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Abstract: In this paper, we revisit the extension of the classical non-standard cosmological
model in which dissipative processes are considered through a bulk viscous term in the new
field ¢, which interacts with the radiation component during the early universe. Specifically,
we consider an interaction term of the form I'ypy, where I'y represents the decay rate of the
field and py denotes its energy density and a bulk viscosity described by ¢ = ijopé/ 2, within
the framework of Eckart’s theory. This extended non-standard cosmology is employed
to explore the parameter space for the production of Feebly Interacting Massive Particles
(FIMPs) as Dark Matter candidates, assuming a constant thermal averaged Dark Matter
production cross-section ((¢cv)), as well as a preliminary analysis of the non-constant case.
In particular, for certain combinations of the model and Dark Matter parameters, namely
(Tend k) and (my, (cv)), where Tgpq corresponds to the temperature at which ¢ decays,
« is the ratio between the initial energy density of ¢ and radiation, and m, is the Dark
Matter mass, we identify extensive new parameter regions where Dark Matter can be
successfully established while reproducing the currently observed relic density, in contrast
to the predictions of ACDM and classical non-standard cosmological scenarios.

Keywords: non-standard cosmologies; dissipative cosmologies; FIMP dark matter
candidates; particle physics and cosmology connection

1. Introduction

Since the publication of the results obtained by the Supernova Search Team [1] and
the Supernova Cosmology Project [2], which consistently provided evidence that the uni-
verse is currently undergoing an accelerating expansion phase, the ACDM model has
become the most successful cosmological framework for describing the evolution of the
universe and fitting observational cosmological data. This model aligns well with various
cosmological observations, including Type la supernovae [3], measurements of the Hubble
[4-6],
background [8,9], among others. Regardless of its success, the model faces significant

parameter baryon acoustic oscillations [7], the cosmic microwave
observational challenges, such as the Hy tension, where local measurements of the Hubble
constant Hy using Cepheid host distance anchors (model-independent) show a discrepancy
of 5¢ with the value inferred from the Planck CMB assuming the ACDM model [10]. This
tension is further supported by the HOLICOW collaboration, which finds a discrepancy of
5.3¢ with the value inferred from the Planck CMB [11]. From a more fundamental point of
view, the nature and evolution of Dark Matter (DM) and Dark Energy (DE) remain open

questions without definitive answers. The former, an as-yet-undetermined non-baryonic

Symmetry 2025, 17, 731

https:/ /doi.org/10.3390/sym17050731


https://doi.org/10.3390/sym17050731
https://doi.org/10.3390/sym17050731
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0001-6769-5722
https://orcid.org/0000-0001-7929-1733
https://orcid.org/0009-0003-3824-5804
https://orcid.org/0009-0000-8356-6373
https://doi.org/10.3390/sym17050731
https://www.mdpi.com/article/10.3390/sym17050731?type=check_update&version=1

Symmetry 2025, 17, 731

20f31

component of the universe, is estimated to be approximately five times more abundant
than ordinary matter [9].

All we know about DM is that, if it is a particle, it must be dark, neutral, non-baryonic
matter, non-relativistic (Cold DM or CDM), and stable. Within this context, various the-
oretical frameworks propose potential DM candidates with these characteristics, such as
Supersymmetry [12] and string theory [13]. Some of these DM particles are generally
classified into two categories: Weakly Interacting Massive Particles (WIMPs) [14-19], and
Feebly Interacting Massive Particles (FIMPs) [20-22].

WIMPs are massive particles, possibly in the GeV-TeV range. They are characterized
by their interaction only through the electroweak force and gravity. The genesis mechanism
for WIMPs in the early universe is the freeze-out process. This occurs when a non-negligible
initial DM particle population is in thermal equilibrium with the Standard Model (SM) bath.
As the universe expands and cools, the interactions between DM and SM particles gradually
decrease, eventually ceasing and leaving behind the current observed DM relic density,
with a value of Qch? = 0.12 according to Planck [9]. Understanding DM interactions is
fundamental to identifying the most feasible methods for their detection. Among the most
well-known experimental approaches to search for DM particles are direct detection [23],
indirect detection [24], and collider experiments [25]. To be consistent with observations
within the ACDM framework, the total thermally averaged DM production cross-section
for this category must be approximately (cv)y = few x 1072 GeV [26]. Unfortunately, no
favorable results have been obtained to date in the search for WIMP DM, which has led to
the exploration of alternative production mechanisms for these elusive particles. In this
context, one of the most recently studied mechanisms is freeze-in, which gives rise to the
second category of DM candidates, the FIMPs.

FIMPs are massive particles in the keV-TeV range. These particles interact so weakly
with SM particles that they never reach thermal equilibrium with the surrounding medium
in the early universe. Consequently, these particles undergo the freeze-in process to
establish their population. In this mechanism, the DM abundance is gradually built up as
the universe cools, until the production ceases, leaving behind the current observed DM
relic density. These DM candidates can emerge from various particle physics models that
require the introduction of new symmetries beyond the SM. One example is the Higgs
portal mechanism, which incorporates a scalar field as the DM component, stabilized by a
Z5 odd symmetry to prevent its decay. Alternatively, in scenarios where the DM candidate
is fermionic, the associated vector boson corresponds to a gauge boson of a hidden gauge
symmetry, such as SU(2) [20]. Another well-motivated DM candidate is the pseudo-
Nambu-Goldstone boson, exemplified by Majoron DM, which arises when the U(1)5_1.
symmetry is spontaneously broken [27]. Additional scenarios include the spontaneous
breaking of Z; symmetry within an inverse seesaw model, leading to neutrino mass
generation alongside a FIMP DM candidate [28], or the implementation of the Froggatt—
Nielsen mechanism via the introduction of a U(1)ry symmetry [29]. Even though the
feeble interactions of FIMPs make it challenging to detect them with current experimental
instruments, they are of special interest because these candidates, which are not being
generated through thermal equilibrium, allow us to explore a less restricted parameter
space compared to WIMPs. Following this purpose, many studies suggest that these
candidates could be found in colliders and direct detection experiments as they can couple
to long-lived particles due to the feeble couplings or may also be produced from the decay
of heavy particles [30-35]. Furthermore, due to the mass range of FIMPs, they can be
the origin of Warm DM (WDM) [22,27,36—40]. The possibility of this type of DM has
an impact on the structure formation in the universe. While the CDM can explain the
observed structure on scales above ~1 Mpc, it faces challenges in explaining small-scale
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structure observations [41,42], such as the missing satellite problem [43,44]. This issue
can be alleviated by WDM instead of a CDM [45], a possibility that is supported by many
studies related to the number of satellites in the Milky Way and small halos with dwarf
galaxies [42,46,47]. Therefore, FIMPs are more versatile than WIMPs, as they are less
constrained and can alleviate other cosmological tensions.

The DM relic density depends on the era in which its abundance is set. For instance,
in the ACDM model, it is assumed that this relic density is established during the radiation-
dominated era. Some interesting cosmological scenarios include an additional field (¢) in
the early universe (scalar or fermion), which generates different domination eras due to
the decay of the field into SM particles, leading to entropy injection into the SM bath. This
behavior expands the parameter space available for detecting DM particles and can modify
DM production if it occurs during these new domination eras. These alternative scenarios,
known as Non-Standard Cosmologies (NSCs), offer new avenues for DM detection and may
re-open parameter spaces previously excluded in the ACDM model, potentially revealing
viable DM candidates and mechanisms within these non-standard frameworks. Therefore,
if DM is experimentally detected, its particle physics properties and characteristics—such
as mass, interactions with SM particles, and coupling constants—must be determined in a
way that is consistent with the ACDM framework. Conversely, it is necessary to explore
new NSC scenarios where these quantities align with the cosmological model.

In the effort to address tensions within the ACDM model, one approach is to consider
that this model is a particular approximation of a more general cosmological framework.
In this context, a natural extension is to incorporate non-perfect fluids, which offer a more
realistic description of the cosmic medium [48]. This is especially relevant given that, in
the ACDM model, all matter components of the universe are typically modeled as perfect
fluids. When non-perfect fluids are taken into account, phenomena like viscosity arise,
whose effects play a crucial role in many cosmological processes, including the reheating
of the universe, the decoupling of neutrinos from the cosmic plasma, nucleosynthesis,
and others. Even more, the effects of viscosity are significant in various astrophysical
mechanisms, such as the collapse of radiating stars into neutron stars or black holes, and
the accretion of matter around compact objects [48]. More recently and following the main
idea, viscosity has been proposed as an alternative to mitigate some of the recent tensions
in the ACDM model. For instance, a decaying DM scenario increases the expansion rate
relative to ACDM, potentially alleviating the Hy tension [49], with other viable solutions for
this tension considering viscosity studied in Refs. [50-52] (for a comprehensive review of
viscous cosmology in the early and late universe, see Ref. [53]). It is important to highlight
that these tensions (particularly the late-time tensions) are mentioned solely as a motivation
to explore alternatives to the ACDM model by considering bulk viscous fluids. In this
sense, we also include this extension in the early universe to study its impact on FIMP Dark
Matter production as a potential Dark Matter candidate. Nonetheless, it is important to
note that our model is not incompatible with these late-time approaches. Therefore, one
could develop a comprehensive model that could alleviate the issues of the ACDM model
at both early and late times.

Working with non-perfect fluids requires a relativistic thermodynamic theory out
of equilibrium, such as the Eckart [54,55] or Israel-Stewart [56,57] formalisms. Although
Eckart’s theory is non-causal [58], it remains widely studied due to its mathematical simplic-
ity compared to the full Israel-Stewart formalism. Nevertheless, Eckart’s approach serves
as a convenient starting point for understanding dissipative effects in the universe, as the
Israel-Stewart theory reduces to Eckart’s theory when the relaxation time for transient
viscous effects is negligible [59]. On the other hand, viscosity can manifest in two forms:
shear viscosity and bulk viscosity. While the former can play a significant role in certain
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contexts [60], our focus will be on bulk viscosity, which can emerge due to the presence
of mixtures in the universe [61], the decaying of DM into relativistic particles [62,63], the
energy transfer between CDM and the radiation fluid [64], and might exist in a hidden
sector, reproducing various observational properties of disk galaxies [65,66]. The recent
advancements in gravitational wave detection have further opened up the possibility of
observing dissipative effects in DM and DE through the dispersion and dissipation expe-
rienced by these waves as they propagate through a non-perfect fluid [67]. Additionally,
bulk viscosity could contribute significantly to the emission of gravitational waves during
neutron star mergers [68]. It is interesting to remark that until now there has been no
fundamental origin for bulk viscosity from particle physics; it is instead treated as an
effective description.

Bulk viscous effects in the matter components of the universe have been deeply
and widely studied in the literature, particularly about viscous DE components [69-74].
However, a more common approach is to study a DM component that undergoes dissipative
processes during its cosmic evolution [75-82]. This approach is of particular interest because
it can account for the recent accelerated expansion of the universe without requiring an
explicit DE component, leading to unified DM models [83-93]. Previous studies have
explored dissipative stiff matter fluids within the framework of the full Israel-Stewart
theory [94]. Furthermore, bulk viscous DM has been analyze in various contexts, including
inflation [59,95-97], interacting fluids [61,98,99], and modified gravity [73,100]. These
effects have also been studied concerning singularities such as the Big Rip and Little
Rip, across both classical and quantum regimes [69,71,73,101-108]. Further research has
investigated the role of bulk viscosity in the radial oscillations of relativistic stars as well as
its cosmological implications for Quark-Gluon plasma-filled universes [109,110].

In Ref. [111], the authors propose a novel NSC scenario in which the early universe is
dominated by two interacting fluids, namely the new field ¢ and radiation, by considering
that ¢ experiences dissipative processes during their cosmic evolution in the form of a bulk
viscosity. Working in the framework of Eckart’s theory for non-perfect fluids, the authors
consider an interaction term of the form I'yp, where Iy, represents the decay rate of the
field and py denotes its energy density, and a bulk viscosity described by ¢ = {jopé/ 2. The
latter has the advantage that, when the field fully decays, the dissipation is negligible and
the standard ACDM cosmology is fully recovered. This novel NSC scenario was applied
to the study of the parameter space for WIMP DM candidate production, showing that it
is possible to explore even wider regions in which the model can account for the actual
DM relic abundance in the universe. This result is obtained by comparing the classical
NSC scenario with their bulk viscous counterpart, considering the same values for the
NSC parameters, namely, x (ratio between the initial energy density of ¢ and radiation),
Tend (the temperature at which ¢ decays), ¢p, and w (the barotropic index of ¢); and for
the WIMP DM candidate 1, (the DM mass) and (cv). From the study, it can be noted that
in the bulk viscous NSC, there is a boost in the production of the field ¢ in comparison
with the NSC case and, therefore, an increased injection of entropy to the SM bath. On
the other hand, for certain values of the parameter space (Teng, k), it can be observed that
the model with viscosity allows a considerable range of lower values of « to reproduce
the DM relic density compared with the NSC. The latter means that for larger values of x
both cases, NSC with and without bulk viscosity, are comparable due to the contribution
of the viscosity being almost neglected, and the addition of viscosity enables a bit larger
values of Te,q. Additionally, in the (my, (cv)) space for the WIMP DM candidate in the
same range of masses, NSC and NSC with bulk viscosity allow higher values of m, unlike
the ACDM model, and the effects of dissipative processes let us to explore smaller total
thermally averaged DM production cross-section for the candidate. These results raise the
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following question: How do dissipative processes influence the parameter space for FIMP
DM production?

The aim of this paper is to revisit the bulk viscous NSC studied in [111] by investigating
the impact of these dissipative effects on the production and relic density of FIMP DM candi-
dates. Following the same scheme as in [111] for WIMP DM candidates, we investigate the
parameter space that can accurately reproduce the current DM relic density by adjusting both
the model and DM parameters within this novel NSC framework for FIMP DM candidates.

This paper is organized as follows: Section 2 provides a brief review of the original
NSC scenario. Section 2.1 examines its applicability to FIMP DM candidates. In Section 3,
we introduce the bulk viscous extension to the original NSC model, being compared the two
models for FIMP DM candidates with a constant total thermally averaged DM production
cross-section in Section 3.1. The analysis of the parameter space for DM production that
results in the current relic density is presented in Section 3.2. In Section 3.3, we briefly
study this bulk viscous NSC for FIMP DM candidates with a non-constant total thermally
averaged DM production cross-section. Finally, in Section 4, we present some conclusions
and future directions. Throughout this paper, we use ¢ = 1 units.

2. Non-Standard Cosmologies

As discussed in Refs. [112-125], a straightforward approach to generate NSC scenarios
is adding in the early universe a field (¢) which eventually decays into SM plasma. The
evolution of the energy density, py, for this field is given by

Py +3(w +1)Hpy = —Typy, 1)

where “dot” denotes the derivative with respect to the cosmic time ¢, I'y is the decay
rate of ¢, w = py/py is the barotropic index with p, the pressure of the field, and H =
(pp +p0v)/ (3M,2]) is the Hubble parameter with M, = 2.48 x 10'® GeV the reduced Planck
mass. In the same way as for ¢, the equation for the radiation energy density, p,, can also be
written. However, to be more precise, it is necessary to incorporate the relativistic degrees
of freedom for radiation. Therefore, the evolution of the Standard Model (SM) bath is more
accurately described by the entropy density, due to the entropy injection resulting from the
decay of ¢ [126]. Consequently, the evolution of the SM bath is given by

S+ 3Hs — 009 @)
T
where the entropy density can be defined as s = 27t2g,s(T)T3/45, with g,s the degrees
of freedom that contribute to the entropy density and T the temperature of the SM bath.
Note that the interaction term between the field and the SM bath corresponds to the usual
expression I'ppp. Using the definition for the entropy, the Equation (2) can be rewritten in
terms of the temperature as follows:

o Typy dgs(T) T !
T = (HT+ 35 )( AT 3g.s(T) +1) . 3)

The SM bath temperature is related with the radiation energy density by p, =
7'[2g*(T)T4 /30, with g, the degrees of freedom that contribute to this energy density. It
is important to mention that this NSC scenario must not alter the Big Bang Nucleosynthesis
(BBN) epoch due to the highly accurate observations based on the ACDM model [127-129].
Therefore, the ¢ field must decay before the beginning of BBN, i.e, at T.nq 2 Tppn ~ 4 MeV.
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Additionally, the temperature Te,q is defined as the moment when H = Ty and can be related

to the decay rate as
4 90

Tend =

———— M T}, 4
g Tan) 7 ? @

Finally, the evolution of the number density n, for the DM component is governed by
the Boltzmann equation

ny +3Hny, = —(ov) (n)zc — n‘Z'q), (5)

where (o) is the total thermally averaged DM production cross-section and #.q is the
equilibrium number density defined as neq = mi T Ky(my /T)/ 7%, with K, the Bessel
function of second kind and m, the DM mass. The DM energy density is related to its
mass by p, = my ny. The contribution of the DM candidate to the total energy budget
can be neglected due to its negligible contribution compared to the field and radiation
components. To compute the DM relic density it is useful to define the yield as Y = n, /s.

There are four regions of interest in these kinds of scenarios which are related to
different moments in the universe expansion. Region I (RI) occurs when Teq < T where
Teq is the temperature at which p, = p,. Note that this region does not exist if p is
initially higher than radiation. Region II (RII) and III (RIII) take place when Teq > T > T
and T > T > Tgyq, respectively, with T. the temperature at which the decay of the
field becomes relevant. Finally, Region IV (RIV) corresponds to T,,q > T, that is, when
the ACDM cosmology is recovered. Consequently, the NSC scenario is characterized
by the parameters k¥ = pgini/+,ini, the temperature Teng, and the barotropic index w.
For illustration, Figure 1 shows an NSC scenario with x = 102, Tend = 7 % 1073 GeV,
m, = 100 GeV, and w = 0. From now on, the subscripts “0” and “ini” refer to the current
and initial time, respectively.

< 1
=1 o I g ™
1013 1 SF & | N =
|
1
P !
Z |
8 101 |
by :
=) 1
< I .
S 109 I I
X I |
Q 1 1
| |
1 1
1071 ! !
[RIII RII : RI
LN | T T "'!"I T T L | T T I““'II T T L |
1079 1072 107! 10 10
T (GeV)
Figure 1. Evolution of p x (a/ ag)* as a function of the temperature T for x = 1072,

Tend =7 X 1073 GeV, my = 100 GeV, and w = 0. The solid lines correspond to the NSC scenario and
the dashed-dotted line to the standard ACDM scenario, while the red line represents the new field ¢
and the blue lines the radiation component. The dashed lines correspond to the values of Teq (cyan),
T¢. (grey), and Tynq (green line).
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Assuming constant degrees of freedom, the energy density of the field ¢ behaves as
pg g 3(w+1)

as T « a~1, while in RIII, the temperature behaves as T « a—3(w+1)/8 Nevertheless, after
1

. On the other hand, in RI and RII, where T > T, the temperature evolves
the complete decay of ¢, the temperature takes the usual form T o« a7, recovering the
ACDM cosmology in RIV. This temperature behavior is illustrated in Figure 2 for an NSC
scenario with x = 1072, Topq = 7 x 1072 GeV, m, = 100 GeV, and w = 0. The variations in
temperature and radiation energy density in the figure are derived from the full numerical
integration, which accounts for entropy and radiation degrees of freedom.

It is important to mention that the addition of the field can influence the inflation and
reheating epochs, as studied in various works [124,130-135]. While some propose that
¢ acts as the inflationary field within the NSC framework, others suggest that ¢ solely
generates the reheating epoch [116,120,136,137].

1 ol
S ol I
3 S0
103 - S| SRS
S : :
: : |
~ 1
> 1
3 1
~ 1
S 1
1 S
X I /
H : | - —
1 1
1 1
1 RII RII]} = ACDM
2 | — NSC
10 .- | ! |
10° 102 10% 106 108

a/ag

Figure 2. Evolution of T x (a/ag) as a function of a/ag for k = 1072, Tonq = 7 x 1073 GeV,
m, = 100 GeV, and w = 0. The solid blue line represents the NSC scenario and the dashed-dotted red
line the standard ACDM scenario. The dashed lines correspond to the values of Teq (cyan), Tc (grey),
and Tq (green line).

2.1. FIMPs in Non-Standard Cosmologies

The Boltzmann equation described in Equation (5) is valid for both WIMP and FIMP
candidates. The main differences between them are the magnitude of the thermally aver-
aged cross-section and the initial conditions: WIMPs have an initial number density, as
they were in equilibrium with the Standard Model (SM) bath in the early universe, whereas
FIMPs are produced via decays of other particles in the early universe and therefore have
an initial number density of zero. This production of FIMPs particles is generated by a
non-thermal production mechanism called freeze-in. This DM genesis is based on the
assumption that if the coupling of DM particles to the SM bath is small, meaning that
their interactions with these particles are very feeble, then the DM particle never achieves
the thermal equilibrium in the early universe with the bath particles. With the ongoing
expansion of the universe, the production of FIMPs come to an end as their interaction
rates become increasingly inefficient relative to the expansion rate of the universe, leading
to the observed DM abundance.
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These candidates can establish their abundance through two distinct mechanisms.
The first one is UltraViolet (UV) freeze-in, and the second one is InfraRed (IR) freeze-in. In
the UV freeze-in scenario, the process occurs when the mass of the mediator particle of
the interaction with FIMPs exceeds the temperature of the thermal bath. This interaction
involves higher-order, non-renormalizable operators, making it highly sensitive to the
reheating temperature in the early universe. On the other hand, the IR freeze-in mechanism
takes place at temperatures comparable to the mass of DM, through renormalizable opera-
tors. For example, in Ref. [138], DM UV freeze-in is explored from a thermal bath during
inflation (a warm inflation phase), showing that the DM yield has a non-trivial dependence
on the temperature and the Hubble rate during inflation.

In general, the non-renormalizable operators that connect the DM with the SM bath
are operators with mass dimension 5 4 n/2, for n = 0 or even values of n. This implies
that a total thermally averaged DM production cross-section in the UV freeze-in can be
parametrized as

Tn

(ov) &« =i (6)

with A an energy dimension quantity related to the mass scale of the DM and SM bath
mediator. Following this line, operators of mass dimension 5 (n = 0) give constant values
of (ov), with some examples presented in Refs. [22,139-143]. Meanwhile, examples of
operators with mass dimensions 6 (n = 2) or 7 (n = 4) are shown in Refs. [140,144-146].
Along this paper, we mainly analyze the case with a constant (cv), and briefly discuss the
cases with n = 2 and n = 4 in Section 3.3.

In the case of the NSC, the decay of the new field, introduced at early times, generates
an increment in the temperature of the universe and, consequently, in the entropy and
radiation energy density. This change in the temperature can also be seen as a faster
or slower expansion rate of the universe. The entropy injection can be parametrized by
D = §(Tenq)/s(1my) = (Tena/1my)?, ie, the entropy density before and after the decays of
the new field ¢. This left significant imprints on the DM production, considering that the
yield depends explicitly on the entropy density. Therefore, an increment in s(T) will dilute
the DM relic density. The latter means that DM parameters (1m,, (0v)) that overproduce
the relic density in the ACDM model can, in the NSC scenario, reproduce the current DM
relic density. The establishment of DM can occur in the four regions described in Section 2:

¢RI In this region, the radiation component of the universe still dominates its ex-

pansion, i.e., H ~ /p,/ BM%7 « T? is almost the same as in the ACDM model.
The condition ¥ < 1 (04,ini > Pg,ini) is Necessary for this region to exist. This be-
havior is illustrated in Figure 3, for a NSC with ¥ = 1072, Topg = 7 x 1073 GeV,
my = 100 GeV, (0v) =5 x 10726 GeV~2, and w = 0. It can be observed that the DM
freezes its abundance before the decay of ¢, and as the decays become significant,
the DM relic density is diluted to reach its current value, allowing the parameters
(my, (ov)) = (100 GeV, 5 x 10726 GeV_z) , which were previously ruled out in the
ACDM scenario.

¢ RIL In this region, the expansion of the universe is dominated by the energy density
of the field, i.e., H ~ ,/py/3M3 o T3(@+1)/2 Figure 4 shown the evolution of the DM
yield for x = 1, Tong = 5 % 1072 GeV, m,, = 100 GeV, (0v) = 1072 GeV~2, and w = 0.
In this case, the freeze-in happens at different but closer times, and it can be seen that
the DM yield in the ACDM model is slightly higher than the NSC scenario. This is
produced by the expansion rate of the universe different to H o T2. Nevertheless,
after the decay of ¢, the entropy injection dilutes the DM relic density, bringing it to
its current value.
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. RIII: For this case, the universe expansion is still dominated by the ¢ field, but the
decays begin to inject entropy to the SM bath. The expansion rate can be approximated
asH ~ \/py/ 3M% o« T4, which means a decaying epoch. Figure 5 shows the evolution
of the DM yield for k = 10%, Teng = 2 GeV, my = 100 GeV, (0v) =5 x 10722 GeV 2,
and w = 0. Once again, the particles freeze their abundance earlier in the NSC scenario
compared to ACDM model, resulting in a lower DM yield. As the decay of ¢ becomes
significant, the resulting entropy injection dilutes the DM relic density, bringing it to
its present value.

e  RIV: Finally, in this region the ¢ filed has already fully decay and the ACDM model is
recovered. This region is not of our interest.

It is important to note that in the case of UV freeze-in, the DM production can also
be generated by other mechanisms, such as the decay of ¢ or gravitational production.
According to Ref. [122], considering couplings of O(1), w ~ 1, and my < M), the con-
tribution of the Branching ratio of ¢ decaying in DM is negligible compared to the UV
freeze-in. In the case of gravitational production, the interaction rate density is proportional
to T8/ M2, meaning that higher initial temperatures (Tin; > 10" GeV) and higher reheating
temperatures (Ty, > 107 GeV) would provide a perfect mechanism for generating FIMP
DM [147,148]. In the case we are analyzing, the form of (¢cv) is more efficient.
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Figure 3. Comparison of the yield production between the NSC (solid blue line) and the
ACDM (dashed-dotted red line) scenarios for x = 1072, Toq = 7 X 1073 GeV, my = 100 GeV,
(0v) =5 x 10720 GeV~2, and w = 0. The dashed lines correspond to xeq (cyan), x. (grey), and Xeng
(green); while the dashed-dotted magenta line is the time when the DM candidate freeze-in their
number at xg. The green zone represents the current DM relic density according to Ref. [9], observing
that the parameter space considered in this case gives us the right amount of DM in the NSC scenario.
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Figure 4. Comparison of the yield production between the NSC (solid blue line) and the
ACDM (dashed-dotted red line) scenarios for « = 1, Tpng = 5 x 1072 GeV, my = 100 GeV,
(cv) = 1072* GeV~2, and w = 0. The dashed lines correspond to x. (grey) and xenq (green), while
the dashed-dotted magenta line is the time when the DM candidate freeze-in their number at xg;. The
green zone represents the current DM relic density according to Ref. [9], observing that the parameter
space considered in this case gives us the right amount of DM in the NSC scenario.
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Figure 5. Comparison of the yield production between the NSC (solid blue line) and the
ACDM (dashed-dotted red line) scenarios for x = 103, T,q = 2 GeV, my = 100 GeV,
(0v) =5 x 10722 GeV~2, and w = 0. The dashed lines correspond to x. (grey) and xqnq (green),
while the dashed-dotted magenta line is the time when the DM candidate freeze-in their number at
xg. The green zone represents the current DM relic density according to Ref. [9], observing that the
parameter space considered in this case gives us the right amount of DM in the NSC scenario.
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3. Bulk Viscous Non-Standard Cosmologies

In the bulk viscous extension of the classical NSC, it is assumed that the field ¢ expe-
riences a dissipative process in the form of a bulk viscosity during its cosmic evolution.
In this extension, and working in the relativistic thermodynamic framework out of equi-
librium of Eckart’s theory [55], the equations for the Hubble parameter and the evolution
of the SM bath (2) remain unchanged, while the acceleration equation and conservation
equation for the field (1) become

2H +3H? = —p, — pp — 11, (7)

where Pefry = pg + 11 is the effective pressure of the field, with py being the equilibrium
pressure, II = —3H( the bulk viscous pressure, and ¢ is the bulk viscosity. In particular, we
assume that the dissipative fluid does not experience heat flow or shear viscosity. For more
details on the procedure used to obtain this novel NSC, we refer the reader to Ref. [111],
where the bulk viscous NSCs were studied for the first time. It is important to note that the
bulk viscosity influences the evolution of the universe through the bulk viscous pressure. In
particular, in an expanding universe, the expression I = —3H( is always negative (¢ > 0
to maintain consistency with the second law of thermodynamics [149]). Consequently, this
viscosity leads to an acceleration in the expansion of the universe, as seen from Equation (7).

In general, bulk viscosity can depend on the temperature and pressure of the dis-
sipative fluid [149]. Hence, a natural and most extensively studied expression for the

bulk viscosity is to assume a proportional dependence to the power of its energy density,
¢ = Gopy”

consideration, Equation (8) takes the form

, where {g = (foMp, allowing & to be a dimensionless parameter. With this

09 +3(w +1)Hpp = —Typp +IME&Hpy/>. )

The chosen parameterization for the bulk viscosity has the advantage that, once
the field ¢ fully decays into SM plasma, the dissipation becomes negligible, and the
standard ACDM scenario without viscosity is recovered. Therefore, to compare the
classical NSC scenario with its bulk viscous counterpart, we numerically integrate
Equations (1), (3), (5) and (9), taking into account that H = (g + o)/ (3M%) Note that as
we incorporate the field in a model-independent manner, we do not assume that ¢ is the
inflationary field. Therefore, the initial temperature will be Tj,; = m, to explore a wide
range of maximum temperatures in the DM parameter space and study its impact on the
DM production, under the assumption that T.,q (or the reheating temperature) must be
higher than 4 MeV. The results of this analysis are presented in the following subsection.

3.1. Comparison Between Scenarios

In this section, we will compare all the features discussed in Sections 2 and 3, between
the NSC and the bulk viscous NSC scenarios.

In Figure 6, we depict the evolution of p x (a/ap)* as a function of the temperature T
for k = 1073, Tonq = 7 x 1073 GeV, & = 1072, m, = 100 GeV, and w = 0. The solid and
dashed-dotted lines correspond to the NSC with and without bulk viscosity, respectively, while
the red lines represent the new field ¢ and the blue lines the radiation component. We also
depict the values of Teq (cyan), T¢ (grey), and Teng (green) for the NSC with bulk viscosity
(dashed lines) and the classical NSC (dotted lines). From the figure, it can be observed that the
bulk viscous NSC leads to an enhanced production of the field ¢ compared to the classical NSC
scenario, resulting in a greater increase in the radiation energy density due to the decay of the
field, and consequently, a higher entropy injection into the SM bath. An interesting feature is that
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the overall temperature-dependent behavior of the fluids remains largely unchanged between
the two scenarios, allowing us to conclude that the field ¢ becomes negligible in the bulk viscous
NSC scenario as in the classical NSC. Nevertheless, this conclusion is only valid for bulk viscous
NSC models with w > —1, since viscosity can lead to obtaining an effective barotropic index
where wef < —1 for an w > —1 but close to —1, i.e., we can obtain a behavior where the field
¢ never decays. Meanwhile, Figure 7 shows the comparison of the yield production between
the classical NSC (solid red line) and the NSC with bulk viscosity (solid blue line) for the same
values of k, Ty, 50, my, and w as in Figure 6, considering (0v) = 5 x 10726 GeV~2. The dashed
and dotted lines correspond to xeq (cyan), x. (grey), and Xenq (green) for the NSC with and
without bulk viscosity, respectively, while the dashed-dotted magenta line is the time when the
DM candidate freeze-in their number at x. The green zone represents the current DM relic
density according to Ref. [9]. Firstly, note that the lines for x..,q and x5 are the same for both
models. Secondly, note that the behavior of the yield production is the same in both models
until the decay of ¢. After that, it is observed that the higher entropy injection generated by the
viscous term leads to lower values of the DM yield. This means that the DM relic density agrees
with the current observation for a NSC with bulk viscosity in contrast with the standard NSC
case which overproduces the DM relic density.
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Figure 6. Evolution of p x (a/ag)* as a function of the temperature T for x = 1073, Tong = 7 x 1072 GeV,
cfo =102, my = 100 GeV, and w = 0. The solid and dashed-dotted lines correspond to the NSC with
and without bulk viscosity, respectively, while the red lines represent the new field ¢ and the blue lines
the radiation component. We also depict the values of Teq (cyan), T. (grey), and Teng (green) for the NSC
with bulk viscosity (dashed lines) and the classical NSC (dotted lines).

The comparison of the parameter space of the NSC models, namely x and T4, with
a fixed w, is depicted in Figures 8-10. The figures were obtained for the values & = 1072,
my, = 100 GeV, and (0v) = 1072 GeV 2. The solid red and blue lines correspond to the
parameter space that reproduces the current DM relic density for the classical NSC and the NSC
with bulk viscosity, respectively. We also delimit the three regions of interest (see Section 2.1)
through the equalities Teq = Tj (cyan), Tc = Tj (grey), and Tenq = Tj (green) for the NSC
with bulk viscosity (dashed lines) and the classical NSC (dashed-dotted lines). The red and
blue zones represent their respective parameter space in which py < p,, Vt, i.e., the regions in
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which the Hubble parameter is always approximately similar to the ACDM model (H ~ T?).
The grey zone corresponds to the forbidden BBN epoch that starts at Tppny ~ 4 X 1073 GeV.
In Figure 8, obtained for w = 0, it can be seen that for higher values of k¥ and T.,g (RIII), the
parameter space is slightly the same, meanwhile in RII the curves separate from each other.
However, the greatest differences between the NSC with and without bulk viscosity cases are
presented in RI, exhibiting an approximate independent behavior of the x parameter, which
can be explained by the dominance of the viscous term over the decaying term. On the other
hand, Figure 9, obtained for w = —2/5, exhibits a similar behavior to the w = 0 case, with the
difference that the approximate independent « values in RI are reached to higher temperatures
and, therefore, there is a smaller window of T4 to reproduce the current DM relic density.
Finally, in Figure 10, obtained for w = 2/5, there is no existence of RI since the values of k are
greater than 1. In other words, pyin; is always greater than p., ini. The parameters for NSC with
and without bulk viscosity are very close (less than one order of magnitude) and, therefore, the
FIMP DM candidates are not so sensitive to the inclusion of the bulk viscosity when the value
of w is higher compared these two cosmological scenarios. This also explains the absence of the
red and blue zones, and the lines for Teq, Tc, and Tepg-
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Figure 7. Comparison of the yield production between the classical NSC (solid red line) and the NSC
with bulk viscosity (solid blue line) for x = 1073, Tong = 7 x 1073 GeV, & = 1072, m, = 100 GeV,
(ov) =5 x 10726 GeV~—2, and w = 0. The dashed and dotted lines correspond to Xeq (cyan), xc (grey),
and x4 (green) for the NSC with and without bulk viscosity, respectively, while the dashed-dotted
magenta line is the time when the DM candidate freeze-in their number at xg. The green zone
represents the current DM relic density according to Ref. [9], observing that the parameter space
considered in this case gives us the right amount of DM in the bulk viscous NSC scenario.

Last but not least, Figure 11 shows the FIMP DM candidate parameter space, namely
my and (0v), for k = 1073, Topg = 7 X 1073 GeV, & = 1072, and w = 0. The solid red
and blue lines correspond to the parameter space that reproduces the current DM relic
density for the classical NSC and the NSC with bulk viscosity, respectively. The red and
blue zones represent their respective parameter space in which py < p,, Vt. From the figure,
a similar behavior can be observed between the two scenarios for small values of FIMP DM
candidate mass and high values of the thermally averaged DM production cross-section
(and vice versa). In addition, there is a gap between the curves, shifting the case with bulk
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viscosity upward with respect to the standard NSC scenario, reaching larger values of (0v)
(approximately two orders of magnitude) in the same range of m,.

103
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1073
NSC
Po < Py
101 100 10! 102
Tend (GeV)

107°
1073 1072

Figure 8. Parameter space (Tonq k) for the NSC models with & = 1072, my = 100 GeV,
(0v) = 10720 GeV~2, and w = 0. The solid red and blue lines correspond to the parameter space
that reproduces the current DM relic density for the classical NSC and the NSC with bulk viscosity,
respectively. We also delimit the three regions of interest through the equalities Teq = Tg (cyan),
T. = Ty (grey), and Tong = Ty (green) for the NSC with bulk viscosity (dashed lines) and the
classical NSC (dashed-dotted lines). The red and blue zones represent their respective parameter
space in which py < p,, Vt. The grey zone corresponds to the forbidden BBN epoch that starts
at Tggn ~ 4 x 1073 GeV. Note that the bulk viscous NSC scenario allows the model to take lower
values of .
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Figure 9. Parameter space (Tong,k) for the NSC models with & = 1072, my = 100 GeV,
() = 10720 GeV~2, and w = —2/5. The solid red and blue lines correspond to the parameter
space that reproduces the current DM relic density for the classical NSC and the NSC with bulk
viscosity, respectively. We also delimit the three regions of interest through the equalities Teq = Ty
(cyan), Te = Ty (grey), and Teng = Ty (green) for the NSC with bulk viscosity (dashed lines) and the
classical NSC (dashed-dotted lines). The red and blue zones represent their respective parameter
space in which py < p4, Vt. The grey zone corresponds to the forbidden BBN epoch that starts at
Teen ~ 4 x 1073 GeV.



Symmetry 2025, 17,731

15 of 31

2 x 102
102 ¢
. ]VSC "Vlt]]

6 x 101 buyy,

4 x 10!

3 x 101

2 % 101 : : .

10 1072 107! 100 101
Tend (GeV)

Figure 10. Parameter space (Ty,q, ) for the NSC models with & =102 m x = 100 GeV,
(ov) = 10726 GeV~2, and w = 2/5. The solid red and blue lines correspond to the parameter space
that reproduces the current DM relic density for the classical NSC and the NSC with bulk viscosity,
respectively. The grey zone represents the forbidden BBN epoch that starts at Tgpn ~ 4 x 1073 GeV.
Note that the bulk viscous NSC scenario allows the model to take lower values of x.
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Figure 11. Parameter space (my,(0cv)) for the FIMP DM candidate with x = 1073,

Tend =7 x 1073 GeV, & = 1072, and w = 0. The solid red and blue lines correspond to the
parameter space that reproduces the current DM relic density for the classical NSC and the NSC with
bulk viscosity, respectively. The red and blue zones represent their respective parameter space in
which py < p,, Vt. Note that the bulk viscous NSC scenario allows to achieve larger values of (0v).

3.2. Parameter Spaces in the Bulk Viscous Non-Standard Cosmologies

From now on, we focus the analysis on the study of the parameter spaces (Tenq,%) of
the model and (m,, (cv)) of the FIMP DM candidate for the bulk viscous NSC scenario
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alone. It is important to mention that, from this point onward, the choice of values for the
free parameters of the model and for the DM is solely intended to illustrate the behavior
of DM production within this new cosmological scenario and it is not a preference for an
arbitrary value.

In Figure 12, we depict the parameter space (Teng, k) for & = 1072, (cv) = 1072
GeV~2,and w = 0. The solid blue, red, and green lines correspond to the parameter space
that reproduces the current DM relic density for m, = 104, 102, and 1 GeV, respectively.
The green and red zones represent the parameter space in which py < p,, V¢, for my =1
and 102 GeV, respectively. The grey zone corresponds to the forbidden BBN epoch that
starts at Tggy ~ 4 X 1073 GeV. From the figure, it can be observed that lower values of
my shift the curves downward to the left, while the regions in which py < p, are shifted
upward to the left. Hence, the blue zone is achieved at higher values of T,,q and lower
values of k. Interestingly, for m, = 10* GeV, there exists a region in which the curve that
reproduces the current DM relic density goes to higher values of x. While this behavior
occurs in the forbidden BBN zone, this parameter space may be accessible for higher values
of the DM mass. Otherwise, Figure 13 shows the same parameter space as Figure 12 for
zfo =102, my = 100 GeV, and w = 0. The solid blue, red, and green lines correspond
to the parameter space that reproduces the current DM relic density for {(cv) = 10722,
10724, and 10726 GeV 2, respectively. The grey zones represent the parameter space in
which py < p,, Vt (for the three cases), and the forbidden BBN epoch. As it can be noted, a
decrease in the values for the thermally averaged DM production cross-section shifts the
parameters that reproduce the current DM relic density downward to the right, allowing
access to the “approximated independent x-zone” described in Section 3.1. Additionally, it
is interesting to analyze the behavior of varying the DM mass (Figure 12) and its interactions
(Figure 13). For instance, for higher values of m, appear a zone allowed to reproduce the
current DM relic density in which the values of x increase when T,,q is decreasing. On the
other hand, smaller values of (cv) allow lower values of ¥ when T4 is diminishing up
to the independent zone mentioned above. Finally, Figure 14 shows the parameter space
mentioned before for m, = 100 GeV, (cv) = 10722 GeV~2, and w = 0. The solid green, red,
blue and magenta lines correspond to the parameter space that reproduces the current DM
relic density for (fo =10"3,25%x1072,5x 10 2and 10}, respectively. The green, red, and
blue zones represent their respective parameter space in which py < p,, Vt. As before, the
grey zone corresponds to the forbidden BBN epoch. As it is possible to see, higher values
of &y shift the curves and the regions, in which Py < py, downward to the right. Hence,
the magenta zone is achieved at higher values of T,,4 and lower values of x. Additionally,
this increment in the ¢y-values generates more prominent curvatures in the “approximately
independent x-zone”, reducing the T,,q parameter space that could reproduce the current
DM relic density.

The above discussion shows how certain values of m, and (ov) open the possibility to
new combinations of (T,,q4, k) parameters to reproduce the current DM relic density and
how combining different DM parameters could reach higher or lower values in the model
parameters. For instance, for higher values of &) and small values of (¢0), it is possible to
access small values for x and shorter range for Te,q. Meanwhile, a large range of T,,q and
lower values of x could be reached for small values of (im,, (cv)) and higher values of &o.
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Figure 12. Parameter space (T,pnq, k) for the bulk viscous NSC with &y = 1072, (0v) = 1072? GeV 2,
and w = 0. The solid blue, red, and green lines correspond to the parameter space that reproduces
the current DM relic density for m, = 104, 102, and 1 GeV, respectively. The green and red zones
represent the parameter space in which py < 0, Vt, for m, = 1 and 10? GeV, respectively. The grey
zone corresponds to the forbidden BBN epoch that starts at Tggn ~ 4 X 103 GeV. Note that lower
values of m, allow the model to take lower values of x.
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Figure 13. Parameter space (Tung, k) for the bulk viscous NSC with & = 1072, my = 100 GeV, and
w = 0. The solid blue, red, and green lines correspond to the parameter space that reproduces the
current DM relic density for (cv) = 10722, 10724, and 1072° GeV 2, respectively. The grey zones
represent the parameter space in which py < p,, Vt (for the three cases), and the forbidden BBN
epoch that starts at Tggn ~ 4 x 1073 GeV. Note that a decrease in the total thermally averaged DM
production cross-section allows the model to take lower values of .
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Figure 14. Parameter space (Tenq, k) for the bulk viscous NSC with my = 100 GeV,
(ov) = 1022 GeV~2, and w = 0. The solid green, red, blue and magenta lines correspond to the
parameter space that reproduces the current DM relic density for & = 1072,2.5 x 1072, 5 x 102 and
1071, respectively. The green, red, and blue zones represent their respective parameter space in which
Py < Py, Vt. The grey zone corresponds the forbidden BBN epoch that starts at Tgpn ~ 4 X 1073 GeV.
Note that higher values of ¢y allow the model to take lower values of «.

On the other hand, in Figure 15, we depict the parameter space (my, (cv)) for
Tong = 7 X 1073 GeV, tfo =102, and w = 0. The solid green, red, and blue lines correspond
to the parameter space that reproduces the current DM relic density for x = 1, 107!, and
1073, respectively. The blue zone represents the parameter space in which py < p,, Vt,
for x = 1073. From the figure, it can be observed that higher values of « shift the curves
upward, reaching larger values of (0v) in the same DM mass range. Otherwise, Figure 16
shows the same parameter space as Figure 15 for k = 1073, & = 1072, and w = 0. The
solid green, red, and blue lines correspond to the parameter space that reproduces the
current DM relic density for Tong = 7 x 1073, 1071, and 1 GeV, respectively. The blue and
red zones represent the parameter space in which py < p,, Vt, for Teng = 1 and 10! GeV,
respectively. As it can be noted, an increment in the T,,4-values shifts downward to the
right of the parameter space that reproduces the DM relic density, reaching smaller values
of (¢v) in the same m, range. Note that the regions in which py < p., are shifted to the right
and, therefore, the green zone is achieved at lower values of m,. Finally, Figure 17 shows
the parameter space mentioned before for x = 1073, Tong = 7 X 1072 GeV, and w = 0. The
solid magenta, blue, red, and green lines correspond to the parameter space that reproduces
the current DM relic density for 60 =10"1,5%x1072,25%x 1072, and 1073, respectively.
The blue, red, and green zones represent the parameter space in which py < p, V¢, for
60 =5x%x10"2,25x 1072, and 1073, respectively. As it is possible to see, higher values
of & shift the curves upward, reaching larger values of (cv). In addition, this increment
generates a more prominent slope due to the bulk viscosity term. In this case, the regions in
which py < p, are shifted to the left and, therefore, the magenta zone is achieved at lower
values of m,.
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Figure 15. Parameter space (n1y, (cv)) for the FIMP DM candidate with T.,q = 7 x 1073 GeV,
& = 1072, and w = 0. The solid green, red, and blue lines correspond to the parameter space that
reproduces the current DM relic density for x = 1, 107!, and 1073, respectively. The blue zone
represents the parameter space in which py < p, Vt, for x = 10~3. Note that a decrease in the
x-values allow to achieve smaller values of (0v).
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Figure 16. Parameter space (11, (cv)) for the FIMP DM candidate with x = 1073, & = 1072, and
w = 0. The solid green, red, and blue lines correspond to the parameter space that reproduces the
current DM relic density for Tyg = 7 X 103,101, and 1 GeV, respectively. The blue and red zones
represent the parameter space in which py < p, Vt, for Teng = 1 and 1071 GeV, respectively. Note
that higher values of T.q allow to achieve smaller values of (00).
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Figure 17. Parameter space (11, (0v)) for the FIMP DM candidate with x = 1073, Topg = 7 x 1073 GeV,
and w = 0. The solid magenta, blue, red, and green lines correspond to the parameter space that
reproduces the current DM relic density for 60 =10"1,5%x1072,25 x 1072, and 1073, respectively.
The blue, red, and green zones represent the parameter space in which Pp < Py, Vt, for éo =5x1072,
2.5 x 1072, and 1073, respectively. Note that higher values of &, allow to achieve larger values of (cv).

The aforementioned shows how certain parameters of the bulk viscosity NSC vary the
FIMP DM candidates parameters to reproduce the current DM relic density. For instance, a
combination of small values for &, x, and Teng could reach smaller values for (cv) and a
shorter range for m,. On the other hand, for stronger DM interaction, it is useful to increase
the value of the quantities &, x, and Tungq, which also expands the DM mass range. Notice
that the bulk viscous term dominates in these shifts for the DM parameter space.

Last but not least, we present in Figure 18 the parameter space (11, (cv)) for the FIMP
DM candidate with T,ng = 7 x 1073 GeV and &0 = 10~2. The solid red, blue, green, and
magenta lines correspond to the parameter space that reproduces the current DM relic density
forw = —1/5,0,1, and 1/3, respectively. The blue and red zones represent the parameter
space in which py < p, Vt, for w = 0 and —1/5, respectively. For illustrative purposes, the
curves corresponding to w = —1/5 and w = 0 were obtained with x = 10~3, while the curve
for w = 1/3 was obtained using x = 1, and the curve for w = 1 with ¥ = 10%. Notice that
small values of w can be interpreted as a counterclockwise rotation (and vice versa), leading
to a maximum (o) in the cases with small values of w. On the other hand, the larger range
for m, is reaching for the case w = 0 (CDM or dust case). Additionally, it was shown that
larger values in x shift the curves upward. This last possibly explains why the parameters that
reproduce the current DM relic density for w = 1/3 (radiation) are below w = 1 (kination
or stiff matter). It is important to mention that this analysis must be taken carefully because
some curves were obtained using different values of «.

Another interesting feature to analyze is the maximum temperature of the SM bath,
i.e., the initial condition for the temperature that we set in the numerical integration in the
previous analysis. Figure 19 shows the parameter space (Tnq ) for the bulk viscous NSC
with m, = 100 GeV, (0v) = 1072° GeV~2, and w = 0. The solid blue, green, and red lines
correspond to the parameter space that reproduces the current DM relic density for the initial
temperatures Tin;i = my, Ting = 10* GeV, and Ty = 10° GeV, respectively. The grey zone
corresponds to the forbidden BBN epoch which begins at Tgpn ~ 4 X 1073 GeV. From the
figure, it is possible to see that higher initial temperatures change the parameter space, which
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was previously observed in Figure 12 with other parameters for the DM candidate. In the
latter, a region was observed in which the parameters that reproduce the current DM relic
density go up when the x-values are lower. This is exactly what we observed in Figure 19,
where for higher temperatures the range of values changes for lower values of x. Note that the
case for Ty = 10% is slightly separated from the case of Ty = 11, = 100 GeV and, for higher
initial temperatures, the curves do not slope downward but rather upward as x decreases.

I (T
m, (GeV)

Figure 18. Parameter space (11y, (cv)) for the FIMP DM candidate with Tong = 7 x 1072 GeV and
& = 1072, The solid red, blue, green, and magenta lines correspond to the parameter space that
reproduces the current DM relic density for w = —1/5, 0, 1, and 1/3, respectively. The blue and red
zones represent the parameter space in which py < p4, Vt, for w = 0 and —1/5, respectively. For
illustrative purposes, the curves corresponding to w = —1/5 and w = 0 were obtained with x = 1073,
while the curve for w = 1/3 was obtained using x = 1, and the curve for w = 1 with x = 10°.
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Figure 19. Parameter space (Tnq,k) for the bulk viscous NSC with my, = 100 GeV,

(0v) = 10720 GeV~2, and w = 0. The solid blue, green and red lines correspond to the param-
eter space that reproduces the current DM relic density for different initial temperatures Tin; = m1y,
Tini = 10* GeV, and Ty = 107 GeV, respectively. The grey zone corresponds the forbidden BBN
epoch that starts at Tgpy ~ 4 x 1073 GeV.



Symmetry 2025, 17, 731

22 of 31

Following the same line, Figure 20 shows the parameter space (n, (cv)) for the bulk
viscous NSC with x = 1073, Toq = 7 x 1073 GeV, and w = 0. The solid blue, green, and
red lines correspond to the parameter space that reproduces the current DM relic density
for the initial temperatures Tjy; = my, Tini = 10° GeV, and Tin; = 107 GeV, respectively. In
this case, the parameters that reproduce the current DM relic density vary with the initial
temperature, with higher values of Tj; shifting the curves downward. It is important to
note that the curve for Ti,; = m, changes for every point in the plot.

10—24

10—26 ]

(o) ((jeV)_2

10730 J

10732 : : ;
10 102 103 10* 10°
m,, (GeV)

Figure 20. Parameter space (11, (c0)) for the bulk viscous NSC with x = 1073, Topg = 7 x 1072 GeV,
and w = 0. The solid blue, green, and red lines correspond to the parameter space that re-
produces the current DM relic density for initial temperature Ty = my, Ting = 106 GeV,

and Tiy; = 107 GeV, respectively.

3.3. FIMPs for a Non-Constant Totally Thermal Averaged DM Production Cross-Section

In the case of a total thermally averaged DM production cross-section such as the one
described by Equation (6), there exists a temperature dependence related to the order of
the mass dimension operator (1 # 0) and the energy scale of the interaction (A). Figure 21
shows the model parameter space (Tepng, ) for the FIMP DM candidate with non-constant
(ov) = T2/ A%, considering A = 1.8 x 107 GeV, n = 2, my = 100 GeV and w = 0. The
solid red, blue, and green lines correspond to the parameter space that reproduces the
current DM relic density for & = 107!, 5 x 1072 and 1073, respectively. The behavior is
similar to the one depicted in Figure 14, showing that for higher values of & the curve
leans downward, achieving the x-independent zone. In contrast, lower values of &, tend
the curve to the classical NSC.

Figure 22 depicts the parameter space (11, A) for the FIMP DM candidate with a non-
constant (0v) = T?/A*, with x = 1073, Tonq = 7 x 1073 GeV and w = 0. The solid red,
blue, and green lines correspond to the parameter space that reproduces the current DM relic
density for & = 1071, 1072 and 103, respectively. Notably, for (cv) « T?, the energy scale
A can take two distinct values for the same DM mass over a broad range of 11y, a behavior
that does not occur when (gv) is constant. For higher values of &y, the parameter space that
reproduces the current DM relic density shifts downward to the left. On the contrary, for
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lower values of &, the curves shift upward to the right. It is important to note that lower
values of &) achieve wider windows in the same parameter space of searching.

103
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Figure 21. Parameter space (T,ng, k) for the FIMP DM candidate with non-constant (cv) = T?/A*%,
considering A = 1.8 x 107 GeV, n = 2, my = 100 GeV, and w = 0. The solid red, blue, and green
lines correspond to the parameter space that reproduces the current DM relic density for &y = 1071,

5 x 1072 and 1073, respectively. The grey zone corresponds the forbidden BBN epoch that starts at
TN ~ 4 x 1073 GeV.
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Figure 22. Parameter space (my, A) for the FIMP DM candidate with non-constant (cv) = T2/ A%,
considering ¥ = 1073, Tong = 7 x 1072 GeV, n = 2 and w = 0. The solid red, blue, and green lines
correspond to the parameter space that reproduces the current DM relic density for & = 1071, 1072
and 1073, respectively. Note that in the case when (0v) « T? the scale energy A has two possible
values for the same DM mass in a large scale of my.
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The case of the mass-dimension 7 operator (n = 4) is depicted in Figure 23, showing
the parameter space (11, A) for the FIMP DM candidate with non-constant (cv) = T*/A®
considering k¥ = 1073, Topg = 7 x 1073 GeV, n = 2 and w = 0. The solid red, blue, and
green lines correspond to the parameter space that reproduces the current DM relic density
for & = 1071, 1072 and 103, respectively. The effect of higher values of &, shift the curves
downward to the right, showing slight differences between the & = 1072 and 10~ cases,
as it occurs in Figure 22. However, it does not show the double value of A for the same DM
mass, at least at the same range of parameters.

10°
o =101
'*0:10_2
1081 50210_3
3
U 107_
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Figure 23. Parameter space (1my, A) for the FIMP DM candidate with non-constant (cv) = T4/A®,
considering x = 1073, Teng = 7 X 1073 GeV, n = 2 and w = 0. The solid red, blue, and green lines
correspond to the parameter space that reproduces the current DM relic density for & =10"1,10"2
and 1073, respectively.

Larger couplings would typically be excluded in the standard ACDM scenario, but
remain viable within our viscous NSC framework can also enhance the rate of decay
processes. If the DM candidates are not absolutely stable but have lifetimes exceeding
the age of the Universe, they may decay into SM particles such as photons or neutrinos.
This opens the possibility for indirect detection, provided the signal is sufficiently strong,
through gamma-ray lines or, in models involving neutrino final states, via detectors such
as IceCube or Super-Kamiokande [150,151].

4. Conclusions

In this paper, we revisit the bulk viscous NSC scenario studied in [111] in which the
early universe is dominated by two interacting fluids, namely the new field ¢ and radiation,
by considering that ¢ experiences dissipative processes during their cosmic evolution in the
form of bulk viscosity. Working in the framework of Eckart’s theory for non-perfect fluids,
we consider an interaction term of the form I'ypy and a bulk viscosity described by the
expression ¢ = §gp}/ 2. The latter has the advantage that when the field fully decays due to
the interaction, the dissipation is negligible, and the standard ACDM cosmology is fully
recovered. In addition, when ¢y — 0, we recover the classical NSC scenario. Following the

same scheme as in [111], we investigate the parameter space that can accurately reproduce
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the current DM relic density by adjusting both, the model and DM parameters within this
novel NSC framework for FIMP DM candidates.

The main finding of our work is that the inclusion of bulk viscosity in NSCs brings to
light DM parameters that are disregarded in both ACDM and the classical NSC scenarios,
as it was shown in Figure 7, giving us new windows to search for FIMP DM candidates.
In particular, modifying the values of n, and (0v) can shift the parameters (T4, k) that
reproduce the current DM relic density. For example, an increment in the values of 7, and
(ov) can shift the parameter space upward to the right (Figure 12) and upward to the left
(Figure 13), respectively. These displacements can be combined to reach new windows of
allowed parameters if a signal of DM is experimentally detected. In the same line, larger
values of & (Figure 14) make more prominent the curvature to the approximately independent
x-zone (as it was described in Section 3.1) and shift the parameters downward to the right. On
the other hand, modifying the model parameters shifts the (11, (0v)) values that reproduce
the current DM relic density. In particular, increasing the values of x and T.q shift the
parameter space upward (Figure 15) and downward to the right (Figure 16), respectively,
reaching larger values of (¢v) and . In this sense, larger values of & (Figure 17) make
significant imprints in the DM parameters reaching larger values of (0v).

On the other hand, the maximum temperature of the thermal bath leaves imprints in
the FIMP DM production, as was shown in Figures 19 and 20. In the first one, higher initial
temperatures lead to a change in the trend of the parameters that reproduce the current
DM relic density, shifting from downward to upward. In the second one, higher values of
initial temperatures shift the parameter space that reproduces the current DM relic density
downward to the left.

Finally, the case with non-constant (cv) is studied for two scenarios: (1) for an operator
of mass dimension 6 (n = 2) and (2) for an operator of mass dimension 7 (n = 4). In the
first case, Figure 21 shows the same behavior previously observed for a constant value
of (0v) when the value of & changes. In contrast, Figure 22 shows that A can take two
distinct values for the same DM mass, a feature that does not arise in the case of a constant
total thermally averaged DM production cross-section. Additionally, higher values of &
shift the curves downward to the left. In the n = 4 case (Figure 23), increasing &y shifts the
curves downward to the right. The larger couplings that are needed to set the current relic
density opens the possibility for indirect detection in next-generation experiments.

Therefore, this paper is a further step in the study of FIMPs as DM candidates and
a first approximation to highlight the imprints that the bulk viscosity can leave in these
particles and their relic density in the early universe through a NSC scenario. In this sense,
this work, in collaboration with Ref. [111], provides a comprehensive set of possibilities
for opening new avenues of research in the study of FIMPs and WIMPs as DM candidates.
On the other hand, including various cosmological observations, such as the CMB, LSS,
or BBN, would allow for tighter constraints on the Dark Matter parameters. This will be
explored in future work.
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Abbreviations

The following abbreviations are used in this manuscript:

DM Dark Matter

DE Dark Energy

CDM Cold Dark Matter

WIMPs  Weakly Interacting Massive Particles
FIMPs  Feebly Interacting Massive Particles
SM tandard Model

WDM  Warm Dark Matter

NSCs Non-Standard Cosmologies

BBN Big Bang Nucleosynthesis

RI Region I
RII Region II
RIII Region IIT
RVI Region VI
uv UltraViolet
IR InfraRed
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