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• IC22 detector, 4 x 109 events, Median energy ~ 20 TeV

• First indication of large scale ~10-3 anisotropy observed in the South.

• Good match to observations in the North.
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Outline

• A brief history of anisotropy

• Current Status

• Large-scale anisotropies

• Small-scale anisotropies

• What do we really know?

• What else would we like to know?

• New explanations

2



3



Tibet Array: 2006

No evidence of 
Compton Getting 
effect associated with 
Galactic rotation

Amenomori et al. Science 314 439, 2006

300 TeV

Hess and Steinmaurer data
claimed 10σ in paper
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Large Scale Anisotropy
Tibet

• Tibet Air shower data 
1997-2005 (no time 
dependence observed)

• Amplitude of 
modulation ~0.1%

• >12 TeV anisotropy 
decreases

• Not observable at 300 
TeV
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Large Scale Anisotropy
Milagro

• Median energy 6 TeV

• Phase and amplitude 
consistent with Tibet 
array

• Amplitude declination 
dependent 0.1%-0.3%

• Phase independent of 
declination
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Table 1
Fit Parameters to the Sidereal Anisotropy for All 18 Declination Bands

Decl. Fundamental Harmonic First Harmonic Second Harmonic χ2/dof Number

(mean) Amplitude Phase Amplitude Phase Amplitude Phase of Events
(×10−3) (deg) (×10−3) (deg) (×10−3) (deg) (×109)

77.5 0.54 ± 0.26 2 ± 27 0.37 ± 0.14 13 ± 11 0.10 ± 0.11 −39 ± 19 262.57/234 0.65
72.5 0.73 ± 0.14 22 ± 11 0.19 ± 0.08 −25 ± 12 0.06 ± 0.06 11 ± 19 266.50/282 1.38
67.5 0.72 ± 0.09 23 ± 7 0.06 ± 0.05 −24 ± 26 0.01 ± 0.04 28 ± 116 308.67/330 2.39
62.5 0.83 ± 0.07 19 ± 5 0.12 ± 0.04 −65 ± 10 0.15 ± 0.04 −2 ± 4 355.61/330 3.63
57.5 0.99 ± 0.06 6 ± 3 0.12 ± 0.03 −42 ± 8 0.15 ± 0.03 3 ± 4 379.61/378 4.98
52.5 1.10 ± 0.05 8 ± 3 0.22 ± 0.03 −60 ± 4 0.17 ± 0.03 6 ± 3 406.42/378 6.31
47.5 1.31 ± 0.04 8 ± 2 0.33 ± 0.03 −63 ± 2 0.21 ± 0.02 2 ± 2 498.02/426 7.51
42.5 1.71 ± 0.04 8 ± 1 0.44 ± 0.02 −68 ± 2 0.26 ± 0.02 1 ± 2 475.85/426 8.46
37.5 1.95 ± 0.04 6 ± 1 0.45 ± 0.02 −73 ± 1 0.24 ± 0.02 3 ± 2 472.71/426 9.07
32.5 2.04 ± 0.04 10 ± 1 0.47 ± 0.02 −76 ± 1 0.20 ± 0.02 1 ± 2 520.47/426 9.28
27.5 2.17 ± 0.04 9 ± 1 0.53 ± 0.02 −78 ± 1 0.14 ± 0.02 0 ± 3 551.53/426 9.07
22.5 2.39 ± 0.04 11 ± 1 0.52 ± 0.02 −81 ± 1 0.12 ± 0.02 −12 ± 3 564.14/426 8.44
17.5 2.56 ± 0.05 12 ± 1 0.57 ± 0.03 −81 ± 1 0.10 ± 0.02 −32 ± 5 523.45/378 7.45
12.5 2.62 ± 0.06 9 ± 1 0.61 ± 0.03 −85 ± 2 0.05 ± 0.03 −28 ± 9 397.37/330 6.17
7.5 2.81 ± 0.07 5 ± 1 0.58 ± 0.04 −80 ± 2 0.08 ± 0.03 −39 ± 7 355.24/282 4.74
2.5 3.05 ± 0.10 7 ± 2 0.61 ± 0.05 −80 ± 3 0.14 ± 0.04 54 ± 5 280.00/234 3.31
−2.5 2.96 ± 0.15 8 ± 3 0.59 ± 0.08 −89 ± 4 0.23 ± 0.06 56 ± 5 271.14/186 2.04
−7.5 3.80 ± 0.38 11 ± 6 0.42 ± 0.19 −85 ± 13 0.14 ± 0.13 52 ± 18 118.02/90 1.04

Note. All quoted errors are statistical and are used in the calculation of χ2.

R.A. (Deg.)

De
c.

 (D
eg

.)

-10

0

10

20

30

40

50

60

70

80

-0.004

-0.003

-0.002

-0.001

0

0.001

0.002

050100150200250300350

Figure 7. Result of a harmonic fit to the fractional difference of the CR rates
from isotropic in equatorial coordinates as viewed by Milagro for the years
2000–2007. The color bin width is 1.0 × 10−4 reflecting the average statistical
error. The two black lines show the position of the Galactic equator and the solid
circle shows the position of the Galactic north pole. This map is constructed by
combining 18 individual profiles of the anisotropy projection in R.A. of width
5◦ in decl. It is not a two-dimensional map of the sky. The median energy of the
events in this map is 6 TeV.

of the celestial sphere; nor can the complete anisotropy be in-
ferred from our results. Figure 7 is a two-dimensional display of
one-dimensional information, the fractional anisotropy in R.A.
What can be fairly compared across the decl. bands are the shape
and strength of the fractional anisotropy in the R.A. direction;
there is no information on the R.A.-averaged CR rate difference
from one decl. band to another, i.e., the anisotropy in the decl.
direction.

The data and their analysis are completely independent for
each decl. band, but a striking commonality of the anisotropy
behavior is seen in both Figures 6 and 7. Adjacent decl.
bands have very similar profiles, in shape and in strength.
The conclusion is that there is indeed a coherent anisotropy
signal over a large swath of the sky. The dominant feature is a
prominent valley or deficit region extending from 150◦ to 225◦

in R.A., and clearly visible in all decl. bands between −10◦ and
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Figure 8. Amplitude and phase of the fundamental harmonic obtained from a
fit to seven years of data for each 5◦ decl. slice. The error bars are statistical.

45◦. The decrease of the depth of this valley, toward large values
of decl., seen in the color picture of Figure 7, is explained at least
in part by the fact that the circle in the celestial sphere generated
by the Earth’s rotation gets smaller and smaller, shrinking to a
single point as decl. approaches 90◦. The R.A. position of the
valley minimum appears decl. independent in Figures 6 and 7.
Figure 8 plots the amplitude and phase of the lowest harmonic
versus decl., confirming both these trends; the amplitude is seen
to decrease as decl. gets larger exhibiting the expected cos(decl.)
dependence, while the phase is quite stable for decl. below 60◦,
where the amplitude is large enough for the phase to be well
defined.

4.2. Single-decl.-band Results for ST, UT, and AST Time
Frames

As a complement to the multi-decl.-band analysis of
Section 4.1 we do a single-band analysis by projecting the
hour angle versus decl. histograms onto the horizontal axis of
Figure 3, thus integrating all decl. bands, then performing the
same anisotropy analysis on this single band, to obtain the
overall R.A. behavior. Examining the resulting single-band
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Figure 5. Results of an all-decl.-band anisotropy analysis using a MC generated
UT signal. The signal consists of square well deficit from 150◦ to 210◦ in UT
with an amplitude varying sinusoidally in time from 0.000 to 0.003. The signal
seen in the ST and AST frames is induced by the UT time variation. The width
of the curves reflects the statistical error.

propagates the errors on the experimental data into errors on the
parameters of the theory, namely the six Fourier coefficients of
the anisotropy.

It is noted that the simultaneous fit of the different ξi bands
is in effect an averaging over ξi which means that we are also
averaging over any difference of energy in the data due to the
dependence of atmospheric depth on ξ . This averaging is well
justified after the fact by an examination of the ξ dependence
discussed in Section 4.3.

Finally, we emphasize that the role of the FB asymmetry is
over once the fit is done. The coefficients obtained are for the
anisotropy of the sky, defined as the fractional difference of the
rate at a given R.A. from its average over all R.A., for each decl.
band. In Section 4.1, we tabulate the fit results for these 18 decl.
bands, as well as graphically display their behavior.

3.2. Monte Carlo Tests of the Analysis Method

Tests of the analysis method were conducted using a Monte
Carlo (MC) simulation that takes as input a two-dimensional
map containing any desired anisotropy in UT or ST and then
outputs events which can then be analyzed using the method
discussed in the previous section.

We describe one important case in detail: a fixed UT signal
will average to zero in ST or AST, but a seasonally modulated
day–night anisotropy in UT will generate a false “sideband”
signal in ST and AST. We use a time varying input in UT, where
the magnitude of the UT signal varies sinusoidally between
zero and its maximum with a period of one year, simulating
an extreme seasonal variation. Figure 5 shows the results of an
all-decl.-band analysis in three time frames for this test. The ST
and AST frames, which have no input signal in the MC, show
a clear signal induced by the time varying UT input. In this
example the induced signal is at about half the amplitude of the
UT time variation. The phases of the signals in ST and AST are
different but their magnitudes are the same. Using this result
we can estimate the systematic errors in the sidereal signal by
examining the antisidereal signal. Since there are no physical
processes which occur in the AST frame the signal should be
zero when data sets of an integral number of years are used as
seen from the MC checks above. Therefore, a signal present in
the nonphysical AST frame is interpreted as being induced by
variations in time of the UT signal and such a signal will also
appear in the ST frame.

R.A.

An
is

ot
ro

py

-0.003

-0.002

-0.001

0

0.001

0.002

0.003

050100150200250300350

°
 - 50

°
Dec. 45

°
 - 45

°
Dec. 40

°
 - 40

°
Dec. 35

°
 - 35

°
Dec. 30

°
 - 30

°
Dec. 25

°
 - 25

°
Dec. 20

°
 - 20

°
Dec. 15

°
 - 15

°
Dec. 10

Figure 6. Profiles in R.A. for individual 5◦ decl. bands from 10◦ to 50◦ used in
the two-dimensional map seen in Figure 7. The width of the lines reflects the
statistical error.

Two other sets of MC tests were successfully passed by the
FB method. The first set tests the stability of the analysis method
by using various simple signals (e.g., isotropic sky or the result
of the analysis of real data) as input in ST with no input in UT
or AST. Analysis of the output of these tests is consistent with
the input within statistical errors. The UT and AST maps in
these tests are consistent with isotropic as long as an integral
number of years is used. This is to be expected since a static
point in ST moves across the UT frame and returns to its original
position after one year. In AST this point will move across two
times in one year. Therefore when the decl. band is normalized
a sidereal signal will average to zero in both UT and AST. This
cancellation is of course also true for the sidereal sky with a
signal fixed in UT (e.g., day, night effects).

The second set of tests shows that no false harmonic features
are induced from isolated structures (e.g., a square well deficit
centered around ∼185◦ or the known Galactic equator excess of
gamma rays; Atkins et al. 2005; Abdo et al. 2007, 2008). These
tests show that no extra signals are induced except in the cases
of a sharply discontinuous input and a time varying UT input.
The discontinuous input induces features due to the use of only
three harmonics as is expected from Fourier theory.

4. RESULTS

4.1. Multi-decl.-band Results and the Sidereal Sky Map

Table 1 is a summary of the harmonic-fit parameters for
the sidereal sky fractional anisotropy obtained in each of 18
individual decl. bands. The χ2 for the fit and the sample size in
each decl. band is also listed in this table. Three harmonics were
chosen as they give a better χ2/ndf than one or two harmonics
whereas there was little improvement in using four. Figure 6
displays the anisotropy profiles in R.A. for eight adjacent decl.
bands in the table. As seen from the definition of the anisotropy
in Equation (2), the profiles show the deviation from their
average over all R.A., so that the area below and above the
reference level of zero is the same: the existence of a deficit in
some region implies an excess elsewhere.

Figure 7 assembles all 18 anisotropy profiles in their respec-
tive decl. positions into a two-dimensional color display of the
local anisotropy, with red representing an excess and blue repre-
senting a deficit. Care must be taken in interpreting Figure 7. As
explained before, our measurement is in the R.A. direction only,
so that this picture does not purport to be the complete anisotropy
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Milagro: Time Dependence of Amplitude

• chi-sq of straight 
line 86/6 dofs.

• chisq of best fit 
4.4/5 dofs

• no trend seen in 
anti-sidereal time or 
UT

• no seasonal effect 
observed

• affect of solar cycle? 
(Tibet says no)
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Figure 14. (a) ST amplitudes of the three fit harmonics for the single-band
(all decl.) analysis. (b) ST phases of the three fit harmonics for the single-band
analysis. Both plots contain seven yearly data sets from 2000 July to 2007 July.
The error bars are statistical.

189◦ ± 1◦ R.A. with a χ2/ndf = 4.5/6. This lack of change
in position over time is what one would expect from an actual
sidereal signal.

Figure 15, SBVD versus year, shows that there is strong
evidence of a strengthening of the valley depth over the seven-
year span of this data set.

To test the robustness of this time dependence a number of
checks were done. As a test that is completely different from
the insensitivity of anisotropy strength to trigger thresholds
(described in Section 4.3 and Figure 10), we have done a
direct check of whether the time-dependence of SBVD itself is
threshold dependent. For several raised multiplicity thresholds
between 90 and 280 PMTs hit in the top layer of the pond,
the same time dependence is seen; the yearly trend does not
disappear.

To see that this is a sidereal effect and not a detector effect we
look at the yearly time evolution for the UT and AST signals.
Figure 16 shows the amplitudes of the three fit parameters for the
single-band analysis (all decl.) in both UT and AST; the Earth
motion CG effect in UT should have no time dependence of the
amplitude. The amplitudes of the harmonics in UT are constant
over this seven-year data set, within the errors, as well as their
phases (not shown in the figure). With respect to the amplitudes
of the harmonics in AST, these appear to be significantly larger
in some years, but even the largest amplitudes are 5 to 10 times
less than those seen in ST. From these tests it thus appears that
time dependent detector effects cannot account for the observed
strong time dependence of the sidereal anisotropy.
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Figure 15. Valley depth in the all-decl.-band analysis (SBVD) vs. MJD for
yearly sets from 2000 July to 2007 July. The error bars are the linear sum of the
statistical & systematic errors. The solid line is the fit to a constant value and
the dashed is the linear two-parameter fit. The χ2/ndf for the fits are 86.2/6 and
4.4/5 respectively. The fit parameter in the flat case is (2.39 ± 0.08) × 10−3;
the two fit parameters to the function A(MJD) = p0(MJD − 53000) + p1 are:
p0 = (0.97 ± 0.11) × 10−6 and p1 = (2.34 ± 0.08) × 10−3.
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Figure 16. (a) Universal time fit amplitudes for the single-band (all decl.)
analysis for seven yearly data sets from 2000 July to 2007 July. (b) AST
fit amplitudes for the single-band analysis for yearly data sets. For the UT
fundamental harmonic only we show the statistical error + an estimate of the
systematic error. For AST the error bars are only statistical. Note the lack of any
definite trend, as opposed to what is seen in ST (Figure 14).

5. CONCLUSIONS

Previous experiments such as the Tibet Air Shower Array,
with a modal energy of 3 TeV, and Super-Kamiokande-I, with a
median energy of 10 TeV, have identified two coincident regions

4/1/2001 12/27/2003 9/22/2006

7



IceCube: Large Scale Anisotropy

The Astrophysical Journal, 746:33 (11pp), 2012 February 10 Abbasi et al.

Table 3
Summary of the Sidereal Anisotropy Energy Dependence

EMedian Events A1SID φ1SID A2SID φ2SID χ2/ndof
(TeV) (109) (10−4) (deg) (10−4) (deg)

20 17.9 7.9 ± 0.1stat. ± 0.3syst. 50.5 ± 1.0stat ± 1.1syst. 2.9 ± 0.1stat. ± 0.4syst. 299.5 ± 1.3stat ± 1.5syst. 95/19

400 0.5 3.7 ± 0.7stat. ± 0.7syst. 239.2 ± 10.6stat ± 10.8syst. 2.7 ± 0.7stat. ± 0.6syst. 152.7 ± 7.0stat ± 4.2syst. 34/19

Notes. The first column is the median energy of the cosmic-ray primary particles for the first and second energy band. The second column is the number of
events used in the one-dimensional projection from declination −24 to declination −72. The values of the first and second harmonic fit amplitudes and phases
together with their statistical and systematic uncertainties are displayed in Columns (3) through (6). The last column is the χ2/ndof for the first and second
harmonic fits to the one-dimensional projection.

(a)

(b)

Figure 7. Panel (a) shows the pre-trial significance map for the 20 TeV energy
band plotted with 30 deg smoothing. Panel (b) shows the pre-trial significance
map for the 400 TeV energy band plotted with 20 deg smoothing.

these are the pre-trial significance values as shown Figures 7(a)
and (b). These significance values do not account for the scan
for the peak significance in all pixels of the sky or the scan
over smoothing radii applied to obtain an optimal sensitivity
to the observed features. We conservatively estimate a trial
factor by assuming that all scans give statistically independent
results. After correcting for the trials, only the deficit remained
significant beyond the 5σ level, with a post-trial significance
value of −6.3σ . This is the first significant observation of an
anisotropy in the Southern sky at 400 TeV. The implications of
this observation is explored in the conclusion and discussion
sections of the paper.

3.2. Solar Dipole Anisotropy

Currently, there is no detailed theoretical model that predicts
the observed sidereal anisotropy in the cosmic-ray arrival direc-
tion distribution. Except for testing the stability of the Obser-
vatory and its time coverage (see Section 4), the only effective
way to have an absolute calibration of the experimental sensi-
tivity for the detection of the sidereal directional asymmetries is
to measure the solar anisotropy from the Earth’s orbital motion
around the Sun. The solar anisotropy is well understood and was
first reported in 1986 by Cutler & Groom (1986) and then later
observed by experiments in the multi-TeV energy range (Tibet
ASγ : Amenomori et al. 2004, 2006; Milagro: Abdo et al. 2009;
EAS-TOP: Aglietta et al. 2009). The observed solar anisotropy
consists of a dipole that describes an apparent excess of cosmic
rays in the direction of the Earth’s motion around the Sun and
a deficit in the opposite direction. The relative intensity of the

(a)

(b)

Figure 8. Panel (a) shows the IceCube cosmic-ray map of the first energy band
(median energy of 20 TeV) for the relative intensity in right ascension from the
Sun (α − αSun). Panel (b) shows the IceCube cosmic-ray map of the second
energy band (median energy of 400 TeV) for the relative intensity in right
ascension from the Sun (α − αSun).

solar dipole is expressed as

∆I

〈I 〉
= (γ + 2)

v

c
cos(θv), (3)

where I is the intensity, γ is the differential cosmic-ray spectral
index, v is the Earth’s velocity, c is the speed of light, and θv is the
angle between the reconstructed arrival direction of the cosmic
rays and the direction of motion of the observer (Compton &
Getting 1935; Gleeson & Axford 1968). The actual amplitude of
the observed solar dipole depends on the geographical latitude
of the observer and on the angular distribution of the detected
cosmic-ray events at the observatory.

Due to the location of IceCube at the South Pole, the sky is
fully visible at any given time. Therefore, the solar anisotropy
is observed in a reference system where the location of the
Sun is fixed, where the latitude coordinate is the declination
and the longitude is defined as right ascension difference of the
cosmic-ray arrival direction from the right ascension of the Sun
(α −αSun). In this reference frame the dipole excess is expected
to be at 270◦ and the deficit at 90◦.

Figures 8 and 9 show the maps of the cosmic-ray arrival
direction in solar reference frame, for both energy samples (20
and 400 TeV) along with their projection onto right ascension
relative to the Sun. The color scale is the relative intensity
value for each pixel normalized to unity for each declination
band. A fit to the projection of relative intensity distribution
versus (α − αSun) was done using the first harmonic term of
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Due to the location of IceCube at the South Pole, the sky is
fully visible at any given time. Therefore, the solar anisotropy
is observed in a reference system where the location of the
Sun is fixed, where the latitude coordinate is the declination
and the longitude is defined as right ascension difference of the
cosmic-ray arrival direction from the right ascension of the Sun
(α −αSun). In this reference frame the dipole excess is expected
to be at 270◦ and the deficit at 90◦.

Figures 8 and 9 show the maps of the cosmic-ray arrival
direction in solar reference frame, for both energy samples (20
and 400 TeV) along with their projection onto right ascension
relative to the Sun. The color scale is the relative intensity
value for each pixel normalized to unity for each declination
band. A fit to the projection of relative intensity distribution
versus (α − αSun) was done using the first harmonic term of
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Table 1
Harmonic Fit Values Per Declination Band for the Energy Band

Centered at 20 TeV

Decl. A1 ± (stat.) φ1 ± (stat.) A2 ± (stat.) φ2 ± (stat.)
Mean (10−4) (◦) (10−4) (◦)

−24 7.1 ± 1.0 37.3 ± 8.1 3.2 ± 1.0 303.5 ± 9.0
−27 8.4 ± 0.9 35.6 ± 6.0 2.1 ± 0.9 321.3 ± 11.8
−30 8.7 ± 0.7 45.4 ± 4.7 4.0 ± 0.7 306.6 ± 5.1
−33 8.6 ± 0.7 50.5 ± 4.3 3.6 ± 0.7 294.6 ± 5.0
−36 9.3 ± 0.5 51.2 ± 3.3 3.1 ± 0.5 299.1 ± 5.0
−39 8.3 ± 0.5 52.9 ± 3.4 2.1 ± 0.5 299.6 ± 6.6
−42 9.6 ± 0.4 51.1 ± 2.6 3.1 ± 0.4 301.8 ± 4.0
−45 9.3 ± 0.4 57.4 ± 2.8 3.0 ± 0.5 305.9 ± 4.2
−48 8.0 ± 0.4 56.7 ± 2.8 2.7 ± 0.4 304.3 ± 4.0
−51 7.9 ± 0.4 57.2 ± 2.8 2.5 ± 0.4 293.0 ± 4.3
−54 8.0 ± 0.4 55.9 ± 2.6 2.3 ± 0.4 297.9 ± 4.5
−57 7.9 ± 0.4 60.8 ± 2.7 1.8 ± 0.4 303.3 ± 5.6
−60 7.9 ± 0.4 52.7 ± 2.6 2.0 ± 0.4 300.4 ± 5.3
−63 7.7 ± 0.4 49.9 ± 3.3 1.8 ± 0.4 307.1 ± 6.7
−66 7.3 ± 0.4 51.0 ± 2.9 4.1 ± 0.4 293.2 ± 2.7
−69 5.7 ± 0.4 50.8 ± 4.2 4.9 ± 0.4 282.4 ± 2.4
−72 5.7 ± 0.4 38.8 ± 4.0 3.6 ± 0.4 301.7 ± 3.2

Note. First and second harmonic fit values per declination for the first energy
band.

Table 2
Harmonic Fit Values Per Declination Band for the Energy Band

Centered at 400 TeV

Decl. A1 ± (stat.) φ1 ± (stat.) A2 ± (stat.) φ2 ± (stat.)
Mean (10−4) (◦) (10−4) (◦)

−24 9.6 ± 3.1 248.1 ± 18.6 5.4 ± 3.1 143.6 ± 16.6
−27 1.1 ± 3.0 245.7 ± 15.8 6.5 ± 3.0 158.1 ± 13.2
−30 5.1 ± 2.6 238.9 ± 29.6 3.0 ± 2.6 146.9 ± 25.2
−33 3.9 ± 2.7 255.9 ± 37.8 2.0 ± 2.6 205.3 ± 37.6
−36 9.6 ± 2.4 217.0 ± 14.2 6.2 ± 2.4 171.5 ± 10.9
−39 9.5 ± 2.4 246.9 ± 14.3 6.5 ± 2.4 144.2 ± 10.5
−39 9.5 ± 2.4 246.9 ± 14.3 6.5 ± 2.4 234.2 ± 10.5
−42 4.2 ± 2.2 246.2 ± 30.1 2.5 ± 2.2 231.3 ± 25.4
−45 1.2 ± 2.5 311.4 ± 115.6 2.8 ± 2.5 110.4 ± 25.1
−48 1.4 ± 2.3 181.0 ± 95.6 3.6 ± 2.3 154.2 ± 18.2
−51 3.7 ± 2.4 236.7 ± 38.2 2.0 ± 2.4 156.8 ± 35.6
−54 5.5 ± 2.4 220.8 ± 25.8 1.5 ± 2.5 142.5 ± 46.8
−57 1.4 ± 2.6 228.8 ± 112.1 3.7 ± 2.6 165.0 ± 21.9
−60 3.9 ± 2.6 359.8 ± 38.5 7.4 ± 2.6 161.0 ± 10.2
−63 2.6 ± 3.4 13.0 ± 72.8 3.2 ± 3.3 148.6 ± 29.6
−66 1.3 ± 2.9 143.4 ± 127.8 5.3 ± 3.0 107.5 ± 15.9
−69 1.0 ± 3.4 304.5 ± 188.2 4.2 ± 3.4 227.9 ± 23.2
−72 6.8 ± 3.4 174.8 ± 28.4 6.7 ± 3.4 152.5 ± 14.5

Note. First and second harmonic fit values per declination for the second energy
band.

by accumulating the relative intensity distribution from the
declination belts. The error bars were obtained by propagating
the statistical errors from each declination belt. Figure 6 shows
the projections in right ascension of the cosmic-ray relative
intensity in sidereal reference frame, for the low- and high-
energy samples, respectively. The lines in the figures represent
the fit to the first and second harmonic terms of Equation (2), and
the fit results are shown in Table 3 together with the χ2/ndof
values for the first and second harmonic fits, in addition to the
number of events used in the right ascension projections. While
the χ2/ndof indicates that the fits do not completely describe
the data, we found that even fitting up to the sixth harmonic does

(a)

(b)

Figure 6. Panel (a) shows the one-dimensional projection in right ascension
α of the first energy band (20 TeV) of two-dimensional cosmic-ray map in
Figure 5(a). Panel (b) shows the one-dimensional projection in right ascension
α of the second energy band (400 TeV) of two-dimensional cosmic-ray map in
Figure 5(b). The data are shown with statistical uncertainties, and the black line
corresponds to the first and second harmonic fit to the data.

not completely fit all of the structures, so we use here only the
first and second harmonics as a general characterization of the
anisotropy.

3.1.1. Significance

Figure 7(a) shows the significance map for the 20 TeV energy,
while Figure 7(b) shows the significance map for the 400 TeV
energy. The significance sky maps are calculated using the
direct integration method with a time window of 24 hr and
an optimized smoothing as described in Abbasi et al. (2011b).
The smoothing is then applied to the significance sky maps to
improve the sensitivity to large features. The smoothing search
applied in this analysis is from 1 to 30 deg. After smoothing is
optimized, the significance is then calculated using the method
of Li & Ma (1983).

The maximum significant features in the 20 TeV map with
a 30 deg smoothing are found with an excess at (α = 80.◦8,
δ = −49.◦7) with a significance value of 40σ , and a deficit
at (α = 219.◦7, δ = −52.◦0) with a significance value of
−53.5σ . Moreover, for the 400 TeV map, two regions were
identified to be significant. The first region is an excess at
(α = 256.◦6, δ = −25.◦9) with a significance of 5.3σ and
an optimized smoothing of 29 deg, and the second region
is a deficit at (α = 73.◦1, δ = −25.◦3) with a significance
of −8.6σ and an optimized smoothing of 21 deg. Note that
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by accumulating the relative intensity distribution from the
declination belts. The error bars were obtained by propagating
the statistical errors from each declination belt. Figure 6 shows
the projections in right ascension of the cosmic-ray relative
intensity in sidereal reference frame, for the low- and high-
energy samples, respectively. The lines in the figures represent
the fit to the first and second harmonic terms of Equation (2), and
the fit results are shown in Table 3 together with the χ2/ndof
values for the first and second harmonic fits, in addition to the
number of events used in the right ascension projections. While
the χ2/ndof indicates that the fits do not completely describe
the data, we found that even fitting up to the sixth harmonic does
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α of the first energy band (20 TeV) of two-dimensional cosmic-ray map in
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α of the second energy band (400 TeV) of two-dimensional cosmic-ray map in
Figure 5(b). The data are shown with statistical uncertainties, and the black line
corresponds to the first and second harmonic fit to the data.

not completely fit all of the structures, so we use here only the
first and second harmonics as a general characterization of the
anisotropy.

3.1.1. Significance

Figure 7(a) shows the significance map for the 20 TeV energy,
while Figure 7(b) shows the significance map for the 400 TeV
energy. The significance sky maps are calculated using the
direct integration method with a time window of 24 hr and
an optimized smoothing as described in Abbasi et al. (2011b).
The smoothing is then applied to the significance sky maps to
improve the sensitivity to large features. The smoothing search
applied in this analysis is from 1 to 30 deg. After smoothing is
optimized, the significance is then calculated using the method
of Li & Ma (1983).

The maximum significant features in the 20 TeV map with
a 30 deg smoothing are found with an excess at (α = 80.◦8,
δ = −49.◦7) with a significance value of 40σ , and a deficit
at (α = 219.◦7, δ = −52.◦0) with a significance value of
−53.5σ . Moreover, for the 400 TeV map, two regions were
identified to be significant. The first region is an excess at
(α = 256.◦6, δ = −25.◦9) with a significance of 5.3σ and
an optimized smoothing of 29 deg, and the second region
is a deficit at (α = 73.◦1, δ = −25.◦3) with a significance
of −8.6σ and an optimized smoothing of 21 deg. Note that
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400 TeV

20 TeV

• Broadly consistent with Tibet and Milagro.
- Amplitude ~0.1% 
- Phase of minimum near 200o R.A.

• Phase changes at higher energies
• EAS-Top phase change occurs between 

100 TeV and 370 TeV

8



• IC22 detector, 4 x 109 events, Median energy ~ 20 TeV

• First indication of large scale ~10-3 anisotropy observed in the South.

• Good match to observations in the North.

Update on CR anisotropy studies with IceCube - ICRC 2013, Rio de Janeiro, Brazil, July 2nd-9thM. Santander 

IceCube - Large scale anisotropy

4

Abbasi et al., ApJ, 718, L194, 2010
arxiv/1005.2960

Relative intensity skymap in equatorial coordinates

(Northern sky)

(Southern sky)

from Marcos Santander ICRC 2013
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Higher Energies: IceTop

• At 400 TeV consistent with IceCube

• Amplitude increases with energy

8 IceCube Collaboration

Low energy High energy

A (�1.58± 0.46± 0.52)⇥ 10�3 (�3.11± 0.38± 0.96)⇥ 10�3

↵s 90.6� ± 6.8� ± 9.3� 88.1� ± 6.8� ± 11.1�

� 21.3� ± 5.8� ± 7.6� 43.1� ± 7.3� ± 13.1�

b (2.61± 0.64± 5.20)⇥ 10�4 (9.37± 1.96± 9.60)⇥ 10�4

�2/dof 13.2/11 10.7/11

Table 2
Fit parameters obtained for both energy datasets for the Gaussian function given in Eq. 3. In all cases, the first quoted uncertainty is

statistical while the second one corresponds to the systematics.

Figure 6. Relative intensity (top) and statistical significance (bottom) maps for the low-energy (left) and high-energy (right) data sets
for a smoothing angle of 20�.

A study of cosmic ray arrival directions with IceTop at
two di↵erent median energies, 400TeV and 2PeV, shows
significant anisotropy in both sets. The skymap is dom-
inated by a single deficit region with an angular size of
about 30�. The skymap at 400TeV is similar to a skymap
of comparable median energy obtained from cosmic rays
in IceCube (Abbasi et al. 2012b). IceTop data show that
this anisotropy persists to 2PeV.
The anisotropy in the southern sky at 400TeV and

2PeV is di↵erent in shape and amplitude from what
is observed at 20TeV. In the northern hemisphere, the
EAS-TOP experiment has also recently found indications
for an increasing amplitude and a change of phase be-
tween 100TeV and 400TeV in a harmonic analysis in
right ascension that considers the first and second har-
monic (Aglietta et al. 2009). The IceTop anisotropy is
not well-described by a sum of a dipole and a quadrupole
moment, so the results cannot be directly compared.
However, both northern and southern hemisphere data
seem to show qualitatively similar trends.
Although these results do not provide conclusive evi-

dence for any particular model, they lend support to sce-
narios where the large-scale anisotropy is a superposition
of the flux from a few nearby sources. The sparse spatial
distribution and the di↵erent ages of nearby supernova
remnants are expected to lead to a bumpy structure in
the amplitude and sudden changes in the phase of the
anisotropy as a function of energy (Blasi & Amato 2012).

Unfortunately, this energy dependence is dominated by
details such as the geometry of the Galaxy, the location,
age and injection spectrum of the sources, and the en-
ergy dependence of the cosmic ray di↵usion coe�cient.
While the predicted strength of the amplitude has the
correct order of magnitude, further quantitative predic-
tions are not possible at this point. In addition, in their
simplest form, these models predict a dipolar anisotropy,
whereas in most cases, the observed anisotropy cannot
be described as a simple dipole, which also means that
“amplitude” and “phase” are not well-defined.
It was recently pointed out that an existing dipolar

flux in addition to cosmic ray propagation in turbulent
magnetic fields close to Earth can explain the appear-
ance of small-scale structure (Giacinti & Sigl 2012). For
cosmic rays with energies from TeV to PeV, the relevant
distance scale is a few tens of parsecs, so the observed
anisotropy at these energies is indicative of the turbu-
lent Galactic magnetic field within this distance from
Earth. The model predicts that the anisotropy is energy-
dependent, but again, due to our poor knowledge of inter-
stellar magnetic fields, it cannot provide more quantita-
tive predictions that can be tested with data. A detailed
measurement of the anisotropy might lead to a better
understanding of these fields.
The observation of cosmic ray anisotropy with IceTop

opens up new possibilities for future studies that go be-
yond mapping the arrival direction distribution as a func-
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inated by a single deficit region with an angular size of
about 30�. The skymap at 400TeV is similar to a skymap
of comparable median energy obtained from cosmic rays
in IceCube (Abbasi et al. 2012b). IceTop data show that
this anisotropy persists to 2PeV.
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2PeV is di↵erent in shape and amplitude from what
is observed at 20TeV. In the northern hemisphere, the
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for an increasing amplitude and a change of phase be-
tween 100TeV and 400TeV in a harmonic analysis in
right ascension that considers the first and second har-
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not well-described by a sum of a dipole and a quadrupole
moment, so the results cannot be directly compared.
However, both northern and southern hemisphere data
seem to show qualitatively similar trends.
Although these results do not provide conclusive evi-

dence for any particular model, they lend support to sce-
narios where the large-scale anisotropy is a superposition
of the flux from a few nearby sources. The sparse spatial
distribution and the di↵erent ages of nearby supernova
remnants are expected to lead to a bumpy structure in
the amplitude and sudden changes in the phase of the
anisotropy as a function of energy (Blasi & Amato 2012).

Unfortunately, this energy dependence is dominated by
details such as the geometry of the Galaxy, the location,
age and injection spectrum of the sources, and the en-
ergy dependence of the cosmic ray di↵usion coe�cient.
While the predicted strength of the amplitude has the
correct order of magnitude, further quantitative predic-
tions are not possible at this point. In addition, in their
simplest form, these models predict a dipolar anisotropy,
whereas in most cases, the observed anisotropy cannot
be described as a simple dipole, which also means that
“amplitude” and “phase” are not well-defined.
It was recently pointed out that an existing dipolar

flux in addition to cosmic ray propagation in turbulent
magnetic fields close to Earth can explain the appear-
ance of small-scale structure (Giacinti & Sigl 2012). For
cosmic rays with energies from TeV to PeV, the relevant
distance scale is a few tens of parsecs, so the observed
anisotropy at these energies is indicative of the turbu-
lent Galactic magnetic field within this distance from
Earth. The model predicts that the anisotropy is energy-
dependent, but again, due to our poor knowledge of inter-
stellar magnetic fields, it cannot provide more quantita-
tive predictions that can be tested with data. A detailed
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understanding of these fields.
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Figure 7. Relative intensity as a function of right ascension for the low-energy (left) and high-energy (right) data samples in the declination
band �75� < � < �35�. The error bars are statistical while the colored boxes indicate the systematic uncertainty obtained from analyzing
the same data in the anti-sidereal time frame (see Section 4 for details). The result of a fit using the Gaussian function given in Eq. 3 to
both energy bands are also shown.

050100150200250300350
Right Ascension [�]

-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

�
N

/h
N

i[
⇥1

0�3
]

Low energy band (this work)
IceCube (2012)

Figure 8. Comparison between the relative intensity projections
for the IceTop low-energy sample (blue filled circles) and the Ice-
Cube 400 TeV sample (black open circles) reported by Abbasi et al.
(2012b). The location and amplitude of both deficits are consistent
given the statistical and systematic uncertainties. The declination
range for the IceCube plot is �75� < � < �25�, slightly di↵erent
from the IceTop one.

tion of energy. IceTop is designed to measure the energy
spectrum and the chemical composition of the cosmic
ray flux above several hundred TeV, and these capabil-
ities allow for additional studies of the anisotropy. For
one of the excess regions observed in the 10TeV skymap,
the Milagro experiment has reported a di↵erent energy
spectrum than the isotropic cosmic ray flux (Abdo et al.
2008). With data from IceTop, studies of the energy
spectrum and composition of the cosmic ray flux in dis-
tinct regions of the southern sky can be performed.
IceTop is now in stable running mode in its complete

configuration of 81 stations. In two years, the size of
the cosmic ray data set available for anisotropy studies
will be more than twice what was used in the analysis
presented in this paper. Eventually, it will be possible
to extend the analysis of cosmic ray anisotropy to higher
energies.
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IceTop is now in stable running mode in its complete

configuration of 81 stations. In two years, the size of
the cosmic ray data set available for anisotropy studies
will be more than twice what was used in the analysis
presented in this paper. Eventually, it will be possible
to extend the analysis of cosmic ray anisotropy to higher
energies.
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The Old Arrays
SUGAR

1968-1979
δ = −31.5

Haverah Park

1963-1979
δ = 53.9

Yakutsk

1973-2009
δ = 61.7

Volcano Ranch

1958-1973
δ = 32.2

~2500 km2 sr yr (77 yrs!)
Auger ~32,000 km2 sr yr

TA ~6200 km2 sr yr
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Linsley and Watson, Nature June 1974

• 87 events with energies above “few times 1019 
eV” [filled symbols E>1020 eV]

• Combined data from Sydney (50), Cornell (3), 
Haverah Park (20), and Volcano Ranch (14)

• “The data are clearly consistent with isotropy of 
arrival directions and show no evidence for the 
existence of point sources of ultra high energy 
cosmic rays.”

12



• Declination > 0 only

• Added Yakutsk data to previous paper

• Harmonic analysis yielded:

- First harmonic amplitude 40% (p<2.6% all expts. combined)

- First harmonic phase 13.5 ± 1.0 hr

- Phases consistent across experiments

• “None of the individual sets separately gives an amplitude which is 
significant...Strikingly, however, the phases of the harmonics for the 
individual experiments are consistently in agreement...”

Krasilnikov, Kuzmin, Linsley, Orlov, Reid, Watson, Wilson  (J. Phys. A, Nov. 1974)
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The Auger Experiment: Harmonic Analysis

• 23,520 km2 yr sr exposure 30 EeV 
(12/31/11)

• ~680,000 events as of 12/31/12 

• No significant dipole/quadrupole: 
limits on first harmonic 2-10%

• Rule out Galactic proton sources

Abreu, et al.,  Astrophysical J. Lett. v762 (2013)
 and ICRC 2013

Galactic protons

Galactic iron
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Auger: Status of Phase Alignment

• In 2011 established prescription to investigate apparent phase consistency with energy

• Above ~1 EeV phases consistent with previous independent data set 

• ~10,000 km2 sr yr (1/2 through prescribed time period)

• Stay tuned - 2015 prescribed period should end

1/1/04 - 12/31/10 6/25/11 - 12/31/12 
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Auger Phase results

0.
03

%

0.
90

% 5.
5%

0.
10

%

16



UHECR: Correlations with AGN

• Clear prescription established by Auger
- Energy > 55 EeV
- Veron-Cetty & Veron Catalog (2006) of AGN < 75 Mpc
- 3.1o radius circle
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2MASS Galaxy Redshift Survey

Auger VCV Events
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2MASS Galaxy Redshift Survey

Auger VCV Events
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Current Status: Auger

• From 2011 ICRC
• Current situation ~unchanged (now have 110 events)

- Correlating fraction now at 32% (21% is isotropy) 
and still ~2.8 σ
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AGN Correlation: TA 

• Applied Auger criteria
• Different sample of AGN (northern hemisphere)
• 17 of 42 events correlate
•  Probability 1.4%
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TA: Large Scale Structure
E>57 EeV

• Used the 2MASS Galaxy redshift catalog
• Propagated protons to earth including energy loss
• E>10 EeV consistent with isotropy
• E>57 EeV 2-3 sigma pre-trial rejection of isotropy
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Mid-Scale Anisotropy: TeV Regime

• Milagro (2008) identified 2 regions 
with significant excess ~5 x 10-4 of CR 
flux (~1/10 of large scale anisotropy)

• 220 billion events collected

• Median energy 1 TeV
δ=10o-20o
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Energy Spectrum of Regions A&B

• Region A is hard spectrum ~E-1.5±0.5

• Region A exhibits cutoff between 
5-20 TeV (1-σ band)

• Region B marginally consistent (0.6% 
probability) with constant amplitude 
vs. energy (i.e . CR spectrum)

10 TeV1 TeV 40 TeV
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Particle Nature of Excess
• Compactness consistent 

with soft spectrum gammas 
or hadrons

• Energy distribution 
inconsistent with soft 
spectrum source

• Gamma hypothesis strongly 
excluded for Regions A & B

Simultaneous fit of energy and compactness
Region A: γ hypothesis χ2 = 124/16 proton χ2 = 10/16
Region B: γ hypothesis χ2 = 85/16   proton χ2 = 19/16
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• 200 billion events (11/2007 - 5/2011)

• 1.8 TeV median proton energy

• Consistent with Milagro map - perhaps new regions being seen

• Particle content assumed protons (no mechanism to test)

ARGO Anisotropy

25



ARGO Energy Spectrum

• Region 1 (A) harder than CR spectrum

• Region 2 (B) similar to CR spectrum

• No evidence of a cutoff to 20 TeV
26



IceCube: Mid-Scale Anisotropy

• 56 billion events (downward muons)

• 20 TeV median energy

• 10o smoothing

• Similar amplitude as Milagro (few x 10-4)

Milagro

IceCube

Abbasi, et al., ApJ 740, p16 2011
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IceCube: Small-Scale Anisotropy

• 5o smoothing

• 20 TeV median energy

• Structure below 10o

Santander, et al. ICRC 2013 0382
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Puzzles of Small-Scale Anisotropy

• 0.01 pc: Larmor radius of 10 TeV proton in 1 microGauss field

• 0.1 pc: Lifetime of 10 TeV neutron

• 1 pc: nearest star

• 200 pc: Geminga 

• Source must be close and must have non-standard cosmic ray 
propagation

• Ideas:

- Geminga (Salvati & Sacco 2008)

- Magnetic bottle connected to CR sources (Drury & Aharonian 2008)

- Magnetic reconnection in magnetotail (Lazarian & Desiati 2010)

- Local structure of turbulent Galactic B-field (Giacinti & Sigl 2012)

- Strangelets (Kotera, Perez-Garcia, & Silk arXiv:1303.1186)
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Local Dark Matter Clump

Pat Harding ArXiv:1307.6537

•Green: Milagro spectral 
constraints

• Symbols: DM models

•Data points: Milagro excess
•Red line: 60 TeV W+W-

•Blue: 50 TeV Z0Z0

•Pink: 100 TeV bb

Dark matter clump coupled to magnetic funnel (a la Drury & Aharonian)
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Dark Matter

• DM structure leads to sub-halos 

• Protons from DM annihilation 
follow field structure to Earth

• Gamma source not aligned with 
protons

• Milagro not sensitive to gamma 
signal

• HAWC will be sensitive to gamma 
signal if clump in field of view.

• Signal does not violate any 
constraints
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Summary: Large Scale Anisotropy

• Large scale anisotropy clearly observed from 1 TeV to 2 PeV

• Significant dipole and quadrupole components

• Time dependence of amplitude not confirmed

• Phase shifts between 20 TeV and 400 TeV

• Amplitude may increase between 400 TeV and 2 PeV

• Above 1016 eV anisotropy not established

- No significant dipole or quadrupole components (but getting interesting)

- Hints from phase alignment

• AGN correlation still at ~2.8σ with 32% correlating fraction

- TA sees ~1% probability of no correlation with same VCV parameters

• IC22 detector, 4 x 109 events, Median energy ~ 20 TeV

• First indication of large scale ~10-3 anisotropy observed in the South.

• Good match to observations in the North.

Update on CR anisotropy studies with IceCube - ICRC 2013, Rio de Janeiro, Brazil, July 2nd-9thM. Santander 

IceCube - Large scale anisotropy

4

Abbasi et al., ApJ, 718, L194, 2010
arxiv/1005.2960

Relative intensity skymap in equatorial coordinates

(Northern sky)

(Southern sky)
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Summary: Mid/Small Scale Anisotropy

• Structure detected at angular scales from ~7-20 degrees

• Amplitude ~few x 10-4

• Energy spectrum different for different structures

• Only Milagro has established hadronic nature of structures (Regions A & B)

• Future measurements:

- Energy spectrum of all structures (IceCube/HAWC)

- Composition (gamma fraction?) of structures (HAWC/LHAASO)

• Still a puzzle - that’s why we are here!
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Backup
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EAS-Top

L132 AGLIETTA ET AL. Vol. 692

Table 2
Results of the Analysis of the First (Amplitude AI, Phase φI, and Rayleigh Imitation Probability PI) and Second Harmonic (AII, φII, PII) in Solar (Columns 2–4),

Sidereal (Columns 5–7), and Antisidereal Time (Columns 8–10)

E0 (eV) AI
sol104 φI

sol (hr) P I
sol (%) AI

sid104 φI
sid (hr) P I

sid (%) AI
asid104 φI

asid (hr) P I
asid (%)

1.1 × 1014 2.8 ± 0.8 6.0 ± 1.1 0.2 2.6 ± 0.8 0.4 ± 1.2 0.5 1.2 ± 0.8 23.9 ± 2.8 32.5
3.7 × 1014 3.2 ± 2.5 6.0 ± 3.4 44.1 6.4 ± 2.5 13.6 ± 1.5 3.8 3.4 ± 2.5 22.3 ± 3.2 39.7

Aii
sol104 φii

sol (hr) P ii
sol (%) Aii

sid104 φii
sid (hr) P ii

sid (%) Aii
asid104 φii

asid (hr) P ii
asid (%)

1.1 × 1014 1.4 ± 0.8 7.0 ± 1.2 21.6 2.3 ± 0.8 6.3 ± 0.7 1.6 0.6 ± 0.8 . . . 75.5
3.7 × 1014 1.7 ± 2.5 . . . 79.4 1.5 ± 2.5 . . . 83.5 1.2 ± 2.5 . . . 89.1

Note. Phases are not defined when amplitudes are smaller than their uncertainties.

Figure 2. Thick black lines: counting rate curves in solar (a), sidereal (b), and
antisidereal (c) time at 1.1 × 1014 eV. The statistical uncertainty for each bin is
given in the first one. The curves resulting from the first harmonic analysis are
also shown (light black lines); for the sidereal time curve, the combination of
the first and second harmonics (dotted black line) is additionally superimposed.

3.2. The Counting Rate Curves

Besides the harmonic analysis, it is interesting to visualize
the variations of the cosmic-ray intensity versus time, I (t), as
reconstructed by the integration of the east–west differences,
D(t). They are shown in Figures 2 and 3 for the classes of
events at 1.1 × 1014 eV and 3.7 × 1014 eV, respectively (a, b,
and c for solar, sidereal, and antisidereal timescales).

As already shown by the harmonic analysis, at both energies
the curves in solar time are dominated by the Compton–Getting
effect due to the motion of the Earth, and no modulation is
visible in the antisidereal timescale.

A main difference is observed in the sidereal time curves:
while the shape of the curve at 1.1 × 1014 eV is in remarkable

Figure 3. Thick black lines: counting rate curves in solar (a), sidereal (b),
and antisidereal (c) time at 3.7 × 1014 eV. The curves resulting from the first
harmonic analysis are also shown (light black lines).

agreement with the EAS and muon measurements reported at
and below 1014 eV, the curve related to the highest energy class
of events is characterized by a broad excess around 13–16 hr
LST.

4. CONCLUSIONS

High-stability data obtained from long-time observations
(eight years) from the EAS-TOP array confirm the amplitude
and phase of the cosmic-ray anisotropy already reported at
1014 eV: AI

sid = (2.6 ± 0.8) × 10−4, φI
sid = (0.4 ± 1.2) hr

LST, with the Rayleigh imitation probability P I
sid = 0.5%. The

result is supported by the observation of the Compton–Getting
effect due to the revolution of the Earth around the Sun, and by
the absence of antisidereal effects. It confirms the homogeneity
of the anisotropy data over the energy range 1011–1014 eV.
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agreement with the EAS and muon measurements reported at
and below 1014 eV, the curve related to the highest energy class
of events is characterized by a broad excess around 13–16 hr
LST.

4. CONCLUSIONS

High-stability data obtained from long-time observations
(eight years) from the EAS-TOP array confirm the amplitude
and phase of the cosmic-ray anisotropy already reported at
1014 eV: AI

sid = (2.6 ± 0.8) × 10−4, φI
sid = (0.4 ± 1.2) hr

LST, with the Rayleigh imitation probability P I
sid = 0.5%. The

result is supported by the observation of the Compton–Getting
effect due to the revolution of the Earth around the Sun, and by
the absence of antisidereal effects. It confirms the homogeneity
of the anisotropy data over the energy range 1011–1014 eV.

110 TeV

370 TeV

36



Dipole Limits
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Milagro Energy Spectrum 
of Small Scale Anisotropy

Region A Region B
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