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The                 (Lambda-Cold Dark Matter) 
model is a concordance model that attempts to 
capture the key observations about both “early” 
and “late” Universe. 

Key ingredients: 

• Standard Model (SM) content: “baryons”, 
radiation, neutrinos; 

• (Cold) pressure-less dark matter; 

• Dark energy as a cosmological constant; 

• Zero curvature 

• Friedmann-Robertson-Walker metric

Luca Visinelli

2

The cosmological concordance model

Credits: NASA
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The Hubble constant: local measurements

The Hubble constant         yields the expansion rate of the Universe at present time
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H0

E. Hubble 1929;  S. Jha PhD thesis 2002

Historically,         is measured by means of the Hubble law:
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v = H0 D

        is the ratio between the luminosity distance 
and the recessional velocity of known galaxies
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H0

This is an example of a “local measurement”

https://www.pnas.org/doi/full/10.1073/pnas.15.3.168
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The Hubble constant over time

Source: Kirshner 2004

http://www.jstor.org/stable/3148363
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The cosmological distance ladder

Riess et al. 2022

The fit is accomplished over the three 
rungs simultaneously by optimizing a 
statistics to determine the most likely 
values of the parameters
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�2

Combinations of Cepheids+SNe1A, 
TRGB+SNe1A, or all of the above 
can be used in the process of calibration

https://arxiv.org/abs/2112.04510
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⌦r + ⌦m + ⌦⇤ = 1

<latexit sha1_base64="QSyCQ7xW8rw0BZ9ojWqz6yExaDE="></latexit>

E(z) = [⌦r(1 + z)4 + ⌦m(1 + z)3 + ⌦⇤]
1/2
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The Hubble constant: early measurements

Alternatively,        is found from early Universe measurements + a cosmological model
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H0

Example: in ΛCDM, we find the function:
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H(z) = H0 E(z)

These fall under the “early measurements” of the Hubble constant
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The Hubble constant: early measurements

Planck 2015 CMB power spectra of TT, TE and EE

compared with the base ΛCDM fit

Lensing by the inhomogeneous mass distribution

along the line of sight between LSS and now

helps breaking the geometric degeneracy

between Ωm and ΩΛ in the T and E data
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Image Credit: D’arcy Kenworthy

A problem exacerbating in time
<latexit sha1_base64="yNIdntUoQZ/UrsLNy1gIjA9jOcI=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRKtSSiFSXRTfdCBXsBZpYJtNpO3QmCTMToYSs3fgqblwo4tYncOfbOE2z0NYfBj7+cw5nzu+FjEplWd9Gbml5ZXUtv17Y2Nza3jF391oyiAQmTRywQHQ8JAmjPmkqqhjphIIg7jHS9sbX03r7gQhJA/9OTULicjT06YBipLTVMw/rPcspl2JHcDjmTlnex6d24pRvQpxSctIzi1bFSgUXwc6gCDI1euaX0w9wxImvMENSdm0rVG6MhKKYkaTgRJKECI/RkHQ1+ogT6cbpKQk81k4fDgKhn69g6v6eiBGXcsI93cmRGsn52tT8r9aN1ODSjakfRor4eLZoEDGoAjjNBfapIFixiQaEBdV/hXiEBMJKp1fQIdjzJy9C66xiVyvV2/Ni7SqLIw8OwBEoARtcgBqogwZoAgwewTN4BW/Gk/FivBsfs9ackc3sgz8yPn8AfweY5g==</latexit>

H0 (km s�1 Mpc�1)
SH0ES: The value of       is inferred 

from Cepheid-calibrated 

cosmic distance ladder [2112.04510] 

Planck: The value of        is inferred 

using the ΛCDM model 

calibrated on early Universe data 
[1807.06209]
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H0

<latexit sha1_base64="7aNk3I4Q2O4eiD0tW+87XxFYSmk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseilx4rWltoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLHSfaPv9ssVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKnm8qHq1au3uslK/yeMowgmcwjl4cAV1aEATWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfEj416</latexit>

H0

<latexit sha1_base64="GqHBy7axJLFTZbq9OSAmHHOfarc="></latexit>

H0 = (73.04± 1.04) km s�1 Mpc�1

<latexit sha1_base64="U62fYpQ2OgJAmJLc7WgmXINPffo="></latexit>

H0 = (67.62± 0.47) km s�1 Mpc�1

http://arxiv.org/abs/2112.04510
http://arxiv.org/abs/1807.06209
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Framing the Hubble tension problem

J-L Bernal et al. 2102.05066• Planck (P18) 1807.06209 

• BAO+BBN prior 1907.11594 

• Cosmic chronometers 1805.03595 

• Strong- lensing time delays 

    (TDCOSMO) 2007.02941 

• Carnegie-Chicago Hubble Program 

    (CCHP) TRGB 2002.01550 

• SH0ES 21 2012.08534

“The SH0ES that fit one pinch another" 

Adapted from Carl Jung by Licia Verde

https://arxiv.org/abs/2102.05066
http://arxiv.org/abs/1807.06209
http://arxiv.org/abs/1907.11594
http://arxiv.org/abs/1805.03595
http://arxiv.org/abs/2007.02941
http://arxiv.org/abs/2002.01550
http://arxiv.org/abs/2012.08534
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Framing the Hubble tension problem

J-L Bernal et al. 2102.05066

“The SH0ES that fit one pinch another" 

Adapted from Carl Jung by Licia Verde

CC: relative galaxy ages between two ensembles

of passively–evolving galaxies at different

redshifts measures dz/dt


TDCOSMO: strong lensing time delays

at late-time expansion history

https://arxiv.org/abs/2102.05066
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Measurements of       
by different astronomical 
missions over the years
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H0

measurements
<latexit sha1_base64="oCCy6oq+b36Fziqmh7Gq4QDuIDY=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8kWWdtb0UuPFe0HtEvJpmkbms0uSVYoS3+CFw+KePUXefPfmG0rqOiDgcd7M8zMC2LBtcH4w8mtrW9sbuW3Czu7e/sHxcOjto4SRVmLRiJS3YBoJrhkLcONYN1YMRIGgnWC6XXmd+6Z0jySd2YWMz8kY8lHnBJjpdvGAA+KJVzGFp6HMuJWsWtJrVatVGrIXVgYl2CF5qD43h9GNAmZNFQQrXsujo2fEmU4FWxe6CeaxYROyZj1LJUkZNpPF6fO0ZlVhmgUKVvSoIX6fSIlodazMLCdITET/dvLxL+8XmJGVT/lMk4Mk3S5aJQIZCKU/Y2GXDFqxMwSQhW3tyI6IYpQY9Mp2BC+PkX/k3al7Hpl7+aiVL9axZGHEziFc3DhEurQgCa0gMIYHuAJnh3hPDovzuuyNeesZo7hB5y3Txvjjbc=</latexit>

H0

RED:       Result from SH0ES 

GREEN: Results from Planck 2018 
                 +                   model⇤CDM

11

Di Valentino 2011.00246; 2103.01183

https://arxiv.org/abs/2011.00246
https://arxiv.org/abs/2103.01183
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H0

Ground-based CMB telescopes 
obtain results consistent with Planck

Atacama Cosmology Telescope (ACT)

2007.07288
12

Di Valentino 2011.00246; 2103.01183

https://arxiv.org/abs/2007.07288
https://arxiv.org/abs/2011.00246
https://arxiv.org/abs/2103.01183


Luca Visinelli

Ground-based CMB telescopes 
obtain results consistent with Planck

South Pole Telescope (SPT)

2212.05642

Early-time        measurements
<latexit sha1_base64="oCCy6oq+b36Fziqmh7Gq4QDuIDY=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8kWWdtb0UuPFe0HtEvJpmkbms0uSVYoS3+CFw+KePUXefPfmG0rqOiDgcd7M8zMC2LBtcH4w8mtrW9sbuW3Czu7e/sHxcOjto4SRVmLRiJS3YBoJrhkLcONYN1YMRIGgnWC6XXmd+6Z0jySd2YWMz8kY8lHnBJjpdvGAA+KJVzGFp6HMuJWsWtJrVatVGrIXVgYl2CF5qD43h9GNAmZNFQQrXsujo2fEmU4FWxe6CeaxYROyZj1LJUkZNpPF6fO0ZlVhmgUKVvSoIX6fSIlodazMLCdITET/dvLxL+8XmJGVT/lMk4Mk3S5aJQIZCKU/Y2GXDFqxMwSQhW3tyI6IYpQY9Mp2BC+PkX/k3al7Hpl7+aiVL9axZGHEziFc3DhEurQgCa0gMIYHuAJnh3hPDovzuuyNeesZo7hB5y3Txvjjbc=</latexit>

H0

13

Di Valentino 2011.00246; 2103.01183

https://arxiv.org/abs/2212.05642
https://arxiv.org/abs/2011.00246
https://arxiv.org/abs/2103.01183


Luca Visinelli

Spectroscopic surveys (BOSS, eBOSS)

2305.07977

Early-time        measurements
<latexit sha1_base64="oCCy6oq+b36Fziqmh7Gq4QDuIDY=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8kWWdtb0UuPFe0HtEvJpmkbms0uSVYoS3+CFw+KePUXefPfmG0rqOiDgcd7M8zMC2LBtcH4w8mtrW9sbuW3Czu7e/sHxcOjto4SRVmLRiJS3YBoJrhkLcONYN1YMRIGgnWC6XXmd+6Z0jySd2YWMz8kY8lHnBJjpdvGAA+KJVzGFp6HMuJWsWtJrVatVGrIXVgYl2CF5qD43h9GNAmZNFQQrXsujo2fEmU4FWxe6CeaxYROyZj1LJUkZNpPF6fO0ZlVhmgUKVvSoIX6fSIlodazMLCdITET/dvLxL+8XmJGVT/lMk4Mk3S5aJQIZCKU/Y2GXDFqxMwSQhW3tyI6IYpQY9Mp2BC+PkX/k3al7Hpl7+aiVL9axZGHEziFc3DhEurQgCa0gMIYHuAJnh3hPDovzuuyNeesZo7hB5y3Txvjjbc=</latexit>

H0

14

Di Valentino 2011.00246; 2103.01183

The sound horizon at recombination leads to BAO 
Combined with external data from the CMB or BBN

https://arxiv.org/abs/2305.07977
https://arxiv.org/abs/2011.00246
https://arxiv.org/abs/2103.01183


Luca VisinelliLate-time        measurements
<latexit sha1_base64="oCCy6oq+b36Fziqmh7Gq4QDuIDY=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8kWWdtb0UuPFe0HtEvJpmkbms0uSVYoS3+CFw+KePUXefPfmG0rqOiDgcd7M8zMC2LBtcH4w8mtrW9sbuW3Czu7e/sHxcOjto4SRVmLRiJS3YBoJrhkLcONYN1YMRIGgnWC6XXmd+6Z0jySd2YWMz8kY8lHnBJjpdvGAA+KJVzGFp6HMuJWsWtJrVatVGrIXVgYl2CF5qD43h9GNAmZNFQQrXsujo2fEmU4FWxe6CeaxYROyZj1LJUkZNpPF6fO0ZlVhmgUKVvSoIX6fSIlodazMLCdITET/dvLxL+8XmJGVT/lMk4Mk3S5aJQIZCKU/Y2GXDFqxMwSQhW3tyI6IYpQY9Mp2BC+PkX/k3al7Hpl7+aiVL9axZGHEziFc3DhEurQgCa0gMIYHuAJnh3hPDovzuuyNeesZo7hB5y3Txvjjbc=</latexit>

H0

SN-1A calibrated with Cepheids  
(Murakami+ 2306.00070; Riess+ 2112.04510)

Here, Cepheids are used as standard candles

15

Di Valentino 2011.00246; 2103.01183

https://arxiv.org/abs/2011.00246
https://arxiv.org/abs/2103.01183


Luca VisinelliLate-time        measurements
<latexit sha1_base64="oCCy6oq+b36Fziqmh7Gq4QDuIDY=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8kWWdtb0UuPFe0HtEvJpmkbms0uSVYoS3+CFw+KePUXefPfmG0rqOiDgcd7M8zMC2LBtcH4w8mtrW9sbuW3Czu7e/sHxcOjto4SRVmLRiJS3YBoJrhkLcONYN1YMRIGgnWC6XXmd+6Z0jySd2YWMz8kY8lHnBJjpdvGAA+KJVzGFp6HMuJWsWtJrVatVGrIXVgYl2CF5qD43h9GNAmZNFQQrXsujo2fEmU4FWxe6CeaxYROyZj1LJUkZNpPF6fO0ZlVhmgUKVvSoIX6fSIlodazMLCdITET/dvLxL+8XmJGVT/lMk4Mk3S5aJQIZCKU/Y2GXDFqxMwSQhW3tyI6IYpQY9Mp2BC+PkX/k3al7Hpl7+aiVL9axZGHEziFc3DhEurQgCa0gMIYHuAJnh3hPDovzuuyNeesZo7hB5y3Txvjjbc=</latexit>

H0

SN-1A calibrated with TRGB  
(Scolnic+ 2304.06693, 
Anderson+ 2303.04790, 
Jones+, Anand+, Freedman+)

Here, TRGB are used as standard candles

16

Di Valentino 2011.00246; 2103.01183

TRGB: The luminosity of the brightest 
red-giant-branch stars in a galaxy is a 
standard candle to gauge the distance to that galaxy

https://arxiv.org/abs/2011.00246
https://arxiv.org/abs/2103.01183
https://en.wikipedia.org/wiki/Luminosity
https://en.wikipedia.org/wiki/Red-giant_branch
https://en.wikipedia.org/wiki/Galaxy
https://en.wikipedia.org/wiki/Standard_candle


Luca VisinelliLate-time        measurements
<latexit sha1_base64="oCCy6oq+b36Fziqmh7Gq4QDuIDY=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8kWWdtb0UuPFe0HtEvJpmkbms0uSVYoS3+CFw+KePUXefPfmG0rqOiDgcd7M8zMC2LBtcH4w8mtrW9sbuW3Czu7e/sHxcOjto4SRVmLRiJS3YBoJrhkLcONYN1YMRIGgnWC6XXmd+6Z0jySd2YWMz8kY8lHnBJjpdvGAA+KJVzGFp6HMuJWsWtJrVatVGrIXVgYl2CF5qD43h9GNAmZNFQQrXsujo2fEmU4FWxe6CeaxYROyZj1LJUkZNpPF6fO0ZlVhmgUKVvSoIX6fSIlodazMLCdITET/dvLxL+8XmJGVT/lMk4Mk3S5aJQIZCKU/Y2GXDFqxMwSQhW3tyI6IYpQY9Mp2BC+PkX/k3al7Hpl7+aiVL9axZGHEziFc3DhEurQgCa0gMIYHuAJnh3hPDovzuuyNeesZo7hB5y3Txvjjbc=</latexit>

H0

Carnegie Supernova Project 
(Uddin+ 2308.01875)

Here, TRGB+SBF+Cepheids 
are used as standard candles

17

Di Valentino 2011.00246; 2103.01183

SBF measures the variance in the light distribution 
of a galacy arising from fluctuations in the 
number & luminosity of individual stars

https://arxiv.org/abs/2011.00246
https://arxiv.org/abs/2103.01183


Luca VisinelliSystematics?

No local Universe measurements 
below the early ones 
and viceversa

Systematics have been heavily scrutinized 

- Efstathiou 2007.10716 

- Mortsell+ 2105.11461 

- Freedman 2106.15656

18

Di Valentino 2011.00246; 2103.01183

http://arxiv.org/abs/2007.10716
http://arxiv.org/abs/2105.11461
http://arxiv.org/abs/2106.15656
https://arxiv.org/abs/2011.00246
https://arxiv.org/abs/2103.01183


Luca VisinelliSystematics and JWST?

19

Riess+ 2401.04773

Freedman+ 2309.05618

https://arxiv.org/abs/2401.04773
https://arxiv.org/abs/2309.05618


Luca Visinelli

20

Examples for possible solutions



Luca Visinelli
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Extra relativistic radiation (not viable)
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Planck 2018 1807.06209

https://arxiv.org/abs/1807.06209
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Evolving dark energy (wCDM)
<latexit sha1_base64="zUC99ia6CsWMMXWlJVFjeIzvQ6Y="></latexit>

E(z) = [⌦r(1 + z)4 + ⌦m(1 + z)3 + ⌦DE(1 + z)3(1+w)]1/2

Planck-alone data favor a phantom dark energy e.o.s. with
<latexit sha1_base64="WpfK3odkdJFyW1iu0PQLtojDsQQ=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLIEhDUtrajVB047KCfUAbw2Q6aYdOHsxMlBKy8VfcuFDErZ/hzr9x2mahrQcuHM65l3vvcSNGhTTNby23srq2vpHfLGxt7+zu6fsHbRHGHJMWDlnIuy4ShNGAtCSVjHQjTpDvMtJxx9dTv/NAuKBhcCcnEbF9NAyoRzGSSnL0o8fLkmVU6/fJuWlUy6mTlEyjYqWOXjQNcwa4TKyMFEGGpqN/9Qchjn0SSMyQED3LjKSdIC4pZiQt9GNBIoTHaEh6igbIJ8JOZg+k8FQpA+iFXFUg4Uz9PZEgX4iJ76pOH8mRWPSm4n9eL5Ze3U5oEMWSBHi+yIsZlCGcpgEHlBMs2UQRhDlVt0I8QhxhqTIrqBCsxZeXSbtsWDWjdlspNq6yOPLgGJyAM2CBC9AAN6AJWgCDFDyDV/CmPWkv2rv2MW/NadnMIfgD7fMHjeyT1g==</latexit>

w = �1.58+0.52
�0.41 at 95% C.L.

Planck 2018 1807.06209

However, CMB+BAO data worsen the fit with wCDM because the 
best fit from Planck alone fails in recovering             at low redshifts

<latexit sha1_base64="DeNGajdlyFx+NIdF8/edDOHo1xc=">AAAB63icbVBNSwMxEJ31s9avqkcvwSLUS9kVqR6LXnqsYD+gXUo2zbahSXZJskJd+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5QcyZNq777aytb2xubRd2irt7+weHpaPjto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5C7zO49UaRbJBzONqS/wSLKQEWwyqVF5uhiUym7VnQOtEi8nZcjRHJS++sOIJIJKQzjWuue5sfFTrAwjnM6K/UTTGJMJHtGepRILqv10fusMnVtliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeGNnzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeIo2BG/55VXSvqx6tWrt/qpcv83jKMApnEEFPLiGOjSgCS0gMIZneIU3RzgvzrvzsWhdc/KZE/gD5/MHRSmNwA==</latexit>

H(z)

See also Escamilla+ 2307.14802 

https://arxiv.org/abs/1807.06209
https://arxiv.org/abs/2307.14802
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The angular size of the comoving sound horizon at recombination is

Locating the CMB acoustic peaks

The calibration of           allows to find the relation between         and <latexit sha1_base64="Qb+UbGawktPNl+/vs4vp+u4xQ78=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2AdMh5JJM21oHkOSEcrQz3DjQhG3fo07/8a0nYVWDwQO59xL7jlxypmxvv/lldbWNza3ytuVnd29/YPq4VHHqEwT2iaKK92LsaGcSdq2zHLaSzXFIua0G09u5373kWrDlHyw05RGAo8kSxjB1kmhHuR9LZCmZDao1vy6vwD6S4KC1KBAa1D97A8VyQSVlnBsTBj4qY1yrC0jnM4q/czQFJMJHtHQUYkFNVG+OHmGzpwyRInS7kmLFurPjRwLY6YidpMC27FZ9ebif16Y2eQ6yplMM0slWX6UZBxZheb50ZC5sJZPHcFEM3crImOsMbGupYorIViN/Jd0LupBo964v6w1b4o6ynACp3AOAVxBE+6gBW0goOAJXuDVs96z9+a9L0dLXrFzDL/gfXwDWhSRUQ==</latexit>rrec
<latexit sha1_base64="7aNk3I4Q2O4eiD0tW+87XxFYSmk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseilx4rWltoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLHSfaPv9ssVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKnm8qHq1au3uslK/yeMowgmcwjl4cAV1aEATWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfEj416</latexit>

H0
<latexit sha1_base64="YhzdBLs49YfOG8ICJj2ZF9/D8RM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe6LfrniV/050CoJclKBHI1++as3UCQVVFrCsTHdwE9smGFtGeF0WuqlhiaYjPGQdh2VWFATZvN7p+jMKQMUK+1KWjRXf09kWBgzEZHrFNiOzLI3E//zuqmNr8OMySS1VJLFojjlyCo0ex4NmKbE8okjmGjmbkVkhDUm1kVUciEEyy+vktZFNahVa/eXlfpNHkcRTuAUziGAK6jDHTSgCQQ4PMMrvHmP3ov37n0sWgtePnMMf+B9/gAYGJAG</latexit>!m

Comoving distance travelled by a sound wave to recombination:

<latexit sha1_base64="e8/B7KcESKKmK7gq4FonnAxNPok=">AAACJXicbZDNSsNAFIUn/lv/oi7dDBZBQUoiUl0oiG5cVrBVaGKYTCd16GQSZm6EEvIybnwVNy4sIrjyVZy2AbV6YOBw7r3cuV+YCq7BcT6sqemZ2bn5hcXK0vLK6pq9vtHSSaYoa9JEJOo2JJoJLlkTOAh2mypG4lCwm7B3MazfPDCleSKvoZ8yPyZdySNOCZgosE9UkHsqxorRAp9ij0sInLscvtNi5DoFePtepAjNaaCLnOzCXhHYVafmjIT/Grc0VVSqEdgDr5PQLGYSqCBat10nBT8nCjgVrKh4mWYpoT3SZW1jJYmZ9vPRlQXeMUkHR4kyTwIepT8nchJr3Y9D0xkTuNeTtWH4X62dQXTs51ymGTBJx4uiTGBI8BAZ7nDDAUTfGEIVN3/F9J4YFGDAVgwEd/Lkv6Z1UHPrtfrVYfXsvMSxgLbQNtpFLjpCZ+gSNVATUfSIntErGlhP1ov1Zr2PW6escmYT/ZL1+QVQPqXL</latexit>

rrec =

Z trec

0
dt

cs
a(t)

<latexit sha1_base64="cthzZ8xSFHnj/f89lCTZdZfcBnc=">AAACI3icbVDLSgMxFM34rPVVdekmWIS6KTMiVVyJunBZwT6gU0omvdMGMw+TO0Id5l/c+CtuXCjFjQv/xfQB9XUgcHLOvSTneLEUGm37w5qbX1hcWs6t5FfX1jc2C1vbdR0likONRzJSTY9pkCKEGgqU0IwVsMCT0PBuL0Z+4x6UFlF4g4MY2gHrhcIXnKGROoVTF/uArJO6KqAKeEZduEvEPXV9xXiqZkaWXpYeZteDrFMo2mV7DPqXOFNSJFNUO4Wh2414EkCIXDKtW44dYztlCgWXkOXdREPM+C3rQcvQkAWg2+k4Y0b3jdKlfqTMCZGO1e8bKQu0HgSemQwY9vVvbyT+57US9E/aqQjjBCHkk4f8RFKM6Kgw2hUmLsqBIYwrYf5KeZ+ZctDUmjclOL8j/yX1w7JTKVeuj4pn59M6cmSX7JESccgxOSNXpEpqhJNH8kxeyZv1ZL1YQ+t9MjpnTXd2yA9Yn19pnqVf</latexit>

✓rec ⌘
rrec

D(zrec)
<latexit sha1_base64="GY31h5IoAREy865Zdh4ny0slWoM=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZkeqy6MZlBfuAdhgyaaYNTSYhyYh1qBt/xY0LRdz6F+78G9N2Ftp6IHA4515uzokko9p43rdTWFpeWV0rrpc2Nre2d9zdvaYWqcKkgQUTqh0hTRhNSMNQw0hbKoJ4xEgrGl5N/NYdUZqK5NaMJAk46ic0phgZK4XuwUOYdRWHiuAx7CIplbiHvu95oVv2Kt4UcJH4OSmDHPXQ/er2BE45SQxmSOuO70kTZEgZihkZl7qpJhLhIeqTjqUJ4kQH2TTBGB5bpQdjoexLDJyqvzcyxLUe8chOcmQGet6biP95ndTEF0FGE5kakuDZoThl0Ag4qQP2qE1u2MgShBW1f4V4gBTCxpZWsiX485EXSfO04lcr1Zuzcu0yr6MIDsEROAE+OAc1cA3qoAEweATP4BW8OU/Oi/PufMxGC06+sw/+wPn8ARh8lgQ=</latexit>

zrec ⇡ 1100at redshift

: comoving distance to recombination,
<latexit sha1_base64="uce94qUeQKnSbYwQ0BbjgKAeF5c=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkoiUj0W9eCxgv2ANoTNdtsu3WzC7qZQQ/6JFw+KePWfePPfuG1z0NYHA4/3ZpiZF8ScKe0431ZhbX1jc6u4XdrZ3ds/sA+PWipKJKFNEvFIdgKsKGeCNjXTnHZiSXEYcNoOxrczvz2hUrFIPOppTL0QDwUbMIK1kXzbTu8qT37akyGSlGTnmW+XnaozB1olbk7KkKPh21+9fkSSkApNOFaq6zqx9lIsNSOcZqVeomiMyRgPaddQgUOqvHR+eYbOjNJHg0iaEhrN1d8TKQ6VmoaB6QyxHqllbyb+53UTPbj2UibiRFNBFosGCUc6QrMYUJ+ZdzWfGoKJZOZWREZYYqJNWCUTgrv88ippXVTdWrX2cFmu3+RxFOEETqECLlxBHe6hAU0gMIFneIU3K7VerHfrY9FasPKZY/gD6/MHBx6TSQ==</latexit>

D(zrec)

<latexit sha1_base64="5YMMxgmnqftU3/kDqUcO/5Z0zmQ="></latexit>

D(z) =
c

H0

Z z

0

dz0

E(z0)
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BAO measurements

Sound horizon at baryon drag:
<latexit sha1_base64="fXPHKx0pTGR2vomrmUwbsbBxY9k=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoQkoipXZZdOOygn1AE8JkMmmHTpJhZiKWkF9w46+4caGIW3fu/BunbRbaemDgcM693DnH54xKZVnfRmltfWNzq7xd2dnd2z8wD496MkkFJl2csEQMfCQJozHpKqoYGXBBUOQz0vcn1zO/f0+EpEl8p6acuBEaxTSkGCkteWZNeJkjIhgINMqhgzgXyQO065bdajjnhSkIzj2zatWtOeAqsQtSBQU6nvnlBAlOIxIrzJCUQ9viys2QUBQzklecVBKO8ASNyFDTGEVEutk8UQ7PtBLAMBH6xQrO1d8bGYqknEa+noyQGstlbyb+5w1TFbbcjMY8VSTGi0NhyqBK4KweGFAdVrGpJggLqv8K8RgJhJUusaJLsJcjr5LeRd1u1pu3jWr7qqijDE7AKagBG1yCNrgBHdAFGDyCZ/AK3own48V4Nz4WoyWj2DkGf2B8/gCzAZxQ</latexit>

rdrag ⇡ 1.0184 rrec

Knox & Millea 1908.03663

<latexit sha1_base64="SyGOyVMjrMhiKpLJisiPQfE4hVA=">AAACJ3icbVDLSgNBEJz1GeMr6tHLYBDiJeyKRE8S1IPHCEaFbAizk95kyOzDmd5AXPZvvPgrXgQV0aN/4uRxMNGCgaKqmp4uL5ZCo21/WXPzC4tLy7mV/Ora+sZmYWv7RkeJ4lDnkYzUncc0SBFCHQVKuIsVsMCTcOv1zof+bR+UFlF4jYMYmgHrhMIXnKGRWoVTF7uArPTQSl0V0MjT2QF14T4Rfer6ivFUjZ22Yp0sSy+mklmrULTL9gj0L3EmpEgmqLUKr2474kkAIXLJtG44dozNlCkUXEKWdxMNMeM91oGGoSELQDfT0Z0Z3TdKm/qRMi9EOlJ/T6Qs0HoQeCYZMOzqWW8o/uc1EvRPmqkI4wQh5ONFfiIpRnRYGm0LBRzlwBDGlTB/pbzLTDtoqs2bEpzZk/+Sm8OyUylXro6K1bNJHTmyS/ZIiTjkmFTJJamROuHkkTyTN/JuPVkv1of1OY7OWZOZHTIF6/sHNeymyg==</latexit>

✓(zobs) ⌘
rdrag

D(zobs)

BAO measurements at redshifts                        

BAO+Pantheon measurements constrain  
the product      

<latexit sha1_base64="qZE9iti5uRa6ui8ZoWjfZHbPTmc=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkoiUl0W3XRZwT6gCWEymbRDZyZhZqKU2E9x40IRt36JO//GaZuFth64cDjnXu69J0wZVdpxvq3S2vrG5lZ5u7Kzu7d/YFcPuyrJJCYdnLBE9kOkCKOCdDTVjPRTSRAPGemF49uZ33sgUtFE3OtJSnyOhoLGFCNtpMCutgLHO5dB7kkOI4mG08CuOXVnDrhK3ILUQIF2YH95UYIzToTGDCk1cJ1U+zmSmmJGphUvUyRFeIyGZGCoQJwoP5+fPoWnRolgnEhTQsO5+nsiR1ypCQ9NJ0d6pJa9mfifN8h0fO3nVKSZJgIvFsUZgzqBsxxgRCXBmk0MQVhScyvEIyQR1iatignBXX55lXQv6m6j3ri7rDVvijjK4BicgDPggivQBC3QBh2AwSN4Bq/gzXqyXqx362PRWrKKmSPwB9bnD3Ndk4E=</latexit>

H0 rdrag

<latexit sha1_base64="bcmad2wBRk8f2hMrQijfT0d3Enc=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHM9ApxyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFieAWfP/bK6ytb2xuFbdLO7t7+wflw6OW1amhrEm10KYTEcsEV6wJHATrJIYRGQnWjsa3M7/9yIzlWj3AJGGhJEPFY04JOKn71M96RmId2Wm/XPGr/hx4lQQ5qaAcjX75qzfQNJVMARXE2m7gJxBmxACngk1LvdSyhNAxGbKuo4pIZsNsfvIUnzllgGNtXCnAc/X3REaktRMZuU5JYGSXvZn4n9dNIb4OM66SFJiii0VxKjBoPPsfD7hhFMTEEUINd7diOiKGUHAplVwIwfLLq6R1UQ1q1dr9ZaV+k8dRRCfoFJ2jAF2hOrpDDdREFGn0jF7Rmwfei/fufSxaC14+c4z+wPv8AXWtkWM=</latexit>zobs

<latexit sha1_base64="nihZeBII/o7WrleXmivmpvLj/Cw=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZREpXVZdONGqGAf0IQwmUzboTNJmJkIJWTpxl9x40IRt36CO//GSZuFth64cDjnXu69x48Zlcqyvo3S0vLK6lp5vbKxubW9Y+7udWSUCEzaOGKR6PlIEkZD0lZUMdKLBUHcZ6Trj69zv/tAhKRReK8mMXE5GoZ0QDFSWvLMQ+GljuAwEGiYQUdSDu3zRi45p7cxzjyzatWsKeAisQtSBQVanvnlBBFOOAkVZkjKvm3Fyk2RUBQzklWcRJIY4TEakr6mIeJEuun0kQweayWAg0joChWcqr8nUsSlnHBfd3KkRnLey8X/vH6iBpduSsM4USTEs0WDhEEVwTwVGFBBsGITTRAWVN8K8QgJhJXOrqJDsOdfXiSds5pdr9XvLqrNqyKOMjgAR+AE2KABmuAGtEAbYPAInsEreDOejBfj3fiYtZaMYmYf/IHx+QOG7ZkJ</latexit>

rdrag ⇠ 137Mpc

<latexit sha1_base64="HvNuSP+0yrz6NMxBRo9JjM4kGy8=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZRESuuy6MaNUME+oAlhMpm0Q2eSMDMRSujSjb/ixoUibv0Ed/6NkzYLbT1w4XDOvdx7j58wKpVlfRulldW19Y3yZmVre2d3z9w/6Mo4FZh0cMxi0feRJIxGpKOoYqSfCIK4z0jPH1/nfu+BCEnj6F5NEuJyNIxoSDFSWvLMY+FljuAwEGg4hY6kHNr1Zi4557cJnnpm1apZM8BlYhekCgq0PfPLCWKcchIpzJCUA9tKlJshoShmZFpxUkkShMdoSAaaRogT6WazR6bwVCsBDGOhK1Jwpv6eyBCXcsJ93cmRGslFLxf/8wapCi/djEZJqkiE54vClEEVwzwVGFBBsGITTRAWVN8K8QgJhJXOrqJDsBdfXibdi5rdqDXu6tXWVRFHGRyBE3AGbNAELXAD2qADMHgEz+AVvBlPxovxbnzMW0tGMXMI/sD4/AGIfJkK</latexit>

rdrag ⇠ 147Mpc

(SH0ES)
(Planck) We need to lower

<latexit sha1_base64="gicgPsNwLFdgTGobVOB2jyfDRsA=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KpkiY7srunFZwT6gM5RMJtOGJpkhyQhl6G+4caGIW3/GnX9jpq2gogcuHM65l3vvCVPOtEHowymtrW9sbpW3Kzu7e/sH1cOjnk4yRWiXJDxRgxBrypmkXcMMp4NUUSxCTvvh9Lrw+/dUaZbIOzNLaSDwWLKYEWys5KtR7isBI4XH81G1hurIwvNgQdwmci1ptZqNRgu6CwuhGlihM6q++1FCMkGlIRxrPXRRaoIcK8MIp/OKn2maYjLFYzq0VGJBdZAvbp7DM6tEME6ULWngQv0+kWOh9UyEtlNgM9G/vUL8yxtmJm4GOZNpZqgky0VxxqFJYBEAjJiixPCZJZgoZm+FZIIVJsbGVLEhfH0K/ye9Rt316t7tRa19tYqjDE7AKTgHLrgEbXADOqALCEjBA3gCz07mPDovzuuyteSsZo7BDzhvn3Ijkfw=</latexit>rdrag

https://arxiv.org/abs/1908.03663
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Shortcoming of late-time solutions

Arendse+ 1909.07986

Late-time solutions increase        but leave             untouched<latexit sha1_base64="gicgPsNwLFdgTGobVOB2jyfDRsA=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KpkiY7srunFZwT6gM5RMJtOGJpkhyQhl6G+4caGIW3/GnX9jpq2gogcuHM65l3vvCVPOtEHowymtrW9sbpW3Kzu7e/sH1cOjnk4yRWiXJDxRgxBrypmkXcMMp4NUUSxCTvvh9Lrw+/dUaZbIOzNLaSDwWLKYEWys5KtR7isBI4XH81G1hurIwvNgQdwmci1ptZqNRgu6CwuhGlihM6q++1FCMkGlIRxrPXRRaoIcK8MIp/OKn2maYjLFYzq0VGJBdZAvbp7DM6tEME6ULWngQv0+kWOh9UyEtlNgM9G/vUL8yxtmJm4GOZNpZqgky0VxxqFJYBEAjJiixPCZJZgoZm+FZIIVJsbGVLEhfH0K/ye9Rt316t7tRa19tYqjDE7AKTgHLrgEbXADOqALCEjBA3gCz07mPDovzuuyteSsZo7BDzhvn3Ijkfw=</latexit>rdrag
<latexit sha1_base64="oCCy6oq+b36Fziqmh7Gq4QDuIDY=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8kWWdtb0UuPFe0HtEvJpmkbms0uSVYoS3+CFw+KePUXefPfmG0rqOiDgcd7M8zMC2LBtcH4w8mtrW9sbuW3Czu7e/sHxcOjto4SRVmLRiJS3YBoJrhkLcONYN1YMRIGgnWC6XXmd+6Z0jySd2YWMz8kY8lHnBJjpdvGAA+KJVzGFp6HMuJWsWtJrVatVGrIXVgYl2CF5qD43h9GNAmZNFQQrXsujo2fEmU4FWxe6CeaxYROyZj1LJUkZNpPF6fO0ZlVhmgUKVvSoIX6fSIlodazMLCdITET/dvLxL+8XmJGVT/lMk4Mk3S5aJQIZCKU/Y2GXDFqxMwSQhW3tyI6IYpQY9Mp2BC+PkX/k3al7Hpl7+aiVL9axZGHEziFc3DhEurQgCa0gMIYHuAJnh3hPDovzuuyNeesZo7hB5y3Txvjjbc=</latexit>

H0

https://arxiv.org/abs/1909.07986
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Pre-recombination solutions

Decrease the sound horizon by a few % while keeping the features in the damping tail

Examples include: 

• Early dark energy (EDE) suppresses the clustering power on small length-scales. 

     (Caldwell+ astro-ph/0302505; Doran+ astro-ph/0601544) 

     EDE models are constrained by how the damping tail is affected (1608.01309)

Poulin+ 1811.04083

<latexit sha1_base64="puIGMvXTlZPsTPWVa7UZVJMQMkQ=">AAACCnicdVDLSgMxFM34rPVVdekmWoR2YZ0pMra7ohuXFewDOmPJpJk2NDMJSUYopWs3/oobF4q49Qvc+Tdm2goqeiBwOOdebs4JBKNK2/aHtbC4tLyymlnLrm9sbm3ndnabiicSkwbmjMt2gBRhNCYNTTUjbSEJigJGWsHwIvVbt0QqyuNrPRLEj1A/piHFSBupmztoFjwxoEVPSC40hwXn2MNcdVLxJPSLN2Ymb5dsA9eFKXEqtmNItVopl6vQmVq2nQdz1Lu5d6/HcRKRWGOGlOo4ttD+GElNMSOTrJcoIhAeoj7pGBqjiCh/PI0ygUdG6cGQS/NiDafq940xipQaRYGZjJAeqN9eKv7ldRIdVvwxjUWiSYxnh8KEQZM57QX2qCRYs5EhCEtq/grxAEmEtWkva0r4Sgr/J81yyXFL7tVpvnY+ryMD9sEhKAAHnIEauAR10AAY3IEH8ASerXvr0XqxXmejC9Z8Zw/8gPX2CamTmac=</latexit>

V (�) / (1� cos[�/f ])n

Quintessence field with potential

<latexit sha1_base64="UXBcUMUj/tcZh7g95zUOQvi32eo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGiV6EoBePEc0DkiXMTmaTIbOzy0yvEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0ikMOi6305ubX1jcyu/XdjZ3ds/KB4eNU2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo9uZ33ri2ohYPeI44X5EB0qEglG00oO6rvSKJbfszkFWiZeREmSo94pf3X7M0ogrZJIa0/HcBP0J1SiY5NNCNzU8oWxEB7xjqaIRN/5kfuqUnFmlT8JY21JI5urviQmNjBlHge2MKA7NsjcT//M6KYZX/kSoJEWu2GJRmEqCMZn9TfpCc4ZybAllWthbCRtSTRnadAo2BG/55VXSrJS9arl6f1Gq3WRx5OEETuEcPLiEGtxBHRrAYADP8ApvjnRenHfnY9Gac7KZY/gD5/MHzdGNgA==</latexit>

n = 2
<latexit sha1_base64="nkTAJzTsDdLdk+00LXuZzYYng5o=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBZBEEoiUj0WvXisYD8gCWWz3bRLN7thdyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmRangBlz32ymtrW9sbpW3Kzu7e/sH1cOjjlGZpqxNlVC6FxHDBJesDRwE66WakSQSrBuN72Z+94lpw5V8hEnKwoQMJY85JWAlXwagLgIuY5j0qzW37s6BV4lXkBoq0OpXv4KBolnCJFBBjPE9N4UwJxo4FWxaCTLDUkLHZMh8SyVJmAnz+clTfGaVAY6VtiUBz9XfEzlJjJkkke1MCIzMsjcT//P8DOKbMOcyzYBJulgUZwKDwrP/8YBrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6l3WvUW88XNWat0UcZXSCTtE58tA1aqJ71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH1lKkVE=</latexit>

n ! +1
Radiation

Kination

https://arxiv.org/abs/astro-ph/0302505
https://arxiv.org/pdf/astro-ph/0601544
https://arxiv.org/abs/1608.01309
https://arxiv.org/abs/1811.04083
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Is early-time new physics enough?

CC show a residual ~2σ tension with 

local       measurements within ΛCDM 

independent of early-Universe physics

Cosmic Chronometers (CC)

<latexit sha1_base64="oCCy6oq+b36Fziqmh7Gq4QDuIDY=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8kWWdtb0UuPFe0HtEvJpmkbms0uSVYoS3+CFw+KePUXefPfmG0rqOiDgcd7M8zMC2LBtcH4w8mtrW9sbuW3Czu7e/sHxcOjto4SRVmLRiJS3YBoJrhkLcONYN1YMRIGgnWC6XXmd+6Z0jySd2YWMz8kY8lHnBJjpdvGAA+KJVzGFp6HMuJWsWtJrVatVGrIXVgYl2CF5qD43h9GNAmZNFQQrXsujo2fEmU4FWxe6CeaxYROyZj1LJUkZNpPF6fO0ZlVhmgUKVvSoIX6fSIlodazMLCdITET/dvLxL+8XmJGVT/lMk4Mk3S5aJQIZCKU/Y2GXDFqxMwSQhW3tyI6IYpQY9Mp2BC+PkX/k3al7Hpl7+aiVL9axZGHEziFc3DhEurQgCa0gMIYHuAJnh3hPDovzuuyNeesZo7hB5y3Txvjjbc=</latexit>

H0

Vagnozzi 2308.16628

[Jimenez & Loeb astro-ph/0106145]

https://arxiv.org/abs/2308.16628
http://arxiv.org/abs/astro-ph/0106145
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Is early-time new physics enough?

Uncalibrated Cosmic Standards (UCS)
[Lin, Mack, Hou, 1910.02978]

Lin, Chen, Mack, 2102.05701

A re-analysis of CMB data in combination 

with other low-redshift observations

Free parameters:          ,        , 

+ BBN prior on 

<latexit sha1_base64="4MDTIF3IWglu2cp0wFZC18Cc+9o=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFN26ECvaB7VAyaaYNzWSG5I5QSv/CjQtF3Po37vwbM+0stHogcDjnXnLuCRIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Drz249cGxGre5wk3I/oUIlQMIpWeuhFFEeMSnLbL1fcqjsH+Uu8nFQgR6Nf/uwNYpZGXCGT1Jiu5yboT6lGwSSflXqp4QllYzrkXUsVjbjxp/PEM3JilQEJY22fQjJXf25MaWTMJArsZJbQLHuZ+J/XTTG89KdCJSlyxRYfhakkGJPsfDIQmjOUE0so08JmJWxENWVoSyrZErzlk/+S1lnVq1Vrd+eV+lVeRxGO4BhOwYMLqMMNNKAJDBQ8wQu8OsZ5dt6c98Vowcl3DuEXnI9vFV6QjA==</latexit>

M
<latexit sha1_base64="oMoDTXA+qaL2K4KxkJlmKph2WrI=">AAAB73icbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68WYF+wFtKJvtpF26u4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTDjTxvO+nZXVtfWNzcJWcXtnd2+/dHDY1HGqKDZozGPVDolGziQ2DDMc24lCIkKOrXB0M/VbT6g0i+WDGScYCDKQLGKUGCu1u3cCB6QneqWyV/FmcJeJn5My5Kj3Sl/dfkxTgdJQTrTu+F5igowowyjHSbGbakwIHZEBdiyVRKAOstm9E/fUKn03ipUtadyZ+nsiI0LrsQhtpyBmqBe9qfif10lNdBVkTCapQUnni6KUuyZ2p8+7faaQGj62hFDF7K0uHRJFqLERFW0I/uLLy6R5XvGrler9Rbl2ncdRgGM4gTPw4RJqcAt1aAAFDs/wCm/Oo/PivDsf89YVJ585gj9wPn8A5smP5g==</latexit>

⌦m

<latexit sha1_base64="GuOODjREmQnqFRLBSs5GGYt9Rwc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHoseumxgv2ANoTNZtMu3Wzi7kYooX/CiwdFvPp3vPlv3LQ5aOuDgcd7M8zM8xPOlLbtb6u0tr6xuVXeruzs7u0fVA+PuipOJaEdEvNY9n2sKGeCdjTTnPYTSXHkc9rzJ3e533uiUrFYPOhpQt0IjwQLGcHaSH3pBcOLlmd71Zpdt+dAq8QpSA0KtL3q1zCISRpRoQnHSg0cO9FuhqVmhNNZZZgqmmAywSM6MFTgiCo3m987Q2dGCVAYS1NCo7n6eyLDkVLTyDedEdZjtezl4n/eINXhjZsxkaSaCrJYFKYc6Rjlz6OASUo0nxqCiWTmVkTGWGKiTUQVE4Kz/PIq6V7WnUa9cX9Va94WcZThBE7hHBy4hia0oA0dIMDhGV7hzXq0Xqx362PRWrKKmWP4A+vzBykbj2k=</latexit>

rd H0
<latexit sha1_base64="+E0CYL+MMVwuODk5tvboB0g9ix8=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqewWqR6LXrxZwX7Adi3ZdLYNzSZLkhXK0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbS1TRaFFJZeqGxINnAloGWY4dBMFJA45dMLxzczvPIHSTIoHM0kgiMlQsIhRYqzk9+5iGJJ+OHqs9csVt+rOgVeJl5MKytHsl796A0nTGIShnGjte25igowowyiHaamXakgIHZMh+JYKEoMOsvnJU3xmlQGOpLIlDJ6rvycyEms9iUPbGRMz0sveTPzP81MTXQUZE0lqQNDFoijl2Eg8+x8PmAJq+MQSQhWzt2I6IopQY1Mq2RC85ZdXSbtW9erV+v1FpXGdx1FEJ+gUnSMPXaIGukVN1EIUSfSMXtGbY5wX5935WLQWnHzmGP2B8/kDxzeQ8Q==</latexit>

⌦bh
2

http://arxiv.org/abs/1910.02978
http://arxiv.org/abs/2102.05701
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Is early-time new physics enough?
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Is early-time new physics enough?

Figure from Vagnozzi 2309.13106

https://arxiv.org/abs/2309.13106
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Bonus: please check my latest papers!

Production of light scalars in the Sun: 2406.01691

New PBH bounds from BBN: 2405.18493

Detecting high-frequency GWs prespects: 2403.18610

Searching for the axion in miniclusters-NS encounters: (out Friday) 2407.XXXXX

https://arxiv.org/abs/2406.01691
https://arxiv.org/abs/2405.18493
https://arxiv.org/abs/2403.18610
https://arxiv.org/abs/2407.XXXXX
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Conclusions
• Cosmic tensions likely indicate a problem with the underlying cosmology 
and our understanding of the Universe, rather than the presence of systematic effects. 

• Many models have been proposed to solve the        tension. 
However, the solution might lie in multiple corrections to LCDM at different epochs 

• Finding a solution challenging because of additional complications (Thanks E. Di Valentino): 
1. The S8 tension; 
2. The sound horizon problem; 
3. The correlation between parameters; 
4. ﻿﻿﻿The hidden model dependence of some of the datasets; 
5. The Planck Alens problem 
6. The role of the optical depth 
7. The inconsistency between the different CMB experiments

<latexit sha1_base64="oCCy6oq+b36Fziqmh7Gq4QDuIDY=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8kWWdtb0UuPFe0HtEvJpmkbms0uSVYoS3+CFw+KePUXefPfmG0rqOiDgcd7M8zMC2LBtcH4w8mtrW9sbuW3Czu7e/sHxcOjto4SRVmLRiJS3YBoJrhkLcONYN1YMRIGgnWC6XXmd+6Z0jySd2YWMz8kY8lHnBJjpdvGAA+KJVzGFp6HMuJWsWtJrVatVGrIXVgYl2CF5qD43h9GNAmZNFQQrXsujo2fEmU4FWxe6CeaxYROyZj1LJUkZNpPF6fO0ZlVhmgUKVvSoIX6fSIlodazMLCdITET/dvLxL+8XmJGVT/lMk4Mk3S5aJQIZCKU/Y2GXDFqxMwSQhW3tyI6IYpQY9Mp2BC+PkX/k3al7Hpl7+aiVL9axZGHEziFc3DhEurQgCa0gMIYHuAJnh3hPDovzuuyNeesZo7hB5y3Txvjjbc=</latexit>

H0


