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We test the usual hypothesis that the cosmic microwave background (CMB) dipole, its largest
anisotropy, is due to our peculiar velocity with respect to the Hubble flow by measuring independently the
Doppler and aberration effects on the CMB using Planck 2018 data. We remove the spurious contributions
from the conversion of intensity into temperature and arrive at measurements that are independent from the
CMB dipole itself for both temperature and polarization maps and both SMICA and NILC component-
separation methods. Combining these new measurements with the dipole one, we get the first constraints on
the intrinsic CMB dipole. Assuming a standard dipolar lensing contribution, we can put an upper limit on
the intrinsic amplitude: 3.7 mK (95% confidence interval). We estimate the peculiar velocity of the Solar
System without assuming a negligible intrinsic dipole contribution: v = (30074}") km/s with (I,b) =
(276 +33,51 £ 19)° (SMICA), and v = (2967 44") km/s with (1, b) = (280 = 33,50 £ 20)° (NILC) with
negligible systematic contributions. These values are consistent with the peculiar velocity hypothesis of the

dipole.
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Introduction.—The cosmic microwave background
(CMB) temperature dipole is the largest CMB anisotropy
not coming from foregrounds and has been precisely
measured since a few decades ago. After removal of the
orbital contribution due to the motion of the instrument
with respect to the Sun, we are left with the so-called solar
dipole, with an amplitude of 3.36208 4+ 0.00099 mK [1],
which is ~100 larger than the other multipoles. It is thus
fully credited to the proper motion between the Solar
System and the CMB rest frame. If one assumes that the
whole dipole has such a kinematic origin, one infers a
relative velocity of (369.82 +0.11) km/s. This velocity
estimate is widely reported and often used in astronomy in
order to convert observed redshifts into CMB-centric
(cosmological) ones.

Nevertheless, there exists the possibility that part of the
dipolar effect could be due to primordial fluctuations in
the surface of last scattering (SLS). Concrete alternatives to
the kinematic scenario were discussed as far back as
30 years ago by Paczynski and Piran [2], who showed
that a large local void could also explain the dipole. This
particular scenario was further investigated in, e.g., [3]
and [4]. A “tilted universe scenario” composed of a
superhorizon isocurvature perturbation was proposed
in [5]. An inflationary model that produces similar results
was proposed by [6]. This scenario can be tested as it leads
to a cosmic “bulk flow” of galaxies and clusters [7]. In the
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kinematic dipole hypothesis, the Lambda cold dark matter
(ACDM) model predicts how the average peculiar motion
of a sphere of galaxies should approach zero as the radius
increases. Low redshift surveys have attempted to measure
this convergence in the last 30 years [8—13]. These
measurements have a number of potential systematics
[14], and the reported results have been inconsistent, as
discussed in, e.g., [15]. High-redshift radio galaxies have
also been used to test the kinematic hypothesis. Their
measured dipole is a few times higher than what would be
expected from the CMB dipole [16-18]. Type Ia super-
novae can also be used to measure peculiar velocities both
at low [19-22] and intermediate redshifts [23,24], but the
strong inhomogeneity of supernova data poses a challenge.
A detailed review of cosmic dipole observables is given
in [25].

When dealing with cosmological perturbations, one
should keep in mind that not all variables are observable,
i.e., gauge independent. The definition of the CMB rest
frame is likewise not univocal. It can be defined as the
frame in which the dipole is zero or, alternatively, as the one
in which aberration is zero [26,27], but this choice is
unimportant for our analysis. The crucial point is that the
degeneracy between primordial and kinematic effects in the
CMB dipole can be broken by measuring the Doppler- and
aberrationlike couplings in the CMB present in all scales
[28]. In the case of a peculiar velocity, these couplings must
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be present with well-determined coefficients, as discussed
in our companion paper [29] (see also [30]). In other
scenarios, one or both of these couplings can differ [28];
therefore, by combining the observations of the dipole,
Doppler, and aberration effects, one can independently
measure our peculiar velocity and the intrinsic CMB dipole
in a more model-independent way. This is what we pursue
in the present Letter.

The aberration and Doppler couplings were shown to
be detectable by Planck by [31,32] and subsequently
measured by [33] following an estimator proposed in
[34]. They made use of only the 143 and 217 GHz channels
and measured v=fc=384+78(stat)+115(syst)km/s. As
explained in [33] this measurement, however, did not
distinguish from possible intrinsic contributions and is at
least partly degenerate with the standard dipole measure-
ments. We revisit this issue in more detail in our companion
paper [29].

In this Letter, we improve on the results of [33] in several
ways. First of all, we remove the couplings that bring no
new information with respect to the dipole. Second, we
remove biases in the estimators of aberration and Doppler
by simulating the effects using 48 combinations of
orientations, which ensures no a priori information on
the direction of either effect. Third, we rely on the final
Planck component separated maps of SMICA and NILC
instead on single-frequency maps and use the 2018 data
release, which is more robust than the 2013 one [1]. Finally,
we make use also of the E polarization map. These
improvements result not only in better precision and much
smaller systematic errors, but allow us to both put an upper
bound for the first time on the intrinsic CMB dipole and to
make an estimate of our peculiar velocity with respect to
the Hubble flow without assuming a negligible intrinsic
component.

Estimators and pipeline.—The aberration and Doppler
estimators and pipelines used here are discussed in detail in
our companion paper [29], and here we simply summarize
the main ideas. The first step is to remove the dipole
distortions (DDs) discussed in [35]. The DDs produce an
extra Doppler signal but are an artifact of the imperfect
conversion from intensity into thermodynamic temperature
and are degenerate with the dipole. The DD effect depends
on the particular weights assigned to each frequency band
in a given map-making procedure. We therefore estimated
the DDs for the SMICA and NILC maps produced by the
Planck Collaboration [36] in multipole bins of AZ = 200.
For SEVEM and Commander, the DD signal is highly
nontrivial and we do not consider these maps. In the
proposed main pipeline (MP), the DDs are removed at the
estimator level, but we also tested a cross-check pipeline
(CCP) in which a Doppler boost with the inverse signal is
applied to the maps (this also boosts the noise). The
pipeline code is available at [37].

We then make use of the ideal estimators proposed in
[32], which ignore biases introduced by the anisotropic
noise (present at high #) and mask. Since both aberration
and Doppler result in Z, £ 4 1 couplings, there is also an
inherent leakage (and thus a correlation) of signal between
them. In order to remove these biases and leakages, we
perform a series of 64 simulations using our HEALPix-Boost
code [38] adding either Doppler or aberration signals in
each of 48 different sky directions as well as the anisotropic
noise, realistic beaming, and mask. For each Cartesian
component, we calibrate the estimators by a y? fit first of
two nuisance parameters to account for mask and noise,
and then two additional nuisance parameters that decorre-
late both estimators to good precision. This procedure was
carried out for both temperature and polarization two-point
estimators used (7T and EE).

This pipeline allows for measurements of aberration ()
and Doppler (87), which are independent between them-
selves and with the dipole. We also consider the more
traditional case in which one assumes a priori that g4 =
BP = p® as in a standard boost (B) transformation (i.e.,
assuming no additional sources of Doppler- or aberration-
like couplings). This leads to a higher significance detec-
tion, but it only serves as a simple cross-check, as all
physical information is already encoded in the high-
precision observation of the temperature dipole. The
precision in both g4 and B? is estimated in [29].

Measuring the intrinsic dipole.—In addition to the
standard scenario of a simple Doppler effect on the
monopole, a temperature dipole A; can also be due to
an intrinsic dipole component A, ;,, in the SLS of either the
temperature (7) or gravitational potential (¢) perturbations.
A significant contribution from the late integrated Sachs-
Wolfe effect is less likely since the integrand is nonzero
only after matter domination. On large scales both temper-
ature or gravitational potential perturbations are propor-
tional, but the proportionality depends on whether the
perturbations are adiabatic or isocurvature (entropic). For
small scales the CMB fluctuations are known to be
adiabatic, but for the dipole it could be either or a
combination of both. The nature of the dipole can thus
only be understood by adding new observables.

Through a detailed investigation of second-order pertur-
bations on the CMB, the effects of these different primor-
dial scenarios on the Doppler and aberration signals in the
CMB was discussed in [28]. An aberration effect could be
mimicked by the dipolar component of gravitational
lensing. Lensing is, however, an integrated quantity and
depends on fluctuations along the whole past light cone.
This means that only in fine-tuned models would it produce
an aberration signature in the same direction of the dipole
and correct amplitude. The Doppler couplings, on the other
hand, are produced by second-order perturbation effects on
the SLS. Surprisingly, it was found in [28] that apart from
the standard velocity coupling (#®, where © represent the
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TABLE L. Results in Galactic coordinates for each estimator and component-separation method (1o uncertainties).
The first error is statistical; the second is the (subdominant) simulated systematics due to masking, anisotropic noise,
and leakage between Doppler and aberration. The velocity is estimated from aberration by subtracting the stochastic

dipolar lensing.

TT + EE [v| (km/s) 1(°) b(°)

SMICA Aberration 300 £99 £13 276 £32£0.1 51+£19+0.7
Doppler 390 + 140 £ 13 21056 £3 -2+£30£05
Boost 321 +84£9 234 +£21£0.1 43+ 15£02
Velocity (cf) 3()0j913“ +13 276 £33 £0.1 51+£19+0.7

NILC Aberration 300 4 100 £ 10 280+324+0.3 50+20+0.3
Doppler 380+ 140 £ 10 208 £56 £2 13+30£0.2
Boost 332+83£9 250+22£1 50+ 15+£0.1
Velocity (cf) 296j§%' + 10 280+33£03 50+£20+0.3

linear temperature fluctuations) there are also second-order
contributions from z® and ¢®, which, if Gaussian, produce
a total coupling that is given exactly by A;® in both
adiabatic and isocurvature cases; i.e., these couplings are
insensitive to the nature of A;. If, on the other hand, the
fluctuations contain non-Gaussianities (NGs) this degen-
eracy is broken. In particular, for the much-studied local
NG [39] new terms proportional to ¢*> appear that result in
extra A;¢ couplings. This changes the amplitude (but not
the direction) of the intrinsic Doppler couplings. Thus a
detection of conflicting Doppler, aberration, and dipole
measurements can hint at the presence of a nonstandard
large intrinsic dipole and allows one to test physics beyond
the single-field slow-roll inflation model and modifications
on recombination physics (see, e.g., [27,40-43]).

The three vector observables are A, the aberration 4
and Doppler g estimators. Both g4 and B are the same for
TT and EE measurements [44]. Following [28] and limit-
ing ourselves to local NGs, we write

A =p+ A
P =P+ (1+a"9)A ;.
pr=p+L, (1)

where O = 0 in the absence of NG and L, is the dipolar
component of lensing. We assume a constant aN® as a
simple parametrization of NGs. We thus have nine observ-
ables and ten unknown quantities in the general case. But
for a given A ;, model, aNG can be computed and one can
directly measure A, ;,. We leave a detailed study on the
relation between aN¢ and the standard NG bispectrum
parameter fy, (predicted to be small in the slow-roll
inflation scenario [45-47]) for future works.

In standard ACDM |L,| can be estimated using linear
theory [48]. For Planck’s best fit cosmology we find L; =
2.06 107*~0.17A, [49] (see their Fig. A.1). We include it
stochastically in our analysis below, but it represents only a
small contribution. We remark that in alternative

cosmologies L, could be larger, and for a more robust
measurement of A, ;, it would be important to independ-
ently estimate it in future large-scale structure surveys, as in
principle, it can be estimated if the intervening matter
distribution is known. This interesting subject merits future
research.

Results.—The results for the aberration, Doppler, and
boost estimators, for both SMICA and NILC for the 7T +
EFE case are shown in Galactic coordinates in Table I. For
each entry we show our estimates for the statistical and
systematic uncertainties. As discussed in [29], the latter are
estimated as the residual discrepancy on a given estimator
after correcting for the biases due to masking, noise, and
leakage of signal between Doppler and aberration.

Figure 1 shows results for different values of £, for TT
up to 1800. For EE we stop at 1150. We use always i, =
200 [29]. For aberration we draw the 1 and 2¢ (68.3%
and 95.4%) confidence intervals (CIs) for TT + EE. The
figures use the standard Mollweide projection for Galactic
coordinates. Figure 2 shows the boost estimator contours.

30
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N
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1 | K Aberration
s | e O ©  Doppler
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©_ 565 449 456 412 380 km/s
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FIG. 1. Aberration and Doppler estimations as a function of
¢ max for the main pipeline for SMICA and NILC. The star symbol
represents the dipole. Solid (dashed) contours are the 1 and 2o
confidence levels for SMICA (NILC). The values below the
Mollweide plot are the amplitudes of the estimated vectors.
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FIG. 2. Same as Fig. 1 for the boost estimator.

As expected, since this case assumes the same direction
for both aberration and Doppler, this results in greater
precision but is only useful as a cross-check. Both MP and
CCP pipelines are compared in Fig. 3.

The statistical significance of each estimator result is
quoted in two complementary ways. First, we compare
each estimator with the kinematic dipole hypothesis. The
second estimate assumes there is no Doppler or aberration
effects whatsoever in the data, including Doppler due to the
DDs, which allows one to get the overall statistical
significance of these ¢, £ + 1 correlations in the data.
Table II summarizes the results, which are in agreement
with the kinematic hypothesis. Additionally, the correla-
tions are detected at 3.5 — 3.9¢ for aberration, 2.6 —2.9¢
for Doppler, and 6.1 —6.4c for boost. We also show
the combined significance of Doppler and aberration
(4.1 —4.60), which differs from the boost estimator in
not assuming they point in the same direction. For these
estimates we rely on the results for the Cartesian compo-
nents instead of the results for the amplitudes and Galactic
coordinates, as the former require one less bias term and
has uncertainties that are Gaussian [29]. The full (77T, EE,
TT + EE) Cartesian tables are available in [37].

The histograms of our aberration and Doppler simula-
tions for each Cartesian component are depicted in Fig. 4.
These results are the base of Table II. The purple histo-
grams are the main results, which assume that both Doppler
and aberration signals are present (including the DDs) and
thus one can leak into the estimator of the other. We also

| s
@ ,
% 3 %
330300 2% 220 %o 18
SMICA NILC
e = Aberration .
% & Doppler g <
@ © Boost
L=

* & % 8 ® O F H B L PO
TT 359 332 412 340 326 330 359 334 412 359 326 327 km/s
EE 247 279 597 621 331 360 312 218 538 659 341 287 km/s

FIG. 3. Same as Fig. 1, with only eastern hemisphere, for the
comparison between MP and CCP for 7T and EE measurements
with ¢« = 1800 and 1150, respectively.

TABLE II. Statistical significance for both component-separa-
tion methods. The f = A; column assumes the dipole is
completely due to our velocity; the f = DD = 0 column assumes
there is no Doppler or aberration effect of any kind.

B=A p=DD=0

TT + EE x> ovalue y> o value
SMICA Aberration 03 0.1 18 3.5
Doppler 46 1.3 12 2.6
Boost 1.3 03 45 6.1
Aberration and Doppler 4.9 0.6 30 4.1
NILC  Aberration 03 0.1 21 39
Doppler 27 08 13 29
Boost 04 0.1 49 6.4

Aberration and Doppler 3.0 0.2 34 4.6

center the histograms in the dipole values, to test the
kinematic hypothesis. The gray histograms assume no
Doppler or aberration effects are present, which means
the leakage is not an issue, and therefore the statistical
errors are smaller and are used to compute the overall
significance of Doppler and aberration in the data.

Aberration Doppler

vV

~

I

<
ss==s]f

— SMICA
—NILC
- - SMICA*

-=NILC*
*DD present

4

-800 -400 O 400 800-800 -400 O

cB; (km/s) cf; (km/s)

FIG. 4. Histograms for f = A (transparent purple) and the null
hypothesis = 0 (gray) using 77T + EE centered around the
expected values. The measurements are shown as vertical lines
for SMICA (red) and NILC (blue); in the solid lines, we remove
the uninformative DD effect, in the dashed lines it is left included.
The 420 intervals are depicted by down pointing triangles. Both
cases uses ¢, = 1800 for TT and 1150 for EE and the MP. The
solid lines are consistent with the purple diagrams, while the
dashed lines and gray histograms yield a large discrepancy.
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TABLE III. Measurements and null-hypothesis test of the
intrinsic dipole and its non-Gaussian parameter using the full
TT + EE results. The total observed dipole is 3.362 mK.

Alint aNo®
Amplitude
TT + EE (mK, 95% CI) o value (95% CI) o value
SMICA <36 0.1 1.0739 0.7
NILC <37 0.1 09734 0.9

As discussed above by measuring Doppler and aberra-
tion separately, we can constrain A, j,, @™ and L. If we
set aN% < 1, BP becomes just a cross-check and one can
only measure A, —p* = A;, — L, which is usually
assumed to be zero. In the more general case, aNGALim =
pP — A, and if we now consider L, stochastically with a
known amplitude (see above) but unknown direction one
can estimate Aj;,. The uncertainty in A;;, is then
basically the aberration error (as L, is small). The uncer-
tainty in oNC is more complicated as it follows a ratio
distribution, but it is dominated by the Doppler error. The
results for A, ;, and aN¢ are shown in Table III using 95%
CI. In all cases, the values are consistent with zero, so we
only quote limits for |A ;, |, which turns out to be similar to
the observed A; value.

We remark that these are the first direct constraints on the
intrinsic CMB dipole, the largest mode in the SLS. Our
results are fully consistent with the kinematic dipole
interpretation and show no sign of non-Gaussianities, as
expected by the standard cosmological model. These
findings, however, exclude, for instance, the possibility
of a ~1000 km/s value for c¢f, the raw result in many
cosmic radio dipole measurements (see, e.g., [18]), which
otherwise could be fine-tuned with a large A ;,, opposite to
P such that the vector sum resulted in the observed A;.

Perspectives.—In over half a century since the discovery
of the CMB we have been able to measure temperature,
polarization, and lensing to very high #’s. But only now we
are finally able to put physical constraints on the largest
possible scale, the temperature dipole.

The measurements of # and A;;, are limited by the
precision of the aberration and Doppler estimators in
Planck data. Doppler, in particular, has high uncertainty:
after removing the uninformative DD it is detected at less
than 2¢. Future high-resolution CMB experiments can
improve this precision by both probing higher multipoles
and by measuring the £ modes with higher SNR [29].

If |Aj | ~0.03 mK as in the higher multipoles, it will
remain undetectable with this method in the foreseeable
future, but ruling out exotic scenarios with |A| ;| ~ 1 mK
will be feasible in the near future. Although such a large
intrinsic dipole would be inconsistent with our standard
inflation scenario, there has been numerous claims of large-

scale anomalies in the CMB [50], and so it is important to
also try to detect its largest possible scale.

A non-negligible intrinsic dipole would mean that the
velocity used to infer cosmological redshifts is not
~370 km/s, which can be a source of bias. Supernova
surveys are, in particular, sensitive to accurate redshift
determinations (see, e.g., [51]). Model-independent mea-
surements of our velocity such as the one from the
aberration of the CMB allows for more robust redshift
corrections.

Both Doppler and aberration effects should be present in
all cosmological observables. The Square Kilometre Array
telescope is predicted to measure our velocity in radio
continuum maps with 10% precision [52]. Both secular
extragalactic parallax measurements using GAIA final
release [53] and future CMB experiments [54] are expected
to provide a similar precision. Other proposed ways to
measure the intrinsic CMB dipole include the spectral
distortions of the monopole and quadrupole in future
spectrometric CMB instruments [55] and the induced effect
on the lensing of the CMB for # 2 3000 [27]. It remains to
be seen which observable will perform best in the future.
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