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Spin-flavor oscillations of relic neutrinos in primordial magnetic field
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The neutrino magnetic moment operator clasps a tiny but nonzero value within the standard model (SM)
of particle physics and rather enhanced values in various new physics models. This generation of the
magnetic moment (¢, is through quantum loop corrections which can exhibit spin-flavor oscillations in the
presence of an external magnetic field. Also, several studies predict the existence of a primordial magnetic
field (PMF) in the early Universe, extending back to the era of Big Bang nucleosynthesis (BBN) and
before. The recent North American Nanohertz Observatory for Gravitational Waves measurement can be
considered as a strong indication of the presence of these PMFs. In this work, we consider the effect of the
PMF on the flux of relic neutrinos. For Dirac neutrinos, we show that half of the active relic neutrinos can
become sterile due to spin-flavor oscillations well before becoming nonrelativistic owing to the expansion
of the Universe and also before the timeline of the formation of galaxies and hence intergalactic fields,
subject to the constraints on the combined value of y, and the cosmic magnetic field at the time of neutrino
decoupling. For the upper limit of PMF allowed by the BBN, this can be true even if the experimental

bounds on p, approach a few times its SM value.
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I. INTRODUCTION

Neutrinos that were generated in the aftermath of the Big
Bang constitute the most prevalent particles within the
cosmic landscape, ranking second only to the 3K black
body electromagnetic radiation emanating from the cosmic
microwave background (CMB). The ubiquity of relic
neutrinos dispersed throughout the Universe serves as a
perpetual testament to the underpinnings of the Hot Big
Bang cosmological model. Emerging during the nascent
stages of the Universe, these neutrinos underwent decou-
pling from the broader matter content within mere moments
following the Big Bang event. In accordance with the
standard model (SM) of particle physics, the cosmic neutrino
background (CvB) is anticipated to encompass the three
active neutrino flavors. These neutrinos are potentially of
either Dirac or Majorana nature and at least two of the mass
eigenstates must have mass m, ~ O(meV) and thereby
being nonrelativistic in nature at the present [1].
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The existence of the CvB has been indirectly confirmed,
particularly at MeV energies, through precise measurements
of the primordial abundances of light elements during the
epoch of Big Bang nucleosynthesis (BBN) [2]. At later
cosmic epochs, the presence of relic neutrinos has been
substantiated through data on the anisotropies of the
CMB [3] and the distribution of large scale structures
(LSS) in the Universe [4,5]. Nonetheless, direct observation
of relic neutrinos remains elusive, a pursuit that would hold
immense significance in the realm of fundamental physics.
The inherent challenges arise from their weak interactions
and low energy, making the practical detection of these
neutrinos seemingly unattainable.

Despite these hurdles, various unconventional proposals
have emerged to probe relic neutrinos. These proposals
span different parameter spaces encompassing neutrino
mass, temperature, and the Dirac or Majorana nature of
neutrinos. For example, the PTOLEMY experiment
endeavours to detect the CuvB by capturing electron
neutrinos on a 100 g Tritium target [6]. Another approach
is grounded in the Stodolsky effect [7-9], wherein the
neutrino background imparts changes to the energy levels
of atomic electron spin states, analogous to the Zeeman
effect. Furthermore, the coherent neutral current scattering
process [10—12] and the passage of an accelerated ion beam
through the target [13] offer additional avenues for
detecting these elusive neutrinos.

The direct detection of relic neutrinos using these tech-
niques presents an exceptionally challenging endeavor, war-
ranting the considerable effort. Consequently, the likelihood
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is higher that these relic neutrinos will be detected via indirect
methodologies, many of which hinge on extraterrestrial
sources. Among these, a notable approach employs ultrahigh
energy cosmic rays possessing energies surpassing the
Greisen-Zatsepin-Kuzmin (GZK) cutoff at 5 x 10'° eV. In
scenarios where neutrinos possess mass and undergo radiative
decay, the CuvB could be discerned through the annihilation of
ultrahigh energy neutrinos with nonrelativistic neutrinos from
the relic sea [14,15]. Another approach involves the mecha-
nism of atomic deexcitation, underpinned by the Pauli
exclusion principle [16]. Moreover, the potential detection
of relic neutrinos is intricately linked to gravitational cluster-
ing, the development of structures, and localized concen-
trations [17-19]. These methods collectively contribute to the
comprehensive pursuit of understanding and identifying the
elusive relic neutrinos, augmenting our insights into the early
Universe’s dynamics.

The significance of the weak interaction characteristics
of neutrinos is evident in the majority of these techniques,
underscoring the essential role that the density of active
relic neutrinos can play as a critical parameter. This density
stands as a determining factor, impacting the effectiveness
and practicality of a range of detection methods aimed at
elucidating the mysteries surrounding relic neutrinos and
their fundamental implications for the early history of the
Universe.

Relic neutrinos transitioned from being ultrarelativistic
to nonrelativistic during the early stages of cosmic evolu-
tion. The time of this transition depends on the expansion
rate of the Universe and the temperature of the background
plasma. This transition occurred when the temperature of
the Universe dropped to a point where the neutrinos’
thermal energies became comparable to their rest masses.
These transition temperatures are, thus, characteristic to the
considered neutrino masses. The chiral oscillations set in at
these temperatures result in the conversion of the non-
relativistic active neutrinos into opposite helicity states.

There can be a twist in the story with neutrinos possessing a
finite magnetic moment (y,) owing to their nonzero masses
[20]. In the context of the minimal extended standard model
(MESM), where the right-handed neutrinos in three gener-
ations constitute the sole additional gauge-singlet fields, the
diagonal elements (@ = f#) of the magnetic moment operator

127 are approximately of the order 1071945 [21,22]. However,
there are several experiments which put an upper bound on the
values of neutrino magnetic moments, such as the TEXONO
[23], the GEMMA reactor neutrino experiment [24], and the
BOREXINO experiment [25] which uses the solar neutrinos
as a source. The bounds obtained from these experiments are
of the order of 107! 4up. The latest upper limit is ~107"2u,
which is provided by the XENON experiment [26]. All of the
above-mentioned experimental limits are, however, much
greater than the SM predicted value. The value of neutrino
magnetic moments can be enhanced up to the current
experimental upper limit in various beyond SM scenarios.

A finite value of neutrino magnetic moments can lead to the
phenomenon of spin-flavor oscillation (SFO) in the adjacency
of an external magnetic field, rendering sterile neutrinos
(various ramifications of neutrino magnetic moments, includ-
ing SFO, can be found in a number of recent works; see, e.g.,
[27-42]). Therefore, a legitimate question to ask is whether
half of the active neutrinos were converted to sterile neutrinos
under the effect of the underlying magnetic field via SFO,
even before the appearance of the chiral oscillations due to the
expansion of the Universe. This is the primary focus of this
work. Two types of magnetic fields can account for such
effects: the primordial magnetic field (PMF) and the inter-
galactic magnetic field. However, for neutrino mass above
1073 eV, the relic neutrinos are expected to become non-
relativistic even before the formation of the galaxies. Thus,
intergalactic magnetic fields become irrelevant in this context,
and hence, the quest shifts to the contribution of PMFE.

Following their decoupling, neutrinos persisted within
the possible magnetic field environment of the early
Universe, a phenomenon that has received significant
attention in the literature [43—-61]. This magnetic field
context has recently been subject to analysis leveraging
observations from North American Nanohertz Observatory
for Gravitational Waves (NANOGrav) [62-67]. In this
work, we consider the intriguing proposition of the trans-
formation of active neutrinos to sterile ones propelled by
the dynamics of SFO in the presence of pervasive PMF
prevalent during the nascent epochs of the Universe.
Considering Dirac neutrinos, we study the possibility of
depletion of active neutrino population by half, via suffi-
cient SFO and point out the requisite parameter space of y,
and PMF at the time of neutrino decoupling, subject to the
bound on the same derived from primordial nucleosynthe-
sis. If such a process under SFO reduces the population of
active neutrinos at early epochs, that can have several
implications. For example, in [68], the weak interactions of
such right-handed neutrinos with dark matter were studied.
It was pointed out that such interaction is possible in late
times since the right-handed population of neutrinos was
presumed to be present only when they were in a non-
relativistic state. However, if right-handed neutrinos pop-
ulate significantly, then they may take part in such
interactions at earlier times as well.

The plan of this study is outlined as follows. Section II
provides an elaborate exposition of SFO, encompassing the
requisite conditions and the methodology employed for
averaging out. Section III discusses the origin and bounds
on PMF. Subsequently, the outcomes of our investigations
are presented in the ensuing section. The concluding
observations are summarized in Sec. V.

II. NEUTRINO SPIN-FLAVOR OSCILLATIONS

In the present-day Universe, the relic neutrinos are
considered nonrelativistic based on observations of the
CuB temperature. However, during the early stages of the
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Universe, when the background temperature was extremely
high, these neutrinos were in an ultrarelativistic state. Since
the study focuses on understanding the behavior of relic
neutrinos even before they became nonrelativistic, the
study employs the methodology commonly used for
analyzing ultrarelativistic neutrinos. This approach allows
us to delve into the characteristics and dynamics of relic
neutrinos during the early stages of the Universe when they
remained in an ultrarelativistic state due to the prevailing
high temperatures.

In our analysis, we assume the neutrinos to be Dirac in
nature. The trajectory of the neutrino mass eigenstate v}
evolves according to the Dirac equation in the presence of a
magnetic field [69],

- wEB)v;(p) =0, (1)

+1) being the eigenvalues of the spin operator

(y.p" —m;

where s(=
:S’,- and p; stands for the diagonal magnetic moment of
neutrinos. Here, we work under the assumption that the
Dirac neutrinos do not possess any transition magnetic
moments [69,70]. This can be a valid approximation, for
example, in the MESM, where the magnetic moments of
neutrinos are given by [20]

).

Here, i and j are mass indices, U stands for the PMNS
mixing matrix, Gy is the Fermi constant, / is the lepton
flavor index, and my, is the mass of the W gauge boson. It is
clear that the off diagonal transition moments are highly
suppressed with respect to the diagonal ones due to the
presence of the ratio m; 2/m3, in Eq. (2).

The spin operator S;, commutes with the Hamiltonian

. 3Ge
Hij = 16V 272
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l et
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(H,) in the presence of magnetic field. 4, and S, are given by

H; = yorp + wivo=B + myyg (3)
and
N m; i
S =———t  _|ZB——yys[ExpB|, (4
g S -~ vorsExplB|. (4)

respectively. Neutrinos are assumed to propagate along the
positive z-axis, thus the momentum of neutrino is p = p,
and the magnetic field is given by B = (B,0, B|). The
energy of neutrino is given as [69],

E} \/m + p? + 2B + 2u;s\/m?B> +p*B%.  (5)

For ultrarelativistic neutrinos p > m; and p > u,B.
With these approximations,

B p o M HB

' 2p  2p

iSB . (6)

The probability of SFO is given as

Pog (x) = |( (0)va(x)) [ (7)
This expression essentially quantifies the likelihood of
a transformation from the initial flavor, denoted as «, with a
specific handedness 4, to the eventual flavor f, also with a
specific handedness, denoted as /' (i’s denote left or right
handedness). Expanding the probability expression (7),
using the neutrino mass eigenstates (v}) allows us to
represent the oscillation probability as a sum over all
possible mass eigenstates:

, L (EI—E}
PZZ (x)zéaﬁéhh’_4 Z Re AZZLJss )Sll’l2< l D) ! )x
{i.j.s.s'}

+2 ) Im([Ag], g)sin (B -E)x. (8)

{i.j,s.s'}

where [AP], . 0= Us,U Uy Uz (CRE )(cj?;h)* and C'h =

(UI'|PS|t), through which we can get the amplitude of
transition from % to '

<I/ Zch’h ~iEjt (9)

By substituting this inner product into Eq. (7), we obtain
the expression for the probability (8). The projection
operator is defined as Pi* = 1231 Additionally, the sum-
mation degeneration is

Seyey.

{i.j,s.s"} i>jis,s s>si=j

By examining the expression (8), we observe that the phase
of SFO is determined by the energy difference, denoted as
(Ef — E}') This energy difference can be derived from the
previously defined expression (6), and when assuming that
all neutrino states possess an equal magnetic moment, the
phase ¢ can be represented as follows:

Am?

b= |5 (s =B |x. (1)

The phase mentioned in the above equation can be
divided into two distinct components. The initial term
within Eq. (11) represents the phase contribution attributed
to vacuum oscillations. This vacuum oscillation phase,
denoted as ¢,, is given by
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¢1) = —ljx- (12)

Here, Am%j is the squared mass difference between the
neutrino mass eigenstates v; and v;. On the other hand, the
second component of the phase arises due to the presence
of an external magnetic field. This magnetic field-induced

phase, denoted as ¢p, is expressed as:

bg = my(s = s")BLx. (13)

Therefore, the total phase contributing to the SFO effect can
be seen as a combination of these two distinct contribu-
tions, the vacuum oscillation phase and the magnetic field-
induced phase.

Consequently, the frequency associated with this SFO
induced by the magnetic field is given by

w5 = (s — 5B, (14)

We observe that in order to achieve an effective averaging
process, a significant number of oscillation cycles, denoted
as V, is required. For a sufficiently large number of SFO,
typically on the order of at least 100, the oscillation
probability becomes averaged and adopts the following
form:

PZ;}/ = 5aﬁ5hh/ -2 Z Re({Azg/]i,j,s,s’)‘ (15)
{ijs.s'}y

Therefore, the probability associated with the survival of
active left-handed neutrinos can be expressed as

P(S/I; - 5U’ﬁ -2 Z Re([Are/%]i,j.s,s’)‘ (16)
{ij.ss'}

Expanding the expressions for A’s using the definition given
in Eq. (10), we arrive at PL§ = 1/2[28]. Consequently, this
implies that half of the left-handed neutrinos survive the
process, while the remaining half undergoes conversion to
right-handed neutrinos.

III. PRIMORDIAL MAGNETIC FIELD:
ORIGIN AND BOUNDS

Magnetic fields exhibit a pervasive presence across a
wide spectrum of scales that have been investigated,
ranging from planets and stars to interstellar and even
intergalactic spaces. Irrespective of age or type, all galaxies
seem to possess a static magnetic field with a strength of a
few pG or less. Magnetic fields of similar strengths are
observed within galaxy clusters. Intriguingly, even the
intergalactic medium within voids is suspected to contain
a faint magnetic field, around ~107' G in strength,
extending coherently over Mpc scales. The existence of

such a magnetic field filling the volume of void regions
presents a challenge for explanation based on purely
astrophysical processes and hints at the potential favor-
ability of a primordial origin. Such a relic magnetic field
can serve as a seed field for amplification through dynamo
processes within collapsed objects and may account for the
observed intergalactic magnetic fields. In this section, we
will provide a concise overview of the origin of PMF, along
with a discussion of the existing observational constraints
on their strengths.

Atfirst, the origin of the PMF was attributed to primordial
vorticity, as postulated by Harrison [43]. The Harrison
mechanism posits that during the expansion of the Universe,
electrons and ions undergo different rates of angular velocity
reduction. This disparity results in an electromotive force,
which, in turn, produces electric currents. As a consequence,
these electric currents give rise to the formation of a
magnetic field. Over time, various alternative origins of
vorticity leading to the generation of magnetic fields have
been proposed. These vortices are linked to significant phase
transitions that occurred during the early Universe, such as
the quantum chromodynamics (QCD) phase transition,
which occurred when the Universe’s temperature had cooled
to approximately 7'~ 200 MeV, and the electroweak (EW)
phase transition, which took place at a higher temperature of
around 7' ~ 100 GeV.

During these phase transitions (PT), the Universe expe-
rienced substantial alterations in its fundamental character-
istics, including the symmetry breaking of fundamental
forces. These transitions were accompanied by the release
of vast amounts of energy, resulting in the creation of
topological defects that produced vorticity within the
primordial plasma. This vorticity, in turn, gave rise to
the generation of magnetic fields through diverse mecha-
nisms, including the Biermann battery effect.

In the SM, both the quantum chromodynamics phase
transition (QCDPT) and the electroweak phase transition
(EWPT) are not first-order phase transitions; instead, they
are described as analytic crossovers, as elaborated in [49].
In the context of supersymmetric (SUSY) extensions of the
SM, such as the minimal supersymmetric SM, there are
parameter regimes where the EWPT can exhibit character-
istics of a first-order phase transition. Additionally, if the
lepton chemical potential in neutrinos falls within the
cosmologically permissible range, the QCDPT’s nature
could transition from a crossover to a first-order phase
transition.

In the case of first-order phase transitions, bubbles of the
new phase nucleate within the old phase, giving rise to
initial seed magnetic fields. As these bubbles expand and
collide, the magnetic fields can undergo further amplifi-
cation through a process known as the dynamo mechanism
[44]. This mechanism can lead to the growth of the field
strength from their initial seed values. The dynamo mecha-
nism provides a plausible explanation for the generation of
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magnetic fields during both the EW [45,47] and
QCD [46,48] phase transitions. The origin of PMF can
also be linked to the inflationary epoch in the early
Universe, as proposed in [50] where the initial strength
of (B ~10* G) has been shown. During this period, the
breaking of the conformal invariance in the electromagnetic
action leads to the generation of such a substantial magnetic
field.

The strength of the PMF diminishes as the Universe
expands, a phenomenon characterized by the time-varying
expansion parameter a () [49,51-53]. The evolution of the
PMF can vary from linear to nonlinear, and it can exhibit
Gaussian random behavior. Notably, the vacuum fluctua-
tions of the electromagnetic field during the inflationary
period are amplified, giving rise to Gaussian random
stochastic fluctuations in the magnetic field. However,
for sub-Hubble scale fields generated during the EWPT
and QCDPT, there may be some non-Gaussianity [49,55].
These characteristics bear significant implications for our
comprehension of the early Universe and the processes that
shaped its magnetic fields.

The definitive identification of evidence supporting a
PMF would stand as a momentous discovery, introducing
an entirely novel observational lens through which we can
peer into the intricate processes that unfolded during the
nascent stages of the Universe. Significantly, a multitude of
recent observational initiatives has bestowed us with robust
limitations on the potential strength of the PMF. These
include bounds coming from cosmic microwave back-
ground (CMB) anisotropy, CMB B-mode polarization,
high energy astrophysical sources as well as nanohertz
gravitational measurements.

The PMF can influence the polarization of CMB photons
through Faraday rotation, leading to observable distortions
in CMB maps. Analyzing these distortions provides con-
straints on PMF strength and correlation length. The Planck
2015 data [56] offers the most comprehensive analysis,
limiting PMF strength to a few nG at present, depending on
the considered model. Specifically, for nearly scale-invari-
ant PMFs, the upper limit is B < 2.1 nG on Mpc scales
with a 95% confidence level. The POLARization of the
background radiation (POLARBEAR) experiment has
contributed to constraining PMFs [57]. By comparing
predicted B-mode polarization (specifically from vector
modes) with observed data at high multipoles, the experi-
ment sets a limit of By < 3.9 nG at a 95% C.L.

Hess and Fermi observations of TeV blazars [58] have
revealed the presence of intergalactic magnetic fields span-
ning the space between galaxies. The emission of TeV
gamma-rays by blazars initiates a process where these
photons interact with background starlight, generating
electron-positron pairs. These pairs then undergo Compton
scattering on CMB photons, converting them into GeV
gamma-rays. The expected detection of GeV photons
from blazars remains elusive. The most straightforward

interpretation suggests that electron-positron pairs are
deflected by magnetic fields, deviating from their antici-
pated light cone trajectory. This scenario imposes a lower
limit on the magnetic field strength, with an estimated value
of B> 3 x 10~!° G, considering a coherence scale approx-
imately on the order of kiloparsecs [59,60]. Pulsar timing
arrays (PTAs) like NANOGrav have played a significant role
in tightly constraining the strength of the PMF. For instance,
a recent study [63] demonstrated that the presence of a
magnetic field can indeed lead to the production of such
gravitational waves. The estimated present magnitude
of the PMF strength falls within the range of approximately
(0.01-0.1) nG [63].

IV. RESULTS AND DISCUSSIONS

It should be emphasized that even after neutrino decou-
pling, these particles retained their relativistic nature due to
the exceedingly high background temperature prevailing
during that period. However, as the Universe expands, this
background temperature decreases with the scale factor, as
described by the equation:

(1) = —% (17)

where Ty stands for the temperature of the CvB at present,
T(t) and a(t) are the temperature and scale factor at any
given time ¢, respectively. The present CvB temperature,
which can be indirectly derived from the temperature of the
CMB, is approximately 1.95 K. Notably, this temperature
range aligns with the feasible mass spectrum of neutrino
eigenstates, thus rendering neutrinos in their current non-
relativistic state. The transition from relativistic to non-
relativistic states for neutrino eigenstates occurs at distinct
temperatures depending upon their masses.

The observation of neutrino oscillations implies the
existence of neutrino mass, although one can only determine
the differences in squared masses of neutrinos denoted as
Am3, and Am3,. Current global fits impose constraints on
the neutrino mass-squared splittings, yielding values
Am3, =742 x 1075 eV? and |Am3,| = 2.51 x 1073 eV?,
with the sign of the latter still under exploration [1].
Additionally, cosmological observations contribute by
placing limits on the sum of neutrino mass eigenstates.
An upper bound of ), m; < 0.26 eV was established
in [71], in alignment with neutrino oscillation experiments,
leading to an upper limit for the lightest neutrino mass
species, m, < 0.086 eV. These combined constraints indi-
cate that at least two of the mass eigenstates must have mass
m, ~O(meV) [1], while the heaviest eigenstate’s mass
is expected to be approximately within the range of
m, ~ 0.1 eV. In this work, we consider neutrino masses
within the range (0.001-0.1) eV.

For m, = 0.1 eV, the transition from relativisic to
nonrelativistic state should occur around 7"~ 770 K when
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its energy becomes comparable to its mass. Similarly, for
the lightest conceivable neutrino mass, this transition is
expected to occur at T ~ 7.7 K, which approximately
corresponds to the time of galaxy formation, roughly
~10° years after the Universe’s inception. Thus, up until
this point, all neutrino mass eigenstates would have
transitioned to a nonrelativistic state.

It is imperative to note that the influence of intergalactic
magnetic fields does not bear relevance within the scope of
this study, which centers on the relativistic relic neutrinos.
This era, identified as the “dark era,” predates the formation
of the Universe’s first galaxies. Consequently, the study
exclusively investigates the impact of PMF on neutrinos
following their decoupling from the rest of the matter,
specifically through the phenomenon of SFO. As briefly
introduced in Sec. III, the early Universe could have
potentially harbored a substantial magnetic field, a phe-
nomenon that might have been initiated through various
mechanisms. In this scenario, relic neutrinos existing
within the influence of such a PMF would be subjected
to SFO, provided the magnetic moment y, is of sufficient
magnitude. The cumulative effect of numerous oscillations
enables the probability of oscillations to average out,
resulting in a value of 1/2. This intriguingly leads to the
conversion of half of the active neutrinos into sterile
neutrinos, as elaborated in [28]. To enact this conversion,
we stipulate a minimum requirement of 100 cycles of SFO.

The number of oscillations completed at any given time
after neutrino decoupling can be computed as

where T (') is the time period of SFO, which takes the form
T = 7/2u,B and is itself time dependent due to the varying
magnetic field over time. As discussed in Sec. III, the PMF
experiences redshift over time due to the expansion of the
Universe. The evolution of the PMF can be modeled by a
simple scaling like [49,51-53],

(19)

where a(t) is the scale factor.

However, considering the effect of physical spatial scale
as the comoving length of the magnetic field domain, the
root mean squared strength of the PMF at any later moment
after neutrino decoupling is given by the following power
law scaling:

oo (L) () .o

where L(t) denotes the comoving coherence length corre-
sponding the magnetic field B(#) and 7, is the time

corresponding to neutrino decoupling ~1 MeV. Again,
this coherence length scales as L(f) « a(r) implying the
variation of magnetic field over time as

B(,L) = (‘Zf(t;‘)))Zﬂ’B(rd). 21)

We can see here that we have a power index p in the
length scaling factor of Eq. (20), which is an unknown
parameter that can take three values: 0.5, 1, 1.5 subject to
the statistical properties of the Gaussian random magnetic
field. For example, if the magnetic field vector is perform-
ing a random walk in 3D volume, where the number of
steps can be given by L(#)/L(t,), the scaling of the field
will be ~(L(r)/L(t;))™ [44]. Hence, in this case, the index
p in Eq. (20) will be 1.5. Similarly, an argument based on
the statistical independence of the conserved flux gives the
scaling of the field as ~(L(¢)/L(t;))~" [72] (correspond-
ingly p = 1) and that of the field in neighboring cells
predicts the scaling as ~(L(z)/L(t4))™% [73] (correspond-
ingly p = 0.5).

Utilizing Eq. (18), the number of oscillations can be
expressed as:

124, B(14)a* P (1)
N = / v dr'. 22
( ) & zra'z'”’(t’) ( )
Here, 7' is related to the scale factor as df = a,ﬁ,—“(;,), and

the Hubble parameter H can be written in terms of its
present value as:

HZ(I/) = H%a"‘*(QR’O +QM,0a/ -+ gzK’()a/2 +QA’061/4). (23)

Here, Qro, Q0. Qko, and €, signify the density
parameters corresponding to radiation, matter, curvature,
and dark energy, respectively and H|, is the value of Hubble
parameter at the present time. Observations suggest
that the Universe is flat, leading to the exclusion of Qg
from the term quadratic in a’. The present-day value of
Hubble parameter is H, = 67.3 kms~' Mpc~! and the
values of the remaining three density parameters are:
Qro =924 x107, Qo =0315 and Q,,=0.685
[74]. Using this relation, Eq. (22) can be written as

_ 2u,B(1g)a” P (1)
N ﬂ'HO

a(t) da
x / 2 . (29)
a(tg) Cl/p+] \/QR,O + QM,Oa/ + gZ/\.OLl/4

N(2)

It is noteworthy that, in addition to the diminishing strength
of the PMF, the number of oscillations is also influenced by
the correlation between dt’ and the scale factor. The value of
N experiences rapid growth immediately after neutrino
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decoupling, but the rate of this augmentation diminishes as
the Universe expands. Consequently, for a “rapid” execution
of a substantial number of oscillations, the PMF strength at
the time of neutrino decoupling, B(7,), must be sufficiently
high for a given u,. If the initial field strength is relatively
low, then the completion of 100 oscillations is significantly
delayed due to the Universe’s expansion. The interpretation
of the term “quick” hinges on the specific context. In the
scope of this study, our interest extends up to 10° years, as
the lightest neutrino mass eigenstates maintain their rela-
tivistic nature during this period.

In Fig. 1, we have indicated the transition times at which
the relic neutrinos shift from being relativistic to non-
relativistic, corresponding to different mass bounds for
neutrinos as horizontal dashed lines on the time axis.
This allows us to deduce whether the transition time
matches or surpasses the time required for the neutrino
flux to average out (i.e., the completion of 100 SFO cycles).
If the averaging out time is shorter than the transition time,
it implies that the total density flux of relic neutrinos is
halved even before they become nonrelativistic.

During the primordial nucleosynthesis, apart from add-
ing on to the magnetic energy density as a uniform
perturbation, the PMF also perturbs the ete™ density of
states, thus boosting the energy density and pressure due to
pairs and also altering the n <> p conversion rates. For the
concerned ranges of PMF, its effect on the magnetic energy
density acts as the dominating perturbation. So by this
assumption of the dominant perturbation, an upper bound

109 4+
106 .
103 .

100 .

t (years)

10—3 .

10—6 i

107° T T

on the strength of the PMF at the very beginning of the
BBN epoch or at the time of neutrino decoupling
(T ~1 MeV) is obtained to be B(t;) <10 G [78-81].
This bound is independent of whether or not neutrinos
possess magnetic moment. Throughout our analysis, we do
not evade this upper bound on the PMF strength.

If neutrinos have a magnetic moment, then the amount of
spin oscillations of neutrinos in the early Universe in the
presence of PMF can be constrained by the BBN mea-
surements. Strictly speaking, this imposes bounds on the
product of neutrino magnetic moment and the strength of
PMF. Several analyses in the literature explores the
possibility of the spin-flipping processes in the presence
of PMF in the earlier epochs before BBN [75,76,82-85].
The interactions before BBN cannot be arbitrarily frequent
but rather are constrained, thanks to observational estima-
tion of the Hubble parameter H. This quantity is intrinsi-
cally related to the number of generations of neutrinos
(Neg)- Albeit there is a discrepancy between the early and
late time determinations of H (commonly known as
Hubble’s tension), it only allows a very small deviation
of N from its standard value 3. Any interaction resulting
in a larger deviation than this can, then, be constrained. The
spin-flip of neutrinos under PMF in the early Universe is
one such process. The neutrinos of flipped helicities, i.e.,
the right-handed neutrinos, add up to the total number of
degrees of freedom, thereby increasing the rate of expan-
sion of the Universe. The thermal equilibrium of the
interaction of neutrinos with the protons and neutrons

p=1.5
= = m, =0.01leV
= = m, =0.001leV

0.0 0.2 0.4

0.6 0.8 1.0

Hy B(ta)(10~*uupG)

FIG. 1.

The distinct regions for successfully averaging out the active neutrino flux via SFO for a range of the product y, B(#,) in units

of upG is depicted by the different shaded regions corresponding to the different p values, where up is Bohr magneton. The Elmfors-
Grasso-Raffelt (EGR) and EOS correspond to the upper limits on the product y,B(z,) derived in [75] and [76,77], respectively. The
horizontal dashed lines correspond to the different times at which different mass species of neutrinos turn nonrelativistic. The horizontal
black dash-dotted lines depict the timeline for the relevant cosmological events.
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before the onset of the BBN era fixes the ratio of light
element abundances. Hence a depletion in the active
neutrino population may draw serious consequences to
the outcomes of primordial nucleosynthesis. In what
follows, we discuss the bounds obtained on PMF and
magnetic moment of the neutrinos.

The wholesome explanation was introduced by Fukugita
et al. [83] that the BBN is affected by the neutrino spin-
oscillations only if such oscillations take place at a temper-
ature that is in between the QCDPT (~200 MeV) and the
neutrino decoupling (~1 MeV) and some essential con-
ditions on the spin-oscillation frequency (2u,B) are met.
Firstly, the rate of the conversion from left to right-handed
neutrinos has to exceed the expansion rate of the Universe
(i.e.,T';_g = H(t)) to bring the right-handed neutrinos into
thermal equilibrium. Again, it also has to be larger than the
neutrino scattering rate with the primordial plasma par-
ticles. Furthermore, the oscillation frequency has to be
greater than the neutrino energy difference accounted for
the distinct LH and RH neutrino refractive indices
(n;, — ng # 0). The following limit on the product u,B at
present time is derived under these assumptions in [83]:

#,B(To) S107% ppG. (25)

A refined treatment from Elmfors ez al. [75] inculcated the
effect of PMF on the refractive properties of neutrinos by
studying the average evolution of the global spin-polari-
zation vector of the entire ensemble of momentum modes
and estimated the average rate of depolarization Iy, of the
active LH (anti)neutrino population and compared it with
the Hubble expansion parameter to put a bound on the
product of u, and B(t;) by imposing the condition
[gep 2 H for which the RH population reaches thermal
equilibrium at a temperature 7.

At the time of neutrino decoupling (i.e., at
T =T,,(~1 MeV)) the upper limit on the 4, B is obtained
to be:

uB(T,) S 1.2% 107 pgG. (26)

This bound can be translated to the present and can be
written as [52]:

#,B(To) $7x 1072 ugG, (27)

which only slightly differs from Eq. (25). In the rest of the
analysis we refer to this limit as EGR.

In the case where right-handed neutrinos decouple
before QCDPT, the bulk of entropy released at the phase
transition can suppress the relative abundances of sterile
RH neutrino population to the acceptable levels, where
their presence would not significantly affect the outcomes
of BBN. Thus, substantial restrictions can be imposed on
the product of the neutrino magnetic moment and magnetic

field strength from the measurements at BBN, which
requires the thermal production of RH neutrinos to stop
by the QCDPT as explained by Enqvist et al. [84] where a
collision-less treatment of LH neutrinos was considered
and in the chiral conversion rate, the potential V was shown
to account for the thermal background at T < My, where
My stands for the mass of the W-boson. They obtained the
following bound on the product at the QCD epoch con-
sidering a homogeneous and constant magnetic field:

u,B(Ty) <6.5x 1073* 13G. (28)

Further, Enqvist et al. [76] considered the elastic v — e
collisions in their calculation and provided the bound at the
Tocp for the case of large-scale random magnetic field
and the same is translated to the present time (7;) and given
by [77]:

1
_ =0 2G,
10 Mpc>

where L, represents the magnetic field domain size at
present. We refer to this limit as EOS hereon.

With sufficient strength of PMF and neutrino magnetic
moment values, half of the active neutrino population may
transform into sterile neutrinos during the early stages of the
Universe, even preceding the chiral oscillations that naturally
transpire for nonrelativistic neutrinos. In Fig. 1, the required
values of the product p, B at the time of decoupling for such
criteria to be satisfied are shown for different values of p.
Since this parameter (p) controls the evolution of the PMF
alongside the simple scaling due to the expansion of the
Universe, the parameter space depends heavily on p, which
is apparent from the shift in the different colored shades
characteristic to different values of p in Fig. 1. As the value
of p increases, the dependence of the completion time of 100
oscillations on the value of PMF at the time of decoupling
becomes stronger. This can be inferred from the figure that
the parameter space becomes steeper as p increases. This is
due to the fact that higher p values lead to faster decay of
PMEF, and given such a situation, only a huge PMF at the
time of decoupling can provide the scope for a sufficiently
large number of oscillations. For completeness, we also
provide the parameter space for p = 0, which corresponds
to the ratification of the PMF strength only due to the
expansion of the Universe. Neutrinos possessing magnetic
moment propagating through the underlying PMF rendering
compulsatory p,B(t;) values result in the reduction of
active neutrino population by 50%. As can be seen from
the horizontal dashed lines for different neutrino masses, the
process of averaging out can transpire even before the
neutrinos transit into nonrelativistic states.

The vertical lines show upper limits on u,B(z;) from
different analyses under different theoretical assumptions.
As the EGR limit on the product yu, B(f,;) was obtained at

u,B(Ty) <3 % 10-%( (29)
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the time of decoupling of neutrinos as given in Eq. (26), it
has been put in directly. Conversely, other such bounds
were obtained at the time of Tcp, which were further
translated to the present-day upper limit. In such cases, we
have translated back the limits to the time of decoupling,
following the same evolution taken to render the present-
day upper limits in the corresponding analysis. The EOS
limit then translates to y,B <3 x 107> uzG at the time of
decoupling. The EGR upper limit is shown by a bright
yellow vertical line, where the shaded region denotes the
allowed range of the product y,B. The EOS upper limit
given in Eq. (29) is illustrated as an orange vertical line,
while the shaded region on the left to this line stands for the
allowed range of yu, B at the time of decoupling.

As evident from Fig. 1, the required strength of the
product p,B(t,) for the depletion of left-handed neutrino
population by half via SFO is forbidden by the EGR limits.
However, some region of the required values of u,B(7,)
overlap with the allowed values as obtained by the EOS
limit. For p = 0, a larger region is allowed as compared to
that of higher p values, which is expected, as explained
above. For p =0 and p = 0.5, some part of the required
region of the product shown by different shades is allowed
by the EOS limit, whereas the EGR limit forbids the entire
shaded region. On the other hand, for p =1 and p = 1.5,
the required values of the product to complete large
enough cycles of SFO to turn half of the active neutrino
population right handed, is forbidden by both the EGR and
EOS limits.

The required values of the product can be generated by a
range of values of y, and B(z,). The parameter space of p,
and B(t,;) rendering required values for the overlapping
region in Fig. 1 which allow for the averaging-out of the
neutrino flux is shown in Fig. 2. For p =0, the green
points denote the parameter space corresponding to the mass
m, = 0.001 eV and yellow ones represent the same for
m, = 0.01 eV. Since p,B gets steeper with increasing
values of p, the parameter space for m, = 0.001 and
m, = 0.01 is identical for p = 0.5, which is shown in the
blue region. Thus, the averaging out may be possible even
for much lower values of neutrino magnetic moment as
compared to the current experimental upper limit, as per the
EOS bound. For p = 0, a y,, as small as a few times 10184,
would fulfill the condition for averaging out provided a
sufficiently large magnetic field (B(t;) ~ 103 G) was
present at the time of decoupling. On the other hand for
p = 0.5, the required values of neutrino magnetic moment
increases by one order of magnitude (u, ~ few x 107 pp),
for the same requisite magnetic field.

As suggested by various PMF generation models men-
tioned in Sec. III, such huge magnetic fields can indeed be
present at the time of neutrino decoupling, which may
result in a reduction of the active neutrino population
by half even before they become nonrelativistic. Among
those models, in [50], where the generation is assumed
during the inflationary epoch, a magnetic field strength of
B(t;) ~10'2 G can be present at the time of decoupling.
Also, in the post-inflationary epoch at the time of EW phase

1013 5
1012 —
1011 _;

1010 —

B(tq) (G)

109é

8 ]
10 1 &« p=0,m,=0.001ev

p=0,m, =0.01leV

107 4 m p=0.5,m,=0.0leV & 0.001eV

10°

10—19

T o i 1o0s a0 1o 1o
Hy (/JB)

FIG. 2. The parameter space of y, and B(#,) corresponding to the overlapping regions of allowed and required values of u,B(t,) in
Fig. 1. The different colors stand for different neutrino masses and p values. The red and black horizontal dashed lines depict B(z,)
corresponding to the current upper and lower limit of the PMF strength at the present epoch, respectively.
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transition, the initial PMF strength mentioned in [47] leads
to B(t;) ~10'° G.

Further we can also see from Fig. 2 that for the current
lower limit on the strength of the PMF at the present-day
(By ~ 1071 G), this reduction of active neutrino flux is
possible only for p = 0.5, in the allowed parameter space,
where the corresponding required range on the neutrino
magnetic moment is around a few times 10~ 5. However,
for the PMF evolution following the simplistic variation
with 72, i.e., the p = 0 case, the reduction is feasible only if
the present strength of the PMF is >107!3 G, where the
corresponding requisite y, values are nearly of the order of
the present upper limit of y,. For the discussed observa-
tional bounds in Sec. III which are in the nG range (at the
present epoch), the required , values for the successful
flux reduction as apparent from Fig. 2 is ~107'%uy for
p = 0. However for the p = 0.5 case, the PMF strength at
the time of decoupling turns out to be extremely large
which exceeds the permitted strength provided by the BBN
constraints.

Throughout our analysis, we have considered only
diagonal magnetic moments for Dirac neutrinos. In the
case of Majorana neutrinos, the magnetic moment matrix
has only off-diagonal elements contributing to its total
magnetic dipole moment owing to its antisymmetric nature.
In the case of two-flavor Dirac and Majorana neutrino SFO
in the interstellar medium, the effect of transition magnetic
moments was indeed taken into account in [86] for ultra-
high energy cosmic neutrinos. Albeit, for the three-flavor
mixing case, it can be anticipated that a strong PMF can
lead to these neutrino-antineutrino oscillations even for
Majorana neutrinos in the early Universe, which would,
however, require a more comprehensive analysis for
neutrinos with nondiagonal magnetic moments [70], which
can be studied in a future work.

V. CONCLUSIONS

Relic neutrinos carry information about the very early
stages of the Universe, even before the decoupling of
the photons. The fact that these relic neutrinos are non-
relativistic, they undergo chiral oscillations, making half of

them right handed. If neutrinos possess magnetic moment,
then such reduction of active neutrinos by half can occur
through SFO under the influence of primordial cosmic
magnetic field even before they become nonrelativistic
and also before the timeline of the formation of galaxies.
This may have several implications such as impacting
processes involving interaction of right-handed neutrinos
in the early Universe. We study such possibility of equi-
partition of handedness of neutrino population respecting
the existing bounds on the neutrino magnetic moment as
well as on the primordial magnetic field and also on their
product at the time of decoupling coming from the BBN.
The bounds on the product are calculated under various
assumptions related to the dynamics of neutrino spin-
flipping in the ambient environment before decoupling.
We find that with a sufficiently large magnetic field at the
time of neutrino decoupling, the reduction of active neutrino
population by half is possible even for a neutrino magnetic
moment greater than a few orders of magnitude above the
SM value. This is possible for bounds on u, B(t,) as obtained
in [76,77] which we refer to as the EOS limit. Considering
various evolutions of the PMF, we also obtain the
(u, — B(t4)) parameter space for which the condition of
averaging-out is satisfied. Within this allowed parameter
space, the flux reduction is feasible even for the lower limit
of the PMF at the present epoch, which is ~1071 G.
Therefore, the confirmation of such a reduction in relic
neutrino flux before their transition to nonrelativistic states
would not only provide evidence for the existence of
neutrino magnetic moment but would also confirm the
presence of PMF with sufficiently large strength in the
nascent epochs of the Universe.
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