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In this work, we study the evolution of a spatially flat Universe by considering a viscous dark matter and
perfect fluids for dark energy and radiation, including an interaction term between dark matter and dark
energy. In the first part, we analyze the general properties of the Universe by performing a stability analysis,
and then we constrain the free parameters of the model using the latest and cosmological-independent
measurements of the Hubble parameter. We find consistency between the viscosity coefficient and the
condition imposed by the second law of the thermodynamics. The second part is dedicated to constraining
the free parameter of the interacting viscous model (IVM) for three particular cases: the viscous model
(VM), interacting model (IM), and the perfect fluid case [Lambda-Cold Dark Matter (LCDM)]. We report
the deceleration parameters as gy = —0.5470:9¢, —0.5810%, —0.58709%, and —0.63 033, together with the
jerk parameters as j, = 0.871005, 0.947004 0.91704¢ and 1.0 for the IVM, VM, IM, and LCDM
respectively, where the uncertainties correspond at 68% confidence level. It is worth mentioning that all the
particular cases are in good agreement with LCDM, in some cases producing even better fits, with the

advantage of eliminating some problems that afflict the standard cosmological model.
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I. INTRODUCTION

Dark energy (DE) and dark matter (DM) are the corner-
stones of the modern cosmology, being so far two of the
most intriguing mysteries for the understanding of our
Universe. In this vein, many attempts to comprehend the
composition of these dark entities have been developed in
recent years. The most important theories for DM are
supersymmetry models [1], scalar fields [2—4], interacting
dark energy [5-7], and charged particles coming from
unbroken U(1) gauge symmetry featuring dissipative inter-
actions [8], among others; meanwhile, for DE, the most
interesting candidates can be summarized as the cosmologi-
cal constant (CC), phantom energy, quintessence, Chaplygin
gas, braneworlds, f(R), unimodular gravity, etc. (see
Refs. [9,10] for some reviews of DE models, and also see
Refs. [11-16]). Despite the efforts of the community, the
supersymetric DM and CC as dark energy are still the best
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candidates to understand the cosmological observations.
However, laboratory experiments show no evidence of
supersymmetric particles, and the CC is afflicted with several
theoretical problems [17,18] when its origin is considered as
quantum vacuum fluctuations. A radical new form to address
these conflicts is to consider an interaction between the dark
components through the continuity equation [9,19,20].

On the other hand, cosmology with viscous dark fluids is
an interesting alternative to understand the accelerated
expansion of the Universe [21]. The viscous fluid models
could resolve the tension across different probes; for
instance, the value of the Hubble constant (H() obtained
from Supernovae Ia type (SNla) [22,23] is more than 3¢
the one estimated by cosmic microwave background
(CMB) Planck data [24], and the value of matter fluctuation
amplitude (og) measured from the large scale structure
observations differs from those determined from the
CMB Planck data under the LCDM cosmology [25,26].
The authors in Ref. [27] study a dissipative Universe with
interacting fluids having the nonequilibrium pressure
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proportional to H,, they find that the decelerated-
accelerated transition occurs earlier than the transition
value when a nonviscous model is considered (for other
interesting models, see Refs. [28-30]).

Although there are two types of viscosity coefficients
known as the bulk and shear, the bulk viscosity is the one
that plays an important role in the Universe’s dynamics at
the background level because it satisfies the cosmological
principle. In contrast, one of the main characteristics of the
shear viscosity is that it could produce vortices or any other
chaotic phenomena at early epochs of the Universe evolu-
tion. Based on bulk viscosity, the viscous models have been
addressed using two approaches: the Eckart [31] and Israel-
Stewart (IS) [32] theories. For an extensive review of
viscous cosmology, see Ref. [33]. The main difference
between the theories is that the IS approach explored by
Refs. [34-36] solves the problem of the causality; i.e., the
propagation of the perturbations on the viscous fluids is
superluminal. Although IS formalism avoids the problem of
causality, this is more complex than the Eckart theory, and
only some analytical solutions exist for a bulk viscosity in
the form &~ &yp* ([37-40]), with s = 1/2 and p is the
energy density of the viscous fluid in an Universe filled by
only one fluid [41]. In contrast, Eckart’s scenario was the
first proposal to study the relativistic dissipative processes
as first-order deviations around the equilibrium and, and
despite the causality problem, it is widely used due to its
simplicity. For instance, some works related to Eckart’s
theory have investigated the dynamics of the Universe at
late times by considering a bulk viscous coefficient with a
constant [42-45], polynomial [46—48], and hyperbolic
[48,49] forms as functions of the redshift or in terms of
the energy density. Additionally, the authors in Refs. [45,50]
studied the Universe with several fluids, which is a more
realistic description of the Universe. In both theories, the
procedure to include the bulk viscous effects in the Einstein
field equations is through an effective pressure, written in
the form p = p + I, where p refers to the sum of the
traditional components such as the dust-matter (baryons and
DM), the DE, and the relativistic species (photons and
neutrinos), with Il is the bulk viscosity term. As a
consequence, the equation of state (EoS) generally turns
into an inhomogeneous one when the I term is a variable
function. Furthermore, it is worth noticing that letting I, or
any other dynamical variable, vary with time is an interest-
ing way to explain the recent results given by Ref. [51],
which concludes a preference of the DE component for a
dynamical EoS over a constant one. Regarding the physical
mechanism to generate such viscous effects, some proposals
point toward the decaying of DM particles [52,53] or any
other microscopic property as the self-interaction [29] of
DM particles.

Recently, the Experiment to Detect the Global EoR
Signature (EDGES) [54] found that the amplitude of the
absorption signal of 21 cm temperature at the cosmic dawn

epoch (z= 17) is larger than expected. In this vein, the
EDGES observations indicate that the baryons must be
cooler or the photons must be hotter than what is predicted
by the standard cosmology; thus, this phenomenon offers
another incentive to study the viscosity effects of the fluids
and their interactions [55,56]. Considering the first and
second laws of thermodynamics and assuming the Universe
is filled by a nonperfect DM fluid with & ~ p*, the authors
in Ref. [56] find that the temperature of the DM fluid
increases throughout the cosmic evolution due the bulk
viscosity &, > 0, thus allowing the description of the
EDGES observations.

Therefore, in this work, we study a model that consists
of a flat Friedmann-Lematre-Robertson-Walker (FLRW)
Universe including three components: a nonperfect and
interacting fluid, composed by DM in which baryons are
included, which we will call dust matter (dm)l; the DE fluid
that will interact with dm in Eckart’s approach; and
radiation with its standard well-known behavior. We start
by analyzing the general dynamics of these components
through a stability analysis of the critical points. After that,
we perform a Markov chain Monte Carlo (MCMC)
procedure using the latest observational Hubble parameter
data (OHD) to constrain the free parameters of the model.”
Finally, we study particular cases of the model such as a
solely viscous model (without the interaction term), an
interacting model (without the viscosity term), and the
perfect fluid case that correspond to the LCDM model.

The paper is organized as follows. Section II presents the
background of the interacting nonperfect model and gives
the formulation of the dynamical system. In Sec. III, we
discuss the stability of the system around the critical points
and give bounds to the free model parameters. Section IV is
devoted to constraining the free parameters of the model
using the latest samples of OHD. In Sec. V, we discuss our
results, and, finally, we present our remarks and conclu-
sions in Sec. VL

II. COSMOLOGY WITH DARK FLUIDS

The cosmological model under study consists of a
Universe in a flat FLRW spacetime which contains a
nonperfect fluid as dm that interacts with a perfect fluid
as the DE component, together with the radiation fluid.
Then, the energy-momentum tensor can be expressed as

T/w :puyuv+i)(gyu+uﬂuv)’ (1)

where g, corresponds to the FLRW metric, p = p + 11 is
the sum of the total barotropic pressure of the fluids p and

'Other models in the literature separate the baryons from dark
matter.

For instance, see Ref. [57] for another alternative to perform-
ing the dynamical system analysis in combination with the
Bayesian MCMC analysis.
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the bulk viscosity coefficient I1, p is the energy density of
the fluid, and u,, is the associated 4-velocity. Inspired by the
viscosity behavior in fluid mechanics, being proportional to
the speed, we have assumed I1 = —3{H. Additionally, the
model supposes an energy exchange term Q between dm
and DE and a viscosity effect encoded in the terms that
contain the bulk viscosity coefficient {. In this approach,
the Friedmann, continuity, and acceleration equations are

[38)

K

H* = 5 (P Pam + Pae): (2)
p,+4Hp, =0, (3)

Pam +3Hpam = 9OH*¢ + 0, 4)
Pde + 3VaeHpae = =0, (5)

. 4
2H - 3K2H{ = —«* <pdm +aprt 7depde> . (6)

where H = a/a, k> = 82G; G is the Newton gravitational
constant; and p,, pg,, and p,, correspond to the relativistic
species, dust matter, and dark energy densities respectively.
The EoS for each species are p, =p,/3, psn =0, and
Pae = (Yae — 1)pae. with 7,4, being a constant that it is
related with the EoS as w,, = y,;, — 1. Notice that the DE
component behaves as CC when y,, = 0.

In particular, in this work, we consider the typical ansatz
for the viscosity coefficient

1/2
=5 (2m)" )

Pdmo

where p,,,,o is the dm density at the present epoch and £ is a
free parameter with units of [&] = [eV].

To study the cosmological model presented in Egs. (2)—
(6), we define the dimensionless dynamical variables as

_ szdm
3H*’

2
K.

Y2

Kp, K0
=g ags

From Eq. (2), it is straightforward to see that Q, = 1—
x —y. Then, the dynamical system can be written as [58]

X =3(x = Dxyge — 3Exy'/? — x(dx +y —4) — z(x.y),
)

Y =3ygexy — y(4x+y—1) =3&(y — 1)y"2 4+ z(x, y).
(10)

where / = d/dN, N = log(a) and

¢

So=—""77" (11)
H 0)’0/
In the latter equation, notice that y, and H, are the fraction
of dm and Hubble parameter at z =0, respectively.
Additionally, to convert the dynamical system in an
autonomous one, we have defined the variable z related
to the interaction term. In particular, we will explore the
form of Q as
PdePdm

= H—’ 12
Q ﬂ Pde +pdm ( )

or in terms of the dimensionless variables [59]

Xy
x+y’

z(x,y) =p (13)
where f is a dimensionless free parameter. It is evident that,
for f =0, the system described above corresponds to a
Universe with viscosity. For alternative forms of z(x, y) that
satisfy such conditions, see, for instance, Ref. [58]. In
addition, we express the deceleration parameter, effective
EoS, and jerk parameter as [58]

3 13,
—1= = —_Zy—= /2
g(N) =1 <2 2yde>x 5V =580 (14)

wea(N) =311 = (4= a0 )x =y =387, (15)
JIN)=q(2q+1) -4, (16)

where previous equations are written in terms of the
dimensionless variables.

III. STABILITY ANALYSIS

We start our stability study of the dynamical variables
defined in Eqgs. (8)—(10) by finding the critical points and
the Jacobian matrix, which are, respectively,

Py =(0,0), P, =(0,1), Py =(1,0) (17)
and
J (J” J”) (18)
J.Vx Jyy ,
where
Jo=4—8x—y-3ey'2—p—21p— (19
y—3&y ﬂx+y ﬂ(x+y)2 (19)
J :—x—éf xy /2 —p a +p ad (20)
v T TR PR CEa
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TABLE I. Critical points and stability conditions for the IVM.
Critical point (x, y) Eigenvalues Stability condition (Rt(4) < 0)
P, 0,0 4 —p, o0 Saddle if > 4
Py ©,1) 3-3& -5, -1-3& p>3(1-&)and & > -1
P3 (1,0) —4, oo Saddle
y xy & > —1/3 and an unstable point if g <3(1—¢,) and
Sy = =4y +f X+y -p (x+ )2 (21) &y < —1/3. Notice that the latter condition does not satisfy
the second law of the thermodynamics that imposes &, > 0
9 3 [64,65], and the saddle point gives a weaker condition for
Jyy=1—-4x-2y— Efoyl/ 2 4+ Eé‘oy_l/ 2 £y than the thermodynamic one. Moreover, structure for-
¥ Xy mation is explained by the existence of P, in our dynamical
+p (22)  system in which the interaction term has no contribution.

y Terar

The stability analysis of nonlinear systems consists in
studying the behavior of the perturbations around the
critical points using the matrix J and deciding if they
are stable or not. Notice that for a vector X = (x,y,Q,, 7)
that contains all the dynamical variables described in
Eq. (8) we considered a small perturbation X — 5 + 86X
around the critical (or equilibrium) point s;; thus, an
associated system is obtained in the form &X' = J 6X,
where J is the previously mentioned Jacobian matrix at the
point s;. Hence, the Hartman-Grobman theorem guarantees
that, for a critical point, there exists a neighborhood for
which the flow of the system of dynamical equations is
topologically equivalent to the linearized one [60,61]
(see also Refs. [62,63] for the dynamical system analysis
in cosmology). Hence, Table I summarizes the stability
condition for each critical point. The first point, P; =
(0,0), represents the radiation dominant epoch with ¢ = 1
and w. = 1/3. Notice that this point is a saddle for > 4
and unstable for # < 4. The latter condition guarantees the
evolution of the Universe to another critical point that is
expected to be P,.

The P, point corresponds to the DM dominant epoch,
and it is stable in the region > 3(1 — &)) and &, > —1/3.
On the other hand, P5 is a saddle point if # < 3(1 — &) and

Furthermore, Fig. 1 shows the {x,y}-phase space, repre-
senting in gradient color the intensity of the deceleration
(left panel) and jerk (middle panel) parameters and the
effective EoS (right panel). In this phase space, the
evolution of the Universe starts around the point P, with
g~1, j~3, and an effective EoS wgy ~ 1/3. Then,
depending on the initial conditions of the Universe, it
could change to a state close to P, with cosmographic
parameters g~ 1/2, j=~ 1, and wey ~ 0. As mentioned
before, this phase plays an important role in the structure
formation; for that reason, an evolution with y = 0 should
not be allowed physically. The last stage of the Universe, in
which the accelerated expansion occurs, is when it moves
toward the point P; with cosmographic parameters
q= —1/2, ] S 1, and Wetr = -0.7.

IV. OBSERVATIONAL CONSTRAINTS

The expansion rate of the Universe is measured directly
by the OHD. Currently, the OHD sample is obtained from
the differential age technique and baryon acoustic oscil-
lation (BAO) measurements. In this work, we consider the
sample compiled by Ref. [66], which consists of 51 points
in the redshift region 0.07 < z < 2.36, to constrain the
free model parameters. It is worth noting that this sample
can yield biased constraints because the BAO points are

0.2
0.0
-0.2

-0.4
1.0 ¥ 5

L2 -063
0.5

—-0.8
-1.0

-1.2

FIG. 1.

{x, y}-phase space using 1 = 0.701, Q 4, = 0.682, y,, = 0, # = 0.200, and &, = 0.028 (see Sec. IV for details). On the left

(middle, right) panel, the bar color represents the value of the deceleration (jerk, effective EoS) parameters. The diagonal red dotted line

is the curve x +y = 1 for the case Q, = 0.
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TABLE II. Priors used in the MCMC analysis.
Parameter Prior
h Gauss (0.7324,0.0174)
Qa0 Flat in [0, 1]
%o Flat in [0, 1]
p Flat in [0, 3]

estimated under a fiducial cosmology [66]. Thus, the figure
of merit is given by

51
H (Zh@) _
Xoup = Z ( = i

Hobs(zi)>2’ (23)
i=1 Oobs

where Hy,(z;,©) — Hys(z;) denotes  the  difference
between the theoretical Hubble parameter with parameter
space ® and the observational one at the redshift z;, and
ol is the uncertainty of H', .

The data will be used not only to constrain our interacting
viscous model (IVM) with free parameter space © =
(h, Qg.0, o, f) but also the following particular models of
the [IVM: an only interacting model (IM) by setting &, = 0,
an only viscous model (VM) with # = 0, and the LCDM
model that is recovered by requiring £, = 0 and f = 0.
To solve the equation system, Egs. (8)—(13), we have used
Q.0 for the initial condition of x and yp = 1 — Q0 — Q,
for y, where Q, = 2.469 x 1075h72(1 + 0.2271N), with
Ngr = 3.04 as the number of relativistic species [67] and &
as the Hubble dimensionless parameter. To minimize the y?
function for each model, we perform a Bayesian MCMC
analysis based on the EMCEE module [68]. For each free
model parameter, the n-burn phase is stopped following the
Gelman-Rubin criteria [69], i.e., after achieving a value
lower than 1.1. We obtain 5000 chains, each one with 500
steps, to explore the confidence region, taking into account a
Gaussian prior on the Hubble constant 4 and a flat prior for
the rest of the parameters (see Table II).

Figure 2 displays our MCMC analysis for the free
parameters with the two-dimensional (2D) contours at
68% (10), 95% (20), and 99.7% (36) confidence level
(CL) and their corresponding one-dimensional (1D) pos-
terior distributions for IVM (green color), IM (red), VM
(blue), and LCDM (gray) models. Table III shows the best-
fitting values for the free parameters and their uncertainties
at 68% (lo) CL of the above-mentioned cases. It is
interesting to see that &, and f are anticorrelated, which
is an expected result because both parameters are acting to
produce the accelerated expansion of the Universe. On the
other hand, with the existence of a viscous Universe or an
interacting dark sector (or both), we could establish an
upper bound on the Q,,. We will discuss this bound in more
detail in the next section. Finally, Fig. 3 displays the best-fit
curves over the OHD sample.

. VM
L
I VM
w LCDM

0.72 /.
o y/
S o0.64 i
(o]

0.56 (
L

0.12

|
0.09

W3
0.06 |
0.03

0.8

0

0.75 0.480.560.640.720.80  0.030.060.090.12
Qqeo &o

0.2 0.4 0.6 0.8

065  0.70
h

FIG. 2. MCMC analysis for the free parameters with 2D
contour at lo, 20, and 3¢ and their 1D posterior distributions
for the IVM, IM, VM, and LCDM models.

250
— IVM

...... VM (B=0)
—= IM (§,=0)

« LCDM (§,=0,8=0)
¢ data

200 1

150
N
T
1001
50 4
0 . : . .
0.0 0.5 1.0 1.5 2.0
z
FIG. 3. Best-fit curves for the IVM (red line), VM (blue dotted

line), IM (green dot dashed line), and LCDM (magenta star
markers). The black points with uncertainty bars correspond to
the OHD sample.

V. RESULTS AND DISCUSSIONS

In this section, we describe the physical properties of the
Universe based on our results of the Bayesian MCMC
analysis shown in Table III. Figure 4 shows the evolution of
the dynamical components x = Q,4,(N), y = Qg,,(N), and
Q, of the Universe described by IVM (top panel) and the
evolution of the g(N), j(N), and w(N) parameters
(bottom panel). It is important to remark that the w.g
behaves in concordance with standard cosmological model
predictions (with Planck data, wi$PM ~ —0.68 at z =0
[70]). In other words, the Universe is in the quintessence
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TABLE III. Best-fit values for the free parameters of IVM, IM, VM and LCDM models using the OHD sample. Additionally, it is
reported the y?, AIC, BIC, AAIC = AIC — AICY“PM_ ABIC = BIC — BICPM,

Model 7 h Qo & Vi AIC AAIC BIC ABIC
VM 30.5 0.70179913 0.6827004 0.02870653 0.2007752 38.5 5.6 62.0 17.3

M 292 0.707 001 0.721300:¢ 0 0.28310799 35.2 23 52.8 8.2

VM 29.1 0.705001 0.69870 0 0.04020 53¢ 0 35.1 22 52.7 8.1

LCDM 28.9 0.71525010 0.7531 0015 0 0 329 0 44.6 0

region at late epochs (=2 <N < 0), as dust matter
(Wegr = 0) around —6 < N < 2, and takes values closer to
wer ~ 0.3 in the radiation phase (N < —6). In addition, the
deceleration parameter is ¢ ~ 1/2 in the dm epoch and
increases toward ¢ — 1 in the radiation epoch. On the other
hand, the jerk parameter j is slightly below the value
expected from LCDM (j = 1) in the region going from the
current epoch up to N =~ —5 and takes the expected value
(j = 3) for N < —10 in the radiation dominated epoch. In
summary, the presented models successfully reproduce all
the expected epochs and are in good agreement with the
LCDM model.

For a better statistical assessment of different models
with different degrees of freedom, we use, besides y2, the

1.0

0.81

o
o

Densities
o
=

0.2

0.0

~10 8 6 4 2 0
N =log(a)

FIG. 4. Top panel: Evolution of the dynamical variables x, y,
and Q, for the [IVM. Bottom panel: Evolution of the deceleration
(blue dot-dashed line) and jerk (green dashed line) parameters
and of the effective EoS (red solid line).

following criteria. The Akaike information criterion (AIC)
[71,72] and Bayesian information criterion (BIC) [73] are
defined as AIC =y + 2k and BIC = y? + 2klog(N),
respectively, where y? is the chi-squared function, k is
the number of degrees of freedom, and N is the total
number of data, the model with the lowest value being the
one preferred by the data (see Table III). If the difference in
the AIC value between a given model and the best one,
AAIC, is less than 4, both models are equally supported by
the data. For the range 4 < AAIC < 10, the data still
support the given model but less than the preferred one. For
AAIC > 10, the observations do not support the given
model. Thus, as it is shown in Table III, when we compare
the IM or VM with respect to LCDM (the preferred
model), these models are equally preferred by the data
(OHD + SNIa), with the IVM being the least preferred by
data. Similarly, the difference between a model and the best
one, ABIC, is interpreted as evidence against a candidate
model being the best model. If ABIC < 2, there is no
appreciable evidence against the model. In the range
2 < ABIC < 6, there is modest evidence against the
candidate model, and if 6 < ABIC < 10, the evidence
against the candidate model is strong; if ABIC > 10, the
evidence against is even stronger. Thus, we have a strong
evidence against IM and VM, and even stronger for IVM.

We estimate the deceleration-acceleration transition red-
shift takes place at z = 0.83700¢, 0.827002, 0.837002, and
0.831005 for the IVM, VM, IM, and LCDM, respectively,
where the uncertainties correspond at 68% CL. These
values are consistent with those reported by Ref. [74] of
ZHPM = 0,647 021 within 1.56. On the other hand, they are
consistent with the one obtained by Ref. [27] (z7 ~ 0.74)
when an interacting viscous model is considered.
Additionally, our results are also compatible (within 1.8¢
and 1.1o, respectively) with those found by Ref. [75]
using the nonparametric Gaussian process method with the
OHD data, zy = 0.591’8"1112, and SNIa Pantheon sample,
zr = 06837004, and also the one value found by
Ref. [76], z; = 0.647032, when performing an extension
of the standard Gaussian process to supernovae type-la,
BAO, and cosmic chronometers data.

Regarding the cosmographic parameters, we obtain the
deceleration one at z =0 as gy = —0.557098, —0.581003,
—0.5810% and —0.637093 for the IVM, VM, IM, and
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LCDM, respectively. When we compare these results with
the one obtained by Ref. [12] for the LCDM model,
g5PM = —0.54 £ 0.07, we find a deviation within 1.3c.
Additionally, their corresponding values of the jerk param-
eter are j, = 0.871005, 0.9470040.9170498, and 1.0. On the
other hand, when we compare our g§™ and j}* values with
those obtained by Ref. [48] considering viscous models, we
find a deviation of about 1.3¢. Additionally, we find a
deviation on g, within 1.2¢ for IVM, IV, and VM to the one
value obtained in Ref. [76]. Figure 5 shows 1D posterior
distribution and 2D contours of the ¢qq, jo, Weir(z =0),
and zy for IVM, IM, VM, and LCDM. Based on the IVM,
it is noteworthy that w.g presents a positive correlation
(corr > 0.99) with ¢, and a negative one (corr = —0.87)
with jj,. The deceleration-acceleration transition has a
negative correlation (corr = —0.45) with g, and a negligible
correlation with j,. Between the cosmographic parameters
(90> Jo), we find a negative correlation of corr = —0.45.

Figure 6 displays the 1D posterior distribution of the
variables h and y, = Qg ,,,¢ for the IVM (green), IM (red),
VM (blue), and LCDM (gray) together with the h-Q,,
contour at lo and 2¢ CL. It is interesting to see that a
possible effect of the interaction and viscosity terms is to
increase the dm component at current epochs; nevertheless,
such contributions are consistent within 2¢ CL to the value
of LCDM.

Only considering the DM component as the viscous one,
the authors in Ref. [77] argue that, in the presence of several
fluids in the Universe, it is difficult to distinguish which
fluid is producing the viscous effects at the background
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FIG. 5. 1D posterior distribution of the deceleration and jerk
parameters, effective EoS, and z; and 2D contours at 1o, 20, and
30 CL for IVM (green), IM (red) VM (blue), and LCDM (gray).
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FIG. 6. 1D posterior distribution of the model parameters and

2D contour on the plane & vs Q4,0 at 1o (darker color) and 2o
(lighter color) CL for IVM (green), IM (red) VM (blue), and
LCDM (gray). The best-fit values of & and Q,,,, are represented
by cross (IVM), triangle (VM), circle (IM), and square (LCDM)
markers.

level; in other words, there is degeneracy. However, as we
mentioned in the Introduction, when the DM fluid is
responsible for such dissipative effects, it means that, at
z <1, the DM particles probably do not decay into
energetic relativistic particles, such as sterile neutrinos or
supersymmetric DM [52]. In this context, the DM particles
should have a mass of the order approximately 1 MeV and
a lifetime of order the Hubble time H;'. Based on the
expression ¢ = 1.25p,7,[1 — (p;, + p,)/p]> presented in
Ref. [52], where p is the total energy density in the
Universe, p;, is the DM density for an unstable decaying
DM, p, is the produced relativistic energy density, and 7, =
7/(1 —3Hz) is the equilibrium time with 7 being the
particle decaying time. Hence, we could give a bounded
relation for such densities and the decaying lifetime at z=0

as  1.25puot.[1 = (pio + pr)/po)?/ Hor/Qamo < 0.086,
0.098 at 95% CL for the IVM and VM, respectively.

VI. CONCLUSIONS

In this work, we have addressed a phenomenological
model for a flat Universe containing a radiation component
and a viscous fluid (dark matter plus baryons) that interacts
with a perfect fluid (DE), denoted as IVM. The IVM is
characterized by the parameter phase-space @ = (h, Q0.
&0, /). Furthermore, we studied some particular cases of the
model by considering the dm fluid as an interacting perfect
fluid (¢y = 0) and as only viscous fluid (f# = 0). The latter
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consisted of the noninteracting perfect fluid (8 = &, = 0)
which corresponds to the LCDM model. In the first part of the
work, we studied the IVM from a dynamical approach. We
obtained the stability conditions for the critical points
presented in the Table I, which are in concordance with those
obtained by Ref. [58] when a linear interacting term of the
form z(x) = ax is considered, with « being an appropriate
constant. Figure 1 shows the phase space of the dynamical
system in which the color gradient represents the value of the
deceleration parameter (g), jerk (j), and effective EoS (weg).
The second part of the work consisted in performing a
Bayesian MCMC analysis using the largest sample of the
Hubble parameter data to obtain the best-fit parameters for
each model (Table III). Then, we reconstructed the deceler-
ation and jerk parameter and the effective EoS, as shown in
Fig. 4. We estimate the current values of the cosmographic
parameters as ¢, = —0.55f8.'856, -0.5810%, —0.58f8.'855 ,
—0.631005 and j, = 0.87 00, 0.9475%, 0.9110%, 1.0,
for the IVM, VM, IM, and LCDM respectively, which are

in agreement with those reported in the literature considering
other models [12,48]. Finally, although our results on BIC
suggest the models used are unfavorable over the LCDM
standard paradigm, they give an alternative to alleviate the
CC problems by adding some degree of freedom to LCDM.
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