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Abstract

An observer moving with respect to the cosmic rest frame should observe a concentration and brightening of
galaxies in the direction of motion and a spreading and dimming in the opposite direction. The velocity inferred
from this dipole should match that of the cosmic microwave background (CMB) temperature dipole if galaxies are
on average at rest with respect to the CMB rest frame. However, recent studies have claimed a many-fold
enhancement of galaxy counts and flux in the direction of the solar motion compared to the CMB expectation,
calling into question the standard cosmology. Here we show that the sky distribution and brightness of
extragalactic radio sources are consistent with the CMB dipole in direction and velocity. We use the first epoch of
the Very Large Array Sky Survey combined with the Rapid Australian Square Kilometer Array Pathfinder
Continuum Survey to estimate the dipole via several different methods, and all show similar results. Typical fits
find a 33175} kms ™! velocity dipole with apex (£, b) = (27113}, 56713) in Galactic coordinates from source
counts and 399775 km s ™' toward (¢, b) = (30113), 43™19) from radio fluxes. These are consistent with the CMB-
solar velocity, 370 km s~ ! toward (¢, b) = (264, 48), and show that galaxies are on average at rest with respect to
the rest frame of the early universe, as predicted by the canonical cosmology.

Unified Astronomy Thesaurus concepts: Cosmic anisotropy (316); Solar motion (1507); Extragalactic radio

sources (508); Radio source catalogues (1356); Radio source counts (1357); Cosmological models (337);
Observational cosmology (1146); Relativistic cosmology (1387); Special relativity (1551); Relativistic

aberration (1385)

1. Introduction

The cosmic microwave background (CMB) shows a 3.4 mK
dipole that is interpreted as a peculiar solar motion with respect
to the CMB rest frame (Smoot et al. 1977). If this interpretation
is correct, then our canonical cosmology predicts that galaxies
should show a corresponding dipole in apparent number
density and brightness (Ellis & Baldwin 1984). Galaxies should
also show a secular parallax dipole in their proper motions
(Ding & Croft 2009; Paine et al. 2020; Croft 2021). Detection
of a galaxy number, flux, or parallax dipole that is in agreement
with the CMB dipole would confirm the usual interpretation of
the CMB dipole and indicate that the galaxy sample is on
average at rest with respect to the CMB rest frame.

Previous work using radio galaxy counts and/or flux has
produced mixed and contradictory results, often using the same
data sources, including the 1.4 GHz NRAO VLA Sky Survey
(NVSS; Condon et al. 1998), the 843 MHz Sydney University
Molonglo Sky Survey (SUMSS; Murphy et al. 2007), the
325MHz Westerbork Northern Sky Survey (WENSS;
Rengelink et al. 1997), and the 147 MHz TIFR GMRT Sky
Survey (TGSS-ADRI; Intema et al. 2017). Blake & Wall
(2002) found NVSS counts that were consistent with the CMB
dipole. Subsequent studies, including those based on the
NVSS, found rough agreement with the CMB dipole direction
but higher than expected dipole amplitude, of order 1%—6%
variation rather than the canonical ~0.5% amplitude, and
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therefore excluded the CMB-solar velocity with high confidence
(e.g., Singal 2011; Rubart & Schwarz 2013; Tiwari & Aluri 2019;
Siewert et al. 2021). Gibelyou & Huterer (2012) found significant
disagreement with the CMB in direction and amplitude. In
infrared bands, Secrest et al. (2021) used a quasar catalog selected
from the Wide-field Infrared Survey Explorer (WISE; Wright
et al. 2010) to reject the kinematic interpretation of the CMB
dipole at 4.9¢ significance. Other infrared work focused on low-
redshift galaxies that may be significantly influenced by large-
scale structures (e.g., Gibelyou & Huterer 2012).

Consistency of extragalactic objects with the CMB dipole
has been found in galaxy redshift surveys (e.g., Rowan-
Robinson et al. 1990; Lavaux et al. 2010), in the modulation of
the thermal Sunyaev—Zeldovich effect (tSZ; Planck Collabora-
tion et al. 2020c), and in supernovae (Horstmann et al. 2021),
suggesting that the discrepancy lies with galaxy and quasar
surveys rather than with the canonical cosmology, large-scale
structures, or lensing, as some authors have suggested.

In this work, we employ two new radio continuum surveys,
the Karl G. Jansky Very Large Array' Sky Survey (VLASS;
Lacy et al. 2020) in the northern hemisphere and the Rapid
Australian Square Kilometer Array Pathfinder” Continuum
Survey (RACS; McConnell et al. 2020) in the south to measure
the galaxy number and flux dipoles using nearly complete
(90%) sky coverage. We present the theoretical expectations
for galaxy dipoles in number and flux in Section 2; we discuss
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the data sources, catalog-matching, and map-making in
Section 3; and we describe four different dipole measurement
techniques for number and flux in Section 4. The results of
these measurements are all self-consistent and in good
agreement with the CMB dipole (Section 5), and it is not clear
why this work produced such different results from previous
studies (Section 6). We conclude with some suggestions for
future improvement on this analysis, both in terms of technique
and looking to future data from ongoing and planned
continuum surveys (Section 7).

For comparison to the results in this work, we use the
fiducial Planck Collaboration et al. (2020a, 2020b) CMB
dipole: 3362.08 + 0.99 K toward galactic coordinates (¢, b) =
(2642021 +0°011, 482253 + 07005) or equatorial coordinates
(v, ) = (1672942 £ 02007, — 62944 £+ 0°007) (J2000). Absent
an intrinsic CMB dipole, the velocity of the Sun relative to the
CMB is 369.82 £0.11 kms ™.

2. Theoretical Expectations

Ellis & Baldwin (1984) showed how the number density of
galaxies would be altered for an observer moving with respect
to the CMB rest frame (see also Gibelyou & Huterer 2012;
Rubart & Schwarz 2013). Briefly, starting with Lorentz-
invariant quantities such as number N and a frequency-
normalized specific intensity, I,/ ?, which is the photon
phase-space distribution, one can show that an observer
Lorentz-boosted with respect to the average rest frame of
galaxies will observe a dipole on the sky that depends on
powers of the factor 9,

1 +vcosé

527(1+ﬁ-V)=m,

(D
for an observation in the direction 72 and boost v (¢ =1). The
observed effects are (1) a relativistic Doppler shift, 8t ()
aberration, which alters solid angles as 6% (3) flux modification
of objects with power-law spectral energy distributions
S, ox v~ “ when observed at fixed frequencies, ' and @ a
change in the number of galaxies detected using a fixed flux
limit, if N(>S) oc S, 6. Combining these effects to first
order in v, we expect the sky surface density of galaxies will be
modulated by the angular distance € from the dipole apex,

dN _ dN

—_— = — 1 2 1 0). 2
10 ) 6:7r/2( +[2 + x(1 + )] vcosH) 2)

The expected fractional change in a monopole-subtracted sky
would therefore be

AN

(=0

=[2 4+ x(1 + a)] vcosé. 3)

The integrated flux density per solid angle brings an extra

factor of 51+”, and the fractional change becomes
SA—S:[3+04—|—x(1—|—04)]vc050. 4)
=0

This is the same quantity as the flux-weighted galaxy count
(Rubart & Schwarz 2013). Turning Equations (3) and (4)
around, for an observed null-centered (monopole-subtracted)
dipole amplitude on the sky, Dy or Ds, the observer’s velocity
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with respect to a galaxy catalog can be calculated:
v="Dy/12 +x(1+ a)] or 5)
v="Ds/[3 +a+x(1+ a)l. (6)

If the galaxy catalog is at rest with respect to the CMB, then the
measured velocity should match the CMB velocity dipole in
direction and amplitude. The direction of the dipole is obtained
from the apex coordinates.

In principle, the flux dipole should be more sensitive than the
number because a higher signal-to-noise ratio can be obtained
from flux measurements. But in practice, uniform flux
calibration across a large survey (or multiple surveys) is
challenging, and constraining systematics well below 1% is
difficult. Simply counting well-detected sources is less
challenging if one works above the survey completeness limit
(although multicomponent radio sources can complicate the
counting exercise).

3. Data

Sky dipole measurements require all-sky coverage, which
can be done using space-based facilities such as WISE (Wright
et al. 2010; Secrest et al. 2021), but require dual-hemisphere
terrestrial surveys. For this work, we use two new radio
continuum surveys: the VLASS at 3 GHz in the north (Lacy
et al. 2020) and the RACS at 887.5MHz in the south
(McConnell et al. 2020).

The VLASS is a three-epoch synoptic survey spanning
2-4 GHz at declinations 6 > —40° with 2”5 angular resolution.
The first epoch data release catalog includes 1.9 x 10° sources
with 99.8% completeness at 3 mJy (Gordon et al. 2021). We
select Duplicate_flag<2, Quality_flag==0, and
|b| >5° from the Component Table (version 2) to obtain
~1.4 million sources. The first VLASS epoch was split (epochs
1.1 and 1.2) and the two subepochs show different noise
properties and systematic flux density offsets compared to
expectations (Gordon et al. 2021). Nevertheless, the 4° x 10°
survey tiling was interleaved somewhat’ on angular scales
much smaller than the £ =1 dipole scale, and our analysis does
not include sources close to the detection limit or the portion of
the survey that uses the hybrid array (see below). Following the
advice of Gordon et al. (2021), all flux densities are scaled by
1/0.87.

The RACS first data release catalog consists of ~2.1 million
radio sources in declinations —80° < § < +30° and |b| >5°
with 95% point-source completeness at ~3 mJy (Hale et al.
2021), more than a factor of 3 below our adopted lower flux
cutoff. This “RACS-low” release has a 288 MHz bandwidth
centered at 887.5 MHz. The survey shows a spatially varying
median rms noise structure between 0.1 and 0.6 mJy beam ™' on
~5° scales and shows generally increasing noise with
declination. The RACS survey was smoothed to a uniform
25" resolution.

All subsequent analysis uses the peak flux densities from
these survey catalogs rather than integrated flux densities.*
Peak flux densities are equivalent to integrated flux densities
for unresolved radio sources and mitigate somewhat the

3 Kimball, A. 2017, VLASS Project Memo #7: VLASS Tiling and Sky
Coverage, https://library.nrao.edu/public/memos/vla/vlass/VLASS_007.pdf.

‘We use the shorthand “flux” in subsequent discussion to generically refer to
summed flux densities in map pixels and the peak flux densities of individual
galaxies.
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Figure 1. VLASS (left) and RACS (right) catalog sources in galactic coordinates. Darker color indicates fewer sources. |b| < 5° was excluded from the VLASS.

angular scale and frequency mismatch between the VLASS and
the RACS (see Figure 9 in Gordon et al. 2021 for an example
of the relationship between peak and total flux density). The
size of radio sources is a function of observed frequency and
observing configuration, which complicates an all-sky analysis
of source counts and flux using disparate surveys.

Figure 1 shows the two survey catalogs in Galactic
coordinates before they are flux-selected, trimmed, masked,
or combined. Figure 2 shows the number of sources in each
catalog versus peak flux density prior to masking and
trimming the samples. We select the VLASS 3-300 mly
beam ' flux range’ based on the linear part of the log N—log §
plot, staying well above the flux limit turnover at 1.3 mly,
which also reduces completeness issues caused by areally and
temporally variable noise limits below the 3 mJy completeness
limit, and well below the distribution turnover around 500 mJy.
This selection also avoids stochastic contributions from bright
radio sources. Using the spectral indices described in
Section 3.1 below, we transfer the VLASS flux limits to the
RACS catalog. The RACS limits for number counts and flux
differ slightly but are well above the RACS 3 mly survey
completeness limit.

For the purposes of this analysis, absolute flux calibration is
unimportant. Relative flux calibration across the sky does
impact this study, but only if there are flux calibration
systematics on steradian scales. The two-subepoch tiling
pattern of the VLASS does not align with the CMB dipole
and could not produce a spurious coincidentally aligned signal.

3.1. Catalog Matching

The VLASS shows elevated noise at § > 80° and the RACS
is incomplete at § < —80°, so we mask both surveys to exclude
sources within 10° of the equatorial poles. We cut and combine
the two surveys at 6=0° which excludes each survey’s
lowest-elevation declination. range that tends to show higher
noise and instrumental artifacts (Figure 1). We also mask the
Galactic plane for |b| < 5°. Excluding a larger latitude range
had little impact on results, and minimal masking reduces
systematics and enhances the sky coverage (e.g., Siewert et al.
2021). We did no additional masking. The final maps cover a
high sky fraction, fy,=0.90, and dipole measurements are
therefore not expected to be significantly affected in amplitude
or uncertainty by coupling to higher-order modes such as
quadrupole or octopole (Gibelyou & Huterer 2012).

> An upper flux cutoff does not alter the galaxy count or combined flux
dependence on the 6 factor.
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Figure 2. VLASS (left) and RACS (right) catalog source count vs. peak flux
density. The opaque color indicates the catalog selection regions prior to
masking and trimming.

For arbitrary flux limits, the two catalogs have differing
source density and integrated flux density. This produces a
dipole aligned with the equatorial poles. Because the expected
signal is of order 0.5%, the catalog matching is crucial to the
measurement and is extremely sensitive to the spectral index
used to scale the RACS catalog at 887.5 MHz to the VLASS
3 GHz fluxes.

For any given 3 GHz flux density, the 3.0-0.9 GHz spectral
index spans aw =1 42, so any flux scaling to equalize the two
surveys is only correct in aggregate and the total scaled flux is
sensitive to the choice of the spectral index. Incorrect scaling
leads to a hemispherical dipole (which is, in part, the reason we
chose an equal-area division between the two surveys). We
determine the median spectral index using the overlap region
between the two surveys that is least affected by noise
systematics, —10°< §<+10° and |b| >5°. The median
spectral index is a=0.98, which we use to scale the flux
limits of RACS to match those of the VLASS for the source
number density analysis. For the flux analysis, we use the
median RACS flux-weighted spectral index of a = 1.02. These
spectral indices are steeper than, but within the variance of, the
3-1.4 and 1.4-0.9 GHz spectral indices (Hale et al. 2021;
Gordon et al. 2021).

The combined number catalog contains 711,450 sources,
with a division of 49.9%-50.1%, VLASS to RACS. The
combined flux catalog contains 697,753 sources, divided
50.9-49.1. The solid angle ratio of the unmasked portions of
VLASS to RACS is 1.0006. The higher resolution of VLASS
compared to RACS suggests that the VLASS would detect
more objects per solid angle, but perhaps surprisingly, the areal
density of sources in the surveys, after scaling flux limits, is the
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same to within 0.2%, and a mismatch does not seem to obtain
for the range shown in Figure 2.

The source count N(>S) xS~ " index x can be determined
empirically from the catalog: we find x = 1.0 for VLASS and
RACS in the lower decade of the selected flux range,
which dominates the source counts. The expected dipole
amplitudes, based on the above a values and Equations (3)
and (4), are therefore Dy = 4.0 v = 0.0050 for number and
Ds = 6.1 v = 0.0075 for flux, assuming a null intrinsic CMB
dipole (i.e., the dipole amplitude is solely caused by the
barycenter motion with respect to the CMB rest frame). The
observed dipole signals will therefore amount to less than 1%
of the mean (monopole) count or flux value.

3.2. Map Making

To make number and flux maps, we create HEALPix® maps
using healpy’ with much finer resolution than the expected
signal in order to create minimal-area masks. Mask-edge pixels,
which incompletely sample the sky, are trimmed. Using
nside =64 gives 49,152 pixels with a solid angle of 0.84
deg? per pixel. The median unmasked pixel contains 16 radio
sources and 202 mJy (scaled to 3 GHz on the flux-corrected
VLASS scale). Figure 3 (top) shows the mean-subtracted
masked HEALPix number and flux maps.

Maps smoothed to 1 sr show structure at the 1%-3% level
(Figure 3, middle), including a maximum in the vicinity of the
CMB apex. However, all measurements described below use
the unsmoothed masked maps or the combined catalog.

4. Measurements

We estimate the number and flux density dipoles using four
methods: (1) by computing spherical harmonics (SH) compo-
nents directly from the merged catalog (after Blake &
Wall 2002); (2) by fitting SH to masked sky maps using the
healpy.anafast algorithm; (3) using the dipole vector
estimator employed by Secrest et al. (2021) on maps,
healpy.fit_dipole; and (4) using a “permissive” fit of
an SH dipole model to the maps that allows for outliers (Sivia
& Skilling 2006; Darling et al. 2018).

(1) The direct method does not rely on making maps. Rather,
it employs the standard method to calculate SH coefficients ay,,
from N objects at (6;, ¢,):

N
arm = Zfl‘ Y;jm(ela ¢[)’ (7)
i=1

where f; =1 for number counts and f; = S; for flux. For real f;,
the dipole map of a quantity becomes

f0, ¢) = aioYio(0, ¢) + 2a Y50, ¢) — 2 a1 Y7,(0, ¢).
8)

The amplitude of the dipole can be obtained by scaling the
number N or flux § map maximum by the monopole

max 4,7T
Dys =22 [—. ©)
a(),() 3

S hitp:/ /healpix.sf.net; Gérski et al. (2005)
7 Zonca et al. (2019)
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Uncertainties in the dipole amplitude and direction are
estimated by recalculating the dipole from a 10,000 iteration
bootstrap resampling of the source catalog.

(2) The anafast SH method fits monopole and dipole SH
coefficients to masked maps rather than data points. Masked
regions are omitted from the fits, and data have been
aggregated into equal-area pixels (either source counts or
summed fluxes). Uncertainties are estimated from a nonpara-
metric bootstrap (bootstrap resampling of fit residuals rather
than data points). The parametric bootstrap uncertainties agree
with the nonparametric implementation for the number maps
but cannot be done on the flux maps.

(3) The dipole vector estimator described by Secrest et al.
(2021) uses healpy.fit_dipole to simultaneously fit a
monopole p and a Cartesian 3D dipole vector d to maps. The
fractional amplitude of the dipole signal is

d
Dy = sl (10)

7

and d points in the direction of the apex. We used a
nonparametric bootstrap to estimate uncertainties.

(4) This method employs a “permissive” fit of an SH dipole
to maps that does not assume Gaussian error distributions and
thus allows for data outliers (such as clustered radio sources).
We maximize the likelihood associated with a probability
density function based on the data-model residual R; of each
pixel:

1 — e R/
prob(R;) T (11)

i

(Sivia & Skilling 2006; Darling et al. 2018). We use the Python
package 1mfit® to obtain least-squares fits of SH dipole
coefficients and their marginalized uncertainties. We then use a
Monte Carlo realization of those error budgets to determine the
dipole velocity parameters and uncertainties (amplitude and
direction).

5. Results

To calculate velocities from dipole amplitudes using
Equations (5) and (6), we use the spectral index o= 0.98 for
number, o = 1.02 for flux, and source-count index x = 1.0 for
both (Section 3.1). Uncertainties are calculated using percen-
tiles and are not always symmetric. We bias-correct the results
when appropriate, including rescaling the lo confidence
intervals (Efron & Tibshirani 1994; note that jackknife-
calculated ““accelerations” are insignificant). Dipole directions
show negligible bias and are not corrected, but the dipole
amplitudes do show bias, particularly the dipole vector and
permissive fit methods (methods 3 and 4).

Table 1 shows the dipole apex and velocity of the four fitting
methods for number and flux. Figure 4 shows that all values are
consistent with the CMB dipole vector (direction and velocity).
A comparison of each dipole vector to the CMB yields p-
values > 0.64 for number and >0.35 for flux based on a X2 test
with three degrees of freedom. Surprisingly, the permissive fit
method, which is intended to omit flux outliers and clustered
sources, shows a higher flux dipole amplitude than the other

8 Newville et al. (2021)
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Figure 3. Top: HEALPix maps of number counts (left) and integrated flux (right) for the scaled and combined surveys in galactic coordinates. The gray regions are
masked. Middle: number (left) and flux (right) mean-subtracted maps smoothed to 1 sr. These maps should not be confused with fractional difference maps, which are
unitless. Bottom: spherical harmonic fit velocity maps for number (left) and flux (right). The blue and red points indicate the apex and nadir of the CMB dipole (Planck

Collaboration et al. 2020a, 2020b).

methods (although it is consistent with these and the CMB).
Figure 3 (bottom) shows the velocity dipole maps for number
and flux for the SH fit method.

6. Discussion

Why do these results differ from previous studies that reject
the CMB dipole amplitude? As usual, when astronomical
observations are used to obtain subpercent measurements,
systematics are a concern, and there are differences in approach
and data sources to consider. Sky completeness is known to
impose a strong bias on results (e.g., Gibelyou & Huterer 2012;
Siewert et al. 2021), and this work is among the most complete
with fg, = 0.90. The source density is comparable to previous
work (see, e.g., Siewert et al. 2021), the angular resolution is
higher in the VLASS but not the RACS, and the sensitivity is
better at comparable frequencies. Our results have larger
uncertainties on the dipole direction than most previous work,
but this is likely to be due in part to the smaller amplitude,
given the only slightly larger source catalog. Also, previous
work uses integrated fluxes, which are sensitive to source sizes,

Table 1
Radio Galaxy Dipole Results

Apex

# Method Quantity - Velocity
@) b () (kms™"
1 Direct Number 26544 59718 225+116
Flux 300724 45713 422487
2 SH Number 27143 56712 3314
Flux 301439 43+19 399+2830
3 d Number 27173 52413 259+1322
Flux 301432 39+ 250+320°
4 Permissive Number 259447 50712 2971130
Flux 29933 4018 622133°
CMB Temperature 264.0 48.3 369.8
Note.

# Bias-corrected velocities.

resolution, and surface brightness sensitivity in a frequency-
dependent manner. This was the motivation for employing
peak fluxes instead.
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Figure 4. Left: dipole apex measured from radio source number counts (top) and fluxes (bottom) using the methods listed in Table 1. The star indicates the CMB
dipole apex, and error bars are 1o uncertainties. Right: dipole velocity measured from radio source number counts (top) and fluxes (bottom). The vertical line indicates
the observed CMB dipole. The envelopes show the error distributions in dipole amplitudes, and the vertical tick marks show 1o and 20 uncertainties.

Intriguingly, Siewert et al. (2021) found that the measured
dipole amplitude obtained from source counts decreases with
increasing frequency, up to 1.4 GHz (NVSS). However, an
extrapolation of their fit of Dy versus v predicts a value at
3 GHz of more than twice what we measure. Nevertheless, it
could be that the solar peculiar motion is best measured at
higher radio frequencies.

While the results of this study are consistent with the CMB
dipole vector, they are not necessarily inconsistent with
previous work because the amplitude uncertainty distributions
have large high-velocity tails (Figure 4). For example, the
vector method (d) for number density that is most directly
comparable to the Secrest et al. (2021) methods and result has a
+30 value of 740 km's ™', which is roughly consistent with the
Secrest et al. (2021) amplitude measurement.

The Appendix presents an empirical examination of our
analysis assumptions and possible measurement systematics. We
assess the elevation-dependent source counts in the surveys, the
ability of each survey alone to measure the dipole, the impact of
the selected flux limit, the choice of peak versus total flux, and the
fine-tuning of the spectral index used to combine the two surveys.
Nearly all of these tests recover dipoles consistent with the CMB,
albeit with larger uncertainties in the dipole amplitude and
direction than those listed in Table 1.

7. Conclusions

Contrary to previous studies, this work shows that the
observed dipole in extragalactic source counts and fluxes is
consistent with an observer-induced CMB dipole; there is no
discrepancy in direction or amplitude between radio sources
and the CMB. This aligns with already CMB-consistent
observations of local large-scale structures, the tSZ effect,
and supernovae (Rowan-Robinson et al. 1990; Lavaux et al.
2010; Planck Collaboration et al. 2020c; Horstmann et al.
2021). It seems plausible that future all-sky extragalactic
surveys may achieve the depth and fidelity to either confirm

that the CMB dipole is nearly all observer induced or to
identify a contribution that is cosmological.

A number of refinements in the above methods can be
explored, including employing a broken or two-index power
law for source counts and spectral indices following Siewert
et al. (2021), using survey depth- and artifact-weighted maps,
or the more formal (and perhaps more rigorous) analyses
employed by previous investigators. With the additional
VLASS epochs and the ASKAP follow-on to RACS, the
surveys themselves will also improve soon, both in depth and
calibration and in processing refinement.
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ing staff at the NRAO and the ATNF who made this work
possible and the data publicly available. We also thank the
anonymous referee for excellent and thoughtful feedback. This
scientific work uses data obtained from the Murchison Radio-
astronomy Observatory, and we acknowledge the Wajarri
Yamatji people as the traditional owners of the Observatory
site. Some of the results in this paper have been derived using
the HEALPix and healpy packages (Gorski et al. 2005; Zonca
et al. 2019) and TopCAT (Taylor 2005). This research made
use of NumPy (van der Walt et al. 2011), Matplotlib
(Hunter 2007), and Astropy,” a community-developed core
Python package for Astronomy (Astropy Collaboration et al.
2013; Price-Whelan et al. 2018).

Facilities: VLA, ASKAP.

Software: astropy (Astropy Collaboration et al. 2013; Price-
Whelan et al. 2018), NumPy (van der Walt et al. 2011),
Matplotlib (Hunter 2007), TopCAT (Taylor 2005), HealPix
(Gorski et al. 2005), healpy (Zonca et al. 2019).

Appendix

Here we examine assumptions used in the data selection and
analysis, particularly regarding the combination of the two

° http:/ /www.astropy.org
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radio surveys. The goal is twofold: (1) to build confidence in
the dipole measurement methods in light of the disparate prior
results and (2) to explore possible reasons for discrepancies.
Because the dipoles obtained from galaxy counts and flux
are similar for all different fitting methods (Table 1), the
following tests focus on galaxy counts and use the permissive
least-squares fitting method. Unless otherwise specified, all
selection parameters and methods are unchanged from
Section 4. For example, when we examine the two radio
continuum surveys individually, the analysis, flux limits, and
other parameters are unchanged unless explicitly described.

Appendix A
Single-survey Tests

To assess the impact of combining two disparate radio
surveys, we examine the source-count dipole found in each
survey alone. As seen in Figure 1, the surveys are not perfectly
uniform, particularly as a function of declination. Figure 5
shows the areal source density versus equatorial coordinates.
The VLASS shows a 16% decrease from declination —15° to
—40°, and the RACS shows a 6% decrease for &> +25°.
Neither survey shows trends in R.A. (the lowered source
density in the VLASS in Figure 5 (left) is caused by the
diminished source density contribution from § < —15° regions,
which affects all R.A. bins).

When we fit the VLASS or RACS alone without trimming
the declination range, we obtain a dipole with an apex near the
apex of each survey (the equatorial poles) because the reduced
galaxy density at lower elevations (lower declinations for the
VLASS, and higher declinations for the RACS) produces a
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gradient. Implementing a declination-based correction factor
for source counts does not completely correct the problem
because there is a spatial structure in the problematic
declination ranges (Figure 1).

We also examined single-survey source-count dipoles
obtained by omitting the lower-density declinations indicated
in Figure 5. If we trim the VLASS to the declinations that show
no reduction in galaxy density, 6 > —15° and fy, = 0.58, then
the dipole nadir aligns with the missing data, directed toward

the south equatorial pole: the apex is 6837173 kms™' toward

9378, 5677 (degrees, Galactic coordinates). However, using
the RACS only we recover a galaxy count dipole that is
consistent with the joint analysis, albeit with substantially
larger uncertainties, which is a combination of fewer overall
sources and significantly reduced sky coverage. For the RACS
catalog with 6 < 425° clipping, fy, = 0.66, and we obtain a
dipole with amplitude 64473} kms™' toward 292721, 1318
(degrees).

If we fix the dipole direction to that obtained using the
combined surveys and fit only for the amplitude, the VLASS,
trimmed to 6> —15° has a reduced and less significant
amplitude of 2897731 kms™' compared to the joint fit. This is
due in part to the low-count pixel regions seen near the dipole
apex (Figure 1, left). For the RACS, trimmed to § < +25°, the
amplitude is higher but has a similar uncertainty: 4283%
kms~". Both of these single-survey values are consistent with
the CMB dipole amplitude. Given the amplitude uncertainties,
however, this result cannot address the dipole amplitude
frequency-dependence suggested by Siewert et al. (2021).
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Figure 5. Mean VLASS and RACS areal density vs. R.A. (left) and declination (right) in 5° increments. The vertical dotted lines denote the declination cuts used for
the single-survey dipole fitting (6 > —15° for the VLASS and é < +25° for the RACS), and the horizontal dotted lines indicate the median values. The vertical black
line shows the declination where the two surveys are cut for the joint analysis. The lower source density seen in the VLASS vs. R.A. is caused by the falloff in source
counts for 6 < —15°. When the indicated declination cut is applied, the source density in the VLASS matches that of the RACS.
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Appendix B
Flux Limits

The survey flux limits were selected to avoid the
incompleteness turnover at low fluxes and the shot noise of
rarer objects at high fluxes. Blake & Wall (2002) show a
change in the observed radio galaxy dipole measurements with
a change in lower flux limit, and we assess the impact of the
lower flux limit by doubling the lower flux limit on the
VLASS, propagating it to RACS, and following the procedures
described in Sections 3 and 4. Doubling the lower flux limit
roughly halves the source catalog to 54% of the original catalog
(because the exponent on N(>S) xS~ * is x= 1), correspond-
ingly lowering the S/N. With the reduced catalog, we
reproduce and recover the source-count dipole, but with larger
uncertainties (as expected): 657 132 kms~" toward 309773},
27139 (degrees).

Appendix C
Peak versus Total Flux

To explore the choice of using the peak flux density from the
VLASS and RACS surveys rather than the more canonical total
source flux density, we repeated the analysis using the total
source flux in both catalogs. For simplicity, we retain the flux
limits used for the VLASS and scale these to the RACS using
the median spectral index obtained from the total flux ratio in
the overlap region (Section 3). In this case, o = 0.81, the count
index x is unchanged, and we recover the dipole: 52713
kms~' toward 2417}, 66710 (degrees), which is consistent
with the CMB vector (a X% test p-value of 0.25). For the
reasons described in Section 3, the peak flux densities are
preferable, but the total flux densities can also be used to detect
a galaxy dipole that is consistent with the CMB.

Appendix D
Radio Spectral Index

The fine-tuning of the spectral index « used to combine the
surveys is a concern because the spectral index shows a large
range of values among the VLASS-RACS overlap sample
(Section 3). In our treatment, we employ the median spectral
index or the flux-weighted median spectral index of the overlap
sample. When the spectral index is incorrect, a dipole is
produced that points toward the equatorial hemisphere favored
by the overweighted survey. Fine-tuning is required to equalize
the two hemispheres to less than 1% in order to detect the
dipole signal.

In order to address this fine-tuning problem and the large
intrinsic dispersion in spectral indices, we use the overlap
region between the surveys (|6] < 10°) to find the RACS flux
limits that produce a match between the areal source densities
of the two surveys given the VLASS flux limits. The upper
RACS flux limit has a negligible impact on the source counts.
Adjusting the lower RACS flux limit to obtain matching
source-count densities in the overlap region between the two
surveys produces a limit that agrees with the flux limit obtained
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from the median spectral index to within 1%. It is notable that
the combined overlap catalog obtained from matching VLASS
to RACS sources (Section 3.1) is not identical to the individual
flux-limited VLASS and RACS catalogs in the overlap region.
It is reassuring that the selection outcomes agree between these
disparate approaches to catalog matching.

Ultimately, choosing a median spectral index and the above
count-matching approach are equivalent, but the latter may be
more satisfying from a fine-tuning perspective. The count-
matching approach could be modified to a flux-matching
approach to measure the radio flux dipole.
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