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Abstract

The dissipation effects of primordial magnetic fields on the primordial elemental abundances were investigated.
When a magnetic field reconnects, its energy is converted to the kinetic energy of charged particles, as observed for
solar energetic particles arriving on Earth. This accelerates the cosmic background nuclei and energetic nuclei
induce nonthermal reactions. A constraint on the dissipation is derived from a theoretical calculation of the
nonthermal reactions during Big Bang nucleosynthesis. We found that observations of the Li and D abundances
can be explained if 0.01%-0.1% of the cosmic energy density was utilized for nuclear acceleration after the
electron—positron annihilation epoch. Reconnections of such amplitudes of magnetic fields generate outgoing jets,
the bulk velocity of which evolves to values appropriate for cosmic-ray (CR) nuclear energies of 0.1-1 MeV
necessary for successful CR nucleosynthesis. Therefore, acceleration of cosmic background nuclei during the
dissipation of primordial magnetic fields is a possible generation mechanism of soft CRs that has been suggested as
a solution to the cosmic Li problem. Among the solutions suggested without exotic physics, only the dissipating
magnetic field model suggested here explains observations of both low Li and high D abundances. Our results
demonstrate that signatures of strong magnetic fields in the early universe have been observed in primordial
elemental abundances.

Unified Astronomy Thesaurus concepts: Big Bang nucleosynthesis (151); Cosmic magnetic fields theory (321);
Cosmic ray nucleosynthesis (326); Nuclear abundances (1128); Primordial magnetic fields (1294); Solar energetic

particles (1491); Solar magnetic reconnection (1504)

1. Introduction

Astronomical objects ranging over various scales, from
planets to cosmological structures, are associated with magn-
etic fields (Durrer & Neronov 2013). The origin of these
magnetic fields is one of the most important questions of our
universe, and constraints on cosmological magnetic fields arise
from many observations (BICEP2 Collaboration et al. 2017;
Yamazaki 2018; Minoda et al. 2019; Jedamzik & Pogosian
2020; Katz et al. 2021), and both cosmological (Ichiki et al.
2006) and astrophysical (Hanayama et al. 2005) origins of
Galactic magnetic fields have been investigated. If a magnetic
field is generated during a postulated inflationary expansion of
the universe (Ratra 1992) before the Big Bang, and pertains to
the observed magnetic fields in galaxies and galaxy clusters,
the magnetic field energy is constrained to be much less than
(of the order of 1073 of) the cosmic microwave background
(CMB) energy (Ade et al. 2017; Yamazaki 2018; Katz et al.
2021). However, cosmic magnetic fields are also generated
during electroweak phase transition (Vachaspati 2021) and
neutrino decoupling (Dolgov & Grasso 2002) before Big Bang
nucleosynthesis (BBN). Primordial elemental abundances are
the best probes for the magnetic fields generated after the Big
Bang. These magnetic fields have small coherence lengths
within the horizons at those times that correspond to ~10™" pc
(phase transition) and ~10 pc (neutrino decoupling) in the
present universe, far below the galaxy size. Such small-scale
magnetic fields dissipate during later cosmic evolution (Durrer
& Neronov 2013). Therefore, they would affect physics in the
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early universe but probably have decayed and escaped from
current astronomical observations.

The BBN offers the deepest reliable probe of the early
universe based on well-understood standard-model physics
(Pitrou et al. 2018). The standard BBN (SBBN) theory predicts
that ~25% of the baryonic mass of the universe consists of “He,
~0.004% consists of deuterium, and ~3 X 10~ consists of "Li.
In SBBN, the primordial plasma is assumed to be an ideal gas,
where nonthermal nuclear reactions contribute negligibly to
abundance evolution (Voronchev et al. 2012). Nonthermal
cosmic-ray (CR) nucleosynthesis during BBN has been studied
since Reno & Seckel (1988) and Dimopoulos et al. (1988). The
most interesting possibility is that, if a low-energy CR
component exists in the early universe, the reaction 'Be(p,
pa)’He' reduces 'Be abundance (Kang et al. 2012, 2019). The
primordial 'Li abundance is inferred from observations of
metal-poor stars (MPSs, Spite & Spite 1982; Sbordone et al.
2010), but it is a factor of three to four smaller than the yield of
the SBBN model (Hayakawa et al. 2021). Because the
primordial Li abundance predominantly originates from 'Be
produced in the nucleosynthesis epoch that eventually decays
into "Li via electron capture, destruction of 'Be by CRs can
solve the Li problem. We note that, if hard CRs involving the
creation of protons, neutrons, and their antiparticles are
assumed (Dimopoulos et al. 1988; Reno & Seckel 1988), no
solution is found as a result of D overproduction (Kusakabe
et al. 2014).

The cosmic expansion enhanced by the magnetic field
(Greenstein 1969) reduces primordial Li abundance because of
the stronger destruction of 'Be via 'Be(n, p)’Li by more
abundant neutrons (Kawasaki & Kusakabe 2012). In addition,

' The expression A(a,b)B is used for the reaction A + a — b+B.
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Table 1

Nonthermal Reactions Included in This Work and References to Their Cross
Sections

Reactions References

2H(d, n)*He, *H(a.,7)°Li
3He(a,y)'Be, "Li(c, 1)°Be
Li(t,c)°He, *H(d, n)*He
H(d, p)*H, *H(p,7)’He
*H(ov,y)"Li, *H(ev, n)°Li
*He(t, d)*He, *He(t, np)*He
®Li(p,*He)*He, °Li(z, p)*Li
"Li(a, n)'°B, "Li(d, p)®Li
"Li(d, »°Li, 'Li(He, f)'Be
"Li(p,a)*He, "Li(p, n)’Be
Li(1, n)°Be, "Be(d, n)°B
"Be(p,7)®B, *H(p, np)'H
H(a, an)'H

Zerkin & Pritychenko (2018)

2H(n,'y)3H Zerkin & Pritychenko (2018), Nagai et al.

(2006)

SLi(c, p)°Be, ®He(a, n)’Be Kusakabe & Kawasaki (2013)

Li(a, d)®Be Fujiwara & Tang (1994)

"Be(p, pa)*He this work

"Be(av, p)'°B Yamaguchi et al. (2013)

if the magnetic field and temperature fluctuate such that the
total energy density is homogeneous, the effects on abundance
depend on the fluctuation pattern (Luo et al. 2019). However,
Li reduction under a magnetic field is constrained by large
effects on the D and “He abundances. Observations of solar
energetic particles (Reames 2013) provide important evidence
of the particle acceleration process during magnetic reconnec-
tion (Yamada et al. 2010). If strong primordial magnetic fields
dissipate and their energy triggers the generation of energetic
nuclei in the early universe, nonthermal reactions are induced,
and elemental abundances are altered. In this Letter, we
investigate the effect of magnetic dissipation on primordial
abundances and provide the first numerical result of nonthermal
nuclear reactions that take into account CR production via
magnetic reconnection as in solar flares and the Coulomb
energy-loss process during CR propagation.

We adopt the natural units of 7=k =c =1 for the reduced
Planck constant A, the Boltzmann constant k, and the light
speed c.

2. Model

We derive the steady-state spectra of CRs by adopting
injection spectra from the observation of solar energetic
Earticles, that is, solar CRs consisting of protons, electrons,
H and 3H, and helium (namely *He and 4He). In solar flares,
magnetic reconnection (Yamada et al. 2010) can release some
energy in the form of kinetic energies of charged particles.
Charged particles accelerated by the magnetic energy experi-
ence energy loss through Coulomb scattering off the back-
ground electrons and positrons in the early universe. In our
model, strong magnetic fields and their dissipation are
assumed. The gain in energy of the accelerated charged
particles is proportional to the nuclear charge (Reames 2013).
Moreover, collisions of energetic particles with background
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particles cause destruction or production of elements and affect
primordial nuclear abundances.

Various timescales relevant to particle acceleration via
cosmological magnetic reconnection are estimated in the
Appendix. Reconnections of the large-scale magnetic fields on
scales of L 2 10 km generate jets of accelerated plasma around
reconnection regions in the early universe. The bulk velocity of
the accelerated plasma under the resistive regime of the Sweet—
Parker model (Parker 1957; Sweet 1958) evolves from vy, ~ 1
(see Equation (A59) with small /i, values) initially and to
Vour K 1 (Equation (A62)) finally. Such bulk flows effectively
enhance the reactivities of only nuclei because of the far larger
enhancements of kinetic energies compared with those of
electrons and photons. Collisions of jets with surrounding static
background plasma trigger nonthermal nuclear reactions. There-
fore, nonthermal nucleosynthesis caused by magnetic field
reconnection proceeds over macroscopic scales, which is
analogous to local collisions of fast hypernova ejecta with
circumstellar matter rather than reactions of individual CRs with
the interstellar medium occurring universally in the Galaxy.

A typical CR nuclear energy per nucleon inside the jets is
given by

Ve Vour )
E= m%‘t = 0419 MeV/A( out ) , (1)

0.03

where m, is the atomic mass unit and A is the nuclear mass
number. Then, if dissipations occur for magnetic fields with
energy densities of the order of 107*~107" of the total energy
density, CR nuclei accelerated via the dissipation have kinetic
energies sufficient for the soft CR nucleosynthesis investigated
in this study (see Appendix).

2.1. "Be(p, pa)’He Cross Section

The threshold energy is Ey, = 1.586 MeV. We calculate the
resonant cross section by taking into account the second
excited state of ®B with excitation energy Ey=2.32MeV
(J7=3"), which dominates at low temperatures during BBN.
The decay width for the exit channel is calculated by assuming
that a proton is emitted and escapes from the *B compound
nucleus with a relative energy of <E — Ey, and that a remnant
(*He+>He) spontaneously separates. We adopted the penetra-
tion factor corresponding to the relative energy E — Ey, at
which the proton penetrability is maximum. The Coulomb
functions are calculated with a subroutine by Barnett’, with an
angular momentum / = 1 between p and 'Be assumed. For the
exit channel, the reduced width was set to unity to evaluate the
maximum possible effect of this reaction. The proton decay
width of the entrance channel was fixed to the experimental
total decay width (Tilley et al. 2004). Kang et al. (2012, 2019)
adopted the *H(p, pn)'H cross section as a function of E — Eg,
as a substitute for the "Be(p, pa)*He reaction as a trial. Because
the Coulomb penetration factors differ between the two
reactions, the cross section we derived improves upon the
previous value.

2.2. Experimental Cross Sectional Data

Table 1 lists the 31 nonthermal reactions included in our
computation. Cross sectional data are mainly adopted from
experimental nuclear reaction data (Zerkin & Pritychenko 2018),

2 www.fresco.org.uk /programs /barnett/index.htm
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and threshold energies for respective reactions are based on the
Triangle Universities Nuclear Laboratory Nuclear Data Evalua-
tion Project.’

2.3. Source Spectra Case A (Exponential Cutoff)

The following CR source spectrum was adopted from the
observed spectra of solar energetic particles accelerated during
solar magnetic field dissipation (Reames 2013):

OME; T) = O (T) V;Eyy exp (—E/Eyy), 2)

where E is the nuclear kinetic energy per nucleon, T is
the temperature, ¥; = X;/A; is the nuclear mole fraction, Ep; =
E(Z;/A;) is the cutoff scale, X; is the mass fraction, and Z; and
A; are the charge and mass numbers of nuclide i, respectively.
The subscript MeV indicates a quantity in units of MeV /A, and
Q,-A and Qé* have dimensions of cm > s~ ! (MeV/A)*l. The
amplitude of the source spectrum is related to the total energy

injection rate £ as follows:
eT) = f A;QE: T)EdE (3)
Emin
Q¢ (T)
~ (MeV)———————C(v, Eop, Enin(T); Y, 4
( )(MeV/A)*l (v, Eo (1); %) 4)

C(’Y? E()v Emm(T); Yp)

_a, E
~ XPE&MéVF(Z -7, —mm)
Ey

Eo Mev )271—\ 2 2E min
+ i 2 - 5 Py 5
p( 2 7 Ey ©)

where I'(b, x) = j; ™ tb=l¢='dt is the upper incomplete gamma
function and X, and Y;, are the mass fractions of 'H and “He,
respectively. C is a normalization constant, and we neglected
contributions from CR nuclei, except for '"H and “He because
of their predominance in background abundance. Typically,
background charged particles have a kinetic energy of ~ T.
Therefore, the lower bound of the CR energy is taken
as Epin=T.
We adopt the parameterization given by

ﬁlis prad(T)

tot (T —=
e'y(T) Af

(6)

where the dimensionless parameter fy;, is the ratio of the total
CR energy to the background radiation energy, p..q(7) is the
background radiation energy density, and At is the duration of
CR generation. In this study, we assume that CR generation
operates from ngT/(IO9 K)=0.2 to 0.1. In the standard
cosmology (Kolb & Turner 1990), 7o = 0.2 and 0.1 correspond
to t=4.4436 x 10° and 1.7774 x 10* s, respectively, and the
duration is Ar=1.33 x 10*s. By using Equations (4)-(6), the

3 https: / /nucldata.tunl.duke.edu/index.shtml
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amplitude of the CR source spectra is related by

ON(T) = 4.32 x 102 cm3 s~ (MeV /A) Ify;,

T) At -
« C(v. Eo. T: V)| Praa ( ) 7
@ Fo. T 1) (gcm‘3 13 x 10°s @

2.4. Case B (Sharp Cutoff)

As another case, we adopt a CR source spectrum given by

E —7
O (E; T) = Q3(D)Y; ey . ®
exp [(E — Eoi) /aai] + 1
where agir is the diffuseness of the spectral cutoff. This
spectrum can accommodate a sharper cutoff than that in case A.
The CR source amplitude was normalized using Equation (6),
which is similar to case A.

2.5. Steady-state CR Spectra

Scattering by abundant electrons and positrons in the early
universe quickly thermalizes low-energy CR nuclei accelerated
by magnetic fields. For slow CR nuclei, the Coulomb energy
loss (Reno & Seckel 1988) is much faster than destruction by
nuclear reactions. Therefore, the Coulomb loss process
determines the shape of the spectra from the generated
moment. The steady-state spectra are given by

1

X
() = ———
2 E/dn™" Jisa,

QX (E'/ANd(E /A, (9
where X = A or B depending on the source spectra QF, E is the
kinetic energy of nuclei i, and (dE/ dt),-c"“1 is the Coulomb loss
rate. Note that this agrees with the limit of Coulomb loss
dominance for the steady-state spectra of Galactic CRs
(Prantzos 2006). The loss rate of nuclei in nonrelativistic et
background (i.e., T <m, where m, is the electron mass) is
adopted from Reno & Seckel (1988) and Kawasaki et al.
(2005).

2.6. Nonthermal Reaction Rates

Nonthermal reactions between a background nucleus
(particle 1) and a CR nucleus (particle 2) were considered.
The nonthermal reaction rates are given (Kang et al.
2012, 2019) by

(VX (15 2%) = [ dyu [ dE £ (B T)
X [dE> 3} (Ex; Ty ZXY o W)V (Ey, Ea, ), (10)

where (ov)* is the average of the product of cross section o and
relative velocity v for X=A and B, fi(E;; T) is a Maxwell—
Boltzmann distribution function for the energy of background
nuclei, Ej, fz;( (Ey) = nz)j( (Ey) /nz)f ot 18 the normalized non-
thermal distribution function of the energy E, of CR nuclei j
with nz’j ot = f n{f (E,)dE; being the total CR number density,
ZX are parameters of the CR source spectra (Z* = (v, Eo) and
7B = (7, Eo, aqir)), and 1 = cos @ is the cosine of the incidence
angle 6. We define the G-function as

Gy 1) = [~ dESf(E: ) [ duloviEy By, ). (11)
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This is the reaction rate of a CR with energy E, at a background
temperature 7, which is independent of the CR source
spectrum. By utilizing this generic quantity, the integrated
reaction rate can be written as

(V)X (T3 Z%) = [dE2 fyl (Ea; T; Z9G(Ex; T). (12)

2.7. BBN Calculation

We adopted the SBBN code NUC123 (Kawano 1992; Smith
et al. 1993) and updated the reaction rates of nuclei with mass
numbers of <10 using the JINA REACLIB database (Cyburt
et al. 2010; updated on 2021 May 14) and reaction rates of
*H(p,y)*He, *H(d, n)’He, and “H(d, p)’H (Coc et al. 2015). In
addition, ®He was included as a new nuclear species with nuclear
data from Wang et al. (2021), and a new reaction type, that is,
A +B — C+ D+ E, was encoded. The baryon-to-photon ratio
was set to 7=6.133 x 107! from the Planck CMB power
spectra, CMB lensing, and baryon acoustic oscillation for the
base ACDM model, Q4% = 0.0224 + 0.0001 (Planck Collabora-
tion et al. 2020). The neutron lifetime is the central value of
7=2879.4 £ 0.6 (Zyla et al. 2020).

3. Results

Figure 1 shows the nonthermal reaction rates as a function of
the CR energy E, at fixed temperatures, that is, G(E,;T)
(Equation (11)). The rates are the average reaction rates
weighted by the background nuclear distribution. A finite
temperature background effect was found as the difference
between various temperatures. The “H (p, np)'H and "Be (p,
pa)® He reactions have positive threshold energies, and their
cross sections are zero below the thresholds when the energy of
the background target nucleus is neglected. However, at high
temperatures, there are abundant energetic nuclei in the
background, which help the reactions of low-energy CRs.
Therefore, the nonthermal reaction rates at low-E, levels are
significantly enhanced at high temperatures. We note that this
finite temperature effect on CR reaction rates has not been
considered in the Galactic CR nucleosynthesis calculations
(Prantzos 2006). Although the effect is small for low
background temperatures in Galactic interstellar matter and
high typical CR energies of the order of 0.1-1 GeV, it affects
nonthermal nucleosynthesis by soft CR nuclei in the early hot
universe, as investigated in this study.

Figure 2 shows the reaction rates of the CR protons for “H(p,
np)'H and "Be(p, pa)3He reactions in case B. The adopted
cutoff scale Ey =3 MeV for proton energy is higher than the
threshold energy of *H destruction (3.337 MeV) and lower than
that of "Be (1.813 MeV). Therefore, the reaction rate for the
H(p, np)'H reaction is more sensitive to the sharpness of the
cutoff. The nonthermal reaction rates monotonically decrease
with increasing temperature for 7 <m,/26 because the
Coulomb energy-loss rate increases. However, above the
critical temperature T =m,/26, the rates decrease suddenly
with increasing temperature because electrons and positrons
gradually become relativistic, and their number densities
increase exponentially (Appendix in Reno & Seckel 1988).
This figure clarifies that nonthermal reactions triggered by
magnetic field dissipation are effective after the critical
temperature corresponding to the completion of electron—
positron annihilation. In the temperature range of m,/26 <
T < 1 GK, the electron-to-baryon ratio decreases by nine orders
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Figure 1. Nonthermal rates for the reactions H(p, np)'H (top) and "Be(p,
pa)’He (bottom) as a function of the CR proton energy E, for cosmic
temperature 7= 1, 0.1, and 0.01 GK, respectively. At high temperatures, less-
energetic protons below threshold energies can react because of energetic
background nuclei in the tail of the Maxwell-Boltzmann distribution. Also
shown are data points of ov values (Gibbons & Macklin 1959) that correspond
to T=0.

of magnitude. Before the end of annihilation, nonthermal nuclei
quickly lose energy via scattering off of abundant electrons and
positrons. The resulting low reaction rates lead to minor effects
on elemental abundances. However, after the end of annihila-
tion, a small number of electrons result in large amplitudes of
the steady-state spectra of CR nuclei. Therefore, nonthermal
reactions effectively affect elemental abundances. We note that
the magnetic field energy per baryon decreases with decreasing
temperature because of the dilution of the magnetic field. This
reduces the effects of nonthermal reactions at low temperatures.
In the following, we concentrate on the epoch of effective
nonthermal reactions. For example, we adopt a case of CR
generation in the range of 79 = 0.2-0.1.

The results of nonthermal nucleosynthesis calculations
were compared to 20 observational constraints adopted as
follows: “He abundance Y, =0.2453 4+ 0.0034 in H1Iregions in
metal-poor galaxies (Aver et al. 2021), D abundance
D/H =(2.545 £+ 0.025) x 1075 in Lya absorption systems of
quasar emissions (Zavarygin et al. 2018), “He abundances
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Figure 2. Integrated rates of the reactions 2H(p, np)'H (top) and "Be(p, pa)*He
(bottom) as a function of temperature To = T/ (10° K). For the rates, ny, is the
baryon number density. It is assumed that the CR source spectrum of protons
has a power-law index 7=0 and a sharp cutoff at Ey=3 MeV with
diffuseness values of ag;r = 0.05, 0.5, and 1 MeV, respectively (case B).

3He/H =(1.9+0.6) x 107 in Galactic H1I regions (Bania et al.
2002) (where only the upper limit is taken), 'Li abundance
log(7Li /H)=—12+(2.199 +0.086) in Galactic MPSs (Sbor-
done et al. 2010), and °Li abundance CLiH=
(0.85 +4.33) x 10~ "2 (where only the upper limit is taken) in
Galactic MPS G64-12 (Lind et al. 2013). For D abundance, our
SBBN result is below the 20 limit, and the investigated parameter
spaces do not have a 20 allowed region. Therefore, regions with
5% and 10% destruction of D are shown instead.

Constraints on the magnetic dissipation are shown for cases A
and B in Figure 3. "Be destruction in the early universe leads to
lower 7pn'mordial Li abundance after unstable 'Be decays into "Li.
The 'Li abundance after this decay is consistent with the
observations in the colored bands. Areas to the right of the
colored regions are excluded by a 'Li abundance that is too low.
In contrast, areas to the left of the colored regions are
still possibly allowed, although the “Li abundance is higher
than the observed level. After the BBN epoch, the 7Li abundance
may be altered by the development of inhomogeneity in "Li™
ionic abundance during structure formation (Kusakabe &
Kawasaki 2015) or Li depletion during the pre-main sequence
(Fu et al. 2015) and stellar evolution (Korn et al. 2006) of
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Figure 3. Contours of calculated primordial abundances in the parameter
planes of (fgis, Eo) (case A, top) and (fy;s, agip) (case B, bottom). In the colored
regions, the ‘Li abundance agrees with observations of MPSs (Sbordone
et al. 2010). The lower and upper curves for D/H correspond to 95% and 90%
of standard-model value, respectively. Above the upper curve, significant
destruction of D occurs. In the regions above the line for °Li, the SLi abundance
is more than the upper limit from observations of MPSs (Lind et al. 2013). A
solution to the Li problem is located at the lower region inside the colored

bands below the curves of D/H.

the observed MPSs. Therefore, it is also possible that nonthermal
nuclear reactions are partially responsible for the Li problem.
This case is located on the left side of the colored bands.

The °Li abundance is higher than the observational upper
limit above the loosely inclined lines. Although °Li is fragile
against nuclear burning via °Li(p,a)*He in stars, primordial °Li
abundance elevated by CRs above the upper limit may be
observable in the near future by spectroscopic observations of
MPSs. Above the °Li lines, °Li abundance rapidly increases
with the cutoff scale (case A) and diffuseness of the cutoff
(case B) of the CR source spectra. Therefore, areas far from
these lines are excluded. The D abundance is significantly
lower than that in the standard model above the two lines for
D/H. The lower and upper lines correspond to 5% and 10%
reductions, respectively, of the D/H value in the SBBN model.
Regions above these lines are excluded from the overdestruc-
tion of D. We note that the existence of a magnetic field during
BBN affects abundance evolution mainly through an increased
cosmic expansion rate (Greenstein 1969). For example, the
primordial D/H abundance is most sensitively increased by
13% if the magnetic field energy amounts to 13% of total
radiation energy during thermal nucleosynthesis operating at
T2 1 GK (Kawasaki & Kusakabe 2012). This effect works in
the opposite direction of nonthermal nucleosynthesis and can
be responsible for the high observed value of primordial
D/H. Currently, a discrepancy in D abundance between the
observations and the SBBN model is suspected (Zavarygin



THE ASTROPHYSICAL JOURNAL LETTERS, 926:1.4 (10pp), 2022 February 10

0
case 1| 1\
. case2| /. | bDH
E _5 SBBN / — %/p;::::::::::
= /a TH
>
X 7 /N BeH ]
-10 D N it
LiH A
: =
- R T | .
o B e
_1 5 { L N
10" 10° 10" 1072
Tq

Figure 4. Nuclear abundances as a function of cosmic temperature Ty = T/
(109 K). Solid and dashed lines correspond to (fgis, dair) = (2 X 107*,0.1) and
(2 x 10’4, 0.5), respectively, in case B for magnetic field dissipation, while
dashed—dotted lines correspond to the standard model without a magnetic field.
Cosmic-ray generation at 79 = 0.2-0.1 results in nonthermal nuclear reactions.

et al. 2018). This indicates the possibility that observations of
the abundances of both “Li and D have already revealed
magnetic field effects in the early universe. In both cases A and
B, below the bound from D/H, CR nucleosynthesis predicts
nuclear abundances that fall into the observationally allowed
ranges. These regions allow us to solve the problem of Li. It is
found that ~0.01%—-0.1% of cosmic energy density is needed
for acceleration of background nuclei and that CR source
spectra must have a sharp cutoff below the threshold energy of
D spallation.

The effects of magnetic field dissipation in case B on the
evolution of the elemental abundances are shown in Figure 4.
In the SBBN model (Pitrou et al. 2018), abundances freeze out
at T<1 GK. However, if nuclear accelerations are realized
from magnetic field dissipation, the abundances of "Be, °Li,
and D evolve at the dissipation time. It was confirmed that 'Be
and D are disintegrated via 'Be(p, pa)*He and *H(p, ng))lH,
res6pectively, and °Li is predominantly produced via “H(c,
n)°Li. If an appropriate amount of energy is used for CR
acceleration, primordial Li abundance can decrease to the
abundance level of MPSs. However, the CR source spectrum
must have a sharp cutoff. Otherwise, energetic protons
excessively destroy D, and energetic tritons produce °Li.

4. Conclusions

Nonthermal nuclear reactions induced by soft CRs originat-
ing from magnetic field dissipation in the early universe were
investigated. We adopted two types of CR source spectra with
reference to the observed spectra of solar energetic particles
energized by solar magnetic fields. Our findings are as follows:
the CR flux can be significantly high only after the completion
of ¢* pair annihilation. Therefore, nonthermal nucleosynthesis
affects primordial abundance after the annihilation epoch. The
magnetic dissipation after the annihilation can explain the
observations of the primordial Li and D abundances if the
dissipated energy amounts to 0.01%—0.1% of the total cosmic
energy. The CR source spectra should be very soft, so that D
overdestruction is not triggered. When we assume that
reconnection of large-scale magnetic fields with energy

Lu & Kusakabe

densities of 0.01%—0.1% of the total energy density generates
jets of tightly coupled electron-nuclei plasma, the kinetic
energies of the CR nuclei in the jets evolve and can temporarily
match the order of 1 MeV /A required to solve the Li problem.

Software: NUC123 (Kawano 1992), Fresco (www.fresco.
org.uk/programs /barnett/index.htm).

Appendix
Momentum Transfer Rates and Magnetic
Reconnection Rate

We derive rough estimates of momentum transfer rates at
To=T/ (10°K) = 0.1 with 7 the temperature, after the electron
annihilation in the Big Bang. The quantity 0% defines the
momentum transfer cross section (MTCS) of particle a via the
scattering off of particle b.

A.l. Electrons

The momentum exchange of electrons is dominated by
Coulomb scatterings with e s in the early universe. The MTCS
is then estimated considering scatterings off of target e~
particles at rest in frame of the cosmic fluid under the
nonrelativistic approximation. The maximum impact parameter
bmax 18 set to the Debye length A\p as

bmax = Ap = 4.58 x 1073 cm (at T = 0.1) (A1)

Ap ~ _r (for T < m, /26) (A2)
4re*(n, + ny)

— \/ m , (A3)
8C(3)an(2 — ¥, /2)T?

where e and m, are the electronic charge and mass,
respectively, n, and ny, are the electron and baryon number
densities, respectively, X, =0.75 and Y,, = 0.25 are primordial
mass fractions of "H and “He, respectively, ny= [2((3)/#2]73
is the photon number density with ((3) =1.2021, n=n,/n, =
6 x 107'° is the baryon-to-photon ratio, and a = ¢ is the fine
structure constant.

The scattering angle 6 is related to the impact parameter b by

2
919,¢€ 9)
b= —=—cot| —|, A4

my? (2 (AD)

where ¢; and ¢, are charge numbers of reacting particles 1 and
2, respectively, m =m,/2 is the reduced mass, and v is the ¢~
velocity. Then, the maximum of ;1 = cos 6 is given by

= c0S Omin (AS)
2
— cos [2 cot™! (bmax ”’Z—V)] (A6)
(6%

~1—304 x1072%* (@l =0.1). (A7)

.umax

With this maximum g, the MTCS is given by
Fmax A

lo S A8
Sl N (A8)
21/2702
~ T[z(l - ,Umax)il/z] (A9)
Vg,
~ 2.71 x 106/(vqe)2, (A10)
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where g, and Ag, = 2g, sin(0/2) are the initial momentum and
the momentum transfer of e, respectively, and the differential
Mott cross section is given by

2mal?

do 1 v2
—(W, n) = — 1 - —Q1 - . All)
an " vzq;(l_mz[ 7! “)] (
The momentum transfer rate of electrons via the Coulomb
scattering is then given by

C R N.om (A12)
2.71 x 10°
~ (1 — Yb/z)[ﬁ] (A13)
mev<)
=129 x 10°s~ v (at T = 0.1). (A14)
A.2. Nuclei

Scatterings are dominated by the Coulomb scattering with
e . The maximum g, is derived from Equation (A4) to be

2
[y = COS [ZCotl(bmaxM)] (A15)
Za

~1— 761 x 10721224 (at Ty = 0.1), (A16)

where Z is the atomic number of the nucleus. The MTCS of the
nucleus is then given by

HFmax A
Ae do 24, Ge 4, (A17)
S dp 4, 9a
23/2757202
~ 201 — i) %] (A18)
V°q,q,
~ 1.08 x 10'Z/(q,q,), (A19)

where ¢, is the nuclear momentum. Accordingly, the
momentum transfer rate is given by

& ~ n ok (A20)

(A21)

1.08 x 10'Z
~nny (1 — Yp/2)[ ]

(mev)2mpEx

169 x 10°s71Z( E
A2y 3T/2

172
) (atTo=0.1), (A22)

where A is the nuclear mass number, and E, is the nuclear
kinetic energy.

The MTCS of electrons via scattering off of nuclei is,
however, given by

A Pmax do Aq‘d

o4~ A23
L (A23)
3/2 2 2
~ 2 00— ) 2] (A24)
vig]
~ 1.08 x 107Z/q’. (A25)

Taking into account only the dominant contribution from
proton scatterings, the momentum transfer rate of electrons via
proton scattering is given by

I'Y ~ n,o?, (A26)
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.
~ (1 — ) M (A27)
(mev)?
=442 x 10°s 'v2(atTh = 0.1). (A28)
A.3. Photons

When cosmic background radiation is exposed to a plasma
composed of electrons and nuclei that has a bulk velocity
Vour <K 1, the electrons lose momenta in the direction of the
bulk velocity, identified as the z-direction, mainly via Compton
scattering off the photons. The momentum transfer rate is given
as follows. First, the rate of change in the average electron
momentum in the z-direction, p,., is given by

dp,,
< | d3 ; d3m ;T
ol e (2 o 2 [@n gt s > [@ 1)
U docom Sy dodp..(u. 6:p..p)
X d ; e v ’
f4 1 m (W p.» py) >

(A29)

where p, and p. are momenta of an electron and a photon,
respectively, f.(p.; T) and f(p.; T) are the momentum distribu-
tion functions of electrons and photons, respectively,
docom/dp is the differential cross section of the Compton
scattering as a function of . = cos 6 for the scattering angle 6,
and Ap., is the increase of the z-component of the photon
momentum p.,. that depends on the azimuthal angle ¢ at a
scattering. The Pauli blocking of the electron and the induced
emission of the photon have been neglected in this equation.
We assume an isotropic photon distribution in the cosmic
rest frame and an isotropic electron distribution in the frame of
the fluid moving in the rest frame. The electron distribution

function in the cosmic rest frame is given (e.g., Kedia et al.
2021) by

EIOI _ -1
L@ T) = {e p[u] n 1} . (A30)
Yv

where V is the bulk velocity of the fluid, v, = (1 — V2)71/2,
and E is the total electron energy. When electrons are
nonrelativistic and the second term in the exponent is much
smaller than unity, this distribution is approximated by

_ Elot T V
£ T) exp(—wES"/ )[IJr v Tpeue]’ (A31)

Yv

where y1, = cos ), = p,_/p,. Thus, a bulk velocity V induces an
excess in the distribution in the direction of V. For example, if
V~0.05 (yy~ 1) and the electron kinetic energy E, = E** —
m, ~ T, the excess of u, =1 at Ty ~0.1 is

V)
Wy 3me g, (A32)
T T

Then, such jets include O(10)% anisotropy in the distribution
function of electrons.

For Ty < 0.1, background photon energies are much lower
than the electron mass. By neglecting the photon energy shift at
the Compton scattering as a perturbation of O(E, /m,), the
differential cross section is reduced to that of the Thomson
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scattering, given by

docom e? : 2
—— ) =l — |+ ). (A33)
dp

e

We define the x-axis so that the zx-plane includes p, The
change of p., is then given by

Ap,. (p. ¢5 P, P,)

= Ef/ [(~ cos 8, cos ) — sinf, cos ¢, sin 1p)cosf

— (ycosb,siny + sinf, cos ¢, cos)sinf cos ¢

+ sinf, sin¢, sinf sing + Gy cosb,] — E,ycosf cos a.,
(A34)

where E, and E; are the energies of the photon in the cosmic
rest frame before and after the scattering, respectively, 3 is the
electron velocity and v = (1 — (32)~!/2, ¢ is the angle between
p. and ps,l) that is the photon momentum in the rest frame of
electron, ¢, is the angle between the x-axis and the p., projected
on the xy-plane, and «, is the angle between p, and p.. After
the integration over ¢, terms proportional to sin¢ and cos ¢
disappear. By neglecting terms of O(E, /m,) and O(3%), the
remaining quantity becomes

Ap, (W p..py) =~ Ey(1 — Bcosa,)
X [(cos 6, cosp — sin 6, cos qSN’ siny)cos + (3 cosb,]

—E, cosf,cosa,.

(A35)
The angle 1) satisfies:
costp = sosan =6 cosa, — Bsin® o, (A36)
VM
siny ~ sina, (1 + [ cosa,), (A37)
where vy = \/1 — 2B cosa, + f%cos’a, is the Mgller

velocity. Then, after the integration over «.,, some terms
including the last term in Equation (A35) disappear, and the
remaining part is given by

Ap.. (15 p,, €08 be, p.) = BE, cos b, (1 — p). (A38)

The term proportional to u is significantly canceled when it is
integrated over p. Then, the first term dominates, and the
anisotropic electron distribution is reflected via this term to the
momentum change rate.

The rate of change in the average value of p,, is then
estimated as

dp,
‘ —= |~ fexc ny (T) OTh (Ve,thEﬂ,')’ (A39)

dt

where o, = (87/3)(e?/m,)> = 6.65 x 1072 cm® is the
Thomson scattering cross section, W = +/37/m, is the
thermal electron velocity, and f.. is the excess fraction of
electron flux moving downstream given by

A/vom Voutpe

o L

(A40)
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To \172
~ O0.1)[ Lot —9) . A4l
o )(0.05)(0.1 (A41)

The momentum transfer rate of moving electrons via the

scattering of background photons is derived with
Equations (A39) and (A40) and p, ~ m,v, g, as
dp,,/dt
pey o 1P/ (Ad2)
Ne Vout
T
~ =, (T)om (A43)
mﬂ
T 4
=6.82 x 10° 8_1(0_91) ) (A44)

The denominator on the right-hand side of Equation (A42) is
the average electron momentum in a jet with a bulk velocity
Vout-

Then, energies generated at the magnetic reconnection are
quickly shared among electrons and nuclei. For example, at
To=0.1 and vy, = 0.05, the momentum transfer rates of
electrons have the ordering of I't > I'¥’ > I'}}. Therefore,
after a large number of scatterings, bulk motions are expected
to realize in jets composed of electrons and nuclei associated
with a minor component of dragged photons.

A.4. Dissipation Scale

The dissipation of the primordial magnetic field over a length
of L dissipates on a timescale of t = dnogl?, where o is the
electrical conductivity (Grasso & Rubinstein 2001). Then, the
magnetic fields over scales smaller than the maximum
dissipation scale L = /t/(47o,;) decay until a cosmic time ¢.
The conductivity is given by

n.e*r,

O = —, (A45)

me

where 7%, = (I'&)"! is the momentum transfer timescale of
electrons. Using Equations (A24) and (A27), the maximum
diffusion scale is transformed to

rer\1/2
L= (’"” ¢ ) (A46)

2
4re<n,

m, 221 _
() e}

( 35 mp, )]1/2 (A47)

47.(.3/2&;/2'1*2

V10 m,mp Ap(T) v
ngﬁm T (A48)
_ J5 memp) v (A49)
167[¢B3)al'/? gl2Tn2 — Y, /2172

where mp, is the Planck mass, and g, =2 + (21/4)(4/1 D*3 s
the effective statistical degrees of freedom after the e™—e~
annihilation. The Debye length \p increases with decreasing 7,
and the maximum diffusion scale monotonically increases

with decreasing 7. At To=0.1, this scale corresponds
to L = 18.4 km (T5/0.1)~2.
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A.5. Reconnection Rate

The reconnection rate in the Sweet—Parker model (Par-
ker 1957; Sweet 1958) is given by

(A50)

J— m = VA/L — VAnmag 2
rec L \/g L3 B

where vy, is the inflow velocity of magnetic field lines into the
reconnection region, L is the size of the reconnection region,
and S is the Lundquist number defined as S = VoL / Tmag> Where
Va is the Alfvén velocity, and 7y, = 1 /(4moy) is the magnetic
diffusivity.

In the epoch after the e¢T—e¢~ annihilation, electrons are
dominantly scattered via Coulomb scattering by nuclei, except
for self-scattering. For example, at T9=0.1, the thermal
electron velocity is v = (0(0.1), and the momentum transfer
rate is T& ~ 10'"' s™' (Equation (A28)). Under this condition,
by using Equations (A25), (A26), and (A45), the reconnection
rate is given by

Va 1 m,I%\/?
Lree = ( TEpr—— (A51)
ep \1/2
N(‘Xa_mﬁ ) (A52)
Vi 1.08 x 107)"/? A53
- dra mv3iL3 ' ( )

The Alfvén velocity for a relativistic plasma is given by

B

Vy = (A54)
V47 (pgm + Pem)
~ |5 (A55)
2fEM

where B is the magnetic field amplitude, pgy and Pgy are the
total energy density and pressure of electromagnetically
coupled plasma in jets, respectively, fz= pB/ Prad 18 the ratio
of the magnetic field energy density pz = B/(87) to the total
radiation energy density praq, and fem = PEM/ Prad-

The dissipated energy is shared dominantly by electrons and
nuclei. Then, the total energy in plasma jets is dominated by
moving baryon energy. The energy density of the plasma is
approximated by pgnm = my,Yahp, Where my, is the baryon mass,
and v, = (1 — V;)"!/2. Then, it follows that

60¢ (3
fog = (A56)
g, T
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=144 x 1075 (E)l(i77 )’YA (AS7)
' 0.1) \6x10°10) ™
Therefore, if the field amplitude is as high as fz ~ 107*-102,
the jets are highly relativistic with V4 ~ 1 and 4 > 1.
Using Equation (A53) and V4 ~ 1, the reconnection rate is

derived as
L \3/2
10 km ) '

During the reconnection, jets involve surrounding back-
ground plasma, and bulk motions over large volumes would
form. We roughly estimate a relation of the bulk velocity vy,
and the reconnection region range L as follows. By the
reconnection, the magnetic field energy in the volume of ~L? is
converted to the energy of plasma jets ranging over a scale of
liet ~ Vour/T'rec. As a result, there is an energy conservation for
nonrelativistic jets produced by the reconnection:

Tiec = 2.03 sflvfl( (AS8)

2 5
pEI\;vout lj3et _ p;l\lil;)ut . (A59)

rec

ppl? =

Then, it follows with Equations (A57) and (AS58) that

/5
Vout ™~ I:ﬁ(l—‘recL)B:I
PEM

—12 )V
= %[20.3kmslv1( L ) } (A61)
Jem 10 km

~ 8.45 x 103( Iy )1/5( )1/5
103 0.1

X( n )1/5( L )3/10
6 x 10710 10 km ’

Note that it is assumed that baryons in such extended jets are
nonrelativistic. Thus, when the reconnection completes, the bulk
velocity is small. During the reconnection, small and relativistic
jets form first, and they gradually become large and slow.
Nonthermal nucleosynthesis operates until the kinetic energies of
nuclei in the jets become insufficient for inducing reactions.

(A60)

(A62)

A.6. Simple Model

Figure 5 shows a schematic picture of the cosmic-ray
nucleosynthesis triggered by large-scale magnetic field reconnec-
tion, inferred from the estimates given above. Tightly coupled
plasma of electrically charged electrons and nuclei partially drags
background photons at 7o~ 0.1. Therefore, jets composed of
electron—nuclei—photon fluid with a bulk velocity form. Depend-
ing on the magnetic field energy density, the kinetic energies of
nuclei in the jets can be large enough that nonthermal
nucleosynthesis effectively occurs when the jets collide with
static background plasma.
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Figure 5. Model of the cosmic-ray nucleosynthesis triggered by the magnetic field reconnection. Magnetic reconnection converts the magnetic energy to the kinetic
energy of charged particles. Because of the coupling of electrons, nuclei, and photons, plasma jets with bulk velocity v, are formed. Nonthermal nucleosynthesis

takes place where the jets are thermalized at their boundaries.
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