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In this paper, we explore the evolution of baryon asymmetry as well as the hypermagnetic field in the
early universe with an assumption that the flavon of the Froggatt-Nielsen carries an asymmetry. Through
the decay of the flavon to Standard Model fermions, this asymmetry is transferred to fermions, where the
right-handed electron keeps its asymmetry while its Yukawa interaction is out of thermal equilibrium.
Through the existence of the flavon, we can ensure that the freezing-in temperature of the right-handed
electron is closer to the electroweak phase transition than the Standard cosmology scenario. With this trick,
the asymmetry in the right-handed electron is saved for a longer time. Moreover, the injection of the
asymmetry to the right-handed electron is gradual, which helps the preservation of the asymmetry in the
right-handed sector significantly. Due to the intimate relationship between fermion number violation and
the helicity of the hypermagnetic field, some of the asymmetry is used to amplify the hypermagnetic field
which itself helps to preserve the remnant asymmetry through keeping the Yukawa processes out of thermal
equilibrium. We find the sweet region of the parameter space that can produce the right asymmetry in the
baryons while generating a large hypermagnetic field by the time of the electroweak phase transition.
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I. INTRODUCTION

One of the most intriguing questions of particle physics
is the observation of matter-antimatter asymmetry. The
observed asymmetry of the baryons is

np

"8 778 g5 10711, (1)
A

g =

with s = 27%g, T? /45 being the entropy density. The value
of np has been obtained by two orthogonal methods, one
from the big bang nucleosynthesis measurements [1] and
another one from the Planck data [2], and they match
miraculously. If the universe had started with an equal
number of baryons as antibaryons, three necessary and
sufficient conditions known as Sakharov conditions are
needed to generate a baryonic asymmetry: (1) Baryon
number violation, (2) C and CP violation, and (3) out of
thermal equilibrium process [3]. To explain the observed
baryon asymmetry of the universe, physics beyond the
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Standard Model (SM) and new degrees of freedom are
needed (e.g., [4,5]). Furthermore, it has been shown that
baryon number violation is highly influenced by the
presence of a hypermagnetic field [6—18]. That is because
in the Standard Model (SM), baryon number violation is
proportional to Ey - By, where Ey and By are the hyper-
charge electric and magnetic fields, respectively.

Interestingly, there are some questions in the observa-
tions of widespread large scale magnetic fields in the
Universe as well. Large scale magnetic fields in causally
disconnect patches have been observed to have similar
amplitudes [19-21]. Even though part of the community
believes that the origin of these magnetic fields is some
astrophysical activities due to late post-recombination
physics, some cosmologists insist that these observations
roots in the early Universe. There exist different scenarios
which try to explain the origin and the evolution of these
cosmic magnetic fields which are referred to as magneto-
genesis scenarios [6,7,13,14,22-35]. The evolution of the
magnetic fields is not rigorously understood; however
simple conservative estimates indicate that to justify the
current magnetic fields, we need to have magnetic fields
with amplitudes about 10*° G by the electroweak phase
transition (EWPT) [7,12-14,36-38]. It is worth emphasiz-
ing that the quoted value is a rough estimate since there are
numerous nonlinear effects before and after the EWPT that
have not been considered in this estimation.
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In this paper, we are interested in scenarios where the
initial seed of the hypermagnetic field amplitude (HMFA)
is small, and through the existence of baryonic asymmetry,
we get a large value of HMFA (~10% G) by the time of
EWPT. In Ref. [9], however, the authors have shown
that in the standard cosmology (SC), this is rather impos-
sible, even if we start with a large baryonic asymmetry.
Therefore, we need to consider alternatives in the non-
standard cosmology.

To succeed in our mission, on the one hand, we need a
mechanism that generates a large baryonic asymmetry that
can be used to amplify a small seed of hypermagnetic field;
on the other hand, we need to control the effect of the
sphalerons—either by changing the Hubble rate such that
the freeze-in' of the right-handed electron occurs closer to
the EWPT and/or by injection the asymmetry into right-
handed electron slowly.

The importance of the right-handed electron is because
of the following: If we insist on having the constraint
B —L =0 and we have some initial asymmetry in the
right-handed electron, then we must have some asymmetry
in the baryonic sector as well. Right-handed electrons at
high temperatures are not in thermal equilibrium and
therefore cannot lose their asymmetry. However, once their
Yukawa interaction’s rate gets higher than the Hubble rate,
then the asymmetry in the right-handed electron can be
transferred into a left-handed electron and electron
neutrino, and then weak sphalerons can wash out the
asymmetry—eating the asymmetry preserving B — L
until it becomes zero. Before the EWPT, the rate of weak
sphalerons is proportional to 7*, but then after the EWPT,
their rate becomes increasingly more suppressed.
Therefore, the rate of change in baryon asymmetry is more
efficient before the EWPT. In the standard cosmology, the
difference between the freeze-in temperature of right-
handed electron, T ~ 10° GeV, and the temperature at
which EWPT occurs (Tgw) is large enough that the weak
sphalerons have enough time to wash out the asymmetry.
To avoid this problem, one solution is to change the
cosmological evolution.

Recently, Chen et al. [39] discussed the generation of
baryon asymmetry through the decay of the flavon. In this
paper, the flavon dominates the energy density of the
universe and causes the freeze-in of the right-handed
electron to delay. Their scenario is motivated because the
flavon of the Froggatt Nielsen (FN) is theoretically moti-
vated to justify the hierarchy of fermion masses [40—42]. The
paper [39] has an obvious merit in that it explains two
problems with a single theory. In this paper, we would like to
be even more ambitious and find the region of the parameter
space that can solve the magnetogensis as well. We find that
only a small region of the parameter space can give

"The temperature at which the right-handed electron comes
into thermal equilibrium.

satisfactory results, and that is with the assumption that
the flavon only couples to the first generation of fermions.
This way, the branching ratio of the flavon to the electron is
more significant and thus more asymmetry can be trans-
ferred into the fermionic sector. Since the masses of the
first generation are the most troublesome compared with
the electroweak scale, we insist that this assumption is
justifiable.

Our results give the most desirable outcome when the
cutoff of the theory is about 1075 GeV, and the mass of
the flavon is nearly 15 TeV. The initial comoving wave
number of the hyermagnetic field should also be about
05x 1077 x T,, where T, is when the flavon starts
dominating.

The organization of the paper is as follows: In Sec. II, we
explain the FN mechanism and the couplings of the flavon
with fermions. The nature of the FN symmetry as well as the
evolution of the flavon in the early universe are discussed in
Secs. II A and II B, respectively. Section 111 is devoted to the
evolution of the hypermagnetic field and Sec. IV discusses
the Boltzmann equation of the right-handed electron in the
presence of a flavon, sphaleron, and a nonzero small seed of
the hypermagnetic field. In Sec. V, we do a numerical study
of the coupled Boltzmann equations. First, we discuss one
benchmark in great detail, and then we scan through the
parameter space and find the desired region. The concluding
remarks are presented in Sec. VI.

II. FLAVON MODEL

The Froggatt-Nielsen (FN) mechanism is a proposal to
reproduce the mass hierarchy among the Standard Model
(SM) fermions with O(1) Yukawa couplings. The solution
it proposes is charging the fermions under a new symmetry
such that the lighter fermions have a larger charge. The
charges of the fermions causes their Yukawa interactions to
be modified. That is their Yukawa interactions at low
energies become

S nij _
Ly DV} <A°) Frofr.- (2)

where ¢ represents the Higgs, and f; z are the SM left-
handed and right-handed fermions, respectively. The indi-
ces i, j represent the fermion’s generations, and n;; is
related to the FN charges of fermions. The complex scalar
So,» known as flavon, has a charge of —1 under the FN
symmetry, and it is used to cancel the charges of the
fermions in the Yukawa interactions. In this setup, Higgs
does not have any FN charges. The cutoff scale A
represents the mass of some vectorlike fermions at UV
scales. Once S, acquires a vacuum expectation value (vev),
the FN symmetry spontaneously breaks. After the FN
spontaneous symmetry breaking (SSB), S, obtains a
dynamical part S and a constant part v Sy — S + vs.
The masses of fermions are the result of both electroweak
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SSB and FN SSB,” and are proportional to Vij () ivg, ie.,
the SM Yukawa couplings of fermions are y;;(%)".
Knowing the fermion masses and their FN charges, ¢ =
vg/A can be estimated, and in the most minimalistic
scenario, it is approximately 0.2. The purpose3 of the
FN mechanism is to make the y;; in Eq. (2) natural, O(1).

We consider a scenario where the FN SSB occurs much
earlier than the EWPT, and thus it is important to comment
on the coupling of the dynamical field S with ]_[Li f ijf’- We
use the notation where this coupling is g;;/A, with

g“_yz‘]n 6” 1' (3)

Furthermore, we focus on the case where only the first
generation is charged under the FN symmetry." This is
justified because the first-generation has the smallest
masses in the SM. Specifically, we will take the charges
of the first generation as the following [43]

On(Q1.uy.dy, Ly e) = (3,5,4,5.4), (4)

which using the definition np = np, + ng, leads to

A. The nature of the FN symmetry and the
generation of flavon asymmetry

Thus far, we have not commented on the nature of the
FN symmetry. In the following, we will discuss what kind
of symmetries are suitable. In general, the FN symmetry
can be global/local and continuous/discrete. Given that the
FN symmetry is severely anomalous, we focus on the
global case. As a result of SSB of continuous global
symmetry, a massless Goldstone boson emerges; a conse-
quence that is strongly disfavored by CMB [44-46]. To
avoid this problem, we can assume the FN symmetry is
discrete, Zy [47], where we take N = 20 to make sure the
charges of light fermions are well defined. Even though the
SSB of a discrete symmetry leads to the production of
domain walls in the early Universe, the lack of observation
of domain walls so far can be cosmologically justified (see
Refs. [48-51] for more information). After the FN SSB,
both the real and the imaginary components of S gain
different nonzero masses. However, as argued in Ref. [39],

’We assume the electroweak SSB to occur around Tew =~
160 GeV. The FN SSB is expected to be at much higher
temperatures, but its value is a free parameter that can be tuned.

Mt is important to mention that fermions, unlike Higgs, do not
suffer from untamed quantum corrections. That is the radiative
correction to their mass is always proportional to v, and thus it is
finite.

Note that we do not have any off-diagonal entry in the
couplings of the flavon with the SM fermions. In other words, the
couplings of fermions with the flavon in the interaction basis are
the same as the mass basis.

one could start with more complex fields and the flavon can
be defined as a complex linear combination of these fields
with the same mass. The sameness of the mass of these
degrees of freedom can be protected by a symmetry such as
a custodial symmetry [52,53]. Defining S as a complex
linear combination of the scalars means that S can carry
some initial asymmetry (e.g., through Affleck-Dine
mechanism [5,39]).

It should be noted that the non-renormalizable inter-
actions of the flavon, e.g.,

/

V(S) = —— SN 4

AN = AN“‘ SN+ V'(85%), (6)

with k* # «’, are responsible for the generation of flavon
asymmetry [54]. Thereby, their effect is more relevant at
high temperatures, when the suppression of 7'/ A is smaller;
but they are irrelevant at lower temperatures. Here, we
assume a positive asymmetry in the flavon is generated at
high temperatures.

B. The cosmology of the flavon

In our scenario, we need the flavon to have a large
asymmetry at high temperatures. This asymmetry should be
conserved until the flavon starts its coherent oscillation.
During this epoch, the flavon decays to fermions through
S = fr,[r ¢, and its asymmetry penetrates to the fer-
mionic sector. In the following, we will discuss each of
these steps in greater detail.

A weakly interacting scalar field goes through coherent
oscillation for a period of H < mg. That is for temper-

atures below +/Mpymg, where My = Mp/(1.66,/g.) ~
1.4 x 10" GeV is the reduced Planck mass and my is
the flavon mass. It is worth saying that lighter flavons have
larger amplitudes of oscillation and thus enjoys higher
yield [47].

In order to have a successful coherent oscillation, we
must make sure that the production of the flavon is out of
equilibrium [47]. Thereby, we require

T3> candl 97
n(ov >fL1fR1—>SH (3 )4” 32 <

<H. (7)
This condition ensures that excited states of flavons, which
would have messed up their coherency, do not get pro-
duced. Let us define the temperature at which the rate of the
flavon production equals to Hubble rate as 7'y;:

473 A?
€(3)MHZf:e,u.d|gf|2 '

In order to obtain the above equation, we have used the
effective field theory (EFT) approach, and thus the maxi-
mum temperature of the Universe (7 ,,c) must be smaller
than A. Therefore, we require 7', (A) = min[Ty,(A), Al.

Tyu(A) =

(8)
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During the coherent oscillation, the flavon redshifts like
cold matter (i.e., pg  a’). Consequently, at some temper-
ature T, the energy density of the flavon equals that of the
radiation: pg|y = prqly,. For T < T,, ps dominates the
energy density of the Universe, and thus the Hubble rate
gets modified. During this epoch, the flavon decays to ff¢
which contributes to the radiation of the universe, increas-
ing pr.q, and eventually leading to the termination of the
matter-domination. The evolution equations of pg and p 4
are as follows [39]:

ps +3Hps = —Tspg
,brad + 4Hprad = FS,DS’ (9)
with

_ Z:fze,u.d|gf|2 mg

r s
5 64m3e2 A2

(10)

being the total decay of the flavon (S — f; f H), and

87
H= |- ),
3M[2>1 (pS + pl’dd)

being the Hubble rate.
The analytical approximate solutions of Eqs. (9) for the
time interval 7, <t < I'g! are the following [55]:

2
(1) = o8t o

" 6nt?
M2 T M
pgad([) = Plg/3 5Pl ’ (11)
6t 107zt

where ¢, is the time that corresponds to 7',. To convert
between temperature and time, we use the definition of the
temperature, which is

7= (ﬁ> " (12)

pis
%g*

In order to obtain ¢, for a given T,, we simply plug
in the analytical solution, p%,(z,) into the above equation,
and solve for t,. Equations (11) are also used to get
Ps(rad) (1a) = p‘S’<ra d>(t*), which are needed as the initial
conditions for solving Egs. (9) numerically. Other than the
aforementioned tasks, we do not rely on the analytical
solutions [Egs. (11)] anymore. The numerical solution
of pg and pq as a function of temperature, assuming
T, = Tma (A = 108 GeV), are shown in Fig. 1—upper
panel. The lower panel compares the time-temperature
conversion in the SC and our scenario which includes an
intermediate matter domination (nonstandard cosmology).

1077 |
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10—22 L

1012 L
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100 1000 104 105 106 107
Temperature (GeV)

FIG. 1. The Hubble rates both in our scenario H,_,, = (shown
in solid blue) and in the standard cosmology H,, , (dashed red), as
well as the rate of electron Yukawa interaction I'; ; (solid green)
are shown in the upper panel. As the plot demonstrates, T is
much closer to the EW temperature in the presence of a flavon
than the standard cosmology. For the demonstration, we have also
shown the rate of production of flavon n{sv) (in magenta) to
ensure that the flavon is indeed out of equilibrium and thus goes
through coherent oscillation and redshifts like matter. The
relation between time and temperature in the nonstandard (solid
blue) and standard (dashed red) cosmology is shown in the lower
panel and it demonstrates once the flavon decays, we are back to
standard cosmology. This plot is with the assumption that
T, = 1.4 x 10° GeV.

As it is apparent in Eq. (2), the flavon interactions with
SM particles respect B and L symmetries, and therefore the
B — L symmetry, that is respected in the framework of the
SM as well. As a result of the flavon and antiflavon
decaying to SM fermions and antifermions, the flavon-
antiflavon asymmetry is transferred to left-right asymmetry
in the SM content. The left-right asymmetry produced in
the quark sector is washed out immediately by the strong
sphalerons. However, in the leptonic sector, the produced
asymmetry in the right-handed electron is preserved above
a critical temperature.5 Therefore, the weak sphalerons,
which are only active before the EWPT and act only on
left-handed particles, partially convert the asymmetry of
left-handed leptons into a baryon (B) asymmetry [56].

>Soon it will be clarified that this is the temperature at which
the chirality flip rate of the electron becomes equal to the Hubble
rate.
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Consequently, we gain a simultaneous asymmetry in the
quark and lepton sectors. Indeed, weak sphalerons tend to
wash out the asymmetry of these two sectors. However, the
washout process is successful if and only if all of the
Yukawa interactions are in thermal equilibrium [8,55— 61]
The rate of the Yukawa interactions is proportional to y; 2T,
where y; is their SM Yukawa coupling. Since electrons
have a small Yukawa coupling, they are the last fermions®
that enter thermal equilibrium, and thus the action of weak
sphalerons is limited by electron’s chirality flip process
[57-59]. Specifically, it is the right-handed electron that
plays a key role in preserving the asymmetries.

Due to the importance of the chirality flip of the right-
handed electron, its rate has been extensively studied, and
the most recent calculation of it is [61,62]:

e~ 1072y2T. (13)

Let us define the temperature at which the chirality flip
of the right-handed electron process goes to equilibrium as
Tef = Tlp, ~y- Inthe SC, Ty is about (10-100) TeV, as can
be seen in Fig. 1. Even though the asymmetries are
preserved up to this temperature, it has been shown that
below T the weak sphalerons still have enough time to
wash out the asymmetries due to their high rates [57-59]. In
this scenario, however, the presence of the flavon may
change the story [39], because

(1) it brings T relatively closer to Tgyw, and

(i1) it transfers the asymmetry to the fermionic sector

gradually.8

In this project, we are not only interested in acquiring the
right baryonic asymmetry of the Universe, but also we want
the asymmetries to amplify a small seed of the hyper-
magnetic field to amplitudes as large as 10?° G at the onset
of the EWPT.” It has been argued that a hypermagnetic field
with this amplitude at Tgyw can lead to the observed
magnetic fields as large as 107'7 — 10715 G observed in
the intergalactic medium (IGM). Thereby, in this paper, we
are interested in the region of the parameter space that
yields

;/IB(TEW) ~8.5x% 10_11
By(Tw) = 10" G. (14)

6Here:, we consider that the neutrinos are massless such as in
the SM.

"The intersection of the dashed red line and solid green line in
the . upper panel.

8The authors of Ref. [39] considered the decay of the flavon to
tau and electron, which leads to a much larger decay width of the
flavon compared to that of our scenario. Since the gradual decay
of the flavon is more important for our scenario, we considered
the decay of the flavon only to the first generation of fermions.

Here we neglect the possible change of the baryonic asym-
metry during EWPT.

Before the EWPT, the evolution of hypermagnetic fields
and the asymmetries are strongly intertwined through the
Abelian anomaly (9,J% ; « Ey - By) and chiral magnetic
effect (CME) [9,16,17.63-68].1° These effects, together,
ensure the conversion of the asymmetries to the helicity of
hypermagnetic fields, and vice versa. However, it has been
shown that in the framework of the SM and the presence of
the weak sphalerons, the initial asymmetries are rapidly
washed out and no growth of the hypermagnetic field
happens [9]. Indeed, the growth can happen if the asym-
metry is somehow preserved for a longer time compared to
SC [9]; a task that is achievable in our model through the
flavon."' In the following section, we will look at the
evolution equations of the hypermagnetic fields.

III. ANOMALOUS MAGNETOHYDRODYNAMICS

In the static limit, the effective action of the soft U(1),
gauge fields can be derived via the method of dimensional
reduction [64—66]. The corresponding Lagrangian describ-
ing the dynamics of these fields at finite fermionic density
in the Minkowski spacetime is the following [14,17,64,66]:

1 o

L==Y, " =Y, = e (2Y - By),  (15)

where o = ¢’?/4r ~0.01 is the fine structure constant of
the hypercharge interaction. In Eq. (15), the first term is the
kinetic term of the hypercharge field, Jy is the Ohmic
current, and the last contribution is related to the Chern-
Simons term, which leads to the CME [64]. The Chern-
Simons coefficient, ¢}, can be written as [17,64]

nG

2 8 1
g = Z [—2/!1%[ +tur, — 3Hdr, 3Py, + 3k |- (16)

i=1

where the u’s are the chemical potentials of various chiral
fields, and ng is the number of generations. Let us make the
simplifying assumption that all Yukawa interactions, other
than that of the electron, are in thermal equilibrium.
Thereby, we can obtain all of the chemical potentials in
terms of the chemical potential of the right-handed electron
by requiring B/3 — L; (with i being the generation index)

'"“The CME is the generation of electric field parallel to an
external magnetic field induced due to the imbalance of the
chirality in the plasma. This effect was first derived by Vilenkin
[63]; then it was found to be important in the context of the
heavy-ion collision, where the name of the phenomenon was also
glven(see Refs. [69-71] and references therein).

"The arising hypermagnetic field, can in return, push the
Yukawa interactions out of equilibrium, assisting the preservation
of the asymmetry. The deviation of the Yukawa interactions from
equilibrium is highly correlated with their Yukawa rate: the
slower the rate, the larger the deviation from equilibrium.
Therefore, the effect of the hypermagnetic field is particularly
important for the chirality flip of the electrons [9].
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conservation as well as the hypercharge neutrality in the
plasma. As a result, ¢z can be reduced to ¢ = —=99/37y,, .
Furthermore, one important chemical potential that has
observational significance is ug = ;% [2uo + Hup T My, -
Using the aforementioned simplifying assumptions and
conservation laws, we obtain pup = 384, [9,39].

Since we are interested in studying the evolution equation
of the hypermagnetic field in the early Universe, we must
consider the Friedman-Robertson-Walker (FRW) metric.
Therefore, the Lagrangian in Eq. (15) will be slightly
modified (see Appendix A in Ref. [72]), and the resulting
AMHD equations in the curved spacetime become the
following:

L. 1= -
a a
atéy+2H§Y = ——§XEY (18)
a
Jonn = o(Ey + ¥ x By) (19)
- o >
Jcm = _ﬁclEBY (20)
. . 1= - . .
JOhm+Jcm:;VXBY_(atEY‘l'ZHEY)’ (21)

where o ~ 1007 is the electrical hyperconductivity of the
plasma, H = a@/a is the Hubble parameter, a is the scale

factor, and the currents 70hm and jcm are the Ohmic and
chiral magnetic currents, respectively. The latter current,
which is in the direction of the hypermagnetic field, comes
from the Chern-Simons term and promotes the ordinary
magnetohydrodynamics equations to anomalous magneto-
hydrodynamics (AMHD) equations. The terms containing
the Hubble parameter H are related to the expansion of
the Universe. Using Egs. (21) and (19) and neglecting the

displacement current (O,Ey + 2HEY) in the lab frame, the
hyperelectric field will be obtained as

/

- 1 = o o
EY :—V X BY +
ac 2no

¢;By — U x By. (22)

In the above equation, we can neglect the last term
containing the velocity of the plasma. That is because the
correlation distance of the hypermagnetic field is much
larger than the length scale of the variation of the bulk
velocity. Therefore, the hypercharge infrared modes are
practically unaffected by the plasma velocity [11].

Replacing Eq. (22) in Eq. (18), we can solve for the
evolution equation of the hypermagnetic field:

- - 1 . -
8,By+2HBy :TVZBY— C/EVXBy. (23)
ao

2rac

Since V - EY = 0, we can write the hypermagnetic field

as By = (1/a)V x Zy, where Xy is the vector potential.
Considering a fully helical hypermagnetic field, the follow-

ing nontrivial Chern-Simons wave configuration for A y can
be chosen [7,9,12,13,16,17,73-75]:

,ZY = y(¢)(sin kz, cos kz, 0), (24)

where y(1) is the time-dependent amplitude of Ay, and k is
the comoving wave number. This topological configura-
tion, which is an exact single-mode solution to the chiral
magnetohydrodynamic equations [76,77], has been used
extensively in the literature [7,9,16,17,72-75,78,79].

Choosing a helical configuration is desirable, since the
coherent magnetic fields in the intergalactic medium have
been inferred to be helical [80]. In fact, helical configu-
rations are further motivated because they can theoretically
be generated from inflationary models [79]. Having said
that, even if one starts with a partially helical configuration,
it would finally become maximally helical through an
inverse cascade mechanism [76,81-83].

Using the configuration in Eq. (24), the hypermagnetic
field becomes By = (1/ a)kAy, and consequently

- kK o
Ey = ;BY +2—cEBY’ (25)
and
. . k/2 R o R
8,BY—|—2HBY = ——BY— C/Ek/By, (26)
c o
with kK'=k/a=kT, can be derived. Let us define the

amplitude of the hypermagnetic field (By) as By(t) =
k'y(t). Hence, Eq. (26) can be rewritten as the following

k/ /
8,By + 2HBy = ——B, (k’ + 2 ch> . @)
c 2

Thus far, we have seen that if u; # O (there is a nonzero
asymmetry), Ey(t) and By(f) get modified due to the
Chern-Simons term. The evolution of asymmetries, on the
other hand, depends on Ey - By. Therefore, the modified
electric field and hypermagnetic field become important in
the evolution of asymmetries. In the following section, we

?One might be concerned that choosing this configuration
may violate our assumption of the homogeneity and isotropy
condition. However, we show that in this setup, the maximum
magnetic pressure (B%/87) is orders of magnitude smaller than
the fluid pressure and thus the homogeneity and isotropy
conditions as considered in the FRW metric remain valid [84,85].

096018-6



FLAVON MAGNETOBARYOGENESIS

PHYS. REV. D 102, 096018 (2020)

will discuss how this effect shows up in the evolution of
asymmetries in greater detail.

IV. EVOLUTION OF MATTER ASYMMETRIES

As mentioned earlier, with the simplifying assumptions
that we have made, all matter asymmetries can be obtained
in terms of the asymmetry of the right-handed electron.
Therefore, it suffices to study the dynamics of this
asymmetry, only [9]. The asymmetry in the number density
of the right-handed electrons can be found by solving the
following Boltzman equation:

. ny
ne, +3Hn, =T\ n,, —n,, +7

ad - -
+Bersns+;Ey‘By. (28)

In the above equation, n; with i = {eg, e;, ¢, S}, is the
difference between the number densities of a particle and its
antiparticle. The term involving H is due to the expansion
of the Universe, and the term containing ', shows the
effect of the electron Yukawa interaction. Note that the
factor of 1/2 in the parentheses is due to the spin statistics
of the Higgs. Furthermore, the term B, I gng comes from the
decay of the flavon, with B, being the flavon branching
ratio to electrons:

g

B, ==—

‘ ngf’

Instead of ng, it is more convenient to work with pyg.
Therefore, we define a dimensionless parameter &g as
&g = ngmg/ps, which does not depend on time. It should
be noted that &g is different from the canonical definition of
ns = ng/s, where s is the entropy density.

One important difference between our work and
Ref. [39] is due to the term containing Ey- By in
Eq. (28). This term comes from the Abelian anomaly
equation:

f=e,u,d. (29)

1_,d a- =
aﬂfgk = _ZY%EY’”YW = ;EY * By, (30)
where Yr = —2 is the hypercharge of the right-handed
electron. The above equation relates the evolution of
number densities to that of the helicity of the hyper-

magnetic field. Using Eq. (25), we can derive

N N 32 /
Ey'By:Y<k/+aC%>. (31)

c 2w

As can be seen, the CME is not only important for the
evolution of the hypermagnetic field as discussed in the
previous section, but also it has a non-trivial effect on
the evolution of the asymmetries via the term containing
. Previously, we had defined ¢; in terms of the chemical

potential of right-handed electron: ¢ = —99/37u,, . We
can convert y, to n,, using n,, = p, T*/6.

In the subsequent section, we solve the coupled differ-
ential equations for pg, pr,q [Eq. (9)], By [Eq. (27)], and n,,
[Eq. (28)] numerically. To fully comprehend different
stages of the evolutions, we first discuss one specific
benchmark. We then move on to scanning the parameter
space to find the desired region of the parameter space.

V. NUMERICAL STUDY

In this section, we do a numerical study of the coupled
evolution equations of pg, pr,4, By, and n,, from T, up to
Tgw. Our free parameters are T,,mg, A, &g, k, By(T,).
Before diving into the numerical analysis, let us make a
few comments on these parameters:

(i) We need the flavon production to stay out of
equilibrium during coherent oscillation. Hence,
the maximum value of T, should be T, (A), as
defined earlier.

(i) By looking at the evolution equations, we see
that the ratio of mg/A is a recurring variable.
Thereby, we find it more convenient to work with
€, = mg/A, and A instead of mg and A. In order to
respect EFT, we require ¢,, < 1.

(iii) It has been shown that for k> 1077, the hyper-
magnetic field does not survive the Ohmic dissipa-
tion in the plasma [7]. In our numerical analysis, we
rescale k and work with ¢, = k/ 1077, instead.

(iv) As can be seen in Eq. (27), a nonzero initial seed is
needed for the hypermagnetic field to be later
amplified as a result of the CME." Here, we fix
the initial amplitude of the hypermagnetic field to a
small value of By(T,) = 0.01 G.

(v) In our scenario, we need large matter asymmetries in
order to obtain the desired value of By (Tgw) = 10" G,
as explained earlier. Since the flavon is responsible for
the generation of these asymmetries, we fix &g to its
maximum value: &g = 1.

(vi) We further assume that all initial asymmetries in the
fermionic sector are zero (i.e., ny(T,) = 0).

According to the above assumptions, the free parameters
we work with in this paper, are

T*, €ms A, Cko.

A. A case study

In this subsection, we present a careful study of the
evolution of 73(T) and By(T) as a function of temperature
for the following benchmark:

PThe creation of the seed is beyond the scope of this study.
Interested readers are encouraged to look into Refs. [72,86-94] on
some of the possible mechanisms for the production of this seed.
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FIG. 2. The evolutions of 77z (upper panel) and By (lower panel)
as a function of temperature for €,, = 10~ (Orange), €,, = 5 X
10~* (Green), and €,, = 10™* (Brown) are presented. These plots
are for the fixed values of A = 1072 GeV, T, = 1.4 x 10° GeV,
and ¢, = 0.505. As a result of the flavon decay at high temper-
atures, the asymmetries grow. Once 5 reaches a large enough
value, the hypermagnetic fields start getting amplified at the
expense of eating some of the asymmetries. This process continues
until the expansion rate of the universe becomes more important
than the CME.

A =107 GeV,
T, ~1.4x 10° GeV,

€, =5 x 1074,

cr, =0.505,  (32)

where T, is chosen as Ty, (A) for A = 1073 GeV. The
above parameters are chosen such that the desired values of
n5(Tew) = 10710 and By (Tgw) = 10" G are obtained. To
see how other benchmarks may change the results, we
present the plots of #z(T) and By(T) for three different
values of €,, = 1073, 5 x 107*,10* in Fig. 2; the values of
A, T,, and ¢, are fixed as Eq. (32).14

As mentioned earlier, the evolution of #p is intimately
related to that of n,,: 7p = %nek. Therefore, by solving
Eq. (28), we are practically obtaining the evolution of 7.
To discuss the physical effects important in each time
interval of the evolution, the evolution of the terms
contributing to 7,, /7., [Eq. (33)] and By/By [Eq. (27)]
are shown in Figs. 3 and 4.

"It is worth mentioning that 575 and By are highly sensitive to
the exact value of ¢, and thus its value should be carefully
tuned, as will be shown in the next subsection.

To accomplish this task, let us first rewrite Eq. (27) as

B KoL o
5= ~2H o (Ey - By).
By B2

where Ey . EY in Eq. (31) can also be separated as

. B}

(Ey * By)non-cME = ;kla
5> o B: o
Ey-B =X "¢,
(Ey - By)cume po ZHCE

Note that, here, ¢, is a negative quantity, therefore the

effect of (Ey - By ) ey and (Ey - By ) on.cum € Opposite of
each other.
Similarly, let us rewrite Eq. (28) in terms of 7,

., 3ps Ny
Nep + Z;&d Lsne, = -k (ﬂeR -1, + >

n a/ - -
+ B,y +—Ey- By, (33)
S s

where the derivation of this equation is presented in
Appendix A. Notice that the second term comes from
the domination of the flavon after T,.
According to Figs. 3 and 4, the following critical
temperatures can be distinguished:
(1) T, (min): This is the temperature at which the HMFA
is at its minimum.

(i) Tg,(max): This is when the HMFA reaches its
maximum.

(iii) 797 this is when the deviation of the Hubble rate
from the SC Hubble rate is maximum.

(iv) T.: As explained earlier (Fig. 1), this is the temper-
ature at which the chirality flip rate of the electrons
equals the Hubble rate.

(v) ThnCME: This is the temperature at which the
baryonic asymmetry saturates and becomes flat.
As can be seen from Fig. 4, this is the temperature
at which the non-CME component of Eq. (28)
becomes the dominant effect that leads to an increase
in the asymmetry.

1. The evolution of By(T)

Now that we have identified the critical temperatures, we
can move on to discussing the following intervals of
temperature, which are identified in Fig. 3:

(1) Tpyminy <T <T,: In this interval, the Hubble

rate is higher than B"—;y(Ey - By) z;—;y(Ey - By)cMmes
as illustrated in the BY/BY plot. This leads to

a decrease of By(T) according to the expansion
of the Universe.
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illustrated in the upper panel, while the lower panel shows the
terms contributing to By/By. The CME component (shown by
dashed purple) leads to an increase in the HMFA, and the non-
CME component (dotted magenta) reduces By. We see that once
the (Ey - By) contribution exceeds the Hubble rate (dotted blue),
the hypermagnetic field starts increasing and this trend continues
until it falls below the Hubble rate again.

(1) Tgy(max) < T < Tg,(min): Here, the HMFA increases
rapidly due to the domination of the ;f—; (Ey - By)cumE
Y

over the Hubble rate. As emphasized earlier, this is
the term that makes the growth of the HMFA
possible.

(iii) Tgw <T < Tp,(max): In this interval, the Hubble
rate dominates, which once again leads to the
decrease of the HMFA according to the expansion
of the Universe.

2. The evolution of ng(T)

Similarly, to better comprehend the evolution of the
asymmetries, let us study the plots shown in Fig. 4. The
upper panel is 77z and the lower panel is the magnitude of
':’e
”Ell:

each of the contributions to Z—Z = -k as a function of

temperature.

In the lower panel, the solid green line is proportional to
the rate of the chirality flip of the right-handed electron,
which leads to the wash out of the asymmetry by the weak
sphalerons. Notice that due to our choice of y-axis, this
term is independent of 7. The dashed red line is the

Tn'l&X 11
T & np(Tew) ~ 8.8 x 107
1074 =
=
9
10_7 | TBy {max)
S
= T, =1.4x10° GeV
A =10"%GeV
1010 !
Tgo;—(,ME mg = 16 TeV
kg = 0.505
Prr(Men — Mer +1¢/2) /ey
-6
1078 —mmee B.Tsng/me,
"""" SPSFS/(4prad) .
_ 5 max _
> 1079
55 ______________
S 10712 -
= ,—-‘ T B IO
\S ,—""' f:’\\ By {max) G{E - Fnonede/ (75 1:5)
=2 SN 5 5
T ] N S o/ (B Bos/(xs 1.,)
s tot
; A Nen /Mer
Y
1 A
10-18 J I
1

000 104 10° 108
Temperature (GeV)

FIG. 4. The evolution of 5 for the benchmark (32) as a
function of temperature is presented in the upper panel. The
lower panel is each of the contributions to 7, [Eq. (33)]
normalized by 7,,. the quantity which is equal to #7/np as
well. In the lower panel, the solid green line is proportional to
the rate of the chirality flip of the right-handed electron. The
dashed red line is the relative growth rate of the asymmetry in
the right-handed electron injected by the flavon. The dotted blue
line is the contribution of the flavon to the dilution of the
asymmetry. The dotted magenta and the dashed purple line,
respectively, show the non-CME and the CME components of
the hypermagnetic field effect in the evolution of 7. The solid
orange and yellow lines, together, show the magnitude of the
sum of the contributions. Among the contributions, the flavon
decay and the non-CME component of (E y - Ey) increase the
asymmetry while the rest results in a lower asymmetry. In this
benchmark, the gap between when the flavon decays exponen-
tially and when (Ey - By),o,.cme dominates is small and that is
one of the main reasons that the asymmetry is saved at good
values.

relative growth rate of the asymmetry in the right-handed
electron coming from the flavon. If 5, is leaning toward
zero, this term becomes greater and prevents the asymmetry
from depleting. The dotted blue line represents the term that
appears due to the domination of pg (and the decay of the
flavon to radiation) at high temperatures.15 This term is
also independent of 7y and, we will refer to it as the
dilution term.

Bt is worth mentioning that in the SC, this term does not
appear.
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As discussed earlier, the term coming from the Abelian

anomaly has two contributions: (Ey - By )y (the dashed
purple line) which eats up part of the asymmetry to amplify

the HMFA, and (Ey - By),,.cmg (the dotted magenta line)
which leads to an increase in the asymmetry. The CME
component is independent of 7, but the non-CME com-
ponent is proportional to the inverse of 5. Hence, we see
that the terms leading to an increase in the asymmetry are
sensitive to np and they grow if g — 0. This is a
reassurance that the system wants to save the asymmetry
as much as possible.'® Finally, the solid orange and the
yellow line represents the sum and the negative sum of all
of these contributions. In the following, we discuss the
main players in each of the temperature intervals.

(1) Ty < T < T,: Here, the evolution of 55 is mostly
governed by the flavon, the effect of which is two-
fold: the production of asymmetry due to the decay
of the flavon, and the dilution of the asymmetry
due to its effect on the expansion of the Universe
(dashed blue line). As we reach T, the chirality flip
of the electron becomes relevant as well, slowing
down the increase in the asymmetry. Notice that at
T, there is a cancellation between the terms that
increase the asymmetry and those that lead to the
reduction of the asymmetry. This feature is consis-
tent among all of the benchmarks that yield the
desired values of #p and By [Eq. (14)]. Thus, the
asymmetry is increasing up until 77**, and after that
starts decaying. Comparing Figs. 3 and 4, we see
that once the asymmetry becomes greater than
ng =2 x107*, the HMFA starts increasing, and
thus TBy(max) < TP < TBy(min)~

(i) THenCME < T < Tmax: Duyring this interval, the rate
of chirality flip of the right-handed electron (or
equivalently, the rate of the washout of the asym-
metry due to the sphalerons) exceeds'” the produc-
tion rate of asymmetry through the flavon decay. As
a result, the asymmetry decreases. Nonetheless, as
can be seen from Fig. 4, these two rates are almost
compatible, preventing the asymmetry from dimin-
ishing too quickly. This is an example of how the
gradual decay of the flavon to right-handed electron
helps to retain the asymmetry in the fermions.

(iii) Tgw < T < TWRME: Ag we reach TW3CME | the
non-CME component of Ey . EY becomes compat-
ible with the rate of electron chirality flip, which
slows down the decrease of the asymmetry signifi-
cantly. In other words, the amplified hypermagnetic

"It is clear that the physics would not change if we had plotted
np instead of 1z /np.

To be more exact, the dilution term (dotted blue line) is also
important in decreasing the asymmetry. This is especially true for
temperatures closer to 77**. However, this term quickly drops
and its effect becomes negligible at lower temperatures.

field feeds back to the asymmetry and helps to
preserve the asymmetry. Therefore, during this
interval, the asymmetry is almost constant. In gen-
eral, a successful benchmark is the one that there is
not a large gap between T%3ME and the temper-
ature at which the flavon decays exponentially. If
this gap is large, the sphalerons have enough time to
wash out the asymmetry quickly.

Now that we have discussed each of the important
intervals, let us scan through the parameter space and
indicate the sweet regions that give the desired values at
Tew [Eq. (14)]. Before that, however, allow us to empha-
size two features of this benchmark that made it desirable:
(1) For (most of) the temperatures below 77, the terms
leading to an increase in the asymmetry are compatible
with the ones that cause the asymmetry to decrease.
Generally, this means that either the flavon is long-lived
which then injects the asymmetry to the fermionic sector
gradually and pushes T closer to Tgy as well, and/or the
gap between TW3CME and the temperature at which the
flavon decays exponentially is very small. (2) There is
enough time for the hypermagnetic field to grow before
Tew (€2, Tg,(max) > Tew)- However, if Tp (. 18 at very
high temperatures (e.g2., T, (max) ~ T5™), the (EY-EY)
terms govern the evolution of #p and the sphalerons
become subdominant. Therefore, the asymmetry is restored
at higher values than desired. Some of the examples of
this case will be indicated in the next subsection. In the
following, we show the nz(Tgw) and By(Tgw) as a
function of various parameters.

B. Scanning parameter space

In this section, we scan through the parameter space and
find ng(Tgw) and By (Tgw) for various values of A, ¢,,, T,
and ¢y, . From a few test runs, we realize that A should live
in a narrow range of 5x 10%° GeV <A <5 x 10° GeV.
For A <5 x 10% GeV, the maximum temperature (7T p,,)
must be below 10* GeV, which means that the chirality
flip of the right-handed electron process is in equilibrium
from the beginning of the Universe, and therefore the
weak sphalerons will wash out the asymmetry in the SM
fermions as soon as the flavon starts decaying. Thereby, for
A < 5x10° GeV, we get nz(Tgw) < 7% and the hyper-
magnetic field does not have a chance to amplify. For
A = 10° GeV, the decay width is too large such that flavon
decays too quickly. Thus, the flavon cannot help with the
preservation of the asymmetry in the early universe. In
other words, T > Tgw and the weak sphalerons wash out
the asymmetry.

Figure 5 presents the baryon asymmetry of the
Universe and the HMFA at T = Tgw as a function of
€,,- Different curves represent different values of A, and
we have fixed T', = T, (A) and ¢, = 0.505. For a fixed

A, if €, is very small («10°*° GeV/A or equivalently
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field amplitude By (lower panel) on the mass of the flavon mg.
The solid lines represent different cut-off scales A.

mg < 3 TeV-Benchmark A), the injection of asymmetry
from the flavon to right-handed electron occurs at a slow
rate. This effect has two consequences; (1) we move away
from SC so much that T is after Tgw, and (2) the
asymmetry is not large enough to amplify the HMFA.
Since Ty < Tgw, the value of nz(Tgw) will just depend
on the work of the flavon. Therefore, in this regime,
as we increase €, we see that ng(Tgw) is increasing
because more of the flavon has decayed into the right-
handed electron. An example of such a case is studied in
Appendix B.

On the other extreme, for large ¢,,, the flavon decays too
quickly."® In this scenario, the value of 7z(Tgw) is
intimately connected to the HMFA. If By has not been

amplified, the effect of (Ey - By) is negligible and the
sphalerons have enough time to eat up the asymmetry.
Hence, in such cases, we see that both #5z(Tgw) and
By(Tgyw) are small (e.g., Benchmark B). If By has been

"Note that T's is proportional to €3, A, and thus as we increase
either of ¢, or A, the decay width of the flavon increases
and the flavon decays faster. However, the injection of asymmetry
to the right-handed electron is proportional to I's/mg = €,,,
and an increase in €,, causes more asymmetry to be transferred
to the right-handed electron. Thereby, for large ¢,,, depending on
the value of A, we either end up with too much asymmetry
(Benchmark C) or too little asymmetry (Benchmark B).

amplified, the battle between (Ey - By),on.cvg + flavon

decay vs (EY-EY)CME determines the evolution of 7
and the effect of the chirality flip of right-handed electrons
is negligible (e.g., Benchmark C). Let us mention that
benchmark C will be acceptable if we relax the assumption
that the value of 5z and By stay fixed during and after
the EWPT.

For some values of A, the intermediate values of
€,, yield Eq. (14). That comes from a delicate work of
nonstandard cosmology (domination of pg), and the effect

of (Ey - By),oncume at lower temperatures. Both of these
effects are important in taming the work of sphalerons, as
explained in Sec. VA.

Another free parameter that can affect the baryon
asymmetry and especially hypermagnetic field is ¢ . As
the plots in Fig. 6 show, the results are sensitive to ¢;, and
we cannot choose an arbitrary small ¢, ~value. Since
C, < 1, it mainly affects the HMFA through the CME
contribution to its evolution equation. Interestingly, the
value of ¢, is particularly important in the non-CME
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FIG. 6. The dependence of 5 (upper panel) and hypermagnetic
field amplitude By (lower panel) on ¢, . Each of the dashed lines
represent a fixed €,,, and for all of the curves, we have fixed
A = 1073 GeV. The results are highly sensitive to the value of
¢k, and in general the closer we get to ¢, = 1, the higher the
values of 775 and By become. Near ¢, = 1, we see a stabilization
for all of the values of ¢,, we considered. For ¢,, < 107 we see
that we consistently get a large value of 7z, while By exponen-
tially decreases to zero.
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contribution to the evolution of the asymmetry, whose main
role is to save the asymmetry at temperatures closer to Tgy.
Therefore, as illustrated in Fig. 6, large values of ¢ will
result in large 7z(Tgw) and By (Tgy). Similarly, for small
values of ¢y, the opposite is true. However, if €,, is very
small, the evolution of 7 is only determined by the flavon
dynamics (see Appendix B) and it is independent of
(Ey - By). In these cases (e.g., €, =8 x 1075,107* in
Fig. 6), the baryonic asymmetry at 7 = Tgyw will remain
large even for small ¢ . The desirable values of ¢ for each
€,, 1s presented by a shaded band in Fig. 6.

Yet, one other parameter that can leave an impact on the
final result is the value of 7,. We have discussed the
maximum value of 7',, but technically we can choose any
T, less than T,,,,. By examining different values of 7', , we
noticed that only 7, = T, gives the best results. If
T, < T the flavon does not have enough time
to efficiently transfer its asymmetry to the fermionic
sector and eventually leads to the amplification of
the HMFA.

VI. CONCLUSION

In this paper, we discussed the possibility of the
simultaneous generation of baryonic asymmetry to
n5(Tew) ~ 8.5 x 107! and the amplification of HMFA
from a small seed to By (Tgy) ~ 10*° G in the presence of a
flavon that carries a large asymmetry (£ = 1). We found a
successful scenario that lives in a region where the cutoff
scale is ~107 GeV. Given the cutoff scale, the mass of the
flavon could vary over a small range of values to give a
desirable outcome. Another free parameter that played an
important role in the dynamics of baryonic asymmetry and
HMFA was the comoving wave number of the hyper-
magnetic field. According to our study, the comoving wave
number should be (0.5 — 1) x 1077, In general, we found
there is a strong sensitivity to each of these parameters.
A small change could result in a drastic change in the
results. This is because we need a delicate cancellation
between the terms that increase the asymmetry and the ones
that result in a lower asymmetry, and thus we have to
choose our parameters carefully.

For most of the parameter space, we get a large
asymmetry of the Universe, while having a small (com-
pared to the desired) value of HMFA. This occurs because
the asymmetry in the flavon transfers into baryonic
asymmetry, but there is not enough time for the HMFA
to grow. This occurs in the benchmarks where the flavon is
very long-lived and it transfers its asymmetry to the
fermionic sector at a very small pace. The baryonic
asymmetry must reach above 7z >2x 10™* for the
HMFA to start growing. When the flavon decays too
slowly, the baryonic asymmetry reaches 2 x 10~ either
very close or even after the electroweak temperature.
Therefore, the HMFA remains small.

On the other hand, if the flavon is very short-lived, we
may have two very different cases depending on the value
of A: (1) For sufficiently small A, the flavon injects its
asymmetry to fermionic sector quickly and causes the
HMFA to grow fast. The hypermagnetic field then feeds
back to the asymmetry and prevents it from being washed
out. In such scenarios, we noticed that we end up with a
larger np than expected. (2) for a relatively bigger A, we
may also have a case where the injection of asymmetry is
inefficient and we end up with a very small 7.

The value of the comoving wave number has an
indisputable effect on the HMFA and thus has a great
influence on the baryonic asymmetry as well. We noticed
that to get the observed value of 75 and the desired value of
By(Tgw), we have to live in a small region of the parameter
space and thus our scenario is predictive. R

In this paper, we considered a configuration of By that
would naively violate the homogeneity and isotropy con-
dition of the FRW metric. However, the maximum hyper-
magnetic field amplitude in our study is about 10?' G,
which means that the ratio of the magnetic pressure to the
fluid pressure is less than 107%. Hence, we are safe that with
this configuration, the homogeneity and isotropy condi-
tions remain valid to a good approximation. Moreover, we
only considered the coupling of the flavon with the first
generation of fermions. This choice was suitable because
the branching ratio of the flavon to electrons was enhanced.
In fact, we could not find a benchmark that could explain
both baryogenesis and magnetogenesis with other choices
of flavon coupling. Having said that, the assumption of
flavon coupling to only the first generation of fermions is
theoretically justifiable as well. That is because the first
generation of fermions is much lighter than the electroweak
scale. Thus, explaining their small Yukawa couplings is of
priority.
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APPENDIX A: EVOLUTION OF 1,

The asymmetry in the number density of the right-
handed electrons is governed by the following Boltzman
equation:

. Ny
e, + 3HngR =TIz Ne, — N, + 5

a- -
+Bersns +;EY 'By. (Al)

096018-12



FLAVON MAGNETOBARYOGENESIS

PHYS. REV. D 102, 096018 (2020)

Benchmark A ne(Tew) ~ 2.1 x 10~?
107 Tmax i
1077} :
Q
= T, = 1.4 x 10° GeV
5 A=10""GeV
10|,
0 mg = 3 TeV
Chy = 0.505
107 Pr(eg = Ny +93/2)/Mer
————— B.Lgitg/ney,
1079 ..cee.
E 101 T
= B
tﬁ 10—13 -----
~—
& 1018 ity
10717
100 500 1000 5000 1 x 104 5x10% x 10°
Temperature (GeV)
FIG. 7. The evolution of #p for benchmark A as a function of

temperature is presented. The lower panel is each of the contribu-
tions to 77,, [Eq. (33)] normalized by 7,,, the quantity which is also
equal to Z—g In the lower panel, the solid green line is proportional to
the rate of the chirality flip of the right-handed electron. The dashed
red line is the relative growth rate of the asymmetry in the right-
handed electron injected by the flavon. The dotted blue line is the
contribution of the flavon to the dilution of the asymmetry. The solid
orange and yellow lines, together, show the magnitude of the sum of
the contributions. In this benchmark, the asymmetry is slowly
transferring from the flavon to the right-handed electron. This rate is
very small, which means the rate of flavon depletion is small. Hence
the cosmology becomes very nonstandard. In this case, T'; occurs
too close to Tgyw, and thus the asymmetry is not washed out
efficiently. Hence, we end up with too large 75 (Tgw). The HMFA
does not have a chance to grow and stays close to its initial value.

By dividing both sides by the comoving entropy,19 s, we
can convert this equation to an equation describing the
evolution of #,, .

: T n
Mey + 3’7eR ? + 3H’7ek =Tz (ﬂek — e, + 745)

n a/ - -
+BJIs—=+—Ey-By (A2)
A TS

On the other hand, by definition we know 7/ T = 1/4p .4/ Prac-
This is while we can use Eq. (9) to find pq/praq:

“Note that

~d(n/s) i

nds . n nT

s2dT s sT’

dt K
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FIG. 8. The evolution of 7 for benchmark B as a function of

temperature is presented. The lower panel is each of the contribu-
tions to 77,,, [Eq. (33)] normalized by 7,,, the quantity which is also

equal to :11_2 In the lower panel, the solid green line is proportional to

the rate of the chirality flip of the right-handed electron. The dashed
red line is the relative growth rate of the asymmetry in the right-
handed electron injected by the flavon. The dotted blue line is the
contribution of the flavon to the dilution of the asymmetry. The
dotted magenta shows the non-CME component of the hyper-
magnetic field effect in the evolution of 7. The solid orange and
yellow lines, together, show the magnitude of the sum of the
contributions. In this benchmark, there is a large gap between when
the flavon decays and (E v B ¥ )non.cme dominates. During this gap,
the sphaleron has enough time to eat up the asymmetry and thus we
are left with too little asymmetry. Since the asymmetry depletes very
quickly, the CME cannot increase the HMFA efficiently.

:b rad Ps

Prad Prad
Hence, Eq. (A2) becomes
. 3 ps Mg
Nep + Z@ Lsne, = —Tr (ﬂeR — e, + 5
n a - -
+BIs— + —Ey-By (A4)
s 7S

In the SC, pg ~ 0, and thus the second term is negligible. In our
case, however, the second term becomes important in some
interval of the temperature.

APPENDIX B: BAD BENCHMARKS

Here we show the 7 evolution for the benchmarks
shown in Fig. 5.
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FIG.9. The evolution of 5 for benchmark C as a function of temperature is presented. The lower panel is each of the contributions to
ile, [EQ. (33)] normalized by #,,, the quantity which is also equal to Z—ﬁ In the lower panel, the solid green line is proportional to the rate

of the chirality flip of the right-handed electron. The dashed red line is the relative growth rate of the asymmetry in the right-handed
electron injected by the flavon. The dotted blue line is the contribution of the flavon to the dilution of the asymmetry. The dotted magenta
and the dashed purple line, respectively, show the non-CME and the CME components of the hypermagnetic field effect in the evolution
of . The solid orange and yellow lines, together, show the magnitude of the sum of the contributions. In this benchmark, the flavon
decays quickly and thus increases the asymmetry in ey at relatively high temperatures. Due to the increase in the asymmetry, the HMFA
has enough time to amplify and even dominate the effect of the sphaleron. We see a sharp drop in the asymmetry at 7'z, (may) followed by
another decline. Both of these effects are due to the CME. Eventually, the non-CME component dominates and preserves the asymmetry.
However, the value at which it preserves the asymmetry is larger than the observed value. Notice that the sharp increase in the flavon
term is because of the normalization.
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