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ABSTRACT: A totally asymptotically free QCD axion model, where all couplings flow to
zero in the infinite energy limit, was recently formulated. A very interesting feature of this
fundamental theory is the ability to predict some low-energy observables, like the masses
of the extra fermions and scalars. Here we find and investigate a region of the parameter
space where the Peccei-Quinn (PQ) symmetry is broken quantum mechanically through
the Coleman-Weinberg mechanism. This results in an even more predictive framework:
the axion sector features only two independent parameters (the PQ symmetry breaking
scale and the QCD gauge coupling). In particular, we show that the PQ phase transition is
strongly first order and can produce gravitational waves within the reach of future detectors.
The predictivity of the model leads to a rigid dependence of the phase transition (like its
duration and the nucleation temperature) and the gravitational wave spectrum on the PQ
symmetry breaking scale and the QCD gauge coupling.
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1 Introduction

The PQ symmetry [1] provides an elegant solution of the strong CP problem: it explains
dynamically why the strong interactions preserve CP, while the electroweak ones break
it. This solution, regardless of its implementation, manifests itself at low energies through
the axion, the pseudo-Goldstone boson associated with the breaking of this (approximate)
symmetry [2]. Moreover, the axion is a good dark matter (DM) candidate and can ac-
tually account for the whole DM when the P(Q symmetry breaking scale f, is around
10' GeV [3-5]. Even if there may be other components of DM, astrophysical observations
require anyhow f, to be above the scale of ~ 108 GeV (see ref. [6] for a recent review).
This makes it difficult to test the PQ idea as current colliders are far from probing those
energies.

Cosmology, on the other hand, allows us to have a window on physical processes
occurring at such high mass scales. A classic example is the observation of the cosmic
microwave background (CMB) anisotropies. Indeed, these give us information on the
inflationary dynamics, which typically occurs at energies much above those within the
reach of colliders (see refs. [7, 8] for up-to-date observations). Recently, the experimental
discovery of gravitational waves (GWs) [9] has opened another window on very energetic
processes predicted by particle physics models. An important example is the possibility
to have experimental information on the characteristics of phase transitions, if these are
strongly first order (see ref. [10] for a textbook introduction to this topic). Moreover, the
possible observation of GWs due to a first-order phase transition would be a remarkably
clear signal of new physics as the finite-temperature symmetry breaking dynamics in the
Standard Model (SM) is not of this type.



If the PQ phase transition is strongly first order it could lead to observable GWs.
But, as pointed out in refs. [11, 12], the particular features of the phase transition and the
corresponding GWs depend on the specific dynamics implementing the PQ symmetry.'
These features include, for example, the temperature at which the phase transition occurs,
its duration and the GW spectrum.

One way one can significantly reduce this ambiguity, and thus have a guide regarding
the directions towards which the experimental efforts may be focused, is considering only
fundamental, that is truly UV complete, QCD axion models. This is because fundamental
field theories, such as asymptotically free [17-20] or asymptotically safe [21, 22] models,
have typically the ability to predict the value of some observables (see e.g. ref. [23]).

Recently, the first fully calculable and realistic QCD axion model of this sort has been
constructed [24]. It features a new non-Abelian interaction and new quarks and scalars.
This model is valid up to infinite energy because is totally asymptotically free (TAF): all
couplings can flow to zero in the infinite energy limit. The requirement of total asymptotic
freedom is a sufficient but non-necessary feature of a fundamental theory, as asymptotic
safety can be an alternative (see [25-29] for phenomenological applications). However,
having all couplings approach zero in the UV allows us to trust perturbation theory, at
least for sufficiently high energies, and thus obtain a calculable model.

This asymptotically free axion model, as is typically the case in fundamental field
theories, predicts some low-energy observables: this is because some couplings (specifically
the Yukawa and quartic couplings) are compatible with the TAF requirement only if they
acquire some specific isolated values at low energy. In other worlds, these couplings are IR
attractive.

The requirement of having a classically scale-invariant axion sector, with no dimen-
sionful parameters in the classical Lagrangian, further reduce the number of independent
parameters. Indeed, the mass scales are then obtained quantum mechanically rather than
with additional mass parameters in the classical Lagrangian. For this reason we investigate
here a region of the parameter space of the TAF axion model [24] where the PQ symmetry
is broken quantum mechanically through the Coleman-Weinberg (CW) mechanism [30].
This mechanism allows us, among other things, to generate scales via quantum corrections
in the regime of validity of perturbation theory and, therefore, have a fully calculable setup.

The main purpose of this work is to study the PQ phase transition and the character-
istics of the possible associated GWs in this highly predictive framework. As pointed out
in ref. [31] (see [11, 12] for recent applications to QCD axion models) the phase transitions
associated with the CW symmetry breaking are typically of first order and can, therefore,
lead to observable GWs.? This, together with the high predictivity of the TAF axion
model mentioned above, can lead to testable implications at GW detectors. Furthermore,
a typical feature of CW phase transitions is the presence of a phase of strong supercooling,
meaning that the temperature below which the phase transition is effective (the nucleation

See also refs. [13-16] for other studies of GWs in axion and axion-like effective models.
2See e.g. refs. [32-39] for previous studies of GWs and phase transitions in effective models with CW
symmetry breaking.



temperature) turns out to be much smaller than the critical temperature [31] and, for the
PQ symmetry breaking, much below f, [11, 12].

Since the TAF requirement regards the extrapolation of the theory at arbitrarily high
energies, some comments about the behavior of gravity in the UV are now in order. Here
we assume that the gravitational interactions are softened (compared to their behavior in
Einstein’s theory) above and only above a certain energy scale Ag [23]. While at large
lengths all successes of Einstein’s theory are reproduced, gravity is assumed to be so weak
from the UV down to the PQ scale that its impact on the renormalization group equations
(RGEs) can be neglected. This is possible because Ag can be much below the Planck scale
Mp, where quantum gravity effects in Einstein gravity would become sizeable. Since a,
phase of strong supercooling occurs in our classically scale-invariant TAF axion model, the
nucleation temperature is much smaller than f, and the relevant values of the fields and
their derivatives are also much smaller than f,. This implies that gravity, as far as the
production of gravitational waves is concerned, is well-described by Einstein’s theory for
all values of Ag satisfying f, < Ag < Mp.

This softened-gravity scenario may be realized, for example, in UV modifications of
gravity featuring quadratic curvature terms in the action [40-48] or in non-local extensions
of general relativity [49-56]. Interestingly, the former case also admits a classically scale-
invariant formulation, called Agravity [40-43], in which the Planck and the Fermi scales as
well as the cosmological constant are generated quantum mechanically via a gravitational
version of the CW mechanism.

Given that gravity is softened for all energies above A and Einstein’s gravity is already
very weak much below Mp, in this scenario all gravitational contributions to the effective
action can be well described by perturbation theory. This means that the non-perturbative
Planckian corrections expected to spoil all global symmetries in Einstein’s theory are actu-
ally negligible in the context of softened gravity. In particular the non-perturbative effects
(described by Euclidean wormholes) that violate the PQ symmetry [57-60] and lead to the
so-called PQ quality problem [61-66] in Einstein’s gravity can be neglected here. Therefore,
softened gravity provides automatically a solution of the PQ quality problem.

The paper is organized as follows. In section 2 we introduce the TAF axion model
without a fundamental PQ scale and review results regarding the RG flow in [24] that are
most relevant for our purposes. In section 3 it is shown that f, is generated quantum
mechanically through the CW mechanism and the mass spectrum is also discussed. In the
same section we also show that the axion sector only features one independent mass scale,
i.e. fg, and one independent dimensionless parameter (the QCD gauge coupling evaluated
at f,). The PQ phase transition is then studied in section 4, which gives details about the
finite-temperature effective potential, the bounce solutions and their actions, the nucleation
temperature and the reheating after the supercooling era. In section 5 the predictions of
the classically scale-invariant TAF axion model regarding the GW spectrum are worked
out. A description of the relevant GW detectors is then provided in section 6, where we also
compare the sensitivities of the GW experiments with the predictions of our fundamental
model. Finally, in section 7 we give our conclusions.



2 A fundamental axion model without a fundamental PQ scale

Here we consider a dimensionless version of the TAF axion sector of [24]: we take the
limit in which the dimensionful parameter in the microscopic Lagrangian go to zero. The
axion sector is invariant under an SU(2) group (henceforth SU(2),). Then the full gauge
group contains the factor SU(3). x SU(2),, where SU(3). is the ordinary QCD group. The
gauge group should also include extra factors to account for a TAF extension of the SM
(see e.g. [23, 67, 68]). We call such an extension the “SM sector”, which of course has
to be present, in addition to the axion sector we describe here in order for the complete
model to be fully viable. We will not commit ourselves to a specific TAF SM extension in
this work, but we note that in general the SM and axion sectors interact via SU(3). gauge
interactions.

The model features two extra Weyl fermions ¢ and ¢ in the fundamental and antifun-
damental of SU(3), x SU(2),, with the same PQ charge: {¢,q} — €/?{q,q}, where 7 is
a constant. The PQ charges of all particles in the SM sector vanish for simplicity, like in
axion models of the KSVZ [69-71] type. We introduce a scalar field A, which spontaneously
breaks the PQ symmetry (denoted here U(1)pq) and gives mass to the extra quarks (as
required by the experiments). Therefore, A is complex and have Yukawa interactions with
q and g,

2y = —yqAq+H.ec.. (2.1)

The PQ symmetry implies that A transforms under U(1)pg as A — e~ A. Gauge in-
variance, instead, tells us that A is invariant under SU(3). and belongs to the adjoint of
SU(2),. The scalar A, being complex, can be written as A = Ar + iA; where Ag and
Aj are Hermitian adjoint representations. Further Yukawa interactions besides (2.1) and
those present in the SM sector are forbidden by the gauge symmetries and U(1)pq.

The potential of A is given by

Va = MTr2(ATA) + Ao Tr(AA) 2 (2.2)

Note that V4, just like any other term in the Lagrangian, only contains dimensionless
coefficients. The possible mass term m2Tr(ATA) in the potential in [24] has been erased
or, more generally speaking, it will be assumed that m is much smaller than the effective
mass generated by the CW mechanism (we will discuss how this mechanism works in the
present model in section 3). The necessary and sufficient conditions for vacuum stability
at high-field values (henceforth “high-field stability”) are [24]

AL >0, AL+ A > 0. (2.3)

Here we neglect the couplings with the scalars of the SM sector; setting those couplings
exactly to zero is consistent at one-loop level. At higher-loop level those couplings can be
generated, but they remain small and will have negligible effects on our results.

Let us now review the beta-functions of this model [24]. The renormalization group
equation (RGE) of the gauge coupling g of a generic gauge group is

dg* 4
=_b 2.4
o g, (2.4)



where ¢t = In(p?/p3)/(47)?%, the quantity uo is an arbitrary reference energy and pu is the
usual RG scale. The solution to eq. (2.4) is UV attractive for any go = ¢(0) and AF requires
b > 0. The value g = 0 is a trivial fixed point of eq. (2.4) and so we take g > 0 without loss
of generality. For SU(2), and SU(3),. the constant b for the corresponding gauge couplings
go and g5 reads, respectively,

14 29

= —, b A, 2.5

2 on=2 (25)
where A is the positive extra contribution due to the fermions and scalars in the SM sector.
In the numerical calculation we will use for definiteness the reference value A = 28/3, which

is compatible with known TAF SM extensions [24, 68]. The RGE of y is instead

d3/2_ 2 992 2 992
o Y (2‘898‘2 : (2:6)

Like for the gauge couplings, the beta-function vanishes at zero coupling, so we take y > 0
without loss of generality. This equation admits a closed-form solution for any b, and
bs [24]. Finally, the RGEs of A\; and A\ are % = (1, and % = (2, where [24]

9
B1(ga 4> ) = 50 + M (8Aa + 6y — 1297) + 1427 + 8)3 — 3y (2.7)

and
3 3
B2(9a, 4> A) = 590 + A2 (1221 + 6y — 12g7) + 625 + Ty (2:8)

Note that Ay = 0 and Ay = 0 generically are not zeros of $; and [ and, therefore,
the quartic couplings, or some combinations thereof, could a priori change sign and pass
through zero during the RG evolution.

In [24] the system of equations (2.4)—(2.8) was solved and it was found that for any
initial condition for the gauge couplings there is one and only one TAF solution satisfying
the stability conditions in (2.3) at high-field values. For such solution both y and \; are
IR attractive and are, therefore, predicted at low energies [24]. We will pick up this TAF
solution from now on as the high-field stability conditions in (2.3) are necessary to have a
viable setup.

3 Quantum generation of f,

The RGEs dictate that the couplings run with energy. The conditions in (2.3) are necessary
at high energy for high-field stability, but they can be violated in the IR. In the present
model we find that, while the first condition is always preserved, the second one is violated
at small energy. This leads to spontaneous symmetry breaking of U(1)pq through the CW
mechanism [30], because at the energy scale upg where A = A\ + Ay = 0 the effective
potential develops a flat direction (corresponding to A = A", such that the two terms in
the potential (2.2) become equal: Tr(ATA) = Tr(AA)). We interpret pq as the PQ scale.
On the flat direction A = A" the three components Aj of A along the Pauli matrices,
A = Ao /2, can always be transformed through an element of SU(2), in a way that only



one of these components is not vanishing and positive. We call this non-zero component ¢.
For example, a possible choice for ¢ is ¢ = |Re(A1)|. In [24] the case in which the explicit
mass m is larger than pupqg was considered. Here we focus instead on the opposite case
m < ppQ, so the PQ symmetry breaking is entirely driven by the CW mechanism.

A non-vanishing value of ¢ breaks SU(2), down to a residual Abelian group U(1),
leading to a massless spin-1 particle (a dark photon), two spin-1 particles with equal mass

My (¢) = ga9 (3.1)
(which can be described by one complex vector field), two degenerate Dirac fermions
with mass
Mq(9) = yo/2, (3.2)
two scalars with squared mass
ME(¢) = (M — A9)o” (3.3)

and two massless scalars (one is the axion, which as usual acquires a mass through quantum
correction, and the other one corresponds to the flat direction). Note that M g > 0 when
A1 > A2, which turns out to be satisfied at all scales, from the TAF requirement [24].
At one-loop the quantum potential at zero temperature along the flat direction is
given by
Vew(8) = Vo(¢) + Vi(9), (3.4)
where V| is the tree-level potential, where \ is evaluated at the renormalization scale
p = po exp(87t),
Vo(¢) = ——¢*, (3.5)

and V) is the quantum one-loop correction

_ o o My(¢)* M;(9) nyeM(¢)* M3 (¢)
= Zb:lzl(élbﬂ)2 (m( 2 ) —%)—%j 4(4r)? (111( 2 ) ‘“f> - (36)

1

In this expression the sum over b runs over all bosons (with number of degrees of freedom
np), that over f runs over all fermions (with number of degrees of freedom ny), My (¢)
are the corresponding background-dependent masses (which, for our model, are given in
egs. (3.1), (3.2) and (3.3)) and ap and af are renormalization-scheme dependent quantities.
It is understood that the coupling constants in V; are evaluated at the same renormalization
scale, u. This part of the potential can be computed explicitly by using the background-
dependent masses given above. Setting yu = ppq, where A vanishes, leads to

vowe) =2 (1n (£) 1) o (37)

Ja
where $ is the beta-function of A evaluated at upq, namely
- d\
=i (3.5
H H=HEPQ
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Figure 1. The couplings of the model as functions of the QCD gauge coupling at the PQ scale.

and the scale f, has been introduced in a way that the CW potential, eq. (3.7), has its
stationary point at ¢ = f,. We conventionally choose a renormalization scheme such
that f, = exp(—1/4)upq. When 3 > 0 the stationary point at ¢ = f, corresponds to a
minimum. We have numerically verified the positivity of 3 in our model. Then U(1)pq is
spontaneously broken and ¢ acquires the VEV (¢) = f, and a mass squared My = \/E fa-
The energy scale f, is, therefore, identified with the PQ symmetry breaking scale. The
remaining mass spectrum besides My corresponds to the axion, the dark photon and the
tree-level masses obtained by setting ¢ = f, in egs. (3.1), (3.2) and (3.3). Since f, above
the scale of 10® GeV and the mass of the extra-quarks Mq(f,) is around f,, the dark
photon satisfies all present bounds, including those of cosmological nature [24].

Note that the arbitrariness of g tells us that ppq (and thus f,) is a free parameter.
The TAF axion sector features only another free parameter, which can be taken to be
Js = gs(tpq) (in this paper a bar indicates that a generic coupling is evaluated at ¢ =
tpq = 111(,[1,123Q//L8)/(47T)2). Indeed, once the gauge couplings are chosen at 1 = ppq the
other couplings y, A\; and Ao are predicted [24] and one must consider a particular IR
value of one of the gauge couplings, say g, to enforce \; + A2 = 0, namely to have CW
symmetry breaking. In figure 1 we give the couplings g,, 7 and A\; = —\, as functions of g,
to show that all dimensionless quantities in the axion sector are fixed once g is chosen. As
a result, when the PQ symmetry is broken a la CW one also obtains a prediction for the
mass of the extra complex vector field (in addition to the predictions of the extra scalar
and fermion masses [24]) once f, and gs are chosen. Therefore, we explicitly see that the
CW mechanism to break U(1)pq leads to a more predictive framework than the symmetry
breaking mechanism based on the explicit mass term m?Tr(AfA).



4 Peccei-Quinn phase transition

In order to investigate the nature of the Peccei-Quinn phase transition we take into account
thermal corrections as well as quantum corrections. We consider the one-loop effective
potential

Vet (0, T') = Vow(9) + Vr(¢) + Ao, (4.1)

where the thermal correction Vr to the effective potential is given by [72] (see also [73])

4
00) = oo Slsilo/7%) - S0 ). a2
b f
with

Jpr(z) = /Ooo dqq¢*In [1 F exp (—\/ 7%+ a:)} , (4.3)

and we have included in Vg (¢, T') a constant term Ay to account for the observed value of
the cosmological constant when ¢ is at the minimum. It is understood that the coupling
constants in Vi are evaluated at the same renormalization scale, u, used in Vow.

Since the background-dependent squared masses are all non-negative Vg has a van-
ishing imaginary part. This is due to the fact that f, is generated quantum mechanically
rather than through an explicit tachyonic scalar mass, which would unavoidably lead to
a concave tree-level potential and thus to a complex effective potential for some field val-
ues. Therefore, the CW symmetry breaking supports the validity of perturbation theory:
indeed, a non-negligible imaginary part (absent in the CW case) generically signals the
breaking of the perturbative expansion. Further comments regarding the approximation
used will be given below in this section.

In figure 2 (left plot) we show Vg as a function of ¢ for two values of the temperature:
the critical temperature 7, and 7' = 0. That figure shows that the transition is of first
order. Although we use a fixed value of gs in that figure, other choices of this parameter
lead to the same qualitative situation. In the right plot of figure 2 we give the dimensionless
quantity T/ f, as a function of the only dimensionless parameter of the axion sector, gs.

The absolute minimum of the effective potential is at (¢) = 0 for T' > T, while, for
T < T, is at a non-vanishing temperature-dependent value. In the latter case the decay
rate per unit volume I' of the false vacuum ¢ = 0 into the true vacuum ¢ = (¢) # 0 can
be computed with the formalism of [74-77]:

I' ~ max | T* 55 3/2ex (=S3/T) L (5 2eX (—=Sy) (4.4)
~ 27T PRmos/f) ji\gn ) P20 ] '

Here Sy is the action

S _W/Ood d—1 1¢/2+V (¢,T) (4.5)
BERCEN A Cl . |
evaluated at the O(d) bounce defined as the solution of the differential problem
d—1 dVeg
1 ’ e / _ : _
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Figure 2. Left plot: the effective potential setting the QCD gauge coupling at the PQ scale to
Js ~ 0.91 and adding a constant such that it vanishes at ¢ = 0. Right plot: the critical temperature
T. divided by f, as a function of g,.

where a prime denotes a derivative with respect to r. Also, Ry is the size of the O(4)
bounce. Note that Sy evaluated at the O(d) bounce can be simplified through the scaling
arguments of [78] to obtain

_ 4n??/1(d/2)

@ d) /O oodrrd*IX/eﬁ(¢,T). (4.7)

Using the expression above instead of the one in (4.5) makes numerical calculations easier
because the derivative of the bounce does not appear in the action.

We numerically checked that S3/T < Sy, so I' is dominated by the O(3) bounce.
Therefore, the phase transition is essentially due to thermal effects rather than quantum
effects. As an example, in figure 3 we give a plot of the O(3) and O(4) bounces for
representative values of the QCD gauge coupling and the temperature below 7.

Some words on the approximation used are now in order. We note that the correction to
the two-derivative term in the one-loop effective action is small as long as the temperature
is small compared to the field values [79] characterising the bounce solution. We have
checked that T" is small compared to (few % of) the relevant field values for all numerical
calculations performed in this work. This also implies that we are far from the high-
temperature regime for which the perturbative expansion is known to break down [80].
Moreover, note that, generically, the higher-derivative corrections to the one-loop effective
action are suppressed when the laplacian applied to the solution of interest (in this case
the bounce) is small compared to the background dependent masses times that solution:
this follows from the structure of the equations of motion without higher derivatives. Since
the largest couplings are of order one in our case, those higher-derivative corrections are
small when dzl/;“ is small compared to ¢® in the relevant range of r (where S3/T gets its
dominant contribution). We numerically checked that this condition is also satisfied (at
the few % level). Therefore, our one-loop approximation for the effective action is reliable.
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Figure 3. The O(d)-symmetric bounces for g; = 0.91 and T ~ 4x1073 T, ~ 6.3x 1074 f,.

Also the gravitational corrections to the false vacuum decay are amply negligible in
our case. This is because the typical scales of the bounce and the temperature are always
below f, (as illustrated in figures 2 and 3) and the gravitational corrections are, therefore,
suppressed by factors at least as small as fg / MIQ_-, [81-85]. The latter quantity is tiny because
fa is several orders of magnitude below Mp in order for the axion not to overproduce DM
(see ref. [6] for a review).

Like for other models with CW symmetry breaking [11, 12], we find that when T" goes
below T, the scalar field ¢ is trapped in the false vacuum ¢ = 0 until 7" is much below T, in
other words the universe features a phase of strong supercooling. Then the energy density
is dominated by the vacuum energy of ¢ and the universe grows exponentially like during
inflation but with Hubble rate H; = \/Bf2/(4y/3Mp), where Mp is the reduced Planck
mass that is defined in terms of the Planck mass Mp by Mp = Mp / v/87. The bubbles
created are diluted by the expansion of the universe and they cannot collide until 7" reaches
the nucleation temperature T,,, which corresponds to the temperature when I"/ H}l ~ 1 or,
equivalently, using the fact that the decay is dominated by the O(3) bounce,

S 31 (BT Z g (T (4.8)
T, 2 o Hy

In figure 4 (left plot) we give T, as a function of gs for two physically interesting values

of the PQQ symmetry breaking scale: f, = 10! GeV (for which the axion can account for
the whole DM) and f, = 10° GeV (for which the contribution of the axion to the DM
abundance is negligible).> We find that the equation that determines 7, in (4.8) does not
always admit a solution: there is a minimal value of the coupling gs below which there is

3For f, = 10° GeV DM can be accounted for by other extra fields among those that are compatible with
the TAF principle in the SM sector (see e.g. [23, 67, 68]).
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Figure 4. Left plot: the nucleation temperature 7;, as a function of gs. Right plot: the bounce
actions S3/T and Sy evaluated at T;, as a function of gs.

no solution (see the left plot of figure 4). As clear from the left plot of figure 4, when the
coupling goes to this minimal value 7T, becomes very small. By comparing the right plot of
figure 2 with the left plot of figure 4 one can see that supercooling generically takes place,
namely T, < T.. In figure 4 we also plot the bounce actions S3/T and Sj evaluated at
T, as functions of gs. That plot shows, as mentioned above, that Sy > S3/T and so the
phase transition is dominated by thermal effects. In the figure we consider, as an example,
fa. = 10" GeV, but the other values of f, lead to the same qualitative behavior. Moreover,
an important requirement is that the phase transition completes. The detailed conditions
for the true vacuum to fill the entire space were found in [86] and [87]. We have checked
that this requirement is satisfied for all numerical calculations performed in this paper.

We also note that strong supercooling and the corresponding inflationary period ef-
ficiently dilute the density n(T) of monopoles* due to the breaking SU(2), — U(1),. In
a strong first-order phase transition monopoles may be created by bubble collisions and
well-known estimates [90, 91] lead to

n(Ty) 7, \°
>
T3 Np(CMp) ’ (4.9)

where p is the probability that the scalar field configuration is topologically non trivial, C' =
0.6/+/9+(Ty) and g.(T) is the effective number of relativistic species in thermal equilibrium
at temperature T. Even for p ~ 1, setting g.(T},) of order 10? (a realistic setup given the
existing TAF SM sectors) we find that the theoretical bound in (4.9) is amply compatible
(unlike in grand unified theories without inflation) with the bound coming from the fact
that the mass density of monopoles must not exceed the limit on the total mass density
imposed by the observed Hubble constant and deceleration parameter [90, 91]. Indeed, the

4See also refs. [88, 89] for a discussion on monopole production in the absence of supercooling.
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latter bound is around n(7p) /Ty < 10eV/M,,, where Ty is today’s temperature, M,, is the
monopole mass and M, ~ 47 fy/Ga, n(To)/T3 < n(Ty,)/T2 and the window 108 GeV <
fa <102 GeV have been used.

The strength of the phase transition is measured, as usual, by the parameter « defined

as the ratio between

T d

TarAVa((9.1) - A1) (4.10)

p(T)

where AVeg ((9), T) = Veg({(9), T) — Vo (0, T"), and the energy density of the thermal plasma
(see [92, 93] for more details). So

30p(T)
m2g.(Tn) Tt

e (4.11)
We find a very strong phase transition with « exceeding one by several orders of magnitude.

At the end of supercooling the universe should be reheated. This occurs in general
thanks to the unavoidable coupling between the axion sector and the SM sector due to
gluons. The field ¢ couples at one loop to gluons through the extra quarks ¢ and ¢ so one
gets an effective interaction

=9
Y95
Ot ~ ——5 060G, G* [ Mg, 4.12
where G, is the gluon field strength. This leads to the following rate of the decay of ¢
into two gluons
=247 13
Y gsM,
Tyorgy ~ (4575]\;2. (4.13)
Q
We find 'y, 44 > H so the reheating is approximately instantaneous.
The reheating temperature due to this channel may be computed through

4572 M?2 1/4
¢—gg P
Tru= | —4/=2— . 4.14
RH <47T39*(TRH) ) ( )

But this formula is only valid if the radiation energy density pr does not exceed the vacuum
energy density pyac due to ¢ (because pyac represents the full energy budget of the system).
If this condition is not satisfied we determine Try as the maximal temperature compatible
with pr < pyac, leading to

7 158fa

R —. 4.15

Our estimate of Tryy agrees to very good accuracy with previous determinations [11]. We
find a very high Try. For example, setting g. ~ 102 and {gs, fu} ~ {0.91,1.2x10° GeV} we
obtain Try ~ 108 GeV, while for {gs, fo} ~ {0.97,10* GeV} we obtain Try ~ 10 GeV.
Note, nevertheless, that the maximal value of Try in (4.15) implies that Try is always below
f. because 3 is a beta function and thus loop suppressed and g, is at least of order 102.
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Figure 5. The theoretical prediction in the (75, 3/H ) plane compared with the sensitivity curves
of BBO, CE, DECIGO, ET and advanced LIGO (see section 6). The theoretical curves are produced

by varying g, as in figure 4. The parameter space enclosed within the experimental curves represents
detectable signals.

Finally, another important parameter is the inverse of the duration of the phase tran-
sition which, following ref. [12], we define through

1dI’
_|tel) 416
o= v, (419
This quantity, for fast reheating, can be computed with the formula [12]
g d
— =~ |T— T)—4 4.1

where the term —4 is due to the fact that I' o« 7%, because, as we checked, the phase tran-
sition is dominated by thermal effects and the extra temperature dependence of (2?%)3/2
in (4.4) can be neglected because only logarithmic in the CW case. For the reference values
{Gs, fa} ~ {0.91,1.2x10° GeV} and {gs, fu} =~ {0.97,10'! GeV} we obtain 8/H; ~ 7 and
B/Hr = 2, respectively. The quantity 3/H; for other values of {gs, f,} is given in figure 5.
The relatively small values of §/Hy that we obtain indicate a fairly long phase transition.
In the same plot we also compare these theoretical values of §/H; with the experimental
sensitivities (see section 6).

We conclude this section by mentioning that the SM sector might also feature further
strong first-order phase transitions. This is due to the fact that the SM gauge group must
be extended in order to satisfy the TAF requirement and, therefore, additional symmetry
breaking patterns are present. We note, however, that it is possible and natural to expect
these further phase transitions at temperatures somewhat below the TeV or 10 TeV scales
because the corresponding new physics can be at those energies (see e.g. [68]). The typ-

ical temperatures of the PQ phase transition is instead much bigger as shown in figure 4
(left plot).
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5 Gravitational waves

When the temperature drops below T, GWs are produced. The dominant source of GWs
are bubble collisions that take place in the vacuum. This is because in the era when T
reaches T;, the energy density is dominated since a long time by the vacuum energy density
associated with ¢, which leads to an exponential growth of the cosmological scale factor as
we have seen. This inflationary behavior as usual dilutes preexisting matter and radiation
and, therefore, we neglect the GW production due to turbulence and sound waves in the
cosmic fluid® [10].

From [94] (which used, among other things, the results of [95] based on the envelope
approximation) we find the following GW spectrum due to vacuum bubble collisions (valid
in the presence of supercooling and a > 1)

_ H(TRH)>2 < 100 )1/3 3.8(f/ fpear)*®
R0 ~ 1.29x10 6< b , 5.1
aw(/f) B g«(Trn) 1+ 2.8(f/ foear)*® (5:1)
where fpeak is the red-shifted frequency peak today and is given by [94]
B8 Ten [ 9«(Trn)\"/°
eak & 3.79x 102 Hz. 5.2
Tpeak “ N H (Trm) 109 Gev 100 § (5:2)

Being the reheating almost instantaneous we can approximate the Hubble rate at Tryg
with its value H;. Some progress has been made to compute the GW spectrum beyond
the envelope approximation [96-98], but eq. (5.1) remains to date a reasonable and simple
approximation for the bubble collisions that take place in the vacuum [97] (what we are
mainly interested in).

In figure 6 we give h2Qqw as a function of f for some relevant values of the parameters
and setting as an example g, = 2x10%: this is a reasonable value given that the SM sector
has to be extended to satisfy the TAF requirement. In the same plot we also compare these
theoretical findings with the experimental sensitivities of GW detectors (see section 6).

Note that any cosmic source of GW background acts as an extra radiation compo-
nent and, therefore, modifies the expansion rate of the Universe. This means that it is
highly constrained by big-bang nucleosynthesis (BBN) measurements of primordial ele-
ments [99-101]. The measurement of the effective number of neutrino species Neg and the
observational abundance of dueterium and helium, gives us the following bound [10]:

Nog — 3.046

0.234 (5:3)

fuv df . 4 6
—h*Qaw(f) < 1.3x10
N

where fgpn ~ 1071 Hz [10] (see e.g. [10, 99]) and fyv is some UV cutoff, which in our
case can be conservatively taken to be Ag, the scale above which gravity is softened. We

have explicitly checked that this bound is satisfied by the theoretical curves in figures 6
by carefully taking into account the integration in the left-hand-side of (5.3) and using

"We explicitly checked that the inclusion of the efficiency factors of ref. [93] gives a subdominant correc-
tion in our case.
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Figure 6. The black lines give the GW amplitude corresponding to the values of the TAF model as
mentioned in the figure. The areas above the colored lines correspond to the projected sensitivities
for various GW observatories as detailed in section 6. The colored region represents the BBN bound
on the integrated GW spectrum in (5.3) for the reference upper bound N.g = 3.28.

Ag < Mp. Note, however, that the bound in (5.3) can also be applied to the non-
integrated GW spectrum unless such spectrum has a very narrow peak (see e.g. [10, 99]),
which is not present in any of our results. For simplicity we, therefore, show this bound
in figure 6, specifying that it applies to the integrated GW spectrum on the left hand
side of (5.3). In doing so we use the reference value Neg = 3.046 + 0.234 = 3.28, which
corresponds to an experimental upper bound on Neg at 95% c.l. [10].

Finally, in figure 7 we provide the predictions of the model for the quantities fpcax and
h2Qpeak = h2Qaw( Jpeak) for allowed values of the parameters of the axion sector (f, and
Gs). We considered values of f, starting from 10° GeV (for which the axion contributes
negligibly to DM, but is still compatible with astrophysical bounds) up to values such that
the axion accounts for the whole DM. For each fixed value of f, the coupling gs is varied
above the minimal value discussed in section 4. In figure 7 the reference value g, = 2x10?
is again used. As we will see in the next section, these predictions can be efficiently tested
through GW observations.

6 Gravitational wave detectors

GWs serve as a probe for early universe cosmology, and is particularly important for the
era prior to BBN. While inaccessible in collider or in other terrestrial experiments due
to the high energy scales involved, the strong first-order phase transition associated with
the PQ symmetry breaking induces a stochastic GW source and, therefore, gives us a
window to experimentally detect a PQ model. Moreover, observing the particular GW
spectrum predicted by the TAF axion model may serve as a first indirect verification of
the TAF principle.
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Figure 7. Predictions of the model in the (fpeak,h*Qpear) plane (grey region) by taking f, >
10° GeV (compatibly with astrophysical observations) and g, above the minimal values discussed
in section 4. Peak-integrated sensitivity curves for LISA, BBO and DECIGO are also shown.

Although there may be other sources of stochastic GWs in the early universe like in-
flation (refs. [102-105]) or unidentified binary black hole mergers (ref. [106]) the spectrum
of GW radiation produced by phase transitions is generically different (see refs. [10, 107]
for reviews). For instance, the expected stochastic background from compact binary co-
alescences, such as binary neutron stars or black holes, has a different dependence on
frequency than the one in (5.1), Qaqw ~ f2/3 [108]. Various limits on astrophysical sources
contributing as stochastic GW background exist [109]. In 2015, when the GW event (named
GW150914) from binary back hole mergers was observed [9, 110] and its contribution rean-
alyzed as a source of stochastic background (with 90% C.L. statistical uncertainty, propa-
gated from the local rate measurement, on the total background) the event was found to be
in the frequency range of 0.01 Hz-100 Hz, and of amplitude within the reach of advanced
LIGO (see ref. [106] for details). Such range overlaps with the one of the PQ phase transi-
tion in the TAF axion model. This, however, is not a problem: due to its weaker frequency
dependence, any multiple network of GW detectors, like LIGO [111, 112], VIRGO [113],
GEO600 [114], KAGRA [115], and LIGO-India [116], will be able to separate the astro-
physical signal from other sources, like the one from a cosmological PQ phase transition or
other events taking place after cosmic inflation. In the TAF axion scenarios, future GW
detectors will be able to probe the model as we will discuss in detail below.

All experiments to detect GWs has strain noise power spectrum (Qpoise =
272 3 Snoise/ (3HZ), where Hy is the Hubble parameter in the present Universe, see
e.g. [117]). The quantity Sheise(f) consists of intrinsic noise from the instrument as well as
other astrophysical confusion noise Shoise(f) = Sins(f) + Sgen(f) (see ref. [118] for details)
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that varies from detector to detector. This leads to a signal-to-noise ratio R given by [119]

fmax Qsignat ()17
R2:Ntb/ d [gna‘] , 6.1
o Sfmin f Qnoise (f) ( )
where tops denotes the experiment’s observing time, N = 1 (N = 2) for experiments

that perform an auto (cross) correlation measurement of the stochastic gravitational wave
background and fui, and fiax are the minimum and maximum frequency accessible to the
detector, respectively. The GW spectrum can be detected by ground-based interferome-
ters; these include advanced LIGO in Hanford and Livingston [111, 112], Cosmic Explorer
(CE) [120, 121], Einstein Telescope (ET) [122-124]). Moreover, additional information on
the GW spectrum can be obtained through space-based interferometers (BBO [125-127],
DECIGO [128, 129], and LISA [130]).

There are astrophysical sources contributing as confusion noise (see e.g. [132]) but its
impact becomes insignificant with time as one is able to subtract this due to information
from the individual foreground sources, which increases in number. However, we consider
no foreground contamination, therefore, the results can be treated as an upper limit of the
experimental reach possible in future.

In figure 6, we depict the predicted GW spectra for some benchmark points
along with the projected sensitivities of current and future interferometer experi-
ments [120, 122, 127, 130-136]. The benchmark points in figure 6 include physically in-
teresting cases with f, ~ 10°GeV and f, ~ 10" GeV for different values of g,. Each
GW projected sensitivity is denoted with corresponding legends. As clear from figure 6,
Advanced LIGO, ET, CE, DECIGO and BBO will be potentially able to detect GWs
produced by the PQ phase transition in the TAF axion model.

Figure 5 provides sensitivity plots in the (7, 8/H) plane for various experiments and
compare them with the theoretical curves from the TAF axion model. We considered the
physically interesting cases f, = 101! GeV and f, = 10° GeV. Figure 5 shows that ET, CE,
BBO and DECIGO will be able to test this scenario through measurements of 7, and 5/H.

In figure 7 we compare the predictions of the TAF axion model in the (fpeak, hZQpeak)
plane with the peak-integrated sensitivity curves for LISA, BBO and DECIGO. These
curves are drawn following the method explained in ref. [117]. Looking at figure 7 one can
clearly see that BBO and DECIGO have the potential to test the allowed parameter space
of the TAF axion model.

Finally, we conclude this section by noting that the possible (if any) strong first-order
phase transitions due to the TAF SM sector might also produce detectable GWs. The
combination of various planned experiments, which have different sensitivity ranges, can
help in distinguishing the PQ phase transition from the possible phase transitions due to
TAF SM sector. We do not enter the discussion of these SM phase transitions as highly
dependent on the specific SM sector one considers. We leave such specific analysis to
future work.
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7 Conclusions

The detection of GWs and many upcoming GWs detectors have recently reinforced the
interest in phase transitions predicted by particle physics models. In this paper we have
studied the PQ phase transition and the corresponding spectrum of GWs in a QCD axion
model where all couplings flow to zero in the infinite energy limit (TAF property) and the
PQ symmetry breaking scale f, is generated quantum mechanically through the CW mech-
anism. This fundamental (i.e. UV complete) model features an extra gauge group SU(2),,
which is spontaneously broken to an Abelian U(1), subgroup. The low-energy spectrum,
therefore, includes a dark photon, which has previously been shown to be compatible with
current bounds from particle physics experiments and cosmology [24]. This TAF QCD
axion model is highly predictive; indeed, the axion sector has only one independent di-
mensionful quantity, f,, and one independent dimensionless parameter, gs. Therefore, the
masses of the particles in the axion sector are all predicted in terms of these two parameters.

We have found that this model features a first-order PQ phase transition, which is very
strong. The presence of only few adjustable parameters results in interesting predictions
regarding the main quantities associated with the phase transition, T,,, 5/H;, etc, mainly
summarized in the left plot of figure 4 and in figure 5. We have shown that, like in
previous effective axion models with CW PQ symmetry breaking, the phase transition
is characterized by a period of strong supercooling, T}, < T., when the universe inflated.
Thanks to this period the monopole density associated with the breaking SU(2), — U(1), is
efficiently diluted. Reheating then generically occurs via the unavoidable couplings between
the SM and the axion sector due to gluons, which guarantee a rather large reheating
temperature. For g, of order 1, the model predicts values of T,, and 3/H; that are within
the reach of future GW detectors, such as ET, CE, DECIGO and BBO (see figure 5).

The key theoretical tool, which we have used to obtain these results regarding the
first-order phase transition, is the calculation of the bounce solutions associated with the
tunnelling from the PQ symmetric configuration to the PQ breaking vacuum. Within this
formalism we have also checked that the phase transition is mainly due to thermal effects
rather than quantum effects: the action of the O(3)-symmetric bounce divided by the
temperature is always much smaller than the action of the O(4)-symmetric one.

Finally, the predictivity of the model also interestingly leads to a rigid dependence of
the GWs spectrum produced by the PQ phase transition on f, and gs. We have compared
this theoretical spectrum with the sensitivities of several future detectors such as ET, CE,
DECIGO, BBO and advanced LIGO (see figure 6 and 7), finding conclusively that these
experiments will be able to test the fundamental QCD axion model.

We believe that the precision that GW astronomy promises due to the planned world-
wide network of GW detectors can make the dream of testing high-scale and fundamental
BSM scenarios of UV-completion a reality in near future.
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