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The Hubble Tension
Direct

measurement

𝐻0 = 73.3 ± 1.0
km/s/Mpc

ΛCDM +
CMB measurement 

𝐻0 = 67.4 ± 0.5 
km/s/Mpc

~ 5 𝜎
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Planck 2018

SH0ES 2022



The Large-Scale Structure Tension
Galaxy clustering 

+ weak lensing 
(DES Y1) 

ΛCDM +
CMB measurement 

𝑆8 = 0.77 ± 0.02

~ 2 - 3 𝜎
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𝑆8 = 0.82 ± 0.01

𝑆8 =  𝜎8

𝛺𝑚

0.3

Amplitude of matter 
fluctuations 

DES 2017

Planck 2018



The Hubble Measurement with the CMB 

𝜃∗ ∝ 𝑟𝑠𝐻0

• 𝑟𝑠 depends only on physics 
before formation of CMB

• Lowering 𝑟𝑠 increases 𝐻0

Planck 2018

𝜃∗ ≈ 1°
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Early Dark Energy Extra Radiation 
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𝑟𝑠𝑟𝑠

Maintains great fit to CMB 
Resolves H0 but exacerbates LSS tension (Hill et. al., 2020, Ivanov et al. 2020)

Is fine-tuned 

Worsens fit to CMB
Can ease LSS and Hubble tension  

𝑆8 =  𝜎8

𝛺𝑚

0.3

𝜎8
𝛺𝑚

New physics that can lower the sound horizon



Early Dark Energy with thermal friction Extra Radiation 
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𝑟𝑠𝑟𝑠

Maintains great fit to CMB 
Resolves H0 but exacerbates LSS tension (Hill et. al., 2020, Ivanov et al. 2020)

Is fine tuned  (Berghaus, Karwal 2020)

Worsens fit to CMB
Can ease LSS and Hubble tension  

𝑆8 =  𝜎8

𝛺𝑚

0.3

𝜎8
𝛺𝑚

combines 

New physics that can lower the sound horizon
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𝑟𝑠𝑟𝑠

Maintains great fit to CMB 
Resolves H0 but exacerbates LSS tension (Hill et. al., 2020, Ivanov et al. 2020)

Is fine-tuned   (Berghaus, Karwal 2020)

Worsens fit to CMB
Can ease LSS and Hubble tension  

𝑆8 =  𝜎8

𝛺𝑚

0.3

𝜎8
𝛺𝑚

combines 

? 

? 
? 

New physics that can lower the sound horizon



Early Dark Energy
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𝑉 ∝ 1 − cos
𝜙

𝑓

𝑛

𝑛 ≥ 2

Frozen at early times by Hubble friction 

Dilutes away as radiation or faster when 
axion starts oscillating at critical redshift 𝑧𝑐  

ሷ𝜙 + 3𝐻 ሶ𝜙 + 𝑉′ = 0



Early Dark Energy with thermal friction 
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𝜙

𝑉 𝜙 Frozen at early times by thermal friction 

Overdamped at all time. Axion converts its 
energy into dark radiation at critical redshift 𝑧𝑐 

ሷ𝜙 + 3𝐻 + Υ ሶ𝜙 + 𝑉′ = 0

ሶ𝜌𝐷𝑅 + 4𝐻𝜌𝐷𝑅 = Υ ሶ𝜙 2



Early Dark Energy with thermal friction 
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𝜙

𝑉 𝜙 Frozen at early times by thermal friction 

Overdamped at all time. Axion converts its 
energy into dark radiation at critical redshift 𝑧𝑐 
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Berghaus, Karwal 2019



Early Dark Energy with thermal friction 
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𝜙

𝑉 𝜙 Frozen at early times by thermal friction 

Overdamped at all time. Axion converts its 
energy into dark radiation at critical redshift 𝑧𝑐 

ሷ𝜙 + 3𝐻 + Υ ሶ𝜙 + 𝑉′ = 0

ሶ𝜌𝐷𝑅 + 4𝐻𝜌𝐷𝑅 = Υ ሶ𝜙 2

Thermal friction generically 
arises for axions couplings 
to gauge fields 

𝐿int = −𝜙 𝛼
16𝜋𝑓

෨𝐺𝐺

Berghaus, Karwal 2019



Analysis

• Put thermal friction into CLASS: 𝑉 𝜙 =
1

2
𝑚2𝜙2

• Effective parameters: 𝑓𝑒𝑑𝑒
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Analysis

• Put thermal friction into CLASS: 𝑉 𝜙 =
1

2
𝑚2𝜙2

• Effective parameters: 𝑓𝑒𝑑𝑒 , 𝑧𝑐 𝑚, Υ , 𝑚

• Data sets: 
• Planck 2018 CMB (TTTEEE) + lensing 

• BAO (BOSS DR12,, SDSS Main Galaxy Sample, 6dFGS)

• Pantheon Supernovae sample 

• SH0ES measurement 𝐻0 = 73.04 ± 1.04 km/s/Mpc

• Dark Energy Survey Year 1 galaxy lensing and clustering
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baseline 



Results 
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Berghaus, Karwal 2022

Baseline + SH0ES + DES 
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Berghaus, Karwal 2022

Baseline + SH0ES + DES 

Berghaus, Karwal 2022

Data prefers highest 
𝑧𝑐 allowed by priors
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Berghaus, Karwal 2022

Baseline + SH0ES + DES 

Berghaus, Karwal 2022

Data prefers highest 
𝑧𝑐 allowed by priors



Results 
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Berghaus, Karwal 2022

Baseline + SH0ES 

Berghaus, Karwal 2022

Usual EDE

Data prefers highest 
𝑧𝑐 allowed by priors
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Berghaus, Karwal 2022

Going to higher redshifts 

Data has sensitivity when 
𝛥𝐶𝑒𝑙

𝑋𝑋

𝜎𝐶𝑉
> 1
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Berghaus, Karwal 2022

Going to higher redshifts 

Data has sensitivity when 
𝛥𝐶𝑒𝑙

𝑋𝑋

𝜎𝐶𝑉
> 1

Differences in predictions of the 
theory at larger 𝑧𝑐 are not resolvable  
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Berghaus, Karwal 2022

Going to higher redshifts 

Data has sensitivity when 
𝛥𝐶𝑒𝑙

𝑋𝑋

𝜎𝐶𝑉
> 1

Differences in predictions of the 
theory at larger 𝑧𝑐 are not resolvable  

Thermal friction asymptotes to an 
extra-radiation solution 
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Why does data not prefer EDE thermal friction? 

Answer must be in perturbations since background looks favorable 

𝛿𝜙′′ + 2𝑎𝐻𝛿𝜙′ + 𝑘2 + 𝑎2𝑉′′ 𝜙 𝛿𝜙 = −
ℎ′𝜙′

2
Regular EDE perturbations 
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Why does data not prefer EDE thermal friction? 

Answer must be in perturbations since background looks favorable 

𝛿𝜙′′ + 2𝑎𝐻𝛿𝜙′ + 𝑘2 + 𝑎2𝑉′′ 𝜙 𝛿𝜙 = −
ℎ′𝜙′

2
Regular EDE perturbations 

𝛿𝜙′′ + 2𝑎𝐻𝛿𝜙′ + 𝑘2 + 𝑎2𝑉′′ 𝜙 𝛿𝜙 = −
ℎ′𝜙′

2
− 𝑎Υ𝛿𝜙′

𝛿𝐷𝑅
′ = −

2ℎ′

3
−

4

3
𝜃𝐷𝑅 +

2Υ

𝑎𝜌𝐷𝑅
𝛿𝜙′𝜙′ −

Υ𝜙′2

𝑎𝜌𝐷𝑅
𝛿𝐷𝑅

Axion perturbations with thermal friction

Dark radiation perturbations sourced by thermal friction 

𝛿𝐷𝑅 ≡
𝛿𝜌𝐷𝑅

𝜌𝐷𝑅
𝜃𝐷𝑅 ≡ 𝑖𝑘𝑗𝑣𝑗
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Why does data not prefer EDE thermal friction? 

Answer must be in perturbations since background looks favorable 

𝛿𝜙′′ + 2𝑎𝐻𝛿𝜙′ + 𝑘2 + 𝑎2𝑉′′ 𝜙 𝛿𝜙 = −
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Regular EDE perturbations 

𝛿𝜙′′ + 2𝑎𝐻𝛿𝜙′ + 𝑘2 + 𝑎2𝑉′′ 𝜙 𝛿𝜙 = −
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2
− 𝑎Υ𝛿𝜙′

𝛿𝐷𝑅
′ = −

2ℎ′

3
−

4

3
𝜃𝐷𝑅 +

2Υ

𝑎𝜌𝐷𝑅
𝛿𝜙′𝜙′ −

Υ𝜙′2

𝑎𝜌𝐷𝑅
𝛿𝐷𝑅

Axion perturbations with thermal friction

Dark radiation perturbations sourced by thermal friction 

𝛿𝐷𝑅 ≡
𝛿𝜌𝐷𝑅

𝜌𝐷𝑅
𝜃𝐷𝑅 ≡ 𝑖𝑘𝑗𝑣𝑗

If injection occurs early the axion decays away 
completely. Only radiation left without friction terms. 
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Why does data not prefer EDE thermal friction? 

Answer must be in perturbations since background looks favorable 

𝛿𝜙′′ + 2𝑎𝐻𝛿𝜙′ + 𝑘2 + 𝑎2𝑉′′ 𝜙 𝛿𝜙 = −
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− 𝑎Υ𝛿𝜙′

𝛿𝐷𝑅
′ = −
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3
−

4

3
𝜃𝐷𝑅 +
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𝛿𝜙′𝜙′ −

Υ𝜙′2
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Axion perturbations with thermal friction

Dark radiation perturbations sourced by thermal friction 

𝛿𝐷𝑅 ≡
𝛿𝜌𝐷𝑅

𝜌𝐷𝑅
𝜃𝐷𝑅 ≡ 𝑖𝑘𝑗𝑣𝑗

If injection occurs around 𝑧𝑐~𝑧𝑒𝑞 then 𝛿𝜙 ≪ 𝛿𝜌𝐷𝑅 

shortly after 𝑧𝑐. 
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Why does data not prefer EDE thermal friction? 

Answer must be in perturbations since background looks favorable 

𝛿𝜙′′ + 2𝑎𝐻𝛿𝜙′ + 𝑘2 + 𝑎2𝑉′′ 𝜙 𝛿𝜙 = −
ℎ′𝜙′

2
Regular EDE perturbations 

𝛿𝜙′′ + 2𝑎𝐻𝛿𝜙′ + 𝑘2 + 𝑎2𝑉′′ 𝜙 𝛿𝜙 = −
ℎ′𝜙′

2
− 𝑎Υ𝛿𝜙′

𝛿𝐷𝑅
′ = −

2ℎ′

3
−

4

3
𝜃𝐷𝑅 +

2Υ

𝑎𝜌𝐷𝑅
𝛿𝜙′𝜙′ −

𝜰𝝓′𝟐

𝒂𝝆𝑫𝑹
𝜹𝑫𝑹

Axion perturbations with thermal friction

Dark radiation perturbations sourced by thermal friction 

𝛿𝐷𝑅 ≡
𝛿𝜌𝐷𝑅

𝜌𝐷𝑅
𝜃𝐷𝑅 ≡ 𝑖𝑘𝑗𝑣𝑗

If injection occurs around 𝑧𝑐~𝑧𝑒𝑞 then 𝛿𝜙 ≪ 𝛿𝜌𝐷𝑅 

shortly after 𝑧𝑐. Sourcing of DR 
smoothes  anisotropies
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Conclusions

• Thermal friction arises generically for rolling axions 

• Thermal friction can resolve EDE fine-tuning

• Thermal friction asymptotes to extra radiation at high 𝑧𝑐

• Extra radiation eases the Hubble and the LSS tension but does not 
resolve it 

• Data has no sensitivity to step-like transitions at redshifts z > 105

• Data disfavors new physics with smoothed anisotropies
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Thank You 
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• Couple scalar field to light degrees of freedom 𝐿int = −𝜙 𝛼

16𝜋𝑓
෨𝐺𝐺

Dissipative Axion

ሷ𝜙 + 3𝐻 ሶ𝜙 + 𝑉′ = − 𝛼
16𝜋𝑓

෨𝐺𝐺
non−eq

𝜙

𝛼
16𝜋𝑓

෨𝐺𝐺
non−eq

𝜙 ≈ 𝑚𝑡ℎ
2 𝜙 + Υ ሶ𝜙 + 𝑂( ሷ𝜙)

𝜕𝐿

𝜕𝜙
−

𝑑

𝑑𝑡

𝜕𝐿

𝜕 ሶ𝜙 
= 0
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Not allowed by symmetry 
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