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ABSTRACT

The results of the measurement of the cosmic-ray solar and sidereal anisotropies at primary energy
E, ~ 10'* eV performed by the EAS-TOP Extensive Air Shower array (Campo Imperatore, National
Gran Sasso Laboratories, 2005 m above sea level, latitude 42°5 N are presented. The measurement
includes 4 years of data taking (1990, 1992, 1993, 1994) for a total of 1.3 x 10° events and is performed
at two different mean primary energies: Ej & 1.5 x 10!* ¢V and E} ~ 2.5 x 10!* eV. The two results are
compatible (within 2 ¢) and can therefore be combined. The obtained amplitude and phase of the first
harmonic in sidereal time are (in the equatorial plane) Aggs-0(Eo~ 2 x 10'* eV)=(3.73
+0.57) x 107+ and ¢4, = 1.82 + 0.49 hr local sidereal time, with significance 6.5 o. The amplitude of
the anisotropy exhibits the expected cos & dependence.

A first harmonic in solar time compatible with the expected Compton-Getting effect due to the motion
of revolution of the Earth around the Sun is observed with significance 7.3 ¢. The corresponding mea-
sured amplitude and phase (also in the equatorial plane) are A, s5-¢- = (4.06 £ 0.55) x 107* and ¢, =
4.92 + 0.53 hr, the expected values being 4.7 x 10~% and 6.0 hr. Different checks of stability of the detec-

tors and consistency of the data are presented.

Subject headings: cosmic rays — Galaxy: general — solar system: general

1. INTRODUCTION

The amplitude and phase of the sidereal anisotropy,
together with the energy spectrum and the chemical com-
position, are the observables that characterize the primary
cosmic radiation. Their measurements, and the data on
their variations over a wide range of primary energies, are
expected to provide significant information on cosmic-ray
origin and propagation.

The existing data on the sidereal anisotropy of cosmic
rays cover with good consistency the energy range between
~10!%2 and ~5 x 10!3 eV (Fenton et al. 1976; Gombosi et
al. 1975; Alexeenko et al. 1981; Andreyev et al. 1987;
Nagashima et al. 1989; Bergamasco et al. 1990; Aglietta et
al. 1993a, including preliminary data of this experiment).
Over such an energy range, the amplitude and phase of the
first harmonic are rather constant at the level 4,4 = (5-10)
x 107* and @4 = (23 ~ 2.6) hr local sidereal time (LST).
Measurements are performed at the lower energies through
the detection of muons underground, and at E, > 10'3 eV
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through the detection of the electromagnetic component of
the Extensive Air Showers (EASs) produced by the cosmic-
ray interactions in the atmosphere. At higher primary ener-
gies (E, > 10'* eV), the anisotropy could provide an
indication of the origin of the steepening of the spectrum
observed at E; ~ 2 x 10'° ¢V and prove its proposed con-
nection with the cosmic-ray propogation in the Galaxy. In
fact, at such energies larger amplitudes have been reported
(see, e. g., the reviews of Kiraly et al. 1979 and Linsley 1983,
and the more recent data of Alexeenko et al. 1993), but the
statistical uncertainties are still large.

Besides the statistical problems, due to the smallness of
the effect, and the necessity of long-term observations, the
detectors’ operations play an important role, and the data
have to be submitted to severe checks of stability and con-
sistency.

In this paper, we report the results of the study of the
cosmic-ray anisotropy performed by means of the
EAS-TOP array (Aglietta et al. 1993b) between 1990 and
1994; the total number of collected events is 1.3 x 10°
(preliminary results have been presented in Aglietta et al.
1993a, 1995). As a first step, we concentrate our analysis of
the experimental data on the first harmonic component.

We discuss the instrumental stability and the consistency
of the results, proved by the following:

1. The absence of significant anisotropies in antisidereal
time;

2. The observation of the anisotropy in solar time due to
the Compton-Getting effect (Compton & Getting 1935),
connected to the motion of the Earth around the Sun;

3. The correct rotation of the monthly vector of the
anisotropy, as resulting from the combination of the side-
real and solar anistropies;
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4. The time shift of the anisotropy observed in angular
sectors: vertical (i.e., § < 20°), and inclined 8 > 20° in differ-
ent directions: north, south, east, and west. This analysis
allows us to separate real anisotropies (which have to be
seen at different times in the east and west directions) from
instrumental effects (which are expected to be dominated by
the temperature and therefore are correlated in solar time).

The latter analysis, by exploiting the absorption of exten-
sive air showers in the atmosphere, provides the further
possibility of performing the study at two_different mean
primary energies: E% ~ 1.5 x 10'# ¢V and E} ~ 2.5 x 104
eVv.

2. THE DATA AND THE ANALYSIS

EAS-TOP (Aglietta et al. 1986) is an extensive air shower
(EAS) array located above the underground Gran Sasso
Laboratories, at the altitude of 2005 m above sea level,
latitude 42°5 north. It includes detectors of the different
EAS components: electromagnetic, muon, hadron, and
atmospheric Cerenkov light. For the present analysis, we
are interested in the electromagnetic detector data. This is
made up of 35 modules of scintillator detectors, 10 m? each,
4 cm thick, distributed over an area of ~ 10> m? (Aglietta et
al. 1993b). The triggering condition is provided by the four-
fold coincidence of any four neighboring modules, discrimi-
nated at 0.3 of the energy loss level of a minimum ionizing
particle, i.e., &3 MeV. The trigger rate is f~ 25 Hz. The
EAS arrival directions, corresponding to the arrival direc-
tions of the primary particle, are measured through the time
of flight technique with accuracy o, =25. Every 20
minutes the numbers of counts inside a cone with opening
angle 0 = 20° around the zenith and in 512 sectors (of
Ap = 526 in azimuth and Af = 5° in zenith angle, for
20° < 6 < 60°) are stored, together with the atmospheric
pressure and the air temperature.

In order to perform independent analysis, the barometric
coefficient is measured separately for each sector. The
dependence of the barometric coefficient on the zenith angle
has been verified to follow the sec 8 law (deviating only
about 60°): B = dn/dx ~ —0.77 sec 6 % mbarn~! (Aglietta
et al. 1995). Therefore, all data are corrected for the atmo-
spheric pressure, with the regression coefficient obtained at
the appropriate zenith angle for each individual runm, ie.,
about 2 weeks of data taking. Events are grouped in five
classes: vertical (6 <20°) and inclined (20° <6 < 60°)
either east (45° < ¢ < 135°), south (135° < ¢ < 225°), west
(225° < @ < 315°), or north (¢ > 315° or ¢ <45°). The
average primary energies corresponding to the two average
(“vertical” and “inclined ”) zenith angles of observation,
6°(0° < 0 < 20°) = 1227 and 620° < 6 < 60°) = 32°, are
respectively® Ej ~ 1.5 x 10**eV and E}) ~ 2.5 x 10'*eV.

3. THE RESULTS

3.1. The Solar Time Analysis

The results of the analysis of the first harmonic in solar
time, for the 4 years of data, are shown in Table 1 separately

° The electromagnetic EAS array is sensitive to the total number of
particles (dominated by e* and e”) at the observation level (Ne); the
conversation factor from Ne to primary energy E,, for primary protons
and vertical incidence, at the EAS-TOP observation level, is Ey(eV) = 1.2
x 101° Ne®®7. This, together with the absorption length of EAS in the
atmosphere (4 = 222 g cm~?) (Aglietta et al. 1993¢, EAS-TOP Collabo-
ration 1995), provides the average primary energy as a function of zenith
angle.
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TABLE 1
RESULTS OF THE ANALYSIS OF THE FIRsT HARMONIC
IN SoLAR TIME
Zenith/Azimuth A [
Angle (10% (hr) Alo

0<20°......... 1.96 + 0.61 4.67 + 1.19 3.2
20° < 8 < 60°:

North ........ 3.88 + 097 4.24 4+ 0.96 4.0

South ........ 3.56 + 1.02 5.64 + 1.09 35

East .......... 4.44 + 099 3.68 + 0.85 4.5

West ......... 4.62 + 1.00 6.12 + 0.82 4.6

for the different regions of zenith and azimuth angles. A
significant first harmonic is seen in all data sets. These data
have to be compared with the expected amplitude and
phase of the Compton-Getting (CG) effect due to the
motion of the Earth around the Sun that, at our latitude,
are A, = 3.4 x 10" *and ¢,,; = 6.0 hr.

It is interesting to compare the phases of the harmonics
measured for 20° < 6 < 60° in the east and west directions:
the genuine CG effect is expected to be seen about 2.5 hr
before 6 hr in the east direction, and 2.5 hr after 6 hr in the
west direction. A shift is indeed observed, of about +1.5 hr
(with errors +0.8 hr) around phase 4.6 hr, at which the
effect is seen in the vertical (0 < 20°) sample.

By combining through a maximum-likelihood procedure
the measurements in the five sectors, assuming the cos ¢
(6 = mean declination of the showers of the sector) depen-
dence of the effect, we obtain for the amplitude and phase of
the first harmonic (at the equatorial plane) A, 5-o- = (4.06
+0.55) x 107* and ¢, =4.92 + 0.5 hr, the expected
values being 4.7 x 10™* and 6.0 hr.

The significance of the signal is 7.3 o, and a x? test of
compatibility between the measured and the expected
vectors gives y? = 2.3 per degree of freedom (dof).

Such a value of y2, together with the ~2 o differences in
the east-west shifts in time with respect to the expected ones,
indicates the presence of uncorrected systematic effects,
however bonded to less than 2 ¢ (see also the antisidereal
time analysis).

3.2. The Sidereal Time Analysis

For the vertical sample (6 < 20°), the counting rate versus
the local sidereal time in 20’ time intervals is shown in
Figure 1, from which the first harmonic (significance 5.9 o)
over the fluctuations in the individual channels is clearly
seen.
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Fic. 1.—Vertical events counting rate (in 20’ bins) vs. the local sidereal
time.
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TABLE 2

RESULTS OF THE ANALYSIS OF THE FIRST HARMONIC
IN SIDEREAL TIME

Zenith/Azimuth A @
Angle (104 (rLST)  Afo
6<20°......... 3.60 + 0.61 2.77 + 0.65 59
20° < 0 < 60°:
North ........ 0.63 + 097 12.48 + 5.95 0.64
South ........ 4.37 + 1.02 0.60 + 0.89 43
East .......... 3.06 + 0.99 2352+ 1.24 3.1
West ......... 190 + 1.00 2.58 + 2.00 1.9
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F16. 2—Amplitude of the first harmonic in sidereal time vs. the mean
angle of observation in the different sectors (the east and west data, refering
to the same declination, are averaged).
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TABLE 3

RESULTS OF THE ANALYSIS OF THE FIRST HARMONIC
IN ANTISIDEREAL TIME

Zenith/Azimuth 4 9
Angle (10% (hr) Alo
0<20°......... 134 4 0.61 519 + 1.74 22
20° < 6 < 60°:
North ........ 2.03 £ 097 8.59 + 1.83 2.1
South ........ 191 4+ 1.02 9.43 +2.03 1.8
East .......... 1.26 + 0.99 713 +3.01 13
West ......... 1.56 + 1.00 7.36 + 2.44 1.6

The results of the first harmonic analysis in sidereal time
for all angular samples are shown in Table 2.

Among inclined showers, most significant (>4 o) is the
amplitude of the signal at the south, while no signal is seen
at the north. In fact, the expected dependence of the ampli-
tude of the anisotropy, if of vectorial character, on the decli-
nation of observation (6) is A oc cos 6.

The effects in the east and west directions have lower
significances but, as for the case of the solar time analysis,
they are shifted between each other of 3 + 2.3 hr.

The dependence of the amplitude on the declination,
showing the cos é dependence, is shown in Figure 2.

Through a maximume-likelihood fit of the inclined data
that takes into account such cos é dependence of the ampli-
tude, we obtain the best fit of the first harmonic of the
sidereal anisotropy (at the equatorial plane): Ay 50 =
(3.22 4+ 0.67) x 1074, @i = 0.95 + 0.68 hr LST.

In the bin corresponding to the declination of the vertical
data, this gives A4 = (2.36 + 0.49) x 1074, ie., about 1.5¢
lower than the vertical measurement (shown in first line of
Table 2).

The two measurements are obtained at two slightly dif-
ferent primary energies: Ef ~ 1.5 x 10'* ¢V and Ei ~ 2.5
x 101* eV (see expressions at the end of § 2).

Their difference (2 ¢ including the phase difference) is
not significant, and we can combine all measurements

12h

F1G. 3.—Measured monthly solar vector of the anisotropy (a). The expected vector () is calculated by combining for each month the annual sidereal and

solar measured vectors.
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Fi6. 4—Distribution of the x? obtained for 10° random combinations
of the measured and calculated monthly solar vectors. The arrow indicates
the value corresponding to the real data, showing its correspondence with
the minimum value of x2.

together to obtain a global information at primary energy
Eq~2x 10" eV: Ay s-00 (Eo=2x 10 eV)=
(3.73 £ 0.57) x 1074, and @ 4 = 1.82 + 0.49 hr LST, with
significance 6.5 o.

3.3. The Antisidereal Time Analysis

As a usual test of absence of solar effects in the sidereal
measurements, the data are analyzed in antisidereal time.
The results of such first harmonic analysis are shown in
Table 3. We verify that no significant first harmonic is
observed at a level exceeding 2.2 o, i.e., a much lower level
than for the solar and sidereal amplitudes. In principle, the
sidereal amplitude and phase could be corrected for such an
effect (Farley & Storey 1954), but due to its smallness and
the uncertainty on its origin, we will not apply such correc-
tion.

3.4. Rotation of the Solar Vector

Due to combination of the solar and sidereal aniso-
tropies, the solar vector is expected to rotate clockwise
during the year. This is a significant check that also guar-
antees the reliability of the data. The monthly solar vectors
of the first harmonic, averaged over the 4 years of data
taking, are shown in Figure 3a, together with the mean
expected vectors (Fig. 3b) obtained from the measured solar
and sidereal amplitudes.

To check the expected rotation, a y? is calculated:

oo LA
S (1L5]64;)?
where A7e* — AP is the vector difference between the
1 1

measured and expected monthly solar vectors, and GA4; is
the error of the monthly measured vector, also shown in

1)

Vol. 470

Figure 3a; the factor 1.5 accounts for ~70% probability in
the bidimensional analysis). The obtained value of x> per
dof. is 1.25. In Figure 4 the distribution of the x* per dof.
obtained for further 10° random combinations of the
monthly measured and calculated vectors is shown: the
value obtained for the real data, besides being compatible
with the expectations, represents the minimum of such dis-
tribution, thus showing that the rotation of the vector is
correct.

4. CONCLUSIONS

The present measurement of the cosmic-ray anisotropy
obtained by means of the EAS-TOP array (2005 m above
sea level, latitude 42°5N) at E, ~ 10'* eV, including 4 years
of data taking, and a total of 1.3 x 10° EAS events gives the
following results:

1. For vertical events, i.e., mean primary energy Ej =~
1.5 x 10'* eV, the amplitude and phase of the first
sidereal harmonic are Agy (E,~ 1.5 x 10!* eV)=
(3.60 + 0.61) x 1074, and @y 4 = 2.77 + 0.65 hr LST, with
significance 5.9 a.

The amplitude converted to the equatorial plane with
the cos & law gives Agg s-0- (Eo~ 1.5 x 10** eV) =
(4.83 +£0.82) x 1074, o

2. For events with zenith angle 6 > 20°, ie., Ej ~ 2.5
x 10'% eV, by using the measured cos & dependence of the
amplitude, we obtain (at the equatorial plane) Agy 5-o°
(Eg ~ 2.5 x 10 eV)=(3.224+0.67) x 107* and ¢ 4=
0.95 + 0.68 hr LST, with significance 4.8 ¢.

3. These two data are compatible within ~2 o, and
together with the results of the quoted lower energy experi-
ments, they show that the first harmonic of the cosmic-ray
anisotropy is nearly constant in amplitude and phase from
E, ~ 10'? eV to E, ~ 10'* eV, and they exclude an increase
of the cosmic-ray anisotropy around 101 eV.

4. By using the vertical and inclined data together, as
belonging to the sample, we obtain at average primary
energy E, ~ 2 x 10'* eV, at the equatorial plane, Ay s=0-
(Eo ~2x 10" eV)=3.73+0.57) x 1074, @44 =182
=+ 0.49 hr LST, with significance 6.5 .

5. A signal compatible with the Compton-Getting effect
due to the motion of revolution of the Earth is seen. The
measured amplitude and phase of the first harmonic in solar
time are (at the equatorial plane) A, 5-¢- = (4.06 + 0.55)

x 107* and ¢, = 492 + 0.5 hr, with significance 7.3 a;
the expected values, due to the Compton-Getting effect, are
4.7 x 10”* and 6.0 hr.

The consistency of the data is proved by the following:

1. The absence of significant anisotropies in antisidereal
time;

2. The consistency of the phases of the solar and sidereal
anisotropies observed in the east and west directions;

3. The correct rotation of the solar vector during the
year, as expected from the combination of the measured
solar and sidereal anisotropies;

4. The observation of the expected solar anisotropy due
to the motion of revolution of the Earth around the Sun.
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