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This project paves the road for detecting the first direct observation of cosmic rays from an
individual source, the Vela SNR, which would confirm and refine our theoretical understanding of the
cosmic rays" origin, leading to a more comprehensive understanding of the universe.

Galactic cosmic rays (CR) are expected to originate from supernova remnants
(SNR), but as charged particles, the magnetic fields scramble their arrival direction which thus
does not reveal their sources. But very high energy (TeV-range) electron CR could only arrive at
Earth from a few nearby SNR (distance < 1 kpc), since they quickly loose energy.
The 1SS-based CALET detector measures the spectrum of all-electron CR up into the TeV region to find
signatures of these nearby SNR, specifically the Vela SNR. The theoretical spectral shape in the
TeV region was studied and compared to latest results by CALET, revealing a hint for a signature
from this nearby SNR.
Towards a significant discovery, improved analysis methods for the spectral and anisotropy
signatures (at close distance, the CR directional information may be not completely lost, causing an
increased flux from the direction of Vela) have been developed and tested with simulations,
confirming that detection is likely by 2030.
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Cosmic-ray (CR) electrons of TeV energy are limited by energy loss to a propagation
range of ~1 kpc, therefore the expected sources are a few nearby supernova remnants
(SNR), with the Vela SNR dominating the spectrum. The CALET experiment on the ISS is
measuring the e* + e” CR spectrum well into the TeV region. The spectrum up to 4.8 TeV
as published by CALET in 2019 shows a flux reduction above 1 TeV, meaning that a
spectral hardening indicating the onset of the signature peak of Vela would have to be
above several TeV, with event numbers lower than assumed in earlier sensitivity studies.

This project aimed at realizing the most important goal of the CALET mission, to
identify a signature of the Vela SNR. Vela is the prime candidate for a detectable
nearby cosmic-ray source, but the signature depends strongly on the start time of
cosmic ray release, injection duration and the propagation parameters. Direction
dependent spectra have been calculated for benchmark models with parameters allowed by
experimental constraints, including the background spectrum from more distant
astrophysical sources and secondary particles with consistent propagation conditions.
Using these benchmark models, improved analysis methods for the spectral and anisotropy
signatures of nearby SNRs were developed and the sensitivity of CALET for the currently
approved project duration until 2030 estimated.

(1) Theoretical Studies of Spectral and Anisotropy Signatures

To model the electron flux from astrophysical sources, combinations of three principal
methods were used: (1) direct parametrization of the flux at Earth by power law
functions (with breaks and exponential cut-offs as appropriate, (2) semi-analytical
calculation of the propagated spectrum from the assumed source spectrum by a Green’ s
Function, (3) numerical calculation of the propagated spectrum with DRAGON. Method (3)
is most precise in considering all aspects of the propagation and allows for calculation
of the flux anisotropy, but it is only used for the nearby SNR due to the high
calculation time requirement. Method (2) takes propagation into account, but not all
aspects (e.g. diffusive reacceleration, spatial variation of the diffusion coefficient),
while (1) ignores propagation altogether.

In studies of the nearby SNR signatures, the nearby SNR (Vela, Cygnus Loop, Monogem)
contribution was calculated with (3), the pulsar contribution for explanation of the
positron excess with (2), taking the source parameters from the ATNF catalog, and the
contribution of distant SNR by method (1).

As the direct parametrization of the distant SNR contribution requires validation, in
a separate study the data was fitted with the overlapping spectra all calculated with
method (2) of randomly generated SNR and pulsars up to an age of 200 million years.

(2) Theoretical Studies of Cosmic Ray Propagation

Spectral index breaks have been discovered in the cosmic-ray nuclei spectra, with
slight differences in the indices and break positions between the nuclei species.
Assuming these structure differences to be propagation effects caused by soft breaks
in the power-law rigidity dependence of the diffusion coefficient, as well as a spatial
variation of the diffusion coefficient within the galaxy, a model with a broken power
law source spectrum common for all nuclei species is assumed.

Using a modified version of the numerical cosmic-ray propagation calculation code
DRAGON and optimizing the model®s input parameters in a random walk based on the fit
quality with respect to the measured nuclei spectra, several reference propagation
parameter sets were derived over the course of the project, adapting successively to
new experimental results.

(3) Anisotropy Analysis Method

To enhance the sensitivity for anisotropy signature over the standard omnidirectional
dipole anisotropy search, the dipole projected onto the direction towards Vela is taken
as the main observable. To reduce the influence of statistical fluctuation, the dipole
strength is calculated with the energy of each event in the sample successively used
as lower bound, and the average dipole strength taken.



(4) Unbinned Spectral Fitting Method
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Given the low event numbers in the TeV region, much information is lost when generating
a binned spectrum. Therefore, the following unbinned analysis method which works
directly on the list of event energies has been developed. The parameters of the
probability density function (PDF) are fitted by maximizing the likelihood L =
[1; PDF(E;, params) where i loops over all events. To identify and quantify the
contribution from the nearby SNR, a power law with exponential cut-off (PDF,., =
E~ne~(E/EJY) s used as the PDF for the base model without nearby sources, while the
same function with addition of another power law (PDF,,40 = (1 — a)E"V1e~(E/ED + gE~72)
represents the model with nearby source contribution. The PDF is normalized using the
Complementary Cumulative Distribution Function (CCDF) which is CCDFp4e =
- )ES (L~ y1,E/EL) + a(EC12 /(1 ~ 1))

with i being the incomplete gamma function. The fitting algorithms and functions
were developed based on the “ powerlaw” python package (Alstott J, Bullmore E, Plenz
D, PLoS ONE 9(1): e85777 (2014)). The significance for the existence of the nearby
source contribution is calculated from the likelihood ratio (A log(L)) between the
fits of the model with the extra power law and the base model without extra power law.

(1) Systematic study of expected spectral and anisotropy signatures from nearby SNR
and comparison with CALET data

Limits and best-fit values for the total energy of electron cosmic ray emission from
the nearby SNR have been calculated based on a standard binned analysis method and for
generic emission scenarios (delayed instantaneous release, constant release for a
duration). These results were shown at ICRC2021 and published in the proceedings. The
modelling used in this study was used to illustrate in 2023 that the latest results by
CALET published in Phys. Rev. Lett. 131, 191001(2023) show a hint for the existence of
a signature from nearby SNR.
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[Fig. 2] Left: Model fit including nearby SNR, predicting 11.0(4.2) events above 4.8(7.5)
TeV matching 9(4) events from a special analysis of the highest energy electron
candidates. Right Fit without near SNR predicting 4.6(1.0) events above 4.8(7.5) TeV.
Better agreement with left fit published as a hint for the existence of the near SNR’s
contribution in Phys. Rev. Lett. 131, 191001(2023). By 2030 (double exposure compared
to 2023 data) the statistical errors would be reduced to the red area in the left plot.

(2) Cosmic-Ray Propagation Models

As the outcome of the efforts to determine suitable propagation conditions, a model
simultaneously explaining various nuclei spectra and primary-secondary ratios
measurements by the CALET, AMS-02, and the CRS (Cosmic Ray Subsystem) on the Voyager
space-probes was developed. These results were published in ICRC2023 proceedings.

(3) Study of Pulsar and SNR Properties based on CALET Data

Overlapping spectra from individual pulsar and SNR point sources randomly generated
throughout the galaxy, together with known sources from electromagnetic wave
observations, were fitted to the combination of CALET and AMS-02 data. Based on the
study of many samples with randomized source locations and emission spectra parameters,
best fitting ranges for these parameters have been determined. It was shown that these
overlapping spectra can well fit the data with a wide range of possible values for the
injection spectrum parameters of both pulsars and SNR. These results were published in
ICRC2023 proceedings.
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[Fig. 3] An example of fitting CALET all-electron and AMS positron data with the

overlapping spectra of ~7.5 million SNR and pulsars, demonstrating that the

measured mostly smooth spectrum can be composed in this wav.
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(4) Unbinned Spectral Fitting and Prediction of CALET Sensitivity
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[Fig. 4] Distribution of expected significance (o) derived from using the unbinned
analysis on 5000 statistical event samples (list of event energies above 100 GeV) with
exposure used in PRL2023 paper (left plot) and twice that for 2030 (right plot). The
event samples were created based on the model fit shown in Fig. 2. Underflow bins
contain samples where likelihood does not improve if including near SNR.

The performance of the unbinned spectral analysis method was evaluated using benchmark
models from the ICRC2021 proceedings, and used to estimate CALET' s sensitivity,
comparing the case of 2023 statistics with those expected by 2030. It was shown that
by 2030 there would be a high probability of a 50 discovery for certain models, with
strongly improved chances compared to the 2023 statistics.

(5) Anisotropy Analysis and Prediction of CALET Sensitivity
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[Fig 5] For the model fit on the left (Vela only as near SNR), 5000 simulated samples
(right panel) with 2030 statistics with anisotropy (orange) and without (grey) can be
separated at 95% CL.

The performance of the anisotropy analysis method was tested using benchmark models
from ICRC2021 proceedings, estimating the performance of CALET by 2030. For optimal
conditions on the emission by Vela and propagation, it was shown that a 95% CL
separation between the cases with anisotropy and without can be achieved.

(6) Dark Matter Limits with Individual Source Astrophysical Background Model

While this project focused on signatures of nearby SNR, the developed modelling of
astrophysical sources was used for the background in indirect dark matter search. In
a combined analysis of CALET all-electron and AMS-02 positron data, limits on the dark
matter annihilation cross section and dark matter lifetime have been calculated for
various annihilation/decay channels and dark matter masses over a wide range from a
few GeV to several tens of TeV. The astrophysical background is modeled as samples of
individual SNR and pulsar sources combining known nearby and randomly generated sources
throughout the galaxy, with also randomized emission spectra parameters. This approach
improves the reliability of the limits by analyzing many samples, thus taking background
variability into account. Results were published in IDM2022 and ICRC2023 proceedings.
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