
Bing Theodore Zhang

IHEP & TCRRC, China

Multimessenger constrains on Galactic CR origin and 
diffuse gamma-ray and neutrino emission

References:

Yu and BTZ, 2026, submitted to ApJL 

中国科学院高能物理研究所
四川天府宇宙线研究中心

张兵



2

The plane of the Milky Way in photons and neutrinos

Near their sources and during propagation, cosmic rays interact with matter and produce high-energy 
gamma-rays and neutrinos

IceCube Collab. 2023
Neutrino emission from the Galactic plane at the 4.5σ level of significance
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Observation of Galactic plane with neutrinos

Shower 
samples (A, B)
 

Starting-track 
samples (C, D)

Northern-track 
samples (E, F) 

IceCube Collab. 2026
High-energy neutrino emission from the Galactic plane at 5.7 σ significance
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Energy spectrum of Galactic diffuse emission
IceCube Collab. 2023 IceCube Collab. 2026

• Based on the all-sky (4π sr) 
template and are presented as 
an all-sky flux

• Diffuse Galactic neutrino spectra averaged 
over the Inner Galaxy

• Comparable to the all-sky averaged 
astrophysical intensity
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Galactic diffuse VHE gamma-ray emission

• The significance maps in Galactic coordinate of the inner Galaxy region (top panel) and 
outer Galaxy region (bottom panel))

• Known sources are masked

WCDA KM2A
[LHAASO Collab. 2025]
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Energy spectrum of Galactic diffuse HE gamma-ray

Wide-band fluxes of diffuse γ-ray emission in the inner and outer Galaxy regions

The excess at 0.1-10 TeV energy range

[LHAASO Collab. 2025]
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Galactic CRs: Origin of gamma-rays and neutrinos 

Foundations:

• Source population: Galactic CR sea is dominated by past injections from SN and 

MQ remnant populations.

• Fit to CR data: Spatial and spectral neutrino and gamma-ray emission templates 

are anchored on Galactic CR data.
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Spatial distribution of SNRs and microquasars

SNR spatial distribution shown with 10% sample [Green 2015]
Event rate: 1/30 yr

Microquasar spatial distribution [Green 2015]
Event rate: 1/10000 yr
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GCR source modeling

Injection spectral parameters for MQs and SNRs follow 
[Aharonian & Zhang, 2026 ApJ]

Protons and helium nuclei are injected and propagated 
independently

Heavier nuclei are scaled to helium following rigidity 
dependence

CRs escape (𝜏esc< 1 Myr at E > 1 TeV ) prior to significant 
pp loss with 𝜏loss~ 50/(ngas/1cm-3) Myr and reach steady 
state << 20 Myr

R-distributions from
[Green 2015, MNRAS, 454, 
1517]
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GCR diffusion

Isotropic diffusion with constant diffusion coefficient, 
solving Green function:

With free-escape boundary at +/- 4 kpc using Blasi & Amato 
2011 methods

<latexit sha1_base64="DfZ+2mB5GKm+S+5a2ZeWyWcSIo0="></latexit>
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Illustration of steady-state CR density distribution 
of SNR at z=-0.05 kpc
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CRs from supernova and microquasar

Illustration of steady-state CR density distribution 
of SNR at z=-0.05 kpc

Illustration of steady-state CR density distribution 
of Microquasar at z=-0.05 kpc



12

3D Interstellar Radiation and Gas Distribution

Moleculer Hydrogen Atomic Hydrogen
[Mertsch & Vittino 2020] [Mertsch & Phan 2023]

Absorption efficiency: CMB, EBL, ISRF

Line-of-sight (LOS) integrations over gas and photon maps to estimate resulting 𝛎 and 𝛾-ray emission

• pp and He-p interaction with gas nuclei via AAFRAG [Comput.Phys.Commun. 245 (2019) 106846], with heavier nucleus 
scaled by 1.42 [Castro et. al., 2025]

• 𝛾𝛾 absorption accounts for CMB, EBL, and ISRF photon fields [Vernetto & Lipari 2016, Robitaille 2012]
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Anchor in CR data
Joint fit to proton and helium data observed by 
LHAASO and DAMPE
We adopt separate injection parameters for 
proton and helium [Aharonian & Zhang, ApJ, 
2026], but keeps the normalization as free 
parameter

CR acceleration efficiencies 𝜂CR best-fit values 
with 1σ uncertainty bounds

• Supernova

• Microquasar
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Predicted Diffuse Neutrinos

Potential room for contributions from 
additional/alternative sources or 
acceleration/propagation physics

High-precision data points are essential for 
rigorous model comparison and constraint

<latexit sha1_base64="e/1Bi4xrIcJnyFF73pt/lcpyS6A=">AAACB3icbVC7SgNBFL3rM8bXqqUgg0GwkLAbNFpYBG0sI5gHJGuYncwmQ2YfzMwKYZPOxl+xsVDE1l+w82+cTbbQxAMD555zL3fucSPOpLKsb2NhcWl5ZTW3ll/f2NzaNnd26zKMBaE1EvJQNF0sKWcBrSmmOG1GgmLf5bThDq5Tv/FAhWRhcKeGEXV83AuYxwhWWuqYByN3hC6RfXbfJkyQEzTiaV2ypnXHLFhFawI0T+yMFCBDtWN+tbshiX0aKMKxlC3bipSTYKEY4XScb8eSRpgMcI+2NA2wT6WTTO4YoyOtdJEXCv0ChSbq74kE+1IOfVd3+lj15ayXiv95rVh5F07CgihWNCDTRV7MkQpRGgrqMkGJ4kNNMBFM/xWRPhaYKB1dXodgz548T+qlol0ulm9PC5WrLI4c7MMhHIMN51CBG6hCDQg8wjO8wpvxZLwY78bHtHXByGb24A+Mzx/Na5di</latexit>

|b| < 15→, |l| < 20→

Comparison between nominal template predictions and IceCube best 

fits reveals distinct energy regimes

• Sub-TeV regime: agreement across models

• SNR dominant and everyone fitted to <10 TeV CR data.

• Beyond 10 TeV: MQ-dominated spectral hardening diverge from 

CRINGE and KRA

• KRA:

o rely on simple extrapolations without constraints from recent 

high-energy CR data

• CRINGE:

o fitted to KASCADE data and utilize rigidity-dependent 

diffusion breaks instead of source-driven cutoffs

• Our steepening is physically driven by maximum energy cutoffs of 

MQ and SNR populations
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Predicted Diffuse Gamma Rays

Predicted diffuse gamma-ray fluxes in both inner and 
outer regions show consistency with LHAASO data

Below 100 TeV, a residual excess in the gamma-ray data 
suggests possible additional contributions:

• Unresolved, faint source populations

• Unmodeled leptonic process, such as inverse-Compton 
by high-energy electrons 

Above 100 TeV, Inverse Compton emission is strongly 
suppressed by Klein-Nishina effects, transitioning the 
diffuse gamma-ray sky into a purely hadronic regime 
(better agreement)
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Diffuse Sky Maps Imprinted by Microquasar and SNRs

• CRs smoothly mirrors the large-
scale radial distribution of the 
source population

• Secondary particle profiles closely track 
target gas morphology, driven by 
localized gas density concentrations
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Summary and discussion

This physically motivated framework can be naturally extended to incorporate 
richer physical ingredients:

ü Galactic Magnetic Fields?
ü Population variations?
ü Refined source acceleration models?
ü 3D Gas models?
• Active source contributions?
• …

Can we be more realistic?
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Inconsistency between LHAASO proton and diffuse gamma ?

• LHAASO proton, but outdated helium spectrum

Castro et al, 2026

Castro et al, 2026
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Inconsistency between LHAASO proton and diffuse gamma ?

model A

Breaks of the CR spectrum up to the knee are 
due to contributions of several different 
populations of sources

model B

All observed breaks in CR proton spectrum 
are propagation features
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Diffuse neutrinos and gamma-rays
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Pi-0 model

Updated GALPROP models
underestimating the IceCube total 
Galactic plane neutrino flux by factors 
2.4–4.6
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Neutrino and Cosmic Ray skymap
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Cosmic ray density in our galaxy
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A Minimal Interpretation of the Galactic Cosmic Ray

Question of TeV bump: Outcome of two source populations? Or a nearby source ? 
For component I, Protons and helium (heavier nuclei) may from different sources or environments

For component II, Protons and helium may from same sources or environments

[Aharonian and BTZ, 2026, ApJ]

[DAMPE Coll. Nature, 2026]

Emax ~ 60 
TeV Emax ~ 400 

TeV

Emax ~ 6 
PeV

Emax ~ 12 
PeV
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Galactic diffuse line-of-sight integrated emission
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Galactic Diffuse gamma-ray emission

WCDA KM2A
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Energy spectrum of Galactic diffuse VHE gamma-ray

SEDs of the diffuse γ-ray emission in the inner (left) and outer (right) regions

The grey shaded bands show the 
predicted diffuse fluxes from local 
CR intensities and the line-of-sight 
integral gas content, and the cyan 
bands are upscaled by constant 
factors as labelled in the plots

“Assume that the CR intensity is uniform in the Galaxy, and calculate the γ-ray emission using the local CR 
spectra and the line-of-sight integrated gas content” --- LHAASO Collab. 2025
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Hadronic interactions
AAFRAG for pp and He-p interaction

Integrating the local emissivity along the line of sight (LOS)

Cosmic rays and the target gas along the LOS direction

Account for heavier elements in the ISM, we scale the hydrogen number density by a factor of 1.42

The full-sky integrated neutrino flux over Galactic 
longitude (l) and latitude (b)
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Anchor in CR data
Joint fit to proton and helium data observed by 
LHAASO and DAMPE
We adopt separate injection parameters for 
proton and helium [Aharonian & Zhang, ApJ, 
2026], but keeps the normalization as free 
parameter

CR acceleration efficiencies 𝜂CR best-fit values 
with 1σ uncertainty bounds

• Supernova

• Microquasar
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Summary and discussion

• The predicted Galactic diffuse neutrino and gamma ray spectrum naturally comprises 
two independent populations, dominating distinct energy regimes

• MQs are characterized by lower spatial densities, the local CR flux is inherently subject to 
stochastic fluctuations from nearby source distributions and the local magnetic field

• CRs accelerated by recent or active sources may remain temporarily confined by local 
magnetic environments, accelerated particles continuously interact with surrounding 
target gas

• Systematic uncertainties, including hadronic interaction cross-sections, interstellar gas 
distributions, and GMF transport 


