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The CMB temperature power spectrum measured by Planck

Planck 1807.06209

The Era of Precision Cosmology 
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Good agreement between all CMB data!

The Era of Precision Cosmology 

See ACT 2007.07288, SPT 2101.01684, Handley&Lemos 2007.08496  for discussion about statistical agreement ( )∼ 2σ
SPT 2101.01684
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SN1a

SN1a (uncalibrated)
BAO

Galaxy Clustering

The Era of Precision Cosmology 

BBN

Planck 1807.06209

CDM explains a wide variety of data (well-)within Λ 2σ
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0.6% precision
1% precision

0.03% precision
13% precision
0.5% precision
0.4% precision

Planck alone

Astonishing success of ΛCDM Cosmology: GR+ Cosmological Principle
matter  
content

expansion 
rate (H0,Λ)

star  
formation

Inflation

A concordance model: CDMΛ

As the precision of data has increased, a certain number of “tensions” have emerged.
Are these the first signs of the true nature of DM and DE?

Planck 1807.06209
There are additional predictions of ΛCDM to compare with observations (e.g.)
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Anomalies in Planck: is the Universe closed?

Flat universe is also supported by BOSS and Cosmic Chronometers. 

Unless specified, Figs. from Di Valentino++ 1911.02087

Planck 1807.06209

Planck 1807.06209

Nb:  could also be explained in modified gravity framework, it suffers from the same issues.AL

Vagnozzi++2010.02230,  2011.11645

Cϕϕ
ℓ → ALCϕϕ

ℓ

The Universe is flat unless of a true ‘cosmological crisis’.
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The  tensionS8

•  tension between CFHTLenS/HSC/KiDS/DES and Planck. (Potentially also Planck SZ).∼ 2 − 3σ
CFHTLenS MNRAS 2013, HSC PASJ 2019, DES PRD 2018, Salvati++ PoS 1901.05289

• To resolve the tension: reduce power at scales   h/Mpc. DM interactions or decays,  
fuzzy dark matter, hot dark matter.

k ∼ 0.1 − 1

• BOSS alone also in   tension. When combined with KiDS-1000, points to a  tension.∼ 2σ σ8 ∼ 3σ
Ivanov++ 1909.05277, d’Amico++ 1909.05271, Heymans++ 2007.15632

Figs. from Heymans++ 2007.15632

See `cosmology intertwined’ white paper Di Valentino++ 2008.11285  
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Decaying Dark Matter and the  tension S8

DM with  with  can 
explain low .

Γ−1 ≃ 55(ε/0.007)1.4 Gyrs ϵ ≃ vwdm /c
S8

Future LSS measurements (EUCLID, VRO/LSST, DESI) 
will test the scenario.

The warm daughter induces a power suppression  
similar to hot DM or non-zero  but different time evolution.mν

(Fraction of) HDM disfavored

(Fraction of) Fuzzy DM seems to work

Das++ 2104.03329 

Laguë++ 2104.07802

Abellan, Murgia++ 2008.09615, 2104.03329 See also Vattis++ 1903.06220 
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Interacting Dark Matter and the S8 tension

Non-Abelian dark matter model 

Cannibal dark matter 

Works also with sub-component of strongly interacting DM
Heimersheim++ 2008.08486

Chacko++1609.03569, Buen-Abad++ 1708.09406, Raveri++ 1709.04877 

Buen-Abad++1505.03542,  Lesgourgues++1507.04351

Beware the Lyman- !α

Archidiacono++ 1907.01496

Archidiacono++ 1907.01496
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Indirect:  is a prediction 
from the CDM model 
constrained with high-z data

H0
Λ

Direct:  is measured at low-z 
in different ways

H0

Direct measurements are  
higher than predictions, 
not all are in strong tension.

Average: tension between 4-6σ

As of 2021, over 20 measurements 
and 800 papers!!

Di Valentino et al 2103.01183

Systematics? New Physics?

The Hubble tension

‘Filtered version’ w/  km/s/MpcΔH0 ≤ 3



V. Poulin - CNRS & U. Montpellier EuCAPT symposium - 06/05/2111

Systematics? A non-exhaustive list
A single systematic is not enough: several independent measurements point to a high(-ish)  H0

Systematic in SN1a?: 
Are SN1a correctly calibrated? multi-step process! 

Test several calibration methods (e.g. Cepheids vs TRGB vs Miras). 
Is their dust in the TRGB / Cepheid calibration? 
Is there a bias in the peculiar velocity correction? 
Is there a metallicity correction? 
Is GAIA parallax correct? 

Are there different populations of SN1a between “local” and “Hubble flow” SN1a? 

Do we live in a void? We would need a “ ” void with  within 150Mpc.  
No evidence from SN1a at z <~2. 

5σ δ ≃ − 0.8

Systematic in strongly-lensed quasars? 
Are Lens profiles correctly modeled? The “H0LiCOW” result could be explained by a cored density profile. 
TDCosmo: favored by kinematic data.

Is the cosmological principle wrong? What is the importance of back-reaction?

See review Di Valentino++ 2103.01183 for all relevant references

Follin&Knox 1707.01175, Feeney++ 1707.00007, Freedman++ 1907.05922, Freedmann++2002.01550, Yuan++1908.00993, Efstathiou++ 2007.10716, Soltis++2012.09196

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

 Wu&Huterer 1706.09723, D’Arcy Kenworthy++ 1901.08681, Cai++ 2012.08292

Blum et al. 2001.07182, Birrer++ 2007.02941

Colin++1808.04597, Heinesen&Buchert 2002.10831, Secrest++ 2009.14826

Experimental efforts are of utmost importance!  But if it is new physics, it is essential to: 
i) understand what causes this tension; ii) make predictions for other observables. 
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The ‘sound horizon’ , a standard ruler in the sky: distance travelled by sound wave until recombination at . 
Planck measures  and, given a model, can extract . 

 appears *only* in the angular diameter distance . 

rs z*

θs rs

H0 dA

illustration: T. Smith

dA ∝ 1/H0 = 1/ ρtot(0)

0.04% precision!

θs ≡
rs(z*)
dA(z*)

=
∫ z*

∞
dz cs(z)/ ρtot(z)

∫ z*

0
dz / ρtot(z)

How does CMB data measure ?H0
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Geometrical degeneracy in Planck!
A higher  can be compensated by a lower  such as to keep  fixedH0 H(z > 0) dA(z*)

dA(z*) =
1

1 + z* ∫
z*

0

dz

100 ωM(1 + z)3 + ΩDE(z)h2

‘phantom dark energy’ w < -1, DE phase transition, DE-DM interaction, decaying/annihilating DM, and many more…
[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
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BAO and SN1a constrain late-time resolution

θd(z)⊥ =
rs(zdrag)
DA(z)

, θd(z)∥ = rs(zdrag)H(z) μ(z) = 5Log10DL(z) + const .

 from Planckrs(zdrag) Calibration constant from e.g. SH0ES.

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

VP, Boddy, Bird, Kamionkowski 1803.02474

see also Wang++ 1807.03772, Bernal++  1607.05617,  
Raveri 1902.01366, Aylor++1811.00537 , Knox&Milllea 1908.03663,  
Benevento++ 2002.11707.dA(z*) =

1
1 + z* ∫

z*

0

dz

100 ωM(1 + z)3 + ΩDE(z)h2

Efstathiou 2103.08723

The true tension is with the intrinsic SN1a magnitude! Beenakker++2101.01372, Efstathiou 2103.08723
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Late-universe solutions to  are ruled outH0

Schöneberg, Abellán, Lesgourgues, Pérez-Sánchez, VP, Witte (to appear)Fig. by Nils Schöneberg

While some solutions seem to resolve the ‘ -tension’, they introduce a ‘ -tension’.H0 Mb

The question is: can one make the inverse ladder calibration of Pantheon SN1a compatible with SH0ES measurement?
Beenakker++2101.01372, Efstathiou 2103.08723
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r s 
[M

pc
]

[insert new physics here]

ΛCDM prediction

16

 tension or rs tension?H0
One can deduce the co-moving sound horizon rs from  and BAOH0

Aylor++1811.00537 

rs from CMB needs to decrease by ~ 10 Mpc

rs = ∫
z*

∞
dz

cs(z)
ρtot(z)

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

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

ρ

affect z*: modified recombination physics? 
Boddy, Gluscevic, VP++1808.00001

rs does not reach 10Mpc before z ~ 25000
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Early-time resolution to the  tensionH0

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

 (free streaming) ~0.5-1 is neededΔNeff

Aghanim++ 1807.06209

: disfavored by Planck high-l polarization and BAO

Additional relativistic degrees of freedom can be parametrized by  at the background level Neff

ρR = ργ(1 +
7
8 ( 4

11 )
4/3

Neff)
Standard Model neutrinos behave as free-streaming radiation since T~1MeV with  Neff = 3.046

Bernal++ 1607.05617
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Example: ‘Non-abelian dark matter’ with theoretical prior .ΔNfluid > 0.07

Resolves the  tension but Planck polarization excludes the range of  necessary to resolve  tension.S8 ΔNfluid H0

Archidiacono++ 1907.01496

see also Buen-Abad++ 1708.09406, Raveri++ 1709.04877, Blinov++ 2004.06114

Replace free-streaming  by an interacting .ΔNeff ΔNfluid

Buen-Abad++1505.03542,  Lesgourgues++1507.04351

DM-DR interactions could resolve both tensions 
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Interaction with a majoron decreases the neutrino-induced phase-shift.

Escudero&Witte 1909.04044, 2103.03249

neglect neutrino masses: could the inclusion of  help for the  tension?Mν S8

Well-motivated model explaining neutrino masses through type-1 seesaw, 
potentially connected to leptogenesis as well.

See also Archidiacono++ 2006.12885, Kreisch++ 1902.00534 

Interacting neutrinos could resolve  tensionH0

θpeak = θs + δθ ∼ 0.6( ρν

ρg )Non-zero  from majoron production in the early universe.Neff
Bashinsky&Seljak, astro-ph/0310198
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Extra relativistic species: 2021 update 

DM-DR interactions and ‘strongly interacting’ -cosmology are disfavored by Planck polarization data. 
The ‘majoron’ model performs better (especially in terms of ) 
These models are promising to provide us with a common resolution to both  and  tensions

ν
Δχ2

H0 S8

Schöneberg, Abellán, Lesgourgues, Pérez-Sánchez, VP, Witte (to appear)Fig. by Nils Schöneberg
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A single-parameter extension that reduces the tension to the 2.6  level.σ

Hart&Chluba 1912.03986
Sekiguchi++2007.03381

• Goal: accelerate recombination

Primordial magnetic fields: could resolve H0 & S8
Accelerate recombination through a different  transition rate.A2s−>1s Liu++ 1912.00190

Jedamzik&Pogosian 2004.09487 

A higher  could resolve the  tensionme H0

The model +  particularly interesting: What is the impact of Planck “curiosities” on the proposed resolutions?  
  To be confirmed against  value.

me Ωk

Mb
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Exotic recombination: 2021 update 

Schöneberg, Abellán, Lesgourgues, Pérez-Sánchez, VP, Witte (to appear)

Interplay between exotic recombination and other CDM extension is promising (e.g. , )Λ Ωk Neff

Connection to  tension?S8

Fig. by Nils Schöneberg
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Not all have the same 
level of success…

Early Dark Energy(s) & Modified Gravity



V. Poulin - CNRS & U. Montpellier EuCAPT symposium - 06/05/2124

Scalar field and Early Dark Energy

𝒛𝒄

fEDE(zc)

wn ≡
n − 1
n + 1

Initially slowly-rolling field (due to Hubble friction) that later dilutes faster than matter

Fig by T. Karwal

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

⇢� =
1

2
�̇2 + Vn(�), P� =

1

2
�̇2 � Vn(�)�̈+ 3H�̇+

dVn(�)

d�
= 0

Oscillating (toy) potential:

VP++ 1806.10608  & 1811.04083
Smith++ 1908.06995
Murgia++ 2009.10733
Smith++ 2009.10740

V(ϕ) ∝ (1 − cos ϕ)n

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

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

{
Phase transition in the EDE sector

Early MG:  +  
leads to a similar phenomenology if 

(M2
pl + ξϕ2)R λϕ4

ξ > 0

EDE-  coupling in MG frameworkmν

Niedermann&Sloth 1910.10739,  2006.06686, 2009.00006
Freese&Winkler 2102.13655

 Sakstein&Trodden 1911.11760 Carrillo González++ 2011.09895

Braglia++ 2011.12934
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Early Dark Energy can resolve the  tensionH0

Theoretical problem: the field becomes dynamical around : Fine-tuning ? Coincidence problem 2.0? zeq

Observational problem: EDE cosmology has a higher  and :  -tension increases from 2.8  to 3.1 .ωcdm ns S8 σ σ

Potentially interesting constraints from KiDS/DES/BOSS. Beware of inconsistent data-set! But clearly EDE 
alone does not resolve -tension.S8 Hill et al. 2003.07355, Ivanov++ 2006.11235 , d’Amico++ 2006.12420 Niedermann++ 

2009.00006, Smith++ 2009.10740, Murgia++ 2009.10733

e.g. Dodelson++astro-ph/0002360, Griest astro-ph/0202052, Kamionkowski++1409.0549, Sakstein&Trodden 1911.11760, Carrillo González++ 2011.09895

Schöneberg, Abellán, Lesgourgues, Pérez-Sánchez, VP, Witte (to appear)

f (zc) = 0.10 (0.12) ± 0.03

Adding the  prior from SH0ESMb

zc = 4073 (3715)+393
−838 H0 = 71.25 (71.6) ± 1.1 km/s/Mpc

Planck high-  TT,TE, EE+lowTEB+lensing+BAO+Pantheon: 95% C.L (best-fit).ℓ

f (zc) < 0.08 (0.05), H0 < 70.6 (69.8) km/s/Mpc

Δχ2 = χ2
ΛCDM − χ2

EDE ≃ − 24.8

Δχ2 = χ2
ΛCDM − χ2

EDE ≃ − 5.7
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EDE leaves an imprint in CMB power spectra
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An experiment like CMB-S4 would certainly detect .fEDE(zeq) ∼ 10 %
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What will it take to find a concordance model?

Fitting Planck,  and BAO with lower  requires higher : the  tension increases! Very generic.H0 rs(zrec) ωcdm S8

Resolving both tensions (unless systematics!) will likely require multiple extensions 

: measure the background expansion rate. : measure the amplitude of perturbations. 

It is likely that a solution will need some specific background & perturbation dynamics.  

This is already the case in a variety of model! Interacting DM-DR, interacting neutrinos, EDE-  model,  
EDE-fuzzy DM.

H0 S8

mν

Jedamzik & Pogosian 2010.04158
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Towards a concordance cosmology?

Early Dark Energy (here DDE) together with an ultra-light axion with  and 
could resolve both tensions.

ma ∼ 10−26 eV ra ≡ ωa /ωcdm ≃ 5 %

Could the EDE become the ULA? 

Allali++ 2104.12798, for more on ULA see also Laguë++ 2104.07802 
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Barring systematic errors: no ‘concordance cosmology’ just yet

Schöneberg, Abellán, Lesgourgues, Pérez-Sánchez, VP, Witte (to appear)

: measure the background expansion rate. : measure the amplitude of perturbations. 

Background: reduce the sound horizon at early times. Perturbations: reduce power at scales   h/Mpc.

H0 S8

k ∼ 0.1 − 1

Fig. by Nils Schöneberg

CDM explains CMB and BBN (< , but there exists a  tension and  tension.Λ 2σ) 4−6σ H0− 3σ σ8−

What extension(s) could resolve these tensions?


