
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Big bang nucleosynthesis constraints on varying electron
mass solution to the Hubble tension

Osamu Seto and Yo Toda
Phys. Rev. D 107, 083512 — Published 13 April 2023

DOI: 10.1103/PhysRevD.107.083512

https://dx.doi.org/10.1103/PhysRevD.107.083512


EPHOU-22-011

Big Bang Nucleosynthesis constraints on varying electron mass

solution to the Hubble tension

Osamu Seto∗ and Yo Toda†

Department of Physics, Hokkaido University, Sapporo 060-0810, Japan

Abstract

A cosmological model with a time-varying mass of electrons seems a promising solution for

the so-called Hubble tension. We examine the big bang nucleosynthesis (BBN) constraints on

the time-varying electron mass model, because a larger electron mass gives rise to the smaller

weak interaction rate for the proton and neutron conversion, which could affect the light element

abundance. Additionally, different inferred cosmological parameters, primarily baryon asymmetry,

to keep the cosmic microwave background (CMB) power spectrum unchanged could affect the

abundance of light element. We find that the resultant proton-to-neutron ratio is not so much

sensitive with respect to the electron mass, because the change of weak interaction rate becomes

important after the cosmic temperature becomes lower than the electron mass, while the slightly

smaller present Hubble parameter and the electron mass are indicated if the BBN data is taken

into account. We also find that the baryon density is more stringently constrained by the baryon

acoustic oscillation (BAO) data rather than the BBN. We have derived the ratio of the electron

mass at early Universe and the present me/me0 = 1.0028± 0.0064 and H0 = 68.0± 1.1km/s/Mpc.
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I. INTRODUCTION

The cosmic expansion is one of the most fundamental properties of our Universe. The

present expansion rate called the Hubble constantH0 has been measured by various methods.

The direct measurements of H0 with low red-shifts distant ladders report larger values of

H0 than the cosmological estimation H0 = 67.4± 0.5 km/s/Mpc with the temperature and

polarization anisotropy of the cosmic microwave background (CMB) by the Planck (2018) [1].

The SH0ES collaboration reported H0 = 73.04±1.04 km/s/Mpc by using Cepheids and type

Ia supernovae (SNeIa) as the standard candle in Ref. [2]. Another local measurement using

the Tip of the Red Giant Branch as distance ladders [3] and the H0LiCOW collaboration

by the measurements of lensed quasars [4] also report a larger value of H0 than the Planck

results. The discrepancy between various low-redshift measurements of the Hubble constant

and the value inferred from the CMB temperature anisotropy by Planck (2018) is now

regarded as the Hubble tension or the H0 tension.

This problem has been the object of many attempts [5, 6]. One of the simplest approaches

is to introduce additional relativistic degrees of freedom parametrized by ∆Neff = Neff−N
SM
eff ,

where Neff is the total effective relativistic degrees of freedom and NSM
eff is its predicted

value by the standard model (SM) of particle physics [7–10]. The measured angular size

θ∗ ≡ rs∗/DM∗ of the acoustic scale of the CMB infers a shorter angular diameter distance

DM∗ ∝ 1/H0, if the sound horizon scale rs∗ at the recombination epoch is shorter by the

extra energy density with a larger Neff . The preferred value has been suggested as 0.2 .

∆Neff . 0.5 based on the CMB, the baryon acoustic oscillation (BAO) and the SH0ES

in Ref. [1]. If we also account for the successful Big Bang nucleosynthesis (BBN) in the

analysis, a smaller value as 0.2 . ∆Neff . 0.4 is preferred [11], because the extra energy

density could speed up the cosmic expansion at the BBN epoch and alter the resultant

Helium mass fraction YP . Such additional energy density is limited not only by the BBN,

but by the CMB itself as well. If the cosmic expansion rate at the recombination time is

increased by extra energy densities to reduce the sound horizon scale, then simultaneously

the relative scale between the sound horizon and the photon diffusion (Silk damping) length

is also changed. As a result, all models of this class are confronted with the limitation [12].

A cosmological model with a time-varying electron mass me [13, 14] can effectively reduce

the sound horizon scale [15–18]. As the energy level of hydrogen EH
∝ me and the Thomson
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scattering cross section σT ∝ 1/m2
e, the time-varying electron mass could reduce both the

sound horizon scale and the Silk damping scale not to affect the power spectrum of the CMB

temperature anisotropy.

In this paper, we examine other possible consequences of the time-varying electron mass

model in which the mass of the electron has been about a few percent larger than the present

value before the recombination. Such one important event in the early Universe is the BBN

where light elements have been synthesized. The Helium mass fraction has been reported

as Yp = 0.2449 ± 0.0040 from the recent observation data [19]. The deuterium abundance

D/H has been measured as (D/H) = (2.527± 0.030)× 10−5 [20]. However, if the electron

mass is larger than the present value, the abundance of synthesized light elements would

be altered [21–25]. One reason is that the decay rate of the neutron n to the proton p+,

electron e− and neutrino ν also depends on sensitively the electron mass as [26]

Γ(n→ p+e−ν) =
G2

F

2π3
(1 + 3g2A)m

5
eλ0(q), (1)

λ0(q) =

∫ q

1

dxx(x− q)2(x2
− 1)1/2, (2)

with q = Q/me where GF is the Fermi constant, gA is the axial-vector coupling of the nucleon

and Q = mn −mp is the difference between the proton mass mp and the neutron mass mn.

The rate of weak interactions such as ν+n↔ p++e− also depends on the electron mass [27].

Thus, it causes earlier (later) decoupling of n↔ p interactions for a larger (smaller) electron

mass and results the change of the neutron to proton ratio. The prediction of the BBN is

sensitive to the variation of the neutron decay rate and the weak interaction rate [28, 29]. We

derive the constraints on the variation of the electron mass in the early Universe, assuming

that the electron mass at the BBN time is same as at the recombination epoch and the other

fundamental parameters such as the fine structure constant and the Fermi constant are not

varied.

II. DATA AND ANALYSIS

We conduct a Markov-Chain Monte Carlo (MCMC) analysis on the time-varying electron

mass model. We use the public MCMC code CosmoMC-planck2018 [30]. The change of the
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electron mass is implemented in the neutron decay rate in the BBN era as

Γ(n→ p+e−νe)BBN = Γn0

(

me

me0

)5
λ0(Q/me)

λ0(Q/me0)
, (3)

through Eq. (1) with the present values of the neutron lifetime τn0 = 1/Γn0 = 879.4 second

as well as in the n→ p+ weak interaction rate through its phase space integral [27]

λ(n→ p+) ∝





∫ −me−Q

−∞

x2(Q+ x)2
√

1− m2
e

(Q+x)2
(

e
x
Tν + 1

)(

e−
Q+x

T + 1
)dx+

∫ ∞

me−Q

x2(Q + x)2
√

1− m2
e

(Q+x)2
(

e
x
Tν + 1

)(

e−
Q+x

T + 1
)dx



 ,

(4)

with Tν being the temperature of neutrinos, and similar in the p+ → n weak interaction

rate. From now on, me denotes the electron mass in the early Universe and we use the

present electron mass me0 = 511 keV [32].

We analyze the models by referring to the following cosmological observation data sets.

We include both temperature and polarization likelihoods for high l plik (l = 30 to 2508 in

TT and l = 30 to 1997 in EE and TE) and lowl Commander and lowE SimAll (l = 2 to 29) of

Planck (2018) measurement of the CMB temperature anisotropy [1]. We also include Planck

lensing [33] and data of the BAO from 6dF [34], DR7 [35], and DR12 [36]. We use the data

sets of YP measurement [19] and D/H measurement [20] to impose the BBN constraints.

III. RESULT AND DISCUSSION

We calculate light elements abundance by using PArthENoPE3.0-Standard [31] with

above modification. The change of phase space in Eq. (4) by varying the electron mass

induces the enhancement or suppression of the p+ ↔ n interaction rate. We show the

value of λ(n → p+) for me = 1.03 × me0 normalized by that for me0 in Fig. 1. As can be

seen in Fig. 1, the interaction rate is insensitive with respect to me at a high temperature

T ≫ me ∼ me0, while the interaction rate changes at a low temperature T ≪ me ∼ me0

where it is dominated by the beta decay of neutron n → p+e−ν̄ with the decay rate given

by Eq. (1). Indeed, for the case shown in Fig. 1, the neutron decay rate is reduced by about

4.6% due to the increasing of the electron mass me = 1.03×me0. We notice that the effect

on the p+ ↔ n reaction rate by different electron mass appears only after

T . me0. (5)
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FIG. 1: The suppression of λ(n→ p+) for me = 1.03 ×me0 as function of T/me0.

The neutron-to-proton ratio
n

p
≃ exp

(

−
Q

TD

)

≃
1

6
, (6)

is realized with the decoupling temperature of p+ ←→ n interaction, TD ≃ 0.8 MeV [37].

By comparing with Eq. (5), we find that the effect of varying electron mass just starts to

appear and is not yet so significant when the p+ ←→ n conversion freezes out at T ≃ TD.

So far, we have found that the resultant proton-to-neutron ratio is not affected much for

a fixed baryon-to-photon ratio η. The time-varying electron mass model looks an effective

solution to the Hubble tension, because the electron mass variation effect on the CMB power

spectrum can be absorbed by varying the inferred baryon density parameter Ωbh
2 and the

matter density parameter Ωmh
2 due to the parameter degeneracy [17]. The other way to

affect light elements abundance by the variation of the electron mass is through the change

of the inferred baryon asymmetry Ωbh
2. As is well known, the D/H would reduce as the

inferred baryon asymmetry Ωbh
2 becomes larger.

This can be seen in the 2D posterior distributions of cosmological and BBN parameters of

Fig. 2. We do not find the significant difference for varying electron mass model by including

BBN data, because the the p/n ratio and the resultant Helium fraction are not affect much
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by the variation of the electron mass, as has been discussed. Since the Ωbh
2 in time-varying

electron mass models has been adjusted to fit the CMB spectrum, for the same inferred

somewhat smaller Ωbh
2, larger D/H is indicated.
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FIG. 2: Posterior distributions of light elements abundance YP and D/H, me/me0, and H0 for

several values of me/me0.

To see the detail of χ2, the predicted H0, Ωm, YP and D/H of the best fit point in the

varying me model and the ΛCDM model are listed in Tab. I for the data set of CMB, BAO

and BBN. We find, between the constraints on the varying me model, the BAO constraint

is more stringent than the BBN. We also show the prior data set dependence in Tab. II.

IV. SUMMARY

We have investigated the BBN constraints on a time-variable electron mass model as

a solution to the Hubble tension. There are two ways that the BBN prediction can be

influenced. One is caused by the modification of the p+ ↔ n weak interaction rate by

the dependence of the electron mass, which turns out not to be significant. The other is
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Model varying me ΛCDM

Ωbh
2 0.0228808 0.0226626

me/me0 1.01705 1

H0 71.2286 68.4235

Ωm 0.286295 0.301459

Y BBN
P 0.248037 0.246972

105D/H 2.4326 2.46674

χ2
Cooke 3.89684 2.59375

χ2
Aver 0.613477 0.267478

χ2
CMB 2776.91 2777.93

χ2
H0 3.96685 21.9865

χ2
BAO 9.95825 5.37674

χ2
prior 3.49538 4.57984

χ2
total 2798.84 2812.73

(7)

TABLE I: The best-fit χ2 of the varyingme model for other cosmological models and its comparison

to the ΛCDM model. Here, we take NSM
eff = 3.046 [7] of the default value in the camb.

due to the variation of Ωbh
2, because inferred cosmological parameters including Ωbh

2 are

different from those in the ΛCDM to keep the CMB power spectrum unchanged for a shorter

sound horizon scale at the recombination. The inferred smaller Ωbh
2 suppresses the D/H .

Nevertheless, the BAO constrains the cosmological parameter more significantly than the

BBN does, as shown in Tab. I .

Data set CMB+BAO CMB+BAO+BBN CMB+BAO+BBN+R21

Ωbh
2 0.02250 ± 0.00017 0.02243 ± 0.00016 0.02273 ± 0.00014

me/me0 1.0048 ± 0.0065 1.0028 ± 0.0064 1.0182 ± 0.0048

H0 68.5 ± 1.2 68.0 ± 1.1 70.99 ± 0.79

Y BBN
P 0.24719+0.00038

−0.00045 0.24705+0.00035
−0.00043 0.24804 ± 0.00030

105D/H 2.498 ± 0.030 2.510 ± 0.029 2.458 ± 0.024

TABLE II: 68% limits for various data sets
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