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𝐻0 from CMB and Planck
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Observed CMB power spectrum

Observations

(𝟏𝟎−𝟓 perturbations)

Constrain theory of early universe

+ evolution parameters and geometry

arXiv:1807.06209

Linear perturbation theory very accurate: given a model, can calculate to high precision

Planck 2018 

https://arxiv.org/abs/1807.06209


E-mode polarization 

Planck 2018

2018: polarization now included in main results.
Improved understanding and correction of systematics (e.g. TE leakage), but some 

unresolved issues (e.g. with polar efficiencies) remain



TE

Cross-correlation with temperature

Planck 2018



8 ≤ 𝐿 ≤ 400: 

“Conservative” lensing likelihood

CMB lensing reconstruction



Perturbation evolution

Perturbations: End of inflation Perturbations: Last scattering surface

gravity+

pressure+

diffusion 

𝑟𝑠
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CMB (𝑧 ∼ 1060)𝑧 = 0

𝜃∗

Comoving angular diameter distance

In Comoving Distance (not to scale!)

Comoving sound horizon 𝑟𝑠:

http://images.google.com/imgres?imgurl=http://www.olegvolk.net/olegv/newsite/samos/eye.jpg&imgrefurl=http://www.olegvolk.net/olegv/newsite/samos/samos.html&h=542&w=800&sz=67&tbnid=-Fj6h3BoFeoJ:&tbnh=96&tbnw=142&start=40&prev=/images?q=eye&start=20&svnum=100&hl=en&lr=&rls=GGLD,GGLD:2004-31,GGLD:en&sa=N
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Comoving sound horizon:

𝛾 + 𝜈 + b + CDM ⇒ 𝑟𝑑 ∼ 147 MPC
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CMB (𝑧 ∼ 1060)𝑧 = 0

𝜃∗

𝜒∗

100𝜃∗ = 1.04109 ± 0.00030
Planck TT,TE,EE+lowE+lensing

(0.03% precision!)
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ΛCDM baryon density at fixed 𝜃∗, Ω𝑚ℎ
2

(baryons deepen overdensity compressions: enhance odd peaks of spectrum)

Odd/even height ratio distinctive and quite robust: 

Ω𝑏ℎ
2 = 0.0224 ± 0.0002

(and agrees with BBN prediction based on element abundance observations, Cooke et al.)



ΛCDM matter density at fixed 𝜃∗, Ω𝑏ℎ
2

(more matter lowers amplitude for modes that enter horizon in matter domination)

Can be partly compensated by changing initial power 𝐴𝑠 , 𝑛𝑠 and foregrounds.

But detailed shape is still quite distinctive and robust:

Ω𝑚ℎ
2 = 0.143 ± 0.001
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Assume baryons, CDM, photons, 3 neutrinos 

Know 𝑇CMB, peaks measure Ω𝑚ℎ
2, Ω𝑏ℎ

2

⇒ comoving sound horizon:

𝑟𝑠 ≈ න
0

𝑡∗ 𝑐𝑠𝑑𝑡

𝑎
∼ (144.4 ± 0.3) Mpc

to
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CMB (𝑧 ∼ 1060)𝑧 = 0

𝜃∗
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CMB (𝑧 ∼ 1060)𝑧 = 0

𝜃∗

CMB

𝑟𝑠, 𝜃∗ ⇒ Comoving radial distance 𝜒∗∼ (13.87 ± 0.03) Gpc

Assuming flat ΛCDM cosmology

𝜒∗ = න
𝑐𝑑𝑡

𝑎

= න
𝑑𝑎

𝑎2𝐻
≈ න

𝑑𝑎

𝑎Ωm𝐻0
2 + 𝑎4ΩΛ𝐻0

2

ΩΛ𝐻0
2 = 𝐻0

2 − Ω𝑚𝐻0
2 and know Ω𝑚ℎ

2 ⇒ 𝐻0

𝑟𝑠



Ω𝑚 −𝐻0 degeneracy

• 𝜃∗ constrained more tightly than anything else

• In ΛCDM 𝜃∗ ∼ constant ⇒ Ω𝑚ℎ
3 ∼ const at Planck parameters

• ⇒ Ω𝑚 and 𝐻0 (and Ω𝑚ℎ
2 and 𝐻0) tightly anti-correlated



Planck 2018 ΛCDM TT,TE,EE+lowE+lensing parameters

Baseline likelihood Alternative likelihood

LCDM results robust to ∼ 0.5𝜎 (where 𝜎 is small) 



LCDM best-fits:  𝐻0 = 67.3 (𝑛𝑠 = 0.966, Ω𝑚 = 0.32, Ω𝑚ℎ
2 = 0.143)

vs. best fit for 𝐻0 = 73.0 (𝑛𝑠 = 0.995, Ω𝑚 = 0.25, Ω𝑚ℎ
2 = 0.132)

Model fits



ΛCDM polarization/temperature consistency
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Comoving sound horizon 

when baryons decouple:

𝑟𝑑 ∼ (147.1 ± 0.3) Mpc
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BAO (𝑧 ∼ 0.5) CMB (𝑧 ∼ 1060)𝑧 = 0

𝜃∗

𝜃BAO = 𝑟𝑑/𝐷𝑀(z)

CMB and BAO consistency in ΛCDM

Line-of-sight BAO:

𝛿𝑧 =
𝛿𝑧

𝛿𝜒
𝑟𝑑 = 𝑟𝑑𝐻 𝑧



Assuming ΛCDM + Planck sound horizon 𝑟𝑑

Planck prediction

(transverse and other BAO also very consistent)



(“Lensing-only” priors: Ωbh
2 = 0.0222 ± 0.0005, 𝑛𝑠 = 0.96 ± 0.02, 0.4 < ℎ < 1)

Planck CMB lensing ΛCDM parameters

𝐻0 = 68.0 ± 0.7 (68 %, lensing+BAO+𝜃∗) 

Also adding robust CMB 𝜃∗ constraint:

Planck lensing 2018



ΛCDM inverse distance ladder comparison

Note BAO inverse distance ladder and CMB 𝜃∗ degeneracies different

- cannot have big fluctuation along one degeneracy direction



WMAP, Planck and inverse distance ladder ΛCDM constraints agree well

(also ACTpol, SPTpol, BUT SPTpol find 𝐻0 = 71 ± 2 at 𝑙 > 1000)

(c.f. Aubourg, Addison, Cuesta, Heavens, DES collaboration, etc et al.)



𝐻0 constraint model dependent 

…but in practice constraint fairly robust to many model extensions

No useful constraint in varying dark energy models, but consistently constrained adding SN/BAO

Higher neutrino mass or dark energy with 𝑤 ≻ −1 only lower 𝐻0. Ω𝐾 also pulls towards low 𝐻0.

Note:



TTTEEE+lensing+BAO

Joint constraint

Extra relativistic degrees of freedom (𝑁eff ≠ 3.046)

No preference from Planck alone, though errors somewhat increased.

ΛCDM+𝑁eff Planck+BAO: (still 3𝜎 from Riess et al.)



Planck 2018 gives high-precision measurements of TT, TE, EE spectra and lensing

Systematic errors/modelling parameter uncertainties thought to be <1𝜎. And 𝜎 is very small! 

Angular acoustic scale 𝜃∗ measured to 0.03%. 

Details of acoustic peak amplitudes constrain physical densities to percent precision.

CMB does not measure 𝐻0 directly, but provides tight indirect constraints if a model is assumed.

Planck TT, TE, EE and lensing data consistent with ΛCDM and 𝐻0 ∼ (67.4 ± 0.5) km/s/Mpc. 

Other CMB experiments and inverse distance ladder give consistent results.

No simple late-time model extensions substantially change 𝐻0 without conflicting with 

lensing, SN and/or BAO. 

Any change to early-universe physics to change 𝑟𝑠 (and 𝑟drag) and hence inferred 𝐻0
must reproduce observed spectrum shape quite accurately (changing 𝑁eff does not)
- Simons Observatory, S4 could detect small differences due to new physics not resolved by Planck/SPT/ACT

There are some other oddities in the Planck data fits - could hint at new physics (peaks slightly too smooth, dip at low ℓ)

- are there any models which simultaneously change 𝑟drag , keep broad fit, but resolve oddities  ??

Conclusions
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