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Plan

◼ Introduction: Milky Way Galaxy: cosmic ray, gamma-

ray and neutrino connection 

◼ Multi-messenger models

◼ High energy  diffuse gamma-rays in Galaxy with> 100 

TeV with Tibet, HAWC and LHAASO

◼ Neutrino flux in IceCube, Baikal-GVD and ANTARES: 

galactic contribution from Ridge 

◼ Gamma-ray and neutrino flux from Sygnus region

◼ Conclusions
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Introduction: 

Cosmic rays
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◼ Early radiation detectors (ionization chambers, 

electroscopes) showed a « dark current » in the 

absence of sources.

DARK CURRENT 1785-1912   (137 years)
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1

High-energy particles from space

Cosmic Rays (CR) are 

charged high-energy 

particles coming from outside 

the atmosphere.

Discovered 113 yr ago by 

V.Hess in 1912, via detection 

of increase of the rate of 

discharge of an electrometer 

with increase of the altitude.
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Cosmic rays: historical remarks

◼ 1938 Pierre Auger observed extensive air showers

◼ 1954 First measurement of extensive air showers by 

Harvard College Observatory

◼ 1958 Discovery of CR knee in Moscow University 

(Kulikov and Khristiansen)
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knee

cutoff
ankle

Supernova ? galactic iron
+extragalactic p?
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Spectra of individual nuclei
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Detection techniques
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Knee in CR spectrum 

Knee was discovered by Kulikov 

and Khristiansen in data of MSU 

Experiment in 1958

It was confirmed by all new 

independent eperiments
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Features in CR spectrum

Ankle 300 GeV

Bump 1013 eV

Knee 41015 eV

Second knee 2 1017 eV

Ankle 3 1018 eV

Instep 4 1019 eV

Cutoff 6 1019 eV

.
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Operated before 2000
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Knee-composition
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KASCADE-Grande

◼ KASCADE-Grande 
covered an area of about 
1 km2 and studied energy 
range 1016 eV-1018  eV

◼ Operated 2003- 2013. 
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KASCADE-Grande
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7m

1.2

m

20”

3”

LHAASO Layout:

3 types of detectors  for 

the first time in history 

at 100 TeV

Construction finished on July 2021, 

CR results  2024
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•LHAASO collab., Zh.Cao et al, 2403.10010
, Phys.Rev.Lett. 132 (2024) 13, 131002

https://arxiv.org/abs/2403.10010
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C. Prevotat et al, 2407.11911

https://arxiv.org/abs/2407.11911
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Knee in Galaxy vs local Cosmic Rays 

C. Prevotat et al, 2407.11911

https://arxiv.org/abs/2407.11911
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Gamma-rays from Milky 

Way Galaxy and 

connection to cosmic 

rays
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Cosmic ray energy spectrum

From C.Evoli



DESY Berlin seminar,   May 16, 2025                                     Dmitri Semikoz

Pion production









++

+





ee

i

b NN ++  '

p

n

 20 

nÞ p+e- +ne

Conclusion: CR, photon and neutrino fluxes are connected 

in well-defined way. If we know one of them we can predict 

other ones (model dependent) : tottot EE  ~

N +Ab Þ N ' + på
i
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Fermi Large Area Telescope (LAT)



e+ e-

Tracker
Si strip detectors

Tungsten foil 

converters

pitch = 228 um
8.8x105 channels

18 planes

Calorimeter
CsI crystals

hodoscopic array

6.1x103 channels

8 layers

ACD
scintillator
89 tiles

Large Field of View >2.4 sr

Broad Energy Range 20 MeV - >300 GeV
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Diffuse gamma-ray and neutrino 

fluxes
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Cherenkov telescopes
Very high energies, above 50 GeV

Crab nebula: flux( E > 1 TeV ) = 2 
x 10-11 cm-2 s-1

Large effective detection areas  
(>30 000 m2) needed 

-> Back to the ground

Use the atmosphere as a 
huge calorimeter and 
detect -ray-induced
atmospheric showers
through Cherenkov light 
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Fermi LAT galactic plane 1TeV

A,.Neronov and D.S.,  Astron.Astrophys. 633 (2020) A94,  arXiv:1907.06061 
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HESS vs Fermi LAT galactic plane 1TeV

A,.Neronov and D.Semikoz, Astron.Astrophys. 633 (2020) A94,  arXiv:1907.06061 
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HAWC sky map 10 TeV
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Sensitivity future detectors 
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◼ Counting number of measured muons in a shower

◼ Cutting on ratio Nμ/Ne<1/230

◼ BG-free (Nγ>10NCR) Photon Counting 

for showers with E>100 TeV from the Crab

CR background Rejection in KM2A

10-5

10-4

LHAASO Coll., Science, 373, 425 (2021)
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◼ 90 in 1st LHAASO sources.

◼ 32 new discoveries

◼ 43 UHE

1 LHAASO catalog

69

75 43
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LHAASO diffuse

LHAASO collaboration, arXiv: 2305.05372, 2411.01621
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Neutrino measurements 

and connection to 

cosmic rays
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Detection of neutrino 

interactions
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Backgrounds: atmospheric muons and neutrinos

Atmospheric neutrinos:

• upward tracks are good neutrino 

candidates; 

• event direction and energy 

criteria can be used to 

discriminate background from 

astrophysical signals. 

Atmospheric muons:

• downgoing events background is 

due to mis-reconstructed (fake) 

tracks;

• improve analysis filters for 

atmospheric muon background 

rejection. 
ANTARES
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muons detected per year:

• atmospheric*     ~ 1011

• atmospheric**   →   105

• cosmic              →   

* 3000 per second ** 1 every 6 minutes
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IceCube

5160 PMs

in 1 km3
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IceCube HESE data ICRC 2023

radius ~ number of photons

time    ~ red → purple
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4 years E> 100 TeV and Fermi E>100 

GeV  5 degree smoothed
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4 year IceCube data E>100 TeV

A. Neronov & D.S. arXiv: 1509.03522
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Post-trial probability is 1.7*10-3

A. Neronov & D.S. arXiv: 1509.03522
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IceCube cascades

IceCube collaboration, Science 380, 1338 (2023) 



DESY Berlin seminar,   May 16, 2025                                     Dmitri Semikoz

IceCube flux all sky

IceCube collaboration, 

Science 380, 1338 (2023) 
A.Neronov and D.S. 1412.1690
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Status BAIKAL
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Confirmation of astrophysical neutrino flux

Baikal collaboration, RICAP-2024 conference

5.5 sigma confirmation of diffused flux
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Cascades E>200 TeV Baikal and IceCube

Baikal collaboration,

2411.05608

https://arxiv.org/abs/2411.05608
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Diffuse gamma-ray and neutrino 

flux

Baikal collaboration,  2411.05608

https://arxiv.org/abs/2411.05608
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86 strings with 240-340 m spacing
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Effective volume

IceCube Collaboration, arXiv:1412.5106
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TRIDENT project 30 km3 
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TRIDENT project 30 km3 
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Lipari-Vernetto model
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Gamma-ray absorption in Galaxy

Lipari & Vernetto (2018)
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Cosmic ray interaction 

Lipari & Vernetto (2018)
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Gas density and fit of 10 GeV data

Lipari & Vernetto (2018)
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Gamma-ray spectrum predictions

Lipari & Vernetto (2018)
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New multi-messenger 

model of Milky Way at 

PeV
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1 PeV CR density in the Gal. plane

G.Giacinti & D.S., 2305.10251 P.Lipari & S.Vernetto

(2018)
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ROTATION MEASURE

60000 extragalactic objects
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Model RM
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Beck et al, 1409.5120
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Dynamical halo model

M.Under and G.Farrar 2311.12120
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New model 2024

A.Korochkin, D.S. and P.Tinyakov, 2407.02148 
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Local Bubble solved discrepansy 

between RM and synchrotron

A.Korochkin, D.S. and P.Tinyakov, 2407.02148 
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IceCube + Fermi LAT : 

Local Bubble

•M. Bouyahiaoui, M. Kachelriess, D.V. Semikoz

,  arXiv: 20001.00768

https://inspirehep.net/authors/1931003
https://inspirehep.net/authors/1931003
https://inspirehep.net/authors/1003990
https://inspirehep.net/authors/1003990
https://inspirehep.net/authors/989349
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FAN REGION

A.Korochkin, D.S. and P.Tinyakov, 2407.02148 

UF 2023

For the first time self-consistent in this region: electrons

are in same GMF  model of arms with DRAGON code
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Diffuse gamma-ray and neutrino 

fluxes

In case of PeV energy and Milky Way galaxy  

both gas and CR as space-dependent
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S

Galactic
Plane

= Plane of the image

Black: dense dust clouds

Represented quantity: 
extinction per parsec (in mag)sun

To Galactic
center

Sense of rotation

10,000 pc

From R. Lallement

From R. Lallement
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Secondary gamma-rays and neutrinos from

AAfrag QGSJetII-4m

S.Koldobskiy et al, Phys.Rev.D 104 (2021) 12, 123027, arXiv 2110.00496

Gamma-rays neutrinos
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Diffuse 100 TeV -ray emission

Giacinti,Kachelriess, 

Koldobskiy, Neronov

D.S., In prep. (2025)

Lipari & Vernetto (2018)

→ More patchy + Extended Src

→ Less contrast inner/outer Gal

→ Broader in some places.
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Zoom on our simulated Gal. plane
Galactic plane survey (|b| < 3

o

) at E


= 100 TeV in the simulation:

G.Giacinti, M.Kachelriess, S.Koldobskiy, A.Neronov,  D.S., In 

prep.
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Diffuse gamma-rays 

with E>100 TeV

Tibet ASgamma

and  LHAASO
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Tibet AS-g gamma-ray sky

Tibet Asgamma collaboration

arXiv:2104.05181
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Tibet AS gamma  sky 400 TeV

Hadron  regection factor 

1/10^6

Tibet Asgamma collaboration

arXiv:2104.05181
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Mask LHAASO

LHAASO collaboration arXiv: 2305.05372
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LHAASO diffuse gamma-ray background

LHAASO collaboration, arXiv: 2305.05372
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Gamma-ray flux in inner and outer Galaxy

LHAASO data from 

LHAASO collaboration,

2305.05372

Fermi from R. Zhang et al,
2305.06948

Gamma-ray flux in LHAASO is same 1/E^3, 

but combination with Fermi looks different.

Knee in cosmic rays 10 TeV gamma Inclear details of spectrum
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Models in  outer Galaxy 50-200 degrees 

without mask (diffuse plus extended sources)

From comparison Tibet and LHAASO: 2/3 of Tibet 

flux from extended sources. 
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Tibet diffuse and LHAASO
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Total flux OK

S.Kato et al, 2504.01799

https://arxiv.org/abs/2504.01799
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Unresolved leptonic sources

S.Kaci, G.Giacinti and D.S., 2407.20186

https://arxiv.org/abs/2407.20186
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Unresolved leptonic sources

S.Kaci, G.Giacinti and D.S., 2407.20186

https://arxiv.org/abs/2407.20186
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LHAASO Collaboration   2411.16021

https://arxiv.org/abs/2411.16021
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LHAASO Collaboration   2411.16021

https://arxiv.org/abs/2411.16021
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Lower knee in Galaxy

C. Prevotat et al, 2407.11911

https://arxiv.org/abs/2407.11911
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Low energy knee in Galaxy

C. Prevotat et al, 2407.11911

https://arxiv.org/abs/2407.11911
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Galactic Ridge neutrino 

flux in IceCube and 

ANTARES 
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First 3 years: half of ICECUBE events E>100 TeV are 

consistent with Galactic plane. Are they correlate with

gamma-rays?

A.Neronov, D.S. and C.Tchernin, Phys.Rev.D 89 (2014) 10, 103002   arXiv:1307.2158 
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Evidence of Galactic component in 

4 year IceCube data E>100 TeV

A. Neronov & D.S. arXiv: 1509.03522
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IceCube galactic plane

Fermi LAT and IceCube data
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IceCube and ANTARES 

galalactic plane models limits

ICRC 2017
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IceCube muon neutrinos from Galaxy at 20 degree scale

70 events:  23  33% atmospheric background 

13  18.5% astro-anisotropic: galactic 

34  48.5% astro-isotorpic: extragalactic 

4.3 sigma excess in 20 degrees from galactic plane

Yu.Kovalev, A.Plavin and S.Troitsky , 2208.08423
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Milky Way Galaxy: Ridge
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Half of ICECUBE events E>100 TeV are in 

Galactic plane. Are they correlate with 

gamma-rays?

A.Neronov, D.S. and C.Tchernin, arXiv:1307.2158 
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Real multimessenger fluxes, alpha=2.5

V.Berezinsky & A.Smirnov 1975
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ANTARES 2022

A.Albert et al, arXiv:2212.11876 
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ANTARES 2022

A.Albert et al, arXiv:2212.11876 
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ANTARES 2022

A.Albert et al, arXiv:2212.11876 
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IceCube cascades

IceCube collaboration, Science 380, 1338 (2023) 
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IceCube 10 years km3

cascades galactic plane

IceCube collaboration, Science 380, 1338 (2023) 
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IceCube and ANTARES ridge

A.Neronov et al,  arXiv:2307.07978 [astro-ph.HE],

Flux with Gamma=2.5 in 

Galactic Ridge
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Cygnus region flux in 

IceCube and LHAASO
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Gamma-rays from Cygnus region

Z.Cao et al.[LHAASO] [arXiv:2310.10100].
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Gamma-rays from Cygnus 

region
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Gamma-rays from Cygnus 

region
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Neutrinos from Cygnus region

A.Neronov, D.S. and D.Savchenko, arXiv:2311.13711
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Neutrinos from Cygnus region

A.Neronov, D.S. and D.Savchenko, arXiv:2311.13711
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Neutrinos from Cygnus region

A.Neronov,  D.S. and D.Savchenko, arXiv:2311.13711
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Gamma-ray and 

neutrinos from 

V4146
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Gamma-rays from V4146

HAWC coll., arXiv:2410.16117 LHAASO coll., arXiv: 2410.08988
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Neutrinos from V4146

A.Neronov, F.Oikonomou and D.S., arXiv:2410.17608
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Summary
◼ We can study cosmic ray flux in different places in Galaxy with help of gamma-ray 

and neutrino observations.

◼ We are developing new model of cosmic ray propagation at knee, which include 
anisotropic CR propagation, 3d gas density, new interaction code AAfrag. This 3d 

anisotropic model of Milky Way can be tested in near future data of LHAASO in 

gamma-rays and by  KM3 and Baikal-GVD neutrino telescopes in neutrinos

◼ Tibet ASgamma detected first diffuse gamma-ray signal E>100 TeV, which was 
studied in great details by LHAASO. First study of diffuse background by LHAASO 

combined with Fermi, confirms that CR spectrum varies in different parts of Galaxy 

◼ IceCube cascade channel signal from galactic plane is dominated by Galactic Ridge. 

Combined with Fermi, this signal is consistent with earlier HESE IceCube data and 
with ANTARES hint of signal from Ridge. Multi-messenger data from Galactic Ridge 

consistent with cosmic ray flux with power law index Gamma=2.5 in this region, 

confirming variation of cosmic ray spectrum in Galaxy. km3 and Baikal will measure 

Galactic Ridge with high significance in muon channel.

◼ Sygnus region is brightest region of Galaxy in multi-TeV domain in North sky. 

Pevatron source was seen by LHAASO and IceCube at TeV energies. 

◼ V4146 will be seen in future in neutrinos by 10+ km3 detectors
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