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ABSTRACT: Boltzmann equation plays important roles in particle cosmology in studying
the evolution of distribution functions (also called as occupation numbers) of various par-
ticles. For the case of the decay of a scalar condensation ¢ into a pair of scalar particles
(called x), we point out that the system may not be well described by the Boltzmann
equation when the occupation number of y becomes large even in the so-called narrow res-
onance regime. We study the particle production including the possible enhancement due
to a large occupation number of the final state particle, known as the stimulated emission
or the parametric resonance. Based on the quantum field theory (QFT), we derive a set
of equations which directly govern the evolution of the distribution function of x. Com-
paring the results of the QFT calculation and those from the Boltzmann equation, we find
non-agreements in some cases. In particular, in the expanding Universe, the occupation
number of x based on the QFT may differ by many orders of magnitude from that from the
Boltzmann equation. We also discuss a possible relation between the evolution equations
based on the QFT and the Boltzmann equation.
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1 Introduction

Boltzmann equation is widely used as a tool to study the evolution of the momentum distri-
bution of multiple states. The success of the standard cosmology or ACDM essentially relies
on the use of the Boltzmann equation in an expanding Universe. In cosmology, however,
the stimulated emission or Pauli blocking effect is usually omitted (see, for example, [1, 2]).

Scalar fields may form condensation; examples of such scalar fields include inflaton [3—
7], curvaton [8-10], axion [11-15], Affleck-Dine field for the baryogenesis [16], and so on.
(Hereafter, such a scalar condensation is called ¢.) If ¢ can decay into a pair of bosonic
particles (called x) as ¢ — xx, the effects of the stimulated emission can be important since
the daughter particles may be enormously populated. In particular, recently, a new mech-
anism of producing bosonic dark matter from the inflaton decay has been proposed [17],
in which a stimulated emission of the bosonic dark matter plays an important role.

Such systems have been studied by employing the Boltzmann equation or in the con-
text of the parametric resonance [2, 18-36]. In particular, particle production from an
oscillating scalar field has been intensively investigated, particularly using the Mathieu
equation [37, 38]. In the previous studies, the evolution equation of the expectation value
of the field operator (which we call wave function) for the final-state particle is converted
to the Mathieu equation, based on which the occupation number of the final state particle
has been estimated. Then, it has been shown that there exist resonance bands and that the
occupation numbers in the resonance bands grow exponentially. In the broad resonance
region, it has been known that the particle production is non-perturbative and that the



process cannot be described by the Boltzmann equation. On the contrary, sometimes it has
been argued that the Boltzmann equation can provide a proper description in the narrow
resonance regime.

In this paper, we study the particle production from an oscillating scalar field in the
narrow resonance regime. We pay particular attention to the relation between the results
based on the Boltzmann equation and those from the quantum field theory (QFT). Even
though the effects of the stimulated emission may be included in the Boltzmann equa-
tion [1, 2], it is unclear whether the Boltzmann equation can properly describe the particle
production from the oscillating scalar field from the QFT point of view, in particular, the
parametric resonance. Based on the QFT, we derive a set of equations which directly gov-
ern the evolution of the occupation number of the final state particle x with an oscillating ¢
background. We will see that the results of our evolution equations are in good agreement
with those from the conventional approach with the Mathieu equation. Then, we compare
the occupation number obtained from the QFT calculation with that from the Boltzmann
equation. We will see that the results from the QFT and the Boltzmann equation may dif-
fer even in the narrow resonance regime when the occupation number becomes larger than
~ 1. In particular, in the expanding Universe, growth factors derived from two approaches
may differ many orders of magnitude. We also discuss how our evolution equations can
be related to the conventional Boltzmann equation and consider a possible explanation of
the discrepancy.

This paper is organized as follows. In section 2, the setup of our analysis is given.
In section 3, we derive the evolution equations and discuss particle production in the flat
spacetime. In section 4, we study particle production taking into account the cosmic
expansion. Section 5 is devoted to the summary of this paper.

2 Setup

Here, we study particle production from an oscillating real scalar field ¢, whose mass is m.
We concentrate on the case that ¢ is spatially homogeneous and the scalar field ¢ depends
only on time t. We consider the timescale much shorter than the dissipation of the motion
of ¢ and the back reaction. Then, assuming that the potential of ¢ is well approximated
by a parabolic one, the motion of ¢ is described as

H(t) = ¢ cos mgt, (2.1)

where ¢ is the amplitude. The number density of ¢ is given by

1 -
ng = §m¢gb2. (2.2)

The scalar field ¢ is assumed to interact with a real scalar field x. Although our
discussion holds as far as the interaction Hamiltonian has the form of eq. (3.5) given
below, we consider the following interaction Hamiltonian to make our discussion concrete:

Hi = A / Priy?, (2.3)



where A is a dimension 1 coupling constant. With the above interaction Hamiltonian, the
decay rate for the process of ¢ — yx is obtained as

A% 2
r® = £ P 2.4
P—xx 87rm¢m¢’ (2.4)
where p, is the three-momentum of x produced by the decay:
1 4m?
with m, being the mass of x. In eq. (2.4), the superscript “(0)” indicates that ngxx is

the perturbative decay rate in the vacuum.

The production of x in the system introduced above has been also studied in the
context of parametric (or tachyonic) resonance [19, 23, 24, 29]. In particle production
through the parametric resonance, the modes in resonance bands are effectively produced.
In the present case, the widths of the bands are determined by the following parameter:

4A¢
—.
Mg

q (2.6)
As we will see below, the band width is ~ gmg. Hereafter, for the comparison with the
Boltzmann equation, we concentrate on the case that the band widths are narrow, i.e.,

g <1 (2.7)

In the narrow resonance regime, x is produced almost “on-resonance,” i.e., the momentum
of x produced from the ¢ oscillation is |k| ~ p,. In the perturbative description, effects
which are higher order in A are suppressed when ¢ is small [25].

3 Particle production in flat spacetime

3.1 Evolution equations from QFT

In studying particle production in the QFT, an approach by employing the Mathieu equa-
tion has been often used in the context of parametric resonance. In our analysis, however,
we adopt a different approach, which should be equivalent to the one with the Mathieu
equation, by deriving evolution equations for the distribution function. An advantage of
our approach is that the equations directly describe the evolution of the distribution func-
tion. Because of this, we can consider a possible relation between the evolution equation
of the distribution function in the QFT and the Boltzmann equation.

We first discuss particle production in the flat (i.e., Minkowski) spacetime. We decom-

pose x by using the creation and annihilation operators, denoted as a; and a}%, respectively:

3 g o
x(z) = / m [ ag(t) + e Mal (2)] (3.1)



The creation and annihilation operators satisfy the following commutation relation:

lag, al,] = (2m)6@) (k - &) (3.2)

With the creation and annihilation operators, the free part of the Hamiltonian is given by

Bk
Hfree:/wwka’;a_H (33)

where

wi = 1/ |K]2 + m2. (3.4)

In addition, the interaction Hamiltonian is expressed as

A3k [ t

Hing(t) = Ap(t) / G al(t)ag(t) + ap(t)ak(t) + ag(t)a_(t) + al(t)a’ E(t)} . (3.5)

In order to study the production of y, we introduce the distribution function of x:

Ji(t) = 3 (akOag(e), (36)

where V' is the spatial volume, and the expectation value of the operator O is defined by
using a density matrix p as

(0) = Tr(pO). (3.7)

Using the distribution function, the number density of y is given by

3
mlt) = [ s fitt) (3.9

In the following, we work in the interaction picture. The time dependence of the
operator O is given by

O = i[O, Hyeo), (3.9)
where the “dot” denotes the derivative with respect to time, and hence
ap = —iwka. (3.10)
In addition, the density matrix evolves as
p = i[p, Hing]. (3.11)

Consequently, the evolution of the expectation value of the operator O is governed by the
following differential equation:

d , .
£<(’)> = —i([O, Hint]) + (O). (3.12)



In order to study the evolution of the distribution function, we also introduce

1
QE = V(a,;aﬁ,;). (313)

Then, the time derivatives of f;: and g; are given by

fz :zw—k ( 2 — gE) cos mgt, (3.14)
»

gp=—1i lekgE + w—(b (1 + fe+fop+ 29;) cos m¢t] ) (3.15)
k

We consider isotropic solutions, and the momentum dependences of fz and g; are only via
k = |k|; thus, in the following, these functions are denoted as fi and g, respectively. We
decompose the complex function gi as

gr(t) = e 2N [E (1) + ik (1)) (3.16)

where & and n; are real functions. Then, the evolution equations become

. A
fr = A¢ cos mgt [2&}, sin 2wyt — 2my, cos 2wit] (3.17)

Wi

. A :

& = — - cos mgt [(1 + 2fy) sin 2wit + 0], (3.18)

k

. Ag
N = o cosmgt [—(1 4 2fy) cos 2wyt — &) . (3.19)

We note that the evolution equations above also apply to the case of ¢ 2 1, although we
do not consider such a case in this paper.

Before solving these differential equations, we comment on the initial condition. Be-
cause we study the y production from the ¢ oscillation, we consider the case that the x
sector is initially at the ground state (vacuum), denoted as |0); thus, p(0) = |0)(0|. Because
ax|0) = <0|a;rC =0, fr and g should satisfy!

fr(0) = & (0) = nx(0) = 0. (3.20)

We numerically solve egs. (3.17)—(3.19) with the initial condition given by eq. (3.20).
The evolutions for wy = %m¢ and mgy are shown in figures 1 and 2, respectively, with taking
g = 1072. As one can see, f; monotonically increases when ¢ < myg irrespective of wy, (as
far as wy < mg). The behavior at ¢ — oo strongly depends on wy. For wy, = %mqg, the
functions fi and 7, grow exponentially at ¢ — oo, while & is oscillating. On the contrary,
for w = my, fr does not show the growing behavior at ¢t — oo.

The behaviors of fi, &, and 7, at t < mg can be obtained by expanding these
functions as a power series of t. With ¢ being small enough, the effects of the oscillation of

LOur evolution equations are applicable to other types of initial conditions.
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Figure 1. |¢| (blue), |nx| (orange), and fi (green), as functions of time (in units of mgl). Here,
we take ¢ = 1072, and w = my.
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Figure 2. Same as figure 1, except for w = mg.



¢ is unimportant and we obtain

1
fk(t)|t<<m;1 = Zq2m§5t2a (3.21)
1
&), wmzt = quitQ, (3.22)
1
nk(t)|t<<m;1 ~ — iqm(bt. (3.23)

We can also understand the exponential growths of the modes with wy ~ %mqg at
t — co. We first adopt the following ansatz:

fk(t)’tZ(qmcb)_l ~ ape™, (3.24)
where oy, and Ay are positive constants. Substituting the above ansatz, eq. (3.15) becomes

2A¢ 1
Wik mi — (Zwk — Z>\k)

gr(t) ~ 5 [(2wr — i) cos mgt — img sin met] fi(t), (3.25)

where we neglect terms which are not exponentially growing, and

Ao 1 .
Imgy(t) ~ — o (2or = FNERY: [Ak cos mgt — (2wy, — mg) sinmgt] fi,(t)
A 1

- A t+ (2w + i t t). 3.26
o (o g7 3 Dot + (G mg)siumat] fe0): - (3.26)

For the study of the modes with wy ~ %md,, we neglect the second term of the right-hand
side of the above equation because it is sub-dominant. Combining egs. (3.14) and (3.26),

we obtain
Je o (A9) !
f—z ~ 2 <wk> (uor —mg)? + 2 cos met [A cosmet — (2wy, — mg) sinmgt].  (3.27)

We neglect terms which are oscillating with the timescale of ~ mdjl because we are not
interested in terms with rapid oscillations. We define the time average of the function F'(t)
as

(), =+ / R, (3.28)

*

' <« t. < (gmy)~t. Using the relation

(cos?mgt); ~ 1 and (sin2meyt); ~ 0, we can see that eqs. (3.14) and (3.15) are satis-

where the timescale ¢, is taken to be m;

fied with the ansatz given in eq. (3.24) (neglecting rapidly oscillating terms and terms
which do not grow exponentially) if

1 2
A = \/4 <W> ¢*mj — (2w — mg). (3.29)



z Numerical Eq. (3.24)
—04 7.3 x10" 6.2x 10"
—0.2 89x10'7 8.6 x10'7

0 3.5x10" 3.5x10"

0.2 7.7x10'7 7.8 x 107
0.4 4.7x 10" 4.6 x 101

Table 1. The ratio fi(t = 100(gmg) ")/ fx(t = 10(gmy)~1), based on the numerical calculation
(Numerical) and the approximation adopting the ansatz of the exponential increase (eq. (3.24))
with the growth rate given in eq. (3.29). We take ¢ = 1072, and several values of wy, (parameterized
as wy, = 2my(1+ 2q)).

The growth rate A; should be real, which determines the resonance band. We can see that
the width of the resonance band is of O(gmg). Then, keeping the leading term in ¢, we

may use
1 2012 2
Ak 105~ (2w, — mg)?, (3.30)
and the resonance band is given by w_ < wg < w4y, where
1 1

Notice that the resonance band given above corresponds to the first resonance band in the
study of the parametric resonance, and that the growth rate given in eq. (3.30) is consistent
with that given in [21, 23, 24].

In order to check the validity of the ansatz of the exponential increase given in
eq. (3.24), we compare the value of fi(t = 100(gmg) 1)/ fi.(t = 10(gme)~') obtained from
the numerical calculation and that predicted by eq. (3.24) (with the growth rate given in
eq. (3.29)). The results with taking ¢ = 1072 are shown in table 1 for several values of
wy, in the resonance band. Notice that fix(t = 10(gmg)~t) is of O(10) for the frequencies
considered in table 1, and hence the effect of stimulated emission is already important
when ¢t = 10(gmy)~!. We can see that the occupation number in the resonance band is
well described by the exponential increase with the growth rate given above once the effect
of the stimulated emission becomes effective.

3.2 QFT and ordinary Boltzmann equation

The relation between the analysis so far and that based on the conventional Boltzmann
equation is interesting. Sometimes particle production from the oscillating scalar field ¢
is studied by using Boltzmann equation. ¢ can be regarded as a coherent state of a non-
relativistic scalar field and the production of x may be regarded as the decay of ¢. Then,
the collision term in the Boltzmann equation is given by (see, for example, [1, 2])

) 4 2 F(O)
Fleel () = W (14 fi)? = f2] 8k = py), (3.32)
X



where the first and the second terms in the square bracket describe the effects of the decay
and the inverse decay of ¢, respectively. In the following, we consider how the collision
term can be related to the argument based on the QFT. We treat the cases of ¢ < (gm) ™!
and t > (qgmg) ™! separately.

When t < (gmg) !, fi is smaller than 1 and the solution of eq. (3.15) is approximately
given by

L4

_W o (—Zkae_inkt + 2wy, cos myt — img sin m¢t) , (3.33)

gr(t) ~

where ¢ is a constant. Here, we have neglected the last term of the right-hand side of

2

eq. (3.15) because it is of O(q) and is sub-dominant relative to the first term.” Because

9x(0) = 0 and also because gj is non-singular at wy — %m(f,, ¢ =1 and hence f; becomes

-\ 2
~ (A¢> v (wp; ), (3.34)

{
tS(gmg)™t 4\ wy

where

8

M cos Myt (2w sin 2wt — mg sin myt) . (3.35)

Y(wit) =
In the above expression, we neglect the terms which are rapidly oscillating with the

timescale of ~ m;l (even in the limit of wy — 3my). Notice that the function ~y(w;t)
has the following property:

oo
/ dwy(w;t) = 1+ cos 2myt. (3.36)
0

We consider the time averaged value of fk and neglect terms which are rapidly oscillating:

-\ 2
: w [ Ad
~ — | — | Awg;ts), .
where
1 T
Aw;ty) = o dty(w;t). (3.38)
* JO
Using eq. (3.36), we obtain
. 00 . 1 T+t , ,
t*lgnoo/o dwA(w;ty) = t*lgnoo —*/t dt' (14 cos2mgyt’) = 1. (3.39)

2The homogeneous solution of eq. (3.15), i.e., the solution with taking (1 4 2fx) — 0, is given by

nom ni ; ) A_ 1
gl(clo oge ous)(t) = exp <_21wkt —1 ¢ sin m¢t> )
m¢wk

with ¢’ being a constant. In eq. (3.33), the second term in the bracket is neglected because it gives a higher
order contribution in terms of q.



In addition,

lim A(w;ty) = 0. (3.40)

tx—00 2‘w‘¢m¢

Thus, assuming that ¢, can be chosen to be large enough, we may approximate

Aw;ty) = 6(w — $myg), (3.41)
and obtain
473n Ffﬁlxxé . A
il gy = =322 = 1) (3.42)

When ¢ > (gmg) ™1, fx in the resonance band shows the exponential growth and is much
larger than 1, while g behaves as eq. (3.25). In such a case, the conventional Boltzmann
equation is obtained if one performs the following replacement in eq. (3.25):

1 T
RARET irrelevant). 3.43
mi — (2w — i)\k)Q 22m¢ (2w, m¢) + (irrelevant) ( )

Here, the relation —1- = P(1) + ird(z) (with P being the principal value), as well as the
smallness of \j, relative to mg, are used. However, we should note that this replacement is
allowed if \; does not depend much on wy and also if fi(¢) is insensitive to k around the
pole. These requirements may not be satisfied in the case of our interest (see eq. (3.30)),
which may result in the non-agreements between the result of the QF T calculation and that
of the Boltzmann equation. Substituting eq. (3.25) (with using the above replacement) into

eq. (3.14), we obtain

-\ 2
. A )
¥l gt =7 <m¢> 005’ motfe((0 (2 = my). (344)

Neglecting the rapidly oscillating term with taking the time average,

87rnF()

(Fde] P (55 — py)- (3.45)

t2(qmg)~t px

Combining the results for t < (gmg) ™1 and t > (gmy) !, which are given in egs. (3.42)
and (3.45), respectively, and estimating the collision term as

£ @) = (k) (3.46)

we find that the collision term given in (3.32) well describes the evolution of fi if the
assumptions and approximations adopted in the above argument are valid.

~10 -
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Figure 3. Evolution of n;QFT) (in units of mé) for ¢ = 102, adopting the integration regions
of lw— %m¢| < iqm(z, and gqm¢ (blue and orange, respectively). We also show the evolution of

Bolt
n§< oltzmann) (green).

In order to see the validity of the collision term from the QFT point of view, we
calculate the number density of x with two different methods, taking m, = 0 (and hence
wyp =k) and ¢ = 1072,

e First, we use the QFT approach; the number density based on the QFT is denoted
as &Y. B i
v~ . Eq. (3.8) gives

1

FT

() = / kR f (8). (3.47)
-1 . 1 (QFT) . . s

When t 2 (gmg)~", fx(t) is sharply peaked at k ~ 5mg, and ny is insensitive to

the integration region. Here, unless otherwise mentioned, we choose the integration

region to be within the resonance band: |k — imy| < $gme.

e Second, we use the Boltzmann equation; the number density based on the Boltzmann
equation is denoted as n&BOltzmann). Solving fi = f,gcon), we obtain

t
ng(Boltzmann) (t) _ 2:[1((;50)”(;5/0 dt’ (1 + 2pr (t/)) ) (348)

Notice that, in the above expression, the distribution function in the parenthesis is
that for k = p, and is obtained by solving egs. (3.14) and (3.15).

The time dependences of n&QFT) and n are shown in figure 3. We find that

the behaviors of n&QFT) and n&BOltzmann) are similar, although n&QFT) (t) is smaller. For

(Boltzmann)
X

t ~ (gmg)~t, the width of the peak of f around k = %md, is significantly larger than

%qm(b, and hence n;QFT) (t) underestimates the number density with our choice of the

integration region. If we expand the integration region as |k — %m¢| < %qm¢, for exam-

ple, the agreement for ¢ ~ (gmgy) ™' becomes much better; difference between n&QFT) and

- 11 -



piBoltzman) 4o 10 % with such a choice of the integration region. In figure 3, we also

show n&QFT) with adopting the integration region of |k — %m¢| < %qm¢. (We show such
a result only for relatively small ¢ because the calculation of n&QFT) with larger ¢ requires

a computational cost.) For ¢ > (qm¢)_1, on the contrary, the peak width of fi is smaller
than the width of the resonance band (see below). For the replacement given in eq. (3.43),
it is required that the function f; is well approximated by f, for |k — %m¢| < A\r and
that the wy dependence of Aj is unimportant. These cannot be the case in particular when

t> (qm¢)_1. Consequently, n&BOltzmann) becomes larger than n&QFT), as shown in figure 3.
We can understand the asymptotic behaviors of n&QFT) and n&BOltzmann) for t >

(gmg)~1 as follows. At t > (gmy,) !, as we see below, fy is sharply peaked at wy = %m(ﬁ.
We expand A\, around the peak and obtain

qm¢t _ (ka—m¢)2

frlt) ~ape 2 e e/t (3.49)

Because of the second exponential factor, the width of fi(¢) gets smaller as ¢ increases. By

using the above expression with neglecting my, n&QFT) (t) at t > (gmg) ! is estimated as

1 _
ngcQFT) (t) ~ 167(7Tqm¢t) 1/2qmi';’)fpx. (3.50)

We can see that the above expression is in a good agreement with the numerical result.
In addition,

1
ng{Boltzmann) (t) ~ %qm?jfpx' (3.51)
Thus, when ¢ > (gmg) !, nchOItzmann) () becomes larger than {2 7 (¢).

One may wonder if we can introduce an “averaged” occupation number (or growth
rate) in the resonance band to make two approaches consistent. However, as we will see in
the next section, the discrepancy in the case with the cosmic expansion cannot be solved
with such a prescription. (In addition, in appendix A, we give a consideration about the
relation between the QFT and Boltzmann equation.)

Before closing this section, we comment on the back reaction. In our analysis, the
effects of the back reaction are neglected; we assume that the amplitude of the ¢ oscillation
does not depend on time and that the motion of ¢ is well described by eq. (2.1). This is the
case when the energy density transferred to the x sector is smaller than the initial energy
density in the ¢ sector. Let us denote the typical value of the occupation number of the
modes in the resonance band as f{"); conservatively, we may take f(®) ~ Jk=p,- Then,
by using the fact that the width of the resonance band is ~ gmg, the energy density in

res)

the x sector is estimated as p, ~ f ( qm;ﬁ. Requiring that p, is smaller than the initial

energy density of ¢, we obtain
f(res)qmi < ¢, (3.52)

and, equivalently, f(") A < ¢. The above constraint can be satisfied for any value of ¢ by
taking large enough ¢ (and small enough A). Our results are applicable to the parameter

- 12 —



region consistent with the above constraint. We may also define the effective decay rate

I‘((;EZ(X as the inverse of the timescale with which a single ¢ becomes a pair of x; we can
estimate F((;E)XX ~ f (res)l“g)lxx. With the constraint (3.52) being satisfied, F;QE)XX is always

smaller than gmg as far as ¢ < 1. Another back reaction may be due to the scattering
process like x¢ — x¢ (with ¢ in the initial state being that in the coherent oscillation).
Such a scattering process may remove X from the resonance band. Effects of the scattering

processes are not taken into account in our analysis because ¢ is treated as a classical field.

(scat)

3
One can estimate the interaction rate as I' ~ q4n—z—§’ which can be neglected compared

with the growth rate which is of O(gmy).

4 Particle production with cosmic expansion

In this section, we study particle production taking into account the effects of the cosmic
expansion. We show that the analysis based on the Boltzmann equation may result in a
significant overestimation of the occupation number of xy compared to the analysis based
on the QFT.

4.1 Particle production with cosmic expansion from QFT

With the cosmic expansion, the momentum of each mode redshifts. Thus, if we consider a
mode which has a frequency larger than wy in an early epoch, it enters the resonance band
as the Universe expands, then the frequency becomes smaller than w_ and the mode exits
the resonance band. The occupation number may exponentially increase when the mode
is in the resonance band, as we see below.

Here, we are particularly interested in the behavior of the occupation number when
the mode is around the resonance band. The timescale of the mode to go through the
resonance band is ~ ¢H !, where H is the expansion rate:

=, (4.1)

with a being the scale factor. The timescale of the evolution of the occupation number
is much shorter than the timescale of the cosmic expansion because ¢ < 1 and hence the
change of H is unimportant. In the following analysis, we neglect the time dependence of
H and take

a(t) = age', (4.2)

with ag being a constant. Due to the same reason, again we treat ¢ as constant.

Because of the hierarchy between the timescales of the cosmic expansion and the
evolutions of f; and g, for the timescale shorter than H~!, evolutions of f; and g; are
expected to be the same as those in the flat spacetime. Then, f; and g obey

—LH A 4.
o=k ok + 1 o (g9k — g) cosmet, (4.3)
0 Ad
g = kH% — i | 2wrgk + wqu (1 +2f, + 2gx) cosmgt | , (4.4)
k
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where the first terms of the right-hand sides of the above equations describe the effect of
redshift. We can simplify solve the above equations by introducing functions for a fixed

comoving momentum:

fo@) = fomx)®),  9x(t) = grer@)(t), (4.5)

where K(t) is the physical momentum for the given comoving momentum k (which is
independent of time):

K(t) = %k (4.6)
We decompose the function g, using real functions &, and 7, as
9+(t) = e 2 OW [ (1) + i (D] (4.7)
where
o(t) = / L), (4.8)
with
Qt) = wr =/ K2(t) +m2. (4.9)

Then, egs. (4.3) and (4.4) become

. Ad

fe= ﬁ(b cos mgt [25* sin 20 — 27, cos 2@] , (4-10)
. A :

§o =g cosmut[(1+2£,)sin20 +1.], (4.11)
. A¢
ihe =g cosmot [~ (1+2/,) c0s 20 — &]. (4.12)

We numerically solve eqgs. (4.10)-(4.12). We take m, = 0 for simplicity, and

~ 1
apk = 5 (4.13)

i.e., Q(0) = Imy. We choose t; and #; such that Q(t;) > wy and Q(¢) < w_, and follow
the evolutions of f, and g, from t = t; to t = t; here, we take

1 1
t = —Eln(l—l—q), ty = —ﬁln(l—q), (4.14)
and hence
1 1
Qt;) = §m¢(1 +q), Q) = §m¢(1 —q). (4.15)

The cosmic time at which the mode enters (exits) the resonance band is denoted as ¢ (¢t_):

1 1
=——In(l1+- 4.1
o=~y (1% 34). (1.16)
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h  Numerical Eq. (4.20) Eq. (4.23)
2x 1072  84x10% 34x10® 58x10'
1x107%2 1.7x10'7 1.1 x10Y 6.4 x 103
5x 1072 1.0 x10%* 1.3 x10%* 8.3 x 107

Table 2. The ratio fi(t_)/fx(t+), based on the numerical calculation (Numerical) and eq. (4.20),
taking ¢ = 1072. We take several values of g and H (parameterized as H = hq2m¢). For comparison,
we also show the value of the right-hand side of eq. (4.23).

ie., Q(t+) = wir. We impose the following initial condition at ¢;:
fi(ti) = g«(ti) = 0. (4.17)

We show the behavior of f, for ¢ = 1072 in figures 4 and 5, in which we take H = 10*2q2m¢
and H = 5 x 10*3q2m¢,, respectively. We can observe exponential growths of f, when
w- < Qt) S wy, while there is no significant increase of the occupation number when the
mode is outside of the resonance band.

For the case that f.(t_) > 1, the total amount of the increase of f, can be estimated
by using the growth rate A\p given in the previous section. Because the enhancement
of f, occurs when the mode is in the resonance band, we concentrate on the epoch of
ty <t < t_; during such an epoch, the occupation number is expected to evolve as
fu ~ kH(9fy/0k) + Mife. Then, adopting the growth rate given in eq. (3.30), fy is
given by

: 1
fr = \/4(]277135 — (2Q — mg)*fo, (4.18)
which results in
f*(t—) /t_ /\/1 2
~ ex dt'\[=¢?m2 — (20 —m . 4.19
) pIf 10°mg = ( $) (4.19)
For the case that the mass of y is negligible, the above ratio is estimated as [20, 22, 23]
fu(t2) Tg*my
~ ex . 4.20
fltr) ~ TP\ sH (420

In order for a significant enhancement of the occupation number, H should be smaller
than q2m¢.

To show the validity of the above estimation, we calculate the ratio f.(t_)/f«(t+)
by using eq. (4.20) and also by numerically solving eqs. (4.10)—(4.12); for the numerical
calculation, we adopt the setup given by egs. (4.13), (4.14), and (4.17). The results are
shown in table 2 for several values of H. We can find an excellent agreement between the
numerical result and the semi-analytic result given in eq. (4.20), even though an enormous
increase of f, occurs while the mode is in the resonance band.
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Figure 4. Evolution of f,, taking ¢ = 1072 and H = 107%¢® my (for which ¢ ~ F5000 m(gl).
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Figure 5. Evolution of f,, taking ¢ = 1072 and H = 5 x 1072 ¢*m,, (for which ¢5 ~ F10000 m(;l).
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4.2 Breakdown of Boltzmann equation

Finally, let us come to our main point. We compare the above results with that obtained
by using the Boltzmann equation. Adopting the collision term given in eq. (3.32), the
Boltzmann equation with the cosmic expansion is

-1
of P2
fio = Hk—k+21“g)l>xxn¢5(k p)+2f) (55 (4.21)
or equivalently,
P -1
fo=200)  ned(K —p)(1 +2f*)<27f> . (4.22)

One can easily solve this equation and obtain

fult = 00) = % lexp <7Tf:;¢> - 11 : (4.23)

We can see that, when the effect of the stimulated emission is effective, the enhancement

factor suggested from the Boltzmann equation is exponentially larger than that from the
argument based on the QFT (see eq. (4.20)); the exponent is doubled in the result from
the Boltzmann equation. (For comparison, we also show the right-hand side of (4.23) in
table 2.) Notice that the discrepancy in the present case is rather serious than that in
the flat spacetime. This is because, here, we consider the evolution of the mode with a
fixed comoving momentum which goes through the resonance band; thus the discrepancy
cannot be solved even if we consider a prescription to average the growth rate in the
resonance band.

We may naively set an ansatz for a Boltzmann equation with including the quantum
effect. We can find that the result based on the QFT is well described by eq. (4.21) with
replacing (1 + 2f;) — (1 + fx) in the right-hand side, i.e.,

-1
: 0 p
Tk = Hk% + 2F¢l>xxn¢6(kj - px)( + fk) <27_‘>_< > : (4'24)
The solution of the above equation is given by
2
fi(t = 00) = exp (ﬂq&;%) -1, (4.25)

which has the same growing behavior as that in the QFT (see eq. (4.20)). Interestingly,
eq. (4.25) well describes the numerical result for any value of f,(t — 00). The theoretical
justification of this equation will be considered in the future [39].

5 Summary

In this paper, we have studied particle production from an oscillating scalar field ¢, as-
suming that the final state particle x is very weakly interacting. We have paid particular
attention to the consistency of the results from the Boltzmann equation and those from
the QFT calculation. We have concentrated on the case that the production of x is via the

process ¢ — xX.
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First, we have considered particle production in the flat spacetime. In such a case, we
have discussed the evolution of the occupation number of each mode (i.e., mode with a fixed
momentum k) separately in the narrow resonance regime. We have derived the evolution
equations for the occupation number of each mode based on the QFT. A resonance band
shows up at wy, close to %m¢, which corresponds to the lowest resonance band in the context
of the parametric resonance. The modes within the resonance band can be effectively
produced. For the timescale much longer than (qm¢)_1, the occupation numbers of the
modes in the resonance band exponentially grow; the growth rate obtained in our analysis
is consistent with that given by the study of the parametric resonance using the Mathieu
equation. Then, comparing the occupation number obtained from the QFT calculation
with that from the Boltzmann equation, we have found that they do not agree well when
the occupation number is larger than ~ 1. On the contrary, when f; < 1, we have found
a good agreement of two results. We have also argued how our evolution equation based
on the QFT could be related to the ordinary Boltzmann equation. When the occupation
number is larger than ~ 1, some of the approximation and assumption necessary for such
an argument cannot be justified, which, we expect, causes the disagreement.

Then, we have studied particle production taking into account the effects of cosmic
expansion. With the cosmic expansion, the physical momentum redshifts. The momentum
of each mode stays in the resonance band for a finite amount of time and then exits the
resonance band. The exponential growth of the occupation number occurs only in the reso-
nance band. The growth factor has been studied numerically and analytically, adopting the
evolution equations based on the QFT. The agreement between numerical and analytical
results is excellent. We have also analyzed the system by using the conventional Boltzmann
equation and found that the growth rate obtained by solving the Boltzmann equation is
a factor of 2 larger than that based on the QFT. Thus, the occupation number from the
Boltzmann equation may become exponentially larger than that from the QFT, and a naive
use of the conventional Boltzmann equation may result in a significant overestimation of
the number density of x.3

In this paper, we have considered the production of a bosonic particle, concentrating
on the lowest resonance band of the parametric resonance. Consideration of the production
of fermionic particles and the study of the higher resonance bands, as well as the use of the
evolution equations based on the QFT to other phenomena, are left as future works [39].
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3The conclusions of [17], in which the present authors used the conventional Boltzmann equation to
discuss the stimulated dark matter emission from inflaton decays, do not change. This is because, in [17], the
abundance of the dark matter is fixed by observation and the QFT correction only changes the requirements
on the model parameters by factors of O(1).
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A QFT and Boltzmann equation

In this appendix, we give a discussion which may indicate a potential reason of the break
down of the Boltzmann equation in the QFT.
We start with

T/2

e AD)

1 /2 dtetimety, — 1 e +imgt 4 1 { +imyt }
T/T/2 9k —$T/T/22m¢€ grat + T ¢ 9k
Then, let us assume that limp_, %gk(:lzT/ 2) — 0, although it cannot be satisfied as we
will see in the following. The assumption may imply that the state is asymptotically an
eigenstate of the particle numbers, like in the perturbation theory of the QFT. Then the
second term of the right hand side of eq. (A.1) vanishes in the limit of 7" — oc.

Then, we use the following relation obtained from (3.15):

T/2 . T/2 A t ) )
(2k T md) _ ZG)/ dteizmd,tgk — _/ dt [ ¢( )(1 + 2fk + gk)eizm¢t . i6€i1m¢tgk 7
—T/2 —T/2 Wi
(A.2)
or equivalently,
1 1 Aj T/2

1 72 +imyt i
T e "Mgpdt = — o dt(1 + 2f,)eT ot cosmgt + O(e, ¢2).
T/—T/2 I T @k F mg) —ic wp J_pyp LT 200) ot +0(e,¢°)

(A.3)

At the end of calculation, we take € — +0. Using lim,_, 1o S(z — i€)~! = 76(z), the time

average of eq. (3.14) becomes®
: Tq*mey 2
(fi)e = wﬂ% (1+2(f),) 8(k —mg/2) + O(c%). (A4)

Thus, if .gx(T/2) = 0 (with taking € > 0), we obtain the collision term in the Boltzmann
equation (3.32). However, £.g(7/2) = 0 does not hold in the limit of 7' — cc. To see this,
we can use the following quantity:

1 2
n= 5+ 5) ~ b, (4.5)
which is time independent, i.e.,
jk =0. (A.6)

With the initial condition of our choice, Jj = i. For k in the resonance band, %gk(T/ 2)
diverges as T' — oo because of the exponential growth of fi. As a result, we may conclude
that the Boltzmann equation cannot be derived because the state at ¢ — oo is not an
eigenstate of the particle numbers.

41f, on the other hand, € < 0, we get an equation which decreases fj.
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