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Abstract. A moving ion in plasma creates a deformed electric potential depending on the ion
velocity, which leads to the distinct screening effect compared to the standard static Salpeter
formula. In this paper, adopting the test charge method, we explore the dynamical screening
effects on big bang nucleosynthesis (BBN). We find that the high temperature in the early
universe causes the ion velocity to be faster than the solar condition so that the electric
potential is effectively polarized. However, the low density of background plasma components
significantly suppresses the dynamical screening effects on thermonuclear reaction rates during
the BBN epoch. We compare our results with several thermonuclear reaction rates for solar
fusion considering the dynamical screening effects. Also, we discuss the additional plasma
properties in other astrophysical sites for the possible expansion from the present calculation
in the future.
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1 Introduction

One of fundamental characteristics in plasma is the Debye shielding. The electron cloud
surrounding the charge of an ion screens other nuclear charges far from the own radius, ap-
proximately given as Debye radius Ap. In a nuclear reaction, the screening effect reduces the
Coulomb barrier, so that the penetration probability is enhanced. Under the weak screening
condition, the Salpeter formula [1] well describes the static screening effects for the thermonu-
clear reactions, which result in the enhancement factor f., in terms of given temperature 7'
as follows:

(1.1)
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where Z; denotes the charge number of species i, e is the electronic charge, and the Debye

radius Ap is defined as
T
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depending on the temperature and the electron number density ne.

Since the screening effects change the thermonuclear reaction rates, the Salpeter form has
been exploited widely in nucleosynthesis such as the stellar nuclear fusion [2|, presupernova
(preSN) [3], and core-collapsing supernova [4]. Among various studies, in particular, big bang
nucleosynthesis (BBN) has been a good testbed for the screening effects owing to a relatively
small number of main reactions and precise observational data based on cosmic microwave
background (CMB) study and astronomical spectroscopy. The first application of the Salpeter
formula to the BBN shows that the screening effects hardly affect the primordial abundances
because the density in the BBN environment is too low to reveal the effective charge shielding
[5]. However, it was pointed out that the relativistic corrections are considerable in the
BBN environment due to enough high temperatures (108 K < 7' < 10'°K) to maintain the
electron-positron plasma. Then, replacing the Debye radius with the Thomas-Fermi one,
the relativistic correction of screening effects on BBN was performed, but the result still
shows insignificant fractional changes of primordial abundances within the order of 1072 [6].
Furthermore, a study of the relativistic screening effects with the primordial magnetic field
(PMF) shows remarkable changes of primordial abundances. In reference |7, the PMF was
consistently treated in the cosmic expansion rate, the temperature evolution, and screening
correction for weak reactions, which are constrained with observational data of the primordial
abundances.



Another question on the screening remains in dynamical effects by a moving ion. When
a test charge moves with an intermediate velocity that is enough to react with background
charges in plasma, the Coulomb potential forms a deformed shape [8, 9], which leads to an
aspherical Debye shielding. This dynamical effect on the electron screening was firstly men-
tioned in reference [10] and studied for the thermonuclear reaction rates by C. Carraro et al.
[11] in the context of the solar neutrino problems [12, 13]. For this argument, reference [14]
suggested that the dynamical screening effects vanish arguing that the factorization between
kinetic and interaction parts in the Gibbs probability guarantees the independence of inter-
action term from the kinetic energy (See also references [15] and [16].). On the other hand,
reference [17| disputed the factorizability pointing out that the dynamical potential involves
the particle velocity. Since the electric potential in plasma depends on the velocity of a mov-
ing ion, the dynamical effects on screening should be present when charges move with large
enough velocities. However, whether they are realized in astrophysical conditions or not is
currently an open question. Hence, for the dynamical screening effects, subsequent studies in
solar fusion have investigated various methods such as molecular dynamic simulation [18-20],
kinetic equation [21], and field theoretical approaches [22].

In this study, we investigate the dynamical screening effects on BBN. Compared to
the solar condition, the BBN occurs in a state of low density, but high temperature. Also,
the rapid cooldown of the early universe changes the number density of plasma components
so that the BBN plasma undergoes the transition from an electron-positron-ion (EPI) to
electron-ion (EI) plasma. Because of the evolving environment, the screening potential for
the thermonuclear reaction rates is given in terms of the cosmic time. This paper shows
a time-evolving dielectric function for the longitudinal mode and effects of the dynamical
screening on the nuclear reaction rates in BBN adopting the test charge method used in
reference [11].

The rest of this paper is organized as follows. In Section 2, we begin by deriving the
dielectric permittivity for a moving test charge in Coulomb potential and apply it to the BBN
condition. Based on the obtained Coulomb potential, Section 3 discusses the thermonuclear
reaction rates with dynamical screening effects. Showing the enhancement factor for main
BBN reactions, we also investigate those effects on primordial abundances. In Section 4,
we make a conclusion of this study, discussing results and a future implication for other
astrophysical environments.

2 Coulomb potential for moving ions in the BBN epoch

From the Poisson equation for a moving test charge with time ¢, the Coulomb potential can
be written as [11]

(2.1)
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where Zp denotes charge number of the test charge, r the spherical coordinate in the rest
frame, and v the velocity of the moving test charge. The longitudinal mode of dielectric
permittivity €(k,w), as a function of wavevector k and frequency w, is derived by the first
order perturbation of the Vlasov-Maxwell equation with unmagnetized equilibrium plasma
[23]. When we consider the electron (e™), positron (e*), 'H, and “He as components in the



early universe plasma, ¢;(k,w) for test charge moving along z-direction is given as
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The first and second terms, respectively, stand for the dielectric permittivity in vacuum and
the net current of e~ and e™. For the statistical degrees of freedom for ¢~ and e*, we take
ge = 2 and fe(p,) denotes the integration of the momentum distribution for the net electron
over y and z components, i.e., fe(pz) = [ f(p)dpydp.. We assume that all species have same
temperature under the thermal equilibrium condition and adopt Fermi-Dirac distributions for
the e~ and e™, which defines f, as follows:
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where p is the momentum, m, the mass of e~ (or ), and p the chemical potential determined
by the charge neutrality condition of n,- = n.+ +ng+2nip,. In time-evolving BBN condition,
the chemical potential u is varied with cosmic time [24].

In the dielectric function (equation (2.2)), the third and fourth terms result from the
contributions by the 'H and *He. Here we neglect contributions of other nuclei such as D,
3He, "Li, and "Be due to their small numbers. For each species, we use the Debye radius and
thermal velocity as Ap; = /T/(4mn;Z2e?) and vr; = (T/m;)"/2, respectively. Nuclear mass
fraction X is related to its number density n; = X;nn,/A;, where n, n,, and A; stand for the
baryon-to-photon ratio, number density of photon, and mass number of species i, respectively.
To obtain the mass fraction of protons and *He, we use the updated BBN calculation code
in references [25, 26| with reactions in references [27, 28|, and adopt parameters as follows:
neutron lifetime 7, = 879.4s [29]; n = 6.037 x 1071° [30]; effective neutrino number N.g =
3.046 [34]. Function F(z) in equation (2.2) is defined as [23]
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Note that €(k,w) goes to unity corresponding to free space when all components are absent.
In other words, the contribution of plasma components makes the permittivity deviate from
the value in free space, which affects the shape of Coulomb potential.

Figure 1 shows the number densities of plasma components during the BBN epoch.
In the high temperature region corresponding to early cosmic time, the number density of
relativistic e~ and e* is proportional to 72, and they are dominant components. Over the
cosmic time, the universe rapidly cools down by the adiabatic expansion, and n.- and n.+
drastically decrease when e~s and e*'s become non-relativistic at 7 < m.. On the other hand,
the “He abundance increases by the nucleosynthesis as follows. In the early phase, BBN
condition maintains enough high temperature to allow the nuclear statistical equilibrium
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Figure 1. The number densities of plasma components as a function of BBN temperature. Magenta-
dashed-single dotted, blue-dashed-double dotted, red-solid, and green-dashed lines denote the number
densities of 'H, “He, e*, and e~, respectively.

(NSE). The NSE continues to increase *He up to 7' = 0.6 MeV, where the relatively slow
increase of 3H and 3He slows down the reaction rate of *H(p,v)*He and 3He(n,v)*He. By
the slow production rate, ‘He is decoupled from NSE and follows the NSE curve of *H and
3He. Similarly, at T = 0.2MeV, the tardy growth of deuterium slows down reaction rates
of 2H(n,~)*H and 2H(p, 7)*He, which lead to the decoupling of *H and *He from the NSE.
At T = 0.07 MeV, increase of *H, *He and “He following the NSE curve of deuterium stops
by decoupling of deuterium from NSE. Consequently, those three kinds of decoupling from
NSE at 7' = 0.6 MeV, 0.2MeV, and 0.07 MeV make the broken lines for “He shown in figure
1 (See also references [26, 35| for details.). Due to this synthesis of “He, a difference between
ny and n,- remains so as to satisfy the charge neutrality condition. The change of dominant
plasma components transforms the early universe from EPI to EI plasma, and as a result, the
dielectric permittivity becomes cosmic time dependent.

Figure 2 shows the deviation of €(k,w) from the unity as a function of a = v/vp1y.
When the proton has high velocity (o > 10%), as shown in all panels in figure 2, the dielectric
permittivity converges to unity, i.e., one in free space. It means that the ion velocity is so fast
that background plasma cannot react to the moving ion. In this very high velocity region,
we should consider the relativistic correction of the moving ion, but the typical temperatures
of astrophysical environments hardly allow the high velocity of ions due to large mass. On
the other hand, near the thermal velocity region, the dielectric permittivity relies on the
background property depending on temperature.

At T = 1MeV, relativistic e”s and e's dominate the BBN plasma as explained above.
At this moment, the near-equality of number densities e~s and e™s leads the net current to
become null, so the permittivity is rarely changed. This dominance of e~ and e™ continues
to T'= 0.1 MeV, and the change of permittivity is not remarkable at T'= 0.1 MeV (See upper
panels in figure 2.). On the other hand, by decreasing of temperature at 7' ~ 0.01 MeV, the
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Figure 2. Difference of dielectric permittivity between BBN plasma and free space i.e., ¢ — 1, as
a function of & (= v/vr:g) at T = 1 MeV (upper-left), T = 0.1 MeV (upper-right), ' = 0.01 MeV
(lower-left), and 7' = 0.001 MeV (lower-right). Red and blue solid lines denote the real and imaginary
parts of the dielectric permittivity, respectively.

number densities of e~s and e™s rapidly reduce to a level comparable to that of baryons. As
neutrons decay during the BBN, electrons are produced and et number density reduces in
order to satisfy the charge neutrality. When n,.- decreases to ~ ny, the difference between n,.—
and n,+ becomes significant. While positrons continue to annihilate, the electron annihilation
freezes out. Then, a deviation of the permittivity from unity develops. However, freeze-out
of nuclear reactions does not change the nuclear abundance after ' = 0.01 MeV, which makes
the deviation at T' — 0.001 MeV similar to the 7' — 0.01 MeV case. Therefore, the lower two
panels in figure 2 show the similar deviations of the permittivity from that of the free space.

In the imaginary part related to a damping of electric potential, an oscillation behavior
stems from the function F(z) defined in equation (2.4). At 7' = 1MeV, the *He synthesis
does not start yet, and the fourth term in equation (2.2) can be omitted. Then, the only one
peak by the proton ion is shown in the upper-left panel of figure 2. After the “He synthesis,
the contribution of “He ion to the imaginary part appears, by which the second peak is seen
in other panels.

Adopting the obtained dielectric permittivity, we calculate the Coulomb potential for a
moving proton. For convenience, we perform a transformation from the fluid rest frame to
the moving proton frame, which leads equation (2.1) to

o(R)

ik-R
Zoe/dk e (2.5)
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Figure 3. Normalized electric potential for a moving ion under the BBN condition, i.e.,
d(pAp,u)/(Zoe/(pAp,u)) where p = R/Ap. As a test charge, we adopt a proton moving along
z-direction in the dimensionless real space of p, (= z/Ap,x) and p, (= y/Ap,n) with the thermal

velocity, i.e., v = /T /muy.

where R = r — vi. Figure 3 shows the electric potential normalized by Coulomb potential,
i.e., ®(R)/(Zoe/R), for a proton moving along the z-axis in the plane of the two dimensional
coordinate as (pz = x/Ap m,py = y/Ap,u). According to equation (2.5), the Coulomb
potential for a moving test charge depends on the dielectric permittivity as well as ion thermal
velocity or temperature. Here the velocity of the proton is set to the thermal velocity. The
dependence of the potential on the velocity and the dielectric permittivity implies that the
shape of the potential also evolves with cosmic temperature.

In the non-relativistic regime, it is known that the faster the test charge is, the more
deformed the shape of the electric field is from a spherical shape [8, 11]. At T'=1MeV, the
thermal velocity of the proton is the highest among the panels in figure 3, which effectively
polarizes the background charge. As a result, at T = 1MeV, the valley in the backward
direction of the moving charge has the minimum value and the shape of the potential is
largely deformed, despite the small deviation of dielectric permittivity. On the other hand,
the potential in the forward direction is increased. At T = (0.1 MeV, the dielectric permittivity
shows a still similar pattern although the thermal velocity is smaller. The reduced velocity
makes the distortion of the potential relatively small.

At T = 0.01 MeV (the left-bottom panel of figure 3), the deviation of dielectric permit-
tivity is larger by growing up of the heavy ion fractions, and the distortion of the electric
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Figure 4. Normalized electric potential for p, = 0. Blue-solid line shows the electric potential
for a static charge. Red-dashed, orange-dotted, green-dashed-single dotted, and magenta-dashed-
double dotted lines denote the potential for dynamical charges at T'=1MeV, 0.1 MeV,0.01 MeV, and
0.001 MeV, respectively.

potential is also larger. After the freeze-out of the nucleosynthesis at ' = ©(0.01 MeV), the
dielectric permittivity is nearly constant while the thermal velocity reduces. A slow nucleus
results in an almost spherical shape of electric potential as shown in the lower-right panel of
figure 3. For p, = 0, figure 4 shows the same calculation results with figure 3, in which we
can see the apparent difference between forward and backward directions of a moving proton
depending on temperatures. In a nutshell, we note that the polarizability of the electric field
is intensified by the high velocity of test charge and the deviation of dielectric permittivity.
The dynamical screening effect appears by the deformed shape of the electric potential.

3 Dynamical screening effects on primordial abundances

In this section, we introduce the formalism of thermonuclear reaction rate including dynamical
screened potential. For a two-body reaction between species 1 and 2, the general form of the
thermal averaged nuclear reaction rate is given as

Na(ov) = Na / dvi f(v1) f dvs f(va)vso(E), (3.1)

where N4 is Avogadro’s number, v; the velocity of particle 7, f(v;) the normalized velocity
distribution function of particle i, v, = |v1 — va| the relative velocity, and o(E) the cross
section for the given reaction depending on the total kinetic energy of E = pv?2/2 with the
reduced mass g of particles 1 and 2 in the center of mass (CM) frame. In the weak screen-
ing condition, the transformation of equation (3.1) to CM frame with dynamical screening
potential gives the following thermal nuclear reaction rate [11]:

Na{ov) = Nay/ W;Tg /0 - o(E)Ef(E)e  F/T4E. (3.2)




The enhancement factor by dynamical screening is given as
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where E, is the kinetic energy of the CM and @ is the angle between the relative velocity and
the velocity of the CM. The factor W(E, Ecm, ) can be transformed from the W (v, vo, 61, 62)
defined as
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We note that this term corresponds to the Debye-Hiickel potential if we take vi = v = 0.
Namely, the dynamical screening termed in this paper already reflects the static scheme. Also,
unlike the static screening effects, fo(E) in equation (3.3) depends not only on the charge
number (equation (3.5)) but on the dielectric permittivity of plasma related to the thermal
velocity.

For the reaction of 2H(p, v)3He, the enhancement factor f,(E) is shown in figure 5 for
four temperatures. In general, the screening effect decreases with increasing energy because
we can neglect the screening term when the electric potential becomes much lower than the
kinetic energy of nuclei. Noteworthy is that the static screening potential is more decreased
than the dynamic one in the high energy region. This is the reason why the fast ion forms
an intense polarization of potential. On the other hand, in the low energy region, slow ions
cannot effectively cause the polarization of the electric field, and the enhancement factor by
the dynamical screening effect is reduced more than the static case.

In the integral over energy in the thermonuclear reaction rates (equation (3.2)), at the
Gamow energy, the differential rate is maximally impacted. Although the screening energy
slightly changes the Gamow peak position, we adopt the standard Gamow energy formula
at each given temperature because the change by a shift of the Gamow peak is insignificant.
Figure 5 shows that the dynamical screening effect is smaller than the static one at the
Gamow window. The fact that the enhancement factor is almost constant with respect to
energy allows us the following approximation:

(Uv>dynamical = fs(EG) <Uv>bare ) (35)

where Eg and (ov),,,. stand for the Gamow energy and the bare reaction rate, respectively.

The deuterium abundance is related to the baryon-to-photon ratio observed in CMB and
can be compared with astronomical observations of D/H from the analysis of quasar photon
spectra [31]. For evaluation of primordial abundances as well as D destruction in stars, the
precise measurements of related reaction cross sections are important. A recent experiment of
2H(p, v)*He reaction performed in Laboratory for Underground Nuclear Astrophysics (LUNA)
remarkably narrows the uncertainty of the cross section [32]. According to our calculation,
the dynamical screening effect changes the thermonuclear reaction rate of 2H(p,~)*He by
the order of < 1077, which is allowed within the uncertainty of thermonuclear reaction rates
obtained from analysis of LUNA experiments.

Figure 6 shows the enhancement factors for main reactions in BBN by dynamical and
static screening effects as a function of cosmic temperature. As shown in figure 3, the Coulomb




potential by dynamic nuclei depends on the direction; the potential in forward direction of the
moving ion increases, while the one in backward direction decreases. In the colliding system
where the interacting particles approach to each other, the Coulomb potential in the forward
direction predominantly affects the reaction, which results in the higher Coulomb barrier than
the one by the Debye-Hiickel potential. Therefore, overall temperature region, the dynamical
screening enhancement is lower than the static case because the thermonuclear reaction rates
are hardly changed. Due to the small change of thermonuclear reaction rates, the effects of
dynamical screening on primordial abundances are negligible.
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Figure 5. Deviation from the unity of the enhancement factor for the reaction of *H(p,~v)*He
as a function of energy at 7 = 1MeV (upper-left), 0.1 MeV (upper-right), 0.01 MeV (lower-left),
and 0.001 MeV (lower-right), respectively. Red and blue lines denote the enhancement factors for
dynamical and static screening potentials, respectively. Black vertical dashed lines indicate the Gamow
energies at given temperatures.

According to reference [33|, the primordial abundances (Y;) have sensitivities to each
main reaction rate in BBN. We can define the sensitivity as follows:

omY;

Bln (ovy, 7 (3.6)

where 7z and 7 denote the type of reactions and species, respectively. For the small corrections
by the screening effects to each reaction rate, the linear approximation leads to the final



 *He(.y)Be

—
[=2]

f(Eg)-1(107)

<
»

0.1 0.01 0.001
T [MeV]

Figure 6. Deviation of enhancement factor from unity as a function of cosmic temperature. Solid
and dashed lines denote the dynamical and static screening effects, respectively.

abundances as follows:

A (ov),
Yj ~ }/},standard (1 + Z (frv)_)zaji) (3'7)
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L 2
where Y siandard denotes the final abundances of standard BBN calculation with bare reaction
rates. For the sensitivity a;;, we adopt table 1 in reference [33|. Although the enhancement
factor depends on temperature, it behaves like a constant as shown in figure 6. Hence, we
choose the averaged value of the enhancement factor for estimating the final abundances.
Table 1 shows the fractional change of final abundances between standard and dynam-
ical (static) screening cases. The screening effects, which increase charged particle reaction
rates, activate the nucleosynthesis. The increase in deuterium destruction via ?H(p,y)*He,
2H(d,n)3He, and 2H(d,p)*H decreases D/H, which also leads to the reduction of *He/H. Be-
sides, the decrease in D/H results in smaller neutron number, slowing down the neutron
induced reaction rates like 'H(n,y)?H and "Be(n,p)’Li. Since the latter reaction is the main
destruction process of Be, the suppression of “Be(n,p)?Li leaves more “Be which finally decays
to more “Li by electron capture. Note that the “He abundance does not have any appreciable

~10 -



difference because it depends strongly on only the n > p weak reactions at earlier epoch [33]
which are almost free from the dynamical screening effects in the present study. For the static
case, the above effects are larger than the dynamical screening case because the enhancement
factor by the static screening is slightly larger than one in the static case.

Ratio |Y, D/H 3He/H TLi/H
Riyn/stana (10°5) [ 0 -429 -394 11.7
Rtat/stana (107°) | 0 562 -514 155
Riynjstar (107%) | - 132 121  -3.77

Table 1. The fractional differences of final abundances between standard and dynamical (static)
screening cases. Each ratio is defined as follows: Ryyn/stand = (Yj,dynamical — Yj standard) /Y, standard,
Rstat/gtandard = ()/j,stah‘c - },j,standard)/y‘,standard, and Rdyn/gtat = ()fj,d'ynamical - Yj.static)/},j,stat'ic-

4 Discussion and conclusions

Although the early universe has high enough temperatures to produce feasible velocities
of ions, low particle densities cannot effectively change the dielectric permittivity. This is
contrary to the results in the solar condition. For several important reactions in solar fusion,
we show updated enhancement factors by the dynamical screening effects in table 2. We
adopt the same method used in reference [11], but the different electron density derived by
the Fermi-Dirac distribution with the given temperature. This indicates a ~10% increase
of the enhancement factor in the third column and a reduction by the dynamical screening
in the fourth column. Although opinions vary in the literature on the adopted method and
result [14, 16, 17, 20|, if the dynamical screening effects are visible under the solar condition
as suggested in references |18, 22| as well as [11], those effects leave several issues worth
discussing for related plasma properties in other astrophysical environments.

reaction Eg/T fs(Eg) [fs(Eg)/fen(Eg)

p-p 4.5689  1.0262 0.9889
SHe-3He 16.5938 1.1078 0.9591
SHe-'He 17.3375 1.1087 0.9599
p-'Be  13.8710 1.1187 0.9686
p-1IN  20.5473 1.2242 0.9514

Table 2. The comparison of enhancement factors between dynamical and static screening effects for
several important reactions in the solar environment. The f, (equation (3.3)) and f.,, (equation (1.1))
stand for the enhancement factors by dynamical and static charges, respectively. For this calculation,
we adopt the following conditions: mass density p = 1.6 x 102 g/cm®; temperature 7' = 1.25 x 107 K;
mass fraction of proton X = 0.7; and mass fraction of He Y, = 0.3.

First, a plasma state can be characterized with the plasma coupling parameter, classically
defined as T’ = ng/* (Ze)?/T, which means a ratio of mean Coulomb energy to averaged kinetic
energy. (For a degenerate system, the quantum plasma parameter depending on the Fermi
energy is required to classify the ideality of plasma state, but we consider the only classical
regime in this paper.) Figure 7 shows the classical plasma coupling parameter and trajectories
of denoted astrophysical environments on the parameter plane of temperature and electron
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Figure 7. Classical plasma parameter I' = n./* (Ze)?/T and trajectories of BBN (blue-solid), ejected
collapsar jet (white-dotted), the center of Type Ia supernovae (red-dashed-double dotted), the center
of 25 Mg, star (purple-dashed), the initial profile of preSN for SN1987A (green-dashed-single dotted),
and the sun (blue star mark) as a function of 7" and n.. Each arrow indicates the direction of the
evolution. The black-solid line indicates the contour line of I' = 1 and the open box corresponds to
the region of parameter space discussed in figure 8.

number density n.. For the density evolution, we adopt trajectories of the BBN calculated
by the updated code from [25, 26|, the 25 solar mass (M) star from [36-39|, the model of
collapsar jet with a 5 degree ejection angle in [40], Type Ia Supernovae (SNe) for W7 model in
[41, 42], the initial preSN for SN1987A model from [41, 43| and the condition of the sun used
in table 2. According to our investigation, such astrophysical environments are located in
the ideal or weakly non-ideal plasma region—justifying the weak screening condition. On the
other hand, for more extreme conditions satisfying I' = 1, it may require the physics beyond
the weak screening assumption using the quantum electrodynamics in the finite temperature
medium involving many-body interactions.

Second, even in the weakly coupled plasma region, the left panel in figure 8 implies that
the enhancement factor by the dynamical screening effects can be significant (See also open
box in figure 7.). This alludes to that the thermonuclear reaction rates in other astrophysical
environments can also be affected by the dynamical screening effects under the weak screening
condition. For example, in the solar condition, contour lines in figure 8 show the remarkable
enhancements for reaction rates of p(p,etv,)?H and *N(p,7)!°0 (See also table 2.). Both
reactions are important in that the former reaction triggers the solar fusion known as the pp
chain and the latter is one of the CNO cycle reactions both of which operate for He synthesis
in main-sequence stars. In particular, relevant reactions of CNO cycle dominating the solar
energy generation significantly impacts on not only the evolution of the solar density profiles
but the CNO neutrinos recently detected [44]. Although the dynamical screening effects are
lower than the static ones as shown in right panels in figure 8, the enhancement of reaction
rates increases with charge numbers of interacting nuclei similar to the static case. This means
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Figure 8. Enhancement factor by dynamical screening (left panels) and ratio of static to dynamical
enhancement factor, i.e., fs(E¢)/ fen(Ec) (right panels) as a function of T and p in the region of the
open box in figure 7. The upper and lower panels show the results for the reactions of p(p, e*v,)2H
and N(p,v)'°0, respectively. We adopt the solar condition denoted by the red point and mass
fractions of nuclei used in table 2.

that the dynamical screening effects on the CNO cycle are more effective than that on the pp
chain, which could provide the correction of the CNO cycle for the solar evolution as well as
CNO neutrino detection. Furthermore, we expect the conceivable changes of electron capture
rates |7, 42, 45| and other thermonuclear reaction rates in various astrophysical environments
can result in a change of relevant nuclear processes. Such a change would play significant roles
in the theoretical predictions of neutrino signal or the rate of gravitational waves emission
from the stellar objects as well as the elemental yields by the nucleosynthesis in the cosmos.

Third, the correlation energy from the electromagnetic fluctuation can be produced as
the plasma parameter increases [46]. Such effects on the thermodynamic quantities including
the energy density and pressure in the early universe were investigated [47]. The correlation
in microstates is also one of the motivations to invent the non-extensive statistics, known
as Tsallis statistics [48]. By the non-extensive statistics, we can consider a non-Maxwellian
distribution in dense astrophysical environments to properly describe the deviation from the
standard thermodynamics. For the BBN calculation, the effects of non-extensive statistics
are investigated [49, 50|. However, the latest study shows that those results for thermonuclear
reactions are not consistent with observations [51]. Also, according to our result shown in
figure 8, we expect that the small value of plasma coupling parameter in the BBN epoch
would not allow the strongly correlated system. This means that the nuclear distribution
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function rarely deviates from the equilibrium by the electromagnetic correlation during the
BBN epoch. Using the Boltzmann equation and Monte-Carlo simulation, respectively, refer-
ences [52] and 53] show that the nuclear distribution function during the BBN epoch is close
to the equilibrium, i.e., Maxwell-Boltzmann distribution. However, the possibility of the non-
Maxwellian distribution for the thermonuclear reaction rates remains in other astrophysical
sites.

Lastly, we address the effects of the transverse mode of permittivity in astrophysical
nuclear processes. According to reference [54|, by the fluctuation-dissipation theorem, the
transverse mode of dielectric permittivity affects the electromagnetic fluctuation 55|, by which
the low-frequency region of electromagnetic spectra deviates from the black body form. In the
BBN calculation, the deviation of photon spectra from the black body would affect the photo-
disintegration rates as well as the number or energy density of photons. Reference [56] shows
that the deviation of the photon spectra can be a solution to the primordial lithium problem,
although they adopt an increase of high energy tail with the help of Tsallis statistics for the
Bose-Einstein distribution. Hence, whether the transverse mode of dielectric permittivity can
affect the BBN or not should be investigated in the future.

In conclusion, we present the effects of dynamical screening on BBN using the test
charge method. In the early phase of the BBN, a plasma is dominated by relativistic e~
and et. The equality between e~ and e’ number densities leads to canceling out the net
current, and the dielectric permittivity is not significantly changed from that of the free
space. After that, during the BBN in the adiabatic expansion of the universe, the difference
in number density between e~ and e’ becomes relatively larger at a later time when the
annihilation proceeds. Then, the dielectric permittivity deviates from the unity. However,
the drastically dropped electron number density strongly suppresses the dynamical screening
effects. Consequently, our result shows that the dynamical screening effects do not affect the
primordial abundances. Also, for other astrophysical nuclear processes, we discuss the plasma
properties not considered in our present calculation: (1) a plasma coupling parameter, (2) the
dynamical screening effects on CNO neutrinos, (3) the correlation energy and non-extensive
statistics, and (4) the transverse mode of the dielectric permittivity. We expect that such
a proper consideration of the corrections for astrophysical nuclear processes would advance
further the understanding of the origin of elements in the future.
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