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Hubble law

[Hubble 1929]

Expansion of the Universe: recess velocity of galaxies V ≈ H0 D
(also discovered by Lemâıtre 1927; see e.g. van den Bergh 2011 for a historical perspective).
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Hubble constant measurements over time
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Expansion of the Universe

Redshift z or scale factor a ≡ 1/(1 + z)
satisfy the Friedmann equation
da

dt
= H0 a

√
ΩΛ + Ωma−3 + Ωra−4,

where ΩΛ,Ωm,Ωr are the present-day

densities of dark energy, matter (baryons

and dark matter together) and radiation.

The Hubble parameter is

H(t) ≡ ȧ(t)/a(t),

and H0 is its value at present time.

Its dimension is time−1, and the recip-
rocal quantity THubble ≡ H−1

0 is com-
parable to the age of the Universe.



Standard candle and standard ruler

I The luminosity distance DL relates the intrinsic luminosity

L of an object to the observed flux F =
L

4πD2
L

.

I The angular diameter distance DA relates the intrinsic

size of an object R to its apparent angular size θ =
R

DA
.

In an expanding Universe, these two concepts are
not identical and depend on the expansion history:

DL(z) = c (1 + z)

∫ z

0

dz ′

H(z ′)
, DA(z) = (1 + z)2 DL(z).

By measuring distances for objects with known intrin-
sic luminosity (“standard candles”) or size (“standard
rulers”) and plotting their distance against redshift,
we can measure H(z) or H(t).
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Measuring distances: cosmic distance ladder
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Parallax

Gaia DR3 sky map [credit: ESA]
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Parallax is a direct geometric measure of distance:
$ = 1/D (1 mas ⇔ 1 kpc).

Gaia satellite provides parallaxes for & 1.5×109 stars
in the Milky Way and beyond, with the measurement
uncertainty ∼ 0.01 mas for bright sources.

The caveat is a small systematic offset at the level 0.01 mas,

which varies with magnitude, colour and sky position.



Cepheid variable stars

Cepheids are bright supergiants with regular pulsations, the relation between
their period and absolute luminosity discovered by Leavitt (1908).

The closest ones have well-measured Gaia parallaxes, while the most distant
can be observed with HST up to a few tens Mpc.

Caveats include the need for multi-epoch observations, metallicity dependence of absolute

magnitudes, and crowding in distant galaxies.



Tip of the red giant branch (TRGB)

[Freedman 2021]

[Mager+ 2008]

The bright magnitude limit of red giant branch
is calibrated using distances to Milky Way glob-
ular clusters and can be measured in galaxies up
to a few tens Mpc.



Type Ia supernovae

SN Ia are produced by thermonuclear explosions of white dwarfs whose mass
exceeds the Chandrasekhar limit (∼ 1.4M�) as a result of accretion from a
companion star or a merger with another white dwarf.

They are very bright and can be observed up to z = 2, and the peak absolute
magnitude is related to the decay time [Tripp & Branch 1999].

Caveats: possible dependence of peak magnitude on redshift and host galaxy mass.



Cosmic microwave background
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[Planck Collaboration 2020]

Parameter value (Planck 2018)
baryon density Ωb 0.049± 0.001
dark matter density Ωc 0.261± 0.005
age of the Universe t0 13.787± 0.02 Gyr
spectral index ns 0.965± 0.004
reionization optical depth τ 0.054± 0.007
Hubble parameter H0 67.4± 0.5 km/s


standard cosmological
model (ΛCDM)

H0 is mainly determined by the distance between peaks in the CMB spectrum.



The Hubble tension
Early (CMB) and late (local Universe)
measurements of H0 disagree at ∼ 4–5σ.
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Recent Published H0 Values
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Lensing

DES+BAO+BBN

GW Sirens
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SN II

Planck

DES Y3
+BAO
+BBN

TRGB

Cepheids

Haridasu et al. (2018), SnIa+BAO+CC: 68.5±0.94
Abbott et al. (2018), BAO+BBN+WL-CC: 67.2±1.2

Dutta et al. (2019), SnIa+BAO+TD lensing+cosmic chronometers+ LSS: 70.3-1.35
+1.36

Wong et al. (2020), SnIa-Cepheid and TD lensing: 73.8±1.1
Baxter, Sherwin (2021), (rs-independent)+lensing+Pantheon: 73.5±5.3

Cao and Ratra (2022), H(z)+BAO+SN-Pantheon+SN-DES+QSO+HIIG+GRB: 69.7±1.2

Dominguez et al. (2019): 67.4-6.2
+6.0

Zeng, Yan (2019): 64.9-4.3
+4.6

Yu, Ratra, Wang (2018), without systematics: 67.0 ± 4
Gomez-Valent, Amendola (2018), without systematics: 67.06 ± 1.68

Haridasu et al. (2018), without systematics: 68.52 ± 0.94
Moresco et al. (2022), open wCDM with systematics: 67.8-7.2

+8.7
Moresco et al. (2022), flat ΛCDM with systematics: 66.5 ± 5.4

Hotokezaka et al. (2019): 70.3-5.0
+5.3

Mukherjee et al. (2019), GW170817+VLBI: 68.3-4.5
+4.6

Mukherjee et al. (2020), GW170817+ZTF: 67.6-4.2
+4.3

Gayathri et al. (2020), GW190521+GW170817: 73.4-10.7
+6.9

Palmese et al. (2021), GW170817: 72.77-7.55
+11

Abbott et al. (2021), GWTC–3: 68-8.0
+12.0

Mukherjee et al. (2022), GW170817+GWTC–3: 67-3.8
+6.3

Wong et al. (2019), H0LiCOW 2019: 73.3-1.8
+1.7

Shajib et al. (2019), STRIDES: 74.2-3.0
+2.7

Liao et al. (2019): 72.2 ± 2.1
Liao et al. (2020): 72.8-1.7

+1.6
Qi et al. (2020): 73.6-1.6

+1.8
Millon et al. (2020), TDCOSMO: 74.2 ± 1.6

Yang, Birrer, Hu (2020): 73.65-2.26
+1.95

Birrer et al. (2020), TDCOSMO+SLACS: 67.4-3.2
+4.1

Birrer et al. (2020), TDCOSMO: 74.5-6.1
+5.6

Denzel et al. (2021): 71.8-3.3
+3.9

Wang, Meng (2017): 76.12-3.44
+3.47

Fernandez Arenas et al. (2018): 71.0 ± 3.5

Schombert, McGaugh, Lelli (2020): 75.1 ± 2.8
Kourkchi et al. (2020): 76.0 ± 2.6

Reid et al. (2019): 73.5 ± 1.4
Pesce et al. (2020): 73.9 ± 3.0

de Jaeger et al. (2020): 75.8-4.9
+5.2

de Jaeger et al. (2022): 75.4-3.7
+3.8

Cantiello et al. (2018): 71.9 ± 7.1
Khetan et al. (2020) w/ LMC DEB: 71.1 ± 4.1

Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 ± 2.5

Huang et al. (2019): 73.3 ± 4.0

Yuan et al. (2019), SH0ES: 72.4 ± 2.0
Reid, Pesce, Riess (2019), SH0ES: 71.1 ± 1.99

Freedman et al. (2020): 69.6 ± 1.9
Soltis, Casertano, Riess (2020): 72.1 ± 2.0
Kim, Kang, Lee, Jang (2020): 65.8 ± 4.2

Freedman (2021): 69.8 ± 1.7
Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 ± 1.8

Jones et al. (2022): 72.4 ± 3.3
Dhawan et al. (2022): 76.94 ± 6.4

Camarena, Marra (2019): 75.4 ± 1.7
Riess et al. (2019), R19: 74.03 ± 1.42

Breuval et al. (2020): 72.8 ± 2.7
Riess et al. (2021), R21: 73.2 ± 1.3

Camarena, Marra (2021): 74.30 ± 1.45
Riess et al. (2022), R22: 73.04 ± 1.04

Farren et al. (2021): 69.5-3.5
+3.0

Philcox et al. (2020), Pl (k)+CMB lensing: 70.6-5.0
+3.7

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 ± 0.97
Ivanov et al. (2020), BOSS+BBN: 67.9 ± 1.1

Colas et al. (2020), BOSS DR12+BBN: 68.7 ± 1.5
D' Amico et al. (2020), BOSS DR12+BBN: 68.5 ± 2.2

Philcox, Ivanov (2022), P+Bispectrum+BAO+BBN: 68.31-0.86
+0.83

Chen et al. (2022), P+BAO+BBN: 69.23±0.77
Zhang et al. (2022), BOSS correlation function+BAO+BBN: 68.19±0.99

Hinshaw et al. (2013), WMAP9: 70.0 ± 2.2
Henning et al. (2018), SPT: 71.3 ± 2.1

Zhang, Huang (2019), WMAP9+BAO: 68.36-0.52
+0.53

Aiola et al. (2020), WMAP9+ACT: 67.6 ± 1.1
Aiola et al. (2020), ACT: 67.9 ± 1.5
Dutcher et al. (2021), SPT: 68.8 ± 1.5

Ade et al. (2016), Planck 2015: 67.27 ± 0.66
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 ± 0.54

Aghanim et al. (2020), Planck 2018: 67.27 ± 0.60
Pogosian et al. (2020), eBOSS+Planck mH2: 69.6 ± 1.8

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 ± 0.5
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[Freedman 2021] [Perivolaropoulos & Scara 2022]



Possible explanations

I New physics in the early Universe (before recombination), e.g., extra sort of
neutrinos
– but it is difficult to maintain an excellent fit to the CMB power spectrum,
satisfy nucleosynthesis constraints, etc.

I New physics in the late Universe (e.g., a nontrivial dark energy EoS or
variation of fundamental constants)
– but it has numerous undesirable properties, like the “big rip” scenario.

I “Local bubble”: inhomogeneities in the local Universe
at scales of tens of Mpc
– but the discrepancy persists on much larger scales.

I Calibration issues in the distance ladder
– a lot of effort has been devoted to combat these,
but some systematic offsets still remain possible.



Summary

We discussed...

I Cosmic distance ladder

I Standard[izable] candles

I New physics or calibration issues?

Several conferences have been dedicated
specifically to the Hubble tension, and the
question still remains open...

Cosmology at the crossroads (2021)

If you want to know more...

arxiv.org/abs/2109.01161

https://arxiv.org/abs/2109.01161

