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What’s is BBN?

⋆ Light elements’ creation in the early universe (T ∼ 1 MeV ∼ 1010 K).

▶ Neutron number determines the created elements’ abundance.

▶ Mainly 2H, 3H, 3He, 4He, 7Li are created.

▶ BBN prediction is almost consistent with observations.



What’s is BBN?

⋆ Light elements’ creation in the early universe (T ∼ 1 MeV ∼ 1010 K).

▶ Neutron number determines the created elements’ abundance.

▶ Mainly 2H, 3H, 3He, 4He, 7Li are created.

▶ BBN prediction is almost consistent with observations.



What’s is BBN?

⋆ Light elements’ creation in the early universe (T ∼ 1 MeV ∼ 1010 K).

▶ Neutron number determines the created elements’ abundance.

▶ Mainly 2H, 3H, 3He, 4He, 7Li are created.

▶ BBN prediction is almost consistent with observations.



What’s is BBN?

⋆ Light elements’ creation in the early universe (T ∼ 1 MeV ∼ 1010 K).

▶ Neutron number determines the created elements’ abundance.

▶ Mainly 2H, 3H, 3He, 4He, 7Li are created.

▶ BBN prediction is almost consistent with observations.



EMPRESS Yp result vs BBN (helium anomaly)

EMPRESS Yp result (Matsumoto et al. 2022): Yp = 0.2379+0.0031
−0.0030



What is the Hubble tension?

⋆ 4σ difference between direct and indirect measurement.

Direct measurement

H0 = 73.04 ± 1.04 km/s/Mpc

Indirect measurement

H0 = 67.66 ± 0.42 km/s/Mpc

→ Many modified models are proposed to resolve the Hubble tension.



Models to resolve the Hubble tension

Modified ΛCDM models affect the baryon abundance.

Takahashi and S.Y. (2022)

A larger baryon abundance is required!!
η10

def
= nb/nγ × 1010 > 6.14
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Analysis
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Yobs
p = 0.2379, σYp,obs = 0.0031, σ2

Yp,sys = (0.0003)2 + (0.00012)2

Dobs
p = 2.527 × 10−5, σDp,obs = 0.030 × 10−5, σ2

Dp,sys = (0.05 × 10−5)2

We consider two cases for the prior on η10:

ηref,1
10 = 6.14, ση10,1= 0.038,

ηref,2
10 = 6.40, ση10,2= 0.060.



Helium and Deuterium abundances

Observational value of Yp · · · Matsumoto et al. (2022):

Yp = 0.2379+0.0031
−0.0030.

Observational value of Dp · · · Cooke et al. (2018):

Dp = (2.527 ± 0.0030)× 10−5.

Theoretical errors σYp,sys & σDp,sys are determined with neutron lifetime & model

parameters η10.



Effects of baryon density on Neff and ξe constraints



If EDE is present in BBN era, can we resolve the helium anomaly?

Energy density is:

ρtotal = ργ + ρν + ρe+e− + ρb + ρEDE.

Energy density affects Hubble parameter:

8πG
3

ρ = H2 def
=

(
ȧ
a

)2

.

Thus, effects of ρEDE on H(T) follow :

ρEDE > 0 ⇒ HnoEDE(T) < H+EDE(T) (neutron freezes out earlier)

ρEDE < 0 ⇒ HnoEDE(T) > H+EDE(T) (neutron freezes out later)



EDE models we consider

⋆ EDE1 (e.g. Poulin et al. 2018) :

ρΛ = ρ0 (T > Tt),

ρΛ = ρ0

(
T
Tt

)n

(T ≤ Tt).

n = 6 is fixed in our computation.

⋆ EDE2 (e.g. Ahmed et al. 2002 & Zwane et al. 2017) :

ρΛ = −ρ0 (T > Tt),

ρΛ = 0 (T ≤ Tt).

Parameters are ρ0 & Tt.



Examples of the EDE (1)

Vn(ϕ) = V0(1 − cos(ϕ/f ))n (Poulin et al. 2018) : “Ultra-light axion-like field.”

Poulin et al. 2018

The field equation shows :

ϕ̈+ 3Hϕ̇+
dV
dϕ

= 0

Initially, 3Hϕ̇ is dominant. But dV/dϕ

increases and come to be dominant gradually.

3Hϕ̇ >
dV
dϕ

→ 3Hϕ̇ <
dV
dϕ

The reversal starts an energy density dilution.



Examples of the EDE (2)

Ahmed et al. 2002 & Zwane et al. 2017 : “Everpresent Λ”

If spacetime is discrete, its elements’ number would depend on Poisson fluctuation :

N ∼ V ±
√

V.

While the uncertainty principle would show :

∆Λ×∆V = ∆Λ×
√

V ∼ 1

∴ ∆Λ ∼ 1/
√

V ∼ H2 =
1
3
ρc

This means negative dark energy of O(ρc) can exist with ⟨Λ⟩ = 0.



Definitions of energy density fraction

Energy density fraction fEDE :

fEDE
def
=

ρEDE

ρtotal

∣∣∣∣
T=Tt

=
ρ0

ρ0 + ρerB(Tt)

Two of {ρ0, Tt, fEDE} determine the other.



Result: η10 vs Neff (ξe = 0)

Able to tune the η10 value by adding EDEs.



Result: EDE1 Neff vs ξe (η10 prior)

Ether ξe or Neff can be fixed to a standard scenario.



Result: EDE2 Neff vs ξe (η10 prior)

In ηref1
10 prior, both Neff and ξe can be fixed to standard scenario.

In ηref2
10 prior, ξe can be fixed to a standard scenario.



Conclusion

⋆ Standard parameters cannot explain Empress Yp observation (Matsumoto et al. 2022).

−→ helium anomaly

⋆ Modified models to resolve the Hubble tension make η10 larger.

⋆ An EDE in BBN era makes helium anomaly better.

Especially, an EDE2 explained observation with standard scenario

Neff = 3.046, ξe = 0.

An EDE1 also explained with either Neff = 3.046 or ξe = 0 fixed.
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