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What are we looking for?

At GeV energies
Platz et al. (2022)

Sources

• Simple: point-like, e.g. power law spectrum

• Source of cosmic rays

→ Long-standing issue

Diffuse emission

• Diffusion, gas, . . . it’s complicated!

• Interstellar medium

→ Mere details . . .
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Local fluxes vs diffuse emission

Local fluxes

Diffuse emission

Recently measured at ∼ PeV

Tibet ASγ+MD LHAASO

IceCube
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Cosmic rays produce diffuse emission

For given source:
hadronic or leptonic?
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Cosmic rays produce diffuse emission

For given source:
hadronic or leptonic?

π±
X ν
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Previous attempts

Fermi-π0 model Ackermann et al. (2012)

• Assumes homogeneous diffusion

• Fit to cosmic ray data of ∼ 2010

• Residuals in inner galaxy

KRAγ model Gaggero et al. (2015)

• Tuned to reduce the residuals in inner galaxy

• Spatially dependent diffusion coefficient

→ Harder spectra towards the Galactic centre
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High-energy neutrinos from the Galactic plane
IceCube Collaboration (2023)
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But normalisation
differs from models?!
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Why study diffuse emission?

Check generic prediction

Can discriminate
hadronic/leptonic

Test supernova paradigm

Credit: Noun Project; Olena Panasovska; Victoruler; Zahrotus sa’idah
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CRINGE
Schwefer, Mertsch, Wiebusch (2022)

• Built on cosmic ray model fit to AMS-02, DAMPE, KASCADE and IceTop data

• Uncertainties propagated into diffuse fluxes

• Additional uncertainties: source distribution, gas densities, cross-section
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Abstract

In the standard picture of Galactic cosmic rays, a diffuse flux of high-energy gamma rays and neutrinos is produced
from inelastic collisions of cosmic-ray nuclei with the interstellar gas. The neutrino flux is a guaranteed signal for
high-energy neutrino observatories such as IceCube but has not been found yet. Experimental searches for this flux
constitute an important test of the standard picture of Galactic cosmic rays. Both observation and nonobservation
would allow important implications for the physics of cosmic-ray acceleration and transport. We present CRINGE,
a new model of Galactic diffuse high-energy gamma rays and neutrinos, fitted to recent cosmic-ray data from
AMS-02, DAMPE, IceTop, as well as KASCADE. We quantify the uncertainties for the predicted emission from
the cosmic-ray model but also from the choice of source distribution, gas maps, and cross sections. We consider the
possibility of a contribution from unresolved sources. Our model predictions exhibit significant deviations from
older models. Our fiducial model is available at https://doi.org/10.5281/zenodo.7859442.
Unified Astronomy Thesaurus concepts: Gamma-ray astronomy (628); Neutrino astronomy (1100); Diffuse
radiation (383); Galactic cosmic rays (567)

1. Introduction

Galactic diffuse emission (GDE) of photons and neutrinos is
radiation produced within the interstellar medium (ISM) of the
galaxy. Electromagnetic radiation has been observed at all
wavelengths ranging from radio and microwaves up to PeV
gamma rays. Of particular interest are photons and neutrinos
from hadronic interactions of Galactic cosmic rays (GCRs)
with the interstellar gas while propagating through the galaxy
(Strong et al. 2000). The diffuse Galactic emission of both
high-energy photons and neutrinos offers invaluable informa-
tion on the spatial and spectral distribution of GCRs elsewhere
in the galaxy (Tibaldo et al. 2021), providing immediate
information on the century-old problem of the origin of
Galactic cosmic rays.

At gamma-ray energies, three processes contribute to the
high-energy GDE of photons: the decay of neutral pions,
produced in inelastic collisions of GCR nuclei with interstellar
gas; bremsstrahlung from GCR electrons and positron on the
interstellar gas; and inverse Compton scattering, which is the
upscattering of soft radiation backgrounds by GCR electrons
and positrons. Furthermore, a number of extended structures
have been discovered in high-energy gamma rays, like the
Fermi bubbles (Dobler et al. 2010; Su et al. 2010; Ackermann
et al. 2014) or Galactic radio loops Berkhuijsen et al. (1971), as
well as an isotropic, extragalactic gamma-ray flux (Ackermann
et al. 2015). Finally, a certain fraction of the observed diffuse
emission is likely due to so-called unresolved sources, which
are sources with fluxes below the experimental detection
thresholds (Vecchiotti et al. 2022, 2022). Untangling the
various contributions to GDE observed in gamma rays is a
formidable task that is in part made difficult by the degeneracy
between the hadronic and leptonic contributions.

Unlike the multicomponent fluxes of photons, the flux of
Galactic diffuse neutrinos offers a clear window into the study
of GCR because neutrinos uniquely originate from the decay of
charged mesons, i.e., pions, that are produced in hadronic
interactions. This flux is a guaranteed signal for the IceCube
Neutrino Observatory (Aartsen et al. 2017a) and other high-
energy neutrino telescopes (Ageron et al. 2011; Adrian-
Martinez et al. 2016; Avrorin et al. 2018), but discovery has
thus far remained elusive. However, recent analyses (Aartsen
et al. 2019a, 2017b; Albert et al. 2018) suggest that such a
discovery could be within reach in the near future. Together
with the detection of the first extragalactic sources of high-
energy neutrinos (Aartsen et al. 2018a, 2018b; Abbasi et al.
2022a), this will shed light on the origin of the diffuse flux of
astrophysical neutrinos measured by IceCube (Aartsen et al.
2020, 2019b; Abbasi et al. 2022b, 2021a).
Precise models of diffuse neutrino emission play a twofold

role in the searches: First, they quantify our expectations for
searches, allowing us to estimate what bearings (non-)
observations have on our understanding of models of GCRs.
Second, they provide detailed spatiospectral templates for
targeted experimental searches that otherwise suffer from
atmospheric and extragalactic backgrounds.
Model predictions of diffuse Galactic neutrino emission can

be based on observed photon fluxes because of the close
connection between the parent particles—neutral and charged
pions—that originate from the same interactions of GCRs. Of
the models available in the literature, the Fermi-π0

model (Ackermann et al. 2012) and the KRAγ model (Gaggero
et al. 2015b) have been employed in most of the recent
experimental searches (Aartsen et al. 2017b, 2019a; Albert
et al. 2018). The Fermi-π0 model assumes a factorization into
the angular distribution of the π0-component as modeled by the
Fermi-LAT collaboration and a spectrum that above a few GeV
is a single power law with the same spectral index of γ≈ 2.7 in
all directions. While designed for use at GeV energies, for
neutrino studies, the model spectra have been extrapolated to

The Astrophysical Journal, 949:16 (23pp), 2023 May 20 https://doi.org/10.3847/1538-4357/acc1e2
© 2023. The Author(s). Published by the American Astronomical Society.
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Known unknowns
Schwefer, Mertsch, Wiebusch (2022)

Cosmic ray model Source distribution

Photon backgrounds

Gas map
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Known unknowns
Schwefer, Mertsch, Wiebusch (2022)

Cosmic ray model Source distribution Photon backgrounds

Gas map
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Nuclear spectra
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Nuclear spectra
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The cosmic-ray transport equation
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Frequent assumptions

• Symmetry

• Ignorable dimensions

• Smooth source distribution

In reality

• No exact symmetries

• 3D

• Point-like sources

→ Numerical solution needed
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Global fit

Large number of free parameters

• Unknown parameters:
Source spectrum: γp, γHe, γC; NHe, NC; (e

± parameters)
Gal. transport: κ0; δ1 . . . δ5; R12 . . .R45; s12 . . . s45
Solar modulation: ϕp, ϕe+ , ϕe− , ϕnuc
Energy scale uncert.: αAMS-02, αDAMPE, αIceTop, αKASCADE

→ Need to efficiently scan parameter space

• Used affine-invariant MC sampler emcee Foreman-Mackey et al. (2012)

O(30)
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Cosmic ray results
Schwefer, Mertsch, Wiebusch (2022)
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Anatomy of a diffusion coefficient
Schwefer, Mertsch, Wiebusch (2022)
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1.0 • 1. Break: Hardening of spectra at low energies
due to stochasticity effect Phan et al. (2021)

• 2. Break: Transition from self-generated
to external turbulence Blasi, Amato, Serpico (2012)

• 3. Break: ?!

• 4. Break: Transition from resonant
to small-angle scattering
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Results
Schwefer, Mertsch, Wiebusch (2023)
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ν results (inner Galaxy)
Schwefer, Mertsch, Wiebusch (2022)
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• Close to E−2.7 for E ≲ 30TeV

• Uncertainty up to 50%,
mostly from CR model

• Harder than Fermi-π0,
softer than KRAγ
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Results
Schwefer, Mertsch, Wiebusch (2023)
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Figure 3: Neutrino intensity spectra in the window |1 | < 8�, |; | < 80�. The left column shows the prediction
of our fiducial model of truly diffuse emission only, the right column show the prediction combined with the
model of unresolved sources from [3]. The shaded bands represent the uncertainties from the various inputs
to the GDE model, the magnitude of which relative to the prediction of the fiducial model can be seen in the
lower panels. The baseline intensities predicted by the Fermi-c0, KRAW-5, and KRAW-50 models are shown
in the dashed, dotted and solid gray lines, respectively. The IceCube measurements reported in [5] along
with their uncertainties are indicated by the shaded bands around the blue, green and red lines.

deviate from the morphology of the truly diffuse emission determined by the product of GCR and
gas distributions in the Milky Way. The morphology resulting from the model of unresolved sources
considered in this work appears similar enough to give a consistent description in both windows.
The conclusions drawn on this matter from the IceCube measurements somewhat depend on the
particular model considered in the analysis. However, above 10 TeV, i.e. the range that overlaps
with the LHAASO measurements, the excess is at a similar level as seen there, strengthening the
above conclusions. This similarity is also a clear indicator that the observed GDE of gamma-rays
is primarily produced in hadronic processes. In the future, measurements in different IceCube
channels such as [41] that will be sensitive in different regions of the galactic plane could be of
major help to further shed light on the morphology of GDE.

On the energy spectrum of the GDE, we remark on the consistency between the spectra
measured by LHAASO in both windows, which challenge models with a spectrum dependent on
galactocentric radius such as the KRAW models and those shown in [40]. Beyond this, it is also
noteworthy that the LHAASO result shows no signs of a spectral softening above 100 TeV that
would reflect the cosmic ray “knee”. This will be interesting to monitor while the measurements of
GDE will inevitably become more precise over the next few years.

Finally, we reiterate that our fiducial gamma-ray and neutrino models, the underlying GCR
distributions and the fitted local GCR fluxes with their uncertainties are available on zenodo.
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Outline

1 Diffuse emission: Introduction

2 Diffuse emission: The CRINGE model

3 Alternatives
Unresolved sources
Stochasticity

4 Sources

5 Conclusions

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 21 / 45



Alternatives

Strongly anchor in local CR data

1 Unresolved sources

Created by Olena Panasovskafrom the Noun Project

Allow for variation from local CR data

2 Spatially varying diffusion coefficient

3 Advection

4 Stochasticity
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Known unknowns
Schwefer, Mertsch, Wiebusch (2022)

Cosmic ray model Source distribution Photon backgrounds

Gas map
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Known unknowns
Schwefer, Mertsch, Wiebusch (2022)

Cosmic ray model Source distribution Photon backgrounds

Gas map
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γ results (post LHAASO publication)
Schwefer, Mertsch, Wiebusch (2023)
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ν results (post IceCube publication)
Schwefer, Mertsch, Wiebusch (2023)
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Figure 3: Neutrino intensity spectra in the window |1 | < 8�, |; | < 80�. The left column shows the prediction
of our fiducial model of truly diffuse emission only, the right column show the prediction combined with the
model of unresolved sources from [3]. The shaded bands represent the uncertainties from the various inputs
to the GDE model, the magnitude of which relative to the prediction of the fiducial model can be seen in the
lower panels. The baseline intensities predicted by the Fermi-c0, KRAW-5, and KRAW-50 models are shown
in the dashed, dotted and solid gray lines, respectively. The IceCube measurements reported in [5] along
with their uncertainties are indicated by the shaded bands around the blue, green and red lines.

deviate from the morphology of the truly diffuse emission determined by the product of GCR and
gas distributions in the Milky Way. The morphology resulting from the model of unresolved sources
considered in this work appears similar enough to give a consistent description in both windows.
The conclusions drawn on this matter from the IceCube measurements somewhat depend on the
particular model considered in the analysis. However, above 10 TeV, i.e. the range that overlaps
with the LHAASO measurements, the excess is at a similar level as seen there, strengthening the
above conclusions. This similarity is also a clear indicator that the observed GDE of gamma-rays
is primarily produced in hadronic processes. In the future, measurements in different IceCube
channels such as [41] that will be sensitive in different regions of the galactic plane could be of
major help to further shed light on the morphology of GDE.

On the energy spectrum of the GDE, we remark on the consistency between the spectra
measured by LHAASO in both windows, which challenge models with a spectrum dependent on
galactocentric radius such as the KRAW models and those shown in [40]. Beyond this, it is also
noteworthy that the LHAASO result shows no signs of a spectral softening above 100 TeV that
would reflect the cosmic ray “knee”. This will be interesting to monitor while the measurements of
GDE will inevitably become more precise over the next few years.

Finally, we reiterate that our fiducial gamma-ray and neutrino models, the underlying GCR
distributions and the fitted local GCR fluxes with their uncertainties are available on zenodo.

7
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Alternatives

Strongly anchor in local CR data

1 Unresolved sources ,

Created by Olena Panasovskafrom the Noun Project

Allow for variation from local CR data

2 Spatially varying diffusion coefficient

3 Advection

4 Stochasticity
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Nuclear spectra
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Spectral features in nuclei
Bernard et al. (2012); Wei et al. (2014); Savchenko et al. (2015); Genolini et al. (2017); Bouyahiaoui et al. (2018); Evoli et al. (2022)

Spectral breaks as evidence for nearby sources

• Young source → hard spectrum at Earth

• If the Rmax is limited, can lead to bump

• Rationale: tune parameters (distance, age,
cut-off) to match observations

Spectral breaks not due to nearby sources

• Individual sources can lead to features

• What is likelihood for such a configuration?

• Rationale: Run MC simulations to quantify
this
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Spectral features in nuclei
Bernard et al. (2012); Wei et al. (2014); Savchenko et al. (2015); Genolini et al. (2017); Bouyahiaoui et al. (2018); Evoli et al. (2022)

• Residence time: tesc =
z2max

2κ
• Diffusion distance: R =

√
2κtesc = zmax

• Source density: σ =
RSNtesc
πR2

disk

• Source number: Nsrc = σπR2 = RSNtesc
z2max

R2
disk

With typical parameters (for details → Appendix ):

R = 10GV , 10TV , 10PV

Nsrc ≃ 2× 104 , 200 , 4
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A Monte Carlo exercise
Mertsch & Stall (2025)

• 50 realisation of the Galaxy

• Homogeneous distribution of
sources in disk

• Canonical SN rate:

RSN = 3× 104 Myr−1

• Acceleration efficiency of
∼ 10%

→ Nearby sources can lead to
features

Major features below ∼ 106 GV
from diffusion coefficient
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Stochastic diffuse emission
Mertsch & Stall (2025)
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Stochastic diffuse emission
Mertsch & Stall (2025)

10 GeV

10−8 10−6

J̄ [GeV−1 cm−2 s−1 sr−1]

100 TeV

10−19 10−17

J̄ [GeV−1 cm−2 s−1 sr−1]

1

−5 0 5

∆J/〈J〉 [%]

-5.1 10.9
−10 0 10

∆J/〈J〉 [%]

-10.7 17.9

2

−5 0 5

∆J/〈J〉 [%]

-4.4 17.2
−10 0 10

∆J/〈J〉 [%]

-10.7 23.9

3

−5 0 5

∆J/〈J〉 [%]

-4.7 23.3
−10 0 10

∆J/〈J〉 [%]

-8.0 73.6

Burst-like scenario

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 32 / 45



Stochastic diffuse emission
Mertsch & Stall (2025)

10 GeV

10−8 10−6

J̄ [GeV−1 cm−2 s−1 sr−1]

100 TeV

10−19 10−17

J̄ [GeV−1 cm−2 s−1 sr−1]

1

−5 0 5

∆J/〈J〉 [%]

-5.1 10.9
−10 0 10

∆J/〈J〉 [%]

-10.7 17.9

2

−5 0 5

∆J/〈J〉 [%]

-4.4 17.2
−10 0 10

∆J/〈J〉 [%]

-10.7 23.9

3

−5 0 5

∆J/〈J〉 [%]

-4.7 23.3
−10 0 10

∆J/〈J〉 [%]

-8.0 73.6

Burst-like scenario

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 32 / 45



Stochastic diffuse emission
Mertsch & Stall (2025)

10 GeV

10−8 10−6

J̄ [GeV−1 cm−2 s−1 sr−1]

100 TeV

10−19 10−17

J̄ [GeV−1 cm−2 s−1 sr−1]

1

−5 0 5

∆J/〈J〉 [%]

-5.1 10.9
−10 0 10

∆J/〈J〉 [%]

-10.7 17.9

2

−5 0 5

∆J/〈J〉 [%]

-4.4 17.2
−10 0 10

∆J/〈J〉 [%]

-10.7 23.9

3

−5 0 5

∆J/〈J〉 [%]

-4.7 23.3
−10 0 10

∆J/〈J〉 [%]

-8.0 73.6

Burst-like scenario

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 32 / 45



Stochastic diffuse emission
Mertsch & Stall (2025)

10 GeV

10−8 10−6

J̄ [GeV−1 cm−2 s−1 sr−1]

100 TeV

10−19 10−17

J̄ [GeV−1 cm−2 s−1 sr−1]

1

−5 0 5

∆J/〈J〉 [%]

-5.1 10.9
−10 0 10

∆J/〈J〉 [%]

-10.7 17.9

2

−5 0 5

∆J/〈J〉 [%]

-4.4 17.2
−10 0 10

∆J/〈J〉 [%]

-10.7 23.9

3

−5 0 5

∆J/〈J〉 [%]

-4.7 23.3
−10 0 10

∆J/〈J〉 [%]

-8.0 73.6

Burst-like scenario

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 32 / 45



Stochastic diffuse emission
Mertsch & Stall (2025)

10 GeV

10−8 10−6

J̄ [GeV−1 cm−2 s−1 sr−1]

100 TeV

10−19 10−17

J̄ [GeV−1 cm−2 s−1 sr−1]

1

−5 0 5

∆J/〈J〉 [%]

-5.1 10.9
−10 0 10

∆J/〈J〉 [%]

-10.7 17.9

2

−5 0 5

∆J/〈J〉 [%]

-4.4 17.2
−10 0 10

∆J/〈J〉 [%]

-10.7 23.9

3

−5 0 5

∆J/〈J〉 [%]

-4.7 23.3
−10 0 10

∆J/〈J〉 [%]

-8.0 73.6

Burst-like scenario

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 32 / 45



Stochastic diffuse emission
Mertsch & Stall (2025)

10 GeV

10−8 10−6

J̄ [GeV−1 cm−2 s−1 sr−1]

100 TeV

10−19 10−17

J̄ [GeV−1 cm−2 s−1 sr−1]

1

−5 0 5

∆J/〈J〉 [%]

-5.1 10.9
−10 0 10

∆J/〈J〉 [%]

-10.7 17.9

2

−5 0 5

∆J/〈J〉 [%]

-4.4 17.2
−10 0 10

∆J/〈J〉 [%]

-10.7 23.9

3

−5 0 5

∆J/〈J〉 [%]

-4.7 23.3
−10 0 10

∆J/〈J〉 [%]

-8.0 73.6

Burst-like scenario

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 32 / 45



Stochastic diffuse emission
Mertsch & Stall (2025)

10 GeV

10−8 10−6

J̄ [GeV−1 cm−2 s−1 sr−1]

100 TeV

10−19 10−17

J̄ [GeV−1 cm−2 s−1 sr−1]

1

−5 0 5

∆J/〈J〉 [%]

-5.1 10.9
−10 0 10

∆J/〈J〉 [%]

-10.7 17.9

2

−5 0 5

∆J/〈J〉 [%]

-4.4 17.2
−10 0 10

∆J/〈J〉 [%]

-10.7 23.9

3

−5 0 5

∆J/〈J〉 [%]

-4.7 23.3
−10 0 10

∆J/〈J〉 [%]

-8.0 73.6

Burst-like scenario

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 32 / 45



Stochastic diffuse emission
Mertsch & Stall (2025)

10 GeV

10−8 10−6

J̄ [GeV−1 cm−2 s−1 sr−1]

100 TeV

10−19 10−17

J̄ [GeV−1 cm−2 s−1 sr−1]

1

−5 0 5

∆J/〈J〉 [%]

-5.1 10.9
−10 0 10

∆J/〈J〉 [%]

-10.7 17.9

2

−5 0 5

∆J/〈J〉 [%]

-4.4 17.2
−10 0 10

∆J/〈J〉 [%]

-10.7 23.9

3

−5 0 5

∆J/〈J〉 [%]

-4.7 23.3
−10 0 10

∆J/〈J〉 [%]

-8.0 73.6

Burst-like scenario

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 32 / 45



Stochastic diffuse emission
Mertsch & Stall (2025)
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Sources manifest as deviations from the smooth model
Mertsch & Stall (2025)

5 10

x [kpc]

y
[k

p
c]

Proton intensities at 1 PeVRelative difference to smooth model
at 100 TeV

0 10

∆J/〈J〉 [%]

-9.9 25.9

10−17

∫
Φ

d
z

[G
eV
−

1
cm
−

1
s−

1
sr
−

1
]

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 33 / 45



Deviations from the ensemble average can be sizeable
Mertsch & Stall (2025)
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Deviations from the ensemble average can be sizeable
Mertsch & Stall (2025)
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Along the galactic plane, intensity can be enhanced by factors of a few
Mertsch & Stall (2025)
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Alternatives

Strongly anchor in local CR data

1 Unresolved sources ,

Created by Olena Panasovskafrom the Noun Project

Allow for variation from local CR data

2 Spatially varying diffusion coefficient /

3 Advection /

4 Stochasticity ,
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Outline

1 Diffuse emission: Introduction

2 Diffuse emission: The CRINGE model

3 Alternatives
Unresolved sources
Stochasticity

4 Sources

5 Conclusions
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Mertsch (2019)

“What is accelerating to Eknee ⇠ 3 ⇥ 1015 eV ?”

Supernova remnants

• Emax . 1013...14 eV for B ⇠ BISM

Lagage & Cesarsky (1983)

• Amplify magnetic fields,
non-resonant instability Bell (2004)

• Saturation?

! Particle-in-cell simulations

Other sources

• Superbubbles

• Supernovae before shock breakout

• Colliding wind binaries

• Pulsar wind nebulae

• the Fermi bubbles

• the Galactic centre

Philipp Mertsch (RWTH Aachen) Cosmic ray origin and transport in the Galaxy 4 October 2019 3 / 32



LHAASO disfavours supernova remnants as PeVatrons
Funk et al. (2015)
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Figure 6
Typical γ -ray energy spectra for several of the most prominent supernova remnants (SNRs). Young SNRs
(<1,000 years) are shown in green. These typically show smaller γ -ray fluxes but rather hard spectra in the
GeV and TeV bands. The older (but still referred to as young) shell-type SNRs RX J1713.7-3946 and RX
J0852.0-4622 (Vela Junior) of ages ∼2,000 years are shown in shades of red. These show very hard spectra in
the GeV band (� = 1.5) and a peak in the TeV band with an exponential cutoff beyond 10 TeV. The
middle-aged SNRs (∼20,000 years) interacting with molecular clouds (W44, W51C, and IC443) are shown
in blue. Also shown are hadronic fits to the data (solid lines).

Indeed, beyond pulsars and PWN (which are generally assumed to be dominated by CR elec-
trons), the largest number of detected γ -ray sources in the Galaxy are SNRs. The Fermi-LAT
team is about to release its catalog of SNRs in which the data have been analyzed for each of the
known SNRs (62) in our Galaxy, resulting in approximately 40 detections. These detections can be
divided into two classes (see, e.g., Figure 6). The largest class of GeV-detected SNRs consists of
those known to interact with molecular clouds, such as IC443, W44, and W51C (Figure 7). The
second class comprises young SNRs that are typically less luminous at GeV energies, have harder
spectra, and are often also detected at TeV energies. At TeV energies, 11 shell-type SNRs have
been detected, including such objects as Tycho’s SNR, Cas A, SN 1006, and RX J0852.0–4622
(Vela Junior), as well as RX J1713.7–3946 (Figure 8). The results seem to indicate that the CR
efficiency εCR (the efficiency of converting the SN explosion energy into CRs) is broadly consistent
with a value of 10%, albeit with rather large errors for individual SNRs due to uncertainties about
distance, explosion energy, and target density surrounding the remnants (63). A study at TeV en-
ergies with H.E.S.S., based on the Galactic plane survey (58, 59), came to similar conclusions (64).

5.1.1. Supernova remnants interacting with interstellar material. SNRs interacting with
interstellar material represent the largest class of GeV-detected objects, and the SNRs IC443,
W44, and W51C are the brightest objects of this class on the GeV sky (Figure 6). The brightness
stems from the rather large density of target material, which arises from the interaction between
the shock wave and the surrounding molecular clouds (up to n = 1,000 cm3). For these objects, a
correlation between GeV γ -rays and the radio flux seems to emerge (69), indicating nonthermal
emission from relativistic particles. For IC443 and W44, the characteristic low-energy cutoff
in the energy spectrum (the pion bump) has been detected (Figure 6) (70). This observation
clearly demonstrates that the γ -ray emission in the GeV band is dominated by π0 decay and

262 Funk

• LHAASO Galactic plane survey

• Majority of sources: pulsars/pulsar wind nebulae

• Supernova remnants have very soft spectra

Cas A

• Very bright in radio

• 350 yr

→ Possibly a PeVatron?

Cao et al. (2025)
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middle-aged SNRs (∼20,000 years) interacting with molecular clouds (W44, W51C, and IC443) are shown
in blue. Also shown are hadronic fits to the data (solid lines).

Indeed, beyond pulsars and PWN (which are generally assumed to be dominated by CR elec-
trons), the largest number of detected γ -ray sources in the Galaxy are SNRs. The Fermi-LAT
team is about to release its catalog of SNRs in which the data have been analyzed for each of the
known SNRs (62) in our Galaxy, resulting in approximately 40 detections. These detections can be
divided into two classes (see, e.g., Figure 6). The largest class of GeV-detected SNRs consists of
those known to interact with molecular clouds, such as IC443, W44, and W51C (Figure 7). The
second class comprises young SNRs that are typically less luminous at GeV energies, have harder
spectra, and are often also detected at TeV energies. At TeV energies, 11 shell-type SNRs have
been detected, including such objects as Tycho’s SNR, Cas A, SN 1006, and RX J0852.0–4622
(Vela Junior), as well as RX J1713.7–3946 (Figure 8). The results seem to indicate that the CR
efficiency εCR (the efficiency of converting the SN explosion energy into CRs) is broadly consistent
with a value of 10%, albeit with rather large errors for individual SNRs due to uncertainties about
distance, explosion energy, and target density surrounding the remnants (63). A study at TeV en-
ergies with H.E.S.S., based on the Galactic plane survey (58, 59), came to similar conclusions (64).

5.1.1. Supernova remnants interacting with interstellar material. SNRs interacting with
interstellar material represent the largest class of GeV-detected objects, and the SNRs IC443,
W44, and W51C are the brightest objects of this class on the GeV sky (Figure 6). The brightness
stems from the rather large density of target material, which arises from the interaction between
the shock wave and the surrounding molecular clouds (up to n = 1,000 cm3). For these objects, a
correlation between GeV γ -rays and the radio flux seems to emerge (69), indicating nonthermal
emission from relativistic particles. For IC443 and W44, the characteristic low-energy cutoff
in the energy spectrum (the pion bump) has been detected (Figure 6) (70). This observation
clearly demonstrates that the γ -ray emission in the GeV band is dominated by π0 decay and

262 Funk

• LHAASO Galactic plane survey

• Majority of sources: pulsars/pulsar wind nebulae

• Supernova remnants have very soft spectra

Cas A

• Very bright in radio

• 350 yr

→ Possibly a PeVatron?

Cao et al. (2025)
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Star cluster winds could be sources of ≃ PeV cosmic rays

Adjusted from Peron (2025)

Young massive star clusters (YMSCs)

• Energetics:∑
gal. YMSCs

P ≈
∑

gal. SNRs

P

• Interaction of multiple stellar winds

→ turbulence

→ shock acceleration, stochastic
acceleration
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Emax for YMSCs can reach PeV energies

• Estimate Emax by equating diffusion length with size of system:

κ

Ush
≃ Rts

• Turbulence properties largely unknown → Emax model-dependent:

Kolmogorov : Emax ≃ 1.2
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Celli et al. (2024)
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YMSCs as gamma-ray sources I
Peron (2025)

Cygnus Region
How many do we know?

Giada Peron - ICRC 2025 - 18/07/2025

• Complex Star forming region: OB associations 
(OB2, but also OB1…9), PSRs, SNRs, background 
MQs (Cyg X-3) 

• Hadronic emission up to PeV!

Fermi-LAT

HAWC

LHAASO 

13

[Ackermann et al. 2011]

[Abeysekara et al. 2021]

[LHAASO coll. 2024]
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YMSCs as gamma-ray sources II
Peron (2025)

Westerlund 1
How many do we know?

Giada Peron - ICRC 2025 - 18/07/2025

• Most powerful SC in the Galaxy  

•  ~ 4-5 Myr old 

• Contains ~20 WRs ! 

• No dense surrounding gas   

• Emission predominantly leptonic          
[Härer et al. 2023]

Credit: JWST 

H.E.S.S.

10

[Aharonian et al. 2022]
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YMSCs as gamma-ray sources II
Peron (2025)

Westerlund 1
How many do we know?

Giada Peron - ICRC 2025 - 18/07/2025

• Most powerful SC in the Galaxy  

•  ~ 4-5 Myr old 

• Contains ~20 WRs ! 

• No surrounding gas   

• Emission predominantly leptonic          
[Härer et al. 2023]

Credit: JWST 

H.E.S.S.

Accelerated electrons at the edge 
of the TS interacting with high 

radiation field  of the cluster 
[Härer et al.  2023]

[Härer et al.  2023]

[Haubner et al.  2025]

eRosita

11

[Aharonian et al. 2022]
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Outline

1 Diffuse emission: Introduction

2 Diffuse emission: The CRINGE model

3 Alternatives
Unresolved sources
Stochasticity

4 Sources
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Summary
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Modelling of high-energy diffuse emission
→ room for improvement

Stochastic sources
→ probabilistic predictions

Star cluster winds as new source
of cosmic rays and gamma-rays
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Outline

6 Diffuse emission: Introduction

7 Alternatives
Spatially varying diffusion coefficient
Advection

8 CREDIT
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Simplified 1D model

• 1D approximation; homogeneous diffusion, advection

∂ψj

∂t
−κ∂

2ψj

∂z2
− U

∂ψj

∂z
+

vngas(z)︸ ︷︷ ︸σj + 1

τj

ψj = qj (z)︸ ︷︷ ︸+∑
j<k

vngas(z)︸ ︷︷ ︸σk→j +
1

τk→j

ψk

• Steady-state

−κ∂
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∂z2
− U

∂ψj

∂z
+

(
2
︷ ︸︸ ︷
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1
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)
ψk

Solution (without advection or decay)

ψj(0,R) =
h
(
qj(0,R) +

∑
k>j vngas(0)σk→jψk

)
(
hvngas(0)σj +

κ(R)

zmax

)
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• Infinitely thin disk of half-height h
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Outline

6 Diffuse emission: Introduction

7 Alternatives
Spatially varying diffusion coefficient
Advection

8 CREDIT

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 3 / 30



Alternatives

Strongly anchor in local CR data

1 Unresolved sources ,

Created by Olena Panasovskafrom the Noun Project

Allow for variation from local CR data

2 Spatially varying diffusion coefficient

3 Advection

4 Stochasticity
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Spectral hardening

• Diffuse intensity: J(l , b,E) =
1

4π

∫ ∞

0

ds
∑
m,n

∫ ∞

E

dE ′ dσm,n

dE
(E ′,E)Jm(r ,E ′)ngas,n(r)︸ ︷︷ ︸
ε(E ,r)

∣∣∣
r=r(l,b,s)

• Assume axisymmetry: ε(E , r) ∝ E−γ(r)

Gabici et al. (2019)
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R [kpc]
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2.8

3.0
S

p
ec

tr
al

in
d

ex

Fermi Collaboration (2016)

Yang et al. (2016)

Pothast et al. (2018)

• Realised if κ(E , r) ∝ E δ(r) and if δ(r) decreases with r

• E.g., q(E) ∝ E−γsrc = E−2.2; locally: δ = 0.6 ⇒ γ ≃ γsrc + δ = 2.8;
in Galactic centre: δ = 0.2 ⇒ γ = 2.4
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Spectral hardening

Cerri et al. (2018)

Inner galaxy

• B-field mostly vertical

∂ψ

∂t
− ∂

∂z
κ∥
∂ψ

∂z
≃ . . .

• Spectrum determined by κ∥

Locally

• B-field mostly parallel to plane

∂ψ

∂t
− ∂

∂z
κ⊥

∂ψ

∂z
≃ . . .

• Spectrum determined by κ⊥

Could work if δ∥ < δ⊥
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Different scaling of κ∥ and κ⊥

• Regular and turbulent field: B(r) = B0 + δB(r)

• Isotropic turbulence (!)

• Kolmogorov power spectrum with largest turbulent scale Lc

• Naive expectation:

κ∥ ∼
(
rg
Lc

)1/3 (
δB2

B2
0

)−1

κ⊥ ∼
(
rg
Lc

)1/3 (
δB2

B2
0

)

DeMarco et al.

(2007)
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D
⊥
/
D
‖

δB/B0 = 0.5

δB/B0 = 1.0

δB/B0 = 5.0

NLGC

UNLT

Slope fit

Dundovic et al.

(2020)
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Test particle simulations
Kuhlen, Mertsch, Phan (2022) [arXiv:2211.05881]; also Mertsch (2019)

1 Set up realisation of δB on computer

2 Propagate a large number of particles for long times

3 Rinse and repeat

4 Running diffusion coefficients:

d∥(t) ≡
1

2

d

dt
⟨(∆z)2⟩

d⊥(t) ≡ 1

2

d

dt
⟨(∆r⊥)

2⟩

Results depend on:

• Reduced time: Ωt

• Reduced rigidity:
rg
Lc

• Turbulence level: η =
δB2

B2
0 + δB2
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Mean-free paths
Kuhlen, Mertsch, Phan (2022) [arXiv:2211.05882]
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Ratio of mean-free paths
Kuhlen, Mertsch, Phan (2022) [arXiv:2211.05882]
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λ
⊥
/
λ
‖

η
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0.5

0.8

sim. model w/o subdiff.

κ∥ and κ⊥ scale differently at medium rigidites,
but they scale the same at low rigidities

(More details → Appendix )
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Fermi-LAT
Schwefer, Mertsch, Wiebusch (2022)
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Alternatives

Strongly anchor in local CR data

1 Unresolved sources ,

Created by Olena Panasovskafrom the Noun Project

Allow for variation from local CR data

2 Spatially varying diffusion coefficient

3 Advection

4 Stochasticity
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Advection in Galactic Centre
Cerri et al. (2018)

Inner galaxy

• B-field mostly vertical

∂ψ

∂t
− ∂

∂z
κ∥
∂ψ

∂z
≃ . . .

• Spectrum determined by κ∥

Locally

• B-field mostly parallel to plane

∂ψ

∂t
− ∂

∂z
κ⊥

∂ψ

∂z
≃ . . .

• Spectrum determined by κ⊥
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Advection in Galactic Centre
Cerri et al. (2018)

Inner galaxy

• Strong galactic wind

∂ψ

∂t
− U(z)

∂ψ

∂z
≃ . . .

• Escape rate independent of energy

Locally

• B-field mostly parallel to plane

∂ψ

∂t
− ∂

∂z
κ⊥

∂ψ

∂z
≃ . . .

• Spectrum determined by κ⊥
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Spectral hardening (through advection)

• Diffuse intensity: J(l , b,E) =
1

4π

∫ ∞

0

ds
∑
m,n

∫ ∞

E

dE ′ dσm,n

dE
(E ′,E)Jm(r ,E ′)ngas,n(r)︸ ︷︷ ︸
ε(E ,r)

∣∣∣
r=r(l,b,s)

• Assume axisymmetry: ε(E , r) ∝ E−γ(r)

Gabici et al. (2019)
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R [kpc]

2.2

2.4

2.6

2.8

3.0
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Fermi Collaboration (2016)

Yang et al. (2016)

Pothast et al. (2018)

Galactic Centre

q(E) ∝ E−γsrc = E−2.2 and U = const.

⇒ ψ(E) ∝ q(E)

U
∝ E−γsrc = E−2.2

Locally

q(E) ∝ E−γsrc = E−2.2 and κ ∝ E δ=0.6

⇒ ψ(E) ∝ q(E)

κ(E)
∝ E−γsrc−δ = E−2.8
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Time scales

Time scales:

10 3 10 2 10 1 100 101 102 103 104 105

Energy [GeV]

10 2

10 1

100

101

102

103

Ti
m

es
ca

le
 [M

yr
]

solar modulation

tcool

tdiff

tadv

t ion

e±

In a diffusion model with E−Γ sources in disk:

• ϕ(E) ∝ E−Γ−δ if diffusion dominated

• ϕ(E) ∝ E−Γ−(δ+1)/2 if cooling dominated

• tdiff =
z2max
2κ

with zmax = 5kpc,
κ(10GV) = 5× 1028cm2 s−1

• tcool: KN cross-section with
ρ = {0.26, 0.6, 0.6, 0.1} eV cm−3 for CMB, IR,
opt, UV; 3µG B-field

• tion: nH = 0.5 cm−3 (WIM) and
nH = 0.5 cm−3 (WNM) and 100 pc wide gas
disk
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Alternatives

Strongly anchor in local CR data

1 Unresolved sources ,

Created by Olena Panasovskafrom the Noun Project

Allow for variation from local CR data

2 Spatially varying diffusion coefficient /

3 Advection

4 Stochasticity

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 17 / 30



Alternatives

Strongly anchor in local CR data

1 Unresolved sources ,

Created by Olena Panasovskafrom the Noun Project

Allow for variation from local CR data

2 Spatially varying diffusion coefficient /

3 Advection /

4 Stochasticity

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 18 / 30



Outline

6 Diffuse emission: Introduction

7 Alternatives
Spatially varying diffusion coefficient
Advection

8 CREDIT
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Galactic sources should accelerate to Eknee, probably via shock acceleration
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E
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2
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1
sr
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1
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2
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ea
r
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He

O Fe

e− + e+

e+

All particle

Extragalactic
γ-ray background

Galactic
γ-ray
background

Diffuse ν background

”knee”

“second knee”

“ankle” • Eknee ≃ 3PeV:
either maximum energy of source or
change in transport regime

→ Emax ≳ 3PeV for protons

Axford, Leer, Skadron (1977); Krymskii (1977); Bell (1978); Blandford, Ostriker (1978) Small energy gain ∆E , little particle loss ∆N
per cycle

∆E

E
∝ Ush

c

∆N

N
∝ Ush

c


⇒ dN

dE
∝ E−2
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We do not understand how supernova remnants accelerate to Eknee

What is Emax?

• Equate age with acceleration time: tage = tacc = 8
κ

U2
sh

• Assume Bohm diffusion: κ =
cℓmfp

3
=

crg
3

=
c

3

Emax

qB

• Hillas-like relation: ⇒ Emax ≃ U2
sh

c
qBtage or

Ush

c
qBR

• With typical values: Ush = 104 km s−1 , B = 1µG , tage = 103 yr

⇒ Emax,b ≃ 100TeV ≪ Eknee

Lagage and Cesarsky (1983)

1 Choosing larger tage does not help: Ush ∝ t
−3/5
age , so Emax decreases with time

2 Need to amplify B-field to B ≃ 100µG

Diffusion coefficient

Gyro radius
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The Bell instability can amplify B-fields
Bell (2004)

Cosmic ray
electric current j

• If B-field too weak, particles escape

→ Electric current j

• Waves modes unstable in the presence of current j

B

j× B

j× B

• CRs with gyroradius rg tied to field lines

→ Instability saturates once λ ∼ rg

• B-field density satisfies εB ∼ Ush

c
εCR
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The highest CR energies can be achieved at start of Sedov-Taylor phase

• Shock speed Ush enters into growth rate γ through escape current j

• Saturation field B ∝ U
3/2
sh

• Ush ∝ t
−3/5
age

→ Emax ∝ U2
shBtage ∝ t

−11/10
age

Caprioli, Blasi, Amato (2009)
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Time-dependence of B-field amplification determines CR escape

t

Emax(t)

t1 t2 t3 t4

Emax(t1)

Emax(t2)

Emax(t3)

Emax(t4)

E

Q(E , t)

t2

t3

Emax(t2)Emax(t3)

also Gabici, Aharonian, Casanova (2009); Caprioli, Blasi, Amato (2010);

Blasi and Amato (2012); Thoudam and Hörandel (2012)

• Emax decreases with time

• At any one time t, particles of energy Emax(t) escape

• Ultimately, all particles with E < Emax,b escape
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Time-dependence of B-field amplification determines CR escape

t

Emax(t)

tSed t2 t3 tage

Eknee

Emax(t2)

Emax(t3)

Emax,b

E

Q(E , t)

tSed

t2

t3

EkneeEmax(t2)Emax(t3)Emax,b

tage
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Time-dependence of B-field amplification determines CR escape

t

Emax(t)

tSed t2 t3 tage

Eknee

Emax(t2)

Emax(t3)

Emax,b

E

tesc(E)

Emax,b Emax(t3) Emax(t2) Eknee

tage

t3

t2

tSed

Cosmic-Ray Energy-Dependent Injection Time
(CREDIT) scenario
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Time-dependence of B-field amplification determines CR escape
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B-field amplification
and CR escape

Supernova remnant
paradigmSpectral features
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The Green’s function has narrow spectral features

∂G

∂t
−∇ · κ ·∇G = δ(3)(r − ri )δ(t − ti − tesc(E))Q(E)
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CREDIT scenario predicts dramatic spectral features
Stall, Loo, Mertsch, arXiv:2409.11012

10−2 10−1 100 101

Rigidity [TV]

1.0

1.5

2.0

2.5

3.0

F
lu

x
/
M

ea
n

F
lu

x

CREDIT Scenario

10−2 10−1 100 101

Rigidity [TV]

Sampled at Bin Centers

10−2 10−1 100 101

Rigidity [TV]

Smooth Scenario + Statistical Error

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 28 / 30



CREDIT scenario predicts dramatic spectral features
Stall, Loo, Mertsch, arXiv:2409.11012

10−2 10−1 100 101

Rigidity [TV]

1.0

1.5

2.0

2.5

3.0

F
lu

x
/
M

ea
n

F
lu

x

CREDIT Scenario

10−2 10−1 100 101

Rigidity [TV]

Sampled at Bin Centers

10−2 10−1 100 101

Rigidity [TV]

Smooth Scenario + Statistical Error

Philipp Mertsch Theory: Diffuse flux of photons 27 October 2025 28 / 30



Modern proton data offer unprecedented accuracy
V. Choutko (2015), An et al. (2019), Aguilar et al. (2020),

AMS-02
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Statistical errors are much smaller than CREDIT features
Stall, Loo, Mertsch, arXiv:2409.11012
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