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We explore screening effects arising from a relativistic magnetized plasma with applications to big bang
nucleosynthesis (BBN). The screening potential which depends on the thermodynamics of charged
particles in the plasma is altered by the magnetic field. We focus on the impact of screening on the electron
capture interaction. Taking into account the correction in BBN arising from a homogeneous primordial
magnetic field (PMF), we constrain the epoch at which the PMF was generated and its strength during
BBN. Considering such screening corrections to the electron capture rates and using up-to-date
observations of primordial elemental abundances, we also discuss the possibility of solving the problem
of underestimation of the deuterium abundance. We find for certain values of the PMF strength predicted D
and 4He abundances are both consistent with the observational constraints.
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I. INTRODUCTION

Big bang nucleosynthesis (BBN) is one of the three key
pieces of evidence of the hot big bang model, providing a
robust tool in order to probe the physics of the early
Universe. Theoretical calculations of light element abun-
dances (namely, D, 4He, and 7Li) in the standard BBN
(SBBN) model are well characterized [1–3]. Although there
is a long-standing problem with the SBBN prediction of the
primordial 7Li abundance, which is 4 times higher than the
observations [4–6], the deuterium and 4He observations
now have reached an accuracy on the order of a percent,
consistent with theoretical predictions.
The SBBN model has three parameters: the effective

neutrino numberNν, the neutron lifetime τn, and the baryon
to photon ratio (the baryonic density) of the Universe η. All
these three parameters have been fairly well determined
from experiments [7–9] and the analysis of cosmic micro-
wave background (CMB) power spectrum analysis [10,11].
Therefore, the study of the thermonuclear reaction rates
becomes significant. For deuterium, Coc et al. (2015) [7]
reevaluated the uncertainties of D production cross sections

and obtained even smaller uncertainties in the D/H pre-
dictions. The theoretical uncertainty of the predicted
abundance of 4He mainly arises from the uncertainty in
the experimental value of the neutron lifetime [12] which
includes the numerous corrections of the theoretical weak-
interaction rates. Pitrou et al. (2019) [3] have investigated
such corrections and successfully reached a precision of
better than 0.1%.
Recently, charge screening from both ionized nuclei and

electrons in relativistic electron-positron plasmas have been
discussed and applied to the determination of thermonu-
clear reaction rates [13,14]. This effect turned out to be
negligible during the BBN epoch because the plasma is in a
high temperature, low density state, and the distance
between electrons or positrons and nuclei is so large that
the screening effect on the Coulomb potential is not
significant. However, at the epoch before weak decoupling,
i.e., t≲ 1 sec and kT > 1 MeV, the density is much higher
compared with the later BBN epoch, and there is also a
large number of electrons and positrons. The screening
effect in a relativistic electron-positron plasma could
affect weak-interaction rates by changing the electron and
positron energy distributions. Such screening corrections
to the electron capture rates have been studied and applied
to stellar nucleosynthesis [15]; however, this approach is
not suitable for the relativistic nondegenerate electron-
positron plasma.
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On the other hand, nonstandard BBN models including
extra physics such as the primordial magnetic field (PMF)
[16–27] have ever been studied, and a possible moderation
of the cosmic lithium problem has been investigated [28].
Under a strong magnetic field, the weak reaction rates are
affected since the charged-particle distribution functions
are altered [19,21,26]. In addition, the energy density of the
field affects the cosmic expansion rate [22,23], which has
been considered as one of the most important effects of the
PMF on BBN. The effects of the PMF on the cosmic
expansion rate and temperature evolution during BBN
come through the change in the momentum distribution
function of electrons and positrons [25,27]. A full formu-
lation of the PMF effects on the cosmic expansion rate and
the temperature evolution has been derived [20], which
shows primordial abundances of all light nuclei, i.e., D,
3;4He, and 6;7Li, as a function of the PMF amplitude derived
from a consistent numerical calculation taking into account
changes in evolution of the electron chemical potential and
the baryon-to-photon ratio induced by the PMF.
It has been found that a μG scale magnetic field exists

in the Galaxy via the both Faraday rotation ([29]
and references therein) and Zeeman effect [30,31].
Observations of intermediate and high redshift galaxies
also indicate the existence of such large magnetic fields.
The PMF is considered to be a seed of these galactic
magnetic fields which have amplified via the dynamo
mechanism (see, e.g., [27,32,33] for reviews). A rather
large PMF is needed as a seed since only a short duration
time is available for the amplification of the magnetic field
[27,32,33] from formations of the observed galaxies until
the epochs corresponding to their redshifts. The PMF is
thought to be generated from cosmological inflation, phase
transitions, and/or astrophysical processes [34–39]. Once
the seed of the magnetic field is generated, it is possible
later on to be amplified via magnetohydrodynamic proc-
esses [40,41]. Although the damping of the PMF was also
studied previously [42], this PMF is considered to be the
seed of the galactic magnetic field which was amplified via
the dynamo mechanism. After the epoch of photon last
scattering (z ∼ 1100), the CMB power spectrum provides
us with an observable constraint on the energy density of
the PMF [43–45]. Meanwhile, the primordial elemental
abundances also can constrain the PMF strongly.
The PMF is studied at two epochs in the cosmic

evolutionary history. The first is the PMF generated during
the inflation and phase transition epochs. Since the horizon
during the inflation and phase transition is much smaller
than the typical length scale of the present-day PMF
observation, a superhorizon PMF generated during infla-
tion and (or) phase transition [46–48] is possible. This kind
of magnetic field is “frozen-in” with the dominant fluids. A
PMF on superhorizon scales during BBN effectively works
as a homogeneous field. The other PMF is the inhomo-
geneous PMF generated at later epochs. In one model

proposed by Dolgov and Grasso [38], the smaller scale of
the PMF fluctuations inside the comoving horizon is
expected to survive during the BBN epoch due to the
local imbalance of lepton number. It is therefore possible to
assume that the PMF energy density had an inhomo-
geneous distribution inside the horizon at BBN [28].
In either case, it is important to derive a constraint on

generation epoch of the magnetic field in order to clarify
the origin of the PMF. At higher temperature, weak
interactions play a leading role in the hot relativistic
plasma. Previous studies of the PMF always neglected
its impact on the weak interaction [16,20] since the change
of neutron fraction Xn is as small as 0.01. However, the up-
to-date BBN theoretical and observational constraints on
primordial 4He abundance have reached an accuracy of
10−4, and any change in Xn larger than this amount is to be
constrained carefully. In this paper, we consider two aspects
of the impacts made by PMF on the weak interactions. On
one hand, we investigate the impact on the weak interaction
from PMF directly. On the other hand, by introducing
weak-interaction screening corrections, we derive weak-
interaction rates in the presence of magnetic fields before
and during BBN.
This paper is organized as follows. In Sec. II, we explain

the screening effect and its correction to the electron
capture reaction. We also investigate the weak-interaction
properties under the background PMF. In Sec. III, we
discuss how the PMF affects the prediction of primordial
light element abundances and try to provide constraints in
turn on the PMF. We give the conclusion in Sec. IV.

II. WEAK SCREENING CORRECTION OF THE
ELECTRON CAPTURE RATE

A. Weak screening correction

In a hot plasma, the background charged particles can
create a “screening” effect which reduces the Coulomb
barrier between two fusion reactants by reducing the
effective charge [14,49]. The background charges include
the surrounding electrons, positrons, and other nuclei.
Classically, the electrostatic potential ϕ of a charge ze in
the presence of a background charge density can be
computed via the Poisson-Boltzmann equation,

∇2ϕðrÞ ¼ −4πZe2δ3ðrÞ

− 4π
X
z≥0

zenz

�
exp

�
−
zeϕðrÞ

T

�
− 1

�

− e½Nðμþ eϕ; TÞ − Nðμ; TÞ�; ð1Þ

where

Nðμ; TÞ ¼ 1

π2

Z
dpp2

�
1

eðE−μÞ=T þ 1
−

1

eðEþμÞ=T þ 1

�
ð2Þ
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is the net lepton number density, and T and μ are the
temperature and the chemical potential of electrons in
units of MeV (hereafter, we use natural units, i.e.,
ℏ ¼ k ¼ c ¼ 1). The second term of Eq. (1) is a sum over
all charged nuclei in the medium with charge ze and
number density nz. The last term includes the charge of
the electrons and positrons. This is universally used in
astrophysical calculations involving nuclear reactions.
By expanding Eq. (1) to lowest order in potential ϕ, one
obtains the solution as the familiar Yukawa potential,

ϕðrÞ ¼ Z1Z2e2

r
exp

�
−

r
λTF

�
: ð3Þ

For the relativistic electron-positron plasma, the corre-
sponding Thomas-Fermi length can be calculated exactly
to all orders from the Schwinger-Dyson equation for the
photon propagator [14]. The characteristic length scale is

1

λ2TF
¼ 4πe2

∂
∂μ

Z
∞

0

dpp2

�
1

1þ expðE − μÞ=T

−
1

1þ expðEþ μÞ=T
�
; ð4Þ

where μ is the electron chemical potential.
Screening corrections to β-decay rates have been dis-

cussed previously [50–52]. The possible importance of the
screening effects on the electron capture rates at extremely
high densities have also been investigated. However, the
plasma is not degenerate [15,53] in the early Universe with
a high density and temperature before the completion of the
eþe− annihilation, and nondegenerate relativistic screening
corrections to the electron capture have not been well
studied. In the nondegenerate environments, the distance
between particles is always much smaller than λTF, there-
fore Eq. (3) can be expanded to the first order and compared
with the Coulomb potential from bare nuclei. The correc-
tion to weak screening is shown to be

ΔV ¼ ϕðrÞ − Vbare ≈
Z1Z2e2

λTF
: ð5Þ

In the early Universe, weak interactions play an important
role in calculating the neutron-to-proton ratio n=p. The
predicted 4He mass fraction Yp is mainly determined by
2n=ðnþ pÞ [54] at the epoch of He synthesis. When the
temperature of the Universe is higher than the mass
difference between proton and neutron, q ¼ mp −mn,
neutrons and protons are indistinguishable via three main
weak interactions,

nþ eþ ↔ pþ ν̄e;

nþ νe ↔ pþ e−;

n ↔ pþ e− þ ν̄e: ð6Þ

The cross sections for weak interactions are calculated
with the V-A interaction Hamiltonian [55]. For electron
capture process, i.e., pþ e− → nþ νe, the screening cor-
rection [Eq. (5)] influences the cross section through a
change in the Coulomb potential. The kinetic energies of
electrons around protons are shifted due to screening. The
electron capture rate on protons, Γpe−→nνe , are

Γscr
pe−→nνe ¼

G2
FT

2
γðg2V þ 3g2AÞ
2π3

Z
∞

1

E2
νϵ

0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ02 −m2

e

q
dϵ0

×fFDðϵ0; μ; TγÞgðEν; μν; TνÞ; ð7Þ

where GF is the Fermi coupling constant, gV ¼ 1.4146 ×
10−49 erg cm3 and gA=gV ∼ −1.262, Eν is the neutrino
energy, μν is the neutrino chemical potential, and Tγ and
Tν represent the photon and neutrino temperatures res-
pectively. The notation fFDðϵ0; μ; TγÞ ¼ 1=½exp½ðϵ0 − μÞ=
Tγ� þ 1� is the Fermi-Dirac distribution function, and
gðEν; μν; TνÞ ¼ 1 − fFDðEν; μν; TνÞ is the Pauli blocking
factor. The screening correction to the electron kinetic
energy is given by ϵ0 ¼ ϵ − ΔV. The rare three-body
reaction pe−ν̄e → n is ignored.

B. Effect on the weak-interaction rates

We next consider magnetic field corrections to the weak-
interaction rates. Electrons and positrons are more sensitive
to the background magnetic field than the charged baryons
are because of their smaller masses. The thermodynamics
of e� will be affected via Landau quantization, which has
already been addressed in [17,19,56]. In the presence of a
magnetic field, the electron (or positron) energy is given by

E2
n ¼ p2

z þm2
e þ 2neB: ð8Þ

After summing over the electron spin, the phase space of
electron thermodynamical functions changes to

2
d3p
ð2πÞ3 fFDðE; μ; TÞ →

X∞
n¼0

ð2 − δn0Þ
dpz

2π

eB
2π

fFDðEn; μ; TÞ;

ð9Þ

where the Fermi-Dirac distribution function on the right-
hand side is one-dimensional. The transverse momenta are
quantized, resulting in the sum in Eq. (9).
In Fig. 1, we show the distribution as a function pz and n

(i.e., phase space of electrons for each Landau level) for
various magnetic fields. For weak magnetic fields, differ-
ence in the distribution function between two levels is
negligible: each distribution approximately equals the con-
tinuous Fermi-Dirac distribution without magnetic fields.
For stronger magnetic fields, fermions will occupy lower
Landau levels. It has also been pointed out that, for a strong
magnetic field, it is possible to have pair production [57],
however we here neglect this possibility. Including the
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background magnetic field in the weak-interaction rate
calculation, Eq. (4) becomes

1

λ2TF
¼ 4πe2

γm2
e

2π2
∂
∂μ

X∞
n¼0

ð2 − δn0Þ
Z

∞

0

dpz

×

�
1

1þ exp ðEn − μÞ=T −
1

1þ exp ðEn þ μÞ=T
�
;

ð10Þ

where γ is the ratio B=Bc with the critical field Bc defined
as Bc ≡m2

e=e ¼ 4.41 × 1013 G.
Figure 2 shows λTF as a function of magnetic field

strength for three values of temperature. In the case of a
weak magnetic field, B ≪ Bc, λTF does not significantly
change. The change in the distribution functions for
different Landau levels is small. For stronger magnetic
field strength, B≳ Bc, λTF drops dramatically. Prior to
BBN, i.e., T ≳ 1 MeV, weak-interaction rates can be
strongly dependent on the magnetic field and the temper-
ature. In this epoch λTF is expected to be much smaller. One
thus expects an increase ofΔV, altering the electron capture
rate. With the background magnetic field, it has been
suggested [17,19,56] that the weak-interaction rate itself

also changes due to the Landau quantization. There has
been some debate as to whether the weak rates increase or
decrease as a result of the magnetic field [18,19,56]. We
show here that the rate of the reaction nþ νe → pþ e−

decreases as magnetic field strength increases. However,
the reaction nþ eþ → pþ ν̄e shows the opposite trend and
the summation of two results in a total weak-interaction rate
Γn→p that is enhanced by the existence of the magnetic field
(see Fig. 3). Rewriting Eq. (7) with the Fermi distribution
given by Eq. (9), we obtain the electron capture rate in a
screened plasma,

FIG. 1. Fermi distribution functions in the presence of external
magnetic fields as a function of Landau level n and longitudinal
momentum pz for two different field strengths.

FIG. 2. Thomas-Fermi length λTF as a function of scaled
magnetic field strength γ for different T9 ¼ T=ð109 KÞ. The
parameter γ is defined as γ ¼ eB=m2

e. The chemical potential is
chosen to be μ ¼ 0.1 MeV.

FIG. 3. Weak-interaction rate as a function of the scaled
magnetic field strength γ. The dashed line corresponds to the
nþ eþ → pþ ν̄e rate, the dotted line is the nþ νe → pþ e−

rate, and the solid line is the total weak-interaction rate Γn→p. For
the n → pþ e− þ ν̄e rate, we assumed a zero neutrino chemical
potential so that this term can be neglected. Here the temperature
is set as T9 ¼ 10.
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ΓBscr
pe−→nνe ¼

G2
Fðg2V þ 3g2AÞeB

π3
X∞
n¼0

ð2 − δn0Þ

×
Z

∞

me
ffiffiffiffiffiffiffiffiffiffi
1þ4γn

p
E2
νϵ

0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ02 −m2

eð1þ 4γnÞ
p

× dϵ0fFDðϵ0; μ; TγÞgðEν; μν; TνÞ: ð11Þ

In Fig. 4, we show the weak screening correction of both
the electron capture pþ e− → nþ νe and the total p → n
rate as a function of T9. The vertical axis represents the
ratio between the interaction rates with and without the
screening correction, where the magnetic field effect on the
Fermi distribution is included. The weak screening correc-
tion increases the electron capture rate (upper panel).
Therefore, the total weak reaction rate Γp→n increases
(lower panel) and finally leads to a higher neutron fraction
(see Fig. 5). For a strong B-field (purple line, γ ¼ 100), the
impact can be over 0.6% at T9 ∼ 2. The change itself is

small. However, considering the present-day Yp observa-
tion, any corrections which affect weak rates by Oð10−4Þ
can be constrained by Yp abundance observations [3],
which suggests the possibility of using the weak screening
correction to constrain the PMF since the weak interaction
plays a leading role before BBN started.

III. CONSTRAINTS OF PRIMORDIAL
MAGNETIC FIELD

In this section we consider contributions to the final
element abundances arising from the weak screening
correction of the electron capture rate. Adapting the
Thomas-Fermi length formula of Eq. (4), the screening
corrections are taken into account using Eq. (7). We use a
standard BBN nuclear reaction network code [58,59]
and have updated the reaction rates of nuclei with mass
numbers A ≤ 10 using the JINA Reaclib Database [7,60].
The neutron lifetime is taken as 880.2� 1.0 s, correspond-
ing to the central value of the Particle Data Group [8]. The
baryon-to-photon ratio η is taken to be η10 ≡ η=10−10 ¼
ð6.094� 0.063Þ calculated using a conversion of the
baryon density in the standard ΛCDM model determined
from Planck analysis of [11].
Figure 5 shows the ratios of final abundances of light

nuclei (n, p, D/H, and Yp) with weak screening effects on
the electron capture rate to those calculated without screen-
ing effects. The quantity Yp is effectively determined by
2n=ðnþ pÞ at the 4He synthesis at t ∼ 180 s. Therefore, the
higher neutron fraction naturally leads to a higher 4He mass
fraction.
We consider a constraint on generation epoch of the

PMF. In this study, we employ the frozen-in PMF model,
FIG. 4. The screening correction to the pþ e− → nþ νe
reaction rate and the total p → n rate as function of T9 for
various field strengths.

FIG. 5. Relative change of light nuclear abundances (n, p, D/H,
and Yp) due to the weak screening correction on the electron
capture reaction, i.e., pþ e− → nþ νe, in the BBN network as a
function of time. Effects from the magnetic field on the Fermi
distribution function at the relevant BBN temperatures are
negligible as shown in Fig. 2.
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i.e., the PMF energy density decreases as ρPMF ∝ 1=a4

where a is the scale factor of the Universe. Current
constraints on the PMF from light element abundance
observations can only provide us with an upper limit of the
field strength [17,19,20]. We have investigated three main
effects from the PMF on the electron/positron thermody-
namics, the time-temperature relation, and thermonuclear
reaction rates [20]. The impact on the weak-interaction
rates is always neglected due to the large uncertainty of past
Yp observations [20]. However, the updated observational
constraint on primordial 4He abundance is accurate to
within 0.1%.
Figure 6 shows the constraint on the generation epoch and

the strength of the PMF. The horizontal axis is the strength of
the PMF in unit of Bc at T9 ¼ 10, and the vertical axis is the
temperature at which the PMF is generated. We only
consider the PMF generated before the neutrino decoupling
at T ∼ 1 MeV, and the vertical axis is only shown above
T9 ¼ 10 accordingly. We encoded the frozen-in PMF
generated at different temperatures and then performed
the BBN calculations. The shaded region on the right-upper
part of the figures is ruled out by Yp observations Yp ¼
ð0.2449� 0.0040Þ [61]. Although the 4He abundance is
sensitive to the n=p ratio, for the lately (T9 < 15) generated
PMF the constraint is weaker since the weak reaction rates
drop quickly when temperature decreases. Thus, such a PMF
cannot alter Yp as significantly as the early generated PMF,

which means one can introduce a stronger PMF at later times
without changing the calculated 4He abundance. The
enhancement of weak-interaction rates induces a tighter
constraint on the PMF. The weak screening correction to
fusion reactions does not make a significant change in BBN
due to the low electron-positron density at the BBN epoch.
In Fig. 6, all effects from the PMF summarized in

Ref. [20] have been taken into account (shown in the dark
gray region). A more accurate constraint on the B-field
based on the consideration of the weak-interaction rate
enhancements via the PMF is shown by the light gray
region. It is clearly seen that such effects can provide a
narrower constraint on the PMF strength. Because weak
interactions decouple at T ∼ 0.8 MeV, the PMF generated
well before this epoch plays an important role in determin-
ing the light element abundances. According to Fig. 4, the
screening corrections can increased with increasing mag-
netic field. This is also taken into account and indicated by
a blue line.
Recent high-accuracy BBN calculations suggest an

underproduction of D for η10 ¼ 6.10 when compared to
the mean value of the D observation, i.e., D=H ¼
ð2.527� 0.03Þ × 10−5 [62]. Uncertainties in nuclear reac-
tion rates for D destruction result in an ∼1.5% error in
the predicted D abundance, i.e., D=H ¼ ð2.459� 0.036Þ ×
10−5 [3]. Therefore, there is a possible discrepancy at the
∼2σ level. We also consider the solution of such discrep-
ancy from the standpoint of modifications of weak and
fusion reactions by the PMF. We have already shown that
the 4He abundance constraint allows a PMF with γ < 0.58.
Moreover, when we also take the D/H constraint into

FIG. 6. Constraints of the PMF generation epoch and strength
from the Yp observational value. The light gray shaded region is
excluded if the modification of weak reaction rates by the
magnetic field is taken into account. The dark gray region is
excluded by prior work [16,20]; in their study the PMF impacts
on weak interaction are ignored. The constraint from the screen-
ing correction of weak reaction rates is shown by the blue line.
This constraint is negligible since the density of electrons and
positrons during the BBN epoch is low. Here the γ value of the
PMF is taken at T9 ¼ 10.

FIG. 7. Range of PMF strength constrained by deuterium
abundance observations, i.e., D=H ¼ ð2.527� 0.03Þ × 10−5.
Here the scaled value of the PMF, γ, is taken at T9 ¼ 10. The
gray region is excluded by constraints from 4He abundance
observations, while the green region is allowed by deuterium
abundance observations.
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account, recent observations can actually exhibit clear
discrepancy with PMF since both D/H and 4He abundances
are enhanced when PMF is included [16,17,20]. In Fig. 7,
we show the contour plot of both D/H and Yp observational
abundance constraints. The green region is the observa-
tional constraint D=H ¼ ð2.527� 0.03Þ × 10−5, and it is
clear that, for the PMF model with strength parameter
γ ¼ 0.37–0.54, the D/H prediction is consistent with the
observation. Such a PMF is not ruled out by taking account
of the Yp observational constraint as well. If the “D
underproduction problem” were confirmed in extensive
and more accurate observations in the future, it would
provide an additional explanation for faster cosmic expan-
sion triggered by a large effective number of neutrino
families Neff [1] due to a sterile neutrino or something
equivalent to it.
In Table I, we compare the observational constraints on

primordial abundances with the theoretical predictions in
three models, i.e., (1) the SBBN, (2) the BBN model with
the screening correction, and (3) the BBN model with the
screening correction and PMF effects for γ ¼ 0.4, for
example. Although the D underproduction problem in
the SBBN is not solved in model (2) because of its very
small effect, it is solved when we introduce a frozen-in
PMF with strength γ ¼ 0.37–0.54 in the model (3). Neither
the screening effect nor the frozen-in PMF model can
alleviate the cosmic lithium problem. Uncertainties in the
nuclear reaction rates for 7Be production and destruction
have been reduced by recent experiments on 7Be destruc-
tion reactions. As for the primary destruction reaction
7Beðn; pÞ7Li, a recent measurement at the neutron time-
of-flight (n_TOF) facility of CERN showed that the cross
section is significantly higher than previous measurements
in the low neutron energy region of En ∼ 10−2 MeV, while
it is consistent with the old measurements for higher
energies [63].
Replacing the old reaction rate by the newly derived rate,

the predicted 7Li abundance becomes smaller by at most
12%. The effect of including the first excited state of 7Li in
the final state is now under analysis utilizing Q-value

spectra of the 7Beðd; 7LipÞ1H and 7Beðd; 2αÞ1H reactions,
which are generated with the Center for Nuclear Study
Radioactive Isotope Beam separator [64]. The contribution
of the first excited state is estimated to be at most ∼15%,
further reducing the predicted 7Li abundance. The reaction
cross section of 7Beðd; 2αÞ1H has been recently measured
in the energy range relevant to BBN [65]. The new cross
section leads to a 1.4%–8.1% decrease of the primordial 7Li
abundance compared to the case without the 7Beðd; 2αÞ1H
reaction. The cross section of the reaction 7Beðn; αÞ4He has
also been determined precisely at the n_TOF facility in
CERN (En ≲ 10 keV) [66], the n_TOF in the Research
Center for Nuclear Physics, Osaka University (the center
of mass energy Ec:m: ¼ 0.20–0.81 MeV) [67], and the
EXOTIC facility of Laboratori Nazionali di Legnaro
(En ¼ 0.03–2 MeV) [68]. The contribution of this reaction
to the destruction of 7Be during the BBN was found to be
negligibly small.

IV. CONCLUSIONS

In this paper, we investigated weak screening corrections
from the PMF and the impact of these corrections on the
electron capture rate. The lowest-order screening effect is to
shift kinetic energies of electrons and positrons. We first
explored the impact from such corrections on the BBN and
found an enhancement of the 4He abundance by a factor of
Oð10−4Þ. Then, we considered the configuration with a
background PMF in which the electron and positron energy
distributions are altered by Landau quantization. The
presence of an external magnetic field results in a shift
in the screening potential. Moreover, with the existence of
an external magnetic field, the weak screening correction
can enhance the electron capture rate by a factor of
Oð10−3Þ. Such effects on the electron capture rate can
be negligible due to the low density at BBN epoch.
We show that the magnetic field results in a reduction of

the rate for the reaction nþ νe → pþ e− while the rate for
the nþ eþ → pþ ν̄e reaction is increased. The net rate
Γn→p turns out to be enhanced by the magnetic field effects.

TABLE I. Comparison between observations (Observ.) and theoretical predictions (SBBN, the BBN model with screening correction
(Corr.) and the BBN model with the screening Corr. and PMF effects for γ ¼ 0.4) for primordial abundances. Here in the theoretical
calculation, all the cross sections for nuclei A < 10 are adopted from the JINA Reaclib Database [7,60]. The neutron lifetime is taken as
880.2 s [8], and the baryon-to-photon ratio η is taken to be η10 ≡ η=10−10 ¼ ð6.094� 0.063Þ [11]. We use the PMF model with strength
parameter γ ¼ 0.4.

Observ. SBBN BBNþ Screening Corr. BBNþ Screening Corr:þ PMF

Yp 0.2449� 0.0040a 0.2417� 0.0001 0.24165� 0.00005 0.2477� 0.0001
D=H ð10−5Þ 2.527� 0.03b 2.462� 0.042 2.462� 0.042 2.545� 0.043
A ¼ 7 ð10−10Þ 1.58þ0.35

−0.28
c 4.90� 0.105 4.90� 0.105 4.87� 0.11

aAver et al. (2015) [61].
bCooke et al. (2018) [62].
cSbordone et al. (2010) [6].
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We conclude that such an enhancement of weak reaction
rates from the background PMF should be taken into
account since the accuracy of present-day theoretical
calculations requires detailed treatments of any change
of weak reaction rate larger than 0.1%.
Finally, the generation epoch of a frozen-in PMF has

been constrained by considering its impact on weak
interactions. Comparing the theoretical 4He yield with
observations, we find that a late PMF generation epoch
at T9 < 15 is more favored.
Moreover, the D underproduction problem in SBBN

could be solved by including the effects of the PMF,
resulting in an enhancement of weak reaction rates.
Namely, we find an allowed region which satisfies both
of the D/H and Yp observational abundance constraints in
the BBN model with the screening correction and PMF
effects.
However, the cosmic lithium problem still remains.

Possible solutions to this problem include the following
scenarios: (1) BBN models with exotic long-lived neg-
atively charged particles [69,70] or a color [71] can
potentially solve the problem. (2) The existence of a sterile
neutrino during the BBN can reduce the 7Li abundance
significantly only if its mass and lifetime are in specific
ranges [72,73]. (3) An ambipolar diffusion of abundant
7Liþ ions via the PMF during structure formation can result
in Li abundances in structures smaller than the cosmic

average value [74,75]. (4) If population III (Pop III) stars
deplete Li with a very large formation rate and if they do
not produce Li via the neutrino process, the Li abundance
can temporarily decrease in the early structure formation
epoch [76]. However, a recent calculation of the neutrino
process in Pop III stars indicates efficient Li production
[77]. In this case, the Li abundance monotonically increases
with time, and this scenario does not provide a solution.
However, there remain possibilities of significant Li
depletion. (5) 7Li could be destroyed in a highly convective
pre-main-sequence stage via nuclear burning [78] and also
(6) during the main sequence via atomic diffusion under
stellar gravity [79].
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