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The ISS-based Calorimetric Electron Telescope (CALET) is directly measuring the energy spec-
trum and direction distribution of electron+positron cosmic-rays up to 20 TeV. A main goal of
CALET is to identify a signature of a nearby supernova remnant in electron+positron cosmic-rays,
such as a spectral feature in the TeV region and/or a detectable anisotropy. The electron+positron
events measured by CALET have been analyzed for a possible dipole anisotropy, as well as higher
multipole moments. The methods for deriving limits on the anisotropy from the reconstructed
events, as well as the procedures to compensate for the non-uniform exposure to the sky and
inhomogeneous acceptance of the detector are explained. Preliminary results for the measured
anisotropy and upper limits depending on threshold energy are presented, together with sensi-
tivity estimations and a comparison to the expected anisotropy caused by the Vela supernova
remnant
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1. Introduction

During recent years, the precision of measurements of the electron + positron cosmic-ray
spectrum has increased significantly, with space based direct measurements by CALET [1, 2] and
DAMPE [3] reaching into the TeV energy region, which is expected to be dominated by cosmic rays
emitted by very nearby supernova remnants (SNR), since radiative energy loss limits the propaga-
tion distance of electron cosmic rays reaching Earth at TeV energy to less than one kiloparsec (kpc)
[4]. Detecting a signature of cosmic-ray acceleration in the nearby SNR is one of the main physics
goals of CALET [5], and searching for the dipole anisotropy expected from a dominating single
source in the measured flux in addition to spectral information is an important tool to achieve this
goal. The preliminary analysis presented herein aims mainly at establishing the methods and to
ensure the correct understanding of the detector response to allow testing for actual signatures us-
ing further increased statistics of flight data in combination with the also continuously extending
spectral measurement [6].

2. Method of Analysis

The analysis for a dipole or higher multipole anisotropy in CALET electron+positron data
is based on the methods used by the Fermi-LAT collaboration for analysis of their data as de-
scribed in Ref. [7]. The HEALPix [8] anafast routines are used to perform a spherical harmonic
decomposition of the event distribution on the sky in galactic coordinates, calculating the multi-
pole coefficients Cl for monopole (C0), dipole (C1), quadrupole (C2) and octupole (C3). From these
coefficients, the dipole magnitude δ is calculated as

δ = 3
√

C1

C0
. (2.1)

For an event distribution with negligible higher multipole moments this corresponds to the ratio of
the largest flux difference to twice the average flux,

δ ≈ Φmax−Φmin

Φmax +Φmin
. (2.2)

While the right side of Eq. 2.2 has a maximum of one, δ from Eq. 2.1 can be larger for distributions
more sharply peaked in one direction than a dipole, and is three for a signal from a single direction.
As a gradient in the cosmic-ray density caused by propagation from a nearby source would result
in a dipole anisotropy [9], the approximation is valid for the maximal expected concentration of
events in one direction, but values of δ > 1 appear in distributions with small event numbers due
to statistical fluctuation (the combined monopole and dipole components are negative in opposite
direction to the event concentration, which is compensated by contribution of higher multipoles).

The analysis is performed on samples of events above a threshold energy for which five values
equidistant in log scale between 125 GeV and 2 TeV are chosen. Owing to the steep spectrum,
each sample is dominated by events close to the threshold.
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From the measured value of δmeas, the 95% CL limit is calculated as the value of δ for which
the probability of the measured and smaller anisotropy is five percent, i.e. by solving the integral

3
√

6√
πδ 3

δmeas∫
0

δ̂
2e−

(
3δ̂2

2δ2

)
dδ̂ = 0.05 (2.3)

numerically [7].

3. Data Sample and Exposure Correction

The data taken into account contains all electron candidate events above an reconstructed
energy of 125 GeV from the start of scientific observation on 2015/10/13 until 2018/10/31, 1115
days in total, using the boosted decision tree electron separation method. To compensate for the
non-uniform exposure of the sky to CALET and the direction-dependent reconstruction efficiency,
the events are weighted relative to the average exposure and reconstruction efficiency. The effective
area for any given direction in the detector coordinate system is calculated as a HEALPix map, in
which all the event-selection efficiencies are included. Along the ISS orbit, the effective area for
any given direction is projected to the sky in the galactic coordinate system weighted by the live
time. As a result, an exposure map is obtained for any given period of observation, depending also
on energy and the event classification, which is described in the supplemental material of Ref. [2].
The exposure maps use the same binning as the HEALPix maps containing the events (HEALPix
resolution parameter Nside = 64, ≈50k pixels [8]) and are averaged over the observation time for
the data sample. Each event receives a weight wi given by

wi =
1
Ai

 ∑
events

∑
pixels

A(E, pixel)

NeventsNpixels)

 (3.1)

where Ai is the individual exposure for the direction and energy of the event.
For each sample of events above the respective threshold energy, an average exposure map is

composed by combining the exposure maps for the events in the sample. These average exposure
maps for which examples are given in Figure 1 are used to include the influence of uneven exposure
and exposure correction in the Monte Carlo simulation for estimation of expected anisotropy from
statistical fluctuation.

4. Comparison Models

To put the results of the anisotropy analysis into context, they are compared to predictions by a
model interpreting available cosmic-ray spectral data as explained in the following. The statistical
fluctuation of event directions result in the occurrence of multipole moments in the measurement
also for a purely isotropic spectrum, based on the number of events in the sample. To estimate
these fluctuations, the electron+positron flux is modeled and used to create statistical samples. As
a modification to the model, the high energy part of the electron+positron spectrum is assumed to
originate purely from the Vela SNR, to estimate the potential anisotropic component of the flux in
this energy region, into which also the cosmic-ray propagation conditions enter.
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Figure 1: Average and normalized exposure maps for 125 GeV (left) and 1 TeV (right) threshold
energy.

The chosen propagation conditions (also used in [10]) comprise a gradual change in the slope
of the diffusion coefficient according to

D(r) = D0

(
R
R0

)δl

1+
(

R
Rb

) δl−δh
s

−s

, (4.1)

with δl = 0.6 , δh = 0.33, R0 = 4 GV , Rb = 300 GV , D0 = 1.3 · 1028 cm2/s, and a softness
parameter s = 0.2. In calculation of nuclei spectra with DRAGON [11], assuming a common
injection index γi = -2.32 for all nucleons, this model reproduces the AMS-02 B/C ratio [12] and
proton spectrum [13] measurements, predicting a hardening in the proton spectrum, albeit too weak
to be the sole explanation for the magnitude of index change as recently measured by CALET
[14, 15] (an adaption of the model is currently being investigated).

Due to their large energy loss in propagation, the electron and positron spectra depend on
the exact distribution of individual point sources. Modeling the precise measurements of AMS-
02 [16] and CALET [2] requires to fine-tune the parameters, which can be achieved better with a
partly analytic parametrization. The parametrization is based on a power law with a soft spectral
break (index γe, break position Eb, index change ∆γ , softness s) at low energy and an high-energy
exponential cut-off at Ecutd representing directly the propagated spectrum of primary electrons from
SNR. Secondary positron and electron fluxes are taken from the DRAGON results for nuclei, with
a common scaling factor (Cs/Cnorm) as free parameter. The positron excess is attributed to multiple
nearby pulsars (selected by their potential contribution to the total flux being more than 5%) with
position, age and total rotation energy taken from the ATNF catalog [17], while injection efficiency
η , spectral index γex and cut-off energy Ecutex are free parameters common for all pulsars. It is
assumed that the high energy electrons and positrons are confined in the PWN initially and instantly
released with the dissolving of the PWN after Tr = 60 kyr[18]. The injection spectra are propagated
using the analytic solution of the propagation equation for a point source as explained e.g. in
Ref. [19]. This parameter fit reproduces the lepton spectra very well as demonstrated in Figure 2.
(A more detailed explanation of the model and parameter fitting is given in Ref. [20].)
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Figure 2: Models of electron+positron flux by parameter fitting to CALET [2] and AMS-02 [16]
data. See legends for explanation of markers and lines, the values for the parameters introduced
in the text are given in the box to the right of the graphs. The model shown in the upper panel
is used as reference for the flux of an isotropic distribution, for the model in the lower panel the
anisotropy of the Vela SNR is calculated and compared to limits.

The flux predicted by this model is used together with the averaged exposure maps to create
samples of CALET data for the case of an isotropic cosmic-ray flux. The flat expectation map
is multiplied with the exposure map before randomly assigning the event number in each pixel
according to the Poisson distribution for the expected number of events. For each threshold energy,
20000 samples are created and analyzed in the same way as the flight data, yielding the expectation
ranges shown in the figures of the result section.

The flux in the SNR region could be dominated by a single source, with the Vela SNR being the
main candidate, due to its distance of 0.3 kpc and age of 11000 yr [4]. The above model is modified
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to show the dipole anisotropy expected in this case. The expected anisotropy from the Vela SNR as
presented for comparison to limit results in Figure 3 is calculated using DRAGON, which features
a non-equidistant spatial grid, allowing for a fine spatial binning near the observation point and
sources required for calculation of anisotropy. The directional derivative of the cosmic ray density
F(x,y,z), is expressed as a difference between grid points with positions~r1 and~r2 on opposite sides
of the Solar System’s position~rsun. The flux Φdir from direction of the grid point at position~r1 is
calculated as

Φdir = Φavg

(
1+

3D(R)
c

F(~r1)−F(~r2)

|~r1−~r2|F(~rsun)

)
. (4.2)

The injection spectrum of Vela SNR is given by power law index γi = -2.32 and cut-off energy
Ec = 100 TeV, assuming constant emission over 5000 years. The total energy of emitted cosmic-ray
electrons with E>1 GeV is normalized to 2.5 ·1047 erg, to be compatible with CALET data.

5. Results

Figure 3 shows the measured dipole anisotropy and resulting 95% CL limits together with
the expectation ranges. The results fall within the 2-σ boundary of the expectation for statistical
fluctuations of an isotropic cosmic-ray flux.

Owing to the larger effective area of Fermi-LAT, the limits from Ref. [7] are more stringent in
the energy range for which they are applicable. The Fermi-LAT 7-year anisotropy limits published
in Ref. [21] are for independent energy bins, not threshold energies, and not directly comparable,
though certainly much more stringent below 1 TeV than the obtained CALET limits. However,
since the anisotropy found for each bin is dominated by the larger number events in the lower energy
part of the bin, the limit set by the highest energy bin is not directly applicable for the TeV-region,
making the presented limits from CALET data the first explicit constraint of electron+positron flux
dipole anisotropy in this energy range.

The predicted anisotropy of the above explained model for the Vela SNR is not ruled out by
the Fermi-LAT limit as shown in Figure 4, demonstrating that a yet undetected significant dipole
anisotropy could exist in the TeV energy region, making further search for anisotropy in this energy
range worthwhile.

In addition to the dipole amplitude, the quadrupole and octupole moments were analyzed,
with the former being a useful tool to investigate the influence of the exposure correction. While
there is only limited influence on the obtained and expected results for the dipole amplitude, the
non-uniformity of the exposure is quadrupole-shaped and thus will imprint a quadrupole structure
on an isotropic event distribution. This structure is detected at low energy as expected from the
simulation if not applying the exposure correction in the analysis, while the quadrupole moment
is reduced to the level expected from random fluctuations when applying the exposure correction,
proving the reliability of the correction. The octupole moment is not influenced by the exposure
correction and measured values fall well within the expectation range.

6. Summary

The analysis of CALET data from about three years of flight data yields results on the dipole
magnitude agreeing to what is expected from statistical fluctuations of an isotropic electron+positron
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Figure 3: Measured and expected dipole anisotropy (top) and 95% CL limit (bottom) as a func-
tion of threshold energy, compared to limits by Fermi-LAT [7].

cosmic-ray flux. These preliminary results set limits on the dipole anisotropy in the TeV region,
not yet explicitly covered by other experiments.

A significant anisotropy could exist at TeV energy from electrons accelerated by the Vela SNR
for standard emission and propagation conditions meeting the recently tightening experimental
constraints. This presents a target for further measurements of CALET and future analyses with
increased flight data statistics and refined methods potentially combining spectral and anisotropy
information to enhance sensitivity.
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Figure 4: Predicted dipole anisotropy for the Vela SNR model shown in the lower panel of
Figure 2, compared to Fermi-LAT limits from Ref. [21].
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