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Everything’s In Tension These Days

HO Tension
S8 Tension
Bulk Flows
Giant Arcs

The largest in 
magnitude is 
the Dipole 
Tension. 
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If we smooth the universe on 
scales of ~70-100 Mpc then 
(fingers crossed) the 
Cosmological Principle holds.
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Δ𝑇

𝑇
~ 10−3

CMB possesses a prominent dipole, 
100x structure perturbations

Interpreted as a kinematic departure 
from the Hubble flow of ~370 km/s

We are not Comoving Observers! 



Influence on Cosmological Source Counts

MNRAS (1984), 206, 377



Influence on Cosmological Source Counts

Dipole modulation over sky
The modulation is small (<1%)
It’s a numbers game!



1.36 million quasars

Selected from Widefield Infrared Survey 
Explorer (WISE)

Colour-cuts to separate quasars from 
stars



Frequentist approach: 

Use an estimator

Assume the CMB velocity as a null

”Fix” an ecliptic bias (WISE scanning)



The direction of the 
dipole is within 2-
sigma of the CMB.



Result is 4.9-sigma in light 
of the null-hypothesis (that 
the dipole is kinematic in 
nature with a velocity 
equal to that of the CMB).



Is there really a dipole in this data? 
How sure this isn’t just a fluctuation 
around the monopole?
Is the dipole present in other data? 
If it is, how much do we believe this is 
different to the CMB?



What we need is a robust approach to 
hypothesis testing.

We need to take a look at this within the 
framework of Bayesian probability.



Defining the Hypotheses:
Monopole, dipole, 
quadrupole. What 
parameters are fixed vs free?

Defining the Model and 
Likelihood (including survey 
properties).

Feed through Bayesian machinery

Insert data

Assess hypotheses
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Directions are consistent 
(and now uncertainties are 
on estimated parameters).



MNRAS (2023), 525, 231

The dipole amplitude is still 
too large (compared to CMB 
expectation) by ~2.5x

CMB dipole is strongly 
disfavoured by the evidence.



Combining Data Sets

MNRAS (2024) 531, 4545



Hypotheses





Evidence & Suspicion (see Will Handley)

Land-Strykowski et al. (submitted)
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Evidence & Suspicion (see Will Handley)

Land-Strykowski et al. (submitted)

Tension with NVSS & 
CatWise suggests something 
fishy is going on with RACS-
low (i.e. non-uniform 
sensitivity etc).



Dealing with Systematics and Selections

Storey-Fisher et al  (2024)



Dealing with Systematics and Selections

Mittal et al  (2024)
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Simulation-Based InferenceDealing with Systematics and Selections

Data comes with peculiarities 
(variable S/N, selection 
biases, dust etc). 
Need Simulation-Based 
Inference to incorporate 
these (Oayda et al. in prep).



The Effect of Local Structure

NVSS (3049 sources) 

RACS (3700 sources) 

NED and 2MRS sources 
(z < 0.02)



The Effect of Local StructureThe Effect of Local Structure

We will need to consider higher-order multipoles to account for local 
clustering, requiring careful consideration of how to explore the posterior 
space (Oayda et al. 2025). 



Future Forecasting: Square Kilometre Array

Exploring forecasting for future facilities (current 
focus on SKA). Need to go beyond number counts to 
include sensitivity, masking, large-scale structure etc 
to obtain a realistic measure of the dipole.



xkcd

Conclusions: The Cosmic Dipole tension appears to be 
one of the most significant tensions.

The measurement of the dipole properties depends on 
understanding various factors and incorporating them 
into the analysis. 

Need a robust framework (Bayesian) framework to 
assess whether the Cosmological Principle is under 
threat. 



Questions?
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