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Abstract: Measuring the anisotropy of the arrival direction distribution of cosmic rays provides important
information on the propagation mechanisms and the identification of their sources. Recently, the observation
of unexpected excesses at TeV energy down to angular scale asnarrow as∼ 10◦ raised the possibility that the
problem of the origin of galactic cosmic rays may be addressed by studying the anisotropy.
The ARGO-YBJ experiment is a full-coverage EAS array, sensitive to cosmic rays with energy threshold of a
few hundred GeV. Searching for small-size deviations from the isotropy, the ARGO-YBJ collaboration explored
the declination regionδ = −20◦÷80◦, making use of about 3.7·1011 events collected from November 2007 to
May 2012.
In this paper the detection of different significant (up to 15standard deviations) medium-scale anisotropy regions
in the arrival directions of CRs is reported. The observation was performed with unprecedented detail. The
relative excess intensity with respect to the isotropic fluxextends up to 10−3. The maximum excess occurs for
proton energies of 10-20 TeV, suggesting the presence of unknown features of the magnetic fields the charged
cosmic rays propagate through, or some contribution of nearby sources never considered so far. The observation
of new weaker few-degree excesses throughout the sky region195◦ ≤ R.A.≤ 290◦ is reported for the first time.
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1 Introduction
In the last years the cosmic ray (CR) anisotropy came
back to the attention of the scientific community, thanks
to several new two-dimensional representations of the CR
arrival direction distribution [1].

Some experiments collected so large statistics as to al-
low the investigation of anisotropic structures on smaller
angular scale than the ones corresponding to the dipole
and the quadrupole. Along this line, the observation of
some regions of excess as wide as∼30◦ (”Medium Scale
Anisotropy”, MSA) in the rigidity region∼1 - 20 TV stand-
s out [2, 3]. The importance of this observation lies in the
unexpected confinement of a large flux of low-rigidity par-
ticles in beams which are too narrow to be accounted for
by the local magnetic-field bending power. So far, no the-
ory of CRs in the Galaxy exists yet to explain few-degree
anisotropies in the rigidity region 1-10 TV leaving the s-
tandard model of CRs and that of the local magnetic field
unchanged at the same time.

In this paper we report the ARGO-YBJ observation of
anisotropic structures on a medium angular scale as wide
as∼10◦ - 45◦, in the energy range 1012 -1013 eV. The in-
tensity spans from 10−4 to 10−3, depending on the select-
ed energy interval and sky region.

The ARGO-YBJ experiment, located at the YangBaJing
Cosmic Ray Laboratory (Tibet, P.R. China, 4300 m a.s.l.,
606 g/cm2), is an air shower array able to detect the cosmic
radiation with an energy threshold of a few hundred GeV.
The whole system, in smooth data taking since July 2006
with the central carpet, has been in stable data taking with
the full apparatus of 153 clusters from November 2007
to January 2013, with a duty cycle≥86%. The trigger
rate is∼3.5 kHz with a dead time of 4%. The detector
characteristics are described in [4, 5, 6].

Details on the analysis procedure (e.g., reconstruction
algorithms, data selection, background evaluation, system-
atic errors) are discussed in [7, 8]. The performance (angu-
lar resolution, pointing accuracy, energy scale calibration)
and the operation stability are discussed in [8].

2 Data analysis
The analysis reported in this paper used∼3.70×1011show-
ers recorded by the ARGO-YBJ experiment from Novem-
ber 8th, 2007 till May 20th, 2012, after the following selec-
tions: (1)≥25 strips must be fired on the central carpet; (2)
zenith angle of the reconstructed showers≤50◦; (3) recon-
structed core position inside a 150×150 m2 area centered
on the detector. Data have been recorded in 1587 days out
of 1656, for a total observation time of 33012 hrs (86.7%
duty-cycle). A selection of high-quality data reduced the
data-set to 1571 days. The zenith cut selects the dec region
δ= -20◦÷ 80◦. According to the simulation, the median en-
ergy of the isotropic CR proton flux is E50

p ≈1.8 TeV (mod-
e energy≈0.7 TeV). No gamma/hadron discrimination al-
gorithms have been applied to the data. Therefore, in the
following the sky maps are filled with all CRs possibly in-
cluding photons, without any discrimination.

In order to investigate the energy dependence of the
observed phenomena, the data-set has been divided into
five multiplicity intervals. The Table 1 reports the size
boundaries and the amount of events for each interval.

As a reference value, the right column reports the medi-
an energy of isotropic CR protons for each multiplicity in-
terval obtained via Monte Carlo simulation. This choice is
inherited from the standard large scale anisotropy analyses,
but it can be only approximately interpreted as the energy
of the CRs giving the MSA. In fact the elemental compo-
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Strip-multiplicity number of E50
p [TeV]

interval events
25−40 1.41673×1011 (38%) 0.66
40−100 1.75695×1011 (48%) 1.4
100−250 3.80812×1010 (10%) 3.5
250−630 1.09382×1010 (3%) 7.3
more than 630 4.34442×109 (1%) 20

Table 1: Multiplicity intervals used in the analysis. The
central columns report the number of collected events. The
right column shows the corresponding isotropic CR proton
median energy.

sition and the energy spectrum are not known and that of
CR protons is just an hypothesis.

The background contribution has been estimated with
the Direct Integration and the Time Swapping methods
[8, 9, 10]. In both cases the integration time has been set
to ∆T = 3 hrs. For the Direct Integration method the size
of the sky pixel is 0.07deg×0.07deg and the time bin
is 12 sec wide. As far as the Time Swapping technique
is concerned, the oversampling factor has been set to 10.
We recall that no structures wider than 45deg in R.A. can
be inspected as∆T = 3 hrs. These two methods are e-
quivalent each other. The analysis of the anisotropies has
been carried out applying both techniques and no differ-
ences greater than 0.3 standard deviations have been ob-
served. Because of its higher oversampling factor (i.e. s-
maller background fluctuations), all the results reported
in the following are obtained with the Direct Integration
method. Detailed studies of the efficiency of time-average
based methods in filtering out large-scale structures in the
CR arrival distribution were performed recently in [9]. Po-
tential biases on the intensity, the position and the mor-
phology induced by these techniques have been investigat-
ed. The result is that the large-scale anisotropy, as known
from literature, is well filtered out (residual effect less than
10%); moreover, the intensity of the medium scale signal is
attenuated at most by a factor of 15% and the effect on the
CR arrival direction (i.e. on the position and the morphol-
ogy) is negligible if compared with the angular resolution.
All these values are to be considered as upper limits, be-
cause the result of the estimation depends on the intensity
of thescale anisotropy in the sky region under consid-
eration. For these reasons, the systematic uncertain-
ty on the intensity estimation induced by the analysis
techniques is about 20%.

3 Results
The Fig. 1 shows the ARGO-YBJ sky map in equa-
torial coordinates as obtained with all selected events.
The upper plot shows the statistical significance of the
observation while the lower one shows the relative ex-
cess with respect to the estimated background. They
look slightly different because of the atmosphere
thickness that the showers must cross before trigger-
ing the apparatus, increasing with the arrival zenith
angle. As a consequence most significant regions do
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Fig. 1: ARGO-YBJ sky-map in equatorial coordinates for
events with Nstrip ≥ 25. The maps have been smoothed
with an angle given by the PSF of the detector.Plot (a): s-
tatistical significance of the observation in s.d.. The box-
es represent the parametrization of the regions of interest.
Plot (b): relative excess with respect to the estimated back-
ground. The dashed line represents the Galactic Plane and
the black point the Galactic Center.

not necessarily coincide with most intense excesses.
It should be noticed that also gamma-ray-induced sig-
nals are visible, because no gamma/hadron separation
is applied.

The most evident features are observed by ARGO-
YBJ around the positionsα ∼ 120◦, δ ∼ 40◦ and
α ∼ 60◦, δ ∼ -5◦, spatially consistent with the re-
gions detected by Milagro [3]. These regions are ob-
served with a statistical significance of about 15 s.d.
and are represented on the significance map togeth-
er with the other regions of interest. As known from
literature [3, 9], the deficit regions parallel to the ex-
cesses are due to using also the excess events to eval-
uate the background, which turns out to be overesti-
mated. Symmetrically, deficit regions, if any, would
be expected to be surrounded by weaker excess ha-
los, which were not observed. On the left side of
the sky map, several new extended features are visi-
ble, though less intense than the ones aforementioned.
The area 195◦ ≤ R.A.≤ 290◦ seems to be full of few-
degree excesses not compatible with random fluctua-
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Fig. 2: ARGO-YBJ sky-map of Fig. 1(a) in galactic coor-
dinates. The map center points towards the anti-center.

tions (the statistical significance is up to 7 s.d.). The
observation of these structures is reported here for the
first time.

The upper plot of Fig. 1 is represented in galactic
coordinates in Fig. 2. As it is clearly visible in this fig-
ure, the hot spots 1 and 2 are distributed symmetrical-
ly with respect to the Galactic plane and have longi-
tude centered around the galactic anti-center. The new
detected hot spots do not lie on the galactic plane and
one of them is very close to the galactic north pole.

In order to determine the energy of the four detect-
ed excesses, a suitable parameterization of their mor-
phology has been introduced. For the sake of simplic-
ity, all regions have been modeled with “boxes” in the
(R.A., dec.) space. In case of complex shapes, a com-
position of boxes is used. The boxes are represented
in the Fig. 1 (a). They select the part of signal more
than 3 s.d..

The Fig. 3 reports the multiplicity spectra for the
anisotropy regions 1-4 (top-down). The number of
events collected within each region are computed for
the event mape as well as for the background one
b. The relative excess(e−b)/b is computed for each
multiplicity interval. The horizontal axis reports the
multiplicity, the vertical one the relative intensity.

The black plot reports the region 1 multiplicity
spectrum. It is the hardest one detected by ARGO-
YBJ and it shows a flattening around multiplicity 400
at relative intensity∼ 0.7×10−3. The region-2 multi-
plicity spectrum (red plot) is flatter than the one of re-
gion 1 and it turns out to be compatible with the con-
stant result obtained by Milagro [3]. The average in-
tensity is∼ 0.35×10−3. Similar results are obtained
for the region 3 (green graph), although the intensi-
ty is settled around∼ 0.2×10−3. The region 4 (blue
graph), the least significant one, has a hard spectrum
which rises up at a multiplicity between 300 and 400.

Looking at the width of the error band (statistical
error), it appears that for each region the multiplicity
analysis gives a significant result up toN = 300−
400. Instead, the high-multiplicity measurements are
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Fig. 3: Size spectrum of the four MSA regions observed
by ARGO-YBJ (regions 1 to 4 starting from the top). The
vertical axis represents the relative excess(e− b)/b. The
statistical errors are represented as coloured bands around
the experimental points.

significant only for the regions 1 and 2, as the region 3
and 4 average excess is compatible with a null result.

The emission from region 1 is so intense and its
observation so significant that interesting information
can be obtained from the analysis of the multiplicity-
energy relation in the sub-regions of its parametriza-
tion. In fact, the comparison of sub-region spectra is
an important tool to check whether sub-regions are
just geometrical parameterizations of the observed
anisotropies, or they host different sources with vari-
ous emission mechanisms.

The Fig. 4 poses the spectrum of the sub-regions
1U and 1L, with energy scales computed for a proton
point-source having the average declination of each
sub-region. The two regions are the upper and lower
boxes of region 1 in the Fig. 1, respectively [11]. To
get more refined results at high energy, the last multi-
plicity bin (more than 630 fired strips) was split into
630− 1599 and≥ 1600. For the region 1L a cut-off
around 15-20 TeV can be noticed, compatible with
that observed by Milagro in the region “A” [3]. The
statistics at high multiplicity is very poor and does
not allow to establish whether the cut-off continues
at higher energy or not. Conversely, for region 1U a
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Fig. 4: Multiplicity spectra of the sub-regions 1U (a) and
1L (b). The vertical axis represents the relative excess(e−
b)/b. The upper horizontal scale shows the correspond-
ing proton median energy (TeV). Six multiplicity intervals
were used instead of the five described in Table 1, see text
for details.

constantly increasing trend is obtained up to 26 TeV,
what marks a possible difference between the sub-
regions. Such a result, to be interpreted in the frame-
work of a declination-dependent energy response, has
to be compared with findings by higher energy exper-
iments.

As already said, the elemental composition and the
energy spectrum are not known and that of CR pro-
tons is just an hypothesis. The “photon” hypothesis
cannot be excludeda priori, because in this work no
gamma/hadron discrimination algorithms are applied.
Even regions 1 and 2 exceed so much the Milagro
parametrization that the conclusion about regions A
and B not due to photons cannot be totally drawn.

Concerning the sub-parts of regions 2, 3 and 4, no
significant features were found in their energy spectra,
thus there is no reason to consider them more than
just a simple geometrical parameterization.

4 Conclusions
In this paper we reported the ARGO-YBJ observation
of anisotropic structures on a medium angular scale
as wide as∼10◦ - 45◦, in the energy range 1012 -1013

eV with unprecedented resolution and detail. The in-
tensity spans from 10−4 to 10−3, depending on the s-
elected energy interval and sky region.

For the first time the observation of new MSA struc-
tures throughout the right ascension region 195◦ −

290◦ is reported with a statistical significance above
5 s.d. The size spectra of the detected excess regions
look quite harder than the corresponding ones for the
CR isotropic flux and a cut-off around 15-20 TeV is
observed for those regions where the dynamics of the
experiment is sufficiently extended.

Although some hypotheses have been made, mod-
els to explain the whole set of observations are miss-
ing and deep implications on the physics of CRs in
the Local Interstellar Medium are expected.

Given the relevance of the subject and the uncer-
tainty its elemental composition, a joint analysis of
concurrent data recorded by different experiments in
both hemispheres, as well as a correlation with oth-
er observables like the interstellar energetic neutral-
atom distribution [12, 13], should be a high priority
to clarify the observations.

Further studies of the ARGO-YBJ collaboration
are in progress in order to achieve a better separation
of the signal in the harmonic space, as well as to
investigate the nature of the phenomenon.
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