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Cosmological Tensions
Hubble tension
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𝐻! = 73.04 ± 1.04 km/s/Mpc

𝐻! = 67.49 ± 0.52 km/s/Mpc

v.s.
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Early Dark Energy (EDE)
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Tensions in the model?
𝑆! tension
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EDE and 𝑆!
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𝜔!"# is increased to compensate for EDE’s effect 
on radiation driving and ISW
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𝑆$ tension exacerbated by EDE
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ΛCDM ΛCDM

Recombination
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Decaying DM?

ULA DM?

DE/MG?

Interacting DM?
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Marginalization
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Background? Perturbation?

• Cosmological parameters: 𝐻!, Ω"

• Dark energy EoS 𝑤(𝑧)

𝐷#(𝑧) = 𝐻!$%*
!

&
𝑑𝑧′
𝐸 𝑧′

Phys. Lett. B 832, 137244 (2022)
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• Reionization

• Integrated Sachs-Wolfe

• Gravitational Lensing 𝑃(𝑘)

Low ℓ E polarization

High ℓ optical depth 𝐴!𝑒"#$
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𝑤 ≡ −1
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EDE

Recombination

Marginalization
𝑤%& = −1
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Gaussian Process (GP)

𝐴(𝐿) ∼ 𝐺𝑃[𝑓(𝐿), 𝐾]

3 Nodes: {𝐴!"#$, 𝐴!"%$$, 𝐴!"&$$}



Results
CMB TTTEEE + Lensing reconstruction (+ CMB B mode)
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• Similar constraints for 
different EDE

• Compatible with LCDM in 
(80,400)

• Enhanced amplitude at 
high and low L

• B mode constraint at high L
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B mode constrains L>400

Lensing E -> B mode Smoothing



Results
CMB TTTEEE + Lensing reconstruction (+ CMB B mode)
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• Similar constraints for 
different EDE

• Compatible with LCDM in 
(80,400)

• Enhanced amplitude at 
high and low L

• B mode constraint at high L



Conclusion

• New GP sampling method, fewer nodes required

• Late universe marginalized over

• Insensitive to early Universe model (ΛCDM vs EDE)

• 80<l<400 dominated by lensing reconstruction

• High and low l pushed up by lensed T/E

• New constraint from B mode

• Work in progress: crossing with galaxy weak lensing
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