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ABSTRACT: We propose a simple mechanism of light dark matter (DM) production from the
decay of the oscillating inflaton condensation. If the reheating temperature after inflation is
higher than the inflaton mass, which is of the same order of the momentum of the DM at the
time of the production, the DM momentum can be suppressed compared to the temperature
of the thermal plasma if the interaction of the DM is weak enough. Consequently, the
DM can be cold enough to avoid the observational constraints on the warm DM, like the
Lyman-a bound even if the DM mass is small. We study the bosonic and fermionic DM
production from the inflaton decay, taking into account the effect of the stimulated emission
and Pauli blocking, respectively. In both cases, the DM can be cold and abundant enough
to be a viable candidate of the DM. We also apply our mechanism to the production of
isocurvature-problem-free axion DM and Dirac sea DM of right-handed neutrino consistent
the seesaw relation for the active neutrino masses.
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1 Introduction

A long-standing puzzle of particle physics and cosmology is the origin of dark matter (DM).
The DM is known to be (very) weakly coupled to the standard model (SM) particles, stable,
cold, and abundant in the present Universe. However the mass, the interactions, and the
production mechanism are still not clear.

The DM mass may be small, in which case the stability (or longevity) is easily ex-
plained due to the kinematics (or suppressed decay width). From the point of view of
DM direct detections, if the mass is small enough, the recoil energy of a nucleon via the
DM-nucleon scattering is highly suppressed, which is consistent with the null result of the
direct detection experiments for WIMP. Nevertheless a light DM can be searched for from
different approaches in the near future (e.g. ref. [1] for review of axion searches, refs. [2—4]
for direct detection with electron recoils).

A difficulty of the light DM is the production in the early Universe. If it were produced
thermally, like the WIMP, the number density cannot be larger than that of the SM
photons, and may be too small unless the mass is larger than eV. Moreover, it may be
too hot to be consistent with structure formation. For instance a thermal relic of sterile
neutrino has to be heavier than 2-5keV [5, 6] from Lyman-« forest data. If it is produced
from freeze-in the bound is even severer [7].

The production of light DM has been discussed widely. An axion/axion-like particle
(ALP) can be produced via the misalignment mechanism [8-10]. A light hidden photon
DM can be produced gravitationally [11, 12]. (Gravitational effect during inflation is also
important for the axion/ALP DM [8-10, 13, 14]). The hidden photon DM can be produced



from a parametric/tachyonic resonance by coupling to the QCD axion [15-18] (see also
ref. [19]). In addition, the axion (or ALP) production from the parametric resonance of
another scalar field was discussed [20, 21]. A light DM may be produced by the decays of
heavy particles at an early epoch [22].

In this paper, we study a new possibility of light DM production. The light DM is
produced from the decay of an inflaton which reheats the Universe.! We show that, if the
reheating temperature Tz is higher than the inflaton mass mg, the DM particles from the
inflaton decays can become cold enough due to the red shift. If the inflaton coupling to the
SM particles and the DM is not too small, T 2 my can be realized due to the dissipation
effect [23-29]. In particular, for the case that the DM is bosonic, the DM production
can be enhanced due to the stimulated emission effect like LASER (light amplification by
stimulated emission of radiation); we call such a mechanism as DASER. In addition, if
the DM is fermionic, a Dirac sea DM can be realized. Interestingly, the produced DM
does not suffer from the isocurvature problem. Axion(-like) DM and Dirac sea DM of a
right-handed neutrino, which is responsible to the neutrino oscillations, are discussed.

Heavy DM production in association with the reheating was studied, e.g. due to the de-
cay (with a late time annihilation) of the inflaton [30-34], during thermalization at the last
stage of the reheating [35-38] and during the preheating [39, 40]. In contrast, we focus on
general “light” DM production, for which we find that Tr/m¢ 2 1 is important. In ref. [21],
the QCD axion production from parametric resonance of the Peccei-Quinn (PQ) field was
considered, however the PQ field condensate does not dominate and reheat the Universe.

This paper is organized as follows. In section 2, we present the basic formalisms used
in our analysis. In section 3, we discuss the light DM production from the inflaton decay.
In section 4, we discuss several possibilities of the light DM produced by our mechanism,
i.e., axion DM and right-handed neutrino DM. In section 5, we give an example of the
inflaton model which gives Tr 2 mg. Section 6 is devoted to conclusions and discussion.

2 Basic formalisms

Throughout this paper we will use a Boltzmann equation, which governs the evolution
of the distribution function of the DM particle, to describe the DM production from the
inflaton decay. In this section, we introduce and solve the Boltzmann equation in expanding
Universe to discuss the DM abundance produced by the decay of a scalar field ¢ (which is
identified as the inflaton). We also discuss some relations between the Boltzmann equation
and resonance parameter, which is introduced for a microscopic picture.

Throughout this paper, we assume that the potential of ¢ is well approximated by a
parabolic one and that ¢ is spatially homogeneous. Then, for the timescale much shorter

than the cosmic expansion, the motion of ¢ is given by

o(t) = ¢ cosmyt, (2.1)

!The parent scalar field does not have to be the inflaton; if it once dominates the universe, any scalar

field may play the role. For the minimality of the scenario, in the this analysis, we assume that the parent
scalar field is the inflaton.



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

1 -
Ny = §m¢¢2. (2.2)
The Boltzmann equation of x in the expanding Universe is given as
; _’6.]0_‘ :(coll)
fr=HE—% 4 0 2.3
b ok 'k (23)

where H is the expansion rate of the universe:
a
H=—- 2.4
. (2.4

with a being the scale factor, f; is a distribution function of y with three momentum E,

and f}%cou) is the collision term (see, e.g. [42]). Hereafter, we concentrate on the case that
the DM production is via the two-body decay of the inflaton, ¢ — xx. In such a case,? the
collision term is given by

2 —1
¢(coll 0 7 p
Fe =200 [k F) (1% £ ) = Fof 2] (K] - py) <%> L (25)
where, in the square bracket, (1 + f) and (1 — f) are for bosonic and fermionic DM,
(0) (0)
XX XX
the perturbative decay rate at the vacuum. In addition, p, is the three-momentum of x

respectively, and T’ is the decay rate. The superscript “(0)” indicates that T’ is

produced by the decay:
me, |1 — —5. (2.6)

The first and second terms in the square bracket in eq. (2.5) are understood as the contri-
butions of the decay and the inverse decay (taking into account the stimulated emission or
the Pauli blocking), respectively.® Using the distribution function, the number density of
X is given by

3
mlt) =5 [ s i) 2.7

with ¢g being the multiplicity. If y is a real scalar and a singlet Weyl fermion, g = 1 and 2,
(0)
XX
the decay rate to g pairs of .

respectively. When g > 1, T’ is defined as the decay rate to a single x pair; it is not

2We consider the case that ng is so large that we can omit “1” in the Bose-enhancement factor for ¢ in
the inverse decay process. It is also assumed that the change of ¢ is so slow that ¢ can be well approximated
to be a constant in deriving collision term.

3Notice that, in eq. (2.5), the factor of 2 in the right-hand side reflects the fact that two x’s are produced
by the decay of single ¢. One can see that, for f; < 1,

. (coll) _ &’k (o) ~ 2an.T©
nx =9 (2m)3 f}é = 2GNeL o




Now, we estimate the DM abundance from the decay of ¢, taking into account the
effects of the cosmic expansion. In the following, the distribution of x is assumed to
be isotropic so that the distribution function does not depend on the direction of k but
depends only on k = |l§ |. Hereafter, the distribution function is denoted as fi. In solving the
Boltzmann equation in the expanding universe, it is convenient to introduce the comoving
momentum:

(k) = 2, (2.8)

where ag is the scale factor at some reference time. Let us define:

Fi(t) = fi(®). (2.9)
Then, fk satisfies the following differential equation:
(0) 2\ !
P 2n¢F A~ P
P—=xx X
= ———22(1+2f)0(t—t;) | = . 2.1

Here, ¢; is the cosmic time when k becomes equal to p, for a given 12:, i.e., it is given by

a(t;) = ao%. (2.11)

Solving eq. (2.10) with fx(t — 0) = 0, we obtain*

1 —
fult = 00) = %2 (2270 — 1) 0(py, — k), (2.12)
with
_ 47r2F(0) ng
fltr) = —— 52 (2.13)
px t=t;

k

For the case of bosonic DM, the production of the DM is exponentially enhanced when
f > 1 due to the stimulated emission. This is like the light amplification by stimulated
emission of radiation, LASER; we call the DM amplification by stimulated emotion of
radiation (i.e., relativistic DM) as DASER.

Before closing this section, we comment on the Boltzmann equation from the point of
view of parametric resonance. To this end, we assume the interacting Lagrangian

Ling = —AdX?, (2.14)

4“When f > 1, in fact, a quantum effect may become important, which reduces the exponent by a factor
of 1/2. For more discussion about the particle production in the framework of the quantum field theory, as
well as the relation between the parametric resonance and the Bose-enhancement factor in the Boltzmann
equation, see [41]. Although the quantum effect is important for a precise calculation of the DM abundance,
it does not affect our discussion in the following sections.



for the interaction of ¢ with a real scalar field x. Then the decay rate is obtained as

ro  _ A% 2y
XX 8mmg mey

(2.15)

Further, for simplicity, we neglect the mass of x, and thus mg ~ 2p,.

The production of x in this system has been also studied in the context of parametric
resonance [43-46]. In the particle production through the parametric resonance, the par-
ticles in resonance bands are effectively produced. The widths of the bands are typically
of O(gmyg), where

44
g= 24 (2.16)
Mg

We study the case that the band widths are narrow, i.e.,

q< 1 (2.17)

)

Then, the DM particles are produced almost “on-resonance,” i.e., the momentum of the
DM produced from the inflaton oscillation is ]E\ ~ p,. Otherwise, the DM acquires an
oscillating mass with amplitude larger than mg and the aforementioned decay process is
sometimes forbidden.

A given comoving momentum stays in the resonance band for the timescale of O(q/H).
Thus, for the validity of our argument, the change of the inflaton amplitude during such a

timescale should be negligible, which requires

<q'H. (2.18)

ASHIRSSE

We also note here that the exponential growth shown in eq. (2.12) is consistent with
the behavior observed in the analysis of parametric resonance in the narrow resonance
regime, ¢ < 1 [44]. In fact, there exist processes which are higher order in Liy. So far,
we have considered the effects of O(A?); in the perturbative picture, they take account of
the decay and inverse decay processes ¢ <> xx. Effects which are higher order in A are
due to scattering processes, in which a number of ¢’s annihilate into x’s. Such effects are
suppressed when the amplitude of ¢ is small enough; the higher order terms are suppressed
by powers of g and are negligible when ¢ < 1 [47].

3 Light DM from inflaton decay

3.1 Cold DM from inflaton decay

Now we consider the DM production from the inflaton decay, ¢ — xx. The DM is assumed
to have negligible interaction rate with itself and with Standard Model (SM) particles.®

5This condition may be favored because the DM should be cold and abundant throughout the thermal
history, e.g. they should not be heated by the ambient SM plasma or by itself [48].



The inflaton, on the other hand, not only couple to the DM but also couples to some SM
particles. The latter coupling leads to the reheating of the Universe.

The energy density of the universe is once dominated by that of the inflaton oscillation
after inflation/preheating. Here, we assume that the inflaton potential is well approximated
by the quadratic one in such a period (cf. [49-55]). In such a case, the inflaton energy
density pg scales as a~3 during the period of inflaton oscillation. We denote the cosmic
time at the beginning of the inflaton oscillation as ¢;, and that at the completion of the
reheating as t = tg. (Thus, at t = tg, energy density of the inflaton is converted to that
of radiation and the radiation-dominated universe starts.) In the following, for simplicity,
we adopt the sudden-decay approximation, i.e., the inflaton is approximated to decay at
t = tg for the estimation of the reheating temperature.

During the oscillating period, the inflaton mass should be larger than the expansion
rate of the universe H. Then, based on the inequality mg > H(tgr) ~ \/g«72/90T% /My
(with g, being the effective number of relativistic degrees of freedom), we obtain a constraint
on the reheating temperature:

2\ /4 -1
< (max) _ gxT % ~ 12 (T‘)
Tr STg = ( 90 L~ 107“ GeV x 106 , (3.1)
where
T
r=—. (3.2)
Me

Notice that TI(%maX) is defined as the maximal possible reheating temperature for a fixed
value of r.
We introduce the parameter ng)) (tr) such that the energy density of the inflaton for

t; < t < tg is well approximated as

3
palt) = monlee) (7)) (3.3

Then, we define the effective number of DM produced by one inflaton as

ny(tr)

B .
nY) (tr)

(3.4)

Here, n,(tgr) = a(tg)™® fttiff dtng(t)a(t)®T p— (t), where T'y_,\(¢) is the number density
transferring rate, and ti,s is the time at the end of inflation. This formula includes the
production during the preheating epoch. Using B, the number density of DM for ¢ 2 tp is
given by

a(t 3
ny () = B (tr) ( Cf (?) . (3.5)

Notice that, as we will discuss in the following, the DM density may be dominated by those
produced at the beginning of the oscillating period. In such a case, B can be much larger



than the branching fraction Br(¢ — xx). Using the fact that the entropy density s scales
as a3 after the reheating, we can estimate the density parameter of DM as

t '3
QX ~ anX( R) (pcrlt) - 7erB S0 : (3.6)
s(tgr) S0 4 Perit
where sqg is the present entropy density and peit is the critical density. Numerically, we
obtain
1 [(Quh?
my ~ 0266V x — ( 0X12 ) , (3.7)
r .

with h being the Hubble constant in units of 100 km/sec/Mpc.

Next, let us consider the coldness of DM. In the following, for simplicity, we assume
that the reheating is instantaneous, i.e., tg ~ t;. (For the case of tg > t;, x can be also
produced at earlier epoch and is colder due to an extra red-shift.) In addition, we consider
the case that m, < mg.

At the time of the inflaton decay (i.e., T ~ T, with T" being the cosmic temperature),
the produced DMs are relativistic and their momenta are typically

1
P(Tr) ~ 5me, (3.8)

where we have assumed that the DM production is dominated at t ~ tz. Notice that, if
the DMs are mostly produced at t < tgr, P, (Tr) is more suppressed and DMs become

colder. With the expansion of the universe, the momentum is red-shifted as P, (T) =

g*,s(T)l/3T
g*,S(TR)l/STR PX
entropy density), and hence the velocity of the DM is estimated as

9*,8(T)1/3T -1
173 r 1.
29,,s(Tr)Y3m,

(Tr) (with g. s being the effective number of relativistic degrees of for the

v(T') ~ min < (3.9)
If the DM mass is too small, the DM velocity becomes too large to be consistent with the
Lyman-a bound. Here, we adopt the analysis on a warm DM of sterile neutrino [5, 6] to
estimate the lower bound on the DM mass. Regarding the constraint on the root mean
square velocity of the warm sterile neutrino DM +/(Vyarm (T)%) as that on v(T) of our
model, we estimate the lower bound of the DM mass. (See a similar approach to the FIMP
dark matter [7].) Then, we obtain

1/3
107.75)) (3.10)

my > 0.9keVr !
X (g*,s(TR

where, to be conservative, we adopt the lower bound on the sterile neutrino mass of ~
2keV [5]. In the analysis in section 3.2, it is not always the case that the DM production
is dominated when ¢t ~ tg, and hence we will calculate the root mean square velocity using
the actual DM spectrum to derive the bound.
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Figure 1. The contour of constant B to realize the present DM density on m, vs. r plane (see
eq. (3.7)), taking Qxh2 = 0.12. The maximal possible reheating temperature as a function of r is
shown on the right axis. In the gray region, the DM may be too hot to be consistent with Lyman-«
forest data by assuming that the DM momenta at ¢t = tg is typically m,/2. The purple region may
be tested in the future. For the case of the Fermionic DM, only the region below the blue-dotted
line is relevant because of the Pauli-blocking (see section 3.2). The typical parameter range of QCD
axion DM and right-handed neutrino DM are shown in light blue and orange (see section 4).

When the DM is fermionic, there is a so-called Tremaine-Gunn (TG) bound [56, 57]:

o 1/4
my 2, 0.5keV (;) , (3.11)
which is derived from the upper-bound on the phase space density in dwarf spheroidal galax-
ies. For x forming a Dirac sea, this bound is comparable to the recast Lyman-a bound [58].

From egs. (3.7) and (3.10), we get the key observation that, even if the DM has a
small mass, the coldness of the DM can be realized with avoiding the Lyman-a bound
taking r 2 1. We emphasize that r = 1 is easily realized if the inflaton-SM coupling is
large enough. In particular, » > 1 can be obtained when a dissipation effect, which is a
scattering process between the inflaton condensate and the SM plasma, is important to
complete the reheating [23-29]. A general prediction in this dissipation regime is that the
inflaton is thermalized at the end of the reheating epoch. The dissipation effect is rather
generic and our conclusion below does not depend on the detail of the model. However,
we provide a concrete model in section 4.

The discussion so far is summarized in figure 1 on m, vs. r plane. In figure 1, the
contours of constant B which satisfy the DM constraint given in eq. (3.7) are shown. On the



right axis, the aforementioned model-independent maximal reheating temperature, T}(%max),
is shown. The recast Lyman-a bound (3.10) is shown as gray-shaded region, while the
current DM abundance cannot be realized in the red-shaded region if B < 1. One can
see that the recast Lyman-a bound fully excludes the parameter region with B > 1 and
hence we do not consider such a value of B. The purple region may be tested by the future
21cm line observation [59]; the region corresponds to the warm sterile neutrino DM with
my S 20keV. Thus, if r is large enough, the DM produced by the inflaton decay can be
cold and abundant enough to be consistent with observations. We note here that all the
region in the figure is applicable to a bosonic DM; for bosonic DM, the effect of the Bose
enhancement becomes significant in the region above the blue dotted line. For the case of
a fermionic DM, on the contrary, only the region below the blue dotted line is relevant, as
we will discuss in the following.

3.2 DM production in a narrow resonance regime

Now let us estimate the parameter B. Given an inflation model and inflaton coupling to
X, we can estimate B.
In general, B can be expressed as

B = Breh) 4 plreh), (3.12)

where B(®rh) and B(eh) are contributions during the preheating (i.e., t < t;) and during
the inflaton oscillation (i.e., t; <t < tg), respectively. B contributes to the IR mode
of the DM distribution function f,. The preheating epoch is highly model dependent. For
instance, in the inflation models such as small-field inflation and hybrid inflation, tachyonic
preheating generally takes place and the inflaton zero mode settles into the quadratic regime
within O(1) oscillation [60-62].5 Hereafter we do not consider B(®P*") and concentrate on
the effects after the inflaton oscillation becomes effective. Thus, we mostly consider the
case of B ~ B(reh),

Now we estimate the DM abundance produced during the inflaton oscillation. The
production in this epoch is somewhat model-independent if the system is in narrow reso-
nance regime, i.e., ¢ < 1. Using the results given in section 2, the number density of the
DM at time of the reheating is estimated as

1 [Px d%k 7
(reh) ~+= :I:Qf(tk) -1 1
nx (tR) 29 ki (271')3 (e )’ (3 3)

where kg represents the momentum of DM produced at t ~ t;, i.e., kg ~ ;((f;)) Dy- 1f

f < 1 during the whole reheating epoch, we obtain Breh) ~ QtRngxx' This result does

not depend whether the DM is a fermion or a boson.

5Tn this case, there are also produced spatial inhomogeneous modes, which have comparable energy to
the inflaton condensate and are non-relativistic [60-62]. The decays of the inhomogeneous modes may
slightly modify the spectra, fi, but we expect our estimation does not change much. Also, the field value
of ¢ just after inflation is far away from the minimum. If we use the interaction given in eq. (2.14), the DM
may either receives a heavy positive or negative mass squares depending on the sign of A. The latter case
may generate the DM via another tachyonic preheating. This should correspond to a hybrid inflation.
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Figure 2. The contour of 2f(t;) of a bosonic DM in my-r plane by requiring Q, k% = 0.12 with
Bte?) = B (blue solid) and B*" = 0.1B (blue dotted). We assume a(t;) = 0.5a(tg). See figure 1
for the meanings of the color-shaded regions.

The case with f > 1 is interesting. In this case, the exponential nature in eq. (3.13)
becomes important and B depends on the statistics of xy. When x is bosonic, the integral
is dominated at k ~ krg; in other words, the production of the DM becomes most efficient
at the beginning of the reheating at which the effect of the Bose enhancement becomes
the largest because f o ng/H o a=3/2. Due to the exponential enhancement, B(reh) >
2t Rrgixx' Thus, the DM production during the reheating era is enhanced via the DASER
mechanism. Since 2/ changes rapidly as a function of time, f does not have to be much
larger than unity to obtain the value of B given in figure 1. In figure 2, we show the
contours of constant 2f(t;) to satisfy eq. (3.7), assuming a(t;) = 0.5a(tg). On the blue
solid and dashed contours, B = B and B = 0.1B are assumed, respectively. In
the latter case, the contribution from the preheating epoch may be dominant. Notice that,
for the case of a(t;) = 0.5a(tr), the red shift during the inflaton oscillation period is short
and n, (tr) ~ O(gpieﬁ (tr)). Then, we can find that the value of e2f(tr) giving rise to the
relevant DM density scales as o (r®/m,). Numerically, for the case of f(t;) > 1, we find
that figure 2 gives:

27(1) 3 % 1023 (3 x 1022) x <L T )T (3.14)
‘ 106) \108Gev,) ‘

to make 2, to be consistent with the DM density parameter with Br?) = B (B =(.1B).
This fit is relevant for the parameter region with r>1. We find that our prediction of f

~ 10 —



does not change much even if the contribution from the preheating epoch is sizable.” We
also use the distribution function given in eq. (3.13) to numerically estimate the averaged
velocity, +/(v2), with B= B to recast the Lyman-a constraint and the future reach
of 21lcm line observation, which are shown in the figure by the gray and pink regions,
respectively.

For the case that the DM is fermionic, on the other hand, the Pauli-blocking effect
should be taken into account if f > 1. Thus, the number density of the fermionic DM has
an upper-bound:

3 3
(max) N d°k . gm(z)
nfermionx(tR) =g k<py (27_‘_)3 = W (315)
This leads to
(max)
men rmion 13 11
¢ fermio X( ) ~6x 10741y <> : fermionic DM. (3.16)
po(tR) gw

In figure 1, the above constraint is shown by the blue dotted line. In addition, combining
eq. (3.16) with eq. (3.7), we obtain the DM mass to realize the Dirac sea DM as

My, ~ 0.4keVr® (;) (91*1> . Dirac sea DM. (3.17)
So far, we have not considered back-reaction from plasma effect in the y production
because the interaction of x with the SM particles or x are assumed to be negligible. Also,
the plasma effect induced by interaction between x and thermalized ¢ is suppressed due
to the small coupling in the narrow resonance regime, e.g. with the Lagrangian (2.14), the
thermal correction in the dispersion relation of x should be 5mi ~0(A%) < qgmi.

4 DM models

In this section, we consider two DM models in which our mechanism plays an important
role, i.e., QCD axion and right-handed neutrino (RHN).

4.1 DASER production of isocurvature free axion DM

We first consider axion (-like) particle a. (Thus, in this subsection, the DM particle is
denoted as a.) The well-known production mechanism of the axion DM is the misalignment
mechanism [8-10]. That is, when the (effective) axion mass becomes comparable to the
expansion rate of the universe, axion starts to oscillate around the potential minimum.
The coherent oscillation of axion becomes the cold DM. However, if the PQ breaking
scale is small, the initial amplitude is suppressed and the resulting abundance, ngis), is

"If the inflaton condensate is significantly fragmented during the preheating (see footnote 6), we may
need f(t;) larger than the value given in eq. (3.14) because the exponential enhancement may not as strong
as inflaton decay. However, a certain level of the exponential growth is needed since the DM number within
the sphere of radius mg/2 is over occupied to explain the DM abundance. Thus we expect again that 2f
does not have to be much larger to realize the relevant DM density.

- 11 -



suppressed. If the PQ breaking happens before the inflation, the quantum fluctuation of
the axion may also contribute to the power spectrum of isocurvature perturbation. Our
mechanism is complementary to the misalignment mechanism and it works even when
Q((lmis) is smaller than the density parameter of the DM.

In the following, we will show that the DASER production during reheating may
provide an alternative mechanism to produce cold axion DM. For concreteness, we adopt

the following higher-dimensional operator for the inflaton coupling to axion:
Lint = —ﬂﬁﬂaal‘a, (4.1)
Aq

where A, is a constant. The higher dimensional operator given above can originate from
the coupling i—‘f@M@;Qa"@pQ, where ®pq is the PQ field responsible for the breaking of
the U(1)pq symmetry. Alternatively, the ¢ — aa decays can be possible through the
mixing between ¢ and the PQ Higgs boson via the renormalizable coupling ¢|®pq|?. In
both cases, the ¢-a-a coupling is obtained by integrating out the heavy PQ Higgs boson
which is assumed to be heaver than ¢. Even though the interaction given in eq. (4.1) has a
different form from that in eq. (2.14), the discussion on resonance parameters in previous

2
sections are applicable with replacing A — ;nTi' Then, the decay rate of ¢ into the axion
pair is given by

© 1 m

=_——2 (4.2)
oaa 39w A2

Although our mechanism works for a large class of axion models, we focus on a QCD
axion DM. The QCD axion should be in the following mass window [8-10, 63-65]:

107%eV < my <0.16V, (4.3)

where the lower limit is from the mass density of the coherent oscillation of the axion
assuming that the initial misalignment angle 6; is of O(1),® while the upper limit is from
the duration of neutrino burst in SN1987A. By using misalignment mechanism to obtain
the axion DM with m, > 107%eV, 6; should be fine-tuned so that the axion initially
stays (almost) at the top of the potential to enhance the abundance due to an anharmonic
effect [66, 67]. In such a case, the power spectrum of the axion isocurvature perturbation
is significantly enhanced [68, 69] and the isocurvature problem, as well as the domain-wall
> 1073 eV, to evade the isocurvature

~

problem [70], may be serious. In particular, for m,
bound, the energy density during inflation is smaller than MeV*#, which is not consistent
with the big-bang nucleosynthesis (BBN).

The DASER production mechanism gives a new possibility to realize axion DM with
mg > 1079 eV. To realize the value of f in eq. (3.14), the model parameters are related as

. 1.7x104GeV\> / Tr
2F ~ 50 <A> (105> (105GV) (44)

8Here we have assumed Hiys > 1 GeV. If Hiye < 1GeV and inflation lasts long enough, |6;] < 1 follows
from the equilibrium distribution during inflation, and this bound disappears [13, 14].
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where, in this calculation, an (almost) instantaneous reheating is assumed: pg(;) ~ %Tﬁ.
If tgr < t;, the required A, becomes larger. Therefore even if the inflaton coupling is weak,
B can be large enough to have a dominant component of the axion DM from the DASER
production mechanism.

As we discuss in section 2, our analysis is valid when the timescale of the dissipation
is longer than ~ (gmg) ™! ~ Ag/(dmy) (see eq. (2.18) with H ~ ¢*>mg for DASER pro-
duction). In the case of the instantaneous reheating, tg ~ t; ~ 1/Tgis, with Tgis = H(tr),
where T'gjs is the dissipation rate for the reheating. Thus, we require I'gis < qgmqg /A

The DASER axion from the inflaton decay does not have an isocurvature problem.
This is because the axion density fluctuation follows that of the inflaton. In the model of
section 5, the axion DM in the range of 107%eV < my < 107! eV can be generated. Such
axion can give signal in DM haloscopes [71-75], IAXO experiment [76-78], and ARTADNE
experiment [79, 80].

The DASER axion may be thermalized due to the scattering with the ambient plasma
of the SM particles. Assuming that the axion only couples to the gluon (except for the
inflaton) below the PQ scale, we obtain the dissipation rate which is suppressed due to the
nature of derivative couplings (by neglecting a QCD sphaleron contribution [81]): T&Xon ~
%&%, where P, is the typical momentum of the axion at SM temperature, gs is
the QCD coupling constant, and f, is the axion decay constant [29]. One finds that, for
T /P, ~ 2r > 1, the rate is much smaller than the expansion rate H if

ch; <01 x (109féeV> (180>2. (4.5)

In the parameter region with T < f, and r > 100, the DASER axion is not thermalized.’

The DASER mechanism is generic for bosonic particles which is weakly coupled to
inflaton and SM particles; the candidates include hidden photon and axion-like particle
DM. For instance, one can also use the DASER mechanism to produce the hidden photon
or axion DM to explain the XENONIT excess [4, 82-88]. Conversely, such a DASER
production process may overproduce stable (or long-lived) bosons which may result in
cosmological problems with dark matters or dark radiations.

4.2 Dirac sea DM of right handed neutrino

RHNs are well-motivated particle to give masses to active neutrinos via the seesaw mecha-
nism [89-93]. Denoting the left- and right-handed neutrinos as v and N, respectively, the
Lagrangian in the seesaw scenario contains the following terms:

M~y — _
LD —TNNCN —yvNv+he., (4.6)

where v is the expectation value of the Higgs field. Here, for simplicity, we assume that
only a single flavor of the RHN is important for our discussion. Then, v can be regarded

If Tr > fa, we should consider the effects of heavy particles like the PQ scalars and PQ fermions. We
do not consider such a case.
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as a superposition of electron neutrino v., muon neutrino v, and tau neutrino v,:
V= €l + €4V, + €717, (4.7)

e2=1.In

where €;’s, which are assumed to be real, denote coefficients satisfying > ;. , ;€

the following, we focus on the case of My > y,v. Then, by integrating out N, we obtain
an active neutrino mass term:

(3#/”)2 ey = my

Leg D vev. (4.8)

In this case, the mixing angle between the left- and right-handed neutrinos is given by

YoV
0= . 4.9
o (4.9
From the data of neutrino-oscillation experiments, we can estimate [94]
my, = 0*Mpy ~ (1-100) meV. (4.10)

The RHN (which may be also called as “sterile neutrino”) N is a well-studied DM
candidate [95, 96] (see also [97]). If N carries the momenta comparable to the temperature
of the active neutrinos, the Lyman-« constraint forces the right-handed neutrino mass My
to be heavier than 2-5keV as a warm DM [5, 6] (than 5-20keV as a FIMP DM [7]). For
the RHN mass of our interest, the RHN decays as N — ~v with non-vanishing mixing
angle 0, and hence the mixing angle 6 is required to be highly suppressed to evade the
bound from X-ray observations [97]. It imposes a stringent constraint on the scenario of
the RHN DM [97]. However, in our scenario, the RHN DM with sub keV mass may be
produced as Dirac sea and can be the dominant DM component without conflicting the
X-ray constraint as we see below.

Dirac sea of the RHN can be produced from the inflaton decay. The inflaton can have
a coupling of the following form:

LD yspNeN, (4.11)

where y4 is a dimensionless Yukawa coupling constant. The decay rate is

2
(0) _ Y
Tyliny = Mo (4.12)

If y4 is large enough, soon the decay process is Pauli-blocked. Then the decay products
form the Dirac sea. Consequently the DM abundance can be explained with r ~ 1-10 for
mpy = 0.1-100keV (see the blue dashed line of figure 1).

In figure 3, we show various constraints on the Dirac sea DM of the RHN on My vs.
62 plane. In the orange band, the see-saw relation given in eq. (4.10) is possible. The
X-ray and TG bounds are taken from [97]. The sensitivities of the ECHo and KATRIN
experiment are applicable to the case that the RHN dominantly mixes with the electron
neutrino (i.e, €. ~ 1); if 0.5keV < My < 2keV, the existence of the RHN can affect the
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Ty < 80 MeV
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Figure 3. Parameter region for a Dirac sea DM of RHN in my-02 plane. On the upper axis, we
also show the predicted r = Tr/my for the Dirac sea DM with g = 2, g, = g.s = 11. Above the
red solid lines, the reheating temperature should be smaller than T = 5 MeV, 20 MeV, 80 MeV.

shape of the deexcitation spectrum for '®3Ho by capturing an electron in ECHo [98] (see
also HOLMES [99] and NuMECS [100] experiments) and the shape of the tritium /S decay
spectrum in KATRIN [101-103] (see also Troitsk [104], Project 8 [105], and Ptolemy [106]
experiments). When e, < 1, the sensitivity reaches on % becomes worse by a factor of
~ 1/€2. Thus, the Dirac sea DM of the RHN with My ~ 0.5-1keV can be a viable DM
candidate, avoiding both the TG and X-ray bounds.!®

In order for the Dirac sea RHN DM, the RHN should not be thermalized. The ther-
malization rate is estimated as I‘é\{l = GQF;’h, where I'f}, ~ G%T % is that of an active neutrino
with G being the Fermi constant.'! It is known that the active neutrino decouples from
the thermal bath at the temperature below ~ 1 MeV. Using the fact that the upper bound
can be obtained by solving H ~ I‘f{l, the upper bound from the non-thermalization is esti-
mated as T < 1 MeV x0~2/3. A more stringent bound comes from the thermal production
of the RHN, whose abundance can be estimated as [107]

in2 26 my T 3
Qthp? o011 (22 < )( i ) . 41
Nh"~0 (10—3 1keV /) \ 5 MeV (4.13)

Here again we assumed e, = 1. As previously noted, the thermal component of the RHN

should not be dominant for my < 10keV to evade the Lyman-a bound. In figure 3, we
show the contours for Q%A% = 0.12/2. Above the red solid lines to satisfy the condition,

10These bounds could be further alleviated if we have more than one RHN to be dominant DM.

" Notice that, when r > 1, there would be a further suppression of 1/r for the scattering rate since the
center-of-mass energy would be ~ /1/rT. For the case of our interest, however, r ~ 1 and we neglect such
a correction.
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the reheating temperature should satisfy Tr = 5,20,80 MeV from the top to the bottom.
Thus, even if the reheating temperature is much higher than ~ 1 MeV in order not to affect
the BBN, we can avoid the overproduction of the RHN from the thermal production.

Interestingly, the Dirac sea RHN DM satisfying the see-saw relation not only can be
searched for but also provide implication of the early Universe,

O(1) MeV < my ~ T < O(10) MeV. (4.14)

In particular with €2 = O(0.1-1) the scenario can be tested in KATRIN and ECHo.

An interesting possibility of our scenario may be inflaton hunts [108-110]. In order
for the present scenario, the inflaton should be as light as 1-100 MeV and couple to SM
particles for reheating. Therefore, it could be produced by current or future experiments.
For instance, if we consider that the reheating is due to the interaction via inflaton mixing
with the Higgs field, the inflaton with m, < 100 MeV dominantly decays as ¢ — eTe™
at the rate of Fg Ceten ™ Gﬁ%mgf), with @z being the inflaton-Higgs mixing angle.
Reheating temperature due to this decay process is estimated as'?

Mg Oy 10)1/4
T~ 5 MV, [ (2 . 104> (g* , (4.15)

from 3H(TR) ~ I'y_,et+.—. This satisfies the constraint 0y < 3 x 10~* from the K meson
decays [111, 112] and may be searched for in the future experiments [113, 114].

5 Reheating from evaporating inflaton

In this section, we present an example of the model which gives rise to r > 1. During
t; <t < tg, the reheating takes place with transferring the energy density of the inflaton
to that of the SM particles. Here, in order for the reheating process, we consider the inter-
action between inflaton and SM particle with the following higher dimensional operator:

Ad)G Gl@G@m, (5.1)

LD

where G,(ﬁ,) is the field strength of gluon and Ag is the cut-off scale. This operator could be
generated if heavy extra quarks couple to ¢. (If the extra quarks have quantum numbers
of SU(2)r and U(1)y gauge interactions, ¢ may also couple to those gauge fields. For
simplicity, however, we adopt the interaction given above for our argument.) Then, the
perturbative decay rate of ¢ in the vacuum is given by

2m3
(0) - e
Lylaa = AL’ (5.2)

where we have implicitly assumed that m, is heavier than the QCD scale,
mg 2, 0.1 GeV, (5.3)

so that the non-perturbative effects from QCD dynamics is unimportant.

12Since r ~ 1, we can neglect the thermal back reaction discussed in section 5.
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If the rate is large enough, the decay with a Bose-enhancement produces numerous
gluons. Unlike the DM, the gluons have strong interaction and ambient plasma of the SM
particle with temperature T is soon formed. The enhancement is then disturbed by the
thermal effect; it could be interpreted as the kinematical block due to the thermal mass of
the gluon, which is of order gs;7". Assuming that the thermalization processes are so fast
that the cosmic expansion is unimportant for its study, the energy density of the radiation,
denoted as p;, evolves as g, ~ —FSZGqug. Thus, the timescale relevant for the effects of
the thermal blocking is estimated as

t(blOCk) ~ pT|Tde>/gs (5 4)
o .
Ffplacf%

This timescale is shorter than the cosmic time if

1/2 1/4
100 GeV P
< 14 ¢
Ag < 1.3 x 101 GeV ( ) (100 R ) . (5.5)

me

Even if the kinematical block occurs, the dissipation of ¢ may proceed due to the
multiple scattering of ¢ in the thermal plasma [29, 115]. From the dimensional analysis,
the dissipation rate is estimated as

TS
Lais,a ~ CAT’ (5.6)
a

where C' is a numerical constant. In [115], C' is estimated from the imaginary part of the
two point function of ¢:

(12ma)?

~ Tog (1/ay)’ o7

2
with oz = g—;. One can find that the dissipation effect becomes important at higher tem-

perature. This implies that the reheating via the dissipation effect may become important
soon after the inflation (preheating). As discussed in [115], the dissipation rate can hardly
win the expansion rate of the universe if Ag ~ M. In the following, we consider the case
that Aqg < My and the dissipation effect plays an important role in the reheating.

In discussing scenarios with dissipation, it should be noted that the dissipation rate
is of the same order of the thermal production rate of the inflaton (as far as the cosmic
temperature is higher than mgy); both of them are of the order of ~ T3 /A%, by using the
fact that the QCD coupling constant is sizable. Thus, if the dissipation rate becomes larger
than the expansion rate of the universe, ¢ is likely to be thermalized. Such a thermally
produced inflaton may affect the BBN processes in particular if the decay of the inflaton
happens at the cosmic temperature of ~ 1MeV or lower. (See [116-125] for the BBN
bounds on long-lived particles.) In order that the thermally produced inflaton does not
affect the standard BBN predictions, we require that the inflaton should disappear from
the thermal bath well before the BBN epoch (i.e., conservatively, at 7' 2 10 MeV). Such a
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requirement can be satisfied if

Td)-decay 2 10 MeV, (58)
mg 2 10 MeV. (5.9)

Here, Ty gecay is the cosmic temperature just after the decay of the inflaton (assuming
that the inflaton decays after becoming non-relativistic); Ty qecay is estimated by solving
3H (T-decay) ~ I'p—ca, and is obtained as

2

—-1/4
T
Td)—decay ~ <g;O ) F(z)_)GGMpl/S- (510)

Note that the thermally produced inflaton may dominate the Universe. In such a case,

T-decay is regarded as the reheating temperature due to the decay of such inflaton.
We can check numerically whether the reheating is successful. We solve the following
set of Boltzmann equations:

. T
. T
Pr + 4Hp7’ = (F((ﬁ—)>GG + FdiS,G)p¢7 (512)

where FéTlGG is the decay rate of ¢ in thermal bath. The detailed study of the effects of the

thermal blocking is beyond the scope of this paper. We expect that the perturbative decay
proceeds at least until the cosmic temperature becomes as large as ~ mg/gs. Then, for
T Z mg/gs, the perturbative decay of ¢ is suppressed because of the thermal blocking. As
an approximated procedure, in our numerical analysis, we solve the above set of Boltzmann
equations with the initial condition of p, = Cg,mw2T*/30| 7=, 4/g. (With C being a constant
of 0(0.1-1)) and py = g.7>T}/30, with setting FE{QGG = 0 (assuming that the perturbative
decay is maximally blocked for p, > Cg, 7T /30|7—, o /gs)- In our analysis, we concentrate
on the case that the narrow resonance condition for the gluon production process holds,
leaving the study of the case of the broad resonance for a future work. Such a condition is

given by ¢’ = % < 1. Requiring ¢’ <1 at the time of the reheating, we obtain
A >1010GV><<T>2(m¢> (5.13)
e — . .
@~ 10°) \1GeV

In this regime, the expansion rate during the inflation Hi,s may satisfy qis ¢ 2 Hinf, with
which a successful instantaneous reheating occurs.

We numerically solve the set of Boltzmann equations (5.11) and (5.12) and find that the
energy density of ¢ can be efficiently converted to that of radiation for some region of the pa-
rameter space. In figure 4, we show the maximal value of r, ryax, as well as the correspond-
ing my and T by varying Ag. The lines satisfy the inequalities (3.1), (5.3), (5.5), (5.8),
and (5.13). In the present model, we find that r can be as large as 10°-10°. We see that
the slope suddenly changes at around Ag = 10° GeV and 1072 GeV. For Ag < 10° GeV
(10°GeV < Ag < 101712GeV, Ag > 1011712GeV), Tmax is determined by the con-
straints (5.3) and (5.8) ((5.8) and (5.13), (3.1) and (5.13)). The constraint (5.5) is less
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Figure 4. The maximal r by varying Ag [red line]. The line satisfies the inequalities of (3.1),
(5.5), (5.3), (5.8), and (5.13). The corresponding reheating temperature and inflaton mass are also
shown in green and blue solid lines, respectively.

stringent than the others in the whole range. The maximal value of r can be obtained
when Ag ~ 101971 GeV, T, ~ 10MeV and #/Ag ~ 1. We have checked that the result is
insensitive to the choice of C' as far as C' ~ 0.1-1. Thus, the reheating temperature higher
than the inflaton mass is possible in the present scenario.

As we mentioned, the thermally produced inflaton may dominate the Universe subse-
quently and then decay. The DM velocity is further suppressed by the extra dilution due
to the decay of the thermally produced inflaton. The dilution factor A is estimated as
A ~ Ty qecay/m¢ and, numerically,

16 110\1/12 (101 Gev')
A3 0.2 < Mg ) () =) 5.14
8 1GeV Jx Ag ( )

With the effect of the extra dilution due to the decay of thermally produced inflaton, the
Lyman-a bound in figure 1 can be alleviated and m, ~ 10~*eV may become possible
without conflicting the Lyman-« constraint. We also emphasize that, although an extra
entropy production can make the DM colder, we still need r 2 1 to make the DM number
density large enough.

Again, from eq. (2.18) and H ~ q2m¢, we need gmg 2 I'gis ¢ for the consistency of
the DM production, which implies

2 11 2 3
> 1o-12 (M ) 10™" GeV ( r )
¢z 10 <1 GeV Ac 103) (5.15)

For the axion DM, we have ¢ ~ ¢/A, ~ 1073¢ for A,/Ag ~ 10%. Thus, this can be easily
satisfied.
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6 Conclusions and discussion

We have studied the DM production due to the decay of the inflaton (or more generically, an
oscillating scalar field). If the inflaton coupling to the SM sector has a sizable strength, the
reheating temperature due to the inflaton decay can be comparable to or higher than the
inflaton mass. If T 2 my, then the DM produced by the inflaton has a momentum smaller
than those of particles in the thermal bath (consisting of the SM particles), assuming that
the interaction of the DM with the SM particles or itself is negligibly weak. It can help the
DM produced by the decay to be cold enough to be consistent with the Lyman-a bound
on warm DMs even if the DM mass is smaller than O(1) keV.

We have also shown that, if the DM is bosonic, the production of the DM from the in-
flaton decay can be enhanced due to the effect of the stimulated emission, like the LASER.
The mechanism, called DASER (i.e, the DM amplification by stimulated emotion of ra-
diation), can significantly enhance the DM abundance and can make light bosonic DM
scenarios viable. In addition, if the DM is fermionic, the DM produced by the decay may
form Dirac sea. The DASER and Dirac sea DMs produced by the inflaton decay may be
searched for by future observations of the 21cm lines. The DMs produced by the above
mentioned mechanism have null isocurvature perturbations.

Finally, we comment that the DMs produced in the present scenarios may have very
special momentum distribution, and the information about the production mechanism
discussed here may be embedded in the momentum distribution of the DM. For example,
the momentum of the bosonic DM produced by the DASER mechanism would have sharp
peak at the IR mode at the momentum ~ my/alt;]. From a quantum field theory approach,
the peak width can be approximated as ~ y/mgH (t;)/a(t;) (see [41]). By combining the
two, we can get mg/H(t;). In addition, momentum distribution of the modes produced
during the preheating depends on the thermal history during the preheating. One may
probe the reheating phase (see also ref. [126]) or preheating phase if the information about
the momentum distribution of the DM becomes available. For this purpose, further study
of the structure formation with non-standard momentum distribution of the DM is needed.
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