Chinese Physics C  Vol. 49, No. 12 (2025) 125108

Generation of axions and axion-like particles through mass parametric
resonance induced by scalar perturbations in the early universe
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Abstract: Axions and axion-like particles can be generated in the early universe through mechanisms such as mis-
alignment production, thermal processes, and the decay of topological defects. In this study, we show that scalar per-
turbations in the early universe can produce a significant amount of these particles primarily through mass paramet-
ric resonance effects. Scalar perturbations induce temperature fluctuations during the particle mass transition era,
e.g., during the QCD phase transition. These temperature fluctuations modulate the particle mass, transferring en-
ergy into the field through parametric mass resonance, a nonlinear process. This mechanism exhibits substantially
unstable regions that could lead to explosive particle production. Notably, it does not generate additional iso-
curvature perturbations.
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I. INTRODUCTION

The rapid development of astronomical and cosmolo-
gical observations poses significant challenges to modern
physics. One of the unsolved challenges is understanding
the origin of dark matter. Observations indicate that a
substantial fraction of the universe’s matter is dark mat-
ter, accounting for approximately 27% of the total en-
ergy density [1-3]. However, despite its significance, the
composition of dark matter remains unknown. Various
candidates spanning a wide range of energy scales have
been proposed. For instance, primordial black holes
(PBHs) have been studied [4-9]. In the energy range of
approximately 10 GeV ~ 10 TeV, weakly interacting
massive particles (WIMPs) are among the leading candid-
ates [10, 11]. Ultralight dark matter particles, such as ax-
ions and axion-like particles, represent wave-like dark
matter candidates. Furthermore, light moduli [12—14] are
considered potential candidates [15-19].

Peccei and Quinn proposed a solution to the Strong
CP problem by introducing a global U(1) symmetry, now
known as U(1)pp symmetry[20, 21]. This mechanism in-
troduces a dynamic field, the axion, which absorbs the
CP-violating angle 6 [22]. Currently, two benchmark ax-
ion models are widely studied [23-27]: the KSVZ model,
proposed by Kim [28], Shifman, Vainshtein, and Zakhar-
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ov [29], and the DFSZ model, proposed by Dine, Fisc-
hler, Srednicki [30], and Zhitnisky [31].

In addition to QCD axions, string theory predicts the
existence of axion-like particles (ALPs) arising from ex-
tra-dimension compactification. These particles [18,
32-36] share properties similar to those of QCD axions.
A major distinction is that ALP masses originate from the
non-perturbative effects of string instantons, resulting in a
broader parameter space compared with that of QCD ax-
ions. Both QCD axions and ALPs, along with other light
particles, can be produced in the early universe through
non-thermal mechanisms [24, 33, 37—41]. The produc-
tion mechanism plays a crucial role in shaping the result-
ing dark matter particle ensemble. Consequently, explor-
ing additional production mechanisms is essential for ad-
vancing our theoretical and experimental understanding
of dark matter.

The misalignment mechanism is a fundamental pro-
cess for generating light, wavelike dark matter particles in
the early universe. This mechanism assumes that, in the
early era, the particle field was effectively frozen owing
to Hubble friction. Once the universe cooled below a crit-
ical temperature, the field’s effective mass became com-
parable to values on the Hubble scale, triggering oscilla-
tions that converted potential energy into coherent
particle excitations.
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In scenarios where the field existed before inflation, it
remained effectively massless and acted as a spectator
during inflation. Consequently, the field underwent quan-
tum fluctuations with a scale-invariant power spectrum.
These fluctuations, proportional to Hi,, spatially modu-
lated the initial field value. After dark matter particles are
generated, energy transfer from the Standard Model sec-
tor to the dark matter field induces isocurvature perturba-
tions. The absence of observed isocurvature perturba-
tions in the cosmic microwave background places strong
constraints on this scenario [40, 42—44].

In this study, we present a scenario in which scalar or
pseudoscalar particles are generated through parametric
resonance induced by scalar perturbations. Scalar perturb-
ations, density fluctuations seeded by the inflation, in-
duce temperature fluctuations that modulate the axion
mass during its mass transition era. The modulations can
trigger parametric resonance, effectively injecting energy
into the light fields. Resonance occurs when a system
parameter, such as the mass, is periodically modulated
near twice the natural frequency divided by an integer.
Notably, this mechanism exhibits much larger instability
regions than those arising from the linear resonance
caused by external forces.

In addition, this process produces negligible iso-
curvature perturbations because it does not depend on the
initial field value. However, residual isocurvature per-
turbations may still arise if the field existed before infla-
tion and part of the particle ensemble was produced
through the misalignment mechanism. Furthermore,
while parametric resonance produces particles with non-
zero momentum, these momenta are currently redshifted
to negligible levels. Therefore, particles generated
through this mechanism may be suitable dark matter can-
didates.

II. EQUATION OF MOTION AND FIELD
POTENTIALS

The scalar and pseudo-scalar fields ¢(x,7) satisfy the
following equation of motion in an expanding universe:

D9, p(%,0) =m* (TP 1) =0, &)

where D" denotes the covariant derivative, and m(f) rep-
resents the time-dependent particle mass, which evolves
with the cosmological temperature T(r). During the radi-
ation-dominated era, the Hubble parameter is given by
H(t) = 1/2t. By considering only scalar perturbations and
adopting the conformal Newtonian gauge for the space-
time metric, one obtains

1
~00+ 9= 3HIG = TW)¢=f(R1.9)=0.  (2)

The function f(%,z.¢) is given by

f(@1,¢) ==293¢p— (0,¥ - 30,® + 6H¥) 0,
20 1 dm?
+?6§¢ - ;6,-(@ +¥)0,¢ + a7 °7¢ (3)

where j=1, 2, 3 labels the spatial components. a is the
scale factor of the universe, and ¥ and ® are the metric
perturbations. Assuming that the anisotropic stress in the
primordial plasma is negligible, we have ¥ = —®. During
the radiation-dominated era and within the horizon
kn> 1, one finds [45, 46]

sin (kn/ \/§) - (kr]/ \6) cos (kn/ \/§)
(i)

 =30,,(k)

and the temperature fluctuations are given by [45, 46]

or 3. o kn
T__Zq)”(k)cos(\ﬁ>’ 5)

where @,(k) denotes the primordial amplitude of ® fluc-
tuations. The conformal time is represented by 7. The
parametric modulations here can be roughly categorized
into three components: the renormalization factor part,
the friction part, and the mass part. Since the field mass
increases during the phase transition, it is naturally the
dominant contributor to the energy injection process.

The general form of the light field potential as a func-
tion of temperature 7 remains uncertain. In this study, we
adopt the following phenomenological model:

0, t<ty,
t n
m(t) = m(;) L <t<h, (6)
2
m, t>1.

This model generalizes the case of [40, 47, 48] and
also requires a smooth mass-temperature function (see
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Fig. 1. (color online) Mass as a function of time .
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Fig. 1). We keep the exponent # as a free parameter in the
following equations to analyze its correlation with
particle density. Here, #; denotes the time at which the
mass suppresses the hubble friction, and

t%n ﬁ
= (72) . (7)
m

The exponent n determines the value of ¢, whereas 7,
represents the time at which the mass reaches its zero-
temperature value m (for QCD axions , ~ 107 s [49])

t2n ﬁ 1
tz>tlz<i2) =Sh>—. (8)
m m

1. FIELD DYNAMICS

Eq. (2) describes an oscillator with a variable fre-
quency owing to temperature fluctuations. The periodic
change in frequency leads to parametric resonance for
modes with specific values of k. This phenomenon can be
described by the Mathieu equation [50, 51]. Parametric
resonance is more complex and powerful than linear
(forced) resonance because the time-dependent paramet-
ers can induce exponential growth over a broader fre-
quency range, whereas forced resonance yields linear
growth within a narrow bandwidth. The equation of mo-
tion in k space is

e 3 . = 2 tl 2 =d
BE.D)+ T odn)+ (k Lem (t)) ok 1)

20, (®) Bk, 1) cos <2k ?t)

2k,

+ {79(1)”(]() Vit sin | 2k ht
3kt 3

270,

ft L
TErn cos (2k \/:) }qﬁ(k, 1)

90,(k)  3®,(k) dm*(1)
+{ 2 2 dr T(’)}

X COS <2k \/?) ¢(E, Hn=0, )

where a(t;) = 1. The field evolution can be analyzed over
two time periods: first, for #; <t <t,, during which the
mass evolves with time, and second, for 7>1,, after
which the mass no longer evolves and the last term in the
equation vanishes. Equivalently, models with & >k, are
not relevant for mass modulation resonances (see the
definition of k, below). Parametric resonance for a given
mode X occurs when the modulation frequency is close to
twice the natural frequency divided by an integer

[=1,2,3....

%w(k,t) _ % \/kZ% (1) =m(t)+k\/g. (10)

Since the mass no longer evolves after t,, we define a
critical wave vector k, corresponding to time #: k, =
m3t,/t; (see Fig. 2). In this context, we consider /=2,
since /=1 has no solutions and / with higher values are
subdominant. The resonance time 7z for a given £ mode is

%) (;) s fOI'k<k2,
Ir= ’ an

k2
t <—) , fork >k, .
ks

Eq. (9) can be approximately reduced to the well-
known Mathieu equation as follows:

&) +(Ar—2qgcos2z) ¢ =0. (12)

During this stage, one may neglect terms such as the
Hubble friction part, as such terms are significantly smal-
ler than the mass term. Cosmic expansion effects can also
be ignored. Defining z = kz/ V3, Eq. (9) becomes

2 =
¢ (R.2)+ {3 + 3";2(’) “ox 9322")
2
x d’ZT(t) T(t)cos(Zz)} #(R.2) =0, (13)

where the double prime denotes differentiation with re-
spect to z. The parameters A, and g in the Mathieu equa-
tion are given as follows:

3m(t
Ak =3+ k2( ) N
dm?(1) 90, (k)T (t)
= : 14
=7ar T ae (14)

This corresponds to the /=2 resonance. In this case,
the instability band is centered at A; ~2?=4. The driv-
ing frequency matches the natural frequency of the field.
The width of the instability band satisfies AA, ~ ¢*, cor-
responding to a fractional frequency bandwidth
Aw/w ~ /1 £¢?* (see Figs. 4, 5, and 6). While higher har-
monics are possible, the contributions from smaller / val-
ues dominate because they transfer more energy per cycle
and more easily overcome damping.

Parametric resonance can only be solved analytically
in specific cases, typically when the damping and driving
terms are weak. Even in such cases, approximation meth-
ods are often required. Fortunately, in the "QCD axion-
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Fig. 3. (color online) Parameter ¢ in the Mathieu equation as
a function of time ¢ with /=2, m=10"eV, n=10°
eV™!, and k=50/1,.

Fig. 6. (color online) Natural frequency w and modulation
frequencies m+k /3¢ as functions of time #, with paramet-
ersi=2,n=3,m=105eV, n=10°eV~', and k =50/1,.

w(ht) ll) 44 & Parameter Resonance Region . . . . . . . .

i itative insights remain valid. More accurate predictions
(1+ ¢%)w(k,t) mit) = by 55 . . . . .
S may require numerical methods in future studies (see Fig.
3).

One can decompose the field perturbatively as
H(X,1) = ¢°(2) + ¢, (X, 1), where ¢° corresponds to the initial

1075

6xi0? / field value (zeroth-order), and ¢; represents the compon-
10-8 | ent generated by parametric resonance. The zeroth-order
et AL equation is as follows:
t 5x107 1x 108 5x10°  t2
-1 .. .
tev P +3HOP O+ (06°(0) =0, (15)

Fig. 4. (color online) Natural frequency @ and modulation
frequencies m+k+/t;/3¢ as functions of time #, with paramet-

which can be solved using the WKB approximation. For
ersl=2,n=1,m=10"2eV, n=10°eV~!, and k= 5/1,.

t > 11, the zeroth-order field is approximately

pump effect" scenario, where ground state QCD axions

are excited to higher momentum states by primordial #(1) = Ja (Ll >% cos ( / [ drmt’) + 5) (16)
plasmons [52], Eq. (9) has been solved perturbatively. vm(Dt, \t 0

We adopt this solution to estimate the dark matter dens-
ity produced. Note that, as ¢ approaches 1, the accuracy where J is an initial phase. ¢° corresponds to a coherent
of the perturbative method diminishes; however, the qual-  particle ensemble with energy density [37-39]
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_mfaz tl %
G 24 (7) ' an

If the light field existed before inflation, this component
would lead to isocurvature perturbations.

The first-order field ¢; canbe evaluated perturbat-
ively. For detailed calculations, see [52], particularly the
near-resonance region. The resulting energy density is

2 % k2 2
pl(,)zﬁ(ﬁ) / aHor (18)
1

472 \ ¢ I k

where |I(k)| depends on the mass potential and the phase
function. Here, A~ 10~ is the amplitude of the scalar
perturbation power spectrum [53] related to (®,®).
With the mass model in Eq. (6),

27n°m’t,

I ~
1 212k2

(19)

After redshift, the energy density of the particle en-
semble becomes

0 o 6m3 FU2
2TAfin"ma=t;

167213

pl(0) = (20)

The energy density ratio compared with the zeroth-or-
der part is

o' (D) 27An*(mty) %
QI,OZ 0 = > .
PV 8

@n

Figure 7 shows that the particle ensemble generated
by parametric resonance could contribute a significant
fraction, ~ O(1), to the total dark matter energy density.
This contribution depends on the index n and the times-
cale 1, in the mass function. While this result holds when
g is small, it may underestimate the actual production
when ¢ approaches 1 owing to stronger nonlinear effects.

IV. CONCLUSIONS

The misalignment mechanism is one of the most im-
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Fig. 7.
from mass parametric resonance and misalignment produc-
tion for n = 3; see Eq. (21).

portant processes for the creation of light particles. If the
corresponding light field existed before inflation, prob-
lematic topological defects, such as cosmic strings and
domain walls, can be diluted. However, observations of
isocurvature perturbations impose strong constraints on
this scenario.

In this study, we show that scalar perturbations can
generate light particles through parametric mass reson-
ance. These particles are produced during the mass trans-
ition era, during which temperature fluctuations induce
modulations of the particle mass. This is a nonlinear ef-
fect capable of efficiently transferring energy. The Math-
ieu equation reveals the presence of second-order [ =2 in-
stability regions. A perturbation estimate suggests that the
amount of dark matter produced through this mechanism
is comparable to that from the misalignment mechanism.
The actual production may be greater owing to increas-
ingly strong nonlinear effects later in the mass transition
era.

Notably, this production mechanism does not induce
additional isocurvature perturbations, even if the light
field existed before inflation. Furthermore, since it de-
pends solely on the modulation of particle mass during
the mass transition era, the mechanism may also apply to
particles beyond axions and ALPs.
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