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The DArk Matter Particle Explorer (DAMPE) is a satellite-borne experiment successfully
launched in December 2015. The main scientific goal of the mission is to perform high preci-
sion measurements of the High Energy Cosmic Ray (HECR) sky and, after more than three years
of data taking, DAMPE has collected over 5.6 billion events.

In recent years the anisotropy of CRs results have been presented by several collaborations with
the use of ground-based and space-based experiments from energies above tens of GeV up to
EeV. In this work we are present a preliminary study of the sensitivity of the DAMPE experiment
to the anisotropy signal. We discuss the method used for anisotropy searches and present the
preliminary results based on one year of the DAMPE data for all particle types at calorimeter
energies from 100 to 500 GeV. The work includes also studies on the different angular scales.
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1. Introduction

The origin, propagation and acceleration of cosmic rays from galactic and extra-galactic sources
is currently one the most important open questions in astrophysics. Current theories support that
cosmic rays are created in the most extreme environments in space. One of the possible ways to
address the question of the origin of the cosmic rays is the study of the anisotropies of their arrival
directions. The interstellar medium is filled with the turbulent magnetic fields which make the
arrival direction of the cosmic rays highly uniform. The interaction of charged cosmic rays with
different magnetic fields modifies their original direction and thus the cosmic rays do not point
back to their source. However a strong nearby source can create anisotropy in some direction.
Other possible sources of the anisotropy arise from the Compton-Getting effect and diffuse flow
of the cosmic rays through the local magnetic fields [3]. Both effects predict that the strongest
anisotorpy would be the dipole one and that it might have the amplitude around ~ 3 —5 x 10~* at
the energies of order a hundred GeV.

Recent searches for anisotropy have gathered new information in different energy ranges with
both space-based and ground-based experiments. Measurements have been made thanks to air-
shower experiments HAWC [4], MILAGRO [5] and TIBET [6] among others. Searches have also
been done with space-based experiments such as PAMELA [7], AMS [8] and FERMI [9, 10, 11].
For Ultra-high Energy Cosmic Rays important results have been presented by the Pierre Auger
Observatory [12] and Telescope Array [13].

Sensitivity to the detection of different anisotropies is highly dependent on the type of in-
strument and its lifetime. Contribution from space-based experiments is expected to be of great
interest because they have the full-sky coverage contrary to the partial sky coverage presented for
ground experiments. However, an important limitation of space-based experiments is the low rate
of events. Considering the energy range of ~ 100 GeV the most stringent constraint to date on the
anisotropies comes from the Fermi-LAT experiment. For the protons with energy higher than 78
GeV they set a 95% C.L. upper limit of 1.3 x 10~ on the dipole amplitude [11]. For the electron-
positron sample it is ~ 3 x 1072 at energies above 42 GeV [10]. In this work, we analyse the data
collected by the DAMPE satellite experiment [14, 15], using the events collected in the year 2016,
in order to search for the all-particle anisotropies, considering events with calorimeter recorded
energy in the range from 100 to 500 GeV.

2. The DArk Matter Particle Explorer

The DArk Matter Particle Explorer (DAMPE) is an space-borne experiment, it was launched
the 17th of December 2015 [14, 15]. Since then it has been continuously taking data, orbiting in
a sun-synchronous orbit (SSO) at an altitude of 500 km, each orbit has a duration of 95 minutes.
DAMPE’s main objective is the measure of cosmic rays from 20 GeV to the TeV regime. DAMPE
consists of four sub-detectors, from top to bottom these are:

e The Plastic Scintillator Detector (PSD) is a double layer array of plastic strips that covers
the top of the instrument, for charge measurements and as anti-coincidence shield for y-rays.
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e The Silicon tungsten tracker (STK) is composed of six double-layers of silicon strips, for
measuring the incoming direction of the high energy particles.

e The Bismuth Germanium Oxide (BGO) calorimeter is composed of 308 BGO scintillating
bars, arranged in 14 layers. Each bar has two PMTs at both ends of the bars for read out.
BGO has a depth of ~ 32 radiations lengths allowing high energy resolution.

o The Neutron Detector (NUD) consists of four blocks of boron-loaded plastics scintillators
wrapped in aluminum film, used for hadrons identification for energies above 150 GeV.

DAMPE observes the full sky twice in a year. Its angular resolution is better than 0.2° at
100 GeV. The instantaneous field of view of the instrument is approximately 1sr. Thanks to
its thick BGO calorimeter DAMPE has an excellent energy resolution and energy reach for the
direct measurement of cosmic rays, such qualities make DAMPE a competitive instrument for the
anisotropy search.

3. Data Set

The analyzed data set consists of data collected in 2016. Selection cuts are applied to assure
that the particle track and shower are fully contained in the detector volume. These cuts include
a maximum 60° cut on the zenith angle in the detector coordinates. Events detected while the
detector is crossing the South Atlantic Anomaly are rejected.

Since we use the all-particle data set, for the sake of consistency we apply no correction to the
raw BGO energy measurement. For example for a proton at 800 GeV on average the calorimeter
contains only about 40% of hadronic shower. Thus the energies plotted on all the figures below are
factor ~ 1.5 — 2 lower than the actual particle energies. This energy correction factor varies from
one particle type to another. That is why it was decided to use the raw BGO energy instead. Note
also, that the Fermi results mentioned above are for the corrected (true) particle energy.

Although DAMPE is able to identify types of the incoming particles, such identification re-
quires quite stringent selection cuts. For example, for the submitted paper on the proton flux [2] the
number of selected events is about 2 x 10° for a 30 month period. With the all-particle sample one
can have approximately 6-7 times more data. It is the count statistics which has the strongest im-
pact on the anisotropy sensitivity. That is why we decide to use the all-particle sample, conforming
with the ground-based experiments operating on higher energies than DAMPE.

The all-particle sample, according to the flux studies [1, 2], consists of protons on ~ 90%. The
BGO energy of 100 GeV for a proton roughly corresponds to the true particle energy of 200 GeV.
However, we do not suggest to interpret the results presented in this work as the proton anisotropy
at twice higher energies. Such an interpretation would require extensive study of the systematics
with ~ 10% contamination of other particle types. Instead, we suggest the consideration in light
of the Compton-Getting effect [16] and diffuse anisotropy [17], which both could be studied in the
all-particle sample.

On BGO energy we set a minimum energy cut of 100 GeV in order to reject the low energy
events for which the Earth magnetic field effects could be quite strong. For the current study we
limit the maximum BGO energy at 500 GeV.
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After all cuts the total amount of events for the analysis is about 6.1 x 10°. The distribution of
the selected events as a function of energy is showed in Figure 1.
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Figure 1: Distribution of the number of events Figure 2: Sky map in altitude-azimuth coordi-
as a function of the raw BGO energy for the nates. The East-west effect is not visible on
all particle selection used for this work. En- our data set thanks to the 60 degree imposed
ergy range from 100 GeV to 500 GeV. The to- cut on the data. Map done using healpix with
tal amount of events collected for 1 years of nside = 16.

measurements is ~ 6.1 x 10°.

The so-called East-West effect arises from the fact that the cosmic ray trajectories are bent in
the presence of the Earth magnetic field. Thus the positively charged cosmic rays coming from the
East of the satellite could blocked by the Earth. Hence there are less events detected on the East
side of the instrument than on the West side. This effect is particularly strong at large values of the
zenith angle and at low energies. We check that the East-West effect is not visible in our data. The
significance map in altitude-azimuth coordinates is shown on the figure 2. As one can see, the 60°
quality cut on zenith also makes sure that the East-West effect is avoided.

4. Anisotropy Search

For this work we will focus on anisotropy searches at large angular scales. As it was mentioned
before, the center of interest is the dipole anisotropy with an expected amplitude O(10~#). If the
sky coverage was uniform it would be possible to study the anisotropies directly from the sky map
D which in each pixel contains the number of entries in that pixel.

However, the DAMPE sky coverage is not uniform. Therefore it is necessary to create the
exposure map R. We create reference maps with the rate-based method explained in [10] with the
orbit divided in 1s intervals. The exposure map is then estimated as an average 100 reference maps
made with this method. The exposure map of DAMPE is shown on the figure 3

Once one has the observation map D and the exposure map R, the relative intensity is defined
as follows:

D
ol = - 1 4.1)

The reconstructed relative intensity map 81 is shown on the figure 4.
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Equatorial

Figure 3: Exposure map, plotted with nside = Figure 4: Relative intensity map, plotted with
16 in the equatorial coordinates. nside = 16 in the equatorial coordinates.

4.1 Spherical Harmonics

To analyse the relative intensity map we use the spherical harmonic analysis and estimate the
angular power spectrum of the observed anisotropies:

Cr=Ci—Cy, (4.2)

where C; is the reconstructed power spectrum calculated from the coefficients ay,, of the spherical
harmonic decomposition of 67 and Cy is the noise contribution. By definition:
1 ¢ >
Co=—— . 4.3
' 2€+1,,,:Z_[|af’"| 43)
In order to compute the power spectrum C,; we use the HEALPix package [18]. The noise contri-
bution Cy is estimated as:

N, pix

4r N;
Cy = : (4.4)
Ngix I; < N; >2

Here N);, is the number of pixels on the map and N; is the number of entries at the i-th pixel [10].
The uncertainty of the measured Cy is defined, following [19], as:

2

0C = 2041

C 4.5

where we neglect the statistical term, which is several orders of magnitude smaller than the sample
variance term expressed above. The power spectrum of the observed anisotropies 6/ at the lowest
energy bin is shown on the figure 5.

As been said, we are particularly interested in the dipole anisotropy. which is defined as:

5 =3/ 1= (4.6)

where C; is the value of the angular power spectrum at ¢ = 1. The distribution of expected results
under the null hypothesis (i. e. no anisotropy) is calculated by running many sky simulations with
no input anisotropy and reconstructing the dipole amplitude from those maps.
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Figure 5: Estimator of the anisotropy angular power spectrum, according to the equation 4.2. Data
points are shown in black. The green and orange bands show correspondingly the 68% and 95%
limits calculated with the null hypothesis (i. e. perfect isotropy).

5. Results

After reconstructing the angular power spectra of the observed map we are able to compute the
dipole amplitude using the equation 4.6. Its value is (3.3 4 1.3) x 10~, while the distribution of
the null-hypothesis results has median at 1.1 x 10~3 with an interval comprising 68% of the prob-
ability density function from 6.7 x 10~% to 1.7 x 1073. One can clearly see that the reconstructed
dipole amplitude lies even below the null-hypothesis 16 range, which means that with the analysed
statistics DAMPE is not able to claim the detection of the dipole anisotropy.

The 95% C.L. upper limits on the dipole amplitude are derived as following: if the true dipole
component of the power spectrum is equal C, = C‘l + Cy, then the probability to measure Cy is [10]:

W3 /C 3C;

P(Cl‘élch) = \/ﬂé CTlexp(72C~'1
1

). G.D
The posterior probability is given by:

P(Cy|C1,Cy)

P(C1|Cy,Cy) < — (5.2)
€l 2 Ci+Cy
and using the Bayesian approach the upper limit corresponds to the solution of:
Ci"l' . .
/ P(C,|Cy,Cy)dCy =1—C.L. (5.3)
0

The corresponding limit for the dipole amplitude is calculated from C’{‘l' using equation 4.6. The
95% confidence level upper limit on & calculated from the median of the distribution of C; under
the null hypothesis is equal to 4.0 x 1073,

6. Conclusions and future scope

In this work we report on the analysis of one year data set of DAMPE for the search of the
arrival direction anisotropies of the cosmic rays independent of the type of the particle (all-particle
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sample). The total number of events is 6.1 x 10° and the 95% C. L. upper limit on the dipole
amplitude is 4.0 x 1073,

Since the sensitivity for the anisotropies improves as a square root of the available number of

events we can expect to reach the level of 2.1 x 1073 analysing the full DAMPE data set. We are

also working to increase the data sample both by loosing the selection cuts and accepting events

outside the BGO fiducial volume but still with a good angular resolution, with the goal to increase

the total number of events by a factor up to 3.
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