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• And there are other effects...
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ations in the velocity direction, and reduces them in the oppo-
site direction. This is the same effect which converts a portion
of the CMB monopole into the observed dipole. The effect on
the CMB fluctuations is to increase the amplitude of the power
spectrum by approximately 0.25% in the velocity direction, and
decrease it correspondingly in the anti-direction. Second, there
is an “aberration” effect, in which the apparent arrival direc-
tion of CMB photons is pushed toward the velocity direction.
This effect is small, but non-negligible. The expected velocity
induces a peak deflection of β = 4.2� and a root-mean-squared
(rms) deflection over the sky of 3�, comparable to the effects
of gravitational lensing by large-scale structure, which are dis-
cussed in Planck Collaboration XVII (2013). The aberration ef-
fect squashes the anisotropy pattern on one side of the sky and
stretches it on the other, effectively changing the angular scale.
Close to the velocity direction we expect that the power spec-
trum of the temperature anisotropies, C�, will be shifted so that,
e.g., �= 1000→ �= 1001, while �= 1000→ �= 999 in the anti-
direction. In Fig. 1 we plot an exaggerated illustration of the
aberration and modulation effects. For completeness we should
point out that there is a third effect, a quadrupole of amplitude
β2 induced by the dipole (see Kamionkowski & Knox 2003).
However, extracting this signal would require extreme levels of
precision for foreground modelling at the quadrupole scale, and
we do not discuss it further.

In this paper, we will present a measurement of β, exploiting
the distinctive statistical signatures of the aberration and mod-
ulation effects on the high-� CMB temperature anisotropies. In
addition to our interest in making an independent measurement
of the velocity signature, the effects which velocity generates on
the CMB fluctuations provide a source of potential bias or con-
fusion for several aspects of the Planck data. In particular, ve-
locity effects couple to measurements of: primordial “τNL”-type
non-Gaussianity, as discussed in Planck Collaboration XXIV
(2013); statistical anisotropy of the primordial CMB fluctua-
tions, as discussed in Planck Collaboration XXIII (2013); and
gravitational lensing, as discussed in Planck Collaboration XVII
(2013). There are also aspects of the Planck analysis for which
velocity effects are believed to be negligible, but only if they are
present at the expected level. One example is measurement of
fNL-type non-Gaussianity, as discussed in Catena et al. (2013).
Another example is power spectrum estimation — as discussed
above, velocity effects change the angular scale of the acous-
tic peaks in the CMB power spectrum. Averaged over the full
sky this effect is strongly suppressed, as the expansion and con-
traction of scales on opposing hemispheres cancel out. However
the application of a sky mask breaks this cancellation to some
extent, and can potentially be important for parameter estima-
tion (Pereira et al. 2010; Catena & Notari 2012). For the 143
and 217 GHz analysis mask used in the fiducial Planck CMB
likelihood (Planck Collaboration XV 2013), the average lensing
convergence field associated with the aberration effect (on the
portion of the sky which is unmasked) has a value which is 13%
of its peak value, corresponding to an expected average lensing
convergence of β× 0.13 = 1.5× 10−4. This will shift the angular
scale of the acoustic peaks by the same fraction, which is degen-
erate with a change in the angular size of the sound horizon at
last scattering, θ∗ (Burles & Rappaport 2006). A 1.5× 10−4 shift
in θ∗ is just under 25% of the Planck uncertainty on this param-
eter, as reported in Planck Collaboration XVI (2013) — small
enough to be neglected, though not dramatically so. This there-
fore motivates us to test that the observed aberration signal is
not significantly larger than expected. With such a confirmation
in hand, a logical next step is to correct for these effects by a pro-

(a) T primordial

(b) Taberration

(c) Tmodulation

Fig. 1. Exaggerated illustration of the Doppler aberration and
modulation effects, in orthographic projection, for a velocity
v = 260 000 km s−1 = 0.85c (approximately 700 times larger
than the expected magnitude) toward the northern pole (indi-
cated by meridians in the upper half of each image on the left).
The aberration component of the effect shifts the apparent posi-
tion of fluctuations toward the velocity direction, while the mod-
ulation component enhances the fluctuations in the velocity di-
rection and suppresses them in the anti-velocity direction.

cess of de-boosting the observed temperature (Notari & Quartin
2012; Yoho et al. 2012).

Before proceeding to discuss the aberration and modulation
effects in more detail, we note that in addition to the overall pe-
culiar velocity of our Solar System with respect to the CMB,
there is an additional time-dependent velocity effect from the or-
bit of Planck (at L2, along with the Earth) about the Sun. This
velocity has an average amplitude of approximately 30 km s−1,
less than one-tenth the size of the primary velocity effect. The
aberration component of the orbital velocity (more commonly
referred to in astronomy as “stellar aberration”) has a maximum
amplitude of 21�� and is corrected for in the satellite pointing.
The modulation effect for the orbital velocity switches signs be-
tween each 6-month survey, and so is suppressed when using
multiple surveys to make maps (as we do here, with the nominal
Planck maps, based on a little more than two surveys), and so
we will not consider it further.
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Harmonic space is more efficient
  and uses machinery of 〈T₁T₂T₃T₄〉
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• We use quadratic estimators

• Summing over covariance matrix

• With weights designed for β

• And repeat for simulations (with and 
without velocity effects)

• For several data combinations from 
143GHz and 217GHz (857 subtracted)

See Hanson & Lewis (2009) and Planck Collaboration XXVII (2013)

Calculations
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Fig. 3. Measured dipole direction β̂ in Galactic coordinates as a function of the maximum temperature multipole used in the

analysis, �max. We plot the results for the four data combinations discussed in Sect. 4: 143× 143 (� symbol); 217× 217 (� symbol);

143 × 217 (× symbol); and 143 + 217 (+ symbol). The CMB dipole direction β� has been highlighted with 14
◦

and 26
◦

radius

circles, which correspond roughly to our expected uncertainty on the dipole direction. The black cross in the lower hemisphere is

the modulation dipole anomaly direction found for WMAP at �max = 64 in Hoftuft et al. (2009), and which is discussed further in

Planck Collaboration XXIII (2013). Note that all four estimators are significantly correlated with one another, even the 143 × 143

and 217 × 217 results, which are based on maps with independent noise realizations. This is because a significant portion of the

dipole measurement uncertainty is from sample variance of the CMB fluctuations, which is common between channels.

well as the corresponding 2σ contour arctan(2/4) = 26
◦
. It is

apparent that the measured velocity directions are in reasonable

agreement with the CMB dipole.

We now proceed to break the measurement of Fig. 3 into

its constituent parts for �max = 2000 (and truncating now at

�min = 500). In Fig. 4 we plot our quadratic estimates of the

three components of β, as well as the decomposition into aberra-

tion and modulation components for each of our four frequency

combinations. The vertical lines in Fig. 4 give the amplitude es-

timates for each component measured from the data, while the

coloured and grey histograms give the distribution of these quan-

tities for the 143 × 217 estimator, for simulations with and with-

out velocity effects, respectively (the other estimators are simi-

lar). As expected, the velocity effects show up primarily in β�;
there is little leakage into other components with our sky mask.

For all four estimators, we see that the presence of velocity along

β� is strongly preferred over the null hypothesis. At 143 GHz this

signal comes from both φ̂ � and τ̂ �. At 217 GHz it comes primar-

ily from τ̂ �. Additionally, there is a somewhat unexpected signal

at 217 GHz in the β× direction, again driven by the τ component.

Given the apparent frequency dependence, foreground contami-

nation seems a possible candidate for this anomalous signal. We

will discuss this possibility further in the next section.

In Table 1 we present χ2
values for the β measurements of

Fig. 4 under both the null hypothesis of no velocity effects, and

assuming the expected velocity direction and amplitude. We can

see that all of our measurements are in significant disagreement

with the “no velocity” hypothesis. The probability-to-exceed

(PTE) values for the “with velocity” case are much more rea-

sonable. Under the velocity hypothesis, 217×217 has the lowest

PTE, of 11%, driven by the large β̂ ×.

In Table 2 we focus on our measurements of the veloc-

ity amplitude along the expected direction β�, as well as per-

forming null tests among our collection of estimates. For this

table, we have normalized the estimators, such that the aver-

age of β̂ � on boosted simulations is equal to the input value

of 369 km s
−1

. For all four of our estimators, we find that this

normalization factor is within 0.5% of that given by Nxβν f�,sky,

as is already apparent from the triangles along the horizontal

axis of Fig. 4. We can see here, as expected, that our estimators

have a statistical uncertainty on β� of between 20% and 25%.

However, several of our null tests, obtained by taking the dif-

ferences of pairs of β� estimates, fail at the level of 2–3σ. We

take the 143 × 217 GHz estimator as our fiducial measurement;

because it involves the cross-correlation of two maps with in-

dependent noise realizations it should be robust to noise mod-

6

Results
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 ▲ : 217x217
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 + : 143+217
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Hemispheric asymmetry anomaly
dominates for lower multipoles
(see Planck Collaboration XXIII)

Dipole
direction

  ▼ : 143x143
 ▲ : 217x217
 × : 143x217
 + : 143+217
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 Grey histogram: without  Pink histogram: with β effects

Vertical lines are different data combinations
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•Velocity Measured at 4−5σ

•Complication with hemispheric asymmetry

•Note: spectrum of velocity-induced modulation

is d²B/dT² not dB/dT

•Masking means velocity effects are ≈25% of θ error 
− that’s how well Planck constrains anisotropies

•Only possible to measure velocity with Planck!

Concluding remarks
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The scientific results that we present today are a product of the Planck 
Collaboration, including individuals from more than 100 scientific institutes 
in Europe, the USA and Canada  

Planck is a project of the European Space Agency, with instruments provided by two scientific 
Consortia funded by ESA member states (in particular the lead countries: France and Italy) with 
contributions from NASA (USA), and telescope reflectors provided in a collaboration between ESA and 
a scientific Consortium led and funded by Denmark.


