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We determine the possible trajectories the Universe may have followed in the quantum chromodynamics
(QCD) phase diagram during the QCD epoch. We focus on the roles of chiral symmetry breaking and
pion condensation under high imbalances in lepton asymmetry. Adopting the quark-meson model as an
effective description of QCD at finite temperature, charge and baryon chemical potentials we show that,
for sufficiently large but physically motivated asymmetries, the Universe may have entered the pion
condensation phase through a first-order phase transition, followed by a second-order phase transition
when exiting it. Such a first-order phase transition represents a new possible source of primordial

gravitational waves during the QCD epoch.
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I. INTRODUCTION

The origin of the matter-antimatter asymmetry remains a
mystery despite many theoretical and observational efforts
in the last decades [1,2]. This is partially due to the
difficulty in probing the early stages of the cosmic
evolution (=1 s or less). In particular, the baryon asym-
metry, given by the ratio between the baryon number
density and the total entropy, b = ng/s, can be precisely
determined by cosmic microwave background (CMB)
and big bang nucleosynthesis (BBN) observations to be
b = (8.7 4+ 0.06) x 10~ [3]. However, the reason for this
value remains unknown and many attempts to explain it
predict that a large total primordial lepton asymmetry
=% ,n./s (a=e, p, t), with n; the lepton number
density, may have been present before BBN [2,4-7]. This
quantity has been poorly constrained by observations and
the bounds on the asymmetries for the individual leptons
are even weaker. It has been shown in Refs. [6,8—10] using
neutrino transport calculations, that one can have large
individual primordial lepton asymmetries that will even-
tually become small when neutrino oscillations start at
temperature 7 =~ 10 MeV. Within this scenario, one is
naturally lead to investigating the consequences of such
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large lepton asymmetries on the physics of the standard
model and asking what observational signatures might be
generated. In this work, we explore how the quantum
chromodynamics (QCD) sector would be affected, and look
in particular into the roles of chiral symmetry breaking and
the possibility of pion condensation.

QCD at finite temperature and chemical potentials has a
rich phenomenology that gives rise to a variety of complex
phase diagrams [11]. For example, it is known from lattice
QCBD that, if high charge chemical potentials (uy > m,, with
m, the pion mass) are reached at around 140 MeV, pion
condensation takes place [12—14]. It is usually assumed that
in the early Universe / and b are of the same order, which
would make both charge (1y) and baryon (ug) chemical
potentials very small and result in the Universe following a
simple trajectory along the temperature axis of the QCD
phase diagram (standard scenario in Fig. 1). However, there
is also the possibility that an imbalance between lepton
asymmetries or even a nonzero total lepton asymmetry
was present during the QCD epoch, which would have lead
to high values of charge and baryon chemical potentials
[15,16]. Depending on the lepton asymmetries, the Universe
may have taken different paths in the QCD phase diagram,
often referred to as cosmic trajectories, possibly crossing
phase transitions as it cooled down.

The high values of charge chemical potential reached
when high lepton asymmetries are present, naturally lead to
the prediction of pion condensation, as first pointed out in
[15,17,18]. The conditions for pion condensation at the
QCD epoch were later analyzed in detail by Ref. [16],
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FIG. 1. Pion condensation in the early Universe. When baryons
appear, charge neutrality can still be maintained at high . The
Universe can then reach phases such as pion condensation,
depending on the imbalance in the individual lepton asymmetries
quantified by [, + [, (with [, + [, + [, = 0). The dark gray line is
the standard trajectory that assumes no imbalance in the asym-
metries and a total asymmetry of the order of b. In the figure three
possibilities are illustrated: (A) at small [, + [, the trajectory
does not reach the pion condensate; (B) at intermediate values of
l, + 1, the Universe enters and leaves the pion condensate
through second-order PTs; (C) at high /, + 1, the Universe enters
the pion condensed phase through a first-order PT and exits it
through a second order PT.

where a pion-condensed phase at large 1y was explicitly
introduced using an effective mass model matched to
lattice data. In this work, we reexamine this possibility
within the two-flavor quark-meson (QM) model.
Despite its simplicity, this model correctly exhibits the
approximate chiral symmetry breaking pattern SU, (2) x
SUR(2) —» SUy(2) and its relation with the pion mass
[19], and has been used in a variety of investigations of
the QCD phase diagram [20-26].

Therefore, this approach provides a complementary
analysis, addressing points not discussed in Ref. [16]."
Namely, within the QM model: (i) we discuss both the
chiral phase transition and the pion condensation phase;
(i) we evaluate the corresponding condensates along the
cosmic trajectories by solving the conservation equations
for the early Universe while simultaneously minimizing the
free energy of the system with respect to the condensates,
i.e., solving the gap equations; and (iii) we discuss the
cosmic trajectories along the QM model phase diagram,
which is different from the effective mass model, exhibiting
a tricritical point at high u, and high T (see Fig. 1). Since

"Reference [27] uses a PNJL model to discuss the cosmic
trajectories. There, the order parameters are the Polyakov loop
and the pion condensate. Although the assumptions of both
treatments are similar, the discussions take different directions
regarding which information to extract from the phase diagrams
and thermodynamic quantities.

a full determination of the QCD phase diagram at finite 7,
up and pp is lacking, and a possible tricritical point at
high values of py (21.5m,) has not been investigated on
the Lattice (up = 0), we consider this scenario worth
investigating given its possible phenomenological conse-
quences. For instance, if the Universe went through phase
transitions as it cooled down, this may have left imprints on
a preexisting gravitational wave (GW) background, or even
generated additional gravitational waves if the Universe
went through a first-order phase transition (PT).

This work is organized as follows. In Sec. II we
introduce and discuss the quark-meson model that will
be employed in the description of the QCD sector. In
Sec. III we discuss the conditions that were present in the
early Universe and that determine the path the Universe
should follow through the phase diagram. In Sec. IV we
discuss the phase diagram of the QM model, the results for
the cosmic trajectories and for the behavior of the con-
densates, as well as what these results imply for the phase
transitions that the Universe may undergo for given lepton
asymmetries imbalances. In Sec. V we discuss the results
and point to some possible phenomenological conse-
quences, like the generation of GWs. Section VI summa-
rizes the main conclusions and outlines perspectives for
future work.

II. THE MODEL

A. Quark-meson model

The quark-meson model was shown to be very suitable
for the study of the chiral transition long ago [28]. As
argued originally in Ref. [29], QCD with two flavors of
massless quarks belongs to the same universality class as
the O(4) linear sigma model, exhibiting the same quali-
tative behavior at criticality. This model has also the good
feature of being renormalizable [30], even though this is not
necessary for an effective model, and reproduces correctly
the phenomenology of strong interactions at low energies.
Since its proposal [31], it has been investigated in different
contexts, and very early used to study the chiral transition
of thermal QCD [32-44], and also at finite density [45-47].

At finite quark chemical potential y, = ’% up being the
baryon chemical potential, and isospin y; = ’%Q, we can
write the Lagrangian for the quark-meson model Ly
as [20,22,48,49]

Lom = Ly +w(d+ voft + iglo + iyst - 7)) y+
— 2uy (71 (0om2) — m2(0pm1)) — 2u7 (7 + 73) (1)

where

Y
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and

1 1 - -
Ly ziaﬂaaﬂwriaﬁ-aﬂwr Ulo,7,1), (3)

with

Ulo, 7, u;) = % (6> +n° —v?)? —ho —2uin*. (4)
Here, the scalar field o corresponds to the sigma meson
and the components of 7 correspond to the pion fields.
We adopt the decomposition ¢ =6, +6 and 7 = (79 + 7|,
7, ,m3), where oy and 7z, are the mean values (or con-
densates) of the sigma and pion fields and & and
(m|, 7y, 73) their corresponding thermal fluctuations. The
Ny =2 fermion fields y = (u,d) represent the up and
down constituent quarks. Notice that the self-interacting
potential in the mesonic Lagrangian given by Eq. (3)
exhibits a spontaneous symmetry breaking pattern
SU;(2) x SUR(2) - SUy(2). Moreover, the term ho cor-
responds to an explicit symmetry breaking, which is a
consequence of a finite current quark mass.

Following the standard approach in the mean-field
approximation, we neglect thermal fluctuations of mesons
and replace the meson fields by their mean values, arriving
at the following free energy:

&*p
(27)?
X [ln (1 + e Eat#)/Ty 4 1n (1 + e~ (Ea=ra)/T)

QQM = Qvac - 2NLT/

+1In (14 e~ Eat#)/T) 4 In (1 + e—<EX—ﬂq>/T)]
=+ U(G(]’ﬂ(]’/’tl)» (5)

where the vacuum term has the form

3
Qe = _2Nc/(6217p)3(EX + EZ) (6)

with

EjA: = \/ (Ep i/‘l)z + A2 (7)

Here, E, = \/p*+m?, m = go, and A = gry. For sim-
plicity, in the following discussion we neglect the vacuum
term in Eq. (5), using the so-called no-sea approximation
(for a discussion on the relevance of vacuum terms see
Refs. [20,21,45,48,50-55]). The free parameters of the
model are the coupling constant g, the self-interacting
coupling A, the constant in the explicit symmetry breaking
term A, and the vacuum expectation value at 7 =0, v.
We fix these parameters by requiring that the model

should reproduce vacuum values of the pion decay constant
frz=92MeV, the pion mass m, =138 MeV and
m, = 700 MeV. The value of m, was chosen in
order to make the chiral phase transition occur at
T ~ 160 MeV at up =0 and py = 0, in agreement with
lattice simulations [12].

III. EARLY UNIVERSE CONDITIONS

In the early stages of cosmic evolution (<1 s) the rate
of interactions between particles is much larger than the
Hubble rate, I'> H. This allows us to describe the
Universe as a plasma of relativistic particles in thermal
equilibrium that conserves baryon number B, charge Q and
lepton number L. As the Universe cools, heavier particles
will decouple from thermal equilibrium, changing the
particle content of the cosmic plasma. This particle content
in turn affects the expansion of the Universe through the
Friedmann equations [56]. Therefore, knowing how matter
behaves is essential for a good description of the evolution
of the Universe at its early stages. The cosmic trajectories
determined in this paper bring information about the
behavior of matter during the QCD epoch, considering
in particular the possibility of phase transitions when high
charge chemical potentials are allowed.

To describe the path that the Universe followed during
the QCD epoch we must take into account some observa-
tional constraints. The asymmetry x associated to a given
conserved quantity X is a measure of the imbalance in the
number of particles that carry positive and negative values
of this quantity, normalized by the total entropy density.
Measurements from the CMB can place strong constraints
on the possible electrical charge asymmetry in the
Universe. For instance, the authors of Ref. [57] used the
isotropy of CMB to state that g,_, < 1072°¢ in the case of a
uniform distribution of charge, showing that observations
are consistent with a charge neutral Universe. On the other
hand, the value for the baryon asymmetry b can be
extracted from BBN and CMB observations and is inferred
to be b = (8.7 £ 0.06) x 10~'! [3]. The presence of lepton
asymmetries in the Universe after neutrino decoupling’
can affect at least two important quantities that are relevant
for the CMB spectrum and for BBN. The first effect is on the
proton-to-neutron ratio Z—; via the electron-neutrino asym-

metry; the second is on the effective number of neutrino
degrees of freedom Ny. This can be used to constrain the
possible values of /. For instance, the authors of Ref. [58] find
[ <1072, but in Ref. [59] its is argued that it could
be larger depending on the details of the neutrino sector.

Notice that after the baryon and lepton decoupling, charge
neutrality implies that, since the baryon number density is
measured to be small, the lepton number density of the charged
leptons should also be small. Then, if primordial lepton asym-
metries survived to the present day, they would be hidden in the
neutrino sector.
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In what follows we assume / = 0 for simplicity, since the
imbalance in individual asymmetries is sufficient to generate
pion condensation.

Following an approach similar to Refs. [15,16,60—62],
we associate a chemical potential and a conservation
equation to each of the charges that are conserved during
the cosmic evolution that follows baryogenesis and lepto-
genesis [63], i.e., the baryon number B, the electric charge
Q and the lepton number density L, for each lepton flavor
a = e, u, 7. Then, for a given temperature 7, the equations

ng(T, :“B’/‘Q) _
s(T, up, pos {Hat) - )
no(T.ug: po- {1a}) _
S(T,/ABJ"Q’ {ﬂa}) =0 <9)
ny (T, pg. {ta}) _ ace, u.t
R ) R

define the point (ug, pg. {4, }) in which the Universe is
located in this space. The cosmic trajectory of the Universe
can then be found by solving these equations in a range of
temperatures. Here nj is the baryon number density and n,
is the charge number density. The lepton number density
is given by n; = n, + n, , with n, corresponding to the
charged lepton number density, and the number density
of its corresponding neutrino being given by n, . These
number densities are divided by the total entropy s.
Equations (8)—(10) define what we will from now on refer
to as baryon asymmetry b, charge asymmetry g = 0 and
lepton asymmetry /,, respectively.

Notice that we can rewrite the particle chemical poten-
tials in terms of the charge (xp), baryon (up) and lepton
number (¢, ) chemical potentials

2 1
Hu =3 Ho + 3HB
1 1
Ha = =3k +§/13,
Ho = KL, — Ho>
Hy, = KL, (11)

with p, (a=e, u, 7) the chemical potentials of the
neutrinos. In our model p, = 1 (u, + ps) = £ which leads
to p, = % Hp + % Ho- To determine the cosmic trajectories
we must minimize the quark-meson potential (5) with
respect to the condensates of the model, (7, o), while
imposing Eqs. (8)—(10) as constraints. In the following
discussion, based on the observation that the occurrence
of pion condensation depends essentially on the value of
l, +1, [16], we will vary this quantity within the range
0.01-0.4. These are typical values found in models that
predict generation of primordial asymmetries [1,60,64—67].

The total pressure, entropy and energy density that are
used during the calculations are given by the sum of the
contributions from the QCD sector, described by the QM
model, with contributions from leptons and photons, under
the constraints discussed in this section. The leptons will be
treated as free massive relativistic particles and the photons
as free massless relativistic particles.

IV. RESULTS

A. Phase diagram

In Fig. 2, we show the phase diagram of the QM model
in the T vs py plane at up = 100 MeV. In the plot we see
the phase boundary for pion condensation. The transition
to this phase is of second order at low temperatures,
but becomes first-order at a tricritical point located at
T\~ 124 MeV and pgy. ~ 186 MeV (u; ~ 93 MeV). We
also plot a line for half the value of the chiral condensate,

160 s - - 0O
120
140
100
120
- — 80 \
- \
;“’ 100 ; \‘\\
o = 60 N
& 80 7 & 5
// - 40 T
60 {/ //' 2nd-order Pion condensate lo+1, =01 TR
I//// =—1st-order Pion and chiral PT —l+1, =02 20
40 - 00 = fz/2 — . +1, =03 Ist-order PT
/ le+1, =0.01 —l 41, =04 0 2nd-order PT
100 200 300 400 500 0.05 0.10  0.15 0.20 0.25  0.30 0.35 0.40
po (MeV) le+1,

FIG. 2. Left: cosmic trajectories in the 7' vs yi¢ plane for different values of |/, +- I, |. For illustration, the background shows the phase
diagram of the QM model, at fixed yz = 100 MeV. The blue shaded region corresponds to the pion condensation phase. The dashed
segments indicates that the trajectories have entered the pion condensation phase. Notice that yp varies along the cosmic trajectories.
Right: region in the T vs [, + [, phase diagram in which the pion condensation can be formed.
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FIG. 3. Condensate values along cosmic trajectories as a

function of temperature. Pion condensate (left) and chiral con-
densate (right). The first-order phase transitions along the cosmic
trajectories cause discontinuities in the condensates.

1.e., %”, until this line meets the pion condensation boun-

dary, which we take as an estimate for the chiral crossover
line (as done in Refs. [20,48]). Notice that, after the
tricritical point, the chiral condensate also exhibits signs
of a first-order PT on the boundary (this causes the jumps
observed in Fig. 3).

1. Comparison to other effective models

The phase diagram exhibited in Fig. 2 is dependent on
the underlying assumptions about the model, namely the
choice of the QM model, the use of the mean-field
approximation, and the disregard of vacuum terms. Since
our goal in this work is to present a qualitative picture of
possible scenarios at the QCD epoch when high lepton
asymmetries, and therefore high charge chemical potentials
are present, these simplifying assumptions are a convenient
choice. It is nonetheless relevant to comment on how the
model discussed in Sec. II compares to other models in the
literature. We focus, in particular, on the presence of a
tricritical point in the pion condensation boundary in the T
VS g (up = 0) plane, which is the most relevant feature for
the present discussion.

In the mean-field Nambu-Jona-Lasinio (NJL) model
the tricritical point is also present [68], but at higher u,,.
And this remains true in the Polyakov-loop extended

Nambu-Jona-Lasinio (PNJL) model, as discussed in [69].
Notice that Refs. [22,25,70] do not see such tricritical point,
but these investigations usually report on the phase diagram
for pugy < 2m,. A tricritical point is also observed in the
holographic model discussed in Ref. [71], even though the
authors find a first-order chiral phase transition at low p,
in disagreement with lattice results. In the case of the
QM model, depending on how mesonic fluctuations are
included, a tricritical point may be present or not (see
discussions in Refs. [20,48]).

One would not expect that a Polyakov-loop extension
of the QM model would bring significant qualitative
changes to the phase diagram of Fig. 2 since, for the
values of yp along the trajectories considered here (usually
up <250 MeV), the deconfinement transition line is
expected to be a crossover and to be very close to the
chiral transition line (see discussions in Refs. [72,73]).

Finally, the treatment of the vacuum terms may change
the QM model phase diagram depicted in Fig. 2. For
instance, the position of the tricritical point has been
reported to be dependent on the UV cutoff, with higher
values for the cutoff scale leading to a tricritical point at
higher u¢ [20,48], and such tricritical point was not found
within a renormalization-group invariant mean-field for-
mulation [74] at the values of u, investigated.

2. Comparison to the lattice

Although our model considers pp # 0, it is useful to
mention what is known from lattice QCD from which
information at uz = 0 and finite isospin is available (for a
detailed discussion see Ref. [12]). Let us make a brief
comparison with some of the findings of Ref. [12] (for other
related results from lattice QCD see also Refs. [75-79]):

(I) At around 7 =~ 120 MeV lattice simulations show
that the behavior of the pion condensate indicates a
second-order transition occurring at uo. = 2u;. =
m,,.3 This is consistent with our model, although the
shape of the boundary of the pion condensation
phase becomes comparatively more rounded at
higher temperatures (compare the phase diagram
in Fig. 2 to Fig. 10 of Ref. [12]).

(2) The pion condensation phase boundary meets the
chiral phase transition line at a pseudotricritical point
located at T, ~ 151 MeV.* Up to this pseudotri-
critical point, the chiral phase transition is confirmed

3Notice that the plots in Ref. [12] follow the convention of
dividing the isospin chemical potential by 2, so that there
pre, = %

On the lattice the critical temperature for the chiral crossover
is defined to be located in the inflection point of the chiral
condensate as a function of temperature. This definition is
different from what is used in Fig. 2, which exhibits the half-
value of the chiral condensates. Nevertheless, we checked that for
uo < m, the two definitions produce similar results.
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to be a crossover. We also observe a pseudotricritical
point, but the chiral crossover meets the pion
condensation phase boundary at higher values of
isospin. Moreover, on the lattice the chiral phase
transition line is aligned with the upper part of the
pion condensation phase boundary, which is not
realized in our model.

(3) For a fixed isospin value of y; ~ 104.5 MeV, lattice
QCD results show the boundary of the pion con-
densation phase to be located at 7~ 158 MeV. At
this point, the condensate drops to zero rather
smoothly, indicating a second-order phase transition.
Besides, the chiral condensate also drops consid-
erably, but remains continuous and smooth, which
is consistent with a crossover. As mentioned pre-
viously, in the QM model there is a tricritical point in
which the second-order phase transition of the pion
condensation becomes a first-order phase transition
(a similar behavior has been reported in holographic
models [71]). Although this last feature is not
observed on the lattice at this value of Hg, to our
knowledge the possibility of such a tricritical point at
higher 4 has not been excluded. We thus decide to
take the possibility of this tricritical point seriously
in the following discussion, which may hopefully
serve as a motivation for further investigations on
lattice QCD.

Despite some differences with respect to the lattice
(up = 0), the quark-meson model can describe many
essential features of the QCD phase diagram at finite
isospin. Additionally, recent developments have shown
that extended versions of the quark-meson model can
achieve remarkable agreement with the lattice and may
be incorporated into a future update of this analysis [74].

Within our framework, the main effect of a finite yp is to
bring the phase boundary of the pion condensation at
Mo > m, to lower values of the temperature. Furthermore,
it causes the tricritical point to occur at lower values
of ug [20]. Then, if lattice simulations find a tricritical
point at high u, for up = 0, a finite up could in principle
shift it toward lower values of u.

B. Cosmic trajectories in the phase diagram

In Fig. 2 we show our results for the cosmic trajectories
associated with different values of |I, 4 1,|, which is a
measure of the imbalance between the individual lepton
asymmetries. In all the trajectories we make the
conservative assumption that /, + 1, + [, = 0, i.e., the total
lepton asymmetry vanishes. The dashed segments corre-
spond to the part of the trajectories in which the Universe is
on the pion condensation phase.

Our results are consistent with those of Ref. [16]: once
the threshold |/, 4- 1, Z 0.1 is reached, the cosmic trajec-
tories enter the pion condensation phase. However, in our

calculations slightly smaller values (~0.085) can still
generate pion condensation for a small range of temper-
atures. Another important difference is that the quark
meson-model predicts a first-order PT for |/, +1,| > 0.1
when the Universe enters the pion condensation phase
and a second-order PT when it leaves it (case (C) in the
cartoon depicted in Fig. 1). From the plot on the right-
hand side of Fig. 2, in which we exhibit the region in the
T vs |l, 4 1,| plane where pion condensation occurs, we
see that this corresponds to most of the trajectories that
enter the pion condensation phase. The exceptions are in
a small range of |/, + [, right before |/, +,| = 0.1, for
which both transitions are second-order (case (B) in
Fig. 1). However, in a more quantitatively precise
analysis, we expect the region in which both transitions
are second order to be larger, since the inclusion of
vacuum terms usually pushes the tricritical point to higher
Ho values, as discussed in Sec. IVA 1.

The occurrence of the transitions can be clearly seen in
the behavior of the order parameters, i.e., the condensates
along the trajectories, which are shown in Fig. 3. We see
that, for |/, +1,| = 0.01, the chiral condensate varies
smoothly and shows an inflection point at 7~ 160 MeV,
while the pion condensate is zero throughout the entire
range of temperatures. This indicates that the cosmic
trajectory goes through the chiral crossover and does not
enter the pion condensate. For |l, +,| > 0.1 the chiral
condensate starts to exhibit a bump that turns into a jump
for |, + 1,| > 0.2, which indicates that the trajectories go
through the chiral transition which has turned into a first-
order PT. Moreover, we see from Fig. 3 that, as |/, + 1|
increases, the first-order jump in the pion condensate
becomes larger.

The transition line also affects the shape of the different
trajectories in the phase diagram on the left-hand side of
Fig. 2. When crossing the first-order phase transition,
cosmic trajectories move discontinuously along the tran-
sition line, in the direction of the tricritical point, due to the
entropy and particle number densities being discontinuous
across that line. This leads to the focusing of trajectories
toward the tricritical point, as has been previously consid-
ered in the context of heavy-ion collisions [80-83]. The
increase of susceptibilities around the second-order tran-
sition may also deform the cosmic trajectories, causing
them to move preferentially along the transition line,
similarly to what was noticed in [84].

Finally, in Fig. 4 we show results for the trace anomaly
A = (e —3P)/T* and speed of sound squared ¢? = dP/de
for different values of |/, + 1,|. The trace anomaly results
are similar to those of Ref. [16], except for the jumps at
T =~ 125 MeV caused by the first-order phase transitions.
For large |/, +1,|, high values of charge and lepton
chemical potentials are allowed, which makes the lepton
contribution to the trace anomaly very large. The dashed
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FIG. 4. Trace anomaly (left) and speed of sound (right) as

functions of the temperature for different lepton asymmetries.

Solid lines correspond to the total trace anomaly, and dashed lines

correspond to the QCD sector only. For high values of |/, +1,],

the trace anomaly reaches negative values inside the pion

condensation phase and the speed of sound exceeds the con-
formal value.

lines show the result for the QCD sector only. Moreover,
we notice that, for the interval 0.3 < |/, 4 [,| < 0.4, the
trace anomaly assumes a negative value during part of the
trajectory. This region of negative values for the trace
anomaly is reflected in the speed of sound exceeding the
conformal value.

V. DISCUSSION

As discussed in the previous section, for sufficiently high
values of |[, +[,[, the Universe may enter the pion
condensation phase. Moreover, we have argued that this
could happen through a first-order PT, which can lead to
relevant consequences such as the production of primordial
gravitational waves. In what follows, we briefly discuss the
compatibility of the lepton asymmetries scenarios assumed
here with observations and its implications for the pos-
sibility of having pion condensation in the early Universe.
Additionally, we comment on the possible production of
primordial gravitational waves.

A. BBN favored directions in the lepton
asymmetry parameter space

In Ref. [8] the authors attempted to establish an upper
bound on the values of the primordial lepton asymmetries.
They propose that such a bound depends on the flavor
decomposition of the primordial asymmetries and on the
choice of hierarchy of neutrino masses [85,86]. Neutrino
mass eigenstates m;, m,, ms have two independent mass-
squared differences and two possible hierarchies. If one
takes m, < m, and the difference between m3 and m? as
the smaller mass-squared difference, then we call normal
hierarchy (NH) the order m; < m, < ms3 and inverted
hierarchy (IH) the order ms < m; < m,. With these con-
siderations, the authors of Ref. [8] found the following
directions on the lepton asymmetries parameter space that
are consistent with CMB and favored by BBN data:

1.1, =0, Il,=—l,  (NH,IH)
(). I, = (=2/3)l,. L= (=1/3),,  (NH)
(m). 4, = —4,, 1,=0,  (IH) (12)

As discussed in Ref. [16] and confirmed within our
approach, the possibility of the Universe going through a
pion condensation phase depends essentially on the value
of the sum |/, + [,|. With this in mind, in direction (I) we
expect the trajectories to cross the pion condensed phase
when lﬂ > 0.1. Similarly, in direction (II) the condition
is [, > 0.3. Following the same reasoning, we expect the
“tau-phobic” scenario, direction (III), to be incompatible
with the Universe going through a pion condensation
phase, since it implies |/, 4-1,| = 0.

B. Gravitational waves

At the early times considered here, photons are still
coupled to the cosmic thermal bath. Therefore, their
observation today cannot give us information about this
early state of the Universe. However, if a first-order PT
occurred at this epoch, gravitational waves may have been
produced via the collision of the growing bubbles of the
true vacuum [87,88] and via the induced turbulence and
magnetic fields [89]. As we have discussed in the previous
sections, for |/, +1,| Z 0.1 the quark-meson model pre-
dicts that the Universe will undergo a first-order PT when
entering the pion condensation phase, which could lead to
an observable GW signal today.

Since the transitions discussed here occur at
T ~ 150 MeV we may expect that the peak frequency is
in a similar range as the GWs proposed to be generated
during the QCD quark-hadron transition (in scenarios in
which it is of first-order). References [87,90,91] have found
it to be fpea ~ 1077 — 10~ Hz. Moreover first-order PTs
produce a characteristic step in the power spectrum of the
GW background [90].
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The latent heat L per unit volume released at the
first order phase transition for |I, 4+ ,[ = 0.2, which is
in the middle of the range considered here, is L, ~
2000 MeV fm=. For |l, +1,| =03 and |I, + 1,/ =04
it can get three or four times larger, respectively. We can
compare this to what is found in a simple bag model
of the quark-hadron phase transition, in which L = 4B,
with B the bag constant, ranging from 57 MeV/fm? to
500 MeV/fm?® [92]. A larger Latent heat generally leads to
a stronger gravitational wave signal, since more energy will
be available to be converted into GWs [93,94]. Therefore, a
larger lepton asymmetry imbalance would result in a
stronger GW signal. Moreover, the QCD quark-hadron
transition and the pion condensation first-order transition
could be distinguished by their different number of effec-
tive degrees of freedom, which affect the GW power
spectrum.

The signal could, in principle, be detected by pulsar
timing arrays (PTAs) such as the Square Kilometre Array
(SKA) [87,95]. As pointed out in [96], a first-order phase
transition during the QCD epoch can produce GWs in the
nanohertz range and may account for the NANOGrav
signal [97], depending on the ratio 3/H between bubble
nucleation efficiency and the expansion rate. Therefore, the
scenario proposed here could be a possible explanation for
the signal. A detailed analysis of GW generation from pion
condensation, its distinction from the quark-hadron tran-
sition, and its compatibility with the NANOGrav observa-
tion is left for a future work.

Note also that in case (B) (see Fig. 1), where both
transitions along the cosmic trajectory are second-order,
no additional gravitational waves are produced. However,
an imprint can still be left on the preexisting GW power
spectrum, which may have been generated during inflation
[98]. The finite imbalance in the lepton asymmetries can
increase the amplitude of the spectrum, and the change in
the equation of state caused by the pion condensate can lead
to an enhancement of the primordial GWs [16,62].

C. Kaon condensation

Due to the high charge chemical potentials reached for
high lepton asymmetries, one could wonder about the
formation of a kaon condensate. In this regard, we notice
that results from chiral perturbation theory indicate that
kaon and pion condensation cannot occur simultaneously
[99,100]. Moreover, a recent analysis, within the NJL
model, has suggested that in the early Universe pion
condensation is always favored with respect to kaon
condensation [101].

VI. SUMMARY AND OUTLOOK

We used the quark-meson model as an effective descrip-
tion of QCD at finite 7', uy, and ug, and investigated the

consequences of its phase diagram structure on the possible
cosmic trajectories of the Universe during the QCD epoch.
We showed that, given large enough lepton asymmetries,
l, +1,%0.1, the Universe may enter the pion condensa-
tion phase through a first-order phase transition and leave it
through a second-order phase transition. This corresponds
to a new possible source of primordial GWs during the
QCD epoch which might, in principle, be observed
by PTAs.

The phase transitions impact the pion and sigma con-
densates, the trace anomaly and the speed of sound along
the cosmic trajectories. For large enough [, + 1, the trace
anomaly may reach negative values, which corresponds to
the speed of sound going above the conformal value. We
also discussed the consistency of the occurrence of pion
condensation with BBN and CMB data and noticed that it
is only inconsistent with the “tau-phobic” scenario.

Pion condensation in the early Universe could also
generate other signatures through the effects of the equation
of state on, e.g., the relic density of WIMP dark matter
[102,103] and the spectrum of primordial black holes
[16,104]. Primordial first-order phase transitions are also
known to generate primordial magnetic fields [105,106] in
addition to GWs. Finally, an intriguing possibility is that a
first-order phase transition when entering the pion con-
densation phase could generate pion stars [107,108] during
the nucleation process.

Several improvements can be implemented in the future.
First, the two-flavor model could be extended to three
flavors, and one could include the Polyakov loop in the
analysis. Although we do not expect any of these two
extensions to modify the qualitative results, they could
improve, for example, the quantitative agreement with the
Lattice at ug = 0. Moreover, the inclusion of a Polyakov
loop would allow for a discussion of both pion condensa-
tion and the deconfinement transition within the same
model. Second, one can incorporate vacuum corrections
that were neglected here and might affect the phase
diagram, as discussed previously. Third, a detailed inves-
tigation of the process of generation of primordial GWs
when entering the pion condensation phase would be
interesting. In particular, discussing its distinguishability
from the scenarios in which the QCD quark-hadron phase
transition is of first-order and its potential as an explanation
for the NANOGrav observation [97].
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