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(Surprising) Facts about Neutrino Sources

Diffuse neutrino flux with Starting Tracks

Total MC * They exist!
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.022001

(Surprising) Facts about Neutrino Sources
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KF, Metzger, Vurm, Aydi, Chomiuk ApdJ (2020)
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https://arxiv.org/abs/2007.15742

(Surprising) Facts about Neutrino Sources

<+  Fermi IGRB +  IceCube Cascade 4yr
IceCube HESE 7.5yr :
* They exist!
107°
PL Inelasticity 5yr wems PL v, 9.5 yr
106 PL Cascades 6yr - PL HESE 7.5 yr * There are alot of them

* They could be gamma-ray-opaque

Hints of gamma-ray obscuration suggested
by diffuse flux
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Murase, Guetta, Ahlers PRL (2016)
Capanema et al PRD (2020), JCAP (2021)
KF, Gallagher, Halzen, ApJ (2022)
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https://arxiv.org/abs/1509.00805
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.103012
https://iopscience.iop.org/article/10.1088/1475-7516/2021/12/051/meta
https://arxiv.org/abs/2205.03740

(Surprising) Facts about Neutrino Sources

——— Solar Maximum Mission IceCube HESE 7.5yr e Th ey exist!
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https://arxiv.org/abs/2205.03740

(Surprising) Facts about Neutrino Sources

I |ceCube (this work) {  Electromagnetic observations (26) ® They exist!
Theoretical v model (52,55) -+ 0.1 to 100 GeV gamma-rays (40,41)
Theoretical v model (53) > 200 GeV gamma-rays (42)
10-9 e There are a lot of them
S NGC 1068
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lceCube Collaboration, Science (2022)
lceCube Collaboration, 2406.06684, 2406.07601
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https://www.science.org/doi/10.1126/science.abg3395
https://arxiv.org/abs/2406.06684
https://arxiv.org/abs/2406.07601

(Surprising) Facts about Neutrino Sources

Observed Data * They exist!
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* They could be gamma-ray-opaque
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180°  120° 60 s e Some of them are Galactic

Neutrino emission is observed from the
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lceCube Collaboration, Science (2023)
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https://www.science.org/doi/10.1126/science.adc9818

(Surprising) Facts about Neutrino Sources

Planck 143 GHz eROSITA 0.2-10 keV * They exist!

o ”’

e There are a lot of them

* They could be gamma-ray-opaque

_ e Some of them are Galactic
Fermi-LAT 1-100 GeV IceCube neutrinos

 Extragalactic sources are more powerful

Galactic
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(Surprising) Facts about Neutrino Sources

10%: * They exist!
1 —— 1Y
’ e There are a lot of them

* They could be gamma-ray-opaque

e Some of them are Galactic

10°- = Simulation, benchmark  Extragalactic sources are more powerful
BN Observations, benchmark
Observations w. uncertainties Our Galaxy has not hosted the type of

sources that dominates the isotropic
neutrino sky in the past few tens of kyrs.
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KF, Gallagher, Halzen, Nature Astronomy (2023)
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https://www.nature.com/articles/s41550-023-02128-0

(Surprising) Facts about Neutrino Sources

 They exist!

e There are a lot of them

 They could be gamma-ray-opaque

e Some of them are Galactic

e Extragalactic sources are more powerful
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Gamma-ray-Opaque Neutrino Sources

B |ceCube (this work) {  Electromagnetic observations (26)
Theoretical v model (52,55) -+ 0.1 to 100 GeV gamma-rays (40,41)
Theoretical v model (53) > 200 GeV gamma-rays (42)
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lceCube Collaboration, Science (2022)
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https://www.science.org/doi/10.1126/science.abg3395

NGC 1068’s Obscured Core

Lggg=2.5x10%ergs™!

L =04-47)x10%ergs™!

|

43 —44

Ly 1oxev =1 ergs - -
L
L =29x%x10%ergs™! &
>
. Radio Jet
Cﬂa
—@— .
SMBH 100 pc 1 kpc 20 kpc
& lonized Disk .
- 1r 1
30|pc 60|pc Radio: blue
Optical: green
Sketch of the inner 10 pc ALMA polarized flux X-ray: red
Lopez-Rodriquez et al Apd (2020) Image Credit: Chandra

222 WIPAC

WiscoNsIN ICECUBE
PARTICLE ASTROPHYSICS CENTER



NGC 1068’s Obscured Core

Corona Jet-molecular cloud interaction

* Neutrino production site has to
be compact, have intense
radiation field and efficient
particle acceleration
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* Neutrinos could provide
iInformation from sites that are
challenging for astronomy.
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Murase, Kimura, Meszaros PRL (2020)

»
Radio Jet

Corona

= See also:

Inoue, Khangulyan, Doi ApJL (2020), Galaxies
(2021), Kheirandish, Murase, Kimura ApJ (2021),
Eichmann et al ApJ (2022), Murase ApJL (2022),
Inoue et al (2022), Hooper & Plant PRL (2023),
Fiorillo et al ApJL (2024), Mbarek et al PRD (2024),
Yasuda et al (2024) and others
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https://iopscience.iop.org/article/10.3847/2041-8213/ab7661/meta
https://arxiv.org/abs/2105.08948
https://arxiv.org/abs/2105.08948
https://iopscience.iop.org/article/10.3847/1538-4357/ac1c77/meta
https://iopscience.iop.org/article/10.3847/1538-4357/ac9588
https://iopscience.iop.org/article/10.3847/2041-8213/aca53c/meta
https://arxiv.org/abs/2207.02097
https://arxiv.org/abs/2305.06375
https://arxiv.org/pdf/2407.01678
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L101306
https://arxiv.org/abs/2405.05247

(Surprising) Facts about Neutrino Sources

 They exist!
e There are a lot of them

 They could be gamma-ray-opaque

e Some of them are Galactic

e Extragalactic sources are more powerful
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TeV to PeV multi-messenger emission by the Galactic Plane
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What do we learn about the Galactic diffuse emission?

Significance ©
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Galactic Diffuse Emission

L/ and/or /

Unresolved Sources

Inverse Compton

Bremsstrahlung
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Galactic Diffuse Emission: Pion Decay by the Cosmic-ray Sea

Land /
. 1079+
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Fraction of hadronic contribution to KF, Gallager. Halzen, Nature Astronomy (2023)

the Galactic diffuse emission See also:

depends on model at 1-10 TeV: Fermi 77°: Fermi-LAT Coll., ApJ (2012)
| KRA: Gaggero et al ApJL (2015)

likely significant above tens of TeV CRINGE model: Schwefer et al ApJ (2023)
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https://iopscience.iop.org/article/10.1088/0004-637X/750/1/3
https://iopscience.iop.org/article/10.1088/2041-8205/815/2/L25/meta
https://iopscience.iop.org/article/10.3847/1538-4357/acc1e2/meta
https://www.nature.com/articles/s41550-023-02128-0

Galactic Diffuse Emission

L/ and/or /

Unresolved Sources

Inverse Compton

Bremsstrahlung
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Tibet region A —— LHAASO Outer Galaxy 3HWC
== == Tibet region B —— HGPS 1LHAASO

Galactic Diffuse Emission: Source Contribution

Partial contribution by mmmm [ccCube (1)
unresolved hadronic mmmm [ceCube (KRAS)
sources such as star- = IceCube (KRA50)
formation regions and >
molecular clouds —
B \
(Neronov+2023, Abhijit+2024) 1078 —— e
% ; adronic diffuse emission
— or/and a population of y-ray
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s 1077
AN
Room left for leptonic = | .
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KF & Murase ApJL (2023)
See also analysis of Vecchiotti+2023, Silvia+2024
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https://ui.adsabs.harvard.edu/abs/2023PhRvD.108j3044N/abstract
https://ui.adsabs.harvard.edu/abs/2024JCAP...06..074R/abstract
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.083026
https://ui.adsabs.harvard.edu/abs/2024NatAs...8..628Y/abstract
https://arxiv.org/abs/2407.20186
https://ui.adsabs.harvard.edu/abs/2023ApJ...956L..44V/abstract
https://ui.adsabs.harvard.edu/abs/2024ApJ...969..161G/abstract
https://iopscience.iop.org/article/10.3847/2041-8213/ad012f

Galactic and Extragalactic Neutrino Factories

* They exist!

e There are a lot of them

* They could be gamma-ray-opaque

e Some of them are Galactic
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e Extragalactic sources are more powerful

Nature of the bulk of the neutrino sources are yet to be revealed!
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https://events.icecube.wisc.edu/event/183/overview

SUCAR

SEARCHING FOR THE SOURCES OF GALACTIC COSMIC RAYS IIIIIIIIII

OCTOBER 14-17

Science Goals

The symposium aims to investigate the long-standing mystery surrounding the origin of cosmic rays
within our galaxy. This event will bring together renowned experts to discuss both experimental and
theoretical aspects of cosmic ray physics, with a particular emphasis on galactic sources.

Despite ongoing research, the question of where cosmic rays originate within the Milky Way remains
unanswered. The symposium will host a number of invited speakers who are experts in various aspects
of galactic multi-messenger astrophysics.

Furthermore, two dedicated discussion panels will provide opportunities for open discussion. One panel
will delve into the current status and challenges of multi-messenger observations and theoretical
modeling. The other will address the future of observations and instrumentation required to make a
breakthrough in our understanding of the galactic origin of cosmic rays.
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Scientific Organizing Committee

Pasquale Blasi (GSSI, LAquila, Italy)

Damiano Caprioli (University of Chicago, U.S.A.)

Ke Fang (University of Wisconsin—Madison, U.S.A.)
Francis Halzen (University of Wisconsin—Madison, U.S.A.)
Szabolcs Marka (Columbia University, U.S.A.)

Simona Toscano (Université Libre de Bruxelles, Belgium)



