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The Era of Precision Cosmology 
20 years ago

Ⓒ Dodelson
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The Era of Precision Cosmology 
10 years ago
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Today

The Era of Precision Cosmology 

Planck 1807.06209
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Very good agreement between all CMB data!

The Era of Precision Cosmology 

Planck 1807.06209
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And also with non-CMB data!

The Era of Precision Cosmology 

SN1a

BAO

Planck 1807.06209

SN1a BAO

Galaxy Clustering
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The Era of Precision Cosmology 

0.6% precision
1% precision

0.3% precision
13% precision
5% precision

0.5% precision

Planck alone

0.7% precision

Astonishing success of ΛCDM Cosmology

e.g. 2015 data: TT +lowP reduced χ2 = 1.004
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The Era of Precision Cosmology 

0.6% precision
1% precision

0.3% precision
13% precision
5% precision

0.5% precision

Planck alone

0.7% precision

Astonishing success of ΛCDM Cosmology

As precision of data has increased, a certain number of “tensions” have emerged
S8 = σ8(Ωm/0.3)0.5 is higher at ~2-3σ  than that measured by low-z probes (SZ cluster  

count, Weak Lensing surveys CFHTLenS, KiDS, DES…)

Amplitude of lensing potential Clφφ is higher than deduced from peak smoothing  
in TT/TE/EE at ~2σ.

Potentially very interesting but still very premature…

e.g. 2015 data: TT +lowP reduced χ2 = 1.004
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The Hubble Tension

3.8σ discrepancy between latest “direct” measurement from SH0ES and the value  
inferred from a fit of ΛCDM to Planck 2018 

Freedman [1706.02739]

H0(ΛCDM) = 67.27 ± 0.60 km/s/MpcH0(SH0ES) = 73.52 ± 1.62 km/s/Mpc
Riess++ 1804.10655 Aghanim++ 1807.06209
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Outline

Is the Hubble Tension Real? 

Is it a “Hubble Tension” or “Sound Horizon” tension? 

Early Dark Energy Can Resolve The Hubble Tension 

Towards a new concordance model beyond ΛCDM?
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Outline

Is the Hubble Tension Real? 

Is it a “Hubble Tension” or “Sound Horizon” tension? 

Early Dark Energy Can Resolve The Hubble Tension 

Towards a new concordance model beyond ΛCDM?

SYSTEMATICS?? NEW PHYSICS??
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The Distance Ladder

absolute distance scale 
accessible
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The Distance Ladder

absolute distance scale 
accessible

“calibrated” distances
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The Distance Ladder

absolute distance scale 
accessible

“calibrated” distances

GAIA will measure few*100’s of cepheids at 
μas precision by 2022 (currently ~ 50)
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Could it be systematics in SN data?
Sources of error are numerous (non-exhaustive list): 
i) measurement of parallaxes. 
ii) measurement of (apparent) magnitudes.  
iii) calibration issues: are SN1 really standard candles?  
iv) effect of local environment: could “local, young” cepheids be different from 
the “old, Hubble flow” cepheids?
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Could it be systematics in SN data?
Sources of error are numerous (non-exhaustive list): 
i) measurement of parallaxes. 
ii) measurement of (apparent) magnitudes.  
iii) calibration issues: are SN1 really standard candles?  
iv) effect of local environment: could “local, young” cepheids be different from 
the “old, Hubble flow” cepheids?

High value of H0 is supported by numerous studies, including non-SH0ES ones. 

Environmental effects exist but cannot explain more than ~1% of the difference. 

5 different calibration methods all giving consistently high values of H0.

Cardina++ 1611.06088, Zhang++1706.07573, Feeney++ 1707.00007, Follin&Knox 1707.01175

see discussion in Riess++1810.03526

Macpherson++ 1807.01714, Jones++ 1805.05911
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Exists even with non-SN data: Gravitational time delay of strongly lensed quasars 
is in (mild) tension with Planck. 

In the (near) future: Gravitational wave standard sirens (~5 yrs) expect to get to  
1km/s/Mpc.

�11

Could it be systematics in SN data?
Sources of error are numerous (non-exhaustive list): 
i) measurement of parallaxes. 
ii) measurement of (apparent) magnitudes.  
iii) calibration issues: are SN1 really standard candles?  
iv) effect of local environment: could “local, young” cepheids be different from 
the “old, Hubble flow” cepheids?

High value of H0 is supported by numerous studies, including non-SH0ES ones. 

Environmental effects exist but cannot explain more than ~1% of the difference. 

5 different calibration methods all giving consistently high values of H0.

Cardina++ 1611.06088, Zhang++1706.07573, Feeney++ 1707.00007, Follin&Knox 1707.01175

Bonvin++ 1607.01790, S. Birrer++, 1809.01274  
H0 = 72.5 ± 2.1 km s−1 Mpc−1

see discussion in Riess++1810.03526

Mortlock++ 1811.11723 

Macpherson++ 1807.01714, Jones++ 1805.05911
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Could it be systematics in Planck data?

It is driven by residuals oscillations at l > 800 and the low-l ~30 deficit.
Addison++ 1511.00055, Planck Col. 1608.02487 

1608.02487 

TT + 𝝉 prior, 1σ error
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Could it be systematics in Planck data?

It is driven by residuals oscillations at l > 800 and the low-l ~30 deficit.

Addison++ 1707.06547 

Addison++ 1511.00055, Planck Col. 1608.02487 

It exists with other CMB data: WMAP+SPT/ACT+BAO ~ 2.4-3.1σ with SH0ES.

It exists even with non-CMB data! BAO+BBN ~ 3σ with SH0ES.

1608.02487 

TT + 𝝉 prior, 1σ error
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Ωk free 

H0 from the CMB is model dependent
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Planck Collaboration: Cosmological parameters
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Fig. 5. Constraints on parameters of the base-⇤CDM model from the separate Planck EE, T E, and TT high-` spectra combined
with low-` polarization (lowE), and, in the case of EE also with BAO (described in Sect. 5.1), compared to the joint result using
Planck TT,TE,EE+lowE. Parameters on the bottom axis are our sampled MCMC parameters with flat priors, and parameters on the
left axis are derived parameters (with H0 in km s�1Mpc�1). Contours contain 68 % and 95 % of the probability.

Table 1. Base-⇤CDM cosmological parameters from Planck TT,TE,EE+lowE+lensing. Results for the parameter best fits,
marginalized means and 68 % errors from our default analysis using the Plik likelihood are given in the first two numerical
columns. The CamSpec likelihood results give some idea of the remaining modelling uncertainty in the high-` polarization, though
parts of the small shifts are due to slightly di↵erent sky areas in polarization. The “Combined” column give the average of the
Plik and CamSpec results, assuming equal weight. The combined errors are from the equal-weighted probabilities, hence including
some uncertainty from the systematic di↵erence between them; however, the di↵erences between the high-` likelihoods are so small
that they have little e↵ect on the 1� errors. The errors do not include modelling uncertainties in the lensing and low-` likelihoods
or other modelling errors (such as temperature foregrounds) common to both high-` likelihoods. A total systematic uncertainty of
around 0.5� may be more realistic, and values should not be overinterpreted beyond this level. The best-fit values give a represen-
tative model that is an excellent fit to the baseline likelihood, though models nearby in the parameter space may have very similar
likelihoods. The first six parameters here are the ones on which we impose flat priors and use as sampling parameters; the remaining
parameters are derived from the first six. Note that ⌦m includes the contribution from one neutrino with a mass of 0.06 eV. The
quantity ✓MC is an approximation to the acoustic scale angle, while ✓⇤ is the full numerical result.

Parameter Plik best fit Plik [1] CamSpec [2] ([2] � [1])/�1 Combined

⌦bh
2 . . . . . . . . . . . . . 0.022383 0.02237 ± 0.00015 0.02229 ± 0.00015 �0.5 0.02233 ± 0.00015

⌦ch
2 . . . . . . . . . . . . . 0.12011 0.1200 ± 0.0012 0.1197 ± 0.0012 �0.3 0.1198 ± 0.0012

100✓MC . . . . . . . . . . . 1.040909 1.04092 ± 0.00031 1.04087 ± 0.00031 �0.2 1.04089 ± 0.00031
⌧ . . . . . . . . . . . . . . . . 0.0543 0.0544 ± 0.0073 0.0536+0.0069

�0.0077 �0.1 0.0540 ± 0.0074
ln(1010

As) . . . . . . . . . 3.0448 3.044 ± 0.014 3.041 ± 0.015 �0.3 3.043 ± 0.014
ns . . . . . . . . . . . . . . . 0.96605 0.9649 ± 0.0042 0.9656 ± 0.0042 +0.2 0.9652 ± 0.0042

⌦mh
2 . . . . . . . . . . . . 0.14314 0.1430 ± 0.0011 0.1426 ± 0.0011 �0.3 0.1428 ± 0.0011

H0 [ km s�1Mpc�1] . . . 67.32 67.36 ± 0.54 67.39 ± 0.54 +0.1 67.37 ± 0.54
⌦m . . . . . . . . . . . . . . 0.3158 0.3153 ± 0.0073 0.3142 ± 0.0074 �0.2 0.3147 ± 0.0074
Age [Gyr] . . . . . . . . . 13.7971 13.797 ± 0.023 13.805 ± 0.023 +0.4 13.801 ± 0.024
�8 . . . . . . . . . . . . . . . 0.8120 0.8111 ± 0.0060 0.8091 ± 0.0060 �0.3 0.8101 ± 0.0061
S 8 ⌘ �8(⌦m/0.3)0.5 . . 0.8331 0.832 ± 0.013 0.828 ± 0.013 �0.3 0.830 ± 0.013
zre . . . . . . . . . . . . . . . 7.68 7.67 ± 0.73 7.61 ± 0.75 �0.1 7.64 ± 0.74
100✓⇤ . . . . . . . . . . . . 1.041085 1.04110 ± 0.00031 1.04106 ± 0.00031 �0.1 1.04108 ± 0.00031
rdrag [Mpc] . . . . . . . . . 147.049 147.09 ± 0.26 147.26 ± 0.28 +0.6 147.18 ± 0.29
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Planck Collaboration: Cosmological parameters
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Fig. 5. Constraints on parameters of the base-⇤CDM model from the separate Planck EE, T E, and TT high-` spectra combined
with low-` polarization (lowE), and, in the case of EE also with BAO (described in Sect. 5.1), compared to the joint result using
Planck TT,TE,EE+lowE. Parameters on the bottom axis are our sampled MCMC parameters with flat priors, and parameters on the
left axis are derived parameters (with H0 in km s�1Mpc�1). Contours contain 68 % and 95 % of the probability.

Table 1. Base-⇤CDM cosmological parameters from Planck TT,TE,EE+lowE+lensing. Results for the parameter best fits,
marginalized means and 68 % errors from our default analysis using the Plik likelihood are given in the first two numerical
columns. The CamSpec likelihood results give some idea of the remaining modelling uncertainty in the high-` polarization, though
parts of the small shifts are due to slightly di↵erent sky areas in polarization. The “Combined” column give the average of the
Plik and CamSpec results, assuming equal weight. The combined errors are from the equal-weighted probabilities, hence including
some uncertainty from the systematic di↵erence between them; however, the di↵erences between the high-` likelihoods are so small
that they have little e↵ect on the 1� errors. The errors do not include modelling uncertainties in the lensing and low-` likelihoods
or other modelling errors (such as temperature foregrounds) common to both high-` likelihoods. A total systematic uncertainty of
around 0.5� may be more realistic, and values should not be overinterpreted beyond this level. The best-fit values give a represen-
tative model that is an excellent fit to the baseline likelihood, though models nearby in the parameter space may have very similar
likelihoods. The first six parameters here are the ones on which we impose flat priors and use as sampling parameters; the remaining
parameters are derived from the first six. Note that ⌦m includes the contribution from one neutrino with a mass of 0.06 eV. The
quantity ✓MC is an approximation to the acoustic scale angle, while ✓⇤ is the full numerical result.

Parameter Plik best fit Plik [1] CamSpec [2] ([2] � [1])/�1 Combined

⌦bh
2 . . . . . . . . . . . . . 0.022383 0.02237 ± 0.00015 0.02229 ± 0.00015 �0.5 0.02233 ± 0.00015

⌦ch
2 . . . . . . . . . . . . . 0.12011 0.1200 ± 0.0012 0.1197 ± 0.0012 �0.3 0.1198 ± 0.0012

100✓MC . . . . . . . . . . . 1.040909 1.04092 ± 0.00031 1.04087 ± 0.00031 �0.2 1.04089 ± 0.00031
⌧ . . . . . . . . . . . . . . . . 0.0543 0.0544 ± 0.0073 0.0536+0.0069

�0.0077 �0.1 0.0540 ± 0.0074
ln(1010

As) . . . . . . . . . 3.0448 3.044 ± 0.014 3.041 ± 0.015 �0.3 3.043 ± 0.014
ns . . . . . . . . . . . . . . . 0.96605 0.9649 ± 0.0042 0.9656 ± 0.0042 +0.2 0.9652 ± 0.0042

⌦mh
2 . . . . . . . . . . . . 0.14314 0.1430 ± 0.0011 0.1426 ± 0.0011 �0.3 0.1428 ± 0.0011

H0 [ km s�1Mpc�1] . . . 67.32 67.36 ± 0.54 67.39 ± 0.54 +0.1 67.37 ± 0.54
⌦m . . . . . . . . . . . . . . 0.3158 0.3153 ± 0.0073 0.3142 ± 0.0074 �0.2 0.3147 ± 0.0074
Age [Gyr] . . . . . . . . . 13.7971 13.797 ± 0.023 13.805 ± 0.023 +0.4 13.801 ± 0.024
�8 . . . . . . . . . . . . . . . 0.8120 0.8111 ± 0.0060 0.8091 ± 0.0060 �0.3 0.8101 ± 0.0061
S 8 ⌘ �8(⌦m/0.3)0.5 . . 0.8331 0.832 ± 0.013 0.828 ± 0.013 �0.3 0.830 ± 0.013
zre . . . . . . . . . . . . . . . 7.68 7.67 ± 0.73 7.61 ± 0.75 �0.1 7.64 ± 0.74
100✓⇤ . . . . . . . . . . . . 1.041085 1.04110 ± 0.00031 1.04106 ± 0.00031 �0.1 1.04108 ± 0.00031
rdrag [Mpc] . . . . . . . . . 147.049 147.09 ± 0.26 147.26 ± 0.28 +0.6 147.18 ± 0.29
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Fig. 5. Constraints on parameters of the base-⇤CDM model from the separate Planck EE, T E, and TT high-` spectra combined
with low-` polarization (lowE), and, in the case of EE also with BAO (described in Sect. 5.1), compared to the joint result using
Planck TT,TE,EE+lowE. Parameters on the bottom axis are our sampled MCMC parameters with flat priors, and parameters on the
left axis are derived parameters (with H0 in km s�1Mpc�1). Contours contain 68 % and 95 % of the probability.

Table 1. Base-⇤CDM cosmological parameters from Planck TT,TE,EE+lowE+lensing. Results for the parameter best fits,
marginalized means and 68 % errors from our default analysis using the Plik likelihood are given in the first two numerical
columns. The CamSpec likelihood results give some idea of the remaining modelling uncertainty in the high-` polarization, though
parts of the small shifts are due to slightly di↵erent sky areas in polarization. The “Combined” column give the average of the
Plik and CamSpec results, assuming equal weight. The combined errors are from the equal-weighted probabilities, hence including
some uncertainty from the systematic di↵erence between them; however, the di↵erences between the high-` likelihoods are so small
that they have little e↵ect on the 1� errors. The errors do not include modelling uncertainties in the lensing and low-` likelihoods
or other modelling errors (such as temperature foregrounds) common to both high-` likelihoods. A total systematic uncertainty of
around 0.5� may be more realistic, and values should not be overinterpreted beyond this level. The best-fit values give a represen-
tative model that is an excellent fit to the baseline likelihood, though models nearby in the parameter space may have very similar
likelihoods. The first six parameters here are the ones on which we impose flat priors and use as sampling parameters; the remaining
parameters are derived from the first six. Note that ⌦m includes the contribution from one neutrino with a mass of 0.06 eV. The
quantity ✓MC is an approximation to the acoustic scale angle, while ✓⇤ is the full numerical result.

Parameter Plik best fit Plik [1] CamSpec [2] ([2] � [1])/�1 Combined

⌦bh
2 . . . . . . . . . . . . . 0.022383 0.02237 ± 0.00015 0.02229 ± 0.00015 �0.5 0.02233 ± 0.00015

⌦ch
2 . . . . . . . . . . . . . 0.12011 0.1200 ± 0.0012 0.1197 ± 0.0012 �0.3 0.1198 ± 0.0012

100✓MC . . . . . . . . . . . 1.040909 1.04092 ± 0.00031 1.04087 ± 0.00031 �0.2 1.04089 ± 0.00031
⌧ . . . . . . . . . . . . . . . . 0.0543 0.0544 ± 0.0073 0.0536+0.0069

�0.0077 �0.1 0.0540 ± 0.0074
ln(1010

As) . . . . . . . . . 3.0448 3.044 ± 0.014 3.041 ± 0.015 �0.3 3.043 ± 0.014
ns . . . . . . . . . . . . . . . 0.96605 0.9649 ± 0.0042 0.9656 ± 0.0042 +0.2 0.9652 ± 0.0042

⌦mh
2 . . . . . . . . . . . . 0.14314 0.1430 ± 0.0011 0.1426 ± 0.0011 �0.3 0.1428 ± 0.0011

H0 [ km s�1Mpc�1] . . . 67.32 67.36 ± 0.54 67.39 ± 0.54 +0.1 67.37 ± 0.54
⌦m . . . . . . . . . . . . . . 0.3158 0.3153 ± 0.0073 0.3142 ± 0.0074 �0.2 0.3147 ± 0.0074
Age [Gyr] . . . . . . . . . 13.7971 13.797 ± 0.023 13.805 ± 0.023 +0.4 13.801 ± 0.024
�8 . . . . . . . . . . . . . . . 0.8120 0.8111 ± 0.0060 0.8091 ± 0.0060 �0.3 0.8101 ± 0.0061
S 8 ⌘ �8(⌦m/0.3)0.5 . . 0.8331 0.832 ± 0.013 0.828 ± 0.013 �0.3 0.830 ± 0.013
zre . . . . . . . . . . . . . . . 7.68 7.67 ± 0.73 7.61 ± 0.75 �0.1 7.64 ± 0.74
100✓⇤ . . . . . . . . . . . . 1.041085 1.04110 ± 0.00031 1.04106 ± 0.00031 �0.1 1.04108 ± 0.00031
rdrag [Mpc] . . . . . . . . . 147.049 147.09 ± 0.26 147.26 ± 0.28 +0.6 147.18 ± 0.29
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Ωk free 

Planck measurement is strongly model dependent! baseline assumes “flat” universe

H0 from the CMB is model dependent

Ωk=0
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standard ruler in the sky: distance travelled by sound wave until recombination. 
problem: only angular scale of sound horizon is accessible θs  = rs/DA 

Early/late universe physics are degenerate

illustration: T. Smith



V. Poulin - LUPM & JHU Stony Brook - 01/24/19�14

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

<latexit sha1_base64="WFQdheLinWxx5BwHnjhnP1Rc7to=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkfC5cV7QPaUCaTm3boZBJmJkIJXfgBbvUT3IlbP8Uv8DectlnY1gMXDufcy733+AlnSjvOt1VYWV1b3yhulra2d3b3yvsHTRWnkmKDxjyWbZ8o5ExgQzPNsZ1IJJHPseUPbyZ+6wmlYrF41KMEvYj0BQsZJdpID7e9q1654lSdKexl4uakAjnqvfJPN4hpGqHQlBOlOq6TaC8jUjPKcVzqpgoTQoekjx1DBYlQedn01LF9YpTADmNpSmh7qv6dyEik1CjyTWdE9EAtehPxP6+T6vDSy5hIUo2CzhaFKbd1bE/+tgMmkWo+MoRQycytNh0QSag26cxtUeapAQbjkknGXcxhmTTPqq5Tde/PK7XrPKMiHMExnIILF1CDO6hDAyj04QVe4c16tt6tD+tz1lqw8plDmIP19QuwSpZV</latexit>

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

standard ruler in the sky: distance travelled by sound wave until recombination. 
problem: only angular scale of sound horizon is accessible θs  = rs/DA 
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How does CMB data measure H0?

θs sound horizon at last scattering ~1.0404 

plots by L. Knox

e.g. Hu&White astro-ph/9609079,  Hu++astro-ph/0006436

It comes from the measurement of three angular scales: 𝓁s, 𝓁d, 𝓁eq<=> θs,θd,θeq

from peak spacing

(nb: any θx  = rx/DA) 
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How does CMB data measure H0?

no photon diffusion

plots by L. Knox

θd photon diffusion length at last scattering ~ 0.1609 

e.g. Hu&White astro-ph/9609079,  Hu++astro-ph/0006436

“Silk Damping”

It comes from the measurement of three angular scales: 𝓁s, 𝓁d, 𝓁eq<=> θs,θd,θeq

(nb: any θx  = rx/DA) 
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How does CMB data measure H0?

potential envelope

plots by L. Knox

θeq horizon size at matter-radiation equality ~ 0.81 

e.g. Hu&White astro-ph/9609079,  Hu++astro-ph/0006436

gravitational “boost” 
of oscillations

It comes from the measurement of three angular scales: 𝓁s, 𝓁d, 𝓁eq<=> θs,θd,θeq

(nb: any θx  = rx/DA) 
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A modified Dark-Energy sector?
h increases but dA(z*)must be kept constant: decrease ΩDE at z < z* 

dA(z*) = ∫
z*

0

dz

100 ωM(1 + z)3 + ΩDE(z)h2
θX ≡

rX

dA
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A modified Dark-Energy sector?
h increases but dA(z*)must be kept constant: decrease ΩDE at z < z* 

dA(z*) = ∫
z*

0

dz

100 ωM(1 + z)3 + ΩDE(z)h2

Requires phantom crossing (stability of perturbations?)

Zhao++1701.08165 

θX ≡
rX

dA
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A modified Dark-Energy sector?
h increases but dA(z*)must be kept constant: decrease ΩDE at z < z* 

dA(z*) = ∫
z*

0

dz

100 ωM(1 + z)3 + ΩDE(z)h2

Requires phantom crossing (stability of perturbations?)
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VP++1803.02474Zhao++1701.08165 

JLA favors “flat” expansion history / BAO favors oscillation: 2σ residual tension

θX ≡
rX

dA
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The H0 tension is a rs tension
One can deduce the co-moving sound horizon rs from H0 and BAO

Aylor++1811.00537 

rs from CMB needs to decrease by ~ 10 Mpc
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How to solve the Hubble tension
rs does not reach 10Mpc before ~ 25000 in ΛCDM 
rs receives most of its contribution close to recombination

r s 
[M

pc
]

rs = ∫
z*

∞
dz

cs(z)
H(z)

ΛCDM prediction
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How to solve the Hubble tension
rs does not reach 10Mpc before ~ 25000 in ΛCDM 
rs receives most of its contribution close to recombination

r s 
[M

pc
]

rs = ∫
z*

∞
dz

cs(z)
H(z)

[insert new physics here]

ΛCDM prediction
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rs = ∫
z*

∞
dz

cs(z)
H(z)

How to Resolve the Hubble tension
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rs = ∫
z*

∞
dz

cs(z)
H(z)

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

How to Resolve the Hubble tension

Boddy, Gluscevic, VP++1808.00001
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rs = ∫
z*

∞
dz

cs(z)
H(z)

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

How to Resolve the Hubble tension

Boddy, Gluscevic, VP++1808.00001Chiang&Slozar 1811.03624 
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rs = ∫
z*

∞
dz

cs(z)
H(z)

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

increase H(z): Neff? Early Dark Energy?

decrease z*: modified recombination physics? 

How to Resolve the Hubble tension

Boddy, Gluscevic, VP++1808.00001Chiang&Slozar 1811.03624 
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rs = ∫
z*

∞
dz

cs(z)
H(z)

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

increase H(z): Neff? Early Dark Energy?

decrease z*: modified recombination physics? 

Neff ~ 3.5 is needed

How to Resolve the Hubble tension

Boddy, Gluscevic, VP++1808.00001Chiang&Slozar 1811.03624 

Bernal++ 1607.05617
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rs = ∫
z*

∞
dz

cs(z)
H(z)

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

increase H(z): Neff? Early Dark Energy?

decrease z*: modified recombination physics? 

Neff ~ 3.5 is needed

How to Resolve the Hubble tension

Boddy, Gluscevic, VP++1808.00001Chiang&Slozar 1811.03624 

Bernal++ 1607.05617

: disfavored by Planck high-l polarization and BAO
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rs = ∫
z*

∞
dz

cs(z)
H(z)

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

increase H(z): Neff? Early Dark Energy?

decrease z*: modified recombination physics? 

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

Neff ~ 3.5 is needed

Aghanim++ 1807.06209

How to Resolve the Hubble tension

Boddy, Gluscevic, VP++1808.00001Chiang&Slozar 1811.03624 

Bernal++ 1607.05617

: disfavored by Planck high-l polarization and BAO
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Scalar field and Early Dark Energy
Initially slowly-rolling field (due to Hubble friction) that later dilutes faster than matter

⇢� =
1

2
�̇2 + Vn(�), P� =

1

2
�̇2 � Vn(�)�̈+ 3H�̇+

dVn(�)

d�
= 0
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Scalar field and Early Dark Energy

ΩEDE(z ≫ zc) = ΩEDE(zc)

ΩEDE(z ≪ zc) = Ω0
EDE(1 + z)3(wn+1)

𝒛𝒄

Ω0
EDE

wn ≡
n − 1
n + 1

{

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

We use the GDM formalism with:

plot by T. Karwal

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

⇢� =
1

2
�̇2 + Vn(�), P� =

1

2
�̇2 � Vn(�)�̈+ 3H�̇+

dVn(�)

d�
= 0

GDM: Hu astro-ph/9801234
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Scalar field and Early Dark Energy

ΩEDE(z ≫ zc) = ΩEDE(zc)

ΩEDE(z ≪ zc) = Ω0
EDE(1 + z)3(wn+1)

𝒛𝒄

Ω0
EDE

wn ≡
n − 1
n + 1

{

Realized in (at least) two models: 

One with oscillating potential  
(“axion-like”) and a simple linear  
potential

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

We use the GDM formalism with:

plot by T. Karwal
VP++1806.10608; Karwal, VP++(in prep) 

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

⇢� =
1

2
�̇2 + Vn(�), P� =

1

2
�̇2 � Vn(�)�̈+ 3H�̇+

dVn(�)

d�
= 0

V(ϕ) ∝ ϕ2n

GDM: Hu astro-ph/9801234
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Scalar field and Early Dark Energy

ΩEDE(z ≫ zc) = ΩEDE(zc)

ΩEDE(z ≪ zc) = Ω0
EDE(1 + z)3(wn+1)

𝒛𝒄

Ω0
EDE

wn ≡
n − 1
n + 1

{

Realized in (at least) two models: 

One with oscillating potential  
(“axion-like”) and a simple linear  
potential

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

This allows us to treat perturbations in the fluid consistently: this is essential to the 
success of the solution.

We use the GDM formalism with:

plot by T. Karwal
VP++1806.10608; Karwal, VP++(in prep) 

background only: Karwal&Kamionkowski 1608.01309 

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

⇢� =
1

2
�̇2 + Vn(�), P� =

1

2
�̇2 � Vn(�)�̈+ 3H�̇+

dVn(�)

d�
= 0

V(ϕ) ∝ ϕ2n

GDM: Hu astro-ph/9801234
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We also include linear perturbations!

WKB approx. 
fluid with cs2, ca2 & w

1 hour

1 sec!

horizon entry
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Perturbations are important

no perturbations: Karwal&Kamionkowski 1608.01309 
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For n >= 2: ~2σ detection

zc ∼ 4000 − 7000

CMB+BAO+Pantheon+SH0ES



V. Poulin - LUPM & JHU Stony Brook - 01/24/19

0.120 0.136
!cdm

�4.0

�3.6

�3.2

L
og

10
(a

c)

69

72

75

78

H
0

0.04 0.08 0.12
fEDE(ac)

0.120

0.136

!
cd

m

�4.0�3.6�3.2
Log10(ac)

69 72 75 78
H0

n = 2

n =1
n = 3

⇤CDM

�25

Early Dark Energy In Cosmological Data?

fEDE(zc) ≡
ρEDE(zc)
ρtot(zc)

∼ 5 ± 2 %

For n >= 2: ~2σ detection

zc ∼ 4000 − 7000

strong increase in ⍵cdm  
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Why zc ~ 5000?
Change in rs, rs/rD, Peak Height -vs- ac 

�5.0 �4.5 �4.0 �3.5 �3.0 �2.5 �2.0

Log10(ac)

�0.5

0.0

0.5

n ! 1

�0.5

0.0

0.5

(�
X

/X
)/

f E
D

E

n = 3

�0.5

0.0

0.5

n = 2

rs

rs/rD

PH

rs = sound horizon 
rD = damping scale 
PH = Peak Height
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Favored region maximizes the rs decrease and minimizes rs/rD shift.

Why zc ~ 5000?
Change in rs, rs/rD, Peak Height -vs- ac 
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Favored region maximizes the rs decrease and minimizes rs/rD shift.

Why zc ~ 5000?
Change in rs, rs/rD, Peak Height -vs- ac 

From requiring 𝛿rs~10 Mpc; 𝛿(rs/rd)~0: Neff is disfavored; n=3 fairs slightly better.
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Favored region maximizes the rs decrease and minimizes rs/rD shift.

Why zc ~ 5000?
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Some Statistics

Slight preference for n=3. “Definite” evidence according to Jeffrey’s scale.

χ2
high−ℓ ≃ 2446.2, χ2

low−ℓ ≃ 10495.9, χ2
lensing ≃ 9.4

Planck Only: Very slight improvement.
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Future CMB experiments can probe the model

Oscillations in EE would definitely be detected by CoRE/ SO / CMB-S4 

Ⓒ A. Lewis

Preliminary
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Future H0 measurements can help too
what if we had Planck+BAO+Pantheon+
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Towards a new concordance model?
Planck 2013 data already hinted at accelerated expansion history around a~5*10-4!

Hojjati, Linder, Samsing 1304.3724
Here Planck TT 2013 + WMAP EE and TE, to be confirmed with 2018 data…
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If the “Hubble Tension” is confirmed by other local H0 measurements, the EDE solution 
represents the best possible “early-universe” solution. 

There are many open questions with the potential presence of such an EDE phase. 

Obvious “fine tuning” issues: why would it need to kick right around matter-radiation 
equality?  why in such amount?

Some lessons to be learned
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The ‘coincidence problem’: why now? Structure cannot grow in CC dominated universe. 

Hierarchy problem: why is this scale (0.002 eV)4 so different from Weak / Planck scales?

If the “Hubble Tension” is confirmed by other local H0 measurements, the EDE solution 
represents the best possible “early-universe” solution. 

There are many open questions with the potential presence of such an EDE phase. 

Obvious “fine tuning” issues: why would it need to kick right around matter-radiation 
equality?  why in such amount?

Some lessons to be learned

ΛCDM already has similar issues! 
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Accelerated expansion era might be related to each other. What if there were more 
of such era to be discovered?

with Tenkanen, Smith, and Kamionkowski

Is their one field with a complicated potential or many fields with simple potentials?
e.g. Dodelson++astro-ph/0002360, Griest astro-ph/0202052, Kamionkowski++1409.0549

A New Understanding Of Λ? 
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Conclusions

H0 from local measurement is in 3.8σ tension with LCDM-inferred value from Planck: 
this tension also exists with non-SN and non-CMB data! It is a tension between our 
understanding of the early and late universe.

This tension can be recast as a sound-horizon tension: CMB rs too high by 10Mpc.
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H0 from local measurement is in 3.8σ tension with LCDM-inferred value from Planck: 
this tension also exists with non-SN and non-CMB data! It is a tension between our 
understanding of the early and late universe.

This tension can be recast as a sound-horizon tension: CMB rs too high by 10Mpc.

A Hubble-frozen scalar field acting like Early Dark Energy until z~5000 with f(zc)~5% and 
diluting faster than radiation later can solve the Hubble tension.  

CMB, BAO and Pantheon data are fitted just as well as in LCDM (or even better? TBC). 
“Definite” evidence for n>=3 in Bayesian terms.
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Future CMB / LSS / H0 measurements will be able to test this scenario. 
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Conclusions

H0 from local measurement is in 3.8σ tension with LCDM-inferred value from Planck: 
this tension also exists with non-SN and non-CMB data! It is a tension between our 
understanding of the early and late universe.

This tension can be recast as a sound-horizon tension: CMB rs too high by 10Mpc.

A Hubble-frozen scalar field acting like Early Dark Energy until z~5000 with f(zc)~5% and 
diluting faster than radiation later can solve the Hubble tension.  

CMB, BAO and Pantheon data are fitted just as well as in LCDM (or even better? TBC). 
“Definite” evidence for n>=3 in Bayesian terms.

Future CMB / LSS / H0 measurements will be able to test this scenario. 

If this is the “correct” solution: there might be new ways of interpreting Λ and inflation. 
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Thank you!

And the winner is?
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Back Up
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Should we detect 5% EDE with Planck?
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How does CMB data measure H0?

θX ≡
rX

dA

e.g. Hu&White astro-ph/9609079,  Hu++astro-ph/0006436
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How does CMB data measure H0?

θX ≡
rX

dA

physical scale: pre-recombination physics;  
DOES NOT depend on H0, but on physical 
densities ⍵X

e.g. Hu&White astro-ph/9609079,  Hu++astro-ph/0006436
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How does CMB data measure H0?

θX ≡
rX

dA

angular diameter distance:  
post-recombination physics dA∝ ⍵M
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DOES NOT depend on H0, but on physical 
densities ⍵X
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Fig. 5. Constraints on parameters of the base-⇤CDM model from the separate Planck EE, T E, and TT high-` spectra combined
with low-` polarization (lowE), and, in the case of EE also with BAO (described in Sect. 5.1), compared to the joint result using
Planck TT,TE,EE+lowE. Parameters on the bottom axis are our sampled MCMC parameters with flat priors, and parameters on the
left axis are derived parameters (with H0 in km s�1Mpc�1). Contours contain 68 % and 95 % of the probability.

Table 1. Base-⇤CDM cosmological parameters from Planck TT,TE,EE+lowE+lensing. Results for the parameter best fits,
marginalized means and 68 % errors from our default analysis using the Plik likelihood are given in the first two numerical
columns. The CamSpec likelihood results give some idea of the remaining modelling uncertainty in the high-` polarization, though
parts of the small shifts are due to slightly di↵erent sky areas in polarization. The “Combined” column give the average of the
Plik and CamSpec results, assuming equal weight. The combined errors are from the equal-weighted probabilities, hence including
some uncertainty from the systematic di↵erence between them; however, the di↵erences between the high-` likelihoods are so small
that they have little e↵ect on the 1� errors. The errors do not include modelling uncertainties in the lensing and low-` likelihoods
or other modelling errors (such as temperature foregrounds) common to both high-` likelihoods. A total systematic uncertainty of
around 0.5� may be more realistic, and values should not be overinterpreted beyond this level. The best-fit values give a represen-
tative model that is an excellent fit to the baseline likelihood, though models nearby in the parameter space may have very similar
likelihoods. The first six parameters here are the ones on which we impose flat priors and use as sampling parameters; the remaining
parameters are derived from the first six. Note that ⌦m includes the contribution from one neutrino with a mass of 0.06 eV. The
quantity ✓MC is an approximation to the acoustic scale angle, while ✓⇤ is the full numerical result.

Parameter Plik best fit Plik [1] CamSpec [2] ([2] � [1])/�1 Combined

⌦bh
2 . . . . . . . . . . . . . 0.022383 0.02237 ± 0.00015 0.02229 ± 0.00015 �0.5 0.02233 ± 0.00015

⌦ch
2 . . . . . . . . . . . . . 0.12011 0.1200 ± 0.0012 0.1197 ± 0.0012 �0.3 0.1198 ± 0.0012

100✓MC . . . . . . . . . . . 1.040909 1.04092 ± 0.00031 1.04087 ± 0.00031 �0.2 1.04089 ± 0.00031
⌧ . . . . . . . . . . . . . . . . 0.0543 0.0544 ± 0.0073 0.0536+0.0069

�0.0077 �0.1 0.0540 ± 0.0074
ln(1010

As) . . . . . . . . . 3.0448 3.044 ± 0.014 3.041 ± 0.015 �0.3 3.043 ± 0.014
ns . . . . . . . . . . . . . . . 0.96605 0.9649 ± 0.0042 0.9656 ± 0.0042 +0.2 0.9652 ± 0.0042

⌦mh
2 . . . . . . . . . . . . 0.14314 0.1430 ± 0.0011 0.1426 ± 0.0011 �0.3 0.1428 ± 0.0011

H0 [ km s�1Mpc�1] . . . 67.32 67.36 ± 0.54 67.39 ± 0.54 +0.1 67.37 ± 0.54
⌦m . . . . . . . . . . . . . . 0.3158 0.3153 ± 0.0073 0.3142 ± 0.0074 �0.2 0.3147 ± 0.0074
Age [Gyr] . . . . . . . . . 13.7971 13.797 ± 0.023 13.805 ± 0.023 +0.4 13.801 ± 0.024
�8 . . . . . . . . . . . . . . . 0.8120 0.8111 ± 0.0060 0.8091 ± 0.0060 �0.3 0.8101 ± 0.0061
S 8 ⌘ �8(⌦m/0.3)0.5 . . 0.8331 0.832 ± 0.013 0.828 ± 0.013 �0.3 0.830 ± 0.013
zre . . . . . . . . . . . . . . . 7.68 7.67 ± 0.73 7.61 ± 0.75 �0.1 7.64 ± 0.74
100✓⇤ . . . . . . . . . . . . 1.041085 1.04110 ± 0.00031 1.04106 ± 0.00031 �0.1 1.04108 ± 0.00031
rdrag [Mpc] . . . . . . . . . 147.049 147.09 ± 0.26 147.26 ± 0.28 +0.6 147.18 ± 0.29
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or other modelling errors (such as temperature foregrounds) common to both high-` likelihoods. A total systematic uncertainty of
around 0.5� may be more realistic, and values should not be overinterpreted beyond this level. The best-fit values give a represen-
tative model that is an excellent fit to the baseline likelihood, though models nearby in the parameter space may have very similar
likelihoods. The first six parameters here are the ones on which we impose flat priors and use as sampling parameters; the remaining
parameters are derived from the first six. Note that ⌦m includes the contribution from one neutrino with a mass of 0.06 eV. The
quantity ✓MC is an approximation to the acoustic scale angle, while ✓⇤ is the full numerical result.
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2 . . . . . . . . . . . . 0.14314 0.1430 ± 0.0011 0.1426 ± 0.0011 �0.3 0.1428 ± 0.0011
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Fig. 5. Constraints on parameters of the base-⇤CDM model from the separate Planck EE, T E, and TT high-` spectra combined
with low-` polarization (lowE), and, in the case of EE also with BAO (described in Sect. 5.1), compared to the joint result using
Planck TT,TE,EE+lowE. Parameters on the bottom axis are our sampled MCMC parameters with flat priors, and parameters on the
left axis are derived parameters (with H0 in km s�1Mpc�1). Contours contain 68 % and 95 % of the probability.

Table 1. Base-⇤CDM cosmological parameters from Planck TT,TE,EE+lowE+lensing. Results for the parameter best fits,
marginalized means and 68 % errors from our default analysis using the Plik likelihood are given in the first two numerical
columns. The CamSpec likelihood results give some idea of the remaining modelling uncertainty in the high-` polarization, though
parts of the small shifts are due to slightly di↵erent sky areas in polarization. The “Combined” column give the average of the
Plik and CamSpec results, assuming equal weight. The combined errors are from the equal-weighted probabilities, hence including
some uncertainty from the systematic di↵erence between them; however, the di↵erences between the high-` likelihoods are so small
that they have little e↵ect on the 1� errors. The errors do not include modelling uncertainties in the lensing and low-` likelihoods
or other modelling errors (such as temperature foregrounds) common to both high-` likelihoods. A total systematic uncertainty of
around 0.5� may be more realistic, and values should not be overinterpreted beyond this level. The best-fit values give a represen-
tative model that is an excellent fit to the baseline likelihood, though models nearby in the parameter space may have very similar
likelihoods. The first six parameters here are the ones on which we impose flat priors and use as sampling parameters; the remaining
parameters are derived from the first six. Note that ⌦m includes the contribution from one neutrino with a mass of 0.06 eV. The
quantity ✓MC is an approximation to the acoustic scale angle, while ✓⇤ is the full numerical result.
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Fig. 5. Constraints on parameters of the base-⇤CDM model from the separate Planck EE, T E, and TT high-` spectra combined
with low-` polarization (lowE), and, in the case of EE also with BAO (described in Sect. 5.1), compared to the joint result using
Planck TT,TE,EE+lowE. Parameters on the bottom axis are our sampled MCMC parameters with flat priors, and parameters on the
left axis are derived parameters (with H0 in km s�1Mpc�1). Contours contain 68 % and 95 % of the probability.

Table 1. Base-⇤CDM cosmological parameters from Planck TT,TE,EE+lowE+lensing. Results for the parameter best fits,
marginalized means and 68 % errors from our default analysis using the Plik likelihood are given in the first two numerical
columns. The CamSpec likelihood results give some idea of the remaining modelling uncertainty in the high-` polarization, though
parts of the small shifts are due to slightly di↵erent sky areas in polarization. The “Combined” column give the average of the
Plik and CamSpec results, assuming equal weight. The combined errors are from the equal-weighted probabilities, hence including
some uncertainty from the systematic di↵erence between them; however, the di↵erences between the high-` likelihoods are so small
that they have little e↵ect on the 1� errors. The errors do not include modelling uncertainties in the lensing and low-` likelihoods
or other modelling errors (such as temperature foregrounds) common to both high-` likelihoods. A total systematic uncertainty of
around 0.5� may be more realistic, and values should not be overinterpreted beyond this level. The best-fit values give a represen-
tative model that is an excellent fit to the baseline likelihood, though models nearby in the parameter space may have very similar
likelihoods. The first six parameters here are the ones on which we impose flat priors and use as sampling parameters; the remaining
parameters are derived from the first six. Note that ⌦m includes the contribution from one neutrino with a mass of 0.06 eV. The
quantity ✓MC is an approximation to the acoustic scale angle, while ✓⇤ is the full numerical result.
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⌦m . . . . . . . . . . . . . . 0.3158 0.3153 ± 0.0073 0.3142 ± 0.0074 �0.2 0.3147 ± 0.0074
Age [Gyr] . . . . . . . . . 13.7971 13.797 ± 0.023 13.805 ± 0.023 +0.4 13.801 ± 0.024
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S 8 ⌘ �8(⌦m/0.3)0.5 . . 0.8331 0.832 ± 0.013 0.828 ± 0.013 �0.3 0.830 ± 0.013
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Fig. 5. Constraints on parameters of the base-⇤CDM model from the separate Planck EE, T E, and TT high-` spectra combined
with low-` polarization (lowE), and, in the case of EE also with BAO (described in Sect. 5.1), compared to the joint result using
Planck TT,TE,EE+lowE. Parameters on the bottom axis are our sampled MCMC parameters with flat priors, and parameters on the
left axis are derived parameters (with H0 in km s�1Mpc�1). Contours contain 68 % and 95 % of the probability.

Table 1. Base-⇤CDM cosmological parameters from Planck TT,TE,EE+lowE+lensing. Results for the parameter best fits,
marginalized means and 68 % errors from our default analysis using the Plik likelihood are given in the first two numerical
columns. The CamSpec likelihood results give some idea of the remaining modelling uncertainty in the high-` polarization, though
parts of the small shifts are due to slightly di↵erent sky areas in polarization. The “Combined” column give the average of the
Plik and CamSpec results, assuming equal weight. The combined errors are from the equal-weighted probabilities, hence including
some uncertainty from the systematic di↵erence between them; however, the di↵erences between the high-` likelihoods are so small
that they have little e↵ect on the 1� errors. The errors do not include modelling uncertainties in the lensing and low-` likelihoods
or other modelling errors (such as temperature foregrounds) common to both high-` likelihoods. A total systematic uncertainty of
around 0.5� may be more realistic, and values should not be overinterpreted beyond this level. The best-fit values give a represen-
tative model that is an excellent fit to the baseline likelihood, though models nearby in the parameter space may have very similar
likelihoods. The first six parameters here are the ones on which we impose flat priors and use as sampling parameters; the remaining
parameters are derived from the first six. Note that ⌦m includes the contribution from one neutrino with a mass of 0.06 eV. The
quantity ✓MC is an approximation to the acoustic scale angle, while ✓⇤ is the full numerical result.
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Fig. 5. Constraints on parameters of the base-⇤CDM model from the separate Planck EE, T E, and TT high-` spectra combined
with low-` polarization (lowE), and, in the case of EE also with BAO (described in Sect. 5.1), compared to the joint result using
Planck TT,TE,EE+lowE. Parameters on the bottom axis are our sampled MCMC parameters with flat priors, and parameters on the
left axis are derived parameters (with H0 in km s�1Mpc�1). Contours contain 68 % and 95 % of the probability.

Table 1. Base-⇤CDM cosmological parameters from Planck TT,TE,EE+lowE+lensing. Results for the parameter best fits,
marginalized means and 68 % errors from our default analysis using the Plik likelihood are given in the first two numerical
columns. The CamSpec likelihood results give some idea of the remaining modelling uncertainty in the high-` polarization, though
parts of the small shifts are due to slightly di↵erent sky areas in polarization. The “Combined” column give the average of the
Plik and CamSpec results, assuming equal weight. The combined errors are from the equal-weighted probabilities, hence including
some uncertainty from the systematic di↵erence between them; however, the di↵erences between the high-` likelihoods are so small
that they have little e↵ect on the 1� errors. The errors do not include modelling uncertainties in the lensing and low-` likelihoods
or other modelling errors (such as temperature foregrounds) common to both high-` likelihoods. A total systematic uncertainty of
around 0.5� may be more realistic, and values should not be overinterpreted beyond this level. The best-fit values give a represen-
tative model that is an excellent fit to the baseline likelihood, though models nearby in the parameter space may have very similar
likelihoods. The first six parameters here are the ones on which we impose flat priors and use as sampling parameters; the remaining
parameters are derived from the first six. Note that ⌦m includes the contribution from one neutrino with a mass of 0.06 eV. The
quantity ✓MC is an approximation to the acoustic scale angle, while ✓⇤ is the full numerical result.

Parameter Plik best fit Plik [1] CamSpec [2] ([2] � [1])/�1 Combined
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⌦m . . . . . . . . . . . . . . 0.3158 0.3153 ± 0.0073 0.3142 ± 0.0074 �0.2 0.3147 ± 0.0074
Age [Gyr] . . . . . . . . . 13.7971 13.797 ± 0.023 13.805 ± 0.023 +0.4 13.801 ± 0.024
�8 . . . . . . . . . . . . . . . 0.8120 0.8111 ± 0.0060 0.8091 ± 0.0060 �0.3 0.8101 ± 0.0061
S 8 ⌘ �8(⌦m/0.3)0.5 . . 0.8331 0.832 ± 0.013 0.828 ± 0.013 �0.3 0.830 ± 0.013
zre . . . . . . . . . . . . . . . 7.68 7.67 ± 0.73 7.61 ± 0.75 �0.1 7.64 ± 0.74
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Fig. 5. Constraints on parameters of the base-⇤CDM model from the separate Planck EE, T E, and TT high-` spectra combined
with low-` polarization (lowE), and, in the case of EE also with BAO (described in Sect. 5.1), compared to the joint result using
Planck TT,TE,EE+lowE. Parameters on the bottom axis are our sampled MCMC parameters with flat priors, and parameters on the
left axis are derived parameters (with H0 in km s�1Mpc�1). Contours contain 68 % and 95 % of the probability.

Table 1. Base-⇤CDM cosmological parameters from Planck TT,TE,EE+lowE+lensing. Results for the parameter best fits,
marginalized means and 68 % errors from our default analysis using the Plik likelihood are given in the first two numerical
columns. The CamSpec likelihood results give some idea of the remaining modelling uncertainty in the high-` polarization, though
parts of the small shifts are due to slightly di↵erent sky areas in polarization. The “Combined” column give the average of the
Plik and CamSpec results, assuming equal weight. The combined errors are from the equal-weighted probabilities, hence including
some uncertainty from the systematic di↵erence between them; however, the di↵erences between the high-` likelihoods are so small
that they have little e↵ect on the 1� errors. The errors do not include modelling uncertainties in the lensing and low-` likelihoods
or other modelling errors (such as temperature foregrounds) common to both high-` likelihoods. A total systematic uncertainty of
around 0.5� may be more realistic, and values should not be overinterpreted beyond this level. The best-fit values give a represen-
tative model that is an excellent fit to the baseline likelihood, though models nearby in the parameter space may have very similar
likelihoods. The first six parameters here are the ones on which we impose flat priors and use as sampling parameters; the remaining
parameters are derived from the first six. Note that ⌦m includes the contribution from one neutrino with a mass of 0.06 eV. The
quantity ✓MC is an approximation to the acoustic scale angle, while ✓⇤ is the full numerical result.

Parameter Plik best fit Plik [1] CamSpec [2] ([2] � [1])/�1 Combined

⌦bh
2 . . . . . . . . . . . . . 0.022383 0.02237 ± 0.00015 0.02229 ± 0.00015 �0.5 0.02233 ± 0.00015

⌦ch
2 . . . . . . . . . . . . . 0.12011 0.1200 ± 0.0012 0.1197 ± 0.0012 �0.3 0.1198 ± 0.0012

100✓MC . . . . . . . . . . . 1.040909 1.04092 ± 0.00031 1.04087 ± 0.00031 �0.2 1.04089 ± 0.00031
⌧ . . . . . . . . . . . . . . . . 0.0543 0.0544 ± 0.0073 0.0536+0.0069

�0.0077 �0.1 0.0540 ± 0.0074
ln(1010

As) . . . . . . . . . 3.0448 3.044 ± 0.014 3.041 ± 0.015 �0.3 3.043 ± 0.014
ns . . . . . . . . . . . . . . . 0.96605 0.9649 ± 0.0042 0.9656 ± 0.0042 +0.2 0.9652 ± 0.0042

⌦mh
2 . . . . . . . . . . . . 0.14314 0.1430 ± 0.0011 0.1426 ± 0.0011 �0.3 0.1428 ± 0.0011

H0 [ km s�1Mpc�1] . . . 67.32 67.36 ± 0.54 67.39 ± 0.54 +0.1 67.37 ± 0.54
⌦m . . . . . . . . . . . . . . 0.3158 0.3153 ± 0.0073 0.3142 ± 0.0074 �0.2 0.3147 ± 0.0074
Age [Gyr] . . . . . . . . . 13.7971 13.797 ± 0.023 13.805 ± 0.023 +0.4 13.801 ± 0.024
�8 . . . . . . . . . . . . . . . 0.8120 0.8111 ± 0.0060 0.8091 ± 0.0060 �0.3 0.8101 ± 0.0061
S 8 ⌘ �8(⌦m/0.3)0.5 . . 0.8331 0.832 ± 0.013 0.828 ± 0.013 �0.3 0.830 ± 0.013
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100✓⇤ . . . . . . . . . . . . 1.041085 1.04110 ± 0.00031 1.04106 ± 0.00031 �0.1 1.04108 ± 0.00031
rdrag [Mpc] . . . . . . . . . 147.049 147.09 ± 0.26 147.26 ± 0.28 +0.6 147.18 ± 0.29
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with low-` polarization (lowE), and, in the case of EE also with BAO (described in Sect. 5.1), compared to the joint result using
Planck TT,TE,EE+lowE. Parameters on the bottom axis are our sampled MCMC parameters with flat priors, and parameters on the
left axis are derived parameters (with H0 in km s�1Mpc�1). Contours contain 68 % and 95 % of the probability.
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Measurements of the absolute Peak Height  
and Peak Height ratios allow to measure  
⍵b, ⍵M and infer a value of H0.

e.g. Hu&White astro-ph/9609079,  Hu++astro-ph/0006436
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Typical (background) dynamics of ULA
VP, Smith, Grin, Karwal, Kamionkowski; 1806.10608

m = 10-26 eV

http://arxiv.org/abs/arXiv:1806.10608
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Typical (background) dynamics of ULA
VP, Smith, Grin, Karwal, Kamionkowski; 1806.10608

Hubble friction wins:  
field is frozen

m>3H: the field rolls down and oscillates 

n=1 matter; n=2 radiation; n=3 faster than radiation

Key Idea: Early Dark Energy can increase expansion rate and solve various tensions.  
Once the field becomes dynamical, it dilutes away (the faster the better)!

m = 10-26 eV

http://arxiv.org/abs/arXiv:1806.10608
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When is the WKB approximation valid?

Our WKB approximation requires oscillation time-scale << Hubble time-scale

The oscillation time-scale can be obtained from requiring that energy is conserved  
over several oscillations (no friction).

This ratio increases with time for n < 5 during radiation domination and for n < 3 
for matter domination.  

The condition ⍵ > H holding at all time requires n < 3.

VP, Smith, Grin, Karwal, Kamionkowski; 1806.10608

see also Johnson and Kamionkowski, 0805.1748

http://arxiv.org/abs/arXiv:1806.10608
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Comparison with full KG calculation
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Without perturbations, precision is >3% given Planck constraints. Planck is ~1% precise! 
With perturbations, sub-percent agreement: 1h vs 1sec computation time!


