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CMB as a test of Global Isotropy

Planck CMB confirms ΛCDM model, no tensors,
Gaussian

Using Power spectrum or fNL (isotropic averages!)

Is the CMB statistically Isotropic?

What is the impact of our peculiar velocity?

(β = v
c = 10−3)
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CMB spectrum

More precisely
T (n̂)→ a`m

≡
∫

dΩY ∗`m(n̂)T (n̂)

Hypothesis of Gaussianity and Isotropy:

Physics fixes Cth
` = 〈|a`m|2〉

a`m random numbers from a Gaussian of width Cth
` .

Uncorrelated: NO preferred direction
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CMB: Peculiar Velocity and Anomalies

Our velocity β ≡ v
c breaks Isotropy introducing

correlations in the CMB at all scales

(not only Dipole ` = 1!)

1 We can measure β with dipole and ` > 1!
(Kosowsky Kahniashvili, ’2011, Amendola, Catena, Masina, A. N., Quartin Quercellini’2011.

Measured in Planck XXVII, 2013.)

2 Bias on small-sky experiments
(e.g. ACT, bias of about 1σ) M.Quartin& A.N.’2014

3 Violation of Isotropy? Anomalies?

4 Important for multipole Alignments?

5 Important for Calibration??
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Effects of β

T (n̂) (CMB Rest frame)⇒ T ′(n̂′) (Our frame)

Preferred direction β̂

Doppler:
T ′(n̂) = T (n̂)γ(1 + β cos θ) (cos(θ) = n̂ · β̂)

Aberration:
T ′(n̂′) = T (n̂)

with cos θ − cos θ′ = β sin2 θ
1+β cos θ

θ − θ′ ≈ β sin θ

Peebles & Wilkinson ’68, Challinor & van Leeuwen 2002, Burles & Rappaport 2006
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In multipole space

Mixing of neighbors:

a′`m ' a`m + β(c−`ma`−1m + c+
`ma`+1m) +O((β`)2 · a`±0,2)

c+
`m = (`+ 2−1)

√
(`+1)2−m2

4(`+1)2−1

c−`m = −(`− 1 + 1)
√

`2−m2

4`2−1

Doppler (constant), aberration grows with `!

For ` > 1/β ≈ 800 more neighbors are coupled

a′`m =
∑

`′ K``′ma`′m
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Testing Isotropy

Given a map T (n̂) we can mask a part of the sky:
T̃ (n̂) = M(n̂)T (n̂)

We compute ã`m → C̃M
`

And compare two opposite halves C̃N
` and C̃S

`
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Hemispherical asymmetry?

Several papers significant (about 3σ) hemispherical
asymmetry

at ` < O(60)
Eriksen et al. ’04, ’07, Hansen et al. ’04, ’09, Hoftuft et al. ’09, Bernui ’08, Paci et al. ’13

Also up to ` ≤ 600 (WMAP)
Hansen et al. ’09

And also to the Planck data! (Up to which `?)
Planck Collaboration 2013, XIII. Isotropy and Statistics.
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Planck asymmetry

7% asymmetry
Same as in WMAP

Planck Collaboration: Isotropy and statistics
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Fig. 29. Marginal dipole modulation amplitude (top), power
spectrum amplitude (middle) and power spectrum tilt (bottom)
probability distributions as a function of smoothing scale, shown
for the Commander CMB solution.

particular, there appears to be a slight trend toward a steeper
and positive spectral index as more weight is put on the larger
scales, a result already noted by COBE-DMR. The same conclu-
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Fig. 30. 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 dipole modulation am-
plitude, and the bottom panel shows the preferred dipole direc-
tions. The coloured area indicates the 95% confidence region for
the Commander solution, while the dots shows the maximum-
posterior directions for the other codes.

sion is reached using the low-` Planck likelihood, as described
in Planck Collaboration XV (2013).

In Fig. 30 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

29

Figure :

Planck Collaboration 2013, XIII. Isotropy and Statistics.
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Hemispherical Asymmetry at high `?

A correct analysis has to include Doppler and
Aberration (important at high ` ' 1000)
A.N., M.Quartin & R.Catena, JCAP Apr. ’13

Revised Planck 2013 paper corrects previous claim at
` ≈ 1500 and now only ` < 600 anomalous (about 3σ).
Planck Collaboration 2013, XIII. Isotropy and Statistics, v2, Dec 2013.

We find between 2− 3σ anomaly at ` . 600
(A.N., M.Quartin & JCAP ’14)
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Planck Mask (Symmetrized)

We cut the sky into two parts (N vs. S)
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Hemispherical Asymmetry due to Velocity

Figure : Discs along the Dipole direction

A.N., M.Quartin, R.Catena 2013
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Significance: Results

Simulations include Noise and Doppler+Aberration.

(A.N., M.Quartin 2014)
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“Dipolar modulation"?

Several authors have studied the ansatz

T = Tisotropic
(
1 + Amod · n

)
,

3-σ detections of Amod ≈ 7%
(For ` < 64 or ` < 600 )



CMB

CMB & Proper
motion

Anomalies

Alignments

Planck
Calibration

“Dipolar modulation"?

Several authors have studied the ansatz

T = Tisotropic
(
1 + Amod · n

)
,

3-σ detections of Amod ≈ 7%
(For ` < 64 or ` < 600 )



CMB

CMB & Proper
motion

Anomalies

Alignments

Planck
Calibration

Our Results on A

Figure : All simulations include Planck noise asymmetry.

A.N. & M.Quartin, 2014
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WMAP/Planck Quadrupole-Octupole
alignments

Another anomaly:

From a2m and a3m → Multipole vectors→ n̂2, n̂3.

n̂2 · n̂3 ≈ 0.99 (p − value ≈ 0.01)

And also Dipole-Quadrupole-Octupole (n̂1, n̂2, n̂3)
aligned (e.g.Copi et al. ’13 )
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Removing Doppler quadrupole

Planck data shows less alignment than WMAP: 2.3σ for
n̂1 · n̂2 (SMICA 2013)

After removing Doppler→ 2.9σ (Copi et al. ’13)

(agreement with WMAP)
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Frequency dependence!

The Dopper Quadrupole is frequency dependent: (Sazonov

& Sunyaev ’99, Kamionkowski & L. Knox ’04, Chluba & Sunyaev ’04)

δI′(ν′) ∝ δT (n̂)

T0
+ (β · n̂) + Q(ν)(β · n̂)2 + ... , (1)

where

Q(ν′) =
ν′

2T0
coth

(
ν′

2T0

)
. (2)

Using Qeff ≈ 1.7 (SMICA 2013)

→ 3.3σ for n̂1 · n̂2 (A.N. & M.Quartin, JCAP 2015)

Q(ν) weighted average in the range 1− 5
(High ν channels)
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Planck Calibration?

Doppler effect is used to calibrate the detectors!

WMAP calibrated using βORBITAL (≈ 10−4)

Planck 2013 calibrated on βSUN (using WMAP!)

Planck 2015 calibrated on βORBITAL
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Planck Calibration?

Splitting βTOT = βS + βO (A.N. & M.Quartin ’2015) :

δIν =
δT
T0

+ βS · n̂ + Q(ν)(βS · n̂)2 + βO · n̂ + Q(ν)(βO · n̂)2

+ 2 Q(ν)(βS · n̂)(βO · n̂) + ...

Leading βO · n̂ ≈ 10−4

Subleading ≈ 10−6

Q(ν) ≈ (1.25,1.5,2.0,3.1) for HFI!

The Q(ν) corrections should be included in Planck
Calibration: might represent O(1%) systematics

Systematics still not understood in Planck HFI and
polarization still not used!
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