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Astonishing success of ΛCDM Cosmology: GR + Cosmological Principle

{H0, ωb, ωcdm, As, ns, τreio}

Expansion/matter  
content

star  
formationInflation

ω ≡ Ωh2, H0 = 100h km/s/Mpc

Calibrate Predict

95% of the energy budget today is unknown! 70% Dark Energy, 25% Dark Matter.

ΩΛ = 1 − Ωm

The mechanism behind its initial conditions is unknown. 
How star formation happened and re-ionized the universe is unknown.

The Era of Precision Cosmology 
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The Era of Precision Cosmology 

CDM can fit a wide variety of CMB data within : Planck, ACT, SPT-3GΛ 2σ

Planck

ACT

SPT 
WMAP
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Precision Cosmology or Cosmic discordance?
The ΛCDM Cosmology is under extreme scrutiny… and starts showing cracks

Cosmic dipole anomaly? The universe is not isotropic?

Cosmic void? The universe is not locally homogeneous?

Are these the first signs of the nature of DM and DE?

Tensions in cosmological parameters  and ?H0 S8

(Too) High redshift galaxies with JWST?

Anomalies in Planck  and ACT? Evidence for a curved universe?

Hints of dynamical dark energy?

Colin++ 1703.09376, 1808.04597, Secrest++ 2009.14826, Alari++ 2207.05765 , Guandalin++ 2212.04925

 Wu&Huterer 1706.09723, Kenworthy++ 1901.08681, Cai++ 2012.08292, Camarena++ 2205.05422

Abdalla++ 2203.06142

Di Valentino++ 1911.02087, Calderón++ 2302.14300 

Union3 2311.12098, DES 2401.02929, DESI 2404.03002

Labbé++ 2207.12446, Boylan-Kolchin 2208.01611 

Is this a sign of a break down in the cosmological principle or GR?
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Today I will highlight 

DESI results on Dark Energy: a new hint for the Hubble tension?

Update on the clustering tension  S8

The “Hubble tension” and its implications
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60.0 62.5 65.0 67.5 70.0 72.5 75.0 77.5 80.0

(CosmicFlows3) BTF [2006.08615]

(Cepheid+TRGB) BTF [2004.14499]

HII [1710.05951]

(no SNIa) SBF [2101.02221]

(refitted, massive only) SBF [2204.12060]

SBF [2204.12060]

Beyond

SNae Type II [2203.08974]

(CosmicFlows3) Masers [2001.09213]

(250km/s) Masers [2001.09213]

Miras [1908.10883]

Variations

CATS [2304.06693]

EDD [2108.00007]

CCHP [2106.15656]

TRGB

two-rung [2204.10866]

near Infrared [2209.02546]

Boosted by deepSIP [2306.00070]

Baseline [2112.04510]

Cepheids

6

F(z) =
L

4πDL(z)2

m − M = 5log(DL /10pc)m ≡ − 2.5log F/Fref + const .
M ≡ − 2.5log F(10 pc)/Fref + const .

SN1a act as standard candles to measure distances and determine H0

Verde++ 2311.13305

Measured Requires calibration 

DL ∼ czH−1
0 , z ≪ 1

H0

Calibrating the ladder: the “direct” way
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Title

Adapted from slide by A. Riess, KITP July 2019

42

1.4

73 0

5.0

 km/s/MpcH0 = 67.4 ± 0.5
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Are there issues with cepheids? 
Cepheids vs TRGB: disagreement? 

Effect of Dust? 

Cepheid crowding? 

Is the metallicity correction correct?

See review Di Valentino++ 2103.01183 for all relevant references

Efstathiou++ 2007.10716

Rigault++ 1412.6501, Jones++1805.05911, Brout&Scolnic 2004.10206 

Kenworthy++ 2204.10866

Riess et al. 2112.04510

SH0ES builds a 3 steps distance ladder: anchors => cepheids => SN1a 

Are there issues with the CMB? 

Are there issues with distance anchor? (GAIA, LMC, NGC4258) 

Are there issues with SN1a? different populations of SN1a between 
“cepheid-SN1a calibrator” and Hubble flow SN1a?

Efstathiou++ 2007.10716, Soltis++2012.09196

Freedman++ 2106.15656, Anand++ 2108.00007 

Riess++ 2401.04773

Mortsell++ 2105.11461

Systematics? A non-exhaustive list

Di Valentino++ 1911.02087, Calderón++ 2302.14300 
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Are there issues with cepheids? 
Cepheids vs TRGB: disagreement? 

Effect of Dust? 

Cepheid crowding? 

Is the metallicity correction correct?

See review Di Valentino++ 2103.01183 for all relevant references

Efstathiou++ 2007.10716

Rigault++ 1412.6501, Jones++1805.05911, Brout&Scolnic 2004.10206 

Kenworthy++ 2204.10866

Riess et al. 2112.04510

The question of systematics is not settled,  
but it is not easy to “hide” a  bias! 5σ

SH0ES builds a 3 steps distance ladder: anchors => cepheids => SN1a 

Are there issues with the CMB? 

Are there issues with distance anchor? (GAIA, LMC, NGC4258) 

Are there issues with SN1a? different populations of SN1a between 
“cepheid-SN1a calibrator” and Hubble flow SN1a?

Efstathiou++ 2007.10716, Soltis++2012.09196

Freedman++ 2106.15656, Anand++ 2108.00007 

Riess++ 2401.04773

Mortsell++ 2105.11461

Systematics? A non-exhaustive list

Di Valentino++ 1911.02087, Calderón++ 2302.14300 
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JWST and the Hubble tension
First analyses with JWST from CCHP and SH0ES.

Re-observations of 20 key galaxies to check HST 
results + develop new calibration method.
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Observations of 10 SN1a hosts + 1 anchor to re-calibrate cepheids, TRGB and a new ‘JAGB’ method. 

Finds a bias in the cepheids distance while TRGB and JAGB distance are in good agreement

Freedman++ 2408.06153

CCHP: 3 JWST-only measurements of H0
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JAGB and TRGB value of   in good agreement with CDM, Cepheids are ‘biased high’.H0 Λ

Error bars are large: JWST alone is not (yet) as good as HST, only 10 hosts galaxies and one anchor.

Is this the end of the Hubble tension?

Freedman++ 2408.06153

CCHP finds no Hubble tension
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HST provides a ‘complete’ picture
JWST measures (very well) a sub-sample of the full HST sample

Riess++ 2408.11770
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JWST in very good agreement  between cepheid 
distances and all other methods from HST

( < 1σ)

Identified a missing source of error in the CCHP cepheid 

JAGB sample of host galaxies is ‘biased low’ and this is 
expected!

Riess++ 2408.11770

SH0ES suggests a ‘bias low’ in CCHP samples
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The situation will be settled by (re-)measuring the remaining SN1a host galaxies and anchors.

The Hubble tension is alive and well!

Riess++ 2408.11770

SH0ES confirms the Hubble tension with JWST    



V. Poulin - LUPM (CNRS / Montpellier) NFTD10 - 10/09/25

θs(z) ≡
rs(z*)
dA(z)

dA(z*) ∝ 1/H0

15

Calibrating the ladder: the “indirect” way

z ∼ 1100 z ∼ 0 − 1

Planck measures  at 0.04% precision  but  &  are model dependent. 
 

 appears only in the angular diameter distance .

θs rs dA

H0 dA Summary of other measurements: Verde++ 2311.13305
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Under CDM, 2.3  tension between CMB and BAO dataΛ σ

DESI BAO measurements: hint of new physics?
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rd

DM
≡

H0rs(zd)
∫ z

0
dz(Ωm[(1 + z)3 − 1] + 1)−1/2

rd

DH
≡ H0rs(zd) Ωm[(1 + z)3 − 1] + 1

Under CDM, the BAO allows to measure  and .Λ Ωm H0rd

DESI BAO measurements: hint of new physics?
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rd

DM
≡

H0rs(zd)
∫ z

0
dz(Ωm[(1 + z)3 − 1] + 1)−1/2

rd

DH
≡ H0rs(zd) Ωm[(1 + z)3 − 1] + 1

Under CDM, the BAO allows to measure  and .Λ Ωm H0rd

DESI+CMB in tension at the  level with SN1a in the determination of ∼ 2 − 3σ Ωm

DESI BAO measurements: hint of new physics?
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 preference for , , reduce to  with SDSS.2.5 − 4σ w0 > − 1 wa < 0 2 − 3.5σ
See also Cortês&Liddle 2404.08056, Shlivko&Steinhardt 2405.03933,  Berghaus++ 2404.14341, DESI 2405.04216, 2405.13588, Efstathiou 2408.07175

Can this hint for phantom dark energy help resolve the Hubble tension?

w(a) = w0 + wa(1 − a) Chevallier, Polarski 2001; Linder 2002

Evidence for dynamical dark energy
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Wolf++ 2409.17019Caldwell&Linder 2005

⟨w⟩ = − 1 ⇒
Linder 0708.0024

Evidence for non canonical quintessence 
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WEIRD??
⟨w⟩ = − 1 ⇒

Linder 0708.0024

A mirage of dynamical dark energy?



V. Poulin - LUPM (CNRS / Montpellier) NFTD10 - 10/09/2521

A “late-time” solution to the Hubble tension?
dA(z) ≡ ∫

z

0

dz′￼

H0 Ωm(1 + z)3 + ΩΛ(1 + z)3(1+w) + ⋯
θs ≡

rs(z*)
dA(z*)

Measured
Assumed from LCDM
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A “late-time” solution to the Hubble tension?

[http://arxiv/insert_your_favorite_ model_here.com]

dA(z) ≡ ∫
z

0

dz′￼

H0 Ωm(1 + z)3 + ΩΛ(1 + z)3(1+w) + ⋯

‘phantom dark energy’ , DE-DM interactions, decaying DM, and many more…w < − 1

θs ≡
rs(z*)
dA(z*)

Measured
Assumed from LCDM

H0 ↑ ⇒ ΩX(z) ↓
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A “late-time” solution to the Hubble tension?

[http://arxiv/insert_your_favorite_ model_here.com]

Planck data can easily accommodate a higher : problem with BAO and Pantheon H0
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80
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0
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Planck+BAO+Pantheon

SH0ES

dA(z) ≡ ∫
z

0

dz′￼

H0 Ωm(1 + z)3 + ΩΛ(1 + z)3(1+w) + ⋯

‘phantom dark energy’ , DE-DM interactions, decaying DM, and many more…w < − 1

θs ≡
rs(z*)
dA(z*)

Measured
Assumed from LCDM

H0 ↑ ⇒ ΩX(z) ↓



V. Poulin - LUPM (CNRS / Montpellier) NFTD10 - 10/09/2521

A “late-time” solution to the Hubble tension?

[http://arxiv/insert_your_favorite_ model_here.com]

Planck data can easily accommodate a higher : problem with BAO and Pantheon H0

°1.4 °1.2 °1.0 °0.8 °0.6

w0

60

70

80

H
0

SH0ES

Planck

Planck+SH0ES

Planck+BAO+Pantheon

SH0ES

dA(z) ≡ ∫
z

0

dz′￼

H0 Ωm(1 + z)3 + ΩΛ(1 + z)3(1+w) + ⋯

‘phantom dark energy’ , DE-DM interactions, decaying DM, and many more…w < − 1

θs ≡
rs(z*)
dA(z*)

Measured
Assumed from LCDM

H0 ↑ ⇒ ΩX(z) ↓
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A “late-time” solution to the Hubble tension?

[http://arxiv/insert_your_favorite_ model_here.com]

Planck data can easily accommodate a higher : problem with BAO and Pantheon H0

°1.4 °1.2 °1.0 °0.8 °0.6

w0

60

70

80

H
0

SH0ES

Planck

Planck+SH0ES

Planck+BAO+Pantheon

SH0ES

dA(z) ≡ ∫
z

0

dz′￼

H0 Ωm(1 + z)3 + ΩΛ(1 + z)3(1+w) + ⋯

‘phantom dark energy’ , DE-DM interactions, decaying DM, and many more…w < − 1

θs ≡
rs(z*)
dA(z*)

Measured
Assumed from LCDM

H0 ↑ ⇒ ΩX(z) ↓

DESI 2404.03002, Cortês&Liddle 2404.08056, Shlivko&Steinhardt 2405.03933,  Berghaus++ 2404.14341, Efstathiou 2408.07175

H0 = 68 ± 0.7 km/s/Mpc
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A “no-go” theorem against late-time solutions

θd(z) =
rs(zdrag)
DA(z)

m(z) = 5 log10(DL(z)) + Mb

GR + photon conservation imposes the “distance-duality relation”: DA(z) = DL(z)/(1 + z)2

SN1a:BAO:
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A “no-go” theorem against late-time solutions

θd(z) =
rs(zdrag)
DA(z)

m(z) = 5 log10(DL(z)) + Mb
Planck SH0ES

GR + photon conservation imposes the “distance-duality relation”: DA(z) = DL(z)/(1 + z)2

SN1a:BAO:
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A “no-go” theorem against late-time solutions

θd(z) =
rs(zdrag)
DA(z)

m(z) = 5 log10(DL(z)) + Mb
Planck SH0ES

Assuming  Mpc and ,  and  are incompatible! Still true with DESI rs ∼ 147 Mb ∼ − 19.25 DA(z) DL(z)

GR + photon conservation imposes the “distance-duality relation”: DA(z) = DL(z)/(1 + z)2

SN1a:BAO:

Camarena&Marra 2101.08641, Efstathiou 2103.08723,  Raveri 2309.06795

VP, Smith, Calderon, Simon 2407.18292

0.1 1z0.01
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Solving the tension require to either change calibrators or break the DDR relation

Camarena&Marra 2101.08641, Efstathiou 2103.08723,  Raveri 2309.06795

VP, Smith, Calderon, Simon 2407.18292

0.1 1z0.01



V. Poulin - LUPM (CNRS / Montpellier) NFTD10 - 10/09/2522

A “no-go” theorem against late-time solutions

θd(z) =
rs(zdrag)
DA(z)

m(z) = 5 log10(DL(z)) + Mb
Planck SH0ES

Assuming  Mpc and ,  and  are incompatible! Still true with DESI rs ∼ 147 Mb ∼ − 19.25 DA(z) DL(z)
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A “no-go” theorem against late-time solutions

θd(z) =
rs(zdrag)
DA(z)

m(z) = 5 log10(DL(z)) + Mb
Planck SH0ES

Assuming  Mpc and ,  and  are incompatible! Still true with DESI rs ∼ 147 Mb ∼ − 19.25 DA(z) DL(z)

GR + photon conservation imposes the “distance-duality relation”: DA(z) = DL(z)/(1 + z)2

SN1a:BAO:

Solving the tension require to either change calibrators or break the DDR relation

Teixeira (VP) ++ 2504.10464

Camarena&Marra 2101.08641, Efstathiou 2103.08723,  Raveri 2309.06795

VP, Smith, Calderon, Simon 2407.18292

0.1 1z0.01

A single “constant” shift is currently sufficient  changing calibrators favored!⇒
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The cosmic calibration tension
What is the impact of calibrating the BAO+SN1a Hubble diagram with either Planck or SH0ES?  
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The cosmic calibration tension

Under CDM, BAO and SN1a provide tight constraints to ; ;  Λ μ̃ ≡ M − 5 log10(h) H0rd Ωm

What is the impact of calibrating the BAO+SN1a Hubble diagram with either Planck or SH0ES?  

VP, Smith, Calderon, Simon 2407.18292 
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The cosmic calibration tension

Calibrating the BAO and SN1a leads to measurement of  and H0 ωm = Ωmh2

Under CDM, BAO and SN1a provide tight constraints to ; ;  Λ μ̃ ≡ M − 5 log10(h) H0rd Ωm

What is the impact of calibrating the BAO+SN1a Hubble diagram with either Planck or SH0ES?  

VP, Smith, Calderon, Simon 2407.18292 
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The cosmic calibration tension

Challenge for new physics: Reduce the sound horizon and compensate the larger  on the CMB ωm

Calibrating the BAO and SN1a leads to measurement of  and H0 ωm = Ωmh2

Under CDM, BAO and SN1a provide tight constraints to ; ;  Λ μ̃ ≡ M − 5 log10(h) H0rd Ωm

What is the impact of calibrating the BAO+SN1a Hubble diagram with either Planck or SH0ES?  

See also Jedamzik++ 2010.04158, Blanchard++ 2205.05017, Pedrotti++ 2408.04530

VP, Smith, Calderon, Simon 2407.18292 
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rs = ∫
z*

∞
dz

cs(z)
8πG/3 ρtot(z)

Bernal++  1607.05617, Raveri 1902.01366, Aylor++1811.00537 , Knox&Milllea 1908.03663, Schöneberg (VP) ++  2107.10291

r s 
[M

pc
]

ΛCDM prediction

How to resolve the cosmic calibration tension
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rs = ∫
z*

∞
dz

cs(z)
8πG/3 ρtot(z)

Bernal++  1607.05617, Raveri 1902.01366, Aylor++1811.00537 , Knox&Milllea 1908.03663, Schöneberg (VP) ++  2107.10291

 does not reach 10Mpc before 25 000:  new physics between recombination and 25 000? rs z ∼

r s 
[M

pc
]

ΛCDM prediction

How to resolve the cosmic calibration tension
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rs = ∫
z*

∞
dz

cs(z)
8πG/3 ρtot(z)

Bernal++  1607.05617, Raveri 1902.01366, Aylor++1811.00537 , Knox&Milllea 1908.03663, Schöneberg (VP) ++  2107.10291

 does not reach 10Mpc before 25 000:  new physics between recombination and 25 000? rs z ∼

r s 
[M

pc
]

[insert new physics here]

ΛCDM prediction

How to resolve the cosmic calibration tension
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rs = ∫
z*

∞
dz

cs(z)
8πG/3 ρtot(z)

affect cs: DM-photon scattering? DM-b scattering?
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Exotic recombination via electron mass increase 
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VP, Smith, Karwal, 2302.09032

Aloni++ 2111.00014

Hart&Chluba 1912.03986

Three models as examples
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Models affecting solely the way recombination proceeds are disfavored: they lead to a low Ωm
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Model-independent Implications beyond H0

Exotic expansion history via early dark energy: boost in  through scalar-fieldH(z ∼ 3500) ∼ 5 %

Exotic expansion history via additional tightly-coupled relativistic species ΔNfld ∼ 0.5

No more tension with BBN but tension with weak lensing measurements at the  level3 − 3.5σ

 increases! Back to being compatible with 1? It can be probed with future CMB experiments ns

Age of the universe  0.7 Gyr younger: problem with old objects? JWST?∼

VP, Smith, Karwal, 2302.09032

Aloni++ 2111.00014

Hart&Chluba 1912.03986Exotic recombination via electron mass increase 
Δme

me
(z ∼ 1000) ∼ 5 %
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Early universe solution can reduce  and  H0rd Ωm

An alternative explanation to DESI results? Lynch&Chluba 2406.10202, Chaussidon++ 2503.24343 

Early universe solution to the BAO tension
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σ2
8 = ∫

∞

0

k3

2π2
Plin(k)W2(kR)dlnk

S8 ≡ σ8( Ωm

0.3 )0.5

Chabanier 1905.08103

WL observations are mostly sensitive to the ‘  parameter’.S8

The  parameterS8
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The  tensionS8
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What do we know about P(k,z)?
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Weak lensing measure smaller scales than galaxy cluster number counts! Power suppression at   h/Mpc?k ≳ 0.5

Preston++ 2305.09827

Goldstein++ 2303.00746 , K. Rogers & VP 2311.16377

Lyman-  data may or may not favor a power suppression at  and  Mpc α z ∼ 3 k ∼ 0.7 −1

What do we know about P(k,z)?
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Latest results from KIDS Legacy: improved redshift calibration has removed the tension in their data

The  tension revisitedS8
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Cosmology at a crossroad: Precision or discordance?

• Despite its great success, the CDM model is purely parametric: DM, DE, inflation still unknown Λ

•  at  in tension, SN1a/BAO at 3-4 ,  at <2  in tension: clues about physics beyond CDM?H0 5σ σ S8 σ Λ

• It appears as though these tensions do not lead to a consistent picture (yet).
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Cosmology at a crossroad: Precision or discordance?

• The SH0ES calibration has implications beyond : smaller , larger  and larger  

• Models affecting the pre-recombination expansion history not fully successful but favored 

• Or maybe need new degrees of freedom at both early- and late-times?

H0 tU ωm S8

• Despite its great success, the CDM model is purely parametric: DM, DE, inflation still unknown Λ

•  at  in tension, SN1a/BAO at 3-4 ,  at <2  in tension: clues about physics beyond CDM?H0 5σ σ S8 σ Λ

• It appears as though these tensions do not lead to a consistent picture (yet).

• Barring systematics/statistical fluke, the challenge is immense… but worth it!



33• New CMB data are coming: very sensitive to new physics around recombination! (And inflation)

• New LSS data are coming:  check DESI result, check  results, measure .S8 ∑ mν

• JWST and gravitational wave measurements of .H0

36

Cosmology: where are we going next?

The Atacama Cosmology Telescope The South Pole Telescope

DESI Euclid LSST/Vera Rubin Observatory


