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By revising the application of the open quantum system approach to the early universe and extending it
to the conditions beyond the Markovian approximation, we obtain a new non-Markovian quantum
Boltzmann equation. Throughout the paper, we also develop an extension of the quantum Boltzmann

equation to describe the processes that are irreversible at the macroscopic level. This new kinetic equation
is, in principle, applicable to a wide variety of processes in the early Universe. For instance, using this
equation, one can accurately study the microscopic influence of a cosmic environment on a system of

cosmic background photons or stochastic gravitational waves. In this paper, we apply the non-Markovian
quantum Boltzmann equation to study the damping of gravitational waves propagating in a medium
consisting of decoupled ultrarelativistic neutrinos. For such a system, we study the time evolution of the

intensity and the polarization of the gravitational waves. It is shown that, in contrast to intensity and linear
polarization that are damped, the circular polarization (V mode) of the gravitational wave (if present) is

amplified by propagating through such a medium.
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I. INTRODUCTION

Master equations are a powerful tool for studying the
dynamics of density matrices associated with an open
quantum system (OQS) [1,2]. They allow for describing
the relevant degrees of freedom of the system, which evolve
under the influence of all other degrees of freedom,
collectively called the environment. An incredibly simple
situation occurs when a time-local master equation can
describe the system with constant dissipation rates. This
results in Markovian evolution, where the knowledge of the
density matrix at a given time is sufficient to predict all
future observables, meaning that the environment has no
memory. This type of master equation is referred to as the
Markovian equation. Compared to the whole problem of
describing all the degrees of freedom of system and
environment together, a Markovian master equation that
controls only the system’s degrees of freedom is an
immense simplification. Such a drastic reduction in com-
plexity is usually costly. In this case, the price comes in
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terms of strong approximations, which are not always
justified. The study of such approximations is thus of great
importance, and, in fact, there is a large body of literature
that addresses these issues (see [1,2] for review). Many
recent studies have focused on revisiting the question of the
validity of the widely used Markovian quantum master
equations and have developed techniques to investigate
non-Markovian dynamics of open systems [3—7].

The formalism of the quantum Boltzmann equation
(QBE) was initially developed to study the time evolution
of the intensity and the polarization of the cosmic micro-
wave background (CMB) photons [8—12]. One way to
formulate such a quantum kinetic equation is to use the
open quantum system approach. Starting from a master
equation describing the CMB photon density matrix
dynamics, applying the Born-Markov approximation,
and finally, after taking the operator expectation values,
the QBE arises [8-13]. The QBE is an accurate tool to
extract the effects of microscopic interactions on the
macroscopic properties of the intensity and the polarization
of the CMB radiation. Since the photon and graviton
density matrices have the same number of degrees of
freedom, the same formalism of the QBE can be applied to
study the propagation of the stochastic gravitational-wave
background (SGWB) in a medium.
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The SGWB represents a laboratory where the QBE can be
applied. In the near future, we expect that gravitational-wave
(GW) interferometers, like Advanced LIGO, Virgo,
KAGRA, LISA or the Finstein Telescope [14—18], will
be sensitive enough to measure the astrophysical back-
ground produced by many unresolved GW sources, like
black holes and neutron stars, and the cosmological back-
ground coming from early Universe sources, such as
inflation, phase transitions, topological defects, etc. (see,
e.g.,[19-21]forreviews). SGWBs are then powerful tools to
shed light on astrophysics, cosmology, and fundamental
physics [18,22-24]. Among all these effects, we will
investigate the GW damping due to propagation in a
dissipative environment.

The seminal work of Hawking [25] has revealed that
GWs do not interact with a perfect fluid in the absence of
dissipative processes. However, in a viscous medium, the
energy of GWs is converted into heat, without provoking
macroscopic motions of the medium [25-29]. A medium
with a dynamical viscosity coefficient # could absorb the
GW at a rate of absorption [25,29],

Tow = 162Gn. (1)

This result is valid only if the collision frequency in the
matter' is much greater than the frequency of the GW. A
well-known effect given by decoupled relativistic neutrinos
on the CMB angular power-spectrum is the damping due to
their anisotropic stress of the amplitude of the GW
spectrum by 35% [30] (see also [31-38]). Such a damping
becomes quite large in the frequency region between
107 Hz and 107! Hz [30-37]. In a similar way,
decoupled relativistic particles in the early Universe affect
the anisotropies of the cosmological background of GWs
becoming testable predictions for future GW interferom-
eters [36]. The opposite case, in which the collision
frequency is very small (so that one can consider the
matter as collisionless matter), has been studied in [39],
resulting in no observable effect except perhaps for
cosmological sources. The quantum effects, such as the
absorption and stimulated emission of low-frequency
gravitational waves by a hot ionized gas, have also been
studied in [40]. As shown in this paper, such effects are well
captured by the QBE approach, which can then be used to
extract predictions for GW experiments.

We will apply the approach of the QBE to study the
interaction of the SGWB with a thermal ultrarelativistic
fermion bath. We also rederive the GW damping effect for
the case that fermions are decoupled relativistic neutrinos
[30]. The standard form of QBE is based upon an open

"The collision frequency indicates the number of collisions per
unit time. This collision frequency is defined as the inverse of the
(mean) time 7 between two collisions, known as the scattering
time or relaxation time.

quantum system. In this case, the gravitational wave can be
viewed as an open system (S) that interacts with the
environment £ (here, the fermion bath). The time evolution
of S is obtained from the total S+ & dynamics by
eliminating (i.e., integrating over) the £ degrees of freedom.
It may be possible to safely ignore the details of the bath
dynamics and use an effective description of this medium
as a classical viscus background. It is usually assumed that
the associated correlations are sufficiently small and the
interaction takes place in such a way that the §—¢&
coupling is weak. This is known as a Born approximation.
The backreaction of £ on & is also ignored. This
assumption is known as the Markov approximation. To
achieve the Markov approximation, we must ignore all
references to history. The whole approximation is known as
the Born-Markov approximation, and the process is called a
Markovian process. However, we will show that to rederive
the GW damping effect, we cannot ignore the backreaction
effects of the ultrarelativistic fermion, and hence, we must
use a non-Markovian approach. In this work, we revise the
interaction of the GWs with a dissipative environment of
the decoupled ultrarelativistic fermions in the light of the
concept of the OQS and the QBE. Moreover, to describe a
damping phenomenon using the QBE, it is necessary to
extend this equation to irreversible processes.

Besides this example, there are many other applications
that could benefit from this appraoch. The basic question of
how the macroscopic irreversible behavior of a system
arises from the microscopic dynamics of quantum fields is a
fundamental question, with several diverse applications in
the early Universe, heavy-ion collisions, fluid dynamics,
and condensed matter physics [41-45]. It’s been a long
time since physicists became interested in analyzing the
properties of fluids employing a quantum field theoretical
approach [46]. One of the important parameters in this
framework is the timescale between collisions in a viscous
fluid, known as the scattering or relaxation time. Extensive
work has been carried out to develop fundamental methods
for calculating the relaxation time [47-52]. One of the
proposed approaches is known as Schwinger-Keldysh or
closed-time-path formalism that is a useful tool to study the
nonequilibrium initial value problems [53,54].

By using the QBE, we will be able to study the microscopic
interactions of the system with the environment. Generally,
either the system or the environment has an infinite number of
degrees of freedom, and calculating the microscopic inter-
action can be difficult and impractical. Various techniques
have been developed to investigate these microscopic effects.
In the QBE approach, we use the techniques of quantum field
theory, which solve these problems to a great extent.
Furthermore, after taking the expectation value over the
relevant operators, in the manner that will be described in
the text, a macroscopic description of the system emerges.

The paper is organized as follows: In Sec. II, we provide
a description and detailed comparison of the Markovian
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and non-Markovian approaches to the Quantum Boltzmann
Equation, while in Sec. III, we deal with the implementa-
tion of the non-Markovian approach to the QBE to the
study of the absorption of soft gravitons by a fermion bath.
Section IV is devoted to the comparison of our method with
the classical results by Weinberg [30] to this problem and
the study of the evolution of the GW polarization in this
process. Our main conclusions are given in Sec. V. The
explicit calculation of expectation values of relevant quan-
tities is presented in Appendix A.

II. MARKOVIAN VERSUS
NON-MARKOVIAN QBE

In this section, we first review the Markovian and the non-
Markovian master equations. Then, we will derive an
extension of the QBE equation beyond the Markovian
approximation. The non-Markovian QBE can be used to
study various phenomena in the early Universe. Here, we will
utilize this equation to explain the damping of GWs. This
section is devoted to the derivation of the QBE in three cases:
(i) The process is reversible, and the backreaction of the
environment on the system is small (Markov approximation).
(i1) Backreaction is small, but the process is irreversible.
(iii) Backreaction impact cannot be ignored (non-Markov
approximation), and the process is irreversible.

A. Master equation: Born-Markov and secular
approximations

In the OQS approach, the open quantum system S (for
example, soft gravitons) is coupled to another quantum
system (fermion bath in our case) called the environment £.
The free Hamiltonian of the system and the environment
are described by Hg and Hg, respectively. The interaction
Hamiltonian H;, describes the interaction between the
system and the environment. The total microscopic
Hamiltonian of such an open quantum system is given by

Hs,e = Hs+ Hg + Hiy. (2)

H;, is the interaction Hamiltonian, which causes dissipa-
tion or dephasing phenomena, where the former refers to
both losses of energy and decoherence, and the latter refers
to causing—at least in the uncoupled case—pure
decoherence but no energy leak. The Markovian master
equations can be derived in the weak-coupling limit of the
system-environment interaction. Therefore, we can intro-
duce a general dimensionless perturbation parameter g that
refers to the coupling constant, such that H;,, = O(g). Itis
assumed that the system and the environment are coupled
so weakly that the state of the environment is almost not
perturbed by the coupling with the system. The full density
matrix is represented by py (7). It is usually assumed that
the initial state is an uncorrelated state; i.e., at t = 0, the

system and the environment have separate states in the
form,

Piot(0) = ps(0) ® pe, (3)

where pgs and pg are the system and the environment
density operators, respectively. This may be the case if the
system and the environment have not interacted at previous
times or if the correlations between them are short-lived.
We also assume that the initial state of the environment is
thermal, meaning that it is described by the Gibbs state,

_exp(-pH¢)
£ = T (4)
Tr[exp(—pH:)]
where f is the inverse temperature, and p. satisfies the
stationary condition of the environment,

[pe. He] = 0. (5)

Because we are working in the weak-coupling limit, we can
assume that the system and the environment are uncorre-
lated during the time evolution. On the other hand, we
assume that the environment is so large that it is hardly
influenced through interaction with the system. In this
condition, the interaction between the system and the
environment is such that the influence of the system on
the environment is small, and one can assume that the
timescale of correlations of the environment, 7, is much
smaller than the typical system timescale 5. Due to this
requirement, the environment is assumed to be in equilib-
rium in such a way that it is essentially unaffected by its
coupling to the system. Therefore, the environment is
unchanged in time, and the dynamics of the system is
not affected by its coupling to the environment at earlier
times. In this approximation, the state of the total system at
time 7 is approximately factorized by a tensor product,

Puot(t) % ps(t) ® pe + O(g). (6)
As it was mentioned, this is the Born approximation [42]. If
the initial state of the overall system is the state of the
product, then it is assumed that the evolved state at a
particular time ¢ is in the same product form. The dynamics
of the total system is govern by the Von-Neumann
equation,

d

E/)tot(t) =

_i[Hint(t)’/)tot<t)]' (7)
By integrating Eq. (7), inserting it once again in Eq. (7), and
taking the partial trace on the environment degrees of
freedom, we obtain an integro-differential equation for the
reduced density matrix of the system,
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/ dt Tre[Hing (1), [Hing ('), ps (1) ® pe]]
+O(g). (8)

To better understand the Markov approximation, we
decompose the interaction Hamiltonian in the interaction
picture and represent it in the following general form:

1nt Zsﬂ

® Ey(1) 9)

where S;(f) and E4(t) are the Hermitian operators asso-
ciated with the system and the environment, respectively.
The operators Sy(7) and £4() can be expanded in terms of
the creation and annihilation operators of the system and
environment degrees of freedom. We also assume that S’ﬁ(t)
and Eﬁ(t) commute because they are associated with
different particles. In this sense, after changing the variable
s = t— 1 and inserting Eq. (9) in Eq. (8), and after some
straightforward algebra, we get

%PS( )
/ds&ﬂ)mx)%ﬁ—me—M+Hc]

BB
+O(e). (10)

where Eﬂﬂ/(s) = <Eﬂ(S)Eﬂ’<O)>E = Tr[Eﬂ(S)Eﬂ!<O)/)g] is
defined as the environment correlation function. Another
fundamental approximation is to assume that the environ-
ment has a very short correlation time, z¢, with correlation
function that decays as |Egy(s)| ~ e™/%. As previously
stated, the environment correlation function &4 (s) decays
sufficiently fast over a time 7. In fact, in the weak coupling
limit, one can set 7¢ < 7g, in the sense that the system will
relax slowly compared to the evolution of the environment
correlation functions. If we now calculate the integral in
Eq. (10) for a sufficiently large time * > 7¢, such that * is
still much smaller than the time 75 at which the state of the
system in the interaction picture changes considerably, then
we can safely replace pg(7—s) with pg(f) in the same
equation because the dynamics of pg(f) is much slower
than the decay of the correlation function £4p(s). This
replacement makes the master equation local in time. For
the same reason, we can extend the upper limit of the
integral to the infinity, since the added part will give a
negligible contribution. This is known as the Markov
approximation, implying that the memory effect of the
environment is negligible. The Eq. (10) is known as the
Bloch-Redfield equation [1-3]. A simplified version of
the Bloch-Redfield equation is obtained by taking the
secular approximation in which the oscillating terms, of

the form e/ ~®) are neglected. If there exist values of &’
and w in Eq. (10) being coarse grained in time as from [4]

37 such that |0 — 0| < <15 =0(g2), (11)

then the terms in Eq. (10) oscillating with frequency o’ — @
will not give any significant contribution to the system
evolution. That is because by integrating Eq. (10) for a time
t* such that |@' — w|™' < t* < 7, the fast-oscillating quan-
tities vanish. Neglecting the fast-oscillating terms in the
interaction picture is usually referred to as the secular
approximation [1-4]. This approximation ensures that the
master equation is in the Gorini-Kossakowski-Sudarshan-
Lindblad (GKLS) form [1-3], and it therefore generates
adynamical semigroup, i.e., a perfectly Markovian evolution.

1. Dynamical map

It is also worth sketching briefly the concept of dynami-
cal maps and their relation to the theory of open quantum
systems. Using the quantum dynamical maps and their
semigroup property, one can find the sufficient condition
for the Markovian dynamics.

In general, the time evolution of the density matrix can
be written as [3,55]

ps(t) = exp(L(1)ps(0) = B(1)ps(0).  (12)
where £ is the superoperator, and @ is known as the
dynamical map that maps the density matrix from ¢ = 0 to
its form at time . The dynamical map is trace preserving
and also is completely positive, mapping a positive density
matrix onto another positive density matrix. Formally, we
can express the consequences of the Markovian approxi-
mation on the dynamical map as [3,55]

(I)<f1>q)(t2) = q)(tl + tz) tl’ t2 Z 0 (13)
In this situation, ® forms a continuous linear dynamical
semigroup. Applying the Markovian approximation, the
dynamics of an open quantum system is given by the
following local master equation:

“ ps(t) = L{1)ps(r). (14

Starting from this equation and using the dynamical
semigroup approach, one can derive the Lindblad master
equation [3,55]. The non-Markovian generalization of (14)
is the following nonlocal equation:

%Ps(t) = Atdslcs(f— $)ps(s), (15)
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where g is a memory kernel, which simply means that the
rate of change of the state pg(#) at time ¢ depends on its
history (starting at r = 0).

B. Quantum Boltzmann equation

The master equation approach is suitable for applications
in condensed matter physics and quantum technologies.
However, to study the dynamics of the systems on an
expanding background, we must use other techniques.
Here, we take the approach of the so-called QBE instead
[8-13] (see [56—63] for the application of OQS to the
inflation models). We aim to apply our non-Markovian
formalism to a system of soft gravitons coupled to a
background of decoupled ultrarelativistic fermions.
However, our results are quite general and, in principle,
can be applied to similar systems, such as CMB radiation,
cosmic neutrinos, and dark matter. It should be noted that
this approach is essentially similar to the method of the
master equation described in the previous section, except
that taking the trace over the environment states is replaced
by taking expectation values over the environment’s cre-
ation and annihilation operators. Therefore, physical proc-
esses can be calculated microscopically with the help of
field theory techniques. In the following, we formulate
QBE under the above conditions.

1. OBE with Born-Markov approximation but without
secular approximation

To find the quantum Boltzmann equation, we start with
the time evolution of the number operator associated with
the system’s degrees of freedom given in the following
form [8-13]:

d ~ N
TN 0) = iTH, (1) A7 (k. )]

- [ a0, - 9). A ks )
(16)

The knowledge about scattering processes is encoded in the
S-matrix element. It is essential to note that, for a given
process, the effective interaction Hamiltonian HY (1) is
defined using the n-th order S-matrix [8]

S0 = —j / dtH? (1), (17)

where the superscript O indicates that the interaction
Hamiltonian is a functional of the free field. A discussed
in detail in the [8-13], HY (¢) describes physical processes
such as scattering and decay phenomena. The superscript n
in (17) shows the number of vertices in the corresponding
Feynman diagrams of such process. Each vertex corre-
sponds to the fundamental interaction Hamiltonian H,(g)

in which g denotes a general dimensionless coupling
constant. Accordingly, it should be noted that H? () is
different from the fundamental interaction Hamiltonian.

Moreover, N 5(k t) is the number operator of the system
defined as

NE(k, 1) = a (k, 1)a;(k, 1), (18)

1

where a; and a}r are the creation and annihilation operators,
respectively, associated with the system’s degrees of free-
dom. The number operator is related to the system’s density
matrix after taking the expectation value in the following
form:

N5k, 1)) = u[pONE (K, 1)]
= (27)%6°(0)2k°p% (K, 1), (19)

where trace over the continuum of states is defined in
Appendix A. It is difficult to solve the integro-differential
equation (16) because it is nonlocal in time, as A ;3 still
depends upon the entire history of the process, and the
integration runs over time. This can be reduced to an
equation local in time if there is a clear separation of
timescales. To resolve this problem, we make the Markov
approximation, in which the timescale of the environment
is taken to be much shorter than the timescale of the system
so that the memory effects of the environment are negli-
gible in the long run. In order to perform this approxima-
tion, we replace J(/‘,-Sj(k, t—s) by N‘,Sj(k, t) due to its slow
evolution. In this way, we separate the timescales into
microscopic timescale 7., quantifying the interaction
timescale of individual particles, and mesoscopic timescale
tmes» quantifying the timescale on which the whole macro-
scopic system evolves. Therefore, in the Born-Markov
approximation, the time evolution of this system is given by
the following master equation [8—13]:

d
d[mes
— [0 =
- Z[Him(tmes)’Nij(kv lmes)]

tmes A
- [) dlmic [H?m(tmes)’ [H?m(tmes - tmi(:)?N;'gj(kﬂ tmes)“'

(20)

 rS
Nij(kﬂtmes)

As explained in the previous section, the time integration
can be extended to infinity due to the Born-Markov
approximation. Now, after extending the upper limit of
the integral involving f,.s to the infinity and taking the
expectation value of both sides of (20), we find the final
form of the quantum Boltzmann equation as
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d
(27[)353 (0)2](0 Tﬂi (k, X, tmes)

<[ 1nt(tmes) N (k tmes)]>
[ e ). [ 1) A .

0

fmes)]]) s
(21)

where the subscript ¢ labels what we consider the con-
nected part of the correlation functions. Upon taking the
expectation values, the macroscopic properties of the
system (for example, GWs) emerge. It is also assumed
that the process obeys the time-reversal symmetry. The
operation of time reversal interchanges initial and final
states with identical positions but opposite momenta. For
the scattering processes such as Compton scattering (the
dominant interaction for CMB photons), the S matrix is
invariant under the interchange of initial and final states
through which, the interaction Hamiltonian defined by
Eq. (17) is invariant under time reversal. Therefore, we
have HY (—tpi) = HY (fmic) under which, the Boltzmann

nt
equation transforms in the following form [8,13]:

27)38%(0)2k° ——
(28" (0)24

pg(kvx’tmes)
= {([HY (tmes)s N1 (K. Tmes)]).
1

- / it [ () [ i) NS, tnes)])
(22)

the equation that deals with the reversible scattering
processes. The first term on the right side of (21) is known
as the forward scattering term, and the second term is the
usual collision term [8,13]. It is worth emphasizing that in
this expression, HY (fy;.) is also dependent on 7.,
although we have not shown it explicitly.

Here, it is worth emphasizing that in the above QBE,
there is no need to consider the secular approximation. In
fact, as shown in [8-13], for the physical processes
described by the interaction Hamiltonian, energy conser-
vation is obtained naturally after taking the integration over
I'mic 1n the interaction picture.

2. Extension to Markovian irreversible processes

There are a variety of examples of irreversible processes
in the early Universe. In this work, we finally intend to
explain the damping of GWs by an environment containing
decoupled ultrarelativistic fermions using the QBE. We
assume that fermions are decoupled before reentering the
horizon during radiation dominance. Due to its dissipative
nature, this process is considered an irreversible process. If
we want to use the QBE to explain this damping effect, then
we first need to identify the interaction Hamiltonian and

essentially the microscopic process that leads to this
irreversible phenomenon. The question of how macro-
scopic irreversibility emerges from microscopic processes
has always been a fundamental question. The root of this
problem is that we still do not know exactly how to
reconcile the second law of thermodynamics with its
intrinsic arrow of time with the microscopic time-reversible
dynamical equations. On one hand, the process of GW
damping is an irreversible phenomenon due to its dissipa-
tive nature, and on the other hand, it has a microreversibility
property on microscopic scales (see [64] for the discussion
on the relation of the detailed balance with the property of
microreversibility of the underlying microscopic dynam-
ics). In order to use the QBE to explain this phenomenon,
we must first generalize it to irreversible phenomena.

In our formalism, the detailed balance condition or
microreversibility is fulfilled for microscopic processes.
Hence, in all the processes that we assume, the amplitudes
of the initial to final and final to initial reactions are equal.
In other words, the phenomenon emerging on the macro-
scopic scale is not invariant under time reversal, whereas
we assume that the microscopic interactions are invariant
under time reversal. The emergent irreversible process must
occur on macroscopic scales. For this purpose, we assume
that the system is in contact with an environment in a steady
state. Under these conditions, the generalization of the
equation to irreversibility conditions will be perform as
follows.

For a microscopic irreversible process like absorption or
emission, the effective interaction Hamiltonian doesn’t
satisfy the relation HY (—tpc) = HY (tmic). It is worth
emphasizing once again that H), (=) actually describes
the physical process and is different from the fundamental
interaction Hamiltonian. Therefore, one cannot use the
Eq. (22) to deal with such processes. The effective interaction
Hamiltonian for a specific irreversible process is written in
terms of the creation and the annihilation operators. For such
a process, the action of the time-reversal transformation on
HY  is equivalent to the action of Hermitian conjugation. We
therefore generalize the Eq. (21) by replacing HY, (#i.) by
the following Hermitian combination:

HO (= twic) = Hip(tmic)- (23)

By doing this, the collision term is modified as follows,

_/°° dtmic<[H?m( mes) [H?nTt( mlc) N ( mes)H>c’ (24)

0

in which the forward scattering term automatically
vanishes for such emission or absorption processes. Using
this equation, we will be able to compute the time evolution
of density matrix for irreversible phenomena such as
decaying or absorption process. In the condition that
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HY (tmic) = HY (—tmic), we will reproduce the conventional
collision term.

3. Extension to non-Markovian (ir)reversible processes

In the remainder of this section, we discuss deviations
from the Markovian approximation. As discussed above, in
most situations, the non-Markovianity appears to be rel-
evant for timescales smaller than, or of the order of, the
environment correlation time 7.

For the case of the interaction of SBGW with a back-
ground of ultrarelativistic fermion bath and when one
ignores backreaction effects, the time evolution of the
intensity of GW can be casted in Eq. (24). However, for
a more realistic situation when the backreaction effects are
important, one cannot use this equation. In general, as
already emphasized, the underlying assumption of weak
system-environment coupling to an essentially unchanging,
memoryless environment is not always fulfilled in many
situations of physical interest, and significantly non-
Markovian dynamics may arise. If memory effects in the
environment are substantial, then the evolution of the
reduced density matrix will depend on the past history
of the system and the environment. In this condition,
information can also flow back from the environment to
the system, resulting in a backreaction effect of the
|

environment. The microscopic description of non-
Markovian dynamics is much more complicated than the
Markovian one. The precise details of the non-Markovian
dynamics has still not fully worked out, partly because of
the complexity behind such phenomena. Here, we will
generalize the QBE as a new tool to deal with the non-
Markovian processes. The generalized QBE is derived as
follows: First, it is important to note that we still consider
the Born approximation. In addition, as stated, we are
interested in the absorption processes in which the time-
reversal symmetry is satisfied microscopically, but the
process is irreversible macroscopically. For this case,
time-local master equations are no longer applicable, and
one has to instead solve integro-differential equations. We
also need to replace the interaction Hamiltonian with the
relation (23) so that the QBE can properly describe an
absorption process. The equation we will ultimately work
with to describe an irriversal and non-Markovian process is
as below:

(2”)353 (0>2k0 ﬂi(k, X, tmes) = Dij[ps(k’ X, tmes)}’

(25)

dthS

where D;;[p% (K, X, f;e5)] is the “dissipator” that is given by

thS _;_ ~
Dijws(kv X, tmes)] = _A dtmic<[HiOnt(tmes)’ [H?nt<tmic)7-/\/fj(kv tmes - tmic)]]>c- (26)

While A/ ,Sj is a nonlocal operator in time, we have kept the
interaction Hamiltonian local in time for simplicity. In the
following, we calculate the dissipative term D;;[p5 (K, fypes)]
for the graviton absorption process by a decoupled ultra-
relativistic fermions.

III. APPLICATION: ABSORPTION OF SOFT
GRAVITONS BY A ULTRARELATIVISTIC
FERMION BATH

As anticipated, in this work, we apply the non-
Markovian QBE to study the damping phenomena due
to coupling with ultrarelativistic fermions. Before, we
characterize the system, the environment, and the sys-
tem-environment interaction Hamiltonian.

A. Open quantum system components

As mentioned above, the SBGW absorption process can
be studied through the approach of an open system
interacting with the environment. The system is SGWB
propagating in an environment containing decoupled ultra-
relativistic fermions. In the following, we will consider an
example that such fermions can be considered the same as
decoupled neutrinos. We generally assumed that both the

system and the environment are affected by each other. This
interaction is described by HY (f). We then outline the
system, the environment, and the interaction Hamiltonian.
We also emphasize once again that our system and the
environment are on an expanding space-time background.
In this condition, we must consider a new timescale that is
the inverse of the Hubble parameter H~'. We will discuss

this new timescale further below.

1. System

We consider a quantum system of soft graviton degrees
of freedom that is affected by its coupling to the environ-
ment. The SGWB field £, is given by assuming the weak-
field limit and expanding the metric around Minkowski
space-time as follows:

9w = M + Khuw (27)

where k = v/16z2G. In the following, we will straightfor-
wardly generalize this metric to the FRW background. The
dynamics of free gravitons in the transverse-traceless gauge
is given by the following Lagrangian density:
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1. .
= — [ " + ;b ). (28)

Eg—4[

The associated quantum field is decomposed as
By (x) = Rty (x) + Iy (), (29)
where A, (x) and &, (x) are linear in graviton creation and

annihilation operators, respectively. Fourier transforms of
the fields are expressed by the following conventions:

:/dea

s=+4,X

)e—i(p‘)t—p‘xx (30)

1—p-x) , (31)

Ill/(x /dp Z hs* oilp 0

s=-4,%X

where a,; and a} are the graviton annihilation and creation
operators, and the abbreviation dp is defined as

dp 1
dp = —, 32

and h,(,:) are the polarization tensors with the following
well-known properties:
h;w(p )pﬂ =0,

Hip)=0.  hu(p) (' (p)) =5

(33)

Note that in (30) and (31), we have not separated the
microscopic and mesoscopic times to avoid confusion. We
assume that the time appeared in the exponential function is
a microscopic time, while the annihilation and creation
operators can generally be a function of both times. It is
also convenient to represent the polarization tensor A in
terms of a direct product of unit spin polarization vectors,

h(p) = ei(p)el(p),  eu(p)p’ =0,
[es(p) (e (p))]* = 8. (34)

In general, a; and a} are assumed to be time dependent. In
Appendix A, we will present a general discussion about
their time-dependent commutation relation and the calcu-
lation of their expectation values. As shown in this
Appendix, for equal times, the canonical commutation
relations are given by

las(p. 1), ali(p', 1)) = 27)32p°3* (p = p)3sy.  (35)
The graviton density operator is presented in the following
form [10]:

ﬁwxo=/f§my<»dmﬁ@mﬁ, (36)

where the polarization matrices p® for a system of
gravitons have the following form:

U®(x, 1) —ive)( ))
1©(x,1)— 0¥ (x,1) )’
(37)

g x,t)+Q(g>(x,t)
O(x,1) +iVE(x,1)

where I® denotes the radiation intensity, Q® and U@
parameterize the linear polarization, and V(© is the circular
polarization. Among these parameters, /(& is always
positive, while the other three parameters can have either

sign. The Stokes parameters for monochromatic plane GW's
are defined by [10]

& = (h*)* + ()%, (38)
Q) = (h)* = ()2, (39)
U® =2cosahth”, (40)
V) = 2sinah*h*, (41)

where it and 7* are the complex amplitude for two GW
modes, and « represents the difference of the phases of the
ht and h* modes. Q'@ measures the difference between
polarization modes; U® and V@ measure the phase
dependence of modes. The condition of Q& = U@ =
V(© = 0is associated with an unpolarized GW. In this case,
the GW is composed of incoherent modes with random
polarization angles. The phase of the 2™ and #* modes will
change over the coherence time, which is taken much
greater than the period of a quasi-monocratic wave.
However, in the condition that the phase of modes remains
essentially constant over a duration shorter than the
coherence time, the GW becomes polarized.

2. Environment

The environment contains decoupled ultrarelativistic
fermionic degrees of freedom and behaves like a thermal
fermion bath. It is also assumed that the environment (i) is
expanding, (ii) is in thermal equilibrium, and (iii) notices
that the system is interacting with it. However, it cannot
relax back to its equilibrium in a short time due to the
expansion of space-time. Figuratively, it means that the
environment has memory. We will incorporate this kind of
memory effect due to the expanding space-time in our
calculation.
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Fermions are generally described by the spinor field y ,
that is decomposed as y(x) = w7 (x) + 75 (x) such as

= / qubI(q, 0it
-/ DX

where u, is the Dirac spinor, with spin index r = 1, 2, b,,

)ei<q°t—q~><>’ (42)

Jemildhmax) - (43)

and bi are fermion creation and annihilation operators,
respectively, and

d*q
dq = a7 (44)

The creation and the annihilation operators of fermions
obey the following equal-time canonical anticommutation
relation,

{b,(q.1).b}(q'

Using these operators, we can define the fermionic density
operators in the form,

’ t)} = (2’”)353 (q - q/)érr" (45)

d3q -
5(f) — (f) I .
pY(x,1) / (2”)3“/ (x,q,1)b;(q.1)bj(q,1), (46)

HO

i
(1) = =3k / d*xdpdqdq"y 13, (p)

s,

Integrating over x gives

HO

in (1) = ——K/dpdqdq Zh

srr

i (¢ (=i (q) i7"+ vl x g

i (¢)(=ig")7'u,(q) (2n)'6 (g —q—p)e' 7"~

where, for a system composed of unpolarized fermions,

pfjf ) is given by

N =

n(x,1) 0
PO (x,1) = (

0 n)(x,1) ) ’ )

where n/) denotes the intensity of the fermions.

3. Interaction Hamiltonian

The gravitons interact with an environment composed of
the ultrarelativistic fermions that causes a damping effect.
As we mentioned before, the QBE is a new powerful tool to
obtain a classical macroscopic description of this effect
emerging from a microscopic absorption. Voronov has
calculated the scattering amplitude of the gravitons with
fermions many years ago [65]. Here, we use his results to
calculate the absorption (emission) of gravitons by (from)
fermions. Using the S-matrix element, we can write the
effective interaction Hamiltonian describing the absorption
of graviton by fermions of thermal bath in the following
form:

HY(0) =3k [ ot @
Inserting the Fourier transforms (30), (42), and (43) into
(48), we get

DbL(q Db, (q.1).  (49)

‘ay(p,0)bl,(q'.1)b,(q.1).  (50)

In this step, we deduce the behavior of (48) under time reversal. It is known that the covariant bilinear transforms under time

reversal as [66,67]

_ T _
War' Py = Wy 0w, (51)

where a, b = +, —. Also, the GW field transforms as

h/jy N hy . (52)
Therefore, we get
HY (~t) = “’“Z / d*xdpdqdq' I3 (p)it,(q)q"y u, (g )e P+ =gt {(p 1)b](q.1)by(q . 1)
= Hin (1), (53)

083508-9



M. ZAREI et al.

PHYS. REV. D 104, 083508 (2021)

which confirms our claim about the relation of time reversal
and complex conjugate operations on the interaction

Hamiltonian. H)(7) describes the inverse process, ie.,
the graviton emission from the fermion of thermal bath. As

explained in the previous section, the QBE involves both

HY (1) and H{' (¢) terms. After this extension, the collision
term will result in two processes that will be interpreted as
the graviton absorption and emission processes. One can
apply the same formalism to the interaction of gravitons
with ultrarelativistic antifermions.

At the end of this part, we briefly discuss the action of
parity operator on interaction Hamiltonian (48). In general,
the covariant bilinear is transformed under a parity trans-

formation as [66,67]

2
Di]@( )(k X, tmeq)]

XD D h

ST $2,72.7
111 2

e—i(q/] —q;—P1) X e—i(P2+(Iz—qlz)'X2 <[

[azz <p27 tmic))bIQ (QZv tmic))br’2 ((/27 tmic))v

Integrating over x and x’ gives

2

o (PO (@) v ue (q)h, (p2)ar, (62)g

_ P _

Wy vy, = War' Oy (54)
Itis also shown that hffy - hL under a parity transformation
[68], where L and R represent respectively, the left-handed
and the right-handed GW circular polarization. Therefore,
the interaction Hamiltonian h,g‘i)ti/ayia’lyjb is not totally
invariant under a parity transformation.

B. Calculation of the collision term

In this part, we provide the general calculation of the
collision or damping term. Working in a comoving frame,
we substitute the interaction Hamiltonian (53) into the
dissipative term on the right-hand side of Eq. (25) and find

tlnes
== [ dtuie [ iy dasdadpsdadaye v o

"y uy (qh)

asl (ph tmes)bj’l (qll ’ tmes)brl (QD tmes)v

a}(k, Imes — tmic))aj(k, Tmes — tmiC)“>c' 53)

K . i
Dijlp'® (K, X, tes)] = = / dp,dq,dq, dp,dq,dq,(27)°8 (p, + a4y — ¢5)8° (q) — q; — Py )€ (P54

< YN B (PO (6D Y (a0 R (p2)iy, (62) 45 7R ())

slrlr s7r2r

X <[as, (pl ) [mes)bz (q/l’ tmes)br] (CII s tmes)’ [al.z (p2v tmic)b";z(‘h’ tmic)br’z(qlz’ tmic)’

aj(kv Tines — tmic)aj(kv Tines —

tmic)“>c'

(56)

Using the nonequal time expectation values computed in the Appendix A, we find the following expression:

<[as| (pl s tmes)b:l (qll» tmes)bn (ql ’ tmes)v [azz (sz tmic)bIg(Qb tmic)br’z (61/2, tmic)’aj(k’ tmes

= (b}, (61 Tmes)br, (1. Tmes) 01 (@2 Tmic )b, (6 i)
x {{as, (p1, tmes)aiz(p% tmic)aj(kv fmes = tmic) @ (K, tmes
— (a,, (P15 tmes)aj(kv tmes = tmic) @ (K, times —
+ (01 (6. tic) by, (b tmic) D), (6. mes) b, (G0 mes))
x (a j(k’ tmes — Tmic )@ (K, e
=~ (27)"24k°p}&° (4 — q7)6 (a1 — 42)° (k — p2)&° (P

(qll ’ tmesa tmic)]’

X N|'—‘

[n(f)(ql s Imes» tmic) - n(f)

- k)érlz”] 5r1’26/52p£?z)' (pl’ X, Ipes — 1

= Imic)|]).

- tmic)aj(k’ Tines

- tmic>>c

tmic)azz (Pz, tmic)>c}

- tmic)al-z (p27 tmic)asl (pl ’ tmes)>c

mic )

(57)

where all terms quadratic in the system’s density matrix have been dropped. Plugging this expression in (56) and after

taking integration over momenta, we find
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2

K
Dij[/)(g> (k’ X, tmes)] = g
S Z CITICIT%%M
S15F1, r
X pg%?(kv X, Times — tmic)[n

in which one interprets the multiplied coefficients in

)( Tmess Imic) @s the graviton absorption rate and
the multlphed coefficients in 7 (|q} ], fmes» fmic) as the
graviton emission rate. Also, we note that throughout the
paper, we assume that n'/) is isotropic and is a function of
energy ¢° = |q|. The oscillating terms like e/(P3+42=42)mc
can be ignored using the secular approximation, as in the
following. The secular approximation states that one can
remove fast-oscillating terms in the interaction picture in
which pY # ¢'9 — ¢5. This approximation is feasible
as far as the frequencies are well spaced in such a way
that [p9 + ¢9 — ¢'9]7" < fmic < mes. After confirming this
|

d
¥

27)36%(0)2k°
(27)°6°(0)2k° 7 —

(kv X, tmes) =
S

S, rlr

X pi‘?l) (k’ X’ tIl’lCS

where, in the last step, we have used the conservation of
energy |q)| =|q;| + |k|. The explicit time-dependence
form of nY) can be obtained from the environment
dynamics. In fact, one must write the same QBE as (25)
for the environment and n/). However, as it was discussed,
the environment is large, and its dynamics is fast enough in
such a way that its energy exchanged with the system will
quickly dissipate away. Then, from the viewpoint of the
system, the state of the environment will appear to be
almost constant all the time, and the environment is in
thermal equilibrium. The main difference with a conven-
tional non-Markovian process in the physics of condense
matter is that here, the dependence on ¢, is due to the
expansion of space-time. It should also be noted that
pf?(k,x, fmes — Imic) 18 dependent on 7. However, the
nonlocal kernel in the collision term arises also due to the
dependence of n) on . and the expansion of space-time.
The property of the dependence of /) on microscopic time
has an important role in the non-Markovianity of the
system’s dynamics. As we will discuss below, n\/) depends
on the expansion history of the expanding universe between
Imes and Imic-

) many (k>

(f)(|ql ‘v tmes’ tmic)

- tmic)[

ImCS 7
/ dnic / dqldq1<2n>6a3<k+q1 05 (4 — g1 — K)elPFroi=aDme

()" ur (@) iy, (dn)y™uy (4))

(58)

— 1D (|a}], Tmess fmic)]»

approximation, we can eliminate the term e i(P2 a5 =4 mic
by assuming p9+¢9 — ¢/~ 0. As stated in previous
sections, for a QBE describing a Markovian process,
energy conservation occurs automatically, and no secular
approximation is required, but for the GW damping effect,
we have to use the secular approximation to establish
energy conservation.

After calculating the dissipation term and inserting it into
the QBE (25), we derive a full system of equations that
describes the time evolution of the intensity and the
polarization of GWs,

K2 [ fmes
S [ e [ darda 2050+ g - )6 - - K)

q, zhfrilnl k)hi*nlznz <k>ﬁr’] (qll )7"‘ url (ql )ﬁrl (ql)},nz

I

[l’lCS’ mlC)]’ (59)

D (lay| +

Tiness mlc) -

IV. DAMPING OF GWs BY
DECOUPLED NEUTRINOS

It has been showed explicitly that the propagation of a
gravitational wave in an environment containing decoupled
relativistic neutrinos leads to the GW damping effect [30].
In fact, the environment induces a damping anisotropic
stress tensor for the time evolution of the metric perturba-
tion h;;. The damping effect due to such an anisotropic
stress tensor has been also predicated earlier [25-29]. By
considering the contribution of free-streaming neutrinos to
the anisotropic stress, an integro-differential equation for
the GW propagation in the environment is obtained [30].
After numerically solving this equation and obtaining the
amplitude of the gravitational wave, it is shown that the
damping impact on the cosmological gravitational wave is
not negligible.

The GW dynamics is given by

&, (K, tnes) + 3H (2 )—d Ry (K, fnes)
dtlznes Ly » “mes mes dtmes Ly » “mes
k? 5
+——h;i (K, tes) = i1(K, fes ) s 60
(l(tmes) l]( es) K ﬂ]( eS) ( )
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where 7;; is the tensor component of the matter anisotropic
stress [30], H is the Hubble expansion rate, and a () is
the scale factor given by the following line element in
Friedmann-Lemaitre-Robertson-Walker (FLRW) back-
ground,

ds? = difes — 0% (tynes )8 dx dx/ (61)
The mode dynamics is influenced by the Hubble parameter
H and by the anisotropic stress source term r;;. It was
shown that all short wavelength tensor modes reentering
the horizon during the radiation dominated era, from the
epoch of neutrino decoupling to the matter domination era,
are suppressed by a factor Ay = 0.8 [30].

Here, we turn to calculate the term derived in [30]
using the approach of open quantum systems and QBE. To
this end, we assume that soft gravitons interact with a
medium involving relativistic fermions with momentum
|

q = |q|(sin & cos ¢, sin @ sin ¢, cos B). The relativistic fer-
mions are described by the following right-handed and left-
handed helicity eigenstates [66],

cos(6/2)
) 1 | sin(0/2)e
ui(@) = V2 cos(6/2) |
sin(0/2)e'
—sin(6/2)e~*
N 1 cos(6/2)
u-@)= V2| sin(0/2)e (62)
—cos(68/2)

Now, we further simplify (58) by taking integration over ¢,

A

K2 tines m s N N A~ AN ~ ~ A~
Do (k%) = =0°0) 5 [t [ @0 Y a5 i )i (B (@ R, @), @10+ )

S, rlr

X /)E‘%? (k’ X’ thS

- tmic)[ (

Tiness mlc) -

D(la] + K] tmes: fmic)]: (63)

where we have relabeled the momentum q; as q. By plugging the helicity states # into (63) and taking summation over

both r{,r, =+, —, we get
K2 Imcﬁ
DijL[)(g)(k’X7 tmes)] = _53(O>Z/ dt Timic / d’;q51n29(q e ) [ ( Times> rmc) - ( Times» mlc)]
0
X [COS 2¢p%’) (kv X, fies — tmic) + sin 2¢p(2%)(k’ X, Iimes — tmic)]v (64)

where g, denotes the number of helicity states for fermions. Therefore, using this result, the QBE (59) becomes

d (o
dr . Pij (K, X, tines) =

mes d3
gf dtmic /
81k Jo (27)3

X [cos 2¢p§%>(k, X, fnes —

Sln H(q ¢ ) ) |k|ﬁn f) (|q| tm697tm10)

tmic) + sin 2¢p2i (k, X, tmes - tmic)]9 (65)

where, in the last step, we have expanded n'/) up to the first order in |[k|. We are interested in the time evolution of the

intensity of GWs defined by I(®) = p(lgl) + pégz). To evaluate /(®), we assume that gravitons are propagating in z direction with

the following basis for direction and polarization vectors:

=(0,0,1), (66)
= (1,0,0), (67)
= (0,1,0). (68)

The relativistic fermions are also described by an unpolarized Fermi-Dirac distribution,

(

mes’ mlC)

with

= Uf([mes’ tmic)nf(

+Fimes) (69)
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lq

n(1q. tmes) = [ + 17", (70)

where 7' is the temperature associated with ultrarelativistic fermions, and Uy is the time evolution operator. Now, inserting
ny into the Eq. (65), using integration by parts and also integrating over ¢, we find the time evolution of the intensity as

|q| -1

2 tlHES 1N
£ gf + 1] ﬂg)(k’ X, Tines — [mic)’ (71)

871'2 0

.

j(g)(k’ X, [mes) = d[mic / d|q|d<COS G)Sin49|q|3Uf(tmes’ tmic) [(3

where dot denotes differentiation with respect to f,,,.. Integrating over |q| gives

K'Z/_)f

i(g)(k’x’ Imes) = — 4

tITIES
/ dtmic / d(COS Q)Sin49Uf(tmesv tmic)l(g)<k’ X, Imes — tmic)v (72)
0
where p; is the total energy of fermions per proper volume,

_ 4r lal -1 77
= [ dallaPle? + 11 = o (73)

The time evolution of U y(#yes. tmic) has been computed in [30] and is parameterized as

mes dr’ |K|p
7

Uf(tmesv tmic) —e f’mic alf) (74)

where u = q - k =cosf and U ¢ satisfy the semigroup property as expected. Therefore, we get

3 K2 Times _<frmes dt,&
I<g) (k’ x lmeS) - _Zﬁf A dlmic / dﬂ(l - /,{2)23 fmic. ! )I(g) (k, X, Iies — tmic)7 (75)

Now, using the integrating by parts technique to take integration over |k| and also taking the integration over y, we find

2

. tlnes i
1O (k. X, te) = _4K2pf/ dtmic 1a(s) 1@ (k, X, tes = tmic)» (76)
0 N

where j,(s) is the spherical Bessel function, and

lmcs d[/
=k — . 77
=k [ (77)

Equation (76), describing the macroscopic time evolution of the GW intensity equation, arises from the quantum master
equation and involves a memory kernel. The memory effect is due to the time nonlocality property of I(¢) (k, X, tes = tmic)-
Moreover, the expansion history of the FLRW universe will produce a memory effect as well. The memory kernel j,(s) is
nonlocal in time due to the fact that it keeps memory about the starting point ¢,,;.. The appearance of z,,,. in the memory
kerne implies that the dynamics contains a memory. Therefore, the Eq. (76) is non-Markovian and keeps any memory about
Imic (see [55,64] for a discussion about non-Markovian conditions of an open quantum system).

The full time derivative of /(¢ can be expanded into partial derivatives as

a a 1 A tITlES /
ot I(g)(k, X, tmes) - Hkﬁl(g(k’ X, tmes) + ak ’ VI(g)(kv X, tmes) = _4K2pf([mes) /0 dtmic @I(g)(k, X, Imes — tmic)'
mes
(78)
The energy density of gravitational waves is given by [10]
1. gy 1 &k
p(g)(x’ tmes) = E <hij(xv tmes)h j(x’ tmes)> - Z/ (271_)3 kol(g)(k’ X, tmes>' (79)
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Using this expression and after taking integration over k,
one can rewrite the Eq. (78) in terms of energy density in
the following form:

0 1
mes

— tlnCS j2 (s)
= _4K2pf(tmes) A dtmic S—2

- tmic) ’ (80)

X p<g> (X’ tmes
where

P(g)(xv tmes) =35 <hij(x’ tmes)VhU <X7 tmes)>

2
1 [ &k
:Z/(27>3k1(g>(k’x’tm68) (81)

is the momentum out-flux carried away by GW.

In order to compare our results with [30], we must
extract the equation of motion for tensor fluctuations
h;;j(X, tmes). To this end, we write the nonlocal in time

intensity 1®)(k, X, fnes — fmic) in the following form:

1 [ &k
- KOI®) (k. x, £ — b
4/ (271_)3 ( X, Tmes rmc)

1 -
= 5 <hij(X’ z‘mes)h ](X’ Tmes — tmic)>' (82)

Substituting (79) and (82) in (78) and after some straight-
forward calculations, we get

.. V2

hij(X5 tmes) + 3Hl:lij(x9 tmes) - ) hij(xv tmes)

az (tmes

= K2775(X, fmes ). (83)

where the anisotropic stress tensor z;; is given by

_ mes j2(S> .
ﬂij(x’ tmes) = _2pf'([mes)/0 dtmicsThij(Xv tmes - tmic)'

(84)

To compare this result with [30], it should be noted that
for left-handed relativistic neutrinos, we have gr = 1.
Considering neutrino and antineutrino, the neutrino energy
density is given by

_ _ 7 7%
pyr=06p, =2x 330 T?. (85)

Therefore,

tme: 1 .
”ij(xa tmes) = _4ﬁy(trnes) A dtmicjz‘g@hijoi» Iines — tmic)'
(86)

In the following, we shall instead work with Eq. (78) and
look for an analytical solution that reflects the effect of the
fermionic environment on the GW intensity.

A. Calculation of GW damping in the
radiation-dominated era

Here, we will find an approximate analytic solution of
the evolution equation (78) in the radiation dominated era.
The Eq. (78) is an equation with memory effects, which has
the form of an integro-differential equation that is nonlocal
in time. At the early stage of radiation dominance, one can
consider the short memory or equivalently the Markovian
approximation. In this approximation, Z(®) will be inde-
pendent of ¢,,;.. The reason for this approximation is as
follows. In the limit s — 0, we can write j,(s)/s> — 1/15.
We instead replace j,(s)/s* with @/15 where «a is a fudge
factor that then we match to the numerical solution.
Therefore, for the modes that are superhorizon during
the radiation-dominated era, one can write

9 9
7@ (kK1 ..)—Hk—TI® (k, K, t, ...
8tmes ( ’ ’ meb) 8[{ ( ? ? mes)
i A
- k-KZ© (k, K, 1,
a(tmes ( )
Sax>

thS
B _?/_’v(tmes) A dtmicI(g) (k7 K, Imes — tmic)’ (87)

where Z(®)(k, K, t,,) is the Fourier transform of the
intensity, and K is the momentum conjugate to x. The
right-hand side of this equation is still dependent of 7.
However, one can neglect the microscopic time in
T®(k, K, tnes — tmic) at the early stage of radiation domi-
nance and rewrite the right-hand side of (87) in terms of
T (k, K, tes) and t,., as in the following form:

9 0
T (k. K. tines) — Hk =T (k, K.ty
G L K K tes) = Hk G Tk K )
- ﬁ k- KZ®(k, K, ;)
A Imes
8 2
- _i{—;cﬁv(tmes)tmesz(g)(k’ K, tmes)' (88)

Using this expression, one can write

d d
TO kK, 1, ) — Hk—TI© (k, K, ¢
atmes ( mes) ak ( mes)
A 1
- k'KI(g)(kK’tmes):__I(g>(k’Kvtmes)’ (89)
a(tmes) T
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where 7 is the damping time of GW,

1 8ax?

= 15 Polimes)fmes: 90
T(tmes) 15 ,0,,( mes) mes ( )

It has been shown that in the early stage of radiation
dominance, the effect of damping time on the tensor modes
that are superhorizon is not negligible. To illustrate this for
the intensity, we first write the scale factor a(t) after
neutrino decoupling as

a(tmes) = 9;6/4(2H0tmes)1/2a (91)

where H|, is the Hubble constant, and Qj is the radiation
energy fraction. The Hubble parameter is also given by

1

H(t =—. 92
(tne) = 5, 52)

In this era, the neutrino energy density is given by
szu(tmes) = 6fl/H2’ (93)

where, for three neutrino species, f, = Q,/Qg ~0.4.
Therefore,

L _16af,

= . 4
)~ 5 e 64)

When the effect of absorption can be ignored, i.e., the
condition Hz > 1 is met, we recover the ordinary Liouville
equation for the gravitational wave. In this limit, using (80),
we can show that the energy density of GW behaves as
P (X, thes) & @ *(tyes) times an oscillatory factor that is
due to the gradient term on the left-hand side of (80).
From the expression (79) and in a comoving frame,
one would expect a similar scaling for the intensity as
1@ (k, X, tyes) ¢ @ *(tmes). Now, to obtain such a result
for I®)(k,X,t,.,) from Eq. (78), one must assume
I (k, X, tyes) o k~*. Given this scaling behavior (which
implies that the anisotropic stress tensor of neutrinos just
affects the amplitude of GWs, but they do not produce a
change in frequency), the evolution Eq. (89) becomes

d 1 4af,)\ 4
7O (k, K, 1 - v 7@ (k, K, 1,
T K te) + (5 27%) T K1)
. WK
— T@O (kK. 1. )=
e (k. K, tes) = 0, (95)
where i/ = K -k and
. 2JHQy K
k== MK—, (96)
QR eq

with K., denoting the wave number of the mode that
reenters the horizon at matter-radiation equality. The
analytical solution of this equation is in the following form:

T® (k. K, tnes)

mes

o\
—I<g>(k,K,tend)< > oK i) (97)

where § = 8af,/5, and Z(®) (k, K, 7onq) is the GW intensity
at the end of inflation. Taking the Fourier transform of (97)
yields

fen 4432f,/5 d3K
](g>(k’X0’ tmes) = < te d> /(271-)31'@) (k, K, tend)

x e KK (Vines=V/Tend) 01K X0 (98)

where X, is the observer location. Now, using the following
general decomposition,
MK =N (26 +1)jo(Kx)Pe(W), (99)
=0

and the expansion,

TE(k, K, teng) = T® (K, K, teng)>_chy YH(K),  (100)
LM

where j,(x) is the spherical Bessel function, P,(u) is the
Legendre polynomials, and Y (K) is the spherical har-
monics, we find at x, = 0,

I(g)(k’ Xo = 0, tmes)

tend>4(l+6) / PK
= ——TO(k, K, 1o,
(V)3 [ Gk

x b YY(K)if (24 4 1)

Xjf(i((\/tmes_ vtend))Pf(ﬂ/)' (101)
Taking the monopole term L = M = 0, we get
I(g>(k’ xo =0, tmes)
forg | 20+9) cho ,
- ( tmes> 471'5/2 / KK I(g)<k, K’ tcnd)
XjO(i{(vtmes_ \/tend))- (102)

At the early stages of the radiation-dominated epoch, the
interaction with the fermion bath decreases the amplitude
of the GW intensity by a factor § ~ 0.64a.

At the end of this section, we will estimate the factor a by
comparing our results with [30,34]. We first show that
the same suppression factor 6~ 0.48a could be also
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obtained from Eq. (83). Considering the approximation
Jja(s)/s?> — a/15 in the stress tensor (86), one finds

. 3 8af,\ 1 .
hij(xvtmes)'l'(i'i' 5 >tmeshij(x’tmes)

2
v )hij(x7 fmes) = 0.

S - 103
az (tmes ( )

We write h;;(u) = h;;(ug)y(u), where, in a radiation-
dominated background, u = 2K/f. In the absence of
the anisotropic stress, the solution of this equation becomes
x(u) = jo(u), where j, is spherical Bessel function. In the
presence of the anisotropic stress, the Eq. (103) can be
solved approximately with the overall scaling /;;(X, #;,;) o
(\/Tmes) "1~ times an oscillating factor coming from the
Laplacian term. Therefore, using (79), we find the time
behavior of p®) (X, fyes) as

p(g) (Xv tmes) & az(tmes)]:lij(xv tmes)]:lij(xv tmes)

< 1 )4(1+5)
X El
V tmes

which is the same as the scaling behavior that we found
using (95).

The exact solution of Eq. (103) is also given as in the
following form:

(104)

1
26+3/2 u—26-1 /2(

x(u) = E”Z(uo)uo Jasi3/2(0) Yoz 2 (u)

= Yos13/2(u0) ng12 (1)), (105)
where J,(u) and Y, (u) are Bessel functions of the first and
the second kind, respectively, and y(u) is fixed by
performing matching with the initial condition at u,. For
u > 1, the solution (105) can be approximated as follows:

x(u) =x (%)W (%) T i), (106)

In Fig. 1, we have illustrated the analytical solution (106)
for a = 2/7. We have also compared y(u) with the solution
Jo(u) and the asymptotic solution Aj,(u) with the sup-
pression factor A = 0.8 suggested in [30]. The y(u) departs
from the 5 = 0 solution j,(u) and approaches the asymp-
totic solution 0.8 jo () around u = 3, as illustrated in Fig. 1.

Now that we have fixed the parameter a, the suppression
factor of the GW intensity is obtained as 6 = 0.183. It is
worth mentioning that the SGWB also passes through the
matter-dominated era until observed at present time.
According to an argument given by [30], we expect that
(106) serves as an initial condition for the subsequent
evolution of the gravitational wave amplitude during the
matter-dominated era. Therefore, one should still expect the

— x()
1 --- 08j(w)
/\ P - Jo(u)
-02 S
04 5 10 15
U=2K+ tmes
FIG. 1. The solid-red curve shows the analytical solution

Eq. (105) with @ = 2/7 compared to the f, = 0 solution j(u)
(dot-dashed, black) and the asymptotic solution 0.8j,(u)
(dashed-blue). Here, u = 2K\ /1.

same change in the amplitude during the matter-
dominated era.

B. Influence on the polarization of GW

In this part, we provide the system of differential
equations given by QBE that describe the time evolution
of the GW’s Stokes parameters in the radiation and matter-
dominated epochs. To this end, we first define the vector P
in terms of the gravitational Stokes parameters as the form,

P = (I(g)’ o Yle), ,'V<g))_ (107)
Using this vector and assuming the scaling behavior as

P<g)(k, K, fmes) k™4, one can represent the evolution
equations (65) in the following form:

0
at P(g> <k’ K’ [mCS) J’_ 4HP(g) (ka K7 tmes)
i /
-~ KP® (kK. e
a(tmes)'u ( )
_ tmes j S
= _8K2py(tmcs)/0 dtmic%MP(g)(lﬁ K, Iies» tmic)v
(108)
where
1 0 0 O
01 0 O
M = (109)
0 01 O
0 0 0 -1

is the symmetric diagonal matrix. Therefore, we have a
system of first-order time nonlocal differential equations
that can be numerically integrated in an expanding universe
background. Using Eq. (108) and the same method as in the
previous section, we can calculate the V parameter during
radiation dominance as follows:
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tend 4(1-6)
V(g)(k,XO_O,tmes)_( ! ) 3 /
mes LMZ?

X Je(K(Vtmes = V/lena) )P (W),

where V(@ (K, t.,q) is the V-mode parameter at the end of
inflation. Very interestingly, the source term associated
with the V-mode polarization of GWs changes sign.
Therefore, contrary to the damping effect in the intensity
and the linear polarization, the V-mode polarization is
amplified by interaction with the medium containing
decoupled relativistic fermions. The interaction causes

p§f> - p(&lg), which, in turn, changes the sign of the V

parameter. The parity transformation of the interaction
Hamiltonian is a clue to identify the sign change of V.
As it was shown, the interaction Hamiltonian is not
invariant under parity transformation and interchanges
the right- and left- handed circular polarization modes.
Therefore, one can write
P

V:VR—VL—)VL—VR:—V, (111)
where V; and Vi denote the left- and right-handed
V modes.

V. CONCLUSIONS

We have discussed that QBE is a powerful and com-
monly used tool in the investigation of open quantum
systems. In the conventional form of the QBE, the Born-
Markov approximation is employed. The Markovian QBE
is a time-local equation in which one ignores all memory
effects. Recent studies show a wide range of applications of
the Markovian QBE in the CMB, neutrino physics, and
GWs. In this work, we consider memory effects beyond the
Markovian approximation and generalize the QBE so that it
can be used to describe the non-Markovian processes.
Moreover, the conventional form of the Markovian QBE is
only applicable to reversible processes. We discussed that
for such processes, the effective interaction Hamiltonian
describing the process at the microscopic scales is invariant
under time reversal operation. However, the effective
interaction Hamiltonian associated with an irreversible
process such as absorption transforms to the effective
interaction Hamiltonian of the inverse process under time
reversal transformation. We have extended the QBE to a
new form that can also describe the irreversible phenom-
ena. Among the many possible applications, in this work,
we have used this new equation to explain the phenomenon
of gravitational-waves damping during their propagation in
an environment consisting of decoupled relativistic fer-
mions using this approach. Using the non-Markovian QBE
we obtained an integro-differential equation describing the
irreversible dynamics of the reduced graviton system. Here,

BK
(2m)?

VO (k, K, tegg)c)y Y (K)i (26 + 1)

(110)

we computed the time evolution equation of the GW
intensity, although we have shown that this equation is
quite consistent with the equation previously calculated to
explain the damping of the GWs due to free streaming
neutrinos in the early Universe.

The non-Markovian equations are usually difficult to
treat analytically. It would be very interesting to investigate
the resulting non-Markovian equations for the density
matrix of GWs numerically; however, it is left for future
works. We instead considered the limit of the early stage of
the radiation-dominated era during which, one can drasti-
cally reduce the complexity due to memory effects. The
analytical solution for the GW intensity showed that
interaction with the ultrarelativistic fermion environment
gives rise to a damping effect that induces a suppression in
the intensity by a factor 6 = 0.64a more than the condition
that there is no contact with the environment.

We then fixed the parameter  in such a way that we first
obtained an analytical solution for (105), and by comparing
our result with the asymptotic solution previously obtained
by [30], we found a =2/7. Therefore, the suppression
factor during radiation-dominated era was found as
0 =0.183.

Additionally, another new aspect of our study, we
showed the propagation of a circularly polarized SGWB
in an environment of ultrarelativistic fermions that cause an
enhancement to the Stokes parameter V in contrast with the
intensity and the linear polarization. This is because the
interaction with the environment changes the handedness of
the circularly polarized GWs that in turn causes V — —V.
This makes an amplification by a factor 6 = 0.64a = 0.183
for the V mode polarization. However, note that the
polarized SGWB also passes through the matter-dominated
era until observed at present time. The suppression
obtained during the radiation dominated era provides the
initial condition for the subsequent evolution during the
matter-dominated era.

We can also make a general statement about the
amplification of the V-mode polarization due to the
coupling of GWs with a background matter field. In
general, the linear interaction between the GWs and
background matter is characterized through Kh#,,T(M)””,

in which, T describes the energy-momentum tensor of
matter fields such as photon or dark matter. Inserting this
interaction term into the QBE, one can verify that the
absorption of a flux of circularly polarized GWs by a
background of matter fields will amplify the V mode
polarization if TM)# s invariant under the parity
transformation.

083508-17



M. ZAREI et al.

PHYS. REV. D 104, 083508 (2021)

ACKNOWLEDGMENTS

M. Z. acknowledges financial support by the University
of Padova under the MSCA Seal of Excellence @UniPD
programme. A.R. acknowledges funding from Italian
Ministry of Education, University and Research (MIUR)
through the “Dipartimenti di eccellenza” Project Science of
the Universe. N. B., D.B., and S. M. acknowledge partial
financial support by ASI Grants No. 2016-24-H.0 and
No. 2016-24-H.1-2018. M.Z. would like to thank S.
Azaele, F. Baldovin, M. Saeedian, and F. Shahbazi for
several enlightening and stimulating discussions.

APPENDIX: CALCULATION OF
EXPECTATION VALUES

1. Equal-time operators

In the equilibrium condition, the creation and annihila-
tion operators satisfy equal-time commutation relations,

lag(p.1).al(p'.0)] = (22)°2p°5*(p — )3y, (AL)

and

{b,(q.1).0}(q. 1)} = 228 (q ~q)5,.  (A2)

:+||+ogo

FIG. 2. Diagrammatic representation of the expectation values
of four operators.

Using the above relations, one can calculate the connected
equal-time expectation value of operators that is propor-
tional to the density matrix. Before, we would like to
emphasize that the correct expression for the expectation
values containing all the information are those that involve
connected pieces. The connected expectation value is
defined as follows:

(aja) = (a})(@r) + (a}as).. (A3)
With this in mind, we begin to calculate the equal-time
expectation values for gravitons and ultrarelativistic fer-
mions. First, we calculate the so called two-point equal-
time expectation values. In general, the expectation value
for gravitons is given by [10]

Ale) T d’p A(g) T
(an(p' Day(p. 1)) = wlp®ai(p', a,(p.1)] = /W@llp(g)a»n(p’, Dan(p.)|p1)- (A4)
Now, using the graviton density operator (36), we have
T d3pl d3p2 (2) + toy
(am(p’.0)a,(p.1)). = an7 | @y’ (P2 1)(Pila; (P2, 1)a;(P2. t)am(p'. H)a,(p. 1)[P1). (AS)
where |p,) is the one-particle graviton state with momentum p; that is given by
Ly
IP1) =gas(p1,t)l0>- (A6)

Therefore, using the commutation relation (A1), we have

oy _ d’p, &p, 1
<am<pvt)an(p7t)>c_/(2”)3/(27[>34(p(1))2

= 2p°(27)%5(p — P )P (p. 1).

PE?(P% t)(277)98wp1a’pzwp5li5jm5n153 (p1 — 132)53 (p2— P/)53 (P—-p1)

(A7)

In the same way and using the anticommutation relation (A2), we find

(b3n(d. )b, (q. 1)) = (22)°6* (4 — 4 )P (g 1).

(A8)
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The four-point equal-time expectation values are calculated as follows [8,41]:

(al, (1. ), (P, 1)al, (B, 1)as, (P2 1)) = 4p0p3(27)°6* (p1 — P& (P2 — PLPLE) (1. 1)

S

(
x ﬂm; (p2. 1) +4pYp3(27)°5° (p1 — P4)& (P2 — PY)
x pE), (92, 0%, (p1, 1) + 2p3(27)°5° (b2 — ')
x &) (92, 1){(ay, (P 1), af, (B3, 1)), (A9)

where the subscript “c” denotes the sum of all diagrams connected to the external lines. The expectation value of the
commutator is calculated as in the following, we write

3 3
(las(p. ). al (0. H)]) = / an / CP2 (22)2p05 (p — p')3, P2 (2. 1) (1t} (2. 1)ty (B2 1) 1)

(27) (2r)3
= (27)32p°*(p — )5,y N'®
= (27)°2p°8*(p — )3,y (A10)

where N(®) is the number of gravitons,

W6 = e (0) [ T2l 1.0, (A1)

and is assumed to be equal to 1. Therefore, the expected value of four operators is obtained in a similar way to the Wick’s
theorem as follows:

(al, (p1. Day, (p1. 1)l (Ph. 1)ay, (P2 1)) = 4p3p3(2m)°8 (b1 — P& (P2 = P1).E (P, 1)

X piglf (P2. 1) + 4P pd(27)%5% (p1 — P5)5° (P2 — P))

X ) (B2, )pE) (Pr. 1) + 4P} pY(2m)°8 (B — B1)5 (1 = P4)5,, 0.5, (P2. 1)

= 4p0pd(27)°8 (py — P)& (P1 — P55, 0P ) (B2, 1), (A12)

where, in the last line, we have kept the linear term in terms of p(®). In Fig. 2, we have diagrammatically shown this
expression. In the same manner, we have

(b, (@1 0B, (a1, )b, (@b, Db, (a2.1)) = (20)°8 (@1 — 41)& (a2 — @)}, (ar. Do), (02,1
— (27)°8 (41 - 40)& (a2 — 41D}, (a0 o)) (a1 1)
+ (275 (@2 — a})pY), (@2, 1) ({by, (a1, ). B, (a5, 1)})
= (27)°8(dy = 4P (a0 1) (D, (a1, 1), B, (4. 1)})

= (27)°8(qy — 4})8 (A1 — 4))y, L)) (a2, 1), (A13)

where we have assumed that the number of fermions is equal to 1, and therefore, the expectation value of anticommutation
relation is given by

({b,(q'.1).bL(dh.0)}) = (27)°8*(q — q')5,,. (A14)

In all of the above expectation values, we can take ¢ to be the mesoscopic time 7.
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2. Unequal-time expectation values

As was mentioned, it is convenient that in equilibrium
quantum field theory, we define the operator algebra for the
bosonic and the fermionic creation and annihilation oper-
ators by the equal-time canonical commutation and anti-
commutation relations. However, for out-of-equilibrium
calculations, there are additional complications that do
not appear in equilibrium condition. One of them is that
in nonequilibrium conditions, we often have to apply time-
dependent commutation or anticommutation relations. In
such condition, the Schwinger-Keldysh, in-in or closed-
time-path formalism [53,54] is applied to calculate the
evolution and expectation values of observables that usually
are in the Heisenberg picture. This formalism has been
applied in cosmology, condensed matter problems, and in
studying heavy ion collisions (for a detailed discussion, we

|

refer to Refs. [41-45]). In particular, it has been used for
computing cosmological correlations during cosmological
inflation, as well as during preheating after inflation, for the
dynamics of phase transitions in the early Universe, and to
study the dynamics of baryogenesis [69,70].

Here, we present a general discussion of the calculation
of the time correlation functions. For a system at equilib-
rium conditions, such correlation functions depend only on
the time interval ¢ — 7/,

(A(B(1)) = C(t — 1. (A15)

For instance, we compute the non-equal-time expectation
values for gravitons under the assumption that gravitons do
not interact with the environment,

d’p d*p
(@ (D' P )an(p. ) = / 1 / 2 J8) (. 2){py. 7la] (D2 2)at, (P2 2) e (0. £y (. ) 1. )

(2z)° ) (2x)’

- / ézf)g ZLP(I)P%) (p1.7){0|[a;(p1. 7). am(p', )][a,(p. 1), a; (p.7)]|0)

= (27)32p"8 (p — )P (p' 1) C(t = 1),

where C(t) is time-dependent Green’s function of creation and annihilation operators, defined as

with the semigroup property that C(z,)C(t,) = C(t; + t,) [44]. Therefore, we can write

In the same way, for fermions, we have

(A16)

(Olfam (1. 1), an(p2, 2)]|0) = (27)°2pY (p1 = P2)8un C(11 = 1), (A17)
(@', 1)ay(p, 1)) = 2p°(27)*6(p — )i (. 1 = 7). (A18)
(bh(q'.1)bu(g. 1)) = (27)°6*(q — q')pin(a. 1 = ). (A19)

We are interested in the four-point unequal-time expectation values. As it was assumed, the environment is in the

equilibrium state. Therefore, for the fermions, we can write

(b, (qh 1)br, (1. 10)0], (4. 15)by, (4. 12)) | = (27)°8 (@) = 41)5* (a2 = @p)py, ) (ar. 1y = 1)

x l’gl;
(f)
X pr]r’z

(qo. 1, — 15) — (27)°8% (q; — q’2)53(q2 -q))

(@115 =1)p]) (o, 1 = 1) + (27)°6° (a1 - @)

X 53((12 - qll)érlr’ngz'] (q2’ I — t/1)

= (21)°8° (a1 — 40 (a2 = 41)3,, ) (Gos 2 = 1),

(A20)

where, in the last line, we have kept the linear term in terms of p/). Based on what was discussed, the system of gravitons is
in out-of-equilibrium conditions, and therefore, the semigroup condition no longer applies to it. Accordingly, we write the
two-point unequal-time expectation value as in the following form:
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(ah(p'.1)a,(p.1)). = 2p°(27)38* (p — P')pwn(p. 1. 1).

The four-point unequal-time expectation value is represented in the following form:

SN

(a, (P )a, (pr.11)a

/
2

(Phs5)as, (P2 1)) = 4p}pY(2x)°6 (p1 = P1)5 (B2 — P)PLEL (P1. 11, 1)

x Pl (B2, 12, 15) + 4p)pY(27)° (p1 — P3)8° (P2 — ')

)

(2)

X P (P2 12, 1)p\E) (P11 11) + 4p0p3(27)°8 (py — ph)

X 8 (P2 = P8y, 0P ) (P2, 12 1))

= 4pp3(2m)°8° (p1 = P2)&° (P2 = P1)3y, 0y (P2. 12 11).

In the same manner, we can calculate the following expressions:

(ay, (pr.1)as, (pa. )af (k. 1)a; (k. 1)), = (22)°4pRk083) (p) — p2)&* (0)8, i (k. 1)

+ (2”)64P(1)k05(3)(P1 - k)5 (k — p2)5s1ipjs2(ks t.1),

and

(A23)

(as, (p1.0)aj (k. 1)a;(k, 1)al, (. 1)) = (22)°4K° pYs (py = p2)8) (0)8,,pi (K. 1)

+ (27)%4k° 953 (p, — k)8 (k
+ (2”)64]‘019(1)5(3) (k - P2)5(3)(P1 - k>5s2jps1i(pla 1, t).

—P2)8,ipjs, (K. 1)
(A24)
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