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Planck Collaboration: Planck 2013 results. XII. Component separation
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Fig. 1: Foreground-cleaned CMB maps derived by Commander-Ruler, NILC, SEVEM and SMICA. Note that the SMICAmap has been
filled in smoothly inside a 3 % Galactic mask.

1996) and the free-free index, �↵, lying between �2.2 and �2.1.
Less is known about the AME spectrum, but spinning dust mod-
els with a spectrum peaking at frequencies below 20 GHz (in
brightness temperature units) adequately describe current obser-
vations2. Above the peak, the spectrum appears consistent with
a power-law (e.g., Banday et al. 2003; Davies et al. 2006; Dobler
& Finkbeiner 2008; Ghosh et al. 2012). In addition to these three,
the existence of a fourth low-frequency foreground component,
known as the “Galactic haze”, has been claimed, possibly due to
a hard-spectrum synchrotron population near the Galactic cen-
tre (e.g., Finkbeiner 2004; Dobler & Finkbeiner 2008; Pietrobon
et al. 2012; Planck Collaboration Int. IX 2013).

At frequencies higher than 100 GHz, thermal dust emission
dominates over most of the sky and is commonly described
by a modified blackbody spectrum with power-law emissivity,
✏⌫ / ⌫�d , and temperature, Td. Both the temperature and spectral
index, �d, vary spatially. Prior to Planck, the best-fitting single
component dust model had a temperature Td ⇡ 18 K and spec-
tral index �d ⇡ 1.7 (Finkbeiner et al. 1999; Bennett et al. 2003;
Gold et al. 2011), although there is evidence of flattening of the
spectral index from around 1.8 in the far-infrared to 1.55 in the

2 Note that we adopt brightness temperature for AME in this pa-
per, while many other publications adopt flux density. When compar-
ing peak frequencies, it is useful to note that that a spectrum that has
a maximum at 30 GHz in flux density peaks at 17 GHz in brightness
temperature.

microwave region (Planck Collaboration 2012), the interpreta-
tion of which is still under study.

In addition to these di↵use Galactic components, extra-
galactic emission contributes at Planck frequencies. In partic-
ular, a large number of radio and far-infrared (FIR; Planck
Collaboration XIII 2011) galaxies, clusters of galaxies and the
Cosmic Infrared Background (CIB; Planck Collaboration XVIII
2011) produce a statistically isotropic foreground, with fre-
quency spectra well approximated by models similar to those ap-
plicable to the Galactic foregrounds (modified blackbody spec-
tra, power laws, etc.). Except for a frequency-dependent absolute
o↵set, which may be removed as part of the overall o↵set re-
moval procedure, these extragalactic components are therefore
typically absorbed by either the low-frequency or thermal dust
components during component separation. No special treatment
is given here to extragalactic foregrounds, beyond the masking
of bright objects. Dedicated scientific analyses of these sources
are described in detail in Planck Collaboration XVIII (2011),
Planck Collaboration XXVIII (2013), and Planck Collaboration
XXIX (2013). In the Planck likelihood, extragalactic sources are
modelled in terms of power spectrum templates at high ` (Planck
Collaboration XV 2013).

Other relevant sources include emission from molecular
clouds, supernova remnants, and compact H ii regions inside our
own Galaxy, as well as the thermal and kinetic SZ e↵ects, due to
inverse Compton scattering of CMB photons o↵ free electrons
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Not every ‘anomaly’ is equally compelling:
in this talk, the largest-scale anomalies

Philosophy:
Anomalies are almost always a posteriori nature 

− they are not (a priori) predicted

Summary:

1. Angular 2-pt function C(θ) vanishes for θ≳60 deg
2. Quadrupole and octopole are unusually planar, and 
the plane is nearly perpendicular to some special 
directions on the sky



Missing Large-Angle Power



Planck collaboration: CMB power spectra & likelihood
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-⌅ values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.

Table 8. Constraints on the basic six-parameter �CDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

⇥bh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

⇥ch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100�MC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

⇤ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
�0.027

⇥� . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
�0.016

⇥m . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
�0.018

⇥8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
�0.060

⇥mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z⇥ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100�⇥ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60
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NOT the “low quadrupole”...



Power at θ≳60 deg vanishes
in cut-sky maps
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Copi et al, arXiv:1310.3831 



Low power: COBE and WMAP

(COBE, too)

Spergel et al 2003: 0.2% of sims have less power at angles >60 deg
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Figure 3. Distribution of S1/2 values from 106 realizations of the best-
fitting �CDM model for full and masked skies. The shaded regions (green,
dash-dotted for the U74 mask and red, dashed for the KQ75y9 mask) rep-
resent the spread of the the observed values as given in Tables 1 and 2.
Masking only slightly affects the expected distributions and the observa-
tions are in the small S1/2 tail of the distribution for both masks considered
in this work.

in the portion of the sky included for evaluation. If we knew that
the full-sky map did not contain a residual monopole or dipole, then
we could proceed without further concern. Unfortunately, with real
data this is not known, particularly for individual frequency band
maps which definitely have Galactic contamination. We therefore
remove the average monopole and dipole from all maps prior to
extracting the C�. For the monopole, we do this by subtracting the
average value of the temperature over the portion of the sky that is
being retained; for the dipole we find the best-fitting dipole over the
retained sky and subtract that dipole. (In SPICE this removal is a
built-in feature which we employ in our analysis.) When analysing
a cut-sky, this procedure generically introduces a monopole and
dipole (and alters the other multiples) into the equivalent full-sky
map. Though this may seem to be a problem, again recall that the
cut-sky analysis is self-contained and internally consistent since
the data and realizations are treated identically. The cut-sky statis-
tics are not estimators of the full-sky, as again made clear by this
monopole and dipole removal.

There is also the question of the effect of our motion with re-
spect to the CMB rest frame on the quadrupole. Just as that motion,
with velocity � � v/c ⇥ 10�3, induces a dipole with amplitude
O (�) times the monopole, it also induces a Doppler quadrupole
(DQ) with amplitude O

�
�2

⇥
times the monopole. The naive ex-

pectation that since �2 ⇥ 10�6 the DQ will be an unimportant
contribution to the cosmological quadrupole is not obviously true
at least in part because the measured quadrupole is much smaller
than the theoretical expectation. For each map we analyse both the
DQ uncorrected and the DQ corrected map to gauge the importance
of this effect. The one exception is the Planck LFI 70 GHz map,
where the DQ has been accounted for in the calibration procedure.
See Planck Collaboration V (2013); Copi et al. (2013b) for a more
detailed discussion of this issue.

Table 1. Smallness of S1/2 for maps without the DQ correction. We analyse
the cleaned maps from Planck: NILC, SEVEM, and SMICA, as well as from
WMAP: seven and nine-year ILC. We also analyse the individual frequency
band maps from Planck: HFI 100 GHz and LFI 70 GHz, as well as from
WMAP: seven and nine-year W and V bands. For each map, we use both
the U74 and KQ75y9 masks. In all cases residual monopole and dipole
contributions have been subtracted from the map after masking. For each
map and mask we report the S1/2 value and the associated p-value – the
fraction of realizations of �CDM in the Planck best-fitting �CDM model
with an S1/2 no larger than the reported value.

U74 KQ75y9
Map S1/2 (µK)4 p (%) S1/2 (µK)4 p (%)

WMAP ILC 7yr 1582.3 0.193 1225.8 0.085
WMAP ILC 9yr 1626.0 0.211 1278.2 0.100
Planck SMICA 1577.7 0.191 1022.3 0.044
Planck NILC 1589.3 0.195 1038.2 0.047
Planck SEVEM 1657.7 0.225 1153.4 0.069

WMAP W 7yr 1863.6 0.316 1133.9 0.065
WMAP W 9yr 1887.1 0.329 1142.6 0.068
Planck HFI 100 1682.1 0.235 911.6 0.027

WMAP V 7yr 1845.0 0.307 1290.9 0.104
WMAP V 9yr 1850.0 0.309 1281.8 0.101
Planck LFI 70a — — — —

aThe calibration of the Planck LFI 70 GHz channel includes the DQ cor-
rection. See Planck Collaboration V (2013); Copi et al. (2013b) for details.

Table 2. Same as Table 1 now with the DQ corrected maps.

U74 KQ75y9
Map S1/2 (µK)4 p (%) S1/2 (µK)4 p (%)

WMAP ILC 7yr 1620.3 0.208 1247.0 0.090
WMAP ILC 9yr 1677.5 0.232 1311.8 0.109
Planck SMICA 1606.3 0.202 1075.5 0.053
Planck NILC 1618.6 0.208 1096.2 0.058
Planck SEVEM 1692.4 0.239 1210.5 0.082

WMAP W 7yr 1839.0 0.304 1128.5 0.064
WMAP W 9yr 1864.2 0.317 1138.3 0.066
Planck HFI 100 1707.5 0.245 916.3 0.028

WMAP V 7yr 1829.2 0.300 1276.2 0.099
WMAP V 9yr 1840.4 0.304 1268.8 0.097
Planck LFI 70 1801.7 0.287 1282.1 0.101

4 RESULTS

Histograms of S1/2 values from 106 realizations of the Planck best-
fitting �CDM model (based on their temperature only data) are
shown in Fig. 3. Included in the figure are the full-sky and cut-
sky S1/2. As seen in the figure, masking has a small effect; the
peak of the distribution is shifted to slightly smaller values due to
masking, but this does not have a noticeable change on the tail of
the distribution. Regardless, in comparing cut-sky S1/2 between the
data and our realizations, we always compare the one set of cut-sky
data to the same set of cut-sky realizations.

The S1/2 values for the various map and mask combinations
are given in Table 1 for the case when the maps are not DQ cor-
rected and in Table 2 when the DQ correction has been applied. As
discussed above, the realization maps are treated precisely like the
data maps – they are masked, then monopole and dipole are sub-
tracted before S1/2 is computed. Given that the value of S1/2 on
masked skies is extremely low compared to the typical value, hav-
ing 106 is necessary to make quantitatively precise statements. For

c� 2013 RAS, MNRAS 000, 1–8

(frequentist) significance ≥ 99.7% in all cases

S1/2 statistic: 
(Spergel et al 2003)
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Remarkably consistent across experiments, 
frequencies, foreground cleanings:

⇒ primordial? or a statistical fluke?
Copi et al, arXiv:1310.3831 



Probability
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Large-scale alignments



ℓ = 2, 3 are aligned and planar

de Oliveira-Costa, Tegmark, Zaldarriaga & Hamilton 2004

ℓ=3 is planar: P~1/20

ℓ=2,3 is are aligned: P~1/60
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... and still are

8 C.J. Copi, D. Huterer, D.J. Schwarz and G.D. Starkman

Table 4. Maximum angular momentum dispersion direction alignments re-
ported by Planck. The Planck results and p-values are from table 17 of
Planck Collaboration XXIII (2013) and arebased onWiener filtered maps.
Theuncertaintiesin thesep-valuesarecalculatedbasedon their useof 1000
realizations. The values from thiswork are based on 5⇥ 105 realizations.
See the text for details.

p-value (per cent)
Map |n̂

2

· n̂
3

| Planck Thiswork
Planck NILC 0.974 3.3±0.6 2.59
Planck SEVEM 0.988 1.6±0.4 1.17
Planck SMICA 0.977 3.2±0.6 2.28

Table 5. Maximumangular momentum dispersion direction alignments for
mapswith and without DQ correction. See the text for details.

Uncorrected DQ corrected
Map |n̂

2

· n̂
3

| p-value (%) |n̂
2

· n̂
3

| p-value (%)
WMAP ILC 7yr 0.9999 0.006 0.9966 0.327
WMAP ILC 9yr 0.9985 0.150 0.9948 0.511
Planck NILC 0.9902 0.955 0.9988 0.118
Planck SEVEM 0.9915 0.825 0.9995 0.055
Planck SMICA 0.9809 1.883 0.9965 0.338

ied in recent data releases (Bennett et al. 2011, 2013; Planck Col-
laboration XXIII 2013). Planck Collaboration XXIII (2013) used
Wiener filtered maps to quantify the alignment through the dot
product, |n̂

2

· n̂
3

|, and determined the fraction of realizationswith
at least this level of alignment in ⇤CDM from 1000 realizations.
Theresults reported by Planck aresummarized in Table4; wehave
roughly estimated the uncertainty in these p-values for thePlanck
analysis based on the simplifying assumption of Poisson statistics.
For comparison, using the |n̂

2

· n̂
3

| valuesprovided by Planck we
have recalculated the p-values based on 5 ⇥ 105 realizations of
⇤CDM. These values are also included in Table 4 and are con-
sistently a little more than one-sigma lower than those provided
by Planck. While the number of simulations used by the Planck
collaboration issignificantly smaller than our sample, their simula-
tions also include instrumental effects and ours do not. The small
difference in p-values suggests that instrumental effects are not
dominant and add at most a small correction of the order of the
statistical uncertainty of thePlanck simulation itself.

To study the effect of the extra cleaning provided by the
Wiener filtering wehavecalculated themaximumangular momen-
tum dispersion axes from the full-sky maps provided by Planck.
For the SMICA and NILC maps the Planck inpainted maps were
analysed. Theresultsaregiven in Table5 as the ‘Uncorrected’ val-
ues. These p-values should be compared to our p-values from Ta-
ble 4 (last column). We see that the provided maps exhibit some-
what morealignment than theWiener filtered maps. So something
has been removed by the Wiener filtering. Whether it is noise or
CMB signal isunclear.

Also included in Table 5 are the results from theWMAP data
releases. The ‘Uncorrected’ values are consistent with discussions
in theWMAP seven-year (Bennett et al. 2011) and nine-year (Ben-
nett et al. 2013) analyses. The alignment in the seven-year data
is quite remarkable for being almost perfect (|n̂

2

· n̂
3

| ' 1). The
changeinalignment in thenine-year dataislargely attributed to im-
provements in the asymmetric beam deconvolution (Bennett et al.
2013) and isoneexampleof how analysis improvementsaffect the
alignments. Even so, theWMAP maps show more alignment than
thePlanck maps.

Table 6. Multipole vectors from the SMICA map. The vector directions
are given in Galactic coordinates, (l, b), and their Cartesian equivalents,
(x, y, z). Thesevectorsareplotted in Fig. 5.

Vector l (deg) b (deg) x y z Magnitude
v̂(2,1) 3.5 14.4 0.967 0.059 0.249 –
v̂(2,2) 126.5 13.3 �0.579 0.783 0.229 –
w(2;1,2) 63.6 �62.7 0.182 0.366 �0.791 0.890
v̂(3,1) 90.5 42.0 �0.007 0.744 0.669 –
v̂(3,2) 22.6 9.2 0.911 0.380 0.159 –
v̂(3,3)

�47.1 11.8 0.667 �0.716 0.205 –
w(3;1,2) 102.5 �47.4 �0.136 0.610 �0.680 0.924
w(3;2,3)

�22.8 �77.0 0.192 �0.081 �0.906 0.930
w(3;3,1) 35.3 �32.4 0.632 0.447 �0.491 0.916

Figure 6. The S and T statistics from Eq. (25) for the alignment of the
multipolevectorswith thedirection of our motion with respect to theCMB
(the dipole direction). The histograms represent the distribution of the S

(solid, black line) and T (dashed, red line) statistics from 106 realizations
of ΛCDM.Theshaded regionsbetween thevertical linesrepresent therange
of values found for theCMB mapsstudied in thiswork. SeeTable7 for the
full results.

The effect of theDoppler quadrupole correction as discussed
in Sec. 3.3 isalso included in Table5. Interestingly, theDQcorrec-
tion has the opposite effect on theWMAP and Planck alignments.
Since theWMAP alignments are so precise this correction lessens
the significance as wewould expect, however, for Planck we find
thealignmentsbecomemoresignificant. More importantly,WMAP
andPlanck arefound tobeinbetter agreement witheachother after
theDQ correction hasbeen applied.

5.2 Multipole vectors

Themultipolevectors for theDQcorrectedSMICAmapareshown
in Fig. 5 plotted in Galactic coordinates. When compared to fig. 3
from Copi et al. (2006), this figure shows that the general features
have not changed significantly since the first-year WMAP data re-
lease. It also providesavisual summary of many of the large-angle
anomalies. In particular,

(i) theEcliptic plane is seen to carefully thread itself between a
hot and cold spot and there is a clear power asymmetry across the
Ecliptic plane;

c
� 2013 RAS, MNRAS000, 1–13

•Based on 106 simulated maps
•We inpaint Planck maps with Galactic cuts - numerically 
heavy part of calculation
•Correcting for the kinematic quadrupole (DQ) is important

Copi et al, arXiv:1311.4562



Multipole vectors!
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Lth multipole  <=>  L (headless) vectors, plus a constant
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Multipole vectors of our sky

Copi, Huterer & Starkman 2004 http://www.phys.cwru.edu/projects/mpvectors/

http://www.phys.cwru.edu/projects/mpvectors/
http://www.phys.cwru.edu/projects/mpvectors/


Multipole vectors, intuitively

Dipole: ∇v1
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Weeks 2004

v1 . . .v! are the multipole vectors



• A different representation of the CMB sky than the 
spherical harmonics, related highly non-linearly

• Ideally suited for looking for planarity/directionality

• Many interesting properties, theorems (Katz & Weeks 
2004, Weeks 2005, Lachieze-Rey 2004, Dennis 2005...)

• (Reviewed in Copi, Huterer, Schwarz & Starkman 
MNRAS 2006)

Why multipole vectors?

Also: 
discussed by J.C. Maxwell in his 
“Treatise on Electricity and Magnetism” 
in 1892!



Normals to multipole vectors
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Probability for alignment of Q+O structure with Ecliptic:  
2%-4%

Probability for alignment of Q+O structure with Dipole:  
0.1%-0.4%

which are independent of the previously quoted

Probability for Q and O to be mutually aligned and planar
0.05%-0.3%

Copi et al, arXiv:1311.4562 



Movie by Craig Copi



Other notable claimed anomalies

•North/South power asymmetry
•CMB Cold Spot 



The “cold spot”
Radius about 5 degrees, detected with 
wavelets; significant at  >99.5% C.L. 
Vielva et al. 2004

BUT: evidence disappears once you try “finding” it with 
something other than a mexican hat wavelet (e.g. a top hat)
Zhang & Huterer, 2010



Szapudi et al, 1405.1566

Cold spot in the galaxy distribution??

•Detected in Pan-STARRS1 in same angular direction as CMB 
cold spot!

•However, ISW effect from this Pan-STARRS “hole” only explains 
10% of the CMB cold spot (Zibin 2014, Nadathur et al 2014)

In same direction as the CMB cold spot



N/S power asymmetry

Eriksen et al 2004;  
Hansen, Banday and Gorski 2004

South (ecliptic) has
 more power than north

North

South
Total



A&A 571, A23 (2014)

Table 26. Significance of the asymmetry using several global signifi-
cance measures.

Significance measure [2, 600] [2, 1500] [100, 600] [100, 1500]

No. of p=100% . . . . 496/500 496/500 494/500 496/500
No. of p > 99% . . . . 499/500 498/500 496/500 498/500
Mean p-value . . . . . 490/500 500/500 498/500 500/500

Notes. The numbers in the table reflect the number of simulations that
have clustering p-values of 100% and >99% for less `max values than
the data, as well as the number of simulations with lower mean p-values
(as determined over all `max) than the data. These values are calculated
for the `max range 2–600 and 2–1500. The last two columns show the
corresponding values when only multipoles ` > 100 are considered in
the analysis.

Table 27. Significance of the correlations of dipole directions between
high and low multipoles.

No. of No. of Mean
`lim p = 100% p > 99% p-value

100 . . . . . . . . . . . . 494/500 500/500 500/500
200 . . . . . . . . . . . . 499/500 500/500 500/500
300 . . . . . . . . . . . . 497/500 500/500 500/500
400 . . . . . . . . . . . . 496/500 500/500 500/500
500 . . . . . . . . . . . . NA 473/500 489/500
600 . . . . . . . . . . . . NA NA 317/500
200 (`min = 100) . . . 500/500 500/500 500/500
300 (`min = 100) . . . 492/500 500/500 500/500
400 (`min = 100) . . . NA 490/500 492/500
500 (`min = 100) . . . NA 470/500 487/500
600 (`min = 100) . . . NA NA 267/500

Notes. Significance levels are defined similarly to Table 26, but here
✓mean is defined as the mean of the angular distances between all pairs of
dipole directions where one is computed for `min < ` < `lim and the sec-
ond direction for `lim < ` < `max. Note that the global significance levels
are only based on `max values selected over the full range 2–1500, since
high values of `lim yield poor statistics for the smaller range 2–600. The
two last rows give significance levels for the case where we consider
`min = 100 in the analysis. In some cases the data do not have any
p = 100% or p > 99% occurences in the given range. This is denoted
by NA, as the given statistic is not applicable for these cases.

5-year WMAP data, respectively. Since this method requires ma-
trix inversions and determinant evaluations, the computational
expense scales as O(Npix), and it is therefore only feasible at
low resolution. Specifically, we consider maps downgraded to
a HEALPix pixel resolution of Npix = 32, smoothed to angu-
lar resolutions ranging from 5� to 10�, ensuring su�cient band-
width limitation at this pixelization. All four Planck CMB map
solutions are included in the analysis; however, note that the
Galactic plane is handled di↵erently in each of the four ap-
proaches. Specifically: for the Commander map the region in-
side the corresponding analysis mask has been replaced with a
Gaussian constrained realization, eliminating the possibility that
bright Galactic foreground residuals might leak outside the mask
during degradation (Planck Collaboration XV 2014); for SMICA
and NILC a smaller region is replaced with Wiener filtered data;
and for SEVEM no special precautions are taken.

After degrading each map to the appropriate resolution, we
add random uniform Gaussian noise of 1 µK rms to each pixel to
regularize the covariance matrix. All pixels inside the U73 mask
are excluded, and we adopt the di↵erence maps between the raw
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Fig. 30. Fractional power ratio, �C`/C`, from antipodal sky regions,
computed from the SEVEM 143 GHz map before and after deboosting
along the mean dipole direction for ` = 2 to 600. All spectra are evalu-
ated on hemispheres using an apodized mask. The grey lines show the
same quantity evaluated for each of the 500 FFP6 simulations along
their respective asymmetry axes. The green band shows the 68% confi-
dence region from these simulations.

Planck LFI 30 GHz and HFI 353 GHz maps and the SMICA CMB
solution as two foreground templates, tracing low- and high-
frequency foregrounds, respecively. We marginalize over these
Galactic foreground templates, f , as well as four monopole and
dipole templates, by adding corresponding terms of the form
↵ f f

T to the total data covariance matrix, where ↵ is set to a
numerically large value.

Before writing down the likelihood for A and p, a choice
has to be made for the power spectrum,C`,iso. We follow
Eriksen et al. (2007a), and adopt a simple two-parameter model
of the form C`,iso = q

⇣
`/`pivot

⌘n
C`,fid, where the fiducial spec-

trum, C`,fid, is the best-fit Planck spectrum, and q and n de-
scribe an amplitude scaling and spectral tilt with respect to
this. The full model therefore includes five free parameters,
namely three dipole parameters and two power spectrum pa-
rameters. Introducing the two parameters q and n addresses
the known issue that the low-` power spectrum is low by
about 2–2.5� compared with the overall best-fit ⇤CDM spec-
trum (Planck Collaboration XV 2014; Planck Collaboration XVI
2014). Ignoring this creates a tension with the underlying
isotropic model that results in the analysis measuring a combi-
nation of both asymmetry and power mismatch.

Taking advantage of the fact that both the signal and noise
are assumed Gaussian, the exact likelhiood may be written down
in a convenient closed form:

L(A, p, q, n) / e�
1
2 d

T(M

T
SM+N+↵

P
i f i f

T
i )�1

d

q
|MT

SM + N + ↵
P

i f i f

T
i |
· (33)

This expression is the basis of all calculations presented in the
rest of this section.

Due to the high computational expense associated with these
evaluations, we do not compute the full joint five-parameter
model in this analysis, only conditionals of it. However, we iter-
ate once in a Gibbs-sampling like approach, by maximizing each
conditional to obtain an approximation to the full maximum-
likelihood solution. That is, we first map out the dipole like-
lihood for the 5� FWHM case, fixing the power spectrum
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Attempts at a
theoretical explanation:

missing large-angle power and alignments



4 classes of explanations:
Astrophysical (e.g. an object or other source of radiation in the Solar
System)

BUT: we think we know the Solar System. It would need to be a large
source and undetected in data cross-checks.

Instrumental (e.g. there is something wrong with WMAP instrument
measuring CMB at large scales)

BUT: the instruments have been extremely well calibrated and
checked. Plus, why would they pick out the Ecliptic plane?

Cosmological (e.g. some property of the universe – inflation or dark
energy for example – that we do not understand)

This is the most exciting possibility. BUT: why would the new/unknown
physics pick out the Ecliptic plane?

These alignments are a pure fluke!

BUT: they are <0.1% likely!
Mysteries of the large-angle microwave sky – p.15/20



Example: non-linear detector

Gordon, Hu, Huterer & Crawford 2005



Example:  Spontaneous Isotropy Breaking

• To explain/model the apparent lack of isotropy on largest scales 
seen by WMAP

Gordon, Hu, Huterer & Crawford 2005

Modulates the CMB anisotropy through the ISW effect

Nonlinear modulation c a range of multipoles affected

φ(z) = A + Bz

V (φ) = V0[1 + f cos(φ/M0)]



0
alm

P(
a lm
)

Cl
1/2

intrinsic

observed

• Intrinsic sky is less likely than observed

• Requires a chance cancellation

Additive schemes “don’t work”

Double (likelihood) penalty:

True for all additive schemes:
Solar System contamination,
Bianchi models, 
etc

T̂ (n̂) = Tintr(n̂) + Textra(n̂)

Gordon, Hu, Huterer & Crawford 2005



Multiplicative modulation can work 

quadrupole

intrinsic

modulation

modulated

WMAP

octopole

-33.8 23.9µK -37.1 37.1µK

-39.1 34.5µK -43.0 43.0µK

-18.2 18.2µK -33.7 33.7µK

T̂ (n̂) = T (n̂) [1 + w(n̂)]

w(n̂) ∝ Y20(n̂) example

Gordon, Hu, Huterer & Crawford 2005



Dipolar modulation in Planck

Planck Collaboration: Isotropy and statistics

Commander

NILC

SEVEM

SMICA

WMAP

Fig. 32. Consistency between component separation algorithms
as measured by the dipole modulation likelihood. The top
panel shows the marginal power spectrum amplitude for the 5�
smoothing scale, the middle panel shows the dipole modulation
amplitude, and the bottom panel shows the preferred dipole di-
rections. The coloured area indicates the 95% confidence region
for the Commander solution, while the dots shows the maximum-
posterior directions for the other maps.

analyses (Eriksen et al. 2007a; Hoftuft et al. 2009). Note that the
former was performed at a HEALPix resolution of Nside = 16 and
the latter at an angular resolution of 4.5� FWHM.

Fig. 31 shows marginals for A, q and n, as derived from the
Commander CMB solution for all smoothing scales. At least two
interesting points can be seen here. First, while there is clearly

Fig. 33. Log-likelihood di↵erence between the best-fit dipole
modulation model and the fiducial isotropic model as a func-
tion of smoothing scale. Horizontal dashed lines indicate 1, 2,
and 3� thresholds.

significant scatter in the derived dipole modulation amplitude for
di↵erent smoothing scales, as originally pointed out by Hanson
& Lewis (2009), all curves appear to be consistent with a single
value of A ⇠ 0.07. No other single value fits all scales equally
well. Second, it is interesting to note that the low-` power spec-
trum derived here is consistent, but not without some tension,
with the fiducial spectrum, (q, n) = (1, 0), around 1.5–2�. In
particular, there appears to be a slight trend toward a steeper pos-
itive spectral index as more weight is put on the larger scales,
a result already noted by COBE-DMR. The same conclusion
is reached using the low-` Planck likelihood, as described in
Planck Collaboration XV (2014).

In Fig. 32 we compare the results from all four CMB solu-
tions for the 5� FWHM smoothing scale. Clearly the results are
consistent, despite the use of di↵erent algorithms and di↵erent
treatments of the Galactic plane, demonstrating robustness with
respect to the details of the analysis methods. Further, we also
note that these results are consistent with those derived from the
5-year WMAP ILCmap by Eriksen et al. (2007a), demonstrating
robustness across experiments. On the other hand, it is notable
that a higher dipole amplitude was found for the 3-year WMAP
ILC map using a larger mask at 9� FWHM.

In Fig. 33 we show the log-likelihood di↵erence between
the derived maximum-likelihood point and the isotropic model,
A = 0, as a function of smoothing scale. The power spectrum pa-
rameters are kept fixed at the best-fit values for both points, leav-
ing three additional parameters for the dipole model. The dashed
horizontal lines indicate the 1, 2, and 3� confidence regions for
three degrees of freedom. As has been noted previously in the
literature, these significance levels vary with smoothing scale.
Taken at face value, the results presented here are suggestive but
clearly not decisive, resulting in an unchanged situation with re-
spect to earlier reports. This is of course not unexpected, given
that WMAP is already strongly cosmic variance limited at these
angular scales.

The critical question is whether the trend seen at smaller an-
gular scales in Fig. 33 continues, or if the apparent likelihood
peak at 5� FWHM happens to be a local maximum. Hanson &
Lewis (2009), and later Bennett et al. (2011), address this ques-
tion through a computationally cheaper quadratic estimator, al-
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Fig. 34. Significance of the modulation power, L(L + 1)mL/2⇡,
at bipolar multipoles L. The modulation spectra obtained from
the four component separation maps (C-R, NILC, SEVEM, and
SMICA) are consistent with each other. Dipole (L = 1) modula-
tion power is detected in all the spectra at a significance rang-
ing from 2.9 to 3.7�. The solid black lines denote the 3� sig-
nificance thresholds. There is no significant power detected at
higher multipole of the modulation field, 1 < L  32.

a likelihood analysis in Sect. 5.6. The BipoSH representation
of modulation confirms the dipole modulation signal found in
the low-resolution map. Since this approach enables the recon-
struction of any general small amplitude modulation field, the
BipoSH representation places constraints on the power in the
modulation field at all higher (bipolar) multipoles allowed by
the resolution of the CMB maps.

We then extend the analysis to higher resolution using maps
at Nside = 256 for Commander and Nside = 2048 for NILC,
SEVEM, and SMICA, in order to study the above e↵ect in more de-
tail. We repeat the analysis on these higher resolution maps using
the U73 mask. Contrary to our expectations based on a scale-
independent (i.e., no `-dependence) model, the significance of
the dipole does not increase in the high resolution maps. We then
subdivide the `-range up to `max = 384 into uniform bins of size
�` = 64. As seen in Fig. 35, we recover the dipole modulation
at over 3� significance only for the lowest bin (` = 2–64). This
is consistent with the results in Sect. 5.6 and the BipoSH analy-
sis on the corresponding low resolution maps shown in Fig. 34.
However, the amplitude of the dipole is consistent with zero
within 3� for all of the higher `-bins considered. This suggests
that the simple modulation model in Eq. 35 is inadequate and
should minimally allow for the amplitude, A(`), of the dipole to
depend on CMB multipole, `. Although this may appear to be a
more complex model, it does not necessarily lack motivation.
It is readily conceivable that physical mechanisms that cause
a dipolar modulation of the random CMB sky would be scale-
dependent and possibly significant only at low wavenumbers.
More importantly, such a dipole modulation has also been noted
in low resolution WMAP data (Eriksen et al. 2007a; Hoftuft et al.
2009). More recently, Bennett et al. (2011) also comment (with-
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Fig. 35. Measured dipole modulation (L = 1) power in CMB
multipole bins. This uses the CMB multipole dependence of the
BipoSH (modulation) power L(L + 1)mL/2⇡, which can be dis-
sected into bins in `-space. We establish that significant power in
the dipole modulation is limited to ` = 2–64 and does not extend
to the higher CMB multipoles considered. The vertical grid lines
denote the CMB multipole `-bins.

out being quantitative) that the e↵ect is present in the WMAP
maps, but limited to low ` and conclude that the `-dependence
rules out a simple modulation explanation. The fact that two in-
dependent experiments find this intriguing statistical isotropy vi-
olation points to a non-instrumental origin.

The search for modulation power recovered from higher
multipoles of the CMB maps yields a null result, as seen in
Fig. 35. However, due to our motion with respect to the CMB
rest frame, it is expected that the observed CMB map is sta-
tistically anisotropic, and this has been demonstrated in Planck
Collaboration XXVII (2014). To understand why a Doppler
boost induced anisotropy is not detected by the modulation esti-
mator, we first implement an equivalent description in terms of
the Doppler boost induced BipoSH coe�cients,

A1M
`1`2

= Ā1M
`1`2
+ �1MG1

`1`2
, (39)

G1
`1`2

=

8>><
>>:b⌫[G

1
`1`2

]M � [G1
`1`2

]�
9>>=
>>; ⇥

r
(2`1 + 1)(2`2 + 1)

12⇡
C10
`10`20 ,

h
G1
`1`2

iM
=
⇥
C`1 +C`2

⇤
,

h
G1
`1`2

i�
=
⇥
C`1 +C`2

⇤

+
⇥
C`1 �C`2

⇤
[`1(`1 + 1) � `2(`2 + 1)] /2 ,

where �1M =
R

dnY1M(n)� · n, � = v/c denotes the peculiar
velocity of our local rest frame with respect to the CMB, and
b⌫ is the frequency dependent boost factor, as discussed in more
detail in Planck Collaboration XXVII (2014). Since we perform
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No compelling theoretical (or systematic)
explanations for large-angle anomalies

as yet



Can other observations
confirm or refute 
the anomalies?

CMB polarization? 
Large-scale structure?



If this is a statistical fluke, 
CMB polarization may successfully confirm that

Copi et al, MNRAS 434, 3590 (2013),

Polarization statistic

(to have low S1/2)



Gibelyou, Huterer & Fang 2010

Standard ΛCDM

Consistent with suppressed
large-angle CMB power

Can one see effect of such large-angle power 
suppression in future LSS surveys?

Answer: yes, though it will be challenging;
below, hypothesis that P(k) is suppressed, using LSST



Dangers of working on anomalies:
geocentrists are very interested!

Entertaining story by Adam Becker on Story Collider:
“How to save your PhD supervisor”

https://soundcloud.com/the-story-collider/adam-becker-how-to-save-your-phd-supervisor

https://soundcloud.com/the-story-collider/adam-becker-how-to-save-your-phd-supervisor
https://soundcloud.com/the-story-collider/adam-becker-how-to-save-your-phd-supervisor


Conclusions

•Angular power is nearly zero at θ≳60 deg

•Quadrupole and octopole planar, nearly 
perpendicular to ecliptic plane

•Several separate ≳3-sigma anomalies, they are a 
posteriori...

•... but all have to do with largest observed scales!

•Suppression of C(θ) seems very robust to map/
experiment choice, frequency, etc

•No compelling explanations to date, cosmological or 
systematic



EXTRA SLIDES



Szapudi et al, 1405.1566
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Another view

Theorem: Every homogeneous polynomial P of degree ! in x, y and z may

be written as

P (x, y, z) = λ · (a1x + b1y + c1z) · (a2x + b2y + c2z) . . . · (a!x + b!y + c!z)

+ (x2 + y2 + z2) · R

where R is a homogeneous polynomial of degree ! − 2. The decomposition is

unique up to reordering and rescaling the linear factors.

Example (Y20):

P (x, y) = x2 + y2 − 2z2

= −3(z)(z) + (x2 + y2 + z2)(1)

Katz & Weeks, astro-ph/0405631

Is the large-scale microwave background cosmic? – p.12/45
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Harmonic inpainting:
 produces mutually consistent reconstructions of maps



   













  




MLE reconstruction is ‘optimal’, but
− need to smooth map => mix up with Gal cut region

− if not smoothing, returns a biased result:
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2 C.J. Copi, D. Huterer, D.J. Schwarz and G.D. Starkman

their maps to further reduce contamination which has a small ef-
fect on alignments. This observation is not new: for example, Chi-
ang et al. (2007) found signs of residual foregrounds in the WMAP
three-year data release on these large scales. Such residual contam-
inations persist in the data to the present time.

The goal of this paper is to study these large-angle alignments
with the Planck one-year data and to compare them to the WMAP
seven and nine-year data. The Planck collaboration included a brief
discussion of alignments in their extensive study of isotropy in the
CMB (Planck Collaboration XXIII 2013). Moreover, in their analy-
sis they did not include results from the principal mathematical tool
employed here – the multipole vectors; moreover, we use a some-
what different approach to generate the full-sky maps, and use a
much larger set of Monte-Carlo simulations to obtain the statistical
inferences. This work therefore complements the existing detailed
study of other tests of isotropy, such as the hemispherical power
asymmetries and moments of the temperature field (Planck Collab-
oration XXIII 2013).

To study the large-angle alignments it is necessary to define
statistics and assign significance to the data based on them. In re-
cent years the trend has been towards applying a Bayesian analy-
sis to all statistical questions. Broadly speaking, the Bayesian ap-
proach is designed to compare models and for parameter estima-
tion within a model. Even the problem of null hypothesis testing in
the Bayesian approach is reduced to a model comparison; that be-
tween the full model and a subset of the full model with a restricted
parameter set, some parameters fixed, etc. When there is a model
with no serious competitors, such as in cosmology with ⇤CDM,
Bayesian statistics struggles to even ask the question of the consis-
tency between the model and the data (though see Starkman et al.
2008 for a possible, if computationally challenging, approach). At
the present time in cosmology there are no compelling alternative
models that can account for the anomalies. Clever ideas have been
proposed to explain some of the anomalies (e.g. Frisch (2005); Gor-
don et al. (2005); Rakić et al. (2006); Alnes & Amarzguioui (2006);
Inoue & Silk (2006); Pullen & Kamionkowski (2007); Dikarev
et al. (2008); Ramirez & Schwarz (2009); Peiris & Smith (2010)),
but no model that explains all, or even most, of them exists. It is
not even clear whether the origin of the anomalies is cosmological,
astrophysical foregrounds, systematic (instrumental, map making,
etc.), or simply statistical, although it could be argued that since
the Planck satellite and data reduction is very different from that
provided by the WMAP satellite, systematic effects are unlikely to
explain the existence of shared anomalies. Due to these issues, we
adopt the frequentist approach consistent with that used in previous
work (see Copi et al. 2006, for example). The frequentist approach
is well suited for this specific problem – to address the question of
tension between the model and the data, and, if there is one, where
this tension lies. This allows the data to point the way toward the
source of any potential discrepancy independent of finding a better
model to describe it.

This paper is organized as follows. In Sec. 2 we take a first
look at the large-angle Planck data and compare the angular power
spectrum at the lowest multipoles between Planck and WMAP re-
leases. In Sec. 3 we describe the methodology of how we arrive at
an ensemble of full-sky maps using harmonic inpainting, and how
we correct for the effect of our motion through the CMB rest frame
on the quadrupole. In Sec. 4 we describe the statistics that we use
(and that we developed previously for our WMAP analyses), and in
Sec. 5 we carry out a frequentist analysis to quantify the various
alignments. We conclude in Sec. 6.

Table 1. The power spectrum coefficients, D`, in units of µK2 as reported
by WMAP and Planck. All values are based on a maximum likelihood esti-
mator. Since the one-year WMAP reported values were based on pseudo-C`
estimators, they have been excluded from this table. The S

1/2 values have
been computed for `

max

= 100 unless otherwise stated.

Data Release D

2

D

3

D

4

D

5

S

1/2 (µK4)

WMAP 3yr 211 1041 731 1521 8330
WMAP 5yr 213 1039 674 1527 8915
WMAP 7yr 201 1051 694 1517 8938
WMAP 9yr 151 902 730 1468 5797
Planck R1 299 1007 646 1284 8035a

aThis S
1/2 has been calculated for `

max

= 49 since Planck only provides
binned values for ` > 50.

2 STATE OF LARGE-SCALE DATA

Since full-sky data is required for a study of alignments it is im-
portant to understand its current state. A high level view of the data
can be obtained through the power spectrum coefficients

D` ⌘ `(`+ 1)

2⇡
C`. (1)

The results reported by WMAP and Planck are summarized in Ta-
ble 1.1 In all cases these values are given in µK2 and are based on a
maximum likelihood estimator. Since the one-year WMAP analysis
employed a pseudo-C` based estimator it has not been included in
the table.

The S
1/2 statistic defined in the one-year WMAP data release

(Spergel et al. 2003) is a convenient and discriminating tool to
quantify the lack of correlations on large angular scales. The statis-
tic can be calculated as

S
1/2 ⌘

Z
1/2

�1

[C(✓)]2d(cos ✓) =
`
maxX

`=2

C`I``0C`0 , (2)

where the I``0 are components of an easily calculated matrix. For
a more thorough discussion of the S

1/2 from the Planck data see
Copi et al. (2013). In Table 1 the S

1/2 has been calculated for
`
max

= 100 except for Planck which only provides binned C` for
` > 50.

The noise only contribution to the uncertainty in the values
in Table 1 is estimated in WMAP from the Fisher matrix to be
�D` ⇠ 10 µK2 in all cases; typically slightly larger in the ear-
lier data releases and slightly smaller in the later ones. This sets the
scale for the expected statistical scatter in the data. From the table
we see that the three-year through seven-year WMAP data releases
are in good agreement and provide a consistent picture of the large-
scale Universe. The differences are most likely due to systematic
analysis improvements such as beam shape determination, point
source identification, and masking. Quite surprisingly the nine-year
WMAP data release provides a markedly different view of the large-
scale Universe and even more surprisingly the first Planck data re-
lease provides yet another different view. In particular comparing
the quadrupole, D

2

, we see that the nine-year WMAP and first-year
Planck results differ by a factor of two, or roughly 15 times the
noise error!

An alternative view of the large-scale Universe comes from
the foreground cleaned, full-sky maps provided in the data re-

1 All CMB data is available from the Lambda site, http://lambda.
gsfc.nasa.gov/, including links to both WMAP and Planck results.
The Planck results may directly be obtained via the Planck Legacy Archive,
http://archives.esac.esa.int/pla/.

c
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Published values of the power spectrum 
coefficients differ by many times the error

D` ⌘
`(`+ 1)C`

2⇡



Alignments from WMAP and Planck 9

Figure 5. Quadrupole and octopole multipole vectors for the DQ corrected SMICA map in Galactic coordinates. The background shows the
quadrupole+octopole pattern from the DQ corrected SMICA map. The multipole vectors are shown as circles, in red and labelled ‘Qv’ for the quadrupole
and in black and labelled ‘Ov’ for the octopole. The direction of the area vectors defined in Eq. (23), ŵ(`;i,j), are shown as squares. Again the quadrupole
area vector is in red and labelled ‘Qa’ and the octopole area vectors are in black and labelled ‘Oa’. Since the multipole vectors are only determined up to a sign
each vector appears twice in the figure. The area vectors have only been plotted in the southern hemisphere to avoid cluttering the plot. The maximum angular
momentum dispersion direction for the octopole, n̂

3

, is shown as the black star. Since n̂
2

= ŵ(2;1,2) it is also represented by the red square. The direction of
n̂

2

without the DQ correction is shown as the red diamond. For reference also shown in the figure is the Ecliptic plane (black line), the locations of the north
(NEP) and south (SEP) Ecliptic poles, and the direction of our motion with respect to the CMB (dipole). The coordinates of the vectors are listed in Table 6.

Table 7. The S and T alignment statistics from Eq. (25) for various directions. Listed are the p-values in per cent of ⇤CDM producing a value larger than that
found in the given map based on 106 realizations of ⇤CDM. The directions tested are the quadrupole+octopole alignment (Q+O), the Ecliptic plane, the north
Galactic pole (NGP), and the direction of our motion with respect to the CMB (dipole). The results for the SMICA and NILC maps are based on the average
of the S statistic from 5 ⇥ 105 harmonic inpaintings of these maps.

Q+O Ecliptic Plane NGP dipole
Map S T S T S T S T

WMAP ILC 7yr 0.22 0.10 2.66 2.70 0.82 0.90 0.18 0.20
WMAP ILC 9yr 0.18 0.08 1.96 1.82 0.79 0.76 0.14 0.15
Planck NILC 1.85 1.05 2.80 3.04 1.41 1.26 0.32 0.19
Planck SEVEM 0.41 0.22 2.52 2.94 0.79 0.92 0.09 0.05
Planck SMICA 1.62 0.93 3.74 4.16 1.56 1.52 0.37 0.30

(ii) the planarity of the octopole and the alignment of the
quadrupole and octopole planes is clearly visible – note the re-
markable near-overlap of the quadrupole and octopole maximum
angular momentum dispersion axes;

(iii) the area vectors lie near each other, near the Ecliptic plane,
and also near the dipole direction.

To quantify the alignments we consider the mutual alignment
of the quadrupole and octopole area vectors as well as alignments
with the Ecliptic plane, north Galactic pole (NGP), and the direc-

tion of our motion with respect to the CMB (dipole). This is a subset
of the directions considered in Copi et al. (2006). The results based
on the S and T statistics from Eq. (25) are shown in Table 7, and
indicate that alignments persist at the 95 to 99.9 per cent level, with
the strongest alignment occurring with the dipole direction (> 99.6
per cent). As we argued above, the spread of values between the
different maps gives an idea of the effect of the residual systematic
errors due to foregrounds.

To make this more clear, the alignment results for the S and
T statistics from Eq. (25) of the multipole vectors with the direc-
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Systematic checks: 
foreground missubtraction
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Adding (known) foregrounds leads to galactic, 
and not ecliptic, alignments
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