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The Hubble tension

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 + 0.53
Aghanim et al. (2020), Planck 2018: 67.27 + 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 = 0.54

CMB without Planck

Dutcher et al. (2021), SPT: 68.8 + 1.5

Aiola et al. (2020), ACT: 67.9+1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.36°923

No CMB, with BBN

Colas et al. (2020), BOSS DR12+BBN: 68.7 +1.5
Philcox et al. (2020), P,+BAO+BBN: 68.6 +1.1
Ivanov et al. (2020), BOSS+BBN: 67.9+1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 +0.97

Cepheids — SNla

Riess et al. (2020), R20: 73.2+ 1.3

Breuval et al. (2020): 72.8 £2.7

Riess et al. (2019), R19: 74.0+x1.4
Camarena, Marra (2019): 754 =

Burns et al. (2018):

Follin, Knox (2017): 73

Feeney, Mortlock, Dalmasso (2017): 73.
Riess et al. (2016), R16: 73.
Cardona, Kunz, Pettorino (2016): 73.
Freedman et al. (2012): 74.
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Cosmology without FRW
Consider a congruence of time-like curves with 4-velocity u.

ut

ﬁ
\\ r induced metric
/ \\\\ ! ,/ )T By = By + 1,

1
» Vyu# — —”U,Vu}u + 57.9]7»#1/ —|— g/_i,l/
acceleration / expansion \ shear
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Equations governing the expansion of u

from Gaunss T >
. 871G R < A
embedding equation 2 _ 227, =y 4=
eq H 3,u 6+3+3
2 _ 4G 22 A1
H+H” = 3 m+®)3§+3+3

1 1
— 319 , ¢2 = 5 Sab
w0
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Cosmology without FRW

Equations governing the expansion of u

1
T _ly 2l
from Gauss N , stG R & A where 7 3?9’ ST gtk
embedding equationv  H? = —— - — + = + =
3 6 3 3 projected spatiol derivative
T T
the R : ArG 2 A1z 1
oniitior 0 A== ) - 234 S g9, g
" o~
%mdw i+ 3H (u+p) =0 for o perfect fluid
ey

These look like the Friedmonwy equations, but asswime no- symmetry!

\Ehlers, Gen. Rel. Grav. 25, 1225, 1993; Ellis & van Elst, arXiv:gr-qc/9812046]
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Cosmology without FRW

How to describe an extended space:

: 3
Define an average: (S) = jD\/ESfZ -
Jp Vhdia
o _ Vo » 3 — 40
_ _JUB () = 2
Applying to local equations:
2
ap _81G, A _(R) @
2= 3 Wr3 T TG
ip 4G, A Q
: e B A

[Buchert Gen. Rel. Grav. 32, 105, 2000]

/ spatial volwme Vp x aj,

where Q=

2
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Cosmology without FRW

How to describe an extended space:

Jp Vh S d®x
Jp Vhdia

Define an average: (S) =

o
i _sG A R Q
f"”zf 2 3 MWTE T T
ip 447G é g
. a3 MRty

[Buchert Gen. Rel. Grav. 32, 105, 2000]
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Notes:

* ingeneral, there are no FRW models that

have the same expansion and curvature as
these models.

i _seG, A (R) 0
2 3 MWTE T T
ap e A Q9
=3 <u>+3+3 where
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Notes:
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Cosmology without FRW

Notes:

* ingeneral, there are no FRW models that
have the same expansion and curvature as
these models.

« there are also no spherically symmetric
barotropic solutions of Einstein’'s equations,
or Bianchi solutions of types | or V.

'for proof, see TC and Hyatt arXiv:2404.08586 |

2

ip &G, AR L

2= 3 Wr3 T TG

oy~ T3 Wt gt3 where @ =5 (%) — (9)%) - 2(?)

\Buchert Gen. Rel. Grav. 32, 105, 2000
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Observations without FRW K
For a bundle of light rays:

v/opﬁ,cal/e/)upOl/V\/MlOVv

_ sheor

~ Al 1 s

The expansion obeys: - + 59 + 267 = — R, k'k Sachs, Proc. Roy. Soc. Lond. A 264, 309 1961

» D4 o exp (% / d /\é) &  Dp=(142)%*Dy [Etherington, GRG 39, 1055, 2007

With redshifts: 1+ = =t = exp ([ at [ 300x(0) + oas(tx@)e ox0)e” e x0)
v 0 t,A b\_m
observer’s expansion

all valid inv oy space-time/!
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Observations without FRW

Assuming statistical homogeneity and isotropy:

t(ab/ttl;ble/\ (D) o exp (%/d)\ <5>) & 14 (z)= %v_/ ;Zlff/mf%otorof

where ’H% [(1 + (z))ZH%(DA)] = —ArG () (Da4) [Résénen, JCAP 02,011, 2009]

\ neglecting null sheow
(R)and @ drive spatially flat FRW
the/e/vo%l,uuowoff)\ has 9.D o< H™! galary area distance
(cf: comoving distonce)

» D+HD+(@+%)D—O where D= (1+ (2))(Da)
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Observations without FRW

Notes:
* ingeneral, there are no FRW models that

have the same distance measures and
rates of expansion for all t.

« fitting an FRW model to given distance
measures in a universe of this type will give
the wrong inference for H.

'see TC and Hyatt arXiv:2404.08586 |

D+’HD+(<%>+%)D0 where D= (1+ (2))(Da)
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Radial BAO measurements

At intermediate redshifts, the Hubble rate can be inferred from radial BAOs:

proper size” A difference in redshift
i radiad L=
direction (1+2)H)(2)

" radiod Hubble rate
This is usually reported in terms of

o~ expansion of ACDM
_ MMy HY
CY”(Z): H'r‘drag ~ 77 .
comoving souwnd, hovigon

» A?H(z) ~ q|(z) — 1
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