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Axions mix with neutral pions after the QCD phase transition through their common coupling to the
radiation bath via a Chern-Simons term, as a consequence of the U(1) anomaly. The nonequilibrium
effective action that describes this mixing phenomenon is obtained to second order in the coupling of
neutral pions and axions to photons. We show that a misaligned axion condensate induces a neutral pion
condensate after the QCD phase transition. We argue that even a very small axion-photon coupling will
“seed” the chiral phase transition. The dynamics of the pion condensate displays long and short timescales
and decays on the longer timescale exhibiting a phenomenon akin to the “purification” in a kaon beam. On
the intermediate timescales the macroscopic pion condensate is proportional to a condensate of the Abelian
Chern-Simons term induced by the axion. We argue that the coupling to the common bath also induces
kinetic mixing. We obtain the axion and pion populations, and these exhibit thermalization with the bath.
The mutual coupling to the bath induces long-lived axion—neutral pion coherence independent of initial
conditions. The framework of the effective action and many of the consequences are more broadly general

and applicable to scalar or pseudoscalar particles mixing in a medium.
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I. INTRODUCTION

The axion is a CP-odd (pseudo) scalar particle which was
proposed as an extension beyond the standard model as a
possible solution of the strong CP problem in quantum
chromodynamics (QCD) [1-3]. Such particle may be
produced nonthermally in the Early Universe, and has been
recognized as a compelling cold dark matter candidate [4—6].
Extensions beyond the standard model can accommodate
pseudoscalar particles with properties similar to the QCD
axion, namely axion-like-particles (ALP) which can also be
suitable dark matter candidates [7-11], in particular as
candidates for ultra light dark matter [12,13]. Constraints
on the mass and couplings of ultra light (ALP) [9-11,14] are
being established by various experiments [15—17]. There are
various possible mechanisms for axion production available
in the early Universe [9-11], among them a nonthermal
misalignment mechanism which results in an initial non-
vanishing expectation value of the (ALP) field, which
consequently evolves with coherent oscillations yielding a
contribution to the energy density as a cold dark matter
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component [4-6,9-11,18]. Such misalignment mechanism
may be a consequence of nonperturbative effects during the
QCD phase transition. Through the Peccei-Quinn [1] U(1)
anomaly the pseudoscalar nature leads to an interaction
between the (ALP) and photons or gluons via pseudoscalar
composite operators of gauge fields, namely Chern-Simons
terms such as E-B in the case of the (ALP)-photon
interaction and G”“bf}ﬂy;b in the case of gluons, which
allows an (ALP) to decay into two photons or gluons, effects
of such decay process on the (ALP) evolution have been
studied in Refs. [19-21]. More recently the nonequilibrium
effective action of (ALP) interacting with photons in a
radiation bath has been derived [22], and from which the
effective equations of motion for the (ALP) condensate were
obtained. These are stochastic equations of the Langevin
type, with friction and noise kernels that fulfill a generalized
fluctuation dissipation relation [23]. The solutions of this
Langevin equation allowed us to obtain the energy density
which revealed the approach to thermalization with the
cosmic microwave background, implying in turn, a mixed
cold and hot dark matter scenario. These results were
confirmed via an alternative method based on the quantum
master equation in Ref. [24]. Furthermore, it was shown in
Ref. [25] that an expectation value of the axion field, namely
a “misaligned” axion, can induce an expectation value of
the Chern-Simons density. A corollary of this result is
that neutral z° mesons, which also couple to photons via
the U(1) anomaly, mix with axions via this common two
photon channel. As a result of this indirect mixing,
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misaligned axions induce an expectation value of the neutral
meson field.

Axions may also play a role in condensed matter physics,
possibly as emergent quasiparticles in topological insula-
tors where magnetic fluctuations couple to electromagnet-
ism just like axions [26-29], as axionic charge density
waves in Weyl semimetals [30,31], as an emergent axion
response in multilayered metamaterials with tunable cou-
plings [32] or in multiferroics [33]. The measurement of an
emergent dynamic axion field in chromia has been reported
in Ref. [34], therefore, condensed matter systems may very
well provide an experimental platform to test the main
aspects of axion electrodynamics which may complement
and bolster the case for axions in cosmology. Hence, the
study of axion (electro) dynamics is of timely interdisci-
plinary relevance bridging cosmology and condensed
matter with the tantalizing possibility of probing the
cosmological axion with novel condensed matter systems.

Motivation and objectives: The Peccei-Quinn axion has
been motivated as a solution of the strong CP problem in
QCD, and the misalignment mechanism yielding the axion
condensate making it a compelling cold dark matter candi-
date may be a consequence of the QCD phase transition.
Such phase transition has another important consequence:
the binding of the lightest u, d quarks into the lightest
pseudoscalar isotriplet of 7 mesons, namely pions, which
are copiously produced at the QCD phase transition at
Toep = 150-170 MeV > m, ~ 140 MeV. Among the three

pion states 7°, 7%, the neutral pion z° couples to the
electromagnetic field via the U(1) triangle anomaly, resulting
in that it decays into two photons with a ~99% branching
ratio. The neutral pion has the same quantum numbers as the
axion: it is a neutral pseudoscalar, and just as the axion its
coupling to electromagnetism is a consequence of the U(1)
triangle anomaly.

Several extensions beyond the Standard Model can
accommodate axionlike particles, however, a common
thread among these hypothetical particles is that they couple
to photons and gluons via a Chern-simons term, thereby
allowing a two-photon decay channel, thus generalizing the
original proposal for the QCD axion.

The main premise of this study is that the neutral pion and
the axion mix via a common set of two-photons intermediate
states: consider the processes 7° <> 2y <> a with a the
axion, such process induces a mixing between the two fields
in the form of an off-diagonal self-energy. Such mixing is
enhanced in the thermal medium at the temperature of the
QCD phase transition since photons in the bath feature
thermal energies sufficient to produce z° in detailed balance
with the annihilation (decay) process. This mixing mecha-
nism via a common decay channel for neutral pions and
axions was anticipated in Ref. [25] where it was suggested
that as a consequence of such mixing, a misaligned axion
condensate will induce a neutral pion condensate.

Our motivation in this study stems from this observation,
namely that the axion will mix with the neutral pion after
the QCD phase transition through a common intermediate
state of two photons in the medium. In fact, this observation
leads to a more overarching possibility: if there are other
axionlike particles emerging from extensions beyond the
standard model that, just like the QCD axion, couple to
photons or gluons as a consequence of a gauge anomaly,
these alternative (ALP)’s will also couple to the QCD axion
via a common intermediate state of photons or gluons.

Therefore, beyond the QCD axion, other possible (ALP),
will mix among themselves as well as with the neutral pion
after the QCD phase transition via their mutual coupling to
photons and or gluons through the Chern-Simons density.

However, studying the dynamics of field mixing in a
medium is of much broader fundamental and intrinsic
interest within the context of CP violation and/or baryo-
genesis. A paradigmatic example in vacuum is the mixing of
K® — K9 or flavored meson-antimesons as a consequence of
a common intermediate state, which provide dynamical
observational signatures of CP violation [35-37]. Field
mixing may also be a consequence of “portals,” connecting
standard model degrees of freedom to hypothetical ones
beyond the standard model, such portals may lead to mixing
between fields on different sides of the portal. Hence the
study of the dynamics of mixing in a medium may open
hitherto unexplored new windows into extensions beyond
the standard model.

Furthermore, axion electrodynamics in topological mate-
rials and/or Weyl semimetals also features a coupling of
these emergent collective excitations to electromagnetism
via processes akin to the U(l) anomaly [26-32,34].
Therefore, these “synthetic” axions may mix with the
cosmological axion in the same manner as pions or generic
(ALP)’s do in the early Universe, hence motivating the
study of the possibility of mixing between the cosmological
and the “synthetic” axions. Such mixing may yield alter-
native insights into probing cosmological axions with
condensed matter experiments.

Our objectives in this study are two-fold: (i) to develop
the framework to study the dynamics of scalar or pseudo-
scalar field mixing in a medium via a common intermediate
channel corresponding to degrees of freedom in thermal
equilibrium. This indirect mixing is a consequence of off
diagonal contributions to the self-energy where the inter-
mediate states (in the loops) are those corresponding to the
bath degrees of freedom. This is achieved by obtaining the
Schwinger-Keldysh (in-in) nonequilibrium effective action
[38—42] of the mixing degrees of freedom after tracing over
the bath degrees of freedom, by extending and generalizing
the formulation of the nonequilibrium effective action [23],
and applied to axion dynamics in Ref. [22]. The framework
developed within this study will find a natural arena in
cosmology.
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(ii) To implement this general framework in the specific
example of axion-neutral pion mixing after the QCD phase
transition. There are several reasons for studying this
particular case: (a) it provides an explicit realization of
the main concepts behind indirect mixing via a common set
of intermediate states in terms of off-diagonal self-energies,
(b) (ALP) mixing, and or (ALP)-neutral pion mixing are of
cosmological interest, (c) the operator that describes the
common set of intermediate states is clearly identified and
amenable of a spectral analysis, (d) it allows us to scrutinize
one of the conjectures of Ref. [25], namely that a misaligned
axion condensate will induce a neutral pion condensate,
which in turn is related to a Chern-Simons condensate [25].
As it will become clear, this example provides the setting for
a wide separation of timescales, leading to decaying
eigenstates with short and long lifetimes, akin to (albeit
with important differences with) the kaon system, and
illuminating fundamental aspects related to the dynamics
of mixing, such as the emergence of long-lived correlations
and “purification.” Furthermore, we show that a misaligned
axion seeds a pion condensate, and we argue that even for a
very small axion-photon coupling, the “seed” of pion
condensate will be amplified by the inherent instabilities
associated with the chiral phase transition.

Brief summary of results: (a) We obtain the nonequili-
brium effective action for scalar or pseudoscalar mixing
indirectly through their mutual coupling to a common bath.
The equations of motion are stochastic with dissipative and
noise kernels obeying generalized fluctuation dissipation.
These are solved for the general case and applied to axion-
neutral pion mixing after the QCD phase transition. (b) A
misaligned axion condensate induces a macroscopic neutral
pion condensate that “seeds” the chiral phase transition. The
induced pion condensate displays time evolution on a long
and a short timescale, akin to the K° — K° in vacuum (albeit
with important differences). The pion condensate survives
on timescales much longer than the pion decay lifetime, a
phenomenon reminiscent of the “purification” of a kaon
beam. (c) On timescales much longer than the pion lifetime,
the neutral pion condensate is proportional to the macro-
scopic U(1) Chern-Simons condensate. (d) Indirect mixing
also implies the necessity for kinetic mixing. (e) The axion
and pion populations exhibit thermalization with the radi-
ation bath, while connected correlation functions exhibit
long-lived off-diagonal coherence, a manifestation of “bath-
induced coherence.”

In Sec. II, we introduce the generic model to be studied,
obtain the Schwinger-Keldysh (in-in) effective action, and
derive and solve the equations of motion of the mixing fields
in the general case. In this section we discuss subtle
renormalization aspects and the necessity for kinetic mixing
in the effective action. Section III is devoted to studying the
dynamics of axion-neutral pion mixing as a specific
example, from which we draw more general lessons. In
this section we confirm one of the main conjectures of

Ref. [25], namely that a misaligned axion induces a neutral
pion condensate via mixing, and study the time evolution of
correlations, coherences and populations. Section IV sum-
marizes our results and conclusions. Several appendices
provide technical details.

II. THE NONEQUILIBRIUM EFFECTIVE ACTION

To set the stage for the general formulation and to
highlight the main concepts behind indirect mixing in a
medium, let us consider the following Lagrangian density
describing axions and neutral pions a,z” respectively
coupled to a photon bath via a Chern-Simons term, as
an effective field theory description of the system to be
studied,

1 1 a 1
E = EOMHOG“HO - Em%ﬂ02 - %ﬂoFﬂyFﬂ + Eaﬂa()"a
1 .
—zmgaz —‘(i—“aFWF’”’ + L, (2.1)

where F* = %e’“’f"’F - @ 18 the fine structure constant
and f, the pion decay constant together yield a/zf, ~
0.025 GeV~!, for QCD with three quark colors, as deter-
mined by the neutral pion decay width into two photons.
The axion coupling is g, = C/f, with C a dimensionless
constant and f, the axion decay constant. In the effective
Lagrangian (2.1), £, is the Lagrangian density for the
electromagnetic fields, including coupling to charged
degrees of freedom within (or beyond) the Standard
Model. At finite temperature both the pion mass and decay
constant f, are modified by thermal corrections differing
by about 15% from the zero temperature values [43].
However, in this study we will not be concerned with
the actual values of the couplings and masses, focusing
instead on the fundamental aspects of the dynamics of
mixing and its consequences. Both the axion and neutral
pion couple to the radiation bath of photons in equilibrium
via the U(1) Chern-Simons density —F MDF’“’/4 =E-B.
Hence both can decay into two photons or absorb photons
from the bath, thereby allowing photons to mediate axion-
pion mixing via the processes 7° <> 2y <> a. These proc-
esses yield an off-diagonal contribution to the axion and
pion self-energies (see Fig. 2 below). This is the main
concept underpinning “indirect” mixing.1

Since we seek to understand the mixing of axions with
pions, as well as with other possible (ALP) candidates, we
generalize the effective Lagrangian (2.1) to describe two
different pseudoscalar fields ¢ ,, of masses m, , respec-
tively coupled to a common bath of photons in thermal
equilibrium via the Chern-Simons density. The radiation
bath is itself coupled to and in thermal equilibrium with

'Direct mixing would correspond to an off-diagonal mass
matrix for example.
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other charged degrees of freedom, denoting these bath
degrees of freedom generically as . Hence, we propose to
study mixing dynamics described by the generalized
Lagrangian density given by

Llpr. oyl =Ly+ L, + Ly, (2.2)
where
1 1 1
Lp=5 > (00 =5midh=5 > pubniyy
a=1.2 a,b=12
Lr=(g1¢1 +0)Ol] ; Ol =E-B. (2.3)

Anticipating renormalization we introduced a matrix of
mass counterterms Amflb required to cancel the ultraviolet
divergences in the self-energies. £, is the Lagrangian of
electromagnetic fields, including coupling to other charged
degrees of freedom, assumed to describe the bath degrees
of freedom in thermal equilibrium. The general form (2.3)
allows us to treat the different cases within one framework,
from which we can extract individual cases by specifying
masses and couplings. In what follows we will always
consider ¢, as the (QCD) axion field, with ¢; being either
the neutral pion, or alternative (ALP) fields.

We shall first obtain the nonequilibrium effective action
for general masses and couplings by extending the methods
introduced in Refs. [22,23], addressing each specific case
a posteriori. In 3 + 1 space-time dimensions, the composite

operator E - B features mass dimension four, therefore the
couplings g; , feature dimensions (mass)~!, and the theory
defined by the Lagrangian density (2.3) is nonrenormaliz-
able. It must be understood as an effective field theory valid
below a scale A, which for consistency will be taken to
satisfy A > m, ,, T, where T is the temperature of the bath
degrees of freedom. The steps toward obtaining the non-
equilibrium effective action are the following [22,23]: an
initial density matrix describing the fields ¢, , and the bath
degrees of freedom y is evolved in time with the unitary time
evolution operator, a trace over the bath degrees of freedom
y yields a reduced density matrix associated solely with the
fields ¢, ,, this reduced density matrix does not evolve
unitarily in time. The nonequilibrium effective action yields
the kernel that determines the time evolution of the reduced
density matrix and includes the dissipative effects associated
with tracing out the y degrees of freedom in terms of self-
energies. These steps are implemented in detail below.

A. The nonequilibrium effective action:

Let us consider the initial density matrix at a time t = 0
to be of the form

(0) = p,(0) ® p,(0). (2.4)

The initial density matrix p,(0) is normalized so that
Tryp,(0) =1 and that of the y fields will be taken to
describe a statistical ensemble in thermal equilibrium at a
temperature 7 = 1/f, namely

e PHy

= (2.5)
Tr,e Pt

P(0)

where H, is the total Hamiltonian for the y degrees of
freedom.

The factorization of the initial density matrix is an
assumption often explicitly or implicitly made in the
literature, it may be relaxed by including initial correlations
between the fields ¢, and the bath fields y at the expense of
daunting technical complications. We will not consider this
important case, relegating it to future study. In what follows
we will refer to the set of fields ¢, collectively as ¢ to
simplify notation.

In the field basis the matrix elements of p,(0) and p,(0)
are given by

(@104 0)|¢) = ppo(d.9) + P, 0Ky = pyrolrsX).

(2.6)

we emphasize that this is a functional density matrix as
the fields have spatial arguments. The density matrix for
the fields ¢ represents either a pure state or more generally
an initial statistical ensemble, whereas p,(0) is given
by Eq. (2.5).

To obtain the effective action out of equilibrium for the
fields ¢, [describing the (ALP) and neutral pion fields
in (2.1)], we evolve the initial density matrix in time and
trace over the “bath” degrees of freedom, leading to a
reduced density matrix for the fields ¢, ,, from which we
can compute its expectation values or correlation functions
as a function of time.

The time evolution of the density matrix in the
Schroedinger picture is given by

p(1) = UWpO) U1 (1), (2.7)
where
U(t) = e71, (2.8)
The total Hamiltonian H is given by
H=Hoy+H,+ / 3 0..00,  (29)

a=12

and H,,, H, are the Hamiltonians for the respective fields.

025012-4



DYNAMICS OF AXION-NEUTRAL PSEUDOSCALAR MIXING

PHYS. REV. D 108, 025012 (2023)

The reduced density matrix for the ¢, , fields is obtained
by tracing over the y degrees of freedom as

Py = TR U@WPOU0). (2.10)
To extract the nonequilibrium effective action it is more

convenient to obtain the density matrix elements in field
space, namely

p(brxp s apit) = (brxUDPOYU (1)@} 1))
(2.11)

from which the reduced density matrix elements are

o bpeit) = [ D2y UOROU 012,
(2.12)
With the functional integral representation
(b VPOV (0]
— [ DBDIDE DL VO oo i )
® pyolis ) (i |UH (0| dls 2, (2.13)

from which it follows that the reduced density matrix
elements are

Pr(@pidyst) = / Dyy / D¢:Dy;D¢;Dy;
<A plUixi)pyo(di:dr)
® P BixilU™ (Dldyixy). (2.14)
The [ D¢ etc, are functional integrals where the spatial
argument has been suppressed. The matrix elements of the

time evolution forward and backward can be written as path
integrals, namely

WraVOWiz) = [ Dy e 101 2as)
( ;'2)(§|U_l(t)|¢};)(}> = /])(IS—D)(—e—ifd“xﬁ[tﬁ'»)(_]7 (2.16)
where we use the shorthand notation

t
/d“xz/ dt’/d3x.
0

L[, x] is given by (2.2), (2.3) and the boundary conditions
on the path integrals are

(2.17)

(X 1=0)=¢i(X); ¢T(X.1) =s(X).  (218)

X(Er=0)=x(x); x (%0 =xx), (2.19)

¢~ (X.1=0) = §i(X);  ¢~(X.1) = (%), (220)

Xr=0)=x(&): &) =x(). (221

The field variables ¢, y* along the forward (+) and
backward (—) evolution branches are recognized as those
necessary for the in-in or Schwinger-Keldysh [38-40,42]
closed time path approach to the time evolution of a
density matrix.

The reduced density matrix for the fields ¢, (2.14), can
be written as

Py 1) = / DODHT by b b b 10 (e 4:0).
(2.22)

where the time evolution kernel is given by

Tgs bis ¢y i 1]
_ / Dy / Dep=e' J I Ll ] piTlgr 4] (2.23)

from which the nonequilibrium in-in effective action is
identified as

Sl 471 = [t [ @x{calg )Ll +Tl0.47)
(2.24)

where Z[¢p";¢7| is the influence action [41] obtained by
tracing over the y degrees of freedom,

o T4 — / Dy;Dy;Dy / Dyt
o /D){_eifd%[ﬁw—zagaﬁobﬁ]]
y e—ifd4x[[,b{_]—zbgb¢;0h'_]]p){()(i’)d_;O)‘ (2.25)

The path integral representations for both 7[¢/, ¢;;
¢, #ist] and Z[¢p";¢~] feature the boundary conditions
in (2.18)—(2.21) except that we now set y (X, 1) = y4(X) to
trace over y field.

In the above path integral defining the influence
action Eq. (2.25), the fields ¢ (x) act as external sources
(c-number) coupled to the operator O[y|. Therefore, it is
straightforward to conclude that the right-hand side of
Eq. (2.25) is the path integral representation of the trace
over the environmental fields coupled to external sources
¢*, namely
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T 97 — Ty [Z/{( £ ), (O (1 ¢—)} (2.26) and 7T is the anti-time evolution operator describing evolu-
bt ’ X ’ ’ : . ST -
tion backwards in time, it is defined by T(A(#,)B(t,)) =
A(11)B(1)0(t, — 11) + B(12)A(1,)O(t) — 12).
The calculation of the influence action is facilitated by
passing to the interaction picture for the Hamiltonian
H,[¢*(t)], defining

where U(t;¢F) is the time evolution operator in the y
Hilbert space in presence of external sources ¢*, i.e.

) (e i)
g = T(e" ; Hx[ff"(t’)]dt/)’ . i ’H |
Ul ) = U () (229)
with

H,[p*(1)] = H, + / Px> " g (R DO(F)] (228)  and the ¢! cancel out in the trace in (2.26), the
a interaction picture operators are now standard, and given by
|

Uy (1) = 1—i / #4057 1)OF, )

1 - - -
—§/d4x1/d4x229a9b7( xlvtl)o(xlatl)¢;(x2’t2)o(x2712)) +-- (2.30)

Ul (™) =1+ i/d“X’Zgafi)Z(f', )0, 1)
—l/d4x1/d4xzzga9b7<¢a_(fl»fl)o(fl,fl)fi’i(fzvfz)o(f%b)) T (2.31)
2 a,b

where the composite operator O(X, 1) = O[y(X,1)] is in the Heisenberg picture of H,.
Now the trace (2.26) can be obtained systematically in perturbation theory in g,, it is important to note that in taking
the trace, the operators with ¢* always appear in front of p,(0), whereas those with ¢~ appear behind, for example

TrO* (x1)p,(0)O~(x,) = TrO(x,)O(x;)p, (0) = (O(x;)O(x,)),, etc. Including all such terms up to quadratic order in oF
we find

Tt ¢7] = / Y011 439 (000,
iy [ | d4xzzgagb B ()6 ()G (x1 = x2) + 6 (1) 5 (1) G (x1 = )

= 5 (1) ()G (1 = x3) = (1) ()G (1) = x2) }. (2.32)

This result is confirmed by expanding the left-hand side of (2.26) and comparing to the right-hand side after
symmetrization of the crossed terms of the form ¢ ¢, . In this expression the connected correlation functions in the initial
density matrix of the y fields, namely p,(0) are given by

G (x1 = 1) = (O(01)O(x2)), = (O(x1)), {O(x2)), = G~ (¥1 = x2), (2.33)
G (x1 = x2) = (O(x)O(x1)), = (O(x2)),{O(x1)), = G=(x1 = x2), (2.34)
GH(x; —x) = G (x; = 1)0(t) — 1) + G=(x; = x,)0(t, — 1;), (2.35)
G~ (x) —x) = G (x; = 1)0(t, — 1) + G=(x; = x,)0(t; — 1), (2.36)
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in terms of fields in the Heisenberg picture of H,, where

((-))y =Ty ()P, 0). (2.37)

We highlight that the correlation functions G~, G are
exact, namely to all orders in the couplings of the
environmental fields y that enter in O to all other fields
to which it couples except the fields ¢, ;.

We will assume that the expectation value of the
composite operator O[y| has been subtracted if necessary
so that (Oy]) =0, therefore the first term in (2.32)
vanishes along with the second terms on the right-hand
sides of Eqgs. (2.33), (2.34).

Since the operator O is hermitian, it follows from the
definitions above that

G=(x; —x) = G (xp — xy). (2.38)

The influence action (2.32) becomes simpler by writing
it solely in terms of the two correlation functions G, this is
achieved by implementing the following steps:

(i) In the term with ¢ (x;)¢; (x,): in the contribution

G=(x; —x)O(t, —t;) [see Eq. (2.35)] relabel
X1 <> X, a <> b and use the property (2.38).

(i) In the term with ¢ (x1)¢} (x,): in the contribution
G”(x; —x)0O(1, — ;) [see Eq. (2.36)] relabel
X1 <> X, a <> b and use the property (2.38).

(iii) In the term with ¢ (x;)¢; (x2): multiply G=(x; —
xy) by O(t; — 1) + O(t, — 1;) = 1 and in the term
with ©(r, — 1,) relabel x; <> x,, a <> b and use the
property (2.38).

(iv) In the term with ¢ (x;)¢; (x,): multiply G~ (x; —
Xz) by @(tl - [2) =+ @(tz - tl) =1 and in the term
with ©(r, — 1) relabel x; <> x,, a <> b and use the
property (2.38).

We find

Tipt 71 =D _gug / d4x1d4x2{¢2f(551’ 1)y (%2, )G (x1 = x3) + ¢ (X1, 1)y, (X2, 1) G=(x) — x2)
a.b

— i (1. 11)y, (%0, 1) G (x1 — x2) — @5 (X1, 11) by (X2, 12)G™ (x, —Xz)}G(fl — 1)

where G5 are given by Eqgs. (2.33), (2.34). This is the
general form of the influence function up to second order in
the couplings of the fields ¢ , to the environmental fields y
but fo all orders in the couplings of the environmental
fields to any other field except ¢;,. Notice that
Z[¢p*, ¢7]|4+—p = O consistently with its definition given
by Eq. (2.26). The contributions to the influence action
Z[¢p*,¢~] can be interpreted in terms of self-energy type
diagrams shown in Fig. 1. For the case of pion-axion
mixing, the type of self-energy diagrams that determine the
influence action is shown in Fig. 2, and explicitly shows the
origin of axion-pion mixing. We emphasize that whereas
Fig. 2 displays a one-loop self-energy as an illustrative
example, the results are valid to all orders in the couplings
of the electromagnetic field to any other charged field
within or beyond the standard model. This is explicit in the
exact Lehmann-representation of the correlation functions
analyzed in appendix A. In Fig. 2 the photon propagators
can be dressed by loops of the charged fields, for example

FIG. 1. Contributions to the influence functional Z[¢t, ¢~].
The black circle denotes the correlation functions G* to all orders
in the couplings to degrees of freedom other than the fields ¢,, .

(2.39)

I

ete™ loops, and similarly for quark-antiquark loops,
describing processes such as 7% <> ete” < ya, etc.
These radiative corrections to the photon propagators result
in a thermal mass for the photon [44], all of these processes
are included in the exact spectral representation of the
Green’s functions.

We can obtain expectation values and correlation
functions of the meson fields by including sources J(x)
with Lo(¢*) = Lo(¢pF) £ >, JF(x)pZ(x) and defining
the generating functional

2,07 = Tip (I, J51)
- / D DYDY, / Dp*

« /’D¢—ei5eff[¢+",+;¢’J;t]p¢(¢i9¢2;0) (240)

g1 92

70, 1) a(@,t)

FIG. 2. Contributions to the influence functional for the pion-
axion mixing case. The self-energy diagram corresponds to the
processes 7’ <> 2y* <> a and the inverse process, with y* a
photon in the medium. These processes induce axion-pion
mixing. The photon propagators can be dressed by loops of
charged particles. The branch labels + are suppressed for clarity.

025012-7



CAO, HUANG, and BOYANOVSKY

PHYS. REV. D 108, 025012 (2023)

with the boundary conditions
bq(X.1=0) =i o(X); P (X.1) = ¢pa(X)
Pa (X1 =0) = ¢} ,(3);  Pa(X.1) = ¢ a(3).

Expectation values or correlation functions of ¢* in the
reduced density matrix are obtained as usual with varia-
tional derivatives with respect to the sources J*.

The effective action (2.24) may be written in a manner
more suitable to exhibit the equations of motion by
introducing the Keldysh [39] variables

(2.41)

@, (%.0) = 3 (1 (%.0) + 4 (5. 0)):
Rul5.t) = (@ (5.0) = 47(5.1). (242)
|
iSerr[®, R] = / d%ZRa, @, (x,1 = 0)

The boundary conditions on the a* path integrals given
by (2.41) translate into the following boundary conditions
on the center of mass and relative variables

D, (X.1) = D, ;(X); R.(X,1)=0. (2.44)

In terms of the center of mass and relative field variables,
the effective action (2.24) with the influence functional
(2.32) in terms of spatial Fourier transform becomes

/ anR 1) { b (K. 11) + (@R (K)8,p + A2, )0 (K. 1)) = @ (K 1) To( Ko 1)}

1 . . . . . .
— A dtl /0 dt2Z{§Ra(—k, tl)Nab(k; tl - tz)Rb(k, t2) + iRa(—k, tl)ng(k, tl - t2)q)b(k, tz)} (245)
k

where repeated indices are summed over, and w3(k) =
k* + m2. To obtain the above form, we integrated by parts,
defined J,(x) = (J(x) —J5(x)), and kept only the
sources conjugate to ®, because we are interested in
expectation values and correlation functions of this variable
only as discussed in detail below.

The kernels in the above effective Lagrangian are given
by [see Egs. (2.33)—(2.36)]

Nkt —1) = Cab%[G>(k; t—1)+G=(k;t—1)] (2.46)

iZR (k,t—1) =Cu|G™ (k;t— 1) = G=(k;t = 1)]O(r = 1)

= (S, (k.1 —1)O(t = 1) (2.47)

where G (k; t — ') are the spatial Fourier transforms of
the correlation functions in (2.33)—(2.36) and

2
_ g1 9192
C,, = .
a <9192 % )

In the exponential of the effective action 'S, the quadratic
term in the relative variables R, is written as a functional
integral over a noise variable £, as follows,

(2.48)

1 . . .
exp{ =3 [ i [ R (-t )N ulEir, - )R Rir))

:A/Dga exp{—%/dzl/dtzga(—%; 1)

KNt = )6 En) +1 [ die (TR, z)}

(2.49)

where A is a normalization factor.

We seek to obtain the equations of motion as an
initial value problem rather than a boundary value problem.
This is achieved by writing the initial density matrix in
terms of the initial center of mass and relative variables

D,;.R,; as
R.i R.i
<(Da,,'—|-2a’l,q)a,i— 2a’l§0>,

(2.50)

Pp(@Dusi- d.0) = py

and by introducing the functional Wigner transform [45]
W[‘Da’i,nu‘i] — /DRie—ifd3XHa.i(z)Ri(;)p¢

Reai Reai
D, +— D, -0, 2.51
(@0 5t 0= 2000). )
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which allows us to write (up to a normalization factor)

Ra,i Ra.i .
Py <(Da,i + T,‘I’a,i - ,0>

:/ pn, o'/ S OR Oy, T (2.52)

The Wigner transform is the “closest” to a (semi)
classical phase space distribution function [45].

Gathering these results together, we now write the
generating functional (2.40) in terms of the Keldysh
variables (2.42), with the effective action in these variables
given by Eq. (2.45), implementing the Wigner transform
(2.52) and using the representation (2.49) we obtain

Z[J] = / DD, / DR,D®,DII; / DO®DRDEW[®;,IT,] x PJ¢] xexp{i / Ay @, (k)T (k: t)}
7

X exp {—i / dt;Ra(—z; ) <d‘>a(ié; 1) 4 (@2 (k)6 + Am2, ) D, (K: 1) + A 'zab(lz; t— 1)@, (k. )dl — &, (k; t)> }

X exp {iZRM(—JQ) (na,,.(/?) - ¢>a,,.<z>) }

where repeated field indices are summed over, and the
noise probability distribution function P[] is given by

P[] —AHGXP{—%/dtl/dtzéa(—l?; 1)
k

x N oh (ks ty = 1)&, (K fz)}- (2.54)

(2.53)

The generating functional Z[7] is the final form of the time
evolved reduced density matrix after tracing over the bath
degrees of freedom. Variational derivatives with respect to
the source 7 yield the correlation functions of the Keldysh
center of mass variables ® [42]. .

Carrying out the functional integrals over R;(k) and
R;(t) yields a more clear form, namely

217 / Do, / D®, DI, / D, DE, WD, IT] x P[Z] xexp{i / drS @, (607 (- t)}
"

<[]s [dﬁa(/?; 1) + (@R ()5, + Am2,) Dy (K 1) + A (Kt = 1)y (R )dl = £, (F: r>]
k

T B = 8.
a,k

The functional delta functions determine the field configu-

rations that contribute to the generating functional Z[J]:

(i) The equation of motion of ®,(k;¢) is a stochastic
Langevin equation [22,42], namely

B, (K; 1) + 03 (k) ®q (K, 1) + Am2, @ (k. 1)

+/Izab(E;t—t’)®b(§;t’)dt’—éa(ﬁ;t). (2.56)
0

Note that this equation of motion involves the
retarded self-energy, thereby defining a causal initial
value problem, this is a distinct consequence of the
in-in formulation of time evolution.

(2.55)

-

(ii) The initial conditions of ®,(k) satisfy

@, (ki1 =0) =D, ;(k); Dkt =0) =T1,,(k),

(2.57)

-

where @a,i(k),l'[a.,»(lz) are distributed according to
the probability distribution function W[®, ;,II,,] in
turn determined by the initial density matrix. This
is one of the manifestations of stochasticity. We

introduce the notation (- - -) to denote averaging over
the initial conditions (2.57) with the distribution
function W[®, ;. 11, ;].

(iii) The expectation_value and correlations of the sto-
chastic noise £, (k; t) are determined by the Gaussian
probability distribution P[¢], yielding
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(&, (k1)) =0
(ks 1)E (K1) = N gy (ks 1 = 1)

e (2.38)
where {(---) means averaging weighted by P[£].
Since P[£] is Gaussian, higher order correlation
functions are obtained by implementing Wick’s
theorem. This averaging is the second manifestation
of stochasticity. It is important to highlight that
Gaussianity of the noise does not imply a free field
theory, the kernel A/ ,;,(k; £ — ¢') is in principle to all
orders in the coupling of photons to charged fields
within or beyond the standard model, and is at least
of one-loop order as displayed in Fig. 2 and
explained in detail in appendix A.

The solutions of the Langevin equation (2.56) ® [k t; ¢,
@, ;;11,,] are functionals of the stochastic noise variables
£, and the initial conditions, therefore correlation functions
of the original field variables ¢, in the reduced density
matrix correspond to averaging the products of the sol-
utions over both the initial conditions with the Wigner
distribution function, and the noise with the probability
distribution function P[£]. We denote such averages by

«(---)) with (---) any functional of the initial conditions
(2.57) and &,. These stochastic averages yield the expect-
ation values and correlation functions of functionals of ®,,
obtained from variational derivatives with respect to 7 ,.

We seek to obtain correlation functions of ¢, in the
reduced density matrix, therefore we must relate these to
the averages of the center of mass Keldysh fields ®@,. To
establish this relation, we begin with the path integral
representations for the forward and backward time evolu-
tion operators (2.13), (2.15), (2.16) which show that ¢ are
associated with U(t) and ¢, with U~!(t), hence it follows
that inside the path integral operators in the forward,
backward, and mixed forward-backward branches, are
given by

-

Trgpl (k1)) (K:8)p(0) =TeT (¢ (ki 1)y (K37))p(0)
Trgyz (k1) (K'31)p(0) = Tep(0)T (b (k: )by (K'3 1))
4

»‘l

vl

-

T (s 1)y (K'3£)p(0) = Treh, (ks )p(0) by (s )

=Trgh, (K31 )pa(k:1)p(0). (2.59)

where T, T are the time ordering and antitime ordering
symbols respectively. From the cyclic property of the trace,
it follows that the expectation value of the ¢ fields in the
total density matrix is

Trgp, (X, 1)p(0) = Trp(0)¢, (X. 1)
= Trd, (¥, 1)p(0) = (@, (3.1)))

(a3, 1)) =
(2.60)

whereas

TR, (%, 1)p(0) = 0. (2.61)

Furthermore, using the relations (2.59) it is straightforward
to confirm that

Np(0) = 3T (u(E. 07 1)

+ (7. 1)ga(R.1))p(0).
(2.62)

Trd, (3. 1)@, (¥

Upon obtaining the functional solutions of Eq. (2.56) our
objective is to obtain the connected equal time correlation
functions

(@a()p(1))c = Trp(0)ga(2) by (1)

= Trp(0)a (1) Trp(0)ps (1), (2.63)
which provides a measure of coherence, and the population
of each mode of wave vector k, namely

na(ki ) 0(0) [qba(/‘é; Oa(—Fet)

1
20N
+ @2 (k) py (K 1) o (—K; t)} - % (nosumovera).
(2.64)

The fields ¢, (7); ¢, (t) commute at equal times, therefore
with the definition of the Keldysh center of mass field
variables @, (2.42) and the relations (2.59), (2.60), (2.61)
we find that the equal time connected correlation function
(2.63) is given by

(@) (1)) = (P (1)Pp (1)) — (P (1)) (P (1)) -

(2.65)

In analogy with the density matrix of two level systems [45]
or qubits, we refer to the off-diagonal connected correlation
function as coherences.

To obtain the population per mode (2.64) we introduce
the correlation functions (no sum over the label a)

C;(k;t, 1) =
Ci(k;t, 1) =

Pk 1)a(=K; £)p(0);

Trgh (—k; 1) (K: 1)p(0), (2.66)

the populations per mode of wave vector k (2.64) become

- 4w;<k> <%§+ (k)>

X [C;(k; t,1) 4+ C; (ks t, t’)} / —%.

=t

n,(k;t)

(2.67)
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Using the identity (2.62) it is straightforward to show that
this symmetrized product yields

nullin) = 5t { (@@, (F)
F B, E0e, Ty -5 (268)
and the energy per mode
i) = (nakin) 3 )ou0. 269)

The corollary of this analysis is that we can obtain the
connected correlation functions and the populations of the
fields ¢;, by obtaining the solutions of the Langevin
equation of motion (2.56) with initial conditions (2.57) and
taking the averages over the initial conditions and noise
described above. The stochastic equation of motion (2.56)
with initial conditions (2.57) defines an initial value
problem whose solution is obtained by Laplace transform.
The Laplace transforms are given by

&, (F:5) = / " =5, (R 1), (2.70)
0
B, (ks s) = / " et (R ), (2.71)
0
- 7 o _ > Cap [=plko k)
> (kys) = sty (ki dt = — dko,
wlfis) = [ ey o = =S [ L5 D ag,
(2.72)

where in (2.72) we used the representation (A13). The
Laplace transform of the Langevin equation (2.56)
becomes

-,

Gy} (k,5) Dy (ki s) = T, ; (k) + 5@, (k) + &, (ks5),  (2.73)

where
Gl (k,s) = (s2 4+ @28, + Am2, + Zop(kis).  (2.74)

The solution in real time is obtained by inverse Laplace
transform, it is given by

@, (k; 1) = @ (k; 1) + D5 (K; 1), (2.75)

where @ (k; 1); ®5(k: 1) are the homogeneous and inho-
mogeneous solutions respectively, namely

DL(k; 1) = Gy (ks )@y 1 (K) + Gop (ks 1)1, 5. (2.76)

Of (R 1) = / "Gt — Ve, (R tVar, (277
0

and the Green’s function is given by

Gup(kit) = ZLm/c e*'Gy, (k, s)ds, (2.78)
C denotes the Bromwich contour parallel to the imaginary
axis and to the right of all the singularities of G, (k, s) in the
complex s-plane and closing along a large semicircle at
infinity with Re(s) < 0. These singularities correspond to
poles and multiparticle branch cuts with Re(s) < 0, thus the
contour runs parallel to the imaginary axis s = i(v — ie),
with —o00 < v < 00 and € — 0". Therefore,

G (ki 1) = / * Gyl s = (v — ie))ei”’;l—z. (2.79)

We obtain the Green’s function G, (k, s) in appendix B, it is
given by Eq. (B9) for the general case.

The general form of the Green’s function has been found
in appendix B, it is given by Eqs. (B9), (B10) with

1
M?*(s, k) = s + k> + 2 [m% +m3 + Am?, + Am?3,

+ (6 + B)o(s. k)| (2.80)
D(s. k) = [(m} = 3 + Am?, = Ani, + (g = G)o(s. K))?

1/2

+ 4(Am2, + g1920(s, k))2] (2.81)

1
als, k) = 5 [m% —m3 + Am?, — Am3, + (97 — 3)o (s, k)} ,

(2.82)
2
Pls. k) = r(s.k) = |Amdy + gigao(s. k)] (283)
with
© p(ky, k) dk
o(s, k) = _/_ pki o ls>27° (2.84)

The counterterms Am?, will be chosen to cancel the
divergences in the self-energy in the effective theory with
a cutoff A. The Green’s function (2.79) requires the analytic
continuation s — i(v — ie) in the self-energy, yielding

[ etk k)] dko
ol k) = /_mp[ko—y m 2

l.p(v, k)

(2.85)
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where we used the property p(kg, k) = —p(—ko, k) (see
appendix A), as a consequence of which the real (R) and
imaginary (I) parts of o(v, k) obey the property

or(v. k) = op(-v.k);

o;(v, k) = —o;(-v. k). (2.86)

B. Renormalization aspects: Kinetic mixing

Before we move on to the dynamical evolution, we now
address several subtle aspects associated with renormaliza-
tion. The couplings g,, each feature mass dimension
(mass)~!, therefore the effective field theory is nonrenor-
malizable, since the self-energy must be of mass dimension
(mass)?, it follows that & must feature dimension (mass)*.
Although the full spectral density p(kg, k) is not available to
all orders in perturbation theory, we can illustrate the main
aspects of renormalization by considering the one photon
loop contribution to the self-energy obtained in Ref. [22]
and given by Eqns. (A18), (A19) in appendix A.

The zero temperature contribution to the spectral
density (A18) yields an ultraviolet divergent result for
or(v, k), calculating the integral in (2.85) with an upper
cutoff A we find for the zero temperature part

1
12872

K2=12— k2,

A2p3/2
oW (v, k) = {A“ +4K*A?+2(K?)’In {L] };

|K?|
(2.87)

the finite temperature contribution does not yield ultraviolet
divergences because of the thermal suppression associated
with the distribution functions. Whereas the first term oc A*
may be absorbed by mass counterterms, the terms K2A?
and (K?)*In A imply the necessity for off-diagonal four
momentum dependent counterterms of the form

0,70 a; (0,0'7°)(0,0"a). (2.88)

This observation suggests that the most general effective
field theory mixing axions and neutral pions via a common
intermediate state of photons must include kinetic mixing
terms of the form (2.88). This analysis leads us to conclude
that mass counterterms of the form Am?2, are insufficient to
absorb the ultraviolet divergences in the effective field
theory and that other counterterms associated with the
kinetic mixing (2.88) must be included.

In the analysis that follows, we will assume that such
counterterms have been introduced to cancel all of the zero
temperature divergences in the self-energies and m2 are the
renormalized masses. Hence we now set Am2, =0 in
Egs. (2.80)—(2.83) along with the counterterms from kinetic
mixing and keep solely the finite temperature (ultraviolet
finite) contributions to ¢. Furthermore, we will also assume
that the renormalized kinetic mixing terms all feature
vanishing coefficients (after absorbing the ultraviolet

divergent contributions from self-energies). Of course this
is a special choice of the effective field theory, which we
accept here without further elaboration, however the con-
sequences of such kinetic mixing merits further study,
which is beyond the scope of this article.

C. Dynamics

In order to obtain the solutions of the Langevin
Eq. (2.75) from which we can extract the correlation
functions and populations, it remains to obtain the
Green’s function (2.79). Using the results of appendix B
and after renormalization as described above, we obtain

] o P_(v,k) P (v,k) e dv
Gur 50)= /_oo {Mz(y, PRV o) +%}e 27’
(2.89)
where
1 (1lxa(wk) Pk
P03y 1 pawn) @
and
M2(v.k) = —(v — i€)? + % |30 + w3(K)
+ (63 + Bo(v. ). (2.91)
D(v.k) = [(m} = m3 + (¢} — B)o(v. b))
+ 49%9%62(1/, k)} 1/2, (2.92)
k) = g [ = + (6 = ol b)]. (293
Blu. k) = 219200 K) (2.94)

D(v, k)

In the above expressions, w;,(k) are the renormalized
frequencies and o(v, k) is the renormalized self-energy
(without the couplings), it is given by Eq. (2.85) after
subtracting the zero temperature ultraviolet divergent part.
The final result is obtained by complex integration by
closing the contour in the upper half complex v-plane (for
t > 0), and recognizing the position of complex poles
and/or branch cut singularities, which necessarily depend
on the values of masses and couplings.

*An alternative renormalization scheme would keep the ultra-
violet finite zero temperature parts.
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III. DYNAMICS OF NEUTRAL
PION-AXION MIXING

The formulation and results above are general for scalar
and/or pseudoscalar fields interacting indirectly through
their coupling to a common bath in equilibrium and applies
to any case of pseudoscalar meson mixing with axions or
among different axion-like species. In this section we focus
on the particular example of neutral pion-axion mixing
after the QCD phase transition, under the following main
assumptions: (i) the neutral pion mass is much larger than
the axion mass m, > m,, (ii) the neutral pion coupling to
photons is much larger than that of the axion, namely
g1 > ¢, this latter assumption is motivated by the axion
being assumed to be a very weakly interacting dark matter
candidate with a lifetime of the order of the Hubble time or
larger. Under these assumptions it follows that

D(v. k) = (mi —m3 + (g7 — g3)o(v. k)
1+291920 (UZ lz) -, (31)
(my —m3)
av. k)~ 1 - 7;%?%5?, (3.2)
Pl k) 2 212N i, 6.3)

(mf —m3)

Keeping only terms up to order g7, g3, g,g», consistently
with obtaining the effective action up to second order in
couplings, we find

Mz(u,k)—kD(;’k)z—( —ie)> +@? (k) + Go(v,k), (3.4)
Mz(y,k)—M:—(y—ie)2+w%(k)+gga(u, k), (3.5)
P (v, k)~ ( : dék)) (3.6)
A T\ e(wk) 0 ’ ’
0 _ewk)
PJMMz< o i ) (3.7)
T2

In this limit, the two contributions to the Green’s
function (2.89) have a simple interpretation: the term with
P, is identified with a pion-like pole and that with P_ with
the axionlike pole.

In the Breit-Wigner approximation, these contributions
feature complex poles in the upper half v-plane at

I,k
yM@zﬂm+i€) (3.8)
for pionlike (1) or axionlike (2) respectively, with
or(w-(k
Fya(k) = 3, 24220 (39)

601.2(")

The integral in (2.89) can be carried out in this approxi-
mation, yielding the Green’s function (in matrix form)

Gk t) = ]—Flz“)zsin(w](k)t)<1 0>

w; (k) 0 0

(L)

rzr0-zr0(] ) G0

+ Z2€_

where for a = 1, 2,

0 k
Z, = |:1 — 7013(5 )

.
] . (311)
v=0,(k)

are the wave function renormalization constants which
are finite after canceling the ultraviolet divergences of the
self-energy with proper counterterms, and

e_iwa (k)t .
Y i, (k) )’

a(k)) £ ioy (@, (K)).

iw, (k)t
Ta(k) e

F t)y=e 21! -
a() e 2 (ya+2iwa(k)

_ 919 (G (
Vat mg_ 2 \®R

1~ m;

(3.12)

In the following analysis we will assume that the wave
function renormalization constants Z, are absorbed into the
usual field redefinitions by adding proper diagonal counter-
terms in the Lagrangian so that the diagonal part of poles in
the Green’s functions feature residue equal to one, thereby
setting Z; = Z, = 1 in (3.10).

Armed with this result, we can now study the evolution
of expectation values, correlation functions and popula-
tions, by implementing the general results (2.65), (2.68),
(2.75), (2.77).

A. Induced pion condensate

The expectation value (<q>(1¥, 1)) is determined solely
by the homogeneous solution in Eq. (2.75) and given
by Eq. (2.76), because the average over the noise vanishes
[see Eq. (2.58)]. Let us consider that initially there is a
misaligned axion condensate with vanishing velocity, and
no pion condensate, namely
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@4@::<afa>; nxa::<8>, (3.13)
yielding
(@(F.0) = (”(Z‘;;) (3.14)
with
a(k. 1) = a;(k)e =" cos(wy(k)t),  (3.15)

where we neglected terms of order I', /w,, (k) < 1. The off-
diagonal components of the Green’s function (3.10) induce
an expectation value of the pion field, namely a pion

condensate F(l: t), which is given by

;(l_{, )= a,ék) |:y1+e_rlT(k)’ei‘”1(k)f + },l_e—rlT(k)te—iw,(k)t

s (k . I (k .
_ 7’2+e‘#[e”"2(k)l - 7’2—6—%}[6—10}2(1{)[} » (316)

this result confirms the conjecture in Ref. [25]: a misaligned
axion condensate induces a pion condensate. The expres-
sion (3.16) is noteworthy, it is a linear combination of a
short-lived (pion-like) component decaying on a timescale
1/T; and a long-lived (axionlike) component decaying on a
timescale 1/I', > 1/I'. In this sense, the result (3.16) is
reminiscent of the time evolution of neutral kaon beams
where the propagation eigenstates correspond to short lived
and long-lived (K, K,) states. An initially prepared K°
beam (from a strong interaction reaction) evolves in time as
a linear superposition of the short and the long lived states
and at times longer than the short lived lifetime but shorter
than the long-lived component it “purifies” into the long
lived component. A similar dynamics is explicit in the
solution (3.16), despite the fact that neutral pions feature a
lifetime 1/T°; (k) much shorter than that of axions, namely
1/T5(k), their indirect coupling induces a long-lived pion
condensate. During the window of time 1/ (k) <t <
1/T5(k) and to leading order in the couplings, the induced
pion condensate becomes “purified” in the sense that it is
solely determined by the long-lived misaligned axion
condensate

oty [PEWa(E ) + T (0(E 1)

(k1) =-—
ga(my —m3

(3.17)

with the axion self-energy and decay rate

or(wy(k). k)
g% w, (k) .

(3.18)

ng(k) = Q%O-R(a)2<k>’ k)v Fax(k) =

We note that the expression in the bracket in (3.17) is the
induced abelian U(1) Chern-Simons density found in
Ref. [25], namely

(E()-B(0) =[S (0af.) + TR (3.19)

Therefore, Eq. (3.17) confirms one of the main conjectures
in that reference, namely that a misaligned axion condensate
induces a neutral pion condensate proportional to the Chern
Simons condensate.

It is important to highlight differences with the kaon
system: in absence of coupling to the common set of
intermediate states (weak interactions in the kaon case),
K, K are degenerate. Therefore their mass splitting as a
consequence of mixing is of the same order as their decay
widths, hence, kaon dynamics features interference terms
manifest as oscillations. Obviously these are not relevant
in the case of axion-pion mixing because of the large
difference in masses that suppresses the interference
terms, averaging them out on very short timescales.
Nevertheless, this important difference with the axion-
neutral pion case notwithstanding, the physical reason for
the “purification” is the same, a large discrepancy in the
decay lifetimes of the propagating states.

It is clear from Eq. (3.16) that the amplitude of the
induced pion condensate is very small as it is proportional to
the axion-photon coupling. However, near the QCD phase
transition associated with chiral symmetry breaking and the
binding of quarks into the pseudoscalar bound states there is
an instability associated with this symmetry breaking, such
instability will amplify the “seed” induced by the axion field
given by (3.16). Therefore, even for a small induced
condensate seed the instability toward chiral symmetry
breaking results in an amplification of its initial value. It
is not the purpose of this study to assess the phenomenology
of chiral symmetry breaking but to highlight the funda-
mental result that the “seeding” of the pion condensate by a
misaligned axion is a direct and unambiguous consequence
of axion-pion mixing revealed by the nonequilibrium
framework introduced above. The full nonequilibrium
dynamics of the pion condensate during the transition to
the lower free energy state including the concomitant
instabilities must be addressed within a more complete
theory of chiral symmetry breaking, Eq. (3.16) describes
only the “seeding” of the neutral pion condensate.

B. Connected correlation functions:

The connected correlation functions are defined by
Eq. (2.65), there are two distinct contributions, one from
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the homogeneous solutions ®" (2.76) and another from the
noise dependent part of the solution ®¢ (2.77), writing the
total correlation function (2.65) in obvious notation as

(balk by (K.0) = Thy(0) + T5(1). (3.20)
the homogeneous contribution is given by
Thy(kst) = gac(t)q) i(k )‘bdl( )gdb( )
+ gac(t)nc,i(k)nd,i(k)gdb(t)
+ crossed terms. (3.21)

because each Greens functions features a decaying expo-
nential the homogeneous contribution decays exponen-
tially, thereby erasing memory of the initial conditions.

We now consider the noise contribution, for which we
need the noise correlation function (2.58) with the spectral
representation (A14) shown explicitly in appendix A,
namely

Nkt =1) u},/N ko, k)e~tkoli=0) =2 dk“ (3.22)
N(ko,k):p<k2 8 co th{ﬁ 12‘0} (3.23)

along with the inhomogeneous solution (2.77). Using that
the Greens function matrix is symmetric, the noise con-
tribution to the connected correlation function (2.65)
becomes

Iib / N kO’ k) |:/ gac Ik01:|

) dk
X Cey [/ gdb('[)e_lkof} 2—0
0 T

Each integral is straightforward to obtain, their product
feature direct terms of the form

(3.24)

1 1
T T (3.25)
koj:wa+17k0:|:wa—17
indirect terms of the form
1 1
ot (3.26)

koj:a)a—i—i%koqiwa—l?“

and interference terms that mix different components.
The integral over k is dominated by the various poles
in the complex ky-plane, the ones just described, and those
at the Matsubara frequencies ko =2zn/f;n = £1,£2---,
the n =0 term features vanishing residue because
p(0,k) = 0. The direct terms feature resonant poles with

residues o 1/I", « 1/g2, the indirect terms are nonreso-
nant featuring residues of the form 1/(w, +il',/2),
therefore subleading with respect to the direct terms since
w, > T',, with a similar behavior for the interference
terms featuring denominators of the form 1/(w, — @, +
(T, = T,)) with w; > w,, and the poles at the Matsubara
frequencies, therefore the k, integral is dominated by the
resonant poles. A long but straightforward calculation
finally yields

1+ 2n(w,)
2(1)1
142
n + 2n(w,)
20)2
1+ 2n(w,)
2(01
1+2 0 1
_ + n(w2)(1_e—rzr)A2:|<1 0) (327)

2(02

¢ (ks t) =

(-0, )

(-0, )

+ 9192 (I—en)A,

where

A, =B Z2) (3.28)

used the relations (3.9) and kept the leading order terms
in the couplings. Whereas the homogeneous contribution
(3.21) depends on the initial conditions, the noise con-
tribution (3.27) does not and is solely a consequence of
the bath.

In order to understand the combined results (3.21), (3.27),
let us compare to the equal time correlation function of the
free scalar fields in thermal equilibrium,

(Ba(k. 1)y (=K. 1)) = L"@ol)(l 0)

26()1 0 0
1+ 2n(wy) (0 0)
+ . (3.29

On long timescales > 1/I'}, 1/, the mixing fields
approach thermal equilibration with the common bath. The
off-diagonal elements are a distinct signature of the long-
lived correlations as a consequence of mixing. We note that
the off diagonal correlations that survive in the long time
limit > 1/I"} , are independent of the initial conditions
and arise solely from the noise contribution, namely the
bath, because the homogeneous contribution (3.21) van-
ishes in this limit.

Repeating the calculation for the populations (2.68),
keeping solely the connected contribution and neglecting
quadratic corrections in the couplings we find

na(k;t) = n(

@,)(1+ O(gi))(1 — 7). (3.30)
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which clearly indicates the approach to thermalization with
the common bath. For the case of axions only, this result
confirms those of Ref. [22].

The results (3.21), (3.29) are noteworthy, the off-diagonal
correlations, namely the coherences as defined above, are a
distinct consequence of the indirect coupling mediated by
the bath. This is a manifestation of bath (or environment)
induced coherence between the mixing fields. While the
homogeneous contribution (3.21) vanishes in the long time
limit erasing the memory of the initial conditions, the off-
diagonal contribution from the noise remains nonvanishing
in this limit. Note that this contribution to the coherence
is established on the shortest timescale, namely, even if
the axion field thermalizes on a very long timescale, the
thermalization of the pion field leads to nonvanishing
coherence that is long-lived and remains even beyond the
axion lifetime.

IV. SUMMARY OF RESULTS, CONCLUSIONS,
AND FURTHER QUESTIONS

In this study we introduced a framework to study the
nonequilibrium dynamics of mixing of scalar or pseudo-
scalar fields that each couples to a common bath of degrees
of freedom in thermal equilibrium. Field mixing is a result
of this coupling to a set of common intermediate states that
results in off-diagonal self-energies. Our motivation for this
study stems from the observation in Ref. [25] that axions
can mix with a neutral pion after the QCD phase transition
via a common two photon channel, since they both couple
to this channel via the Chern-Simons density, a conse-
quence of the U(1) triangle anomaly. Furthermore, it was
conjectured in this reference that a misaligned axion can
induce a pion condensate and that such macroscopic
condensate is proportional to a condensate of the Chern-
Simons density, itself induced by the misaligned axion.

The nonequilibrium dynamics of field mixing in a
medium is, however, of much broader fundamental interest,
encompassing the possibility of other axionlike particles in
extensions beyond the standard model mixing with axions,
or in extensions that feature ‘“portals” connecting the
standard model to extensions beyond it, as such portals
may provide intermediate states that could indirectly mix
both sides through their mutual coupling to these “portal
states.” A framework that extends the formulation of meson
mixing in vacuum to the case when the intermediate states
are in a medium, may prove relevant to study CP violation
and/or baryogenesis in cosmology, since flavored meson
mixing in vacuum yields direct and distinct observational
signatures of CP violation. Furthermore, this study was
also motivated by the tantalizing possibility that axionlike
degrees of freedom are emergent quasiparticles in a wide
range of condensed matter systems, from topological
insulators and Weyl semimetals to multilayered metama-
terials or multiferroics also coupling to electromagnetism
via the Chern-Simons density.

In this article we obtained the nonequilibrium effective
action that determines the time evolution of the reduced
density matrix for the pseudoscalar fields by extending and
generalizing the methods introduced in Ref. [22,23] to the
case of field mixing, and applied this framework to study
axion-neutral pion mixing as a specific example from
which we can draw broader lessons.

Summary of results: Although the neutral pion and
the axion feature widely different masses and decay widths,
the nonequilibrium mixing dynamics displays a wealth of
interesting phenomena.

(i) A misaligned axion condensate induces a macro-
scopic condensate of the neutral pion thereby
confirming a conjecture in Ref. [25]. The pion
condensate exhibits evolution on a long and a short
timescale akin to the K°— K° in vacuum, this
induced pion condensate survives on timescales
much longer than the pion lifetime and eventually
decays on the much longer axion-like timescale.
This phenomenon is reminiscent of the “purifica-
tion” into a long-lived kaon state in the K° — K°
system, albeit with important differences because
the axion-neutral pion system features a large mass
difference in the absence of mixing, thereby sup-
pressing interference effects.

(i1) On timescales much longer than the pion lifetime, the
neutral pion condensate is proportional to the macro-
scopic condensate of the Chern-Simons density found
in Ref. [25], confirming another conjecture in this
reference. Taken together, these results indicate that a
misaligned axion condensate does induce a macro-
scopic neutral pion condensate after the QCD phase
transition. If the lightest up and down quarks were
massless, this condensate would imply chiral sym-
metry breaking, hence the axion seeds chiral sym-
metry breaking in QCD as a consequence of its
indirect mixing with the neutral pion via the U(1)
anomaly. While the amplitude of the induced pion
condensate is small, being proportional to the axion-
photon coupling, the instability associated with the
chiral phase transition in QCD will amplify this
small seed.

(iii) Another important consequence of mixing, is that
the effective field theory obtained upon tracing out
the bath degrees of freedom must include kinetic
mixing terms with higher derivative operators. This
is a consequence of the nonrenormalizability of the
effective field theory, and manifest in ultraviolet
divergences in the zero temperature contribution of
the one loop self-energies which are quadratic and
quartic in the four momenta.

(iv) The off-diagonal components of the axion-pion
connected correlation functions, interpreted as co-
herences in analogy with the density matrix of two
level systems (qubits), exhibit thermalization and
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remain nonvanishing and independent of initial
conditions even on the longer timescales of axion
decay. This is a manifestation of long-lived bath
induced coherences, a consequence of the indirect
interaction of pions and axions mediated by the
common bath.

While the effects of axion-neutral pion mixing are
undoubtedly rather small, because the axion is very weakly
coupled as befits a dark matter candidate, the main
framework and many results are of fundamental relevance,
a “proof of principle” and hitherto unexplored. The effective
action for mixing in a medium has a far broader appli-
cability than the specific example studied here. As men-
tioned above, it may prove important in complementary
studies of the nonequilibrium dynamics of CP violation
and/or baryogenesis in cosmology, after all flavored meson
mixing in vacuum is one of the observational pillars of CP
violation, and perhaps in “portal” extensions beyond the
standard model. Several of the results obtained for axion-
neutral pion mixing transcend this example: if one of the
mixing fields features a nonvanishing expectation value
(condensate), a condensate of the other field will be induced
as a consequence of mixing. An off-diagonal self energy, a
hallmark of indirect mixing, will also result in nonvanishing
off diagonal correlations, namely “bath-induced” coherence
between the fields, even when initially they are uncorre-
lated. An important aspect that merits further study is the
dynamics under conditions of near degeneracy, namely
when the mass difference is of the same order as the

interference effects will become important and must be
included in the dynamics. We expect to report on such study
in future work.
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APPENDIX A: LEHMANN REPRESENTATION
OF CORRELATION FUNCTIONS

The correlation functions G~ (x — y); G<(x — y) can be
written in an exact Lehmann (spectral) representation
which is useful to include in the equations of motion.

G (x—y) = ZiTre‘ﬁHx(’)(x)O(y)

e

(A1)

G(x=3) = e POMOW), (A2

X

— E(X.1)-B(%.,1) and

—ilt Tn terms of a com-

where  Z, = Tre "™, O(X,1)
O 1) = e"Hl’e_"F"’?O(O)e’ﬁ'}e
plete set of simultaneous eigenstates of
(H,, P)|n) = (E,, P,)|n) and inserting the identity in this

H Y P, namely

differences in the widths. Under this circumstance basis, we find
|
G (1 = 12) = - SVl EEn =) PP =5 (2] O(0) ) ] O(0) ). (A3)
)( n,m
G=(x; — x,) Ze—ﬁEne i(Ey=Ep)(1=12) pi(P,— f’m)-o?]—fz)<n|(9(())|m><m|@(0)|n>. (A4)
)( n,m
These representations may be written in terms of spectral densities, by introducing
p” (koK) 7 (0] O(0)|m) (m|O(0)|n)8(ko = (E,y = E,))5(k = (P, = P,), (AS)
- (2n)* o o
p=(ko, k) = Ze‘ﬁE” n|O(0)|m)(m|O(0)[n)é(ky — (E, = E,;))8* (k = (P, = P,,)), (A6)
)( n,m

in terms of which

d*k

67 (t1=12) = [ 50 (ko Byt lfia 5 (a7
T

d*k S Py
G<(x1—xz)—/Wf(ko,k)e_lk(’(t‘_IZ)elk‘(x‘_XZ)- (A8)

Relabeling n <> m and using the k delta function in (A6),
we find the Kubo-Martin-Schwinger condition [46]

p=(ko. k) = e p> (k. k). (A9)

Introducing the spectral density
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p(ko. K) = p (k. k) = p=(ko. k) = p” (ko. K) (1 — e7P%0),

(A10)
it follows that
p7 (k. k) = (1+ n(ko) )p(ko, K);
p<(k07l_é) = n(ko)p(ko,z), (All)
where
ky) = ! Al2
n(ko) = SR 1 (A12)

Therefore the spatial Fourier transform of the self-energy
matrix (2.47) and the noise kernel (2.46) can be written as

. dk i

z:ab(k;t_ t/) = _lCab/ﬁp(kO’k)e kolt=1) (A13)
1 dkg Pko| i (e

) — SO h |20 iko(1—1")

Nuh(k’t t) zCab/(27[)p(k0’k)COt |:2 :|e 0 4

(A14)

this is the general relation between the self-energy and
the noise correlation function commonly determined by
the spectral density p(ko, k), a direct consequence of the
fluctuation-dissipation relation as a result of the bath being
in thermal equilibrium, namely in terms of the time-
Fourier transform and in obvious notation,

2N g (kos k) = 12, (ko; k) coth [ﬂso} . (A15)

For the case under consideration O(%, 1) = E(X,1) -

B(X,t) and with the thermal ensemble (radiation bath in
equilibrium with charged fields) being invariant under

N

rotations, it follows that p(kq, k) = p(kg, k) and the rela-
tions above lead to the property
plko, k) = =p(=ko. k). (Al6)
These results are valid to all orders in the couplings of the
electromagnetic field to any charged field within or beyond
the standard model, including charged particle loop correc-
tions to the internal photon propagators in the self-energy.
Obviously the full spectral density is not available,
however the one free-photon loop contribution has been
obtained in Ref. [22], it is given by
p(ko, k) = p© (Ko, k) + p)(ko, k), (A17)
where the zero (0) and finite temperature (7)) parts are
given by

) _(K2)? e
P (ko k) = 25—~ O(K?)sign(ko). (A18)
pD (ko k) = 1(?;); {m E - Z:ZI} O(K?)
+1In {%ﬁ] @(—Kz)}sign(ko),
ﬂz%; K =i — k%
o) = wTik; o = kiTV‘O' (A19)

which explicitly shows the property (A16). The terms with
O(k3 — k) arise from the processes ¢, <> 2y, namely
emission and absorption of photons with the reverse or
recombination process 2y — ¢, being a consequence of
the radiation bath, these processes feature support on the
axion and pion mass shells for massive axions. The
contribution proportional to @(k* — k3) only features sup-
port below the light cone, it describes off-shell processes
y$1, <> v and vanishes in the k — O limit.

APPENDIX B: GREEN’S FUNCTION

Let us write

Mll = s2+k2+m%+Am%l +i“(l_€),S)
My = Am?, + Epy (k. 5); My = Am3, + Ey, (K. 5)
My, :Sz+k2+m%+Am%2+izz(/;,S), (B1)

in terms of which the general form of G,/(k,s) in
Eq. (2.74) is written as

Mll M12 D/a ﬂ
-1 _ — 2
Gab(k’s)_ <_/\/l21 M22> =M 1+—< ), (B2)

where, neglecting the labels &, s to simplify notation, which
will be assumed as arguments in the quantities defined
below, we introduced

1/2
D= {(Mn - Mp)*+ 4M12M21} / (B3)
1 My-M
M2:§(M11+M22); a:(”—IZDZZ)
f=—F3 T=—p (B4)
from which it follows that
@+ py =1, (B5)
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therefore
a
det( b ) =-1 (B6)
Yy —a
hence, the eigenvalues of this matrix are £1, and
D D
detlG ') = (M>+= | M*-=). (B7)
2 2
The inverse of the matrix (B2) is given by
1 D/a
G=—"-—7 M*1-=— p . (B8)
det[G™1] 2\y -a

yields
P_ P, 1
G—M2 %+M2—|—12—7’ Pi—E(IiR), (B9)
with
a
R= < P ); R? =1, (B10)
Yy —a

where the last equality follows from the identity (BY),
therefore the matrices P are projectors, namely

P2 =P, (B11)

hence their eigenvalues are 0,1.
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