutrinos is unknown

IceCube Coll., ICRC (2019)

IceCube Coll., Science (2013, 2018a,b)
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Moustakas (2017)
http://gwplotter.com

Gravitational Waves

2017

http://gwplotter.com
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Different types of particles and waves
Multi-Messengers: what are they?

Why multi-?

What can be learnt from MMA w. Neutrinos?
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Different types of particles and waves
Multi-Messengers: what are they?

Why multi-?

What can be learnt from MMA w. Neutrinos?



Why multi-? Because more than one are needed



Why multi-? Because they show 
different aspects of the Universe 

Nature of merger remnants: black 
hole or neutron star? 


+week 
-year 

e p
<latexit sha1_base64="FZpC1/aV7TytRJs9Ju5qYHfdzxM=">AAAB63icbVBNS8NAEN34WetX1aOXxSJ4kJCUqumt4EGPFewHtKFstpN26WYTdjdCCf0LXjwo4tU/5M1/46YtotYHA4/3ZpiZFyScKe04n9bK6tr6xmZhq7i9s7u3Xzo4bKk4lRSaNOax7AREAWcCmpppDp1EAokCDu1gfJ377QeQisXiXk8S8CMyFCxklOhcgt550i+VHbtWq3oXHjbEu/TcCnZtZ4ZvUkYLNPqlj94gpmkEQlNOlOq6TqL9jEjNKIdpsZcqSAgdkyF0DRUkAuVns1un+NQoAxzG0pTQeKb+nMhIpNQkCkxnRPRI/fVy8T+vm+rQ8zMmklSDoPNFYcqxjnH+OB4wCVTziSGESmZuxXREJKHaxFM0ISy9vExaFdt1bPeuWq7fLOIooGN0gs6Qi65QHd2iBmoiikboET2jFyuynqxX623eumItZo7QL1jvXyZDjlI=</latexit><latexit sha1_base64="FZpC1/aV7TytRJs9Ju5qYHfdzxM=">AAAB63icbVBNS8NAEN34WetX1aOXxSJ4kJCUqumt4EGPFewHtKFstpN26WYTdjdCCf0LXjwo4tU/5M1/46YtotYHA4/3ZpiZFyScKe04n9bK6tr6xmZhq7i9s7u3Xzo4bKk4lRSaNOax7AREAWcCmpppDp1EAokCDu1gfJ377QeQisXiXk8S8CMyFCxklOhcgt550i+VHbtWq3oXHjbEu/TcCnZtZ4ZvUkYLNPqlj94gpmkEQlNOlOq6TqL9jEjNKIdpsZcqSAgdkyF0DRUkAuVns1un+NQoAxzG0pTQeKb+nMhIpNQkCkxnRPRI/fVy8T+vm+rQ8zMmklSDoPNFYcqxjnH+OB4wCVTziSGESmZuxXREJKHaxFM0ISy9vExaFdt1bPeuWq7fLOIooGN0gs6Qi65QHd2iBmoiikboET2jFyuynqxX623eumItZo7QL1jvXyZDjlI=</latexit><latexit sha1_base64="FZpC1/aV7TytRJs9Ju5qYHfdzxM=">AAAB63icbVBNS8NAEN34WetX1aOXxSJ4kJCUqumt4EGPFewHtKFstpN26WYTdjdCCf0LXjwo4tU/5M1/46YtotYHA4/3ZpiZFyScKe04n9bK6tr6xmZhq7i9s7u3Xzo4bKk4lRSaNOax7AREAWcCmpppDp1EAokCDu1gfJ377QeQisXiXk8S8CMyFCxklOhcgt550i+VHbtWq3oXHjbEu/TcCnZtZ4ZvUkYLNPqlj94gpmkEQlNOlOq6TqL9jEjNKIdpsZcqSAgdkyF0DRUkAuVns1un+NQoAxzG0pTQeKb+nMhIpNQkCkxnRPRI/fVy8T+vm+rQ8zMmklSDoPNFYcqxjnH+OB4wCVTziSGESmZuxXREJKHaxFM0ISy9vExaFdt1bPeuWq7fLOIooGN0gs6Qi65QHd2iBmoiikboET2jFyuynqxX623eumItZo7QL1jvXyZDjlI=</latexit><latexit sha1_base64="FZpC1/aV7TytRJs9Ju5qYHfdzxM=">AAAB63icbVBNS8NAEN34WetX1aOXxSJ4kJCUqumt4EGPFewHtKFstpN26WYTdjdCCf0LXjwo4tU/5M1/46YtotYHA4/3ZpiZFyScKe04n9bK6tr6xmZhq7i9s7u3Xzo4bKk4lRSaNOax7AREAWcCmpppDp1EAokCDu1gfJ377QeQisXiXk8S8CMyFCxklOhcgt550i+VHbtWq3oXHjbEu/TcCnZtZ4ZvUkYLNPqlj94gpmkEQlNOlOq6TqL9jEjNKIdpsZcqSAgdkyF0DRUkAuVns1un+NQoAxzG0pTQeKb+nMhIpNQkCkxnRPRI/fVy8T+vm+rQ8zMmklSDoPNFYcqxjnH+OB4wCVTziSGESmZuxXREJKHaxFM0ISy9vExaFdt1bPeuWq7fLOIooGN0gs6Qi65QHd2iBmoiikboET2jFyuynqxX623eumItZo7QL1jvXyZDjlI=</latexit>

X-ray, radio: afterglow emission


GW170817

e p
<latexit sha1_base64="FZpC1/aV7TytRJs9Ju5qYHfdzxM=">AAAB63icbVBNS8NAEN34WetX1aOXxSJ4kJCUqumt4EGPFewHtKFstpN26WYTdjdCCf0LXjwo4tU/5M1/46YtotYHA4/3ZpiZFyScKe04n9bK6tr6xmZhq7i9s7u3Xzo4bKk4lRSaNOax7AREAWcCmpppDp1EAokCDu1gfJ377QeQisXiXk8S8CMyFCxklOhcgt550i+VHbtWq3oXHjbEu/TcCnZtZ4ZvUkYLNPqlj94gpmkEQlNOlOq6TqL9jEjNKIdpsZcqSAgdkyF0DRUkAuVns1un+NQoAxzG0pTQeKb+nMhIpNQkCkxnRPRI/fVy8T+vm+rQ8zMmklSDoPNFYcqxjnH+OB4wCVTziSGESmZuxXREJKHaxFM0ISy9vExaFdt1bPeuWq7fLOIooGN0gs6Qi65QHd2iBmoiikboET2jFyuynqxX623eumItZo7QL1jvXyZDjlI=</latexit><latexit sha1_base64="FZpC1/aV7TytRJs9Ju5qYHfdzxM=">AAAB63icbVBNS8NAEN34WetX1aOXxSJ4kJCUqumt4EGPFewHtKFstpN26WYTdjdCCf0LXjwo4tU/5M1/46YtotYHA4/3ZpiZFyScKe04n9bK6tr6xmZhq7i9s7u3Xzo4bKk4lRSaNOax7AREAWcCmpppDp1EAokCDu1gfJ377QeQisXiXk8S8CMyFCxklOhcgt550i+VHbtWq3oXHjbEu/TcCnZtZ4ZvUkYLNPqlj94gpmkEQlNOlOq6TqL9jEjNKIdpsZcqSAgdkyF0DRUkAuVns1un+NQoAxzG0pTQeKb+nMhIpNQkCkxnRPRI/fVy8T+vm+rQ8zMmklSDoPNFYcqxjnH+OB4wCVTziSGESmZuxXREJKHaxFM0ISy9vExaFdt1bPeuWq7fLOIooGN0gs6Qi65QHd2iBmoiikboET2jFyuynqxX623eumItZo7QL1jvXyZDjlI=</latexit><latexit sha1_base64="FZpC1/aV7TytRJs9Ju5qYHfdzxM=">AAAB63icbVBNS8NAEN34WetX1aOXxSJ4kJCUqumt4EGPFewHtKFstpN26WYTdjdCCf0LXjwo4tU/5M1/46YtotYHA4/3ZpiZFyScKe04n9bK6tr6xmZhq7i9s7u3Xzo4bKk4lRSaNOax7AREAWcCmpppDp1EAokCDu1gfJ377QeQisXiXk8S8CMyFCxklOhcgt550i+VHbtWq3oXHjbEu/TcCnZtZ4ZvUkYLNPqlj94gpmkEQlNOlOq6TqL9jEjNKIdpsZcqSAgdkyF0DRUkAuVns1un+NQoAxzG0pTQeKb+nMhIpNQkCkxnRPRI/fVy8T+vm+rQ8zMmklSDoPNFYcqxjnH+OB4wCVTziSGESmZuxXREJKHaxFM0ISy9vExaFdt1bPeuWq7fLOIooGN0gs6Qi65QHd2iBmoiikboET2jFyuynqxX623eumItZo7QL1jvXyZDjlI=</latexit><latexit sha1_base64="FZpC1/aV7TytRJs9Ju5qYHfdzxM=">AAAB63icbVBNS8NAEN34WetX1aOXxSJ4kJCUqumt4EGPFewHtKFstpN26WYTdjdCCf0LXjwo4tU/5M1/46YtotYHA4/3ZpiZFyScKe04n9bK6tr6xmZhq7i9s7u3Xzo4bKk4lRSaNOax7AREAWcCmpppDp1EAokCDu1gfJ377QeQisXiXk8S8CMyFCxklOhcgt550i+VHbtWq3oXHjbEu/TcCnZtZ4ZvUkYLNPqlj94gpmkEQlNOlOq6TqL9jEjNKIdpsZcqSAgdkyF0DRUkAuVns1un+NQoAxzG0pTQeKb+nMhIpNQkCkxnRPRI/fVy8T+vm+rQ8zMmklSDoPNFYcqxjnH+OB4wCVTziSGESmZuxXREJKHaxFM0ISy9vExaFdt1bPeuWq7fLOIooGN0gs6Qi65QHd2iBmoiikboET2jFyuynqxX623eumItZo7QL1jvXyZDjlI=</latexit>

Gamma-ray: short gamma-ray burst
+2 s

Optical, Infrared: nucleosynthesis +days

GW: masses of the binary
0 s

Merger of Binary Neutron Stars

Video: APS.org

http://APS.org


A GW170817-like neutron star merger with IceCube-Gen2 
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Connections between Cosmic Rays, Gamma Rays, and Neutrinos



Connections between Cosmic Rays, Gamma Rays, and Neutrinos

Kelner et al (2006)

E⌫ ⇡ 0.05Ep

<latexit sha1_base64="fEC+YCtFyZYH/I734VvkOlMeSgE=">AAACAnicdZBNS8MwHMZTX+d8q3oSL8EheJDSjY2pp4EMPE5wL7CWkmbpFpamIUnFUYYXv4oXD4p49VN489vYblOm6AOBh9/z/5Pk8QWjStv2h7GwuLS8sppby69vbG5tmzu7LRXFEpMmjlgkOz5ShFFOmppqRjpCEhT6jLT94UWWt2+IVDTi13okiBuiPqcBxUinyDP3657DY+ggIWR0C23LrkDnBNY94ZmFomVPlOFvU7GrZyX4FRXATA3PfHd6EY5DwjVmSKlu0RbaTZDUFDMyzjuxIgLhIeqTbmo5Colyk8kXxvAoJT0YRDI9XMMJnd9IUKjUKPTTyRDpgfqdZfCvrBvr4NRNKBexJhxPLwpiBnUEsz5gj0qCNRulBmFJ07dCPEASYZ22lp8v4X/TKlnFslW5Khdq57M6cuAAHIJjUARVUAOXoAGaAIM78ACewLNxbzwaL8brdHTBmO3sgR8y3j4BWnmVdQ==</latexit>

E� ⇡ 0.1Ep

<latexit sha1_base64="wtrvvzZ+09SbRr5zQT+J6D/yVYA=">AAACA3icdZDNSgMxFIUz/tb6V3Wnm2ARXMgwo9W2rgpScKlgVeiU4U6aqaHJTEgyYikFN76KGxeKuPUl3Pk2prWCih4IHL57Lzf3RJIzbTzv3ZmYnJqemc3N5ecXFpeWCyur5zrNFKENkvJUXUagKWcJbRhmOL2UioKIOL2IukfD+sU1VZqlyZnpSdoS0ElYzAgYi8LCej0MOiAE4ACkVOkN9lw/2MH1UIaFoud6lfJ+ybfQG8maysFetbqL/TEporFOwsJb0E5JJmhiCAetm74nTasPyjDC6SAfZJpKIF3o0Ka1CQiqW/3RDQO8ZUkbx6myLzF4RL9P9EFo3ROR7RRgrvTv2hD+VWtmJq60+iyRmaEJ+VwUZxybFA8DwW2mKDG8Zw0QxexfMbkCBcTY2PI2hK9L8f/mfNf1S+7+aalYOxzHkUMbaBNtIx+VUQ0doxPUQATdonv0iJ6cO+fBeXZePlsnnPHMGvoh5/UD+beWcQ==</latexit>

pp

<latexit sha1_base64="fTC74Jx+Phi1rtXj2iX5rI2pZBc=">AAAB6XicdZDLSgMxFIbP1Futt6pLN8EiuCozUtvqquDGZRV7gXYomTTThmYyIckIpfQN3LhQxK1v5M63MdOOoKI/BD7+cw455w8kZ9q47oeTW1ldW9/Ibxa2tnd294r7B20dJ4rQFol5rLoB1pQzQVuGGU67UlEcBZx2gslVWu/cU6VZLO7MVFI/wiPBQkawsdatlINiyS27brVeqaEluNUMahfIs5CqBJmag+J7fxiTJKLCEI617nmuNP4MK8MIp/NCP9FUYjLBI9qzKHBEtT9bbDpHJ9YZojBW9gmDFu73iRmOtJ5Gge2MsBnr37XU/KvWS0xY92dMyMRQQZYfhQlHJkbp2WjIFCWGTy1gopjdFZExVpgYG07BhvB1Kfof2mdlr1I+v6mUGpdZHHk4gmM4BQ9q0IBraEILCITwAE/w7EycR+fFeV225pxs5hB+yHn7BBWPjbk=</latexit>

p�

<latexit sha1_base64="PkQxAB80iyjP6pKecV5txb8/8L4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKongKePEYwTwgWULvZJIMmZldZmaFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7okRwY33/2yusrW9sbhW3Szu7e/sH5cOjpolTTVmDxiLW7QgNE1yxhuVWsHaiGcpIsFY0vpv5rSemDY/Vo50kLJQ4VHzAKVontZLuEKXEXrniV/05yCoJclKBHPVe+avbj2kqmbJUoDGdwE9smKG2nAo2LXVTwxKkYxyyjqMKJTNhNj93Ss6c0ieDWLtSlszV3xMZSmMmMnKdEu3ILHsz8T+vk9rBTZhxlaSWKbpYNEgFsTGZ/U76XDNqxcQRpJq7WwkdoUZqXUIlF0Kw/PIqaV5Ug8vq1cNlpXabx1GEEziFcwjgGmpwD3VoAIUxPMMrvHmJ9+K9ex+L1oKXzxzDH3ifP1h4j48=</latexit>

!

<latexit sha1_base64="SHEwa6G9u4vVWKjFSv8GwM5kFuY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkongqePFYwX5AE8pmu2mXbjZhd6KU0r/hxYMiXv0z3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjlkkyzXiTJTLRnZAaLoXiTRQoeSfVnMah5O1wdDvz249cG5GoBxynPIjpQIlIMIpW8n0tBkOkWidPpFeuuFV3DrJKvJxUIEejV/7y+wnLYq6QSWpM13NTDCZUo2CST0t+ZnhK2YgOeNdSRWNugsn85ik5s0qfRIm2pZDM1d8TExobM45D2xlTHJplbyb+53UzjK6DiVBphlyxxaIokwQTMguA9IXmDOXYEsq0sLcSNqSaMrQxlWwI3vLLq6R1UfVq1cv7WqV+k8dRhBM4hXPw4ArqcAcNaAKDFJ7hFd6czHlx3p2PRWvByWeO4Q+czx8dF5G3</latexit>

⇡± ! e± + ⌫e(⌫̄e) + ⌫̄µ + ⌫µ

<latexit sha1_base64="YvomNdL7KXqtygoh0xx2sJVi84k="></latexit>

⇡0 ! 2�

<latexit sha1_base64="vhAV7z8XzVP1/rcZOjjRqVbCC/U=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5KUiuKp4MVjBfsBTSyT7aZdupuE3Y1SQvHiX/HiQRGv/gpv/hu3bQ7a+mDg8d4MM/OChDOlHefbWlpeWV1bL2wUN7e2d3btvf2milNJaIPEPJbtABTlLKINzTSn7URSEAGnrWB4NfFb91QqFke3epRQX0A/YiEjoI3UtQ+9hN05nmT9gQYp4wdc8fogBOCuXXLKzhR4kbg5KaEc9a795fVikgoaacJBqY7rJNrPQGpGOB0XvVTRBMgQ+rRjaASCKj+bvjDGJ0bp4TCWpiKNp+rviQyEUiMRmE4BeqDmvYn4n9dJdXjhZyxKUk0jMlsUphzrGE/ywD0mKdF8ZAgQycytmAxAAtEmtaIJwZ1/eZE0K2W3Wj67qZZql3kcBXSEjtEpctE5qqFrVEcNRNAjekav6M16sl6sd+tj1rpk5TMH6A+szx+Oipbe</latexit>
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• Despite ten orders of magnitudes difference in energy, UHECRs, IceCube 
neutrinos, Fermi non-blazar EGB share similar energy injection rate

Murase, Ahlers & Lacki (2013) 
Giacin9 et al (2015) 
Murase & Waxman (2016) 
Fang & Murase (2018) … 

Connections between Cosmic Rays, Gamma Rays, and Neutrinos

• The sources of the diffuse neutrinos either do not produce many gamma 
rays (have a hard spectrum) or are gamma-ray dark  



TXS 0506+056

IceCube Collaboration, Science (2018) a, b

MM Observations and 
Transient Event Follow-ups 



Lessons from TXS 0506+056

A significant fraction of the jet energy may be carried by hadrons.

Same conclusion applies to NGC 1068.

No Neutrino With Neutrinos 
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Together they provide a complete view of the Universe  

Different types of particles and waves
Multi-Messengers: what are they?

Why multi-?

What can be learnt from MMA w. Neutrinos?
High-energy neutrinos open up a new window on 

Nature’s hadronic accelerators
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• Multi-messengers are different types of particles and waves
• Together they provide a complete view of the Universe 
• High-energy neutrinos open up a new window on Nature’s 

hadronic accelerators 

Questions?

Take-home Messages


