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A challenge to the cosmological principle

Cosmology's standard model (A cpm ), is founded on the Planck 2018 (SMICA Temperature map)
cosmological principle, which asserts that the universe
is statistically homogeneous and isotropic on scales
larger than approximately 100 Mpc.

Consequently, the primary source of the dipole observed
in distant objects should be attributed to our peculiar
velocity.

Before dipole removal

This implies that velocity estimates derived from different
sources, such as x-ray, radio galaxies (RG), quasars
(QSO), supernovae la (SNe), and even gravitational
waves, should agree.

-3500 HK 3500

However, over the past 25 years, several studies utilizing
different RG and QSO catalogs have consistently found
that, though the peculiar velocity is generally consistent
in direction with the CMB dipole, its amplitude is in
tension. This quarter-century-long puzzle poses a
significant challenge to the standard model, with the
tension regarding the CMB dipole now reaching a5o
level.

After dipole removal
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A challenge to the cosmological principle
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The redshift dipole

Doppler modulation

1+ 2/ (7)) = (1 + 2(R)8(B, 7))

AN \/1_ﬁ2

Relation between the dipole and the velocity

Ay =—B+ Aqint + O(5?)
t - Ay =0

<29% (0.2<2<2.2)
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Number of objects

QSO eBOSS
LRG eBOSS

CMASS eBOSS
CMASS BOSS

LOWZ BOSS
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Measuring the dipolar modulation

YN w? 12— ARRLO(- AL A
; SN w?

W;,eBOSS — Wi, sys * Wi noz * Wi fc ,

W; BOSS = Wi sys * (Wi noz + Wi fe — 1)

X (A1) = Z XbinNGe (A1) + Z Xbinscc (A1)
bin bin
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Measuring the dipolar modulation

YV w? 1+ 2 - ARRLO(-A A
; SN w?

W; eBOSS — Wi sys * Wi noz * Wi fc ,

W; BOSS — Wi sys (w’i,noz + Wi fe — 1)

N N
AP =N (14 2)5(— Ay ) / S,

1

X (A1) = Z XbinNGe (A1) + Z Xbinscc (A1)
bin bin
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Measuring the dipolar modulation
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Measuring the dipolar modulation

S M Realistic error bars: Survey systematics, including
TR | L observational strategies, footprint inhomogeneities, and
variations in sky and telescope conditions, will affect the
e errors and could introduce measurement bias. To assess
| and then adjust for this bias, we developed a series of
L ¥ mock catalogs from eBOSS’s EZmock sample and
15 BOSS’s MultiDark-Patchy mocks. Notably, we utilized
* “ the realistic version of EZmock, which incorporates
measurmenis observational systematics, unlike the MultiDark-Patchy
e 1 L E— mocks that lack this aspect.
v v .
S wesggpoes L e e Mocks: Include effects of clustering, survey geometry,
L S — redshift evolution, sample selection biases, and all
1000 mo e Samng e 4 Measure dipoles systematic effects (except BOSS).
Covidenes o pessredpoes
v

/ measured dipoles
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Measuring the dipolar modulation

E E data.sdss.org/sas r T T
| eeuedimay | 7| Meskemossmasoss | < BOSS
| I 2
\ E 1200 moclzg gieilgerdbigggtdirections (%] 1000 \ |
: ' by tracer. |A |c =370 km/s 5
| i ¥ =
' : Boosted mocks for 2
v ' v =
- : = LRG eBOSS
! Estimator | Estimator =1
: : Z 1ol CMASS eBOSS
j v - v v CMASS BOSS
: easumonts ; renumonts LOWZ BOSS
: v Z v 1u . .
. . 0 1.5 2.0
' Bias removal < : Bias map computation
, ' Z
1 * : * -
| L B Mocks: Include effects of clustering, survey geometry,
' Obs. best fit ' . . . .
L . — redshift evolution, sample selection biases, and all
Doppler boost i i
s et et (4 Measure dipoles systematic effects (except BOSS).

Boosted mocks for Measure dipoles /
confidence interval for the null cases <
computation tests
. -~ Distribution of the
Estimator / measured dipoles

Tomographic redshift dipole: Testing the cosmological principle Pedro da S. Ferreira — dasferreira.pedro@gmail.com - pag.15


mailto:dasferreira.pedro@gmail.com

data.sdss.org/sas

Observed data
(eBOSS and BOSS)

Measuring the dipolar modulation
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Measuring the dipolar modulation

1 i data.sdss.org/sas ! ! ! !
| | o me dark matter
' Observed data j— Mocks (eBOSS and BOSS)
i (eBOSS and BOSS) E 5000 mocks divided by 5 tracers Sa e a a e
| . . .
I ! 1000
| A — — 2" realization by id
! H Doppler boost =
ha . " . o
' ! 1200 mocks divided in 12 directions S
i ' by tracer. |A |c =370 km/s ; 100¢ QSO eBOSS
| i v £ LRG eBOSS
! i Boosted mocks for Z 10t CMASS eBOSS
! ' bias measurement
i ' eBOSS and BOSS CMASS BOSS
1
' v E * LOWZ BOSS =
! H 1L T T
| I
! Estimator | Estimator 0 13 20
|
i : 2z
; v : 2 \ \ 2
Il ' —
E Biased dipoles E Biased dipoles 1 - ﬂ | 1 ) int O (/8 )
| measurments ' measurments
Ll
1 1
' v | v
= :
E Bias removal < Bias map computation
' i
| v 5 v
I
H |
- Ll
E Mesol:)red dipoles VL B Bias removal =8
s. best fit H -
: : Correlation test
1
_______________ *--------------. *
Doppler boost Measure dipoles
1000 mocks by tracer. Applying the — [@— f P
measured dipoles. for the bias tests
v
Boosted mocks for Measure dipoles /
confidence interval for the null cases <
computation tests
v
. -~ Distribution of the
Estimator / measured dipoles

ographic redshift dipole: Testing the cosmological principle Pedro da S. Ferreira — dasferreira.pedr


mailto:dasferreira.pedro@gmail.com

Measuring the dipolar modulation
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Measuring the dipolar modulation
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Measuring the dipolar modulation
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Table 1 | Dipole measurements with 1o uncertainties and significance of tension against the CMB dipole.

Dipole A, Significance of tension
Case z lv| (km/s) 1(°) b(°) KDE Distfit
CMB 1090 369.8701  264.027001  48.25370 502 — -
?g eBOSS 1.09 5527167 280112 30135 0.80 0.80
= BOSS 0.45 5841339 286716 —77H5? 2.10 1.90
S eBOSS+BOSS 0.71 3537123 281114 —11+% 1.40 1.30
QSO eBOSS 1.51 488307 245750 T 0.20 0.20
E  LRG eBOSS 0.73 6627550 607357 37tie 1.00 1.00
2 CMASS ¢BOSS 0.65 7847150 28571 2618 1.60 1.20
£ CMASS BOSS 0.51 BR6TLI0  9ggt3d 78162 2.10 1.60
LOWZ BOSS 0.31 6947595 32775, —35173 0.60 0.60

To evaluate the two-tailed significance, we compare the dipoles to the CMB value in Cartesian coordinates using two methods: a
non-parametric Kernel Density Estimation (KDE) with a Gaussian kernel and a parametric best-fit distribution analysis conducted
using the Distfit Python module®”. The table additionally lists the effective redshift for each scenario. For BOSS and eBOSS data,
this corresponds to the weighted average redshift, which is equivalent to the monopole.
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Extended Data Fig. 6 | Comparison of dipole measurements in Cartesian coordinates with previous estimates. The
distributions for eBOSS, BOSS, eBOSS+BOSS analyses correspond to those presented in Fig. 5.

Tomographic redshift dipole: Testing the cosmological principle Pedro da S. Ferreira — dasferreira.pedro@gmail.com - 24


mailto:dasferreira.pedro@gmail.com

Conclusions

Our redshift dipole measurements show agreement with the CMB dipole, exhibiting a tension of 0.8¢ for
eBOSS data (0.6 < z < 2.2), 2.10 for BOSS data (0.2 < z < 0.6), and 1.4¢ for combined eBOSS+BOSS data
(0.2 < z < 2.2). The most notable, albeit moderate, tension with the anticipated dipole arises from BOSS
data within the redshift range 0.2 < 2 < 0.6, where our findings suggest a deviation towards the southern
hemisphere, despite the dipole’s magnitude closely matching expectations.

These results reveals that our motion with respect to distant galaxies and quasars is_in_close agreement
with that suggested by the CMB dipole, as illustrated in Fig. 3 in both Galactic and Cartesian coordinates.

This concordance implies that matter at cosmological distances of 1-5 Gpc shares the same rest frame as
the CMB, located approximately 14 Gpc away, offering substantial support to the cosmological principle,
which advocates for large-scale homogeneity and isotropy. Moreover, our results suggest that previous
assertions of discrepancies with the CMB dipoles might stem from overlooked systematic influences, such
as the redshift evolution modeling of observables, biases in the estimators or the underestimation of
uncertainties
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Update: V3 coming (1~2 weeks) + Perspectives

- 3 typos in equations.

- Absolute values are a bit biased due to small inconsistency during
analysis, they are smaller than presented in V2. Conclusions will remain
the same. Still compatible with the CMB dipole and in tension with previous
number count dipoles. It seems that LOWZ was only noise (estimator does
not minimized).
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Thanks for your attention!
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