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Astonishing success of ΛCDM Cosmology: GR + Cosmological Principle

{H0, ωb, ωcdm, As, ns, τreio}

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 initial conditions is unknown. 
How star formation happened and re-ionized the universe is unknown.

The Era of Precision Cosmology 
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Precision Cosmology or Cosmic discordance?
The ΛCDM Cosmology is under extreme scrutiny

Cosmic dipole anomaly? The universe is not isotropic?

Cosmic void? The universe is not locally homogeneous?

Tensions in cosmological parameters?

(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 



V. Poulin - LUPM (CNRS / Montpellier) IFPU - ModIC24 - 13/05/243

Precision Cosmology or Cosmic discordance?
The ΛCDM Cosmology is under extreme scrutiny

Cosmic dipole anomaly? The universe is not isotropic?

Cosmic void? The universe is not locally homogeneous?

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

Tensions in cosmological parameters?

(Too) High redshift galaxies with JWST?

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

Hints of dynamical dark energy?

Is this a sign of a break down in the cosmological principle or GR?

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 
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Title

Adapted from slide by A. Riess, KITP July 2019

42

1.4

73 0
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 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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Snowmass white paper  2203.06142 

65.0 67.5 70.0 72.5 75.0 77.5 80.0
Expansion rate H0 [km/s/Mpc]

Surface Brightness Fluctuations
73.3±2.5

Cepheids alone
73.1±2.6

Masers
73.9±3.0

H0LICOW
73.3±1.7

SNIa+TRGB (CCHP)
69.8±1.9

SNIa+TRGB (SH0ES)
72.4±2.0

SNIa+Cepheids (SH0ES)
73.0±1.0

ACT 2020
67.9±1.5

BAO+BBN
68.3±1.2

Planck 2018
67.3±0.6

Indirect

Direct

flat LCDM

The Hubble tension beyond SH0ES & Planck

Sound horizon 
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Snowmass white paper  2203.06142 

• High-accuracy measurements (very different 
systematics) indicate large H0

65.0 67.5 70.0 72.5 75.0 77.5 80.0
Expansion rate H0 [km/s/Mpc]

Surface Brightness Fluctuations
73.3±2.5

Cepheids alone
73.1±2.6

Masers
73.9±3.0

H0LICOW
73.3±1.7

SNIa+TRGB (CCHP)
69.8±1.9

SNIa+TRGB (SH0ES)
72.4±2.0

SNIa+Cepheids (SH0ES)
73.0±1.0

ACT 2020
67.9±1.5

BAO+BBN
68.3±1.2

Planck 2018
67.3±0.6

Indirect

Direct

flat LCDM

• Some debate around H0LICOW results 

The Hubble tension beyond SH0ES & Planck

Sound horizon 
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The  parameterS8

The  parameter quantifies how “clumpy” the universe is on scales of  million-lyS8 ∼ 30

σ2
8 = ∫

∞

0

k3

2π2
Plin(k)W2(kR)dlnk

S8 ≡ σ8( Ωm

0.3 )0.5

Chabanier 1905.08103
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There is a 2-3  tension between   from WL x GC measurements and Planck  σ S8

Chen++ 2204.10392

The  tensionS8
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Is there a  tension after all?S8

Latest  from galaxy cluster number counts by eROSITA is not in tension with PlanckS8

A potential systematic in WL surveys was already pointed out: intrinsic alignements, non-linear modeling, 
baryonic feedback could play a role. 

Ghirardini 2402.08458

Amon& Efstathiou 2206.11794, Aricò++ 2303.05537, Abbott++ 2305.17173
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Planck 1807.06209

The acoustic size of the sound horizon   is seen through CMB anisotropies and galaxy surveysθs

It can be used to measure distances and infer  given a model.H0

BOSS/SDSS collaboration

z ∼ 1100 z ∼ 0 − 1

The BAO: a standard ruler in the sky
Sound horizon : distance travelled by sound-waves in the plasma until recombinationrs



V. Poulin - LUPM (CNRS / Montpellier) IFPU - ModIC24 - 13/05/2412

<latexit sha1_base64="TnS9oae7aqexyG15glOZvc9ZTGw=">AAACBHicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnZ3mTI7Owy0yuEJVc/wKt+gjfx6n/4Bf6Gk2QPJrGgoajqprsrSKUw6Lrfztr6xubWdmmnvLu3f3BYOTpumSTTHJo8kYnuBMyAFAqaKFBCJ9XA4kBCOxjdTf32E2gjEvWI4xT8mA2UiARnaKVOD4eArG/6lapbc2egq8QrSJUUaPQrP70w4VkMCrlkxnQ9N0U/ZxoFlzAp9zIDKeMjNoCupYrFYPx8du+EnlslpFGibSmkM/XvRM5iY8ZxYDtjhkOz7E3F/7xuhtGNnwuVZgiKzxdFmaSY0OnzNBQaOMqxJYxrYW+lfMg042gjWthi7FNDCCdlm4y3nMMqaV3WPLfmPVxV67dFRiVySs7IBfHINamTe9IgTcKJJC/klbw5z8678+F8zlvXnGLmhCzA+foFP2iY5w==</latexit>

<latexit sha1_base64="f69VD1Dtz6QqWI4lp9RtYBglvQs=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczOdpIhs7PLzKwQlhz8AK/6Cd7Eq5/iF/gbTpI9mMSChqKqm+6uIBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5H3OqLHSg+rpXrniVt0ZyCrxclKBHPVe+acbxiyNUBomqNYdz02Mn1FlOBM4KXVTjQllIzrAjqWSRqj9bHbqhJxZJST9WNmShszUvxMZjbQeR4HtjKgZ6mVvKv7ndVLTv/YzLpPUoGTzRf1UEBOT6d8k5AqZEWNLKFPc3krYkCrKjE1nYYu2Tw0xnJRsMt5yDqukeVH13Kp3f1mp3eQZFeEETuEcPLiCGtxBHRrAYAAv8ApvzrPz7nw4n/PWgpPPHMMCnK9fShWWtQ==</latexit>

illustration: T. Smith

dA ∝ 1/H0 = 1/ ρtot(0)

0.04% precision!

The sound horizon  is determined from the acoustic peaks given a model

 appears only in the angular diameter distance .

rs

H0 dA

θs ≡
rs(z*)
dA(z*)

How does CMB data measure ?H0
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illustration: T. Smith

dA ∝ 1/H0 = 1/ ρtot(0)

0.04% precision!

The sound horizon  is determined from the acoustic peaks given a model

 appears only in the angular diameter distance .

rs

H0 dA

θs ≡
rs(z*)
dA(z*)

How does CMB data measure ?H0
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Geometrical degeneracy in the late-universe!
‘phantom dark energy’ , DE phase transition, DE-DM interaction, decaying/annihilating DM, and many more…w < − 1

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

E(z) ≡ Ωm(1 + z)3 + ΩΛ(z) + ⋯θs ≡
H0 rs(z*)

∫ z*

0
1/E(z′￼) dz′￼
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Geometrical degeneracy in the late-universe!
‘phantom dark energy’ , DE phase transition, DE-DM interaction, decaying/annihilating DM, and many more…w < − 1

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

Planck 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

E(z) ≡ Ωm(1 + z)3 + ΩΛ(z) + ⋯θs ≡
H0 rs(z*)

∫ z*

0
1/E(z′￼) dz′￼



V. Poulin - LUPM (CNRS / Montpellier) IFPU - ModIC24 - 13/05/2414

BAO and SN1a constrain the expansion history 
Uncalibrated BAO and SN1a can constrain the shape of the expansion history to high-accuracy

Tight constraints on  even if the dark energy equation of state is let free to vary ( .Ωm = 0.316+0.009
−0.005 ΩΛ = 1 − Ωm)

It is impossible to play with the late-time expansion history to explain H0

Bernal++ 2102.05066

This conclusion is NOT affected by the latest DESI + SN1a data

VP++ 1803.02474  Keeley & Shafieloo 2206.08440

Calderon++ 2405.04216

Keeley & Shafieloo 2206.08440
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The tension is truly between calibrators!

θd(z) =
rs(zdrag)
DA(z)

μ(z) = 5Log10DL(z) + MbBAO: SN1a:

In GR:  ==> it is impossible to resolve the tension without changing calibration!DA = DL /(1 + z)2
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The tension is truly between calibrators!

θd(z) =
rs(zdrag)
DA(z)

μ(z) = 5Log10DL(z) + Mb

Raveri 2309.06795

BAO: SN1a:
Planck SH0ES

Assuming  and ,  and  are incompatible!rs(ΛCDM) Mb(SH0ES) DA(z) DL(z)

In GR:  ==> it is impossible to resolve the tension without changing calibration!DA = DL /(1 + z)2
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The tension is truly between calibrators!

Efstathiou 2103.08723

θd(z) =
rs(zdrag)
DA(z)

μ(z) = 5Log10DL(z) + Mb

Raveri 2309.06795

BAO: SN1a:
Planck SH0ES

Assuming  and ,  and  are incompatible!rs(ΛCDM) Mb(SH0ES) DA(z) DL(z)

In GR:  ==> it is impossible to resolve the tension without changing calibration!DA = DL /(1 + z)2
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The tension is truly between calibrators!

Efstathiou 2103.08723

θd(z) =
rs(zdrag)
DA(z)

μ(z) = 5Log10DL(z) + Mb

Raveri 2309.06795

BAO: SN1a:
Planck SH0ES

Two possibilities: break EDDR or change calibrators?

Assuming  and ,  and  are incompatible!rs(ΛCDM) Mb(SH0ES) DA(z) DL(z)

In GR:  ==> it is impossible to resolve the tension without changing calibration!DA = DL /(1 + z)2

Tutusaus++, 2311.16862
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Tutusaus++, 2311.16862

=>

+

Could the DDR be violated?
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Possibly, but it would not affect “non-SN1a-based’’ measurements. 

Tutusaus++, 2311.16862

=>

+

Photon number not conserved? e.g. “dust” or exotic physics like photon-axion conversion?

Could the DDR be violated?
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The trouble beyond H0

Decrease  by  Mpc and compensate for the higher  and rs ∼ 10 ωcdm S8 ≡ σ8( Ωm

0.3 )0.5

Since  and  are unchanged (fixed by late-time)  will decrease! Age of the universe tension?Ωm H0 tU

This is model independent as long as late-time dynamics is unchanged

Bernal++ 2102.05066, Jedamzik & Pogosian 2010.04158, Vagnozzi  2105.10425 
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The trouble beyond H0

Decrease  by  Mpc and compensate for the higher  and rs ∼ 10 ωcdm S8 ≡ σ8( Ωm

0.3 )0.5

Since  and  are unchanged (fixed by late-time)  will decrease! Age of the universe tension?Ωm H0 tU

This is model independent as long as late-time dynamics is unchanged

Bernal++ 2102.05066, Jedamzik & Pogosian 2010.04158, Vagnozzi  2105.10425 

Hints of  or Early Dark Energy?Neff

Question: how to reduce the sound horizon while compensating the impact of a larger  on the CMB?ωcdm
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r s 
[M

pc
]

ΛCDM prediction

How to resolve the Hubble tension

rs = ∫
z*

∞
dz

cs(z)
8πG/3 ρtot(z)

Sound horizon : distance travelled by sound-waves in the plasma until recombinationrs
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 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 Hubble tension

rs = ∫
z*

∞
dz

cs(z)
8πG/3 ρtot(z)

Sound horizon : distance travelled by sound-waves in the plasma until recombinationrs
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 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 Hubble tension

rs = ∫
z*

∞
dz

cs(z)
8πG/3 ρtot(z)

Sound horizon : distance travelled by sound-waves in the plasma until recombinationrs
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 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 Hubble tension

rs = ∫
z*

∞
dz

cs(z)
8πG/3 ρtot(z)

affect cs: DM-photon scattering? DM-b scattering?

Sound horizon : distance travelled by sound-waves in the plasma until recombinationrs
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 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 Hubble tension

rs = ∫
z*

∞
dz

cs(z)
8πG/3 ρtot(z)

affect cs: DM-photon scattering? DM-b scattering?affect z*: modified recombination physics? 

Sound horizon : distance travelled by sound-waves in the plasma until recombinationrs
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 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 Hubble tension

rs = ∫
z*

∞
dz

cs(z)
8πG/3 ρtot(z)

affect cs: DM-photon scattering? DM-b scattering?

increase (z): Neff? Early Dark Energy? 
Modified Gravity?

ρ

affect z*: modified recombination physics? 

Sound horizon : distance travelled by sound-waves in the plasma until recombinationrs
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 (free-streaming) ~  is neededΔNeff 0.5 − 1

Bernal++ 1607.05617

Planck temperature alone

Extra-relativistic degrees of freedom Neff
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 (free-streaming) ~  is neededΔNeff 0.5 − 1 : disfavored by Planck high-  polarization and BAOℓ

Bernal++ 1607.05617

Planck temperature + pol + BAO

Extra-relativistic degrees of freedom Neff
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 (free-streaming) ~  is neededΔNeff 0.5 − 1 : disfavored by Planck high-  polarization and BAOℓ

Bernal++ 1607.05617

Planck temperature + pol + BAO

Planck Collaboration: Cosmological parameters
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Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne↵–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne↵ < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.

where gs is the e↵ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.33 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <

⇠
T <
⇠

100 MeV, which produces
�Ne↵ = 1, to a thermalized boson decoupling before top quark
freeze-out, which produces �Ne↵ ⇡ 0.027.

Additional radiation does not need to be fully thermalized, in
which case �Ne↵ must be computed on a model-by-model basis.
We follow a phenomenological approach in which we treat Ne↵
as a free parameter. We allow Ne↵ < 3.046 for completeness,
corresponding to standard neutrinos having a lower temperature
than expected, even though such models are less well motivated
theoretically.

The 2018 Planck data are still entirely consistent with Ne↵ ⇡
3.046, with the new low-` polarization constraint lowering the
2015 central value slightly and with a corresponding 10 % re-
duction in the error bar, giving

Ne↵ = 3.00+0.57
�0.53 (95 %, Planck TT+lowE), (66a)

Ne↵ = 2.92+0.36
�0.37 (95 %, Planck TT,TE,EE+lowE), (66b)

with similar results including lensing. Modifying the relativis-
tic energy density before recombination changes the sound hori-
zon, which is partly degenerate with changes in the late-time ge-
ometry. Although the physical acoustic scale measured by BAO
data changes in the same way, the low-redshift BAO geometry
helps to partially break the degeneracies. Despite improvements

33For most of the thermal history gs ⇡ g⇤, where g⇤ is the e↵ective
degrees of freedom for density, but they can di↵er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .

in both BAO data and Planck polarization measurements, the
joint Planck+BAO constraints remain similar to PCP15:

Ne↵ = 3.11+0.44
�0.43 (95 %, TT+lowE+lensing+BAO); (67a)

Ne↵ = 2.99+0.34
�0.33

(95 %, TT,TE,EE+lowE+lensing
+BAO). (67b)

For Ne↵ > 3.046 the Planck data prefer higher values of the
Hubble constant and fluctuation amplitude,�8, than for the base-
⇤CDM model. This is because higher Ne↵ leads to a smaller
sound horizon at recombination and H0 must rise to keep the
acoustic scale, ✓⇤ = r⇤/DM, fixed at the observed value. Since
the change in the allowed Hubble constant with Ne↵ is associ-
ated with a change in the sound horizon, BAO data do not help to
strongly exclude larger values of Ne↵ . Thus varying Ne↵ allows
the tension with Riess et al. (2018a, R18) to be somewhat eased,
as illustrated in Fig. 35. However, although the 68 % error from
Planck TT,TE,EE+lowE+lensing+BAO on the Hubble parame-
ter is weakened when allowing varying Ne↵ , it is still discrepant
with R18 at just over 3�, giving H0 = (67.3±1.1) km s�1Mpc�1.
Interpreting this discrepancy as a moderate statistical fluctuation,
the combined result is

Ne↵ = 3.27 ± 0.15

H0 = (69.32 ± 0.97) km s�1Mpc�1

9>=
>;

68 %, TT,TE,EE
+lowE+lensing
+BAO+R18.

(68)

However, as explained in PCP15, this set of parameters requires
an increase in �8 and a decrease in ⌦m, potentially increas-
ing tensions with weak galaxy lensing and (possibly) cluster
count data. Higher values for Ne↵ also start to come into ten-
sion with observational constraints on primordial light element
abundances (see Sect. 7.6).

Restricting ourselves to the more physically motivated
models with �Ne↵ > 0, the one-tailed Planck TT,TE,EE
+lowE+lensing+BAO constraint is �Ne↵ < 0.30 at 95 %. This
rules out light thermal relics that decoupled after the QCD phase
transition (although new species are still allowed if they decou-
pled at higher temperatures and with g not too large). Figure 36
shows the detailed constraint as a function of decoupling tem-
perature, assuming only light thermal relics and other Standard
Model particles.

7.5.3. Joint constraints on neutrino mass and Ne↵

There are various theoretical scenarios in which it is possible to
have both sterile neutrinos and neutrino mass. We first consider
the case of massless relics combined with the three standard de-
generate active neutrinos, varying Ne↵ and

P
m⌫ together. The

parameters are not very correlated, so the mass constraint is sim-
ilar to that obtained when not also varying Ne↵ . We find:

Ne↵ = 2.96+0.34
�0.33,X

m⌫ < 0.12 eV,

9>>=
>>;

95 %, Planck TT,TE,EE+lowE
+lensing+BAO. (69)

The bounds remain very close to the bounds on either Ne↵
(Eq. 67b) or

P
m⌫ (Eq. 63b) in 7-parameter models, showing that

the data clearly di↵erentiate between the physical e↵ects gener-
ated by the addition of these two parameters. Similar results are

48

Aghanim++ 1807.06209

Extra-relativistic degrees of freedom Neff
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Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne↵–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne↵ < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.

where gs is the e↵ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.33 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <

⇠
T <
⇠

100 MeV, which produces
�Ne↵ = 1, to a thermalized boson decoupling before top quark
freeze-out, which produces �Ne↵ ⇡ 0.027.

Additional radiation does not need to be fully thermalized, in
which case �Ne↵ must be computed on a model-by-model basis.
We follow a phenomenological approach in which we treat Ne↵
as a free parameter. We allow Ne↵ < 3.046 for completeness,
corresponding to standard neutrinos having a lower temperature
than expected, even though such models are less well motivated
theoretically.

The 2018 Planck data are still entirely consistent with Ne↵ ⇡
3.046, with the new low-` polarization constraint lowering the
2015 central value slightly and with a corresponding 10 % re-
duction in the error bar, giving

Ne↵ = 3.00+0.57
�0.53 (95 %, Planck TT+lowE), (66a)

Ne↵ = 2.92+0.36
�0.37 (95 %, Planck TT,TE,EE+lowE), (66b)

with similar results including lensing. Modifying the relativis-
tic energy density before recombination changes the sound hori-
zon, which is partly degenerate with changes in the late-time ge-
ometry. Although the physical acoustic scale measured by BAO
data changes in the same way, the low-redshift BAO geometry
helps to partially break the degeneracies. Despite improvements

33For most of the thermal history gs ⇡ g⇤, where g⇤ is the e↵ective
degrees of freedom for density, but they can di↵er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .

in both BAO data and Planck polarization measurements, the
joint Planck+BAO constraints remain similar to PCP15:

Ne↵ = 3.11+0.44
�0.43 (95 %, TT+lowE+lensing+BAO); (67a)

Ne↵ = 2.99+0.34
�0.33

(95 %, TT,TE,EE+lowE+lensing
+BAO). (67b)

For Ne↵ > 3.046 the Planck data prefer higher values of the
Hubble constant and fluctuation amplitude,�8, than for the base-
⇤CDM model. This is because higher Ne↵ leads to a smaller
sound horizon at recombination and H0 must rise to keep the
acoustic scale, ✓⇤ = r⇤/DM, fixed at the observed value. Since
the change in the allowed Hubble constant with Ne↵ is associ-
ated with a change in the sound horizon, BAO data do not help to
strongly exclude larger values of Ne↵ . Thus varying Ne↵ allows
the tension with Riess et al. (2018a, R18) to be somewhat eased,
as illustrated in Fig. 35. However, although the 68 % error from
Planck TT,TE,EE+lowE+lensing+BAO on the Hubble parame-
ter is weakened when allowing varying Ne↵ , it is still discrepant
with R18 at just over 3�, giving H0 = (67.3±1.1) km s�1Mpc�1.
Interpreting this discrepancy as a moderate statistical fluctuation,
the combined result is

Ne↵ = 3.27 ± 0.15

H0 = (69.32 ± 0.97) km s�1Mpc�1

9>=
>;

68 %, TT,TE,EE
+lowE+lensing
+BAO+R18.

(68)

However, as explained in PCP15, this set of parameters requires
an increase in �8 and a decrease in ⌦m, potentially increas-
ing tensions with weak galaxy lensing and (possibly) cluster
count data. Higher values for Ne↵ also start to come into ten-
sion with observational constraints on primordial light element
abundances (see Sect. 7.6).

Restricting ourselves to the more physically motivated
models with �Ne↵ > 0, the one-tailed Planck TT,TE,EE
+lowE+lensing+BAO constraint is �Ne↵ < 0.30 at 95 %. This
rules out light thermal relics that decoupled after the QCD phase
transition (although new species are still allowed if they decou-
pled at higher temperatures and with g not too large). Figure 36
shows the detailed constraint as a function of decoupling tem-
perature, assuming only light thermal relics and other Standard
Model particles.

7.5.3. Joint constraints on neutrino mass and Ne↵

There are various theoretical scenarios in which it is possible to
have both sterile neutrinos and neutrino mass. We first consider
the case of massless relics combined with the three standard de-
generate active neutrinos, varying Ne↵ and

P
m⌫ together. The

parameters are not very correlated, so the mass constraint is sim-
ilar to that obtained when not also varying Ne↵ . We find:

Ne↵ = 2.96+0.34
�0.33,X

m⌫ < 0.12 eV,

9>>=
>>;

95 %, Planck TT,TE,EE+lowE
+lensing+BAO. (69)

The bounds remain very close to the bounds on either Ne↵
(Eq. 67b) or

P
m⌫ (Eq. 63b) in 7-parameter models, showing that

the data clearly di↵erentiate between the physical e↵ects gener-
ated by the addition of these two parameters. Similar results are
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Aghanim++ 1807.06209

Planck+BAO constrains  and  km/s/MpcNeff = 2.99 ± 0.17 H0 = 67.3 ± 1.1

Exotic neutrino interactions cannot help anymore

=> Need for a “localized” energy injection

Extra-relativistic degrees of freedom Neff

Camarena&Cyr-Racine 2403.05496

Aloni++ 2111.00014, Joseph++ 2207.03500, Shöneberg++ 2306.12469
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What is Early Dark Energy?
Initially slowly-rolling field (due to Hubble friction) that later dilutes faster than matter

�̈+ 3H�̇+
dVn(�)

d�
= 0

VP++ 1811.04083
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What is Early Dark Energy?
Initially slowly-rolling field (due to Hubble friction) that later dilutes faster than matter

�̈+ 3H�̇+
dVn(�)

d�
= 0

Early MG:  +  
leads to a similar phenomenology if 

(M2
pl + ξϕ2)R λϕ4

ξ > 0

-attractors: α V(ϕ) = f 2[tanh(ϕ/ 6αMpl)]
Linder 1505.00815, Braglia++ 2005.14053

Braglia++ 2011.12934

Oscillating potential: V(ϕ) = m2f 2(1 − cos
ϕ
f )n

Karwal& Kamionkowski 1608.01309, VP, Smith,Karwal++ 1806.10608  & 
1811.04083;  Smith, VP++ 1908.06995

First-order phase transition (NEDE model)
Niedermann&Sloth 1910.10739,  2006.06686, 2009.00006,
2112.00770; Freese&Winkler 2102.13655

VP++ 1811.04083
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What is Early Dark Energy?
Initially slowly-rolling field (due to Hubble friction) that later dilutes faster than matter

�̈+ 3H�̇+
dVn(�)

d�
= 0

: matter, : radiation, etc.n = 1 n = 2

 z > zc ⇒ wn = − 1
z < zc ⇒ wn = (n − 1)/(n + 1)

Specified by fEDE(zc), zc, w(n), c2
s (k, τ)

{

Early MG:  +  
leads to a similar phenomenology if 

(M2
pl + ξϕ2)R λϕ4

ξ > 0

-attractors: α V(ϕ) = f 2[tanh(ϕ/ 6αMpl)]
Linder 1505.00815, Braglia++ 2005.14053

Braglia++ 2011.12934

Oscillating potential: V(ϕ) = m2f 2(1 − cos
ϕ
f )n

Karwal& Kamionkowski 1608.01309, VP, Smith,Karwal++ 1806.10608  & 
1811.04083;  Smith, VP++ 1908.06995

First-order phase transition (NEDE model)
Niedermann&Sloth 1910.10739,  2006.06686, 2009.00006,
2112.00770; Freese&Winkler 2102.13655

𝒛𝒄

fEDE(zc)

wn ≡
n − 1
n + 1

VP, Smith, Karwal, 

VP++ 1811.04083
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Status of EDE solutions with Planck 2018
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Similar background properties although not all models yield the same overall improvement

Planck + BAO + Pantheon + SH0ES : a good fit with strong preference over CDMΛ

VP, Smith, Karwal, 2302.09032
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New NPIPE maps: 80% sky, , lower noise/systematicsℓ < 2500

Efstathiou, Rosenberg, VP 2311.00524

Planck 2007.04997

~10% precision gain in CDM, no  anomalyΛ Alens Rosenberg++ 2205.10869, Tristram++ 2309.10034 

NPIPE Planck maps can improve constraints on EDE

See also Calderón++ 2302.14300
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Residual tension now exceeds 3.5 : the axion-like EDE is now severely constrained.σ

This does NOT mean that all EDE models are excluded!  
==> Need to test better theoretically motivated potentials or model-independent reconstructions of the potential. 

Efstathiou, Rosenberg, VP 2311.00524

Updated constraints from CamSpec NPIPE 2020 
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ModIC: the way forward… but not new

Hojjati, Linder, Samsing 1304.3724Samsing, Linder, Smith 1208.4845

Already attempts at reconstruction of the early expansion history showing hints of deviations!

Need to go beyond “background-only’’ approach 
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The Hubble tension makes the  tension worseS8

Ghirardini 2402.08458

Hill et al. 2003.07355, Ivanov++ 2006.11235 , d’Amico++ 2006.12420

If no systematic in WL surveys, the low  measurements constrain solutions to  tensionS8 H0
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Preston++ 2305.09827

Goldstein++ 2303.00746 , K. Rogers & VP 2311.16377

How to resolve the tension about the  tensionS8
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KIDS/DES measure smaller scales than eROSITA! Power suppression at   h/Mpc?k ≳ 0.5

Preston++ 2305.09827

Goldstein++ 2303.00746 , K. Rogers & VP 2311.16377
Lyman-  data also favor (strongly) a power suppression at  and  Mpc α z ∼ 3 k ∼ 0.7 −1

How to resolve the tension about the  tensionS8
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Strong tension between Planck and eBOSS Lya? 
eBOSS Lya  QSO at ∼ 200 000 z = 2 − 5

Measurements of tilt  & amplitude  at MpcnL Δ2
L z = 3, k ≃ 1h /

No tension on CDM parameters but 4.8  tension on Λ σ nL & Δ2
L

Hint for model resolving  tension?σ8

Chabanier++ 1812.03554

McDonald astro-ph/0407377,  Pedersen ++ 2209.09895, Goldstein++ 2303.00746

Chabanier++ 1812.03554

See also Fernandez++ 2309.03943

See also Palanque-Delabrouille+ 1911.09073
K. Rogers & VP 2311.16377
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New physics in eBOSS data?

Models with power suppression: running , fraction of WDM and ULA all favoredαs

K. Rogers & VP 2311.16377
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Planck CMB wavenumbers

eBOSS Ly-Æ forest wavenumbers

Compressed eBOSS data ¢2
lin, nlin

Require  or   or αs ∼ 0.01 {fULA ∼ 1 % , mULA ∼ 10−26eV} {fWDM ∼ 1 % , mWDM ∼ 100eV}
Rogers++ 2301.08361

See also Palanque-Delabrouille+ 1911.09073

 and  may be two (related or not) new degrees of freedom ? Connection between EDE and ULA?H0 S8

TBC with small scales Ly-  (XQ100 &  MIKE / HIRES)α
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• Increase Hubble rate or accelerate recombination to reduce the sound horizon .rs

• DDR require that a new physics solution before or around the time of recombination. 

The Hubble tension: what do we know so far?

• It has implications beyond : smaller , larger  and larger  

• Additional dynamics to reduce the growth of matter perturbations, WDM/ULA … or baryons?

H0 tU ωcdm S8

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

•  is in  tension and  is in 3  tension: first clue about physics beyond CDM?H0 5σ S8 σ Λ



30• New CMB data are coming: very sensitive to new physics around recombination!

• New LSS data are coming:  measure , improve “baryons”, neutrino masses? P(k, z)

• JWST and gravitational wave measurements of .H0

36

Cosmic tensions: where are we going next?

The Atacama Cosmology Telescope The South Pole Telescope

DESI Euclid LSST/Vera Rubin Observatory


