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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 this...



Power at θ≳60 deg vanishes
in cut-sky maps
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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?



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
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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:1311.4862 
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Copi, Huterer & Starkman 2003;  http://www.phys.cwru.edu/projects/mpvectors/
J.C. Maxwell, “Treatise on Electricity and Magnetism”, 1873

Lth multipole ⇔ L (headless) vectors, and a constant
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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:1311.4862 



Movie by Craig Copi



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)



Conclusions
•Angular power is nearly zero at θ≳60 deg

•Quadrupole and octopole planar, nearly 
perpendicular to dipole and 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



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?


