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Abstract We study the signal of anisotropy in AGNs/quasars
of CatWISE2020 catalogue using different observables. It
has been reported earlier that this data shows a strong sig-
nal of dipole anisotropy in the source number counts. We
test this claim using two independent data analysis proce-
dures and find our number count dipole consistent with the
earlier results. In addition to number counts, we test for the
anisotropy signal in two other observables – mean spectral
index ᾱ and mean flux density S̄. We find a strong dipole
signal both in the mean spectral index and the mean flux
density. The dipole in mean flux density points towards the
galactic center and becomes very weak after imposing a flux
cut to remove sources with flux greater than 1 mJy. This
can be attributed to the presence of some (∼ 26,600) bright
sources. The signal in the mean spectral index, however, is
relatively stable as a function of both flux and galactic cuts.
The dipole in this observable points roughly opposite to the
galactic center and hence most likely arises due to galactic
bias. We consider a simple model of galactic extinction which
nicely explains the dipole both in mean spectral index and
mean flux density for a wide range of flux and galactic cuts.
Hence, the signal in both these parameters does not appear
to be of cosmological origin.

1 Introduction

The Standard Model of Cosmology, aka �CDM, summa-
rizes our current understanding of the Universe. One of the

a e-mail: quantummechanicskothari@gmail.com (corresponding
author)

underlying assumptions of the model is the Cosmological
Principle [1–6], according to which the Universe is statisti-
cally isotropic and homogeneous at sufficiently large length
scales [7,8]. The precise value of this distance is still not
clear but is expected to be 100 Mpc or larger [3]. Addi-
tionally, the principle is expected to hold in a special frame
[9,10] called the Cosmic Rest Frame (CRF henceforth). In
this frame, all cosmological observables are expected to be
statistically isotropic. Because the solar system is moving
with respect to this frame, several cosmological observ-
ables, including the large scale structure (LSS) and the cos-
mic microwave background (CMB), are expected to exhibit
dipole anisotropy in this frame due to Doppler shift and
aberration effect [11,12]. The dipole in the CMB has been
measured very accurately and has been used to predict our
velocity with respect to CRF. The LSS dipole has also been
observed, but its magnitude doesn’t appear to agree with the
velocity predicted by the CMB dipole, indicating a > 5σ

departure [13] from the cosmological principle [14–18]. In
this paper, we revisit the dipole in number counts using the
CatWISE2020 catalogue[19] data. In addition to this, we use
two other observables – (a) mean spectral index ᾱ and (b)
mean flux density S̄. Our analysis is based on the extraction
of the first three multipoles from the data. The inclusion of
quadrupole accounts for the leakage of dipole power into its
neighbouring multipoles when multipole fitting is performed
on a masked sky. The power beyond the quadrupole is found
to be negligible and hence we have neglected any multipoles
beyond the quadrupole in our analysis.

The dipole in LSS has been measured using radio surveys
[1,14–17,20–23], as well as quasars, observed at infrared
frequencies using the CatWISE2020 catalogue [18]. In all
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cases the dipole is found to be in the direction close to the
CMB dipole, which lies in the direction (l = 264.021◦ ±
0.011◦, b = 48.253◦ ± 0.005◦) in galactic coordinates [24].
However, the amplitude of the dipole and the extracted local
velocity is found to vary significantly and, in most cases, is
not consistent with the prediction based on the CMB dipole.
A similar discrepancy is seen in the radio polarized flux
[25]. Most of the work on radio surveys use the NVSS cat-
alog [26]. A recent paper [27], which employs VLASS [28]
and RACS [29] surveys, finds consistency between number
counts and CMB dipole. The dipole signal in quasar num-
ber counts, observed at infrared frequencies, [18] appears to
show a strong, 4.9σ excess, in comparison to the CMB based
prediction. In this case, the dipole amplitude is found to be
roughly two times higher as compared to the CMB dipole
prediction. We add that both radio and infrared galaxy cat-
alogues show reasonable clustering from moderate to small
angular scales and their angular power spectrum is a good
fit to standard �CDM cosmology [30,31]. So it seems that
it is only the dipole and a few nearby large-scale multipoles
which are higher and hence anomalous as well.

There are also many other observations which appear to
show that the Universe is not statistically isotropic even on
very large distance scales. For example Park et al. [32] per-
form isotropy and homogeneity tests on the SDSS Luminous
Red Galaxy sample and find that even at 300 h−1 Mpc, the
isotropy doesn’t seem to hold. In the case of CMB, a potential
violation of isotropy has been termed hemispherical power
asymmetry [33] which is basically the presence of different
CMB powers in different hemispheres. It still persists in the
data at around 3σ statistical significance [34–38]. A detailed
review of isotropy violations is given in Ref. [6]. It is some-
what interesting that several of these observations indicate
a preferred direction that is closely aligned with the CMB
dipole [39]. In this context, Ref. [13] reports an angle ≈ 45◦
between NVSS and CMB dipole directions. These include
the dipole in the radio polarization offset angles [40] and
the alignment of the CMB quadrupole and octopole [41,42].
The quasar optical polarizations show an alignment over very
large distance scales [43,44]. This alignment also has a ten-
dency to maximize in the direction close to the CMB dipole
[39].

If the observed deviations from isotropy are indeed con-
firmed, they would potentially require a major departure from
the standard �CDM cosmology. There have been many the-
oretical attempts to explain these observations [45–54]. Here
we mention one potential explanation that requires a minimal
departure from the �CDM model [55,56] and is based on the
existence of superhorizon modes [57,58]. The superhorizon
modes have wavelengths much larger than the horizon size
and hence do not have much effect on most cosmological
observations [57,58]. In order to explain the observed vio-
lations of isotropy, these modes are assumed to be aligned

with one another beyond a certain length scale, i.e., their
wave vectors k̂ point in the same direction. Refs. [59,60]
implemented this mechanism by assuming the existence of
just one such mode and showed that the observed dipole
in large scale structures can be explained. The authors per-
form the calculation using the conformal Newtonian gauge.
An alternate calculation, using gauge invariant formalism,
finds a null result for dipole [61] if the superhorizon mode
is assumed to be adiabatic. However, for more general per-
turbations, the CMB dipole is found to be nonzero. Hence
the �CDM relationship between the CMB dipole and struc-
ture dipole is not maintained in general. Such a mode also
affects the CMB quadrupole and octopole [55,56] and can
potentially explain their observed alignment [41]. Remark-
ably, this simple model also explains the observed tension in
the Hubble parameter [62]. It is rather interesting that this
model may emerge from a pre-inflationary phase [63,64].
The Universe need not be isotropic and homogeneous before
inflation and is expected to acquire this property within the
first inflationary efold.1 Hence, we expect that at sufficiently
large distance scales, the cosmic modes need not follow the
cosmological principle. This distance scale corresponds to
the wavelength of the modes that left the horizon during the
aforementioned early stage of inflation. Hence, it is possible
that these observed deviations from isotropy may be point-
ing towards the physics of such an early stage of inflation.
Irrespective of this relationship, this model provides a sim-
ple and viable explanation for such observations. The model
leads to small anisotropy in many cosmological observables,
whose amplitude is expected to be of the order of the dipole
in large-scale structures or smaller.

In this paper, we explore the dipole signal in three observ-
ables using the CatWISE2020 data. We account for the
leakage of dipole power into its adjacent multipole–the
quadrupole, and extract the dipole in observables by simul-
taneously fitting the first three multipoles. The contribution
beyond quadrupole is relatively small (∼ 10 times) and
can be neglected. Hence, our analysis doesn’t consider the
octopole and higher multipoles. We revisit the signal in num-
ber counts using two methods, different from [18] and thus
provide independent validation of their findings. The num-
ber counts acquire a dipole distribution due to our motion
with respect to the CRF [73]. The analysis in [18] shows that
the amplitude of this dipole is much higher than expected
on purely kinematic grounds. Given the significance of the
effect claimed in [18], it is clearly important to determine
its source. Assuming that the signal has a physical origin,
it is very likely that other observables may also show an
anisotropic behaviour. A study of dipole in other observables

1 Explicit proofs exist in the case of homogeneous comsologies like
Bianchi [65,66], Kantowski Sachs [67–70], also some cases of inho-
mogeneous cosmologies [71,72].
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can help in disentangling the physical origin of the effect. We
identify two such observables which we study in detail in this
paper. These are:

1. The mean spectral index (ᾱ): The variation of flux density
S(ν) (W m−2 Hz−1) as a function of frequency (ν) fol-
lows a power law S(ν) ∝ ν−α. Although flux density S
changes in two different reference frames, α doesn’t. We
define the mean spectral index ᾱ as the sum of spectral
indices in a given patch of sky divided by the total number
of sources in that patch (see Eq. 1). In the standard Big
Bang cosmology that includes inflationary paradigm to
account for the observed isotropy, ᾱ would be distributed
isotropically in the sky. It is not expected to get any con-
tribution due to kinematic effects. Hence any anisotropy
in this parameter would signal a non-standard cosmol-
ogy. In general, it is common to assume α isotropic, and
conventionally, some authors even employ this observ-
able to signal or correct flux systematics. For example,
[13] used α to estimate the effect of the flux calibration
systematics in TGSS.

2. The mean flux density (S̄): It is obtained by dividing the
total flux by the number of sources in any region of the
sky (see Eq. 2). If we assume that the integral number
counts above a given flux density S show a power law
distribution, i.e. dN/d�(> S) ∝ S−x , then S̄ would
be distributed isotropically [74]. Assuming a kinematic
origin of dipole, this observable would get a non-zero
contribution only if the number count distribution differs
from a pure power law. Else, a dipole in this observable
can arise only in a non-standard cosmology.

These two observables are also interesting since they are
unaffected by the distribution of sources in the sky. The paper
is structured in the following manner. In Sect. 2, we give
details of the CatWISE2020 catalogue. After this, we explain
our first method; based on a χ2 minimization, for multi-
pole recovery from the masked sky, in Sect. 3. Our second
method is based on an extension of Healpy fit_dipole
method. We apply this method to number counts N and find
consistency between the two methods. The details of the sec-
ond method are discussed in Appendix A where we also esti-
mate the errors in the quantities of interest by simulations.
In Sect. 4, we discuss dipole anisotropy results for N , ᾱ

and S̄ obtained using χ2 method. Further, we study dipole
anisotropy in ᾱ and S̄, using both galactic and flux cuts. In ᾱ,
we find a strong signal of dipole anisotropy and the direction
lies close to the galactic plane. In S̄, the dipole signal is found
to be strong to mild depending upon the imposed flux and
galactic cuts. For the cases where the dipole signal is strong,
the direction lies close to the galactic plane. We conclude in
Sect. 6.

2 The CatWISE catalogue

The CatWISE2020 catalogue [19] is generated from the
Wide-field Infrared Survey Explorer (WISE) [75] and NEO-
WISE all-sky survey data [76,77] at infrared wavelengths
3.4µm and 4.6µm in the W1 and W2 bands, respec-
tively. The number of sources in CatWISE2020 catalogue
is 1,890,715,640. The CatWISE2020 has 90% completeness
at 17.7 mag in W1 band and 17.5 mag in W2 band. In
[78], it is shown that a simple mid-infrared color criterion
W1 − W2 ≥ 0.8 identifies both un-obscured and obscured
AGNs. In Ref. [79], authors also selected ≈ 1.4 million
AGNs/Quasars using a two-color selection criterion from the
ALLWISE data, that includes data from all phases (4-Band
Cryo, 3-Band Cryo, Post-Cryo NEOWISE phase and reac-
tivation NEOWISE – R) of WISE survey. We adopted the
same procedure as mentioned in [18] to select the quasars
from the CatWISE2020 catalogue and used the same crite-
rion for cuts on the data. The data in [18] has lower flux cut
S > Slowercut = 0.085 mJy. We keep the same lower cut in
our analysis as well. Spectral index (α) calculation, as well
as correction for Galactic reddening, is also based on the
same paper. Various cuts to the data are applied in order to
select the best candidates that are supposed to be free from
any known systematics and bias. We use HEALpix visual-
ization and project data with NSIDE 64 for our analysis. The
final source count (left) and mask (right) maps are shown in
Fig. 1.

3 Methodology

We are interested in studying the dipole signal in three
observables (a) number counts N , (b) mean spectral index
ᾱ and (c) mean flux density S̄. The dipole in number counts
has already been studied earlier [13,18]. In order to study the
anisotropy in spectral index we consider the mean value of
this variable in a small angular region. We use the Healpy
pixelation scheme for our analysis. For a given pixel p we
define the mean spectral index ᾱp as

ᾱp = 1

Np

Np∑

i=1

αi,p (1)

here Np is the total number of sources and αi,p denotes the
spectral index of i th source in pixel p. The sum is performed
over all the sources in the pixel. Similarly we define the mean
flux density S̄p in pixel p as

S̄p = 1

Np

Np∑

i=1

Si,p (2)
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Fig. 1 Left: Number count (i.e., number of sources per pixel) map and Right: the corresponding mask map for CatWISE2020 catalogue after
following the masking procedure described in the text

Fig. 2 The distribution of mean flux density S̄ from sub-samples. The
sub-samples are created by dividing the complete CatWISE catalog into
segments, each containing 50 sources. The solid and dashed red lines
respectively denote the median, and the one-σ intervals around it

with Si,p denoting the flux density of i th source in pixel p.
We choose only those pixels having ≥ 5 sources. In order
to extract the dipole signal we use two different procedures.
The χ2 method is described below while the details of the
Healpy [80,81] method can be found in Appendix A.

3.1 Multipole expansion

Let I (θ, φ) denote a generic quantity of interest (N , ᾱ or S̄)
along the direction (θ, φ). Assuming that multipoles 
 ≥ 3
can be neglected, we write

I (θ, φ) = MI
0 + DI

x x + DI
y y + DI

z z + QI
xyxy

+QI
xzxz + QI

yz yz + QI
z2(2z

2 − x2 − y2)

+QI
x2−y2(x

2 − y2). (3)

Above equation is basically the spherical harmonic decom-
position in the Cartesian basis. Equation (3) contains 9
coefficients – one for monopole (M0), three for dipole

(Dx ,Dy,Dz), and five for quadrupole (Qxy,Qxz,Qyz,

Qz2 ,Qx2−y2), to be solved for. The superscript I denotes
the observable being considered.

The observed dipole for any of the observablesD is related
to the dipole components Di present in Eq. (3) as

|D| =
√
D2

x + D2
y + D2

z

M0
. (4)

3.2 The χ2 statistic

In order to determine the coefficients of Eq. (3), we first divide
the whole sky into equal-area pixels using python package
Healpy and determine the quantity of interest Ip for the
pixel p. Then we determine the coefficients in Eq. (3) using
the χ2 minimization,

χ2 =
Nt∑

p=1

[
Ip − I (θ, φ)

σ I
p

]2

, (5)

where σ I
p denotes the error in the observable Ip in a given

pixel p, Nt is the number of unmasked pixels, and I (θ, φ) is
given in Eq. (3).

Although, the source number count follows the Poisson
distribution, on account of a large (∼ 106) number of sources
in pixels, it approaches the Gaussian distribution. Thus for
the number count map, for a pixel with Np sources, we con-
sider σ N

p = √
Np. For observables ᾱ and S̄, the distribution

is non-trivial and asymmetric. So to determine σp for these
observables, we resort to sub-sampling. For a pixel with n
sources, we draw sub-samples with a number count n from
the full CatWISE2020 catalogue. Next, we determine the ᾱ or
S̄ of these sub-samples. The observed distribution for mean
flux density (assuming a pixel has 50 sources) is shown in
Fig. 2. In general the distribution will depend upon the value
of n, i.e., the number of sources in a given pixel. We notice
the skewness in distribution, and draw a 1σ confidence inter-
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Table 1 The dipole parameters
in the three observables N , ᾱ

and S̄ obtained using the
quadrupole χ2 method. The data
is tabulated as a function of flux
cut S < Scut (in mJy). Angles
are shown in degrees. For the
source number counts N , it can
be seen that the dipole direction
and the magnitude remains
consistent in the whole flux cut
range. In the entire analysis, we
have imposed a lower cut on
flux, S > 0.085 mJy

Scut (mJy) ∞ 10.0 0.7 0.3 0.2

# Sources 1,307,511 1,307,023 1,263,875 1,120,488 953,664

fsky 0.4724 0.4724 0.4722 0.4721 0.4718

N

|D| × 10−2 1.7 ± 0.2 1.7 ± 0.2 1.8 ± 0.2 1.7 ± 0.2 1.7 ± 0.2

l 239 ± 8 239 ± 8 236 ± 8 237 ± 8 230 ± 8

b 30 ± 6 30 ± 6 29 ± 6 28 ± 6 23 ± 6

ᾱ

|D| × 10−3 6.6 ± 1.1 7 ± 1 6.7 ± 1.5 6.5 ± 0.9 6.4 ± 0.7

l 171 ± 6 172 ± 5 167 ± 9 168 ± 12 172 ± 11

b 7 ± 6 9 ± 4 8 ± 5 10 ± 6 10 ± 4

S̄

|D| × 10−3 12 ± 3 8.2 ± 1.7 2.3 ± 0.9 1.9 ± 0.9 0.6 ± 0.5

l 352 ± 60 356 ± 16 306 ± 89 355 ± 39 304 ± 93

b 10 ± 8 11 ± 17 65 ± 59 42 ± 46 32 ± 39

Table 2 The dipole parameters
for the three observables N , ᾱ

and S̄ obtained using the
quadrupole χ2 method. The data
is tabulated as a function of the
galactic cut bcut . Notice that the
table starts with bcut = 30◦

bcut (deg) 30 35 40 45 50

# Sources 1,307,511 1,117,078 950,186 767,093 619,814

fsky 0.4724 0.4030 0.3426 0.2765 0.2235

N

|D| × 10−2 1.7 ± 0.2 1.6 ± 0.2 1.3 ± 0.6 1.4 ± 0.5 1.5 ± 0.4

l 239 ± 8 240 ± 9 235 ± 27 227 ± 27 225 ± 21

b 30 ± 6 28 ± 5 34 ± 5 33 ± 13 28 ± 9

ᾱ

|D| × 10−3 6.6 ± 1.1 7.4 ± 1.5 6 ± 1 5.4 ± 1.4 3.6 ± 1.8

l 171 ± 6 161 ± 9 172 ± 14 150 ± 14 147 ± 26

b 7 ± 6 5 ± 6 4 ± 5 7 ± 10 14 ± 15

S̄

|D| × 10−3 12 ± 3 15.1 ± 1.7 10.4 ± 1.8 4.5 ± 1.8 14 ± 15

l 352 ± 60 357 ± 2 23 ± 8 351 ± 149 304 ± 53

b 10 ± 8 7 ± 2 18 ± 5 37 ± 22 21 ± 35

val around the median and determine asymmetric error bars,
i.e., σ (±)

p . Depending on whether the model’s predicted value
is larger or smaller than the observed value, we choose σ I

p

equal to σ
(+)
p or σ

(−)
p and perform the χ2 minimization.

4 Results and discussion

In this section, we give the results of multipole extraction for
all three observables using the χ2 method as a function of
flux and galactic cuts. The results have been summarized in
Tables 1 and 2. We apply our second method (discussed in
1) to number counts only, as it involves symmetric error bars
(see Sect. 3.2).

4.1 Source number counts N

Using χ2 method, we find the dipole direction (l, b) =
(239◦ ± 8◦, 30◦ ± 6). This direction is quite close to the
CMB dipole. On the other hand, the magnitude of the dipole
is found to be |D| = 0.017 ± 0.002. This is much larger in
comparison to the expected kinematic dipole and is consistent
with the value found in [13] that was obtained by a different
data analysis procedure. The extracted quadrupole in number
counts is shown in Fig. 3 (top row left). As we can see from the
figure, it broadly aligns with the ecliptic poles, indicating sys-
tematic bias as already noted in [13,18]. In our procedure, we
do not need to model this bias since the quadrupole is directly
extracted from the data along with the dipole. Though, it is
still possible that the bias may not be completely accounted
for even after including the quadrupole.
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Fig. 3 The extracted quadrupole for number counts N , mean spectral
index ᾱ and mean flux density S̄ (anticlockwise from top left) in the
Galactic coordinate system. The units for the mean flux density B̄ is
mJy. It can be seen from the figure, the number counts quadrupole (top

row left) broadly aligns with the ecliptic poles, indicating systematic
bias. It is worth noting that this bias has also been corrected for in
[13,18] by using a different method

We now make a comparison of χ2 results with those
obtained using Healpy. The details of the multipole extrac-
tion and error estimation can be found in Appendix A. The
results are shown in Fig. 4. These are the histograms of var-
ious multipole components obtained using 10,000 simula-
tions. The dipole magnitude and directions are found to be
|D| = 0.016 ± 0.002 and (l, b) = (238◦ ± 8◦, 30◦ ± 5◦)
respectively. Thus we find the results of Healpy method
are quite close to those obtained using χ2 method. We’ve
also checked the effect of lower flux cut, S > Slowercut, dif-
ferent from the 0.085mJy. We find no change in the number
count dipole, to within error bars.

We have also shown the dependence of extracted monopole
M0 on the order of expansion (Eq. 3) in Table 3, using
Healpy method. It is important to ascertain that the val-
ues of extracted multipole components don’t depend upon
the order to which we make the expansion in Eq. (3). To
this end, we find that M0 shows no change after 
 = 2. We
ascribe this to the fact that beyond 
 = 2, the angular power
spectrum values C
 becomes negligible.

4.1.1 Effect of flux cut

From Table 1, it is clear that the magnitude of dipole as well
as direction is very stable and is almost independent of the
flux cut imposed. But the error in the quantities increase as
we increase the flux cut. The dipole is very significant for
all the flux cuts. For number count analysis, we choose only
those pixels having > 30 sources.

4.1.2 Effect of galactic cut

In this case too, the dipole magnitude and direction remains
almost stable (see Table 2), irrespective of the galactic cut
imposed. Further, errors in the quantities increase as the
galactic cut is increased. The dipole is very significant for

the galactic cuts of 30◦ and 35◦. However, for more stringent
galactic cuts, the significance reduces to about 2–3 sigmas.

4.2 Mean spectral index ᾱ

We find a significant signal of dipolar anisotropy in this
observable. The dipole amplitude is found to be 0.0066 ±
0.0011 and the direction l = 171◦ ± 6◦ and b = 7◦ ± 6◦.
As discussed in Sect. 1, this observable does not get any
contribution due to kinematic effects. Thus, the presence of
anisotropy in this parameter indicates either a bias or a pos-
sible departure from the �CDM. We also find a very strong
quadrupole in the data, roughly correlated with the ecliptic
poles, as shown in Fig. 3 (top row right). This may arise due
to observational bias which is also present in number counts.
The dipole direction lies close to the galactic plane and points
roughly opposite to the galactic center, indicating a possible
contamination from our galaxy. In order to study galactic and
other sources of contamination in data, we study the effect of
(a) flux cut (Scut) and (b) galactic cut (bcut) on this observable.

4.2.1 Effect of flux cut

We study the effect of flux cut S < Scut as we change Scut

from ∞ to 0.1 mJy. The results are given in Table 2. From
the table we observe that

1. Both dipole amplitude and the direction remains almost
constant till Scut = 0.2 mJy. Further, the dipole direction
lies close to the galactic plane and points opposite to the
galactic center.

2. At 0.1 mJy cut, the error in both the magnitude and the
direction increases considerably. This can be attributed
to the drastic change in the number of sources from
953,664 to 302,607 as we go from S < 0.2 to S < 0.1
mJy. However, within errors, the result remains the same
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Fig. 4 Distribution histogram of monopole, dipole and quadrupole
components (Eq. 3) for source number counts N obtained using
Healpy method. In the plot, thick vertical dotted lines are priors and

thick red curve is the Gaussian fit to the histogram. The corresponding
mean (μ) standard deviation (σ ) are also shown in the corresponding
titles

as with other less stringent flux cuts. The dipole is
found to be very significant upto flux cut of 0.2. For the
more stringent flux cut of 0.1, the significance becomes
smaller than 2 sigmas.

4.2.2 Effect of galactic cut

The dipole direction in the mean spectral index is found to be
close to the galactic plane, indicating galactic contamination.
To explore this further, we study the effect of galactic cut on
the observable. This is depicted in Table 2. From the table,
we can observe the following

1. For the galactic cut 30◦ ≤ bcut ≤ 45◦, we find a very sig-
nificant dipole signal. The significance is considerably
reduced for more stringent galactic cuts bcut ≤ 50◦. The
direction for all the cuts in the range 30◦ ≤ bcut ≤ 40◦
agrees within errors. It deviates as we impose a more
stringent cut bcut ≥ 45◦, but the deviation is not very
significant.

2. The effect is not significant for more stringent galactic
cuts such as bcut > 50◦.

Since the effect persists for a wide range of flux cuts, so we
cannot attribute it to about 23,600 (∼ 1.7% of all sources)
bright sources corresponding to (S > 1.0 mJy). The fact
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that it points roughly opposite to the galactic center indicates
contamination from the galaxy. Hence, it is reasonable to
attribute the observed dipole to galactic bias and conclude
that the current data is consistent with isotropy in this vari-
able.

4.3 Mean flux density S̄

The dipole significance in this case is found to be lower as
compared to ᾱ. The dipole amplitude is (12 ± 3) × 10−3

along (l, b) = (352◦ ±60◦, 10◦ ±8◦). Here, we find that the
direction is towards the galactic center, opposite to what we
found in case of ᾱ.

4.3.1 Effect of flux cut

For the flux cuts, the results are again summarised in Table
1. From this table, we observe the following

1. The dipole amplitude and significance suddenly drops
after Scut = 10 mJy. This indicates that the dipole signal
can be attributed to relatively bright sources in data.

2. For the cases, when the dipole is significant (first two
columns), the dipole lies in the galactic plane pointing
towards the galactic center

3. In all other cases, the dipole points away from the plane
and its significance also reduces

4.3.2 Effect of galactic cut

These results are given in Table 2. From the table, we find
that

1. For galactic cuts bcut ≤ 40, the dipole is significant.
After this, the significance reduces considerably

2. For all galactic cuts, the dipole points approximately
towards galactic center and lies close to the galactic
plane. The largest deviation from the galactic plane is
seen from the cut bcut = 45◦

The results clearly suggest that dominant contribution to the
dipole arises from relatively bright sources (see discussion
just before Sect. 4.3). Furthermore it may get contribution
due to galactic contamination.

5 Effect of galactic extinction

The fact that both the mean spectral index ᾱ and mean flux
density S̄ dipoles are correlated with the galactic center sug-
gests that the effect may be related to galactic extinction.
Here we investigate this possibility through a simple model.

We assume a direction dependent extinction such that

I (ν, n̂) = I (ν, θ) = I0(ν)e−τν(n̂) (6)

where the optical thickness τν(n̂) = B(n̂)ν is assumed to
have a dipole angular dependence, i.e., B(n̂) ∝ n̂ · ẑ with z
axis taken along the galactic center which is also the direc-
tion of mean flux density S̄ dipole. The ν dependence is on
account of the Mie Scattering Theory (for details see Chapter
12 of [82]). Assuming τν(n̂) 	 1, Eq. (6) becomes

I (ν, n̂) ≈ I0(ν)(1 − τν(n̂)) = I0(ν)
(
1 − B(n̂)ν

)
. (7)

We have observations at two frequency bands, W1 and W2.
For simplicity, we assume that the intensity in each band can
be approximated by its central frequency. These frequencies
are ν1 = 8.948 × 1013 and ν2 = 6.518 × 1013 Hz respec-
tively for W1 and W2 bands. We next assume a power law
dependence for both I (ν, n̂) and I0(ν),

I (ν, n̂) = C(n̂)ν−α′
(8)

I0(ν) = Aν−α (9)

where C is direction dependent and A is a constant. Fur-
thermore, since the angle dependent extinction correction
is small, we take α′ = α + δ(n̂). Applying relations (8)
and (9) at frequencies ν1 and ν2 and using the fact that
B(n̂)(ν1 − ν2) 	 1, we obtain

δ(n̂) = B(n̂)
ν1 − ν2

ln(ν1/ν2)
(10)

This gives us the dipole in the spectral index ᾱ arising due to
extinction. The corresponding dipole in mean flux density S̄
is obtained by considering the intensity at W1 band. Using
Eq. (7), we obtain


I (ν1, n̂)

I0(ν1)
= I (ν1, n̂) − ‘I0(ν1)

I0(ν1)
= −B(n̂)ν1 (11)

Inserting the values of frequencies ν1 and ν2 in (10) and (11),
we obtain

δ = 7.67 × 1013B(n̂) (12)

I (ν1, n̂)

I0(ν1)
= −8.95 × 1013B(n̂) (13)

From Eqs. (12) and (13), we see that the two dipoles in ᾱ and
S̄ are roughly equal in magnitude but opposite in directions.
This compares well, within errors, with the observed dipole
in these two variables for most of the imposed cuts (see Tables
1 and 2). We can fit the two dipoles and obtain the best fit
parameter B defined by B = B cos θ where θ is the angle
measured with respect to z-axis taken to point opposite to
the galactic center. For the galactic cut 30◦, for example, we
obtain the best fit parameterB = (0.94±0.05)×10−16 Hz−1
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which leads to χ2
min = 1.7 and hence provides a good fit to

the data. Here we have assumed that the two axes are aligned
with the galactic center with one towards and the other in
the opposite direction. The model nicely describes the data
with relatively small change in parameters upto galactic cut
of 40◦. For the more stringent galactic cut 45◦, we again
find a good fit with B = (0.62 ± 0.14) × 10−16 Hz−1 with
χ2

min = 0.55. The change in parameters can be ascribed to the
fact that the sky dependence is likely to be more complicated
than a simple dipole. This model also describes the data well
up to flux cut S < 10 mJy. For more stringent flux cuts, the
fit is not good since the model predicts much stronger dipole
in S̄ in comparison to what is seen in the data. This needs
further investigation with more detailed extinction models,
which we do not pursue in the current paper.

6 Conclusion and outlook

In this paper, we have studied the dipole in three observables
– source number counts, mean spectral index, and mean flux
density. We have used two different data analysis methods
(χ2 and Healpy) which directly extract the first three mul-
tipoles (
 = 0, 1, 2) and the corresponding errors from the
data. The higher multipoles are neglected since they are found
to be small. The Healpy method is applied only for number
counts as it involves symmetric error bars. We find results
obtained using both methods almost the same. Further, these
values are found to be consistent with [13,18]. This provides
an independent check on their results. We point out that in
our case, we do not model the bias in data associated with
the ecliptic pole. This bias leads to a strong quadrupole and
is directly extracted from data (https://www.overleaf.com/
project/6248739230eccf8d1fbb74dc).

Although the observable N has symmetric error bars, this
is no longer true for ᾱ and S̄. Thus we have used only χ2

method for these observables. Generalization of the Healpy
method to the non-symmetric error bars can be pursued in
future. We find a very strong signal of dipole anisotropy in
the mean spectral index ᾱ. The direction in this case lies
close to the galactic plane and points roughly opposite to
the galactic center. Hence to evaluate the effect of galactic
contamination, we study the dipolar anisotropy as a func-
tion of the galactic cut. We find that the signal remains very
significant for galactic cut bcut > 45◦ but starts to loose sig-
nificance for more stringent cuts. We also study the effect of
flux cuts S < Scut. We find that both the amplitude and direc-
tion of the dipole don’t show much change as the flux cut is
made more stringent. However, as expected, the errors in the
dipole parameters become very large for the very stringent
flux cut of Scut = 0.1 mJy. Since the dipole in this variable
points roughly opposite to the galactic center, we conclude
that it may be attributed to contamination from our galaxy.

We find that it can be nicely explained by a simple model
of anisotropic galactic extinction. The model simultaneously
explains both the dipole in ᾱ and B̄ for a wide range of cuts.
Furthermore, ᾱ also shows a strong quadrupole roughly cor-
related with the ecliptic poles, which may indicate the pres-
ence of observational bias in data similar to that present in
number counts.

The mean flux density S̄ also shows a significant dipole
with direction pointing towards the galactic center. The
dipole becomes considerably reduced and also doesn’t
remain significant if we impose the flux cut Scut < 1 mJy.
Additionally, the significance of the dipole reduces beyond
the galactic cut bcut ≤ 40◦. For a wide range of flux and
galactic cuts, the observed dipole can be nicely explained
by a simple empirical model of anisotropic galactic extinc-
tion. This model is consistent with the fact that the dipole in S̄
points towards the galactic center while that in ᾱ points in the
opposite direction. Hence the dipole in these variables does
not appear to be of cosmological origin. Thus we conclude
that both the mean spectral index and the mean flux density
are consistent with isotropy. The codes (multipoleFit
and ChiSquareMinimize) for generating tables and fig-
ures in this paper can be found here �.
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Table 3 Comparison of the monopole values M0 in number counts
by considering the expansion for various 
 values. The monopole value
shows no change after 
 = 2


 ≤ 0 
 ≤ 1 
 ≤ 2 
 ≤ 3

M0 56.29 56.30 55.98 55.98

AppendixA:Analternativemethod for extractingmasked
sky multipole coefficients

In this section, we give details of an alternate procedure
to extract the multipole coefficients for a given observable.
Here, we have applied the method only for number counts
map N . First, we talk about extracting the coefficients and
then a method for estimating the corresponding errors. In
order to better understand the modus operandi, we have con-
sidered a few special cases. We have also given an example
of our procedure in Fig. 4 that shows the distribution of vari-
ous parameters which is found to be Gaussian to a very good
extend. Additionally, we have given corresponding mean val-
ues (μ) and standard deviation (σ ) for number counts N .

A.1 Coefficients’ extraction

The method is based on solving a system of linear equations.
In a multipole expansion, considered till 
, we’d need (
+1)2

equations for obtaining all the coefficients in Eq. (3). Thus
in our case, we need to solve a system of 9 linear equations.
Although, in our analysis, we have terminated the expansion
at 
 = 2, yet we must emphasize that the procedure can
be generalized to any order. As the first step, we write the
discretized version of Eq. (3) (here r2

p = x2
p + y2

p + z2
p)

Ip = MI
0 + DI

x xp + DI
y yp + DI

z zp + QI
xy xpyp

+QI
xz xpzp + QI

yz ypzp

+QI
z2 (3z2

p − r2
p ) + QI

x2−y2 (x2
p − y2

p ) (A.1)

In this equation, Ip and (xp, yp, zp) respectively denote the
observable value and cartesian coordinates of the given pixel
in the Healpy pixelation scheme. For obtaining these coef-

ficients, we now set up a system of linear equations. To get
our first equation, we sum over all the unmasked pixels Nt

on both sides to get

Nt∑

p=1

Ip = MI
0

Nt∑

p=1

1 + DI
x

Nt∑

p=1

xp + DI
y

Nt∑

p=1

yp + DI
z

Nt∑

p=1

zp

+QI
xy

Nt∑

p=1

xpyp + QI
xz

Nt∑

p=1

xpzp

+QI
yz

Nt∑

p=1

ypzp + QI
z2

Nt∑

p=1

(3z2
p − r2

p )

+QI
x2−y2

Nt∑

p=1

(x2
p − y2

p ) (A.2)

To get the next equation, we multiply (A.1) by xp and then
perform the sum. We repeat this process, by multiplying next
with yp and so on, i.e., all the direction dependent factors,
multiplying multipole coefficients in Eq. (A.1). Finally, we
get a system of 9 linear equations which can be written as

MP = N (A.3)

here the parameter vector P is

P = [MI
0 DI

x DI
y DI

z QI
xy QI

xz QI
yz QI

z2 QI
x2−y2

]T (A.4)

and T in the superscript denotes the transpose. The vector N
on the RHS is given by

N =
[ Nt∑

p

(Ip Ipxp Ipyp Ipzp Ipxpyp Ipxpxp Ipypzp IpZp IpMp)

]T

(A.5)

where for brevity sake we have defined Zp = 3z2
p −1, Mp =

x2
p − y2

p and the sum outside the parenthesis is meant to be
performed on all the terms inside the parenthesis over pixel
p. Finally, the symmetric matrix M is given by the following
expression

M =
Nt∑

p

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 xp yp zp xpyp xpzp ypzp Zp Mp

xp x2
p xpyp xpzp x2

p yp x2
p zp xpypzp xpZp xpMp

yp xpyp y2
p ypzp xpy2

p xpypzp y2
p zp ypZp Mp

zp xpzp ypzp z2
p xpypzp xpzp ypz2

p zpZp zpMp

xpyp x2
p yp xpy2

p xpypzp (xpyp)
2 x2

p ypzp xpy2
p zp xpypZp xpypMp

xpzp x2
p zp xpypzp xpz2

p x2
p ypzp (xpzp)

2 xpypz2
p xpzpZp xpzpMp

ypzp xpypzp y2
p zp ypz2

p xpy2
p zp xpypz2

p (ypzp)
2 ypzpZp ypzpMp

Zp xpZp ypZp zpZp xpypZp xpzp ypzpZp Z2
p MpZp

Mp xpMp ypMp zpMp xpypMp xpzpMp ypzpMp MpZp M2
p

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(A.6)
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Fig. 5 Algorithm for generating mock maps and multipole extraction for number counts N . For details, the reader is referred to Appendix A.3

A.2 Special cases

In order to gain some insights about the modus operandi,
it would be useful to consider a few special cases. First we
analyze what happens when no pixel is masked. In that case it
can be shown that the matrix in Eq. (A.6) becomes diagonal.
This is a consequence of the fact that when no pixel is masked

∑

allpixels

xap y
b
p z

c
p = 0 (A.7)

when either a, b or c are odd. Notice that Eq. (A.7) is a
discrete version of the result
∫∫

S2
xa ybzc d� = (1 + (−1)a)(1 + (−1)b)(1 + (−1)c)

× ((a − 1)/2)!((b − 1)/2)!((c − 1)/2)!
4((a + b + c + 1)/2)!

(A.8)

where the surface integral is performed over a unit sphere
S2. This is clearly zero when either a, b or c is odd. This fur-
ther implies that when we have full sky information available
then all the multipole parameters can be determined indepen-
dently. But in reality, we always have a masked sky. In that
case, the parameter extraction will depend upon where the
series truncates. Thus in principle infinite number of param-
eters would be needed. But as we have seen that beyond
quadrupole the power is small hence we truncated our series
at 
 = 2. We have also checked the effect of parameter extrac-
tion and 
 value at which the series is terminated. These
results are shown for monopole in Table 3.

A.3 Error estimation

In order to estimate the errors in the extracted parameters,
we perform simulations using the following algorithm, sum-
marized in Fig. 5.

1. The monopole, dipole and quadrupole components from
the data map are extracted using Eq. (A.3). These multi-
poles are then used to prepare a full sky mapF at NSIDE
64. Note that F is an exact map featuring the input mul-
tipoles.

2. To account for shot-noise in each pixel, we call Poisson
distribution with mean Np, where Np is the value in
pixel ‘p’ in map F. Next, to include partial-to-full-sky
construction uncertainty, we apply the survey mask and
extract multipoles again using Eq. (A.3).

3. The previous step is repeated 10,000 times which gives
a distribution for various extracted multipoles. The dis-
tribution, which is found to be Gaussian, is shown in
Fig. 4. From this distribution, we can calculate relevant
quantities of interest – mean μ and error σ .
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