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2022 RENCONTRES DE MORIOND

The 56th Rencontres de Moriond were held in La Thuile, Valle d’Aosta, Italy.

The first meeting took place at Moriond in the French Alps in 1966. There, experimental as well as
theoretical physicists not only shared their scientific preoccupations, but also the household chores.
The participants in the first meeting were mainly french physicists interested in electromagnetic in-
teractions. In subsequent years, a session on high energy strong interactions was added.

The main purpose of these meetings is to discuss recent developments in contemporary physics and
also to promote effective collaboration between experimentalists and theorists in the field of elementary
particle physics. By bringing together a relatively small number of participants, the meeting helps
develop better human relations as well as more thorough and detailed discussion of the contributions.

Our wish to develop and to experiment with new channels of communication and dialogue, which was
the driving force behind the original Moriond meetings, led us to organize a parallel meeting of biol-
ogists on Cell Differentiation (1980) and to create the Moriond Astrophysics Meeting (1981). In the
same spirit, we started a new series on Condensed Matter physics in January 1994. Meetings between
biologists, astrophysicists, condensed matter physicists and high energy physicists are organized to
study how the progress in one field can lead to new developments in the others. We trust that these
conferences and lively discussions will lead to new analytical methods and new mathematical languages.

The 56th Rencontres de Moriond in 2022 comprised five physics sessions:

• January 23 - 30: “Cosmology”

• January 30 - February 6: “Gravitation”

• March 12 - 19: “Electroweak Interactions and Unified Theories”

• March 19 - 26: “QCD and High Energy Hadronic Interactions”

• March 19 - 26: “Very High Energy Phenomena in the Universe”
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Gamma-ray Astronomy





The Extragalactic Background Light and Hubble constant with very-high-energy
gamma rays

Elisa Pueschel
Deutsches Elektronen-Synchrotron (DESY),

Platanenallee 6, D-15738 Zeuthen

Accurate characterization of the extragalactic background light (EBL) is critical to our un-
derstanding of extragalactic gamma-ray emitters, as the spectra of these sources are modified
by absorption on the EBL. As we detect more and more extragalactic gamma-ray sources,
including blazars and now gamma ray bursts, we have accordingly been able to measure the
EBL more precisely. EBL measurements can also be extended or inverted to access the Hubble
constant. I will cover the strides made in the past few years in improving our knowledge of
the EBL, and in providing measurements of the Hubble constant that complement those from
classical cosmology.

1 Introduction

The extragalactic background light (EBL) is the second most intense diffuse photon field, after
the cosmic microwave background. It carries the imprint of light-creating processes in the
Universe, including reionization, star formation, galaxy evolution and emission by active galactic
nuclei. The predicted intensity versus wavelength of the EBL at redshift z=0 for several models is
shown by the black lines in Figure 1. The EBL shows two peaks in its spectral energy distribution
(SED), one at optical and one at infrared wavelengths. The cosmic optical background (COB)
is primarily due to light from stars/galaxies, while the cosmic infrared background (CIB) is
attributed to light re-radiated at longer wavelengths after absorption by dust. The EBL intensity
evolves with redshift, gaining in intensity with time as more light is produced and re-radiated.

The EBL SED is relevant as a cosmological observable. Since the EBL intensity tracks
stellar and galactic formation from the epoch of reionization to the present day, consistency
with the observed EBL SED is a critical test of models of such processes. When resolved
over a range of redshifts, it can be used to measure the cosmic star formation rate (CSFR).
The EBL SED is furthermore expected to contain two features: a signature from reionization
at ∼1 μm, which, if resolved, could give clues about the populations responsible for cosmic
reionization, and a signature at ∼15 μm from polycyclic aromatic and amorphous hydrocarbon.
Critically, it is sensitive to contributions beyond light from stellar and galactic processes, such as
light from faint, unresolved stellar or galactic populations, or diffuse photons from dark matter
decay. Measurements of the EBL intensity also have a multi-messenger aspect, as core-collapse
supernovae contribute to both the EBL and the diffuse supernova neutrino background at MeV
neutrino energies 1,2.

Beyond its interest for cosmology, resolving the EBL SED is important for high-energy (HE;
100 MeV< Eγ <100 GeV) and very-high-energy (VHE; Eγ >100 GeV) extragalactic gamma-
ray astronomy. HE and VHE photons interact with the EBL, limiting the distance accessible
with photon observations to z ∼1 for VHE photons. Not only is the detectability of distant
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Figure 1 – Black lines show model predictions of the EBL SED. Light grey lines denote the range of EBL photon
wavelength probed by a photon of a given energy and emitted at a given redshift. Reproduced from Pueschel and
Biteau 2021.

extragalactic gamma-ray sources impacted, but the observed spectra differ from the intrinsic
spectra due to interaction with EBL photons.

2 Measurement and Modelling Techniques

2.1 Direct Measurements of the Extragalactic Background Light

The EBL SED can be measured directly from the brightness of the night sky, after subtracting
off light from known galaxies and stars. Such measurements suffer further contamination from
diffuse backgrounds, including the zodiacal light (whose intensity is much brighter than the
EBL) and diffuse galactic light. Additionally, the (mostly spaced-based) instruments making
direct measurements only measure the EBL over a narrow band of wavelengths, which makes
cross-calibration of multiple instruments necessary to construct the full EBL SED. The Pioneer
and New Horizons missions promise more robust measurements, taken far from the Sun with
low contamination from zodiacal light 3.

2.2 Lower Limits on the Extragalactic Background Light

Lower limits on the intensity of the EBL are derived from galaxy counts measurements: using
survey data, the number of galaxies in different magnitude bands is summed, and the associated
flux integrated. In recent years, the combination of wide and deep surveys, including GALEX,
SDSS, VST KiDS, WISE, and HST Candles, has improved estimates 3. However, galaxy counts
measurements are not sensitive to diffuse components or unresolved populations. They are
appropriately treated as lower limits.

2.3 Modelling the Extragalactic Background Light

A number of approaches have been utilized for predicting the EBL SED, with differing assump-
tions and levels of complexity. Empirical methods (e.g. Dominguez 20114, Franceschini 2017 5)
rely on the local luminosity density and galaxy number counts. Phenomenological models (e.g.
Andrews 2018 6, Finke 2010 7) are based on an assumed CSFR, models of radiative transfer, and
population synthesis models. Semi-analytic (e.g. Gilmore 2012 8) use N-body simulations which
account for dark matter, baryonic physics, and feedback in galaxy evolution. It should be noted
that all these models are in reasonable agreement with lower limits from local galaxy number
counts, as they either incorporate them, or are tuned to reproduce them. As can be noted from
Fig. 1, the different types of models are in good agreement at short wavelengths, but are less
consistent for long wavelengths.
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2.4 Indirect Measurements of the Extragalactic Background Light

The EBL SED can be measured indirectly based on its imprint on the spectra of gamma-ray
sources. Indirect measurements are complementary to direct measurements and galaxy counts
measurements, and have the advantage over the latter of being sensitive to diffuse components.
Photons from distant gamma-ray sources interact with EBL photons via pair production, at-
tenuating the gamma-ray flux and deforming the observed spectra of the sources. The pair
production process occurs if the product of source and EBL photon energies is above the pair
production threshold: E′

γε
′
EBL ≥ (mec

2)2.

Attenuation by interaction with the EBL can be quantified as an optical depth τ , which
increases with energy and redshift, given by

τ(E0, z0) =

∫ z0

0
dz

∂L

∂z
(z)

∫ ∞

0
dε

∂n

∂ε
(ε, z)

∫ 1

−1
dμ

1− μ

2
σγγ [β(E0, z, ε, μ)], (1)

in which ∂L
∂z (z) is the distance element, ∂n

∂ε (ε, z) is the number density of EBL photons, μ is
the scattering angle, and σγγ [β(E0, z, ε, μ)] is the Thomson cross section. The integral of σγγ
over the scattering angle drives a broad peak in λEBL probed per energy and redshift. This
is illustrated in the light grey lines in Fig. 1, which show the range of EBL wavelengths that
can be probed by a photon of a given energy coming from a given redshift. To probe the full
EBL spectrum, measurements of the spectra of gamma-ray sources emitting to high energies and
located out to large distances are necessary. In general, the COB can be probed with distant
gamma-ray sources, while the CIB can be probed with nearby and extreme gamma-ray sources
(that is, hard-spectrum sources that emit to tens of TeV), although the power of an individual
source to probe the EBL will depend on its brightness and intrinsic photon spectrum.

3 Observations and Instruments

3.1 Using Blazar Observations for EBL Measurements

Observations of blazars, a class of extragalactic nuclei with relativistic jets pointed towards the
observer, can be used for indirect EBL measurements. Blazars have the advantage of being
the most numerous class of extragalactic emitters, as well as being detected to cosmological
distances: to z=3 at HE and to z ∼1 at VHE. Depending on the distance, and consequently the
EBL absorption, photons from blazars are detected up to tens of TeV.

While emitting over a broad energy range and located at a range of redshifts, blazars have
the disadvantage of displaying extreme flux variability, which can also include spectral variabil-
ity. Producing spectra according the flux state is therefore necessary in order to avoid averaging
together different spectral states. The emission mechanisms powering HE and VHE photon
production are not well understand, resulting in uncertainty about the intrinsic spectra, partic-
ularly about the presence of internal spectral cutoffs or absorption signatures that could mimic
the effects of EBL absorption. This uncertainty can be addressed by considering ensembles of
blazars at different redshifts, rather than producing EBL constraints based on single sources;
the effects of EBL absorption will evolve predictably with redshift (the higher the redshift, the
lower the energy where EBL absorption becomes significant), whereas internal spectral features
will not. Lastly, accurate redshift determination is important for EBL measurements, but is
complicated by the lack of strong emission lines in the BL Lac blazar subclass. This necessitates
selection of targets that have reliable redshift estimates.

The challenge of EBL measurements, therefore, is to use observed blazar spectra to measure
the EBL spectrum without a full understanding of the underlying emission mechanisms. One
approach is to perform a joint fit to the EBL intensity and the spectral properties of the blazars
considered. A second is to make basic assumptions about the possible shapes of the observed
and intrinsic spectra and fit the EBL intensity. The physically motivated minimal assumption is
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Figure 2 – Fermi-LAT measurement of the EBL SED at z=0 and other redshifts (left plot), and Fermi-LAT
measurement of the CSFR (right plot).

that the spectra have flat or convex shapes, either a power law, a power law with an exponential
cutoff, a log parabola, or some variation thereon.

3.2 Gamma-ray instruments

Indirect measurements of the EBL SED have been made using observations by the space-based
gamma-ray telescope Fermi -LAT, and the ground-based imaging atmospheric Cherenkov tele-
scope arrays (IACTs) H.E.S.S., MAGIC and VERITAS (as well as archival observations from
their predecessors). Fermi -LAT is sensitive to photons in an energy range from 20 MeV to ∼1
TeV, operates nearly continuously, and covers a large field of view, surveying the whole sky in
three hours 9. H.E.S.S. 10, MAGIC 11, and VERITAS 12 have similar performance specifications,
covering an energy range from ∼30 GeV to ∼100 TeV, with angular resolutions of <0.1◦ at 1 TeV
and fields of view of several degrees. They are limited to operating on clear, moonless nights.
Both Fermi -LAT and the IACTs have collected more than 10 years of blazar observations.

4 EBL Measurement with Fermi-LAT

The Fermi -LAT collaboration produced a measurement of the EBL intensity, using observations
of a sample of 739 blazars 13. The redshift range of the blazars is 0.03<z<3.1 The observed
spectra were fit with the following form:(

dN

dE

)
obs

=

(
dN

dE

)
int

exp(−ατγγ), (2)

using values of τ extracted from theoretical models, and leaving α free. The measured EBL
SED (68% containment) at z=0 is shown in the left plot of Fig. 2 (inset A). The large sample
and broad redshift range made it possible to reconstruct the EBL SED in several redshift bins,
shown also in the left plot of Fig. 2 (inset B-D).

As noted previously, the EBL intensity depends on the CSFR. The Markov chain Monte
Carlo method (MCMC) was used to extract information about the CSFR (specifically the star
formation rate density ρ̇(z)), by reproducing the measured EBL optical depths at different
redshifts. A gamma ray burst (GRB) at z=4.35 was included to extend redshift range. The
results, shown in the right plot of Fig. 2, are in good agreement with the model of Finke 2010 7.

5 EBL Measurements with Archival Data

Biteau and Williams 14 and Desai et al 15 both used published blazar spectral information to
construct EBL SEDs. The former assembled an archival dataset of 30 blazars, amounting to 86
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Figure 3 – Measurements of the EBL SED using published blazar spectra, by Biteau and Williams (left plot) and
Desai et al (right plot).

spectra when divided by flux state. Rather than relying on the overall scaling of a predicted
EBL SED, as in Eq. 3, generic EBL shapes were constructed from a set of Gaussians. Four
possible concave shapes were assumed for the intrinsic spectra, and Fermi -LAT observations
were included to extend the range of the spectra to energies less impacted by EBL absorption.
The resulting EBL SED is shown in the left panel of Fig. 3.

Desai et al extended on the work of Biteau and Williams, using the same archival VHE
blazar spectra and assumed spectral models. The Fermi -LAT dataset was updated to that of
Abdollahi et al 13. The resulting SED is shown in the right panel of Fig. 3. Significantly, it was
possible to resolve the COB as a function of redshift, showing that 50% of COB was produced
within z <0.9.

6 EBL Measurements with Imaging Atmospheric Cherenkov Telescope Arrays

The current-generation IACTs have all produced EBL SED measurements, based on complemen-
tary sets of blazar observations. The latest H.E.S.S. measurement16 is derived from observations
of 9 blazars (with 21 associated spectra, amounting to 477 hours of observations), located at
z=0.031–0.287. The latest MAGIC measurement 17 is derived from observations of 12 blazars
(with 32 associated spectra, amounting to 316 hours of observations), located at z=0.03–0.944.
The latest VERITAS measurement 18 is derived from observations of 14 blazars (with 16 associ-
ated spectra, amounting to 1406 hours of observations), located at z=0.044–0.604. The source
selection for the IACT results is complementary; 7 blazars feature in the analyses of at least two
IACTs, while 19 were used by only one IACT.

H.E.S.S. performed a wavelength-resolved likelihood analysis, with the EBL number density
decomposed into four energy bins. A joint fit to the EBL level and spectral parameters was
performed on unfolded spectra. The intrinsic spectra were assumed to have a log parabola
shape. The EBL SED measured by H.E.S.S. is shown in Fig. 4.

In the case of MAGIC, VHE spectra were used together with contemporaneous Fermi -LAT
spectra. Two approaches were taken: a model-dependent likelihood analysis and a wavelength-
resolved likelihood analysis. Five possible concave shapes were allowed to describe the intrinsic
spectra. The model-dependent approach used Eq. 3 to describe the observed spectra, with
theoretically derived values of τ allowed to float with a scale factor α. The wavelength-resolved
analysis used the following equation to describe the observed spectra:(

dN

dE

)
obs

=

(
dN

dE

)
int

exp(−α1τ1)...exp(−αnτn), (3)

with n ranging from zero to four, depending on the wavelength band. The EBL model of
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Figure 4 – H.E.S.S. wavelength-resolved measurement of the EBL SED.

Figure 5 – MAGIC wavelength-resolved measurement of the EBL SED.

Domı́nguez et al was taken as the reference model for deriving τi. Other models were also tested.
The resulting EBL SED is shown in Fig. 5. A marginal preference for the wavelength-resolved
results over the reference models of 1.2–2.4σ, depending on reference model, was seen.

VERITAS took a still different approach, deriving opacities from ∼500,000 generic EBL
shapes, which were generated for z=0 and evolved to higher redshifts. The generic opacities
were used to correct the observed spectra, and the EBL-corrected spectra fit with three possible
concave shapes. The resulting fit χ2 was used to weight the associated EBL shape, disfavoring
EBL shapes that gave a poorly fit EBL-corrected spectrum. The left panel of Fig. 6 shows the
EBL SED as measured by VERITAS.

It is notable that, in spite of the differing source selection and analysis methods, the IACTs
yield comparable results, demonstrating either robust measurements or a common systematic
uncertainty.

7 Outlook for EBL Measurements

All of the indirect measurements of the EBL SED shown here are in good agreement with lower
limits from galaxy counts, and with the state-of-the-art theoretical models. There is no indica-
tion of a diffuse component, indicating that the EBL spectrum is attributable to resolved galax-
ies. It should be noted that, particularly at EBL wavelengths above a few microns, uncertainties
are still large. As mentioned previously, it is precisely in this regime that the model predictions
show disagreement, making this region particularly interesting. The region could potentially be
probed with observations of M87, a nearby, hard-spectrum radio galaxy. At z=0.004, photons
from M87 probe λEBL = 28-100 μm for τ = 1. A monitoring campaign including H.E.S.S.,
MAGIC, and VERITAS is underway to search for flares from this object. Extreme blazars
present another promising set of targets for probing large EBL wavelength 19. With unusually
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Figure 6 – VERITAS measurement of the EBL SED (left plot), and a summary of measurements of the Hubble
constant (right plot, reproduced from Pueschel and Biteau 2021.).

high synchrotron or gamma-ray peaks and hard gamma-ray spectra, their emission is detected
to tens of TeV. Many sources not strongly variable, allowing deep exposures. Finally, with the
VHE detection of GRBs, a new source class appropriate for EBL measurements is emerging.

8 Applications of the EBL

8.1 The Hubble Constant and the EBL

The observant reader will note that in Eq. 1, both the distance element ∂L
∂z (z) and the EBL

photon number density ∂n
∂ε (ε, z) depend on redshift, and thus on the Hubble constant H0. Mea-

surements of the EBL intensity can thus be extended to constrain H0. Biteau and Williams
compared EBL measurements from galaxy counts with measurements of optical depth, and
used a marginalized likelihood approach with H0 constant left free (rather than fixed to a stan-
dard value, as for EBL measurements) in order to fit H0. This approach relies on the dependence
of ∂L

∂z (z) on H0, but not the number density, as local measurements of galaxy counts were used.

Domı́nguez et al 20, on the other hand, leveraged the H0 dependence of both the distance
element and the number density, comparing the observed EBL opacity from the latest Fermi -
LAT measurement against two sets of EBL model predictions4,7. An MCMC approach was used
to extract both H0 and the matter density parameter Ωm.

The results of both studies are shown in the right panel of Fig. 6, compared against H0

measurements using classical techniques. Domı́nguez et al is competitive with classical meth-
ods. Both methods are complementary and present a different set of systematic uncertainties
compared to the standard measurement techniques.

8.2 Axion-like Particles and the EBL

Axions and axion-like particles (ALP) appear in some beyond the standard model theories.
As light, neutral particles that couple to photon, they have become a popular dark matter
candidate. Should ALPs exist, they would affect the observed EBL opacity. Consequently,
blazar spectral measurements can be used to set constraints on ALPs. Photon-ALP mixing
would be induced by (extra)galactic magnetic fields, and would reduce the absorption of HE
and VHE photons by the EBL (as the photon would spend significant time as an ALP before
re-converting to a photon). Photon-ALP mixing is predicted to cause a spectral uptick at high
energies in blazar photon spectra. As current optical depth measurements are consistent with
classical expectations, observations do not demand the presence of ALPs. However, upcoming
experiments will probe a broader space in terms of ALP mass and coupling of ALPs to photons.
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8.3 Lorentz Invariance Violation and the EBL

Lorentz invariance violation (LIV) is predicted in several beyond the standard model scenarios,
including quantum gravity scenarios. Its presence would impact the EBL by modifying the pair-
production threshold; raising it, and lowering the EBL opacity for a subliminal modification of
LIV. Biteau and Williams and Lang et al both used measurements of the EBL opacity to set
constraints on LIV scale. These constraints are competitive with constraints from time delay
and photon decay searches, more commonly used methods of testing for the presence of LIV.

9 Conclusions

The most recent crop of gamma-ray measurements of the EBL SED show good consistency with
lower limits on EBL intensity from galaxy counts. There is no hint of a diffuse component,
although uncertainties are large. The measured EBL SEDs show good consistency with several
theoretical models. Measurements are growing more robust, with large blazar ensembles and
longer monitoring periods, however, ignorance of the intrinsic spectral shape of the blazars
remains a major confounding factor. The COB is well-resolved, while the CIB, which is the
more interesting region for testing models, is only partially resolved. Studies of the CIB are
limited by photon statistics at the high end of the IACT energy ranges. Substructure within
the EBL SED also remains to be resolved. EBL measurements provide a route to other physics
goals, such as measurement of the Hubble constant, axion-like particle searches, and setting
constraints on Lorentz invariance violation.
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Searching for the low-latitude Fermi Bubbles TeV emission in the Inner Galaxy
Survey H.E.S.S. dataset

Alessandro Montanari, on behalf of the H.E.S.S. Collaboration
IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France

The Fermi Bubbles are a giant bipolar structure extending up to 55° in positive and negative
Galactic latitudes. They were observed about a decade ago by Fermi-LAT, but their origin is
still a mystery. The inner region of the Milky Way is currently being surveyed by the H.E.S.S.
telescopes, for the first time ever in TeV gamma rays. The aim of the Inner Galaxy Survey
is to provide the best sensitivity to faint and diffuse emissions for several degrees around the
Galactic Center. It also guarantees an unprecedented sensitivity to dark matter signals, new
diffuse emissions and TeV outflows from the center of the Milky Way. The origin of the Fermi
Bubbles can be explored by understanding their properties at low Galactic latitudes. We
search for their low-latitude TeV emission using spatial templates for the inner Milky Way
halo and report the results obtained with the H.E.S.S. Inner Galaxy Survey observations.

1 Introduction

Two large lobe-like structures, the then called Fermi Bubbles (FBs), extending up to about 55◦

above and below the Galactic center (GC) have been detected by the Fermi-LAT telescope some
years ago 1,2. The spatial morphology of the Bubbles is consistent with a uniform distribution
at Galactic latitudes |b| > 10◦. The spectrum behaves like a power law ∝ E−2 significantly
softening above ∼ 100 GeV. The FBs have been explored at other wavelengths: the microwave
haze 1,3 or the X-ray features observed at high latitudes 5 or near the GC 4 have been measured.
Hadronic and leptonic models can be applied to try to characterize the characteristics of this
emission. According to the former, relativistic protons/electrons are injected into the medium
through outflows from the region close to the GC. The injection could have happened continously
or sporadically in the past. Possible sources responsible for the injection of these outflows
are the supermassive black hole Sagittarius A∗ 6,7,8,9, outflows driven by multiple core-collapse
supernovae11 or star formation near the position of Sgr A∗ 10. The low Galactic latitude emission,
i.e. |b| < 10◦, shows brighter intensity than at high latitudes in the Fermi-LAT spectrum,
behaving as ∝ E−2 with no sign of cutoff and remaining hard up to up to ∼ 1 TeV 12,13. With
deep observations of the low-latitude FBs at very-high-energy (VHE, E � 100 GeV) we can
derive fundamental insights on the understanding of the origins of the Bubbles. For instance,
VHE measurements can be used to discriminate whether the FBs are relic of an AGN-like
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burst or star-formation activity close to the GC. We show in this contribution the search for
the expected FBs TeV emission in the Inner Galaxy Survey (IGS), carried out by the H.E.S.S.
five-telescopes array towards the inner halo of the Milky Way.

2 IGS dataset and data analysis

The observations included in the Inner Galaxy Survey (IGS) were performed with the H.E.S.S.
five-telescopes array over positive Galactic latitudes up to about 6◦, under dark sky conditions
and in the 2014-2020 year period. Fig. 1 shows the pointing positions used to perform the
observations of the IGS programme. The observations are performed with preferred zenith angle
below 40◦. After the selection procedure for the data quality, the total observed time amounts to
546 hours of high-quality observations. To search for the signal in the H.E.S.S. dataset, a region
of interest (ROI) is defined by the measured surface brightness of the emission at the base of the
FBs. The ROI is later referred as to the ON region. The surface brightness of the FBs shows a
maximum at Galactic longitude l ≈ -1◦ and latitude b ≈ 2◦. The ROI is taken for the region of the
sky with the FBs surface brightness larger than 8.5 sr−1. The H.E.S.S. ROI and other contours
of the surface brightness are shown in Fig. 1. The background is measured with the reflected
background method, applied on a run-by-run basis. The method consists in the definition
of a symmetric region of the ROI with respect to the pointing position of the observational
run. This region is later referred as to the OFF region and is used to measure background
events. Nearby known VHE sources in the signal and background regions are excluded from the
analysis, to avoid leakage of emissions in the signal region, by the application of a set of masks.
For construction, the same solid angle is obtained for the ON and OFF regions. Therefore, no
further normalization is needed.

Figure 1 – Time exposure map of the 2014-2020 dataset of observations obtained with H.E.S.S. towards the inner
halo of the Milky Way. The pointing positions used for the Inner Galaxy Survey observations are shown as
black crosses. The contours of the surface brightness (in sr−1) at the base of the FBs obtained from Fermi-LAT
observations are shown as white and black contours. The black one is also used for the definition of the H.E.S.S.
ROI. The set of masks used in the analysis is shown as the grey shaded area.
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We look for an excess in the ON region after having extracted ON and OFF energy count
distributions. Following the statistical approach defined in Ref. 14, no overall gamma-ray excess
in the spatial bins of the H.E.S.S. ROI is found. Therefore, we computed energy differential flux
upper limits in 0.2 dex energy bin and at 95% C.L.. The best-fit power-law index (Γ = 1.9)
derived from the Fermi-LAT data analysis12 is assumed. The computation of the upper limits is
performed with the procedure presented in Ref. 15 with the inclusion of a 20% systematic uncer-
tainty, as standard procedure. The energy-differential flux upper limits obtained from the IGS
dataset and the FBs differential flux from the Fermi analysis, re-scaled for the H.E.S.S. ROI, are
shown in Fig. 2. The 95% C.L. flux upper limit at 1 TeV reaches about 2×10−9TeVcm−2s−1sr−1.

Figure 2 – Energy spectrum of the low-latitude FBs as measured by Fermi-LAT and H.E.S.S. in the H.E.S.S.
ROI. The Fermi points are shown as the grey ones, with error bars for the 1σ statistical uncertainty, while the
H.E.S.S. observed 95% C.L. upper limits are shown as red arrows. The flux of the H.E.S.S. Pevatron averaged on
the solid angle is shown too as the purple points 16.

3 Results

Two simple hypotheses could be made for the explanation of the the gamma-ray emission mea-
sured by Fermi-LAT: relativistic electrons scattering off the ambient interstellar radiation field
via the inverse Compton process or inelastic collisions of relativistic protons in the interstel-
lar medium via pp interaction. We perform a joint analysis with the results obtained with
H.E.S.S. and the Fermi-LAT one. The Fermi-LAT measurements shown in Ref. 12 for energies
larger than 10 GeV are considered. The spatial template for the FBs surface brightness was
produced by Fermi-LAT data at energies between 1 and 10 GeV. This can have produced a
bias in the FB spectrum. The joint fit of the two datasets assumed two gamma-ray spectra:
(super)exponential cutoff power-law (SEPL) or a broken power-law (BPL). With the available
H.E.S.S. photon statistics, there is no significant preference between the SEPL and the EPL
spectra. The observed cutoff on the low-latitude FBs emission in the photon spectrum is con-
strained by the upper limits to Eγ,cut = 1.1+0.6

−0.4 TeV for an exponential cut-off power-law (EPL)
spectrum. The 95% C.L. upper limit for the same parameterization is 2.2 TeV. If the gamma-
ray spectrum is assumed as produced within simple one-zone leptonic and hadronic models,
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constraints on the spectral parameters of the parent particle population can be derived. 95%
C.L. upper limits on energy cutoff of the two particle spectra are Ee,cut = 9.7 TeV for electrons
and Ep,cut = 22.9 TeV for protons. The results for the joint analysis are shown in Fig. 3. The
extensive observations performed with the IGS produced new results on the possible responsible
models of the emission already measured by Fermi-LAT. Constraints on the spectral characteris-
tics of leptonic and hadronic models used for the explanation of the FBs have been derived with
H.E.S.S. measurements and further insights on the astrophysical origin could be also obtained.

Figure 3 – The results of the joint analysis with Fermi-LAT (> 10 GeV, gray points) and H.E.S.S. datasets
are shown as the best-fit gamma-ray models. The latter are shown assuming a SEPL spectrum for the injected
electrons (blue line) and protons (red line), respectively. The statistical uncertainty at 1σ is shown with the
error bars. The blue- and red-shaded bands correspond to the 1σ statistical error of the best-fit spectra. The
energy-differential flux from Fermi-LAT (grey dots) is shown together with H.E.S.S. upper limits (red arrows).
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Status and results of the first Large-Sized Telescope of Cherenkov Telescope Array
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The Cherenkov Telescope Array (CTA) is the next generation of Imaging Atmospheric
Cherenkov Telescope for the observations of Very High-Energy (VHE) gamma-ray covering
energies from 20 GeV up to hundreds of TeVs. The Large-Sized Telescopes (LSTs) will be the
main contributor to the sensitivity of CTA below 150 GeV, and during the construction of the
CTA North site, LSTs will provide most of the performance up to a few TeVs. They are to
achieve a low energy threshold, a high sensitivity, a large field of view, and fast repositioning
capabilities. The LST-1 prototype was inaugurated in October 2018 in La Palma, Canary
Islands, Spain, and is currently in the commissioning phase. During this presentation, the
status of the commissioning of LST-1 will be reported as well as first scientific results of the
telescope.

1 Introduction

Cherenkov Telescope Array (CTA) is the next generation Imaging Atmospheric Cherenkov Tele-
scope for observing Very High-Energy (VHE) Gamma-rays 1 covering energies from 20 GeV up
to hundreds of TeVs. This observatory will be spread across two sites, one in the northern
hemisphere at La Palma, Canaria Island, Spain, and one in the southern hemisphere at Paranal,
Chile 2. There will be three different sizes of telescopes, each specialized in a given energy
range. First, the Small-Sized Telescope (SST) with a mirror of 4.3m of diameter for observing
gamma-rays above a few TeV, then the Medium-Sized Telescope (MST) with a mirror of 11.5m
of diameter for observing gamma-rays between a few hundreds of GeV to a few TeV, and finally
the Large Size Telescope with a mirror of 23m diameter to observe gamma-rays between a few
tens of GeV to a few hundreds of GeV.

In this proceeding, we will focus on the LSTs telescope, especially the status and results of
the prototype LST-1.

2 The LST project

The LST project started in 2006 with the impulsion of MPI for Physics, Munich, ICRR, Uni-
versity of Tokyo, CIEMAT Madrid, IFAE Barcelona, INFN Pisa, INFN Padova, and LAPP,
Annecy. The project has since grown, and several other institutes in several countries joined
the project to achieve now 30 institutes members of the project in 12 countries. More than 300
scientists and engineers currently work on the LST project.

The LSTs telescope will provide most of CTA sensitivity between ∼20GeV and ∼200GeV
(Fig. 1). The LSTs will also improved the sensitivity on short time scale by several orders of
magnitude in the energy range of a few tens of GeV to a few hundreds GeV compare to current
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Figure 1: Estimated differential sensitivity of
CTA North array compared to other observa-
tories. The LSTs telescope will provide most of
the sensitivity of CTA North below 200GeV.

Figure 2: Estimated short time scale differen-
tial sensitivity of CTA North array compared
to Fermi/LAT. For the joint energy range and
on a short timescale, CTA North will have or-
ders of magnitudes of sensitivity better than
Fermi/LAT, mainly due to the LSTs telescope.

experiments (Fig. 2). To achieve this, they are equipped with a single reflective surface of 23m
of diameter for a total of 368m2 effective mirror surface composed of 198 mirror segments. Each
mirror segment could be aligned independently using the Active Mirror Control system (AMC),
which will adapt the position of each mirror using two actuators to the current pointing of the
telescope. This large single mirror allows the detection of the very faint light from low energy
atmospheric shower.

The Cherenkov camera is composed of 1855 pixels for a total field of view of 4.5°3. Each pixel
is composed of a light guide, a Photo-Multiplier Tube (PMT) as light sensor with a sampling
rate of 1GHz, and all the readout electronics associated with the PMT. The camera trigger
search for short flash of light of a few nanoseconds corresponding to the Cherenkov light created
by an atmospheric shower. The camera also integrates a hardware trigger connection to perform
online coincidences with other telescopes, reducing accidental triggers by a factor of ≈ 100.

The lightweight structure composed of carbon fiber and steel has a total mass of only ∼100 t.
This structure, combined with flywheels providing power, allows for very fast repointing with
180 deg azimuthal movement in less than 20 s.

These properties make the LSTs great instruments for studying the low end of VHE emission
and transients sources.

With the current funding of CTA, a total of 4 LSTs will be constructed for the northern
array of CTA, with the final objective to have also 4 LSTs in the southern array of CTA.

LST-1 is the prototype for all the LSTs telescopes of CTA. It is currently installed at 2200
m a.s.l. at the Observatorio del Roque de los Muchachos (ORM) in La Palma, Spain, where
the full CTA northern array will be constructed. The construction of the telescope occurred
between 2016 and 2018. The first light of LST-1 was in December 2018, with a start of regular
observation in November 2019.

3 Commissioning of LST-1

Building LST-1 at the ORM observatory allows to have access to the existing observatory infras-
tructure: road, electricity, internet connection, residence, ... However, as LST-1 was constructed
prior to the installation of the CTA array at ORM, several infrastructures were lacking and
needed to be constructed. A view of the site of LST-1 can be seen in Figure 3. To complement
the infrastructure provided by ORM, dedicated power lines and diesel backup generators were
constructed. Also, a 40-foot commissioning container to operate the telescope is installed close
to the telescope.
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Figure 3: Top view on the site of LST1 in La Palma

Moreover, a storage container is onsite to store all the tools and small materials needed for
construction and maintenance. Also, at the base of the camera access tower of the telescope, an
IT container is installed with all the computing infrastructure to control the telescope, acquire
data, and analyze them. All the analysis and Monte Carlo simulations are currently performed
onsite in this IT container. Most of these infrastructures will be moved to CTA operation
building when this building is finished.

The main objectives of this commissioning period are :

• Verify that all telescope elements and operations respect safety rules and regulations

• Verify that CTA requirements are achieved, especially as LST-1 is the prototype for the
construction of the next LSTs, and some aspects like telescope pointing accuracy, optical
point spread function and fast movement capabilities are difficult to test and verify in a
laboratory

• Optimize telescope scientific performance to achieve the lowest energy threshold and the
best sensitivity possible while also keeping telescope availability as high as possible.

The commissioning since January 2020 has now entered its third period. The first commis-
sioning period was mainly focused on experts of each system testing safety aspects and basic
functionality. During the second period, operators started to operate the telescope for a part
of the night along with the expert. Finally, in this third phase, the operators mainly operate
the telescope during dark night and partial moonlight while experts remain available remotely
in case of issues with the different systems.

Due to the COVID-19 pandemic, operations were halted between March and June 2020.
Since then, a semi-remote operation scheme has been put in place. To allow this, several
institutes have installed control rooms in different locations, Tokyo, Kyoto (Japan), Annecy
(France), Rijeka (Croatia), and Torino (Italy). The number of onsite operators has been reduced
to two persons that ensure the telescope safety, and most of the operation is performed remotely
from these remote control rooms. The night is split into two parts, with the first part covered
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Figure 4: Number of hours of observation
data acquired since June 2020

Figure 5: Crab spectra measured by LST1
with the MAGIC spectra as reference

by European institutes and the second part by Japanese institutes to allow a full night coverage
without needing too much night work from both parties. This organization works well, and it
is currently planned to keep operations this way even after the end of the pandemic.

Between October 2021 to January 2022, operations were halted again due to the eruption of
the volcano Cumbre Vieja situated 20 km to the south of the observatory. To avoid any damage
to the telescope due to ash-fall, operation completely stopped during this period, and some
critical parts of the telescope were protected. After the end of the eruption and some cleaning
of the remaining ash on the telescope, operations could start again without any impact on the
telescope’s performance, showing the robustness of the telescope’s design.

4 LST-1 current performance and first results

The commissioning has not shown any flaw that would need a redesign of the telescope. Only
minor issues have been detected, like the Azimuth Locking System needing to be protected from
icefall.

Data taking has already started since January 2020 with 500 h of observation at the start of
the eruption of the Cumbre Vieja (end of September 2021) (Fig. 4). The night time dedicated to
observation increase across the commissioning and should achieve similar values to the current
IACTs experiment at the end of the commissioning (100 h per month).

LST-1 has already shown good technical and scientific performance 4 (Fig. 6), and it has
already achieved CTA requirements performance-wise. It is expected that this performance will
continue to improve over time with the work of the different teams involved. The spectra of the
Crab Nebula measured by LST1 are compatible with those measured by other VHE, showing
an already quite good comprehension of the instrument (Fig. 5).

LST-1 observed observed known VHE γ-ray emitters for the commissioning like the Crab.
These observations have led to the Crab pulsar detection (Fig. 7), a nice achievement early in
the instrument’s life. Several AGNs that are VHE γ-ray emitters have also been observed and
detected (Fig. 8 and 9) .

Also, LST-1 has started observing transient sources, which has allowed the first scientific
results of LST-1. In July 2021, LST-1 emitted its first ATELa, announcing the detection of a
flare of BL-Lac at VHE. This flare was exceptionally bright as on the brightest night, LST-1
achieved a detection at 30.4 σ in only 2 hours of observation (Fig. 10).

Among transients for which a counterpart at VHE has been searched for a long time, there
are the novae which are thermonuclear explosions on the surface of a white dwarf. RS Ophiuci is a

aATEL are short message at destination of the whole community to announce a particular astronomic event
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(a) Differential sensitivity of LST1 in function of the energy for
different versions of analysis software (lstchain). MAGIC sensitivity
is put as a reference.

(b) Point Spread Function of LST1 for different events
selection cuts

(c) The energy resolution of LST1 for different events
selection cuts

Figure 6: Current performance of LST-1

recurrent nova and is the first to be detected at VHE both by H.E.S.S.5 and MAGIC6 experiment
but also LST-1 with a significance of 8.2 σ. These detections will help better understand the
novae themselves and their contribution to cosmic rays. The codectection by LST-1 also shows
that the instrument is already competitive for observing transient sources at VHE.

5 Construction of LST2-4, the completion of the northern LST array

The construction of LST-2 to LST-4 is currently under preparation by all the involved institutes
(Fig. 11). The groundbreaking is expected to take place at the start of fall 2022. Most of the
telescope parts have already been or are currently produced and quality checked by the institutes
coordinated by LST management. If the schedule is respected, their construction should end
before the end of 2024 to be ready to acquire data with the full LST array in 2025. MST
teams are also working to erect the first MST telescope close to the LSTs telescope to start the
completion of CTA northern array.
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Figure 7: Phaseogram representing the detection of the two pulses of the Crab Pulsar by LST-1

Figure 8: Theta square plot representing the
detection of Mrk 421 by LST-1

Figure 9: Theta square plot representing the
detection of PG 1553+113 by LST-1

Figure 10: Theta square plot representing the detection of BL-Lac during its brightest
night observed by LST-1. The orange line is the background rate and the blue line the on
region rate.
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Figure 11: Map representing the emplacement of LST-1 and MAGIC with the position planned for LST2-4

6 Conclusion

LST-1 is in its last commissioning phase, and its performance matches or exceeds the expected
one. The construction of the LST2-4 could, therefore, start in 2022. The first scientific results
of LST-1 are starting to arrive. With the addition of 3 other LSTs and later 9 MSTs, the
CTA North site should achieve the expected performance improvement compared to the current
generation of IACTs and provide valuable results to the scientific community.
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S. Loporchio30, A. Lorini50, P. L. Luque-Escamilla51, P. Majumdar52,1, M. Makariev53, D. Mandat54, M. Manganaro31,
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Paredes2, L. Pavletić31, M. Pech54,63, M. Pecimotika31, E. Pietropaolo64, G. Pirola6, F. Podobnik50, V. Poireau9, M.
Polo26, E. Pons9, E. Prandini15, J. Prast9, C. Priyadarshi7, M. Prouza54, R. Rando15, W. Rhode17, M. Ribó2, V. Rizi64,
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del Cosmos, Universitat de Barcelona, IEEC-UB 3Instituto de Astrof́ısica de Andalućıa-CSIC 4INAF - Osservatorio Astro-
nomico di Roma 5INFN Sezione di Napoli 6Max-Planck-Institut für Physik 7Institut de Fisica d’Altes Energies (IFAE), The
Barcelona Institute of Science and Technology 8IRFU, CEA, Université Paris-Saclay 9LAPP, Univ. Grenoble Alpes, Univ.
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Torino 30INFN Sezione di Bari and Università di Bari 31University of Rijeka, Department of Physics 32Institute for The-
oretical Physics and Astrophysics, Universität Würzburg 33Physics Program, Graduate School of Advanced Science and
Engineering, Hiroshima University 34INFN Sezione di Roma Tor Vergata 35Faculty of Physics and Applied Informatics,
University of Lodz 36University of Split, FESB 37Department of Physics, Yamagata University 38Institut für Theoretische
Physik, Lehrstuhl IV: Plasma-Astroteilchenphysik, Ruhr-Universität Bochum 39Tohoku University, Astronomical Institute
40Josip Juraj Strossmayer University of Osijek, Department of Physics 41Yukawa Institute for Theoretical Physics, Kyoto
University 42INFN Sezione di Roma La Sapienza 43Department of Astronomy, University of Geneva 44Astronomical In-
stitute of the Czech Academy of Sciences 45Faculty of Science, Ibaraki University 46Faculty of Science and Engineering,
Waseda University 47Division of Physics and Astronomy, Graduate School of Science, Kyoto University 48Department of
Physics, Tokai University 49INFN Sezione di Trieste and Università degli Studi di Trieste 50INFN and Università degli Studi
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Improved performances of the NectarCAM, a medium-sized telescope camera for
the Cherenkov Telescope Array
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NectarCAM is a camera developed to detect Cherenkov light between 80 GeV and 30 TeV. It
will equip the medium-sized telescopes (MST) of the Cherenkov Telescope Array Observatory
(CTAO). The camera comprises 265 modules, covering a field of view of 8 degrees. Each
module consists of 7 photomultiplier Tubes (PMTs) equipped with light guides and a front-
end board performing the data capture. NectarCAM is based on the NECTAr chip, which
combines a switch capacitor array sampling at 1GHz and a 12-bit Analog to Digital Converter
(ADC). The NectarCAM camera is currently under integration in CEA Paris-Saclay (France).
In this contribution, I focus on the ongoing performance tests for its characterization and
calibration before deployment on the CTAO North site.

1 The NectarCAM camera

The Cherenkov Telescope Array (CTA) is a planned Imaging Atmospheric Cherenkov Telescope
(IACT) which will be able to detect very high-energy (VHE) gamma-ray photons between few
tens of GeV to above 100 TeV 1. VHE gamma rays are indirectly observed via the Cherenkov
light produced in particle cascades generated when they interact in the Earth’s atmosphere.
With its 10 times higher sensitivity, the CTA observatory will dramatically outperform present
generation arrays of IACT. It will consist of more than 60 telescopes, arranged in two array sites,
one in the Northern Hemisphere (in La Palma, Spain) and one in the Southern Hemisphere (in
Chile), allowing to have access to almost all the night sky.

In order to span four decades of energy, three different Cherenkov telescopes will be used:
Small-Sized Telescope (SST), Medium-Sized Telescope (MST) and Large-Sized Telescope (LST).
The MST telescopes at the CTA-North site will be equipped with the NectarCAM camera 2.

The core of the NectarCAM camera is the NECTAr chip 6, a switch capacitor array able
to perform the sampling of the signal at 1 GHz, combined with a 12-bit analogue-to-digital
convert (ADC). The NECTAr chip acts like a circular buffer, which holds the data until a
camera trigger occurs. The readout of the current version of the NECTAr chip is responsible for
the major fraction of the deadtime for the NectarCAM camera. For this reason, a new version
of the NECTAr chip and of the front-end board (FEB) is currently under verification at the
integration facility in CEA Paris-Saclay (France). The new version of the NECTAr chip can run
in ping-pong mode, meaning that the analog memory is divided into two, with the new signals
from the PMTs being written into one half while the other is being digitized. This reduces the
deadtime of the camera by an order of magnitude, going from 7 μs to 0.7 μs which translates
to a 5.2% and 0.5% deadtime at 7 kHz, respectively. By reducing the deadtime by an order of
magnitude, it will be possible to operate the NectarCAM camera at a higher trigger rate and
consequently to lower the energy threshold down to ∼ 50 GeV if operating the camera at a
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Figure 1 – Deadtime fraction of two FEBv6. The deadtime estimated by the ratio between the busy trigger rate
and the total trigger rate (orange and violet lines) and is compared with that obtained from an exponential fit
(blue line). The CTA requirement of deadtime fraction at 7 kHz is shown by the red lines.

trigger rate of 7 kHz 3. In these proceedings, we present three verification tests that have been
performed in the darkroom at the integration facility in CEA Paris-Saclay (France) using two
new FEB modules (version 6, hereafter FEBv6) with the upgraded NECTAr chips.

2 The deadtime of FEBv6

The reduction of the deadtime has been tested by measuring the smallest consecutive time Δt
between two events when the camera is illuminated with a random source. An exponential fit has
been performed for different values of illumination intensity, resulting in an averaged deadtime
of δ = 709.30± 4.81 ns. Since the NECTAr chip read-out is not anymore the limiting factor for
the deadtime of the camera, this value is an upper limit to the true deadtime. By dividing this
value by the trigger rate obtained from the exponential fit, the deadtime fraction is derived (see
blue line in Figure 1). This value is compared with the deadtime fraction obtained from the ratio
between the busy trigger rate (i.e. the number of events which are triggered while the camera is
busy writing data) and the total trigger rate (violet and orange lines). The two methods slightly
differ from each other at high trigger rates, probably due to the fact that some busy triggers
are lost or due to some overflows of the first-in-first-out(FIFO) queue system. However, the two
results agree up to a few tens of kHz, thus both fulfilling the CTA requirement of a deadtime
< 5% at 7 kHz.

3 The linearity of FEBv6

The linearity describes the output distortion with the increase of the incident light intensity at
a given gain. The linearity of the readout of the two FEBv6 has been measured by recording the
charge deposited in every pixel when illuminated by a filtered LED source. A series of Edmund
filters a have been used to obtain an illumination in the range 0.1–3000 photoelectrons (p.e.).
The deposited charge is obtained by integrating the PMT waveform in a readout window of 16
ns, after subtraction of the baseline.

The results are shown in Figure 2. The linearity it better than 5% between 0.1 and 100 p.e.
for the high gain, and between 100 and 2000 p.e. for the low gain. The overall dynamic range

ahttps://cdn.coverstand.com/30093/556052/1e10501890efd93e0b9a5b8a644dd99d07683283.pdf
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Figure 2 – Linearity of two FEBv6 modules. The top frame shows the measured charge as a function of the input
pulse intensity for the high (blue points) and low (violet points) gain. The two linear fits with the corresponding
parameters are shown. The fit residuals are displayed in the middle panel. The bottom panel shows the ratio
between the two gains, and the red area indicates the overlapping range between the two gain channels of 20–
1000 p.e.

of this readout is therefore greater than 3 decades. The high to low gain ratio remains constant
at around 14 between 20 and 1000 p.e. (see bottom panel of Figure 2).

4 The timing resolution of FEBv6

The light’s arrival time in each pixel is an important information that can be used to reduce the
noise in shower images and improve the imaging cleaning and discrimination between Cherenkov
photons and background. In this section, we estimate the timing resolution of the pixels of the
two FEBv6. After illuminating the pixels with a uniform light created by 13 LEDs, the position
of the maximum sample inside the 60 ns readout window (Time of Maximum, (TOM)) of each
photon pulse has been measured for each pixel. The TOM is estimated from the waveform after
subtracting the pedestal. Two methods have been used. The first one consists in identifying the
position of the largest peak of the waveform using the function signal.find peaks from the
scipy python package 7. The latter performs a Gaussian fit of the largest peak of the waveform
using as input the position of the peak obtained from the first method. The timing resolution of
each pixel is given by the rms of the obtained TOM distributions. Figure 3 shows the mean of
the rms distribution over all 14 pixels as a function of the illumination charge. The points also
include the 0.1 ns jitter of the LED source. For an incoming light of intensity above 20 photons,
both methods show that the time resolution is less than 1 ns, fulfilling the CTA requirement.
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Figure 3 – Timing resolution per pixel (in ns) as a function of the charge of the illumination signal (in photons
and p.e. on the bottom and top of the x-axis, respectively). Both methods are shown (in blue and orange).
The gray dashed line shows the quantification rms noise given by 1√

12
ns. The dashed violet line shows the 1 ns

requirement limit to be validated between 20[5] and 2000[500] photons [p.e.] (violet area).

5 Conclusions

We presented the improved performances of two new FEBs to be used in the NectarCAM camera.
The integration of an upgraded version of the NECTAr chip will reduce the deadtime of the
camera by an order of magnitude with respect to the previous version. The new value is 0.7 μs,
corresponding to a deadtime of ∼ 0.5% at 7 kHz. The linearity and timing resolution of the two
new FEBv6 have also been tested. The former is better than 5% over a range between 0.1 and
2000 p.e., the latter is < 1 ns for a homogeneous illumination above 20 photons.
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Observations of cosmic ray electrons have made great strides in the last decade and direct
observations of the all-electron flux as well as separate electron and positron spectra are now
available up to ∼ 1TeV. In this invited contribution to the 2022 edition of the Rencontres
de Moriond on “Very High Energy Phenomena in the Universe”, we review the data on
cosmic ray electron and positron spectra at TeV energies and offer general comments on
their interpretation. Subsequently, we focus on the study of the stochastic fluctuations and a
secondary model for the positron excess.

1 Introduction

In recent years, measurements of cosmic ray (CR) electrons and positrons have received height-
ened attention. There are four space experiments that are currently online and have provided
measurements: AMS-02, CALET, DAMPE and Fermi -LAT. The quality of data is exquisite,
yet there are discrepancies that will need to be worked out.

There are a number of reasons why CR electrons and positrons are interesting and provide
information beyond the nuclear component which is dominating both in terms of number and
energy density. First, the positron excess discovered some 15 years ago by the PAMELA satellite
experiment1 still has not been unambiguously be clarified. The most popular explanations so
far have been self-annihilation of particle dark matter, pulsars/pulsar wind nebulae as well as
production and subsequent acceleration of secondaries in old supernova remnants. While there
exist complementary observations and constraints from other channels, better measurements of
CR electrons and positrons likely hold the key to identifying the source of the positron excess.

Second, the study of the transport of CR electrons and positrons gives additional, com-
plementary information for studying the transport in the Galaxy. Due to their small masses
electrons and positrons suffer significant radiative losses while nuclei above a few GeV virtu-
ally do not lose energy at all. The spatial and spectral distribution of electrons and positrons
therefore differ from those of nuclei and a solid understanding and successful modelling of both
components is required when searching for the sources of CRs.

Third and relatedly, the strong energy losses of TeV electrons and positrons limit the range
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Figure 1 – Green’s function of the transport eq. (1) with a source spectrum Q(E0) ∝ E−2.2
0 exp[−E0/(10

5 GeV)].
The diffusion coefficient is of the form κ(E) ∝ E0.6, the half-height of the CR transport volume zmax = 3kpc and
the energy losses are modelled as described in Ref.3 The distances of the source are indicated by the line styles,
the ages by the colours.

of sources that can contribute to the observed fluxes at Earth to young and nearby objects.
Consequently, the relevant number of sources should be fairly small, such that we can hope
to identify spectral features from individual sources.2,3 Therefore, CR electrons and positrons
could hold the key to identifying the sources of CRs.

The last point requires some additional explanation. Under some simplifying assumptions,
the transport of CR electrons and positrons in the Galaxy can be modelled by the following
transport equation,4,5

∂ψ

∂t
− �∇ · κ · �∇ψ +

∂

∂E
(b(E)ψ) = q(�r,E, t) . (1)

Here, ψ denotes the spectral density of electrons and positrons, κ is the isotropic diffusion
coefficient, b(E) = dE/dt parametrises the rate of radiative losses and q is the rate of injection
of electron and positron density from sources. The Green’s function for this partial differential
equation is defined as the solution for a point-like, burst-like source at position �r0 and time t0
with a given spectrum Q(E), that is

q(�r,E, t) = δ(�r − �r0)δ(t− t0)Q(E) ,

Examples of the Green’s function for various distances and ages are shown in Fig. 1. The flux
from the whole population of Galactic sources is then just the sum of the Green’s functions for
all individual sources. At low energies, where the diffusion-loss-length is larger than the average
source distance, individual point-like and burst-like sources can be approximated by a smooth
source density on the right-hand side of eq. (1). Consequently, the spectrum at these energies
will be fairly smooth. At high energies, however, where only a few sources contribute, this would
be a bad approximation. Instead, individual sources contribute their Green’s functions and the
spectrum will be rather bumpy. Identifying such features, individual sources can be identified.

2 The all-electron flux

The latest measurements of the all-electron flux from AMS-02,6 CALET,7 DAMPE8 and Fermi -
LAT9 are compiled in Fig. 2. Between 10GeV and ∼ 30GeV the data are well-described by
a power law E−3.25. At higher energies the spectrum flattens before it steepens significantly
around 1TeV. However, the various experiments do not agree on the detailed spectrum between
∼ 30GeV and the cut-off: While DAMPE and Fermi -LAT prefer a spectrum ∝ E−3.1, AMS-02
and CALET find a spectrum closer to ∝ E−3.15. While this might seem like a minor difference,
given the small statistical and systematic uncertainties quoted, this disagreement is significant.
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Figure 2 – All-electron flux measurements by AMS-02,6 CALET,7 DAMPE8 and Fermi-LAT.9

Figure 3 – Time-scales relevant for the transport of CR electrons and positrons in the Galaxy. The transport
parameters adopted are κ(E) = 5 × 1028 cm2 s−1(E/10GeV)1/3, zmax = 5kpc; Klein-Nishina cross-section with
energy density ρ = {0.26, 0.6, 0.6, 0.1} eV cm−3 for CMB, IR, opt, UV, characteristic temperatures of {20, 5 ×
103, 2 × 104}K for IR, opt, UV as well as a 3μG B-field; nH = 0.5 cm−3 (WIM) and nH = 0.5 cm−3 (WNM)
and 100 pc wide gas disk. The advection speed assumed is 30 km s−1 and solar modulation is thought to become
important below ∼ 10GeV.

As for the interpretation, it is useful to remind ourselves of the salient features expected for
the all-electron spectrum if transport is described by the diffusion-loss eq. (1): This can be best
illustrated by the time-scales involved, see Fig. 3. If there was a range in energy where diffusive
losses were dominant, an ∝ E−Γ source spectrum would be softened by diffusive losses with
diffusivity κ ∝ Eδ to an E−Γ−δ ambient spectrum, in the same way as happens for CR nuclei.
If cooling losses dominate, instead, it is an elementary exercise10 to show from eq. (1) that the
ambient spectrum is E−Γ−(δ+1)/2. For instance, a source spectrum with Γ = 2.3 and a diffusion
coefficient with δ = 0.6 results in an ambient spectral index of −Γ− (δ + 1)/2 = −3.1, close to
what is being measured below ∼ 1TeV.

Of course, there is more interesting information in the spectral features, that is the hardening
break around 30GeV and the softening break at ∼ 1TeV. It has been suggested for instance,
that the break at 30GeV is the signature of the transition from the Thomson to the Klein-
Nishina regime for the inverse Compton scattering that dominates the cooling of electrons and
positrons at these energies.11 Other authors disagree12 and instead suggest a model with two
different population of sources with different spectra contributing to the all-electron flux, e.g.
supernova remnants at lower and pulsar wind nebulae at higher energies. This author has found
that the strength and position of the spectral break from the Klein-Nishina suppression depends
sensitively on the model for the interstellar radiation field. With the values adopted as in Fig. 3,
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we find the break to take place at a few hundred GeV instead of a few tens of GeV.

The TeV break in the all-electron spectrum is probably even more contentious. A non-
standard interpretation is that of a cooling break due to the transition between escape-dominated
losses and cooling-dominated losses. Of course, this break–in fact a rather smooth transition–
takes place at energies much lower than 1TeV should the standard parameters be adopted. It
has been suggested, however,13 that the diffusive escape time has been overestimated by one
to two orders of magnitude. In the right-hand panel of Fig. 3 we have indicated the resulting
escape time and adjusted it in such a way that the transition would be taking place at about
1TeV. Interpreted in a diffusion model, such a short escape time would correspond to a CR
diffusive volume of small half-height zmax. However, this seems to be in tension with preliminary
data from the AMS-02 experiment on Beryllium isotope ratios.

3 Source stochasticity

As we have argued above, at high enough energies, the loss-length of CR electrons and positrons
will be shorter than the mean distance between sources. Approximating the actual distribution
of sources in space and time with a smoothly varying source density will then lead to significant
errors. Instead, the fluxes at an arbitrary position will become very sensitive to the distances
and ages of actual sources. We refer to this effect as source stochasticity. Where precisely
this effect becomes important and what information can be extracted from measurement are
important questions.

In the literature, there is a spectrum of models that were suggested to deal with source
stochasticity. Here, we identify three classes:

Selective models.14–16 A limited set of usually nearby and young sources is modelled indi-
vidually, while sources further afield are treated in the smooth approximation. It is easy to see
that this can lead to spectral features beyond the maximum energy of the contribution from the
smooth distribution. The question of how likely the considered contribution is to arise from a
statistical model of sources is oftentimes not addressed.

Catalogue models.2,12,17 These models usually start from a catalogue of specific sources,
like pulsars and supernova remnants. While this removes some of the arbitrariness for the
previous approach, it inherits some of the limitations of said catalogues, specifically selection
biasses and incompleteness. Particularly worrisome is the absence of nearby but old sources
which would not be active sources of radiation, but would still contribute to the flux of low-
energy cosmic ray electrons.

Probabilistic models.3,10,12,18–22 Giving up constraints on the existence or non-existence
of individual sources altogether, these models only make use of statistical information gained
from surveys, for instance the density of sources as a function of galacto-centric radius. Moments
of the flux distribution characterising the expectation value and the level of fluctuations can be
computed. Alternatively, realisations of source distances and ages are drawn from this distribu-
tion in a Monte Carlo (MC) approach and the statistical moments are computed numerically.
While this comes at the price of not being able to predict the actual realisation of the fluxes at
Earth, the statistical analysis can be made very sound. In the following, we review the study of
Mertsch (2018).3

Considering measurement of a CR flux in a finite number of energy bins, the fluxes at different
energies can be combined into a flux vector. In a statistical ensemble, the flux in an energy bin
is a random variable, and the vector of fluxes is a random vector. Previous studies have not
considered the correlation between different energies. However, those correlations do exist and
contain important information, which is encoded in the joint distribution of f(φ1, φ2, . . . φN ).
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Figure 4 – Variance and correlations in the flux distribution due to source stochasticity. Top panel. The left-most
and right-most panel show the flux PDF estimated by the histograms of (logarithmic) flux at 10 and 31.6GeV,
respectively. The central panels compare the pair copular with the histogram of the empirical flux CDF at both
energies. Bottom panel. The same as the top panel, but for 10 and 31.6TeV.

Unlike for the marginals, where the flux distribution can be estimated analytically, a di-
rect computation of the joint distribution seems forbidding. Using Monte Carlo simulations,
one might consider kernel density estimators, however, they will fail due to the curse of di-
mensionality for more than a handful of energy bins. Instead, we have recently employed a
copula construction,23 a method for constructing an approximate joint distribution that has
gained currency in financial mathematics. This builds on Sklar’s theorem which factorises an
arbitrary N -dimensional joint distribution into a product of N 1D probability distribution func-
tions (PDFs) fi(φi), the marginals, and the so-called copula, a function of the N cumulative
distribution functions (CDFs), Fi(φi). It can be shown that the copula can be decomposed into
a nested product which contains only (conditional) bi-variate PDFs. Details of this construction
can be found in Ref.3

We have parametrised the joint distribution of high-energy electron-positron fluxes with a
pair copula construction and determined the free copula parameters by fitting to a large number
of MC samples. A comparison between the pair-copulas which are functions of the CDFs and
the histogram of empirical CDFs is shown in Fig. 4. We have substituted the measurements by
H.E.S.S. of the all-electron flux between a few hundred GeV and ∼ 20TeV into this likelihood.
The log-likelihood is the sum of contributions from the marginals, quantifying the fluctuations
around the expectation value, and from the copula, quantifying the correlations between different
energy bins.

Both contributions resulting from the H.E.S.S. data can be compared with the distribution
of log-likelihood contributions obtained with the simulated fluxes. This comparison depends of
course on the model parameters assumed, for instance on the source rate. With a canonical rate
of supernova remnants, that is 10−2 yr−1, the contribution from the marginals has a probability
to exceed (PTE) of 0.4, but the copula contribution has PTE = 0.998. Put differently, the
observed flux has less correlations than would be expected from the simulations. If we decrease
the source rate by one order of magnitude while increasing the power of each individual source
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Figure 5 – CDFs for the marginal and copula contribution to the log-likelihood, both for the MC simulations
and for the H.E.S.S. data. Left panel: For the canonical source rate of 10−2 yr−1, the copula contribution for
the data is much lower than what is expected from simulations. Right panel: For a decreased source rate of
10−3 yr−1, the copula contribution for the data agrees well with the simulations.

by one order of magnitude, the expectation value of the flux is largely unchanged if the cut-off
energy is adjusted, yet the level of fluctuations is much increased. We note that a reduced
source rate can be considered an approximation for a class of sources where CR accelerators do
not occur independently in space and time, but where several sources appear in conjunction, an
example being a number of supernova remnants appearing in super bubbles. It appears that this
allows for a much better agreement between observations and simulations, that is PTE = 0.466
(marginals) and PTE = 0.298 (copula). We conclude that our analysis thus supports a scenario
where sources take place with a certain spatial and temporal coherence.

4 Positrons

So far, we have only discussed the interpretation of the all-electron flux. Spectrometric experi-
ments like PAMELA and AMS-02, however, can distinguish electrons from positrons and have
thus provided separate spectra. We show the measurement from AMS-02 in Fig. 6; note that we
have upscaled the positron flux by a factor 10 in order to be able to compare the spectral shapes.
Both fluxes have been multiplied with energy cubed and so it is apparent that the electron flux
is slightly softer than E−3 above ∼ 10GeV while the positron flux is harder.

A positron spectrum harder than E−3 is incompatible with secondary production in the
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Figure 7 – Comparison between proton flux (top left), boron-to-carbon ratio (top right), positron flux (bottom
left) and antiproton flux (bottom right) as predicted from the model with acceleration of secondaries model24 and
as measured by AMS-02.25–28

interstellar medium (ISM), at least in the conventional scenarios of Galactic transport. There-
fore, a new source of CR positrons is required. The most exciting possibility would have been
non-baryonic dark matter producing electrons and positrons through self-annihilation. With
the energies involved, masses at the weak scale seemed preferred, however, the necessary cross-
sections needed to be significantly enhanced compared to the cross-section implied by thermal
freeze-out scenarios. Unfortunately, this possibility is now severely constrained by observations
of gamma-rays, CR antiprotons and the CMB. Pulsars or rather pulsar wind nebulae (PWNe)
are a popular, astrophysical explanation for the hard positron spectrum. PWNe must be con-
tributing at some level and other contributions at this meeting have covered such models, e.g.
Ref.21 Here, we present another astrophysical expalantion, that is old supernova remnants.

In fact, the lore that the positron excess cannot be due to secondary positrons is based
on a misunderstanding. It is usually said that the positron’s primaries, e.g. protons, spend
relatively short amounts of time inside the sources, for instance supernova remnants, compared
to the transport time in the Galaxy. Even if the gas density inside the source is enhanced
compared to the ISM density, the grammage accumulated inside the sources is thus estimated
to be negligible. This argument ignores, however, that charged secondaries like positrons can
undergo shock acceleration much like their primaries, but will attain a spectrum generically
harder than the primaries. For instance, assuming a Bohm-like scaling of the diffusion coefficient
for the source, κ(p) ∝ p, the secondary spectra will be harder than the primary ones by one
power of momentum. This will lead to a harder spectrum of positrons after propagation than in
the standard scenario where production and acceleration of secondaries in sources is ignored. Of
course, other charged secondaries like anti-protons or boron are equally affected, which provides
for a nice test of this scenario.
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We have recently revisited this issue and fitted our model to the data from AMS-02. Par-
ticular care was given to testing various parametrisations of the cross-sections of positron and
anti-proton production. We have managed to find a very good fit to CR protons, helium, carbon,
oxygen, boron, nitrogen, positrons and antiprotons. We compare our model fluxes with data for
a selection of species in Fig. 7. Further details can be found in Ref.24 .
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Latest results on cosmic-ray nuclei from the AMS-02 experiment in space

Manuela Vecchi on behalf of the AMS-02 Collaboration
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Landleven 12, 9747 AD, Groningen, the Netherlands

The Alpha Magnetic Spectrometer (AMS-02) is a large acceptance magnetic spectrometer
operating onboard the International Space Station since May 19th 2011 and is expected to
operate in space until the end of the lifetime of the space station. AMS-02 so far detected more
than 200 billion cosmic-ray events. The detector’s main goals are to search for antimatter and
dark matter in space and the measurement of cosmic-ray composition and flux in the GeV to
TeV range. Precise measurements of cosmic-ray nuclei, from Hydrogen to Silicon, and Iron,
are presented, and the corresponding spectral features are discussed.

The Alpha Magnetic Spectrometer (AMS-02) is a general-purpose particle physics detector,
taking data since May 19th 2011, onboard the International Space Station (ISS), which follows
a Low Earth Orbit at about 400 km altitude with respect to the Earth’s surface. AMS-02 is well
located to detect cosmic rays (CRs) before they interact with the outer layers of the atmosphere.

The detector is composed of several sub-detectors, as shown in figure 1. The silicon tracker 1

measures the trajectory and atomic number |Z| of CRs by performing multiple measurements
of the coordinates and energy loss. Together with the 0.14 T permanent magnet, the tracker
measures the particle rigidity R = pc/Ze, where p is the momentum. The Transition Radiation
Detector (TRD) 2 identifies the particle as an electron/positron. The four layers of the Time
of Flight (TOF) 3 measure the particle’s charge and velocity β, and ensure that the particle is
downward-going. The high efficiency (∼ 99.999%) anti-coincidence counters 4 inside the magnet
bore are used to reject particles outside the geometric acceptance. The Ring Imaging CHerenkov
detector (RICH)5 measures the charge and velocity of the particle. The imaging Electromagnetic
Calorimeter (ECAL) 6 identifies the particle as an electron/positron and measures its energy.
The AMS-02 detector has been extensively calibrated using a test beam at CERN with e− and
e+ from 10 to 290 GeV, with protons at 180 and 400 GeV, and with π± from 10 to 180 GeV.

1 Precision measurement of CR nuclei with AMS-02

AMS-02 has provided for the first time per cent level measurements of the fluxes of CRs in the
GeV to TeV region, thanks to its large acceptance, excellent particle identification and long term
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Figure 1 – A 369 GeV positron event as measured by the AMS detector on the ISS, in the (y-z) plane.

data taking. In this contribution, we will focus on the measurements of the published fluxes of
CR nuclei, from Hydrogen to Silicon, as well as Iron. The isotropic flux of cosmic rays in each
rigidity (or energy) bin R, of width ΔR, is given by 7:

Φ(R) =
N(R)

Aeff · T (R) ·Δ(R)
(1)

where N(R) is the number of signal events with rigidity between R and R +ΔR, Aeff is the
effective acceptance, T (R) is the exposure time. The effective acceptance Aeff is the product of
the geometric acceptance (∼ 500 cm2sr) and the selection efficiency, estimated with simulated
events and validated with the data. The trigger efficiency is 100% above a few GV, and it is
estimated using minimum bias triggered events. The exposure time is evaluated as a function
of rigidity, and it takes into account the lifetime of the experiment, which depends on its orbit,
i.e. on its position with respect to the Earth.

CRs can be divided into two groups: primary species, such as hydrogen (H) and oxygen
(O), are those accelerated at the sources, while secondary species, such as boron (B) and fluo-
rine (F), are produced as a consequence of nuclear interactions of primary species during their
propagation through the interstellar medium (ISM). Some species, such as nitrogen (N), have
both components, being partly accelerated in the sources and produced in the fragmentation of
heavier species.

1.1 Measurement of primary species

AMS-02 has measured the flux of helium (He), carbon (C) and oxygen (O) as a function of
rigidity 8, and it has shown that above 60 GV, the fluxes of these species, which are mostly
primaries, have identical rigidity dependence. In particular, it was found that they all deviate
from a single power-law above 200 GV and harden (i.e. the flux slope raises as a function of
rigidity) in an identical way, as shown in Figure 2. This striking result shows that species which
undergo similar astrophysical processes during their acceleration and propagation in the galaxy
do have similar spectral behaviours. The second group of primary species was recently studied
with high precision, also showing unforeseen results. The fluxes of neon (Ne), magnesium (Mg),
and silicon (Si), were measured 9 in the rigidity range 2.15 GV to 3.0 TV, based on 1.8 ·106
Ne, 2.2 ·106 Mg, and 1.6 ·106 Si reconstructed events. The three spectra have identical rigidity
dependence above 86.5 GV, deviate from a single power-law above 200 GV, and harden in an
identical way. Unexpectedly, above 86.5 GV, the rigidity dependence of primary cosmic rays Ne,
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Figure 2 – The rigidity dependence of the helium (left black axis), carbon (left green axis), and oxygen (right red
axis) fluxes. Note that the three species have a different abundance (helium is about one hundred times more
abundant than carbon and oxygen). For clarity, horizontal positions of the helium and oxygen data points above
400 GV are displaced with respect to the carbon. As seen above 60 GV, the three fluxes have identical rigidity
dependence 8.

Mg, and Si spectra is different from the rigidity dependence of primary cosmic rays He, C, and
O. This shows that the Ne, Mg, and Si and He, C, and O are two different classes of primary
cosmic rays.

AMS-02 measured the Fe flux in the rigidity range from 2.65 GV to 3.0 TV based on 0.62
106 iron nuclei detected during the first 8.5 years of operations 10. The Fe flux measured by
AMS-02 is significantly more precise than that of previous experiments, which have errors larger
than 20% at 50 GeV/n (corresponding to ∼ 100 GV in rigidity), as can be seen in Figure 3 that
shows the Fe flux as a function of kinetic energy per nucleon, compared to previous experiments.

Figure 3 – The AMS iron flux (red dots) as a function of kinetic energy per nucleon EK multiplied by E2.7
K

together with measurements of previous experiments 10.

1.2 Measurement of secondary species

The measurement of the fluxes of secondary species and the secondary-to-primary flux ratios
constitute the most powerful observable to study the propagation of CRs in the Galaxy. Lithium
(Li), beryllium (Be), and boron (B) constitute the most notable group of CR secondary species,
being produced from the fragmentation of C, N and O. AMS-02 measured the flux of these species
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as well as the corresponding flux ratios, e. g. Boron-to-Carbon flux ratio, B/C in the following11.
The measurement of the B/C has been widely used to test propagation scenarios. However, it
should be noted that the measured B/C slope does not directly represent the diffusion coefficient
value in the AMS-02 range, as it was argued in 12.

The first evidence for a break in the B/C was found by AMS-0211. This break most probably
originates from a transition of diffusion regime rather than from source effects 13.

AMS-02 has provided precise measurements of the species between H and Si, including
fluorine (F), another secondary species purely composed of 19F whose main progenitors are
Ne, Mg, Si and Fe. Three channels dominate the total production of F, 20Ne →19 F (40%),
24Mg →19 F ( ∼ 12%) and 28Si →19 F (∼ 11%) contributing to 60% of the total 15.

Figure 4 shows the flux of fluorine (F) as a function of rigidity, compared with the fluxes of
He, C, O, Ne, Mg, Si (primary species) and Li, Be, and B (secondary species). All these species
deviate from a single power-law above 200 GV.

Some notable features can be highlighted. The measured primary species fall into two
categories according to their rigidity dependence. Fe (not shown in this plot) follows the same
rigidity behaviour as He, C and O and harden in an identical way above 200 GV. The secondary
species also show distinct features: Li, Be and B have an identical rigidity dependence above 30
GV, while F has a different behaviour below 200 GV. This behaviour implies that the propagation
properties have non-trivial rigidity dependence and those of heavy species (from F to Si), are
different with respect to that of light, CRs, from He to O, and that the secondary species have
two classes.

Figure 4 – The rigidity dependence of the F flux compared with the rigidity dependence of the He, C, and O; Ne,
Mg, and Si; and Li, Be, and B fluxes above 30 GV. For clarity, the He, O, Ne, Si, Li, and B data points above 400
GV are displaced horizontally. For display purposes only, the He, C, O, Ne, Si, Li, Be, and F fluxes were rescaled
as indicated.14.

2 Identification of CR deuterons with AMS-02

Deuterons (the nuclei of deuterium) are the only stable isotope of hydrogen, and they constitute
an almost pure secondary species. Deuterons account for a few per cent of CR protons and thus
constitute the most abundant secondary species in cosmic rays: their measurement provides
important insights into the propagation processes 16. The isotope separation is performed by
combining the momentum and velocity measurements. The mass of the particles is given by:

m = RZe/γβ (2)

where R is the rigidity measured by the tracker, Ze is the particle charge, β is the particle
velocity, and γ = 1/

√
1− β2 is the Lorentz factor obtained from the velocity (c=1). The mass
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Figure 6 – Fit of the parametric model experimental data in the ToF (left), RICH-NaF (middle), and RICH-
Aerogel (right) ranges. The different lines indicate the components of the model: protons (thin-dashed line),
deuterons (thick-dashed), and background from fragmentation inside the detector (dotted-dashed line). The
black line shows the sum of all the contributions. The pull of each fit is shown in the bottom panels. Figure
from 17.
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Constraints on the positron emission from pulsar populations with AMS-02 data

Silvia Manconi
Institute for Theoretical Particle Physics and Cosmology, RWTH Aachen University

Sommerfeldstr. 16, 52056 Aachen, Germany

Electron and positron fluxes in cosmic rays are currently measured with unprecedented pre-
cision by AMS-02 up to TeV energies, and represent unique probes for the local properties of
our Galaxy. The interpretation of their spectra is at present still debated, especially for the
excess of positrons above 10 GeV. The hypothesis that pulsars can significantly contribute to
this excess has been consolidated after the observation of gamma-ray halos at TeV energies of
a few degree size around Geminga and Monogem pulsars. However, the spatial and energetic
Galactic distribution of pulsars and the details of the positron production, acceleration and
release from these sources are not yet fully understood. I will describe how we can use the
high-precision AMS-02 positron data to constrain the main properties of the Galactic pul-
sar population and of the positron acceleration needed to explain the observed fluxes. This
is achieved by simulating a large number of Galactic pulsar populations, following the most
recent self-consistent modelings for the pulsar spin-down and evolution properties, calibrated
on catalog observations. By fitting the positron AMS-02 data together with a secondary com-
ponent due to collisions of primary cosmic rays with the interstellar medium, we determine
the physical parameters of the pulsars dominating the positron flux, and assess the impact
of different assumptions on radial distributions, spin-down properties, Galactic propagation
scenarios and positron emission time.

1 Introduction

This contribution is based on this paper 1 done in collaboration with Luca Orusa, Mattia Di
Mauro, Fiorenza Donato (University of Turin and INFN, Turin), and on additional reasoning
by the speaker, following the material presented during the talk at the conference. I refer to the
paper for an extended discussion of the model, the results, and for a more exhaustive bibliography,
reduced to minimal here due to space limitations.

1.1 The local e+ flux

High-energetic cosmic-ray (CR) positrons (e+) contribute to the total CR flux detected at Earth
at the percent level. Nevertheless, the unprecedented precision of the measurement of the local
e+ flux by PAMELA, Fermi-LAT and most recently by AMS-02 2 allowed an in-depth study
of this antimatter component of CRs. This suggests the presence of primary e+ sources in
our Galaxy. In fact, the observed flux exceeds the so-called secondary flux (as computed in
the standard CR transport models, see later) produced by inelastic collisions of CR nuclei
in the interstellar medium (ISM) above about 10 GeV. For an overview on the most recent
CR observations and on the prospects for current and future observatories, we refer to other
contributions to this conference 3.

The quest for the interpretation of the e+ flux has been a dynamic part of the CR commu-
nity’s debate since more than 10 years. The intense radiative losses suffered by high energetic
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e+ while propagating in the Galaxy limit the horizon for GeV-TeV e+ to few kiloparsecs (kpc).
Thus, it is generally accepted that AMS-02 e+ observations require their primary source to be
local, i.e. located within a few kpc from the Earth. Many mechanisms have been explored in
the literature to account for the e+ flux observed by AMS-02. Among them, pulsars and their
pulsar wind nebulae (PWNe) have been consolidating as significant factories of high-energy CR
e± in the Galaxy, and thus as main candidates to explain the e+ excess. A not-exhaustive list of
the main alternative proposals includes dark matter annihilations in the Galactic halo 4, modi-
fications of the standard secondary production mechanism 5, as well as production of secondary
antimatter in supernova remnants, also discussed at this conference 6.

1.2 Pulsars and their nebulae as e+ factories

Many theoretical and observational arguments support the idea that pulsars and their nebulae
are e+ (and electrons a) factories.

First, the pulsar spin-down mechanism effectively produces e± pairs, which are possibly
accelerated to multi-TeV energies at the termination shock between the relativistic wind and
the surrounding medium (see 9 for recent reviews on the acceleration mechanism). We note that
the details of the e± production, acceleration and release from pulsars and their PWNe are yet
not fully understood 9, as well as the spatial and energetic distribution of pulsar 10,11. CR e+

are thus a golden channel to study primary sources, and in particular PWNe.

The observation of gamma-ray halos at TeV energies of a few degree size around nearby
pulsars 12, such as the ones of Geminga and Monogem, reported by HAWC 13 and by Fermi-
LAT at tens of GeV 14 further corroborates the presence of e+ (and electrons) accelerated,
then escaped at few tens of parsec away from the pulsar location. The observed emission is
interpreted as coming from CR e± escaping from the PWN and inverse Compton scattering
(ICS) low-energy photons of the interstellar radiation field (ISRF), see other contributions to
this conference for an extended discussion 12.

Finally, several independent works have demonstrated that pulsar models can provide a good
description of AMS-02 e+ and e− data. This conclusion has been reached both by considering the
contribution of few nearby sources, as well as the cumulative emission from pulsars as observed
in existing catalogs (e.g. 15,16 and references therein) or in simulations 17,8, and including or
not possible effects from suppressed diffusion around sources 18, as suggested by the measured
angular profile of gamma-ray pulsar halos 12. While energy losses limit the distance traveled by
high-energy e± to few hundreds of parsecs, where we expect few Galactic sources contributing
significantly, current source catalogs might be not complete. Previous computations calculating
the contribution of e+ from the ATNF catalog sources could therefore suffer for underestimation
due to the incompleteness of the catalog. Simulations of the Galactic source population of
pulsars are thus needed to extensively test the pulsar interpretation of the observed e+ flux
in order to overcome the limitations of previous studies, see also 19. Following the arguments
introduced until now, high-precision e+ data can now be used to constrain the main properties
of the Galactic pulsar population and of the PWN acceleration. In this contribution we build
upon previous works 17,18,8 and extend them significantly in various novel aspects 1.

2 Phenomenological models for pulsar populations

We simulate Galactic pulsars following the injection and propagation model summarized below,
and produce mock catalogs for five simulation setups (ModA-B-C-D-E). For each realization we

aGalactic pulsars are expected to contribute to the data on the e+ + e− and electron (e−) spectrum as well,
see e.g.7,8. However, the AMS-02 e+ data up to 1 TeV are currently the most precise observable to constrain the
characteristics of Galactic pulsar populations, being this the main scope of the present work. The e+ + e− data
is indeed dominated by the e− produced by supernova remnants (SNR)7,8.
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compute the e+ flux from every PWN. A summary of the simulated quantities is illustrated in
Table 1 in 1 and outlined in what follows.

2.1 Pulsar e+ injection

Pulsars are rotating neutron stars with a strong surface magnetic field, and magnetic dipole
radiation is believed to provide a good description for its observed loss of rotational energy 9.
We consider a model in which e± are continuously injected at a rate that follows the pulsar
spin-down energy. The injection spectrum Q(E, t) of e± at energy E and time t is described as:

Q(E, t) = L(t)

(
E

E0

)−γe

exp

(
− E

Ec

)
(1)

where the cut-off energy Ec is fixed at 105 TeV, E0 = 1 GeV and γe is the e
± spectral index. The

magnetic dipole braking L(t) is described by the function L(t) = L0/
(
1 + t

τ0

)n+1
n−1 , where τ0 is

the characteristic time scale and n defines the magnetic braking index. The total energy emitted
by the source only into e+ is given by Etot = ηW0 =

∫ T
0 dt

∫∞
E1

dEEQ(E, t), through which we
obtain the value of L0, fixing E1=0.1 GeV. The parameter η encodes the efficiency of conversion
of the spin-down energy into e+(which is half of the efficiency of conversion into e±). W0 is
the initial rotational energy of a pulsar with a moment of inertia I and rotational frequency
Ω0 = 2π/P0, W0 = Erot,0 = 1

2IΩ0
2 , and it’s determined for each mock pulsar using the pulsar

spin down model below. Since the spectral index γe of accelerated particles is uncertain, and
may vary significantly for each PWN, it is sampled from uniform distributions within [1.4-2.2].
The value of η for each source is sampled from a uniform distribution in the range [0.01-0.1].

2.2 Pulsar spin down

In each simulation, the total number of sources is fixed at NPSR = tmaxṄPSR, where tmax is the
maximum simulated age and ṄPSR is the pulsar birth rate. We here assume the maximum age
of the sources to be tmax = 108 yr, and ṄPSR = 0.01 yr−1.

The spin-down luminosity Ė = dErot/dt of a pulsar is the rate at which the rotational
kinetic energy is dissipated, and it’s related to the pulsar period and period derivative as Ė =
dErot
dt = IΩΩ̇ = −4π2I Ṗ

P 3 . Assuming a small deviation from the dipole nature of the magnetic

field B of the pulsar, the evolution of the star may be parameterized as Pn−2Ṗ = ak(B sinα)2 .
20, where the angle α > 0 describes the inclination of the magnetic dipole with respect to
the rotation axis, a is a constant of unit sn−3 and k takes the value of 9.76 × 10−40 sG−2 for
canonical characteristics of neutron stars. Within this model, the spin-down luminosity evolves

with time t as Ė(t) = Ė0

(
1 + t

τ0

)−n+1
n−1 . Finally, the prediction on the typical decay time τ0

is derived to be τ0 = P0

(n−1)Ṗ0
. By extending the functions implemented in the Python module

gammapy.astro.population 21,22, we sample the values of P0, B, n and α from the distributions
provided in 11 (CB20), which will be our benchmark model, see Table 1 in 1 for the parameter
intervals.

In order to assess the effect of different distributions for P0, B, n and α, we consider the
model in 23 (FK06 hereafter). We note that both CB20 and FK06 models have been calibrated to
reproduce the characteristics of the sources detected in the ATNF catalog 24, like the P , Ṗ , B,
flux densities at 1.4 GHz, Galactic longitudes and Galactic latitudes distributions. CB20 is the
most updated model and considers the variation of more parameters with respect to FK06.

2.3 Release, and propagation around sources

In our benchmark model we will consider only sources with ages above 20 kyr, since e± accel-
erated to TeV energies in the termination shock are believed to be confined in the nebula or in
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the SNR until the merge of this system with the ISM, estimated to occur some kyr after the
pulsar formation. We thus leave out sources for which the e± pairs might be still confined in
the parent remnant. However, this effective treatment does not account for possible spectral or
time-dependent modifications of the released particles. To understand the consequences of this
assumption on the interpretation of the AMS-02 e+ flux, we also test the hypothesis that only
the e± produced after the escaping of the pulsar from the SNR contribute to the flux at the
Earth. Following 8, we define tBS as the time at which the source leaves the parent SNR due to
its proper motion and eventually forms a bow-shock nebula. The formalism is reported in 25, to
which we refer for further details. To test this scenario we additionally simulate for each source
its birth-kick velocity, adopting its distribution as reported in 23 (FK06VB) and implemented in
gammapy.astro.population 21,22.

2.4 Pulsar spatial distribution

Using gammapy.astro.population 21,22 we adopt the radial surface density of pulsars ρL(r)
proposed by 10. As a comparison, we also consider the radial surface density ρF (r) in 23. We
sample the position r of each source combining the radial surface density with the spiral arm
structure of the Milky Way of 23 (see their Table 2 for the spiral arm parameters), as implemented
in gammapy.astro.population 21,22. We test only one spiral arm structure, since the most
important aspect in the computation of the e+ flux is the source density in the arms nearby the
Sun, instead of the position of the arms themselves. The distance of each source is d=|r− r�|,
with r� = (8.5, 0, 0)kpc.

3 Transport in the Galaxy

Once charged particles are injected in the Galaxy, they can propagate and eventually reach
the Earth. The number density per unit time, volume Ne(E, r, t) of e± at an observed energy
E, a position r in the Galaxy, and time t, which is the solution to the propagation equation
considering only diffusion and energy losses, is given by 14:

Ne(E, r, t) =

∫ t

0
dt′

b(Es)

b(E)

1

(πλ2(t′, t, E))
3
2

exp

(
− |r− rs|2
λ2(t′, t, E)

)
Q(Es, t

′) (2)

where the integration over t′ accounts for the PWN releasing e± continuously in time. The
energy Es is the initial energy of e± that cool down to E in a loss time Δτ ≡

∫ Es
E

dE′
b(E′) = t− tobs.

The b(E) term is the energy loss rate, rs indicates the source position, and λ is the typical

propagation length defined as λ2 = λ2(E,Es) ≡ 4
∫ Es
E dE′D(E′)

b(E′) where D(E) = D0E
δ is the

diffusion coefficient taken as a power-law in energy. The e± energy losses include ICS off the
ISRF and the synchrotron emission on the Galactic magnetic field. The flux of e± at the Earth
for a source of age T and distance d = |r� − rs| is given by Φe±(E) = c

4πNe(E, r = r�, t = T ).
We consider as benchmark case the propagation parameters as derived in 26 from a fit to the
latest AMS-02 data for the B/C, antiproton and proton data. Energy losses are computed on
the interstellar photon populations at different wavelengths following 27, by taking into account
the Klein-Nishina formula for ICS, and on the Galactic magnetic field with intensity B = 3 μG.
As a comparison, we will also implement the SLIM-MED model derived in 28, with the ISRFs
taken from 29 and B = 1 μG.

4 Simulation and fit strategies

We produce simulations for the following setups: ModA (benchmark): Spin-down and pulsar
evolution properties are taken from CB2011, while the radial surface density of sources is modelled
with 10. η and γe are extracted from uniform distributions, while the propagation in the Galaxy
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Figure 1 – Left: Total (secondary plus PWNe) e+ flux obtained from all the 8 simulations within ModA with
χ2
red < 1.5, along with AMS-02 data (black points). Right: Mean number of PWNe that satisfy the AMS-02

errors criterion in the single energy bin of AMS-02 data. We also show the 68% containment band for simulations
with χ2

red < 1.5.

is taking into account following 26. ModB (radial distribution effect): Same as ModA but with the
radial surface density of sources from 23. ModC (spin-down properties effect): Same as ModA, but
spin-down properties are taken from FK06 23. ModD (propagation effect): Same as ModA apart
for propagation in the Galaxy, modelled as in 28 (their model SLIM-MED). ModE (kick velocity
effect): Same as ModA, but considering only the e± emitted after the escaping of pulsars from
the SNR. The birth kick velocities are sampled adopting the distribution FK06VB reported in 23.

For each simulation setup we build and test 1000 simulations. We compute the e+ flux at the
Earth as the sum of the primary component due to PWNe emission, and a secondary component
due to the fragmentation of CRs on the nuclei of the ISM, taken from 26 or 28 consistently with
the propagation model employed. The secondary component enters in our fits with a free
normalization factor AS , which we generously let to vary between 0.01 and 3. We also let the
total flux generated by the sum of all PWNe to be shifted by an overall normalization factor
AP . The values of AP and AS are obtained for each simulation with the fit procedure. We fit
AMS-02 data2 above 10 GeV, in order to avoid strong influence from solar modulation and other
possible low energy effects. Nevertheless, we correct our predictions for solar modulation effects
following the force field approximation and leaving the Fisk potential φ free to vary between
0.4 and 1.2 GV. The comparison of our predictions with the AMS-02 e+ data is performed by
a standard χ2 minimization procedure.

5 Results

5.1 Fit to AMS-02 data

The fit of the predictions for the total e+ flux to the AMS-02 data is performed for all the
1000 simulations built for each scenario A-B-C-D-E. In all the tested setups, the number of
mock galaxies with a χ2

red < 1 (2) does not exceed 1% (4%). In order to inspect the effects of
different simulated Galactic populations, we plot in Figure 1 the total e+ flux for all the pulsar
realizations within ModA, and having χ2

red <1.5 on AMS-02 data. For energies lower than 200
GeV, differences among the realizations are indistinguishable. The data in this energy range
are very constraining. Instead, above around 300 GeV the peculiarities of each galaxy show up,
thanks to the larger relative errors in the data. Above 1 TeV the predictions are unconstrained by
data. Nevertheless, all the simulations predict globally decreasing fluxes, as expected by energy
losses and continuous e± injection. However, at these energies the total flux gets dominated by
the secondary component.
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5.2 How many dominant sources?

We inspect the average number of sources which contribute the most to the e+ and thus can
shape the AMS-02 flux. We adopt two complementary criteria to estimate the number of
sources that are responsible for the most significant contribution of the PWNe e+ emission:
(1)AMS-02 errors: we count all the sources that produce a flux higher than the experimental
flux error in at least one energy bin above 10 GeV; (2)Total flux 1%: we count the sources
that produce the integral of Φe±(E) between 10 and 1000 GeV higher than 1% of the total
integrated e+ flux measured by AMS-02. In Figure 1 we report the average number of PWNe
with the standard deviation (68% containment band) that contribute in the different energy
bins of AMS-02, for configurations with χ2

red < 1.5, adopting the AMS-02 errors criterion. On
average, 2-3 sources shine with a flux at least at the level of AMS-02 e+ data errors. We also
find a decreasing number of dominant sources with increasing energy for all the setup reported.
This result is partially induced by the larger experimental errors at high energy, which raise
the threshold for the minimum flux that a PWN has to produce in order to satisfy the AMS-02
errors criterion. Moreover, being the age simulated in a uniform interval, the number of young
sources responsible for the highest energy fluxes is smaller than for old pulsars, whose e+ have
suffered greater radiative cooling. Overall, it indicates that only a few sources with a large flux
are required in order to produce a good fit to the data.

5.3 Characteristics of sources dominating the e+ flux

For each Galactic realization of ModA with χ2
red < 1.5, we report in Figure 6a1 the distance, age

and maximum E3Φe+(E) of the PWNe satisfying the AMS-02 errors criterion. The data require
1 or 2 sources with high maximum E3Φe±(E), with ages between 400 kyr and 2000 kyr and
distances to the Earth less than 3 kpc. These sources produce fluxes peaked between 100 GeV
and 500 GeV, allowing good explanation to the data. Fluxes from farther PWNe contribute
less to the data. Sources with small maximum E3Φe±(E) and with ages between 2000 kyr and
104 kyr also satisfy the criterion, with flux peaks below 100 GeV where the secondaries are still
the dominant component. We do not find any particular difference between all the simulation
setups, except for ModD and ModE. Since the SLIM-MED propagation implemented in ModD

produces smoother fluxes, we find also some realizations with few more sources contributing
with a bright flux to the e+ data. In Figure 6b we report the distances, age and maximum
E3Φe±(E) values of the dominant PWNe for the mock galaxies with the worst χ2. These cases
give best-fit to the data with the maximum values allowed by the priors for AS and the lowest
values of AP . Moreover, there are not sources which satisfy the AMS-02 errors criterion with
an age between 400 kyr and 2000 kyr. In these galaxies, the trend of E3Φe±(E) at high energies
remains constant or decreases, and does not contribute sufficiently to the data above 50 GeV.
To compensate this effect, the fit procedure demands the highest value of AS . We also inspect
the distribution of best-fit efficiencies vs initial spin-down energy of each PWN that satisfies
the AMS-02 errors criterion, for each simulation with χ2

red < 1.5. The reported efficiencies are
obtained multiplying the simulated η values associated to a single source with the AP obtained
from the best fit of the corresponding galaxy. The efficiencies have a scattered distribution, and
in most cases they have a value between 0.01 and 0.1, confirming the goodness of the η interval
initially chosen. Data hint at a slight anti-correlation between η and W0. In order to check
that the characteristics of these pulsars are consistent with observations, we compute Ė from
W0, finding values quite common in nature. The ATNF catalog 24 lists about 60 sources with
Ė values higher than the maximum values obtained from sources in our simulations, namely
Ė ∼ 1036 erg s−1. We do not directly compare the W0 values, since for the sources of the ATNF
catalog to compute W0 we need to assume arbitrarily the value of n and τ0. Instead, in our
simulations we sample n and we compute τ0 from the simulated parameters like P0, that is also
strictly connected to W0.
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6 Summary & Conclusions

Precise AMS-02 e+ data give us unprecedented insights on primary CR antimatter sources, but
raise also new questions on the CR production and transport in our Galaxy. In this contribution,
the AMS-02 e+ data are used to constrain the main properties of the Galactic pulsar population
and of the PWN acceleration needed to explain the observed CR flux. To this aim, we simulate
a large number of Galactic pulsar populations, calibrated on ATNF catalog observations. The
result is fitted to AMS-02 e+ data. Our simulations are conducted under different hypothesis
about the pulsar spin-down and evolution properties, their radial distribution, and changing the
propagation models for e± propagation in the Galaxy, following the most recent self-consistent
modelings available in the literature.

Independently of the simulation scenario, we find that the vast majority of the galaxies
realizations produce several wiggles in the total contribution and therefore they do not fit well
the data. In all the tested setups, the number of mock galaxies with a χ2

red < 1 (2) does not
exceed 1% (4%). The different features of the flux from single PWNs are due to the peculiar
combination of the input parameters. We notice that the secondary flux, while decreasing
with energy, practically forbids the realization of sharp cut-offs in the e+ spectrum above TeV
energies. The galaxy realizations that fit properly the AMS-02 e+ data have between 2-3 sources
that produce a e+ yield at the level of the data errors. Moreover, these pulsars provide a smooth
spectrum that cover a wide energy range. We find that the dominant contribution comes from
sources located between 1 and 3 kpc from the Earth. Despite the smaller effect from radiative
cooling, the flux from sources within 1 kpc is lower due to the paucity of sources set along the
spiral arms of the Galaxy. Sources dominating the observed spectrum have ages between 400
kyr and 2000 kyr and distances to the Earth less than 3 kpc. These sources produce fluxes
peaked between 100 GeV and 300 GeV, where AMS–02 data are the most constraining. Finally,
we do not find any particular distribution for the pulsar efficiencies. In most cases they have a
value between 0.01 and 0.1 consistently with what found in our previous papers 14.

Our results are compared with other recent attempts of simulating pulsar populations 17,15,8

in the last section of 1. To move forward, we anticipate refinements on the acceleration, release
and propagation models around pulsars using multiwavelength probes, as well as a detailed
analysis of pulsar in source catalogs possibly matching the characteristics suggested by the
simulations.
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Testing the universality of cosmic-ray nuclei from protons to oxygen with AMS-02

M. Korsmeier
Stockholm University and The Oskar Klein Centre for Cosmoparticle Physics,

Alba Nova, 10691 Stockholm, Sweden

The AMS-02 experiment has provided high-precision measurements of several cosmic-ray (CR)
species. We review the implication of the CR measurements of antiprotons, protons, helium,
helium 3, boron, carbon, nitrogen, and oxygen. The achieved percent-level accuracy allows
us, for example, to investigate different CR propagation scenarios or to study the universality
of CR acceleration, a property expected in the standard scenario of CR shock acceleration.
We discuss two viable but competing propagation scenarios: The first scenario has a break
in the diffusion coefficient at a few GVs and excludes reacceleration, while the second uses
reacceleration and employs breaks in the power law of the primary injection spectra. We
carefully address the impact of systematic uncertainties on our analyses, emphasizing those
arising from nuclear production cross-sections of secondaries and correlations in the CR data.

1 Introduction

The availability of high-precision CR flux measurements by AMS-02 1 has stimulated many
studies of CR propagation 2,3,4,5,6,7. Galactic CRs propagate in a halo that extends a few kpc
above and below the Galactic plane. The so-called primary CRs are accelerated and injected
by astrophysical sources like supernova remnants. Here we consider the primaries are p, He, C,
N, and O. These primaries then propagate in the turbulent magnetic fields. At rigidities above
10 GV, the propagation of CR nuclei is dominated by diffusion, while at lower energies several
other effects impact their spectra. CRs can be reaccelerated by the scattering off magnetic
waves, they can be driven away from the Galactic plane by convective winds, and they can lose
energy by several processes. Energy losses are either continuous, for example by ionization, or
catastrophic, i.e. by fragmentation or decay. More specifically, fragmentation means that a
primary CR spallates on gas in the Galactic disk. CRs that fragment or decay are, however,
not lost but rather represent a source for the so-called secondary CRs. We consider p̄, 3He, Li,
Be, and B in the following. The combination of primary and secondary CR spectra provides
a powerful tool to constrain CR propagation. The most studied ratio in literature is B/C.
Furthermore, 10Be is important, it is a radioactive isotope with a decay time of about 1M years
which is of the same order as the propagation time of CRs in the Galaxy. Therefore, Be data
(for example the 10Be/9Be ratio) can be used to constrain the escape time of CRs from the
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Figure 1 – CR spectra of B/C and Be/B from AMS-02 compared with the results of different fits to the CR data
of Li/C, Be/B, B/C, C, N, and O of AMS-02. Solid lines show spectra after solar modulation while dashed lines
represent the interstellar spectra. Different CR propagation setups are distinguished by color. For two cases we
show results when using correlated errors (dotted lines). The lower panels show the residuals. For more details,
we refer to the text. The plots are taken from KC21a.

Galaxy which is related to the size of the diffusion halo. All those processes can be described
by a chain of coupled diffusion equations. We use the Galprop code to solve these equations
numerically. We assume a steady-state solution, cylindrical symmetry of our Galaxy, and free
escape of the CRs at the boundary of the diffusion halo.

AMS-02 provides CR flux measurements at a precision of a few percent. It is very challenging
to achieve a similar precision on the modeling side. Especially, the fragmentation cross sections
for the production of secondary CRs are only known with an uncertainty of about 20% to 30%.8,7

We incorporate this uncertainty by introducing nuisance parameters both for the normalization
and the energy shape of the fragmentation cross section. Then, when fitting the CR data we
include those nuisance parameters profiling over the existing uncertainties. We mainly consider
two different CR propagation setups. In the following, we briefly describe the basic setups. For
more details, we refer to the original publications 2,3, hereafter KC21a and KC21b.

1.1 DIFF.BRK

In this setup, the injection spectra of the primary nuclei follow a simple power law in rigid-
ity. The slope of the injection spectrum is labeled γ2. In contrast, the diffusion coefficient is
described by a double-broken power law in rigidity with the two breaks positioned at about 5
GV and 300 GV. The slopes below, between, and above the breaks are labeled δl, δ, and δh,
respectively. The transition at the first break is smoothened. We model convection and energy
losses. However, reacceleration is excluded from this setup. Solar modulation is modeled by
the force-field approximation. In total, this setup has up to 16 free parameters to describe CR
propagation.

1.2 INJ.BRK+vA

Compared to the previous setup, here we discard the first break of the diffusion coefficient, but
we consider reacceleration of CRs. Furthermore, we allow for a broken power law in the injection
spectrum of the CR primaries. Convection and solar modulation are treated as before. This
setup has up to 18 free parameters.
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1.3 Technical information

To sample the large space of CR propagation and cross section nuisance parameters we use Monte
Carlo methods, more specifically we interface Galprop with the nested sampling algorithm
implemented in the MultiNest code.9 Nevertheless, this is a very time-consuming analysis. A
typical CR fit requires two million likelihood evaluations and a single likelihood evaluation takes
about 200 cpu-s.

1.4 Correlations in the AMS-02 data

The structure of the AMS-02 flux data clearly indicates that the systematic uncertainties of the
fluxes exhibit a significant amount of correlation. However, this correlation is not quantified from
the AMS-02 collaboration. There have been some attempts to model the correlations from a
theoretical perspective. They are found to be very important when searching for DM signatures
in CR antiprotons.10,11

2 Implications of the secondaries: Li, Be, and B

The secondary nuclei Li, Be, and B and their primary parents C, N, and O have been studied
extensively in KC21a. The main result of that analysis is that both the DIFF.BRK and the
INJ.BRK+vA setups fit the AMS-02 data very well. We show the B/C and Be/B data as an
example in Figure 1. The total χ2s of the best fits are 170 and 169 for the two setups, respectively,
meaning that we cannot distinguish the two statistically. This is a remarkable result given that
the two setups are physically quite different. However, the cross section uncertainties mentioned
above play a crucial role. For DIFF.BRK, the cross section nuisance parameters mostly converge
to their default values, i.e. the cross sections parametrizations from Galprop (galdef option
12) allow a good description of the CR data. In contrast, the INJ.BRK+vA setup requires a
20% change of slopes below an energy of 5 GeV/nuc, consistently for all fragmentation cross
sections. Statistically, the default cross section parametrizations are excluded. In this sense,
nuclear fragmentation cross sections currently present a limiting factor for the interpretation of
the CR data from AMS-02. Namely, a better knowledge of the cross sections in the future would
enable us to discriminate between the different CR propagation scenarios. Further experimental
efforts to reduce the cross section uncertainties are required.

Despite the cross section uncertainties and the resulting ambiguity of propagation setup, we
can draw some robust conclusions. In particular, the slope and the normalization of the diffusion
coefficient are well constrained. As shown in Figure 2 (left panel) the slope, δ, is between 0.4
and 0.5 above 10 GV before softening by ∼0.15 above about 300 GV. These values point to a

Figure 2 – Left: Diffusion coefficient as a function of rigidity for three different propagation setups. Shaded bands
show the 2σ uncertainty. Center: χ2 profile as a function of halo hight zh for two data sets, BCNO (black) and
LiBeBCNO (blue). The consideration of Be data excludes small halo sizes. Right: Prediction of the 10Be/9Be
data for different values of halo size zh compared to the preliminary data from AMS-02. Left and central panel
are taken from KC21a.
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Kraichnan model of the turbulence. Below 10 GV the results for the diffusion coefficient are
less constrained because diffusion is degenerate with convection and reacceleration. Actually, we
find that both propagation setups work without convection meaning that the convection velocity
can be pushed to vc = 0 such that we only have an upper bound of vc ≤ 30 km/s. We note that
there is a small correlation between δ and vc: For vc = 0 the value of δ tends to 0.4 while for
larger values of vc it tends more to 0.5. The INJ.BRK+vA setup requires reacceleration with a
speed of the Alfven waves of about vA 
 20 km/s.

Finally, we perform dedicated fits to explore constraints on the size of the diffusion halo zh.
It is expected that the Be data is sensitive to zh since it contains the radioactive isotope 10

4Be
which decays to 10

5B with a lifetime of about 1M years. In Figure 2 (central panel) we show the
χ2-profile of zh for the DIFF.BRK framework. The results are shown for two data sets BCNO
(black) and LiBeBCNO (blue). It is clearly seen that the combination of Be and B data puts
constraints on the halo size. Small halos with zh < 4 kpc are strongly disfavored. This result is
robust with respect to the inclusion of correlated systematics in the AMS-02 data (dotted lines).
Similar conclusions hold for the INJ.BRK+vA framework, although the constraints weaken a
bit when correlations are included (see KC21a). Very recently AMS-02 presented a preliminary
measurement of the 10

4Be/
9
4Be flux ratio. In Figure 2 (right panel) we compare the prediction

of the best fit of the BCNO data set at different zh with the preliminary data. At first glance,
zh = 2 kpc clearly overshoots the data while values of 4 kpc and larger roughly agree with the
data validating our conclusions.

3 Universality of the primaries: He, C, and O

The precise data by AMS-02 allow us to have a detailed look at the primary CRs and to study
whether their injection spectra are universal. We performed fits of CR nuclei from protons to
oxygen and antiprotons. Various setups and systematics are investigated. All details can be
found in KC21b. Here we summarize the most important results.

Actually, the universality of CRs is broken between protons and helium as indicated by many
experiments already before AMS-02. Different solutions have been discussed in literature. They
mainly fall into either of two categories: i) The difference is explained by different populations
of sources with different compositions of hydrogen and helium12,13,14,15 or ii) diffusive shock
acceleration is found to be A/Z and Mach number dependent. The latter is supported by
numerical hybrid simulations.16,17 We note that there have also been attempts to explain the
differences by propagation effects, e.g. by the difference in fragmentation cross sections or gas
densities, which, however, requires pushing propagation parameters into unphysical regimes.18,19

In KC21b we have studied whether the universality of CR primaries can at least be reconciled

Figure 3 – Results of the fit to CR nuclei from p to O and p̄. We show the spectra of He, C, and O and compare
our results to the AMS-02 data for three setups: i) injection spectra are forced to be the same for He and CNO
(default), ii) a different injection slope is allowed for He (free He inj), and ii) the normalization of the diffusion
coefficient of light nuclei (p̄, p, He) can be different from the one of the heavier nuclei (free D0,light). The plots
are taken from KC21b.
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Figure 4 – Triangle plot showing χ2 profiles and the 2σ contours for a selection of injection parameters (left panel)
and diffusion parameters (right panel). The plots are taken from KC21b.

for the primary nuclei from He to O. The fluxes measured by AMS-02 follow the same spectral
behavior above ∼ 30 GV.20 We explore the two propagation setups detailed above, one with
reacceleration (labeled INJ.BRK+vA) and the other one with a break in the diffusion coefficient
instead (DIFF.BRK). Uncertainties on the fragmentation cross section of secondary CRs are
accounted for by the inclusion of nuisance parameters for the shape and normalization of the
cross sections to produce secondaries. We find that different source spectra are preferred for He
on the one hand and C, N, and O on the other hand, violating the universality of CR primary
injection spectra. Especially, the helium and the oxygen spectra are in conflict in the default
case where the spectral indices of He and CNO are forced to the same value, as can be seen
in Figure 3 (yellow points). The residuals improve significantly when the injection slopes are
allowed to be different (red points). We note that the actual difference in the spectral indices
is very small, about 0.05. However, the difference of γ2,He and γ2 (i.e. for CNO) is statistically
very significant. In Figure 4 (left panel), the 2σ contour is clearly incompatible with γ2,He = γ2.
The Δχ2 between the default fit and the one with free He injection spectrum are 148 and
357 for the setups DIFF.BRK and INJ.BRK+vA, respectively. In principle, different injection
slopes could be explained by different source populations not only for p and He but also for
CNO. However, the large number of free parameters and the loss of predictive power make this
explanation unappealing. On the other hand, the explanations relying on an A/Z dependence
of shock acceleration cannot explain this difference, since He, C, and O all have the same value
for A/Z.

One alternative could be inhomogeneous diffusion in our Galaxy. Because of their different
inelastic cross sections, CR nuclei sample different volumes of the Galaxy.21 We take an effective
approach and introduce a model with different values for the normalization of the diffusion
coefficient of the light nuclei p, He, and p̄ (D0,light) with respect to the heavier nuclei (D0). In
this case, we can restore the universality at the level of injection spectra. Then, D0,light = D0

is clearly excluded. We find that D0,light is about 25% smaller than D0, as shown in Figure 4.
Furthermore, Figure 3 shows that also this setup significantly improves the residuals of He and
O compared to the default case.

4 Conclusion

We observe that the long-standing propagation models for CR nuclei provide a good descrip-
tion of the recent AMS-02 measurements, which is a non-trivial result given the extremely
precise data. Nonetheless, we are not able to distinguish between different propagation frame-
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works with either a break in the diffusion coefficient at ∼ 5 GV (DIFF.BRK) or reacceleration
(INJ.BRK+vA). The uncertainties of the nuclear fragmentation cross section which are at the
level of 20% to 30% play a crucial role. They are about four times larger than the uncertainties
of the AMS-02 flux measurements. We showed that those cross section uncertainties are cur-
rently a limiting factor when we are trying to distinguish between the CR setups DIFF.BRK and
INJ.BRK+vA. Above ten GV the diffusion coefficient is constrained very precisely and agrees
well for different CR propagation schemes. Furthermore, the combination of Be and B nuclei
allows us to place a lower bound on the vertical size of the diffusion halo.

In contrast, a closer look a the primary CR He, C, and O reveals a clear preference for
non-universal injection spectra. At first glance, this might be an astonishing result because the
measured fluxes follow the same spectral behavior. But propagation effects, like fragmentation
losses or the production of secondaries, affect He and O very differently. Conversely, measuring
the same spectral index at the level of propagated fluxes means that the injection spectra have
to be different. An alternative that can restore the universality of the injection spectra is
inhomogeneous diffusion.
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21. G. Jóhannesson et al. Astrophys. J. 824 (2016) 16 [1602.02243].

58



Measurement of the proton maximum acceleration energy in galactic cosmic rays

G. Di Sciascio
INFN - Roma Tor Vergata, Viale della Ricerca Scientifica 1, Roma, Italy

Cosmic rays represent one of the most important energy transformation processes of the uni-
verse. They bring information about the surrounding universe, our galaxy, and very probably
also the extragalactic space, at least at the highest observed energies. More than one cen-
tury after their discovery, we have no definitive models yet about the origin, acceleration and
propagation processes of the radiation. The main reason is that there are still significant
discrepancies among the results obtained by different experiments, probably due to some still
unknown systematic uncertainties affecting the measurements. In this paper, we will focus on
the detection of galactic cosmic rays in the 1015 eV energy range, where the so-called ‘knee’
in the all-particle energy spectrum is observed.

1 Introduction

The origin of Cosmic Rays (CRs) is still an open problem. The observation of the diffuse
gamma-ray emission from the galactic disk is the strongest demonstration that the bulk of CRs
are Galactic, together with the observation that the gamma flux from LMC is weaker than
expected according to the mass of the target 1. In fact, in 1962 Hayakawa suggested that CR
protons meet the InsterStellar Medium (ISM) producing photons through the decay of neutral
pions after a pp or a pγ interaction, with the gamma flux roughly scaling with the amount of
crossed material 2. In addition, magnetic fields at work in the Galaxy can confine CRs with
energy E if the Larmor radius of these particles, rL(E), is smaller than the dimension of the
galactic halo H, rL(E) ≤ H. If the magnetic field in the ISM is ∼ μG and H ∼kpc we obtain
that CRs protons with energy E ≤1016−17 eV could be confined in the Galaxy.

These considerations are the basis of the CR standard model: the bulk of CRs up to about
1017 eV are Galactic, produced and accelerated by the shock waves of SuperNova Remnants
(SNR) expanding shells 3, The particles diffuse over very long time (a few Myears) inside the
Galaxy under the effects of the magnetic fields which scramble their arrival direction distribution.
A transition to an extragalactic component is expected somewhere between 1017–1019 eV.

The primary CR all-particle energy spectrum (namely the number of nuclei as a function of
total energy) exceeds 1020 eV and is shown in Fig. 1. On general grounds, the spectrum can
be described by different simple power laws (∼ K ·E−γ) in adjacent energy intervals separated
by some features consisting in more or less rapid change of the spectral index γ. These features
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Figure 1 – All-particle energy spectrum of primary cosmic rays measured by different experiments.

can be described as a series of hardening (“knee-like”) or softening (“ankle-like”) of the energy
spectrum. Despite the differences in flux, emphasized by multiplying the differential spectrum
by E3, all the measurements of the all-particle energy spectrum are in fair agreement when
taking into account the statistical, systematic and energy scale uncertainties. They all show a
few basic characteristics:

(a) a power-law behaviour ∼ E−2.7 until the so-called “knee”, a small downwards bend around
few PeV;

(b) a power-law behaviour ∼ E−3.1 beyond the knee, with a slight dip near 1017 eV, sometimes
referred to as the “second knee”;

(c) a transition back to a power-law ∼ E−2.7 (the so-called “ankle”) around 4− 5 · 1018 eV;

(d) a cutoff probably due to extra-galactic CR interactions with the Cosmic Microwave Back-
ground (CMB) around 1020 eV (the Greisen-Zatsepin-Kuzmin effect).

All the observed features are believed to carry fundamental information that sheds light on
the key questions of the origin, acceleration and propagation of CRs. However, from the all-
particle results alone, it is not possible to understand the origin of different features. All models
concerning sources, acceleration and propagation of the primary flux, differ considerably for
what concerns expected elemental composition as a function of the energy. A measurement of
the chemical composition is therefore crucial to disentangle between different hypotheses.

Around 1015 eV the flux is so low (about 1 particle/m2/year) that the only chance to have
a statistically significant detection is to built earth-based detectors of large area, operating for
long times. In that case, the atmosphere is considered as a target, and we study the primary
properties in an ‘indirect’ way, through the measurement of secondary particles produced in the
interaction of the primary particle with the nuclei of the atmosphere, the so-called ‘Extensive
Air Shower’ (EAS).

Approaching the hundred TeV energy region, even in space-borne experiments, the energy
assignment is indirect since it is generally based on the energy deposition of particles produced
in the interaction of primaries in the detector itself. The reconstruction of the total energy is
then obtained by comparison with some model prediction, and therefore, at least in that region,
the boundary line between ‘direct’ and ‘indirect’ experiments is more uncertain.
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The great variety of detection levels, layouts, observables, and reconstruction procedures to
infer the elemental composition is at the origin, in part, of the conflicting results reported by
different ground-based experiments above 100 TeV 4. Arrays focused on the investigation of the
knee region operated so far are also characterized by a limited size of the instrumented area.
They collected limited statistics above 1016 eV, and were, therefore, unable to give a conclusive
answer to the origin of the knee. In fact, the poor sensitivity to elemental composition, due to the
small statistics, prevents discrimination against different mass groups, and only general trends
can be investigated in terms of the evolution of 〈lnA〉 or of “light” and “heavy” components
with energy.

2 The ”Knee” in the all-particle energy spectrum

The main structure is the “Knee” observed for the first time by R.W. Williams in 1948 in the
experiment which first located individual shower cores from symmetry of the fired detectors
5,6. We do not know the origin of the knee but, as first suggested in 1959 by Kulikov and
Khristiansen 7, this feature could be connected to the maximum energy at which Galactic CRs
are accelerated and, consequently, to the end of the Galactic CR flux.

In 1961 Peters 8 proposed a rigidity-based scheme to explain the mechanism of particle
acceleration. According to this model protons will cutoff first, followed by other nuclei according
to the relation

Emax(Z) = Z × Emax(Z = 1). (1)

If the dominant primary mass of the knee is light (protons and helium), then, according to this
scheme, the Galactic CR spectrum is expected to end with iron at about 1017 eV, where a second
knee is observed. The different experiments observe a knee at about 3-4 PeV, a small softening
at about 10-15 PeV and a second knee around 200 – 300 PeV (see Fig. 1).

To quantify the different features in this energy range we described the energy spectrum
measured by ARGO-YBJ 9, Tibet ASγ 10, Tunka-133 11, KASCADE-Grande 12, TALE 13 and
IceTop 14 experiments with a widely used form 15,16,17,18,19

φ(E) = K0

(
E

E0

)−γ1
[
1 +

(
E

Eb

) 1
w

]−(γ2−γ1)w

(2)

The absolute flux K0 and the spectral index γ1 quantify the power law. E0 is a reference energy.
The flux above the cut-off energy Eb is modeled by a second and steeper power law. The
parameters γ2, the slope beyond the knee, and w > 0, the smoothness of the transition from the
first to the second power law, characterize the change in the spectrum at the cut-off energy. A
value w = 0 corresponds to a steep transition that soften with increasing values 18.

In Fig. 2 some selected measurements of the all–particle energy spectrum in the energy
region from 8 · 104 to 2 · 109 GeV are shown. The data come from ARGO-YBJ 9,Tibet ASγ
(Sibyll) 10, Kascade-Grande 12, IceTop 14, Tunka-133 11, TALE 13 experiments. As it can be
seen, ARGO-YBJ and Tibet ASγ are the only shower arrays that traced the knee in detail,
starting from more than an energy decade below. Instead the other experiments have an energy
threshold too close to the knee.

Different spectra agree in showing a knee at a few PeV, an ankle right after and a second knee
at about 200–300 PeV. But the different experiments also show important differences related to
large systematic errors. By assuming the existence of these structures we described the spectra
with the formula (2) summarizing the best fit parameters in Table 1. The spectrum is described
as four segments with constant spectral index, γ1, γ2 and γ3, separated by three spectral features
(a knee, an ankle and another knee) with break energies Eb1, Eb2 and Eb3 and widths w1, w2

and w3. We used the total error, combining quadratically statistically and systematic errors.
As expected the most accurate determination of the first knee comes from the ARGO-

YBJ/Tibet ASγ global fit with Eb1 = 3.72 ± 0.03 PeV. The spectral index before the knee is
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Figure 2 – All-particle energy spectra of primary cosmic rays measured by TALE 13, IceTop 14, Tunka-133 11,
ARGO-YBJ 9, Tibet ASγ 10, KASCADE-Grande 12 experiments. The total errors are plotted. The lines are fits
to the different spectra with the formula (2). Best fits parameters are reported in Table 1.

Table 1: Fits to the all–particle CR spectra in the energy range 8 · 104 to 2 · 109 GeV.

(a) Parameters for the first Knee.

Experiment Eb1 (PeV) γ1 γ2 w1

TALE 4.26 ± 1.65 2.76 ± 0.18 3.11 ± 0.07 0.07 ± 0.18
IceTop 3.30 ± 1.23 2.48 ± 0.08 3.12 ± 0.12 0.30 ± 0.46
Tunka–133 4.18 ± 0.83 2.76 ± 0.09 3.20 ± 0.04 0.15 ± 0.16
ARGO–YBJ/Tibet ASγ 3.72 ± 0.03 2.66 ± 0.01 3.13 ± 0.01 0.11 ± 0.01
Kascade–Grande 2.10 ± 0.87 2.47 ± 0.04 3.16 ± 0.14 0.60 ± 0.51

(b) Parameters for the ankle feature.

Experiment Eb2 (PeV) γ2 γ3 w2

TALE 16.61 ± 8.36 3.11 ± 0.05 2.93 ± 0.05 0.07 ± 0.05
IceTop 18.66 ± 6.65 3.12 ± 0.12 2.92 ± 0.05 0.05 ± 0.05
Tunka–133 18.70 ± 3.88 3.20 ± 0.04 2.96 ± 0.05 0.17 ± 0.45
ARGO–YBJ/Tibet ASγ 43.8 ± 4.81 3.13 ± 0.01 2.86 ± 0.05 0.01 ± 0.01
Kascade–Grande 18.01 ± 17.4 3.16 ± 0.14 2.83 ± 0.45 0.66 ± 1.74

(c) Parameters for the second Knee.

Experiment Eb3 (PeV) γ3 γ4 w3

TALE 104.5 ± 40.0 2.93 ± 0.05 3.18 ± 0.06 0.02 ± 0.02
IceTop 168.4 ± 17.4 2.92 ± 0.05 3.50 ± 0.40 0.25 ± 0.16
Tunka–133 238.2 ± 56.8 2.96 ± 0.05 3.34 ± 0.19 0.05 ± 0.50
Kascade–Grande 274.5 ± 122 2.83 ± 0.45 3.20 ± 0.13 2.47 ± 0.97
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γ1 = 2.66±0.01 and after γ2 = 3.13±0.01. The small ankle feature results at about 18 PeV with
an index softening at about 3. In this case data from Tibet ASγ are not statistically significant
for a precise determination. The determination of the second knee is spread in the range 100–300
PeV with a hardening of the spectrum at about 3.3 .

3 Measurement of the “Knee” in the (p+He) energy spectrum

Several experimental results associate the all-particle knee with the bending of the light com-
ponent (p+He), and are compatible with a rigidity-dependent cut-off 21,20,22,23,24,25. However,
in some experiments the flux of the different components vary significantly depending on the
hadronic interaction model used to interpret the data 20,22,23. On the contrary, other results (in
particular those obtained by arrays located at high altitudes) seem to indicate that the knee of
the all-particle energy spectrum is due to heavier nuclei and that the light component cuts off
below 1 PeV 9,21,26,27,28,29.

In Figure 3 the energy spectra of the light component as measured by the ARGO-YBJ 9 and
KASCADE 20,22,23 experiments are shown. This plot exemplifies the conflicting results in the
knee region. ARGO-YBJ shows evidence of a (p+He) cutoff below the PeV, KASCADE on the
other hand reports a light knee at few PeV, consistent with the position of the all-particle knee.

ARGO-YBJ, located at 4300 m a.s.l., did not exploit a measurement of the muon component
to determine the elemental composition of the primary CR flux. On the contrary, KASCADE,
located at sea level, used the Ne/Nμ correlation to select different primary masses with two
different hadronic interaction models 20,22,23.
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Figure 3 – Energy spectra of the light (p+He) component as measured by the ARGO-YBJ 9 experiment with
different techniques and analyses, compared with results obtained by KASCADE with two different interaction
models 20,22,23. The dashed line shows a global fit to all ARGO-YBJ results.

ARGO-YBJ is the only experiment that traced the (p+He) component across the knee start-
ing from an energy so low (≈TeV) to overlap with direct measurements thus cross-calibrating
the fluxes on a wide energy range (5–250 TeV). The cross-calibration of fluxes in this energy
range, where the boundary line between ‘direct’ and ‘indirect’ measurements is uncertain, is very
important. The low energy threshold allowed also a calibration of the absolute energy scale at
a level of 10% exploiting the Moon Shadow technique in the 1–30 TeV/Z range 30. The energy
threshold of KASCADE is, on the contrary, about 1 PeV.
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The ARGO-YBJ experiment measured the CR energy spectra exploiting completely different
and independent methods 9,30,31,32:

• ‘Digital-Bayes’ analysis, based on the strip multiplicity, that is, the picture of the EAS
provided by the RPC strip/pad system, in the few TeV–300 TeV energy range. The
selection of light elements is based on the characteristics of the charged particle lateral
distribution 30,31,32,33.

• ‘Analog-Bayes’ analysis, based on the RPC charge readout 34, covers the 30 TeV–10 PeV
range. The energy is reconstructed, as in the previous analysis, by using a bayesian
approach.

• ‘Hybrid measurement’, carried out exploiting also a wide field of view Cherenkov telescope,
a prototype of the LHAASO telescopes, in the 100 TeV–3 PeV region. The selection of
(p+He)-originated showers is based on two observables, the shape of the Cherenkov image
and the particle density in the core region measured by the ARGO-YBJ central carpet.
The energy is reconstructed by the telescope with a resolution better than 20% 35,26.

As it can be seen from Fig. 3, all ARGO-YBJ results are in good agreement. The contamination
of nuclei heavier than helium is estimated smaller than 15% at 1 PeV in all analyses.

A global fit to the ARGO-YBJ measurements with the formula (2) gives the following results:
Eb = 914 ± 259 TeV, γ1 = 2.64 ± 0.01, γ2 = 3.98 ± 0.42, w = 0.20 ± 0.13, showing the (p+He)
energy spectrum can be described by a single power law in the range TeV – 800 TeV.

In Fig. 4 the ARGO-YBJ and KASCADE data are compared with results obtained by other
air shower arrays HAWC 36, EAS-TOP 21 and Tibet ASγ10, and with measurements from direct
detectors ATIC 37, CREAM 38, NUCLEON 39 and DAMPE 40.
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Figure 4 – Energy spectra of the light (p+He) component as measured by ARGO-YBJ and KASCADE compared
with data from HAWC, EAS-TOP and Tibet ASγ air shower arrays, and with measurements from direct detectors
ATIC, CREAM, NUCLEON and DAMPE.

Around 10 TeV ARGO-YBJ, DAMPE, CREAM, NUCLEON are in fair agreement within
the systematic uncertainties. Extrapolations of ARGO-YBJ results are in fair agreement with
DAMPE down to about 100 GeV. Close to 100 TeV all experiments are in agreement within the
systematic uncertainties. These results show that, when indirect measurements are capable of
selecting almost pure beams, their findings are in fair agreement with direct ones and confirm
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that current simulation models provide a satisfactory description of the EAS development in the
atmosphere.

Nevertheless, in the 10 – 100 TeV energy range HAWC, ATIC, DAMPE and NUCLEON
fluxes are higher than ARGO-YBJ showing evidence of a possible deviation from a single power
law behaviour. None of these experiments made measurements up to the knee of the all-particle
energy spectrum to calibrate the fluxes and only NUCLEON, ATIC and HAWC measured the
all-particle spectrum reporting a flux higher than ARGO-YBJ and Tibet ASγ.

Above 100 TeV ARGO-YBJ and Tibet ASγ are in good agreement showing both a cut off
in the (p+He) component below 1 PeV.

4 Conclusions and outlook

The results obtained in the knee region, starting from about 10 TeV, are conflicting, in particular
for what concern the elemental composition. Evidence for a deviation from a single power law in
the 10–100 TeV range is reported by different experiments. The observation of a (p+He) cut-off
below the knee quoted by ARGO-YBJ, Tibet ASγ, CASA-MIA, BASJE-MASS is at variance
with results reported by other experiments such as KASCADE, IceTop, Tunka. In Fig. 5 a
selection of all-particle and light component energy spectra in the knee region is shown. Some
(p+He) fluxes are at level of the all-particle fluxes measured by other experiments.
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Figure 5 – All-particle and light (p+He) energy spectra measured by a selection of detectors.

New measurements able to trace at least the light and heavy components in the energy
range 1012 − 5 · 1017 eV with high statistics are needed. The only experiment that meets these
requirement is LHAASO, a new multi-component array located at high altitude (4410 m asl, 600
g/cm2) in the Daochen site, Sichuan province, P.R. China. LHAASO is expected to measure the
energy spectrum, the elemental composition and the anisotropy of CRs starting from the TeV
range, thus overlapping direct measurements in a wide interval41. The experiment is constituted
by a 1 km2 dense array of plastic scintillators and muon detectors. At the center of the array
a 300 × 300 m2 water Cherenkov facility will allow the detection of TeV showers. An array of
18 wide field of view Cherenkov telescopes will image the longitudinal profile of events. With
a 40,000 m2 area muon detector LHAASO will study the muonic component and the Ne/Nμ

correlation with unprecedented sensitivity and resolution.

65



References

1. M. Ackerman et al., Astron. Astrophys. 586, A71 (2016).
2. S. Hayakawa, Phys. Lett. 1, 234 (1962).
3. L.O. Drury, Astropart. Phys. 39–40, 52 (2012).
4. G. Di Sciascio, Appl. Sci. 12, 705 (2022).
5. R.W. Williams, Phys. Rev. 74, 1689 (1948).
6. J. Linsley, Proc. ICRC 12, 135 (1983).
7. G.V. Kulikov, Sov. Phys. JETP 35, 441 (1959).
8. B. Peters, Il Nuovo Cimento 22, 800 (1961).
9. G. Di Sciascio, Int. J. Mod. Phys. D 23, 1430019 (2014).

10. M. Amenomori et al., ApJ 678, 1165 (2008).
11. V.V. Prosin et al., EPJ Web of Conferences 99, 04002 (2015).
12. S. Schoo et al., POS(ICRC2015) 263, (2015).
13. R.U. Abbasi et al., ApJ 865, 74 (2018).
14. M.G. Aartsen et al., Phys. Rev. D 100, 082002 (2019).
15. S.V. Ter-Antonyan and L.S. Haroyan, hep-ex/0003006 , (2000).
16. G. Schatz, Astropart. Phys. 17, 13 (2001).
17. J.H. Hörandel, Astropart. Phys. 19, 193 (2003).
18. P. Lipari, Astropart. Phys. 97, 197 (2018).
19. P. Lipari and S. Vernetto, Astropart. Phys. 120, 102441 (2020).
20. T. Antoni et al., Astropart. Phys. 24, 1 (2005).
21. M. Aglietta et al., Astropart. Phys. 21, 583 (2004).
22. W.D. Apel et al., Astropart. Phys. 31, 86 (2009)
23. W.D. Apel et al., Astropart. Phys. 47, 54 (2013)
24. A.P. Garyaka et al., Astropart. Phys. 28, 169 (2007).
25. H. Tanaka et al., J. Phys. G Nucl. Part. Phys. 39, 025201 (2012).
26. B. Bartoli et al., Phys. Rev. D 92, 092005 (2015).
27. M. Amenomori et al., Phys. Lett. B 632, 58 (2006).
28. M.A.K. Glasmacher et al., Astropart. Phys. 12, 1 (1999).
29. S. Ogio et al., ApJ 612, 268 (2004).
30. B. Bartoli et al., Phys. Rev. D 84, 022003 (2011).
31. B. Bartoli et al., Phys. Rev. D 85, 092005 (2012).
32. B. Bartoli et al., Phys. Rev. D 91, 112017 (2015).
33. B. Bartoli et al., Astrop. Phys. 93, 46 (2017).
34. B. Bartoli et al., Astropart. Phys. 67, 47 (2015).
35. B. Bartoli et al., Chinese Phys. C38, 045001 (2014).
36. A. Albert et al., Phys. Rev. D 105, 063021 (2022).
37. H.S. Ahn et al., Adv. Sp. Res. 37, 1950 (2006).
38. Y.S. Yoon et al., ApJ 728, 122 (2011).
39. V. Grebenyuk et al., Adv. Space Res. 64, 2546 (2019)
40. F. Alemanno et al., PoS(ICRC2021) 117, (2021).
41. X. Bai et al., arXiv 1905.02773, (2019).

66



Investigating hadronic interactions at ultra-high energies
with the Pierre Auger Observatory

Isabel Goos a on behalf of the Pierre Auger Collaboration b
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10 Rue Alice Domon et Léonie Duquet, 75013 Paris, France

The development of an extensive air shower depends not only on the nature of the primary
ultra-high-energy cosmic ray but also on the properties of the hadronic interactions. For
energies above those achievable in human-made accelerators, hadronic interactions are only
accessible through the studies of extensive air showers, which can be measured at the Pierre
Auger Observatory. With its hybrid detector design, the Pierre Auger Observatory measures
both the longitudinal development of showers in the atmosphere and the lateral distribution
of particles that arrive at the ground. This way, observables that are sensitive to hadronic in-
teractions at ultra-high energies can be obtained. While the hadronic interaction cross-section
can be assessed from the longitudinal profiles, the number of muons and their fluctuations
measured with the ground detectors are linked to other physical properties. In addition to
these direct studies, we discuss here how measurements of the atmospheric depth of the max-
imum of air-shower profiles and the characteristics of the muon signal at the ground can be
used to test the self-consistency of the post-LHC hadronic models.

1 Introduction

The Pierre Auger Observatory is primarily designed to detect cosmic rays with energies above
around 1018 eV via the extensive air showers they generate in the earth’s atmosphere. It employs
a hybrid technique to measure the properties of the primary cosmic ray 1. On the one hand, a
surface detector (SD) consisting of 1600 water-Cherenkov detectors, arranged on an isometric
triangular grid with 1500 m spacing, covers an area of 3000 km2. This array samples the lateral
distribution of the particles of extensive air showers that arrive at the ground. The signal and
timing information of triggered stations are used to estimate the primary energy and reconstruct
the shower geometry. On the other hand, a fluorescence detector (FD), comprising 27 telescopes
and spread between four sites, overlooks the surface detector. These telescopes observe the
longitudinal development of extensive air showers through the fluorescence light emitted by
de-exciting atmospheric nitrogen molecules. They provide a calorimetric measurement of the

agoos@apc.in2p3.fr
bhttp://www.auger.org/archive/authors 2022 03.html
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primary energy and a complementary description of the shower geometry. Furthermore, they
measure the depth Xmax (in g/cm2) in the atmosphere where an air shower attains its maximum
number of particles. In addition, several instrumental upgrades, an endeavor collectively called
AugerPrime, are being deployed in order to disentangle the number of muons Nμ

2. As will be
discussed here, this complementary measurement is important to improve the understanding of
extensive air showers.

Measuring the energy spectrum of ultra-high energy cosmic rays is of prime importance for
understanding the origin and mechanisms of cosmic ray acceleration and propagation. Another
open question regarding the energy spectrum is about the origin of the flux suppression observed
at the highest energies. Cosmic rays can reach energies up to around 1020 eV, which corresponds
to

√
s ∼ 200 TeV in the center of mass frame. Considering that the highest available energy in

a human-made accelerator is of
√
s = 13 TeV at the LHC, this means that cosmic rays open

the unique possibility of studying hadronic interactions at ultra-high energies. Current high-
energy hadronic interaction models used to simulate extensive air showers rely on extrapolation
of physical quantities towards cosmic ray energies and also phase-space regions inaccessible
in man-made experiments. These models are used to compare the observables obtained from
simulations with those measured at Auger and to understand the relationship they have with
physical parameters.

Up to now, none of the available high-energy hadronic interaction models has been able
to describe all observables of extensive air showers consistently. Any observed inconsistency
hints at a deficiency in the models. Thus, looking for inconsistencies helps understanding where
improvement in the models is needed. It is still possible to study the relationship between
certain observables and physical parameters, which provides a way of performing direct mea-
surements using cosmic ray observations. It is worth noting that air shower observables are not
necessarily independent of one another, which means that performing these studies, considering
simultaneously many observables, might render a more complete picture.

2 Search for inconsistencies

In this section, we present a selection of studies performed to investigate the consistency
between measured observables and their values obtained from simulations done using different
high-energy interaction models. The generators used in the works reviewed here are EPOS-
LHC 3, Sibyll2.3 4 and QGSJetII-04 5.

2.1 Depth of maximum development

One of the most robust mass sensitive observables is the depth of the shower maximum
Xmax. This sensitivity relies on the fact that extensive air showers generated by lighter pri-
maries develop deeper into the atmosphere than those initiated by heavier primaries. The latest
results 6 for the energy evolution of the first two moments of Xmax, superimposing FD and SD
measurements, are shown in figure 1. Their comparison with the extreme scenarios of proton
and iron showers, simulated using different high-energy interaction models, reveals not only that
the models generate values of Xmax consistent with those measured. It also reveals that the av-
erage mass of cosmic rays evolves towards a lighter composition between 1017.2 and 1018.3 eV,
which is linked to their origin 7. At higher energies, the trend is reversed, and the average mass
increases with energy.

However, when comparing the energy evolution of the mean ofXmax with that of its standard
deviation, a certain tension can be observed for QGSJetII-04. For energies close to 1018.2 eV
and according to QGSJetII-04, the mean of Xmax corresponds to that of a pure proton flux. At
the same time, the standard deviation of Xmax is lower than what it would be for a pure proton
scenario.
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Figure 1 – Energy evolution of the mean of Xmax (left) and its standard deviation (right) as measured at the
Pierre Auger Observatory compared to proton and iron shower simulations. Figures from 6.

2.2 Number of muons

The number of muons is also a mass sensitive observable because the higher the mass of the
primary cosmic ray, the more muons are produced. One way to obtain the number of muons
from extensive air showers is by considering only inclined showers (exceeding 62◦). For these,
the electromagnetic component is absorbed in the atmosphere, and the particles measured at the
ground are only muons or their decay products. The average number of muons and its relative
fluctuation, measured this way at the Pierre Auger Observatory 8, are shown as a function of
energy in figure 2. More specifically, Rμ is the integrated number of muons at the ground divided
by a reference value given by 〈Nμ〉 for simulated showers at 1019 eV. The obtained values are
compared to the extreme proton and iron scenarios from simulations. This time, it is evident
that the mean number of muons is not well reproduced by simulations, while the measurement
of the relative fluctuations falls within the range that is expected from current high-energy
hadronic interaction models. Simulations, performed using any of these models, yield a number
of muons which is low compared to measurements. This is the so-called muon deficit problem.

Figure 2 – Energy evolution of the average number of muons (left) and its relative fluctuation (right) measured
at the Pierre Auger Observatory for inclined showers. The results are compared to proton and iron shower
simulations. Figures from 8,9.

In order to perform a comparison between measured and simulated values of the average
number of muons and its relative fluctuation simultaneously, a particular energy value needs to
be fixed. The result obtained for a primary energy of 1019 eV is shown in figure 3, left. Here, not

69



Figure 3 – Left: Data measured at the Pierre Auger Observatory (black dot) compared to the average number
of muons and its relative fluctuation obtained from simulations. The simulated expected values are obtained for
any mixture of the four primaries p, He, N and Fe and are represented by the colored contours. The star symbols
indicate the values that correspond to the mass composition mixture derived from Xmax measurements. Right:
Average logarithmic muon content as a function of the average maximum shower depth. Figures from 8,9.

only the extreme scenarios of proton and iron initiated showers were used to construct the region
of possible values covered by simulations. Sets of helium and nitrogen initiated showers and of
all possible combinations of these four different primaries were considered as well (represented by
colored contours). None of the predictions from the hadronic interaction models, considering a
mass composition mixture derived from Xmax measurements (represented by stars), is consistent
with the measurement (represented by the black dot). The increases in the average number of
muons, necessary to reconcile the simulated values with the measurement, vary from 26% to
43%, depending on the high-energy interaction model used in the simulations.

The comparison between measured and simulated values of the mean logarithmic muon
content and the average maximum shower depth are shown in figure 3, right. Also here it is
evident that, even though the simulated mean value of Xmax is consistent with data, the mean
logarithmic muon content is not well reproduced. The correction(s) needed in the high-energy
hadronic interaction models to reproduce the muon content correctly might very well change the
models in a way that the mean Xmax values are also altered. From figure 3 (right) it becomes
clear that this would lead to a change in the interpretation of the mass composition.

When considering the measured cosmic ray flux, which implies having a mixed composition,
an anti-correlation between the number of muons and Xmax can be observed. This derives from
the fact that showers from heavier primaries develop quicker in the atmosphere, rendering thus
smaller Xmax-values. At the same time, this means a higher number of muons. This strong
interplay between the number of muons and Xmax motivates the study presented in the next
section.

2.3 Adjustments to the predictions of Xmax and the hadronic signal at the ground

Considering observables one by one only indicated that increasing the muon content without
the necessity of changing the values of Xmax was enough to obtain a consistent picture. However,
performing ad-hoc adjustments to the predictions from hadronic interaction models in order to
improve their consistency with observed two-dimensional distributions proves different 10. In
this work, two-dimensional distributions of the depth of shower maximum Xmax and the signal
at the ground were considered. In order to improve the consistency, a global shift ΔXmax of the
predicted shower maximum and a re-scaling RHad of the simulated hadronic component at the
ground (which includes muons and electromagnetic halos from their decays) are allowed. The
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Figure 4 – Left: Two-dimensional distributions of XRef
max and SRef(1000) measured at the Pierre Auger Observatory

in the energy range 1018.5 − 1019.0 eV. Data are divided into five zenith angle bins. The distribution for the bin
in the middle is shown here. Right: Correlation between the re-scaling parameter of the hadronic signal for the
minimal zenith angle bin and the shift parameter of the depth of maximum development. Different high-energy
hadronic interaction models are considered. Figures from 10.

latter depends on the zenith angle.

The method is based on a maximum likelihood fit of the two-dimensional distributions
of Xmax and the signal at the ground at a distance of 1000 m from the core, denoted by
S(1000). This signal is measured by the water-Cherenkov stations of the SD at the Pierre Auger
Observatory. The attenuation of this signal depends on the angle of incidence of the shower
and is accounted for in this approach by the factor fSD(θ). Since this attenuation is model-
dependent, the data are divided into five zenith angle bins (0◦, 33◦, 39◦, 45◦, 51◦, 60◦). The
distribution for the bin in the middle is shown in figure 4, left (Ref indicates that the observables
are given in reference to a fixed energy ERef = 1018.7 eV). These distributions are fitted with
sums of templates. The sum goes over the four individual primary species considered (p, He,
N, Fe) and is weighted by their relative fractions. Since these sum up to 1, the fractions serve
as three free parameters. The templates are the product of a Generalized Gumbel function and
a Gaussian function, which describe the XRef

max and SRef(1000) distributions, respectively. The

ad-hoc adjustments ΔXmax and fSD are applied to the simulated values X̂Ref
max and ŜRef(1000)

to obtain the corrected values

XRef
max ≡ X̂Ref

max +ΔXmax,

SRef(1000) ≡ ŜRef(1000) · fSD(θ).

This adds ΔXmax, RHad(θmin) and RHad(θmax) to the set of free parameters. fSD(θ) is a function
of the latter two, which are the re-scaling parameters at the two extreme zenith angle bins.

Indeed, for all three high-energy interaction models, a prediction of a deeper Xmax is pre-
ferred, with ΔXmax ranging from 22 g/cm2 to 48 g/cm2, depending on the model. This increase
in the Monte Carlo prediction of Xmax results in an increase of the signal at the ground due to
the electromagnetic component, which alleviates the muon deficit problem present in the pre-
dictions. Increases of between 15% and 24% are needed at low zenith angles, depending on the
high-energy hadronic interaction model used. For high zenith angles, the necessary increases
vary from 14% to 17%. These results are summarized in figure 4, right. As can be intuited
from figure 3, right, and is presented in detail in 10, the corrections on Xmax to higher values
imply a heavier mass composition compared to inferences made using the unaltered hadronic
interaction models. This work shows the importance of considering a multivariate approach in
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Figure 5 – Left: Xmax-distribution in one of the studied energy intervals as measured at the Pierre Auger
Observatory. The red line is the result of the unbinned log-likelihood fit performed to obtain the parameter of
interest Λη, which describes the tail of the distribution. Right: Conversion function between Λη and the proton-
air cross-section for the same energy interval and for different high-energy hadronic interaction models. Figures
from 11.

order to not only obtain a better understanding, but also because this might have an impact on
further conclusions.

3 Direct approaches

It is possible to perform direct studies with current air shower models. Typically, this involves
two steps. First, using air shower simulations, a relationship between one or more observables
and one or more physical properties must be established. This renders a conversion function
that can be used in a second step to deduce the values of the physical parameters corresponding
to the measured values of the observables.

3.1 Proton-air cross-section

The depth of maximum development Xmax is strongly correlated with the depth where the
first interaction occurs, X0. The distribution of the latter, for a given energy, is given by the
cross-section of proton-air interactions at that energy. Hence, it is reasonable to look in the
Xmax-distribution for a parameter related to the cross-section 11. The observable, that turns
out to be related to the cross-section, is a parameter Λη, which describes the exponential shape
of the tail of the Xmax-distribution via dN/dXmax ∝ exp (−Xmax/Λη). The Xmax-distribution,
measured at the Pierre Auger Observatory for one of the studied energy intervals, is shown in
figure 5, left, together with the unbinned log-likelihood fit. The observable Λη was measured at
the Pierre Auger Observatory using an Xmax distribution which included a fraction η% of the
most deeply penetrating air showers. This is done to enhance the proton fraction in the data
set used.

In order to make use of the measurement, a conversion function between Λη and the proton-
air cross-section needs to be constructed. This is done by changing cross-sections in the sim-
ulations empirically. This amounts to multiplying all hadronic cross-sections by an energy-
dependent factor, which is equal to 1 for energy values for which the models used in simulations
agree with LHC data. Different modifications lead to a different value of the cross-section in the
energy interval considered and ultimately, after a full simulation, to a different value of Xmax.
The conversion functions, obtained this way for the different hadronic interaction models, are
shown in figure 5, right. The cross-section obtained from projecting the measurement from
Auger varies from 497.7 mb to 523.7 mb, depending on the high-energy hadronic interaction
model considered.
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Figure 6 – Left: Distribution of the fraction of energy carried by the most energetic π0 in the first interaction (in
the laboratory frame). The simulations are performed with proton primaries of energy E0 = 1019 eV. The gray
distribution corresponds to the complete set of simulations, while the yellow one corresponds to one particular
re-sampling. The respective distribution of the number of muons is given in the inset plot. Right: Conversion
function between the observable Λμ and the parameter Λπ, which describe the low values and the tail of the
corresponding distributions, respectively. The filled circles correspond to the nominal values from each hadronic
interaction model. Figures from 12.

3.2 Constraining the high-energy tail of the neutral pion spectrum

It is also possible to use the measured number of muons to perform a direct study on
some physical property 12. A lower number of muons can be attributed to an energy imbalance
towards neutral pions. Since, because of isospin symmetry, the fraction of neutral pions among
all pions is determined, this imbalance has to happen in the form of the energy distribution
among particles. Thus, very energetic neutral pions must play an important role in obtaining
a lower number of muons. Consequently, it is reasonable to search for a physical parameter in
the high end of the π0 energy spectrum and an observable among the lower values of Nμ. The
distribution of the fraction xL of the energy carried by the most energetic neutral pion of the
first interaction is shown in figure 6, left (gray distribution). The distribution of the number of
muons is in the inset plot. The showers considered here are proton simulations with a primary
energy of E0 = 1019 eV. The lower values of ln (Nμ) can be described through a shape parameter
Λμ by means of expression B exp (ln (Nμ)/Λμ). Similarly, the tail of the xL-distribution can be
fitted by the exponential function C exp (xL/Λπ).

It turns out that there is a relation between the physical parameter Λπ and the observable
Λμ (see figure 6, right). In this work, the conversion function is obtained by introducing a small
perturbation in the xL- and ln (Nμ)-distributions. This is achieved by re-sampling the original
distributions (gray distributions). An example of modified distributions is also given in figure
6, left (yellow distributions). As can be seen, a small perturbation in the ln (Nμ)-distribution
induces a small change in the xL-distribution. This results in a slightly different conversion
curve for each high-energy hadronic interaction model considered. A precise determination of
Λμ is still necessary, which will be possible once the number of events is large enough. In this
pursuit, upgrades, such as AugerPrime, will play a crucial role.

4 Summary and outlook

With the Pierre Auger Observatory, interesting extensive air shower observables can be
measured. On the one hand, the distribution of the depth of maximum development Xmax and,
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on the other hand, the muon content were compared to the corresponding distributions obtained
from simulations. Here, different available high-energy hadronic interaction models were used.
It was observed that the number of muons is not well reproduced. In addition, two-dimensional
distributions of Xmax and the signal at the ground at a distance of 1000 m from the core were
considered. This study revealed that, in fact, also the simulated Xmax-values deserve further
investigation. Under the conditions considered in10, the corrections performed on Xmax alleviate
the muon deficit present in simulations.

It is also possible to use air shower simulations to perform direct studies. There are different
techniques to introduce changes in some model parameters in order to investigate their effect
on air shower observables. This way, it was observed that the steepness of the tail of the Xmax-
distribution is related to the proton-air cross-section. This allowed the measurement of this
cross-section at energies beyond those achievable at the LHC. Similarly, once enough events are
recorded at the Pierre Auger Observatory, it will be possible to use measurements of the number
of muons to obtain constraints on the high-energy tail of the neutral pion spectrum.

It is worth emphasizing that performing a bi-variate comparison between simulations and
measurements (see section 2.3) revealed inconsistencies not evident from one-dimensional studies.
With this in mind, it makes sense to think that also multivariate direct approaches might give
access to physical properties not accessible with only one observable.
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Anisotropy studies of the arrival directions of ultra-high energy cosmic rays (UHECRs) are
one of the most effective techniques for understanding their origin. This proceeding sums up
the latest results obtained at the Pierre Auger Observatory in terms of UHECR anisotropies,
including a comparison with Telescope Array results. The focus is on large-to-intermediate
scale signals, as well as on an indication of composition-dependent anisotropy. On large
angular scales, a dipole in right ascension is observed above 8 EeV, rejecting the isotropic
expectation with 6σ C.L. On intermediate scales (above ∼ 40 EeV), an excess in the Centaurus
region, which contains jetted AGNs, non-jetted AGNs and starburst galaxies, allows us to
reject isotropy with 4σ C.L. In terms of mass, an isotropic distribution of mass is disfavoured
at 3.2σ above the ankle energy (∼ 5EeV). These results provide evidence for the extragalactic
origin of UHECRs above 8 EeV, and tell us that we may be on the verge of discovering the
hosts of UHECR accelerators. Mass-dependent anisotropy studies have just begun and should
be of increasing interest in the years to come.

1 Overview of the detectors

The Pierre Auger Observatory and the Telescope Array (TA) are complementary cosmic ray
shower detectors to study UHECRs in the two hemispheres, the Southern Hemisphere for the
former and the Northern Hemisphere for the latter. An overview of them is given below.

1.1 The Pierre Auger Observatory 1

Taking data since 2004, the Pierre Auger Observatory is the largest observatory to study UHE-
CRs. It is located in Malargüe in the Mendoza Province, Argentina, near the Andes. Since
UHECRs are rare (∼ 1 particle per square kilometre per year), the Pierre Auger Observatory
covers a surface of 3,000 km2 (approximately corresponding to 30 times the surface of Paris).

The Pierre Auger Observatory is composed of two types of detectors: the fluorescence de-
tector (FD), and the surface detector (SD). The two detectors are complementary in providing
measurements of longitudinal and lateral shower profile respectively. The SD operates day and
night, regardless of weather conditions, while the FD, being composed of telescopes, cannot op-
erate during daytime, cloudy weather, or full-moon nights. Therefore, the duty cycle of the FD,
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on the order of 15%, is relatively low compared to that of the SD (almost 100%). Only the FD
provides direct measurements of the shower depth of maximum Xmax, which is a characteristic
length of development of the shower related to the mass of the incoming UHECR.

1.2 The Telescope Array observatory 2

Telescope Array (TA) was inaugurated in 2008. The principle of operation is the same as that
of Auger. There is a FD that measures the cosmic ray energies, the arrival directions and Xmax,
and a SD that measures the energy and the arrival directions. The main differences between
the two observatories concern the SD. TA uses scintillators, which are fully efficient only for
vertical showers with a zenith angle θ ≤ 45◦ above 10 EeV,3 while Cherenkov water tanks are
used at the Auger Observatory. The latter enable the measurement of very inclined showers
up to θ = 80◦. Therefore, the field of view of TA is reduced compared to that of the Auger
Observatory. Moreover, TA covers an area of 760 km2, which is about 4 times smaller than that
of the Auger Observatory.

2 Large scale anisotropy

Large-scale anisotropy can appear from a non-uniform spatial distribution of sources or if the
cosmic ray propagation is diffusive in the case of a dominant source. Since 2017, the Pierre
Auger Collaboration has reported a dipole in right ascension above 8 EeV.6 The dipole was
found by means of a harmonic analysis on the observed arrival directions as a function of right
ascension. The first-harmonic amplitude, rα = 0.06± 0.01, allows the rejection of isotropy with
6σ C.L., while the phase is in the direction Φα = 98◦ ± 9◦.4 A similar analysis was performed
by the TA Collaboration, and results in rα = 0.033 ± 0.019 and Φα = 131◦ ± 33◦.5 Figure 1
shows the residual normalized flux of UHECRs as a function of right ascension as seen by TA.
The black line corresponds to the first harmonic analysis by TA, while the red dotted line shows
that inferred from the Pierre Auger Observatory data. The results of TA are compatible within
2σ C.L. with the results of Auger. However, the small number of events makes the TA analysis
rejecting the isotropy hypothesis with 2σ C.L. only.

The dipole in right ascension has been studied as a function of energy. While the amplitude
is not significant below E = 8EeV, it is found to increase with energy. Besides, at EeV energies,
the phase of the first harmonics is moving away from the Galactic center direction to the anti-
center one.4 Such a behavior provides evidence that the pattern of UHECR arrival directions is
not correlated to a Galactic origin but calls for an extragalactic one, as discussed now.

Figure 2 shows a sky map of the flux in Galactic coordinates observed above 8 EeV.6 A
spherical harmonic analysis in right ascension and azimuth allows the Auger Collaboration to
reconstruct the 3D dipole on the sky, displayed in Fig. 2 as a cross. The 3D dipole points 115◦

away from the Galactic center and 55◦ away from the direction of the 2MRS dipole, a near-
infrared dipole that traces stellar mass within 250 Mpc. The arrows in Fig. 2 show the expected
dipole direction of UHECRs by accounting for the effect of the Galactic magnetic field if the
sources are a representative sample of the 2MRS catalog. Each arrow corresponds to different
compositions with rigidity, R = 2 EV and R = 5 EV (R = E/Z, with E the energy and Z the
charge of the particles). The two arrows are close at 2σ C.L. Moreover, the anti-dipole direction
is compatible at 1σ C.L. with the Local-Void direction, a large empty intergalactic zone next
to our own Local Group. These arguments provide strong evidence for an extragalactic origin
of UHECRs above 8 EeV. A similar analysis was performed using the Auger and TA data sets,
and they are consistent with the Auger-only data set.8
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Figure 1 – Residual normalized flux of UHECRs as a function of right ascension. The dots are the measurements
by TA. The black solid line corresponds to the first harmonic found by TA (declination band of −15◦ ≤ δ ≤ 90◦),
while the red dotted line corresponds to the first harmonic found by Auger (declination band of −90◦ ≤ δ ≤ 24.8◦).
Extracted from Ref. 5.

Figure 2 – Auger UHECR flux in Galactic coordinates above 8 EeV smoothed with a 45◦-radius top-hat function.
The cross displays the observed dipole orientation, and the two contours stand for the 68% and 95% C.L. regions.
The 2MRS dipole is indicated. Arrows indicate expected deflections of the 2MRS dipole considering magnetic
field of Ref. 7, with protons at E = 5 EeV or 2 EeV. Extracted from Ref. 6.

3 Intermediate scale anisotropy

By increasing energy, we reduce the horizon of the UHECRs. Therefore, patterns from close
sources can appear on smaller (intermediate) angular scales. In addition, increasing the energy
can increase the rigidity R. Therefore, if the average rigidity of the cosmic ray is increased, the
magnetic deflection is less.

Two types of studies have been performed at energy threshold Eth, larger than 32 EeV. The
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first one consists in comparing the number of events observed above Eth, in a disk of radius
ψ, with the number of events expected considering an isotropic scenario. A scan in threshold
energy is performed. Such an analysis has been performed in several regions of interest (ROI):

• Scan over the full sky,

• Supergalactic plane,

• Galactic plane,

• Galactic center,

• Centaurus region.

The first search is penalized by the extra parameters needed to scan the full sky, it results
in a post-trial p-value of 1.4%. The following searches are more constrained since the flux is
compared to astrophysical structures of known location, they result in post-trial p-values of 16%,
41%, 54% and 6 × 10−5, respectively.13 The Centaurus region contains part of the Council of
Giants, a region that includes Centaurus A (radio galaxy), M83 (starburst galaxy), Circinus
and NGC 4945 (galaxies with a Seyfert nucleus). The Centaurus region is thus composed of
different types of galaxies and the host types cannot be distinguished. An autocorrelation search
of cosmic rays directions has also been performed with a p-value of 21%.13

The second analysis is performed by comparing the arrival directions of UHECRs to cata-
logues of extragalactic sources. The chosen catalogues for the study are:

• Starburst galaxies, corresponding to galaxies with a high star formation rate;

• Jetted AGNs;

• All AGNs;

• All galaxies beyond 1 Mpc.

Figure 3 – The test-statistic profile as a function of threshold energy for the catalogues studied and the Centaurus
region. The local p-value shown in the right hand side is penalized for signal fraction and angular scale scans
(catalogues) and for the radius scans (Centaurus region). Extracted from Ref. 13.
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The model consists in assigning a flux to each galaxy according to the best-fit model predic-
tion of the spectral and composition data.9 The flux of the galaxies is normalized to represent
a fraction α of the total flux. The flux is completed by an isotropic contribution normalized to
(1 − α). The sky-map model is smoothed on an angular scale of θ using a Fisher - von Mises
function. θ and α are two free parameters of the models. Finally, the data are compared to the
model above Eth and a scan is performed on Eth.

The results of the scan are shown in Fig. 3. The result for the Centaurus region is also
shown in yellow for comparison. In terms of structure, all curves seem to show a peak around
∼ 40 EeV and ∼ 60 EeV. Such a behavior could be explained in a rigidity-dependent scenario
(Peters cycle11) where the first peak would correspond to a dominant abundance of CNO, the
deficit around ∼ 50 EeV would correspond to a deficit of nuclei near fluorine in the accelerator,
and the second peak would correspond to the a dominant abundance of nuclei near neon. The
catalog that provides the most significant signal is the starburst galaxy catalog, with a C.L. to
reject isotropy similar to that of the Centaurus region (4σ) at 38 EeV.

Figure 4 – The best-fit flux model from Starburst galaxies catalogues smoothed using a 24◦ radius top-hat function
as for Fig. 5. Extracted from Ref. 13.

Figure 5 – Left: Flux of cosmic rays observed above 41 EeV at the Pierre Auger Observatory smoothed with a
top-hat function of radius 24◦. Right: Associated Li-Ma pre-trial significance map. The solid gray line shows the
super-galactic plane. Extracted from Ref. 13.

The pattern of the starburst-galaxy model is shown in Fig. 4. One can see that the main
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flux excess is in the Centaurus region coming from M83 and NGC4945, additional excesses could
be expected from NGC253, and M82. The model can be compared to the data (Fig. 5). One
can see that the fluxes expected from M82 and IC342 are in the blind-spot of Auger. That is
why the analysis was repeated by a joint working group of members of the Auger Collaboration
and the TA Collaboration.10 Using the two data sets, the significance of the starburst model to
reject isotropy increases at 4.2σ C.L.10

On smaller scales, a search for magnetically-induced signatures at the event scale was per-
formed by the Pierre Auger Collaboration without significant results.12

4 Indication of mass anisotropy

In 2021, the Pierre Auger Collaboration published14 an indication of a mass-dependent anisotropy
above the ankle energy at 5 EeV. The sky map is divided into two regions, the on-plane region
with Galactic latitude b ≤ |bsplit| and an off-plane region with Galactic latitude b ≥ |bsplit|.
The two Xmax distributions are compared using a 2-sample Anderson-Darling test with a scan
performed on bsplit and Eth.

Figure 6 – Mass-sensitive sky map for E ≥ 1018.7 eV. Extracted from Ref. 14.

The most significant results are found at bsplit = 30◦ and Eth = 1018.7 eV 
 5EeV. The
mean value of Xmax is 9.1±1.6 g/cm2 smaller in the on-plane region than in the off-plane region.
The standard deviation of Xmax is 5.9±2.1 g/cm2 smaller in the on-plane region than in the off-
plane region. Such differences between the out-of-plane region and the in-plane region provide
evidence for a mass-dependent structure in arrival directions, with 3.3σ C.L. after penalization
for the trials and accounting for systematic uncertainties.

A map showing the test statistic (TS) is displayed in Fig. 6. The results suggest that the
Galactic magnetic field may have an effect on the mass-dependent anisotropy. However, the
different horizons of different nuclei could also explain the composition anisotropy. Therefore,
further studies are needed to investigate the mass-dependent anisotropy in depth. The use of
different Xmax reconstruction methods (air-shower universality15 or deep learning techniques16),
as well as the data of the upgraded Auger Observatory, could be crucial to study the composition
sky map.

5 Conclusion

A dipole in right ascension has been discovered above 8 EeV at the Pierre Auger Observatory.
The dipole direction is 115◦ away from the Galactic center, 55◦ away from the dipole in stellar
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mass (2MRS dipole), and the anti-dipole direction is compatible with that of the Local Void.
This analysis provides evidence for an extragalactic origin of UHECRs.

Increasing the energy threshold, intermediate angular scales have been studied through
model-independent and catalogue-based searches. Such analyses reveal a 4σ C.L. excess in
the Centaurus region compared to isotropy and a 4σ C.L. correlation with starburst galaxies
compared to isotropy. The significance of the starburst-galaxy correlation increases to 4.2σ when
considering both Auger and TA data sets.

No signatures of magnetically-induced alignment at event scale have been found by the Pierre
Auger Collaboration.12 On the other side, an indication of mass-dependent anisotropy has been
uncovered with 3.3σ C.L. compared to the hypothesis of mass-independent arrival directions.
Such studies could be key to understand the sources of UHECRs. The upgrade of the Pierre
Auger Observatory will allow for further studies of mass-dependent anisotropies.
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An overview of the JEM-EUSO program and results
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The field of UHECRs (Ultra-High energy cosmic Rays) and the understanding of particle ac-
celeration in the cosmos, as a key ingredient to the behaviour of the most powerful sources
in the universe, is of outmost importance for astroparticle physics as well as for fundamen-
tal physics and will improve our general understanding of the universe. The current main
goals are to identify sources of UHECRs and their composition. For this, increased statis-
tics is required. A space-based detector for UHECR research has the advantage of a very
large exposure and a uniform coverage of the celestial sphere. The aim of the JEM-EUSO
program is to bring the study of UHECRs to space. The principle of observation is based
on the detection of UV light emitted by isotropic fluorescence of atmospheric nitrogen ex-
cited by the Extensive Air Showers (EAS) in the Earth’s atmosphere and forward-beamed
Cherenkov radiation reflected from the Earth’s surface or dense cloud tops. In addition to the
prime objective of UHECR studies, JEM-EUSO will do several secondary studies due to the
instruments’ unique capacity of detecting very weak UV-signals with extreme time-resolution
around 1 μs: meteors, Transient Luminous Events (TLE), bioluminescence, maps of human
generated UV-light, searches for Strange Quark Matter (SQM) and high-energy neutrinos,
and more. The JEM-EUSO program includes several missions from ground (EUSO-TA), from
stratospheric balloons (EUSO-Balloon, EUSO-SPB1, EUSO-SPB2), and from space (TUS,
Mini-EUSO) employing fluorescence detectors to demonstrate the UHECR observation from
space and prepare the large size missions K-EUSO and POEMMA. A review of the current
status of the program, the key results obtained so far by the different projects, and the per-
spectives for the near future are presented.

1 Introduction

This contribution reports the results and future prospects of the JEM-EUSO program 1 as of
February 23rd 2022. In many parts it is an extract of a previous publication 2. The timeline
of the different projects of the program is shown in Fig. 1. Each of them is described in the
following sections.

2 The ground-based telescope EUSO-TA

EUSO-TA3 is a ground-based telescope, installed at the Telescope Array (TA) site in Black Rock
Mesa, Utah, USA (see Fig. 2). This is the first detector to successfully use a Fresnel lens based
optical system and Multi-Anode Photomultipliers (MAPMT). Subsequent missions adopted the
same observational approach. Each MAPMT has 64 channels, and they are grouped in blocks
of 2×2 to form one Elementary Cell (EC). Nine ECs form one Photo-Detector Module (PDM)
which has, therefore, 2304 channels encompassing a 10.6◦ × 10.6◦ field of view (FoV) for the
detection of UHECRs. The telescope is located in front of one of the fluorescence detectors
of the TA experiment. Since its first operation in 2015, a few campaigns of joint observations
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Figure 1 – Roadmap of the JEM-EUSO program. See text for details.

allowed EUSO-TA to detect 9 UHECR events in 120 hours of data taking (an example can be
seen in the left panel of Fig. 3), as well as a few meteors. The limiting magnitude of 5.5 on
summed frames (∼3 ms) has been established. The detector is also being calibrated using stars
in the FoV. These observations provide important data to optimise the detector technology in
view of the upcoming space-based missions and to determine the sensitivity of the experiment.
The future upgrades of the detector include a new acquisition system based on Zynq board and
the implementation of a self-triggering system.

3 The balloon program: EUSO-Balloon, EUSO-SPB1 & EUSO-SPB2

The JEM-EUSO program includes three stratospheric balloon missions with increasing level of
performance and upgraded designs (see Fig. 2). In addition to demonstrating the capabilities
of the JEM-EUSO instruments to detect and reconstruct EAS from the edge of space, they also
give access to direct measurement of the UV nightglow emission and artificial UV contributions
above ground and oceans, which are important information to optimise the design of the space-
based missions. Two balloon flights have been performed so far: EUSO-Balloon (Canada, 1
night) and EUSO-SPB1 (New Zealand, 12 nights). A third one (EUSO-SPB2) is scheduled to
fly in 2023.

EUSO-Balloon 4 was launched by CNES from the Timmins base in Ontario (Canada) on the
moonless night of August 25, 2014. The telescope configuration was very similar to EUSO-TA.
After reaching the floating altitude of ∼38 km, EUSO-Balloon imaged the UV intensity with
a spatial and temporal resolutions of 130 m and 2.5 μs, respectively, in the wavelength range
290 - 430 nm for more than 5 hours before descending to ground. The full FoV in nadir mode
was ∼ 11◦. During 2.5 hours of EUSO-Balloon flight, a helicopter circled under the balloon
operating UV flashers and a UV laser to simulate the optical signals from UHECRs (an example
can be seen in the central panel of Fig. 3), to calibrate the apparatus, and to characterise the
optical atmospheric conditions. Data collected by EUSO-Balloon have been analysed to infer
different information among which the response of the detector to the UV flasher and laser
events, and the UV radiance from the Earth atmosphere and ground in different conditions:
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Figure 2 – EUSO-TA and stratospheric balloon missions of the JEM-EUSO program. See text for details.

clear and cloudy atmosphere, forests, lakes, as well as city lights. This is relevant for a JEM-
EUSO-like mission as it is one of the key parameters to estimate the exposure curve as a
function of energy5. The results of this analysis are reported in6 and are in the band of previous
measurements confirming a good understanding of the detector performance also in this respect.
The helicopter events proved to be extremely useful to understand the system’s performance
and to test the capability of EUSO-Balloon to detect and reconstruct signals similar to EAS 7.
The data collected by EUSO-Balloon were used together with those collected by EUSO-TA to
define an internal trigger logic 8 that was implemented on the EUSO-SPB1 flight.

EUSO-SPB1 9 was launched on April 25, 2017 from Wanaka, New Zealand, as a mission of
opportunity on a NASA SPB test flight planned to circle the southern hemisphere. The telescope
was an upgraded version of that used in the EUSO-Balloon mission. Prior to flight, in October
2016, the fully assembled EUSO-SPB1 detector was tested for a week at the EUSO-TA site to
measure its response and to calibrate it by means of a portable Ground Laser System (GLS) 10.
Observations of Central Laser Facility (CLF), stars, meteors were performed. The ∼50% trigger
efficiency was reached at laser energies whose luminosity is equivalent to ∼45◦ inclined EAS of
E ∼ 3× 1018 eV seen from above by a balloon flying at 33 km altitude. Unfortunately, although
the instrument was showing nominal behaviour and performances, the flight was terminated
prematurely in the Pacific Ocean about 300 km SE of Easter Island after only 12 days aloft, due
to a leak in the carrying balloon. During flight, ∼30 hours of data were collected, the trigger rate
was tipycally a few Hz, which is compliant with JEM-EUSO requirements 11. A deep analysis of
the collected data was performed. Tracks of CRs directly crossing the detector were recognized
(an example can be seen in the right panel of Fig. 3). However, no EAS track has been clearly
identified. Simulations post-flight indicate that the number of expected events is below 1 in the
available data sample confirming pre-flight expectations for such a flight duration.

The subsequent step of the JEM-EUSO program development is currently under realization:
EUSO-SPB2 12. It will be equipped with 2 telescopes. One telescope will be devoted to UHECR
measurements using the fluorescence technique. The Focal Surface (FS) will be equipped with 3
PDMs to increase the UHECR collection power. EUSO-SPB2 will adopt a Schmidt camera with
a shorter temporal resolution of 1 μs and a more efficient trigger logic to improve the sensitivity
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Figure 3 – All three panels show examples of different types of track-like events detected by the ground and
balloon-based experiments of the JEM-EUSO program. In all of them the color scale indicates the number of
photo-electron counts detected in the event in the different pixels of the PDM. Left panel: One of the 9 UHECRs
detected by EUSO-TA. A 2 × 2 rebinning of the data has been applied together with a selection on the z-axis
to remove background light. Central panel: laser track detected by EUSO-Balloon in flight. It was generated
by a UV laser system on board a helicopter that was circling under the balloon during flight. Right panel: An
example of a track due to a hit from a direct cosmic ray as detected by EUSO-SPB1. The signal is clearly due to
a direct cosmic ray because it crosses the entire field of view in a single GTU. However, it shows the capability of
the on-board trigger logic to detect tracks.

of the instrument. Simulations indicate that the energy threshold is around 2×1018 eV and an
expected detection rate of 0.6 events per night of acquisition13. The FS of the second telescope is
based on SiPMT sensors and a dedicated electronics to detect the Cherenkov emission in air by
UHECR-generated EASs. In perspective they will test the capability to detect EAS generated
by ντ interacting in the Earth crust14. For this observation the detector will be pointing slightly
below the limb. The observation above the limb will allow to study UHECRs through their
Cherenkov emission. The Cherenkov telescope has been succesfully assembled and tested in
Utah at the EUSO-TA site. EUSO-SPB2 is expected to fly in 2023 from Wanaka on a NASA
Super Pressure Balloon.

4 The first space-based missions of the program: TUS and Mini-EUSO

The Track Ultraviolet Setup (TUS) 15 detector (see Fig. 4) was launched on April 28, 2016 as a
part of the scientific payload of the Lomonosov satellite. The instrument was actively recording
data till November 2017. Different scientific modes were tested: cosmic ray, lightning and meteor
modes. The satellite has a sun-synchronous orbit with an inclination of 97.3◦, a period of ∼94
min, and a height of 470 - 500 km. The telescope consists of two main parts: a modular Fresnel
mirror-concentrator with an area of ∼2 m2 and 256 PMTs arranged in a 16×16 photo-receiver
matrix located in the focal plane of the mirror. The pixel’s FoV is 10 mrad, which corresponds
to a spatial spot of ∼5 km × 5 km at sea level. Thus, the full area observed by TUS at any
moment is ∼80 km × 80 km. TUS is sensitive to the near UV band and in cosmic ray mode
has a time resolution of 0.8 μs in a full temporal interval of 256 time steps. TUS data offer
the opportunity to develop strategies in the analysis and reconstruction of events which will be
essential for future space-based missions. A detailed analysis of TUS exposure and sensitivity
to UHECR is presented in 16. During its operation TUS has detected about 8×104 events that
have been subject to an offline analysis to select among them those satisfying basic temporal
and spatial criteria of UHECRs. A few events passed this first screening. One specific event (see
Fig. 4) registered in perfect observational conditions was deeply scrutinized. Its phenomenology
and the possible interpretations are reported in detail in 17. Similar searches performed with
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Figure 4 – TUS and Mini-EUSO telescopes with examples of their observations (see text for details).

Mini-EUSO support the interpretation of an anthropogenic origin of this event. However, the
important result of this observation is that a space-based observatory can detect light pulses
with temporal and spatial characteristics of EAS. At the same time, the data acquired by
TUS in different acquisition modes have been used to search for more exotic matter such us
strangelets and nuclearites 18, and to measure occurrence, time profile and signal amplitude
of different classes of transient luminous events among other scientific objectives, showing the
interdisciplinary capability of a space-based observatory for UHECRs.

While TUS was conceived mainly to prove the observation of UHECRs from space with a
FS-instrumentation similar to ground-based detectors, Mini-EUSO has been developed in order
to test the same FS-instrumentation foreseen for JEM-EUSO. Mini-EUSO 19 is a UV telescope
launched in August 2019 and installed periodically inside the ISS since October 2019, looking
down the Earth from a nadir-facing window in the Russian Zvezda module. So far more than
50 sessions of about 12 hours of data taking have been performed. Mini-EUSO maps the Earth
in the UV range (290 - 430 nm) with a spatial resolution of ∼6 km (similar to TUS) and three
different temporal resolutions of 2.5 μs, 320 μs, and 41 ms, respectively 20. While the 41 ms
time range allows a continuous video-taking, the other two modes allow acquisitions of 4 packets
of 128 Gate Time Units (GTUs) each every 5.24 s to catch fast luminous transients (flashes,
lightnings, etc..) 21. The optical system consists of 2 Fresnel lenses of 25 cm diameter each with
a large FoV of ∼44◦. Mini-EUSO energy threshold for UHECRs is well above 1021 eV. Data
carried down to Earth from the ISS allowed to perform the first analyses showing that Mini-
EUSO observes different Earth emissions depending on the surface visible, e.g., ground, sea, or
clouds as well as slow transients such as meteors (thousands of events have been identified in
the data with absolute magnitude lower than +5). At shorter time scales, several hundreds of
lightnings (among them 17 elves) 22 have been detected and at much shorter time scales, many
anthropogenic flashes presumably related to airport lights or other flashing tower lights have
been acquired23. Thanks to the Mini-EUSO capability to record consecutive events, this class of
events is clearly identified as they repeat themselves and their location can be easily recognized
thanks to the continuous data taking in slow mode (41 ms time frames). Some of them have
characteristics similar to the TUS event previously described. So far, only one event without
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Figure 5 – Left side: On the top panel a scheme of the K-EUSO detector with segmented refractive optics and
rectangular aperture as designed by GP Advanced Project company. On the bottom panel a 3D model of the
K-EUSO focal surface built from 44 photo detector modules. It is to be placed inside the green “box” shown in
the top panel. Right side: On the top panel the concept of POEMMA telescope (left) and instrument (right)
with major components identified. On the bottom panel POEMMA observing modes. Left: POEMMA-Stereo
mode to observe fluorescence from UHE cosmic rays and neutrinos in stereo. (Telescope separation ∼300 km
and pointing close to nadir for the most precise measurements at 10s of EeV.) Right: POEMMA-Limb mode
to observe Cherenkov from cosmic neutrinos just below the limb of the Earth and fluorescence from UHECRs
throughout the volume. (Telescope separation ∼25 km and pointing towards rising or setting source for Target
of Opportunity stereo mode.)

repetition and above ocean has been detected. However, a UHECR origin of this event has been
excluded based on the light profile associated to the duration and image on the FS. Preliminary
analysis of the UV maps indicate that Mini-EUSO often detects the presence of clouds and that
the UV light intensity recorded by Mini-EUSO is within the range of values considered in the
estimation of JEM-EUSO exposure.

5 The large space-based missions: K-EUSO and POEMMA

The central objective of K-EUSO 24 is the first consistent measurement of the UHECR flux over
the entire sky with almost uniform exposure. K-EUSO is a result of the joint efforts to improve
the performance of the Russian KLYPVE mission 25, by employing the technologies developed
for the JEM-EUSO mission, such as the optical system, focal surface detectors and the readout
electronics (see left side of Fig. 5). Since its first conception as KLYPVE, K-EUSO project has
passed various modifications aimed to satisfy carrier volume and deployment capabilities on the
ISS. It will be the first detector with a real capability for UHECR spectrum and anisotropy
study with a yearly exposure of ∼2×104 km2 yr sr and a flat full celestial sphere coverage.
The adopted optical layout is a two-lens telescope of 240 × 120 cm2 with a FoV of 40 degree.
The focal surface consists of about 40 PDMs. The temporal (sampling time is 1μs) and spatial
(angular resolution per pixel 0.066◦) evolution of UV light recorded by K-EUSO will allow the
reconstruction of the EAS, with sufficient energy and arrival direction resolutions above energies
of 5×1019 eV. Attached to the Russian MRM-1 module on-board ISS, K-EUSO is planned to
operate for minimum of 2 years and it can function more than 6 years if the lifetime of the ISS
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is extended.

The Probe Of Extreme Multi-Messenger Astrophysics (POEMMA) mission 26 is being de-
signed to establish charged particle astronomy from space with UHECRs and cosmic neutrinos
(see right side of Fig. 5). POEMMA will monitor colossal volumes of the Earth’s atmosphere
to detect EASs produced by extremely energetic cosmic messengers: cosmic neutrinos above
20 PeV and UHECRs above 20 EeV over the entire sky. The POEMMA design combines the
concept developed for the OWL mission27 and the experience of the JEM-EUSO fluorescence de-
tection camera. POEMMA is composed of two identical satellites flying in formation at 525 km
altitude with the ability to observe overlapping regions during moonless nights at angles ranging
from Nadir to just above the limb of the Earth, but also with independent pointing strategies to
exploit at maximum the scientific program of the mission. Each telescope is composed of a wide
(45◦) FoV Schmidt optical system with an optical collecting area of over 6 m2. The POEMMA
FS is composed of a hybrid of two types of cameras: about 90% of the FS is dedicated to the
POEMMA fluorescence camera (PFC), while POEMMA Cherenkov camera (PCC) occupies the
crescent moon shaped edge of the FS which images the limb of the Earth. The PFC is com-
posed of JEM-EUSO PDMs based on MAPMTs. The typical time between images for the PFC
is about 1 μsec. The much faster POEMMA Cherenkov camera (PCC) is composed of Silicon
photo-multipliers (SiPMs) which will be tested with EUSO-SPB2. The PFC registers UHECR
tracks from Nadir to just below the Earth’s limb (above 20 EeV), while the PCC registers light
within the Cherenkov emission cone of up-going showers around the limb of the Earth and also
from high energy cosmic rays above the limb of the Earth (above 20 PeV). Simulations indicate
that POEMMA has excellent performance in UHECR energy, Xmax, and angular reconstruc-
tion capabilities 28, as well as high sensitivity in Target of Opportunity observations exploiting
upward-moving EASs induced by Earth-interacting tau neutrinos 29. POEMMA will search also
for signatures of non conventional physics and macroscopic dark matter at the highest energies30.

6 Conclusions

Different missions from ground, stratospheric balloon and from space have been developed within
the JEM-EUSO program to address relevant key aspects in view of a main mission, such as K-
EUSO and POEMMA: a) raise the Technological Readiness Level of the different components of
the JEM-EUSO detector; b) prove the capability of the JEM-EUSO approach to detect UHECRs
from space; c) verify the quality of the reconstruction of EAS parameters; d) define method-
ologies to evaluate the instantaneous exposure of the instrument in different atmospheric and
observational conditions. The capability of the JEM-EUSO approach to detect UHECR from
space was checked by means of EUSO-TA and EUSO-SPB in Utah, as well as EUSO-Balloon
from the top of the atmosphere. TUS and Mini-EUSO telescopes, detected several events in the
UHECR trigger mode. A simple selection algorithm shows that a few of them have characteristics
similar to EAS events. However, most of them are repetitive and due to anthropogenic sources
on ground. In case of single triggers, the reconstruction of the EAS parameters or comparisons
with simulations indicate that the reconstructed energies have a value of one order of magnitude
higher than could be expected from UHECRs or that light profiles are not matching with the
recorded image on the focal surface. EUSO-Balloon and EUSO-SPB1 flight measurements, as
well as the data collected by TUS and Mini-EUSO, revealed to be extremely useful to define
methodologies to evaluate the instantaneous exposure of the instrument in different atmospheric
and observational conditions. Mini-EUSO and TUS detected fast ELVEs, meteors, lighting and
terrestrial emissions among others proving the multi-disciplinarity of such space-based observa-
tories. All the collected data provide an invaluable experience for the implementation of the
future orbital missions like K-EUSO and POEMMA.
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Mini-EUSO is a space-based mission of the JEM-EUSO Program that observes the Earth’s
atmosphere from inside the International Space Station (ISS) at ∼400 km altitude through a
UV-transparent window located in the Russian Zvezda Module. Mini-EUSO is based on a set
of two Fresnel lenses of 25 cm diameter each and a focal plane of 48 × 48 pixels, for a total
field of view of 44◦. Mini-EUSO features a multi-level data acquisition system able to store
data with three different timescales, allowing the instrument to detect events that span from
the microsecond to the tens of seconds timescale. This contribution summarizes the design
and the first results of the Mini-EUSO mission.

1 Introduction

Ultra-High Energy Cosmic Rays (UHECRs) are charged particles with an energy above 1018 eV
whose sources and acceleration mechanism(s) are still to be identified. The JEM-EUSO (Joint
Experiment Missions for Extreme Universe Space Observatory) Program aims to detect these
extremely rare events through a space-based detector that will observe the Earth looking for
fluorescence light generated by UHECRs in the atmosphere. In this frame, the Mini-EUSO
mission represents an intermediate step towards the realization of a future, larger and more
complex space-based instrument, like the K-EUSO and POEMMA detectors.
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2 Mini-EUSO mission

Mini-EUSO (Fig. 1) can be thought as a compact version of the original JEM-EUSO telescope 1.
It is the first detector of the JEM-EUSO program to observe the Earth from the ISS and to
prove the observational principle of the original JEM-EUSO detector from space.

Figure 1 – Left: Mini-EUSO installed on the UV-transparent window during a data taking session. Middle:
Schematic view of the instrument. Right: The focal plane, made of an array of MAPMTs, for a total of 2304
pixels arranged in a 48× 48 matrix.

Mini-EUSO observes nadir the Earth’s atmosphere through a UV-transparent window on the
ISS2. The size of the window limits and defines the dimension of the optical system, consisting of
two Fresnel lenses of 25 cm diameter each, ∼100 times smaller than the system originally designed
for the JEM-EUSO detector. As a consequence Mini-EUSO is not able to detect UHECRs below
a few 1021 eV, and the focus of the mission is oriented towards the exploratory science available
to a space-based UHECR detector and to the precise measurement of the UV light intensity.
For this reason Mini-EUSO has been designed to detect a photon count rate per pixel per unit
time from diffuse sources (nightglow, clouds, cities, etc..) similar to that expected from a large
mission in space such as K-EUSO or POEMMA, or the original JEM-EUSO mission, designing
the pixels with a footprint of ground of 6.3 km, ∼100 times larger than the original JEM-EUSO
detector, to compensate for the smaller optical system. When operated, Mini-EUSO is coupled
to the window via a mechanical adapter flange. A data taking session is usually ∼12 hours long,
during which the instrument automatically detects the day/night transitions, switching on the
high voltage when the light level is appropriate. Between October 2019 and August 2021 44
sessions have been performed.

Figure 2 – Mini-EUSO passages during the first 44 data taking sessions. The map has been divided into 1◦ × 1◦

cells, the color scale represents the time spent by Mini-EUSO inside each cell.
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3 Overview of the first Mini-EUSO results

Thanks to its multi-level data acquisition system 4, Mini-EUSO can detect a wide range of
phenomena. Fig. 3 shows the typical intensity and duration of different categories of events, as
detected by Mini-EUSO.

Figure 3 – Temporal profile of different events observed by Mini-EUSO. With the only exception of the simulated
UHECRs, all the events were recorded during the first data taking sessions. Image from 1.

The fast events are detected with the time resolution of 2.5 μs. A single frame is called
D1 Gate Time Unit, or D1 GTU. A set of 128 consecutive D1 GTUs are summed together to
form a D2 GTU of 320 μs. Both the D1 and D2 timescales are triggered and store a set of 128
consecutive GTUs only when an event is detected. In parallel a set of 128 consecutive D2 GTUs
are summed together to form a D3 GTU of 40.96 ms. The D3 datastream is acquired and stored
continuously, without a trigger system.

In the following sections a brief overview of the obtained results are presented.

3.1 UV maps

The D3 data are used to produce maps of the UV intensity of the night sky in different parts of
the globe and in different conditions of cloud coverage and Moon fraction, measuring variations
of the UV emissions both in space and in time (seasonal variations). This data will be useful
for a series of geophysical science measurements and, at the same time, will allow us to measure
the UV background in view of the future K-EUSO and POEMMA missions.

Fig.4 shows the UV map of Italy. The areas with higher counts correspond to large cities
and densely populated areas, while the mountain regions appear in general less bright than the
coast.

3.2 UV Flasher

An in-flight end-to-end absolute calibration of the instrument has been attempted, measuring
the response of the instrument to a known ground source. To do so, an array made of 9 UV
flashers has been assembled (Fig. 5, left). The array has been switched on from a remote location
in the Central Italy (42◦ 45’ 59.0” N 13◦ 11’ 24.6” E) chosen as one of the darkest locations in

93



Figure 4 – UV map of continental Italy and the northern part of Corsica.

continental Italy. The response of Mini-EUSO is shown in Fig. 5, right. The pulsating signal is
clearly visible in the Mini-EUSO data, and can be used to be estimate the absolute efficiency
of the detector. The analysis is still ongoing, the preliminary result indicates an efficiency of
EffME = (8.7± 2.7)% for a 397.5 nm monochromatic light, compatible with the expected value
from simulations of EffSim

ME = 10.7% .

Figure 5 – Left: The UV array made of 9 UV LEDs. Right: UV flasher signal detected by Mini-EUSO from
the ISS. The variabilities during the long pulses are due to a imprecise estimation of the background, while the
modulation between GTUs 8500 and 8550 is due to the flasher crossing a dead area of the focal plane.

3.3 Cloud monitoring

A precise estimation of the impact of cloud coverage on the final exposure for UHECRs detection
is fundamental in view of the future space based telescope of the JEM-EUSO mission. Clouds
appear in Mini-EUSO data as relatively bright patches moving in the field of view with the
same speed and direction of other ground sources. A correspondence between clouds observed
in Mini-EUSO data and the results of meteorological satellites can be established, as discussed
in 6. An example is shown in Fig. 6 where the UV maps obtained by the Mini-EUSO data is
compared to the data from METEOSAT 8 satellite. The same circular cloud formation (cyclone)
is observed in the same geographical position by both instruments.
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Figure 6 – Circular cloud event over the Indian Ocean. Left: Mini-EUSO data. Right: RGB Dust Composite
image from the METEOSAT 8 meteorological satellite. Image from 6.

Figure 7 – A meteor track as it develops in the field of view of Mini-EUSO. The X and Y axes represent the PDM
pixels. Image from 1

3.4 Meteors

Meteors are observed by Mini-EUSO in the D3 timescale, where they appear as a bright spot
moving along a straight line for several GTUs. Fig. 7 shows an example of a bright meteor. The
dynamic of the meteoroid in the Earth’s atmosphere mainly depends on the mass, velocity and
inclination angle with respect to the ground. Therefore, the intensity and duration of the signal
observed by Mini-EUSO change considerably from case to case. Figure 8 shows the distribution
of meteor parameters obtained from the preliminary analysis of the first 9 sessions of Mini-EUSO.
All the meteors analyzed so far are below the limit of 72 km/s, i.e., the velocity limit for Solar
system meteoroids in case of head-to-head collision with the Earth. The observed magnitude,

95



assumed at the reference altitude of 100 km, varies from +7 to -2. It is worth noting that the
magnitude distribution shown in Fig. 8 is modulated by the detection efficiency, which starts
decreasing above +4. The complete analysis on a larger dataset will be subject of a forthcoming
publication.

Figure 8 – Velocity, duration, azimuth and magnitude distributions of meteors detected by Mini-EUSO. Image
presented on 5

3.5 Artificial light sources

Mini-EUSO can easily detect different artificial light sources, as already presented in case of
cities and towns (Fig. 4) and artificial flashers (Fig. 5). Other types of artificial light sources
like the light produced by fishing boats are present. An example is shown if Fig. 9 where bright
spots are found in the Arabic sea in correspondence with the location of fishing activities.

Figure 9 – Fishing boats in the Arabian sea. Left: A snapshot of Mini-EUSO data. Right: Data from Global
Fishing Watch 7. The area in the red box roughly represents the field of view of Mini-EUSO when the snapshot
was taken.

Artificial lights can also be identified in D2 timescale through their 50 or 60 Hz light modu-
lation when all the light sources are connected to the same transformer and emit light in phase.
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It is also possible to distinguish between the two different frequency, as shown in Fig. 10. The
frequency appears doubled in Mini-EUSO.

Figure 10 – Oscillation induced by AC current. Top: 100 Hz modulation (13 peaks in 123 ms) observed in
Indonesia. Bottom: 120 Hz (15 peaks in 123 ms) modulation observed in Argentina.

3.6 Elves and other atmospheric events

Mini-EUSO can perform imaging of different atmospheric events thanks to its multi-level data
acquisition system. Lightning strikes are best observed in D3, but the initial evolution of the
event can be probed also in D1 and D2. Faster events, like elves, are instead observed only in
D1. Elves are horizontally expanding, fast ring-shaped light emissions at the bottom ionosphere.
The characteristic spatial dimension of elves are rings extending to a horizontal radius of ∼300-
500 km, centered at ∼90 km altitude.

Mini-EUSO can probe the expansion of the ring whose center is usually outside its FoV,
measuring different quantities as presented in 8. Fig. 11 shows the geographical location of the
first 17 elves detected by Mini-EUSO, and an example of an elve event. The main advantage
of Mini-EUSO in this field is the high sensitivity to low energy elves, as well as the capacity to
reconstruct the evolution and to provide high-speed UV imaging of the elves.

3.7 Search for EAS-like events

Several events with a time profile that lasts for tens or up to hundreds of μs, with similarities
to an EAS signal are present in the data. Most of these events are produced by ground flashers,
triggered many times as they move through the field of view. The most interesting non-repeated
EAS-like event, detected off the coast of Sri-Lanka, is shown Fig. 12 together with two examples
of EAS simulations at different energies and zenith angles. A comparison with the simulations
shows that it is not possible to reproduce both the lightcurve and the spot on the focal plane
with an EAS, completely ruling out the possibility that the event is produced by an UHECR.
This proves that it is possible to discriminate between real UHECR events and other natural
or anthropogenic events that resemble EASs, strengthening the idea behind the JEM-EUSO
detection principle.

Fig. 13 shows the comparison between an event produced by a ground flasher detected by
Mini-EUSO (right) and the most promising candidate of an UHECR event detected by TUS, a
previous space based mission of the JEM-EUSO program (for a complete discussion on this event,
check10). The similar structure of the lightcurve indicates that ground sources can generate light
profiles similar to what was detected by TUS, however, we underline that in the TUS event the
signal appears to be moving among pixels with a relativistic speed, while in Mini-EUSO data
all the signals with a duration compatible with EAS showers appear stationary.
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Figure 11 – Top: Location of the 17 elves detected so far by Mini-EUSO. The inset shows a zoom over a region
where three elves are detected close to each other. Image from 8. Bottom: Evolution of an elve as seen by
Mini-EUSO. The elve appears in the bottom right corner and it is possible to observe its whole evolution that
lasts for ∼450 μs.

3.8 Direct cosmic ray hits

Low energy cosmic rays can directly interact within the detector, producing a signal very differ-
ent from an EAS developing in the atmosphere. Those events, called “direct cosmic ray” hits,
are quite common in Mini-EUSO, resulting in almost 50% of the D1 dataset. An example of
such event is shown in Fig. 14. Direct cosmic ray hits are easily recognizable by their pecu-
liar lightcurve, that reaches the maximum in 1 or 2 GTUs and then present an immediat or
exponential decay.

Figure 12 – Left: Non-repeated event detected off the coast of Sri Lanka. Center and right: Simulation of two
UHECRs with different energies and zenith angles. Image adapted from 9
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Figure 13 – Left: TUS161003 event lightcurve. Image from 10. Right: Comparison between TUS event and a
Mini-EUSO ground flasher event, observed near Lake Michigan.

Figure 14 – Direct cosmic ray hit and its typical lightcurve.

4 Conclusion

Mini-EUSO is a mission of the JEM-EUSO Program that observes the Earth atmosphere from
inside the ISS since October 2019. Mini-EUSO has observed a wide range of interesting phe-
nomena regarding astrophysical, geophysical and atmospheric science. The data gathered by
Mini-EUSO will be of utmost importance for the future space-based missions of the JEM-EUSO
Program.
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The objective of the JEM-EUSO program, is the realisation of a space mission devoted to
Ultra-High Energy Cosmic Ray (UHECR) science. An ultra fast UV camera with wide field
of view will look down to observe an Extensive Air Showers phenomena from space. The
technology is under development and is tested in serie of smaller on-ground, space and balloon
born experiments. Observation technique can be used not only in cosmic ray physics but in
atmospheric science as well. The Mini-EUSO instrument is 40 kg telescope mounted onboard
the International Space Station (ISS). Since its installation in 2019, the detector has observed
plenty of signal sources moving in the atmosphere with speed close to the speed of light. In
this work, I describe the basics of the detection of ELVEs (Emission of Light and Very Low
Frequency perturbations due to Electromagnetic Pulse Sources) – very energetic phenomena
produced in upper atmosphere above the lightning. Current status of observations and data
analysis are discussed.

1 Introduction

The aim of the JEM-EUSO1 (Joint Experiment Missions - Extreme Universe Space Observatory)
Collaboration is to investigate the nature of ultra high energy cosmic rays (UHECR) and to
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address basic problems of fundamental physics at extreme energies. Using dedicated ultra fast
camera we would like to observe from space the Earth’s atmosphere in UV band to detect fast-
moving signals e.g. tracks produced by Extensive Air Showers with the millisecond resolution.
To test the principle of observations a series of EUSO pathfinders have been developed including
ground, balloon and space-borne missions. Although the scientific program is focused on cosmic
rays physics, observations from space with obtained detector resolution give an opportunity
to investigate also atmospheric physics phenomena. This task is currently under investigation
using one of the EUSO pathfinders - the Mini-EUSO 2 detector. In this work we discuss the
specific cases of atmospheric phenomena so-called ELVES. Their nature, results of observation
by Mini-EUSO detector and first conclusions will be discussed in the next sections.

1.1 The Mini-EUSO detecor

Mini-EUSO (Multiwavelength Imaging New Instrument for the Extreme Universe Space Ob-
servatory) is 2304 pixel UV camera launched in September 2019 to be mounted in the Zvezda
module of an International Space Station (see Figure 1 left). Since this time more than 50 obser-
vation sessions lasting ∼ 12 hours each have been performed. The focal surface of PDM (Photo
Detector Module) is composed of a matrix of 36 multianode photomultipliers (MAMPTs, Hama-
matsu, 64-channels each). As the standard photomultipliers are used, the detector is equipped
with a dedicated power supply unit3. The telescope with applied BG3 filter is operating in UV
band (290 - 430 nm). Single photon counting readout is realised by ASIC (Application Specific
Integrated Circuit) with 2.5 μs time resolution which defines one GTU (Gate Time Unit).

Figure 1 – The Mini-EUSO detector mounted on board the ISS (left) and the engineering model of the detector
with description of the main components (right).

The optical system based on two Fresnel lenses allows for a wide field of view of about 44◦

what gives ∼ 4.7km x 4.7km of single pixel field of view at 90 km altitude. Data are processed
by a Zynq-based FPGA board. The main components of the detector are described in Figure 1
(right). Three time scales of data acquisition can be specified in the following way 4,5:

• D1 - measurements with 2.5 μs sampling - used to record the fastest events like cosmic
rays (including direct hits) and ELVES. 128 frames are stored when L1 trigger occurs 6.

• D2 - measurements with 320 μs time resolution useful for observations of lightning and
artificial light sources. Modulation of light from small towns can be identified at various
frequencies between 50 and 120 Hz. 128 frames (each consisting of counts integrated over
128 D1 frames) are stored when L2 trigger occurs.

• D3 - measurements with ∼41 ms time resolution. Observations of meteors, lightning,
clouds, Earth’s emissions depend on the surface visible, e.g. ground, sea or clouds etc.
128 frames (each consisting of counts integrated over 128x128 D1 frames) are stored in
untriggered, continuous acquisition mode.
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Since the first run in October 2019, plenty of events have been observed facing downward
from ISS through the UV transparent window. Figure 2 represents temporal profiles of various
events detected by Mini-EUSO detector in all time scales. All types of drawn events, except
for the simulated, marked with dotted lines in the left bottom corner, have been found in
Mini-EUSO data. ELVES are one of the fastest and the most bright events measured by Mini-
EUSO. Observations of ELVES in the thunderstorm region lead to the risk of damaging the
photomultipliers due to very strong signals. For this reason, HVPS system is equipped with
externally controlled ultra fast switches which can reduce the PMT collection efficiency by a
factor 100 or 10000 in few GTUs. The tests of the Mini-EUSO engineering model in laboratory
and in open-sky conditions have been described in dedicated paper 7.

Figure 2 – Temporal profile of various signals observed by Mini-EUSO. Lines represents signal intensity as a
function of lasting time for events found in Mini-EUSO data except for the dotted line in the left bottom corner
representing simulations of UHECR. ELVES (yellow lines) are ones of the most energetic events together with
lightnings. Earth emissions, lightning and clouds (blue lines) are the longest. Properly matched D2 time resolution
allows for detection of oscillations coming from anthropogenic sources (grey lines in the middle of the plot). Figure
adopted from 2.

2 Detection of ELVES and data analysis

2.1 An ELVE phenomenon

ELVES (Emission of Light and Very Low Frequency perturbations due to Electromagnetic Pulse
Sources) are a kind of TLEs (Transient Luminous Events) produced in the lower ionosphere when
lightning takes place. About 90% cloud-to-ground strokes are negative (-CG) discharges which
move negative charge from cloud to ground 8. They have a peak current of 10 - 100 kA with a
median of ∼30 kA and durations of 30 - 200 μs 9. Lightnings produce Electro-Magnetic Pulses
(EMP) which propagate in the atmosphere with a spherical shape. The radio emission is at Very
Low Frequencies (VLF) oscillating around 7kHz which corresponds to ∼50 km wavelength10.
An EMP can accelerate electrons in the lower ionosphere and change their density locally.
Accelerated electrons, with energies reaching several keV can easily excite nitrogen molecules
in the ionosphere. Finally, an ELVE can be produced as a result of the interaction of EMP
with D-layer of the ionosphere at altitudes between 85 and 100 km. As the effect occurs only
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in a thin layer of ionosphere, it can be observed from space as an expansion of very bright
ring propagating with speed close to the speed of light. Mini-EUSO can detect those events by
observing the atmosphere over thunderstorms. The time dependency of radius R(t) and speed
of propagation V (t) can be expressed using the following equations:

R(t) =
√
c2t2 − (h− h0)2 (1)

V (t) =
dR

dt
=

c2t√
c2t2 − (h− h0)2

(2)

where:

h0 - lightning altitude, typically few kilometres,
h - altitude of UV emission in the ionosphere, 85 - 100 km.

The altitude of emission in the ionosphere is limited, however it should be a free parameter in
the analysis.

2.2 ELVES in Mini-EUSO data

In the period between November 2019 and January 2021, 17 events have been found in D1 Mini-
EUSO data using an external trigger. All of them are placed close to the equatorial region which
was expected due to the weather conditions. Events have been marked on the map in Figure
3 left. Data taken after January 2021 has not been analyzed yet so we expect that number of
events will increase in future.

Figure 3 – Positions of detected ELVES marked on the Earth map (left) and positions of centers in respect to the
Mini-EUSO field of view marked with yellow square (right). The orange circle represents the Mini-EUSO effective
area for ELVES observations.

The ELVES rate Rateelves has been in the following way 11:

Rateelves =
ηelves

TD1
active ·Areaelves

= 2.2 · 10−8 elves

km2 ·min
(3)

where:
ηelves - number of elves = 17,
TD1
active - active time in the D1 time-scale - 35.31 hours,

Areaelves - active area where centers of ELVES observed by Mini-EUSO detector can be
placed - 3.7 · 105 km2.
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2.3 Data analysis

In this section, we describe the procedure of data analysis and preliminary results. The analysis
is focused on the estimation of the main parameters of detected ELVES like center position,
propagation speed, energy etc. At current stage, analysis includes following steps:

• background subtraction

• time delay correction

• estimation of the center position

• analysis of the propagation speed

Due to the size of field of view, the signal reaching the detector at angle θ from nadir direction
is coming with the time delay Δt according to:

Δt =
H − h

c

(
1− 1

sinθ

)
(4)

where H is the altitude of the detector, h is the altitude of emission in the ionosphere. H−h
as the distance between ionosphere plane and the detector plays a crucial role in time delay. The
θ angle is common for pixels placed on the focal surface at the same distance from the optical
axis.

Figure 4 – The time delay calculated for each pixel separately at 90 km of signal emission altitude (a) and Mini-
EUSO data for one ELVE event calibrated assuming different altitudes of emission with fitted rings to obtain the
center position (b and c). Figure b) represents data without time delay calibration. In figure c) an ionosphere
altitude of 90 km has been fixed but the results of the centre algorithm don’t change significantly by changing
the height of the ionosphere.

Changing the altitude of emission we change the geometry of the observed event. The
difference between the time delay for pixels placed in central part and the corners of the detector
amounts to about 58 GTUs assuming 90 km of emission altitude which is presented in Figure 4
a). The figures b) and c) represent uncalibrated and calibrated data for 90 km of the ionosphere
altitude respectively. The best fits of the centers assuming circular shape in the analysis of all
events lead us to UV emission from altitudes between 85 and 100 km. In this range, changing
the ionosphere altitude doesn’t change fitted center position significantly.

An iterative algorithm to find the position of ELVES centers by fitting visible parts of the
rings has been developed by Giulia Romoli 12 by adaptation of already existing in the literature
solutions 13 to our case. The applied solution is based on fitting by minimizing the sum of the
geometric distances to the data points. The algorithm has been improved by introducing the
weight factors representing data points. Current version is able to find centers for noisy signals
with incomplete circles in the field of view.
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Figure 5 – Polar plot of the total number of counts at given distance and time (top) and Gaussian fit of projection
for the specific frame (bottom)

Once the data is calibrated and position of the center is known, we can perform the propa-
gation analysis. For this purpose, we create the polar plot with number of counts detected for a
given data frame representing time and at a given distance R. An example is presented in Figure
5 top. The ELVE signal over the background can be seen as a high-count band, with the radius
growing with time. We can determine a more exact value of radius by fitting the projection of
this plot for the specific frame (Figure 5 bottom).

The fitting procedure between minimal and maximal frames with recognized ELVE signals
is automatized. The whole procedure can be iterated with center position as a parameter to
minimize χ2 to the Gaussian fit. This provides us with the radius versus frame dependency which
can be in the last step fitted by the Equation 1 with propagation speed as a free parameter.
In Figure 6 left all fitted events have been plotted in the coordinate system where zero on the
X-axis is common for all events and indicates the time of the lightning. All events are lasting a
few hundred microseconds. The two obtained speeds of propagation higher than speed of light
is caused by noisy signal. Improvement of the analysis algorithm due to this fact will be one of
the next steps in the data analysis.

3 Conclusions

In this work, we have presented the status of observations and data analysis of ELVES with Mini-
EUSO detector. Observations of 17 events confirm the suitability of the detector for observations
of ultra fast UV signals in the Earth’s atmosphere. Few detected events are characterized by
the presence of the multiple rings. Analysis of those events is not discussed in this work however
the topic should be addressed in future. Mini-EUSO performances make atmospheric science
open for JEM-EUSO scientific program. This gives an opportunity to compare results with other
experiments operating in a similar area like LIDAL14 or ASIM15. Potential connections between
ELVES, Terrestrial Gamma-Ray Flashes and Cosmic Rays discussed by ASIM Collaboration
make the topic even more attractive. Some part of the Mini-EUSO data is waiting for the
analysis. This can increase the statistics of interesting events and lead us to more interesting
conclusions.
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Figure 6 – Radius versus time dependency of detected ELVES with fitted speed of propagation (left) and distri-
bution of fitted values
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The core-corona model and the muon puzzle in high-energy air showers

T. Pierog
KIT, IAP, Postfach 3640, D-76021 Karlsruhe, Germany

The deficit of muons in the simulation of extensive air showers is a long-standing problem
and the origin of large uncertainties in the reconstruction of the mass of high-energy primary
cosmic rays. Hadronic interaction models, re-tuned after early LHC data, have a description
of the muon content closer to each other but still disagree with data. Collective hadronization
due to the formation of a quark-gluon plasma (QGP) has already been studied as a possible
cause for a larger production of muons under extreme conditions (in rare, very central nuclear
interactions), but without real success. However, in the view of the most recent LHC data, a
collective hadronization phase might not only be limited to such extreme conditions. Because
of its different ratio of electromagnetic to hadronic energy, a QGP may have the properties
to solve the muon puzzle. This hypothesis is demonstrated using a theoretical approach and
tested in a proper way by the modification of hadronic model spectra in CONEX to mimic the
production of a QGP also in less extreme conditions with a possible large impact on air-shower
physics.

1 Introduction

Despite all the efforts made to take into account the first results of proton-proton collisions at
the LHC in hadronic interaction models used for air-shower simulations, the observed number of
muons, their height of production, or even the depth of shower maximum are still not reproduced
consistently by the models 1. Furthermore, the differences among model predictions introduce
uncertainties in cosmic-ray data analysis, which are currently smaller than in the past but still
exceed the experimental uncertainties in certain cases 2. Nevertheless before claiming the need
for “new physics”, it is important to guarantee that all the standard QCD physics is properly
taken into account in these models. For that it is necessary to go beyond the simplest observables
which are usually used to test them. The various LHC experiments provided a large amount
of complex data to analyze and understand, in particular thanks to the correlations between
different observables, which are not yet fully investigated.

Among the hadronic interaction models used for air-shower analysis, only Epos lhc 3,4,5,6

includes all the features needed to have a detailed description of the correlation between various
observables 1. Indeed, the core-corona approach in this model, which allows the production of
a collective hadronization phase, appears to be a key element to reproduce LHC data. Before
LHC, it was usually accepted that hydrodynamical phase expansion, for instance due to the
formation of a quark-gluon plasma, was possible only in central heavy-ion collisions. Proton-
nucleus (pA) collisions were then used as a reference to probe the effect of such collective
behavior (final state) but with some nuclear effect at the initial state level, while proton-proton
(pp) interactions were free of any nuclear effects. With the LHC operated in pp, pPb and PbPb
mode, it is now possible to compare high-multiplicity pp or pPb events with low-multiplicity
PbPb events (which correspond to the same number of particles measured at mid-rapidity) and
surprisingly the very same phenomena are observed 7,8 concerning the soft-particle production.
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One of the most striking features observed in all systems is the long-range two-particle cor-
relations and the evolution of the particle flow as described in Ref. 9. In Ref. 10 the authors
demonstrate how these data from the CMS Collaboration can be reproduced and explained
using an approach combining standard perturbative calculations for initial conditions and hy-
drodynamical calculations for the final state interactions.

At the same time, the recent results compiled by the Working group on Hadronic Interac-
tions and Shower Physics (WHISP) 11 clearly indicates that the discrepancy between the muon
production in simulations and data gradually increases with energy. It is a strong indication
of a different hadronization than the one used in the current hadronic models 12,13,14,15,16,17, in-
cluding Epos lhc, which does not have enough core contribution according to data 7 published
after the release of the model in 2012.

In Ref. 18, we present a modified version of Epos lhc 4 based on Epos3 3 to study the
consequence of the extended range of collective hadronization on air-shower physics in this
particular model with positive results on the number of muons. To have a more general approach,
new results based on modified secondary particle spectra following the core-corona approach
applicable to any model are now presented.

In Section 2, we will discuss the impact of collective hadronization in the total number of
muons produced by air showers. In Section 3 the basic principles the core-corona approach will
be presented and we will discuss the changes made in CONEX 19 to take this modifications into
account and check the results. Finally, in Section 4, we will discuss future developments.

2 Collective hadronization and air-shower physics

The dominant mechanism for the production of muons in air showers is via the decay of light
charged mesons. The vast majority of mesons are produced at the end of the hadron cascade
after typically five to ten generations of hadronic interactions (depending on the energy and
zenith angle of the cosmic ray). The energy carried by neutral pions, however, is directly fed
into the electromagnetic shower component and is not available for further production of more
mesons and subsequently muons. Thus, the energy carried by hadrons other than neutral pions
is typically able to produce more hadrons and ultimately muons in following interactions and
decays. As explained in Ref. 12,20, the ratio of the average electromagnetic to average hadronic
energy, called R, and its dependence on center-of-mass energy, are thus related to the muon
abundance in air showers: if this energy ratio is smaller (larger), more (less) energy is available
for the production of muons at the end of the hadronic cascade and ultimately more (fewer)
muons are produced. In a simplified model where all particles have the same energy, we can
define R = c/(1 − c) where c = Nπ0/Nall and Nall is the total multiplicity. Then it can even
be demonstrated using the simple Heitler-Matthews model 21 that the exponent β of the energy
dependence of the muon production is directly related to c and thus R as

β = 1 + ln(1− c)/ ln(Nall) (1)

Since in a collective hadronization (or statistical model) the production of particles with
higher mass (in particular strange quarks) 22 is not suppressed as in a string hadronization,
the fraction of secondary pions in the dense core is reduced because many other more massive
hadrons and resonances are produced. This leads to a lower ratio of the electromagnetic to
hadronic energy density in particles produced from the core. As a consequence, such reduction
of R due to more collectivity in secondary particle production should increase the slope β of
the energy dependence of the muon production in air showers when compared to traditional
hadronic models where only the string hadronization is taken into account.
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3 Core-corona effect

The discussion in the previous section suggests that a change of R is a potential way to reduce
the discrepancy between measurements and air shower simulations. Nevertheless, R is quite
well constrained by theory as well as laboratory measurements and, thus, can not be changed
entirely arbitrarily as studied in another analysis 23. In a naive model like Ref. 21 where only
pions are considered as secondary particles, R = 0.5. In a more realistic approach based on
string fragmentation we have R ≈ 0.41 to 0.45.

10
-4

10
-3

1 10 10
2

10
3

<dnch/dη(0)>

 r
at

io
 to

 π ALICE (black)
Ω

EPOS 3.210

full
co+co
corona
core

102 103 104 105 106 107 108 109 1010

Elab/GeV

0.0

0.1

0.2

0.3

0.4

0.5

0.6

R
=

E
em
/E

ha
d

Mid-Rapidity

p + air
interaction

EPOS-LHC
QGSJET-II-04
SIBYLL-2.3d
Corona only ( f = 0)

f = 1.00 ,Escale = 1010 GeV

Core only

Figure 1 – Left-hand side: Particle to pion ratio for the Ω baryon versus multiplicity at mid-rapidity, for different
contributions (core (dash-dotted), corona (dotted), core+corona (dashed) and all (core+corona+hadronic gas)
(full)) from the Epos simulations, for different systems (pp (thin), pPb (normal), PbPb (bold)). We also plot
ALICE data from 7. Right-hand side: evolution of the ratio R from pure corona to pure core in case of linear
increase of core fraction as a function of the logarithm of the energy for 3 different models in proton-air interactions
at mid-rapidity.

But as shown in Ref. 7, particle ratios such as K/π, p/π or Λ/π change with increasing
secondary particle density, saturating to the value given by a thermal/statistical model with a
freezeout temperature of 156.5MeV 24 yielding R ≈ 0.34. Such a behavior can be explained in
terms of a core-corona picture22. This approach has been used in the framework of realistic sim-
ulations 25, but also in simple model calculations 26,27,28,29. The basic idea is that some fraction
of the volume of an event (or even a fraction of events) behaves as a QGP and decays according
to statistical hadronization (core), whereas the other part produces particles via string fragmen-
tation (corona). The particle yield Ni for particle species i is then a sum of two contributions

Ni = ωcoreN
core
i + (1− ωcore)N

corona
i , (2)

where N core
i represents statistical (grand canonical) particle production, and N corona

i is the yield
from string decay. Crucial is the core weight ωcore. In order to explain LHC data 7 the weight
ωcore needs to increase monotonically with the multiplicity, starting from zero for low multiplicity
pp scattering, up to 0.5 or more for very high multiplicity pp, reaching unity for central heavy
ion collisions (PbPb) as illustrated in Fig. 1 using Epos3 model 3.

In order to know whether such a constrained value of R could be low enough to increase the
number of muons in air shower simulations such that the data could be reproduced, a simplified
core-corona approach can be used to at least set some realistic upper-limit under the following
asumptions:

• the fraction of core effectively increases with energy: the core-corona approach is originally
a function of the multiplicity and independent of the collision energy for a given multi-
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plicity. Since the average multiplicity increases with the energy, the average core fraction
must increase with energy.

• only the change in hadronization is taken into account: collective effects in core in principle
include particle correlations and flow, but since the longitudinal particle momentum is
dominating over the transverse momentum down to relatively low energy, these effects can
be neglected in first order.

• no nuclear effect is introduced: the multiplicity increases with the mass of the projectile,
so the core fraction would increase for higher primary mass. This is not taken into account
due to technical limitations (minimizing the effect for higher primary mass but only for
the first few hadronic generations).

• core-corona effect is applied on full phase space: core hadronization has been observed at
mid-rapidity, but in order to see the maximal effect on air shower to set an upper-limit,
the modification should apply at larger rapidities.

So in the following, we are going to employ a straightforward core-corona approach, based on
Eq. (2), for any hadronic interaction model in CONEX air shower simulations. The particle yield
from the chosen interaction model is by definition considered to be the corona yield, whereas we
use the standard statistical hadronization (also referred to as resonance gas) for the core part.
So ωcore = 0 would be the “normal” simulation with the default interaction model. Choosing
ωcore > 0 amounts to mixing the yields from the interaction model according to the core-corona
superposition shown in Eq. (2) and depicted in Fig. 1 right-hand side for proton-air interactions
for 3 different hadronic interaction models Epos lhc, QGSJetII.04 30,31 and Sibyll 2.3d 32.

Technically, we directly modify individual particle ratios of the secondary particle spectra
dNi/dEj , for particle species i and energy bins dEj , of hadronic interactions with air nuclei
used by CONEX for numerical air shower simulations based on cascade equations. Knowing the
initial ratios π0/π±, p/π±,K±/π±, p/n,K0/K± (taking into account strange baryon decays)
from a corona type model and the value of the same ratios from the core model, we compute
new spectra in which the particle yields include both, core and corona according to ωcore. Since
the hadronization mechanism can affect only newly produced particles the properties of the
leading particle should be preserved. To achieve that, the new particle yields are computed for
all secondaries, but excluding the one corresponding to the respective projectile type, i.e. protons
in proton-air, kaons in kaon-air interactions, and so on. The yield of the projectile-type particles
is determined subsequently by exploiting energy conservation in all energy bins dEj summed
over all secondary particle species i: the sum

∑
iEj dNi/dEj must be conserved. Since at high

xF = Ej/Elab only the projectile-type particles will have dNi/dEj significantly different from
zero (aka leading-particle effect), the resulting modified leading-particle type spectra at high xF
follow the original distribution, and are only affected by the scaling procedure at lower values
of xF. Together, this assures that energy conservation as well as the total multiplicity are not
affected, but only the particle ratios. More details will be given in a future publication.

We expect the core weight ωcore to increase with energy in a logarithmic way like the total
multiplicity. Thus, we use

ωcore(Elab) = fω F (Elab;Eth, Escale) (3)

with

F (Elab;Eth, Escale) =
log10(Elab/Eth)

log10(Escale/Eth)
for Elab > Eth, (4)

to model this, starting already at fixed-target energies, Eth = 100GeV. Different energy de-
pendencies are explored by changing Escale from 100GeV (corresponding to a step function),
to 106GeV, and 1010GeV. The fω scale is varied from 0.25, 0.5, 0.75 to 1.0; in addition we
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Figure 2 – Left-hand side: Different energy evolutions probed for ωcore. The solid lines represent changing the scale
fω of the effect, while the dashed lines also indicate the effect of changing Escale. Right-hand side: Comparison of
different core-corona mixing scenarios, as described in the text, on air shower simulations at 1019 eV QGSJetII.04
in the Xmax-lnNμ plane. The solid lines represent changing the scale fω, while the dashed lines also indicate the
effect of changing Escale. The default model corresponds to the corona-only simulations. The data point is from
the Pierre Auger Observatory 33. Each model line represents all values that can be obtained for any mixture of
cosmic nuclei from proton (bottom right) to iron (top left).

enforce F (Elab;Eth, Escale)
!
= 1 for all Elab ≥ Escale. This yields the ωcore energy dependencies

as depicted in Fig. 2 left-hand side. All these scenarios have been used to simulate full air show-
ers with CONEX, using cascade equations from the first interaction to the ground, for proton
and iron primary particles at E0 = 1019 eV. In Fig. 2 the results are shown in the Xmax-lnNμ

plane for QGSJetII.04. This typical example illustrates that it is well possible with modified
hadronization in air shower cascades to describe the data of the Pierre Auger Observatory. As
expected, more core-like contributions are needed compared to what is currently provided by
the models. This means, QGP-like effects also in light colliding systems and starting in central
collisions at much lower center-of-mass energies may play a decisive role.

Furthermore, from eq. (1) also a different energy evolution of the muon production follows.
To study the effect of our core-corona model on the muon production as a function of the energy,
we can compare the different scenarios with the compilation of data presented in Ref. 11 using
the renormalized factor

z =
〈lnNμ〉 − 〈lnNμ〉p
〈lnNμ〉Fe − 〈lnNμ〉p

, (5)

with Nμ being any muon-related experimental observable and 〈lnNμ〉p and 〈lnNμ〉Fe being
the average of the logarithm of the same observable simulated with proton and iron primaries
respectively for a given reference hadronic interaction model. This allows a direct comparison
between different experiments for various types of muon observables.

Considering the energy dependence of z, there is an implicit dependence on the cosmic-
ray mass A, since 〈lnA〉 varies with energy. However, as expected from the Heitler model
formula, and even more importantly, verified via explicit simulations, z and 〈lnA〉 are related as
z = a+b〈lnA〉, and from z(pure Fe) = 1 and z(pure p) = 0 we simply get a = 0 and b = 1/ln56.
This is very useful, since it means that the A-dependence of z (called zmass) is given as

zmass =
〈lnA〉
ln 56

, (6)

and the expectation of Δz = z − zmass is zero for the case of full consistency between all
experimental observables and the simulations based on a valid reference model. This means,
plotting Δz for experimental data, we should get zero if the reference model were perfect,
whereas Δz > 0 implies a muon deficit in the simulations. In this way we can visualize the
energy dependence of the muon excess, corrected for mass dependencies. More details and
references are given in Ref. 11.
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Figure 3 – Evolution of the mass corrected z-factor, Δz = z−zmass, as a function of the primary energy. The data
are taken from Ref. 11, where the muon content measured by EAS-MSU 34, IceCube 35, KASCADE-Grande 36,
NEVOD-DECOR 37,38, Pierre Auger 33,39,40, SUGAR 41 and Yakutsk 42 are compared. Overlayed are predictions
obtained from changing the scale fω (solid lines) and Escale (dashed and dotted lines) obtained with Epos lhc
(top) and QGSJetII.04 (bottom) air shower simulations.

As pointed out in Ref. 11, for all models the data have a positive Δz showing a signifi-
cant logarithmic increase with the primary energy, indicating an increasing muon deficit in the
simulations. In Fig. 3 the effect of the different energy evolution of ωcore for Epos lhc and
QGSJetII.04 on Δz are shown. Here the new simulations are treated like data and the z
factor is calculated using the original (quoted) models as a reference such that the new Δz
can be compared to the data points directly. The positive Δz of the lines indicate a larger
muon production when ωcore increases and the positive slopes mean that the slope of the muon
production as a function of the primary energy is larger when ωcore increases. By including a
consistent core-like hadronization, we thus reproduce the energy evolution as found in the data.
This is even possible for values ωcore < 1.

4 Summary

The better description of the collective hadronization and in particular the fact that the core
is produced earlier than predicted by Epos lhc can have very important consequences for
the muon production in air showers. The effect of QGP using the standard Epos lhc was
shown not to be significant. Indeed in this model, the QGP was produced only for very high-
multiplicity events and at mid-rapidity which are both rare and not so important for air-shower
development. Other studies using a QGP or alternative hadronization as a possible new source of
muons were all based on changes under extreme conditions too44,13 or with extreme consequences
not observed at the LHC 14. As shown here and in Ref. 43, according to the most recent LHC
results, the collective hadronization happens at a much lower multiplicity and as a consequence
with effects at larger rapidities (lower particle densities than foreseen). In that case, much more
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particles coming from the hadronization of a QGP plays a significant role in the air-shower
development. The production of the QGP is increasing with energy (since the multiplicity
increases) leading to a reduced ratio R between energy going into electromagnetic particles and
energy carried by hadronic particles and as a consequence the slope of the energy dependence
of the muon production also increases with the primary energy and is closer to the one observed
by the WHISP working group 11 in the data, and without changing the 〈Xmax〉 too much. A
stronger effect could be observed in case of a nuclear projectile that could create a collective
phase with a non-zero chemical potential, which could lead to an even stronger increase of the
non-electromagnetic secondary particles 16. The combination of a mild increase like observed in
this study with a proton primary with an even stronger effect for heavier projectile could be the
complete solution of the muon-deficit problem in air-shower simulations. A Monte Carlo model
taking into account the core-corona effect in a detailed enough way to reproduce all major effects
observed at the LHC is still under development 45. More data, in particular in forward phase
space from LHCb 46,47 or other projects 48 and using light ion beam light oxigen at the LHC, is
required to set further constraints on the core-corona mechanism.
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Optimized FLUKA cross sections for cosmic-ray propagation studies
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The current great precision on cosmic-ray (CR) spectral data allows us to precisely test our
simple models on propagation of charged particles in the Galaxy. However, our studies are
severely limited by the uncertainties related to cross sections for CR interactions. Therefore
we have developed a new set of cross sections derived from the FLUKA Monte Carlo code, which
is optimized for the treatment of CR interactions. We show these cross sections and the main
results on their application for CR propagation studies. Finally, we discuss the prediction of
a low-energy break in the electrons spectra inferred from gamma-ray data.

1 Introduction

Galactic CRs, injected and accelerated in astrophysical sources, propagate throughout the
Galaxy for millions of years, occasionally interacting with the gas in the interstellar medium
(ISM) through spallation reactions that produce secondary particles, such as gamma rays, neu-
trinos or secondary nuclei that we call secondary CRs. The amount of secondary CRs formed
provides direct information about the mean grammage traversed by the so-called primary CRs
(i.e. the amount of gas per unit area that primary CRs cross during their journey) and, there-
fore, about the time that these CRs reside in the Galaxy. Measuring the spectra of secondary
CRs such as Li, B, Be or F provides further information on how CRs interact with the magneto-
hydrodynamical (MHD) turbulence in the ISM plasma and the energy dependence of these
interactions.

The transport of CRs in the Galaxy is conventionally studied as a diffusive process charac-
terised by a diffusion coefficient which is, basically, a power-law in energy (D ∝ Eδ) and whose
spectral index δ is intimately related to the MHD interactions that CRs undergo. The ratios of
the fluxes of secondary CRs to primary CRs, such as the B/C ratio, are used to determine the
diffusion coefficient, given that they are directly related to each other, as can be seen from the
approximate relation Nsec/Nprim(E) ∝ σ(E)/D(E), where σ(E) is the spallation cross section
of production of the secondary CR involved. Therefore, a precise evaluation of these ratios
is crucial nowadays to unveil the process of transport of charged particles in the Galaxy and
its main features, which also requires a good knowledge of cross sections of CR interactions
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in a broad energy range. However, while current CR data is extremely precise since the past
decade (at the level of a few percent), recent studies have proved the need of improving cross
sections on spallation reactions in order to reduce the uncertainty related to the determination
of the diffusion coefficient from the secondary-to-primary flux ratios 1,2,3. In fact, the accuracy
of spallation cross sections measurements for the energy range between the GeV and the TeV
is very poor (20%) and frequently there is not data at all for the energies of interest. On top
of this, given that the nuclear models describing these kind of interactions are mainly adjusted
to reproduce accelerator data, the cross sections computed from fundamental models are not
totally consistent with the available data in the GeV-TeV range and, hence, we usually rely on
parameterisations, fitted to the very scarce, limited and uncertain experimental data, instead.

Nevertheless, these simulation codes, based on Monte Carlo simulations and event genera-
tors experienced a positive boost in the last years, usually driven by radiological and medical
applications, which need to accurately describe the transport of ions in different materials and
their interactions. Recently, the FLUKA Monte Carlo nuclear code a has been optimized to be
used in different kinds of astrophysical studies, with special attention to CR interactions 4,5,6,7.
FLUKA is a general purpose tool that can be used to transport particles in arbitrarily complex
geometries and magnetic fields and study their nuclear interactions with hadrons and nuclei
from the MeV/n up to 10 PeV.

Here, we overview the main results presented in De la Torre et al., (2022) 8, where the full
cross-section network for CR interactions up to iron nuclei (Z=26) was computed using FLUKA.
These cross sections are tested against data and implemented in a customised version b of the
DRAGON2 code9,10 in order to study the different ratios of the secondary CRs B, Be and Li and
the propagation parameters derived from these predictions through a Markov chain Monte Carlo
(MCMC) analysis 11 of the most recent data from the AMS-02 collaboration 12. Furthermore,
we demonstrate that gamma-ray data indicate the need of including a break at low energies
(< 10 GeV) in the injection spectrum of electrons.

2 The derived FLUKA cross sections

Inelastic and inclusive cross sections of all stable isotopes from protons to iron impinging on
helium and hydrogen as targets (representing the composition of the ISM gas,) from 1 MeV/n
to 35 TeV/n, are calculated with FLUKA using 176 bins equally spaced in a logarithmic scale.

Inelastic cross sections are those related to the probability of destruction of a nucleus when
it interacts with another particle and its effects in the spectrum of CRs become only significant
at low energies, when the time-scale of inelastic collisions (τ−1

inel ∼ vnISMσinel(E), where v is the
speed of the particle, nISM is the target number density and σinel is the inelastic cross section
of the interaction) is smaller than the diffusion time-scale (τ ∼ H2/2D(E), where H is Galactic
halo size and D(E) is the diffusion coefficient). Experimental data on inelastic cross sections
with proton as target are measured with a precision ≤ 15% in the GeV range. The inelastic
cross sections computed with FLUKA show a good agreement with data and with other dedicated
parameterisations, consistent in all the energy range studied within ∼ 25% discrepancies. For
interactions of nuclei heavier than Ne (Z=10) with protons, for which experimental data in the
GeV range is mainly absent, the cross sections predicted from FLUKA differ from those predicted
from dedicated parameterisations by a ∼ 20% factor, roughly constant in energy 8.

In turn, inclusive cross sections are that fraction of the inelastic cross sections which go
into the creation of a secondary nucleus and regulate the rate of production of secondary CRs
(τ−1

p→s ∼ vpnISMσp→s(E), where vp is the speed of the projectile nucleus, p, and σp→s is the cross
section of production of the secondary particle, s, from the interaction of the projectile particle
with the target nucleus). These are poorly known because of the experimental difficulties to

ahttp://www.fluka.org/fluka.php
bA similar version of this code can be downloaded at https://doi.org/10.5281/zenodo.4461732
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Figure 1 – Spallation cross sections of CRs interaction with ISM gas computed with FLUKA compared to the most
widely used parameterisations, for the production of isotopes of B, Be and Li from 12C and 16O as projectiles.

perform the measurements and, therefore, the uncertainties associated to inclusive cross-section
data are of ∼ 20% − 30% in the GeV range. On top of this, inclusive cross sections should
also include the decay of ghost nuclei (i.e. short-lived nuclei generated in spallation reactions,
which have a negligible lifetime compared to typical CR propagation times, and decay into
the secondary nucleus that we are considering) in the current CR propagation codes. The
inclusive cross sections including this effect are referred to as cumulative inclusive cross sections.
Figure 1 shows the total (i.e. cross sections of interactions with a gas with ISM composition)
cumulative cross sections of production of the some isotopes of B, Be and Li from C and O (the
main producers of these secondary CRs). Here, we compare the computed FLUKA cross sections
with well-known dedicated cross sections parameterisations, commonly used in CR codes: the
GALPROP 13 and DRAGON2 1 parameterisations and the cross sections calculated with the
WNEW03 14 and YIELDX 15 (TS98 in the legend) codes. As we see, the FLUKA cross sections
are very consistent with the predictions from the other parameterisations, which is remarkable
since our predictions completely rely on theory-based interaction models and not in fits to cross
sections data. We highlight that both the normalization and energy dependence of these cross
sections is compatible with the most updated parameterisations in the whole energy range.
In addition, the position of the predicted resonances are also in good agreement with those
parameterised from data. We observe that such good consistency is found in most channels
of production of isotopes of B, Be and Li from interactions of C, N, O, Ne, Mg and Si with
gas, which constitute the main primary CRs producing these secondary CRs. However, we
observe that the channels of production of F (produced mainly from Ne, Mg and Si) predict
much lower cross sections (by a factor of ∼ 2), which seem to be not compatible with the few
existent data. Finally, we remark the importance of having reliable cross sections predictions for
those channels in which experimental data is totally absent (meaning that the parameterisations
are merely extrapolations in these channels), as happens for the channels production of heavy
secondary cosmic rays, like 26Al, for example.

3 CR transport predictions using the FLUKA cross sections

To study the spectra of B, Be and Li derived with the FLUKA cross sections and the propagation
parameters inferred from their ratios, we implement these cross sections in the DRAGON2 code.
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Table 1: Propagation parameteres found in the MCMC analysis of the B/C flux ratio. The halo size value, H,
obtained from the 10Be flux ratios is 7.54 kpc. The errors shown here correspond only to statistical uncertainties.

B/C best-fit parameters FLUKA GALPROP DRAGON2

D0/H (1028 cm2 s−1 kpc−1) 0.82 ± 0.03 0.94 ± 0.04 0.97 ± 0.04
vA (km/s) 23.3 ± 2.3 24.4 ± 3. 22. ± 3.6
η -0.67 ± 0.13 -0.66 ± 0.12 -0.78 ± 0.13
δ 0.45 ± 0.01 0.45 ± 0.01 0.44 ± 0.01

The same injection and propagation set-up as presented our previous works 1,11,8 is used, which
includes reacceleration and neglects convection. Solar modulation is treated with the Force-field
approximation 16. In this work, we focus on the results obtained with the diffusion coefficient
parameterised as in Equation 1. In this equation, the free parameters entering the fit are the
normalization, D0, the exponent of β (speed of particle in units of the speed of light), η, and
the spectral index, δ, while R0, the rigidity at which the diffusion coefficient is normalized, is
set to 4 GV. Then, we fix Δδ = 0.14, Rb = 312 GV and s = 0.04 11. The use of the diffusion
coefficient of Eq. 1 requires using as injection a broken power-law with a break set at 8 GeV.

D = D0β
η (R/R0)

δ[
1 + (R/Rb)

Δδ/s
]s , (1)

The starting point of this analysis consist of finding the propagation parameters that allow
us to reproduce the boron-over-carbon (B/C) spectrum reported by AMS-02. The injection
spectra of nuclei up to iron are adjusted, recursively, along with the propagation parameters, to
reproduce AMS-02 data 12. This analysis yielded values of the propagation parameters entering
in the fit which are reported in Table 1. This table also reports those parameters found for the
same analysis for the DRAGON2 and GALPROP parameterisations, for comparisons. As we
can see, the parameters obtained using the FLUKA cross sections are consistent within 1σ with
those obtained using dedicated parameterisations, except for the normalization of the diffusion
coefficient. This is something remarkable and achieved for the first time with a set of cross
sections derived from fundamental models of nuclear interactions.

To evaluate the size of the magnetised halo we analyse the ratios of 10Be to 9Be and to the
total flux of Be. Full details can be found in our reference work 8. This fit yields a value of the
halo size of ∼ 7.5+1.13

−0.95 kpc, similar to estimations with other cross sections (H ∼ 6.76 ± 1 kpc
for the DRAGON2 cross sections and H ∼ 6.93± 0.98 kpc for the GALPROP ones).

One of the most important tools for the study of the cross sections used to evaluate the
spectra of secondary CRs is the flux ratios among them (Be/B, Li/B and Li/Be), which are shown
in Fig. 3. At high energy, these ratios mainly depend on the ratio of the cross sections of the
CRs involved and the injection spectra of primary CRs, which are adjusted to reproduce AMS-
02 data. In this figure, we show a band of statistical uncertainty associated to the uncertainty
related to the determination of the FLUKA cross sections. As can be seen in the figure, while
the Li/Be ratio reproduces within 1σ uncertainty AMS-02 data above ∼ 2 GeV, the ratios
involving B are overproduced by a roughly constant 20 − 25% above 3 GeV. We remark that
this discrepancy is yet within the typical uncertainty on cross sections measurements above the
GeV. However, this discrepancy means that, as happens with the parameterisations commonly
used in CR studies, they are not able to reproduce simultaneously B, Be and Li. A simultaneous
solution to this discrepancy and the discrepancy found in the value of D0 with respect to the
parametrisations would be to renormalise (to lower) the cross sections of B production by around
a 20%. The result of applying this scaling to the B production cross sections is shown in the
figure as a dashed line and leads to a good simultaneous reproduction of the AMS-02 spectra of
B, Be and Li above ∼ 3 GeV.
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Figure 2 – Be/B, Li/B and Li/Be ratios obtained with the FLUKA computations, together with the band of
statistical uncertainties due to the spallation cross sections calculation (since this is a Monte Carlo computation).

3.1 Combined analysis of B, Be and Li

The final test in the study of the spectra of secondary CRs evaluated with the FLUKA cross
sections is a combined analysis where we combine the ratios of B, Be and Li to C and O (B/C,
B/O, Be/C, Be/O, Li/C and Li/O) and its respective secondary-to-secondary flux ratios (Be/B,
Li/B, Li/Be), MCMC algorithm presented in a precedent work 11. This analysis includes scaling
factors, as nuisance parameters, that renormalise the cross sections of production of B, Be and
Li and, associated to this scaling factor, there is a penalty factor that penalises large variations
of the original cross sections. The result of this analysis is a set of propagation parameters and
scaling factors that are able to simultaneously reproduce all the ratios of B, Be and Li within the
1σ statistical uncertainties in the determination of the propagation parameters. This is shown
in Figure 3, where we report the ratios of Be/B, Li/B and Li/Be, B/O, Be/O, Li/O and the
10Be/9Be ratio, included in the fit. We highlight that the diffusion coefficient obtained from
these combined analyses allows us to reproduce, at the same time, the 3He/4He flux ratio, shown
in the lower-right panel, which is evidence that the diffusion coefficient predicted by the light
secondary CRs is compatible for the different nuclei within uncertainties.

These analyses predict a spectral index of the diffusion coefficient ∼ 0.36, which is signifi-
cantly lower than the typical values found from B ratios, although compatible with the value
found for the combined analysis with the GALPROP cross sections 11. Furthermore, this value
is consistent with the basic predictions from wave-particle interactions, for which the stan-
dard spectrum of plasma waves leads to a spectral index of the diffusion coefficient which is
0.33 � δ � 0.5. Finally, another crucial point of this analysis is the cross-section scaling factors
obtained. These are 1.18, 0.94 and 0.93, for B, Be and Li, respectively, with 1σ statistical uncer-
tainties of ∼ ±0.01. However, we highlight that there are other systematic uncertainties related
to the determination of these scale factors, like those related to the gas distribution used, and
could make the total systematic uncertainties in the determination of these scale factors larger
than 5% 11.

4 Evidence of a low-energy break in electron injection spectrum from gamma-ray
data

Finally, we employed the Local Interstellar spectrum (LIS) predicted from the combined anal-
ysis described above to study the diffuse gamma-ray emission, which is computed using the
Gammasky code In particular, we tested the local HI gamma-ray emissivity spectrum using
Fermi-LAT gamma-ray data 17. The dominant contribution to this observable at high energies
is the γ-ray emission produced from the decay of unstable particles formed via nuclear reac-
tions (hadronic emission), such as pions. As it is observed in Figure 4, the hadronic emission
allows us to reproduce the Fermi-LAT emissivity, within 1σ statistical uncertainties, assum-
ing an ISM composition with relative abundance of H : He : C : N : O : Ne : Mg : Si =
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Figure 3 – Top-left panel: Secondary-over-secondary flux ratios of B, Be and Li computed using the propa-
gation parameters and cross sections scaling factors found in the combined analysis, compared to the AMS-02
experimental data. Lower-left panel: B/O, Be/O and Li/O flux ratios predicted with the parameters deter-
mined by the MCMC combined analysis for the DRAGON2 cross sections. Top-right panel: 10Be/9Be flux
ratio compared to available experimental data. Lower-right panel: Predicted 3He/4He flux ratio compared to
Pamela and AMS-02 data. Residuals, calculated as model-data/model are also shown. This ratio is calculated
with the diffusion coefficient obtained from the combined fit.

1 : 0.096 : 4.65× 10−4 : 8.3× 10−5 : 8.3× 10−4 : 1.3× 10−4 : 3.9× 10−5 : 3.69× 10−5.

At low energy (Eγ < 1 GeV) bremsstrahlung emission from leptons becomes dominant. In
order to evaluate the bremsstrahlung emission, we reproduce the AMS-02 e++e− data. We
tested two different models that allow us to reproduce electrons: (i) a broken power-law with a
break at 65 GeV and a modified Force-field approximation, able to account for the polarity and
charge sign of the different particles 18. (ii) a doubly-broken power-law with a break at 8 GeV
(same break position as it is commonly employed for nuclei) and a high energy break at 65 GeV,
using the conventional Force-field approximation 16. In this study, we found that the first option
overproduces very significantly the local gamma-ray emissivity at low energies, while the second
approach allows us to reproduce the emissivity within the uncertainties associated to the Fisk
potential, assuming to be of φ± 0.1, motivated by neutron monitors 19.

This break was observed from synchrotron radio emission20 but never proved to be necessary
to reproduce gamma-ray data, as we determine here. To further test the hypothesis of a break
at the few GeV range in the electron spectrum we studied the diffuse gamma-ray emission at
MeV energies around the center of the Galaxy (|b| < 47.5◦, |l| < 47.5◦), where Inverse-Compton
(IC) emission produced from leptons interacting with the interstellar radiation fields is totally
dominant, as it can be seen from Figure 5 (left), where we show the predicted gamma-ray
emission around the MeV for the model including a break at 8 GeV in the electron spectrum.
Hadronic emission in this plot corresponds to the gamma-ray emission from exited states of
nuclei, computed using the FLUKA cross sections. As it can be seen, our predictions reproduce
well the experimental data from COMPTEL telescope 21. Figure 5 right shows a comparison
between the predictions with and without a break in the electron spectrum, clearly supporting
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Figure 4 – Local HI gamma-ray emissivity spectrum for the propagation parameters derived from the combined
analysis. An uncertainty band related to solar modulation uncertainty is also shown.

the break hypothesis, as the local emissivity does too.

5 Conclusions

In this work, we presented the FLUKA cross sections for Galactic CR propagation studies as an
alternative and an improvement with respect to dedicated cross sections parameterisations. We
have tested the spectra of B, Be and Li and evaluated the main propagation parameters inferred
from AMS-02 data, demonstrating that every CR observable can be reproduced with accuracy
and at the level of precision of current CR parameterisations.

We showed that the FLUKA cross sections allow us to reproduce simultaneously the light
secondary CRs B, Be, Li and 3He, when introducing nuisance scaling factors to renormalise
the overall cross sections of production of B, Be and Li. The scaling factors obtained are of
∼ 1.18, ∼ 0.94 and ∼ 0.93 for B, Be and Li, respectively, which are below the typical average
experimental uncertainties of cross sections measurements for the best known channels.

Finally, from the study of the diffuse gamma-ray emission we have determined the need of
including a break in the injection spectrum of electrons at a few GeV, inferred from the local
HI gamma-ray emissivity and the diffuse IC emission at MeV energies.

Figure 5 – Predicted diffuse gamma-ray emission in the Galactic region |b| < 47.5◦, |l| < 47.5◦. The left panel
shows the different contributions to the diffuse gamma-ray emission at those energies, while the right panel
shows the predicted diffuse gamma-ray emission for the hypothesis of a low-energy break in the electron injection
spectrum compared to the hypothesis without break.
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Harmonic correlators for UHECRs

F. R. Urban
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I review the current status of harmonic techniques to detect and exploit anisotropies in the
UHECR arrival direction distribution. In particular I will focus on the harmonic cross-
correlation between the UHECR sky and galaxies, where the latter are taken as proxies for
the locations of UHECR sources. This type of harmonic cross-correlation has been pro-
posed only recently, and it shows very promising complementarities with the well-known
harmonic UHECR auto-correlation. I will show how the combination of UHECR harmonic
auto-correlation and cross-correlations with the large-scale structure can disentangle different
UHECR primaries and could reverse-engineer some of the effects of the galactic magnetic field
to a much better degree than the auto-correlation alone.

1 Introduction

Sixty-one years since the discovery of ultra-high-energy cosmic rays (UHECRs) have passed 1,
but the origin and chemical composition of UHECRs are still a mystery. We do not know
what they are nor where they come from—or how they are pushed to such extreme energies 2.
The highest-energy rays are extra-galactic, and their propagation horizon is limited to about a
hundred Mpc; since within this distance the distribution of visible matter in the Universe, the
large-scale structure (LSS), is anisotropic, the UHECR flux distribution in the sky should be
anisotropic as well.

The main obstacle in detecting this anisotropy is the intervening Galactic magnetic field
(GMF) 3.a The angle θ by which a charged particle is deflected in the ballistic regime (which
applies for the energies E and magnetic field values B we consider here), scales as θ ∝ ZB/E,
where the UHECR atomic number Z is the least-known quantity in the expression, as it can
range from Z = 1 for protons (H1 nuclei) to Z = 26 for iron (Fe56 nuclei). Therefore, hunting for
UHECR anisotropies requires striking a balance between the shot noise, which rapidly increases
with energy as the number of detected events plummets, and the magnetic deflections that distort
and suppress UHECR anisotropies, which instead decrease with energy.

The global features of an anisotropic flux distribution in the sky can be captured by the

aExtra-Galactic fields are usually subdominant 4.
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angular auto-correlation (AC), which, in harmonic space, takes the form of the angular power
spectrum coefficients SAC

�
5. A complementary harmonic observable is the cross-correlation (XC)

between UHECR arrival directions and the distribution of galaxies on the sphere, first proposed
in 6. The logics is as follows: the flux of UHECRs in a given direction n̂ can be decomposed in
spherical harmonic coefficients as

ΦCR(n̂) :=
∑
�m

aCR
�mY�m(n̂) . (1)

The same is true of the galaxy overdensity field: Φgal(n̂) =
∑

�m agal
�mY�m(n̂). If both UHECRs

and galaxies are tracing the same underlying distribution, namely the LSS, we expect that
aCR
�m ∝ agal

�m. The harmonic XC power spectrum can be used to quantify this proportionality, and
it is defined as

SXC
� :=

1

2�+ 1

∑
m

aCR,∗
�m agal

�m ; (2)

cf. the UHECR AC, given by

SAC
� :=

1

2�+ 1

∑
m

aCR,∗
�m aCR

�m . (3)

The XC stands apart from other observables for (at least) four reasons. First, systematic
uncertainties of different fields, in this case UHECRs and galaxies, do not cross-correlate, and,
under some conditions, statistical noises do not strongly cross-correlate either; this makes the
XC an experimentally cleaner observable than the AC. Second, in the limit where the sources of
UHECRs are numerous but the detected events are not, it is possible to take advantage of the
much denser source sampling of the LSS to dramatically boost the signal-to-noise ratio (SNR)
and the chances of detection with the XC. Third, the XC encodes more astrophysical information
than the AC, because two fields typically respond differently to astrophysical parameters. Fourth,
harmonic power spectra (in this case both the AC and the XC) have considerable mathematical
and computational advantages over real-space correlators, because of their elegant and powerful
mathematical description, and allow for a straightforward visualisation of the main components
of the astrophysical model.

In this proceedings contribution we present theoretical results for two injection models: (a)
a pure proton model (H1) with a power-law spectrum ΦCR ∝ E−γ with slope γ = 2.6 at all
energies and (b) a pure oxygen-16 model (O16) with spectral index γ = 2.1 at all energies, as
obtained in6 and7. We then exploit the AC and XC to differentiate between a pure proton model
with slope γ = 2.3 and a pure iron-56 (Fe56) model with the same injection slope, following 8.

For each model we choose three energy cuts for the integral spectrum of UHECRs: Ecut =
1019.6 eV 
 40EeV, Ecut = 1019.8 eV 
 63EeV, and Ecut = 1020 eV = 100EeV. As a represen-
tative choice of what could be expected with current experimental facilities we use NCR = 1000,
NCR = 200, and NCR = 30 UHECR events over the full sky, for the three energy cuts defined
above, respectively.

Our prescription for the GMF is to smear the map of UHECRs below a certain angular scale,
which in our language is as simple as introducing a (Gaussian) beam in the signals as

SAC
� → SAC

� B2
� , SXC

� → SXC
� B� , (4)

where

B� := exp

[
−1

2
�(�+ 1)σ2

]
, (5)
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Figure 1 – Signal power spectra for the H1 model, for the three energy cuts Ecut = 40EeV (red lines), Ecut =
63EeV (yellow lines) and Ecut = 100EeV (blue lines). The left panel shows the AC, whereas the XC is on the
right panel—dashed lines show the XC when optimal weights are employed.

where the width of the Gaussian beam, the displacement σ, is expressed as

σ :=
1√
2

(
40EV
E/Z

)
1 deg

sin2 b+ 0.15
, (6)

where b is galactic latitude, see 9,10. In order to be able to treat this problem analytically we
conservatively smear uniformly across the sky with the maximum value of σ in the patch of the
sky we work with (often the whole sky, but we will see how masking the Galaxy in certain cases
might be the optimal strategy). We account for the energy dependence of the UHECR flux once
it hits the GMF by binning the total flux in five logarithmic energy bins with logarithmic width
of 0.1, separately smearing each bin with an angle corresponding to the lowest energy in the bin,
and adding them up proportionally to their share in the total number of events.

Lastly, the properties of the galaxy sample are modelled after the 2MASS Redshift Survey
(2MRS)11, which constitutes one of the most complete full-sky spectroscopic low-redshift surveys,
generalised to the full sky.

2 Results

In Fig. 1 we show the signal power spectra for the H1 model. The XC is smaller than the AC,
because the radial kernels, or the distribution of sources and events with distance, of the galaxy
catalogue and the UHECR event set are different: the former peaks around redshift z = 0.03
whereas the latter monotonically decreases with redshift (there are fewer UHECRs from farther
away). The dashed lines represent the XC when we employ optimal weights : these are weights
that take into account the fact that farther sources will contribute fewer UHECRs at increasing
energy, and can be computed once the UHECR energy losses are known.

In Fig. 2 we present the per-� SNR for the AC (left) and XC (right) for the H1 model (no
magnetic smearing). The XC power peaks at much higher multipoles, corresponding to smaller
angular scales, than that of the AC. This means that the XC is most sensitive to anisotropies
that are not detectable with the AC, and vice-versa. This highlights the complementarity of the
two observables.

Fig. 3 (H1 model with maximal magnetic smearing) shows how the power at high multipoles
is suppressed by the magnetic deflections. Moreover, for the XC with optimal weights we observe
how a higher energy cut improves the chances for detection: the smaller propagation distance

127



101 102 103

Multipole

0

1

2

3

4

5

S
N
R

AC H1

101 102 103

Multipole

XC H1

100 EeV

63 EeV

40 EeV

Figure 2 – Per-� SNR for the AC (left panel) and XC (right panel) for the H1 model in absence of magnetic
smearing; the same colour-coding as in Fig. 1 apply.

combined with the smaller magnetic deflections win over the higher shot noise caused by the
smaller number of UHECR events.

Fig. 4 shows how by masking the Milky Way at |b| ≤ 40 deg the effect of the smearing is
less pronounced at large multipoles; however the overall SNR is suppressed because of the larger
cosmic variance that increases the noise quite significantly.

In Fig. 5 we turn our focus to the O16 model. The SNR is much larger than the H1 case
because O16 nuclei travel a shorter distance and carry more anisotropy. In the XC case we can
distinctly see the secondary bump cause by the subdominant secondary proton component from
the oxygen nuclei disintegrating along the way.

In Fig. 6 we turn on the magnetic field for the O16 model. The SNR is strongly suppressed
by the magnetic deflections. The SNR peaks at smaller � compared to the H1 case, but it is still
larger. Even in this case the XC shows a maximum detectability for larger � compared to the
AC.

In Fig. 7 we show the SNR for O16 where we mask the Galaxy. Compared to the unmasked
case we see a moderate suppression of the overall SNR, but the range of detectability is pushed
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Figure 3 – Per-� SNR for the AC (left panel) and XC (right panel) for the H1 model with magnetic smearing; the
same colour-coding as in Fig. 1 apply.
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Figure 4 – Per-� SNR for the AC (left panel) and XC (right panel) for the H1 model with magnetic smearing at
b = 40 deg; the same colour-coding as in Fig. 1 apply.

to much smaller angular scales.
As a first application of what can be done with these observables, we assess how well a full-

sky UHECR experiment can determine the fraction fFe of Fe56 in a hydrogen-iron admixture. In
order to do so, we (a) generate Nrea = 250000 realisations of the AC and XC for the H1 model and
compute our TS, namely the total harmonic angular power for all multipoles � ∈ [1, 1000], that
is Cab :=

∑
�C

ab
� ; (b) for a given value of the model parameter fFe, generate the synthetic AC

and XC power spectra in the same way, and compute the values of the TS; (c) compute at which
confidence level (CL) q, quantified with respect to the mixed TS distribution, each realisation
of the fiducial model is incompatible with the test model; (d) repeat the entire procedure for
varying model parameter fFe. All together, this gives the percentage n(fFe; q) of experiments
which will be able to exclude fFe at at least q CL, or—this information can be read across q as
well as across fFe—exclude fFe or larger at q CL.

In Figs. 8 we show the histograms obtained according to the method just described, respec-
tively for the AC, XC, and XCopt. Notice how, as expected, the XC performs more poorly than
the AC (that is, the histograms for H1 and Fe56 overlap more and are thus harder to be told
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Figure 5 – Per-� SNR for the AC (left panel) and XC (right panel) for the O16 model in absence of magnetic
smearing; the same colour-coding as in Fig. 1 apply.
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Figure 6 – Per-� SNR for the AC (left panel) and XC (right panel) for the O16 model with magnetic smearing;
the same colour-coding as in Fig. 1 apply.

apart); the XC however becomes competitive once optimal weights are applied to the galaxy
catalogue.

Our results are summarised in section 9. The optimised XCopt performs better for nearly all
values of fFe. This is because the XC is more sensitive to magnetic deflections than the AC so
it is more informative about them.

3 Summary

We have shown how the harmonic XC is a new tool complementary to the AC, and could be
detected for a range of energies and injection models. In particular, the XC performs better
than the AC at high-multipoles. Matching the UHECR and galaxy catalogue kernels has a
strong impact on the XC: therefore, it could be possible to use this effect to reverse-engineer the
injection model (which defines the radial kernel). Moreover, the AC and XC are sensitive to the
injection properties and magnetic deflections in different ways, which could make it possible to
disentangle the two. The same harmonic techniques can be applied to other datasets that track
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Figure 7 – Per-� SNR for the AC (left panel) and XC (right panel) for the O16 model with magnetic smearing at
b = 40 deg; the same colour-coding as in Fig. 1 apply.
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the LSS, for example the thermal Sunyaev-Zeldovich intensity, which is very accurate down to
angles much smaller than a degree, and peaks at zero redshift 12. Likewise, this technique can
prove valuable in the case of other messengers such as astrophysical neutrinos 13.

The XC can be used to differentiate between different UHECR injection atomic numbers
Z; we have showed that about 50% (80%) of experiments measuring the total XC power with
Ecut = 100 EeV would be able to exclude fFe � 0.39 (fFe � 0.55) against a Z = 1 fiducial at
q = 2 CL; in the case of the total AC power, this number becomes fFe � 0.51 (fFe � 0.73).
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Figure 9 – Percentage of experiments n(fFe; q) that will be able to exclude fFe or more at q CL for different choices
of q: from q = 1 (solid) to q = 5 (dotted), for Ecut = 100 EeV and Z = 1 using the total angular AC power in
yellow, and the total optimal angular XC power in blue.
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Cosmic rays escaping supernova remnants can trigger the excitation of Alfvén waves through
the resonant streaming instability. This process tends to enhance the residence time of cosmic
rays in the source region, leading to a self-confinement of the escaping particle. On the other
hand, the damping of waves due to ion-neutral damping, turbulent damping, and nonlinear
Landau damping limit such effect. We discuss the implications of the self confinement of
cosmic rays in the proximity of supernova remnants with particular emphasis on the amount
of grammage that can be accumulated in that region and the possible implications on the
production of secondary cosmic rays. Indeed, if a significant fraction of cosmic ray secondaries
is produced in the vicinity of sources and not during the time spent by cosmic rays in the
Galactic disk, as commonly assumed, a profound modification of the standard view of cosmic
ray transport in the Galaxy would be required.

1 Introduction

Diffusive shock acceleration at supernova remnant (SNR) shocks is the most popular hypothesis
for the acceleration of the bulk of Galactic cosmic rays (CRs) 1. However several aspects of
this scenario are far from being understood. In particular, a crucial issue is how particles are
released from the accelerator. This problem is quite intricate and intimately related to the
question of the maximum achievable energy 2. Indeed, confining particles in the accelerator is
necessary in order to reach high energies, but escaping CRs are responsible for producing the
required plasma turbulence and the magnetic field amplification at the shock 1. Moreover, an
understanding of escape is crucial for the interpretation of the gamma-ray produced by escaping
CRs that interact with molecular clouds around SNRs 3,4. Finally, escaping CRs can enhance
the level of turbulence also in the circum-source region, thus increasing their residence time,
with possible important implications on the interstellar medium (ISM) dynamics 5,6 and on the
production of CR secondaries 7,8,9,10,5,6,11.

Here we focus on the self-confinement of runaway CRs around SNRs as due to the scattering
on resonant Alfvén waves, generated by the CR resonant streaming instability. Resonant waves
are excited with wavenumber k ∼ 1/rL, where rL is the particle Larmor radius. An effective
self-confinement may lead to a significant amount of grammage accumulated in the vicinity of
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CR sources, contrary to the standard view where secondaries are produced during the time spent
by CRs in the Galactic disk. If this is the case, the standard model of Galactic CR propagation
should be profoundly revised 7.

However, the level of self-generated turbulence is limited by several damping processes, in
particular by (i) ion-neutral damping in a partially ionized medium12,13; (ii) turbulent damping
(FG, after Farmer & Goldreich 14), due to the interaction of a wave with background counter-
propagating Alfvén wave packets; (iii) non-linear Landau (NLL) damping, due to the interaction
of background thermal ions with the beat of two interfering Alfvén waves 15.

Here we summarize the recent results 11 which showed that in the warm ionized (WIM) and
warm neutral (WNM) phases of the ISM (filling factor in the disk of ≈ 50% 16), the ion-neutral
and FG damping can significantly limit the CR self-confinement of CRs nearby SNRs. The
resulting grammage is also estimated and found to be negligible compared to that gained during
the CR propagation in the Galaxy. A similar result was found in the case of a hot ionized
medium 9 (HIM, filling factor ≈ 50% 16).

2 Cosmic ray propagation around SNRs

We consider the transport of CRs escaping a SNR in a region embedded in a turbulent magnetic
field, with a ordered component of strength B0. Due to the CR density gradient between the
source region and the ISM, CRs trigger the excitation of resonant Alfvén waves of wavenumber
k ∼ 1/rL and amplitude δB/B0 that propagate solely along the uniform background field B0.
Typically the produced level of turbulence is found to be δB/B0 � 1 and the CR diffusion
coefficient along field lines can be treated in the quasi-linear regime 17

D(E) =
4πc rL(E)

3I(kres)

∣∣∣∣
kres=1/rL

=
DB(E)

I(kres)
, (1)

where c is the speed of light, I(kres) = δB(kres)
2/B2

0 is the wave energy density calculated at the
resonant wavenumber, and DB(E) = (4π/3)crL(E) is the Bohm diffusion coefficient. Below a
distance from the source roughly given by the coherence length, Lc, of the background magnetic
turbulence, the propagation of CRs is approximated as one-dimensional within a flux-tube 4 of
transverse size equal to the radius of the SNR at the moment of escape of particles. In the
regime δB/B0 � 1 the cross-field diffusion is suppressed 18. At distances larger than Lc, a
three-dimensional diffusion is progressively achieved 18 and the CR density drops quickly. In
the Galactic disk, Lc is estimated from observations and may range from few pc to ≈ 100 pc,
depending on the ISM phase 8.

The coupled CR and Alfvén wave transport equations read 8,9,11

∂PCR

∂t
+ vA

∂PCR

∂z
=

∂

∂z

(
DB

I

∂PCR

∂z

)
(2)

∂I

∂t
+ vA

∂I

∂z
= 2(ΓCR − Γd)I +Q. (3)

Here vA is the effective Alfvén speed felt by CRs of a given energy (which depends on the
coupling between ionized and neutral gas in the background medium, see below), while PCR is

the CR partial pressure normalized to the magnetic field pressure PCR = 4π
3 c p4 f(p)

B2
0/8π

and p is

the particle momentum. The coordinate z is taken along B0 and z = 0 corresponds to the center
of the CR source.

The growth of waves due to the resonant streaming instability is given by

2ΓCRI = −vA
∂PCR

∂z
, (4)

134



while Γd includes the wave damping rates illustrated in Sec. 3. The possible presence of turbu-
lence non related to the action of CRs is encompassed in the term Q = 2ΓdI0, where I0 is such
that typical values of the Galactic CR diffusion coefficient are recovered at large distances from
the source 19.

These equations are solved numerically with the initial conditions: PCR = P 0
CR if z <

Resc(E), PCR = P 0
CR = 0 if z > Resc(E), and I = I0 everywhere. P 0

CR is the initial CR pressure
inside a region of size Resc(E), namely the radius of the remnant at the moment of escape. We
also impose the boundary conditions: PCR = 0, I = I0 at z � Lc. The specific location of the
free escape boundary does not affect appreciably the results.

The estimate of the escape radius for particle of energy E is a crucial aspect of this calcu-
lation. Indeed the escape radius sets the initial CR density gradient, which affects the growth
of waves. Here the escape radius is estimated as follows 8,9,11: let us consider a CR cloud of
particles of energy E and initial radius R. We define the half time t1/2(R,E) of the cloud as the
time after which half of the CRs have escaped the initial region. We then compare this time with
the age tage(R) of a remnant of radius R 11. If t1/2(E,R) > tage(R) the SNR expansion is faster
than the CR cloud expansion and CRs are confined in the remnant. If t1/2(E,R) < tage(R) SNR
expansion is slower than the cloud expansion and particles escape. The escape radius Resc(E)
is estimated as

t1/2(E,Resc) = tage(Resc), (5)

and it is found to decrease with energy(see below), in agreement with expectations 2.

Throughout our calculations we assume: (i) a total CR energy ECR = 1050 erg, a E−2.0

power-law spectrum between 1 GeV–5 PeV; (ii) a typical ISM diffusion coefficient is taken as
D(E) = D0(E/10GeV)0.5 with D0 = 1028 cm2 s−1 19.

3 Damping rates

Here we report the relevant damping rates, Γd, in the case of a WNM and WIM 11, which are
computed for the parameter ranges reported in Table 1 20,16.

Table 1: ISM phases and parameters adopted in this work. T is the gas temperature, B the interstellar magnetic
field, n the total gas density, f the ionisation fraction, χ the helium fraction and Linj the injection scale of the
background magnetic turbulence.

T (K) B (μG) n (cm−3) neutral ion f χ Linj (pc)

WIM 8000 5 0.35 H, He H+ 0.6−0.9 0−0.1 50

WNM 8000 5 0.35 H, He H+ 7× 10−3 − 5× 10−2 0−0.1 50

The ion-neutral damping rate, Γin
d , depends on the neutral fraction and on the chemical

species of the colliding particles. In the WNM and WIM the ions are H+, while neutrals are He
(∼ 10%) and H atoms. The transfer of momentum (mt) between ions and neutrals is mainly
due to elastic scattering by induced dipole and charge exchange (ce)11. The ion-neutral damping
rate is deduced by solving the following equation, for waves of wavenumber k,

ω2
k =

2Γin
d

νin − 2Γin
d

[(1 + ε)νin − 2Γin
d ]2, (6)

which implies 0 < Γin
d < νin/2. Here mn(i) and nn(i) are the mass and density of neutrals

(ions), vA,i = B/
√
4πmini is the Alfvén speed in the ions, B is the background magnetic field,

ωk = kvA,i. The ion-neutral collision rate, νin, is given by

νin =

[
1− f

2
〈σmtv〉H+,H +

4χ

5
〈σmtv〉H+,He

]
n

1 + χ
, (7)
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Figure 1 – Damping rates Γin
d and ΓFG

d (ion-neutral and turbulent) of Alfvén waves in the WNM (left-hand panel)
and WIM (right-hand panel) vs. CR energy E. Different colors indicate different values of the hydrogen ionization
fraction f . Unless specified otherwise, a standard χ = 0.1 He abundance is assumed. The ISM parameters are
summarized in Table 1. In the left-hand panel the dotted lines refers to ion-neutral damping, while the dashed
lines to the FG damping. The latter is truncated to the minimum energy, Emin (see Sec. 3). The shaded regions
represent the range of non-propagation of Alfvén waves (see Sec. 3). In the right-hand panel, the solid lines refer
to ion-neutral damping, while the thin dotted lines refer to the case where the contribution to damping from He
is neglected (χ = 0). The dashed lines refer to the FG damping.

where f = ni
nH+ni

is the fraction of ionized hydrogen and χ = nHe
nH+ni

the helium-to-hydrogen

ratio. The collisional rate coefficients, 〈σmtv〉H+,H and 〈σmtv〉H+,He, can be found in 11.
Notice that in the resonant streaming instability Alfvén waves are excited by CR protons at
frequency ωk ≈ vA,i/rL. Due to the coupling between ions and neutrals the effective Alfvén
speed, vA, felt by CRs can be different from the Alfvén speed in the ions. The following limiting
cases can envisaged: at low wavenumber (high CR energy), ωk � νin, ions and neutrals are
well coupled and the effective Alfvén speed for CRs is vA,n = B√

4πμmpn
, where n is the total gas

density and μ ∼ 1.4 is the mean molecular weight, and Γin
d ∝ E−2. At high wavenumber (low

CR energy), ωk � νin, ions and neutrals are weakly coupled and ion-neutral damping is most
effective. The Alfvén speed is the one in the ions, vA,i, and Γin

d ∼ const. If ε < 1/8 there is a
range of wavenumbers for which waves do not propagate 13. This is marked as a shaded region
in Fig. 1.

Self-generated Alfvén waves can be also damped due to the interaction with pre-existing
background turbulence (FG damping 14). The latter may be Alfvénic turbulence injected by
astrophysical sources at scales Linj � rL(E) with turbulent velocity vturb. For waves resonant
with particles of energy E the damping rate is given by 14,21

ΓFG
d =

(
v3turb/Linj

rL vA

)1/2

, (8)

where vA is the effective Alfvén speed felt by CRs. We assume vturb = vA,n at the injection scale
(at large scales ions and neutrals are well coupled). The FG damping rate is shown in Fig. 1
for the WIM and WNM. Notice that also the pre-existing turbulence is subject to ion-neutral
damping. For large values of the neutral density, as in the WNM, such pre-existing turbulence
can be damped by ion-neutral friction during the cascade at a scale, lmin = 1/kmin

10. Thus,
below a particle energy Emin, such that rL(Emin) = lmin, the FG damping becomes ineffective
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at suppressing the self-generated waves:

1

lmin
= L

1/2
inj

(
2ενin
vA,n

)3/2 √
1 +

vA,n

2ενinLinj
. (9)

In Fig. 1 the FG damping rate for the WNM is truncated at Emin while in the WIM the wave
cascade is always faster than ion-neutral damping and there is no Emin.

The non-linear Landau (NLL) damping is due to the interaction between the background
thermal ions and the beat of two Alfvén waves. The damping rate is given by 15

ΓNLL
d =

1

2

√
π

2

(
kB T

mp

)
I(kres)

rL
, (10)

where kB is the Boltzmann constant, T the gas temperature and I(kres) is the wave energy
density at the resonant wavenumber kres = 1/rL.

4 Results

Given CRs protons of a given energy E we determine the moment in which they escape from
the remnant, tesc(E) and the corresponding remnant radius Resc(E). This is done following the
half-time prescription described in Sec. 2. We also assume that at the beginning of the radiative
phase of the remnant the CR acceleration becomes ineffective and that all CRs that have not
escaped yet are instantly released. Fig. 2 shows the particle escape time and radius as a func-
tion of the particle energy. Qualitatively, one can see that particles with higher energy escape
earlier 2. Notice that in a WIM particles tends to be released earlier if the ionization fraction is
smaller. This is due to the effect of ion-neutral damping. Moreover, the effect of such damping
tends to be less severe at higher energies (as shown in Fig. 1), which can lead to a flattening
of the tesc(E) curve in the 1 − 10 TeV range. In the case of a WNM, instead, particles appear
slightly better confined for a smaller value of f . This can be explained by the fact that, while
the Γin

d is practically unchanged below ∼ 10 TeV for f ∼ 7×10−3−5×10−2, the effective Alfvén
speed ≈ vA,i (Alfvén speed in the ions) is a factor of ∼ 2–3 larger for f = 7× 10−3. This leads
to a decrease FG damping rate, as shown in Fig. 1, and to an increase of the growth rate, which
together results in a slightly better confinement.

Ones tesc and Resc have been computed, the propagation of CR protons in a region of z ∼ 100
pc around the source is considered. This is done by solving the set of equations reported in Sec. 2.
From this calculation it is possible to estimate the residence time of CRs in the region and the
corresponding grammage.

A formal calculation of the grammage should be performed by solving the transport equation
for nuclei including spallation 17. However, a reasonable estimate of the residence time and
grammage can be obtained as follows 11: we consider N0 particles of energy E instantly released
by a source in a region of constant density ρ = μmpn and free escaping at a boundary located
at Lc ≈ 100 pc from the source. At any time t, Nin(t) particles are still in the region and
Nesc = N0 −Nin(t) have escaped and gained the grammage X(t) = ρct. The average grammage
accumulated by all escaped particles is given by

〈X〉 = 1

N0

∫ ∞

0
ρct

dNesc

dt
dt =

ρc

N0

[∫ ∞

0
Nin(t) dt− lim

t−→∞(tNin(t))

]
= ρ c τres, (11)

where in the last equality is also defined the residence time τres. Nin(t) can be calculated from

the CR pressure (see Sec. 2): Nin(t) =
N0

RescP 0
CR

∫ Lc

0 PCR(z, t, E) dz, where we considered the CR

cloud size Resc(E) at the moment of injection. Fig. 2 shows the residence time of CRs in a region
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Figure 2 – Case of WNM and WIM as marked. Left panels: SNR age and radius at the time of escape of CRs, as
a function of the CR energy. Right panels: Residence time of CRs in a region of ∼ 100 pc around the source, as a
function of the CR energy, and the corresponding grammage. Different colors are used for different values of the
hydrogen ionization fraction f , while the helium-to-hydrogen ratio χ = 0.1 (see Table 1.) The cyan curve in the
WIM case is computed by assuming that particles of all energies escape at SNR radius of 20 pc 7. The grammage
accumulated during CR Galactic propagation XP09 (olive line22) and XE19 (gray line23) is also shown.

of ∼ 100 pc around the remnant, and the related grammage, as a function of f and χ and for a
WNM and a WIM.

The inferred grammage is nearly two orders of magnitudes smaller than that gained by CRs
in the Galactic disk 22,23,24, even in the most optimistic (and unlikely) case of a fully ionized
WIM.

5 Conclusions

CRs escaping their sources can trigger the excitation of resonant Alfvén waves which may lead
to an effective self-confinement in the source region and to an accumulation of grammage. If
such grammage was a sizable fraction of that inferred from observations, the standard picture of
CR Galactic propagation, where secondaries are produced during the whole time spent by CRs
in the disk, should be substantially revised.

In our study 11 we found that, under the conditions typically met in the WIM and WNM of
the Galactic disk, the damping of Alfvén waves as due to ion-neutral, turbulent and non-linear
Landau damping can substantially reduce the effect of self-confinement.

Correspondingly the grammge accumulated by CRs within ∼ 100 pc from the source is found
to be negligible negligible. A similar result was found in the case of a HIM9, where the residence
time tends to be larger than in a partially neutral medium, but the total ISM is at least a factor
of ten smaller. This makes less appealing the possibility of an important fraction of secondary
production in the source region.
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Particle acceleration in galactic wind bubbles
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Winds are ubiquitous in galaxies and often feature bubble structures. These wind bubbles
are characterized by an external forward shock expanding in the surrounding medium and a
wind termination shock separating the cool and fast wind from the hot shocked wind. While
the forward shock could not be able to accelerate particles efficiently for a long time, at the
wind termination shock the necessary conditions for efficient acceleration may be present. We
develop a model for particle acceleration at the termination shock of such bubbles analysing
the consequences of different possible engines powering the wind. We finally explore the multi-
messenger potential of galactic winds in terms of escaping cosmic rays and high-energy gamma
rays and neutrinos produced through hadronic interactions.

1 Introduction

In the last decades cosmic rays (CRs) have been observed from sub-relativistic energies up to
∼ 1020 eV. While there is a general consensus on the Galactic origin of CRs with energies below
the Knee, where EKnee 
 3 × 1015 eV, the nature of the astrophysical phenomena responsible
for particle acceleration to higher energies as well as their location in the Universe are still
unanswered questions 1.

Galactic winds (GWs) are one of the most promising extragalactic candidates for accelerating
energetic particles beyond EKnee as they possess a large power content (1039−46 erg s−1) and
typical lifetimes exceeding several Myr; a time sufficiently longer than typical timescales of CR
acceleration. This large amount of power available for such a long time can be partially converted
into populations of relativistic particles injected through diffusive shock acceleration (DSA) at
the strong shocks developed by these systems. GWs are also very common in galaxies as they can
be powered by several different engines such as active galactic nuclei (AGNi), starburst nuclear
regions (SBNi) and the pressure gradient of CRs leaving galactic disks 2,3. While CR-driven
winds 4,5 may not reach the necessary conditions for an efficient particle acceleration above the
PeV range, the outflows powered by AGNi6,7,8,9 and SBNi10,11,12,13 can reach very high terminal
velocity, V∞ = 103 − 104 km s−1, and mass-loss rate, Ṁ = 0.1 − 103M� yr−1, allowing them to
accelerate particles up to 102 PeV and possibly beyond 14.

The presence of highly energetic particles and associated non-thermal photon and neutrino
emission has been explored both in AGN-driven15,16,17 and starburst-driven outflows18,19. How-
ever, a detailed understanding of the acceleration mechanisms and transport conditions of high-
energy (HE) particles in these systems has not been achieved yet.

Following the model developed in MBPC21 20 and PMBC22 14, in this work we present
a model for particle acceleration at the wind termination shock of galactic winds featuring a
bubble structure and discuss their multimessenger implications in terms of CRs protons above
the Knee, gamma rays and HE neutrinos, hereafter labelled as (p,γ,ν) .
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2 Galactic wind bubble

The intense activity of SBNi and AGNi can launch and sustain highly mass loaded and fast GWs
for several Myr. These outflows are enough powerful to quickly break out galactic disks and
expand in the galactic halos where they feature a bubble structure. Independent of the nature of
the engine, the wind bubble has a standard evolution provided that the engine activity remains
approximately stationary and there are not sudden changes in the properties of the external
medium 21,22,23.

As a an SBN or an AGN enters an active phase a supersonic outflow can be launched. Since
the wind is supersonic, a forward shock forms ahead of the outflow, while the collision of the
wind material with the external medium leads to the formation of a second shock projected
towards the central engine inside the ejected material, the wind termination shock (hereafter
wind shock). The two shocks are separated by a contact discontinuity, the physical boundary
of the wind material. A sketch of the structure of a galactic wind bubble is reported in Fig. 1,
where the blue (red) lines represent the fast cool (hot shocked) wind region which is also labelled
by the subscript 1 (2). Hereafter region 1 (2) will be also referred as upstream (downstream)
region. The upstream region is separated from the downstream region by the wind shock (Rsh),
while the contact discontinuity and the forward shock (Rfs), which are located very close to each
other, set the boundary between the bubble and the halo.

Figure 1 – Structure of a lobe of a galactic wind bubble where the blue (red) arrows represent the fast cool (hot
shocked) wind region. Rsh (Rfs) identifies the location of the wind shock (forward shock).

The first phase of the outflow evolution is characterized by a free expansion of the wind
material with the two shocks expanding close to each other with constant velocity. After a
time tdec, when the mass of swept-up halo material accumulated between the forward shock
and the contact discontinuity becomes comparable with the total mass in the wind, the free
expansion terminates and the outflow decelerates. The deceleration phase is characterized by
a self-similar evolution of the shock radii where the wind shock and the forward shock evolve
respectively as Rsh ∼ t2/5 and Rfs ∼ t3/5. By the time the forward shock keeps expanding with
low Mach number, the wind shock decelerates faster while remaining strong, thereby creating
ideal conditions for the DSA process in stationary conditions. In addition, the different decel-
eration characterizing the two shock locations makes the hot bubble (the shocked wind region)
expanding with time. At later time the pressure in the hot bubble drops down to the level of
the undisturbed halo medium and the bubble enters a pressure confined stage in which the wind
shock is practically stalled at the location where the free wind ram pressure balances the one in
external medium:

Rsh =

√
ṀV∞/[4πPh] , (1)

where Ph is the pressure outside the wind bubble.
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Once the plasma leaves the launching region it quickly approaches the terminal velocity 24,
V∞, so that with good approximation one can assume a spatially constant wind speed u1 ≈ V∞
in the whole upstream region (r < Rsh); consequently ρ1(r) 
 Ṁ/[4πr2u1]. The downstream
region is approximately adiabatic therefore it is characterized by constant density, ρ2 = Rρ1,
and a velocity profile u2(r) = u2[Rsh/r]

2, where u2 = u1/R and R is the compression ratio at
the shock (R = 4 for strong shocks).

The magnetic field is assumed to be of turbulent nature with a coherence length lc ∼ 102 pc,
while the magnetic field pressure UB is estimated as a fraction εB = 10% of the kinetic energy
density of the plasma in the whole fast cool wind region:

B1(r) = [εBṀu1]
1/2 r−1 . (2)

At the wind shock the magnetic field gets compressed of the standard factor
√
11 and stays

constant throughout the shocked region.

3 Model

The phase space density of cosmic rays in the wind bubble is computed by solving the stationary
CR transport equation in spherical symmetry

r2u(r)∂rf(r, p) = ∂r[D(r, p)∂rf(r, p)] +
1

3
p ∂pf(r, p) ∂r[r

2u(r)] +Q(r, p) + L(r, p) , (3)

where f is the cosmic ray phase space density, D is the diffusion coefficient, Q is the injection
term, L = nσppcf is the energy loss term accounting for pp interactions and c is the speed of
light. The diffusion coefficient is computed in the framework of quasi-linear theory as

D(r, p) =

⎧⎨⎩
1
3v(p) rL(r, p)

2−δ lδ−1
c rL ≤ lc

1
3v(p) lc

[
rL(r,p)

lc

]2
rL > lc

, (4)

where v(p) is the particle velocity, rL is the Larmor radius and δ is the power law slope of
the turbulence spectrum. We assume δ = 3/2 as prescribed for a magnetohydrodynamical
(Kraichnan-like) turbulence cascade. The injection term Q embeds the physics of the DSA and
reads:

Q(r, p) =
η n1 u1
4πp2

δ[p− pinj] δ[r −Rsh] , (5)

where pinj is the injection momentum, n1 is the plasma density at the shock and η is the efficiency
parameter regulating the number of wind particles entering the DSA process. In particular, η
is taken such that the CR pressure at the shock is 10% of the wind ram pressure and pinj does
not play any relevant role in the overall normalization.

Eq. (3) is solved by integrating separately the upstream region and the downstream region
and finally joining the two solutions at the shock location following the approach described in
MBPC21 and PMBC22. Given the spherical symmetry of the problem a 0-flux condition is
assumed at the center of the system, namely [D∂rf − uf ]r=0 = 0. Two possible scenarios are
considered for particles reaching the edge of the bubble: A) flux conservation at the forward
shock, [D∂rf−uf ]r=Rfs

= Dh∂rf |Rr=fs
, and diffusive transport in the halo medium characterized

by a diffusion coefficient Dh(p); B) free escape boundary conditions at the forward shock, ffs = 0
and jesc �= 0, and ballistic propagation in the halo. In both scenarios, the phase space density
of CR and the associated flux are negligible at large distance from the system.

The interested reader is referred to PMBC22 for details of the analytical derivation, the
iterative technique and the calculation of the gamma rays and neutrinos, whereas the following
discussion will focus on the results and their physical implications. The solution in the upstream
region reads

fk
1 (r, p) = fk

sh(p) e
− ∫Rsh

r dr′ V k
eff(r

′,p)/D1(r′,p) , (6)
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where k = A,B is the index representing the scenario, fk
sh(p) is the solution at the shock and V k

eff

is the effective velocity experienced by particles in the upstream region. Its analytical expression
is the following:

V k
eff(r, p) = u1 + [Gk

1(r, p) +Hk
1 (r, p)]/[r

2fk
1 (r, p)] (7)

Gk
1(r, p) =

1

3

∫ r

0
dr′ ∂r′ [r′2u1] fk

1 (r
′, p)

[
− ∂lnp3fk

1 (r
′, p)

∂lnp

]
(8)

Hk
1 (r, p) =

∫ r

0
dr′ r′2 fk

1 (r
′, p)n(r′)σpp(p)c (9)

As in the standard case of the infinite planar shock 1, the transport of particles in the upstream
region is regulated by the competition between diffusion, which tries to spatially isotropize
particles, and advection, which pushes the same particles back to the shock. This competition
sets the exponential behavior of Eq. (6) where, different from the planar case, the effective
velocity Veff embeds also information on the geometry of the system and energy losses. The
solution in the downstream region is characterized by negligible energy losses and, different from
the upstream region, it has an analytic form which differs among the two considered scenarios.
In particular, in scenario (A) the solution reads

fA
2 (r, p) = fA

sh(p) e
α(r,p) 1 + β(p)[eα(Rfs,p)−α(r,p) − 1]

1 + β(p)[eα(Rfs,p) − 1]
, (10)

where α(r, p) = Rshu2(1−Rsh/r)/D2(p) and β(p) = RfsDh(p)/[u2R
2
sh]. The downstream solution

in scenario (B) is the same as derived in MBPC21:

fB
2 (r, p) = fB

sh(p)
[1− eα(r,p)−α(Rfs,p)]

[1− e−α(Rfs,p)]
. (11)

Figure 2 – Radial behavior of the CR phase space density f normalized to its value at the shock fsh, where
Rsh ≈ 18 kpc and Rfs ≈ 46 kpc. Scenario A and B are compared at different energies. In order: Thick yellow line
(A,1 GeV) and red dot-dashed (B,1 GeV); green dashed line (A,102 TeV) and blue dot-dot-dashed line (A,102

TeV). The two scenarios do not show relevant difference at the maximum energy (black dotted line).

The CR phase space density in the halo for the two scenarios can be written as

fA
3 (r, p) = fA

sh(p)
eα(Rfs,p)

1 + β(p)(eα(Rfs,p) − 1)

Rfs

r
(12)

fB
3 (r, p) = fB

sh(p)
u2/c

1− e−α(Rfs,p)

(Rsh

r

)2
(13)
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where one can identify the different transport regimes for the solution in the two scenarios,
namely the 1/r dependence for the diffusion dominated scenario (A) and the ballistic behavior
typical of scenario (B).

Fig. 2 illustrates the radial behavior of the solution in the whole bubble and halo under the
assumption of Ṁ = 10M� yr−1 and V∞ = 3000 km s−1, where an Emax 
 102 PeV is obtained.
The external diffusion coefficient Dh is computed assuming δ = 3/2 and with Bh ≈ 10−10G,
lc,h ∼ 102Mpc as inferred from UHECR hotspots 25. The two scenarios (A,B) are compared at
different energies, 1 Gev and 102 TeV, whereas at the maximum energy there is no appreciable
difference. In particular, one can see that while the free escape boundary condition (scenario
B) equally suppresses the CR phase space density in the halo, the diffusive halo scenario (A)
is characterized by an energy dependent suppression and consequently a possible high density
of sub TeV particles in the halo. Given the large value of Dh scenario A and B are practically
indistinguishable in the downstream region. Finally, in the upstream region only particles with
energy larger than ∼ PeV are not confined in the immediate shock vicinity by the wind and
there is no appreciable difference between the two scenarios.
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Figure 3 – Left Panel: Particle spectra at the wind shock (thick black line) compared with the solution at 75% (red
dashed line) and 50% (blue dot-dashed line) of the shock radius in the upstream. The escaping flux for scenario B
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The solution at the shock reads

fk
sh(p) =

sn1η

4πp3inj

(pinj
p

)s
exp[−Γk

1(p)] exp[−Γk
2(p)] , (14)

where Γk
1(2) is the cut off function associated to the upstream (downstream) which has the

following expression:

Γk
1(p) = s

∫ p

pinj

dp′

p′
Gk

1(Rsh, p
′) +Hk

1 (Rsh, p
′)

u1R2
shf

k
sh(p

′)
(15)

ΓA
2 (p) = s

∫ p

pinj

dp′

p′
(u2/u1)[1− 1/β(p′)]

exp[α(Rsh, p′)]− 1 + 1/β(p′)
(16)

ΓB
2 (p) = s

∫ p

pinj

dp′

p′
u2/u1

exp[α(Rsh, p′)]− 1
(17)

Fig. 3 shows the particle spectrum at different radii in the bubble (left panel) and the
dependence of Emax (right panel) on the main macroscopic properties of the wind, namely
Ṁ and V∞. As expected from the standard DSA, the particle spectrum at the shock (black
line) features a p−s behavior up to the maximum momentum pmax 
 102 PeV/c while innermost
solutions (red dashed and blue dot-dashed) are characterized by a low energy cut off in agreement
with the radial suppression shown in Fig. 2. The escaping flux (green dotted line) obtained in
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scenario (B) is also shown and its spectral shape is very similar to the shock solution. In the right
panel it is possible to observe that, for standard parametric assumptions, both wind bubbles
can achieve maximum energy as large as ∼ 102 PeV. This suggests that in scenarios with higher
wind speed velocity the EeV range could be unlocked.

It is interesting to notice that Eq. (11) as well as Eq. (17) can be obtained respectively
as limits of Eq. (10) and (16) for β → ∞, namely when particles do not diffuse anymore
but propagate ballistically in the halo. This explains the analytic difference between current
results and what previously obtained 26 on the particle transport outside star cluster wind
bubbles, where the geometry of the problem is very similar. The transport regime in the galactic

Figure 4 – Gamma-ray sky-map-projections at 1 GeV for scenario A (left panel) and scenario B (right panel).
The color code is obtained by re-scaling the luminosity to the one at the innermost radius. The grid numbers
indicate the distance in kpc from the central engine. The geometrical center of the system where the engine is
present is masked and shown as white dot.

halo impacts the way halos shine in gamma. Fig. 4 shows the gamma-ray sky-map-projections
associated to Fig. 2 for scenario A (left panel) and scenario B (right panel) computed assuming a
target density nh = 5 · 10−3 cm−3 in the halo. The flux is computed at 1 GeV and it is obtained
performing a line-of-sight integration of the emissivity. Finally, the color code highlights the
emissivity relative to the innermost line of sight, whereas the geometrical center of the system
has been masked with a white spot. By comparing the two scenarios one can conclude that,
despite the wind bubble emission dominates, galactic halos where CRs are actually diffusing can
be up to two orders of magnitude brighter than halos where CRs escape balistically.

A comment on the transport in the halo is in order: in the results shown above a nominal
target halo density nh = 5 · 10−3 cm−3 has been assumed. While, clearly, a lower density would
result in a lower halo luminosity, a scenario with dense clouds in the halo or nearby satellite
galaxies could result in the halo outshining the wind bubble.

4 Discussion and conclusions

The DSA can efficiently take place at wind shocks in galactic wind bubbles where CRs can be
accelerated up to at least ∼ 102 PeV. Such high energy particles in the dense and polluted envi-
ronment characterizing active and star forming galaxies implies a great (p,γ,ν) multimessenger
potential for the associated wind bubbles. In addition, given the large number of SBGs and
AGNi in the Universe, these sources are also very promising candidate for a multimessenger
(p,γ,ν) diffuse flux.

The left panel of Fig. 5 shows the multimessenger (γ,νμ) flux produced by a wind bubble
under the assumption of Ṁ = 10M� yr−1, V∞ = 3000 km s−1, Ph/kB = 8 · 104Kcm−3 where
a distance of 3.9 Mpc and an age of 250 Myr typical of SBGs have been considered. It is
possible to observe that the gamma-ray flux (thick red line) as well as the neutrino emission
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Figure 5 – Left panel: multimessenger (γ,νμ) spectrum from an isolated wind bubble located at DL = 3.9 Mpc.
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from the cascade component (grey dotted line). The model prediction is compared with the gamma-ray data
of Fermi-LAT 29, IceCube neutrinos 30, and CRs observed bt Tunka 31,32 (orange points), Kascade-Grande 33

(magenta points) and IceTop 34 (black points). For each CR detectors the light component (stars, pluses, filled
squares) is shown separately from the associated all-particle spectrum (open squares, crosses, open circles).

(blue dot-dashed and orange dot-dot-dashed lines) are dominated by the pp interaction taking
place in the downstream region, whereas the pγ neutrinos are negligible compared to the pp
counterpart. The fluxes of γ and ν are also compared with the CTA Southern Array 27 and
IceCube-Gen2 28 sensitivities. While a gamma-ray detection in the TeV range of nearby sources
seems to be accessible, the detection of local extragalactic wind bubbles by upcoming neutrino
observatories appears to be still challenging even though the gap between model predictions and
sensitivity will be reduced to less than an order of magnitude. Adopting the same prototype
properties of the SB-wind bubble described above, one can compute the (p,γ,νμ) diffuse flux
following the star-formation-rate-function approach 35,14. The multimessenger flux is shown in
the right panel of Fig. 5 and it is compared with observations by Fermi-LAT 29, IceCube 30,
IceTop 34, Tunka 31,32 and Kascade-Grande 33. While the total gamma-ray flux from SB-driven
wind bubbles contributes approximately to ∼ 5 − 10% of the Fermi-LAT data, leaving enough
room for SBNi35,36,37,38 and AGNi16,39, the total neutrino flux and the associated CR flux could
provide a sizeable contribution and possibly saturate part of the observed spectra 14,40.

A comment on the diffuse flux is in order: most of the calculations in the literature as well
as the one presented in this work are performed under the assumption of a prototype source
or simple scaling laws. Clearly the zoo of all possible sources cannot be reduced to a single
prototype. In fact, it is likely that, similar to galaxies, also wind bubbles are distributed on a
sequence where the least powerful are dominating in number, whereas the most powerful, able to
inject CRs up to EeV, are in the tail of the distribution. The existence of a luminosity function
for galactic wind bubbles would result in a broader and possibly higher CR spectrum at the
Earth with a similar result also on the associated gamma-ray and neutrino flux.

To conclude, a comprehensive study of galactic wind bubbles as a population could provide
new and insightful clues on the origin of the (p,γ,νμ) multimessenger flux at the highest energies
and upcoming facilities such as ASTRI Mini-Array 41, CTA 27 IceCube-Gen2 28 and KM3NeT 42

will guide us with new and exciting observational campaigns.
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New physics searches with future tau neutrino telescopes

Guo-yuan Huang
Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

The upcoming campaign of cosmogenic neutrino measurements provides us not only a way to
understand the cosmic ray accelerators but also a promising portal to study the fundamental
particle physics. In this regard, we explore the new physics potential of those upcoming
facilities. We investigate the minimal new physics models (without extra fermions) which
can modify the neutrino-matter interactions directly. With an EeV incoming neutrino flux,
a center-of-mass energy as high as O(50) TeV for the neutrino-nucleon scattering can be
reached. Among an inclusive set of particle physics models, only the charged/neutral Higgs
and leptoquark models can give competitive contributions to the neutrino cross sections at
tree level. We take GRAND, POEMMA and Trinity as three representative tau neutrino
telescopes. By numerically solving the neutrino and tau propagation equations, we obtain the
sensitivity to the charged Higgs and leptoquark models. Furthermore, we summarize other
new physics possibilities, to which the cosmogenic neutrino measurements can be sensitive.
More technical details for the results are available in JCAP 02 (2022) 038.

1 Introduction

The Standard Model (SM) of particle physics is by no means complete 1. There are theoretical
quests for the unsettled issues including the tiny neutrino masses, the strong CP problem, dark
matter, dark energy and so on. Furthermore, there are a great number of experimental anomalies
going on, among which the long-standing B physics 2 and muon g − 2 3 anomalies have recently
been strengthened. Though the typical place to study particle physics is in laboratories, the
observation of high-energy cosmic particles can be a strong complementary probe. The successful
observation of UHE neutrinos at IceCube has already been used to constrain the neutrino-matter
cross section 4, the neutrino flavor ratio 5, the violation of Lorentz invariance 6 and so on.

Yet another source of UHE neutrinos is through the scattering of cosmic rays with cosmic
photon backgrounds, the so-called Greisen-Zatsepin-Kuzmin (GZK) mechanism 7,8,9. Consid-
erable strength of cosmogenic neutrino flux is expected above EeV energies. The observations
of those fluxes can not only benefit our understandings of the cosmic ray composition and the
reionization history, but also provide a powerful input to study the fundamental particle physics.
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Figure 1 – Representative diagrams responsible for UHE neutrino propagation in matter. In SM, the deep inelastic
scattering mediated by heavy W and Z bosons are dominant at the energy scale of our concern. Possible new
physics contributions of interest include the neutrino-electron and neutrino-nucleon scatterings.

The experimental principles to detect those cosmogenic neutrinos have been proposed quite
a long time ago 10. The main challenge in practice should lie in the development of relevant
technologies, which has been vigorously pursued for the detections of cosmic rays and gamma
rays. As relevant detection techniques turn out to be mature, there is an on-going campaign
to measure those cosmogenic neutrinos, with almost a guaranteed discovery potential. It allows
us to probe possible new physics with those robust measurements of cosmogenic neutrinos with
an energy above EeV. After the discovery of neutrino oscillations, neutrinos have become a
very promising portal to the new physics beyond SM. Especially, the recent confirmations of
B physics and g − 2 anomalies typically require some new degrees of freedom coupling to the
lepton sector at high energy scales.

At the tree level, there are limited possibilities to alter neutrino-matter interactions 11. We
first introduce the new physics scenarios of our concern in Sec. 2. In Sec. 3, we proceed to
summarize the experimental configurations and study their sensitivities. Other new physics
possibilities, which are not covered in details in this contribution, are briefly discussed in Sec. 4.
Finally, we make our conclusion in Sec. 5.

2 Minimal Particle Physics Models

The processes of our main concern are illustrated in Fig. 1, where we have incoming neutrinos
and matter constitutes in the initial states. In the final states, we have a lepton and other shower
particles. The SM process is given in the first column, which is mediated by the charged-current
(CC) or neutral-current (NC) interaction. At the energy scale of our concern (Eν ∼ EeV), the
deep inelastic scattering (DIS) with quark partons in the nucleon will dominate the neutrino
cross section. On top of that, we may have new degrees of freedom modifying the neutrino-
matter interactions. Depending on the specific model, we can have modified neutrino cross
section by scattering with electron, quarks and gluons. The interaction with photon might be
relevant if neutrinos process large electromagnetic couplings 12. To be more specific, the models
of concern in this contribution are summarized as follows.

• Charged Higgs (H ′). There are many SM extensions possessing charged Higgs bosons
in their particle spectra. We take the Zee model 13, which generates neutrino masses
radiatively, as an example. The interaction forms read

LH′ ⊃ yqijU iDjH
′+ + y�αβνLαERβH

′+ + h.c., (1)

where yqij and y�αβ are the Yukawa coupling constants for quarks and leptons, respectively,
{i, j} are the quark flavor indices with U ≡ {u, c, t} and D ≡ {d, s, b} including both left-
and right-handed fields, and {α, β} are the lepton flavor indices with E ≡ {e, μ, τ}.
The combination of yqcs and y�ττ will switch on the CC conversion from ντ to tau, i.e.,
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ντ +s(c̄) → τ+c(s̄). Other quark couplings, e.g., yqud, are more severely constrained by the
experimental searches. To be definite, we only switch on y�ττ for the numerical analysis.

• Neutral Higgs (φ). Various beyond-SM (BSM) theories predict neutral scalars in their
particle spectra 14. The neutral BSM scalar φ should be coupled to both quarks and
leptons to have an observable neutrino-nucleon scattering process. The coupling is tightly
constrained, if φ couples to quarks of the first two generations. If φ inherits flavor violating
couplings, it will give rise to flavor changing neutral-current processes, which is under
stringent constraints 15. This leads to a third-generation-philic scalar scenario, where φ
mostly talks to bottom quarks and tau neutrinos. The existing constraint of this scenario
is from pp → bb̄ + /ET searches 16, which is not very significant.

• Leptoquark (LQ). Several BSM theories possess leptoquarks in their particle spectra. Re-
cently, the leptoquarks started getting more attention due to their potential to address
the B-physics anomalies 17 and muon g − 2 anomaly 3. For the S1 leptoquark, there are
two channels contributing to the neutrino scattering: ν + D → LQ → τ + j / ν + j and
ν + g → LQ + j → τ + 2j / ν + 2j. Considering collider bounds, we assume the couplings
are dominant among the q = s and � = τ in order to maximize the possible contribution.

• Charged gauge boson (W ′). Similar to the charged Higgs, a heavy new charged gauge
boson W ′ can induce similar signatures at tau neutrino telescopes. However, due to the
tight constraint from existing experiments 18, i.e., MW ′ > 5 TeV, such a heavy W ′ does
not lead to any significant effects at tau neutrino telescopes.

• Neutral gauge boson (Z ′). A new neutral gauge boson Z ′ exists in many extensions of SM
in the gauge sector 19,20,21. To have an observable neutrino-proton scattering process, a
Z ′ should be coupled to both quarks and lepton. Such Z ′ coupled to quarks are tightly
constrained by collider searches. In a minimal scenario that Z ′ only talks to the third
family, the mono-jet searches at LHC set a stringent constraint MZ′ > 500 GeV 22 with
order one couplings.

In the left panel of Fig. 2, we depict neutrino-nucleon cross sections for the pure SM case (gray
curve) and inclusive new physics scenarios. We also find that the neutrino-electron scattering,
shown in the right panel, is always subdominant for tau neutrino telescopes.
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Figure 2 – Left-panel: An illustration of cross sections of the Standard Model CC case (dashed black curve) as
well as inclusive new physics scenarios modifying the neutrino-nucleon scattering. Right-panel: The new physics
scenarios contributing to the neutrino-electron scattering.
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Figure 3 – The projected sensitivities of future neutrino telescopes to the all-flavor cosmogenic neutrino flux above
PeV energies. The sensitivity curves are reproduced or converted from the original proposals for 90% confidence
level, i.e., to collect 2.44 events within a decade of neutrino energy.

3 Experimental Setup and Sensitivity

To detect those cosmogenic neutrinos, techniques different from the classical water- and ice-
based Cherenkov 23 should be adopted. The detectors will typically be placed at a high altitude.
The hadronic decay of tau in the air from ντ CC interaction will induce the extensive air shower,
which subsequently induce detectable signals like radio waves, Cherenkov light or fluorescence.
Depending on the geography of the telescope, there are a great number of ongoing or proposed
programs: (i) the balloon-borne telescope, including ANITA24, EUSO-SPB225 and PUEO26; (ii)
the space-borne telescope, POEMMA 27; (iii) the mountain-valley and mountain-top telescopes,
including GRAND 28, TAMBO 29, Ashra-NTA 30, Trinity 31 and BEACON 32. Note that there
are also in-ice experiments using Askaryan effect or radar echo technique like IC-Gen2 Radio,
RNO-G, ARA, ARIANNNA-200 and RET-N, which can achieve excellent sensitivities to the
cosmogenic neutrino flux. Among these telescopes, we take the GRAND, Trinity and POEMMA
(in Limb mode) experiments as three representative prototypes in our analysis. It is worth noting
that the potential of all-flavor neutrino telescopes, such as IC-Gen2 Radio, in constraining the
neutrino cross section has also been discussed recently 33.

In the left panel of Fig. 3 we summarize the all-flavor sensitivities of these telescopes to the
isotropic diffuse flux of cosmogenic neutrinos. Those sensitivity curves obtained by requiring
the event number over a decade of neutrino energy interval to be ln(10) · Eν · dN/dEν = 2.44,
which corresponds to 90% confidence level to observe a positive signal 34. In the right panel, we
give the sensitivity results for GRAND, POEMMA and Trinity of our simulations. Below, we
summarize the experimental configurations of GRAND, POEMMA and Trinity in more details.

• GRAND. The radio antenna array of GRAND will be placed on a mountain slope acting as
a projection screen, which faces towards another mountain as the interaction target. With
an array of 10000 antennas GRAND10k can cover a surface of 104 km2. The ultimate
design GRAND200k is to have 20 separate replicates of GRAND10k sites, which can
achieve a world-leading sensitivity E2d2Φ0/(dEdΩ) ∼ 10−10 GeV · cm−2 · sr−1 · s−1.

• POEMMA. The POEMMA experiment 27 consists of two identical satellites in orbit with
an altitude of 525 km. We focus on the Limb mode, for the tau neutrino observation via
the Cherenkov light emission of tau decays. The FOV of the system is 45◦, which can be
extended to 360◦ in azimuth for the POEMMA360 design.

• Trinity. Trinity will deploy the imaging atmospheric Cherenkov telescope on the moun-
taintop with an altitude of ∼ 2 km 31. The complete configuration of Trinity will be made
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up of three stations, each of which has an imaging system with 360◦ field of view in azimuth
and 5◦ in zenith.

With the above configurations, we are ready to investigate the modified neutrino interactions
induced by new physics effects.

The largest systematic uncertainty comes from the unknown priors of the diffuse neutrino
flux. The magnitude and shape of the cosmogenic neutrino flux is partly model-dependent,
depending on, e.g., the evolution model of cosmic sources and the initial chemical component
of cosmic rays. To be conservative, we assume that the initial tau neutrino flux is completely
unknown, which is to be derived from the same data set at tau neutrino telescopes that we use
to probe the new physics models. This induces a degeneracy between the new physics effect and
the initial flux input. The key to resolve the degeneracy is relying on the angular distribution
of neutrino events at tau neutrino telescopes.

In Fig. 4, the purple, blue and red solid curves represent the sensitivities of GRAND, PO-
EMMA and Trinity, respectively, to the charged Higgs (left panel) and leptoquark (right panel)
models. The combined sensitivity is given as the black curves. The existing laboratory con-
straints are also presented for comparison. We observe that these three telescopes can have
sensitivities surpassing the current collider limits. Below, we have some further remarks.

• GRAND and Trinity have comparable sensitivities to the charged Higgs and leptoquark
models, if the initial diffuse neutrino flux is given as a well-known theoretical prior. How-
ever, as for the case with unknown initial flux, Trinity has the best sensitivity. Though
the effective exposure of GRAND is the largest among three telescopes, many events of
GRAND are coming from the direction above the horizon (penetrating only the moun-
tain), where the degeneracy between the new physics contribution and flux uncertainty
is difficult to resolve. Whereas, Trinity collects exclusively the Earth-skimming neutrinos
which contain more information about neutrino interactions. A steeper host slope for
GRAND, which processes a wider field of view for Earth-skimming neutrinos, will improve
the results here.

• POEMMA is subject to the high altitude of the satellite in orbit, i.e., 525 km, in comparison
to the mountain-based telescope ∼ 2 km. A higher altitude will worsen the resolution
of neutrino elevation angle, while the new physics mostly manifest itself by altering the
angular distribution of events. The ground-based Trinity setup seems to be more optimized
in probing the neutrino interaction of our concern.
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Figure 4 – The sensitivities of GRAND (purple curves), POEMMA (blue curves) and Trinity (red curves) to the
leptoquark (left panel) and charged Higgs (right panel) models, at 90% confidence level.
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The combination of GRAND, POEMMA and Trinity greatly enhances the sensitivity. These
three telescopes are complementary to each other in resolving the diffuse flux uncertainty and
probing the new physics effect. The above discussions are made for the case with the initial
neutrino flux unknown. As a comparison, we also give the ideal case where the initial neutrino
flux is completely known and not minimized over as the dotted curves in Fig. 4.

4 Other Interesting New Physics Scenarios

Tau neutrino telescopes can be directly or indirectly sensitive to other interesting physics cases,
which have been studied in the context of exiting ultrahigh energy neutrino experiment like
ANTARES and IceCube. They are summarized below for completion.

• Test of Lorentz invariance35. The violation of Lorentz invariance predicts modified disper-
sion relations of particles when they travel in “vacuum”. On the one hand, it can induce
energy-dependent delayed signals in the multimessenger spectra, on the other hand the
modified dispersion relations can open up additional neutrino decay channel at very high
energies. The participated energy frontier of EeV energies makes tau neutrino telescopes
very sensitive to the possible Lorentz violation signature.

• Test of equivalence principle 36,37. The equivalence principle states that a free-falling
particle follows the geodesic curve regardless of its structure. If this principle is violated,
delayed signals induced by gravity can also manifest by comparing different particle species
(e.g., γ and ν), or comparing three generations of neutrinos. Furthermore, altered flavor
ratio as well as unusual neutrino decays might be induced if three generations of neutrinos
couple differently to gravity.

• Fifth force 38. The effect of the presence of fifth force is similar to that of the equivalence
principle violation, if three generations of neutrinos have different couplings to this new
long-range force.

• Unitarity 39,40. The flavor ratio measurement is sensitive to the potential non-unitarity
of neutrino mixings. The unitarity requirement of neutrino mixing can also constrain the
flavor ratio modification due to the presence of new physics.

• Microscopic black hole 41,42,43,44. Microscopic black holes can be directly produced if the
reduced Planck scale as in extra dimension model is accessible by the neutrino-matter
scattering. Rich event topologies exist from the black hole evaporation.

5 Summary

Other than supplementing the multimessenger astronomy, tau neutrino telescopes are also a
particle collider which collides a high-energy neutrino beam with proton and electron. We have
investigated the new physics scenarios that modify the neutrino-matter interactions relevant for
tau neutrino telescopes. Among them, we find the charged/neutral Higgs and leptoquark can
have significant impact on the neutrino-proton scattering, if the existing experimental limits are
taken into account. Tau neutrino telescopes probe the neutrino-proton COM energy as high as
45 TeV, where the parton distribution functions of second and third generations of quarks are
not that suppressed and in some case can be comparable to that of u and d.

By solving the neutrino and tau propagation equations, we have generated the events at
GRAND, POEMMA and Trinity with configurations close to their realistic experimental setups.
Under the assumption of completely unknown flux priors, we find that the angular distribution
of events carries most information about the absolute cross section of neutrinos. With a χ2-
analysis, we have obtained the sensitivities of three representative tau neutrino telescopes to the
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parameter space of charged Higgs and leptoquark models. We should keep in mind that those
sensitivity curves are expected to shift according to the final design of these three telescopes.
Finally, we have remarked on other interesting scenarios which might be relevant for the future
observations of cosmogenic neutrinos.
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Isolating cosmic ray candidates with the BEACON prototype

D. Southall, for the BEACON Collaboration
5720 S Ellis Ave #201,
Chicago, IL, USA, 60637

The Beamforming Elevated Array for COsmic Neutrinos (BEACON) is a concept for a neu-
trino telescope designed to detect radio emission from upgoing air showers induced by tau
leptons that are generated by ultra-high energy tau neutrino interactions in the Earth. This
detection mechanism provides a pure measurement of the tau flavor of cosmogenic and astro-
physical neutrinos, which could be used to set limits on the observed flavor ratios in a manner
complimentary to the all-flavor neutrino flux measurements made by other experiments. A
BEACON prototype has been installed at high elevation at Barcroft Field Station for several
years and consists of 4 crossed-dipole antennas operating in the 30-80 MHz band and con-
nected to a custom DAQ. The BEACON prototype is at high elevation to maximize effective
volume and uses a directional beamforming trigger to reduce man-made background signals
at the trigger level. This prototype system is expected to be capable of detecting downgoing
cosmic ray air showers, a signal like the upgoing tau lepton air shower, but distinguishable
chiefly by arrival direction. Here we give an overview of the BEACON experiment and present
an ongoing cosmic ray search with data from the BEACON prototype. Cosmic ray candidates
that are identified by this search will be used to experimentally determine the sensitivity of
the BEACON concept to the known cosmic ray flux, which can then be used to predict the
sensitivity of a full-scale BEACON array to the cosmogenic and astrophysical neutrino fluxes.

1 Motivation

A cutoff in the ultra-high energy (UHE) cosmic ray spectrum has been observed at ∼ 1019.5 eV 1,
consistent with the GZK limit 2,3. These measurements imply the existence of cosmogenic UHE
neutrinos originating from decaying pions which are produced in interactions of UHE cosmic
rays with cosmic microwave background (CMB) photons:

γCMB + p → Δ+ → n+π+

π+ → νe + νμ + νμ

In addition to the predicted cosmogenic neutrino flux, recent discoveries of a diffuse flux of astro-
physical neutrinos 4,5 and a candidate for an extra-galactic source of neutrinos 6,7 create strong
motivation for expanding the capabilities of UHE neutrino searches. Though only νe and νμ are
expected to be produced at the sources, flavor oscillations over the relevant astrophysical base-
lines should result in an observed flavor ratio flux at Earth of 1:1:1. An exclusive measurement
of the ντ flavor would yield both flux and flavor ratio information for testing both cosmogenic
and astrophysical neutrino models.

The Beamforming Elevated Array for COsmic Neutrinos (BEACON) concept consists of
mountaintop phased radio antennas that are designed for measuring the flux of ντ above 100
PeV 8. When a ντ interacts with the surface of the Earth it can produce a τ lepton, which can
escape the Earth’s crust and decay in the atmosphere. This decay creates an upgoing extensive
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air shower that will produce an impulsive radio signal that is dominated by geomagnetic radi-
ation, with contributions from Askaryan radiation 9. A full-scale BEACON array would consist
of hundreds of independent stations, creating a global network of low-cost high-elevation moun-
taintop radio arrays designed to search for these signals. The high elevation and topographical
prominence provide the optimal field of view for horizon-based searches, while a noise-riding
phased directional trigger provides anthropogenic radio frequency interference (RFI) rejection
that helps maintain sensitivity to the expected diffuse flux while in noisy environments.

The BEACON prototype has seen ongoing development and support since 2018 10. These
proceedings discuss the BEACON prototype, with significant emphasis on details of the analysis
of the 2021 dataset, including discussion of background RFI distributions and efforts towards
isolating cosmic ray candidates. Additional details about the design of a full-scale BEACON
array are available in our original concept study 8.

2 The BEACON Prototype

The BEACON prototype is located near Barcroft Field Station, in the White Mountains near
Bishop, California, USA. The first installation in 2018 used crossed inverted-V dipoles, which
were also used as part of the Long Wavelength Array (LWA) experiment at the Owens Valley Ra-
dio Observatory 11. Since 2019 the prototype has consisted of 4 crossed electrically-short-dipole
antennas, each driven by an active feed and is sensitive in the 30-80 MHz range. Each crossed-
dipole pair contains one horizontally-polarized (HPol) dipole aligned from North-to-South (with
maximum sensitivity in the East to West directions), and one vertically-polarized (VPol) dipole
aligned upright, with uniform azimuthal symmetry. The antenna feeds are connected to active
on-board pre-amplifiers, filters, and baluns, with additional downstream band-pass filters. The
signals are digitized at 500 MSa/s by the data acquisition system (DAQ). Each singular dipole
consists of 2x76.2 cm (2x30 in) tines connected to a central active balun, with the crossed-dipole
pairs being elevated ∼ 3.7 m (12 ft) above the mountainside via masts constructed of both wood
(for low-interference structural support near the antenna) and steel signposts (for structural
support and grounding). In order to withstand the extreme weather with gusts of up to 130
km/h at the prototype site, the masts are secured by ≥ 6 guy-lines, 4 weather-treated wooden
struts, and a 37 kg (70 lb) rubber base each as seen in Figure 1. The struts are cut to length
on-site such that they can be wedged securely into the local terrain. This design has proven to
be stable in locations of extremely irregular terrain, where drilling or pouring cement is not an
option, and is flexible enough to support different terrains.

A full BEACON station would consist of 10 crossed-dipoles in the main trigger array, with at
least 3 outlying crossed-dipoles with increased spacing (extending maximum baselines to ≥ 100
meters) to improve pointing resolution. The prototype has only 4 antennas, with a maximum
baseline of ∼50 meters. Performance characteristics of the prototype array will validate the
concept, but we expect the performance of a full station to be significantly better. Measurements
of peak-to-sidelobe, signal-to-noise ratio, pointing resolution, and trigger thresholds all benefit
from the additional antennas and longer baselines of a full station.

Just like a full BEACON station, the prototype uses a phased trigger system designed
originally for the ARA Station 5 phased array 12. This trigger has a field programmable gate
array (FPGA) which uses a pre-calculated table of expected arrival time differences between the
antennas to delay signals before performing a power sum on the resulting net signal. Each set
of time delays corresponds to a particular direction, referred to as a “beam”, and is sensitive to
signals arriving from the specific direction where the delays result in coherently summed signals.
This coherent sum increases the signal’s magnitude by a factor of Nantenna (the number of
summed antennas), while the noise adds incoherently and only increases by

√
Nantenna, resulting

in a net signal-to-noise ratio (SNR) increase of
√
Nantenna

12. Trigger thresholds are noise riding,
with thresholds rising automatically for noisy beams such that a global trigger rate of 10 Hz
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Figure 1 – Left: A top-down view of the calibrated HPol phase center positions in local East-North-Up (ENU)
coordinates. The mountainside slopes upward to the West with an inclination angle of ∼ 22◦. Relative to the
lowest antenna (mast 0), the heights of 1, 2, and 3 are approximately 15.9 m, 4.0 m, and 13.7 m respectively. The
size of each antenna has been magnified 5× compared to baselines for visibility. Center: Close-up of the 2021
antenna feed enclosure with lid removed. Right: BEACON prototype antenna mast 0. The mast is held upright
via ≥ 6 guy-lines, 4 weather-treated wooden struts, and a 37 kg (70 lb) rubber base, all visible. The science
antennas are bolted to a wooden masthead, attached to readout and lightning grounding cables which are fed to
the base of the mast with strain relief. The mast also has an attached GPS patch antenna which can be used for
position calibration.

is maintained. This directional trigger is essential in noisy environments and has allowed the
BEACON prototype to maintain low thresholds in most beams despite a high rate of RFI events.

Directional reconstruction like that used in the trigger and more precisely in offline event
reconstruction analysis depends on accurate knowledge of the location of the antenna phase
centers relative to each other. Initial antenna positions were measured using both a theodolite
and GPS measurements corrected using real time kinematic (RTK) data provided by a nearby
UNAVCO base station. A calibration campaign was then conducted to send impulsive radio
calibration signals to the array from 6 static locations on the mountainside13. We then ran a
χ2 minimization to find the true antenna phase center locations, using measured locations as
a starting point in the minimization algorithm, optimizing for the matching between expected
geometrical arrival time differences and those observed from the calibration pulser data.

We determine the arrival direction of signals by constructing a correlation map for each
polarization, where each direction in the map is the average correlation value of all possible
antenna waveform pairs when sampled at the appropriate expected arrival time difference for
that given direction. Directions in this map that correspond to the actual arrival direction of the
signal will thus sample at the maxima of the correlations, resulting in a larger value on the map.
The position calibration of the antennas is required for correct mapping of expected arrival time
delays for each direction on the map. The angular pointing resolution of the prototype has been
experimentally determined by reconstructing arrival directions of below-horizon RFI sources,
the majority of which arrive from a smaller number of stationary emitters. A 2D Gaussian was
fit to 7 of the most dominant sources, with an average 90% fit integral area of < 0.1 sq. degrees
(see Figure 2).
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Figure 2 – Left: Reconstruction direction of events from a week in September 2021. Seven of the most populated
RFI sources have been highlighted. Events within these regions were isolated, with the 90% integral area being
calculated based on a 2D Gaussian fit. Top Right: Isolated events from RFI Source 3 (arbitrarily chosen as an
example). Bottom Right: 2D Gaussian fit (color map), with outline of the 90% integral area of the fit plotted on
top. Note that the color scale is logarithmic and represents counts for all 3 plots. The average fit 90% integral
area for all 7 sources was < 0.1 sq. degrees.

3 Exploratory Cosmic Ray Search

Though the prototype array has insufficient sensitivity to detect ντ s, our custom Monté Carlo
cosmic ray simulation package, Cranberry, predicts that cosmic ray air showers should be de-
tectable with the prototype array at reasonable rates (Figure 3). These cosmic ray air shower
events are the closest possible signature to the desired ντ events, mainly differing by their arrival
direction: cosmic rays are downgoing, whereas ντ s would be upgoing. In a full-scale BEACON,
cosmic rays will be a background to the ντ search, sharing many characteristics with the ex-
pected ντ signals, but distinguishable based on direction. The observed rate will be used in
future analyses to determine both experimental and analysis thresholds, and set the expected
sensitivity for a full-scale BEACON - pending finalization of the cosmic ray simulation.

Figure 3 – Preliminary simulation results showing the predicted observation rate of cosmic rays at various energies
with the BEACON prototype, with rates scaled to match the ∼110 day span inspected by the ongoing cosmic ray
search. Events are generated using ZHAireS and the radio morphing technique; signals are propagated through a
combination of measured system responses and XFdtd-determined antenna models before being processed through
a simplified DAQ 14, where 5σ refers to a simplified voltage SNR threshold. The simulation is still undergoing
active development, so rates are preliminary and approximate.
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A background-driven search has been conducted which uses preliminary input from the simu-
lation for expectation and validation of results. This search aims to isolate cosmic ray candidates
by isolating events that reconstruct above horizontal, and systematically removing identifiable
background RFI events, before correlating the remaining events with cosmic ray templates from
the simulation. Cosmic rays are expected to be impulsive signals that correlate well with tem-
plates, have polarization’s consistent with source direction and geomagnetic radiation in the
local Earth’s magnetic field, and should have above-horizontal arrival directions which show
no spatial or temporal clustering. This search spans ∼110 days of prototype data taken from
the beginning of September 2021 to the end of December 2021 (corresponding to ∼100 million
RF-triggered events).

Events first undergo additional band-pass, notch, and sine-subtraction filtering. Correlation
maps are then constructed to determine the most likely arrival direction of each signal. Ap-
proximately 99% of background RFI events were removed by directional cuts alone, because the
majority of RFI comes from below the horizon. A series parameter cuts were then designed
to reduce the remaining ∼1 million events down to ∼5400. These cuts are intended to be
conservative, only removing events with sufficiently low signal or map quality that their above
horizon reconstructions cannot be strongly trusted. Most of these low-quality signals are likely
from below the horizon given the RFI rate from below the horizon. These parameter cuts are
summarized below:

1. Time Delay Similarity Count : Remove events that have more than 10 events within the
same run (∼1.5 hours) showing the same calculated arrival time delays.

2. Peak-to-Sidelobe Ratio: Remove events for which the peak-to-sidelobe ratio of the HPol
and VPol correlation maps sums to less than 2.15, where the peak-to-sidelobe ratio is
defined as the ratio between the maximum value peak of a correlation map to the next
most prominent peak in the map. A ratio near 1 for a single polarization indicates no
distinguishable primary peak, so requiring a sum of HPol and VPol near 2 targets events
with difficult to interpret pointing.

3. Impulsivity : Remove events which have summed HPol and VPol impulsivities (I) below
0.3. I is a metric for measuring the temporal compactness of signal’s power used by
the ANITA collaboration 15, defined here as I = 2A− 1, where A is the average of the
cumulative distribution of fractional power contained within a 400 ns window centered
on the peak of the Hilbert envelope of WF, with WF denoting the aligned and averaged
waveforms for a particular polarization.

4. Simple Cosmic Ray Model Correlation: Remove events for which neither polarization
correlates above 0.4 with a simplified cosmic ray template. The template used was a bi-
polar delta function with duration and heights motivated by an off-axis angle of 1.37◦ for a
slightly up-going airshower16. Specifically the bi-polar delta integrates to a value of 1, with
an initial negative impulse lasting 5 ns, and a positive tail lasting 28 ns. This signal is then
convolved with the appropriate channel-dependent responses of the BEACON prototype,
before undergoing the same filtration and cleaning as the waveforms.

5. Targeted Box Cuts: In order to remove events misreconstructing above horizon due to
prominent sidelobes of below horizon sources, a subset of problematic below horizon sources
were identified. Events are cut if their below horizon reconstruction direction (when above
horizon is masked out) lies within targeted boxes encompassing these sources.

6. Normalized Map Peak Value: Remove events which do not achieve a threshold percentage
of their optimal achievable map value. If the normalized map peak value is m, then
events are cut if they fall below the line mV = −1.2mH + 1.5, effectively keeping events
in the upper-right portion of the phase space corresponding to good HPol and VPol map
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maximization. This and the following cut were added following by-eye inspection of data
passing all other cuts for a 1-month subset.

7. Peak-To-Peak / Standard Deviation: Remove events where the peak-to-peak value is not
sufficiently above the standard deviation of the observed ADU counts in that waveform
(with the cut being applied on the ratio of the two valuesa). If this ratio is r, then events
are cut if they fall below the line rV = −(11/6)rH + 11, effectively keeping events in the
upper-right portion of the phase space corresponding to a high peak-to-peak relative to
the overall noise level of that event.

Events that pass these cuts were then inspected by eye to visually remove any misrecon-
structed events (due to prominent sidelobes or anomalous behavior). Events are also temporally
and spatially correlated with airplane trajectories from The OpenSky Network17, which contains
an extensive database of ADS-B airplane data which the majority of airplanes are required to
transmit. Of these, 64 individual airplanes showed at least 4 triggered events, with 6 airplanes
having 50 or more triggered events. Of the ∼ 5400 passing events, ∼ 75% were sorted by eye
as possible misreconstructions, anomalous behavior, or ambiguous. Roughly 24% are believed
to be airplanes, with only < 1% (∼50 events) showing no clustering or association with known
airplanes.

It is not believed that all triggered cosmic rays would pass all specified cuts or that all passing
events are cosmic rays. Further analysis is planned that will report a total observed cosmic ray
rate for the prototype array, however in Figure 4 we present our most promising candidate from
this exploratory cosmic ray search. This event correlates well with templates (best among all
uncategorized passing events), has high impulsivity (IHPol = 0.59, IVPol = 0.66), high peak-
to-sidelobe ratio (> 1.7 for each polarization), and an arrival direction and polarization angle
consistent with expectations. Figure 5 shows this alongside an event generated with the cosmic
ray simulation, as well as the polarization angle compared to the predicted polarization angle
distribution, where polarization angle φ is calculated in the frame of the antennas as:

φ = arctan

(
max

(∣∣WFVPol

∣∣)
max

(∣∣WFHPol

∣∣)
)

where WF is the aligned and averaged waveform of all signals for a particular polarization.

4 Conclusion

The BEACON prototype has been in operation since 2018 and has seen continual upgrades that
lead towards an inexpensive and robust station design that is scalable for a full BEACON array
implementation. Data from the prototype array been used to understand backgrounds, develop
analysis techniques, identify above horizon RFI sources such as airplanes, and to isolate events
consistent with the expected properties of a cosmic ray. The results of this analysis have already
validated the phased trigger’s ability to maintain sensitivity to above horizon events using a small
number of antennas in a noise-dominated environment like California. The ongoing development
of the cosmic ray simulation will enable future estimates of experimental and analysis thresholds
for the BEACON prototype to cosmic rays, which will be used to refine the predicted neutrino
sensitivity of a full-scale BEACON array.

aStandard deviation is applied to the entire waveform including the signal, so this metric is distinct from SNR
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Figure 4 – Event display for the current most promising cosmic ray candidate. Top: Each of the 8 channels,
normalized and offset such that the y-scale indicates the mast number for each waveform (left being HPol channels
and right being VPol). Bottom Left: HPol and VPol correlation maps, where the colors of each map is individually
normalized to illustrate each polarization’s best-reconstruction location; the region of the maps associated with
the mountainside being masked out. Bottom Right: Event spectra before and after filtration, in arbitrarily offset
dB units (a conversion between ADU and volts has not been performed).

Figure 5 – Top: Waveform from Antenna 2H from Figure 4 shown alongside a sample simulated cosmic ray signal.
The simulated event is processed with the measured system response and signal chain of the prototype for the
same channel, and has thermal noise added at a realistic level to match the prototype array. Both waveforms are
filtered as described in Figure 4. Bottom: The distributions of expected relative frequency of occurrence for the
observable angles of triggered simulated events, with vertical red lines indicating the values of the real cosmic ray
candidate event 5911-73399.
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Radio-detection is a mature technique that has gained large momentum over the past decades.
Its physical detection principle is mainly driven by the electromagnetic part of the shower,
and is therefore not too sensitive to uncertainties on hadronic interactions. Furthermore its
technical detection principle allows for a 100% duty cycle, and large surface coverage thanks
to the low cost of antennas. Various detection methods of UHE particles now rely on the
radio signal as main observable. For instance, ground based experiments such as AERA on
the Pierre Auger Observatory or LOFAR detect the radio emission from air-showers induced
by high-energy particles in the atmosphere; in-ice experiment such as ARA, IceCube, or
ARIANNA benefits from a detection in denser media which reduces the interaction lengths;
finally, balloon experiments such as ANITA allow for very sensitive UHE neutrino detection
with only a few antennas. Radio-detection is now focused on building increasingly large-scale
radio experiments to enhance the detector sensitivity and address the low fluxes at UHE.
In this proceeding we give an overview of the past, current and future experiments for the
detection of UHE cosmic particles using the radio technique in air (AERA, Auger-Prime,
GRAND), in balloon (ANITA, PUEO) or in other media (IceCube-Gen2, BEACON, RNO-G)

1 Motivations for Radio-detection of ultra-high energy astroparticles

Over the last decade, high energy astroparticles have been observed in coincidence with several
high energy events such as TXS0506+056 1 and AT2019dsg 2. Yet, more than 50 years after
the first observation of ultra-high energy cosmic rays (UHECRs), their origin is still unknown.
Towards the understanding of this long-standing mystery increasing experimental efforts are
made to detect cosmic-rays and their secondary messengers (gamma rays and neutrinos) at the
highest energies despite the very low incoming flux. This would allow to not only constrain
UHECRs sources but also to probe the most powerful sources in the universe in the advent of
the multi-messenger era.

The detection of high-energy astroparticles relies on the signal from the particle cascades they
induce while arriving on Earth as illustrated in Fig. 1. Typically the interaction of a cosmic-ray
with air atoms from the atmosphere creates an extensive air-shower that propagates over 10 to
100 of kilometers and emits Cerenkov radiation, fluorescence light and electromagnetic radiation
detectable on Earth alongside with the particles reaching the ground 3. Similar showers can also
be induced by tau-neutrinos arriving with Earth-skimming trajectories going through a dense
medium such as a mountain or Earth’s surface. In these media, the neutrino can interact to
give a tau particle, which then, can escape to decay in the atmosphere inducing an air-shower.
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Figure 1 – Sketch of UHE astroparticles detection principle for (1) in-air showers, (2) tau-neutrino induced showers
and (3) in-ice showers. The typical longitudinal profile is represented atop of the showers.

Finally, particle cascades can develop in denser media such as ice or water, where due to the
higher density, the showers extent over smaller distances, of the order of a few meters for the
longitudinal profile and of a few centimeters for the lateral one. Similar to air-showers these, in
ice showers also emit Cerenkov radiation and electromagnetic-waves.

The radio emission from particle showers has been extensively studied over the past decades.
For in air showers, the radiation results from two main mechanisms, with an intensity peaking in
the MHz regime. (1) The geomagnetic emission: the deflection of the lightest charged particles
in the shower, i.e., positrons and electrons in opposite directions induce a current varying in time
as the particle content in the shower varies over time leading to a radio signal polarized along
the −v×B direction (with B being the direction of the magnetic field and v the direction of the
shower). (2) The charge-excess or Askaryan emission: while the shower propagates, electrons
from air-atoms are struck by high energy shower particles and then travel along with the shower
front. This combined with positron annihilation leads to a build up of a net negative charge in
the shower front inducing a signal radially polarized in a plane perpendicular to the shower axis.
The geomagnetic emission is dominant in air where the charge-excess account for only ∼ 10%
of the signal but it is negligible in ice where the charge-excess is much stronger and corresponds
to the dominant emission. In addition to that, the radio signal undergoes a geometrical time
compression phenomenon called Cerenkov effect. It is due to the relativistic speed of the particles
which confine the emission in a cone with a typical aperture angle of 1◦ for an air-shower and
of roughly 40◦ to 60◦ for in ice showers.

2 First generation of radio experiments

It was proved in 1965 that air-showers emit radio waves 4, yet it is only in the 2000s that
radio detection really took off, mainly due to the improvements in digital signal processing and
motivated by an expected duty cycle of 100%.

2.1 CODALEMA and LOPES

This emergence of radio-detection as a promising technique was led by 2 pioneering experiments,
CODALEMA5,6,7 and LOPES10,8,9 which aimed at probing that radio-detection of cosmic-ray
induced showers in the atmosphere was feasible. These experiments relied on the fact that radio
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Figure 2 – Left CODALEMA butterfly tripole antenna from 41 and right LOPES inverted v-shape dipole antenna
from 9.

waves emitted by particle cascades travel in air with almost no absorption and could be detected
at ground level with radio-antennas. Radio-detection was however impeded by the numerous
anthropogenic radio emissions from various sources such as the FM band, airplanes or satellites.
CODALEMA, the Cosmic-ray Detection Array with Logarithmic Electro-magnetic Antennas is
an experiment initiated in the Nancay radio-astronomy station in 2003. It combined a sparse
array of 57 autonomous radio antennas (Fig. 2, left panel) detecting signals in the 20-200 MHz
band with a compact array of cabled antennas triggered by 13 scintillators over 1 km2. LOPES,
the LOFAR Prototype Station, is a radio experiment made of 30 LOFAR prototype antennas
(Fig. 2, right panel) that ran between 2003 and 2013. It used interferometry triggered by the
KASKADE-Grande experiment in the 40 − 80 MHz band. Even though the layout was set in
the radio loud environment of the Karlsruhe Institute of Technology, LOPES showed that a
radio detection with energy and angular resolution comparable to particle array performances
was achievable. It also allowed the radio community to better understand the radio-emission
mechanisms, highlighting the clear dependency of the signal with the geomagnetic angle.

2.2 RICE and AURA

In parallel to the in-air pioneering experiments, two detector concepts were investigated for
the in-ice detection of neutrino-induced in-ice showers. These investigations were motivated
by the fact that the ice cap offers a gigantic interaction volume for neutrinos, making possi-
ble, in principle, a gigatonne sized detector with only few antennas in a relatively radio quiet
environment. These two detector concepts called RICE, Radio Ice Cherenkov Experiment 14

(1995-2005) and AURA, Antarctic Under-ice Radio Array 15 (2003-2009), aimed at deploying
sub-surface and deep-ice antennas respectively. RICE was co-located with the AMANDA pro-
totype and was composed of 20 half-wave antennas (200− 1000MHz), in a 200× 200m2 layout
between 100 − 300m depth. AURA was deployed with IceCube in a layout of 6 clusters of
4 antennas (100 − 450MHz) between 300 − 1300m. Sub-surface arrays while being obviously
more convenient for the deployment faces more refraction and ray-bending effects than deep-ice
ones, where the ice is more cold and more stable. One of the big advantage of the in-ice radio
detection is that the ice provides a denser interaction medium than air for high energy neutrinos.
However, the radio attenuation length in ice is of only ∼ 1 km on average (a factor thousand
lower than in the atmosphere!). In addition the emission is only coherent along the Cherenkov
cone, which because of the refractivity of the ice is frequency dependant and much larger than
in the air (∼ 55◦ in the 100s of MHz regime). Furthermore the variations of refractive index
with depth leads to ray-bending and refraction effects, which need to be taken into account for
the reconstruction and the interpretation of the data.
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Nevertheless, RICE and AURA managed to demonstrated the feasibility of this technique,
opening the path to future in-ice experiments, still in operation today for some of them.

3 Second generation of radio experiments

After the validation of the radio-technique by the first generation of experiments, the second
generation aimed at using this radio technique in order to measure the cosmic-ray fluxes at the
highest energy (above EeV) and to characterize the cosmic-ray composition at these energies. In
terms of experimental goals this translated into large scale deployments to increase effective lay-
out areas and into developments of more performing triggers to increase the detection efficiency.
These objectives were at least partly achieved by LOFAR, ANITA, AERA and TREND.

3.1 In air detection: LOFAR, TREND and AERA

LOFAR 11,12,13, the LOw Frequency ARray is a large scale radio interferometer, with more
than 40 stations of ∼ 100 antennas each in Netherlands and across several European locations
for astronomical observations. The antennas are divided in two types, LBA dipoles operating
in the 30− 80MHz band and HBA tiles covering the 110− 240MHz band. The array relies on
beamforming techniques to combine the phased signal of individual antennas and point specific
locations in the sky. Air-shower detection is performed using a triggering from the LORA
(LOfar Radboud Air-shower array) particle array with ∼ 300m diameter. LOFAR achieved
high precision measurements of air-shower with a time resolution of a few ns, allowing to reach
an Xmax resolution of ∼ 20 g.cm−2 and to probe physics of the radio emission mechanism at an
unprecedented level.

TREND 16 the Tianshan Radio-array for Neutrino Detection was an experiment deployed in
a remote valley in the Tianshan moutains in western China with ∼ 50 antennas over 1.1 km2

and ran from 2009 to 2013. It aimed at probing air-shower autonomous radio-detection, i.e.,
detection of air-showers with radio antennas only and no external trigger. It detected 730
Million of events over 314 days. Among them 564 were identified as air-shower candidates. The
background contamination was estimated at 20% in this final subset of candidates. Furthermore
comparing the detected number of events with the expected one, lead to an intrinsic detector
efficiency of 32%. TREND was a prototype experiment deployed on the radio quiet site of the 21
CMA experiment, but still it was the first experiment to show that autonomous radio detection
of air-showers was feasible. Hence thanks to self-triggering, TREND has become the seed of
next generation large-scale experiments as GRAND.

AERA 17,18,19 the Auger Engineering Radio Array, is an extension of the Pierre Auger Obser-
vatory. It started in 2011 at Malargue and aimed at detecting air-showers above 1017 eV in the
30−80MHz band. It used a hybrid approach, combining ∼ 150 of Auger’s 1627 surface detectors
(1600 water tanks and 27 fluorescence detectors) with 150 radio antennas (LPDA and Butterfly)
over 17 km2 as illustrated in the left panel of Fig. 3. This setup with different types of detec-
tors and antennas allowed to test different experimental designs and detection techniques but
also different triggering schemes, combining an external trigger from the surface detectors and
self-triggering with FPGAs 17. Hence it served as a pathfinder to determine the design of larger
experiments. Its hybrid approach also allowed to cross-calibrate the energy measurement of the
different detectors to test the radio technique and to develop and test different reconstruction
methods. Hence, AERA demonstrated that an energy reconstruction resolution of 17% and an
Xmax reconstruction resolution between 35− 40 g.cm−2 were achievable with radio-detection as
shown in the right panel of Fig. 3. Such performances showed that radio detection was a com-
petitive technique providing comparable results with fluorescence and surface detectors. AERA
hence probed the efficiency of radio-detection and opened the path towards next generation
large-scale experiments.
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Figure 3 – Left, map of the AERA layout within the Pierre Auger Observatory and right, correlation between
the reconstructed Xmax value from AERA measurements and the one determined with fluorescence detectors,
extracted from 18.

3.2 In ice detection: ARA and ARIANNA

The Askaryan Radio Array 20,21 (ARA) and the Antarctic Ross Ice Shelf Antenna Neutrino
Array 22,23 (ARIANNA) experiments are the direct extension of the AURA and RICE concepts
of deep-ice and subsurface radio arrays. Thanks to the validation of the in-ice radio technique,
this second generation of experiments tried to scale up in size to reach the UHE neutrino
landscape.

ARA is operating since 2010 near the Amundsen-Scott station at the South Pole and is the
evolution of AURA. Each station is situated at ∼ 200m depth, and made of 4 strings composed
of 16 antennas operating in the 200 − 850MHz band, for a volume of 20 × 20 × 20m3. The
37 stations currently deployed, in an hexagon with a 2 km spacing, lead to an effective volume
of 200 km3 at 1EeV. This volume while being the largest monitored by in-ice radio antennas
remains well below the required values since it would need 4 times more in order to reach the
UHE fluxes.

ARIANNA is located in Moore’s bay at 110 km from Mc Murdo station, and was in operation
between between 2010 − 2015. The initial detector concept is presented in Fig. 4 and relies on
a layout of 36 × 36 antenna stations with a 1 km spacing. Each station is made of 8 down-
looking and 2 upward looking antennas ( for calibration and cosmic-ray veto) operating between
100− 1300MHz. The detector uses radio reflections from the water-ice interface at the bottom
of the ice shelf to detect direct and indirect signals, leading to almost a factor 2 of increase in the
field of view and effective volume. However since the antennas are deployed close to the upper
layers of the ice (the firn) the attenuation length is only about 400 − 500m. Yet, only a few
dozen of stations were deployed, very far from the 1000 needed to reach the UHE cosmogenic
neutrino fluxes, as their concept study required.

Initially designed to scale up to reach a thousand cubic kilometers of effective volume in
order to be sensitive enough to cosmogenic UHE neutrinos, these two experiments faced various
deployment issues and increase of costs, stopping their ambitious goals. Nevertheless, ARA and
ARIANNA have shown that scaling up is possible while maintaining noises at reasonable levels.

3.3 Balloon detection: ANITA

ANITA, the ANtarctic Impulsive Transient Antenna 24,26,25, is a stratospheric balloon concept
that intended to detect both in-ice and in-air showers (see Fig. 5). The instrument was designed
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Figure 4 – Sketch of ARIANNA detection principle at the Ross Ice Shelf from 23. Neutrino can be detected from
air-induced showers after interacting in trans-antarctic mountains or from in-ice showers using the reflected signal
at the water-ice interface. Cosmic-ray air showers are detected with upward looking antennas.

to be sensitive to geomagnetic (in air) and Askaryan (in ice) emissions, for both down-going and
up-going trajectories, and direct and reflected signals. By flying above Antarctica the successive
5 missions took advantage of the South Pole wind vortex, and the phenomenal amount of
ice contained in the south ice cap, allowing to monitor a large volume of ice thanks to the
stratospheric altitude (on average 40 km) and the long duration flight. The 5 past missions
based on this concept, successively improved and build up on the experience of each previous
mission, leading to the best neutrino limits above 100EeV, as well as the best UHE neutrinos
candidates, and a few anomalous events yet to explain.

The design of the last mission, called ANITA IV, highlights best the improvements made so
far for this kind of missions. The radio instrument is made of 48 quad ridged horn antennas with
high gain and dual polarisation (Horizontal and Vertical), operating in the 180−1200MHz band.
The array layout is designed on 3 cylindrical layers, covering the complete azimuth range in 16
sectors. Finally the RF signal chain allowed for a “threshold riding” trigger system constantly
adjusting to the background with an event rate up to 50Hz. The flight lasted for ∼ 30 days,
during which 2 types of anomalous events were found with very steep trajectories (∼ −30◦)
below the horizon, and close to the horizon. They have a non-inverted polarity as expected for
neutrino-induced EAS but reconstruction have shown a compatibility with the background at
the ∼ 3σ confidence level. The exact nature of these events remains elusive but motivates the
development of a new instrument, PUEO, with an improved sensitivity, and able to disentangle
with precision the different possible trajectory of events.

4 Next generation of radio experiments

The results achieved by the second generation of radio experiments created a momentum in
the field towards the challenge of the detection of UHE cosmogenic neutrinos. In particular for
the in-air experiments, which, for the first time mostly aim at performing the radio-detection
of neutrinos. While for the in-ice experiments, the main challenge of this new generation is to
solve the scaling issues in order to reach the UHE landscape.

This turning point in the scientific goals pursued by the in-air experiments has initiated for
the first time a competition between the in-air and in-ice techniques.
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Figure 5 – Evolution of ANITA payloads over the years.

4.1 In air detection: Auger Prime, BEACON and GRAND

Auger-Prime27,28,29 is the upgrade of the Pierre Auger Observatory optimized for electron/muon
discrimination. Its main objectives were to (1) study the flux suppression at ultra-high energy
to check whether it come from a maximal acceleration energy of the sources or from a GZK
cut-off, (2) explain the weak correlation between cosmic-rays and nearby galaxies and (3) put
constraints on the hadronic interaction models at ultra-high energy. This translated into a need
for an increase of the mass composition sensitivity above 1EeV. Electron/muon discrimination
is of particular interest to tackle this objective. As shown in the left panel of Fig. 6, the ratio
between the muon content at a lateral distance of 600 meters, ρ600μ , and the number of elec-
trons Ne gives a good mass composition sensitivity for vertical showers but breaks for inclined
showers where the scintillators efficiency drop considerably. Yet, combining measurements from
the radiation energy Sρθ

RD and ρ600μ provide a good sensitivity on the mass composition for any
zenith angle. Since inclined showers propagate over large distances, electrons in these showers
rapidly die out while muons can reach the ground. Hence inclined showers allow for an efficient
discrimination between the muon and the electromagnetic content if radio antennas are com-
bined with particle detectors. As a consequence, AugerPrime aims at adding scintillators and
radio antennas for each of the pre-existing surface detectors which should provide a sensitivity
on the mass composition comparable or even better to methods using Xmax as main observable.

GRAND 30 the Giant Radio array for Neutrino Detection, is a planned large-scale radio ex-
periment dedicated to the in-air detection of ultra-high energy messengers with a main focus
on UHE neutrinos. It should consist of a radio array of ∼ 200 000 antennas over 200 000 km2

deployed in several mountainous regions regions around the world. The focus is put on very
inclined air-showers to detect tau-neutrinos with Earth-skimming trajectories that go through
a dense medium as a mountain or Earth’s surface for up-going trajectories. The deployment
of the GRAND experiment is expected to be staged, i.e., divided in 3 main steps, GRAND-
proto300, GRAND10k and GRAND200k. GRANDProto300 is the deployment of the first 300
antennas over ∼ 200 km2 in western China, to detect cosmic-rays and hopefully gamma-rays in
the 1016.5 − 1018 eV energy range. It will serve as a test bench for the GRAND experiment,
validating the detection and the reconstruction feasibility of highly inclined showers (θ > 80◦)
by probing autonomous radio-detection on large-scale arrays and angular reconstruction below
0.1◦. To tackle these objectives, the radio antennas may be combined with particle detectors.
This first layout will be followed by GRAND10k an extension of GRANDProto300 to ∼ 10 000
antennas expected for ∼ 2025 and allowing us to detect the first UHE neutrinos for optimistic
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Figure 6 – Left, separation power between proton and iron induced air-showers from 18. Right, prediction of UHE
neutrino fluxes from astrophysical sources compared with upper limits of Auger, IceCube and GRAND. Extracted
from 30.

fluxes. Finally GRAND200k will consist of 20 sub-arrays of 10 000 antennas all around the
world. It should reach a tau-neutrino sensitivity of 4 × 10−10E−2GeV cm−2 s−1 sr−1 within 3
years of operation as seen in the right panel of Fig. 6 and 4×10−10E−2GeV cm−2 s−1 sr−1 within
10 years, surely allowing for the detection of UHE neutrinos and opening the path towards UHE
neutrino astronomy.

BEACON 31,32 The Beam forming Elevated Array for COsmic Neutrinos is a detector that
envisions to use the radio interferometry technique, in the 30− 80MHz range to detect Earth-
skimming tau neutrino-induced events. The concept aims at deploying antenna stations atop
of high elevation mountains in order to increase the field of view towards the ground, hence
increasing the collecting area of radio signals from events emerging below the horizon and prop-
agating in upward trajectories. This project is therefore building on two key elements: first the
radio-interferometer technique, extensively used by the radio-astronomy community for high
sensitivity observations, and second its topography site, which provide a large field of view.
Preliminary simulation studies have shown that in principle BEACON could reach down to
6.10−9GeV cm−2 s−1 sr−1 at neutrino energies of ∼ 1EeV, after 3 years of integration and for a
thousand antenna stations.

Currently a prototype of 8 antennas is deployed at the Barcroft Station in the White Moun-
tains of California. The prototype, too small to envision significant neutrinos detection for the
moment, is used as a test-bench for calibration and data analysis on cosmic-ray observations.
Simulation studies have shown that tens of events are already detectable with its current config-
uration. Once the validation of this prototype will be achieved the up-scaling of the experiment
can be easily achieved by the deployment of a few hundreds of stations making it ultimately
competitive to detect UHE neutrinos.

4.2 In ice detection: RNO-G and IceCube-Gen2

IceCube 33,34,35 is an in-ice experiment initiated in 2010 for high energy astrophysical neutrino
detection in the Antarctic. It combines an in-ice detector “IceCube”, with a surface array “Ice
Top”. The ice detector consists of several strings regrouping a total 5160 Digital Optical Modules
made of photomultiplicators that detect the Cerenkov light from neutrino-induced cascades in
ice. IceCube can detect two types of events, tracks events, from charged current interaction
of muon neutrinos and cascade events from either charged current interactions of electron and

174



Figure 7 – Planned design of the IceCube-Gen2 Neutrino Observatory from 34

muon neutrinos or neutral current interaction of all three flavors. Track events allow for a
better angular resolution while cascades events are better for the energy reconstruction. Since
it started IceCube detected neutrinos between 10 TeV and 10 PeV and even allowed for the
identification of a point source at the 3σ confidence level, the Blazar TXS0506+056 in 2017.
IceCube-Gen2 is the planned upgrade of the IceCube observatory. It will be∼ 20 times larger and
will aim at (1) increasing the rate of observed cosmic neutrino events by an order of magnitude,
(2) broadening the energy range from TeV-PeV to GeV-EeV and (3) increasing the angular
resolution to identify more point sources. For this purpose, 4 additional components will be
added to IceCube as illustrated in Fig. 7:

• IceCube Upgrade, 7 additional strings denser in Digital Optical Modules (693 sensors in
total, 99 for each string) to lower the low energy threshold.

• Gen2-Optical, an enlarged optical array with 120 new string (with 60 DOMs, 17 meters
apart for each string) in a sunflower pattern with 240 meters of lateral spacing to increase
the sensitivity to TeV-PeV neutrinos

• Gen2-Surface, additional radio antennas and scintillators co-located with each of the Gen2-
optical new string to perform cosmic-ray detection at PeV energies. This setup should also
help as a veto for down-going cosmic-ray showers.

• Gen2-Radio, ∼ 200 clusters of antennas over 500 km2 for the detection of EeV neutrinos.
This setup will combine antennas at the surface and deeper with a phased-array system
to beam-form the signal and lower the trigger thresholds.

RNO-G 36 The Radio Neutrino Observatory in Greenland is located at the Summit Station
(Greenland), and is part of the IceCube collaboration. It relies on ARA and ARIANNA detector
concepts, combining the advantages of both detection principles, while minimizing the number
of antenna stations required to reach the effective volume needed to detect the UHE cosmogenic
neutrinos. Each station is composed of a deep-ice antenna array (150 − 600MHz), a la ARA,
designed with a phased triggering system, and a set of subsurface antennas (100 − 1300MHz),
a la ARIANNA, oriented in order to be able to fully measure the polarisation of any shower
induced signal, hence increasing the reconstruction capabilities of the station. The deep-ice
array is made of 4 arms plunging into the ice sheet, down to 100m and delimiting a monitored
ice volume of roughly 1 km3. The envisioned configuration is 35 independent stations, in order
to reach the UHE cosmogenic neutrino flux.

RNO-G is currently in a deployment phase since the summer 2021, and if successful another
detector should be deployed at the South Pole to complete the IceCube-Gen2 detector, called
RNO.
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4.3 Balloon detection: PUEO

PUEO 37 the Payload for Ultrahigh Energy Observations is the direct successor of the ANITA
program. The challenge envisioned by this mission is to increase by almost two orders of mag-
nitude the combined sensitivity of all previous ANITA missions (from ANITA I to ANITA IV),
while keeping the same constraints in term of detector size (because of stratospheric balloon
requirements). To tackle this challenge, PUEO can build on the experience of the past ANITA
missions, as well as the recent developments made in the radio field, especially towards hardware
and firmware improvements. Indeed, this new payload is composed of two instruments:

• the Main Instrument (MI) is composed of 108 quad-ridged horn antennas (twice as much
as the last ANITA mission), canted at −10◦, and targeting the 300 − 1200MHz band
across two polarisation channels (Horizontal –H and Vertical –V), as well as 12 antennas
canted at −40◦ in the direction of the ground, and dedicated to disentangle the very
steep trajectories. The main instrument, hence, totalizes 240 channels organized in 4
cylindrical layers of 24 azimuthal sectors. Furthermore it is using a phased array trigger
technologies, allowing for a drastic reduction of the trigger threshold SNR, down to 1− 2,
while maintaining a high detection efficiency.

• the Low Frequency Instrument (LFI) is composed of 8 sinuous antennas observing in the
50 − 300MHz band, across two polarisation (H and V). This instrument is dedicated to
the detection of the Earth-skimming tau neutrino-induced EAS, and while having only
16 channels, its effective area is twice larger than the MI, towards these events. The
explanation for such performances comes from the large collecting aperture of each an-
tennas (about 1.9m in diameter) but more importantly from the chosen frequency band,
where the radio beam induced by EAS is larger by almost a factor 2 compared to the MI
frequency band.

The decision to split the frequency band between two instruments allows to more than double
the number of channels, up to 256 in total, for the same volume of payload, while restricting
the radio noise, more intense in the low frequency band, to only one instrument.

Thanks to all these improvements and new developments, PUEO should be able to reach
sensitivities down to ∼ 3.10−9GeV cm−2 s−1 sr−1 at neutrino energies of ∼ 10EeV, from
simulation studies. PUEO is envision to fly in the summer 2024.

5 Summary

Over the past 2 decades, major improvements for radio-detection of astroparticles were achieved.
This was motivated by an expected duty cycle of 100% combined with the low costs of radio
antennas and allowed by the development of powerful digital signal processing techniques. First
progresses were possible thanks to the pioneering experiments of CODALEMA, LOPES or RICE
and AURA that probed respectively that in-air and in-ice detection were feasible. This then led
to the second generation of experiments with LOFAR, TREND and AERA for in air, ARA and
ARIANNA for in ice, and ANITA for both in air and in ice that confirmed the feasibility of radio-
detection but also showed that it could be competitive with already existing detection methods
using surface detectors. These experiments also provided a better understanding of the radio
emission processes, allowed to test different experimental designs and to develop efficient recon-
struction methods. AERA and TREND in particular probed the feasibility of autonomous radio
detection and opened the path towards future large-scale radio experiments. Radio-detection is
now established as a cheap, reliable and competitive technique to detect astroparticles and the
objective is now focus towards building increasingly larger facilities to assess the low fluxes at
ultra-high energy. Towards this goal, several experiments are already planned or in construction
as GRAND, AugerPrime, BEACON and PUEO for in air-detection and IceCube-Gen2, RNO-G
and PUEO for in-ice detection and other experiments with innovative detection methods should
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Figure 8 – Expected differential 90% CL sensitivity to a diffuse neutrino flux adapted from38 by Stephanie Wissel.
A 10 years exposure is assumed for planned experiments unless otherwise noted. The blue band indicates the
astrophysical measured neutrino flux by IceCube and the solid lines the experimental upper limits for high energy
neutrinos.

follow with RET39, the Radar Echo Telescope and GCOS40, the Global Cosmic Ray Observatory.
These experiments now aim at combining hybrid detection methods and/or a multi-messenger
approach and should reach an unprecedented sensitivity to UHE cosmic-rays, gamma-rays and
particularly to UHE neutrinos as displayed in Fig. 8. All these efforts toward radio-detection
are promising to detect the first UHE neutrinos and establish candidate UHECRs sources by
the 2030s.
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Since the first direct discovery of Gravitational Wave (GW) events in 2015, scientists are
searching for their multi-messenger counterparts. Major facilities are taking part of these
searches by following-up GW events upon their detection. In 2017, the first and only coun-
terpart to a GW event was found emanating from the neutron star merger GW170817. The
High Energy Stereoscopic System (H.E.S.S.) is a ground-based experiment dedicated to the
observation of very high energy (VHE) gamma-rays. Since 2017, H.E.S.S. is actively taking
part in the global search for counterparts of GW events by following-up the most promising
GW events detected to date. In this contribution we report on the H.E.S.S. GW follow-up
observations, the analysis results and the derived prospects. Although no VHE counterparts
are detected, H.E.S.S. is the first instrument to constrain the short-term and long-term VHE
emission from neutron star mergers by observing GW170817. These observations place lower
limits on the magnetic field in the remnants of the coalescence. The H.E.S.S. observations
also place the first constraints on the VHE emission from four black hole mergers. The in-
creased rate of GW event detection foreseen for the upcoming runs will increase the ability
of H.E.S.S. to observe GW events across various timescale after the detection and place even
stringer limits on the VHE emission of such events.

1 Gravitational Waves in the very high energy domain

1.1 VHE emission from binary neutron star mergers

Gravitational Waves (GWs) detected by the Ligo and Virgo interferometers are mainly pro-
duced by the coalescence of compact object, neutron stars or black holes in particular. Several
theoretical models predict high energy emission emanating from GW events produced from the
merger of binary neutron stars (BNS) 1,2. The merger is supposed to produce a short gamma-
ray burst (GRB) followed by an infrared-optical transient emission from the Kilonovae. In
2017, GW170817 3, a BNS merger, was detected by the GW interferometers. 1.7 seconds later,
the Gamma-ray Burst Monitor (GBM) on board the Fermi observatory and the INTEGRAL’S
gamma-ray spectrometer SPI-ACS, detected a weak short GRB (GRB 170817A) that was as-
sociated to GW170817 4. This event established for the first time the connection between GWs
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and short GRBs. Until now, there is no confirmed observations of short GRBs in the very high
energy (VHE) domain. An unconfirmed hint of VHE emission from GRB160821B was reported
by the MAGIC collaboration without a clear detection 5. However, there are three confirmed
detections of VHE gamma-rays from three long GRBs: GRB180720B 6 and GRB190829A cite-
GRB19829A detected by the High Energy Stereoscopic System (H.E.S.S.) and GRB190111C 8

by the Major Atmospheric Gamma Imaging Cherenkov Telescopes (MAGIC). Although long
and short GRB progenitors are different, the first one being mainly the core collapse of massive
stars, and the second one the coalescence of BNSs, the emission mechanisms are believed to be
similar9. This provides an additional motivation for the search of VHE gamma-ray counterparts
of BNS merger events.

1.2 VHE emission from binary black hole mergers

In the binary black hole (BBH) merger case, theoretical models are less in favor of a possible
detection of electromagnetic emissions. However, some models describe some scenarios where
such emissions are possible 12 13 14 15 16 17 18 19 20. Moreover, simultaneously to the first direct
detection of a GW, GW150914 10 a BBH merger, Fermi-GBM detected a hint of a weak gamma-
ray transient that could be related to the source 11. Furthermore, a possible optical counterpart
to the BBH merger GW190521g was detected by ZTF, indicating that electromagnetic emission
might be possible from such sources 21 22 23. These reported emissions are not confirmed coun-
terparts to BBH events at this point, but they provide the necessary motivation to follow these
events in order to prove the existence, or the absence, of VHE gamma-ray counterparts.

2 H.E.S.S. follow-up observations of GW events

2.1 The H.E.S.S. experiment

H.E.S.S. is an array of five atmospheric Cherenkov telescopes located in the Khomas Highland of
Namibia designated for the observation of VHE gamma-rays in the southern hemisphere. Four
telescopes have a diameter of 12 meters and the fifth one is a 28 m diameter telescope. The
energy threshold of H.E.S.S. depends on the zenith angle of the observations and is estimated to
be between few tens of GeV to 100 TeV. The H.E.S.S. collaboration dedicate around 30% of its
telescopes observation time to transient observations of which a significant amount is dedicated
to GW follow-up. The telescopes are operated either under strict darkness conditions when both
the Moon and the Sun are completly set or under moderated moonlight.

2.2 GW detection and follow-up conditions

Until now, three GW observing runs have been held by the Ligo and Virgo collaboration, O1,
O2 and O3, with the last one lasting for almost a year. During O2 and O3, when a GW event
is detected, an alert is distributed to the scientific community containing the localisation map
of the event. In fact, the localisation of GW can span tens to hundreds of square degrees in
the sky and the distance estimation can vary by several hundreds of Mpc across the localisation
map. The H.E.S.S. collaboration developed its own GW follow-up strategies 24 that allowed it
to follow GW events during O2 and O3.

2.3 H.E.S.S. GW follow-up during O2 an O3

For a GW event to be followed by H.E.S.S. the GW event should fall in a time and a region
that fulfill the H.E.S.S visibility criteria and the GW localisation should be relatively good (in
the order of tens to a few hundreds of square degrees in the sky) so that H.E.S.S. will be able to
cover a significant part of the region during one night. During O2 and O3, H.E.S.S. followed 5
GW events in total. During O2, H.E.S.S. triggered its first observations on GW170814 25 26, the

182



first BBH merger (and the first GW event in general) to be detected by three interferometers.
The three interferometer detection resulted for the first in a good localisation of a GW event
spanning only a few tens of degrees in the sky. Few days later, H.E.S.S. triggered observations
on GW170817 3, a confirmed BNS merger and the only GW event to have electromagnetic
counterparts. This particular event was observed during a short-term observation campaign that
lasted few days directly after the GW detection 27, and a long-term (∼ 5 months) observation
that started around 5 months later 37. During O3, H.E.S.S. observed three other BBH events:
GW190512 180714, GW190728 06451029 and GW20022430. GW190512 180714 is the first event
of O3 to fit the H.E.S.S. observation criteria. GW190728 064510 was first classified a merger
between a black hole and another object having a mass between the minimum possible black hole
mass and the maximum possible neutron star mass (a MassGap event), then it was classified
later as a BBH merger event. In the same day, a neutrino candidate event in the region of the
event was discovered by IceCube 31. Finally, GW200224 is the best localised BBH event and the
most followed BBH merger until now.

3 H.E.S.S. follow-up of BNS events

3.1 Short-term follow-up of GW170817

When GW170817 and GRB170817A were detected, the darkness conditions were not fulfilled
yet on the H.E.S.S. site in Namibia preventing any prompt observations. Five minutes before
the observation night started in Namibia (5.3 hours after the merger), a new update on the
localisation map was distributed. Using the H.E.S.S. GW follow-up tools 24, a follow-up ob-
servation schedule was immediately derived for the night. These H.E.S.S. GW follow-up tools
scheduled three observations for the night in order of priority. The observations were executed
successfully and ended around ∼7 hours after the BNS detection. 10.9 hours after the merger,
and optical counterpart of the GW event was detected in the host galaxy NGC 499332. It turned
out that this counterpart was in the filed of view of the highest priority H.E.S.S. observation
that occurred 5.3 hours after the merger. This allowed H.E.S.S. to be the first ground based fa-
cility to acquire observational data on the progenitor of GW170817, even before the counterpart
was detected. After the counterpart confirmation, H.E.S.S. targeted the rest of its short-term
follow-up campaign observations on the position of the counterpart. The H.E.S.S. observations
did not reveal any significant VHE gamma-ray emission. The upper limits derived from the
H.E.S.S. observations are shown in Fig. 1. As shown in Fig. 1 these upper limits can be used to
constrain the angle at which the jet producing GRB170817A is seen 34.

3.2 Long-term follow-up of GW170817

X-ray and radio emissions from GW170817 were detected respectively 9 and 16 days after the
merger35. This delay is due to the fact that the jet emission was seen off-axis. As the jet reached
the interstellar medium, the emission opening angle started increasing until it became in the
line of sight of the observers on Earth. The X-ray and radio emission kept on rising until they
attained 10 times the initial flux then plateaued at 160 days after the merger 36. Around this
time, H.E.S.S. started monitoring the VHE emission of the source for a period of 5 months. A
total of 54 hours of data were taken. The X-ray and radio emission, are synchrotron emissions
from particle acceleration in the magnetic field in the product of the merger. This means that
there might be good conditions for the production of VHE gamma-rays through synchrotron
self-Compton (SSC). The H.E.S.S. data analysis does not show any significant VHE emission
and upper limits are calculated 37. These upper limits are an order of magnitude lower than
the ones deduced during the short-term campaign. Taking a look at the non-thermal emission
mechanisms taking place in the remnant of the merger: The synchrotron emission probes the
product of the energy density of the electrons and the magnetic field μeμB, but it cannot
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Figure 1 – Gamma-ray lightcurve generated by external inverse Compton radiation for emission at 100 and 250
GeV considering viewing angles of 0 and 15 degrees with upper limits on the VHE spectrum derived from H.E.S.S.
observation on GW170817. From 33, adapted from 34.

disentangle between the two components, while the SSC emission probes μ2
eμB. Adding VHE

observations (upper limits in that case), can therefore disentangle the two components. The
H.E.S.S. upper limits derived from the long-term follow-up campaign are used to do so. By
adjusting the modelled emission to the level of the H.E.S.S. upper limits as shown in 2, one
can fix a value of the magnetic field in a way that the observed synchrotron emission and the
H.E.S.S. upper limits are respected. Therefore the H.E.S.S. upper limits can be converted into
magnetic field lower limits. This is done for two models, an isotropic outflow and a more likely
case of an off-axis jet. The deduced lower limits on the magnetic field are 210μG for the isotropic
outflow scenario and 24μG for the relativistic jet scenario.

4 H.E.S.S. follow-up of BBH events

4.1 BBH follow-up in the VHE domain with H.E.S.S.

In the case of a BBH merger follow-up, the H.E.S.S. approach is different from the BNS case. As
there are no highly expected counterparts detected from these BBH mergers, the H.E.S.S. obser-
vations priorities large coverage of the GW localisation region in the sky for efficient constraints
of the VHE emission. The H.E.S.S. observations span rapidly a large portion of the localisation
region, firstly in an attempt to discover any VHE transient counterpart and secondly to place
VHE upper limits on the emission from the largest possible parts of the localisation region.
For the four BBH events that were followed by H.E.S.S., no VHE emission counterparts were
detected (or any other counterparts). In the following paragraphs, these observations are used
to constrain the intrinsic and observed VHE emission from these events.

4.2 Constraints on the intrinsic VHE emission

For each one of the four BBH events, the observations are converted into integral upper limits
in the 1-10 TeV H.E.S.S. core energy range. For that, an E−2 spectrum is assumed. For each
spatial bin in the map, the observations are converted into integral upper limits following 38.
These upper limits are, converted into energy flux upper limits, then luminosity upper limits.
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Figure 2 – Spectral energy distribution of EM170817 for the non-relativistic (blue lines) and relativistic (red lines)
scenarios. The blue and red dots correspond respectively to the X-ray and radio measurements. The green dots
represent the H.E.S.S. derived upper limits. The solid and dashed lines correspond respectively to the minimum
and maximum X-ray emission. From 37.

For that, the distance and the redshift of the event are taken into consideration. For GW events,
the distance can vary by several hundreds of Mpc across the localisation region. Therefore per-
pixel maps of luminosity upper limits are computed following 38 for each bin of the H.E.S.S.
maps as explained in 39. These maps show the intrinsic upper limit on the VHE luminosity. The
intrinsic flux, energy flux and luminosity integral upper limit maps can be found in: https:

//www.mpi-hd.mpg.de/hfm/HESS/pages/publications/auxiliary/2021_BBH_O2_O3/.

4.3 Constraints on the observed VHE emission

To derive upper limits on the VHE emission as it would have been seen by the telescopes,
extragalactic background light (EBL) absorption effects are taken into consideration. The EBL
at the distance of the BBH merger events would have a significant dimming impact on the VHE
emission seen on Earth. For the observed emission, the full instrument energy range is taken
into consideration. For each event, the energy range is chosen in a way that the energy bias in
each bin of the map is less than 10% and the acceptance of the shower events in the camera
is greater than 10% of its maximum. For the spectral shape, the absorbed E−2 spectrum is
considered and an equivalent power law at the threshold energy is computed. The resulting
spectral shape, the energy range and the effective coverage (of the localisation region in the
sky) of the H.E.S.S. observations are presented in Tab. 1. Using the derived energy ranges and

Table 1: Spectral indices, γ (col 3) at the GW event corresponding redshift (col 2) and at the energy threshold
(col 4) assuming a E−2 source. The energy range used to derive the specific integral upper limit maps and the
corresponding coverage are presented in columns 4 and 5 respectively. From 39.

GW event Redshift γ(E = Eth, z = zGW ) E (TeV) Coverage

GW170814 0.12 2.73 0.42-34.80 75.4%
GW190512 180714 0.28 3.58 0.31-38.31 34.5%
GW190728 064510 0.18 2.98 0.35-26.10 50.8%

S200224ca 0.29 3.08 0.24-38.31 62.13%
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spectral shapes, specific integral upper limits maps are computed as for the intrinsic integral
upper limit maps and as explained in39. These maps are then converted into specific energy flux
upper limits maps. The observed flux and energy flux upper limit maps can be found in: https:
//www.mpi-hd.mpg.de/hfm/HESS/pages/publications/auxiliary/2021_BBH_O2_O3/.

4.4 Observational context: BBH and GRBs

To put the derived upper limits in context, they are compared to the emission of VHE detected
GRBs. The specific energy flux is compared first on the left side of Fig. 3. The maps are aver-
aged and the values are plotted in function of the delay of the observation from the merger. The
energy flux of the H.E.S.S. detected VHE GRB180720B and GRB190829A is also plotted. To
expand the sample, the flux of Fermi-LAT detected GRBs is extrapolated in the energy bands of
H.E.S.S. (the energy bands of the GW190728 064510 observations specifically) and in the time
of the BBH H.E.S.S. observations using the late-time spectral index and temporal decay mea-
sured by Fermi-LAT. The H.E.S.S. upper limits from the GW170817 short-term follow-up are
also plotted. The H.E.S.S. upper limits lay above most of the Fermi-LAT extrapolated energy
fluxes. To move the H.E.S.S. to the level of these emissions, the GW follow-up observations
would need to be deeper (for lower limits) and would need to happen earlier in time.
On the other hand, considering the intrinsic luminosity upper limits and plot them on a lu-
minosity vs delay plot, the outcome differs. Like in the previous case, the VHE GRBs, the
GW170817 H.E.S.S. upper limits and the extrapolated Fermi-LAT GRB luminosities are plot-
ted on the right side of Fig. 3. The GW170817 upper limits lie very low on the plot due to its
proximity. The luminosity plot shows that by considering the distance of the sources studied,
the H.E.S.S. upper limits are improved relatively to the GRB emissions. In that case, if there
were any GRB-like emission emanating form the BBH mergers at VHE, H.E.S.S. would have a
good chance of detecting it.

Figure 3 – Mean (orange points) and standard deviation (orange bands) of the per-pixel energy flux(left) and
luminosity (right) integral upper limit maps for the BBH events. They are compared to the same quantities from
extrapolation of Fermi-LAT GRBs (grey lines) with known redshifts, the H.E.S.S. detected VHE GRBs and the
H.E.S.S. upper limit on GW170817 (black) 27. All five GW upper limits are calculated assuming an intrinsic E−2

spectrum. From 39.

5 Prospects and conclusions

In summary, H.E.S.S. observed 5 GW events during O2 and O3. While no VHE emission were
detected, these observations are crucial to constrain the emission mechanisms in the remnant
of compact object mergers. To improve the H.E.S.S. upper limits and to increase the chances
of detecting a VHE signal, the H.E.S.S. observations should occur with smaller delays. This is
mainly constrained by the rate, the arrival time and the localisation of GW events. Expectations
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for the H.E.S.S. follow-up of GW events during the fourth observing run (O4) are derived
in 39. These numbers are computed with the assumption that KAGRA will be operational and
will meet its expected O4 sensitivity. In the scenario where KAGRA does not exceed the 1
Mpc BNS range for O4, the prospects for H.E.S.S. differ slightly. As there are no prospects
derived for O4 without KAGRA in 40, the O3 prospects are considered. It seems that KAGRA’s
largest contribution in O3 would be the improvement of the localisation for more than 10%
of the detected GW events, that can be considered as an overall ∼ 30% improvement on the
overall localisation performance. The GW detection rate during O4 is 90+232

−55 GW event per
year. With KAGRA 75% of these events are supposed to have a good localisation region that
fulfills the H.E.S.S. follow-up requirements. Considering the O4 detection rate with 50% of
the detected events having good localisation (without KAGRA) and considering the H.E.S.S.
visibility criteria, the number of prompt H.E.S.S. follow-up (for events arriving during the night
triggering rapid automatic H.E.S.S. observations) drops from 8.5+21.5

−5 to 5.5+14.5
−3.5 prompt follow-

ups per year. This will allow the delay to be significantly reduced. Moreover with KAGRA,
35% of the events are supposed to have a very good localisation with a 50% localisation region
smaller than H.E.S.S. FoV. This will allow the telescopes to focus on one part of the sky during
the whole night (and obtain deeper limits) instead of shallowly scanning the entire localisation
region. Without KAGRA this number drops to roughly 24% of the events. Therefore the number
of expected events that can be observed with only one pointing drops from 8+20

−5 (4+10
−2 prompt)

to 5.5+14
−3.5 (2.5+7

−1.5 prompt) per year. Obtaining deeper observations will improve the H.E.S.S.
upper limits by a factor of ∼4 after 8 hours of observations. Obtaining earlier observations will
have a greater effect on constraining the VHE emission from GW events and on the detectability
of this emission. Looking at the numbers derived here, both improvements will be possible during
O4.
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Astro-COLIBRI is a novel tool that evaluates alerts of transient observations in real time,
filters them by user-specified criteria, and puts them into their multiwavelength and mul-
timessenger context. Thanks to a fast human readable interface displaying an overview of
persistent sources as well as transient events in the relevant phase space, Astro-COLIBRI
contributes to an enhanced discovery potential of both serendipitous and follow-up observa-
tions of the transient sky. We here summarize the key features of Astro-COLIBRI focusing on
the latest 2.0 release improvements. We specifically provide examples for applications and use
cases. Focussing on the high-energy domain, we demonstrate how Astro-COLIBRI facilitates
the search for high-energy gamma-ray counterparts to high-energy neutrinos and scheduling
of follow-up observations of a large variety of transient phenomena like gamma-ray bursts,
gravitational waves, TDEs, FRBs, and others.

1 Introduction

The study of transient phenomena is a recent and expanding field of astronomy. Transient phe-
nomena are defined here in reference to astrophysical sources that show unpredictable spatial
(and especially) temporal behavior. Focusing on the sources of interest for observatories in the
field of high and very high energies, these are therefore flares, eruptions or explosions of already
known objects and include a wide variety of objects such as solar or other stellar eruptions, no-
vae and supernovae (SNe), pulsar (giant) eruptions, bursts of soft gamma-ray repeater (SGR),
anomalous X-ray pulsars (AXP), changes in the emission of X-ray binaries, microquasars and
active galactic nuclei (AGN) eruptions. Another class of transient events are those that can
appear at any point in the sky without a clear a priori association with an existing astrophysical
object. These include gamma-ray bursts (GRB), fast radio bursts (FRB), tidal disruption of
a stellar object in the vicinity of a supermassive black hole (TDE), fusion of a massive binary
system detected in gravitational waves (GW), or detection of one or more high energy neutrinos.
As seen in the last points, transient phenomena can also be defined only by the detection of
particular messenger that may indicate a transient behavior of an astrophysical source. Almost
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all of these phenomena are detected by wide-field-of-view monitoring instruments (for example
Fermi-GBM and Swift-BAT for GRB, Fermi-LAT for AGN eruptions, VIRGO/Ligo/KAGRA
for GW, CHIME for FRB, IceCube for neutrinos, etc.). After detecting the initial transient phe-
nomena, dedicated follow-up observations are often necessary to confirm the detection and obtain
observations at higher resolution (temporal, spatial, energetic, etc.), necessary for characteriza-
tion and a detailed understanding of the underlying processes. These follow-up observations are
generally carried out by pointing instruments which are usually exploited through competitive
calls for proposals. The decision to request observations for a particular (transient) event must
therefore be based on the most complete, up-to-date and accurate information available. The
main objective of the Astro-COLIBRI platform1 is to provide this information to the community
in an accessible way, able to keep pace with the ever-increasing amount of information provided
by increasingly sensitive observatories.

2 The Astro-COLIBRI platform

All the sources introduced in the section above send us via different messengers a large amount
of information on the related transient phenomena. Unfortunately this wealth of information
is spread over many systems, databases, and collaborations. For example, SIMBAD 2, NED 3,
etc. provide detailed information about known sources and the associated archival observations.
The Gamma-Ray Coordinates Network (GCN 4 5) is providing an efficient real-time stream
of announcements of mainly GRBs, GW, and high-energy neutrinos, while the Transient Name
Server (TNS6) is collecting similar information for SNe, TDEs, FRBs, etc. This is complemented
by collaborations operating monitoring instruments like Fermi-LAT that provide analyses of their
data at various timescales (e.g. the Fermi All-sky Variability Analysis (FAVA7)) and community
platforms like the Astronomers Telegram (ATEL 8) enable sharing of reports on observations.

Digging through the huge amount of information is mandatory in order to select the most
promising candidate events for scheduling deeper follow-up observations. But keeping track
of these various sources of information in real-time (and partially in stressful situations while
operating an instrument in the middle of the night) can be time-consuming and thus leads to
errors and misunderstandings. Without replacing the individual, expert-run systems, Astro-
COLIBRI provides a top-level layer enabling access to the most important information at a
glance. In Fig. /1 the complete multi-messenger pipeline including Astro-COLIBRI is presented.
On the top, the sources send their messengers which are detected by various wide-field-of-
view facilities. These facilities transmit the alert via different stream to which Astro-COLIBRI
listen to. The job of Astro-COLIBRI is to link all available information and render it in a
human readable way via different interfaces exploiting modern methods like notifications on
smartphones.

Astro-COLIBRI is built as a modular, cloud-based infrastructure that is using up-to-date
technologies like a central RESTful API, a real-time database, a cloud-based alert system, and
a website as well as apps for iOS and Android as clients for users. The structure of Astro-
COLIBRI is optimized for performance and reliability and exploits concepts such as multi-index
database queries, a global content delivery network (CDN), and direct data streams from the
database to the clients to allow for a seamless user experience. Dedicated listeners are subscribed
to the most relevant alert networks using if (available) the IVAO 9 standard protocols and each
incoming VOEvent message is analyzed, filtered, and classified in real-time. The API is using
dedicated, cloud-based databases and access to external APIs to put the incoming alert into its
multi-wavelength (MWL) and multi-messenger (MM) context. The customizable clients provide
a graphical representation with an easy to grasp summary of the relevant data to allow for the
fast identification of interesting phenomena and provide an assessment of observing conditions
at a large selection of observatories around the world. Astro-COLIBRI is now fully functional
and has been deployed and tested over several months. We achieved high reliability, an almost
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Figure 1 – Description of the Astro-COLIBRI multi-messenger alert pipeline. Astrophysical sources are detected
through the messengers they send to us. Each facility is usually sensitive to a particular type of messenger
(neutrino, photons, cosmic rays, GWs). Once an event is detected, an alert is sent via different streams/brokers
to inform the community. These alerts are summarized by Astro-COLIBRI and can be used to trigger follow up
observations.
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100% uptime and fast processing speeds. Incoming alerts are announced to subscribed mobile
devices well under one second and most queries to the API are answered within few seconds,
sufficient for an optimal user experience. Android and iOS applications in the relevant app
stores are updated regularly. Online tutorials and hands-on demonstrations of the main features
are being compiled on a dedicated YouTube channel 10, while the public endpoints of the API
are fully documented 11.

3 Example use case

3.1 GRBs searches

One of the most common transient events of interest for the high-energy astrophysics commu-
nity are GRBs. Providing information on their detections and enabling well-informed decision
to trigger follow-up observations with ground or space-based observatories is therefore obviously
a core feature of Astro-COLIBRI. A dedicated server with extensive performance monitoring is
constantly listening to a redundant list of IVOA VoEvent brokers. Upon the announcement of
a new GRB by any of the most active X-ray monitors (Fermi-GBM, Swift-BAT, INTEGRAL),
the Astro-COLIBRI pipeline outlined in Fig. 1 is activated. In order to store and always display
the newest and highest precision information on each event the database is updated on each new
relevant incoming data. Thanks to the established direct data streams between the real-time
database and the clients (both web and smartphone apps), the latter are updated automatically
with negligible delays. The client interfaces summarize the collected information in a compact
display (Fig. 2). It includes direct access to information from ALADIN12, a MWL SED compiled
by the SSDC13,the recent GeV activity as seen by Fermi-LAT via FAVA, links to the full history
of GCN notices and circulars, as well as access to the analysis results of the different instru-
ments (e.g. Swift-BAT, Swift-XRT, Fermi- GBM, etc.). Following suggestions by the growing
community of Astro-COLIBRI users, additional information is being made added regularly. The
provided information is completed with an assessment of the visibility of the selected event at a
large variety of observatories. The visibility and scheduled observations of all major space-born
observatories (incl. INTEGRAL, Chandra, NuSTAR, XMM-Newton, Insight-HXMT, Swift,
etc.) is accessible via a direct link to the IVAO prototype tool TOBY. Ground-based obser-
vatories have typically more stringent constraints on the observability of a given direction at
a given time. These are summarized in two displays that are customizable via the selection
of an observatory: a first figure is providing a detailed assessment of the observability of the
selected event during the current day, taking into account constraints imposed by the sun as
well as the moon. Complementary information is shown in a second figure that illustrates the
longer-term visibility over the upcoming month. Additionally direct links to weather forecasts
and (if available) weather stations at the selected observatory facilitate scheduling decisions.

3.2 Multi-messenger searches for the sources of high-energy neutrinos

Searches for (transient) electromagnetic emission associated to high-energy neutrinos is one of
the most promising avenues to localize the acceleration sites of very-high and ultra-high energy
cosmic rays. Since several years, IceCube, the leading neutrino telescope, is publicly announcing
the detection of potentially interesting neutrino candidates to the community. The significant
efforts in conducting follow-up observations of these alerts have seen a first success in the identifi-
cation of a flaring state of a blazar emitting up to the VHE gamma-ray domain, TXS 0506+056,
possibly related to the high-energy neutrino named IC-170922A 14. Despite significant interest
and a global campaign of observations, it took roughly one week between the detection of the
neutrino event and the realization that there is a blazar that had been in an elevated state
in the GeV domain for several months located within the error box of the neutrino 15. While
all necessary data for this crucial assessment, which then triggered a global observation cam-
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paign, was readily available via various public catalogs and services like FAVA, these checks
and searches had to be done manually, thus inducing unnecessary delays. We believe that it
is therefore of utmost importance to provide a single, complete and easy to use access point
to a large set of information. All public alert streams from neutrino telescopes are included
in the Astro-COLIBRI pipeline. They are announced via a dedicated notification stream, the
user can subscribe to on both Android and iOS mobile platforms. These notifications already
contain a summary of the most crucial information like the event coordinates and their uncer-
tainty. For this specific science case, the automatic cone search provided by Astro-COLIBRI is
a central element. Displayed via the web and smartphone frontends, it immediately provides
a visual indication of previous transients and known GeV and TeV gamma-ray emitters within
the neutrino 15 uncertainty circle and the region around that. While the visibility plots allow
assessing the observability of the given event by the user-selected observatory, the information
box provides a detailed overview of the event information like the false-alarm rate (FAR) and
the probability of the event to be of astrophysical origin (Pastro). Further information can be
found in the original VoEvent file announcing the event that is provided via a call to the 4PiSky
database and via links to collections of GCN notices and circulars related to the event. Addi-
tional links to all relevant external services enable a quick assessment of the event and possible
counterparts. These include direct access to information from the general-purpose services SIM-
BAD, NED, ALADIN, SSDC, FAVA and archival TeV gamma-ray information from TeVCat.
Astro-COLIBRI is thus providing a central platform that allows accessing all necessary infor-
mation for a rapid and informed case-by-case decision on the interest of a particular neutrino
alert.

3.3 Supernovae and other optical transients

Very recently the detection of the recurrent nova RS Ophiuchi by H.E.S.S. 17 and MAGIC19 18

reveal this type of source as high energy cosmic ray provider. Interestingly, the first alert
was triggered in the optical domain by an amateur astronomer, a detail that highlights the
potential of collaboration between professional and amateur astronomer. In Astro-COLIBRI we
now provide the feed of supernovae and optical transient. Some of these events have a strong
enough magnitude to be observed by small size telescope and are thus accessible by a large
community. We already received some feedback of observations which were triggered by an
Astro-COLIBRI alert and hope to increase the community by providing more features for non
professional astronomers.

4 Astro-COLIBRI V2.0

Several month after the launch of Astro-COLIBRI, the development team has received very
interesting and helpful feedback from its users. In response it was decided to focused the work
on the user experience of the front end. Several meetings and discussions with both amateurs
and professional astronomers comfort our decisions to improve the UI especially on the web
version. One of the recurring requested features was also the possibility to select and save a
custom observatory position. These new features will be discussed in the following paragraph.

In Figure 2 one can see a prototype view of the web version version 2.0 which should
be deployed before summer 2022. The main functionalities are unchanged but the view and
interactions have been improved. First of all on the top, the main view options are listed as
pink buttons. You can show/hide the observatory filters and the event types. If a user wants to
get access back to the help/tips the third button can be used. The next button is the List/Event
view. It allows the user to switch between the detail event view (seen in fig. 2) and the complete
list of event in the time range selected. Finally the last button on the right is the cone search
button, performing a search of all identified sources from several catalogs (4FGL, TeVCat ...)
in a 10 degrees radius around the source.
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Figure 2 – The user interface of Astro-COLIBRI V2.0 on the web.

The space below is reserved for the help/tips line and for the filters when the corresponding
button is clicked. If the user wants to reset the time range to the past month the pink button
on the left can be used.

The third horizontal line displays a newly introduced timeline of transient events. On the
two edges the select starting time button (left) and the select ending time button (right) allow
the user to modify the time interval during which events are listed. Between these two buttons
the timeline shows all events from the oldest (left) to the newest (right). It is possible to click
on an event to select it and see the corresponding details in the bottom panel. The grey vertical
lines represent a day (at midnight UTC) and can be selected to reduce the time range between
two dates.

The two bottom panels remain unchanged from the latest version and represent on the left
the full sky map together with the events positions and the galactic plane as a blue solid line.
On the bottom right the panel give either all the information and visibility plots for the selected
event or the list of all events according to the selected filters.

Since Astro-COLIBRI version 1.4 released in 2022-03-07 it is possible to save custom lo-
cations for observatories (see figure 3). When the user location button is pressed a window is
displayed (either on the web or the app). Some predefined observatories operating at different
wavelengths are proposed and a new section is reserved for additional user defined custom lo-
cations. Such a location can be saved in two ways. First it is possible to search through a list
of known (usually optical) observatories. Once selected, its coordinates and name appear in the
box at the bottom. The details can be customized and the location selected. In case the user
wants to save the location for future use, a save button is displayed below. The other option
to define a custom location is simply to enter the coordinates and altitude of the observation
point and click on the save button after defining the desired name. If the user has registered an
account on the Astro-COLIBRI platform, this system allows him to get access to his favorite
observatories across all devices and synchronise the selection.
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Figure 3 – Since version 1.4 the user can choose a custom location of observation and save it across devices.

5 Outlook

Astro-COLIBRI is live and available on all platforms since August 2021. The next steps are to
deploy it within an increasing number of observatories. Several levels of integration are possible
for this purpose. They range from the use of the Astro-COLIBRI clients by individual burst
advocates to the deployment of the (web) client in observatory control rooms.

Furthermore, while initial detection are typically reported via the machine-readable format
messages (VOEvents), subsequent observational information on the observed phenomena are
largely distributed via reports written in natural language by observers. In the last decades, the
number of published reports has increased dramatically, leading to a saturation in the way astro-
physicists analyze and classify information. However, in order to conduct follow-up observations,
information about the characterization of a new phenomenon must be processed and analyzed
rapidly. A promising approach that tackle the challenges of extracting and summarizing infor-
mation in astrophysical observation reports could be to develop Natural Language Processing
(NLP) methods. For that, we collaborate with NLP experts in order to implement and develop
such information extraction models. Once the models will be considered enough reliable, they
will be deployed contributing thus to a significant improvement of the Astro-COLIBRI platform.

The growing interest from the amateur astronomers community is also driving our develop-
ment to include requested features and improve the user interface. This is already the case in
the version 2.0 where users will have the opportunity to create custom observation positions,
follow optical transient and enjoy the re-defined interface.

The Astro-COLIBRI development team is welcoming comments and feedback from the com-
munity to further improve the platform. Contact: astro.colibri@gmail.com

Acknowledgments

This work is supported by the European Union’s Horizon 2020 Program under the AHEAD2020
project (grant agreement n. 871158). P.R. acknowledge funding by the BMBF, grant number
05A20PC1.

195



References

1. P. Reichherzer et al., “Astro-COLIBRI-The COincidence LIBrary for Real-time Inquiry
for Multimessenger Astrophysics”, The Astrophysical Journal Supplement Series, vol. 256,
no. 1, Sept., 2021.

2. M. Wenger et al., ”The SIMBAD astronomical database. The CDS reference database for
astronomical objects,” in A&A, Suppl., vol. 143, pp. 9–22. Apr., 2000.

3. G. Helou et al., The NASA/IPAC Extragalactic Database, pp. 89–106. Springer Nether-
lands, Dordrecht, 1991.

4. S. D. Barthelmy and others., “GRB Coordinates Network (GCN): A status report,” in
Gamma-ray Bursts, 5th Huntsville Symposium, vol. 526 of AIP Conf. Series, pp. 731–735.
Sept., 2000.

5. “The Gamma-ray Coordinates Network.” https://gcn.gsfc.nasa.gov/.
6. “Transient Name Server.” https://www.wis-tns.org/.
7. S. Abdollahi et al., “The Second Catalog of Flaring Gamma-Ray Sources from the Fermi

All-sky Variability Analysis,” in APJ, vol. 846, p. 34. Sept., 2017.
8. “The Astronomer’s Telegram.” https://www.astronomerstelegram.org/.
9. “International Virtual Observatory Alliance.” https://www.ivoa.net/.
10. “Astro-COLIBRI YouTube channel.” https://www.youtube.com/channel/UClDhbN-

S nMPLoVxLF6ouIQ .
11. “Astro-COLIBRI API documentation.” https://astro-colibri.herokuapp.com/documentation.
12. T. Boch and P. Fernique, “Aladin Lite: Embed your Sky in the Browser,” in Astronomical

Data Analysis Software and Systems XXIII, N. Manset and P. Forshay, eds., vol. 485 of
ASP Conf. Series, p. 277. May, 2014.

13. “Space Science Data Center.” https://tools.ssdc.asi.it/SED/.
14. The IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S, INTEGRAL,

Kanata, Kiso, Kapteyn, Liverpool telescope, Subaru, Swift/NuSTAR, VERITAS,
VLA/17B-403 teams Science 361 no. 6398, (July, 2018) eaat1378.

15. “Fermi-LAT detection of increased gamma-ray activity of TXS 0506+056, located inside
the IceCube-170922A error region.” https://www.astronomerstelegram.org/?read=10791.

16. J. P. Lenain, “FLaapLUC: A pipeline for the generation of prompt alerts on transient
Fermi-LAT γ-ray sources,” in Astronomy and Computing, vol. 22, pp. 9–15. Jan., 2018.

17. F. Aharonian, et al., “Time-resolved hadronic particle acceleration in the recurrent nova
RS Ophiuchi” in arXiv. 2015. arXiv:2202.08201

18. V. A. Acciari et al., “Gamma rays reveal proton acceleration in thermonuclear novae
explosions” in arXiv. 2015. arXiv:2202.07681

196



5.
Dark Matter

197



198



Gamma-ray constraints on axion-like particles from core-collapse supernovae
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The nature of dark matter is still far from being understood. Even after decades of searches
for weakly interacting, thermally produced dark matter particles, no unambiguous signal
has been identified in the ever-increasing wealth of cosmological, astronomical and particle
collision data. An alternative class of particle dark matter is currently gaining interest from
the community, so-called feebly interacting particles, among which the axion and axion-like
particles (ALPs) are prominent examples. Stars and stellar processes provide an exquisite
laboratory to investigate such exotic particles. As a particular case, we focus on core-collapse
supernovae (CC SNe) which efficiently produce ALPs. The generated ALP burst can escape
the supernova envelope and thus propagate towards the Earth inducing a gamma-ray signal
due to photon-ALP conversion events in the Milky Way’s magnetic field. We report on our
efforts to quantitatively characterise the ALP spectrum from CC SNe and apply the results
to derive a prediction for the diffuse ALP background generated by all past CC SNe in the
universe. Using 12 years of Fermi-LAT data, we obtain constraints on the ALP parameter
space from the gamma-ray flux induced by this diffuse ALP background.

1 Introduction

From the perspective of the current state of cosmology, it only takes a few ingredients to create
a universe: Radiation, matter, dark energy and their interactions. The portion of matter that
serves as the building block for the visible universe — including humans — appears to be
significantly smaller than an invisible form of matter usually referred to as dark matter (DM).
Numerous observations on a wide variety of astrophysical length scales provide strong evidence
for the existence of DM; however, these conclusions can always be traced back to its gravitational
attraction. There are a plethora of ways how DM might nonetheless (though very weakly)
interact with normal matter thereby inducing a rich phenomenology of processes, signals and
features in laboratory experiments on Earth or astrophysical environments.

The “zoo” of proposed particle DM models incorporates the so-called axion whose theoret-
ical motivation originates rather in the solution of the “strong CP problem” of QCD 2 than
in providing an admissable DM candidate. Its generalisation, the axion-like particle (ALP),

aThe full list of authors as well as the complete publication on which this talk and proceedings article are
based can be found in Calore et al. (2022)1.
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may occur in extensions of the Standard Model of particle physics 3 and it allows for a richer
phenomenology and more flexible model building than its relative, the axion. Nonetheless, both
particles may account for the entirety of the observed DM in the universe 4.

As concerns astrophysics, the appeal of ALPs arises from their potential coupling to photons
realised via, e.g., the minimal interaction Lagrangian 5

Laγ = −1

4
gaγFμνF̃

μνa = gaγ E ·B a, (1)

where a denotes the ALP field strength, E refers to the electric field of the photon and B is
the field strength of an external magnetic field. If such a coupling between photons and ALPs
existed, the latter could be efficiently produced in astrophysical processes and subsequently
experimentally detected via ground-based or space-borne instruments. On one hand, Eq. 1
allows for a decay of ALPs into two photons and, on the other hand, it leads to a second
interaction scheme, the so-called Primakoff process 6, in which photons and ALPs are converted
into another in the presence of an external magnetic field.

The interiors of stars are exquisite laboratories to search for signals of feeble interactions
of known matter particles with the Standard Model, like neutrinos or exotic degrees of free-
dom. Unlike electrons or protons, neutrinos or ALPs can escape almost unhindered the violent
stellar environment and act as messengers of stellar processes. Core-collapse supernova (CC
SN) explosions generate adequate conditions to efficiently produce neutrinos and ALPs at the
same time. While the supernova-neutrino connection has already been experimentally estab-
lished via the neutrino burst from SN 1987A in the Kamiokande II detector 7, a concomitant
burst of ALPs is theoretically expected as well 8,9: During a CC SN, thermal photons may
convert into ALPs within the electrostatic field of the hot stellar plasma inducing an ALP flux
of energies of ∼ O(100) MeV. To observe the CC SN-related ALP burst, these particles have
to re-convert into gamma-ray photons within the Milky Way’s Galactic magnetic field (GMF).
The non-observation of such a gamma-ray signal from SN 1987A yields stringent bounds on the
coupling of ALPs to photons of gaγ < 5.3 · 10−12GeV−1 for ALP masses ma < 4 · 10−10 eV 10.

Unfortunately, even optimistic forecasts of the number of CC SNe per century in the Milky
Way predict only a handful of them. However, such events are not rare on cosmological scales.
Therefore, we consider the cumulative ALP emission from all past CC SNe in the universe,
which results in an isotropic flux of ALPs at the boundary of the Milky Way. Within our
galaxy, the GMF converts the arriving ALPs into gamma rays, the diffuse SN ALP background
(DSNALPB). This signal of energies up to a few hundred MeV thus contributes to the isotropic
gamma-ray background at high latitudes seen by the Fermi satellite. In this work1, we report
on our efforts to improve previous constraints 11 on the ALP parameter space derived from the
expected signal strength of the DSNALPB. We extend both, the quantitative derivation of the
DSNALPB as well as the data analysis approach for which we employ a template-based analysis
of a twelve-year Fermi-LAT data set in the energy range from 50 MeV to 500 GeV.

2 The spectral and spatial morphology of the DSNALPB

Our derivation of the DSNALPB is based on six numerical simulations of CC SN events with
stellar progenitor masses M ∈ {8.8, 11.2, 18, 25, 40, 70}M�. The four lightest stellar progenitors
among these representative simulations explode in a successful CC SN while the two heaviest
candidates are classified as failed CC SNe, i.e. the SN terminates abruptly with the formation
of a black hole. This distinction has quantitative consequences for the duration and particle
yield of the ALP burst as shown in the left panel of Fig. 1. Successful CC SNe typically last
more than ten seconds after the core bounce tpb, here defined as the time after the maximal
density in the stellar core had been reached during the collapse and an outwards travelling shock
wave developed. Failed CC SNe, in contrast, trigger short bursts of less than a second. The
displayed central core temperature Tcentre and maximal temperature Tmax are direct measures
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Figure 1 – Left: Evolution of the central and maximum temperatures of the CC SN event, Tcentre (dashed lines)
and TMax (solid lines) with time tpb after the onset of an outwards travelling shock wave that follows the end of the
stellar core collaps. Right: Uncertainty range of the DSNALPB flux for gaγ = 10−11 GeV−1 including the different
sources of systematic uncertainty as the fraction of failed SNe, ffail−CC, the evolution of the star-formation rate
density of the universe and the assumed shape of the initial mass function of the stellar CC SNe progenitors.

Table 1: Best-fit parameters of the functional form for the SN ALP spectrum, Eq. (2), induced by the Primakoff
process for different SN progenitor masses.

SN progenitor C [×1050 MeV−1] E0 [MeV] β

8.8 M� 3.76 76.44 2.59

11.2 M� 7.09 75.70 2.80

18 M� 23.0 91.61 2.43

25 M� 28.1 105.5 2.30

40 M� 2.48 112.7 1.92

70 M� 0.391 30.44 0.785

for the expected ALP yield since their number monotonically scales with the SN environment’s
temperature.

The compute the total particle yield of the ALP burst, we integrate the simulation over the
entire burst duration by taking into account general relativistic effects such as time dilation,
gravitational redshift of the particle’s energies and trajectory bending – effects that have not
been accounted for in previous ALP analysis involving CC SNe – as well as the formation of
alpha particles in the SN core. Assuming that the ALP mass is much smaller than the SN
plasma’s temperature, the time-integrated ALP spectrum dNa/dE can be well approximated
by the following functional form 10 with three free parameters C, β and E0

dNa

dE
= C

(
gaγ

10−11GeV−1

)2 ( E

E0

)β

exp

(
−(β + 1)E

E0

)
. (2)

In Tab. 1 we list the best-fit parameters of this spectral shape for the six evaluated CC SN
simulations.

Based on these six representative time-integrated CC SN ALP spectra, we derive the cumu-
lative emission from all past CC SNe in the universe via the prescription 12

dφa(Ea)

dEa
=

∫ ∞

0

[
(1 + z)

dNCC
a (Ea(1 + z))

dEa

]
× [RCC(z)]

[∣∣∣∣c dtdz
∣∣∣∣dz]. (3)

where z is the redshift, RCC(z) refers to the cosmological evolution of the CC SN rate density
and |dt/dz|−1 = H0(1 + z)[ΩΛ +ΩM (1 + z)3]1/2 with the cosmological parameters H0 = 67 km
s−1 Mpc−1, ΩM = 0.3, ΩΛ = 0.7. We adopt the parameterisation of RCC(z) – or better the star-
formation rate density, which is proportional to RCC(z) – from 13 and employ the variation of
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its parameters reported in 14 to estimate the systematic uncertainty associated to this quantity.
The scenario coined “fiducial” in the cited work is our benchmark case.

The quantity dNCC
a /dEa denotes the emission spectrum of a CC SN event at energy Ea

scaled with redshift z at the respective point in the history of the universe. To quantitatively
characterise this ingredient, we need to specify the initial mass function φM (IMF) of the stellar
progenitors of SNe – stating the number of stars formed per unit mass as a function of the
progenitor mass M – since we cannot assign masses to individual events. We adopt the choices
in 14 (Salpeter, Kroupa and Baldry-Glazebrook IMFs), which are parameterised as a power law
with index ζ

φ(M) ∝ M−ζ . (4)

The Salpeter IMF with ζ = 2.35 for M ≥ 0.5M� is our benchmark scenario while the remaining
parameterisations serve as a measure for the systematic uncertainty arising from the imperfect
knowledge of the IMF. Weighing the time-integrated ALP spectra in Eq. 2 with the IMF from
Λ = [8, 125]M� yields the CC SN ALP emission spectrum according to 15

dNCC
a

dEa
=

∫
Λ/Λfail−CC

dMφ(M)dNa
dE (M) +

∫
Λfail−CC

dMφ(M)dNa
dE (M)∫

Λ dMφ(M)
, (5)

The approach in Eq. 5 accounts for the fact that our adopted mass range features both successful
and failed CC SN events but the exact mass domains associated to one (Λ/Λfail−CC) or the other
(Λfail−CC) are not known. The authors of 15 discuss various cases and their plausibility, which
depend on the assumed models and simulations. As this creates yet another source of systematic
uncertainty, we define the fraction of failed CC SNe in our full mass range as

ffail−CC =

∫
Λfail−CC

dMφ(M)∫
Λ dMφ(M)

(6)

following the approach described in 16. Eventually, we consider a set of different values for
ffail−CC consistent with the spread of theoretical expectations where ffail−CC = 20% is used as the
benchmark scenario. The right panel of Fig. 1 illustrates the minimal and maximal DSNALPB
given the three sources of cosmological/astrophysical modelling uncertainty: ffail−CC, the IMF
and RCC(z).

The DSNALPB in Eq. 3 is converted into a detectable all-sky diffuse gamma-ray signal via
the Primakoff process within the Milky Way’s GMF. Such photon-ALP conversion events are
only affected by the component of the magnetic field BT transversal to the propagation direction
of the incident particle. The probability of a conversion to happen, Paγ , depends – besides the
strength of the magnetic field – on several aspects, for instance, the local electron density of the
medium ne, the presence of radiation fields, the energy of the incident particle or the distance d
travelled. A more detailed derivation can be found in 5. At the top of the Earth’s atmosphere,
the gamma-ray flux induced by Eq. 3 is given by

dΦγ

dE
=

1

4πd2
dNCC

a

dEa
× Paγ . (7)

As a benchmark scenario, we adopt the Jansson and Farrar model of the GMF 17 using updated
parameters to fit the measurements of the Planck satellite 18. As an alternative model, we adopt
the GMF structure reported in 19. Due to the reconversion into gamma rays, the once isotropic
ALP flux attains the spatial morphology of the assumed GMF as shown in Fig. 2, which depicts
dΦγ/dE for gaγ = 3.76× 10−11 GeV−1.

3 Fermi-LAT analysis framework

In contrast to the previous first attempt 11 to constrain the DSNALPB, we conduct a full 3D
template-based analysis utilising 12 years of Fermi-LAT. The specifications of the considered
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Figure 2 – All-sky map (Galactic coordinate
system) of the integrated (50 MeV to 200
MeV) gamma-ray flux Φγ induced by the
DSNALPB (Eq. 7) for our benchmark sce-
nario as explained in the text. This map
represents an ALP with the coupling gaγ =
3.76× 10−12 GeV−1 and ma � 10−11 eV.

Table 2: Data selection and preparation specifications.

Data Set E ≥ 200 MeV E < 200 MeV

Reconstruction algorithm Pass 8

Event class ULTRACLEANVETO

Event type FRONT+BACK PSF3

Energy range 200 MeV - 500 GeV 50 MeV - 200 MeV

Time interval 12 years (4th August 2008 - 3rd September 2020)

ROI all sky

Zenith angle (applied to gtltcube) < 90◦

Time cuts filter DATA QUAL==1 && LAT CONFIG==1

HEALPix resolution Nside = 64

energy binning 30 logarithmically spaced bins

LAT data sets are listed in Tab. 2. The data handling and simulation is making use of the Fermi
Science Toolsb (version 2.0.8). We differentiate between gamma-ray events below and above 200
MeV, which is motivated firstly by the spectral shape of the DSNALPB peaking below 100 MeV
and secondly by the rapidly degrading angular and energy resolution of Fermi-LAT at energies
below 200 MeVc. Both data sets are independently optimised regarding the analysis routine but
later joined again to set constraints on the ALP parameter space.

The statistical inference of our 3D template-based approach is based on a maximum likeli-
hood fit with a weighted Poisson log-likelihood function whose construction and first application
have been reported by the Fermi-LAT collaboration in the context of their fourth gamma-ray
source catalogue, 4FGL 20. We adopt this likelihood function

lnLw (μ|n) =
∑
i,p

wip (nip lnμip − μip) , (8)

which penalises certain contributions according to multiplicative weights taking values between
0 and 1. In detail, the likelihood function is split into i energy bins and p spatial pixels. These
numbers correspond to the template size of the model data μ and LAT data n. Each pixel
is assigned a weight factor wip whose value is derived in an automated way within the Fermi
Science Tools. In our case, this calculation is based on the original LAT data set under study
and hence takes into account the measured photon counts per pixel rendering the weights a
quantitative characterisation of the instrumental systematic uncertainty. To this end, we fix
the amplitude of these systematic errors to 3% (the same value employed by the Fermi-LAT
collaboration in the context of the 4FGL source catalogue 20).

According to the standard procedure of a template-based analysis, we select several astro-
physical gamma-ray emission components X acting as the background to the exotic input signal

bhttps://github.com/fermi-lat/Fermitools-conda
cc.f. https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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component XALP, the gamma-ray flux induced by the DSNALPB. Our model, i.e. the linear
combination of these components

μ = AALPXALP +
∑
X

∑
i

AX
i Xi (9)

is supposed to represent the examined data as realistically as possible. While the signal template
features a global normalisation parameter AALP, the background components’ coefficients AX

i

may vary independently per energy bin. This renders the final constraints on AALP less aggres-
sive since spectral uncertainties of the selected astrophysical emission components are mitigated
this way.

Regarding the composition of the astrophysical gamma-ray background, we made the fol-
lowing choices:

(i) Interstellar emission (IE) from gas, dust and radiation fields within the Milky Way’s disk.
We aim to bracket the uncertainty on this component via five distinct models: Two models
are taken from the “1st Fermi-LAT Supernova Remnant Catalog” 21. The gamma-ray
emission follows the distribution of pulsars in the Milky Way as reported in22. The typical
height of the cosmic-ray propagation halo is set to z = 10 kpc, while the spin temperature
of the interstellar medium is taken to be Ts = 150/1 · 105 K. We label the model with
Ts = 150 K “Lorimer I” and use it as the benchmark IE model. The other three models are
the foreground models created by the Fermi-LAT collaboration to explore the spectrum
of the isotropic gamma-ray background 23.

(ii) Detected point-like and extended gamma-ray sources (PS) from the Fermi-LAT 4FGL
source catalogue 20.

(iii) Fermi Bubbles (FBs) according to the spectrum and spatial morphology derived in 24.

(iv) LoopI represented by a geometrical model adopted from 25.

(v) Isotropic diffuse gamma-ray background (IGRB) using the implementation within the
Fermi Science Tools.

(vi) Emission from the Sun and the Moon, likewise derived with the Fermi Science Tools based
on the prepared LAT data sets.

General analysis rationale. We adopt and adapt the fitting strategy of the Fermi-LAT col-
laboration developed in the context of the optimisation of their diffuse gamma-ray background
modeld. This approach comprises an iterative all-sky fit in disjunct sky regions to determine
the best-fit normalisations for each component from locations where they matter the most.
Following this strategy, we first perform such an iterative fit to derive a baseline model with
only the astrophysical components being present, i.e. AALP = 0. This baseline model is conse-
quently utilised to determine the region of interest that yields robust upper limits on the ALP
template normalisation. Upper limits are set based on the log-likelihood ratio test statistic
TS = 2 × (lnLw,1 − lnLw,0), where lnLw,0 denotes the likelihood value minimised including
the DSNALPB template while lnLw,1 is the value of the likelihood function for a particular
value of AALP while profiling over the remaining astrophysical normalisation parameters. The
95% confidence level upper limits correspond to a TS-value of 2.71. The statistical robustness
is quantified via the compatibility of the TS-distribution obtained from the LAT data and the
baseline model as data input n.

4 Results and conclusions

The optimisation of the analysis region of interest presented in the last paragraph of Sec. 3
singles out the southern hemisphere at Galactic latitudes b ≤ 30◦ as the fraction of the sky

dsee https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/aux/4fgl/Galactic_Diffuse_

Emission_Model_for_the_4FGL_Catalog_Analysis.pdf
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Figure 3 – 95% confidence level upper limits on the ALP-photon coupling constant gaγ using 12 years of Fermi-
LAT data prepared according to the description in Sec. 3 confronted with a selection of current bounds on gaγ from
other experiments and events. Left: Fermi-LAT constraints in the benchmark case (red line) compared with the
expectations from the model derived during the baseline fit (black line) and the associated scatter of upper limits at
68% (green band) and 90% (yellow band) containment. The dashed, light red line denotes the constraints derived
in a previous work solely based on the spectral shape of the DSNALPB11. Right: The hatched band illustrates the
most optimistic and pessimistic upper limits induced by the interplay of various sources of systematic uncertainty.
To this end, we have prepared a combination of parameters and model ingredients, namely ffail−CC, RCC , the
IMF, the IE model and the GMF model, that represent a most optimistic and pessimistic scenario.

that yields the best compatibility between the baseline model and real LAT data in terms of
statistical expectations. Hence, the astrophysical gamma-ray background components describe
nature well enough to set robust constraints on the exotic DSNALPB signal in this region of
interest. In our benchmark scenario, we obtain 95% confidence level upper limits on the photon-
ALP coupling strength of gaγ � 3.76× 10−11 GeV−1 for ALP masses ma � 10−11 eV, which is
displayed in the left panel of Fig. 3 (red line). This plot also illustrates the performance of the
baseline model (black line) when used as mock data input n as well as the associated statistical
scatter of upper limits at 1σ (green band) and 2σ (yellow band) containment. The dashed light
red line indicates the upper limits from the previous attempt to constrain the DSNALPB 11,
which we improve regarding the analysis strategy and derivation of the DSNALPB.

As frequently pointed out in Sec. 2, the quantitative derivation of the DSNALPB-induced
gamma-ray flux is subject to many sources of systematic uncertainty from a theoretical and
experimental perspective. Therefore, we have composed two bracketing scenarios representing
the most optimistic and most pessimistic situations regarding our sensitivity to the DSNALPB
gamma-ray flux. To this end, we vary the parameters of the selected five sources of uncertainty
– the IE model, the GMF model, the IMF, ffail−CC and RCC – within their assumed range
and derive constraints on gaγ in both scenarios. The resulting range of systematic uncertainty
is shown as hatched pink band in the right panel of Fig. 3. Varying only a single source of
uncertainty at a time reveals that the GMF and the value of ffail−CC have a comparable impact,
which may be as large as 50% on the final ALP bounds.

To advance searches for ALP bursts from CC SNe, it thus seems imperative to refine the
currently existing models of the Milky Way’s magnetic field structure and improve the current
understanding of the failure rate of CC SNe. The latter can potentially be achieved through
identifying the diffuse supernova neutrino background with next-generation neutrino telescopes.
In the same spirit, future gamma-ray experiments operating in the MeV range can enable us
to resolve the DSNALPB spectrum around its peak. Such a measurement yields further con-
straining power and enhances the potential to reconstruct ALP-related parameters in case of a
positive signal.
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Any dark matter spikes surrounding black holes in our Galaxy are sites of significant dark
matter annihilation, leading to a potentially detectable neutrino signal. In this paper we
examine 10 − 105M� black holes associated with dark matter spikes that formed in early
minihalos and still exist in our Milky Way Galaxy today, in light of neutrino data from the
ANTARES1 and IceCube2 detectors. In various regions of the sky, we determine the minimum
distance away from the solar system that a dark matter spike must be in order to have not been
detected as a neutrino point source for a variety of representative dark matter annihilation
channels. Given these constraints on the distribution of dark matter spikes in the Galaxy, we
place significant limits on the formation of the first generation of stars in early minihalos—
stronger than previous limits from gamma-ray searches in Fermi Gamma-Ray Space Telescope
data. The larger black holes considered in this paper may arise as the remnants of Dark Stars
after the dark matter fuel is exhausted; thus neutrino observations may be used to constrain
the properties of Dark Stars. The limits are particularly strong for heavier WIMPs. For
WIMP masses ∼ 5TeV, we show that � 10% of minihalos can host first stars that collapse
into BHs larger than 103M�.

1 Dark matter spikes

In order to estimate the distribution of minihalos capable of hosting first stars that would have
merged into the Milky Way, we use previous results of the Via Lactea-II N-body simulation.
Following the parameterization of Ref. 3, we assume that every minihalo with a mass

Mhalo � 1.54× 105M�
(
1 + z

31

)−2.074

(1)

may host a Pop III.1 star. Since hierarchical structure formation yields larger numbers of less
massive subhalos than those which are more massive, our analysis is not particularly sensitive
to the largest subhalo mass we consider for Pop III.1 star formation, which we take to be
Mhalo 
 107M� 4. Thus, the number of Pop III.1 stars largely depends on the epoch during
which such stars can form, specifically on the redshift of the end of Pop III.1 star formation zf .
As this redshift is poorly constrained, we consider three different scenarios for the end of Pop
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Figure 1 – Contours of the density of dark matter spikes in the Milky Way, N
(zf )
sp , assuming the Late (left) and

Early (right) termination of Pop III.1 star formation as a function of distance from the solar system, D, and
declination angle, δ. Right ascension, α, is fixed in the direction of galactic center. For an illustration of the
analysis in Sec. 2, we also show the minimum distance a DM spike formed around a 103M� BH must be located
from the solar system, Dmin, in order to have not been detected in neutrino point source searches by ANTARES
and IceCube, assuming a mχ = 500GeV (dashed lines) and mχ = 5TeV (solid lines) WIMP annihilating to
W+W−.

III.1 star formation: Early (zf = 20), Intermediate (zf = 15), and Late (zf = 10). The number

density of minihalos suitable for Pop III.1 star formation, and thus for hosting DM spikes, N
(zf )
sp ,

is defined such that the total number of minihalos is given by∫
d3RN

(zf )
sp (R) , (2)

where R is the radial distance from galactic center. For the Early, Intermediate, and Late zf
scenarios, the respective numbers of minihalos are 409, 7983, and 12416. In this section and
the next, we assume that a Pop III.1 star forms in every suitable minihalo and subsequently
collapses into a BH, with an accompanying DM spike around the BH. In Sec. 3, we consider
the constraints from neutrino PS searches to set limits on the fraction of minihalos which yield
spikes capable of producing neutrinos from DM annihilation.

The contours in Fig. 1 show the number density of suitable minihalos, and hence the max-
imum possible number of DM spikes, as a function of distance from the Solar System, D, and
declination angle, δ, for right ascension, α, in the direction of galactic center. We only show

the density of DM spikes in the galaxy, N
(zf )
sp , for the Late and Early termination of Pop III.1

star formation, with the density of spikes in the galaxy for the Intermediate zf scenario being
similar to the former. The later star formation is allowed to precede, the more minihalos become
massive enough to host Pop III.1 stars even though the halo mass threshold in Eq. 1 increases
with time. More specifically, we can see the number of DM spikes in the Early zf scenario
is suppressed by over an order of magnitude relative to the Late zf scenario. Also, the Early
truncation of Pop III.1 star formation leads to a distribution of DM spikes which falls off more
steeply away from galactic center. Thus, as we will demonstrate below, significantly fewer DM
spikes could be detected as point sources (PSs) in the Early zf scenario, and the associated lim-
its on DM annihilation are also somewhat less robust to any potential disruption of the spikes
located closer to the galactic center.

The contracted DM halo profiles today can be treated in the following way. At radii far
away from the central BH, the density profile falls off as a power law independent of DM mass.
In the central regions, closest to the BH, some of the DM has annihilated away in the time since
the formation of the central mass. Following Ref. 5, we account for the annihilation of DM over
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the lifetime of the spike, tBH , by imposing a high density cut-off at small radii:

ρmax =
mχ

〈σv〉tBH
(3)

where mχ is the WIMP mass, 〈σv〉 is the annihilation cross section, and tBH ∼ 1.3 × 1010

years for a Pop III.1 star formed at z = 15. As described in 6, the resulting DM spike profiles
for 10 − 105M� BHs hosted by minihalos of mass ∼ 106M� have a constant mass density of
ρmax ∼ 109GeV/cm3 out to a radius of ∼ 1016 cm assuming mχ = 100GeV and 〈σv〉 = 3×10−26

cm3 s−1. For more massive BHs, adiabatic contraction yields higher density DM spikes. Larger
BH masses therefore lead to stronger WIMP annihilation signals, as well as ρmax being reached
at larger radii. While the precise radius associated with the high density cut-off depends on the
parameters in Eq. 3 as well as the BH mass, the radial dependence of the spike density profiles at
larger radii all follow similar power laws associated with the adiabatic contraction of the initial
NFW profile.

2 Neutrino point sources

In this section, we calculate the flux of neutrinos observed at Earth arising from WIMP anni-
hilation in a single DM spike and the corresponding number of events predicted in AN and IC
neutrino PS searches. The WIMP annihilation rate in a spike with DM density ρDM is

Γ =
〈σv〉
2m2

χ

∫ rmax

rmin

dr 4πr2ρ2DM . (4)

The DM density profile (squared) of each spike is integrated from rmin, taken as four times the
Schwarzchild radius of the associated BH, to rmax. For the DM density profiles described in
the previous section, the corresponding WIMP annihilation rates are largely unchanged so long
as rmin � 1014 cm and rmax � 1017 cm. We take the annihilation cross section to be that of a
thermal WIMP which comprises the measured DM density in the Universe, 〈σv〉 = 3 × 10−26

cm3 s−1. We study a corresponding range of weak scale DM masses, with benchmark values of
mχ = 500GeV and mχ = 5TeV.

We assume that DM annihilates to bb̄, W+W−, τ+τ− or μ+μ− final states. We use the
PPPC4DMID 7,8 neutrino spectra, dNf→ν�/dEν , for neutrino flavors � = {e, μ, τ} produced in
WIMP annihilation to each final state f . Although some combination of final states is possible
for any particular WIMP model, for simplicity we analyze each final state independently and
assume that the associated branching fraction for WIMP annihilation is 1. After taking into
account the probability for ν� to oscillate into ν�′ in vacuum, P (ν� → ν�′), we can write the
differential flux of neutrinos from an individual DM spike as

dΦf→ν�′

dEν
=

Γ

4πD2

∑
�=e,μ,τ

P (ν� → ν�′)
dNf→ν�

dEν
, (5)

where the distance from the solar system to the DM spike, D, is assumed to be much larger
than the spatial extent of the spike.a We also assume the DM spikes are sufficiently far from
the solar system such that the vacuum oscillations can be calculated in the long baseline limit
with the oscillation probabilities of interest approximated by P (ν� → νe) = (0.6, 0.2, 0.2) and
P (ν� → νμ) = (0.2, 0.4, 0.4).

In the remainder of this section, we calculate the minimum distance from our solar system,
Dmin, in various regions of the sky, for a single DM spike to be located in order to not be

aFor DM spikes closer to the solar system, the integral in Eq. 4 must be calculated of along the line of sight
towards the spike and over the solid angle of interest. Note that for all DM spikes located at distances far enough
away not to be detected as PSs by AN or IC in our analysis, the annihilation rate in each spike is well described
by Eq. 4.
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Table 1: Summary of point source limits from ANTARES (AN) 1 and IceCube (IC) 2 averaged over various
declination regions. The third column shows the averaged limit on the neutrino flux normalization assuming a
∝ E−2

ν source spectrum. The corresponding average acceptance for track (TR)- or shower (SH)-like events is
shown in the fifth column, while the sixth column shows the derived limit on the number of events which can be
used to constrain the neutrino flux from dark matter spikes.

EXi δ Range < Flux (GeV cm−2s−1) EV Acceptance (GeV−1cm2 s) < NEXi
EV

AN1 [−90◦,−45◦] 6.3× 10−9 TR 2.8× 108 1.8
SH 7.1× 107 0.4

AN2 [−45◦, 0◦] 8.3× 10−9 TR 2.0× 108 1.7
SH 5.8× 107 0.5

AN3 [0◦, 45◦] 1.2× 10−8 TR 1.3× 108 1.5
SH 4.5× 107 0.5

IC1 [−30◦,−5◦] 1.3× 10−9 TR 4.0× 109 5.4

IC2 [−5◦, 0◦] 2.6× 10−10 TR 1.5× 1010 3.9

IC3 [0◦, 30◦] 3.1× 10−10 TR 1.9× 1010 5.8

IC4 [30◦, 60◦] 4.5× 10−10 TR 1.4× 1010 6.3

IC5 [60◦, 90◦] 9.9× 10−10 TR 1.4× 1010 14

detected as a PS by AN or IC. In addition, we calculate the associated diffuse neutrino flux from
all DM spikes at distances from the solar system larger than Dmin and compare to the relevant
measurements of the atmospheric neutrino flux by AN and IC. For all cases investigated in this
work, the most stringent limits on Pop III.1 star formation are from PS neutrino searches, and
the diffuse neutrino flux from DM spikes is far below the observed atmospheric neutrino flux in
nearly all cases.

AN and IC provide effective areas for the detection of neutrino PSs averaged over different
parts of the sky. For AN, the three regions of the sky relevant for our analysis are given
by the declination ranges [−90◦,−45◦] (referred to as AN1), [−45◦, 0◦] (AN2) and [0◦, 45◦]
(AN3). While the IC PS search covers the full sky, we focus on the regions where the analysis
has sensitivity to neutrinos with energies Eν < 10TeV. Also, the IC limits on neutrino PSs
arise from a combined analysis using data from a variety of detector configurations, with each
analysis providing effective areas averaged over different declination ranges. Thus, we define
the IC declination ranges for our analysis from the overlap of the ranges in each individual IC
analysis. The appropriate declination ranges are [−30◦,−5◦] (IC1), [−5◦, 0◦] (IC2), [0◦, 30◦]
(IC3), [30◦, 60◦] (IC4) and [60◦, 90◦] (IC5).

Given the neutrino flux from an individual DM spike calculated using Eq. 5, the number of
track (TR)- or shower (SH)-like events (denoted by EV = {TR, SH}) expected in each of the
ith declination ranges (defined in the previous paragraph and Table 1) at either experiment
(denoted by EXi = {ANi, ICi}) is given by

NEXi
EV =

∑
j∈EXi

T j
exp

∑
�′∈EV

∫ mχ

Eth

dEν
dΦf→ν�′

dEν
Aj

�′EV (Eν) , (6)

where the neutrino energy threshold is Eth = 100GeV for both experiments. The sum over
neutrino flavors, �′, runs over the relevant contributions to each event type. As described in the
previous paragraph, the IC neutrino point source limits arise from a combination of individual
analyses corresponding to several different detector configurations. In Eq. 6, the jth contribution
from each individual analysis to the number of events in a given sky region is characterized by
an exposure time T j

exp and an effective area Aj
�′EV, which is specified for the flavor of neutrino

contributing to either TR or SH events. In both AN and IC, the events which are most relevant
to setting limits on the neutrino flux from a single DM spike arise from charged current νμ
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Figure 2 – The minimum distance away from the solar system, Dmin, for an individual dark matter spike to have
avoided detection in neutrino point source searches at ANTARES (top) and IceCube (bottom) over declination
ranges corresponding to point sources in the southern (left) or northern hemisphere (right), as described in Table 1.
The Dmin in each panel are shown for mχ = 500GeV (dashed) and mχ = 5TeV (solid) for WIMP annihilation
to bb̄ (blue), W+W− (orange), τ+τ− (magenta) and μ+μ− (green).

interactions that yield TR events. For AN, we also include SH events which are associated with
with charged current νe and neutral current νμ interactions.

For each experiment, limits on the normalization of the neutrino flux from a single PS
are presented as a function of declination angle assuming a source spectrum with an energy
dependence ∝ E−2

ν . The associated limits on the number of events as a function of declination
angle can be calculated by multiplying the limits on the flux normalization by the acceptance
of each experiment to TR or SH events. To approximate limits on NANi

EV , we average the limits
on the flux normalization and the acceptances over the declination ranges corresponding to the
averaged effective areas provided in the AN analysis. For the analogous limits on N ICi

TR , we
calculate the averaged acceptance explicitly in each sky region by taking the sum of acceptances
from the relevant declination ranges of each individual analysis. The jth contribution to the
acceptance from each individual analysis is given by the product of the exposure, T j

exp, with
the convolution of the respective effective area and an ∝ E−2

ν source spectrum.b The relevant
quantities derived from AN 1 and IC 2 data are summarized in Table 1.

For each of the respective AN and IC sky regions, we calculate Dmin for a variety of WIMP
annihilation channels with mχ = 500GeV and mχ = 5TeV. For each WIMP mass and an-
nihilation channel, we show Dmin for BH masses from 10M� to 105M� assuming zf = 15 in
Fig. 2. In all cases, we see that Dmin is maximized for MBH = 105M� due to the enhanced DM
density profiles associated with larger BH masses. For each sky region, we can see that Dmin

increases for larger WIMP masses since the AN and IC analyses are more sensitive to higher
energy neutrinos. Dmin also increases for leptonic WIMP annihilation channels which produce

bWe have also checked that an analogous calculation of the averaged AN acceptances are consistent with the
acceptances which are directly provided.
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neutrinos more efficiently. Due to the enhanced sensitivity of the IC analysis to PSs located
below the horizon, the Dmin for the IC sky regions with δ � −5◦ (i.e. IC2, IC3, IC4, IC5) can be
up to an order of magnitude larger compared to the that of other regions (i.e. AN1, AN2, AN3,
IC1). While the parameter dependence of Dmin shown in Fig. 2 remains qualitatively the same
under different assumptions for the termination of Pop III.1 star formation, the DM density is
marginally enhanced (suppressed) for spikes formed assuming zf = 20 (zf = 10) compared to
zf = 15.

The effects of spikes with relatively enhanced or suppressed DM density are demonstrated
by the horizontal black lines in Fig. 1, which show the largest Dmin as a function of δ for
mχ = 500GeV and mχ = 5TeV WIMPs annihilating to W+W− assuming either zf = 10
or zf = 20. For this representative WIMP benchmark, we see the early termination of Pop
III.1 star formation results in a ∼ 20% larger Dmin across the full range of declination angles

when compared to the Late zf scenario. However, the relative enhancement of N
(10)
sp more than

compensates for the relative suppression of the signal from the individual DM spikes. As we
discuss in Sec. 3, the fraction of subhalos which host DM spikes can be constrained by integrating

the number density of spikes, N
(zf )
sp , over the volume contained within the “Dmin surface” defined

as a function of δ across the sky. Comparing N
(10)
sp to N

(20)
sp for D < Dmin in Fig. 1, we see that

the number density of DM spikes in the galaxy can be up to an order of magnitude larger for
zf = 10 when compared to zf = 20. It is also worth noting that, for nearly all cases we consider,
the volume contained by the Dmin surface does not include many of the DM spikes which are
concentrated in the galactic center. In principle, the exclusion of these DM spikes limits the
sensitivity of neutrino PS searches but, as we discuss further in Sec. 3, spikes formed near the
galactic center are more likely to have been disrupted.

3 Constraints on Pop III.1 star formation

For the calculation of the neutrino signal from DM spikes in the previous section, we assume
that all viable minihalos have hosted Pop III.1 stars that subsequently collapsed to BHs which
have not undergone mergers. While this assumption yields the largest possible neutrino signal
from WIMP annihilation in DM spikes, the lack of neutrino PSs observed by AN and IC for
all of the cases we have considered implies that either not all viable minihalos hosted Pop III.1
stars, or, for minihalos that have, the associated DM spikes have undergone mergersc which
have erased the overdensities of DM. We parameterize the fraction of viable minihalos that
eventually contribute to the neutrino signal via their associated DM spikes as fDS. For each
case we consider, we require the number of DM spikes within the volume contained by the Dmin

surface to be less than 1 such that

fDS

∫
s<Dmin

d3sN
(zf )
sp (R) < 1 , (7)

where s is the distance from the solar system and R is the radial distance from galactic center.
Note that the angular dependence of the volume integral over the DM spike density is non-trivial
due to the typically anisotropic shape of the Dmin surface, as shown in Fig. 1.

The associated upper limits on fDS are shown for mχ = 500GeV and mχ = 5TeV in Fig. 3.
We consider WIMP annihilation to bb̄, W+W− and μ+μ− final states, while assuming either
Early, Intermediate, or Late zf scenarios for the termination of Pop III.1 star formation. We
plot the limits on fDS as a function of BH masses 10M�, 102M�, 103M�, 104M� and 105M�.
As expected from the parameter dependencies of the Dmin surface described in the previous
section, the cases with the strongest constraints on fDS arise for heavier WIMPs forming spikes
around the most massive BHs and annihilating through more leptonic channels. Also, we see

cIn nearly all scenarios investigated in this work, mergers are sufficiently rare 6 to ensure that all minihalos
which are able to host DM spikes are potentially detectable as neutrino PSs.
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Figure 3 – Maximum fraction of minihalos, fDS , consistent with neutrino point source limits which can potentially
host dark matter spikes as a function of central BH mass for mχ = 500GeV (left) and mχ = 5TeV (right) WIMP
annihilation. Green circles, red squares, and blue diamonds are for Early, Intermediate, and Late zf scenarios,
respectively. The solid markers are the limits accounting for the entire spike distribution in the galaxy, while the
open markers are the limits excluding spikes from within 5 kpc of the Galactic center. The horizontal dashed
lines show the fDS corresponding to a single DM spike for Early (green), Intermediate (red) and Late (blue) zf
scenarios.

that the bounds are up to about an order of magnitude stronger in the Intermediate and Late
Pop III.1 star formation termination scenarios compared to the Early zf scenario.

More specifically, for the least constrained WIMP annihilation channel, bb̄, we see that PS
searches from AN and IC are not sensitive to signals from DM spikes forming around 10M� BHs.
The constraints are more stringent for heavier BHs, such that fDS � 10% for 105M� BHs for all
zf scenarios. The most stringent constraints arise for WIMPs annihilating to a μ+μ− final state
around � 103M� BHs forming in the Intermediate and Late zf scenarios, with fDS � 0.1%. For
the Early scenario in this case, the constraints on fDS are weaker but approach the limit where
no viable minihalos can host DM spikes for 105M� BHs. Regardless of annihilation channel or
zf , we see that fDS � 10% for mχ = 5TeV WIMPs annihilating in DM spikes formed around
� 103M� BHs.

These limits are complimentary to those arising from the gamma-ray signals from DM spikes
presented in Refs. 6,9. In particular, gamma-ray constraints are better able to constrain lighter
WIMPs annihilating to hadronic final states, including bb̄. However, for all other annihilation
channels considered in this paper, PS neutrino searches constrain fDS to be up to three orders
of magnitude smaller than the analogous limits from PS and diffuse gamma-ray searches for
mχ = 500GeV and mχ = 5TeV. In contrast to the previous implementation of constraints from
gamma-ray PS searches, not a single neutrino PS has been confirmed by either AN or IC. In
gamma-ray searches, the signal flux from a single DM spike only need be less than the brightest
associated or unassociated PS. The neutrino flux from the same DM spike must lie below the
respective sensitivities of the AN and IC PS searches, resulting in comparatively larger Dmin

and more stringent constraints on fDS for most cases.
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In the limits discussed above, we have not accounted for the potential impact of tidal dis-
ruption on the DM spikes near the galactic center, where the DM density is expected to be
largest. While Ref. 5 has shown that there might be only small effects in certain cases, different
assumptions can lead to the destruction of nearly all substructure within O(1) kpc of galactic
center. Therefore, in Fig. 3 we also show the limits on fDS when DM spikes within 5 kpc of the
galactic center are excluded from the spike distribution. The results do not differ significantly
at all for the Intermediate and Late zf scenarios, while we can see that there is a marginal
weakening of bounds when considering � 104M� BHs formed assuming the Early termination
of Pop III.1 star formation. In summary, we see that neutrino PS searches are a powerful and
robust probe of Pop III.1 star formation under a variety of WIMP annihilation scenarios.
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We present the first branon dark matter (DM) search in the very high-energy gamma-ray band
with observations of the dwarf spheroidal galaxy Segue 1 carried out by the Major Atmospheric
Gamma Imaging Cherenkov (MAGIC) telescope system. Branons are new degrees of freedom
that appear in flexible brane-world models corresponding to brane fluctuations. They behave
as weakly interacting massive particles, which are natural DM candidates. In the absence of a
gamma-ray signal in the Segue 1 data, we place constraints on the branon DM parameter space
by using a binned likelihood analysis. Our most constraining limit to the thermally-averaged
annihilation cross-section (at 95% confidence level) corresponds to 〈σv〉 
 1.4× 10−23 cm3s−1

at a branon DM mass of ∼ 0.7TeV.

1 Introduction

Astrophysical and cosmological evidences propose that non-baryonic cold dark matter (DM)
accounts for 84% of the matter density of the Universe 1. Nevertheless, the nature of DM is
still an open question for modern physics, as this elusive kind of matter can not be made of
any of the Standard Model (SM) particles. Brane-world theory has been put forward as a
prospective framework for DM candidates 2. The characteristics of the suggested massive brane
fluctuations (branons) in this theory match the ones of weakly interacting massive particles
(WIMPs), which are one of the most favored candidates of cold DM3. Dwarf spheroidal galaxies
(dSphs) are preferred targets for indirect DM searches, due to their close proximities and high
mass-to-light ratios. In this work, we are focusing on the ultra-faint dSph Segue 1 located in
the Northern Hemisphere and outside of the Galactic plane (RA = 10.12 h, DEC = 16.08◦)
only 23 ± 2 kpc away from us 4. The Segue 1 observational campaign was carried out by the
ground-based gamma-ray telescope MAGIC between 2011 and 2013 and is with 157.9 hours the
deepest observation of any dSph by a Cherenkov telescope to date 5.
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2 Expected branon dark matter gamma-ray flux

The expected gamma-ray flux produced by branon DM annihilation is composed of the astro-
physical factor (J -factor), which depends on both the distance l and the DM distribution at
the source region ρDM, and the branon DM annihilation photon yield. It can be expressed in a
given region of the sky, ΔΩ, and observed at Earth as

dΦ

dE
(〈σv〉) =

∫
ΔΩ

dΩ′
∫
l.o.s.

dl ρ2DM(l,Ω′)︸ ︷︷ ︸
Astrophysics

· 1

4π

〈σv〉
2m2

χ

n∑
i=1

Bri
dNi

dE︸ ︷︷ ︸
Particle physics

, (1)

where 〈σv〉 is the thermally-averaged annihilation cross section, mχ is the mass of the branon DM
particle and l.o.s. stands for line-of-sight. The left panel of Fig. 1 shows the branon branching
ratios Bri as a function of mχ. The differential photon yield per branon annihilation dN/dE is
depicted for a set of branon DM masses (from light to dark: 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50 and
100TeV) in the right panel of Fig. 1.

Figure 1 – Taken from JCAP05(2022)005. See text for more details.

In our analysis, we are using the J -factor and its statistical uncertainty for Segue 1 from 6

with the value of log10
(
J (θ) [GeV2cm−5]

)
= 19.02+0.32

−0.35. The differential gamma-ray yields per
annihilation dNi/dE (see Eq. 1) are taken from the PPPC 4 DM ID distribution 7.

3 Likelihood analysis method

The data reduction of the Segue 1 observation have been published by the MAGIC Collabo-
ration 5,8. We re-analyse those high-level data in the context of brane-world extra-dimensional
theories using the likelihood analysis described in Aleksić, Rico and Martinez 9. The binned
(Nbins = 30) likelihood function of the dataset D with nuisance parameters ν reads as:

Lbin (〈σv〉;ν | D) = Lbin(〈σv〉; {bi}i=1,...,Nbins
, τ | {NON,i, NOFF,i}i=1,...,Nbins

)

=

Nbins∏
i=1

[
P(si(〈σv〉) + bi | NON,i) · P(τbi | NOFF,i)

]
× T (τ | τo, στ )

(2)

where P(x|N) is the Poisson distribution of mean x and measured value N and si(〈σv〉) and bi
are the expected numbers of signal and background events in the i-th energy bin. Besides bi, the
normalization between background and signal regions τ , described by the likelihood function T ,
is also a nuisance parameter in the analysis 10. The total number of observed events in a given
energy bin i in the signal (ON) and background (OFF) regions are NON,i, NOFF,i, respectively.
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The Segue 1 observational campaign DSegue1 results in N = 8 distinct datasets with an
individual set of instrument response functions (IRFs). The joint likelihood function

L (〈σv〉; J,ν | DSegue1) =
N∏
k=1

[
Lbin,k (〈σv〉,νk | Dk)

]
× J

(
J | Jo, σlog10 J

)
(3)

is the product of the likelihood function of each dataset. We treat the J -factor as a nuisance
parameter and include the likelihood J for the J -factor 11. νk represents the set of nuisance
parameters different from the J -factor affecting the analysis of the k-th dataset Dk.

The same analysis technique, implemented in the open-source DM analysis software pack-
ages 12 gLike 13 and LklCom 14, has been used by the MAGIC Collaboration 10,15 and other
gamma-ray observatories in several DM searches 16,17.

4 Results

As reported in 18, we present the observational 95% confidence level (CL) upper limits on the
thermally-averaged cross-section 〈σv〉 (see left panel of Fig. 2) and on the brane tension f (see
right panel of Fig. 2) for branon DM annihilation obtained with almost 160 hours of Segue 1
observation with the MAGIC telescopes. We perform a model dependent search for branon DM
particles of masses between 100GeV and 100TeV. Previous branon DM limits from CMS 19

(blue) and AMS-02 20 (orange) as well as the prospects of the future CTA 21 (purple) and
SKA 22 (yellow) are depicted in Fig. 2.

As expected from the no significant gamma-ray excess in the Segue 1 data 5, our constraints
for branon DM annihilation are located within the 68% containment band, which is consistent
with the no-detection scenario. We obtain our strongest limit 〈σv〉 
 1.4 × 10−23 cm3s−1 for a
∼ 0.7TeV branon DM particle mass.

Figure 2 – Taken from JCAP05(2022)005. See text for more details.

5 Conclusion and outlook

This work leads to the most constraining branon DM limits in the multi-TeV mass range,
superseding previous constraints by CMS19 and AMS-0220 above ∼ 1TeV. We can achieve even
more stringent exclusion limits by adding further dSph observations of the MAGIC telescopes 10

or other gamma-ray telescopes 16,17 to this analysis.
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The supermassive black holes hosted at the core of blazars shoot relativistic jets of particles
in the direction of Earth and, during their adiabatic growth, may have focused dense spikes
of dark matter particles in their surroundings. The combination of these two characteristics
makes blazars ideal dark matter accelerators. Indeed, relativistic protons and electrons in
the extraordinarily powerful jets of a blazar, via elastic collisions with the neighbouring dark
matter particles, may induce a sizeable high-energy dark matter flux at Earth. The blazar-
boosted dark matter flux at Earth can be large enough to access direct detection for dark
matter masses below 1 GeV, both with target nuclei and/or electrons. In this note, we go
through the basics of the blazar-boosted dark matter mechanism and summarise the limits
on dark matter-proton (dark matter-electron) scattering cross section that arise from the null
detection of a signal from the blazar TXS 0506+056 at XENON1T, MiniBooNE and Borexino
(at Super-Kamiokande).

1 Introduction

About 95% of the composition of the Universe is dark, with more than one-fourth of such
dark component behaving gravitationally as matter, thus the name “dark matter” (DM) – the
remaining is “dark energy”. Although from cosmological and astrophysical observations relevant
information can be obtained on the characteristics of DM, its particle nature, if it has, has not
revealed itself yet.

In the past years, many attempts have been made to directly detect DM particles, possibly
forming a local halo around our Milky Way galaxy, by looking for nuclear recoil signals after
elastic scatterings of DM with target nuclei (consider, e.g., the XENON1T experiment at Gran
Sasso National Laboratory, Italy 1,2). Even though direct detection experiments are very sensi-
tive, no DM signal has been detected yet. In turns, the null detection allowed the community to
put stringent constraints on the DM-proton interaction. However, direct detection facilities are
limited by the fact that local DM particles are expected to have typical velocities of ∼ 10−3c.
Hence, nuclear recoil energies for DM masses smaller than the GeV scale are below the detector
thresholds of ∼ 1 keV. Correspondingly, direct detection limits on DM-proton interaction are
valid only for DM masses above ∼ 1 GeV. Actually, thanks to lower experimental thresholds
∼ 0.2 keV 3, light DM particles can still be energetic enough to trigger detectable recoils after
scatterings with electrons, but an analogous issue arises for DM masses below ∼ 10 MeV.

Recently, some mechanisms to accelerate (“boost”) local DM particles to higher kinetic
energies and allow for recoil signals even for masses below the GeV scale have been proposed.
For instance, local DM particles can be boosted via elastic scatterings with galactic high-energy

∗Speaker.
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cosmic rays (CRs) 4 – in what follows, this mechanism will be referred to as CRDM. The
null detection of such inevitable component of boosted DM at direct detection experiments,
like XENON1T, and at neutrino experiments, such as MiniBooNE 5 and Borexino 6, have led to
constraints on DM-proton interaction for sub-GeV DM4. Analogous constraints on DM-electron
interaction also resulted from the absence of electronic CRDM signals at Super-Kamiokande
(Super-K) 7,8.

The extreme astrophysical environments of blazars turned out to be exemplary DM accel-
eration engines 9,10. The supermassive Black Holes (BHs) at the center of blazars, during their
adiabatic evolution, may have focused enormous amount of DM particles. Then, the relativistic
electrons and protons ejected from the central regions, via elastic collisions, can push the nearby
DM particles towards Earth with very high energies and induce an observable flux at terrestrial
detectors. Such boosted DM component has been dubbed Blazar-Boosted DM (BBDM). In this
note, I will briefly discuss the basic concepts of the BBDM scenario and the relative constraints
on DM-proton/electron scattering cross section for DM masses below 1 GeV.

In particular, this note is further organized as follows. In Sec. 2 we will briefly describe
the main characteristics of blazars and what makes them ideal DM boosters. In Sec. 3 we will
compute the BBDM flux from a given blazar. Finally, we will review in Sec. 4 the constraints
on DM-proton (DM-electron) interaction from the null detection of a BBDM signal from the
representative blazar TXS 0506+056 at XENON1T, MiniBooNE and Borexino (at Super-K),
and give a summary in Sec. 5.

2 Blazars: Ideal Dark Matter Boosters

An Active Galactic Nucleus (AGN) is a luminous celestial object in the Universe hosting at
its center a supermassive BH, which accumulates ordinary matter from an accretion disk, and
shooting relativistic particles in the form of a pair of jets that move in opposite directions. A
blazar is a type of radio-loud AGN with one of its jet pointing (almost) directly towards Earth,
i.e. along our line of sight (LOS) 11. Due to their powerful and peculiar features, blazars are
natural laboratories to probe extreme physics.

Blazars are characterized by a non-thermal continuous emission of photons. Observations
from telescopes of the photon Spectral Energy Distribution (SED) reveal the presence of two
peaks, one in the infrared/X-ray energy range and the other in the γ-ray band 12. While it is
widely accepted that the low-energy peak is due to synchrotron emission by electrons in the jets,
the origin of the high-energy component is currently subject of discussion. In fact, electrons could
still be responsible for it due to inverse-Compton scatterings with both internal and external
photons (leptonic models), but a highly-relativistic population of protons may also be present
in the jets and account for the γ-ray radiation via synchrotron emission (pure hadronic models)
or through photo-meson production (hybrid lepto-hadronic models) 13.

Recently, evidence of blazars as sources of astrophysical high-energy neutrinos has been
reported. On September 22nd, 2017, the IceCube Neutrino Observatory detected a neutrino with
energy ∼ 290 TeV from the blazar TXS 0506+056 14. Another analysis also revealed an excess
of neutrinos from the same direction in the period between September 2014 and March 2015 15.
The results of these observations permit to get more insights on the physics of blazars. E.g.,
both hadronic and lepto-hadronic models predict energetic neutrino emission through photo-
meson production, while in purely leptonic scenarios neutrinos are not generated. Therefore,
the detection of neutrinos from a blazar supports the assumption of a relativistic population
of protons in the jet. Indeed, it was shown in a number of studies that the lepto-hadronic
model, although being demanding in terms of proton luminosities, can fairly well predict both
the detected neutrino flux and the SED of TXS 0506+056 16,17,18.

Another important feature of blazars is that they can host a very dense population of DM
particles. As shown by Gondolo and Silk 19 for our Milky Way, the adiabatic growth of the BH
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DMDM
p, ep, e

Figure 1 – Sketch of the BBDM mechanism (not in scale). A proton p or electron e (red arrows) hits elastically
a DM particle (black dot) along its motion in the jet of a blazar (sketched on the left). Because of the strongly-
relativistic scattering, the DM particle (black arrow) is boosted to high energy and can reach unperturbed the
detectors at Earth (on the right).

in the central region of the local halo can focus the DM distribution, giving rise to a very dense
spike. Applying the same reasoning to blazars, in general we can expect spiky DM profiles to
appear in their surroundings, even after taking into account softening of the profile during the
BH evolution 20 and/or possible baryonic feedback effects 21.

Given the presence of highly energetic protons and electrons, as well as a large amount
of DM particles around them, blazars can be regarded as ideal DM boosters. Specifically,
relativistic protons and electrons in a blazar jet can scatter elastically, along their way, with the
neighbouring DM particles. The relativistic kinematics allows DM particles to be kicked off to
high energies in the direction of the Earth. See Fig. 1 for a schematic representation of such
mechanism. We devote the next section to the computation of the DM flux expected from the
blazar TXS 0506+056.

3 Blazar-Boosted Dark Matter Flux from TXS 0506+056

3.1 Blazar Jet Spectrum

Adopting the simplistic assumption of the single-zone jet model and the so-called “blob geome-
try” 22, we consider the blazar emission to originate from a homogeneous spherical blob in the
jet where electrons and protons follow an isotropic distribution. In the frame of an observer
that stands still with respect to the BH center-of-mass (we consider this observer to be placed

at Earth), the blob moves with speed βB and Lorentz boost factor ΓB ≡
(
1− β2

B

)−1/2
along the

jet axis, that in general is inclined by an angle θLOS with respect to the observer’s LOS. In the
following, the symbols with and without a prime will refer to quantities computed in the blob
and observer’s frame, respectively.

In the blob frame, we assume a single power-law distribution for the electrons and protons
and write their spectrum, i.e. the rate of particles (Γ′) per units of kinetic energy (T ′

j) and solid
angle (Ω′) as:

dΓ′
j

dT ′
jdΩ

′ =
1

4π
cj

(
1 +

T ′
j

mj

)−αj

, (1)

where the subscript j ∈ {e, p} refers either to electrons or protons with masses me 
 0.511
MeV and mp 
 0.938 GeV, respectively; αj is the spectral power index; T ′

j satisfies γ′min, j ≤
1+T ′

j/mj ≤ γ′max, j ; the normalisation constant cj can be computed from the particle luminosity
Lj (see further). With a Lorentz transformation, we can boost the spectrum in the blob frame
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to that in the observer’s frame and arrive to:

dΓj

dTjdΩ
=

1

4π
cj

(
1 +

Tj

mj

)−αj βj(1− βjβBμ)
−αjΓ

−αj

B√
(1− βjβBμ)2 − (1− β2

j )(1− β2
B)

, (2)

where βj =
[
1−m2

j/(Tj +mj)
2
]1/2

is the speed of the particle and μ ∈ [0, 1] is the cosine of

the angle between the particle’s direction of motion and the jet axis.
Motivated by IceCube observations of high-energy cosmic neutrinos, we consider the blazar

TXS 0506+056 and fix the relevant parameters according to the lepto-hadronic scenario17: ΓB =
20, θLOS = 0◦, αp = αe = 2.0, γ′min, p = 1, γ′max, p = 5.5× 107, γ′min, e = 500, γ′max, e = 1.3× 104,

Lp = 2.55× 1048 erg/s and Le = 1.32× 1044 erg/s. The normalisation constant cj appearing in
Eqs. (1) and (2) can be fixed by the relation

Lj =

∫
dΩ

∫
dTj (Tj +mj)

dΓj

dTjdΩ
= cjm

2
jΓ

2
B

∫ γ′max, j

γ′min, j

dγ′j (γ
′
j)

1−αj , (3)

giving cp = 2.54 × 1047 s−1sr−1GeV−1 and ce = 2.42 × 1050 s−1sr−1GeV−1. Since γ′min, e � ΓB,
it is safe to use the approximation βe ≈ 1.

3.2 Dark Matter Density Profile

We follow the same reasoning as the one suggested by Gondolo and Silk for our galaxy, for
which a pre-existent self-gravitating spherical DM profile with power-law scaling ρ(r) ∝ r−γ is
modified into

ρ′(r) ∝ r−α with α =
9− 2γ

4− γ
. (4)

For our considerations we assume an initial Navarro-Frenk-White (NFW) profile, i.e. γ = 1.
We normalise the profile ρ′(r) in analogy to the results obtained by Ullio et al. 23, imposing that
the mass enclosed within a radius 105RS , the typical radius relevant for BH mass estimations 24

with RS being the Schwarzschild radius, is around the BH mass (MBH):∫ 105RS

4RS

dr 4πr2ρ′(r) 
 MBH . (5)

where the lower limit 4RS is set by the BH’s inevitable capture of DM and, for TXS 0506+056,
MBH is roughly three hundred million times larger than the solar mass a.

We still need to take into account possible DM annihilations. These impose a maximal
profile ρcore 
 mχ/(〈σv〉0 tBH), where 〈σv〉0 is the DM annihilation cross section times relative
velocity and tBH the BH lifetime. The full DM profile then takes the following form:

ρDM(r) =
ρ′(r)ρcore

ρ′(r) + ρcore
. (6)

The quantity that is relevant to compute the BBDM flux is the following LOS integral:

Σtot
DM ≡

∫ 105RS

rmin

ρDM(r′) dr′ , (7)

aThe normalisation we have adopted in Eq. (5), at first glance, appears different from that considered in a
similar study by Gorchtein et al.24. Gorchtein et al. impose that the present amount of DM within 105RS does not
exceed the uncertainties in the BH mass estimates (δMBH) (see their Eqs. (6) and (7)). However, the uncertainty in
MBH for the blazar we have considered is of the same order as the BH mass itself, i.e. δMBH ∼ MBH. Furthermore,
given that ρ′(r) ≥ ρDM(r) for any r, when our normalisation is used, the condition adopted by Gorchtein et al. is
always satisfied. Lastly, given the dominant contribution to the normalisation from regions where r � RS ,
Gorchtein et al. actually claim to use the approximation ρDM(r) 
 ρ′(r), making our normalisation condition
even more compatible to their.

222



that quantifies the amount of DM per surface encountered by the jet particles along their motion.
The radius rmin is the position from where the jet starts and will be simply set to 4RS in the
following.

3.3 The Flux of Dark Matter

Assuming an elastic scattering with an isotropic differential cross section in the center-of-mass
rest frame and neglecting any motion of DM with respect to the particles in the jet, the BBDM
flux (Φχ) per unit of DM energy (Tχ) can be expressed as

dΦχ

dTχ
=

Σtot
DM

mχd2L

∑
j=e, p

σ̃χj

∫ Tmax
j (Tχ)

Tmin
j (Tχ)

dTj

Tmax
χ (Tj)

dΓj

dTjdΩ

∣∣∣∣∣
μ=μ(Tj ,Tχ)

, (8)

where we have summed over the contributions from electrons and protons, dL 
 1.8 Gpc is the
luminosity distance of TXS 0506+056 from Earth and mχ is the DM mass. Note that the jet
spectrum has to be computed at the unique angle that corresponds to the scattering with in-
coming kinetic energy Tj and transferred energy Tχ (μ is the cosine of this angle). The quantity
Tmax
χ (Tj) is the maximal kinetic energy DM can acquire after the collision, namely when the scat-

tering is forward with μ(Tj , T
max
χ (Tj)) = 1 (refer to the work by Wang et al. 9 for details on the

kinematics), and appears in the denominator because the probability distribution of the scatter-
ing energy is uniform. For the DM-proton cross section we consider σ̃χp = σχpG

2(2mχTχ/Λ
2
p) ,

where σχp ∈ {σSI
χp, σ

SD
χp } is the zero-momentum transfer DM-proton spin-independent (SI) or

spin-dependent (SD) cross section; the form factor G(x2) ≡ 1/(1+x2)2 accounts for the internal
structure of the proton, with Λp 
 0.77 GeV. Concerning the DM-electron cross section, we use
σ̃χe ≡ σχe. For the sake of simplicity and to remain the most model-independent as possible,
we consider no energy dependence of σχp and σχe

b.
Since the protons can have arbitrary small energy in the blob frame, i.e. γ′min, p = 1, the lower

extreme of integration in Eq. (8), namely Tmin
p (Tχ), coincides with the proton kinetic energy

required for the forward scattering – the expression can be obtained by inverting Tmax
χ (Tp).

Moreover, being the proton spectrum suppressed at high energies and γ′max, p � 1, there is
negligible dependence on the upper extreme of integration Tmax

p , which can be safely set to 107

GeV. The electron case is instead more complicated, with the integration limits being arising
from kinematical constraints and energy availability conditions.

The expression in Eq. (8) is simplified by the condition θLOS = 0◦. If the jet axis inclination
is different, then a non-trivial integration over the azimuth angle would become necessary 9,10.

With the BBDM flux at hand, we are now in the condition to compute the direct detection
constraints on the σχp −mχ and σχe −mχ planes. We will do this in the next section.

4 Constraints from Direct Detection on Blazar-Boosted Dark Matter

Considering an elastic scattering of BBDM with target nucleus (N), proton or electron, the
expected signal rate at terrestrial facilities reads:

ΓDM
t 


∫ Tmax
exp

Tmin
exp

dTt σ̃χt

∫ +∞

Tmin
χ (Tt)

dTχ

Tmax
t (Tχ)

dΦχ

dTχ
(with t = N, p, e) . (9)

where Tt ∈
[
Tmin
exp , Tmax

exp

]
is the target recoil energy and the other quantities are defined in

analogy to that appearing in Eq. (8). In general, the DM flux can be attenuated by the collisions

bActually, a constant scattering cross section seems physically implausible. After a model is specified, we do
expect an energy dependence to appear. However, the effects are highly model dependent. Specifically, in the
case of point-like interaction with heavy mediators (say with masses larger than that of DM) the constant cross
section assumption appears to be a conservative choice, while for lighter mediators is optimistic 25.
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with the components of the atmosphere and the crust of the Earth. The larger the cross section
is, the more the flux is reduced, leading to an upper exclusion limit for the DM-proton and
DM-electron interaction at terrestrial detectors. However, since this would be relevant only for
large values of σχp and σχe, we dedicate the discussion to the lower exclusion limit only, for
which the attenuation can be neglected.

For the spin-independent case, the XENON1T detector with Xe targets (ΛXe ≈ 141 MeV)
imposes the following limit on the signal rate per nucleus: ΓDM

Xe (4.9 keV ≤ TXe ≤ 40.9 keV) <
2.41 × 10−34 s−1. The MiniBooNE experiment instead gives ΓDM

p (Tp > 35 MeV) < 1.5 ×
10−32 s−1. For the spin-dependent case, Borexino sets ΓDM

p (Tp > 25 MeV) < 2 × 10−39 s−1

4,9. We present in Fig. 2 the direct detection constraints on σSI
χp (left) and σSD

χp (right) from
BBDM 9, CRDM 4 and various experiments 2,26,27,28,29,30,31,32,31,34. Clearly, the constraints from
BBDM can be much stronger than that from CRDM and set stringent limitations on DM-proton
interaction for mχ � 1 GeV.

The Super-K neutrino detector is also sensitive to DM interaction with the electrons in its
water tank. Given the null detection of any DM signal, it is possible to set constraints on the DM-
electron interaction using the available Super-K data. In addition, the large exposure volume of
Super-K permits to locate the position in the sky from which a signal has originated, allowing
to severely reduce the background in the BBDM scenario when a proper searching cone around
the blazar is considered. Details on the refined analysis can be found in the work by Granelli
et al. 10 where three electron recoil energy bins were considered, namely 0.1 < Te/GeV < 1.33
(Bin1), 1.33 < Te/GeV < 20 (Bin2), and 20 < Te/GeV < 103 (Bin3) 7. For each bin, the 95%
C.L. Poisson limits on the signal rate results to be ΓDM

e < 1.22 × 10−41 s−1, 2.20 × 10−42 s−1

and 2.16 × 10−42 s−1 for Bin1, Bin2 and Bin3, respectively. The corresponding constraints
(combining the three different bins) from BBDM on DM-electron interaction are shown in Fig. 3
(from Granelli et al. 10) and compared with limitations from CRDM 8, Solar Reflection 35 and
other experiments 3,36. The left panel of the figure is obtained by setting σχp to the maximal
allowed value given by the limitations in Fig. 2. Note that the Big Bang Nucleosynthesis (BBN)
bound, that can severely constrain the parameter space for DM masses less than O(1) MeV, is
also included 37,38. The right panel shows how the constraints on σχe change for different choices
of σχp. Again, the limitations from BBDM are much stronger than that from CRDM and cover
an important region of the parameter space for DM masses below the GeV scale.
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Figure 2 – The constraints on σSI
χp (left) σSD

χp (right) imposed by XENON1T, MiniBooNE and Borexino on BBDM.
The solid red boundaries correspond to the BBDM scenario with 〈σv〉0 = 0, so that ρcore → +∞ and ρDM = ρ′; this
would be adequate for, e.g., asymmetric DM models. The dashed red curves correspond to 〈σv〉0 = 10−28 cm3 s−1

and tBH = 109 yr. Any plausible variation to the lower extreme of integration rmin in Eq. (7), in the slope γ of
the initial DM profile due, e.g., to baryonic feedback effects and/or in the slope α of the spiky profile during the
BH evolution would practically correspond to an intermediate situation between the solid and dashed lines. For
comparison, the limitations from CRDM, Cosmic Microwave Background (CMB) observations, gas cloud cooling,
the X-ray Quantum Calorimeter experiment (XQC), and various experiments are also shown.
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Figure 3 – The constraints on σχe imposed by Super-K on BBDM. In the left panel, the DM-proton cross section
is chosen at the maximal possible values set by the constraints in Fig. 2, while, in the right panel, the dependence
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Again, any variation to rmin, γ and/or α would correspond to an intermediate situation between the solid and
dotted lines. For comparison, the constrains from CRDM, XENON1T, SENSEI, Solar Reflection, and BBN are
also shown.

5 Summary

In this note we have reviewed the BBDM mechanism for which protons and electrons in rel-
ativistic jets of blazars can boost the neighbouring DM particles and induce a detectable DM
flux at Earth. The null detection of BBDM signals from the blazar TXS 0506+056 at, e.g.,
XENON1T and Super-K can lead to very competitive constraints on σχp and σχe for mχ � 1
GeV. Moreover, this scenario opens up the possibility to extrapolate more information on the
DM nature and, possibly, on the blazar jet physics.

Chances are that this scenario can be further investigated and the relative constraints can
be strengthened. First of all, the work could be extended to a statistical ensemble of blazars in
order to reduce model and source selection uncertainties. Secondly, one can improve the time
correlation study, e.g. selecting data in better correspondence with blazar flares and/or refine the
direction analysis of signals, e.g. by extracting location information also at other experimental
facilities. Finally, the sensitivities of future detectors such as Hyper-Kamiokande 39 and DUNE
40 could lead to more stringent constraints.
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Latest results from the DAMPE space mission
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The DArk Matter Particle Explorer (DAMPE) is a space-based particle detector launched on
December 17th, 2015 from the Jiuquan Satellite Launch Center (China). The main goals of
the DAMPE mission are the study of galactic cosmic-rays (CR), the electron-positron energy
spectrum, gamma-ray astronomy and indirect dark matter search. Among its sub-detectors,
the deep calorimeter makes DAMPE able to measure electrons and gamma-ray spectra up to
10 TeV, and CR nuclei spectra up to hundreds of TeV, with unprecedented energy resolution.
This high-energy region is important in order to search for electron-positron sources, for dark
matter signatures in space, and to clarify CR acceleration and propagation mechanisms inside
our galaxy. A general overview of the DAMPE experiment will be presented in this work,
along with its main results and ongoing activities.

1 Introduction

Over the last years, particle measurements in space led to very precise, unexpected results.
Deviations from the standard single power-law model have been found in recent observations
regarding CR electron and nuclei spectra. High energy resolution of space-borne instruments
allows the search of possible indirect dark matter (DM) signatures such as sharp line features.
Furthermore, good angular resolution gives the possibility of identifying gamma-ray sources
in the sky. In this scenario, the DAMPE experiment was designed in order to contribute to
the aforementioned scientific topics. The DAMPE instrument is composed by 4 sub-detectors
(see figure 1). Starting from the top, the plastic scintillator detector (PSD) is used for charge
measurement and electron-gamma separation. Below, a silicon tungsten tracker (STK) is in-
strumented, composed of alternated silicon-tungsten layers for precise particle tracking and to
induce gamma-ray pair production. After the STK, a BGO calorimeter (BGO) of 32 radiation
lengths and 1.6 nuclear interaction lengths is placed, for the purpose of performing precise energy
measurement and hadronic/electromagnetic shower discrimination; at the bottom, the neutron
detector (NUD) provides an additional level of hadron rejection 1. Due to its deep calorimeter,
DAMPE can measure gamma-rays and CR electrons+positrons up to tens of TeV, as well as
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CR nuclei spectra up to a few hundreds of TeV. By exploring such high energy regions, with
optimal resolution, DAMPE can provide precise CR spectral measurements, thus contributing
to the comprehension of their acceleration and propagation mechanisms in our galaxy, while
searching for a possible indirect dark matter signature.

Figure 1 – The DAMPE instrument with its sub-detectors 1.

2 Electron-positron spectrum

In 2017, the DAMPE collaboration published the measurement of the electron-positron energy
spectrum with unprecedented high energy resolution and very low background 2. Figure 2 shows
the electron-positron spectrum from 25 GeV to 4.6 TeV. The red dashed line represents the fit
with a smoothly broken power-law model, favored over a single power-law model. The fit shows,
for the first time, a distinct spectral break at an energy of ∼0.9 TeV, with small uncertainties,
confirming what has already been suggested from previous indirect experiments3,4. The analysis
of the all-electron spectrum is continuing with more years of accumulated statistics.

Figure 2 – The electron-positron energy spectrum measured by DAMPE (red circles) compared with other exper-
imental results3,4,5,6. Error bars in the DAMPE spectrum represent both systematic and statistical uncertainties
added in quadrature, while the red dashed line shows the fit performed with a smoothly broken power-law func-
tion.
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3 Gamma-ray sources

The gamma-ray analysis has been carried out using 5 years of observed data, resulting in more
than 220000 photons detected above 2 GeV 7. From this preliminary analysis, 222 gamma-
ray sources are identified, the majority of which favor a power-law spectral interpretation. In
addition, these sources have been associated to the Fermi catalog (4FGL 8), leading to a source
association with Active Galactic Nuclei (AGNs) and pulsars (figure 3).

Figure 3 – Gamma-ray sources observed by DAMPE, after association with the 4FGL.

4 Gamma-ray lines and dark matter search

Many theories have been proposed to explain the presence of dark matter in our universe. Among
them, the WIMP hypothesis, postulates that dark matter could be made of weakly interactive
massive particles (WIMP). If two WIMPs can annihilate into a photon and another particle, it
should be, in principle, possible to see a monochromatic structure in the gamma-ray spectrum

at energy Eγ = mχ

(
1−m2

X/4m2
χ

)
, where mχ and mX are the mass of the WIMP and of the

standard model particle respectively. Among the main goals of the DAMPE mission there is the
search for dark matter particles in space, which could eventually interact or decay, yielding to a
detectable signal. A search for gamma-ray lines has been performed using 5 years of data from
the DAMPE satellite, focusing on the gamma-ray spectrum from 10 GeV to 300 GeV. Although
no DM candidates were found, the analysis provided 95% confidence level constraints on the
DM decay lifetime and annihilation cross section 9. In figure 4, the 5-year DAMPE results are
compared with the 5.8-year Fermi-LAT results 10. The excellent energy resolution of DAMPE
improved the limits for decaying DM with mass ≤ 100 GeV, with respect to the Fermi-LAT
ones.

229



Figure 4 – 95% confidence level upper limits for annihilating dark matter (left panel) and lower limits for lifetime
of decaying dark matter (right panel) obtained with 5-years of DAMPE data, with and without systematic
uncertainties (red solid and purple dotted lines) compared with the 5.8-year Fermi-LAT results (blue dot-dashed
line). Yellow and green bands show the 68% and 95% expected containment.

5 Cosmic rays

Cosmic rays are generated in astrophysical sources, then travel to Earth through the interstellar
medium. At 500 km of altitude, DAMPE is able to detect a total of ∼5 million CR events per
day. In particular, for the cosmic-ray proton flux measurement, 2.5 years of DAMPE data were
analyzed in the energy range from 40 GeV to 100 TeV 11, as illustrated in figure 5. Afterwards,
with 4.5 years of DAMPE data, the helium flux with energy from 70 GeV to 80 TeV was
measured, as reported in figure 6 12. The proton and helium spectra measured by DAMPE
confirm the evidence of a spectral hardening, already found by other experiments13,14,15,16,17,18,19,
and reveal, for the first time, a softening feature at ∼14 TeV for protons and at ∼34 TeV for
helium, with high significance. By selecting a combined proton and helium sample, DAMPE
can reach even higher energy and purity, providing a link between direct and indirect cosmic-ray
measurements, and giving further confirmation of the hardening and softening features. The
preliminary result on the combined proton and helium spectrum can be seen in figure 7 between
the energies 50 GeV and 150 TeV 20. The extension of this spectrum to higher energy is in
progress. Ongoing cosmic-ray analyses focus on heavier nuclei such as Li, Be, B, C, N, O, Fe
21,22, and on secondary to primary ratio (B/C) 23, shown in figure 8. These measurements are
intended to clarify the CR propagation mechanism in our galaxy.

6 Summary

Since December 2016, the DAMPE satellite has been continuously collecting data with all its
subdetectors optimally working. In these years of operation, several results were achieved. The
electron-positron spectrum has been measured up to 4.6 TeV, with a precision never achieved
before, showing the presence of a spectral break at ∼ 1 TeV. A large amount of gamma-ray data
were collected, resulting in the identification of 222 gamma-ray sources, mainly AGNs. DAMPE
also set a new lower limit for dark matter mass, in the case of mass lower than 100 GeV. Ground-
breaking results were obtained in the field of CR, where DAMPE measured the spectra of proton
and helium revealing, for the first time, a softening structure at ∼ 14 TeV for protons and ∼
34 TeV for helium. When proton and helium are combined in a single spectrum (p+He), the
result shows that DAMPE has the potentiality to reach hundreds of TeV, thus building a bridge
between space-based and ground-based experiments. The latter analysis focused on reaching
higher energies, along with other CR nuclei analysis, are currently in progress. By measuring
primary (C, O, Fe, ...) and secondary (Li, Be, B, ...) spectra, DAMPE will provide further
insights on CR origin, acceleration and propagation mechanisms in our Galaxy.
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Figure 5 – DAMPE proton spectrum (red circles), compared with previous direct measurements 13,14,15,17,19,24.
Statistical uncertainties are represented by error bars, while the inner and outer shaded bands indicate systematic
uncertainties due to the analysis procedure and total ones (including the hadronic model) respectively.

Figure 6 – DAMPE helium spectrum (red circles), compared with previous direct measurements 13,14,15,17,19,24.
Statistical uncertainties are represented by error bars, while the inner and outer shaded bands indicate systematic
uncertainties due to the analysis procedure and total ones (including the hadronic model) respectively.
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