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Both WMAP and Planck data show a significant odd-multipole preference in the large scales of the cosmic
microwave background (CMB) temperature anisotropies. If this pattern originates from cosmological
effects, then it can be considered a crucial clue for a violation in the cosmological principle. By defining
various direction dependent statistics in the full-sky Planck 2015 maps (see, for instance, Naselsky et al.
(2012); W. Zhao (2014)), we found that the CMB parity asymmetry has a preferred direction, which is
independent of the choices of the statistics. In particular, this preferred axis is strongly aligned with those
in the CMB quadrupole and octopole, as well as that in the CMB kinematic dipole, which hints to their
non-cosmological origin. In realistic observations, the foreground residuals are inevitable, and should be
properly masked out in order to avoid possible misinterpretation of the results. In this paper, we extend
our previous analyses to the masked Planck 2015 data. By defining a similar direction dependent statistic
in the masked map, we find a preferred direction of the CMB parity asymmetry, in which the axis also
coincides with that found in the full-sky analysis. Therefore, our conclusions on the CMB parity violation

and its directional properties are confirmed.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The temperature and polarization anisotropies of the cosmic
microwave background (CMB) radiation, seeded by both primordial
scalar and tensor fluctuations, encode rich cosmological informa-
tion [1]. The precise measurements of the CMB power spectra
by various experiments, including the WMAP and Planck satel-
lites, have tightly constrained the cosmological parameters, show-
ing an excellent consistency with the inflation+ACDM cosmologi-
cal model [2,3]. At the same time, a number of anomalies on large
scales were also reported in the CMB temperature anisotropy data
[4-7]. The low quadrupole problem was first reported in COBE data
[8], and later confirmed in WMAP, as well as in Planck data. Other
anomalies were also announced in both WMAP and Planck data,
including the lack of both variance and correlation on the largest
angular scales [9], the alignment of the CMB quadrupole and oc-
topole [10], the cold spot [11], the quadrant asymmetry [12], the
power asymmetry [13], and so on. All these anomalies seem to
indicate an isotropy violation in the Universe on large scales. Dif-
ferent origins for the anomalies have been suggested throughout
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the years, from cosmological effects to unresolved contaminations
or systematical errors, however, to the present time, they are still
unknown.

The problem of the parity asymmetry of the CMB has been
investigated in the literature [14,15], and it shows a significant
dominance of the power spectrum stored in the odd multipoles
over the even ones. The odd parity preference was also confirmed
in the recent Planck data [5,6]. To distinguish between different ex-
planations, we have investigated the directional properties of the
CMB parity asymmetry by defining various direction-dependent
statistics in previous works [16,17]. We found that the CMB par-
ity violation favors a preferred direction, which is independent of
the choice of the statistics. Most importantly, we found that this
preferred direction aligns with the direction of the CMB kinematic
dipole. This coincidence strongly suggests that the parity asymme-
try should be due to some unsolved systematical error related to
the CMB dipole. In addition, by comparing the preferred directions
in the parity asymmetry, and those in the CMB dipole, quadrupole
and octopole, we found that the alignment between them is con-
firmed at more than 30 confidence level. This shows that the CMB
parity anomaly may have the same origin as the other anomalies:
including the low quadrupole problem, the alignment between the
quadrupole and the octopole, and the lack of large-scale correla-
tion.

0370-2693/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by

SCOAP3.


http://dx.doi.org/10.1016/j.physletb.2016.04.030
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/4.0/
mailto:wzhao7@ustc.edu.cn
http://dx.doi.org/10.1016/j.physletb.2016.04.030
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2016.04.030&domain=pdf

446 C. Cheng et al. / Physics Letters B 757 (2016) 445-453

It is important to point out that in these previous works [16,
17], we have used full-sky maps to construct the statistics for
analysis. However, for any realistic CMB map, there are some fore-
ground residuals. We previously assumed that these residuals have
little effect on low multipoles, and cannot significantly influence
our conclusion. However, the validity of this assumption is un-
known, being, therefore, the main flaw of the previous analysis.
The main goal of this paper is then to correct this flaw. In the
present work, we shall mask the contaminated regions of the CMB
maps, and investigate the directional properties of the CMB parity
violation based on these masked maps. We find that the results
using partial sky maps and full-sky maps are consistent with each
other, which stabilizes our conclusions on the directional proper-
ties of CMB parity asymmetry.

2. Preferred axis of CMB parity violation: Full CMB maps

According to coordinate transformation, the CMB temperature
fluctuation on a two-dimensional sphere is a scalar field, which
can be decomposed as the standard spherical harmonics as fol-
lows:
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where Y, (1) are the spherical harmonics, and agy;, are the cor-
responding coefficients. In the standard inflationary scenario, both
primordial scalar and tensor perturbations are random Gaussian
fields. In the linear order approximation, the two-dimensional tem-
perature fluctuations also satisfy the random Gaussian distribution,
i.e., the amplitudes |ayp,| are distributed according to Rayleigh’s
probability distribution function, and the phase of a;;, with m #0
is supported to be evenly distributed in the range [0, 27]. The
statistical properties of a random Gaussian field are completely de-
scribed by the second-order power spectrum, namely

where (...) denotes the average over the statistical ensemble of re-
alizations, and the spectrum C, is independent of the magnetic
quantum number m for the statistical isotropic field. In real detec-
tions, it is impossible to directly observe the power spectrum C,.
One has to construct the estimators. For the full-sky map, if any
kind of noise is negligible, the best unbiased estimator for C, is
[18]
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and the statistical uncertainty is AQ = ﬁcb which is the

so-called cosmic variance. Note that this estimator is rotationally
invariant, i.e. its value is invariant under the rotation of the co-
ordinate reference system. Based on the unbiased estimator Ce,
a statistic for the CMB parity asymmetry can be defined as

SOl +1CTy
Yo 0@+ 1CT,

where T = cos?(¢r/2) and T, = sin(¢7/2). This statistic is as-
sociated with the degree of parity asymmetry, where a value G < 1
indicates the odd-parity preference, and G > 1 indicates the even-
parity preference. In the full WMAP data, an odd-parity preference
at the very large scales has been reported at a quite high confi-
dence level. In the 7-year WMAP data, the minimum of G in the
lower-tail probability occurs at ¢ = 22, which corresponds to the

GW)=

(4)

probability value of P =0.6% [15]. While in the Planck 2015 data
the minimum of G extends to ¢ =28, and the probability value
also decreases to 0.2% for NILC, SEVEM, and SMICA, and 0.3% for
Commander [6]. Even so, as we have shown in a previous work
[16], the main contribution to the CMB parity asymmetry comes
from the lowest multipoles £ < 10. As a conservative discussion
and in order to be consistent with previous works [16,17], we
shall only consider the CMB low multipoles ¢ < 21. We expect the
conclusions to be stable even if the multipoles up to ¢ < 28 are
considered.

In this paper, we will study the directional properties of the
CMB field as it has been done in previous works [16,17]. The rota-
tionally variant estimator D(¢) can be defined as follows:
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which is also an unbiased estimator for the power spectrum Cy,
i.e.,, (D¢) = Cy. Comparing with C, defined in Eq. (3), the m=20
component has been excluded, so the z-axis in the referenced co-
ordinate system has been selected as the preferred axis in this
definition [16,17]. Thus, we can construct the estimator D,(q) in
any coordinate system as

4
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where we define that q = (0, ¢), and a,(q) are the coefficients in
the coordinate system, which is the Galactic system rotated by the
Euler angle (0, 6, ¢). Here q is a vector labeling the z-axis direction
in the rotated coordinate system, and (0, ¢) is the polar coordinate
of this direction in the Galactic system. Similar to the previous
works [16,17], the direction dependent statistic for the CMB parity
asymmetry can be defined as

Sl ¢ @+ Dbp@ry
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Similar to G(£), the statistic g(£, q) is also associated with the de-
gree of the parity asymmetry. For any given £, the sky map g(¢, q)
can be constructed by considering all the directions q. In practice,
we pixelize the full sky in the HEALPix format with the resolution
parameter Ngge = 64 and set the directions q to be those of the
pixels. From the definition of g(¢, q), the direction of q is exactly
equivalent to its opposite direction —q.

Recently, Planck Collaboration released the 2015 data on the
CMB temperature anisotropies, including Commander, NILC, SMICA
and SEVEM. These CMB maps are constructed via quite differ-
ent techniques, but they give the same cosmological results. From
Fig. 1, we find that in the Galactic plane, these maps are defi-
nitely different due to the foreground residuals, and so providing
different sky masks. However, similar to [16,17], we expect them
to have little influence on the CMB low multipoles. For the consis-
tency of our analysis, we shall consider all of these four maps. First
of all, for example, let us consider the Commander map. Since the
parity violation of the CMB is obvious only on large scales ¢ < 22
[5,6,15], we only focus on the directional dependence of the CMB
in this multipole range in this paper. Based on the definition of
g, q) in Eq. (7), we construct g-maps for different maximum
multipole ¢, which are presented in Fig. 2. From the figures, we
find that g(¢, q) < 1 holds for any direction q and maximum mul-
tipole ¢, which is consistent with the discovery of the odd-parity
preference in previous works [5,6,15]. The smaller the g-value the

g, q= (7)
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Fig. 1. The 2015 Planck temperature anisotropy maps, including Commander, NILC, SMICA and SEVEM. The lower panels are the corresponding masks suggested by Planck

Collaboration.
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Fig. 2. The directional statistics g(¢, q) for different maximum multipole ¢ based on the full-sky Commander map.

larger the parity violation. The figures show that, in the g-maps,
the minimal g value increases as the maximum multipole ¢ in-
creases, which implies that the CMB parity violation mainly exists
at the low multipole ranges. In addition, we find that for any given
maximum multipole value ¢, except for the case with ¢ =3, all
the g-maps have quite similar morphologies. In all these maps,
the preferred directions (listed in Table 1), where the g-value is
minimized, are very close to each other. Note that, throughout this
paper, we do not distinguish between the direction q and the op-
posite one —q.

In previous works [16,17], we have found that the preferred
axis coincides with the CMB kinematic dipole, which is indepen-
dent of the choice of the directional statistics. In addition, the
alignment of these preferred directions and the preferred direc-
tions in the CMB quadrupole and octopole is also confirmed at
more than 30 confidence level. Here, we also investigate this coin-
cidence in the new data. To quantify the coincidence with the CMB
kinematic dipole, we define the quantity «, which is the angle

between the preferred direction q and the CMB kinematic dipole
direction at (6 =42°, ¢ =264°) [19]. We list the values of | cos«/|
in Table 1 and find that all of them are very close to 1, i.e. the an-
gles o are all very close to zero. So, the coincidence with the CMB
dipole is confirmed in the new released data.

The preferred directions in the CMB quadrupole and octopole
are recently derived in the Planck data [5], which slightly de-
pend on the component-separated maps. For instance, for the
SMICA map, they are (0 = 13.4°, ¢ = 238.5°) for the quadrupole
and (0 = 25.7°,¢ = 239.0°) for the octopole. While for the NILC
map, they are (0 = 12.7°,¢ = 241.3°) for the quadrupole and
(60 = 25.8°, ¢ = 241.7°) for the octopole. The differences given by
these two maps are quite tiny. So, in this paper, we shall only fo-
cus on the quadrupole and octopole derived from SMICA. In order
to quantify the correlation between the preferred directions in the
CMB parity asymmetry, the CMB dipole, the CMB quadrupole and
the CMB octopole by a single statistic, we define the quantity (see
[17,20])



448 C. Cheng et al. / Physics Letters B 757 (2016) 445-453

Table 1

The preferred direction (9, ¢), and corresponding |cosa| and A./oc for g(¢,q)
based on Planck Commander map, where the different maximum multipole ¢ is
considered. For each ¢ case, the upper values denote the results derived from the
full-sky analysis, the middle values denote those derived from the masked case in
which the Commander mask is applied, and the lower values denote those de-
rived from the masked case in which NILC mask is applied. Note that the CMB
kinematic dipole direction is at (9 = 42°,¢ = 264°), the preferred direction of
CMB quadrupole is ( = 13.4°,¢ = 238.5°) and that for the CMB octopole is at
(6 =25.7°, ¢ =239.0°).

01°] $[°] |cosa| Ac/oc
=5 45.03 281.39 0.977 3.42
45.82 279.73 0.980 3.42
45.03 279.89 0.981 3.44
=7 46.62 279.58 0.979 3.40
47.41 278.00 0.981 3.39
46.62 278.12 0.982 3.41
=9 47.41 279.43 0.978 3.38
52.86 265.21 0.977 3.37
47.41 276.57 0.984 3.41
=11 49.01 278.58 0.976 3.34
52.10 267.32 0.984 3.35
49.01 274.36 0.984 3.38
=13 49.01 279.99 0.973 3.32
17.62 129.44 0.566 2.91
49.01 275.76 0.982 3.37
=15 49.80 283.50 0.961 3.26
19.85 131.73 0.546 2.85
49.80 280.69 0.969 3.29
=17 50.57 284.21 0.957 3.22
19.85 131.73 0.546 2.85
50.57 282.80 0.961 3.24
=19 50.57 284.21 0.957 3.22
19.85 135.07 0.556 2.88
49.01 270.14 0.990 3.42
=21 50.57 284.21 0.957 3.22
20.59 133.46 0.543 2.84
50.57 284.21 0.957 3.22
LRl
(lcosOly= > ———— (8)
N(N—1)

i,j=1,j#i

where N is the number of directions. Here, for any given maximum
multipole ¢, we consider four directions, namely the preferred di-
rection q, the CMB dipole direction, the CMB quadrupole preferred
direction, and the CMB octopole preferred direction. In order to
evaluate the significance of the alignment, we randomly generate
10° samples, and in each sample four independent directions are
randomly distributed in the two-dimensional sphere. From these
samples, we obtain that (| cosf|) = 0.500 £ 0.118. Similar to previ-
ous works [17,20], we quantify the alignment by the ratio A./o¢,
where A is the difference between the observed value of {|cos6|)
and the mean value of the simulations, and o, is the correspond-
ing standard deviation of the simulations. According to the central
limit theorem, the quantity (| cos#|) satisfies the standard Gaus-
sian distribution in the case of N — oo. Although, in our case, the
value of N is not very large, the quantity A./o. can also roughly
evaluate the confidence level, as long as the observed result does
not substantially deviate from the mean value of simulations. We
list (|cos@|) for all the ¢ cases in Table 1, and find that for any
given maximum multipole ¢ the alignment is confirmed at more
than 30 confidence level, which is consistent with those in [17].
Repeating the analysis for the NILC, SMICA and SEVEM maps,
the corresponding results are all listed in Tables 2-4. We find that
the Planck 2015 NILC and SMICA maps give almost the same re-

Table 2

The preferred direction (9, ¢), and corresponding |cosa| and A./oc for g(¢,q)
based on Planck NILC map, where the different maximum multipole ¢ is consid-
ered. For each ¢ case, the upper values denote the results derived from the full-sky
analysis, and the lower values denote those derived from the masked case in which
NILC mask is applied.

o1°] ¢L°] |cosa| Ac/oc
=5 45.82 279.73 0.980 3.42
45.82 279.73 0.980 3.42
=7 47.41 278.00 0.981 3.39
48.21 275.06 0.985 3.40
=9 48.21 276.47 0.982 3.35
49.80 272.25 0.985 3.38
=11 49.01 27717 0.979 3.35
49.80 272.25 0.985 3.38
=13 49.01 278.58 0.976 3.34
49.80 272.25 0.985 3.38
=15 49.80 282.10 0.965 3.27
49.80 272.25 0.985 3.38
=17 50.57 284.21 0.957 3.22
49.80 270.84 0.987 3.39
=19 50.57 284.21 0.957 3.22
49.01 270.14 0.990 3.42
=21 50.57 284.21 0.957 3.22
49.01 270.14 0.990 3.42

sults as those of Commander map. The alignment between the
CMB parity asymmetry and the CMB dipole, quadrupole, and oc-
topole are all confirmed. However, for the SEVEM map, the situa-
tion is slightly different. From Table 4, we find that although the
ratios Ac/o, are still larger than 3, the preferred directions of the
g-maps move to the ones close to the Galactic north pole, and
the angle between q and the CMB kinematic dipole becomes a lit-
tle bit larger, i.e., the coincidence with the dipole is weaker. This
fact can be easily understood. From Fig. 1, we see that the Galac-
tic region in the SEVEM map is quite dirty compared to the other
three maps. So, we expect the effect of these foreground residuals
in SEVEM map to be slightly larger than in the other maps even
in the low multipoles. However, it is important to emphasize that
from Fig. 3 we can clearly see that even for the SEVEM map, the
CMB dipole direction in the g-map is one of the preferred direc-
tions, even though it is not the most favored one.

3. Preferred axis of CMB parity violation: Masked CMB maps

In the CMB maps, various foreground residuals are always un-
avoidable, especially in the Galactic region. The foreground resid-
uals for the CMB maps released by Planck in 2015 are shown in
Fig. 1. Usually one anticipates that the effects of these residuals
are small and negligible in the low multipole range. It is still wor-
thy investigating the cases in which these contaminated data are
excluded. The simplest way to exclude the polluted region is to
apply the top-hat mask to the data. For each CMB map, the cor-
responding mask suggested by Planck Collaboration is also shown
in Fig. 1 (lower panels). We find that the masked region in the
Commander, SMICA and SEVEM maps are quite similar. While the
masked region for the NILC map is quite small, and the informa-
tion loss in the NILC map is expected to be much smaller than
in the other three maps. For the masked map, the unbiased esti-
mator for C; is not straightforward. A large number of methods
have been suggested in the literature [21-25]. In this paper, we
adopt the so-called pseudo-C; (PCL) estimator method [24]. Al-
though PCL estimator is a suboptimal one, it can be easily realized
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Table 3
Same to Table 1, but the Commander map and its correspondent mask are replaced
by the SMICA map and the SMICA mask, respectively.
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Table 4
Same to Table 1, but the Commander map and its correspondent mask are replaced
by the SEVEM map and the SEVEM mask, respectively.

01°] (4 |cosa| Ac/oc 01°] $[°] |cosa| Ac/oc
=5 45.03 279.89 0.981 3.44 (=5 0.00 179.36 0.743 3.38
45.03 281.39 0.977 3.42 45.82 279.73 0.980 3.42
45.82 279.73 0.980 3.42 45.82 279.73 0.980 3.42
=7 49.01 277.17 0.979 3.35 (=7 0.00 179.36 0.743 3.38
46.62 279.58 0.979 3.40 4821 276.47 0.982 3.38
48.21 275.06 0.985 3.40 48.21 275.06 0.985 3.40
=9 49.80 275.06 0.981 3.35 =9 0.00 179.36 0.743 3.38
53.60 265.92 0.979 3.31 55.07 263.10 0.974 3.27
50.57 271.54 0.984 3.36 50.57 270.14 0.986 3.37
=11 50.57 277.17 0.975 3.31 =11 0.00 179.36 0.743 3.38
52.86 266.62 0.982 3.33 55.07 263.10 0.974 3.27
50.57 271.54 0.984 3.36 50.57 271.54 0.984 3.36
=13 49.80 277.88 0.976 3.32 =13 0.00 179.36 0.743 3.38
16.14 128.93 0.582 2.95 17.62 129.44 0.566 2.91
51.34 269.43 0.984 3.35 51.34 269.43 0.984 3.35
£=15 50.57 281.39 0.965 3.26 £=15 4.39 112.56 0.696 3.26
19.10 129.87 0.550 2.86 19.85 131.73 0.546 2.81
50.57 271.54 0.984 3.36 19.10 129.87 0.550 2.86
=17 50.57 282.80 0.961 3.24 (=17 4.39 112.56 0.696 3.26
19.85 128.40 0.537 2.81 19.85 128.40 0.537 2.81
50.57 270.14 0.986 3.37 19.85 128.40 0.537 2.81
£=19 50.57 284.21 0.957 3.22 £=19 2.93 101.30 0.710 3.29
19.10 133.34 0.560 2.89 19.85 135.07 0.556 2.88
49.01 270.14 0.990 3.42 19.10 129.87 0.550 2.86
=21 50.57 284.21 0.957 3.22 =21 0.00 179.36 0.743 3.38
20.59 130.24 0.533 2.80 20.59 130.24 0.533 2.80
49.80 269.43 0.988 3.40 20.59 130.24 0.533 2.80
in pixel space using fast spherical harmonics transformation, and K _[@ha+ HEI+1) Z (—1)™(205 + Dyw
has been applied to various CMB observations, including WMAP tmeymy = AT 2 tamy
and Planck data. Considering the window function W (1), i.e. the tam;
mask, the pseudo coefficients dsy, can be defined as « b bt b 6t (11)
0 0 O0)\mg my —m)’
Qem = / ATMW )Y em (), (9)  and wyy are the coefficients of spherical harmonics expansion of
L the mask W (1), i.e.,
which is related to agp, by
_ Wem = / W @)Y, (R)dA. (12)
alm = Z a[]ﬂ’l] szlﬂ‘nl . (10) m

amy

The coupling matrix K is given by

The pseudo estimator C; is defined analogously to (5) in terms
of the multipole coefficients Gy as
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and wy are the following power spectrum:
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- 1 "
w@:mm_z%wmwzm. (15)

Similarly the unbiased estlmator in the masked sky can be con-
structed as C@ Yoo My, 1€,. Note that, this unbiased estimator C({
is also rotationally invariant. Actually, the general analyses of the
CMB parity asymmetry are always based on the estimators of the
CMB power spectrum in the masked space [5,6,15].

In this paper, we focus on the direction dependence of the CMB
parity violation. We then need the direction dependent estimators
in advance. Similar to the Sec. 2, we can build them by excluding
the m =0 components for each multipole,

L
~ 1 -
De=—; Y Gmiiyy(1 = bmo), (16)

m=—¢
which means, by definition, that the z-direction of the coordinate
system is chosen as the preferred direction. However, the esti-

mators D, are not unbiased. The expectation values are given by
(Dg) =3, CoNyy, where the coupling matrix Ny is given by

Jes+nes+1)

Now M, 2T
= 20 £ a7
sz2m1
» U by ¢ AN v b L
0 0 O 0 0 O m —-mp O
A b L
X (ml —m 0) Wﬁzm1wi’2m1' (17)

Based on this relation, we can construct the unbiased estimator ﬁ(
as follows:

ﬁz:ZNﬂ_@}D[’ (18)
Z/

Similar to bg, f)g are also the coordinate dependent unbiased es-
timators for the power spectra Cy, and the preferred direction is
also the z-direction of the corresponding coordinate system.

For any coordinate system, the direction-dependent unbiased
estimator Dy(q) can be built in the same manner as Dy, but the
coefficients @y, and wyy, are replaced by agm(q) and wen(q). The
direction-dependent statistic for the CMB parity asymmetry can be
defined as

oe.i) = Yo U+ DD @rf (19)
S LU+ 1D)De@T,

Since 154 are the unbiased estimators for the power spectra Cy, the
new statistic g(¢,q) also indicates the degree of the CMB parity
asymmetry and its direction dependence. Comparing with the ideal
case using full-sky map and negligible noise, applying the mask on
the data affects the values of the statistic g in two aspects: 1) the
CMB information is lost in the masked region, and the values of

the unbiased estimators for the power spectrum C; and their un-
certainties might be influenced; 2) the structure and position of
the mask may influence the preferred direction of the g-maps by
the definition of the directional estimator D, in Eq. (16). If the
masked region is small, we expect both effects to be negligible,
and the results for the masked case should be very close to the
ideal case.

Based on the estimators in the masked maps, we plot the
g-maps for different maximum multipole ¢ and different CMB
maps in Fig. 4 and Fig. 5. Comparing with Figs. 2 and 3, we find
that the morphological structures of the g-maps slightly change
due to the mask effect, but the cold and hot regions remain. For
each map and each multipole case, the CMB dipole direction is
one of the preferred directions of the g-map (although it may not
be the most favored one). In Tables 1-4, we also list the most fa-
vored directions (0, ¢), and the values of |cos«| and A./o. for the
masked cases. First of all, let us focus on the NILC map, in which
the mask region is very small (see Fig. 1). Comparing the left pan-
els in Fig. 5 with those in Fig. 3, as anticipated, we find the corre-
sponding g-maps nearly the same. From Table 2, we find that the
preferred directions in the masked case are very close to those in
the full-sky case. The alignment between the preferred direction,
the CMB kinematic dipole direction, the CMB quadrupole preferred
direction and the CMB octopole preferred direction is confirmed at
more than 3o confidence level. In addition, |cos«| > 0.98 are held
for all maximum multipole cases, which means that the angle be-
tween the preferred direction q and the CMB dipole direction are
all smaller than 11.5°.

For Commander and SMICA maps, from Fig. 1, we know that
the masked regions are quite large, and they are mainly in the
Galactic plane. From Figs. 4 and 5, we find that in the low multi-
pole range ¢max < 11, the distributions of the g-maps based on the
masked maps are quite similar to the those derived from the full-
sky maps. So, the preferred directions in these g-maps strongly co-
incide with the preferred directions of the CMB dipole, quadrupole,
and octopole (see Tables 1 and 3). These results can be easily un-
derstood: even for the masked map, the original low multipoles
can be nearly reconstructed [26], being, therefore, the g-maps built
from the masked CMB maps very similar to those built from the
ideal full-sky maps. However, in the higher multipoles, the effects
of the masks become larger, and the distributions of g-maps and
the most favored directions slightly change (see the results pre-
sented in Figs. 4 and 5 as well as in Tables 1 and 3). However, the
results change for the masked Commander and SMICA maps in the
cases of €max > 13. This deviation might be caused by the mask
application. We notice that the contaminations of Commander and
SMICA are quite small and mainly concentrate on the thin band of
the Galactic plane, and we suppose that most of the contamina-
tions of these two maps can be nearly removed even if the NILC
mask is applied (see Fig. 1). We repeat the analysis for the masked
Commander and SMICA maps, but the masks are replaced by the
NILC mask. Since the masked region is quite small and the un-
masked region is clean enough, the influences of both foreground
residuals and applied mask are small, being the results close to the
real physics. The results are presented in Fig. 6 and Tables 1-4. We
see that the preferred axes are very close to the full-sky cases even
for 13 < £max < 21. So, we conclude that for any ¢ < 21 case the
preferred axis is aligned with those in the CMB quadrupole and
octopole, as well as with that of the CMB kinematic dipole.

Now, let us turn ourselves to the SEVEM map. In Sec. 2, since
the full-sky SEVEM map is very dirty, the results from the SEVEM
full-sky map are not reliable. By applying the SEVEM mask (the
SEVEM mask is similar to the Commander mask or the SMICA
mask), the contaminations can be well avoided, but the effect of
masking becomes large because a too large region is removed.
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Fig. 5. The directional statistics g(¢, q) for different maximum multipoles ¢ =9 (upper) and ¢ = 19 (lower) based on the masked NILC (left, by applying NILC mask), SMICA

(middle, by applying SMICA mask) and SEVEM (right, by applying SEVEM mask) maps.

From Fig. 4 and Table 4, we find that the results in this case are
the same as those in the case where Commander map is masked
by Commander mask, or those in the case where SMICA map is
masked by SMICA mask. Even so, we also find that if the maxi-
mum multipole is £ < 11, all analyses based on the masked SEVEM
map (applying NILC mask and applying SEVEM mask) give similar
results, which shows that the effects of both contamination and
masks on the lowest multipoles are negligible.

4. Discussions and conclusions

The precise observations on the CMB temperature anisotropies
provide an excellent way to test the isotropy of the Universe on
the largest scales. Recent observations by the WMAP and Planck
satellites indicated a number of anomalies, mainly on large scales,
which may hint to the violation of the cosmological principle.

Among them, the CMB parity asymmetry in the low multipoles
¢ < 30 has been confirmed by Planck 2013 and 2015 data. In
previous works [16,17], by defining several different directional
statistics, we found that the CMB parity asymmetry has a pre-
ferred direction which is independent of the choice of the maxi-
mum multipole ¢ or the definition of the statistic. In particular, we
found that this preferred direction is strongly aligned with the di-
rection of the CMB kinematic dipole and the preferred directions
of the CMB quadrupole and octopole. The correlation of the pre-
ferred direction in the CMB parity asymmetry and those in the
CMB quadrupole and octopole hints that the parity asymmetry in
the CMB is not an isolated anomaly and it should have an intrin-
sic relationship with other anomalies, including the low multipole
anomaly, the alignment of the CMB quadrupole and octopole, and
the lack of large-scale correlations.
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Fig. 6. The directional statistics g(¢,q) for different maximum multipoles £ =9 (upper) and ¢ = 19 (lower) based on the masked Commander (left), SMICA (middle) and
SEVEM (right) maps. Note that, in the figure, we have applied the NILC mask to all the three maps.

In all of the previous works [16,17], we have considered the
full-sky WMAP and Planck maps, and assumed that the effects of
foreground residuals around the Galactic plane on the low mul-
tipoles are small enough. In this paper, we repeated the analysis
for the Planck 2015 data (i.e. Commander, NILC, SMICA and SEVEM
maps), and obtained the same results as before. In particular, as
a consistency check, we considered the CMB masks which are
applied to remove the influence of various contaminations. For
the masked maps, we have used the pseudo-C; method to con-
struct the unbiased but direction-dependent estimators of the CMB
power spectrum, and the corresponding directional statistics for
the CMB parity asymmetry. We found that if the masked region
is small (e.g. in the NILC case), the results of the direction de-
pendence in the CMB parity asymmetry derived from the masked
maps are the same as those derived from the full-sky map, which
stabilizes our conclusions. For the Commander, SMICA and SEVEM
maps, in which the masked regions are quite large, we still found
consistent results with the full-sky analysis in the low multipole
range £ <11.

Actually, the anisotropy problems have been reported not only
on the CMB low multipoles, but also in a number of other cos-
mological observations: including the velocity flows [27], quasar
alignment [28], anisotropies of cosmic acceleration [29], the hand-
edness of spiral galaxies [30], and angular distribution of the fine
structure constant [31]. Even though there still are many debates
in the literature [32-36], all these preferred directions seems to
coincide with the CMB kinematic dipole. These coincidences might
imply the same origin for these anomalies:

1) A special topology of the Universe (for instance, the Bianchi
model is suggested to replace the Friedmann-Robertson-Walker
model in order to describe the metric of the Universe [5]);

2) A special theory of gravity (for instance, in [37], the authors
suggested to use the Finsler Gravity to replace General Relativity,
or in [38], the de Sitter Relativity is suggested to replace the Gen-
eral Relativity);

3) Some foreground residuals in the Solar System [39] or in the
Galaxy [40].

However, in all these models, it is difficult to explain why the
preferred direction in cosmology or gravitational physics coincides
with the direction of the CMB kinematic dipole, which has been
confirmed to be caused mainly by the motion of our local group of
galaxies relative to the reference frame of the CMB. So, we believe
that these cosmological anomalies should be caused by some un-
known dipole-related systematics or contamination. For instance,
in [41], the authors found that the CMB kinematic dipole devia-

tion could generate the artificial CMB anisotropies on low multi-
poles. If this is true, these artificial components may account for
some direction-dependent CMB anomalies. Another possibility is
that the preferred direction is caused by the tidal field originated
from the anisotropy of our local halo. In [42], the authors found
that the tidal field tends to preferentially align with the orientation
and spatial distribution of galaxies, which may also generate some
unsolved kinematic or higher order effects, and influence the cos-
mological observations [43]. We expect that future measurements
on the CMB polarization, cosmic weak lensing, or distribution of
21-cm line can help us to solve the puzzles.
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