Eur. Phys. J. C (2019) 79:439
https://doi.org/10.1140/epjc/s10052-019-6938-6

®

Check for
updates

THE EUROPEAN
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Diffusion coefficients and constraints on hadronic inhomogeneities

in the early universe

Sovan Saul?, Sayantan Bhattacharya'>", Soma Sanyal°

1 University of Hyderabad, Prof. C.R. Rao Road, Hyderabad 500046, India

2 Present address University of Massachusetts, MA, Lowell, USA

Received: 6 November 2018 / Accepted: 12 May 2019 / Published online: 24 May 2019

© The Author(s) 2019

Abstract Hadronic inhomogeneities are formed after the
quark hadron phase transition. The nature of the phase tran-
sition dictates the nature of the inhomogeneities formed.
Recently some scenarios of inhomogeneities have been dis-
cussed where the strange quarks are in excess over the up and
down quarks. The hadronization of these quarks will give rise
to alarge density of hyperons and kaons in addition to the pro-
tons and neutrons which are formed after the phase transition.
These unstable hyperons decay into pions, muons and their
respective neutrinos. Hence the plasma during this period
consists of neutrons, protons, electrons, muons and neutrinos.
Due to the decay of the hyperons, the muon component of the
inhomogeneities will be very high. We study the diffusion of
neutrons and protons in the presence of a large number of
muons immediately after the quark hadron phase transition.
We find that the presence of the muons enhances the diffusion
coefficient of the neutrons/protons. As the diffusion coeffi-
cient is enhanced, the inhomogeneities will decay faster in
the regions where the muon density is higher. Hence smaller
muon rich inhomogeneities will be completely wiped out.
The decay of the hyperons will also generate muon neutri-
nos. Since the big bang nucleosynthesis provides constraints
on the neutrino degeneracies, we revisit the effect of non zero
degeneracies on the primordial elements.

1 Introduction

The quark hadron phase transition in the early universe
resulted in the formation of hadrons at around 200 MeV.
Before the phase transition, the baryon number was carried
by the nearly massless quarks, while after the phase transi-
tion the baryon number is carried by the heavier hadrons.
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It has been proposed that if the phase transition is a first
order phase transition, baryon number gets concentrated in
between the bubble walls and baryonic inhomogeneities are
formed at the end of the phase transition [1-3]. These baryon
inhomogeneities affect the standard nucleosynthesis calcula-
tions. Later, lattice studies seemed to indicate that the phase
transition is either a second order or a cross-over. However,
even if the phase transition is not a first order transition, there
is still the possibility of trapping a higher density of quarks
in different regions and generating baryon inhomogeneities.
There are scenarios where collapsing Z(3) domain walls
generate inhomogeneities [4]. Dense inhomogeneities result
in metastable quark nuggets [5-8]. Metastable H dibaryons
have also been predicted due to the presence of s-quarks at the
time of the quark hadron transition [9]. Recently some novel
scenarios have been discussed which have reopened the case
for the first order phase transition in the early universe [10-
12]. It is well established that any first order QCD phase tran-
sition will result in baryon inhomogeneities in some form. So
it seems that there is a strong possibility of an inhomogeneous
distribution of baryon number across the universe after the
quark hadron phase transition.

As the temperature cools down, neutrons and protons from
these overdense region gradually diffuse to the underdense
regions. The diffusion of neutrons and protons through the
overdensities have been discussed previously in Refs. [13—
15]. When the diffusion of the neutrons and protons are
studied, the standard interactions considered are the interac-
tions between the neutrons, protons and electrons. The rea-
son being that the other hadrons formed would decay in a
short span of time. Even though the muon is an important
part of the plasma at that temperature, none of these calcu-
lations considered the collision of the neutrons (or protons)
with the muons. In this article, we argue that there are cer-
tain scenarios, where the muon density in the plasma cannot
be neglected. If we look at the overdensities formed by the
collapsing Z(3) domains, we notice that a larger number of
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strange quarks are trapped in the overdense region as com-
pared to the up and down quarks [16,17]. This means there
would be a large production of hyperons and kaons imme-
diately after the phase transition. The hyperons would decay
almost immediately but would result in the formation of a
large number of pions and muons. Pions would also subse-
quently decay into muons. Detailed discussion on the evapo-
ration of quark nuggets formed in various cosmological sce-
narios also indicate that they mostly decay by the emission
of kaons [18,19]. Kaons themselves have a short lifetime and
would subsequently decay into muons. There have also been
discussions of antimatter domains formed after the quark
hadron transition which produce a large number of pions
[20,21]. These pions will also decay into muons. We there-
fore feel that there is every possibility that the baryon over-
densities formed immediately after the quark hadron transi-
tion would have a significant number of muons too. Thus the
diffusion coefficient of the protons and neutrons should also
include their interaction with the muons. We would like to
emphasize that this will be applicable mostly to the diffusion
coefficients immediately after the quark hadron phase transi-
tion. A recent study [22] has shown that during this time, the
inclusion of muons will increase the bulk viscosity roughly
by a 100 million times. Similarly, there have been studies of
pions generated immediately after the quark hadron transi-
tion [23] and their effects on the total entropy of the universe.
Therefore it is important to study the decay of hadronic inho-
mogeneities in the presence of a large number of muons.

In this work we find the diffusion coefficient of the nucle-
ons in the presence of muons. Generally at temperatures
above 1 MeV, neutrons and protons are in equilibrium with
respect to weak interactions. Most of the studies of diffu-
sive segregation of neutrons and protons are at temperatures
below 1 MeV. At this temperature, the weak interactions fall
out of equilibrium and the neutron being neutral moves faster
than the proton. We are however interested in temperatures
higher than 100 MeV. Here the neutrons and protons change
continuously into one another through weak interactions so
the particles are treated as indistinguishable. Our primary
premise is that the number density of muons in certain regions
with baryon over densities will be higher immediately after
the phase transition. We find the nucleon—-muon scattering
cross section in the temperature range of 100 MeV. This gives
us the diffusion coefficient of the nucleons in these tempera-
ture ranges. We then use the diffusion coefficient to study the
decay of inhomogeneities in the era after the quark hadron
phase transition.

The other fall out of the decay of the unstable parti-
cles is the production of a large amount of muon neutrinos.
This changes the muon neutrino chemical potential. Neutrino
degeneracy and its effect on nucleosynthesis has been stud-
ied before [24]. Constraints on antimatter domains and other
baryon inhomogeneities have also been obtained from nucle-
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osynthesis calculations [20,21]. We revisit some of these
calculations for the case of inhomogeneities which have
a pre-dominance of strange quarks. As mentioned before,
such inhomogeneities would form from the collapse of Z(3)
domains around the time of the quark hadron transition.
Though, it is difficult to draw stringent constraints from the
nucleosynthesis results due to the fact that it is a combina-
tion of all three neutrino degeneracies, one can still put some
bounds on the muon neutrino degeneracy. We use one of
the available nucleosynthesis codes based on the Wagoner—
Kawano code [25] and modified by Fields et al. [26] to look
for constraints coming from nucleosynthesis. The nucleosyn-
thesis code allows us to change the neutrino degeneracy
parameters and obtain the abundances of the primordial ele-
ments. There have been previous studies of the effect of neu-
trino degeneracies on nucleosynthesis [24]. These are over a
very wide range of baryon to photon ratios. We confine our-
selves to the current value of the baryon to photon ratio and
obtain the primordial abundances for different values of the
chemical potentials for muon neutrino (&,,) and the electron
neutrinos (&,).

Since our basic starting point is the baryon overdense
regions, in the next section, we briefly discuss the formation
of baryon overdensities and derive the diffusion coefficients
of the nucleons through a plasma consisting of neutrons, pro-
tons, electrons and muons. In Sect. 3, we follow it up by cal-
culating the diffusion coefficients numerically between the
temperature 200 and 100 MeV. In Sect. 4, we discuss the
decay of the baryon inhomogeneities in a muon rich plasma
and compare it to the decay of the baryon inhomogeneity in
a plasma which have equal number densities of electrons and
muons. In Sect. 5, we discuss the effect of muon neutrinos
and obtain constraints on the inhomogeneities based on the
muon neutrino degeneracy parameters. Finally in Sect. 6, we
present our conclusions and some brief discussions.

2 Baryon overdensities and diffusion coefficients
2.1 Generation of Baryon overdensities

Baryon overdensities may be formed in the early universe
during the quark hadron phase transition. Initially they were
formed during a first order phase transition. A first order
phase transition takes place with the nucleation of bubbles
of the hadronic phase. As these bubbles move towards one
another and coalesce, the baryon number gets concentrated
in the small regions between the bubble walls. This happens
as the baryon number prefers to be in the quark phase rather
than the hadronic phase. Details of such baryon inhomogene-
ity formation can be obtained from Refs. [1-3] and refer-
ences therein. Consequently lattice results indicated that the
quark hadron phase transition may not be a first order phase
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transition. However, there are several situations which can
arise in the early universe under which the QCD phase tran-
sition is still a first order phase transition [12]. In such cases
baryon inhomogeneities will form. Baryon overdensities can
also be formed during the electroweak phase transition [27].
There are other ways in which such overdensities can be gen-
erated prior to the quark hadron transition. We are interested
to look in detail at one such model where the baryon over-
density is generated by collapsing Z(3) domain walls [4].

Layek et al. have discussed the generation of baryon over-
densities by moving Z(3) domain walls. The profile of the
overdensity is measured by n(R) which is the baryon den-
sity left behind at a distance R from the centre of the col-
lapsing Z(3) domain wall. This n(R) can be about 1000
times the background density for an area of radius 10m. They
had explicitly calculated the transmission coefficients of the
u,d, s quarks through the domain wall. They found that the
number density of strange quarks is larger by an order of mag-
nitude for the same size of the overdensity. So for R < 1,
n(R) for u, d quarks is about 20, 000 while for s quarks it is
6 x 10°. Even if the parameters of the model are varied to
generate lower overdensities, it has been found for the same
radius, if n(R) for u, d quarks is about 400, it is 5000 for
s quarks. Hence these overdensities generated by the Z(3)
domain walls are dominated by strange quarks. Some of these
overdensities may satisfy the conditions to form stable quark
nuggets. However, since there are stringent conditions which
need to be satisfied, most of these overdensities will subse-
quently hadronize when the phase transition temperature is
reached.

There are thermodynamical models which model the
hadronization of quarks into hadrons [28]. A detailed over-
view of this hadronization process is given in Ref. [29]. We
mention only a few points about these models which are
important for the calculation of number densities for the dif-
fusion coefficients.

There are two phases here, one phase has the u, d, s quarks
while the other phase consists of the hadrons, which are com-
posites of the three quarks. Since the universe is in thermal
equilibrium, we are able to specify the grand canonical parti-
tion function of the composite particles. The composite par-
ticles are the hadrons. The grand canonical partition function
depends on the temperature and the chemical potential of the
particles. As the phase transition from the QGP phase to the
HG phase takes about 10 s, chemical equilibrium is firmly
established at the end of the phase transition. This enables
us to associate the number density of the formed particles
from the initial number density of the quarks. This has been
discussed in detail in Ref. [29]. They have shown the evo-
lution of the chemical potential of the quarks in the absence
of inhomogeneities as well as the hadrons and mesons after
hadronization. According to them the number density of the
protons, neutrons, kaons and lambdas are of the order of

103 particles/cm® around 100 MeV. The kaons and hyper-
ons formed will however be unstable and decay to pions and
muons. It was shown in Ref. [29] that their number densi-
ties decrease to about 10%° particles/cm? at around 10 MeV.
We now see how these numbers will get affected due to the
presence of the baryon inhomogeneities generated by the
collapsing domain walls.

The collapsing domain walls generate inhomogeneities
where the number density of strange quarks is 10 times
greater than the magnitude of the up and down quarks. This
means that ng; &~ 10n,. Now as is mentioned in Ref. [29],
in chemical equilibrium, the chemical potential of hadrons
is equal to the sum of the chemical potentials of their con-
stituent quarks. Since the Universe will still have to maintain
the various constraints such as charge neutrality, constant
entropy to baryon ratio etc, one will see a change in the num-
ber densities of the hadrons formed. The number density of
the particles is given by,

g [
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However, at temperatures close to the QCD phase transition,
it has been argued [30] that the net number densities can be
approximated to

LS 3

ni = 6gl Wi+ O(M,‘), ()
for fermions. Since we are doing order of magnitude esti-
mates here, we use this approximation to obtain an approxi-
mate value for the chemical potential u; . The chemical poten-
tial is required as an input to the nucleosynthesis code. We
calculate it from the number density using Eq. (2) later on in
the fifth section.

The hadrons formed are the protons. neutrons, mesons
and the hyperons. Since the number density of strange
quarks are higher than the other quarks, a larger number
of hyperons and kaons will be formed in the region of the
inhomogeneities.

Some of the particles like the sigma particle which have
a very short lifetime [(7.4 + 0.7) x 1020 §] will instanta-
neously decay when formed. Since the hadronization occurs
around 200 MeV, the typical timescales are much longer. The
Hubble time at the QCD phase transition is of the order of
1073 s [31]. One thing that has been pointed out before, is
that due to the background gas of photons and leptons, the
timescale of the hadronic decay processes may not be the
same as in vacuum [29]. The lambda particle with its mass
closest to the protons and neutrons has a longer lifetime
(2.60 x 107195). This will decay into neutrons or protons and
pions. The cascade particles will also decay into neutrons or
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protons and pions in two steps. They also have a lifetime of
(2.90 x 1071s).

Next we look at the mesons, it is the pions and the kaons
with lifetimes of the order of 1073 secs that are present
after the hadronization. The other mesons have significantly
smaller lifetimes 10717 — 10723 secs. The kaons decay to
pions and muons as well as muon neutrinos. As has been
shown by Fromerth et al. [29], a large number of pions and
muons remain in the plasma at least till 10 MeV. So even in
the absence of inhomogeneities, a significant number density
of muons (about 1038 particles/cm3) already existed in the
plasma. In the presence of the inhomogeneities, the decay
of the excess hyperons and kaons, will increase the pion and
muon number density of the plasma in the overdense regions.
Hence after the quark hadron phase transition is complete,
these overdense regions may have a higher muon concentra-
tion than the background plasma. We refer to these regions
as the muon rich inhomogeneities and we will estimate the
diffusion coefficients based on these parameters in Sect. 3.

2.2 Diffusion coefficients of nucleons

The diffusion coefficient of nucleons have been studied in
detail in both refs. [13] and [14]. Both these and other refer-
ences study the coefficients after the weak interactions have
fallen out of equilibrium i.e for temperatures less than 1
MeV. However, overdensities are formed at around 200-100
MeV. So diffusion of the nucleons from the overdense regions
start around the same time. Since the weak interactions are
in equilibrium, the protons and neutrons are indistinguish-
able at these temperatures. But the hadrons would still try to
move from an overdense region and restore equilibrium in the
baryon number distribution. The neutrons and protons would
collide with the electrons and would decay into each other.
Other hadrons like the hyperons and kaons will decay and
produce pions and muons. Finally, the plasma will consist
of protons, neutrons, electrons, muons and their respective
neutrinos. We would like to find out the diffusion coefficient
of the nucleons at these temperatures. We will therefore con-
centrate on the nucleon - electron and the nucleon- muon
Ccross sections.

In a gas of lighter particles, the diffusion coefficient of a
heavier particle is defined by the Einstein’s equation D =
b T. Here, b is the mobility of the heavier particle and T is
its temperature. For a Maxwellian distribution of particles, it
is given by

167 2d
— Ea p3hp vpza,e_E/T. 3)

Here oy is the scattering cross-section, and v is the velocity
of the particles.

Since there are different kinds of particles in the plasma,
we are dealing with multi-particle diffusion here. This

b—l
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depends on the concentration of the particles of different
species in the plasma. The effective or average diffusion
coefficient that is used for multi-particle diffusion is given
by [32],

uzz’“_f )

Here i and j denote different particles of the plasma. D;
denotes the diffusion coefficient of the i’" particle and D; j
denotes the diffusion coefficient of the i*” particle in the pres-
ence of the j* particle. Since we do not consider collision
of similar particles here we have taken i # j. If N be the
total particle density, and n; be the number density of the i"
particle, then x; = ”W’

We now proceed to obtain the scattering cross-sections
which are required to obtain the diffusion coefficients in our
case. The nucleon—electron cross section is dominated by
form factors. However the neutron—electron and the proton—
electron scattering cross-sections are not the same due to
the presence of the electric or Mott scattering cross-section
in the latter. So we have to calculate the neutron—electron
and the proton—electron scattering cross-sections separately.
The diffusion coefficient due to the neutron—electron cross-
section can be obtained by considering Fi(g?) = 0 and
F>(g?) = 1. Here Fi(g?) and F>(g?) are the Dirac and Pauli
form factors. We do not derive the cross-section explicitly
here as the derivation has been discussed in detail, previ-
ously in the literature [13], we only mention the relevant
points.

As mentioned before we are looking at the mobility of a
heavy particle passing through a gas of light particles. Here,
the neutron is the heavier particle and we assume that it is
moving through a electron-positron gas. The scattering cross
section of the neutron is then given by,

do a2k2q? /

42 " 16MPE%sin*(0)2) E [1 +sm2(9/2)]' ©)

Here E is the electron energy before the scattering and E’
is the electron energy after scattering and 0 is the scattering
angle. The transport cross section oy, is defined by

= / 99| _ costas ©6)
o= = cos .
Substituting the scattering cross-section we get,
ark1?
o =3| % | @)

Substituting the expression for the transport cross-section in
the definition of the diffusion coefficient, we finally obtain,

M? 1 YT

Dpe = ——= —— ——.
" 3om3 ak? TF(T)

®)
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M, here is the neutron mass, m is the electron mass,
k = —1.91 is the anomalous magnetic moment and the
temperature is dimensionless as it is scaled by a factor of
mec?. We also have f(T) = 1+ 3T + 372,

Similar to the nucleon- electron cross-section, we also
obtain the nucleon-muon scattering cross-section. The ampli-
tude of the muon vertex is similar to the electron vertex. It
is given by —iey”(¢?). Though the muon is heavier than the
electron, it is still lighter than the neutron. Hence we can still
consider its mass to be much smaller than the neutron mass.
The heavier neutron will not move very fast compared to the
lighter particles, therefore we can consider ¢ A~ 0. The form
factors will then be F; = 0 and F> = 1. The neutron vertex is
givenby I', (q%) = 2i_1’1(/10#qu' The differential cross-section
will then be,

do o’k?q? 1
d2  8M2E2sin*(0/2) 1 + 2Esin2(0/2)/M

cos*(0/2) [ q* L
X[l —q2/4M2<4M2 - 1) T (9/2)] ©

We assume that the muon energy and mass are less than
the neutron mass. This simplifies the cross-section and we
can get an approximate cross-section given by,

do ~ a2/<2

10 4M2 —[1 + cosec*(0/2)]. (10)
Here all the constant values are put together and substituted
by a single constant K = % We have also assumed that the
heavy neutron particle is moving through a muon-antimuon
gas. The mobility of the neutron is given by the force on
the neutron due to the medium. This force is given by the
interaction cross section. Substituting in the definition of the
diffusion constant, the diffusion coefficient of the neutron
through the muon-antimuon gas is given by,

M2 1 VT
D,, = — . 11
nh 32m3 ak? T' f(T") an
Here T’ = ™ ne and Dy, we

can get the total diffusion coefficient for the neutron mov-
ing through the plasma of electrons, muons and their anti-
particles. From Eq. (4), we see that it depends on the con-
centration of the particles in the plasma.

We now proceed to find the diffusion coefficient of the
proton moving through the electron positron gas. For proton-
electron scattering, we have to take into consideration the
Coulomb force. So the scattering cross section is given by,

do o’m? ko,
L9 XM 114 2 cos®(0)2) | 12
a0 4k4sin4(9/2|: T oacos @/ )} (12)

The transport cross section is then given by,

o = ama2[ E T (2 (13)
=4na n|—
! 27k2 6 )"

where 6 is the minimum scattering angle. On substitution,
we get the diffusion coefficient as,

3 |: h :|Te1/T
8ain (i) £y

Dpe = 14
pe 2wm, (14

Similar to the proton electron cross section, we can calcu-
late the proton muon cross section too. The differential cross
section is given by,

do _ o? 1
sin%(0/2) 1+ 2Esin2(6/2)/M

A 4E?
x (1 - K2q2>c052(9/2) - i(l +K)?sin®(0/2)
M? 2M2 ’

4
(15)

We are interested in the temperature dependency of the
diffusion coefficient. There is no simple analytical expres-
sion for the diffusion coefficient. However we can always
find them numerically by substituting the constants and cal-
culating the final diffusion coefficient following the same
steps as before. We obtain the transport cross-section and
then use it to calculate the diffusion coefficient. The values
of the diffusion coefficients which are obtained numerically
are given in the next section. We have not considered the
collision of the neutrons and the protons here, since at these
high temperatures (above 100 MeV) neutrons and protons are
kept in mutual thermal equilibrium through charged-current
weak interactions. This equilibrium will be maintained so
long as the timescale for the weak interactions is short com-
pared with the timescale of the cosmic expansion. Hence, we
do not treat the neutron and the proton as two independent
particles colliding against each other.

Immediately after the hadronization of the quarks, at ther-
mal equilibrium, the number density of the electrons and
the muons can be obtained. From Ref. [30], we see that the
number densities of leptons after hadronization is given for
different values of the lepton asymmetry. We find that the
number density of electrons and muon are of the same order,
the authors have shown between 200 and 100 MeV for both
the cases "S—‘ ~ (4 x 10°) MeV~L. The number density starts
to vary around 150 MeV. If there were no inhomogeneities
present then the muon number density is equal to the elec-
tron number density. However, due to the presence of the
inhomogeneities, the number densities can change. Here we
make an estimate in the change of the number density and
then proceed to study how the diffusion coefficient changes
depending on the change in the concentration of the electrons
and the muons.

@ Springer
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3 Diffusion coefficients after the Quark-Hadron phase
transition

We look at the diffusion coefficients at temperatures greater
than 100 MeV. The quark hadron phase transition occurs
around 200 MeV. The inhomogeneities are formed after the
phase transition. As mentioned before, inhomogeneities with
alarge number of strange quarks will hadronize to give a large
number of hyperons immediately after the phase transition.
These hyperons have a short lifetime and decay into pions
and muons. The pions too subsequently decay into muons.
So the number density of muons would be high around these
temperatures.

In Ref. [29], the authors have calculated the number of
particles per cm? after hadronization in the absence of inho-
mogeneities. There we find that the number density of the
electrons at 100 MeV is of the order of 103 particles per
cm?® and the muon number density is only slightly less than
that. In their calculation, they have considered us; = wuq,
however in the presence of the inhomogeneities due to Z(3)
domain walls we have ng & 10n,4. This translates to a higher
number of hyperons and kaons. These will decay to nucleons,
electrons and the muons.

Since the plasma has the nucleons, electrons and the
muons, we are using the multiparticle diffusion coefficient
mentioned previously. As x; is the fractional number density,
we have the constraint that ) ; x; = 1. If all the particles are
distributed evenly in the plasma then x; = 0.25. However
that is not so, hence we now need to find out what should be
the values of x,, x), x¢, x,, in the inhomogeneities. Gener-
ally at these temperatures, the leptons dominate the energy
density and the neutrons and protons constantly change into
one another so x, = xp and x, +x, < x,+x,.The excess of
strange quarks in the inhomogeneities implies that the num-
ber density of hyperons and kaons have increased. Now as
has been mentioned before, the hyperons decay into nucle-
ons and pions. A typical decay mode of a hyperon would be
A= > pt 4+ 77 or A= > n® + 70 The pions decay
into muons ( w1~ — > u~ + v,). So the s quarks would
increase the number density of nucleons as well as pions
and muons. The decay of the kaon may lead to two possi-
bilities. The kaons can decay into muon/antimuon and muon
neutrino or electron/positron and electron neutrino. Now as
per the branching ratio of these reactions, the probability of
kaons decaying into muon/antimuon and muon neutrino is
far greater than the probability of kaons decaying into elec-
tron/positron and electron neutrino. According to the particle
data group the branching ratio of the former is 64 % while
it is only 5% for the latter. Thus it is clear that the inhomo-
geneities will give rise to an excess muon number density. For
the case of the kaons decaying to muon/antimuon and muon
neutrino we use the values x, = x, = 0.2, x, = 0.4 and
x. = 0.2. This case is referred to in the graphs as x, < x,.

@ Springer

10000

S
)
=3
€
@
2 —
B 1000 - - - - - e =]
g . o=
c ' - .=
o ' T L —
7] ' // L
e - L—
=) - ' . '
— o '
~ .= '
. ' '
B '
100 4 i
175 150 125 100

Temperature (Mev)

Fig. 1 Diffusion coefficient of neutrons in the electron, neutron and
muon plasma. The (black) dashed line denotes x, < x, and the (red)
dot-dashed line denotes x, ~ x;

We have not considered the case of x, > x,, since the current
data suggests that it is highly improbable. The case x, ~ x,
is the absence of any inhomogeneity.

We first calculate the diffusion coefficients of the neutrons
and the protons in a muon rich plasma and a plasma with
equal number densities of electron and muons. We plot the
total D, vs temperature in Fig. 1 and the D, vs temperature
in Fig. 2. The two lines denoting the two cases are as follows,
the (black) dashed line denotes case (1) (x, < x;,) and the
(red) dot-dashed line denotes case (2). Now, if the particle
densities depend solely on temperature (i,e in the absence of
any inhomogeneities) then between 175 MeV and 100 MeV
the electron particle density will be close but higher than the
muon particle density [22]. As the temperature decreases, the
diffusion coefficients increase. The presence of the inhomo-
geneities however increases the number density of the muons.
As the number density of muons increase, we notice that the
diffusion coefficient is increasing more. Thus the presence of
muons changes the diffusion coefficient of the neutron con-
siderably. This will definitely affect the decay of hadronic
inhomogeneities at temperatures above 100 MeV. We also
plot the total D), vs temperature in Fig. 2.

While we have calculated the number densities of the
particles based on the standard decay paths and branch-
ing ratios, there is always the possibility that non-standard
decays can occur and the nucleon density may be greater in
the baryon inhomogeneity then in the background plasma.
This can occur if a large number of hyperons decay via
A%— > 2% 4+ 79 The 70 will decay into photons and we
will have a neutron excess in the plasma. This means that the
neutron density need not be fixed with respect to the muon
density. We have checked what happens if the neutron density
are more but we see no significant differences.
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From all the figures we can conclude that the diffu-
sion coefficient starts to increase as the muon density is
increased. Thus these graphs show that the presence of
the muons changes the diffusion coefficient of the neu-
tron/proton through the plasma. The diffusion coefficient
being increased, the nucleons move faster through the
plasma. So a baryon over dense region will diffuse at a faster
rate if the muon number density is higher. However, this only
happens when temperatures are quite high. As the tempera-
ture cools to 1 MeV, the number density of muons go down.
During this period, the contribution to the diffusion coef-
ficient from the muons becomes negligible. Figure 3 gives
the diffusion coefficient at temperatures less than 1 MeV. As
seen from Fig. 3, the presence of the muons does not really
change the diffusion coefficient around 1 MeV. We have thus
established that the diffusion coefficient of the neutrons and
protons change significantly due to the presence of the muons
in the plasma in the overdense regions immediately after the
quark hadron transition. We would now like to see what effect
these new diffusion coefficients would have on the diffusion
of hadronic inhomogeneities formed around the time of the
quark hadron phase transition.

4 Decay of inhomogeneities

We now look at the decay of baryon inhomogeneities in the
plasma around those temperatures. Baryon inhomogeneities
generated at the quark hadron phase transition should be at
least of the scale of 0.4 m (at 200 MeV) to affect nucleosyn-
thesis [33] calculations. So the overdensities that may affect
the nucleosynthesis results will be greater than 0.5 m. This
scale is still quite small compared to the size of the universe at
that time which is of the order of a few kilometers. Since the

1x10°
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' '
' '
' '

1x108

1x107

1x108

Diffusion Co-efficent (Mev'1)

100000
10

Temperature (Mev)

Fig. 3 Diffusion coefficient of neutrons in the electron, neutron, pro-
ton, and neutrino plasma at temperatures below 10 MeV. The (red)
dotted line denotes the presence of muons in the plasma. The (blue)
solid line denotes the plasma without the presence of muons

size of the inhomogeneity is very small compared to the size
of the universe at that temperature, we can ignore the effect
of the expanding universe on the decaying inhomogeneities.

We treat the inhomogeneity as a Gaussian function whose
peak value at the initial time 7o, is given by 10'3 MeV?3. The
average number density of the background plasma is of the
order of 10’MeV? and baryon overdensities can be as large
as 10% times the background density [4]. In general, the dif-
fusion equation is given by,

D(t) 9°n(x,1) _ On(x,1)

a? axz o
where D(¢) is the diffusion coefficient which is dependent on
the temperature and therefore the time in the early universe.
Here a? is the scale factor of the expanding universe. Since
the diffusion coefficient is time dependent, we solve the time
dependent diffusion equation numerically to see the evolu-
tion of the inhomogeneities with time. We use a finite dif-
ference method to obtain the numerical solution of the diffu-
sion equation for the different diffusion coefficients obtained
previously. Since our diffusion coefficients are expressed in
terms of temperature, we use the standard time temperature
expression to obtain the diffusion equation in terms of tem-
perature. Therefore, now our number density depends on
space and temperature n(x, 7). We consider the inhomo-
geneity at T = 175 MeV, we then evolve the inhomogeneity
with a given diffusion coefficient.

We assume for the time being that the ratio of the fractional
number densities of the different particles are more or less
constant through out the time of evolution of the diffusion
equation. That way the diffusion coefficient is only depen-
dent on temperature. Initially the number density decreases
slowly. As time increases (temperature decreases), the peak

(16)
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Fig. 5 The decay of the baryon inhomogeneity in a muon rich plasma

of the inhomogeneity goes down and it spreads out in space.
We initially show how an overdensity decays in a plasma
which has equal numbers of electrons and muons in Fig. 4,
in Fig. 5 we have plotted the decay of the overdensity in a
muon rich plasma.

From the two plots, it is clear that the muon rich inhomo-
geneities decay faster. The difference in the decay increases
as the temperature cools down. The initial profile is taken
to be the same at a temperature of 175 MeV. The final
profile of the inhomogeneity for the muon rich plasma is
close to 2.5 x 10'*MeV?3. In the case when the electron and
muon densities are the same the overdensity is close to about
2.75 x 10'* MeV?. The initial size of the inhomogeneity was
the same in both cases, so it indicates that the hadronic inho-
mogeneity decays faster, in the presence of a large muon
density. This leads us to conclude that over densities which
have a larger number of strange quarks will decay away faster
after hadronization. Thus they will have little or no impact
on the Big Bang Nucleosynthesis calculations.

@ Springer

5 Neutrino degeneracy parameters

Now inhomogeneities formed due to the collapse of the Z(3)
domain walls as mentioned before will have a larger number
of strange quarks. These quarks when they hadronize will
form unstable hyperons. The hyperons decay into mesons
and neutrinos. Since most of them will decay due to the pro-
duction of pions and pions further decay into muon and muon
neutrino, there will be a larger number of muon neutrino in
the plasma.

Generally, it is assumed that the three standard model neu-
trinos oscillate amongst themselves and have the same chemi-
cal potential at a given temperature. So in the nucleosynthesis
calculations the three neutrinos are usually given the same
chemical degeneracy parameter. However, it has also been
shown previously, that if the lepton number densities are dif-
ferent for the electron neutrino and the muon and tau neutrino,
then the abundances of primordial elements are affected [24].
Therefore if Z(3) domain walls collapse and form inhomo-
geneities during the quark hadron phase transition, we can
expect a larger number density of muon neutrinos compared
to electron neutrinos. In nucleosynthesis calculations, the net
lepton number is defined for each of the neutrinos. This is a
dimensionless number defined by,

ny.

e ——— (17
ny

This is related to the neutrino degeneracy parameters, & =
“T”" by the equation [34],

n? T,\? g3
L, ~ 12¢3) (T_y> (fz + ﬁ) . (18)

During this time, the photon are slightly heated with respect
to the neutrinos. 7, is the temperature of the neutrinos and
T, is the temperature of the background photons. The num-
ber density can be calculated using Eq. (1) (for the detailed
solution please refer to [34]). The integral can be simplified
and solved in terms of the Reimann Zeta function of order
three (£(3)). This is what determines the energy density of
the neutrinos during nucleosynthesis.

We have used a standard code for the nucleosynthesis cal-
culations. The core of the computational routines is based on
Wagoner’s code [25] but the code itself has been modified by
Fields et al. [26]. The code allows us to change the neutrino
degeneracies at the beginning of the calculation. The neutrino
degeneracies depend on the chemical potential of the neutri-
nos as well as the baryon to photon ratios. The current bound
on the baryon to photon ratio is quite stringent. Hence we just
adhere to only one value of the baryon to photon ratio and
vary only the chemical potential of the neutrinos. The chem-
ical potentials depend on the number density and an order of
magnitude estimate can be obtained from Eq. (2) considering
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Fig. 6 Comparison of abundances in the presence and absence of inho-
mogeneities for muon degeneracy greater than the electron degeneracy

only the first term on the right hand side. The temperature is
taken as a constant and the degrees of freedom are the same
for all the neutrinos.

Neutrino degeneracies have been studied previously and
some bounds on the degeneracy values have already been
obtained [24]. The neutrino degeneracy affects the helium
and the lithium abundances more than the other abundances
so we just look at the primordial helium and lithium abun-
dances. In Fig. 6, we show the abundances for&, = &, inbold
while we have &, < &, as the dashed line. We have consid-
ered n = 3.4 x 10719, There are two pairs of values we have
considered. One of them is £, = 0.2 and £, = 2.0, while
the other is §, = 0.4 and §,, = 4.0. Our motivation for using
these values are the constraints derived previously in Refs.
[35,36]. Accordingly, the neutrino degeneracy parameters
have to be in the ranges —0.06 < &, < I.1and |§,| < 6.9t0
satisfy the CMB constraints. Our &,, £, are in these ranges
and the number density of the muon neutrino is about ten
times that of the electron neutrino. As mentioned before, we
cannot specify the decay branches of the hyperons and kaons
exactly hence we tried to see what could be the maximum
possible effect. Since the number density of s quarks is at least
10 times that of the u and d quarks hence we have calculated
&, and &, by using Eq. (1). This gives us the maximum pos-
sible bound. We have also tried other combinations within
these parameters but none of them showed any improvement
in the final results.

Our results show that there are some small changes in
the abundances of helium. The changes are not too signifi-
cant to put constraints on the inhomogeneities. However, the
lithium abundance is enhanced if we go to higher values of the
degeneracies. Here, we have kept the muon neutrino degen-
eracy to be higher than the electron neutrino degeneracy at all
times. Since the inhomogeneities in our model tend to decay
into pions and muons, the muon neutrino degeneracy will

1x10°
i abund:

He4 abundance &,

Li abundance Z,

1x10710

17 Abundance

Abundances

1x10°1%

X102 Lo e // rrrrrrrr

1x102%

100 10 1 0.1 0.01

Fig. 7 Plot of the abundances in the presence and absence of inho-
mogeneities for electron neutrino degeneracy greater than the muon
neutrino degeneracy included

definitely be higher than the electron neutrino degeneracy.
This means that the lithium abundance will be higher than
the current calculated value. As is well known, the observed
lithium abundance is less than the calculated value, hence
we can conclude that large inhomogeneities with a pre dom-
inance of strange quarks will be constrained by the lithium
abundance.

Apart from the inhomogeneities from the collapsing Z(3)
domains, there can be charged inhomogeneities too. Charged
inhomogeneities can be formed if the plasma has a small
charge imbalance during the quark hadron transition [37]. So
we also look at the case where the electron neutrino degen-
eracy is greater than the muon neutrino degeneracy.This can
happen if there are charged inhomogeneities in the plasma.
The plot is given in Fig. 7. Here however we see that both the
helium abundance and the lithium abundance is reduced. Not
only that, the large electron neutrino density also affects the
neutron to proton transformation rates. Thus the beginning
of the lithium production is also delayed.

Here, we notice that when the two parameters &, and &,
are varied there is variation in the abundances of lithium and
helium. When &, > §&,, the two abundances are enhanced
while if £, < &, the abundances are decreased. Since the
decay of the inhomogeneities results in the variation of the
degeneracy parameters, a detailed simulation would give us
further insight in understanding the quark hadron phase tran-
sition.

6 Summary and conclusions
In summary, we have shown that baryonic inhomogeneities
which have a larger number of muons decay faster compared

to an inhomogeneities that are produced by a first order phase
transition. Generally, in the absence of inhomogeneities, the

@ Springer
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plasma has a higher electron density compared to the muon
density. In the presence of inhomogeneities however, the
number density of muons can be increased depending on
how the inhomogeneity is generated. It is quite possible that
the muon density would be higher than the electron density
in some of the inhomogeneities which are formed by the col-
lapse of Z(3) domain walls. Such a scenario has never been
studied before. We obtained the diffusion coefficient of the
neutron and the proton in a muon rich plasma and find that at
higher temperatures, it varies from the diffusion coefficient
in the standard plasma. This significant change will result in
the faster decay of inhomogeneities above 100 MeV. For an
inhomogeneity decaying in a plasma with equal numbers of
electrons and muons, the size of the inhomogeneities need
to be of the order of 0.4 m for them to survive till the nucle-
osynthesis epoch. But in an muon rich plasma, the size of
the inhomogeneity has to be at least 5% bigger to survive
to the nucleosynthesis epoch. So any mechanism that segre-
gates the strange quarks more than the up and down quark
must generate very large inhomogeneities to have any effect
on the nucleosynthesis calculations. Inhomogeneities which
have a predominance of strange quarks thus decay faster than
inhomogeneities which have the different quarks in a more
or less equal proportions.

We have also looked at neutrino degeneracies generated by
these inhomogeneities. Inhomogeneities which have a pre-
dominance of strange quarks will also generate a larger num-
ber of muon neutrinos compared to electron neutrinos. This
means it is quite possible that a large muon neutrino degen-
eracy parameter is generated. We have checked whether a
large muon degeneracy parameter is compatible with nucle-
osynthesis calculations. We find that the lithium abundance is
higher than the observed lithium abundance. This puts some
constraints on these inhomogeneities. Further constraints can
also be obtained if a more detailed simulation of the decay
of the inhomogeneity is carried out. We hope to pursue this
in a later work.
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