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Abstract We introduce a method where particle physics
processes in cosmology may be calculated by the usual per-
turbative flat space quantum field theory through an effective
Minkowski space description at small time intervals pro-
vided that the running of the effective particle masses are
sufficiently slow. We discuss the necessary conditions for
the applicability of this method and illustrate the method
through a simple example. This method has the advantage of
avoiding the effects of gravitational particle creation in the
calculation of rates and cross sections i.e. giving directly the
rates and the cross sections due to the scatterings or the decay
processes.

1 introduction

The current standard model of cosmology �CDM [1]
although being quite successful at cosmological scales has
some observational difficulties at smaller scales and some
theoretical problems [2–5]. One of the most popular and pre-
ferred alternatives to �CDM are those that employ scalar
fields (such as quintessence) or vector or fermionic fields for
dark energy or dark matter or for both [6–9]. The scalar, vec-
tor, or fermionic fields are also employed for cosmic inflation
[9,10]. For the study of the evolution of these fields at quan-
tum level the use of quantum field theory in curved space is
needed [11,12].

In quantum field theory in curved space one needs to deter-
mine the mode function for a given cosmological background
to calculate the cross section or the rate corresponding to a
particle physics process. The mode function must be deter-
mined for each cosmological background separately, and this
may be a complicated process in general that makes the
results more complicated and less clear when compared to
the usual Minkowski space perturbative quantum field theory
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calculations. Moreover, in the calculations in the context of
quantum field theory in curved space, the rates and the cross
sections involve contributions due to (spontaneous) gravita-
tional particle production in addition to those due to interac-
tion Lagrangians. This makes the problem of identifying the
results of the calculation even more difficult. The contribution
of gravitational production may be decreased by using adia-
batic approximation [11,13]. In this way one may also make
use of WKB type solutions for mode function, and assume the
space be approximately Minkowskian for the modes with suf-
ficiently short wavelengths. However, in general, the quan-
tum field theory in curved space calculations may have signif-
icant departures from the results of S-matrix formulation of
the usual Minkowski space quantum field theory even when
one may employ adiabatic approximation [14]. The source of
the problem is that, although, in principle, Minkowski space
is a good approximation for sufficiently small wavelengths,
adiabatic approximation by itself is not sufficient to justify
the use of the usual Minkowski space quantum field theory
as a sufficiently good approximation. One needs a more con-
crete and more general condition to justify the use of approx-
imate Minkowski space quantum field theory calculations in
cosmology. In this study we introduce a new rigorous condi-
tion (in addition to adiabatic condition) that guarantees the
use of Minkowski space quantum field theory calculations
in cosmology as a good approximation. Moreover, the stud-
ies in literature in that context [15–19] usually employ the
simpler case of scalar fields conformally coupled to gravity
or to the cases effectively equivalent to conformally coupled
case. Even in that case the results of the calculations are
rather complicated. In this paper, we consider scalars mini-
mally coupled to gravity by using a method that employs an
effective Minkowski space formulation. We also discuss the
limitations of the applicability of this condition.

The effective Minkowski space formulation studied here
was employed in the context of a specific model for formation
of Bose-Einstein condensation in cosmology [20]. The aim
of this paper is to provide a more general, formal and detailed
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treatment of this formulation i.e. of the effective Minkowski
space formulation of quantum field theory (in the background
of a Robertson-Walker metric). We employ the simple, yet
elaborate enough Lagragian density of [20], in particular,
the χχ → φφ processes in this framework, to see the basic
implications of the formulation in a simple setting. We show
that the corresponding calculations may be done by using
the tools of the usual perturbative Minkowski space quantum
field theory in sufficiently small time intervals provided that
the parameters of the model satisfy some conditions. We also
show that there is a considerable parameter space that satisfies
those conditions.

2 The basic conditions for effective Minkowski space
formulation

Spacetime at cosmological scales is described by

ds2 = −dt2 + a2(t)

[
dr2

1 − kr2 + r2(dθ2 + sin2 θdφ2)

]
. (1)

For simplicity we take k = 0 which is in agreement with observa-
tions [21]. We consider the following action in this space

S =
∫ √−g d4x

1

2

{
− gμν

[
∂μφ∂νφ + ∂μχ∂νχ

]

−m2
φφ2 − m2

χχ2 − μ φ2χ
}

(2)

=
∫

d3x dη
1

2

{
φ̃′ 2 − ( �∇φ̃)2 + χ̃ ′ 2 − ( �∇χ̃)2 − m̃2

φφ̃2

−m̃2
χ χ̃2 − μ̃ φ̃2χ̃

}
, (3)

where prime denotes derivative with respect to conformal time η

[12] and

dη = dt

a(t)
, φ̃ = a(η)φ , χ̃ = a(η)χ , a′ = da

dη
,

ȧ = da

dt
, a′′ = d2a

dη2 , ä = d2a

dt2

m̃2
i = m2

i a
2 − a′′

a
= a2

(
m2

i − ä

a
− ȧ2

a2

)
i = φ, χ ,

μ̃ = a μ . (4)

We will use the above action to study the essential aspects of
a formulation (that we call effective Minkoski space formulation)
that may be used to calculate cross sections and rates of particle
physics processes in the background of a Robertson-Walker met-
ric. Note that, the set-up given above only serves as a simple and
instructive toy model to study basics of this formulation while, in
principle, this formulation is applicable to any model provided that
the conditions introduced below are satisfied.

We assume that the rate of the decays and the scatterings are
much larger than the Hubble parameter so that one may take
the masses m̃χ , m̃φ constant during times smaller than the aver-
age time between two individual processes (e.g. between two
individual χχ → φφ processes) while the time dependence
is observed only at cosmological scales. This condition may be

expressed as the variation in m̃2
χ = a2

(
m2

χ − Ḣ − 2H2
)

and

m̃2
φ = a2

(
m2

φ − Ḣ − 2H2
)

during times 	 t smaller than the

average time (e.g. 1
nχ βσ v

for χχ → φφ) between two individ-
ual processes (where β is the effective penetration depth of the
incoming beam to the target, nχ is the number density of the tar-
get particles, σ is the cross section of the process, v is the relative
velocity of the incoming and the target particles) should be very
small i.e.

∣∣∣∣	 m̃2

m̃2

∣∣∣∣ =

∣∣∣∣∣∣∣∣
	 t

(
d a2(m2−Ḣ−2H2)

dt

)

a2
(
m2 − Ḣ − 2H2

)
∣∣∣∣∣∣∣∣

� 1,

where 	 t ≤ 1

nχβσ v
for χχ → φφ . (5)

Herem denotes either ofmχ ormφ , Ḣ = dH
dt = ä

a −H2. The upper
bound in (5) on 	 t is imposed because we take 	 t as the time
interval where the particles may be considered as free particles.

If we let

H = ξ a−s , (6)

which includes all simple interesting cases e.g. radiation, matter,
stiff matter, cosmological constant dominated universes, then (5)
becomes∣∣∣∣∣∣

2	 t a2H
[
m2

χ − (s2 − 3s + 2)H2
]

a2
(
m2

χ − (2 − s)H2
)

∣∣∣∣∣∣
=

∣∣∣∣2H	 t

(
1 − s(s − 2)H2

m2 + (s − 2)H2

)∣∣∣∣ � 1 . (7)

Another basic condition for applicability of an effective
Minkowski space formulation is that the variation of the effec-
tive coupling constant μ̃ for a sufficiently small time interval 	 t
in each interval ηi < η < ηi+1 i should be negligible i.e.

	μ̃

μ̃
=

dμ̃
dt 	 t

μ̃
= H 	 t � 1 , where 	 t ≤ 1

nχβσ v
. (8)

Note that the condition (8) guarantees the condition (7) provided

that
∣∣∣(1 − s(s−2)H2

m2+(s−2)H2

)∣∣∣ is not very large.
∣∣∣(1 − s(s−2)H2

m2+(s−2)H2

)∣∣∣ is

very large only if s is very large or if
m2

χ

H2 is very close to 2 − s.
Thus, (8) is enough to guarantee (7) essentially in all realistic cases.
Moreover, (8) implies that 	 t is much smaller than the Hubble time
1
H . Therefore, in the following we will simply suffice to impose
the condition (8) rather than (7).

3 Implication of the basic conditions and the adiabatic
condition for mode functions

The fields φ̃ and χ̃ may be expanded in their Fourier modes; for
example,

χ̃(�r , η) = 1√
2

∫
d3 p̃

(2π)
3
2

[
a−
p v∗

p(η)ei
�̃p.�r + a+

p vp(η)e−i �̃p.�r] ,

(9)
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where �r = (x̃1, x̃2, x̃3), ap are the expansion coefficients that are
identified by annihilation operators after quantization, vp are the
basic normalized solutions of the equation of motion (i.e. mode
functions) of χ̃ . In the time interval between two particle physics
processes (such as those in Fig. 1) one may consider χ̃ particles to
be free particles, so they satisfy

v′′
p + ω2

p(η) vp = 0 where ωp =
√

| �̃p|2 + m̃2
χ ,

v′
p v∗

p − vp v∗ ′
p = 2i. (10)

where ’̃s in (10) refer to the action (3) while the quantities without
˜will refer to (2).

We consider WKB-type solutions for (10) [12]

vp(η) = 1√
Wp(η)

exp

(
i
∫ η

ηi

Wp(η) dη

)
, (11)

where Wp , by (10), satisfies

W 2
p = ω2

p − 1

2

⎡
⎣W ′′

p

Wp
− 3

2

(
W ′

p

Wp

)2
⎤
⎦ . (12)

If we let |W 2
p − ω2

p| in (12) be small with respect to ω2
p , then

we may take

(0)Wp = ωp (13)

as an approximation for Wp . Further, if we let the variation of ω2
p

with η be small (i.e. if the contribution of gravitational particle
production to the particle physics processes is small [11]) then we
may take

(2)Wp = ωp

(
1 − ω′′

p

4ω3
p

+ 3ω′ 2
p

8ω4
p

)
, etc. (14)

as higher order (better) approximations. These approximations
are known as adiabatic approximations of order zero, order two
etc. [11,13]. Note that (0)Wp = ωp = constant corresponds to
Minkowski case, and (2)Wp is obtained by substituting (0)Wp with
time dependent ωp on the right hand side of (12) and then Taylor
expanding the square root for slowly varying ωp .

The requirement of slow variation of ω2
p with time introduced

above may be expressed in a formal way as

ω′
p

ω2
p

< 1. (15)

As
ω′
p

ω2
p

gets smaller and smaller, the WKB approximate solutions

in (14) get closer and closer to the solution in (13) which, in turn,
gets closer and closer to the exact solution at time η. The above
condition guarantees the more intuitive identification of adiabatic
approximation as slow variation of energy during Hubble time since
ω′
p

ω2
p

<
ω′
p

Hωp
for physically relevant modes inside horizon (i.e. for

ωp > H ). In the following, first we will show that the condition (5)
ensures adiabatic approximation for most of the physically relevant
parameter space, then we will show that the condition (5) makes
(0)Wp a perfect approximation in each interval 	 t .

The requirement of slow variation of ω2
p with time in (15) is

similar to the condition (5)

ω′
p

ω2
p

= a

(
1

ωp

)
dm̃2

χ

dt

2ω2
p

< a

(
1

ωp

)
dm̃2

χ

dt

2m̃2
χ

< a

(
1
m̃χ

)
dm̃2

χ

dt

2m̃2
χ

= a

(
1

(	 t)m̃χ

)
(	 t)

dm̃2
χ

dt

2m̃2
χ

. (16)

We see that the main differences between (15) and (5) are the
replacements of 	 t ≤ 1

nχ βσ v
by 1

ωp
or 1

m̃χ
and of � 1 by < 1.

We notice that (5) ensures (15) if 1
	 t m̃χ

is not much greater than

1 i.e. if 	 t m̃χ is not much smaller than 1. To see the range of
the applicability of this condition, we take 	 t = 1

nχ βσ v
and let

m̃χ

nχ βσ v
> O(1) i.e. m̃χ > nχβσ v. This, for example, implies

m̃χ > h̄ nχβσ v = 2 × 10−32 eV for h̄ 
 6.6 × 10−16 eV s,
nχ = 108 (m)−3 (i.e. at the order of the photon number density in
the universe), σ = 10−33 (m)2 (i.e. in the order of the cross section
of electromagnetic interactions), β = 1, v = c = 3 × 108 m/s.
Therefore, it is safe to say that (5) ensures the applicability of (15)
for all reasonable values of parameters unless we do not take 	 t
much smaller than 1

nχ βσ v
. In fact, it is evident from the above

argument that in the case of 1
nχ βσ v

m̃χ = O(1), (5) also ensures
that

ω′
p

ω2
p

� 1. (17)

This implies that, in most of the cases, (5) ensures the adiabatic
approximation. Another, even more important, result is derived
below.

By using the expression for ωp in (10) we find that

∣∣∣∣∣
	 ω2

p

ω2
p

∣∣∣∣∣ =

∣∣∣∣∣∣∣∣

(
dω2

p
dt

)
	 t

ω2
p

∣∣∣∣∣∣∣∣
=

∣∣∣∣∣∣∣∣

(
dm̃2

χ

dt

)
	 t

ω2
p

∣∣∣∣∣∣∣∣
<

∣∣∣∣	 m̃2

m̃2

∣∣∣∣ . (18)

This implies that, if (5) holds in a time interval 	 t , then

∣∣∣∣	ω2
p

ω2
p

∣∣∣∣ �
1 is ensured in the same interval i.e. (5) ensures that ωp may be
taken to be almost constant in that interval. Note that this argument
is true for any time interval 	 t . This, in turn, implies that (13)
is a very good approximation to the exact solution and ωp may
be taken to be constant for each time interval provided that (5)
is satisfied in each interval 	 t ≤ 1

nχ βσ v
. In other words, the

higher order approximations in (14) converge to (13) for reasonable
values of the parameters provided that (5) is satisfied. (A more
explicit derivation of this result may be found in A.) Hence we
find that Wp 
 (0)Wp = ωp = constant may be taken as a good
approximation in each time interval. Therefore in each time interval
ηi < η < ηi+1 we may take vp 
 v

(i)
p where

v(i)
p (η) = 1√

ω
(i)
p

exp
(
iω(i)

p (η − ηi )
)

where ω(i)
p = ωp(ηi ),

ηi < η < ηi+1 (19)
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Hence (9) may be expressed as

χ̃ (i)(�r , η) 

∫

d3 p̃

(2π)
3
2

√
2ω

(i)
p

[
a(i)−
p e

i
( �̃p.�r−ω

(i)
p (η−ηi )

)

+ a(i)+
p e

i
(
−�̃p.�r+ω

(i)
p (η−ηi )

)]
ηi < η < ηi+1 ,

(20)

where (i) refers to the i th time interval between the i th and (i+1)th
processes and ηi+1 − ηi = 	 t .

To see the difference of this framework with the standard frame-
work for the study of quantum field theory in curved space, it may
be useful to point out the similarities and the differences between
the formulation in [16] and in this paper regarding their domains
of the applicability and the forms of the expansion of χ̃ in terms
of mode functions. The condition (5) may be expressed as

	 m̃χ

m̃χ

=
(
Hh̄

Ek

)(
Ek

m̃χ

)(
	m̃χ

Hh̄

)
� 1 , (21)

where Ek =
√

| �̃p|2
a2 + m2

χ . In [16] the condition Hh̄
Ek

� 1 is
imposed, which is equivalent to (17) in the case of conformally
coupled scalars where m̃ = a m. It is evident that the condition
Hh̄
Ek

� 1 does not automatically imply (21) and vice versa. In

most of the cases
(

Ek
m̃χ

)
> 1, and it is quite possible that one may

have
(

Ek
m̃χ

)
� 1,

(
	m̃χ

Hh̄

)
� 1 while Hh̄

Ek
� 1 or one may have(

Ek
m̃χ

)
∼ O(1) while 	 m̃χ

m̃χ
� 1 since

(
Ek
m̃χ

)
or

(
	m̃χ

Hh̄

)
or both

may be smaller than one. This difference results in different forms
for the mode functions. The condition Hh̄

Ek
� 1 makes a′′ 
 0

so that m̃χ 
 a mχ . Therefore, in the case of [16] m̃χ can not
be taken to be constant, so the frequency ωp in (10) depends on
η in general in that case while in this study the condition (5) (i.e.
(21)) guarantees that one may take m̃χ constant in each 	 t , so

ωp = ω
(i)
p is constant in each interval ηi < η < ηi+1, hence the

corresponding mode function is just that of the Minkowski space,

namely, e± iω(i)
p (η−ηi ) in that interval.

The form of (3) and the above analysis imply that in each interval
ηi < η < ηi+1 we have an effective Minkowski space given by
[22]

ds̃2 = −dη2 + dx̃2
1 + dx̃2

2 + dx̃2
3 , (22)

where the masses of the particles are time dependent, and x̃i are

related to (1) by dx̃2
1 +dx̃2

2 +dx̃2
3 =dr2 +r2(dθ2 +sin2 θdφ2). This

together with the condition (5) implies we may use the tools of the
usual perturbative quantum field theory for calculation of the rates
and cross sections in an effective Minkowski space given by (22)
for each 	 t in (5). For example, for the process given in Fig. 1,
one may take the masses be constant during 	 t and use the usual
formulas for the rates and cross sections of the usual (Minkowski
space) quantum field theory and then we take masses of the particles
during the next 	 t be another constant and then calculate the rates
and cross sections for that 	 t , and so on. Equation (5), hence
Eq. (17) ensures that a possible contribution to the particle physics
processes due to a change in effective masses and decay widths
and gravitational particle production is small since the change in
the effective mass of the particles is small [12,13].

4 Additional conditions to be satisfied for applicability
of the method

Another constraint for this formulation is the cluster decomposi-
tion principle [23–25] which may be stated that as “the outcome
of a scattering event, in which two or several particles come in
close contact with each other is unaffected by the presence of any
number of particles very far away, or differently stated, that several
scattering events separated from each other by large distances are
independent of each other” [23]. In fact, once the particles partici-
pating in the interactions may be expressed in terms of field expan-
sions as in (9) and then quantized, then the cluster-decomposition
is guaranteed [25]. However such an expansion for individual par-
ticles may be inapplicable in some cases because the particles may
tend to act collectively due to long-range correlations or due to
long-range interactions. If the de Broglie wave-lengths of particles
in a system of particles overlap then there may be long-range order
(e.g. a Bose-Einstein condensation [26,27]) so that the system of
particles tend to move as a whole rather than acting independently.
In that case an expansion of the form of (9) can be done only for
the particles that are not in the condensate system. Therefore we
should impose the condition

h

| �̃p| � ñ
− 1

3
χ (23)

for the Broglie wavelength of the particles where �̃p and ñχ are the
momenta and the number density of the incoming particles in a scat-
tering process. Therefore this method is not applicable in the case
of very low momenta particles in the incoming beam. In the case
of long-range forces also there may be collective behavior. This is
characterized by the Compton wavelength of the particles mediat-
ing the interaction (since at non-relativistic case the corresponding
interaction potential may be expressed as V (r) ∼ e−αmχ r

r ). In the
case of the usual scattering processes the long-ranged character
of electromagnetic interactions do not pose a significant problem
since the atoms and molecules in the target are electrically neu-
tral as a whole and the interactions take place inside each atom
separately. However this an important issue for strong interactions
inside nucleons where all densely distributed colored particles may
be effected by the scattering, especially when the coupling constant
may be large [28]. Therefore we also impose that

h

m̃χ c
� ñ

− 1
3

φ . (24)

These conditions require that for the applicability of the method, the
momenta and the density of incoming particles should not violate
(23), and the mass of the intermediate particle m̃χ and the density
of the interacting particles ñφ should not violate (24). These condi-
tions become important at the extremely low momenta of incoming
particles, and extremely low mass of intermediate particles (espe-
cially in the case of appreciably strong interactions) for extremely
high number density of incoming particles.

After identifying the effective Minkowski spaces and the corre-
sponding field expansions in (20) the next step is to find the rates
and the cross sections corresponding to some process. To this end,
first we must identify the asymptotic states, the in and out states
to be able to express the interaction Lagrangian in terms of these
states and then calculate the corresponding scattering amplitudes
[29–32]. In the usual Minkowski space quantum field theory the out

123



Eur. Phys. J. C (2021) 81 :726 Page 5 of 12 726

and in states are taken as the free particle states in the remote future
and remote past i.e. taken as the states for t → ∞ and t → −∞,
respectively in text books. However, in practice these measure-
ments are done by detectors that are located sufficiently far from the
interaction region and the coming particles come from sufficiently
far locations. In other words, in practice the out and in states are
identified as those corresponding to t → T and t → −T , respec-
tively, where T is sufficiently large so that the in and out states may
be identified as free states. In this study we take T= 1

2 	 t as the
half of the time between two interactions. By the conditions (18),
(23), (24) we guarantee the assumption of taking this time to be
sufficiently large so that each incoming and outgoing particle can
be treated to be a free particle, so one may use the tools of the usual
perturbative Minkowski space quantum field theory. This point is
especially important for applicability of S-matrix formulation of
Minkowski space quantum field theory in this framework. Adia-

batic condition (15), even in the form of
ω′
p

ω2
p

� 1, is not enough

to ensure the applicability of S-matrix formulation of Minkowski

space quantum field theory. In fact,
ω′
p

ω2
p

� 1 only ensures (20) in a

time interval 1
ωp

which should be much smaller than T ∼ 1
nχ βσ v

since, otherwise, one cannot identify free asymptotic states. There-
fore, imposing (5) or (7) (or (8)) is essential for applicability of
S-matrix formulation of Minkowski space quantum field theory in
cosmology.

It is evident that (7) can be satisfied in most of the times by
taking 	 t sufficiently small. The only lower bound on 	 t comes
from (23) and (24) which are satisfied unless one takes momentum
of the incoming particles extremely small and/or the masses of the
intermediate particles and the number density of the final state par-
ticles violate (24). In fact, in many cases, (7) is satisfied even in the
case where 	 t saturates the upper bound i.e. when 	 t = 1

nχ βσ v
.

In that case (where m = mχ and 	 t = 1
nχ βσ v

), (7) becomes

∣∣∣∣∣∣
2a2H

[
m2

χ − (s2 − 3s + 2)H2
]

nχβσ v a2
(
m2

χ − (2 − s)H2
)

∣∣∣∣∣∣
=

∣∣∣∣∣
2H

nχβσ v

(
1 − s(s − 2)H2

m2
χ + (s − 2)H2

)∣∣∣∣∣ � 1 . (25)

Equation (25) implies that either of | 2H
nχ βσ v

|, |1 − s(s−2)H2

m2
χ +(s−2)H2 |

is much smaller than one, and the other is at most at the order
of one. In other words there are two extreme cases for (25) to

be satisfied, (i) |
(

1 − s(s−2)H2

m2
χ +(s−2)H2

)
| has a value of at most,

|
(

1 − s(s−2)H2

m2
χ +(s−2)H2

)
| ∼ O(1) provided that s 
 0 or s 
 2 or

m2
χ

H2 is not close to 2−s. In that case it is enough to let | 2H
nχ βσ v

| � 1

to satisfy (25). Note that | H
nχ βσ v

| < 1 should already be satis-

fied to enable the process to take place. (ii) | 2H
nχ βσ v

| has a value

of at most, | 2H
nχ βσ v

| ∼ O(1). In that case it is enough to let

|
(

1 − s(s−2)H2

m2
χ +(s−2)H2

)
| � 1 i.e. to set

m2
χ

H2 
 (s − 1)(s − 2)

which also implies that s > 2 or s < 1 (in addition to

|m2
χ

H2 | 
 |(s − 1)(s − 2)|). Equation (25) is satisfied for a con-

siderable range of parameters. For example, the case i) may be
realized in the radiation dominated era (s = 2) well after its start
(to make | 2H

nχ βσ v
| � 1 applicable) independent of the value of

mχ . The case i) is also satisfied for the current epoch of acceler-
ated cosmic expansion (where s 
 0) independent of the value

of mχ provided that H0
n0βσ0 v


 H0
n0σ0 v


 10−26m−1

n0σ0(v/c) � 1. The
case ii) may be satisfied in a possible stiff matter dominated era
(s = 3) after inflation or in the current accelerated expansion era,
s �= 0 ∼ 0 provided that m2

χ ∼ 2H2
0 .

An important comment is in order at this point. In the case
m2

i a
2 < a′′

a in (4) (which corresponds to m2
i < (2 − s)H2 in

the case of (6)) the effective mass m̃i becomes tachyonic. How-
ever a′′

a gets sufficiently small by time so that the particle masses
become real after some time for all physically relevant cases (e.g.
as given in (6)) except in the case where strictly s = 0. Therefore
this is not a true problem in general for the physically interesting
cases because either the mass becomes real after a finite time for
s > 0 or it can not interact with other particles (so, making the
tachyonic state harmless)for s ≤ 0 due to fast expansion rate.
However a tachyonic state can not be dealt within this formulation
because the would-be ground state (e.g. χ = 0, φ = 0) will not
be the ground state anymore, making the perturbation expansion
about the ground state inapplicable. In other words this formulation
is not applicable to the case, m2

i a
2 < a′′

a (which corresponds to
m2

i < (2 − s)H2 in the case of (6)). Therefore the case of s ≥ 2
(e.g. of radiation and stiff matter) is safe in this regard while, in the
the case of s < 2 (e.g. for cosmological constant and dust) H2

should be sufficiently small compared to m2
χ so that the problem of

tachyons do not emerge. After combining this constraint with those
discussed after (25) one notices that there is still a significant rele-
vant available parameter space left. The conclusions obtained after
(25) remain intact for radiation and stiff matter dominated eras, and
the conclusions obtained for the current accelerated expansion era
still hold provided that m2

χ is not equal to (2 − s) H2
0 h̄

2 ∼ 10−66

eV2.

5 The allowed range of parameters

Let us summarize what we have done up to this point: we have
introduced three conditions, namely, (5) (which in the case of
(6) reduces to (7)), (23), (24) for applicability of the method of
approximating the Robertson–Walker space by Minkowski space
in sufficiently small time intervals. One may also impose (8) for a
standard setup. Note that, (8) guarantees (7). Therefore, in phys-
ically relavant cases the essential conditions to be satisfied (for
applicability of the effective Minkowski formulation introduced in
this study) may be taken to be (8), (23), (24). Another constraint
we had imposed is the exclusion of tachyonic states that is auto-
matically guaranteed in a radiation dominated universe and for
cosmological constant and matter dominated universe at current
time is guaranteed for mχ > ∼ H0h̄ ∼ 10−33 eV as we have
mention in the preceding paragraph. We will assume that either of
these conditions is satisfied i.e. no tachyonic states emerge. More-
over, to guarantee the applicibality of (A1) it is useful to impose(

a
ωp

)
(	 t)−1 ∼

(
a nχ βσ v

ωp

)
< O(1) as we have mentioned after

Eq. (A1) although it is not a condition independent of (7).
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In other words, we have to impose the following conditions
for the applicability of the effective Minkowski space formulation
introduced in this study;

(
m̃χ c2

h̄

)3

=
(
m̃χ c2

eV

)3 (
eV

h̄

)3


 1.3 × 1020m−3
(
m̃χ c2

eV

)3

� ñφ , (26)

(
| �̃p|
h̄

)3


 1.3 × 1020m−3

(
| �̃p| c
eV

)3

� ñχ , (27)

(H 	 t)−1 � 1 where 	 t ≤ 1

nχβσ v
, (28)

(
a

ωp

)
(	 t)−1 ∼

(
a nχβσ v

ωp

)
< O(1) , (29)

provided that mχ >∼ H0h̄ ∼ 10−33 eV . Note that the condition
(26) is imposed for the processes where the intermediate particle
in the process is χ such as in the tree level φφ → φφ. In the cases
where the intermediate particle is φ, such as in the tree level χχ →
φφ processes, m̃χ in (26) should be replaced by m̃φ . It is evident
that, once (26) is satisfied, the corresponding expression where m̃χ

in (26) being replaced by m̃φ will be automatically satisfied.
Equation (26) tells us that one can not use the scattering the-

ory sufficiently well when the range of the forces are too long
for a successful particle description for the individual particles in
the system. This implies that, when the scattering of a system of
charged particles is considered, the scattering cross section calcu-
lated in this formulation becomes less and less reliable when the
mass of the intermediate particles goes to zero, especially when
one considers high number densities of the scattering particles.
However, this is not a big problem when one considers scatterers
like atoms that are neutral up to very small distances. In fact, the
bound (26) may be easily satisfied even for charged scatterers for
reasonable choices of the number densities, and for sufficiently
weak interactions as in [20]. For example, for m̃χ c2 = 1eV we

have
(
m̃χ c
h̄

)3 ∼ 1020 (m)−3. Note that the number densities of

nucleons, photons, and cold dark matter particles at present time

are in the order of ∼ 10−1 (m)−3, > 108 (m)−3, and
(

3 × 10−3eV
m̃χ c2

)
(

3 × 10−3eV
h̄ c

)3 
 1013
(

eV
mχ c2

)
(m)−3; respectively.

The second condition (27) tell us that one can not use the scat-
tering theory when the number density of the particles in the initial
state becomes sufficiently high (or if the momentum is sufficiently
low) so that Bose–Einstein correlation takes place and the sys-
tem acts like a single quantity. For most of the parameter space this

bound is not saturated. For example, we have
( | �̃p|

h̄

)3
∼ 109 (m)−3

for | �̃p|c ∼ 2 × 10−4 eV. This condition, for example, in [20] is
guaranteed by taking the momenta of the particles in the initial
state being high.

The third condition (28) is the essential condition for validity
of the effective Minkowski space formulation in this paper. It, in
principle, can be always satisfied by taking a smaller 	 t (pro-
vided that the interaction can be still taken to localized). How-
ever taking a smaller 	 t implies the excluding modes whose

wavelengths greater than | �̃p|
Ẽ

	 t . Therefore the optimum choice

is to take 	 t = 1
nχ βσ v

. In this case, one may put constraint
on the possible values of H , nχ and σ . For example, if one lets
H = H0 ∼ 2 × 10−18 s−1, σ = 10−40 (m)2 (i.e. in the order
of weak interaction cross sections), β ∼ 1, v ∼ c, then one finds
nχ � H0

βσ v
∼ 1014 (m)−3 which may be only satisfied by cold

dark matter particles of masses less than meV range. However,
instead if one takes σ = 10−33 (m)2 (i.e. in the order of electro-
magnetic interaction cross sections) and the same values of H , β,
then one finds nχ � H0

βσ v
∼ 107 (m)−3 which is satisfied if one

takes nχ in the order of 108(m)−3 i.e. in the order of the number
density of nucleons in the universe. At earlier times this condition
is usually satisfied more easily since n ∝ a−3 while H ∝ a−2

for a radiation dominated universe and H ∝ a− 3
2 for a matter

dominated universe.
The last condition (29) may be satisfied provided that we con-

sider the particles with momenta satisfying ωp > a(t) nχβσ v.
For example, for nχ ∼ 108 (m)−3, β ∼ 1, σ ∼ 10−32 (m)2,
v ∼ c at present we must have h̄ωp > 10−31 eV to be able to use
this method.

There is a considerable parameter space that satisfies all condi-
tions in (26–29) simultaneously. For example, for 	 t = 1

nχ βσ v

the conditions (27) and (28) may be combined into

1020m−3

(
| �̃p| c
eV

)3

� ñχ � a3 H

βσ v
, (30)

(where we have used ñχ = a3 nχ ) which, for example; for | �̃p| c >

1 eV , σ = 10−33 m2, β ∼ 1, v ∼ c, H = H0 ∼ 2 × 10−18 s−1

implies that 1020m−3 � ñχ � 107 m−3. The Eq. (26) remains
as an independent equation that restricts the number density of φ

particles for a given m̃χ , or vice versa. The last Eq. (29) gives a
lower bound for ωp for a given interval of the values of ñχ as the
one given in (30). For example, for the values given above it results
in ωph̄ > 10−29 eV .

6 Basic quantum field theory calculations in this
framework

It is evident from (3) that the cosmological time evolution of phys-
ical quantities may be considered mainly to be due to the time
evolutions of the effective masses and the coupling constants. We
have shown that, in each time interval 	 t = 1

nχ βσ v
, one may con-

sider the space approximately as a Minkowski space and use the S-
matrix formulation of the flat space quantum field theory provided
that the condition (5) (or (8)) and the conditions studied in Sect. 4
are satisfied in that interval. Thus, one may let m̃2

χ = m̃2
χ (ηr ),

m̃2
φ = m̃2

φ(ηr ), μ̃ = μ̃(ηr ) in the r ’th interval ηr < η < ηr +	η

(where 	 η is the conformal time interval corresponding to 	 t),
and then do the cross section or rate calculations by using the S-
matrix formulation of the flat space space quantum field theory in
that interval in the space described by (22). After the calculation
one may identify the m̃2

χ (ηr ), m̃2
φ(ηr ), μ̃(ηr ) terms in the result and

replace them by m̃2
χ (η), m̃2

φ(η), μ̃(η), and convert the momenta �̃k
and the energies Ẽ for (22) to the corresponding quantities for (1)

by using �̃k = a(t) �k (as discussed in Appendix B) to determine the
final result with cosmic evolution. This method can be used for any
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particle physics process. In the following paragraphs, first we illus-
trate the method through a simple example, namely, calculation of
the total cross section for the Feynman diagrams in Fig. 1, then we
present the general framework for this type of calculations.

To illustrate how to apply this method we consider a simple
example. We consider two types of particles χ and φ with signifi-
cant cosmological number densities and making random collisions,
and assume that all conditions for the applicability of this method
hold. We also assume that the coupling constant μ is small enough
so that one may use perturbative quantum field theory e.g. we let
μ̃
m̃φ

� 1 for Fig. 1. The corresponding cross section in the effective
Minkowski space is given by

σ̃ = (2π)4

4
√

( p̃1. p̃2)2 − m̃4
χ

∫ ∫
δ(4)( p̃1 + p̃2 − p̃3 − p̃4) |M̃ |2

×d3 �̃p3

Ẽ3

d3 �̃p4

Ẽ4
, (31)

where m̃χ , m̃φ are assumed to be constant during a time interval
much smaller than the average collision time between two particles,
M̃ corresponding to Fig. 1 is given by

M̃ = μ̃2

[
1

( p̃1 − p̃3)2 + m̃2
φ

+ 1

( p̃1 − p̃4)2 + m̃2
φ

]
. (32)

As we have mentioned before, the quantities with ˜ correspond to
the metric (22) while those without ˜correspond to the metric (1).
For example, E corresponds to (1) while Ẽ corresponds to the same
quantity for (22) i.e.

E2
i = a2

(
m2

i − ä

a
− ȧ2

a2

)
+ a2 �p2

i while

Ẽ2
i = a2m2

i − a′′

a
+ �̃p2

. (33)

where we have used �̃p = a �p (see Appendix B). In the center of
mass frame conservation of energy amounts to

�̃p2 + m̃2
χ = �̃k2 + m̃2

φ i.e. �̃p2 − �̃k2 = m̃2
φ − m̃2

χ

= a2
(
m2

φ − m2
χ

)
, (34)

where �̃k and �̃p are �̃p3 and �̃p1 in the center of mass of the system,

respectively. Note that �̃p, �̃k do not depend on time, so (34) is satis-
fied (provided that (5) is satisfied), in general, only at the moment
of each transition χχ → φφ. It is evident from the right-hand side
of (34) that it may not hold at later times. Therefore one may use
it in the evaluation of the cross sections and rates while it should
not be used for studying the cosmological evolution of the relation

between a particular �̃p, �̃k pair (while it may be used for cosmolog-

ical evolution of a generic �̃k provided that cosmological evolution
of a generic �̃p is given). Another point is that if the time inter-
val 	 t is taken extremely small to satisfy (5) then the uncertainty

introduced to Ẽ =
√

�̃p2 + m̃2
χ by δ E = 1

δ t [16] may be compara-
ble to or larger than E itself, so making (34) inapplicable. In fact,
such a situation would also make (31) inapplicable since the energy
conservation given in (34) is also used in the temporal part of the
four dimensional Dirac delta function in (31). However, we observe

that δ E is small for most of the phenomenologically relevant set of
parameters. This may be seen as follows. For δ t ∼ 	 t ∼ 1

nχ βσ v
,

Eq. (30) may be reexpressed as

1020m−3

(
| �̃p| c
eV

)3

h̄βσ v � δ E ∼ h̄

	 t

∼ h̄ñχ βσ v � h̄ a3 H. (35)

For example, for the values after (30), namely, for | �̃p| c > 1 eV ,
σ = 10−33 m2, β ∼ 1, v ∼ c, H = H0 ∼ 10−18 sec−1,
(35) at present time (a = 1) implies 2 × 10−20 eV � δ E ∼
h̄

	 t � 10−33 eV . This, in turn, implies that δ E
E is negligible for

these values of the parameters, provided that E is greater than
2 × 10−20 eV . It is evident from (35) that the upper bound on δ E
may be increased by increasing the value of | �̃p| σ β v. For exam-
ple, if | �̃p| σ β v is increased 104 times, then the upper bound on
δ E changes as 2 × 10−16 eV � δ E . In that case, taking E be
greater than 2 × 10−16 eV ensures δ E

E be negligible while the
conditions necessary for the applicability of effective Minkowski
space remain intact. In other words, there is a considerable param-
eter space where one may use the Minkowski space quantum field
theory formula (31) in each time interval 	 t for particle physics
processes in cosmological backgrounds that satisfy the conditions
discussed in the preceding section as a good approximation to an
exact result that would follow from a standard quantum field theory
in curved space calculation.

If we take m̃φ � m̃χ , �̃p2 � m̃2
χ , �̃k2 � m̃2

φ , then (32) may
be approximated by

M̃ 

(

μ̃

m̃φ

)2 1

1 − �̃k2

m̃2
φ

cos2 θ

. (36)

In this case the cross section corresponding to Fig. 1 is

σ̃ 

(

μ̃

m̃φ

)4 |�̃k|
64π | �̃p|2m̃φ

. (37)

Next we relate σ̃ (which is expressed in terms of the coordinates in
(22)) to the physically observed cross section σ (which is expressed
in terms of the coordinates in (1)). We note that

ñ(η) = d Ñ (η)

d3 x̃
= dN (t)

a−3d3x
= a3 n(t) and

a4 (ṅ4 + 3H n4) = d ñ4(η)

dη
= βñ1ñ2σ̃ ṽ (38)

ṅ4 + 3H n4 = β n1n2σ v . (39)

The Eqs. (38) and (39) and d|�x |
dt = v = ṽ = d|�̃x |

dη
together imply

that σ = a2 σ̃ . Therefore the cross section corresponding to Fig. 1
is

σ 
 μ4

(
m2

φ − ä
a − ȧ2

a2

) 5
2

(
a2|�̃k|

64π | �̃p|2
)

. (40)

Hence once we know the scale factor one may determine the cos-
mological evolution of the cross section. Note that, even when
ä
a + ȧ2

a2 ∼ 0, the physical cross section σ has a dependence on
the scale factor. For example, in a radiation dominated universe
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we have ä
a + ȧ2

a2 = 0 while a(t) varies with time considerably.
Moreover, even when the variation of a(t) in a time interval 	 t
may be small, it may vary considerably during a Hubble time. To

see the situation better, let ä
a + ȧ2

a2 ∼ 0 in (40). In that case, by (8),

we get
∣∣	σ

σ

∣∣ � 1 in a time interval 	 t = 1
nχ βσ v

as expected

while
∣∣	σ

σ

∣∣ in a Hubble time 1
H becomes of the order of one.

The relation σ = a2 σ̃ that is obtained above for Fig. 1 may be
seen more clearly by using a more formal consideration. The scat-
tering amplitude from an in state (with 1n particles with momenta
p1, 2n particles with momenta p2, etc.) to an out state (with 1m
particles with momenta k1, 2m particles with momenta k2, etc.)
may be expressed as [11,34]

〈 out; r m̄kr , . . . ,
2m̄k2 ,

1m̄k1 | 1n p1 ,
2n p2 , . . .

sn ps in 〉

=
∞∑
h=0

1

h!
∑

q1... qh

〈 out; r m̄kr , . . . ,
2m̄k2 ,

1m̄k1

×|Iq1 , Iq2 , . . . , Iqh ; out〉
× 〈out; Iqh , . . . , Iq2 , Iq1 | 1n p1

2n p2 , . . .
sn ps ; in 〉 , (41)

where the bars over the indices signify that they are expressed
in terms of the creation operators of the out states b̄†

ki
(with

b̄ki |0, out〉 = 0) while those without bar are expressed in terms
of creation operators of the in states a†

pi (with api |0, in >= 0);
and |Iq1 , Iq2 , . . . , Iqh ; out〉 denotes the complete set of all pos-
sible intermediate states in the final state that are expressed in
terms of the creation operators of the in fields. Therefore, the terms
〈 out; r m̄kr , . . . ,

2m̄k2 ,
1m̄k1 |Iq1 , Iq2 , . . . , Iqh ; out〉 do not con-

tain information about the effect of the particle physics interactions,
they only contain information about the effect of the curved space
and are expressed in terms of Bogolyubov transformation matrices
(see Appendix C). Note that the in and the out states in (41) are the
same as the in and the out states in the effective Minkowski space
formulation discussed in this study in the paragraph after Eq. (24).
The in and the out states in (41) are the usual in and the out states for
t → −∞ and t → ∞, respectively while the in and the out states
in the paragraph after (24) correspond to t → −L and t → L ,
respectively, where L is taken to be much larger than the range of
the interactions so that may taken to be sufficiently good approxi-
mation to t → −∞ and t → ∞. We remark that identification of
in and out states in a standard quantum field theory in curved space
analysis in general may be difficult. Although such an identifica-
tion can be rigorously may be done for cosmological backgrounds
that are localized in time, for general cosmological backgrounds
such an identification is a highly non-trivial issue [33]. On the other
hand, the issue of the identification in and out states is not a prob-
lem in the present effective Minkowski space formulation since
we take the space to be approximately Minkowskian in each time
interval 	 t = 2T where we calculate the cross sections and rates,
and we identify the in state as the state at t → −L and the out
state as the state at t → L . We use (41) and the formulas of the
standard exact quantum field theory in curved space analysis in the
following paragraphs to compare the result σ = a2 σ̃ obtained
after (39) (by using the effective Minkowski space formulation)
with the result of a standard exact quantum field theory in curved
space analysis.

The transformation φ̃ = a(η)φ is an overall rescaling of the
field both for in an out field operators, so it does not change the

Bogolyubov transformation matrices. Therefore, the only effect of
the field rescaling is through the second term that may be expressed
as〈

out; Iqh , . . . , Iq2 , Iq1 | 1n p1
2n p2 , . . .

sn ps ; in 〉
〈out, 0|0, in〉

= i h+s
s∏

i=1

∫
d4xi [−g(xi )]

1
2

×
h∏
j=1

∫
d4y j

[−g(y j )
] 1

2 gpi (xi ) f ∗
q j

(y j )

× [−∇xi μ∇μ
xi + m2 + ξ Rxi

] [
−∇y j μ∇μ

y j + m2 + ξ Ryj

]
× τ (yh, . . . , y1, x1, . . . , xs) , (42)

where gpi (xi ), fq j (y j ) are the mode functions defined in (C1) and
(C2). We take ξ = 0 in this study. The explicit form of the Green’s
function in (42) (for s χ particles in the initial state and h φ particles
in the final state) is

τ (y1, . . . , yh, x1, . . . , xs)

= 〈out; 0|T (φ(y1) . . . φ(yh) χ(x1) . . . χ(xs)) |0; in〉
〈out, 0|0, in〉 . (43)

The corresponding expression in terms of χ̃ and φ̃ is given by

τ̃ (y1, . . . , yh, x1, . . . , xs)

=
〈
out; 0|T

(
φ̃(y1) . . . φ̃(yh) χ̃(x1) . . . χ̃ (xs)

)
|0; in

〉
〈out, 0|0, in〉 . (44)

It is evident that τ̃ , τ are related by τ̃ (y1, . . . , yh, x1, . . . , xs) =
ah+s τ (y1, . . . , yh, x1, . . . , xs) since χ̃ = a χ , φ̃ = a φ (see App-
nedix D for a more formal and rigorous derivation).

Next, let us analyze the behaviour of the terms before the
Green’s function τ in (42) under the rescaling χ̃ = a(η)χ ,
φ̃ = a(η)φ. By (4), (2), (3) we have

√−g̃ d4 x̃ = dη d3x ,√−g d4x = a3dt d3x , so
√−g̃ d4 x̃ = a−4√−g d4x . The mode

functions gpi (xi ), fq j (y j ) remain the same under the rescaling

because the equations of motion for φ̃ and φ are related by[
−∇̃y j μ∇̃μ

y j + m̃2
]
φ̃ = a3(t)

[
−∇y j μ∇μ

y j + m2
]
φ = 0 (45)

so the corresponding solutions, namely mode functions, are the
same. Moreover, (45) implies that when each of

[−∇y j μ∇μ
y j + m2

]
and

[−∇xi μ∇μ
xi + m2

]
in (42) acts to the corresponding χ and φ

in (43), then each term results in a factor of a−3 after the rescaling
χ → χ̃ , φ → φ̃. Hence, after combining these factors, one
obtains〈

out; r m̄kr , . . . ,
2m̄k2 ,

1m̄k1 | 1n p1 ,
2n p2 , . . .

sn ps ; in
〉

= ah+s
〈
out; r ¯̃mkr , . . . ,

2 ¯̃mk2 ,
1 ¯̃mk1 | 1ñ p1 ,

2ñ p2 , . . .
s ñ ps ; in

〉
.

(46)

i.e. it has the same scaling as the Green’s function.
For Fig. 1 we have h = s = 2 in (46), so, the amplitude after the

scaling isa−4(t) times the one before rescaling. Note that the square
of the absolute value of the amplitude in (41) when expressed in
in Minkowski space in terms of the rescaled fields is equal to |M̃ |2
in (31) up to the delta function in (31). Taking also the fact that
�̃pi = a �pi , and Ẽi = Ei by (33) into account we find that we
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should have σ̃ = a−2 σ which confirms the relation after Eq. (39)
that is obtained in a less formal way.

7 Conclusion

We have demonstrated that, if the variation of the effective masses
defined by (4) are very small compared to the average collision
time between the particles in the universe, then the spacetime may
be taken to be approximately Minkowskian in these time intervals.
Moreover, if the conditions of cluster decomposition principle are
satisfied in these time intervals, and if the momenta of the incom-
ing particles are sufficiently large to prevent a significant amount
of Bose-Einstein correlation, and if the range of the interactions
between the particles are small or are effectively short ranged, then
one may use the tools of the usual Minkowski space quantum field
theory to determine cross sections and the rates of the interactions
between cosmic particles. We have shown that there is a consid-
erable parameter space that satisfies these conditions. In the cases
where this method is applicable it may be a simple tool to study
the rates and the cross sections in cosmology.
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Appendix A: Explicit derivation of the convergence of
higher order approximations to the zeroth in the presence
of (5) for phenomenologically relevant set of parameters

One may show that (5) guarantees
ω′′
p

4ω3
p


 0 and
3ω′ 2

p

8ω4
p


 0 for

reasonable values of the parameters, so one may take Wp 
 ωp .

This may be seen as follows: ωp =
√

| �̃p|2 + m̃2
χ implies that

ω′
p

ω2
p

= a

ω2
p

dωp

dt
=

(
a

2ω3
p

)
dm̃2

χ

dt
=

(
a

2ωp

)(
m̃χ

ωp

)2

(	 t)−1

×

⎡
⎢⎢⎣

(
dm̃2

χ

dt

)
(	 t)

m̃2
χ

⎤
⎥⎥⎦ 
 0 , (A1)

where 	 t ∼
(

1
nχ βσ v

)
. By (5), the last term in the square brackets

in (A1) is much smaller than one, so in order to show that (A1) is
almost zero the remaining terms in (A1) must not be much larger
than one. For reasonable values of the parameters this is really

the case.
(
m̃χ

ωp

)2
< 1, and

(
a

ωp

)
(	 t)−1 ∼

(
a nχ βσ v

ωp

)
< O(1)

provided we take ωp sufficiently large. This point will be discussed

after (29). Next we show that one may take
ω′′
p

4ω3
p


 0 for reasonable

values of the parameters. After using (6) and
d2ω2

p

dt2
= d2m̃2

χ

dt2
, and

d2ω2
p

dt2
= 2

(
dωp
dt

)2+2ω
d2ωp

dt2
, and

d2m̃2
χ

dt2
= 2

(
dm̃χ

dt

)2+2m̃χ
d2m̃χ

dt2

we observe that

dm̃χ

dt
= 1

2m̃χ

dm̃2
χ

dt
= Hm̃χ + a2s(2 − s)H3

m̃χ

d 2m̃χ

dt2 = (1 − s) H2m̃χ + a2s(2 − s)(2 − 3s)H4

m̃χ

− a4s2(2 − s)2H6

m̃3
χ

(A2)

so,
ω′′
p

4ω3
p

= a

4ω3
p

d
(
a
dωp
dt

)
dt

= a2Hm̃χ

4ω4
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dm̃χ

dt
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4ω4
p

(
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ω2
p
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dt

)2

+ a2m̃χ

4ω4
p

[
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m̃3
χ

]

=
(

a

ωp
(	 t)−1

)2 (
m̃χ

ωp

)2
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⎪⎪⎩

1

8
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⎡
⎢⎢⎣

(
dm̃2

χ

dt

)
(	 t)

m̃2
χ

⎤
⎥⎥⎦

+ 1
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(
1 − m̃2

χ

ω2
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⎢⎢⎣

(
dm̃2

χ

dt

)
(	 t)

m̃2
χ

⎤
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2

+ 1

4
(H	 t)2
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m̃2
χ

− a4s2(2 − s)2
(

H

m̃χ

)4
]⎫⎪⎪⎬
⎪⎪⎭


 0 , (A3)

provided that (5) is satisfied. After using (A1) and (A2) one
observes that (A3) too gives negligible contribution to (14) for
reasonable values of the parameters provided that either H	 t
and H

m̃χ
are not much larger than one. Hence we have shown

that Wp 
 ωp in this case. In fact a similar result is obtained

in [16] where the condition Hh̄
Ek

� 1 (Ek =
√

| �̃p|2
a2 + m2

χ ) is
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imposed. In that study ωp is time dependent in general since the
condition Hh̄

Ek
� 1 can not impose effective Minkowski spaces

in small time intervals while the condition (5) in this study makes
Wp 
 (0)Wp = ωp = constant in each time interval.

Appendix B: Relation between the momenta with tilde
and without tilde

The relation between the momenta with tilde and without tilde in
this paper is the same as the momenta in the geodesic equations
for the metrics (1) and (22) in a given time interval. Therefore, the
relation between the momenta with ’̃s and those without ’̃s is

| �̃p| = m̃χ

√
g̃i j

d x̃ i

|ds̃|
dx̃ j

|ds̃| = a mχ

√
gi j

dxi

|ds|
dx j

|ds| = a| �p|. (B1)

The equality in (B1) follows from extremization of the action for
a free particle of mass m i.e.

∫
mds where m = m̃χ , ds = ds̃ for

the metric (22) and m = mχ , ds = ds for the metric (1). In the
case of (1) it reduces to the extremization of

∫
ds since m = mχ is

constant. The resulting geodesic equations are dx̃i

|ds̃| =
√
mχ vi

m̃χ
and

dxi
|ds| =

√
vi

a2 where vi is some constant, so (B1) follows. | �p| ∝ 1
a is

the physical momentum while | �̃p| does not depend on redshift. We
require that the variations in m̃2

χ and m̃2
φ are small (that are already

ensured by (5)). This, in turn, implies that the variation in ω2
p of

(10) with time is small since �̃p does not depend on time.

Appendix C: Derivation of the Eqs. (41) and (42)

In general, the in and out field operators may be expressed as

χin(x) =
∑
n

[
ain −
n fn(x) + ain +

n f ∗
n (x)

]

=
∑
n

[
bin −
n gn(x) + bin +

n g∗
n(x)

]
(C1)

φout (x) =
∑
n

[
āout −n fn(x) + āout +n f ∗

n (x)
]

=
∑
n

[
b̄out −n gn(x) + b̄out +n g∗

n(x)
]

, (C2)

where the creation, annihilation operators and the mode func-
tions in the first and the second equations of (C1) and (C2) are
related by Bogolyubov transformations. We have put an addi-
tional bar over the annihilation and the creation operators in (C2)
to simplify the notation in the following lines. The initial and
the final vacuum states being identified by ain −

n |0, in > = 0,
b̄out −n |0, out > = 0 for all n. Consider the scattering ampli-
tude from an in state |1n p1

2n p2 .....
sn ps ; in > to an out state

|1m̄k1
2m̄k2 .....

r m̄kr ; out >, namely, [11,34]

〈
out, m̄(s)|n(s)

〉
=

〈
out; r m̄kr . . . 2m̄k2

1m̄k1

×
∣∣∣ 1n p1

2n p2 .....
sn ps ; in

〉
, (C3)

where nlk j stands for ln particles with momentum k j , and

∣∣∣1
n p(1)

2n p(2) . . . sn p(s) ; in
〉

= (1n! 2n! . . . sn!)− 1
2

(
a†
p(1)

) 1n (
a†
p(2)

) 2n
, . . . ,

(
a†
p(s)

) s n |0, in〉,
∣∣∣1
m̄k(1)

2m̄k(2), . . .
r m̄k(r) ; out

〉

= (1m! 2m! . . . rm!)− 1
2

(
b̄†
k(1)

) 1m (
b̄†
k(2)

) 2m
, . . . ,

(
b̄†
k(r)

) r m |0, out〉 .

(C4)

Then the corresponding amplitude < out, m̄(r)|n(s), in > may be
found to be [34]〈

out, m̄(r)|n(s), in
〉

=
∑
ρ

∑
σ

i
(s−q)

2 i
(r−q−w+k)

2

×{
Ozρ(1) . . . Ozρ(k) α−1

ρ(k+1),ρ(k+1) . . . α−1
ρ(q),ρ(q)

× �ρ(q+1),ρ(q+2) . . . �ρ(s−1),ρ(s) Qzσ(1) . . . Qzσ(w)

×Vσ(w+1),σ (w+2) . . . Vσ(r−q+k−1),σ (s−q+k−q)

× 〈out, 0| T (
φ(zσ(1)) . . . φ(zσ(w)) φ(zρ(1)) . . .

× φ(zρ(k))
) |0, in〉}, (C5)

where the subscripts zρ(i) imply zρ(i) = zρ(i), and
∑

ρ

∑
σ stands

for the summations over 0 ≤ k ≤ s, 0 ≤ q ≤ s−1, 0 ≤ w ≤ r .
Here the subindex ρ stands for all possible combinations between
Ozρ(), α−1

ρ(),ρ(), �ρ(),ρ(); and the subindex σ stands for all possible
combinations between Ozσ() and Vσ(),σ (), where

Oz(i) = i
∑
p

α−1
i p

∫ √−g d4zi gp(zi )

× (−∇zi μ∇μ
zi + m2 + ξ Rz(i)

)

Qz(i) = i
∑
p

α−1
pi

∫ √−g d4zi f p(zi )

× (−∇zi μ∇μ
zi + m2 + ξ Rz(i)

)
�i j = −i

∑
p

βpiα
−1
j p , Vi j = i

∑
p

β j pα
−1
pi

with m being the mass of φ, R is the curvature scalar, and ξ = 0 in
this case (i.e. for minimal coupling between matter and curvature).
It is evident that (C5) has the form given in Eq. (41) [11], and after
excluding the terms containing Bogolyubov coefficients αi j , βi j it
corresponds to Eq. (42).

Appendix D: Transformation of
<out;0|T(φ( y1)... φ( yh) χ(x1)... χ(xs))|0;in>

<out,0|0,in>
under χ → χ̃ ,

φ → φ̃

In this appendix we study the effect of χ → χ̃ , φ → φ̃
on τ (y1, . . . , yh, x1, . . . , xs) in (43). We apply a careful path
integral analysis since a naive analysis could be misleading.
τ (y1, . . . , yh, x1, . . . , xs) in terms of functional derivatives may
be expressed as [11]

τ (y1, . . . , yh , x1, . . . , xs)

= i−(h+s)
[

δh+s ln Z [J ]
δ Jφ(yh) . . . δ Jφ(y1) δ Jχ (x1) . . . δ Jχ (xs)

]
J=0

. (D1)

123



Eur. Phys. J. C (2021) 81 :726 Page 11 of 12 726

(a) (b)

Fig. 1 The leading order Feynman diagrams that contribute to χχ →
φφ. Here q̃t = p̃1 − p̃3 = p̃4 − p̃2, q̃u = p̃1 − p̃4 = p̃3 − p̃2
are the 4-momenta carried in the internal lines. Note that the s-channel
is forbidden by kinematics in Minkowski space. In a curved space, in
general, one expects the s-channel to be opened due to the violation of
energy/momentum conservation [16]. In this case where the space is
taken to be nearly Minkowski in the intervals corresponding to average
time for each process, one expects a small contribution to the scatter-
ing amplitudes due to the opened s-channel processes. However this
contribution may be neglected since we take the space to be almost
Minkowski in these time intervals by the condition (5)

The Green function generating functional for this study before the
rescaling is

Z [J ] =
∫

D[φ]D[χ] exp

×
[
i S + i

∫ √−g d4x
(
Jφ φ + Jχ χ

) ]
. (D2)

Here, [35,36]

∫
D[φ] = limL→ ∞limN→ ∞ Nε=L

∫ N∏
m

dφm , (D3)

×
∫

D[χ] = limL→ ∞limN→ ∞ Nε=L

∫ ∏
m

dχm ,

where the 4-dimensional volume L4 is divided into N 4 small cubes
of sides ε, the subindex m denotes the mth cube.

The explicit form of S in (D2) is given in (2), and The S before
and after the rescaling are the same by equality of (2) and (3) by
construction. The Jφ φ and Jχ χ terms may be made to be invariant
under rescaling by defining

J̃φ = a3 Jφ , J̃χ = a3 Jχ , (D4)

where we have used χ̃ = a χ , φ̃ = a φ,
√−g̃ d4 x̃ = dη d3x as

mentioned before (45).
On the other hand, there could be some nontrivial effect of

rescaling on (D2) through theD[φ] andD[χ ] terms. Another poten-
tial effect could be through the intermediate states since (D2) may
be also expressed as

Z [J ] = exp

{
i
∫

d4x μ

(
1

i

δ

δ Jφ

)2 (
1

i

δ

δ Jχ

)}

×
∫

D[φ]D[χ] exp

[
i S0 + i

∫ √−g d4x
(
Jφφ + Jχχ

)]
. (D5)

Hence a factor of a9 will be introduced through the rescaling of
Jφ and Jχ in the functional derivatives in (D5) after using (D4).
However this rescaling does not effect (D1) because of the presence

of ln Z rather than Z . Because of the same reason, the effects of
rescaling on D[φ] and D[χ ] terms in (D3) cancel in (D1).

In other words, the only effect of the rescaling χ → χ̃ , φ → φ̃

on τ (y1, . . . , yh, x1, . . . , xs) is through the functional derivatives
in (D1) i.e. only through the rescaling of the fields φ and χ in (43)
as expected.
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