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The amplitude of the primordial magnetic field (PMF) is constrained from observational limits on
primordial nuclear abundances. Within this constraint, it is possible that nuclear motion is regulated by
Coulomb scattering with electrons and positrons ðe�sÞ, while e�s are affected by a PMF rather than
collisions. For example, at a temperature of 109 K, thermal nuclei typically experience ∼1021 scatterings
per second that are dominated by very small angle scattering leading to minuscule changes in the nuclear
kinetic energy of order Oð1Þ eV. In this paper the upper limit on the effects of a possible discretization of
the e� momenta by the PMF on the nuclear momentum distribution is estimated under the extreme
assumptions that the momentum of the e� is relaxed before and after Coulomb scattering to Landau levels,
and that during Coulomb scattering the PMF is neglected. This assumption explicitly breaks the time
reversal invariance of Coulomb scattering, and the Maxwell-Boltzmann distribution is not a trivial steady
state solution of the Boltzmann equation under these assumptions. We numerically evaluate the collision
terms in the Boltzmann equation, and show that the introduction of a special direction in the e� distribution
by the PMF generates no directional dependence of the collisional destruction term of nuclei. Large
anisotropies in the nuclear distribution function are then constrained from big bang nucleosynthesis.
Ultimately, we conclude that a PMF does not significantly affect the isotropy or big bang nucleosynthesis.

DOI: 10.1103/PhysRevD.104.123534

I. INTRODUCTION

In the early Universe, nuclei are strongly coupled with
electrons and positrons ðe�Þ via Coulomb scattering [1,2].
A standard assumption during big bang nucleosynthesis
(BBN) is that the nuclear energy distribution obeys
Maxwell-Boltzmann (MB) statistics as a nonrelativistic
approximation to the Fermi-Dirac (FD) and Bose-Einstein
(BE) distribution functions [3,4].
Simulations of nuclear motion in a relativistic e� plasma

during the BBN epoch have been recently performed with
Coulomb scatterings taken into account. It was shown that
the rapid thermalization of nuclei leads to an MB distri-
bution [2,5]. A perturbative analysis of the relativistic
Boltzmann equation shows that any fractional deviation
of the thermal nuclear distribution from the MB distribution
is of the order 10−18 at a temperature of T ¼ 1 GK, limited
by the factor of H=ΓCoul, where H is the cosmic expansion
rate and ΓCoul is the scattering rate of nuclei [6].

If there is a nonthermal particle source such as decaying
exotic particles and evaporating black holes in the early
Universe, then high energy tails in the spectra of photons
and nuclei can be deformed and the BBN yields could be
affected [5,7–9]. Also, the effect of replacing an MB
distribution for nuclei with Tsallis distributions [10] has
been studied. It was shown that this can change the nuclear
reaction rates and primordial abundances [11,12]. Note,
however, that if the nuclear distribution functions differ
from MB statistics, then the relative velocity distribution
depends upon the masses of reacting nuclei in contrast to
the case of MB in which it only depends upon the reduced
mass [13]. In addition, if the MB statistics is modified to
Tsallis statistics, the phase space is changed from the
simple product of the distribution functions of reacting
particles as prescribed in the standard reaction theory [14].
A possible source of deviation of particle distributions

from MB is the existence of a primordial magnetic field
(PMF). A strong magnetic field changes weak [15–17] and
nuclear [18] reaction rates, as well as thermodynamic
properties of the e�s [18,19] through Landau discretization
of the particle momenta. In addition, the PMF energy*kusakabe@buaa.edu.cn
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enhances the cosmic expansion rate [20], and mainly through
this effect the PMF is constrained to be B0 < 1.5 μG at
present or B < 2.0× 1011 G at T9≡T=ð109KÞ¼1 [18,21].
The BBN constrains PMFs generated earlier in the big bang,
i.e., the electroweakphase transition [22], neutrinodecoupling
[23], and so on. These small-scale PMFs, however, undergo
dissipation during the later cosmic evolution [22,24–26]. This
PMFevolution depends upon the helicity and homogeneity of
the magnetic fields [24,27], and its behavior in the late
nonlinear structure formation phase has been investigated
in a number of recent three-dimensional simulations [28–31].
Ultimately, what we can observe with current measurements
are signatures of large-scale PMFs which could have been
generated in the inflationary epoch before the big bang [32].
Constraints on the PMF [26] have been deduced from various
astronomical observations such as the CMB temperature
and polarization from gravitational [33–39] and heating
effects [40], the redshifted 21-cm signal from heating effects
[31,41–43], ultrafaint dwarf galaxies fromgravitational effects
[44], and gravitational waves (at very small scales) [45].
It has been pointed out that an inhomogeneous PMF with

a comoving amplitude of B0 ¼ Oð0.1Þ nG and a coherence
length of λ ¼ Oð10Þ kpc can induce chemical separations of
Liþ ions from gravitationally collapsing cosmic structures
[46,47]. As a result, this sub-nGmagnetic field could explain
the long-standing discrepancy between the Li abundances in
metal-poor stars [48,49] and the standard BBN prediction
[see Ref. [50] for the latest result based upon recent
experiments on the 7Beðn; pÞ7Li reaction]. Interestingly a
PMF with B0 ¼ Oð0.1Þ nG over similar scales also induces
baryon inhomogeneities before the epoch of cosmological
recombination [51], and its effect on the cosmic microwave
background (CMB) could also help explain the difference
between Hubble parameters deduced from observations of
Type Ia supernovae and the CMB [52].
The magnetic field amplitude is also constrained from

the CMB power spectra and baryon acoustic oscillation
data [53]. The constraint on the number of effective
relativistic degrees of freedom is Neff ¼ 2.99� 0.17.
This corresponds to B2

0 ¼ ð−0.13� 0.27Þ μG2 in terms
of energy density, based upon the relation:

B2
0 ≈

7π3

15

�
4

11

�
4=3

ðNeff − Neff;0ÞT4
0;

¼ 2.383ðNeff − Neff;0ÞμG2; ð1Þ

where Neff;0 ¼ 3.046 is the contribution from three gen-
erations of relic neutrinos and antineutrinos, and T0 ¼
2.7255 K is the present CMB temperature. The 2σ upper
limit on the comoving field strength is then B0 < 0.82 μG.
However, we caution the reader regarding three points here:
(1) since most of the small-scale fields would dissipate
during a long cosmic time from the BBN epoch to the time

of CMB last scattering, this limit can not be compared
simply with the BBN constraint. (2) The PMF affects BBN
not only via the cosmic expansion rate but also changes in
e� distribution function. Therefore, the correspondence of
Eq. (1) is only an approximation even in the BBN epoch.
Hence, a consistent calculation including various aspects of
PMF effects [18] is necessary. (3) A rigorous calculation of
the CMB including PMF effects is also required as
suggested in Ref. [51].
In this paper, we show details of the collision term in the

Boltzmann equation for nuclei during BBN and calculate the
possible effects of a PMF on the nuclear distribution and
resultant light-element abundances produced during BBN.
First, it is shown that, under existing constraints on the
possible amplitudes for the PMF, nuclei are predominantly
affected by Coulomb scattering with e�s, the momenta of
which are regulated by the PMF if the field strength is as
high as ≈1011 G. Second, from a numerical integration of
the collision term from Coulomb scattering, it is seen that
nuclei experience very frequent scatterings most of which
result in energy shifts by only Oð10−5ÞT. Third, the effects
on the nuclear distribution function from the introduction of
a discretization of e� momenta is analyzed. It is confirmed
that the Coulomb scattering does not lead to a significant
change in the nuclear isotropy and energy distributions.
Finally, using a toy model, we illustrate the possible effects
of a hypothetical anisotropy in the nuclear distribution
function on the light elements produced during BBN.
We note that the evaluation of the collision term in the

Boltzmann equation, performed here, does not depend on
whether the magnetic field is homogeneous or not, on all but
the smallest scales. As noted below electrons and positrons
significantly change their directions on very short timescales.
This means that the mean free path is very short
Oð10−7Þ cm. The corresponding comoving scale is only
Oð102Þ cm. At each position of a nucleus, only the magnetic
field amplitude over this small scale matters. If there is an
inhomogeneity in the magnetic field over this or smaller
scales, the formulation here may need modification.
However, the current formulation is applicable for inhomo-
geneity over larger scales. The purpose of the current paper is
the first evaluation of detailed statistical properties of the
effect of Coulomb scattering on the nuclear distribution
function. We then show that for a typical upper limit on the
magnetic field amplitude during BBN, the effects of mag-
netic fields via changes in the electron and positron dis-
tribution functions are small enough. This means that even in
a universe with a spatially inhomogeneous field strength, any
deviation in the nuclear distribution from a Maxwell-
Boltzmann form at any location can be safely neglected.

II. TIMESCALES

First, we show that during the BBN epoch at T9 ¼ 1, the
motions of e�s are controlled by the magnetic field if the
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field is strong, i.e., B ∼ 1011 G, while the motion of nuclei
is governed by Coulomb collisions with e�s.

A. e�

The gyrofrequency is a typical rate for the magnetic field
effect on charged particles [54]. For e� it is given by

ωg ¼ eB=E;

¼ 3.52 × 1018 s−1
�

B
1011 G

��
E

0.511 MeV

�
−1
; ð2Þ

where E is the energy of the e�. Momentum exchange is
dominated by Coulomb scatterings with abundant e�s
during BBN. The momentum transfer cross section is
estimated as follows. As a rough approximation we con-
sider scatterings off of target e� particles at rest in the frame
of the cosmic fluid under the nonrelativistic approximation.
The maximum impact parameter is set to the Debye length
given by

bmax ¼ λD ¼ 7.67 × 10−9 cm ðat T9 ¼ 1Þ; ð3Þ
with

λD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T=ð4πnee2Þ

q
; ð4Þ

≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π1=2

25=2αm3=2
e T1=2

s
eme=ð2TÞ ðfor T ≲meÞ; ð5Þ

where ne ¼ ne− þ neþ is the total number density of e�, e
andme are the electronic charge and mass, respectively, and
α ¼ e2 is the fine structure constant.
We use the relation between the scattering angle and the

impact parameter,

bmax ¼
q1q2e2

mv2
cot

�
θmin

2

�
; ð6Þ

where q1 and q2 are charge numbers of reacting particles 1
and 2, respectively, m ¼ me=2 is the reduced mass, v is the
e� velocity, and θmin is the minimum scattering angle.
Then, the maximum of μ≡ cos θ at T9 ¼ 1 is given by

μmax ¼ cos θmin;

≈ 1 − 1.08 × 10−8v−4; ð7Þ

where a small angle approximation was adopted. With this
maximum cosine μmax, the momentum transfer cross
section is given by

σmtðμ < μmaxÞ ≈
Z

μmax

−1

dσ
dμ

Δqe
qe

dμ;

≈ 4.54=q2e; ð8Þ

where qe and Δqe are the initial momentum and the
momentum transfer of e�, respectively, and the differential
Mott cross section is given by

dσ
dμ

ðv; μÞ ¼ 2πα2

v2qe2
1

ð1 − μÞ2
�
1 −

v2

2
ð1 − μÞ

�
: ð9Þ

The momentum transfer rate is then given by

ΓCoulðμ < μmaxÞ≈ neσmtðμ< μmaxÞ;
¼ 1.65× 1017 s−1v−2 ðat T9 ¼ 1Þ: ð10Þ

The ratio of this scattering rate to the gyrofrequency is
given by

R ¼ ΓCoulðμ < μmaxÞ
ωg

;

≈
4.69 × 10−2

v2

�
B

1011 G

�
−1

ðat T9 ¼ 1Þ: ð11Þ

For a large enough field strength of B ∼ 1011 G and
v ∼ 1, the Coulomb scattering rate is significantly smaller
than the gyrofrequency. Therefore, the perturbation due to
Coulomb scattering from the discretized momentum dis-
tribution would be small.

B. Nuclei

Scatterings are dominated by the Coulomb scattering
with e�. The maximum μ at T9 ¼ 1 is derived from Eq. (6)
to be

μmax ¼ cos θmin ≈ 1 − 2.70 × 10−9Z2v−4; ð12Þ

where Z is the atomic number of the nucleus. The
momentum transfer cross section is then given by

σmtðμ < μmaxÞ ≈
Z

μmax

−1

dσ
dμ

Δqe
qe

qe
qA

dμ;

≈ 18.2=ðZqeqAÞ; ð13Þ

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

ΓCoulðμ < μmaxÞ ≈ neσmtðμ < μmaxÞ;

¼ 2.17 × 1016 s−1

ZA1=2v
ðat T9 ¼ 1Þ; ð14Þ

where A is the nuclear mass number.
The ratio of this scattering rate to the gyrofrequency

[Eq. (2)] is given by
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R ¼ ΓCoulðμ < μmaxÞ
ωg

ð15Þ

∼
6.15 × 104

v
A1=2

Z2

�
EA

3GK=2

�
−1=2

�
T
me

�
3=2

× exp ð−me=TÞ
�

B
1011 G

�
−1
; ð16Þ

¼ 11.3
v

A1=2

Z2

�
B

1011 G

�
−1

ðat T9 ¼ 1Þ: ð17Þ

For a large enough field strength, B ∼ 1011 G, the Coulomb
scattering rate is large enough when T ∼me, but diminishes
relative to the gyrofrequency at lower temperatures.
Since this ratio is larger than that of e� at T9 ¼ 1, we
can expect situations in which the distribution of e� is
predominantly governed by the magnetic field while those
of nuclei are determined by Coulomb collisions with e� in
the BBN epoch.

III. MODEL

Under the assumption of a homogeneous distribution of
nonrelativistic nuclei during BBN, the invariant Boltzmann
equation for nuclei in the e� plasma has the form of

∂fA
∂t þeðv×BÞi∂fA∂pi

A

¼mA

EA

ge
ð2πℏÞ3

Z
d3qe

EðlabÞ
e

Ee

Z
dΩnucv

dσ
dΩnuc

× ½f0Af0eð1�fAÞð1−feÞ−fAfeð1�f0AÞð1−f0eÞ�; ð18Þ

where ge ¼ 4 is the sum of the statistical degrees of
freedom of e− and eþ, mA is the nuclear mass, Ee is the
electron energy, fA and f0A are the distribution functions of
nuclear momenta in the initial and final states, pA and p0A,
respectively, and fe and f0e are the distribution functions of
e� momenta in the initial and final states, qe and q0e,
respectively. The relative velocity vðpA; qeÞ is equal to the
electron velocity in the nuclear rest frame. The quantity
dσ=dΩnuc is the differential Mott cross section with Ωnuc

the solid angle in the nuclear rest frame, and the EðlabÞ
e is the

electron energy in the nuclear rest frame.
We take the z axis as the field direction in a small local

domain. The second term on the left-hand side is zero if the
gradient of the distribution function is proportional to the
momentum along a plane perpendicular to the z axis, i.e.,
∂fA=∂pAi ∝ pAi for i ¼ x and y. We assume that the
second term is zero hereafter. On the right-hand side, the
first and second terms correspond to the production and
destruction, respectively, from Coulomb scattering.
When fe and f0e obey an FD distribution, the quantity in

the square brackets becomes zero for FD or BE

distributions for nucleus A. Therefore, an FD or BE
distribution is a trivial steady-state solution of the
Boltzmann equation, and at BBN temperatures, both of
them are well approximated by an MB distribution, i.e.,

fMBðpAÞ ¼ nAð2πmATÞ−3=2 exp ½−p2
A=ð2mATÞ�; ð19Þ

where nA is the number density of the nuclide A and
pA ¼ jpAj.

A. B= 0 case

When there is no magnetic field, e�s are assumed to have
an FD distribution. Then, the production and destruction
terms exactly cancel with each other. The destruction term
is described by

dfA
dt

����
des
ðpA;0Þ¼−fAðpAÞ

Z
dqe

q2e
EeðqeÞ

feðqeÞ

×
Z

dΞEðlabÞ
e ðpA;qe;ΞÞvðpA;qe;ΞÞ

×
Z

μmaxðpA;Θ;qeÞ

−1
dμ

dσðv;μÞ
dμ

1

2π

×
Z

2π

0

dϕf1−f0eðq0e½pA;qe;Ξ;μ;ϕ�Þg; ð20Þ

where μmaxðpA;Θ; qeÞ is the maximum μ value as a
function of pA and the angle between pA and qe, i.e., Θ,
for a fixed qe ¼ jqej. The parameter Ξ ¼ cosΘ, and ϕ is the
azimuthal angle at the scattering. The term ½1 − f0eðq0eÞ� is
from the Pauli blocking of e� with q0e ¼ hðpA; qe; μ;ϕÞ the
momentum vector of e� in the final state. The quantity
qnuce ðqe; pA;ΘÞ is the electron momentum in the nuclear
rest frame, which appears in the differential Mott cross
section. Note that when pA, qe, and ðμ;ϕÞ are given, p0A and
q0e are determined.
In the BBN epoch, the e� plasma has an FD distribution

when there is no magnetic field, i.e., fe∓ðqeÞ ¼
1=fexp½ðEe ∓ μeÞ=T� þ 1g with Ee ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

e þ q2e
p

the total
energy. Unless T ≪ me, the electron chemical potential is
negligible, and we use the same function feðqeÞ for e�s.
The upper limit on the integral, i.e., μmaxðpA;Θ; qeÞ

appears because of the minimum scattering angle θmin. The
minimum angle is set so that the Mott scattering is
ineffective if the impact parameter is larger than the
Debye screening length. The effective minimum scattering
angle is then given by

θmin ¼ 2 tan−1 fαωp=½ðmeTÞ1=2v2�g; ð21Þ

where ωp ¼ 4παne=me is the plasma frequency of the
background e� plasma.
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B. B ≠ 0 case

We estimate the maximum possible effect of the B field
on nuclear distribution functions assuming that e�s in their
initial states only have a discretized momentum distribu-
tion. An upper limit on the magnetic field strength is
adopted from BBN studies with a PMF [18].
We assume some mechanism which only modifies the

initial state momentum distribution of e�s, such as a PMF.
An extreme case is considered here that the initial state
energy spectrum is completely discretized into Landau
levels. The Pauli blocking for e� is negligible since the
initial momentum of the e� is discretized and the final
momentum is continuous in the present application. Since
most scatterings result in small Δqe (see below), transitions
to different n states are less important. Therefore, the Pauli
blocking effect is neglected in this case.
For the case of a finite B field, the destruction term in the

Boltzmann equation is described by

dfA
dt

����
des
ðpA;BÞ ¼ −

mA

EA

ge
ð2πℏÞ3 fAðpAÞeB

Z
∞

−∞
dqek

Z
dϕ2

×
X∞
n¼0

ð2 − δn0Þ
2

EðlabÞ
e ðpA; qe;ΞÞ

EeðqeÞ
× fenðqek;TÞvðpA; qe;ΞÞσtotðvÞ; ð22Þ

fenðqek;TÞ ¼ f1þ exp ½EnðqzÞ=T�g−1; ð23Þ

where qe ¼ ðq2e⊥ þ q2ekÞ1=2 with q2e⊥ ¼ 2neB and En ¼
ðq2e þm2

eÞ1=2 are the momentum and energy of the nth
Landau level, δn0 is the Kronecker delta, and σtot is the total
cross section for Coulomb scattering.
In the coordinates of pA ¼ pAðsin θ1; 0; cos θ1Þ and

qe ¼ qeðsin θ2 cosϕ2; sin θ2 sinϕ2; cos θ2Þ, it follows that

Ξ ¼ sin θ1 sin θ2 cosϕ2 þ cos θ1 cos θ2: ð24Þ

IV. RESULTS

Figure 1 shows the differential rate of change of the
distribution function fðpAÞ with respect to the final state
momentum p0A, i.e., ∂2fðpA; p0AÞ=ð∂t∂p0AÞ, as a function of
the change of the proton energy ΔEA=T for pþ e� →
pþ e� scattering in the case of B ¼ 0. The central region
of small jΔEA=Tj has maximum rates since the small
energy changes that result from small angle scatterings
have a huge cross section as long as the angle is above the
lower limit. When the amplitude jΔEA=Tj is larger, large
angle scatterings are required. Since they occur with
smaller differential cross sections, the rates are also smaller.
It is observed that the differential collision term has a

plateau at ∼103f GeV2 in the region of jΔEA=Tj≲ 10−5.
The typical width of the distribution is rather consistent
with the following analytical estimate. The largest

contribution to the collision integral comes from the
parameter region with the smallest possible scattering
angle for the thermal energy of the e�. The minimum
scattering angle for the thermal energy is given
[Eq. (21)] by

θmin ≈ 8.5 × 10−5
�

ωp

1.22 × 10−6 GeV

�
T−1=2
9 v−2: ð25Þ

For pA ≫ qe as in the case of thermal nuclei during the
BBN epoch, we adopt an approximation that the Lorentz
gamma for the nuclear velocity is γA ¼ ð1 − v2AÞ−1=2 ≈ 1,
qnuce ≈ qe, and the angle of qnuce measured from the direction
of pA, Θ0 ≈ Θ. Then it follows that Δp2

A ∼ pAqeθ. For this
value, the change in the nuclear energy for Ee=T ∼ 1 has a
typical value of

jΔEAj
T

≈ 10−6

ffiffiffiffiffiffi
EA

T

r
A−1

�
θ

10−4

�
: ð26Þ

The upper panel in Fig. 2 shows the change in
the destruction term of the Boltzmann equation for
protons as a function of μ1¼cosθ1, i.e., Δdf=dtðμ1Þ=
½ð1=2Þ R dμ1df=dtðμ1Þ�, at T¼109K for B¼2.0×1011G.
The thin three lines near zero are differences in the total
destruction rates. It is confirmed that the proton distribution
function is independent of the direction even if the isotropy
of the e� momentum is broken in a magnetic field. Also
plotted are thick lines for the partial destruction rate by e�
particles moving toward the hemisphere of qek > 0. At
high energies relevant to nuclear reactions, a significant
dependence on μ1 is seen (thick solid line for EA=T ¼ 20).
The partial destruction rate is smaller at larger μ1 since the

FIG. 1. Differential destruction term of the Boltzmann equation
as a function of the change of the proton energy due to a
scattering, for initial proton energies of EA=T ¼ 10−1, 1, and 10
at T ¼ 109 K in the case of no magnetic field.
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electron momentum in the nuclear rest frame is smaller than
that in the fluid rest frame. However, after integration over
the full phase space of qe, the dependence of the destruction
rate on μ1 diminishes (thin horizontal lines).
The lower panel in Fig. 2 shows the destruction term

averaged over the proton direction, i.e., hdf=dtiμ1 ¼R
dμ1df=dtðμ1Þ=2, as a function of the proton energy.

Solid and dotted lines correspond to the results for B ¼
2.0 × 1011 G and 0, respectively. There is no significant
difference, and it is also confirmed that the magnetic field
does not affect the proton energy distribution. Note that,
although the total e� number density is different from that

of a MB distribution in a magnetic field [19], the difference
is small for the upper bound on the field strength
adopted here.

V. CONSTRAINT ON ANISOTROPY

We derive a constraint on anisotropy in the nuclear
momentum distribution during BBN. In this case, mod-
ifications to the MB distribution can be formulated as a
change in the effective relative velocity distribution.
Similarly to a deviation of the energy spectrum [11,12],
an introduction of anisotropy affects nucleosynthesis. As an
example, we assume that the densities of particles moving
in some special direction are enhanced, as described by
faðviÞ∝gaðμiÞ≡ð1þaμiÞ [for μi ≡ vi · B=ðviBÞ > −1=a]
and 0 (otherwise). Similar to Ref. [13], the relative velocity
distribution function can then be written as

FIG. 3. Primordial abundances as a function of the anisotropy
parameter a (open circles). Yp is the mass fraction of 4He. Solid
lines connect the calculated total abundances, while the dashed and
dotted lines correspond to separated yields of 7Be and 7Li in BBN,
respectively. Boxes roughly indicate values of the anisotropy
parameter where the observational constraints are satisfied.

FIG. 2. Upper panel: difference of the destruction term of the
Boltzmann equation for protons as a function of the angle between
the proton momentum and the magnetic field at T ¼ 109 K. The
field is the largest allowed value, 2.0 × 1011 G. Thin three lines
show differences in the total destruction rate although they are
nearly indistinguishable. The sloping three thick lines show
differences in the partial destruction rate by e� particles with
qek > 0. Lower panel: the destruction term averaged over the
direction of the proton as a function of proton energy at
T ¼ 109 K. Solid and dotted lines correspond to the results for
B ¼ 2.0 × 1011 G and 0, respectively.
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frela ðvÞ ¼
Z

2π

0

dϕCM

Z
1

−1
dμCM

Z
∞

0

V2dVfaðvAÞfaðveÞ;

¼ B1ðaÞ2
ðm1m2Þ3=2
ð2πTÞ3 exp

�
−
μv2

2T

�

×
Z

∞

0

V2dV exp

�
−
MV2

2T

� Z
2π

0

dϕCM

×
Z

1

−1
dμCMgaðμ1Þgaðμ2Þ; ð27Þ

where B1ð0 ≤ a ≤ 1Þ ¼ 1 and B1ða > 1Þ ¼ 2=½1þ a=2þ
1=ð2aÞ� are the normalization constants, m1 and m2 are
masses of reacting particles 1 and 2, M ¼ m1 þm2, V is
the center of mass (CM) velocity, while μCM and ϕCM are,
respectively, the cosine of the polar angle and azimuthal
angle at the scattering.
Figure 3 shows light element abundances as a function of

the anisotropy parameter a in the BBN model including the
anisotropy in all nuclear distribution functions. The intro-
duction of this type of anisotropy causes larger energies of
the CM, i.e., MV2=2, and smaller relative energies in the
CM system, i.e., E ¼ μv2=2. As a result, a larger a leads to
a softer distribution of E with a smaller average. Then,
nuclear reaction rates are hindered and light element
abundances are changed in a similar manner as in the case

where the isotropic distribution function deviates from a
MB distribution to the softer side. The dependencies of
abundances on anisotropy is very similar to those of a
spectral distortion [12,13].

VI. SUMMARY

The effect of Landau discretization of the e� momenta
on the collision term of protons during BBN was studied.
At T ¼ 109 K, nuclei experience ∼1021 scatterings per
second from e�, and most of the scatterings lead to small,
Oð1Þ eV, changes of the nuclear kinetic energy. When the
magnetic field amplitude is set to the largest value allowed
by observations, the e� distribution experiencing the
magnetic field does not lead to any significant directional
dependence in the collisional destruction term of nuclei. A
constraint on the amplitude of anisotropies in the nuclear
distribution function during BBN was also derived.
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