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CMB as a test of Global Isotropy

Is the CMB statistically Isotropic?

What is the impact of our peculiar velocity?

(β = v
c = 10−3)

Can we disentangle them?
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CMB spectrum

More precisely
T (n̂)→ a`m

≡
∫

dΩY ∗`m(n̂)T (n̂)

Hypothesis of Gaussianity and Isotropy:

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

Physics fixes Cth
` = 〈|a`m|2〉

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 ` = 1!)

1 We can measure β with ` = 1 and ` > 1!2

2 Anomalies? (dipolar modulation, alignments?)

3 Is it frequency dependent?
(Calibration? Blackbody distortion, tSZ contamination?)

2
Kosowsky & Kahniashvili, ’2011, L. Amendola, Catena, Masina, A. N., Quartin’2011.

Measured in Planck XXVII, 2013.
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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)

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 `!

We can measure β through 〈a`ma`+1m〉 6= 0
(Kosowsky & Kahniashvili, ’2011, L. Amendola, Catena, Masina, A. N., Quartin’2011, Planck XXVII,

2013.)
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Expected sensitivity

TT

Planck
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Planck Measurement

β = 384km/s ± 78km/s (stat) ±115km/s (syst.)

100 2000lmax

+ ~β

−~β

+ ~β

− ~β

+ ~β×− ~β×

Planck Collaboration 2013, XXVII. Doppler boosting of the CMB: Eppur si muove

Found both Aberration and Doppler
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Forecasts

7

Experiment # ⌫ bands 106�T (µK
K

) 106�P (µK
K

) ✓fwhm fsky S/N

ACBAR ’08 [26] 1 0.9 – 4.80 1.7% 1.0

WMAP (9 years) [27, 28] 5 14 20 13.20 � 52.80 78% 0.7

EBEX [29] 3 0.33 0.48 80 1% 0.9

BICEP2 (2 years) [30, 31] 1 3.2 4.6 0.60 2% 2.5

Planck (30 months) [28, 32] 7 1.0 � 8.4 1.7 � 14.5 4.70 � 32.70 80% 5.9

SPT SZ [33, 34] 3 5.7 � 30 � 1.00 � 1.60 6% 2.0

SPTPol (3 years) [35] 2 1.3 � 1.5 1.9 � 2.1 1.00 � 1.60 1.6% 2.5

SPTPol Wider (6 years) 2 2.4 � 2.6 3.3 � 3.7 1.00 � 1.60 10% 5.2

ACTPol Deep (1 year) [36] 2 0.5 � 2.2 0.7 � 3.1 1.00 � 1.40 0.36% 1.4

ACTPol Wide (1 year) [36] 2 2.5 � 11 3.5 � 16 1.00 � 1.40 10% 4.4

ACTPol Wider (4 years) 2 2.5 � 11 3.5 � 16 1.00 � 1.40 40% 8.8

COrE (4 years) [28] 15 0.07 � 9.0 0.12 � 15.6 2.80 � 23.30 80% 14

EPIC 4K [37] 9 0.08 � 0.82 0.11 � 1.2 2.50 � 280 80% 16

EPIC 30K [37] 9 0.20 � 4.4 0.28 � 6.2 2.50 � 280 80% 13

Ideal Exp. (up to ` = 6000) Any 0 0 00 100% 44

Table I. Summary of CMB experiments. The second column relates the number of frequency channels observed; ✓fwhm is the
beam size di↵raction limit with full width at half maximum; �T is the thermodynamic temperature sensitivity per pixel; �P

likewise for the polarization quantities E and B; fsky indicates the fraction of the sky covered. The quoted ranges of sensitivity
and resolution stand for the di↵erent frequency bands below 420 GHz (which we find to be the relevant ones in the cases here
considered). In the last column we quote the computed signal-to-noise ratio, but one should note that these values depend
somewhat on the fiducial spectra (see text).

of the proposed future ones (SPIDER, ACTPol, SPTPol,
Cosmic Origins Explorer – COrE and The Experimental
Probe of Inflationary Cosmology – EPIC). To illustrate
the di�culties faced by surveys probing only a small piece
of the sky we will make exceptions for some of those:
ACBAR, EBEX and BICEP2.

Estimates in this section refer to statistical noise alone;
care must be taken when interpreting these due to the
presence of foregrounds and systematic noise.

In Tables I and II we list a summary of CMB experi-
ments. In the former we list the range of some parameters
on the di↵erent frequency bands; in the latter we con-
sider only the most promising subset of experiments and
moreover, for a more detailed comparison, consider only
the best frequency channel for measuring the spectra. In
both tables ✓fwhm is the beam size di↵raction limit with
full width at half maximum (fwhm); �T is the thermo-
dynamic temperature sensitivity per pixel (a square the
side of which is the fwhm extent of the beam); �P like-
wise for the polarization quantities Q and U ; `T

cvlim is
the multipole at which the temperature noise spectrum
equals cosmic variance; `T,E

max is the multipole for which
the TT or EE spectrum equals the instrument (statisti-
cal) noise (i.e., S/N = 1). For both SPTPol and ACTPol
we assume a net 9-hour per day observation time.5

The quantities ✓fwhm , `T
cvlim , fsky and �T are re-

5 This in principle could be made higher by making observations
also during daytime, although this extra exposure would be done
with less sensitivity due to heating of the telescope [46]

lated by the expression for the noise power-spectrum (see
e.g. [47]):

�C` =

s
2

fsky(2` + 1)

h
C` + N`

i
, (21)

where the first term stands for the cosmic variance (CV`)
and N` for the instrumental noise (see [47–50]):

N` = ✓2
fwhm�2

T exp


`(` + 1)

✓2
fwhm

8 ln 2

�
. (22)

Cosmic variance is predominant at lower and intermedi-
ate values of ` (to wit for ` < `T

cvlim); instrumental noise
dominates for ` > `Tcvlim and determines `X

max. Note that
in the case of Earth experiments the estimate (22), some-
times referred to as the Knox formula, is inaccurate for
` . 500 due to possible atmospheric fluctuations [36].
Note also that we list sensitivities per pixel in µK/K,
but some of the references here listed prefer to describe
them as either noise-equivalent temperatures (NET) in
µKCMB

p
s (for a single detector – e.g. one bolometer)

or as sensitivity in µK· arcmin (for a given frequency
band, with all detectors in that band combined). To
convert between these quantities one has to make use of
the following relations [37]:

�(µK · arcmin) =

s
8⇡f̃sky

⇥
NET(µKCMB

p
s)
⇤2

tmission(s) Ndetectors

10800

⇡
,

(23)

�

✓
µK

K

◆
=

�(µK · arcmin)

2.725K ✓fwhm(arcmin)
. (24)
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Expected sensitivity
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Separating Doppler and Aberration

Dopp

Aber

D+A
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COrE+: D, A, D+A

Aberration grows at high `
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Is β degenerate with an Intrinsic Dipole?3

A dipolar large scale potential: ΦD = cos(θ)φ(r)
ΦTOT = Φ + ΦD

Produces a CMB dipole TD = 1
3 cos(θ)φ(rLSS)

It also produces couplings at 2nd order O(Φ ΦD):
degenerate with a boost?

3O.Roldan, A.N., M.Quartin 2016, JCAP 2016.
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Is β degenerate with an Intrinsic Dipole?4

Doppler-like term: c TD(n̂) T (n̂) (large scales)

c Degenerate with Doppler if zero primordial
non-Gaussianity!

A mismatch between β`=1 and Doppler couplings would
have 2 implications:

Unexpected large intrinsic dipole

Non-Gaussianity

4O.Roldan, A.N., M.Quartin, JCAP 2016.
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Is β degenerate with an Intrinsic Dipole?5

ΦD also produces Dipolar Lensing ≈ Aberration

Coefficient degenerate with Aberration only if:

φ(rLSS) = 6
∫

drφ(r)
(

1
r − 1

rLSS

)

Generically different!

Measuring agreement between β`=1 and
Aberration-couplings→ boost.

5O.Roldan, A.N., M.Quartin 2016
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Is β degenerate with an Intrinsic Dipole?6

10−3 dipole 10−8 Doppler-like 10−8 aberration-like
couplings couplings

Peculiar velocity yes yes yes

Dipolar Φ yes yes? only with fine-tuning

Non-Gauss. dipolar Φ yes different only with fine-tuning

? Reminder: we have only been able to prove the corresponding result on large scales.

6O.Roldan, A.N., M.Quartin 2016
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Testing Isotropy

Given a map T (n̂): mask half 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?

In several papers: significant (about 3σ) hemispherical
asymmetry of Amplitude A ∼ 7% at ` < O(60)
Eriksen et al. ’04, ’07, Hansen et al. ’04, ’09, Hoftuft et al. ’09, Bernui ’08, Paci et al. ’13

The claim extends also to ` ≤ 600 (WMAP), with
smaller Amplitude
Hansen et al. ’09

And also to the Planck data! (Up to which `?)
Planck Collaboration 2013, XIII. 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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tions. The coloured area indicates the 95% confidence region for
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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:
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A correct analysis has to include Doppler and
Aberration (important at ` & 1000)
A.N., M.Quartin & R.Catena, JCAP Apr. ’13

We find (A.N., M.Quartin & JCAP ’14, Planck Collaboration 2013, XIII. Isotropy and Statistics)

2.5− 3σ anomaly only at ` . 600

With decreasing Amplitude (from 7% to 1%)
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Use Planck data up to ` = 2000 (M. Quartin & A.N. ’14)

“SMICA" map, linear weighted combination of several
frequency maps

Before this, we mask Galaxy and point sources!
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We mask Planck (symmetrized mask)

And then we cut the sky into two parts (N vs. S)

Smoothing the cut!
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β = 1.23× 10−3

2

and `max ' 3000).
Power spectra asymmetry. We apply our procedure to

extract pseudo-C`’s from different regions of the sky in
simulations performed with the HEALPix package1 in a
modified version [7] which allows boosts, with Nside =
4096 and `max = 2700. Such a numerical boost proce-
dure has been tested with Bessel fitting functions which
reproduce the K`0`m with high precision [4, 7].2 We ap-
ply a boost along the north pole direction of � = 0.00123
and compare two regions in two opposite directions along
such boost (dubbed North and South). We performed
20 different simulations as random realizations, labelled
by the random seed used as an input in HEALPix, of a
fiducial cosmological model similar to the WMAP 9-year
best fit. We find that there is a systematic asymme-
try between power in the two opposite directions in the
case with boost as opposed to the case without boost.
We show the difference in power spectra in Fig. 1. This
should be compared with the experimental results pre-
sented in [12] (section 5.5.1 and Fig. 28), from which
we can see that the real data has systematically more
power in one hemisphere than the other at a level of a
few percent, although it is difficult to make a more pre-
cise estimate on the significance and scale of the effect
based on the results presented at that paper.

Given a set of C`’s it is possible to have a rough esti-
mate on the size of the effect on a cosmological param-
eter, by considering [7] an idealized case in which the
CMB depends multiplicatively on a single amplitude pa-
rameter, which we call A, so that the �2 is given by:

�2(A) =
X

`

(Cexp
` � AĈth

` )2

�2
`

, (3)

where Ĉth
` is the theoretical spectrum when A = 1, Cexp

`

are the observed values in one region of the sky and where
�2
` = C2

` 2/(2` + 1) is the cosmic variance, ignoring any
noise. The best fit value Abf for A is obtained when
@(�2)/@A = 0 which gives:

Abf =
X

`

Cexp
` Ĉth

`

�2
`

�X

`

(Ĉth)2

�2
`

, (4)

The difference AN
bf � AS

bf , between the best-fit values in
two regions N and S of the sky with observed spectra
Cexp, N

` and Cexp, S
` is therefore given by:

�A

A
⌘ 2

AN
bf � AS

bf

AN
bf + AS

bf

'
 X

`

�C`

C`
(2` + 1)

!�X

`

(2` + 1) ,

(5)

1 http://healpix.sourceforge.net/
2 We have checked up to `max = 3000 that boosting a Nside = 4096

map with � = 0.00123 and boosting again with �� gives back
the original map with very high precision up to the 7th digit in
the a`m’s, differently from what obtained in [11].
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Figure 1. Relative difference between C`’s in two opposite
discs of the sky centered on the dipole direction as a function
of the multipole `. The brown (green) line shows the mean
spectrum over 20 boosted (unboosted) simulations, binned in
100-` bins. The green area shows the 1� band around the
unboosted mean. [Top] : two halves of the sky (fsky = 0.44,
after removing a band around the galaxy). [Middle] : two
antipodal discs of 90� diameter (fsky = 0.146, to be compared
with [12]). [Bottom] : 4 random boosted realizations.

where �C` ⌘ Cexp, N
` �Cexp, S

` and we have approximated
Cth

` by the average (Cexp, N
` + Cexp, S

` )/2 . We therefore
estimate3 �A/A for our simulations summing up to a cer-
tain `max. We will compute the estimator directly us-
ing the pseudo-C`’s given as an output by HEALPix in
eq.(5). For a sufficiently large patch of the sky the off-
set between pseudo-C` and C` is simply an overall factor
given by the sky fraction fsky so our eq.(5) is still a good
estimator of the difference in amplitude of the two hemi-
spheres. Note however that we will also use the same

3 Such an estimator has been used also by [13] to quantify hemi-
spherical asymmetries.

Figure: Dipole direction

Positive asymmetry
A.N., M.Quartin, R.Catena, 2013
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“Dipolar modulation"?

Several authors have studied the ansatz

T = Tisotropic
(
1 + Amod · n

)
,

3-σ detection of Amod along max. asymm. direction
(For ` < 60 or ` < 600 )

Amod 60 times bigger than β! (at ` < 60)
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Figure: All simulations include Planck noise asymmetry.

A.N. & M.Quartin, 2014
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For conclusive evidence: more data

Polarization maps! (LiteBIRD, COrE) Assuming some model

Large Scale Structure?
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Frequency dependence??

A boost does NOT change the blackbody

But, consider Intensity:

I(ν) =
2ν3

e
ν

T (n̂) − 1
.

Linearizing Intensity we get (WMAP, PLANCK...)

∆I(ν, n̂) ≈ 2ν4e
ν
ν0

T 2
0

(
e

ν
ν0 − 1

)2 ∆T (n̂) ≡ K
∆T (n̂)

T0
,
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Frequency dependence??

At second order:

∆I
K

=
∆T (n̂)

T0
+

(
∆T (n̂)

T0

)2

Q(ν) ,

where Q(ν) ≡ ν/(2ν0) coth[ν/(2ν0)].

Spurious y -distortion
Degenerate with tSZ and primordial y -distortion
Any T fluctuation produces this
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Frequency dependence??

Dominated by dipole ∆1 = β + intrinsic dipole 7

L(ν, n̂) = µ∆1 +
δT
T0
− β̃µ δT

T0
+ β̃

(
δTab

T0

)
+

+

[(
µ2 − 1

3

)
∆2

1 +
1
3

∆2
1 + 2∆1µ

δT
T0

]
Q(ν) .

Quadrupole (10−7)
Monopole (10−7)
Couplings (10−8)

"Spurious" spectral y -distortions : degenerate with
primordial y -distortions, and tSZ

7Knox,Kamionkowski ’04, Chluba, Sunyaev ’04, Planck 2013 results.
XXVII., A.N. & Quartin ’16
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Spurious y signal

A.N. & M.Quartin, 2016
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Doppler effect is used to calibrate the detectors!

WMAP calibrated using βORBITAL (≈ 10−4)

Planck 2013 on βSUN (using WMAP!)

Planck 2015 calibrated on βORBITAL
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Planck Calibration?

Splitting βTOT = βS + βO :

δIν =
δT
T0

+ βS · n̂ + βO · n̂ +

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

]

Leading βO · n̂ ≈ 10−4

Subleading ≈ 10−6, 1-year or 6-months periodicity

Q(ν) ≈ (1.25,1.5,2.0,3.1) for HFI!

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

(A.N. & M.Quartin ’2015)
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Another anomaly:

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

n̂2 · n̂3 ≈ 0.99

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

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

After removing Doppler→ 2.9σ (Copi et al. ’13),
(agreement with WMAP)

Using Qeff ≈ 1.7 on SMICA 2013, (A.N. & M.Quartin, JCAP 2015)

→ 3.3σ for n̂1 · n̂2
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