
Tracking the Hubble expansion on cosmological scales
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All we can ever learn about the universe is 
contained within our past light cone
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Standard cosmological model
The universe is isotropic +  homogeneous (when averaged on ‘large’ scales)
! Maximally-symmetric space-time + ideal fluid energy-momentum tensor

We observe: !"#$ %&' !"( $ L " ' !")&(Supernovae),  $ * " !"!&(CMB), Wm ~ 0.3 (Clusters)
�infer universe is dominated by dark energy: WΛ = 1 - Wm - Wk ~ 0.7 ! Λ ~ 2H0
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So the Friedmann-Lemaitre equation ! ‘cosmic sum rule’: W 2*+W' +WL = 1
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After straightforward yet tedious calculations (which I re legate to homework), we obtain the com-
ponents of the Ricci tensor:
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The t ! t component of the EinsteinÕs equation given in eq. (92) becomes
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The i ! i component of the EinsteinÕs equation is
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or
a¬a + 2úa2 + 2k = 4" G(# ! P)a2, (97)

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

It is, however, beneÞcial to further massage these basic equations into a set that is more easily
solved. Solving the eq. (97) for ¬a, we obtain
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which can be combined with eq. (95) to cancel outP dependence and yield
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or

úa2 + k =
8" G

3
#a2. (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 :
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#a2, (101a)

$#
$t

+ 3 ( # + P)
úa
a
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P = P(#). (101c)

19

To drive accelerated expansion requires the pressure to be negative (P < -r/3) so this is 
interpreted as vacuum energy at the scale (rL)1/4 = (H0

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

Tµν = −⟨ρ⟩fields gµν

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

The scale is set by the only dimensionful parameter: H!&+&,!' -) GeV
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The Universe must appear to be the same to all observers wherever they are
This ‘cosmological principle’ …
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But the CMB sky is in fact quite anisotropic 
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(Counts of galaxies in the SDSS & WiggleZ surveys are said to scale as r/ on larger scales)

T(! ) =
T0

!
1− " 2

1− " cos!

^/
)G

3+
/'Q

'̂2
*3

;3
56

9X
S

'()
)B

%
),

'Q
':*

%
>

*.
,$

.'5
69

L



=>>*8?.

01*,'*,'G13/'$"+'".*<)+,)' "!%)"33:%$$>,'%*>)'%$23%%4'K$"/'/$' ! J88'PF2N
:)'3+)';$<*.='/$G3+#,'/1)'^13F%)4',"F)+2%",/)+',"FF$,)#%4'#")'/$'3'?V+)3/'_//+32/$+@''

\&',$S'$"+'?F)2"%*3+'<)%$2*/4@',1$"%#'&3%%'$&&'3,'+,. r ,$'G)'`2$.<)+=)'/$'/1)'-PO'&+3;)a'



Theory of peculiar velocity fields
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∂2δ

∂t2
+ 2H(t)

∂δ

∂t
= 4πGNρ̄δ
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v(x) =
2

3H0

∫
d3y

x− y

|x− y|3 δ(y),
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δH(x) =

�
d3y v(y) · x− y

|x− y|2W (x− y),
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δ(x) = [ρ(x)− ρ̄]/ρ̄
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Theory of peculiar velocity fields (cont.)
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is the universe isotropic? 
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Maximum likelihood analysis can now be used to estimate the bulk flow at low 
redshifts where the velocities are not yet dominated by the cosmic expansion 
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Our result is confirmed by the 6 -degree Field Galaxy Survey (6dFGSv)
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<latexit sha1_base64="wjgQabat/hcO8S4PXdc8E+IhvR4=">AAACFHicbVDJSgNBEO2JW4xb1KOXxiAIQpgRQS9CUA8eI5goZGKo6VSSJj0L3TWBMOQjvPgrXjwo4tWDN//GznJwe1DweK+KqnpBoqQh1/10cnPzC4tL+eXCyura+kZxc6tu4lQLrIlYxfo2AINKRlgjSQpvE40QBgpvgv752L8ZoDYyjq5pmGAzhG4kO1IAWalVPPAHoKmHBKc+SdXGzNchvxjdwaAF3O+SVmgMd32/UGgVS27ZnYD/Jd6MlNgM1Vbxw2/HIg0xIqHAmIbnJtTM7EIpFI4KfmowAdGHLjYsjSBE08wmT434nlXavBNrWxHxifp9IoPQmGEY2M4QqGd+e2PxP6+RUuekmckoSQkjMV3USRWnmI8T4m2pUZAaWgJCS3srFz3QIMjmOA7B+/3yX1I/LHtu2bs6KlXOZnHk2Q7bZfvMY8eswi5ZldWYYPfskT2zF+fBeXJenbdpa86ZzWyzH3DevwCz3J3n</latexit><latexit sha1_base64="wjgQabat/hcO8S4PXdc8E+IhvR4=">AAACFHicbVDJSgNBEO2JW4xb1KOXxiAIQpgRQS9CUA8eI5goZGKo6VSSJj0L3TWBMOQjvPgrXjwo4tWDN//GznJwe1DweK+KqnpBoqQh1/10cnPzC4tL+eXCyura+kZxc6tu4lQLrIlYxfo2AINKRlgjSQpvE40QBgpvgv752L8ZoDYyjq5pmGAzhG4kO1IAWalVPPAHoKmHBKc+SdXGzNchvxjdwaAF3O+SVmgMd32/UGgVS27ZnYD/Jd6MlNgM1Vbxw2/HIg0xIqHAmIbnJtTM7EIpFI4KfmowAdGHLjYsjSBE08wmT434nlXavBNrWxHxifp9IoPQmGEY2M4QqGd+e2PxP6+RUuekmckoSQkjMV3USRWnmI8T4m2pUZAaWgJCS3srFz3QIMjmOA7B+/3yX1I/LHtu2bs6KlXOZnHk2Q7bZfvMY8eswi5ZldWYYPfskT2zF+fBeXJenbdpa86ZzWyzH3DevwCz3J3n</latexit><latexit sha1_base64="wjgQabat/hcO8S4PXdc8E+IhvR4=">AAACFHicbVDJSgNBEO2JW4xb1KOXxiAIQpgRQS9CUA8eI5goZGKo6VSSJj0L3TWBMOQjvPgrXjwo4tWDN//GznJwe1DweK+KqnpBoqQh1/10cnPzC4tL+eXCyura+kZxc6tu4lQLrIlYxfo2AINKRlgjSQpvE40QBgpvgv752L8ZoDYyjq5pmGAzhG4kO1IAWalVPPAHoKmHBKc+SdXGzNchvxjdwaAF3O+SVmgMd32/UGgVS27ZnYD/Jd6MlNgM1Vbxw2/HIg0xIqHAmIbnJtTM7EIpFI4KfmowAdGHLjYsjSBE08wmT434nlXavBNrWxHxifp9IoPQmGEY2M4QqGd+e2PxP6+RUuekmckoSQkjMV3USRWnmI8T4m2pUZAaWgJCS3srFz3QIMjmOA7B+/3yX1I/LHtu2bs6KlXOZnHk2Q7bZfvMY8eswi5ZldWYYPfskT2zF+fBeXJenbdpa86ZzWyzH3DevwCz3J3n</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="EnYH2/LS3ZaSUu2mE6K5snWn5H0=">AAACCXicbZDNSgMxFIXv+G+tWt26CYogCGXGjW4EQRcuFawtdGq5k962wcwPyZ1CGfoQbnwVNy4U8QXc+TamtQutHgh8nJNwc0+UaWXZ9z+9ufmFxaXlldXSWnl9Y7OyVb61aW4k1WSqU9OI0JJWCdVYsaZGZgjjSFM9uj8f5/UBGavS5IaHGbVi7CWqqySys9qVw3CAhvvEeBqy0h0qQhOLi9EdDtoowh4bTdYKPwxLpXZlz6/6E4m/EExhD6a6alc+wk4q85gSlhqtbQZ+xq3CDVRS06gU5pYylPfYo6bDBGOyrWKy1EjsO6cjuqlxJ2ExcX++KDC2dhhH7maM3Lez2dj8L2vm3D1pFSrJcqZEfg/q5lpwKsYNiY4yJFkPHaA0yv1VyD4alOx6HJcQzK78F26PqoFfDa59WIEd2IUDCOAYzuASrqAGEh7gCV7g1Xv0nr2377rmvGlv2/BL3vsX7PacaA==</latexit><latexit sha1_base64="EnYH2/LS3ZaSUu2mE6K5snWn5H0=">AAACCXicbZDNSgMxFIXv+G+tWt26CYogCGXGjW4EQRcuFawtdGq5k962wcwPyZ1CGfoQbnwVNy4U8QXc+TamtQutHgh8nJNwc0+UaWXZ9z+9ufmFxaXlldXSWnl9Y7OyVb61aW4k1WSqU9OI0JJWCdVYsaZGZgjjSFM9uj8f5/UBGavS5IaHGbVi7CWqqySys9qVw3CAhvvEeBqy0h0qQhOLi9EdDtoowh4bTdYKPwxLpXZlz6/6E4m/EExhD6a6alc+wk4q85gSlhqtbQZ+xq3CDVRS06gU5pYylPfYo6bDBGOyrWKy1EjsO6cjuqlxJ2ExcX++KDC2dhhH7maM3Lez2dj8L2vm3D1pFSrJcqZEfg/q5lpwKsYNiY4yJFkPHaA0yv1VyD4alOx6HJcQzK78F26PqoFfDa59WIEd2IUDCOAYzuASrqAGEh7gCV7g1Xv0nr2377rmvGlv2/BL3vsX7PacaA==</latexit><latexit sha1_base64="JifmDsSSy9utzO00kMsBdDOftkA=">AAACFHicbVA9SwNBEN3z2/h1ammzGARBCHc22giiFpYRTBRyZ5jbTJIlex/szgXCkR9h41+xsVDE1sLOf+MmptDog4HHezPMzIsyJQ153qczMzs3v7C4tFxaWV1b33A3t+omzbXAmkhVqm8jMKhkgjWSpPA20whxpPAm6p2P/Js+aiPT5JoGGYYxdBLZlgLISk33IOiDpi4SnAQkVQuLQMf8YngH/SbwoENaoTHcC4JSqemWvYo3Bv9L/AkpswmqTfcjaKUijzEhocCYhu9lFBZ2oRQKh6UgN5iB6EEHG5YmEKMJi/FTQ75nlRZvp9pWQnys/pwoIDZmEEe2MwbqmmlvJP7nNXJqH4eFTLKcMBHfi9q54pTyUUK8JTUKUgNLQGhpb+WiCxoE2RxHIfjTL/8l9cOK71X8K698ejaJY4ntsF22z3x2xE7ZJauyGhPsnj2yZ/biPDhPzqvz9t0640xmttkvOO9fspyd4w==</latexit><latexit sha1_base64="wjgQabat/hcO8S4PXdc8E+IhvR4=">AAACFHicbVDJSgNBEO2JW4xb1KOXxiAIQpgRQS9CUA8eI5goZGKo6VSSJj0L3TWBMOQjvPgrXjwo4tWDN//GznJwe1DweK+KqnpBoqQh1/10cnPzC4tL+eXCyura+kZxc6tu4lQLrIlYxfo2AINKRlgjSQpvE40QBgpvgv752L8ZoDYyjq5pmGAzhG4kO1IAWalVPPAHoKmHBKc+SdXGzNchvxjdwaAF3O+SVmgMd32/UGgVS27ZnYD/Jd6MlNgM1Vbxw2/HIg0xIqHAmIbnJtTM7EIpFI4KfmowAdGHLjYsjSBE08wmT434nlXavBNrWxHxifp9IoPQmGEY2M4QqGd+e2PxP6+RUuekmckoSQkjMV3USRWnmI8T4m2pUZAaWgJCS3srFz3QIMjmOA7B+/3yX1I/LHtu2bs6KlXOZnHk2Q7bZfvMY8eswi5ZldWYYPfskT2zF+fBeXJenbdpa86ZzWyzH3DevwCz3J3n</latexit><latexit sha1_base64="wjgQabat/hcO8S4PXdc8E+IhvR4=">AAACFHicbVDJSgNBEO2JW4xb1KOXxiAIQpgRQS9CUA8eI5goZGKo6VSSJj0L3TWBMOQjvPgrXjwo4tWDN//GznJwe1DweK+KqnpBoqQh1/10cnPzC4tL+eXCyura+kZxc6tu4lQLrIlYxfo2AINKRlgjSQpvE40QBgpvgv752L8ZoDYyjq5pmGAzhG4kO1IAWalVPPAHoKmHBKc+SdXGzNchvxjdwaAF3O+SVmgMd32/UGgVS27ZnYD/Jd6MlNgM1Vbxw2/HIg0xIqHAmIbnJtTM7EIpFI4KfmowAdGHLjYsjSBE08wmT434nlXavBNrWxHxifp9IoPQmGEY2M4QqGd+e2PxP6+RUuekmckoSQkjMV3USRWnmI8T4m2pUZAaWgJCS3srFz3QIMjmOA7B+/3yX1I/LHtu2bs6KlXOZnHk2Q7bZfvMY8eswi5ZldWYYPfskT2zF+fBeXJenbdpa86ZzWyzH3DevwCz3J3n</latexit><latexit sha1_base64="wjgQabat/hcO8S4PXdc8E+IhvR4=">AAACFHicbVDJSgNBEO2JW4xb1KOXxiAIQpgRQS9CUA8eI5goZGKo6VSSJj0L3TWBMOQjvPgrXjwo4tWDN//GznJwe1DweK+KqnpBoqQh1/10cnPzC4tL+eXCyura+kZxc6tu4lQLrIlYxfo2AINKRlgjSQpvE40QBgpvgv752L8ZoDYyjq5pmGAzhG4kO1IAWalVPPAHoKmHBKc+SdXGzNchvxjdwaAF3O+SVmgMd32/UGgVS27ZnYD/Jd6MlNgM1Vbxw2/HIg0xIqHAmIbnJtTM7EIpFI4KfmowAdGHLjYsjSBE08wmT434nlXavBNrWxHxifp9IoPQmGEY2M4QqGd+e2PxP6+RUuekmckoSQkjMV3USRWnmI8T4m2pUZAaWgJCS3srFz3QIMjmOA7B+/3yX1I/LHtu2bs6KlXOZnHk2Q7bZfvMY8eswi5ZldWYYPfskT2zF+fBeXJenbdpa86ZzWyzH3DevwCz3J3n</latexit><latexit sha1_base64="wjgQabat/hcO8S4PXdc8E+IhvR4=">AAACFHicbVDJSgNBEO2JW4xb1KOXxiAIQpgRQS9CUA8eI5goZGKo6VSSJj0L3TWBMOQjvPgrXjwo4tWDN//GznJwe1DweK+KqnpBoqQh1/10cnPzC4tL+eXCyura+kZxc6tu4lQLrIlYxfo2AINKRlgjSQpvE40QBgpvgv752L8ZoDYyjq5pmGAzhG4kO1IAWalVPPAHoKmHBKc+SdXGzNchvxjdwaAF3O+SVmgMd32/UGgVS27ZnYD/Jd6MlNgM1Vbxw2/HIg0xIqHAmIbnJtTM7EIpFI4KfmowAdGHLjYsjSBE08wmT434nlXavBNrWxHxifp9IoPQmGEY2M4QqGd+e2PxP6+RUuekmckoSQkjMV3USRWnmI8T4m2pUZAaWgJCS3srFz3QIMjmOA7B+/3yX1I/LHtu2bs6KlXOZnHk2Q7bZfvMY8eswi5ZldWYYPfskT2zF+fBeXJenbdpa86ZzWyzH3DevwCz3J3n</latexit><latexit sha1_base64="wjgQabat/hcO8S4PXdc8E+IhvR4=">AAACFHicbVDJSgNBEO2JW4xb1KOXxiAIQpgRQS9CUA8eI5goZGKo6VSSJj0L3TWBMOQjvPgrXjwo4tWDN//GznJwe1DweK+KqnpBoqQh1/10cnPzC4tL+eXCyura+kZxc6tu4lQLrIlYxfo2AINKRlgjSQpvE40QBgpvgv752L8ZoDYyjq5pmGAzhG4kO1IAWalVPPAHoKmHBKc+SdXGzNchvxjdwaAF3O+SVmgMd32/UGgVS27ZnYD/Jd6MlNgM1Vbxw2/HIg0xIqHAmIbnJtTM7EIpFI4KfmowAdGHLjYsjSBE08wmT434nlXavBNrWxHxifp9IoPQmGEY2M4QqGd+e2PxP6+RUuekmckoSQkjMV3USRWnmI8T4m2pUZAaWgJCS3srFz3QIMjmOA7B+/3yX1I/LHtu2bs6KlXOZnHk2Q7bZfvMY8eswi5ZldWYYPfskT2zF+fBeXJenbdpa86ZzWyzH3DevwCz3J3n</latexit><latexit sha1_base64="wjgQabat/hcO8S4PXdc8E+IhvR4=">AAACFHicbVDJSgNBEO2JW4xb1KOXxiAIQpgRQS9CUA8eI5goZGKo6VSSJj0L3TWBMOQjvPgrXjwo4tWDN//GznJwe1DweK+KqnpBoqQh1/10cnPzC4tL+eXCyura+kZxc6tu4lQLrIlYxfo2AINKRlgjSQpvE40QBgpvgv752L8ZoDYyjq5pmGAzhG4kO1IAWalVPPAHoKmHBKc+SdXGzNchvxjdwaAF3O+SVmgMd32/UGgVS27ZnYD/Jd6MlNgM1Vbxw2/HIg0xIqHAmIbnJtTM7EIpFI4KfmowAdGHLjYsjSBE08wmT434nlXavBNrWxHxifp9IoPQmGEY2M4QqGd+e2PxP6+RUuekmckoSQkjMV3USRWnmI8T4m2pUZAaWgJCS3srFz3QIMjmOA7B+/3yX1I/LHtu2bs6KlXOZnHk2Q7bZfvMY8eswi5ZldWYYPfskT2zF+fBeXJenbdpa86ZzWyzH3DevwCz3J3n</latexit>

ϑ̇ ≷ 0
<latexit sha1_base64="M3FU+sUrNPleOlAiJsEPE8DnJww=">AAACBnicbVC7SgNBFJ31GddX1FKEwSBYhV0RtAzaWEYwD0iWMDu5mwyZnV1m7gbCksrGX7GxUMTWb7Dzb5w8Ck08MHA45z7mnjCVwqDnfTsrq2vrG5uFLXd7Z3dvv3hwWDdJpjnUeCIT3QyZASkU1FCghGaqgcWhhEY4uJ34jSFoIxL1gKMUgpj1lIgEZ2ilTvGk3U0wbw+Zxj4gG9N2D7UEY6jnum6nWPLK3hR0mfhzUiJzVDvFLzuPZzEo5JIZ0/K9FIPcThdcwthtZwZSxgesBy1LFYvBBPn0jDE9s0qXRom2TyGdqr87chYbM4pDWxkz7JtFbyL+57UyjK6DXKg0Q1B8tijKJMWETjKhXaGBoxxZwrgW9q+U95lmHG1ykxD8xZOXSf2i7Htl//6yVLmZx1Egx+SUnBOfXJEKuSNVUiOcPJJn8krenCfnxXl3PmalK86854j8gfP5A+lymBE=</latexit><latexit sha1_base64="M3FU+sUrNPleOlAiJsEPE8DnJww=">AAACBnicbVC7SgNBFJ31GddX1FKEwSBYhV0RtAzaWEYwD0iWMDu5mwyZnV1m7gbCksrGX7GxUMTWb7Dzb5w8Ck08MHA45z7mnjCVwqDnfTsrq2vrG5uFLXd7Z3dvv3hwWDdJpjnUeCIT3QyZASkU1FCghGaqgcWhhEY4uJ34jSFoIxL1gKMUgpj1lIgEZ2ilTvGk3U0wbw+Zxj4gG9N2D7UEY6jnum6nWPLK3hR0mfhzUiJzVDvFLzuPZzEo5JIZ0/K9FIPcThdcwthtZwZSxgesBy1LFYvBBPn0jDE9s0qXRom2TyGdqr87chYbM4pDWxkz7JtFbyL+57UyjK6DXKg0Q1B8tijKJMWETjKhXaGBoxxZwrgW9q+U95lmHG1ykxD8xZOXSf2i7Htl//6yVLmZx1Egx+SUnBOfXJEKuSNVUiOcPJJn8krenCfnxXl3PmalK86854j8gfP5A+lymBE=</latexit><latexit sha1_base64="M3FU+sUrNPleOlAiJsEPE8DnJww=">AAACBnicbVC7SgNBFJ31GddX1FKEwSBYhV0RtAzaWEYwD0iWMDu5mwyZnV1m7gbCksrGX7GxUMTWb7Dzb5w8Ck08MHA45z7mnjCVwqDnfTsrq2vrG5uFLXd7Z3dvv3hwWDdJpjnUeCIT3QyZASkU1FCghGaqgcWhhEY4uJ34jSFoIxL1gKMUgpj1lIgEZ2ilTvGk3U0wbw+Zxj4gG9N2D7UEY6jnum6nWPLK3hR0mfhzUiJzVDvFLzuPZzEo5JIZ0/K9FIPcThdcwthtZwZSxgesBy1LFYvBBPn0jDE9s0qXRom2TyGdqr87chYbM4pDWxkz7JtFbyL+57UyjK6DXKg0Q1B8tijKJMWETjKhXaGBoxxZwrgW9q+U95lmHG1ykxD8xZOXSf2i7Htl//6yVLmZx1Egx+SUnBOfXJEKuSNVUiOcPJJn8krenCfnxXl3PmalK86854j8gfP5A+lymBE=</latexit><latexit sha1_base64="M3FU+sUrNPleOlAiJsEPE8DnJww=">AAACBnicbVC7SgNBFJ31GddX1FKEwSBYhV0RtAzaWEYwD0iWMDu5mwyZnV1m7gbCksrGX7GxUMTWb7Dzb5w8Ck08MHA45z7mnjCVwqDnfTsrq2vrG5uFLXd7Z3dvv3hwWDdJpjnUeCIT3QyZASkU1FCghGaqgcWhhEY4uJ34jSFoIxL1gKMUgpj1lIgEZ2ilTvGk3U0wbw+Zxj4gG9N2D7UEY6jnum6nWPLK3hR0mfhzUiJzVDvFLzuPZzEo5JIZ0/K9FIPcThdcwthtZwZSxgesBy1LFYvBBPn0jDE9s0qXRom2TyGdqr87chYbM4pDWxkz7JtFbyL+57UyjK6DXKg0Q1B8tijKJMWETjKhXaGBoxxZwrgW9q+U95lmHG1ykxD8xZOXSf2i7Htl//6yVLmZx1Egx+SUnBOfXJEKuSNVUiOcPJJn8krenCfnxXl3PmalK86854j8gfP5A+lymBE=</latexit>

\.,*#)'+)=*$.'OS'/1)'+[1[,['$&'/1)')UF+),,*$.

ṽa
<latexit sha1_base64="WZDapCsTc1Y7jKfVgIGkj7LXd9w=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMF+wFNKJvNpF262YTdSaGE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvSAXX6DjfVmVjc2t7p7pb29s/ODyqH590dZIpBh2WiET1A6pBcAkd5CignyqgcSCgF0zuC783BaV5Ip9wloIf05HkEWcUjeR5yEUI+XQ+pLVhveE0nQXsdeKWpEFKtIf1Ly9MWBaDRCao1gPXSdHPqULOBMxrXqYhpWxCRzAwVNIYtJ8vbp7bF0YJ7ShRpiTaC/X3RE5jrWdxYDpjimO96hXif94gw+jWz7lMMwTJlouiTNiY2EUAdsgVMBQzQyhT3NxqszFVlKGJqQjBXX15nXSvmq7TdB+vG627Mo4qOSPn5JK45Ia0yANpkw5hJCXP5JW8WZn1Yr1bH8vWilXOnJI/sD5/AO4fkZg=</latexit><latexit sha1_base64="WZDapCsTc1Y7jKfVgIGkj7LXd9w=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMF+wFNKJvNpF262YTdSaGE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvSAXX6DjfVmVjc2t7p7pb29s/ODyqH590dZIpBh2WiET1A6pBcAkd5CignyqgcSCgF0zuC783BaV5Ip9wloIf05HkEWcUjeR5yEUI+XQ+pLVhveE0nQXsdeKWpEFKtIf1Ly9MWBaDRCao1gPXSdHPqULOBMxrXqYhpWxCRzAwVNIYtJ8vbp7bF0YJ7ShRpiTaC/X3RE5jrWdxYDpjimO96hXif94gw+jWz7lMMwTJlouiTNiY2EUAdsgVMBQzQyhT3NxqszFVlKGJqQjBXX15nXSvmq7TdB+vG627Mo4qOSPn5JK45Ia0yANpkw5hJCXP5JW8WZn1Yr1bH8vWilXOnJI/sD5/AO4fkZg=</latexit><latexit sha1_base64="WZDapCsTc1Y7jKfVgIGkj7LXd9w=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMF+wFNKJvNpF262YTdSaGE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvSAXX6DjfVmVjc2t7p7pb29s/ODyqH590dZIpBh2WiET1A6pBcAkd5CignyqgcSCgF0zuC783BaV5Ip9wloIf05HkEWcUjeR5yEUI+XQ+pLVhveE0nQXsdeKWpEFKtIf1Ly9MWBaDRCao1gPXSdHPqULOBMxrXqYhpWxCRzAwVNIYtJ8vbp7bF0YJ7ShRpiTaC/X3RE5jrWdxYDpjimO96hXif94gw+jWz7lMMwTJlouiTNiY2EUAdsgVMBQzQyhT3NxqszFVlKGJqQjBXX15nXSvmq7TdB+vG627Mo4qOSPn5JK45Ia0yANpkw5hJCXP5JW8WZn1Yr1bH8vWilXOnJI/sD5/AO4fkZg=</latexit><latexit sha1_base64="WZDapCsTc1Y7jKfVgIGkj7LXd9w=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMF+wFNKJvNpF262YTdSaGE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvSAXX6DjfVmVjc2t7p7pb29s/ODyqH590dZIpBh2WiET1A6pBcAkd5CignyqgcSCgF0zuC783BaV5Ip9wloIf05HkEWcUjeR5yEUI+XQ+pLVhveE0nQXsdeKWpEFKtIf1Ly9MWBaDRCao1gPXSdHPqULOBMxrXqYhpWxCRzAwVNIYtJ8vbp7bF0YJ7ShRpiTaC/X3RE5jrWdxYDpjimO96hXif94gw+jWz7lMMwTJlouiTNiY2EUAdsgVMBQzQyhT3NxqszFVlKGJqQjBXX15nXSvmq7TdB+vG627Mo4qOSPn5JK45Ia0yANpkw5hJCXP5JW8WZn1Yr1bH8vWilXOnJI/sD5/AO4fkZg=</latexit>
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Joint Lightcurve Analysis d ata (740 Sne Ia)

\.'2$./+3,/'/$'F+)<*$",'3.3%4,),'KG1*21'
3,,";)# L-gP 3.#' "<I)(%'< /1)')++$+,'/$'

=)/'3'=$$#'&*/N'G)'3FF%4'3'-*5#!5-3'<
,/3/*,/*23%'3.3%4,*,'KP3U*;";'Y*>)%*1$$#N'

A'3.#'$B/3*.'+3/1)+'#*&&)+)./'+),"%/,
d*)%,).S'V"&&3./*Q^[^[S'̂2*[!)F['9bJMM69S7859

http://supernovae.in2p3.fr/sdss_snls_jla/


What are Type Ia supernovae?
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They are certainly not Ôstandard candlesÕ
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Type I a supernovae as Ôstandardisable candlesÕ 
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O)/$"%)''%+"3[S'_Q_'FGHb_77S785eSALT 2 parameters

Spectral Adaptive Lightcurve Template
KR$+';3>*.='?,/+)/21@'3.#'@2$%$"+@'2$++)2/*$.,'/$'/1)'$B,)+<)#'%*=1/2"+<),N

01)'1$,/'=3%3U4';3,,'3FF)3+,'.$/'/$'B)'+)%)<3./'A'B"/'/1)+)';34'G)%%'B)'
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B-band



Cosmology

Distance 
modulus

_22)%)+3/*$.'*,'3'45#'&"%5!W"3./*/4',$'/1)'#3/3'23.'B)'3.3%4,)#'G*/1$"/'3,,";*.='3.4'
#4.3;*23%';$#)%S'B4')UF3.#*.='/1)'/*;)'<3+*3/*$.'$&'/1)',23%)'&32/$+'*.'3'034%$+',)+*),'
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Construct a Maximum Likelihood Estimator
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cosmology SALT2

intrinsic 
distributions

Likelihood

1,2,3-sigma solve for Likelihood value

… it is clear that previous analyses overestimated the significance of acceleration
because they adjusted s*./ to get c2 of 1/d.o.f. for the fit to the assumed LCDM model!

Confidence 
regions
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NB: We show the result in the Wm-WL plane for comparison with previous results (JLA)
simply to emphasise that the statistical analysis has not been done correctly earlier
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Rubin & Hayden (ApJ 833:L30,2016) say 
that our model for the distribution of the 
JLA light curve fit parameters should have 

included a dependence on sample and 
redshift (to allow for ‘Malmqvist bias’-

which the JLA collab. had corrected for)
... they added 12 more parameters to our 

(10 parameter) model to describe this

In any case this raises the 
significance with which a 

non-accelerating universe is 
rejected to only ( 4s … still 

inadequate to claim a 
‘discovery’ (even though the 
dataset has increased from 
~100 to 740 SNe Ia in 20 yrs)

89:;1:<&:=&0;

>?@9<&A&B0CD:<

This a posteriori modification is not justified by 
the Bayesian Information criterion
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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 the direction of the CMB dipole

The significance of qo being negative has now decreased to only ,"- s
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)
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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).

9
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* CMB dipole

* CMB dipole

There is not enough 
data to do an a priori 
scan of the best-fit 
direction of qd … but if 
done a posteriori it is 
found to be within 230 

of the CMB dipole

The log-likelihood 
changes by just 3.2 
between the two 
directions i.e. the 
direction of the 
acceleration 
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What about the evidence from BAO, H(z), growth of structure, …?
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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 CMB anisotropy to dark energy … it is all inferred (in the framework of LCDM)
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A ÔtiltedÕ 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 is likely 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? 
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