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THE HUBBLE PARAMETER TENSION
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We live in an expanding Universe
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� What is the speed of the expansion?



Hubble Parameter and Hubble’s Law

� 𝑑𝑠! = 𝑑𝑡! − 𝑎 𝑡 !𝛾"#𝑑𝑥"𝑑𝑥#

� Hubble Parameter :  𝐻 ≡ %̇
%

� Hubble’s Law :  𝑧 = 𝐻&𝐷 (z ≪ 1)
◦ 𝑧 is the redshift
◦ 𝐻! is the Hubble parameter today
◦ 𝐷 is the proper distance

4



Luminosity and Angular Distances

� Luminosity Distance

𝐽!"# =
𝐿#

4𝜋𝐷$%
𝐷$ = 𝐷/𝑎

Standard Candle
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� Angular Distance

sin 𝜃 =
𝑑#
𝐷&

𝐷& = 𝑎𝐷

Standard Ruler



Hubble Parameter 𝐻! Measurements
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� Large difference 
between early vs late 
𝐻! measurement

� Is it just due to 
systematics?

1907.10625



What if our knowledge is wrong?

� If the standard candle or the standard ruler is 
wrong, we predict different 𝐻&

𝐻! ∝
1
𝐿"
, 𝐻! ∝

1
𝑑"

� In this talk, we focus on the standard ruler for 
early Universe : BAO scale
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Baryon Acoustic Oscillation

� 𝐻& ∝
'
(!

from CMB

� Additional radiation predicts smaller 𝑟), 
hence large 𝐻&
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http://www.astro.ucla.edu/~wright/BAO-cosmology.html

𝑟! = #
"

#!
𝑑𝑎

𝑐!
𝑎$𝐻𝑟!

𝐻! =
8𝜋𝐺
3

𝜌

𝜌"#$ = 𝜌% + 𝜌& = 𝜌% 1 + 𝑁'((
7
8
𝑇&
𝑇%

)



Additional Radiation
� Decreases 𝑟"

→ Helps to solve the Hubble tension

� Suppresses  small scales 
→ Conflicts with the observations

� Solutions : Interacting Radiation
→ Interacting radiation has smaller sound 

speed, so it can compensate the suppression

� The Kreisch paper finds larger 𝐻# with self-
interacting neutrinos
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Kreisch et al, 1902.00534



SELF-INTERACTING NEUTRINOS
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The Majoron Model

ℒ =
1
2
𝜕*𝜙𝜕*𝜙 −

1
2
𝑚+
!𝜙! +

1
2
𝑔"#𝜈̅"𝜈#𝜙

� We introduce a scalar coupled to neutrinos, 
called the Majoron

� For simplicity, we assume the diagonal and 
universal coupling :  𝑔"# = 𝑔+𝛿"#
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Neutrino Self-Interactions

� Neutrinos interact with each other by exchanging 
a Majoron 

� For light Majoron : Γ ∼ 𝑔$%𝑇

� For heavy Majoron : Γ ∼ 𝐺&'𝑇(, 𝐺& ≡
)"
#

*"
#
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ℒ =
1
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Decoupling and Recoupling

� Interaction is active if Γ > 𝐻 ∼ ,"

-#$

� Γ/𝐻 increases or decreases depending on 
Majoron mass
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The Opacity Function

� Opacity indicates the fraction of particles that 
have interacted at least once from the time 𝑡 to 
today.

� We calculate thermal averaged opacity 𝑂(𝑇)

� Define 𝑇. where 𝑂(𝑇) = '
!
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The Opacity Function
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Decoupling Redshift
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Experimental Constraints
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Blinov et al, 1905.02727 

𝜏 → 𝑙𝜈𝜈𝜙

𝐾 → 𝑙𝜈𝜙

𝜙𝛽𝛽 decay



COSMIC MICROWAVE 
BACKGROUND
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Cosmic Microwave Background
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Effects of Neutrinos on CMB
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Effects of Neutrinos on CMB
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Neutrino Perturbations
Decompose with Legendre polynomial

Gorbunov and Rubakov, 2011



Effects of Neutrinos on CMB
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For neutrino For photon

� 𝜏′ is the interaction rate

� The interaction suppresses 𝜋!

� 𝜋" evolves freely

Gorbunov and Rubakov, 2011



Effects of Neutrinos on CMB
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� If 𝜋 = 0, we have Ψ = −Φ

� In Standard Model, Ψ = − 1 + 6
7R8Φ ≈ −1.16Φ

where 𝑅8 =
9!
9 ≈ 0.41 due to neutrinos

Gorbunov and Rubakov, 2011



Effects of Neutrinos on CMB
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Gorbunov and Rubakov, 2011

� Phase shift
� Amplitude suppression



If Neutrinos have Self-Interaction

25

For neutrino For photon

−
9
10
𝜏!"𝜋!

� 𝜋8 suppressed at early time
� After decoupling,  𝜋8 starts to evolve
� Can compensate the effect of additional radiation
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Cyr-Racine and Sigurdson, 1306.1536 



Power Spectrum Comparison

26Kreisch et al, 1902.00534



RESULTS
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Data Sets

� P18: Planck 2018 CMB temperature and 
polarization auto- and cross-correlation 

� lens: Planck 2018 CMB lensing 

� BAO: 6dFGS, SDSS DR7 MGS, and BOSS DR12

� R19: Prior on the Hubble parameter today, 𝐻&, 
from Riess et al. 2019 
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Parameterization 
We have 4 new parameters in addition to 6 basic 
cosmological parameters

� 𝑁#$$,$& : The number of free-streaming species

� 𝑁#$$,'() : The number of interacting species

� 𝑁#$$ = 𝑁#$$,$& +𝑁#$$,'()

� 𝑧*#+ : The decoupling redshift

� Σ𝑚 = ∑,𝑁#$$,,𝑚,
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Implementation in CLASS

� We suppress 𝐹/,12! with a transition function

𝒯 𝑧 =
1
2
tanh

𝑧 − 𝑧:;<
Δ𝑧:;<

+ 1

� Δ𝑧345 = 0.4𝑧345 to match the opacity function

� We’ve checked this approximation is valid for 
the decoupling model
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Choi et al, 1804.10180



Cases
For computational efficiency, we fix one of the new 
parameters

� Case 1 : 𝑁+,,,,. = 0

� Case 2 : 𝑁+,,,,. = 2.0328

� Case 3 : 𝑁+,, = 3.046

� Case 4 : Σ𝑚 = 0.11 eV

31



Case 1: All species interacting 

� All neutrino species are interacting

� Corresponds to the case in the Kreisch paper

� Fixed parameters : 𝑁466,67 = 0

� Varying parameters : 𝑁466,89:, 𝑧345, Σ𝑚
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Case 1: Triangle Plot
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mode 2

mode 1



Case 1: Summary Table
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ΛCDM Self-interacting neutrinos



Case 1: Results
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� Unlike the Kreisch paper, we don’t find 
increased 𝐻&

� The difference is the data set
◦ We used Planck2018 data instead of Planck2015
◦ Planck2015 data had large errors for high-𝑙

polarization

� What if we remove high-𝑙 polarization data?



Case 1-2: Removing high-𝑙 polarization 
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� Now we find increased 𝐻'
� Polarization data constrain 𝑁()) tightly
� With polarization data, we find self-interacting neutrino is not a solution to 

the Hubble tension



Case 4: Fixed Σ𝑚
� We fix total Σ𝑚 while varying both 𝑁466,89: and 
𝑁466,67

� Fixed parameters : Σ𝑚 = 0.11 eV

� Varying parameters :𝑁466,89:, 𝑁466,67, 𝑧345

� We also consider fluid-like case (𝑧345 = 0)
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Case 4: Triangle Plot
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Case 4: Summary Table
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Case 4: Results

� We find an upper bound on 𝑁466,89: < 0.86
(95% C.L.) for the decoupling case

� For fluid-like case, we find 𝑁466,89: < 0.51 (95% 
C.L.)
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CONCLUSIONS

41



Conclusions

� Self-interacting neutrinos do not help to solve 
the Hubble tension with new data

� We put constraints on self-interacting radiation 
(on 𝑧345, 𝑁466,89:)
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Future Works

� We are working on the recoupling case

� For the recoupling case, the Majoron can be 
produced in later Universe

� Recoupling width is much larger compared to 
the decoupling case

43



THANK YOU
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BACK UP
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Decoupling Time

� Decoupling happens at Γ ∼ 𝐻

� With Γ ∼ 𝐺/!𝑇; and 𝐻 ∼ ,!

-"#
, 

we get 𝑇. ∼ 𝐺/!𝑚<1
='/?
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The Exact Interaction Rate
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For

For identical outgoing particles For different species



Case 1: With R19
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� mode 2 is ruled out
� We have the lower bound on 𝑧*#+ > 10/.1 (68% C.L.)



Case 2: 2 𝜈"# + 1 𝜈$%&
� We leave two species of neutrino free-

streaming, but one of the species is self-
interacting

� Fixed parameters : 𝑁466,67 = 2.0328

� Varying parameters :𝑁466,89:, 𝑧345, Σ𝑚

49



Case 2: Triangle Plot
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mode 2

mode 1



Case 2: Summary Table
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Case 2: Results

� We find a room for self-interacting species

� This does not change other cosmological 
variables such as 𝐻& much

� CMB does not prefer the interacting neutrino 
over free-streaming case
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Case 3: Fixed 𝑁'""
� We fix total 𝑁466 while varying the fraction of 

interacting species

� Fixed parameters : 𝑁466 = 3.046

� Varying parameters :𝑁466,89:, 𝑧345, Σ𝑚

� We also consider fluid-like case (𝑧345 = 0)
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Case 3: Triangle Plot and Summary Table
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Case 3: Results

� We find an upper bound on 𝑁466,89: < 0.79
(68% C.L.) for the decoupling case

� For fluid-like case, we find 𝑁466,89: < 0.28 (68% 
C.L.)
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