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None of us can understand why there is a Universe at all, 
why anything should exist; that’s the ultimate question.

But while we cannot answer this question, we can at 
least make progress with the next simpler one of

what the Universe as a whole is like.

Dennis Sciama (1978)



This is a ‘popular’ talk but I will 

include discussion of a recent 

result that has fundamental 

implications for cosmology



In the Ptolemic/Aristotlean standard cosmology (350 BC➛1600 AD) 
the universe was static and finite and centred on the Earth

This was a simple model and fitted all the observational data 

… but the underlying principle was unphysical
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Today we have a ‘standard LCDM model’ of the universe … 
dominated by dark energy and undergoing accelerated expansion

It too is ‘simple’ (if we count L as just one parameter) and fits 

all the observational data … but lacks a physical foundation



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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“Data from the Planck satellite show the universe to be highly isotropic” (Wikipedia) 

We observe a statistically isotropic Gaussian random field of small temperature 

fluctuations (fully quantified by the 2-point correlations �� angular power spectrum)



isotropy does 
not

necessarily 
imply 

homogeneity

But all we can ever learn about the universe 
is contained within our past light cone

… unless 
there is 
isotropy 

around every
point in space

We cannot move 

over cosmological 

distances and check 

if the universe looks 

the same from ‘over 

there’ as it does 

from here …

… so there are limits
to what we can know 

(‘cosmic variance’)



the Universe must appear to be the same to all observers wherever they are
This ‘cosmological principle’ …

Edward Arthur Milne (1896-1950) 

Rouse Ball Professor of Mathematics & Fellow of Wadham College, Oxford, 1928-



Until about a hundred years ago all we saw in the sky was our Milky Way

… and other stars like our Sun (whose distances could be measured by parallax) 

Diameter of the Earth’s orbit is ~1000 light-seconds. so if the ‘parallax’ of a star is 1’’, 

then its distance is 1 parsec ⇒ ~3.3 light-years 

First measured in 1838 by Wilhelm Bessel for 61 Cygni (0.3”) 



To measure distances in the universe we need ‘standard candles’
– astronomical sources whose absolute luminosity is known 

from its correlation with some other property 

E.g. pulsation period in the case of Cepheid variable stars

… and thus we build up the ‘cosmic distance ladder’ to the furthest galaxies



Hubble discovered that Andromeda (M31) is not 

a cloud of stars and gas in our Milky Way, but a 

galaxy similar to our own at a very substantial 

distance … 2.5 million light years  (⇒ 0.8 Mpc)!

In 1923 Edwin Hubble used the 100” Mt Wilson telescope to 
determine the distance to the Andromeda Nebula

He was searching for ‘novae’ … instead he found 

a ‘Cepheid variable’, which Henrietta Leavitt 
had shown (in 1912) to be a distance indicator 

The Universe had suddenly became a lot bigger … and thus began modern cosmology  



The Hubble Space Telescope 
(1990-) can resolve Cepheids in 

galaxies much further away

M100 is a galaxy in the Virgo 
cluster at a distance of 54 

million light years (16.4 Mpc)



Cepheids can be used to ‘calibrate’ other sources such as supernovae 
– exploding stars which are bright enough to be seen even  further away

… using supernovae we can now measure distances of billions of light-years



Looking far away is the same as looking back into our past

We see the 

Sun as it was

8 minutes ago

We see  the nearest star 

Proxima Centauri, 

as it was 4 years ago

We see the Galactic 

centre as it was

30,000 years ago

We see our nearest 

galaxy Andromeda as 

it was 2.5 million 

years ago

We see the Virgo

cluster as it was

54 million years ago

We see galaxies in 

the Hubble Ultra 

Deep Field

as they were - up to

12 billion years ago



But there is something odd about the spectra of distant galaxies
… they are shifted towards the red (longer wavelengths) 

as if they are travelling away from us - Doppler effect?

“Every time I see Edwin Hubble, he 
is moving rapidly away from me!”

The New Yorker



The ‘expansion’ of the universe

Hubble’s data  (1929)

Hubble (1931) to De Sitter: 

“The interpretation, we feel, 
should be left to you and the 
very few others who are 
competent to discuss the 
matter with authority”.

(2002)



The redshift of distant galaxies is not a Doppler effect

… it occurs because the wavelength of light is apparently increased 

by the stretching of space-time (aka ‘expansion of the universe’)
λobserved/λemitted =1 + z = robserved/remitted

This picture also makes it clear that the expansion has no ‘centre’
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The view back, now and later

The changing view, going back in time
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The Gravity of matter should be slowing down the expansion rate 
… however it was claimed in1998 that distant SNIa appear fainter 
than expected for “standard candles” in a decelerating universe 
This was interpreted as Þ accelerated expansion below z ~ 0.5

The observations are made at one instant 
(the redshift is taken as a proxy for time) 

so this is not a direct measurement of 
acceleration, nevertheless it is presently 

more direct than all other such ‘evidence’



Standard cosmological model
The universe is isotropic  +  homogeneous (when averaged on ‘large’ scales)
⇒ Maximally-symmetric space-time + ideal fluid energy-momentum tensor

We observe: 0.8Ωm - 0.6ΩL ≈ -0.2 (Supernovae),  Ωk ≈ 0.0 (CMB), Wm ~ 0.3 (Clusters)

�� infer universe is dominated by dark energy: WΛ = 1 - Wm - Wk ~ 0.7 ⇒ Λ ~ 2H02

So the Friedmann-Lemaitre equation ⇒ ‘cosmic sum rule’: W m +Wk +WL = 1

Rµ⌫ � 1

2
Rgµ⌫ + �gµ⌫

= 8⇡GNTµ⌫

Robertson-Walker

ds2 ⌘ gµ⌫dx
µdx⌫

= a2(⌘)
⇥
d⌘2 � dx̄2

⇤
Einstein

⌦m ⌘ ⇢m

(3H2
0/8⇡GN)

, ⌦k ⌘ k

(3H2
0a

2
0)
, ⌦⇤ ⌘ ⇤

(3H2
0
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After straightforward yet tedious calculations (which I relegate to homework), we obtain the com-
ponents of the Ricci tensor:

R0
0 = 3

ä

a
,

R0
i = 0,

Ri
j =

1

a2

(

aä + 2ȧ2 + 2k
)

δα
β .

(93)

The t − t component of the Einstein’s equation given in eq. (92) becomes

3ä

a
= 8πG

[

−(ρ + P ) +
1

2
(ρ − P )

]

, (94)

or

ä = −
4πG

3
(ρ + 3P ) a. (95)

The i − i component of the Einstein’s equation is

1

a2

(

aä + 2ȧ2 + 2k
)

= 8πG

[

1

2
(ρ − P )

]

, (96)

or
aä + 2ȧ2 + 2k = 4πG(ρ − P )a2, (97)

The eqs. (95)-(97) are the basic equations connecting the scale factor a to ρ and P . To obtain a
closed system of equations, we only need an equation of state P = P (ρ), which relates P and ρ.
The system then reduces to two equations for two unknowns a and ρ.

It is, however, beneficial to further massage these basic equations into a set that is more easily
solved. Solving the eq. (97) for ä, we obtain

ä = 4πG(ρ − P )a −
2ȧ2

a
+

2k

a
, (98)

which can be combined with eq. (95) to cancel out P dependence and yield

16πGρa

3
−

2k

a
−

2ȧ2

a
= 0, (99)

or

ȧ2 + k =
8πG

3
ρa2. (100)

When combined with the eq. (62) derived in the context of conservation of energy-momentum
tensor, and the equation of state, we obtain a closed system of Friedmann equations:

ȧ2 + k =
8πG

3
ρa2, (101a)

∂ρ

∂t
+ 3 (ρ + P )

ȧ

a
= 0, (101b)

P = P (ρ). (101c)
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To drive accelerated expansion requires negative pressure (P < -r/3) so this is 
interpreted as vacuum energy: (rL)1/4 = (H0

2/8pGN)1/4 ~ 10-12  GeV << GF
-1/2 ~ 102 GeV

This makes no physical sense … exacerbates the (old) Cosmological Constant problem!



Interpreting Λ as vacuum energy also raises the ‘coincidence problem’: 

Why is ΩΛ≈ Ωm today?

An evolving ultralight scalar field (‘quintessence’) can display ‘tracking’ behaviour: 

this requires ! (" )1/4 ~ 10-12 GeV but √d2! /d" 2 ~ # 0 ~10-42 GeV to ensure slow-roll … 
i.e. just as much fine-tuning as a bare cosmological constant 

A similar comment applies to models (e.g. ‘DGP brane-world’) wherein gravity is 

modified on the scale of the present Hubble radius 1/# 0 so as to mimic vacuum 

energy  … this scale is absent in a fundamental theory and must be put in by hand

(there is similar fine-tuning in every proposal – massive gravity, chameleon fields, …)

The only natural option is if Λ ~ # 2 always, but this is just a renormalisation of $ N ! 
(recall: # 2 = 8π$ N/3 + Λ/3) ➙ ruled out by Big Bang nucleosynthesis which requires 

$ N to be within 5% of lab value … in any case this will not yield accelerated expansion

Thus there can be !" physical explanation for the coincidence problem
Do we infer Λ ~ H0

2 from observations simply because H0 (~10-42 GeV) is the only
energy scale in the F-R-L-W model and this is the value imposed on Λ by construction?

Tµ! = −⟨! ⟩Þelds gµ! ⟹



27. Dark energy 1

27. Dark Energy

Revised September 2017 by D. H. Weinberg (OSU) and M. White (UCB, LBL)

27.1. Repulsive Gravity and Cosmic Acceleration

In the first modern cosmological model, Einstein [1] modified his field equation of
General Relativity (GR), introducing a “cosmological term” that enabled a solution with
time-independent, spatially homogeneous matter density ρm and constant positive space
curvature. Although Einstein did not frame it this way, one can view the “cosmological
constant” Λ as representing a constant energy density of the vacuum [2], whose repulsive
gravitational effect balances the attractive gravity of matter and thereby allows a static
solution. After the development of dynamic cosmological models [3,4] and the discovery
of cosmic expansion [5], the cosmological term appeared unnecessary, and Einstein and
de Sitter [6] advocated adopting an expanding, homogeneous and isotropic, spatially flat,
matter-dominated universe as the default cosmology until observations dictated otherwise.
Such a model has matter density equal to the critical density, Ωm ≡ ρm/ρc = 1, and
negligible contribution from other energy components [7].

By the mid-1990s, the Einstein-de Sitter model was showing numerous cracks,
under the combined onslaught of data from the cosmic microwave background (CMB),
large-scale galaxy clustering, and direct estimates of the matter density, the expansion
rate (H0), and the age of the Universe. As noted in a number of papers from this
time, introducing a cosmological constant offered a potential resolution of many of these
tensions, yielding the most empirically successful version of the inflationary cold dark
matter scenario. In the late 1990s, supernova surveys by two independent teams provided
direct evidence for accelerating cosmic expansion [8,9], establishing the cosmological
constant model (with Ωm ≃ 0.3, ΩΛ ≃ 0.7) as the preferred alternative to the Ωm = 1
scenario. Shortly thereafter, CMB evidence for a spatially flat universe [10,11], and
thus for Ωtot ≃ 1, cemented the case for cosmic acceleration by firmly eliminating the
free-expansion alternative with Ωm ≪ 1 and ΩΛ = 0. Today, the accelerating universe is
well established by multiple lines of independent evidence from a tight web of precise
cosmological measurements.

As discussed in the Big Bang Cosmology article of this Review (Sec. 21), the scale
factor R(t) of a homogeneous and isotropic universe governed by GR grows at an
accelerating rate if the pressure p < −1

3ρ (in c = 1 units). A cosmological constant has
ρΛ = constant and pressure pΛ = −ρΛ (see Eq. 21.10), so it will drive acceleration if it
dominates the total energy density. However, acceleration could arise from a more general
form of “dark energy” that has negative pressure, typically specified in terms of the
equation-of-state-parameter w = p/ρ (= −1 for a cosmological constant). Furthermore,
the conclusion that acceleration requires a new energy component beyond matter and
radiation relies on the assumption that GR is the correct description of gravity on
cosmological scales. The title of this article follows the common but inexact usage of
“dark energy” as a catch-all term for the origin of cosmic acceleration, regardless of
whether it arises from a new form of energy or a modification of GR. Our account here
draws on the much longer review of cosmic acceleration by Ref. [12], which provides
background explanation and extensive literature references for most of the points in this
article, but is less up to date in its description of current empirical constraints.

M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)
June 5, 2018 19:56
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present day CMB temperature T0 2.7255(6) K [20,21]
present day CMB dipole amplitude d 3.3645(20) mK [20,22]
Solar velocity with respect to CMB v⊙ 370.09(22) km s−1 towards (ℓ, b) = (263.00(3)◦, 48.24(2)◦) [22]
Local Group velocity with respect to CMB vLG 627(22) km s−1 towards (ℓ, b) = (276(3)◦, 30(3)◦) [20,23]
number density of CMB photons nγ 410.7(T/2.7255)3 cm−3 [24]
density of CMB photons ργ 4.645(4) (T/2.7255)4 × 10−34 g cm−3

≈ 0.260 eVcm−3 [24]
entropy density/Boltzmann constant s/k 2 891.2 (T/2.7255)3 cm−3 [24]
present day Hubble expansion rate H0 100 h km s−1 Mpc−1 = h × (9.777 752 Gyr)−1 [25]
scale factor for Hubble expansion rate h 0.678(9) [2,26]
Hubble length c/H0 0.925 0629× 1026 h−1 m = 1.374(18)× 1026 m
scale factor for cosmological constant c2/3H2

0 2.85247× 1051 h−2 m2 = 6.20(17)× 1051 m2

critical density of the Universe ρcrit = 3H2
0/8πGN 1.878 40(9)× 10−29 h2 g cm−3

= 1.053 71(5)×10−5 h2 (GeV/c2) cm−3 = 2.775 37(13)×1011 h2 M⊙Mpc−3

baryon-to-photon ratio (from BBN) η = nb/nγ (5.8 × 10−10
≤ η ≤ 6.6 ×10−10 (95% CL) [27]

number density of baryons nb 2.503(26)× 10−7 cm−3 [2,3,28,29]
(2.4 × 10−7 < nb < 2.7 × 10−7) cm−3 (95% CL) η×nγ

CMB radiation density of the Universe Ωγ = ργ/ρcrit 2.473× 10−5(T/2.7255)4 h−2 = 5.38(15)×10−5 [24]
baryon density of the Universe Ωb = ρb/ρcrit

‡ 0.02226(23)h−2 = † 0.0484(10) [2,3,22]
cold dark matter density of the universe Ωc = ρc/ρcrit

‡ 0.1186(20)h−2 = † 0.258(11) [2,3,22]
100 × approx to r∗/DA 100 × θMC

‡ 1.0410(5) [2,3]
reionization optical depth τ ‡ 0.066(16) [2,3,30]
scalar spectral index ns

‡ 0.968(6) [2,3]
ln pwr primordial curvature pert. (k0=0.05 Mpc−1) ln(1010∆2

R
) ‡ 3.062(29) [2,3]

dark energy density of the Universe ΩΛ
† 0.692± 0.012 [2,3]

pressureless matter density of the Universe Ωm = Ωc + Ωb
† 0.308± 0.012 [2,3]

fluctuation amplitude at 8h−1 Mpc scale σ8
† 0.815± 0.009 [2,3]

redshift of matter-radiation equality zeq
† 3365± 44 [2]

redshift at half reionization zreion
† 8.8+1.7

−1.4 [2,33]
age of the Universe t0 † 13.80± 0.04 Gyr [2]
effective number of neutrinos Neff

♯ 3.13 ± 0.32 [2,34,35]
sum of neutrino masses

!
mν

♯ <0.68 eV (Planck CMB); ≥ 0.05 eV (mixing) [2,35,36,37]
neutrino density of the Universe Ων = h−2!

mνj
/93.04eV ♯ < 0.016 (Planck CMB; ≥ 0.0012 (mixing) [2,36,37]

curvature ΩK
♯
−0.005+0.016

−0.017 (95%CL) [2]
running spectral index slope, k0 = 0.002 Mpc−1 dns/d lnk ♯

−0.003(15) [2]
tensor-to-scalar field perturbations ratio, k0=0.002 Mpc−1 r = T/S ♯ < 0.114 at 95% CL; no running [2,3,20,38]
dark energy equation of state parameter w −1.01± 0.04 [31,39]
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Even the definitive Review of Particle Physics has an entry on dark energy



There has been substantial investment in major satellites 

and telescopes to measure the parameters of the ‘standard 

cosmological model’ with increasing ‘precision’… but 

surprisingly little work on #$%#&!'(&#%()"*!+,#&"!,-(,%%*./#&"!%

WL ≡ L/3H0
2

rL ≃ H0
2MP 

2

~ (10-12 GeV)4

WMAP

Planck

Euclid

LSST

DES

LSST



Standard model of structure formation

The tiny CMB temperature fluctuations are understood as due to scalar density perturbations 
with an ~scale-invariant spectrum which were generated during an early de Sitter phase of 
inflationary expansion … these perturbations have subsequently grown into the large-scale 
structure of galaxies observed today through gravitational instability in a sea of dark matter



But the CMB sky is in fact quite anisotropic 
There is a ~100 times bigger anisotropy in the form of a dipole with D%/%~ 10-3

This is interpreted as due to our motion at 370 km/s wrt the frame in which the CMB is 

truly isotropic ⇒ motion of the Local Group at 620 km/s towards l=271.9o, b=29.6o 

This motion is /0$%*.$+ to be due to local inhomogeneity in the matter distribution
Its scale – beyond which we converge to the CMB frame – is supposedly of O(100) Mpc

(Counts of galaxies in the SDSS & WiggleZ surveys are said to scale as &3 on larger scales)

T(θ) =
T0

!
1 ! β2

1 ! β cos θ
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100 Mpc

This is what our universe actually looks like locally (out to ~300 Mpc)

We are moving towards the Shapley supercluster supposedly due to a ‘Great Attractor’  

We are not comoving (‘Copernican’) observers .. as is generally assumed 



Aitoff-Hammer plot, Galactic coordinates
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Union 2 compilation of 557 SNe Ia

We perform tomography of the Hubble flow by testing if the 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

This is ≿1s higher than expected for 

the standard ΛCDM model … and  

extends beyond Shapley (at 260 Mpc)

… consistent with Watkins et al (2009) 

who found a bulk flow of 416�� 78 km/s

towards b = 60�� 60, l = 282�� 110

extending up to ~100 h−1 Mpc

No convergence to CMB frame,even

well beyond ‘scale of homogeneity’

dipole in the SN Ia velocity field Aligned with the CMB Dipole 
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Our result is confirmed by the 6-degree Field Galaxy redshift Survey

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,  less than 1% of Milky Way–like 

observers should experience a bulk flow as large as is observed, extending out as far as is seen 



What are Type Ia supernovae?
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But they can be ‘standardised’ using the observed correlation between their peak 

magnitude and light-curve width (NB: this correlation is not understood theoretically)

They are certainly not ‘standard candles’



Corrected 
data
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Type Ia supernovae as ‘standardisable candles’ 

Use a standard template (e.g. SALT 2) to make ‘stretch’ and ‘colour’ corrections  …



?
_
?
?
?
?
?
?

Betoule et al., A&A 568:A22,2014SALT 2 parameters

Spectral Adaptive Lightcurve Template

(For making ‘stretch’ and ’colour’ corrections to the observed lightcurves)

There may well be other variables that the magnitude correlates with …

B-band



Cosmology

Distance 
modulus

Acceleration is a kinematic quantity so the data can be analysed without assuming any 

dynamical model, by expanding the time variation of the scale factor in a Taylor series 

(e.g. Visser, CQG 21:2603,2004)q0 ≡ −(äa)/ȧ2 j0 � (
...
a/a)(ȧ/a)−33

<latexit sha1_base64="+VSyXcgk45wH2Q1pUyYgLzxCNS4="></latexit>



Construct a Maximum Likelihood Estimator

Nielsen, Guffanti & S.S., Sci.Rep. 6:35596,2016

Well-approximated as Gaussian

JLA data

‘Stretch’
corrections

JLA data

‘Colour’
corrections



The sky distribution of the 4 sub-samples of the JLA catalogue in Galactic coordinates: SDSS (red dots), SNLS (blue dots), 

low redshift (green dots) and HST (black dots). Note that the 4 big blue dots are clusters of many individual SNe Ia. The 
directions of the CMB dipole (star), the SMAC bulk flow (triangle) and the 2M++ bulk flow (inverted triangle) are shown.

we realised that the peculiar velocity `corrections' applied to the JLA catalogue are 
suspect … so undid them to recover the original data and  test for isotropy 

Jacques Colin et al.: Evidence for anisotropy of cosmic acceleration

Fig. 1. The sky distribution of the 4 sub-samples of the JLA catalogue in Galactic coordinates: SDSS (red
dots), SNLS (blue dots), low redshift (green dots) and HST (black dots). Note that the 4 big blue dots are
clusters of many individual SNe Ia. The directions of the CMB dipole (star), the SMAC bulk flow (triangle),
and the 2M++ bulk flow (inverted triangle) are also shown.

Figure 1 is a Mollewide projection of the directions of the 740 SNe Ia in Galactic coordinates.

Due to the diverse survey strategies of the sub-samples that make up the JLA catalogue, its sky

coverage is patchy and anisotropic. While the low redshift objects are spread out unevenly across

the sky, the intermediate redshift ones from SDSS are mainly confined to a narrow disk at low

declination, while the high redshift ones from SNLS are clustered along 4 specific directions.

The JLA analysis (Betoule et al. 2014) corrects the observed redshifts zhel in the heliocentric

frame in order to obtain the cosmological redshifts zCMB after accounting for peculiar motions in

the local Universe. These corrections are carried over unchanged from an earlier analysis (Conley

et al. 2011), which in turn cites an earlier method (Neill et al. 2007) and the peculiar velocity

model of Hudson et al. (Hudson et al. 2004). It is stated that the inclusion of these corrections

allow SNe Ia with redshifts down to 0.01 to be included in the cosmological analysis, in contrast to

earlier analyses (Riess et al. 2006) which employed only SNe Ia down to z = 0.023.

In Figure 2 we scrutinise these corrections by exhibiting the velocity parameter C, defined as

C = [(1 + zhel) − (1 + zCMB)(1 + zd)] × c (3)

where zhel and zCMB are as tabulated by JLA, while zd is given by (Davis et al. 2011)

zd =

√
1 − uCMB−⊙.n̂/c
1 + uCMB−⊙.n̂/c

− 1, (4)

where uCMB−⊙ is 369 km s−1 in the direction of the CMB dipole,(Kogut et al. 1993) and n̂ is the

unit vector in the direction of the supernova. It can be seen in Figure 2 that SNe Ia beyond z ∼ 0.06

have been assumed to be stationary w.r.t. the CMB rest frame, and corrections applied only to those

at lower redshifts. It is not clear how these corrections were made beyond z ∼ 0.04, which is the

maximum extent to which the Streaming Motions of Abell Clusters (SMAC) sample (Hudson et al.

Article number, page 4 of 12

Jacques Colin et al.: Evidence for anisotropy of cosmic acceleration

Fig. 1. The sky distribution of the 4 sub-samples of the JLA catalogue in Galactic coordinates: SDSS (red
dots), SNLS (blue dots), low redshift (green dots) and HST (black dots). Note that the 4 big blue dots are
clusters of many individual SNe Ia. The directions of the CMB dipole (star), the SMAC bulk flow (triangle),
and the 2M++ bulk flow (inverted triangle) are also shown.

Figure 1 is a Mollewide projection of the directions of the 740 SNe Ia in Galactic coordinates.

Due to the diverse survey strategies of the sub-samples that make up the JLA catalogue, its sky

coverage is patchy and anisotropic. While the low redshift objects are spread out unevenly across

the sky, the intermediate redshift ones from SDSS are mainly confined to a narrow disk at low

declination, while the high redshift ones from SNLS are clustered along 4 specific directions.

The JLA analysis (Betoule et al. 2014) corrects the observed redshifts zhel in the heliocentric

frame in order to obtain the cosmological redshifts zCMB after accounting for peculiar motions in

the local Universe. These corrections are carried over unchanged from an earlier analysis (Conley

et al. 2011), which in turn cites an earlier method (Neill et al. 2007) and the peculiar velocity

model of Hudson et al. (Hudson et al. 2004). It is stated that the inclusion of these corrections

allow SNe Ia with redshifts down to 0.01 to be included in the cosmological analysis, in contrast to

earlier analyses (Riess et al. 2006) which employed only SNe Ia down to z = 0.023.

In Figure 2 we scrutinise these corrections by exhibiting the velocity parameter C, defined as

C = [(1 + zhel) − (1 + zCMB)(1 + zd)] × c (3)

where zhel and zCMB are as tabulated by JLA, while zd is given by (Davis et al. 2011)

zd =

√
1 − uCMB−⊙.n̂/c
1 + uCMB−⊙.n̂/c

− 1, (4)

where uCMB−⊙ is 369 km s−1 in the direction of the CMB dipole,(Kogut et al. 1993) and n̂ is the

unit vector in the direction of the supernova. It can be seen in Figure 2 that SNe Ia beyond z ∼ 0.06

have been assumed to be stationary w.r.t. the CMB rest frame, and corrections applied only to those

at lower redshifts. It is not clear how these corrections were made beyond z ∼ 0.04, which is the

maximum extent to which the Streaming Motions of Abell Clusters (SMAC) sample (Hudson et al.
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Moreover when the JLA catalogue is analysed allowing for a 
dipole, we find the MLE prefers one (50 times bigger than the 
monopole) in approximately the direction of the CMB dipole

The significance of qo being negative has now decreased to only 1.4s

This strongly suggests that cosmic acceleration is simply an artefact of our being 
located inside a ‘bulk flow’ (which includes ~3/4 of the observed SNe Ia)

Colin, Mohayaee, Rameez, S.S., Astronomy & Astrophysics 631 (2019) L13

acceleration
deceleration

2 Cosmological analysis

We nowcompare the distance modulus (eq.1) obtained from the JLA sample with the apparent

magnitude (eq.2) using the Maximum Likelihood Estimator 25. For the luminosity distance we

use its kinematic Taylor series expansion up to the third term 40 since we wish to analyse the data

without making assumptions about the matter content or the dynamics:

dL(z) =
cz

H0

{
1 +

1

2
[1− q0]z −

1

6
[1− q0 − 3q20 + j0 +

kc2

H2
0a

2
0

]z2
}

(5)

where q ≡ −äa/ȧ2 is the cosmic deceleration parameter in the Hubble flow frame, defined in terms

of the scale factor of the universe a and its derivatives w.r.t. proper time, j0 is the cosmic ‘jerk’

j = ˙̈a/aH3, and −kc2/(H2
0a

2
0) is just Ωk. Note that the last two appear together in the coefficient

of the z3 term so cannot be determined separately. In the ΛCDM model: q0 ≡ ΩM/2− ΩΛ.

To look for a dipole in the deceleration parameter, we allow it to have a direction dependence:

q = qm + q⃗d.n̂F(z, S) (6)

where qm and qd are the monopole and dipole components, while n̂ is the direction of the dipole

and F(z, S) describes its scale dependence. We consider four representative functional forms:

(a) No scale dependence: F(z, S) = 1 independent of z,

(b) ‘Top hat’: F(z, S) = 1 for z < S, and 0 otherwise,

(c) Linear: F(z, S) = 1− z/S, and

(d) Exponential: F(z, S) = exp(−z/S).
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What about the evidence from BAO, H(z), growth of structure …?

In fact all data are equally consistent with no acceleration (best fit: a ~ t0.92)

… will need ~5x106 galaxy redshifts to see BAO peak without assuming a model
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The ’independent’ lines of evidence are obtained using LCDM templates! 



What about the precision data on CMB anisotropies?

There is no direct sensitivity of the CMB to dark energy … it is all inferred (in the framework of LCDM model)

There is no entry for L!



Liske
et al, arXiv:0802.1532
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Whether the expansion rate is accelerating will be tested directly using a Laser Comb on the 
European Extremely Large Telescope - to measure redshift drift of the Lyman-a forest over ~15 yr



A ‘tilted’ Universe?
• There is a dipole in the recession velocities of host galaxies of supernovae                 
⇒ we are in a ‘bulk flow’ stretching out well beyond the scale at which the 

universe supposedly becomes statistically homogeneous.

• The inference that the Hubble expansion rate is accelerating may be an 
artefact of the local bulk flow … there is a strong dipole in q0 aligned with the 

bulk flow, and the monopole drops in significance to be consistent with zero 

Could all this be an indication of new horizon-scale physics?

The ‘standard’ assumptions of isotropy and homogeneity are questionable

Forthcoming surveys (Euclid, LSST, SKA …) will enable definitive tests and 

enable us to construct a new cosmological model

Meanwhile the inference that the universe is dominated by 

‘dark energy’ is open to question


