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The ISS-based Calorimetric Electron Telescope (CALET) is directly measuring energy and arrival
direction of electron+positron cosmic rays (CR) well into the TeV region. Due to energy loss in
propagation, TeV-range CR electrons are expected to originate from only a few nearby and young
supernova remnants (SNRs), foremost the Vela SNR, potentially giving rise to spectral features
and flux anisotropy as signatures. To further CALET’s goal of finding a signature of Vela, a novel
non-binned analysis algorithm quantifying the significance of a potential spectral hardening in
the TeV region from the near-SNR contribution was developed, as well as an analysis method
for anisotropy which enhances the signature significance by fixing the dipole axis towards the
Vela SNR. The sensitivity of CALET to these spectral and anisotropy signatures was evaluated
by using the new analysis methods on simulated event samples based on an interpretation model
fitted to the currently measured electron and positron spectra. In addition to an explanation of
the analysis methods, the expected significance of the spectral and anisotropy signatures as well
as their combination are presented for a selection of representative conditions for the emission of
electron CR by the nearby SNRs.
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1. Introduction

The electron+positron cosmic-ray flux in the TeV energy region is expected to originate primar-
ily from very nearby supernova remnants (SNR), since radiative energy loss limits the propagation
distance of electron cosmic rays reaching Earth at TeV energy to less than one kiloparsec (kpc) [1].
A softening of the all-electron spectrum around one TeV [2] corroborates the assumption that a
transition from many distant to few nearby sources takes place at this energy. Three SNRs are likely
sources for the TeV range flux: The Vela SNR is expected to dominate the spectrum in the TeV
region due to its distance of ∼ 0.3 kpc and age of ∼ 11 kyr, while the Monogem SNR with also
∼ 0.3 kpc distance but an age of ∼ 86 kyr may give a contribution at the lower end of the TeV
region, and Cygnus Loop with a larger distance of ∼ 0.44 kpc and ∼ 20 kyr could give a smaller
contribution in a similar energy range as Vela. The contribution of these individual sources depends
especially on the timing of the cosmic-ray emission after the supernova explosion and the maximum
energy of their source spectrum, and depending on these parameters their contribution could cause
a re-hardening of the observed spectrum at several TeV. While this signature of an individual source
would be observed in the spectrum, anisotropy in arrival direction is another possible effect of a
dominating single nearby source, as there would be a gradient in the cosmic-ray density pointing
towards the source. An un-binned spectral fit tuned to the re-hardening signature and an analysis
method focusing on the direction towards Vela in order to enhance the sensitivity over general
analysis methods have been developed. The probability to achieve a 5𝜎 detection of a signature for
CR emission from Vela with this analysis method was studied for a range of condition of emission
timing and spectrum cutoff, both for the data already taken up to the end of 2023 and for the data
expected to be taken by 2030, the end of the currently approved mission extension of CALET.

2. Un-binned Spectral Fit

To improve the sensitivity to the re-hardening of the spectrum over a fit to the binned spectrum
where information is lost in binning process, an un-binned fit working directly on the list of event
energies was developed. The distribution of event energies is fitted by minimizing -log(𝐿) where
likelihood 𝐿 is the product of the probability density function (PDF)

𝑃𝐷𝐹 = (1 − 𝑎)𝐸−𝛾1𝑒
−
(

𝐸
𝐸𝑐

)
+ 𝑎𝐸−𝛾2 (1)

over all events. The first cut-off power-law term represents the contribution from distant SNR, while
the second power law term represents the nearby SNR. The PDF is normalized by the complementary
cumulative distribution function (CCDF)

𝐶𝐶𝐷𝐹 = (1 − 𝑎)
(
𝐸

1−𝛾1
𝑐 Γ𝑖𝑛𝑐

(
1 − 𝛾1,

𝐸

𝐸𝑐

))
+ 𝑎

(
𝐸1−𝛾2

1 − 𝛾2

)
(2)

in which Γ𝑖𝑛𝑐 is the incomplete gamma function. The availability of a closed form expression for
the CCDF is one reason Eq. 1 was chosen over other possible PDF functions such as a double soft
broken power-law, since numerical integration does not provide a sufficiently precise normalization
for a stable minimization. The fitting is performed with a modified version of the python package
Powerlaw [3]. The significance of the existence of the extra power-law term for the nearby SNR
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sources is determined from the ratio to the likelihood calculated for the base-model without the
extra power-law term, for which the PDF is given by:

𝑃𝐷𝐹 = 𝐸−𝛾1𝑒
−
(

𝐸
𝐸𝑐

)
(3)

The significance 𝜎 is determined from the 𝜒2 distribution for two additional degrees of freedom
related to the likelihood ratio by Wilks’ theorem −2Δ log(𝐿) ≈ 𝜒2 [4].

3. Directional Anisotropy Analysis

An omni-directional search for a dipole anisotropy as described in Ref. [5] has three degrees
of freedom, the dipole’s direction encoded by two angles and the dipole amplitude. To test the
hypothesis of a dipole anisotropy caused by Vela we can restrict our search to the known direction
towards the source, leaving only one degree of freedom, which increases sensitivity. The analysis
is designed to yield a likelihood-ratio, which can be combined with that of the spectral fit by
multiplication. The likelihood is calculated as 𝐿 =

∏
𝑖 𝐿𝑖 where i loops over the pixels of a

nside=64 healpix map, with 𝐿𝑖 = 𝑒−𝜇𝑖
𝜇
𝑛𝑖
𝑖

𝑛𝑖! being the Poisson statistics probability for 𝜇𝑖 expected
and 𝑛𝑖 measured events in pixel 𝑖. The expected number of events as a sky-map is given by

𝜇 = (𝑀 + 𝛿 × 𝐷) × 𝐴 ×
∑
𝑛𝑖∑
𝐴𝑖

(4)

where M is the monopole map (isotropic sphere) and D is the dipole map towards Vela, i.e. cosΘ
where Θ is the angle from Vela direction and 𝐴 the exposure map. By minimizing -log(𝐿) with
𝛿 as free parameter, the best fit dipole amplitude 𝛿𝐵𝐹 is obtained, from which the likelihood ratio
𝐿 (𝛿 = 𝛿𝐵𝐹)/𝐿 (𝛿 = 0) is calculated. As the minimium energy of the event sample, each event’s
energy is used in turn, from the highest down to 300 GeV, and the average likelihood ratio taken,
which reduces the influence of white noise fluctuation. From the averaged likelihood ratio, the
significance is calculated via Wilks’ theorem and the 𝜒2 distribution for one degree of freedom.
The combined significance for spectral and anisotropy signal is calculated by multiplication of the
likelihood ratios and using the 𝜒2 distribution for two degrees of freedom which is the larger value
from the two involved likelihood ratio tests.

4. Flux Modeling and Sample Creation

The modeled electron and positron flux is comprised of a component for the distant SNRs,
parameterized as a broken power law with exponential cut-off (electron), a semi-analytically calcu-
lated contribution from the pulsars listed in the ATNF catalog [6] (electron and positron), secondary
particle flux taken from DRAGON [7] calculations of nuclei propagation (electron and positron), as
well as the electron flux from the nearby SNRs, which are calculated with DRAGON. This modeling
and the fit to CALET all-electron data [2] and AMS-02 positron-only data [8] are described in detail
in in Ref. [9], though the propagation model published in Ref. [10] is used.

Fig. 1 shows the best fit results for two representative conditions, a 5000 yr delay of the
CR release with a spectral cut-off at 10 TeV under the assumption that Vela dominates the TeV-
region spectrum (i.e. the contributions from Cygnus Loop and Monogem are ignored), ("Model
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Figure 1: Example fits to CALET all-electron and AMS-02 positron-only data, for 5000 yr delay, 10 TeV
cut-off, Vela only case (left: Model A) and 10000 yr duration, 100 TeV cut-off, three nearby SNR case
(right: Model B)

A" hereafter) and 10000 yr continuous emission of CR with a spectral cut-off at 100 TeV with
contributions from all three nearby SNRs included ("Model B" hereafter). For the best fit flux
of each condition, 1000 samples of simulated CALET event data with a randomized energy and
direction distribution are created. The direction distribution is based on the flux anisotropy from
the nearby SNRs which is extracted from the result of the propagation calculation with DRAGON,
assuming the background from distant SNRs and pulsars to be isotropic. Furthermore, the energy-
dependent exposure map of the CALET detector for the observation period from start of observation
in October 2015 to the end of 2023 is applied as a weight, to take the uneven exposure to different
regions of the sky into account. The total exposure determining the event numbers and energy
distribution is also taken from these maps, with the exposure multiplied by 1.8 in the creation of
1000 additional samples for simulation of the extended observation until 2030.

5. Results

Using the spectral fit and anisotropy analysis on the 1000 samples created for each condition
yields distributions of the detection significance. For the spectral fit, it was found that a 5𝜎 level is
obtainable in many cases, while for the anisotropy analysis only 2𝜎 is a viable threshold. However,
its combination with the spectral fit may improve the chance of reaching 5𝜎. Fig. 2 shows these
distributions for Model A and Fig. 3 for Model B. The probability of reaching 5𝜎 with the spectral
fit and the combined analysis under each studied condition is listed in Table 1 for the Vela-only case
and in Table 2 for the case of three nearby SNR. The probability of reaching 2𝜎 with the directional
anisotropy analysis and the increase in probability for a 5𝜎 detection if combining the anisotropy
signal with the spectral fit are shown in Table 3 (Vela-only) and in Table 4 (three nearby SNR).
Model B shows the largest improvement of 22.5% among all tested conditions.
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Figure 2: Example sensitivity distributions for Model A, for spectral fit (left), anisotropy analysis (center)
and combined analysis (right). The upper panel shows the results for observation until 2023, the lower
one until 2030.

Figure 3: Example sensitivity distributions for Model B, for spectral fit (left), anisotropy analysis (center)
and combined analysis (right). The upper panel shows the results for observation until 2023, the lower
one until 2030.
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Table 1: Probabilities for 5𝜎 significance for the Vela-only case depending on injection timing (rows)
and injection spectrum cut-off (columns). Upper line in each cell gives the values for the observation until
2023, lower line the values for observation until 2030. The left value in each line is the probability from
spectral fit only, the right value for the combined spectral-anisotropy analysis.

Table 2: Probabilities for 5𝜎 significance for the case of three nearby SNRs depending on injection
timing (rows) and injection spectrum cut-off (columns). Upper line in each cell gives the values for the
observation until 2023, lower line the values for observation until 2030. The left value in each line is the
probability from spectral fit only, the right value for the combined spectral-anisotropy analysis.
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Table 3: Results of the anisotropy analysis in the Vela-only case depending on injection timing (rows)
and injection spectrum cut-off (columns). Upper line in each cell gives the values for the observation until
2023, lower line the values for observation until 2030. The left value in each line is the probability from
the anisotropy analysis, while the right value shows the increase in probability for a 5𝜎 detection which
the addition of the anisotropy analysis provides to the spectral fit.

Table 4: Results of the anisotropy analysis in the case of three nearby SNRs depending on injection
timing (rows) and injection spectrum cut-off (columns). Upper line in each cell gives the values for the
observation until 2023, lower line the values for observation until 2030. The left value in each line is the
probability from the anisotropy analysis, while the right value shows the increase in probability for a 5𝜎
detection which the addition of the anisotropy analysis provides to the spectral fit.
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6. Discussion and Conclusion

Newly developed un-binned spectral fit and directional anisotropy analysis methods have been
evaluated, giving sensitivity estimates for detection of a signature of the Vela SNR by CALET
observation as performed until 2023 and extrapolated until 2030. It is shown that depending on
the injection parameters there is a high probability of a 5𝜎 discovery of the combined spectral-
anisotropy signature. Inclusion of the anisotropy signature raises the probability by up to 22.5%
(11.5%) and by 9.0% (4.7%) on average for the case of Vela dominating (three nearby SNRs
contributing to) the TeV-region spectrum, for observation until 2030. Comparing the results for
observation until 2023 and until 2030, it is found that the additional observation time would greatly
increase the chances of discovery, with a maximum increase by 48.2% (46.2%) and an average
increase by 30.0% (26.7%). While further verification of the exposure function is needed before
this method is applied on flight data, the presented sensitivity study shows its potential for enabling
discovery of a Vela signature and underscores the importance of continued data-taking with CALET.
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