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In this study, we conduct a detailed analysis of the dissipation coefficient (Q) of warm Higgs inflation
(WHI), which exerts important influences on the entire warm inflation process. By deriving the
relationships between various quantities and Q, one can avoid a priori assumptions, i.e., strong dissipation
(Q ≫ 1) or weak dissipation (Q ≪ 1). Taking into account the constraints imposed by the cosmic
microwave background, the dissipation the coefficient Q remains at extremely low levels throughout the
entire warm inflation process, i.e., Q ≪ 1. This observation indicates that WHI falls under the category of
weak dissipation warm inflation. Despite being weak dissipation, Q still plays a non-negligible role in the
evolution of temperature, energy, and other quantities. We delve into the impact of the primordial power
spectrum on the dissipation coefficient Q during the warm inflation process, discovering that the
dependency is not significant. Consequently, this results in a weak sensitivity of the gravitational wave
spectrum (ΩGW;0h2) to changes in Q. In addition, the variation of tensor-to-scalar ratio r has a significant
effect on theΩGW;0h2 of cold inflation and a small effect on WHI. Finally, gravitational waves generated by
WHI hold the potential for verification in future observational experiments, especially through the SKA100
experiment.
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I. INTRODUCTION

Inflationary cosmology has emerged as the pivotal
framework for understanding the dynamics of the early
Universe, addressing fundamental issues such as the flat-
ness, and the horizon problems [1–3], while providing a
mechanism to explain the inhomogeneities observed by
Planck and WMAP in the cosmic microwave background
radiation (CMB) [4]. Within this cosmological paradigm,
two principal models of inflation have been distinguished:
cold inflation [5–17] and warm inflation [18–26].
Although the cold inflation model (CI) has achieved

significant success in depicting the exponential expansion
of the Universe and the generation of density perturbations
due to quantum fluctuations of the inflation field [27–34], it
falls short in explaining the transition from inflationary to
radiation dominated era [35–40]. In contrast, the warm
inflation model introduces a new mechanism that maintains
thermal equilibrium and continuous production of relativ-
istic particles [21,22,24,41–52], offering a more seamless
transition from the inflationary phase to a radiation-
dominated stage [53–57]. A recent review of warm infla-
tion has been discussed in Refs. [58,59].

Among the plethora of models for warm inflation, the
warm Higgs inflation (WHI) has garnered extensive atten-
tion in the scientific community [60–62]. First, Higgs
Inflation (HI) garners attention for its integration of the
Higgs field, within the Standard Model, with the early
Universe’s rapid expansion, offering a succinct and eco-
nomical solution to explain the Universe’s flatness, and
horizon. This approach circumvents the need for introduc-
ing new particles or fields, while providing specific
predictions that can be validated through cosmological
observations. It not only enhances our understanding of the
early Universe but also opens avenues for exploring
physics beyond the Standard Model, closely linking par-
ticle physics with cosmological studies. Then, WHI not
only incorporates the unique properties of the Higgs field
but also explores its complex interactions with the infla-
tionary process and dissipative phenomena. Given the
pivotal role of the Higgs field in the Standard Model,
especially in imparting mass to fundamental particles, its
involvement in the warm inflation framework adds com-
plexity and depth to our understanding of the early
Universe’s dynamics.
This study focuses on a detailed analysis of the dis-

sipation coefficient denoted asQ—within the framework of
the WHI. We do not assume a priori assumptions in our
calculations, whether it be strong dissipation (Q ≫ 1) or
weak dissipation (Q ≪ 1) [60–62]. Instead, the influence
of Q is fully considered and retained throughout the entire
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computation process. Subsequently, the results of theoreti-
cal calculations decide which mechanism is more suitable
for describing WI. Specifically, this study explore the
dynamical characteristics of Q and its impact on the early
Universe’s temperature, energy, and other physical quan-
tities, as well as its intricate relationship with the primordial
power spectrum. Moreover, this research will investigate
the dependency of the gravitational wave power spectrum
on Q during WHI, particularly considering the verification
prospects in future observational experiments, such as the
SKA100 project [63]. The goal of this study is to provide a
understanding the physical processes of the early
Universe’s evolution under the WHI framework.
The rest parts are arranged as follows: In Sec. II, a

overview of the background evolution of WHI is presented.
Subsequently, the Q-dependent WHI and the Q-dependent
relic gravitational waves are investigated. Section III con-
ducts a numerical discussion, encompassing the dynamic
evolution of various quantities throughout the WHI proc-
ess. We also investigate the relationship between the
spectral index and tensor-to-scalar ratio, along with the
Q-dependent relic gravitational waves. Finally, Sec. IV
provides a succinct summary.

II. DISSIPATION COEFFICIENT Q

A. Background evolution of warm Higgs inflation

This section provides a detailed exposition of the back-
ground evolution of WHI, aiming to understand the
dynamics of the Universe during this period and laying
the foundation for the subsequent examination of the
dissipation coefficient’s influence. The evolution of various
energy components in the Universe is governed by the
Friedmann equation. Considering the Einstein frame action
with the flat FLRW line element, the Friedmann equation
for WHI can be formulated as

H2 ¼ 1

3M2
p
ðρh þ ρrÞ; ð2:1Þ

where the evolution equations for the homogeneous Higgs
inflaton field energy (ρh) and the radiation energy (ρr) can
be derived by separately, analyzing the corresponding field
motion equations. Specifically, in the context of WHI, their
explicit forms are given by

ρ̇h þ 3Hðρh þ phÞ ¼ −Γðρh þ phÞ; ð2:2Þ

ρ̇r þ 4Hρr ¼ Γḣ2; ð2:3Þ

where the pressure ph is defined as ph ¼ ḣ2=2 − UðhÞ, and
ρh þ ph ¼ ḣ2. The general form of the Γ is given by
[44,64–66]

Γ ¼ Cm
Tm

hm−1 ; ð2:4Þ

where Cm is associated to the dissipative microscopic
dynamics, which is a measure of inflaton dissipation into
radiation. Different choices of integer m yield different
physical descriptions, e.g., Refs. [64–66]. Within the high
temperatures regime, the thermal corrections of the catalyst
field mass become significant, leading to a direct propor-
tionality between Γ and temperature T, which implies that
m ¼ 1 [47,65]. As the dissipative coefficient Q ¼ Γ=ð3HÞ,
the dissipation coefficient Q is directly affected, which
ultimately affects whether the model is a strong or weak
dissipative model.
In slow-roll scenario, Eqs. (2.2) and (2.3) can be further

reduced to

3Hð1þQÞḣ ≃ −Uh; ð2:5Þ

4ρr ≃ 3Qḣ2: ð2:6Þ

B. Q-dependent warm Higgs inflation

In this subsection, we analyze the impact of the dis-
sipation coefficient on the WHI. We start with the action of
the Standard Model Higgs doublet H with a nonminimal
coupling to gravity in the Jordan frame,

SJ ¼
Z

d4x
ffiffiffiffiffiffiffiffi
−gJ

p �
M2

p

2

�
1þ 2ξ

H†H
M2

p

�
RJ

þ gμνJ ðDμHÞ†ðDνHÞ − VðHÞ
�
; ð2:7Þ

whereMp is the Planck mass, ξ is a coupling constant, RJ is
the Ricci scalar, Dμ is the covariant derivative containing
couplings with the gauge bosons, and VðHÞ is the potential
of the Higgs field, neglecting the mass term, i.e.,
VðHÞ ¼ λjHj4. This choice is motivated by the under-
standing that the impact of the quadratic term relative to the
quartic term on inflation is negligible during the infla-
tionary process.
In the unitary gauge, employing the conformal trans-

formation facilitates the conversion of the potential VðHÞ to
the Einstein frame [67–69], as below,

U ≃
λM4

p

4ξ2

�
1þ exp

�
−

ffiffiffi
2

3

r
h
Mp

��−2

; ð2:8Þ

where λ is the self-coupling of the Higgs doublet.
In a thorough investigation of the slow-roll inflation

process, through a analysis of the inflation potential, we get
the slow-roll parameters (ε and η) and (εH and ηH),
respectively corresponding to cold inflation and warm
inflation,
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ε ¼ M2
p

2

�
U0

U

�
2

; η ¼ M2
p
U00

U
; ð2:9Þ

εH ¼ ε

1þQ
; ηH ¼ η

1þQ
: ð2:10Þ

Furthermore, we can delineate the characteristics of the
Universe during inflation, i.e. (ε ≪ 1 and η ≪ 1) as well as
(εH ≪ 1 and ηH ≪ 1), which also ensures the flatness of
the inflation potential. Once these conditions are violated,
i.e. (ε ≈ 1 or η ≈ 1) as well as (εH ≈ 1 or ηH ≈ 1), the slow-
roll process comes to an end, providing a framework for
determining the field values at the conclusion of inflation.
In contrast to the cold scenario, the dissipative effects

resulting from warm expansion will impact the scalar
power spectrum. Detailed derivations can be found in
the Refs. [46,70–73], and the final expression is as follows:

PRðkÞ ¼
�

H2
k

2πḣk

�
2

F ; ð2:11Þ

where F is the modified factor, and its specific form is
given by

F ¼
�
1þ 2nk þ

�
Tk

Hk

�
2

ffiffiffi
3

p
πQkffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3þ 4πQk
p

�
GðQkÞ; ð2:12Þ

where the subscript “k” denotes the time when the
cosmological perturbation mode with wave number “k”
exits the horizon during inflation. For the convenience of
numerical computations in the next section, we establish a
connection between each component in the scalar power
spectrum and the Higgs inflaton field h, as detailed in the
Appendix.
This dissipative effect has a negligible influence on the

tensor power spectrum, which originates from the primor-
dial tensor fluctuations of the metric. Its form aligns with
the cold inflation model presented in Refs. [74,75] as

PTðkÞ ¼
16

π

�
Hk

Mp

�
2

: ð2:13Þ

Given the significant impact of dissipative effects on the
scalar power spectrum during WHI, with negligible effects
on the tensor power spectrum [58], it can be inferred that in
this context, the tensor-to-scalar ratio (r) obtained through
the ratio of tensor power spectrum to scalar power
spectrum, and the spectral index (ns) derived from the
scalar power spectrum, will be modified. Specifically, these
corrections can be summarized as follows [4]:

r ¼ PTðkÞ
PRðkÞ

����
k¼kp

¼ 16ϵ

ð1þQÞ2 F
−1: ð2:14Þ

ns − 1 ¼ d ln PRðkÞ
d ln k

����
k¼kp

¼ 1

HPR

dPR

dh
ḣ; ð2:15Þ

where kp corresponds to the pivot scale.

C. Q dependent of relic gravitational waves

This section explores the influence of the dissipation
coefficient on the relic gravitational waves (GWs). In
general, the GWs energy density spectrum is written as

ΩGWðη; kÞ ¼
ρGWðη; kÞ
ρtotðηÞ

¼ 1

24

�
1

aðηÞHðηÞ
�

2

Phðη; kÞ;

ð2:16Þ

wherePhðη; kÞ is the power spectrum. For theWHI scenario,
the expression for the GWs energy spectrum during the
radiation-dominated era can be formulated through the
utilization of the curvature perturbation power spectrum
PRðkÞ [Eq. (2.11)] dependent on Q as follows [76,77]:

ΩGWðη; kÞ ¼
1

6

Z
∞

0

dv
Z j1þvj

j1−vj
du

�
4v2 − ð1þ v2 − u2Þ2

4uv

�
2

× I2ðu; vÞPRðkuÞPRðkvÞ: ð2:17Þ

Here,

I2ðu; vÞ ¼ 1

2

�
3ðu2 þ v2 − 3Þ

4u3v3

�
2

×
��

−4uvþ ðu2 þ v2 − 3Þ ln
���� 3 − ðuþ vÞ2
3 − ðu − vÞ2

����
�
2

þ π2ðu2 þ v2 − 3Þ2Θðvþ u −
ffiffiffi
3

p
Þ
	
; ð2:18Þ

where Θ is the Heaviside theta function.
Taking the thermal history of the Universe into consid-

eration, one can get the GWs spectrum at present [76,78],

ΩGW;0ðkÞ ¼ 0.39 ×Ωγ;0

�
g⋆;0
g⋆;eq

�
1=3

ΩGWðηeq; kÞ; ð2:19Þ

where Ωγ;0 is the density parameter of radiation today,
g⋆;0 ¼ 3.36 and g⋆;eq ¼ 3.91 are the effective numbers of
relativistic degrees of freedom at the present time and at the
time ηeq of the radiation-matter equality, respectively.
In order to facilitate a comparative analysis with gravi-

tational waves experiments, we transform the variation of
gravitational waves with respect to wave number k into a
corresponding variation with respect to frequency f. The
relationship between k and f is delineated as follows [78]:

f ¼ k
2π

¼ 1.5 × 10−15
�

k
1 Mpc−1

�
Hz: ð2:20Þ
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III. NUMERICAL DISCUSSION

In this section, we begin by constraining the model
parameters of WHI using CMB, and then further inves-
tigate physical quantities such as r, ns, and T, along with
their dependence on Q.

A. Spectral index and tensor-to-scalar ratio

Figure 1 illustrates the viable parameter space of the
WHI model under consideration of the amplitude of scalar
fluctuations constraints, i.e., PRjk¼kp ¼ 2.2 × 10−9 [79].
The dashed line corresponds to Ne ¼ 60, whereas the solid
line corresponds to Ne ¼ 50. To enrich the foundation of
our forthcoming discussions, the precise values of C1,
ξ=

ffiffiffi
λ

p
, and Q from point A to point G, kindly refer to

Table I. Notably, the value of Q corresponds to the end of
WHI. In the ensuing discourse, we scrutinize predictions
associated with each of these points individually.
Upon substituting the model parameters depicted in

Fig. 1 into Eqs. (2.14) and (2.15), we derive predictions
for the model concerning ðns; rÞ. Predictions associated
with the orange, blue, and purple model parameters in
Fig. 1 correspond to the respective colors in Fig. 2, where
solid lines represent Ne ¼ 50 (dashed lines correspond
to Ne ¼ 60).
Notably, the predictions associated with the orange and

blue fall within the 1σ and 2σ confidence intervals,
respectively, while the purple predictions extend beyond

the defined experimental regions. And the points A to G
delineate the corresponding critical points.
Examination of Fig. 2 reveals that, with the constraint

on the amplitude of scalar fluctuations, i.e.,
PRjk¼kp ¼ 2.2 × 10−9, the predictions for ðns; rÞ under
Ne ¼ 50 align with experimental constraints. Conversely,
for Ne ¼ 60, certain predictions for ðns; rÞ extend beyond
the experimental limits, indicating a further refinement in
constraining the model parameters.

B. Evolution of the different quantities

In Fig. 3, we employ the model parameter values from
Table I to calculate the evolution of various quantities with
respect to N, representing the dynamics of these quantities
during the inflationary process. It is noteworthy that the
evolution trends of these quantities are similar in the plots
corresponding to points A, B, C, and D (Ne ¼ 50) and
points E, F, and G (Ne ¼ 60), with the only distinction
being in their specific numerical values.
Throughout the entire inflationary process, an observa-

tion of the four plots for points A, B, C, and D reveals that,
as the model parameters ðC1; ξ=

ffiffiffi
λ

p Þ increase, the numeri-
cal value ofQ also rises correspondingly. However, overall,
Q remains at a relatively small level, i.e., Q ≪ 1. This
pattern is similarly evident for points E, F, and G.
Consequently, WHI can be regarded as weak dissipa-
tion WHI.

FIG. 1. The evolution of ξ=
ffiffiffi
λ

p
with respect to C1 within the

framework of the WHI model. The dashed line corresponds to
Ne ¼ 60, while the solid line corresponds to Ne ¼ 50.

TABLE I. The ð1010C1; 10−4ξ=
ffiffiffi
λ

p Þ value of the critical points (A, B, C, D, E, F, G) in Fig. 1.

Points A B C D E F G

1010C1 0.0135 0.535 452 4.5 × 106 0.0175 4.45 94.5
10−5ξ=

ffiffiffi
λ

p
0.38 0.39 0.69 2.58 0.46 0.52 0.69

107Q 0.085 1.542 423.889 1.185 × 106 0.106 9.390 121.054

FIG. 2. The projections of warm inflation in the ðns; rÞ planes
are illustrated for bothNe ¼ 50 andNe ¼ 60. The shaded regions
represent the 1σ and 2σ experimental uncertainties from BAO,
BICEP/KECK, and Planck data, with darker and lighter green
denoting the respective confidence levels [80].
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As WHI falls under the category of weak dissipation
WHI, discussions should refrain from employing the strong
dissipation approximation. Figure 3 illustrates that
although the magnitude of Q is relatively small, the
variation in its value under different parameters ξ=

ffiffiffi
λ

p
,

and C1 is quite significant. Therefore, the parameters
ðρr=V; T=H; T=MpÞ need to be studied carefully. More
specifically, for the evolution of the temperature T=Mp

during the inflationary period, the predictions for all points
(A, B, C, D, E, F) nearly overlap, indicating that the model
parameters ξ=

ffiffiffi
λ

p
and C1 have a negligible influence on

T=Mp. Under weak dissipation WHI, using Eq. (A5) for T,
it can be inferred that Q has a minimal impact on T=Mp.
Similarly, for the evolution of T=H, a comparable con-
clusion can be drawn from Eq. (A6). However, for the
evolution of ρr=V, there are noticeable differences under
different parameters ξ=

ffiffiffi
λ

p
andC1, indicating that even with

weak dissipative effects, the change in the radiation energy
density relative to the potential energy is remarkably
drastic. Therefore, in the study of WHI, the impact of Q
should not be disregarded, even though it is relatively
small.

FIG. 3. The evolution of various parameters in the WHI scenario for A, B, C, D, E, F, and G points in the Fig. 1.
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C. Primordial curvature power spectrum

Utilizing the model parameter values from Table I and
employing Eq. (2.11), we conduct an investigation of the
primordial curvature power spectrum. We establish a
connection between wave number k and inflationary field
h by employing the relationship between Nk and k as given
in Eq. (3.1), as well as the relationship between Nk and the
inflationary field h,

Nk ¼ ln
ae
ak

¼ ln
ae
ap

þ ln
ap
ak

¼ Np þ ln

�
kp
k
Hk

Hp

�
¼ Np − ln

k
kp

þ ln
Hk

Hp
: ð3:1Þ

The variation of PRðk=kpÞ with lnðk=kpÞ is illustrated in
Fig. 4, where the dashed lines in red, green, blue, cyan,
magenta, brown, and orange, respectively, correspond to the
predictions associated with points A, B, C, D, E, F, and G.
It is noteworthy that the four dashed lines representing

the Ne ¼ 50 scenarios almost completely overlap, as do the
corresponding lines for Ne ¼ 60. This observation suggests
that the model parameters ðC1; ξ=

ffiffiffi
λ

p Þ have a relatively
minor impact on PRðkÞ. Given that ðC1; ξ=

ffiffiffi
λ

p Þ can be
translated intoQ, this also implies that Q exerts a relatively

small influence on PRðkÞ. In the range of
log10ðk=kpÞ > 10, there is a certain difference in the
predicted primordial curvature power spectrum of several
groups of parameters, but it is not significant, and the value
of the primordial curvature power spectrum is very small,
so it is a huge challenge for observation.

D. Relic gravitational wave spectrum

Figure 5 displays the spectrum of secondary gravita-
tional waves at the present time. The dashed lines represent
our predicted results, and for the four scenarios with
Ne ¼ 50, the differences in predicted gravitational waves
are relatively small. Similarly, the three scenarios with
Ne ¼ 60 exhibit comparable trends. Additionally, the
variation of r has a significant effect on the ΩGW;0h2 of
CI [81], while it has a small effect on WHI. The specific
value of r for WHI can refer to Fig. 2. The main reason is
that the difference of the primordial curvature power
spectrum under different parameters is very small, ulti-
mately resulting in a limited influence of Q on GWs.
Despite the relatively modest amplitudes predicted by the
model, there is potential for validation through future
experiments, such as the SKA100, especially around the
frequency f ≈ 10−9.5 Hz.

FIG. 4. The primordial curvature power spectrum, PRðk=kpÞ vs lnðk=kpÞ is presented in the left panel for Ne ¼ 50 and in the right
panel for Ne ¼ 60.

FIG. 5. The spectrum of secondary gravitational waves at the present time, as a function of frequency, are depicted with dashed lines
indicating our predictive results. These predictions are calculated using Eq. (2.19) and are differentiated by the values of Ne ¼ 50 and
Ne ¼ 60 for the left and right planes, respectively. The cyan dotted line is that of the CI predictions with different tensor-to-scalar ratio
(r) [81]. The predictions of TPTA-20, FAST-50, and SKA-100 can refer to Refs. [63,82,83].
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IV. SUMMARY

In this study, we investigate the dependencies of various
physical quantities on Q during the WHI process.
Recognizing the pivotal role of Q in WHI, we initially
derive a relationship between each physical quantity in
WHI and Q, avoiding any a priori assumptions regarding
strong or weak dissipation.
Subsequently, accounting for the amplitude of scalar

fluctuations’ constraint, we determine the feasible param-
eter space (C1; ξ=

ffiffiffi
λ

p
). Further predictions of r and ns are

made and compared with the observations from CMB. We
found that, for the scenario Ne ¼ 50, the predictions
completely conform to the constraints imposed by the
CMB, while for the scenario Ne ¼ 60, the predictions
partially align within the CMB constraints.
Upon further analyzing the variation of the dissipation

coefficient with N, we observe that although Q exhibit
significant changes with variations in model parameters
(C1; ξ=

ffiffiffi
λ

p
), overall, Q remained at extremely low levels,

i.e.,Q ≪ 1. This indicates that Higgs warm inflation can be
categorized as weakly dissipative warm inflation. Despite
the small numerical value of Q, its dependence on various
physical quantities under the influence of parameters
(C1; ξ=

ffiffiffi
λ

p
), especially in the Ne ¼ 60 scenario, is pro-

nounced and should not be overlooked. This is clearly
illustrated in Fig. 3.
Finally, we conduct an investigation into curvature

perturbations during WHI process and find that Q had a
negligible impact on them, further confirming the model’s
prediction of GWs variations. In addition, r has a signifi-
cant impact on the ΩGW;0h2 for CI, whereas this effect is
relatively minor for WHI. Those conclusion is also well-
reflected in Fig. 5, which additionally suggest that GWs
generated by WHI are expected to be validated in future
observational experiments, particularly through the detec-
tion capabilities of the SKA100 experiment.
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APPENDIX

For the WHI, the more detailed information for each
component in the scalar power spectrum is provided below.
For the investigation of the front factor (H

2

2πḣ
), the potential

energy [Eq. (2.8)] serves to derive H, given by

H2 ¼ λM2
p

12ξ2
�
e−

ffiffi
2
3

p
h

Mp þ 1

�2
: ðA1Þ

Simultaneously, ḣ can be calculated using Eq. (2.5),
expressed as

ḣ ≈ −
U0ðhÞ

3ðQþ 1ÞH ¼ −

ffiffiffi
2

p
Mpe

ffiffi
2
3

p
h

Mp

ffiffiffiffiffiffiffi
λM2

p

ξ2

q

3ðQþ 1Þ
�
e

ffiffi
2
3

p
h

Mp þ 1

�2
: ðA2Þ

Combining Eqs. (A1) and (A2), the front factor can
ultimately be represented as follows:

H2

2πḣ
¼ −

ðQþ 1Þe
ffiffi
2
3

p
h

Mp

ffiffiffiffiffiffiffi
λM2

p

ξ2

q
8

ffiffiffi
2

p
πMp

: ðA3Þ

Concerning the modified factor (F ) in Eq. (2.11),

F ¼
�
1þ 2nk þ

�
Tk

Hk

�
2

ffiffiffi
3

p
πQkffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3þ 4πQk
p

�
GðQkÞ; ðA4Þ

where n represents the Bose-Einstein distribution function
with a specific expression nk ¼ 1=ðexpHk=Tk − 1Þ, and T
denotes the temperature of the thermal bath. The temper-
ature is intricately linked to the dissipative coefficient Q
and the Hubble constant H. By solving the equation for
the dissipative coefficient, Q ¼ Γ=3H ¼ C1T=3H, we can
derive

T ¼ 1

61=4

0
BBB@

λQM4
pe

2

ffiffi
2
3

p
h

Mp

Crξ
2ðQþ 1Þ2ðe

ffiffi
2
3

p
h

Mp þ 1Þ
4

1
CCCA

1=4

: ðA5Þ

EXPLORING THE IMPACT OF THE DISSIPATION … PHYS. REV. D 109, 083509 (2024)

083509-7



Dividing the above relation with H, we obtain
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In a thermal bath, the interaction between the inflaton
and radiation is characterized by the growth factor GðQkÞ.
This function is introduced by Graham et al. [70], with
subsequent discussions in studies [23,65]. The evolution of
GðQkÞ depends on Γ. In this work, we consider Γ ∝ T,
yielding the expression for GðQkÞ in [23,26]

GðQkÞlinear ¼ 1þ 0.0185Q2.315
k þ 0.335Q1.364

k : ðA7Þ

In this study, we have observed the phenomenon of
Q ≪ 1 during the WHI epoch. Clearly, for small values of
Q, i.e., Q ≪ 1, it is noteworthy that the modified scalar
power spectrum exhibits no significant variation with
changes in Q.
Through a analysis of the aforementioned factors, it is

evident that all these factors can be expressed in terms of
model parameters the nonminimal coupling ξ, the coupling
λ, the field h, and the dissipation coefficient Q.
Subsequently, based on the definition of the dissipation
coefficient Q ¼ Γ=3H ¼ C1T=3H and in conjunction with
the Eq. (A5), the dissipation coefficient Q is formulated in
terms of ξ, λ, and h,

e
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Therefore, the scalar power spectrum is entirely char-
acterized by the model parameters ξ, λ, and the field h.
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