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The simplest 'CDM model provides a good fit to a large span of cosmological data but harbors large areas of
phenomenology and ignorance. With the improvement of the number and the accuracy of observations,
discrepancies among key cosmological parameters of the model have emerged.

The most statistically significant tension is the 4o to 60 disagreement between predictions of the Hubble constant,
Hy, made by the early time probes in concert with the “vanilla” I'CDM Cosmological model, and a number of late

time, model-independent determinations of H, from local measurements of distances and redshifts.

The high precision and consistency of the data at both ends present strong challenges

to the possible solution space and demands a hypothesis with enough rigor to explain multiple observations —
whether these invoke new physics, unexpected large-scale structures or multiple, unrelated errors.

We present a summary of the proposed theoretical solutions is presented in the following page.

We classify the many proposals to resolve the tension in these categories:

Early Dark Energy, Late Dark Energy, Dark energy models with 6 degrees of freedom and their extensions,

Models with extra relativistic degrees of freedom, Models with Extra Interactions, Unified cosmologies, Modified
gravity, Inflationary models, Modified recombination history, Physics of the critical Phenomena, and Alternative
proposals. Some are formally successful, improving the fit to the data in light of their additional degrees of freedom,
restoring agreement within 1 to 26 between Planck 2018, using the Cosmic Microwave Background power

spectra data, Baryon Acoustic Oscillations, Pantheon SN data, and R20, the latest SHOES Team measurement of
the Hubble constant

(Hy=73.2+1.3kms" Mpc'! at68% Confidence Level, CL).

However, there are many more unsuccessful models which leave the discrepancy well above the 3¢ disagreement
level. In many cases, reduced tension comes not simply from a change in the value of H,

but also due to anincrease in its uncertainty due to degeneracy with additional physics, complicating the picture
and pointing to the need for additional probes. While no specific proposal makes a strong case for being highly likely
or far better than all others we list some solutions as follows:

Solutwns involving Alternatives to ACDM
e carly or dynamical dark energy, . . :
e neutrino interactions Alternative CMB H, Tension Structure
int ” ] ] Formation
. | 1 > I |
mn .erac mg cosmo O.gles’ Early Dark Energy Maodified Increases H, Small effect
e primordial magnetic fields, and | power spectrum | _
¢ modified gravity Phantom or dynamical| Modified Increases Hy Small effect
Dark Energy POWET EPECTT
provide the best options at 68% CL | [l b0 | Mgl Coninasasetiy Sl
until a better alternative comes along. '~ Dark Energy | _ |
Madified Gravity  Departs  |Can increase Hy  Altered growth
In the Whisker Plot below Theories from ACDM of structures
1 Decaying or Maoadified Varied Can be
the cyan vertical band corresponds to the Bl erating o apecesuii Plorsbiss
H, value from SHOES Team Dark Matter

(R20,H,=73.2+13kms ' Mpc ! at 68% CL)

and the light pink vertical band corresponds to the
H,, value as reported by Planck 2018 team.
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Potential Solutions to Hubble Tension Howith 68% CL Constraints

CMB with Planck

Balkenhol et al. {2021). Planck 20184+5PT+ACT : 67.49 £0.53
Pogosian et al. (2020), eBOSS+Planck 0. H: 696+ 1.8
Aghanim et al, (2020}, Planck 2018: 67.27 £ 0.60

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

CMB without Planck

Dutcher et al. (2021}, SPT: 6B+ 15

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

Alola et al, (2020), WMAPS+ACT: 676 1.1
Zhang, Huang (2019), WMAPS+BAC: 6. 361023
Hinshaw et al. (2013), WMAFS: 70.0 = 2.3

No CMB, with BEN

D' Amico ef al. (2020}, BOSS DR1Z+BBN: 68.5 2 2.2
Colas et al, (2020), BOSS DR12+BBN: 687+ 1.5
Philcox et al. (2020], P+BAO+BEN: GB.6 £ 1.1
Ivanoy et al, (2020), BOSS+BEN: 67,0111

Alam et al. (2020), BOS54+eB055+BBN: 67.35 £ 0.97

Pi(k) + CMB lensing
Philcox et al. (2020), Mk +CME lensing: 706737

Cepheids — SNla

Riess et al. {2020}, R20: 73.2+1.3

Brewwval at al. (2020): 728+ 2.7

Riess et al. (2019}, R1%: 740+t 1.4

Camarana, Marra {2019): 75.4 £ 1.7

Burns et al, (2018): 73.2x2.3

Dhawan, Jha, Leibundgut (2017), NIR: T28x3.1
Fallin, Knax (2007): 73.3+ 1.7

Feeney, Mortiock, Dalmasso (2017 7322 1.8
Rigss et al. (2016}, R16: 73.2+1.7

Cardona, Kunz, Pettoring {2016), HPs: 738+ 2.1
Freedman et al. (2012): T4.3+£ 21

TRGE - SNla

Soltis, Casertano, Riess (2020): 72.1+£2.0
Freedman et al, (2020): 69.6 1.9

Reid, Pesce, Riess (2019), SHOES: 71.1+£149
Freedman et al, (Z019): 69.8+1.9

Yuan et al, {2019): T2.4£2.0

Jang, Lee (2017): 71.2+2.5

Miras — SNla
Huang et al. {2019): 73.3+ 4.0

Masers
Pesce el al, (2020} 739+3.0

Tully — Fisher Relation (TFR)
Kourkchi et al, {2020): Te.0 £ 2.6
Schombert, McGaugh, Lelli {2020): 75.1+ 2.8

Surface Brightness Fluctuations
Biakeslea et al, (2021) IR-5BF wyf H5T: 73,3225
Khetan et al, {20200 w/ LMC DEB: 71.1x4.1
SNl

de Jaeger et al, (2020): 738253

HIl galaxies

Fernandez Arenas et al, (20181 71.0x 3.5

Lensing related, mass model — dependent
Denzel et al, {2021): 71.8535

Birrer ot al. (2020}, TDCOSMO+5LACS: 67.44 L, TDCOSMD; 745420

Yang, Birrer, Hu (2020): H; =73.6511
Millon ek al. (2020), TDCOSMO; 742+ 1,

Baxter et al. (2020): 73.5£5.3

Qi et al. (2020): 73.6418

Liao et al, [2020): T2.8215

Liao et al. (2019): ?2.2:2.]!

Shajibk et al. (2019), STRIDES: ?4.2:3.;

Wong et al. (2009}, HELICOW 2019; ?3.3'5;5
Birrer et al. (2018), HOLICOW 20158: ]‘2.51’1’::

Barwin et al. (2016}, HOLICOW 2016: 71943

Optimistic average
Di Valenting {2021): 72,94 +0.75

Ultra — conservative, no Cepheids, no lensing
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DI Valenting (2021 72.7£1.1

GW related
Gayathri et al. (2020), GWI120521+GWITO817: 73.4" ?'ﬂq-i
Mukharjes et al. (2020}, GW170817+ZTF: 67.67
Mukherjee et al. (2019}, GW1TIB17+VLEBI: 68, :,}%
Abbott et al, {2017}, GW1T0B17: 70.0125

1

O T T Y T Y T e T I

I =]
——
L
==
-

Indirect
Direct

233



