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A large-scale ~TeV cosmic ray anisotropy at the level of 10‐3 has been 
observed and measured over the last few decades as well as a small-scale 
structures of angular size from 10° to 30° with an amplitude of 10−4.

A number of observatories in the North and only IceCube in the southern 
hemisphere.
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Figure 3. Relative intensity (left) and pre-trial statistical significance (right) maps shown before (top) and after (bottom) dipole- and
quadrupole-subtraction. The maps are in equatorial coordinates and use an angular smoothing radius of 5�. The dashed line indicates the
Galactic plane and the triangle indicates the Galactic center.

Figure 4. Significance map in the vicinity of Region 1 (see Tab. 2) as previously published using only data taken with the IC59 configu-
ration (Abbasi et al. 2011) with 20� smoothing (left) and for the full data set used in this analysis with 5� smoothing (right). Maps are
shown in equatorial coordinates.

the IC59 map with 5� smoothing but not at high enough
significance to be previously reported.
The angular power spectrum for the six-year data set

is shown in Fig. 5. Similar to previous work, it is cal-
culated using PolSpice (Szapudi et al. 2001; Chon et al.
2004), which corrects for systematic e↵ects introduced by
partial-sky coverage. The power spectrum is calculated
for the unsmoothed data map and is shown before (blue)
and after (red) subtracting the dipole and quadrupole
functions from the sky map. The gray bands indicate
the 68% and 95% spread in the C` for a large number
of power spectra for isotropic data sets generated by in-
troducing Poisson fluctuations in the reference skymap.
The power spectrum confirms the presence of significant
structure up to multipoles ` ' 20, corresponding to an-
gular scales of less than 10�.
The error bars on the C` shown in Fig. 5 are statistical.

We estimate the systematic error caused by the partial-
sky coverage by comparing the angular power spectrum
before and after subtraction of the best-fit dipole and
quadrupole functions. After the subtraction, C1 and C2
are consistent with zero, as expected. In principle, the
two spectra should be identical for all ` � 3, but because
of the partial-sky coverage, the multipole moments are

no longer independent. While PolSpice tries to mitigate
the e↵ect of coupling between multipole moments, a sig-
nificant coupling between the low-` modes remains. As
a consequence, the subtraction of dipole and quadrupole
fits also leads to a strong reduction in the power of the
` = 3, ` = 4, and ` = 5 multipoles. The systematic er-
ror on these multipoles is therefore large, as we cannot
rule out that the presence of these multipoles is entirely
caused by systematic e↵ects. For multipoles ` � 6, the
distortion is much smaller and the spectra agree within
uncertainties. For these moments, the systematic errors
on the C` are therefore at most of the same order as the
statistical errors.
In the unsubtracted power spectrum, the uncertainty

in the lower multipole moments causes the C` value for
` = 5 to be negative — a result of PolSpice’s calculation
of the C` values through the use of the two-point autocor-
relation function. Simulations using artificial sky maps
with strong dipole components indicate that this behav-
ior is typical for the weighting and apodization used in
this analysis (see Abbasi et al. (2011) for details) and is
another indication of the coupling between low-` multi-
poles.

IceCube

M. G. Aartsen et al. Astrophys.J. 826 (2016)
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• Limited FoV in time-integrated methods can attenuate large-scale (dipole, 
quadrupole) features.

• Partial sky coverage leads to correlations across multiple components in spherical 
harmonic decomposition.

• Ground-based observatories have poor energy and mass resolution.

• Blindness to vertical dipole component δN from time integration. 

• Reconstruction biases can also limit our ability to correctly reconstruct the pitch 
angle distribution of cosmic rays in the interstellar medium.

• Interference across reference frames can result in biases on the measurement of 
dipole component.

• These biases can limit our ability to interpret results.

Ground Observation Biases
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Method for measuring CR anisotropy
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�I(↵, �)i =
N(↵, �)i � hNi(↵, �)i
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dt
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Direct integra%on:

4 Calculate relative differences between 
data and reference with significance.

3 Correlate pixels to increase 
sensitivity to different angular scales

Construct a “reference” map by integrating  
acceptance over 24 hours.2

Build a binned data map using the 
equatorial coordinates of the events1

5 Calculate statistical significance for each pixel



J. C. Díaz Vélez

(A)

(B) HAWC FoV

IceCube FoV

HAWC FoV

HAWC FoV

IceCube FoV

HAWC FoV

(A)

(B) HAWC FoV

IceCube FoV

HAWC FoV

HAWC FoV

IceCube FoV

HAWC FoV

Li-Ma Statistical Significance

5

Combined measurement of Cosmic-Ray Anisotropy by IceCube and HAWC at 10 TeV.

The higher significance of structures in the southern hemisphere reflects the higher 
larger statistics of the IceCube dataset.
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Limited FoV in Time-Integrated Methods
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• Traditional time-integration methods can strongly attenuate large-scale structures 
exceeding the size of the instantaneous field of view for detectors located at mid 
latitudes.

• A fixed position on the celestial sphere is only observable over a limited period every 
day. The total number of cosmic ray events from a fixed position can only be compared 
against reference data observed during the same period that can lead to an under- or 
overestimation of the isotropic reference level.

observes different parts of the celestial sphere over the course
of each sidereal day. The result is an estimate of the number of
events expected in the detector between time t and t!+!!t.
Subtracting the expected number of events from the actual
observations yields a residual counts map which can be
explored for anisotropy.

The integration time interval !t acts as an effective
smoothing parameter for the counts map, since the method
averages cosmic-ray arrival directions over angular scales of
15°(!t/1 hr). In principle, choosing !t!=!24 hr would pro-
duce a residual counts map with features covering the full sky
(360°). However, for detectors located in the middle latitudes,
the instantaneous exposure of the detector does not match the
full daily exposure, since the 24 hr integrated !eld of view is
much larger than the instantaneous !eld of view, cf. Figure 1.
As a result, large-scale structures in the residual counts map, in
particular the dipole, are strongly attenuated when using these
methods.

To improve estimates of large-scale anisotropy using
detectors in the middle latitudes, we describe a maximum
likelihood construction that can be used to disentangle the
anisotropy from detector effects. The technique is based on the
same ansatz used by the time-scrambling or direct-integration
method, that the total accumulated exposure of the detector can
be factorized into a time-dependent event rate and a time-
independent relative acceptance map. We begin by describing
the technique in Section 2. In Section 3, we apply the
maximum-likelihood method to simulated data and show that
large- and small-scale anisotropies can be reconstructed with
relatively little of the distortion observed in the direct-
integration or time-scrambling techniques. We compare our
method to alternative techniques in Section 4. We then discuss
analysis methods of large- and small-scale anisotropies of the
reconstructed anisotropy maps in Section 5 before concluding
in Section 6.

2. MAXIMUM LIKELIHOOD METHOD

In the following, we will assume that the total accumulated
detector exposure � can be expressed as a product of its
angular-integrated exposure E and relative acceptance � in
terms of azimuth angle j (from north increasing to the east)

and zenith angle ! as

� �K R K R�t E t, , , . 1( ) ( ) ( ) ( )
Without loss of generality, we require that the relative

acceptance is normalized to �¨ K R8 �d , 1( ) . This approx-
imation assumes that the relative acceptance of the detector
remains approximately constant over time. The ansatz is
identical to the approach used in direct integration or time
scrambling.
Let us also assume that the "ux of cosmic rays at the

energies of interest remains constant as a function of time,
varying only as a function of celestial longitude " (R.A.) and
latitude # (decl.). Due to the strong diffusion of cosmic rays in
the Galactic environment, the "ux is dominated by an isotropic
term fiso. Hence, the total "ux can be expressed as

G B E G B E� I, , , 2iso( ) ( ) ( )
where I(", #) is the relative intensity of the "ux as a function of
position in the sky. The anisotropy is de!ned as the deviation
E � � �I I 1 1. Note that this ansatz ignores anisotropies
associated with the relative motion of the Earth with respect to
the Sun. We will come back to this subtlety in the discussion
section.
The local horizontal coordinate system and the celestial (or

equatorial) coordinate system are related via a time-dependent
transformation. We de!ne B E B E E�n cos cos , sin cos , sin( )
as the unit vector corresponding to the coordinates (", #) in the
right-handed equatorial system. Similarly, the unit vector
corresponding to the coordinates (!, j) in the right-handed
local system is K R K R Ra � �n cos sin , sin sin , cos( ). The two
unit vectors are related via a time-dependent coordinate
transformation n!!=!R(t)n. For an experiment located at
geographic latitude " and longitude # (measured east from
Greenwich), the transformation is

!
"
##

$
%
&&

X X
X X

X X
�

� ' � ' '
�

' ' '
R t

t t
t t

t t
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sin cos 0
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where $!=!2%/24 hr and the local sidereal time t is related to
the sidereal time at Greenwich t! by t!=!t!!+!#/$.
To simplify calculations on the local and celestial spheres,

the sky is binned into pixels of equal area %8 using the
HEALPix parametrization of the unit sphere!(Gorski
et al. 2005). To make the equations more transparent, we use
roman indices for pixels in the local sky map and fraktur
indices for pixels in the celestial sky map. Time bins are
indicated by greek indices. For instance, the data observed at a
!xed sidereal time bin & can be described in terms of the
observation in local horizontal sky with bin i as n&i or
transformed into the celestial sky map with bin a as aUn .
Consider an angular element of the local coordinate sphere

!$i corresponding to coordinates (!i, ji). The number of
cosmic rays expected from this location in a sidereal time
interval !t& with central value t& is

& �NU U U� I , 4i i i ( )
where & Gw %U U Ut E tiso ( ) gives the expected number of
isotropic background events in sidereal time bin &. The
quantity � � R Kw %8 ,i i i i( ) is the binned relative acceptance
of the detector for angular element i, and iw a 8U UR nI I ti ( ( ) ( ))
is the relative intensity observed in the local horizontal system

Figure 1. Simulated cosmic-ray anisotropy in equatorial coordinates using the
model of Ahlers (2014). For illustration, we indicate the instantaneous !eld of
view of the HAWC observatory (at latitude 19° north) at a local sidereal time of
9 hr and a zenith angle cut at 60°. The time-integrated !eld of view corresponds
to the declination range !41°!<!#!<!79°.
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The Astrophysical Journal, 823:10 (10pp), 2016 May 20 Ahlers et al.

M. Ahlers et al (arXiv:1601.07877)

The likelihood of observing n cosmic rays is given by the product of Poisson 
probabilities

 Iterative maximum likelihood method
Ahlers, BenZvi, Desiati, Díaz-Vélez, Fiorino & Westerhoff 2016 ApJ 823 10

relative acceptance relative intensity 

expected number of events 
from isotropic background 
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Angular Power Spectrum

Angular power spectra for the relative intensity map for six years of IceCube data; before and after 
the subtraction of the best-fit dipole and quadrupole terms.

This measurement would suggest that the quadrupole component is stronger than the dipole 
component.

M. G. Aartsen et al 2016 ApJ 826 220

IceCube (6-years)
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Angular Power Spectrum

Angular power spectra for the relative intensity map for two years of HAWC data.

Here we see a much larger dipole component compared to the quadrupole, and compared to the 
IceCube measurement.

A. U. Abeysekara et al 2018 ApJ 865 57

HAWC (2-years)
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A. U. Abeysekara et al 2019 ApJ 871 96Full-Sky Angular Power Spectrum
• Iterative method recovers most of the power of large scale structure in mid-latitude observatories 

like HAWC.

• The highest angular power for l = 1 is obtained with the greater sky coverage from combining data 
from both observatories and reconstruction with the iterative method.

• The larger sky-coverage in the HAWC-IceCube measurement disambiguates power between l 
-modes 

*Noise level in combined measurement is dominated by statistics from HAWC



Partial sky-coverage

Multipole components are subject to crosstalk caused by partial sky coverage since there 
is a degeneracy between different l -modes.  
A purely dipole can result in an artificial quadrupole due to partial sky coverage. 

Pure dipole (3d sensitivity)
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A. U. Abeysekara et al 2019 ApJ 871 96



Partial sky-coverage
Multipole components are subject to crosstalk caused by partial sky coverage since there 
is a degeneracy between different l -modes. 

11

A. U. Abeysekara et al 2019 ApJ 871 96

A. U. Abeysekara et al 2019 ApJ 871 96
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Horizontal projection Pure dipole (reconstructed)

• Simulated dipole reconstructed with LLH method.


• Solid line is best possible with ground-based 
observations. 


• Method improves with iteration (light to dark red). 

• Geometric correction needed due to limited sky coverage.

A. U. Abeysekara et al 2018 ApJ 865 57



Dipole Component
δ0h and δ6h   are the dipole components parallel to the equatorial plane and 
pointing to the direction of the local hour angle 0h (α = 0◦) and 6h (α = 90◦) 
of the vernal equinox, respectively. Ground-based observatories are not 
sensitive the dipole component pointing north δN.

13

A1 = 1.17e-3 ± 5.8e-6  
𝜶1 = 38.4º ± 0.3º 

𝜹0h = 9.16e-4 ± 0.04e-4 
𝜹6h = 7.25e-4 ± 0.04e-4 
𝜹N = ?

A. U. Abeysekara et al 2019 ApJ 871 96

A. U. Abeysekara et al 2019 ApJ 871 96
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of the Galactic plane is shown as a red line. A !t to the plane
de!ned by the small-scale feature that marks the boundary
between the excess and de!cit regions (!115° R.A.) is shown
in Figure 12. The !t yields a vector pointed toward (!!t,
"!t)!=!(229°.2± 3°.5, 11°.4± 3°.0) in J2000 equatorial coordi-
nates, as shown in Figure 11, along with the corresponding
equator (the crossed black curve). The direction is located 9°
from the LIMF inferred by the Interstellar Boundary Explorer
(IBEX) from the emission of energetic neutral atoms (ENA)
originating from the outer heliosphere (see Funsten et al. 2013).
This point is also located 6°.5 from the LIMF direction reported
by Zirnstein et al. (2016) and consistent with the average LIMF
direction obtained from the polarization of stars within 40 pc by
Frisch et al. (2015). This is shown in Figure 13 and summarized
in Table 4, along with the value of ! obtained from the dipole
!t and the value of " obtained from the quadrupole !t. The
errors on the !t are derived from the #2 distribution shown in
Figure 12 and do not include possible systematics uncertainties
from the missing m= 0 dipole component.

The fact that the dipole component of the full-sky cosmic ray
anisotropy map is approximately aligned with the direction of
the LIMF (or at least its projection on the equatorial plane) is
probably not a coincidence, as we expect diffusion to be
anisotropic with the fastest propagation along the magnetic
!eld lines!(Effenberger et al. 2012; Kumar & Eichler 2014;

Schwadron et al. 2014; Mertsch & Funk 2015). Assuming that
the observed dipole points in this direction, it is possible to
estimate the amplitude of the vertical component. The measured
amplitude of the horizontal component of the dipole A1̃ is related
to the true amplitude A1 through the dipole inclination "0 with
A A cos1 1 0E�˜ , from which we obtain a value for the vertical
dipole vector component of A tan 3.97 10N 1 0 2.0

1.0 4E E� _ � q�
� �˜

for the various magnetic !eld assumptions (see Table 4).
If we assume that the dipole component must be aligned with

the LIMF, the observed deviation could be explained as due to
the relative motion of the observer with respect to a frame in
which the cosmic ray distribution is isotropic, called the
Compton–Getting effect!(Compton & Getting 1935; Gleeson &
Axford 1968). The heliosphere could also have a signi!cant

Figure 11. (A) Relative intensity of cosmic rays at 10 TeV median energy
(Figures 4(A)) and (B) corresponding small-scale anisotropy (Figure 5(A)) in
J2000 equatorial coordinates with color scale adjusted to emphasize features.
The !t to the boundary between large-scale excess and de!cit regions is shown
as a black crossed curve. The magnetic equator from Zirnstein et al. (2016) is
shown as a black curve, as is the plane containing the local interstellar medium
magnetic !eld and velocity (B–V plane). The Galactic plane is shown as a red
curve, and two nearby supernova remnants, Geminga and Vela, are shown for
reference, as is Cygnus X-1, a black hole X-ray binary known to produce high-
energy $ rays!(Albert et al. 2007).

Figure 12. #2 distribution map for circular !t to boundary between large-scale
excess and de!cit regions shown in J2000 equatorial coordinates. The black
point corresponds to the minimum #2 for the center of the circle and the black
curve is the !tted circle. The gray points are the selected pixels for the !t. The
best !t has a value of #2/ndof!=!585/579.

Figure 13. Circular !t to boundary between large-scale excess and de!cit
regions shown in J2000 equatorial coordinates, along with published magnetic
!eld measurements by Funsten et al. (2013) inferred from the emission of
energetic neutral atoms (ENA) originating from the outer heliosphere by the
Interstellar Boundary Explorer (IBEX; Zirnstein et al. 2016; Frisch et al. 2015),
obtained from the polarization of stars within 40 pc.
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The Astrophysical Journal, 871:96 (15pp), 2019 January 20 Abeysekara et al.

Estimation of the Local  
Interstellar Magnetic Field

χ2 distribution map for circular fit to boundary 
between large-scale excess and deficit regions. 
The black point corresponds to the minimum χ2 
for the center of the circle and the black curve is 
the fitted circle. The gray points are the selected 
pixels for the fit. The best fit has a value of χ2/
ndof = 585/579.
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Estimation of the Local  
Interstellar Magnetic Field
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(IBEX) from the emission of energetic neutral atoms (ENA)
originating from the outer heliosphere (see Funsten et al. 2013).
This point is also located 6°.5 from the LIMF direction reported
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direction obtained from the polarization of stars within 40 pc by
Frisch et al. (2015). This is shown in Figure 13 and summarized
in Table 4, along with the value of ! obtained from the dipole
!t and the value of " obtained from the quadrupole !t. The
errors on the !t are derived from the #2 distribution shown in
Figure 12 and do not include possible systematics uncertainties
from the missing m= 0 dipole component.
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anisotropy map is approximately aligned with the direction of
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A A cos1 1 0E�˜ , from which we obtain a value for the vertical
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for the various magnetic !eld assumptions (see Table 4).
If we assume that the dipole component must be aligned with

the LIMF, the observed deviation could be explained as due to
the relative motion of the observer with respect to a frame in
which the cosmic ray distribution is isotropic, called the
Compton–Getting effect!(Compton & Getting 1935; Gleeson &
Axford 1968). The heliosphere could also have a signi!cant

Figure 11. (A) Relative intensity of cosmic rays at 10 TeV median energy
(Figures 4(A)) and (B) corresponding small-scale anisotropy (Figure 5(A)) in
J2000 equatorial coordinates with color scale adjusted to emphasize features.
The !t to the boundary between large-scale excess and de!cit regions is shown
as a black crossed curve. The magnetic equator from Zirnstein et al. (2016) is
shown as a black curve, as is the plane containing the local interstellar medium
magnetic !eld and velocity (B–V plane). The Galactic plane is shown as a red
curve, and two nearby supernova remnants, Geminga and Vela, are shown for
reference, as is Cygnus X-1, a black hole X-ray binary known to produce high-
energy $ rays!(Albert et al. 2007).

Figure 12. #2 distribution map for circular !t to boundary between large-scale
excess and de!cit regions shown in J2000 equatorial coordinates. The black
point corresponds to the minimum #2 for the center of the circle and the black
curve is the !tted circle. The gray points are the selected pixels for the !t. The
best !t has a value of #2/ndof!=!585/579.

Figure 13. Circular !t to boundary between large-scale excess and de!cit
regions shown in J2000 equatorial coordinates, along with published magnetic
!eld measurements by Funsten et al. (2013) inferred from the emission of
energetic neutral atoms (ENA) originating from the outer heliosphere by the
Interstellar Boundary Explorer (IBEX; Zirnstein et al. 2016; Frisch et al. 2015),
obtained from the polarization of stars within 40 pc.
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Circular fit to boundary between large-scale excess and deficit 
regions in J2000 equatorial coordinates, along with magnetic 
field measurements done through different methods.

A. U. Abeysekara et al 2019 ApJ 871 96

Inferred direction obtained for the local 
interstellar magnetic field BLIMF:

From which a value for the vertical dipole 
vector component is obtained assuming the 
dipole points in the direction of BLIMF

δN ~ -3.97 +1.0/-2.0 X 10-4

229°.2 ± 3°.5 R.A.
11°.4 ± 3°.0 decl.
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Meridional projection of the heliospheric magnetic field model described in (N. V. Pogorelov et al., ApJ 772 
(2013) 2).  The original simulation box dimension is 320 × 280 ×280 grid points (20 AU per grid point).

RL ' 220

z

✓
E

1TeV

◆✓
1µG

B

◆
[AU]

The Larmor radius of a particle with energy E and charge z in a magnetic field of magnitude B is 
given by

For particles with rigidity of 1 TV in with B ~ 3 µG, the gyroradius, RL ~ 73 AU. For 10 TV particles, 
RL ~ 730 AU is the same order of magnitude of the transverse size of the heliosphere. 

Lensing effect from the Heliosphere
Díaz-Vélez & Desiati, PoS(ICRC2019)1076



Lensing effect from the Heliosphere
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Distribution of observed arrival directions of simulated protons at 1 TeV, 10 TeV, and 100 
TeV resulting from an injected dipole oriented along the LIMF. The amount of distortion 
increases with decreasing energy.

The observed arrival distribution is the result of the combined energy distributions 
for all masses in data sample (but dominated by the peak of the distribution).

Numerical simulations

A. U. Abeysekara et al 2018 ApJ 865 57

HAWC

Díaz-Vélez & Desiati 2019 PoS(ICRC2019)1076



18

Energy distribution for datasets used in IceCube-HAWC analysis, based on Monte Carlo 
simulations. After cuts, both CR data sets have a median energy of approximately 10 TeV with 
little dependence on zenith angle. Before cuts, the median energy grows as a function of 
shower zenith angle and is largest in the narrow region of overlap between the two detectors.

Composition
IceCube HAWC

Proton 0.756 0.616
He 0.195 0.311
CNO 0.028 0.047

NeMgSi 0.013 0.019
Fe 0.008 0.008

Median Energy
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3FDPOTUSVDUFE�EJQPMF
$PNQFOTBUFE�EJQPMF
5SVF�EJQPMF

The round-trip test reconstructs a dipole 
distribution from the mapping of local 
observed arrival distribution to the 
original injected dipole along the LIMF. 

3FDPOTUSVDUFE�NBQ
1SPQBHBUFE�NBQ
5SVF�EJQPMF

• Reconstructed map of the 10 TeV combined 
sample after propagation. 

• The direction of the LIMF is indicated by the X 
and the corresponding magnetic equator is 
shown with a solid black curve. 

• The inferred direction obtained by the same 
method used for the IceCube-HAWC analysis in 
A. U. Abeysekara et al 2019 ApJ 871 96 

Round-trip Test Díaz-Vélez & Desiati 2019 PoS(ICRC2019)1076

Inferred direction of the injected dipole 
is marked by the red square.
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The angular power spectrum observed at Earth (simulation). 
While most of the angular power is concentrated on the large scale 
anisotropy components, a hierarchical ordering of higher 𝓁 modes modeled in 
Ref. [29] is present and preserved in the reconstructed map.

Measurement Biases on the Angular Power Spectrum
Díaz-Vélez & Desiati 2019 PoS(ICRC2019)1076
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v = 29.8 ± 0.5 km/sCompton & Getting, Phys. Rev. 47, 817 (1935)
Gleeson, & Axford, Ap&SS, 2, 43 (1968)
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IceCube - Aartsen et al., ApJ 826, 220, 2016

Solar Dipole 
Compton-Getting from Earth's motion around the Sun

IceCube - Aartsen et al., ApJ 826, 220, 2016
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Interference between solar and sidereal dipole anisotropies as observed in the 
sidereal reference frame at two different times during the year. The solar dipole 
introduces a bias in both amplitude and phase of the sidereal dipole

Interaction of the Solar and Sidereal frames
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For a detector located at one of the poles with limited FoV, there is an attenuation of the 
solar dipole amplitude at either equinox because the velocity vector (anti-vector) is 
obscured below the horizon due to Earth's tilt.

The rate of this change in amplitude is not symmetric because of the eccentricity of Earth's 
orbit.
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A toy simulation shows that, even with full coverage over 365 days, the solar and 
sidereal dipoles don’t cancel out in their respective frames, resulting in a residual 
anti-sidereal (left), and extended-sidereal (right) distributions

Non-physical reference frames
The mutual interference between modulations 
in the solar and sidereal frames produces 
frequency side-bands around the respective 
peaks in the frequency domain. 

The side-bands overlap with the sidereal and 
solar frequencies, respectively, producing a 
deformation of the CRA.
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An additional asymmetry in the amplitude of the solar dipole results the time dependence of the 
orbital velocity, primarily due to the eccentricity of Earth’s orbit and to a lesser extent, from the 
orbit around the Earth-Moon center of mass. 

The rate of this change in amplitude is also not symmetric because of the eccentricity of Earth's 
orbit.

A dipole fit to the amplitude modulation over one year results in a residual signal due to the 
asymmetric nature of Earth's orbit.
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Left: Probability density function for a zenith angle 𝜃 to be reconstructed as zenith angle 𝜃. There is an increasing bias towards 
the horizon at 90º that needs to factor into the solar dipole correction. Right: Zenith reconstruction bias results in an over-
correction toward the horizon and an under-correction towards 45º

The acceptance as a function of zenith angle along with a decreasing angular resolution for horizontal 
events results in a biased distribution for large zenith angles. 

A simple correction based on the C-G equation would result in an over-correction for large zenith angles 
toward the horizon, and an under-correction towards 45º.
 
A compensation factor should include a correction based on the likelihood for an event to originate from a 
given direction. 

By eliminating biases in the measurement of amplitude and phase of sidereal, and solar dipole 
distributions, this approach has the added benefit of eliminating the requirement for full integer year 
coverage and may provide a tool for probing yearly variations in the sidereal cosmic-ray arrival distribution.

Correcting for the Solar Dipole
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Summary

Nearly full-sky cosmic ray arrival direction distribution from IceCube-HAWC study 
eliminates biases that arise from partial sky-coverage and provides better fit of phase 
and amplitude of horizontal component.

Ground-based observatories are generally insensitive to cosmic-ray anisotropy 
variations that are symmetric in RA, i.e. only vary across declination bands (i. e. dipole 
only observed as a projection onto celestial equator). 

Geometric structures of 10 TeV anisotropy provides a tool to estimate the vertical 
dipole component. 

In round-trip simulations, the dipole amplitude, δP  of the propagated map agrees to 
within 1% with the reconstructed dipole amplitude  and in particular, 
we find that the estimate of δN agrees to within 2% of the true value for the specific 
heliospheric model in our study.

The study suggest this approach is robust to energy and mass uncertainties from 
observations.

δR = δ2
H + δ2

N
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