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How can we possibly describe it by a simple mathematical model?

The universe appears complex & structured on many scales ...



Although the universe is lumpy, it seems to become smoother 
and smoother when averaged over larger and larger scales 
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The universe seems to be isotropic around us

e.g. this is the distribution of the 3100 brightest radio sources at l∼1-6 cm

But is the universe homogeneous?
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All we can ever learn about the universe is 
contained within our past light cone

We cannot move over cosmological distances and check that the universe 
looks the same from ‘over there’ as it does from here … so there are

limits to what we can know about the universe (“cosmic variance”)



isotropy does not imply homogeneity

We cannot move (very far) in space so must assume that our 
position is typical - “The Cosmological Principle” (Milne 1935)

… unless it is so about every point in space



Hubble showed that the distribution of galaxies is homogeneous

i.e.  N (>S) ∝ S-3/2⇒ N (<m) ∝ 100.6m, where m ≡ -2.5 log (S/S0)

Here is the test done on galaxies in the Sloan Digital Sky Survey
Note that for stars, N (<m) ∝ 100.4m, reflecting their 2D distribution

stars

galaxies



This is a test routinely carried out for all new classes of sources 

e.g. it shows that γ-ray bursts are homogeneously distributed 
… therefore presumably at cosmological distances

Note deviation from the S-3/2 

expectation at the faint end 
- are we seeing the ‘edge’ of the 

γ-ray burst distribution?



However such tests are complicated by evolution effects

Colour Evolution



Einstein “anticipated” (without any data!) that the universe is 
homogeneous and isotropic when averaged over large scales

The galaxy distribution is in fact fractal on small scales ... but averaged 
on very large scales (≿100 Mpc) it supposedly becomes homogeneous 

However there is still structure (‘walls’, ‘voids’) on the largest scales probed … 
so what is the scale of transition to homogeneity?

The 2dF Galaxy Redshift Survey



A consistency test is the scaling of the galaxy angular 
correlation function with the survey depth

If the distribution is homogeneous on large scales (with fractional     
over-densities on small scales), then the characteristic angular scale of 
clustering should be smaller for fainter galaxies - which are on average 

further away - than for the (nearby) brighter ones …



This is indeed found to be the case in the APM survey which 
measured the positions of 2 million galaxies extending to ∼600 Mpc

The angular correlation function w(θ) - defined as the excess probability over 
average of finding two galaxies within an angle θ of each other -

does scale with the depth of the survey D* as: w(θ) = (r0/D*) W(θ D*/r0)
… as is expected for a homogeneous distribution (with clustering scale r0)
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For a fractal distribution (with no intrinsic scale), w(θ) would not change with D*



Equivalently the probability of finding 2 galaxies at a distance r from each other is:

The two-point correlation function (2PCF) typically falls as a power-law: 

Easier to measure the conditional density:

… so becomes harder to measure as the distribution tends towards homogeneity!

related to the correlation function as:

But this assumes that <n> is well-defined
globally … not true for fractal distribution  



However use of the 2-point correlation function implicitly assumes
homogeneity on large scales - in order to define ‘average density’
But we ought to analyse the data without making any prior assumptions about the 

nature of the galaxy distribution (Sylos Labini, CQG 28:164003,2011)

So <n> ~ ra⟹a = D2 … and a homogeneous distribution has D2 = 3 

(Pan & Coles, MNRAS 318:L51,2000)



In practice typical galaxy redshift surveys are not well-suited for 
this test to be carried out … one must take care that the test sphere 

is contained within the (usually non-optimally shaped) survey 
volume, and also that luminosity selection does not introduce bias

This test was first performed on a sample of 3658 Luminous Red Galaxies 
with 0.2 < z < 0.4 (occupying ~2 Gpc3) in the Sloan Digital Sky Survey
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Actual counts in the SDSS grow as ~r2 on small scales, 
but tend to homogeneity beyond ∼100 Mpc … 

(for a critique see Sylos-Labini et al, Europhys. Lett. 86:49001,2009)
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However the survey volume of WiggleZ is rather awkward … the biggest 

spheres are not fully contained and were (effectively) filled with galaxies drawn 
from a random distribution - so essentially assuming large-scale homogeneity!

In the WiggleZ survey, the homogeneity scale is claimed to be ∼80 Mpc

If this is indeed true, there should be no coherent structures or flows on 
scales much larger than the homogeneity scale of ~100 Mpc



In fact the sky is not isotropic … the cosmic microwave 
background exhibits a characteristic dipole anisotropy 

This is believed to be due to our ‘peculiar’ (non-Hubble) motion 

So the universe is not homogeneous locally … but only on scales larger than 
the one where we converge to the CMB frame – how big is that scale?

The CMB would be isotropic after we do a SR boost to this frame.
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Peculiar Velocity of the Sun and 
its Relation to the Cosmic 
Microwave Background

J. M. Stewart & D. W. Sciama

If the microwave blackbody
radiation is both cosmological and
isotropic, it will only be isotropic to
an observer who is at rest in the rest
frame of distant matter which last
scattered the radiation. In this article
an estimate is made of the velocity
of the Sun relative to distant matter,
from which a prediction can be
made of the anisotropy to be
expected in the microwave
radiation. It will soon be possible to
compare this prediction with
experimental results.
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NATURE 216, 748 (1967) 

The predicted CMB dipole was found soon afterwards … in broad agreement with expectations 
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Structure within a cube extending ~200 Mpc from our position (Supergal. Coord.) 

We appear to be moving towards the Shapley supercluster due to a ‘Great Attractor’ … 
if so, our local ‘peculiar velocity’ should fall off as ~1/r as we “converge to the CMB 

frame” - in which the universe supposedly looks Friedmann-Lemaître-Robertson-Walker



Aitoff-Hammer plot, Galactic coordinates

Left panel: The red spots represent the data points for z < 0.06 with distance moduli μdata bigger 
than the values μCDM predicted by LCDM, and the green spots are those with μdata less than 
μCDM; the spot size is a relative measure of the discrepancy. A dipole anisotropy is visible around 
the direction b = −30◦, l = 96◦ (red points) and its opposite direction b = 30◦, l = 276◦ (small green 
points), which is the direction of the CMB dipole.                      Right panel: Same plot for z > 0.06

Colin et al, MNRAS 414:264,2011

Union 2 compilation of 557 Sne Ia

We can perform tomography of the Hubble flow by testing if the 
host galaxies of supernovae are at the expected Hubble distances

Residuals ⇒ ‘peculiar velocity’ flow in local universe



0.015 < z < 0.045, v = 270 km/s, l = 291, b = 15 0.015 < z < 0.06, v = 260 km/s, l = 298, b = 8

Watkins et al MNRAS 392:743,2009 found 
an even higher bulk flow of v = 416±78 

km/s towards b = 60±6, l = 282±11 at a 
scale of ~100 h−1 Mpc … 

This is much higher than is expected 
for a gaussian random field (ΛCDM) 

Moreover convergence to the CMB 
frame has not occurred even as far out 

as the Shapley supercluster (180h-1 Mpc) 
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The Union 2 SN Ia catalogue exhibits a dipole anisotropy in the same direction



Need attractor mass of >1017 MSun at 
~300 Mpc to account for the flowFeindt et al, A&A 560:A90,2013
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Confirmation from the ‘Nearby Supernova Factory’ survey





The 6dFGSv confirms the lack of convergence to the CMB frame 
… well beyond the ‘scale of homogeneity’

LCDM expectation for ‘top hat’ window (90% CL)

LCDM expectation for Gaussian window (90% CL)

Largest single sample (11,000 galaxies) of 
galaxy peculiar velocity measurements
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According to the ‘Dark Sky’ LCDM Hubble Volume simulations,  <1% of Milky Way–like 
observers experience a bulk flow as large as is observed, extending out as far as is seen 







This is well beyond the ‘scale of homogeneity’ … but 
convergence to the CMB frame has not yet occurred!



Is the CMB dipole really due to our motion wrt the ‘CMB frame?
then we should see similar dipole in the distribution of distant sources

Aberration Doppler boosting

Observer, velocity 𝒗

Moving frameRest frame

𝜃
𝜙

tan𝜙 =
sin 𝜃

γ ∗ 𝑐𝑜𝑠𝜃 − 𝑣𝑐

D
iff

er
en

tia
l f

lu
x 

S
Frequency 𝜈

S ∝ 𝜈--𝛼
+

Flux-limited catalog ➙more sources in direction of motion

𝜎 𝜃 !"# = 𝜎$%#&[1 + 2 + 𝑥 1 + 𝛼
𝑣
𝑐
cos(𝜃)]

(Ellis & Baldwin 
MNRAS 206:377,1984)

N (>S) ∝ S-xIntegral flux distribution:

Power-law 
spectrum



This calls into question the usual kinematic interpretation of the CMB dipole and raises 
the possibility of a ‘tilted universe’ (King & Ellis CMP 31:209,1973, Turner PRD 44:3737,1991)

But this is not what is actually found!

Velocity = 1355± 174 km/s…. within 10° of CMB dipole (but 4x faster)!

Colin et al, MNRAS 471:1045,2017
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A very intriguing result: quasar rest frame ≠ CMB rest frame  

Colin et al, ApJL in press [arXiv:2009.14826]

Final sample — CatWISE AGN

30 90⇠# sources per deg2

3.4 μm (W1) 4.6 μm (W2) 

W1 − W2 ≥ 0.8 9 > W1 > 16.4

We have now constructed a catalogue of 1.4 million quasars, with 99% at redshift > 0.1

The kinematic interpretation of the CMB dipole is rejected with p = 5 x 10-7 ⇒ 4.9𝛔
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