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Abstract In this work we explore two possible scenarios
that can be considered to extend a recent proposed model
by the authors known as reconstructed mimetic cosmology.
This study is complemented with an statistical analysis for
each case. The first scenario considers the inclusion of mat-
ter production as a possible source of cosmic expansion in
the reconstructed mimetic model, at effective level was found
that this construction can cross the phantom divide, the model
evolves from quintessence to phantom dark energy. The sec-
ond scenario corresponds to a construction of an interacting
scheme for the dark sector which is described by the unified
mimetic model. The resulting interaction term (not imposed
by an Ansatz), Q, exhibits changes of sign leading to the
violation of the second law along the cosmic evolution and
non adiabaticity; the temperatures for the components of the
dark sector are computed and such components are shown to
be out of thermal equilibrium.

1 Introduction

General Relativity is the most successful theoretical frame-
work describing the gravitational interaction since its founda-
tions have been corroborated by several experiments. How-
ever, in order to describe the current state of the Universe we
require a scheme beyond General Relativity: the addition of
two extra components must be considered. These elements
are known as dark matter and dark energy, each of them with
a specific task; the clustering of matter and the driving of
the accelerated cosmic expansion, respectively. The origin
and nature of the dark sector are still surrounded by several
questions, then both subjects become part of the fundamental

#e-mail: victor.cardenas @uv.cl
b e-mail: miguelcruz02@uv.mx (corresponding author)

¢ e-mail: samuel.lepe @pucv.cl

problems to be solved by the contemporary physics. In this
sense, modifications and/or extensions of General Relativ-
ity provide scenarios where the aforementioned components
could have a natural explanation.

The mimetic gravity description [1] provides a geomet-
ric origin for cold dark matter by considering that a con-
formal degree of freedom of gravity is encoded in an extra
scalar field. Then, the resulting model extends the symmetries
of General Relativity since the invariance under conformal
transformations is added but also has the interesting feature
of maintaining second order equations of motion. Few time
after the introduction of mimetic gravity it was found that a
description for the dark sector could be provided by a min-
imal extension of the mimetic approach, i.e., inclusion of
a potential function for the conformal scalar field and the
consideration of a Lagrange multiplier at action level [2].
Some other extensions for mimetic gravity can be found in
the literature, for instance, in Ref. [3] a vector field is consid-
ered instead a scalar field, this modification reformulates the
mimetic approach as a theory free from certain instabilities
and pathologies inherent to the scalar field. See also Ref. [4],
where an exorcised version of mimetic gravity is proposed
by analyzing the perturbations of the theory. An interesting
review on the role of mimetic gravity and some of its mod-
ifications in cosmology for late times can be found in [5],
see also [6] for a dynamical approach. In fact, the mimetic
scenario is also viable to describe the early universe, the role
of the mimetic scalar field and the curvature invariant in the
context of loop quantum gravity is discussed in Refs. [7,8].
The mimetic approach was also adapted for higher dimen-
sional objects also known as branes [9, 10].

Another interesting aspect of mimetic gravity is the avoid-
ance of singularities during the cosmic evolution. This could
be achieved by considering some conditions on the curva-
ture scalar. In Ref. [11] is exposed the case where Universe
under the mimetic approach exhibits an oscillatory (bounc-
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ing) nature, being the spatial curvature the responsible for
this behavior. This result shows that in fact mimetic grav-
ity has significant deviations from General Relativity, where
the collapse phase ends inevitably in a curvature singular-
ity. For models of modified gravity in the mimetic approach
see [12—19]. Finally, mimetic gravity could be a viable alter-
native to shed some light on the dark sector, it provides a
tentative theoretical laboratory to prove some possible inter-
actions between dark matter and other particles of the stan-
dard model such as baryons and photons. In Ref. [20] was
found that these kind of interactions can be possible only with
derivative couplings of the mimetic field, but, these interac-
tions can have a direct impact on observables of our Universe
such as the CMB.

The structure of the work is the following: Sect. 2 is
devoted to provide a brief description of the reconstructed
scenario proposed by the authors for mimetic gravity with
the consideration of the Chevallier—Polarski-Linder (CPL)
parametrization for the parameter state. In Sect. 3 the mat-
ter production approach with a specific production rate is
considered within the reconstructed mimetic cosmology. As
we will see below, after performing the statistical analysis
it is possible to show that the model admits a quintessence
dark energy at present time but eventually the model evolves
to a over accelerated stage, i.e., phantom scenario. We end
this section discussing the case of cold dark matter produc-
tion. In Sect. 4 we discuss some cosmological implications
for the interaction scenario emerging from the mimetic cos-
mology. We implement a known method to construct this
interaction scheme. Based on the data analysis we show that
the resulting interaction term exhibits changes of sign and
from some thermodynamics considerations we establish the
region of validity for this interacting scenario, resulting valid
only from past until present time, therefore the future singu-
larity induced by the CPL parametrization is avoided. The
cosmic expansion for this model is not adiabatic and the the
second law at present time is guaranteed only under certain
conditions. This interacting scenario is out of thermal equi-
librium. In Sect. 5 we give the final comments of our work.
In this work we will consider 87 G = ¢ = kg = 1 units.

2 Reconstructed mimetic cosmology

In this section we give some highlights of the reconstructed
scenario for mimetic cosmology discussed by the authors in
Ref. [21]. The action describing the mimetic field, ¢, involves
a Lagrange multiplier as follows

s :/ d4x¢fg{@ L [0 0,00,0 — 1] + L — V(¢)},
M 2 2
(D
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we also consider the inclusion of a potential for the mimetic
field namely, V (¢) and L,, represents the Lagrangian density
for matter fields. The consideration of a Lagrange multiplier
enforces an important constraint that must satisfied by the
mimetic field, g""9,¢d,¢ = —1, as stated in Ref. [1]. An
interesting generalization of model (1) is given by replac-
ing the scalar curvature, R, of the gravitational sector by
some appropriate function of such scalar, i.e., f(R) gravity;
in fact, this latter scenario can be enriched with the con-
sideration of higher-order curvature terms. In Ref. [22] the
gravity sector of (1) is described by a function of the form,
f(R, R, R*Y), for aspecific function, f;this scheme allows
to reconstruct the Lagrange multiplier and the mimetic field
potential, in other words, an Ansatz-free description. Another
relevant feature of this higher-curvature mimetic description
is its capability to unify various stages of cosmic evolution,
the transition from matter domination to an accelerated stage
and also bounce cosmology can be obtained under certain
considerations. This kind of unification was also discussed
in the context of a power law f(R) mimetic gravity in Ref.
[16], where was also found that according with the choice
of the potential and Lagrange multiplier the model leads to
nearly quintessential or nearly phantom late time accelera-
tion. See also Ref. [23] for other possible modifications of
the gravity sector in the mimetic description. The variation
of action (1) with respect to the metric provides the following
equations of motion,

A
Guv =Ty +20,00,¢ — g0 |:§ (8a¢aa¢ - 1) + V(¢)i| s
(2)

where G, and T}, are the Einstein tensor and the matter
energy—momentum tensor, respectively. On the other hand,
the variation of the action with respect to the mimetic field
leads to a modified version of the Klein—Gordon equation

dv(g) _
dp

note that the constraint mentioned above for the mimetic field
can be obtained by performing a variation of the action with
respect to the Lagrange multiplier. If we consider a FLRW
configuration, the homogeneity and isotropy of spacetime
is preserved by taking the scalar field as, ¢ = ¢(¢). Then,
according to the constraint g"9,¢0,¢ = —1 we obtain,
<]52 = 1, where the dot stands for derivatives with respect to
cosmic time. The previous expression leads immediately to
¢ (t) = t. For this geometry, the Einstein equations take the
following form

VH* (A0.9) — 0, A3)

3H> =p+1+V, )
2H +3H>=V — p, 5)
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where H is the Hubble parameter defined as H := a/a,
being a the scale factor. From these last results it is possible
to identify the potential for the mimetic field as a pressure,
pmg = —V. Then, from the Friedmann constraint we can
also write the energy density of the mimetic gravity as, pmg =
A+ V. If we consider this relation between the energy density
and the Lagrange multiplier, we can integrate the expression
(3), yielding [24]

3 t
pus@) = 55+ 5 [ WO H@OWV @ ®)
a a’ Jy
c 3 2
= -3 + a_3 a Vda, (7)
a

therefore from this latter result it is clear the role that the
potential V plays in this description; it is the responsible of
producing a deviation from the standard result a =3, for the
matter sector and also for the emergence of a dark energy
behavior in the mimetic approach. For a vanishing potential
the results obtained in [1] are recovered. In general, these
deviations from the standard behavior for the matter sec-
tor can be attributable to a possible interaction of this sec-
tor with some other component. We will return to this point
later. Then, in Ref. [21] was found that by means of a CPL
parametrization for the parameter state

®)

wmg(z) = wo + wam,

one gets for the energy density

4
pmg(z) = IOmg,O(1 + Z)S(l+w0+w") exp (—3a)a I Z) .9

Then, using the Eq. (7) and the standard relation between the
redshift and the scale factor, 1 + z = ag/a, it is possible to
find an explicit expression for the potential scalar field that
leads to energy density as given in (9), one gets

Z
V(Z) — _Iomg,()(l + Z)3(1+wo+wa) [a)o + w“1__+_z:|

Z
X € —3w,—— |, 10
Xp< @a 7 +Z> (10)
from now on we choose the value a9 = 1. Notice that

wmg(z = 0) = wme(a = ap) = wo, which will represent
the value at present time for the parameter state (8). Finally,
from the expression, png = A + V, we find for the Lagrange
multiplier

4
@) = pmgo(l +2)>Fevte [1 +o0+oaT Z]

X exp (—3%1#“) , (11)

and this expression represents the deviated matter sector in
this construction. An important feature of this scenario is that

no Ansatze for V are needed since the CPL parametrization
allowed its construction.

3 First scenario: matter production

In order to visualize the performance of the reconstructed
mimetic gravity in an enriched scenario, we consider the
gravitational production of matter. In this context the mat-
ter production is due to the expansion of the Universe [25].
Besides, for this scenario the production of particles is a con-
sequence only of the dynamical gravitational background,
i.e., the created particles interact only with gravity, therefore
their abundance is determined by the mass of the particles
uniquely. This theoretical scenario has been the subject of
various tests to explain the nature of dark matter, despite the
fact that dark matter only interacts with gravity, there could
be various mechanisms for its production [26]. For a mat-
ter production scheme we have the following conservation
equations for the matter sector in a FLRW spacetime

i+3Hn=nl, p+3H(p+P)=0, (12)

where I' > 0, I' < 0 acts like a source or sink of particles,
respectively; n is the particle number density and P = p+p,.
Here p. accounts for the pressure from matter creation and
is defined as

_PtppL
3H

(4

(13)

where we have considered an adiabatic expansion for the
Universe, S = 0, being S the entropy. In general, from the
Gibbs law and Eq. (12) we can write nTS = —3Hp.—(p+
p)I', where T represents the temperature of the fluid. In this
case the Friedmann constraint reads,

3H? = pm + Pimg (14)

by the subscript m we denote the produced (created) matter.
Then, the acceleration equation for this scenario results

i 1
H+H> = —5(P+3p)

1
= ——[om + Pmg + 3 (Pc + Pmg) ]

6
1 PmI
_6 [pm + Pmg + 3 {_3_H +wmgpmg}i| ,

15)

notice that we restrict ourselves to the case of created dark
matter, for this case we have p = 0, and for the pressure com-
ing from the mimetic contribution we considered a barotropic
equation of state, p = wp. If we combine the Eqgs. (14) and
(15) we can obtain the following continuity equation (12)

@ Springer
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p+3H (1 + weit) p =0, (16)

where p is the total energy density p := pm + pmg and

. Pml | OmgPmg

3Hp P

weff (2)

_ r |: 1 i|
3H() L1+ pmg(2)/pm(2)

1
ome(2) [1 + pm<z)/pmg(z)]
g

=37 A7)
where we have defined G := I'[1/(1 4 pmg/om)] + [1/(1 +
Pm/Pmg)]. From the previous expression for the effective
parameter state we can observe that if, pmg = 0, we recover
the following equation

wetf (2) = — (18)

I
This form for the effective parameter state was also studied
in Refs. [27-29]. Then the G-term plays the role of a gen-
eralized particle production rate. We will consider as expan-
sion rate the following normalized Hubble parameter, which
arises from the consideration of matter production effects and
mimetic gravity

1
eff = —&(E ! |: i|
wett = —§(E@)™ | 77 Pmg(2)/pm (2)

! ] . (22)
I+ pm(z)/ Pmg(2)

+wmg (2) |:

Using Eq. (19) we can test it against observations consid-
ering six free parameters: £, &, 8, 2,0, wo and w,, where
h = Hy/100. Here we use supernova data and H(z) mea-
surements. For type Ia supernova we use the latest supernova
sample, the Pantheon sample [30] consisting in 1048 data
points. This set gives us the apparent magnitude at maxi-
mum brightness, and the covariance and correlations among
the data. The data cover the redshift range 0.01 < z < 2.3.
We compute the residuals & — p;, and minimize the quantity

X2 = =)’ C (= ), (23)

where u;, = 5logy, (dr.(z)/10pc) gives the theoretical dis-
tance modulus, dy (z) is the luminosity distance, C is the
covariance matrix released in [30]. Because the absolute
magnitude and the Hubble parameter are degenerated in the
computation of the distance modulus, we marginalize over
these nuisance parameters using

2
E(z) = \/ Qo[£+ (1= &) (1 + 22T 4 (1 = Quy 0)(1 4 2)IFevten) exp (—3% . i ) (19)
z
where E(z) := H(z)/Hp and expression (9) was considered. 2
: ; ) : . 5 D B
Notice that in the previous expression we also considered — x7 = A + log D (24)
T

the normalization condition, Q2m,0 + 2mgo = 1. In order
to write the normalized Hubble parameter, for the matter
production sector we focused on the following form for the
particle production rate

H §
I =3&H, <?o) , (20)

being £ and § dimensionless constants and Hj represents the
Hubble parameter evaluated at present time. This model was
proposed in Refs. [28,29] and contains most of the Ansatze
found in the literature for I' if we consider some specific
values for £ and §. By means of Eq. (12) we can write for
8 #1[28,29]

2
p() = po§ + (1 =) (14222 e

where py is the value of the density at present time. For this
model we have the following expression for the effective
parameter state given in (17)

@ Springer

where A = (u— )" C™ (w—pm), B = (u—pm)" €1
and D = 17C~!1, as is explained in [31]. The H () mea-
surements are obtained from two methods. The first one uses
the differential age (DA) method from [32—-34] which is based
on measurements of

1 da 1 dz 1 Ag

H = —— = — _ —_—,
@ = 1 +zdr 1+z At

(25)

which so far consist in 31 measurements compiled from [35].
The second method is based on measurements of the line
of sight BAO data [36—40], which consist in 26 data points
extra. In summary, for this observational probe we have 57
data points which can constrain the Hubble function E (z) for
a given model through the y?

57 2
5 {H; — 100hE (z;)}
Xhz = Z 0_2 5
i=1 2

(26)
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Table 1 Here we display the
results of the statistical analysis

Parameters H(z)

SNIa H(z)+SNIa

using H (z) measurements and

h 0.67710:043 - 0.682+0011

supernova data. Because the 62-239 05 5(;:10
absolute magnitude M is § 0.60%0:31 0.60793; 0.59%53%
degenerated with the Hubble § _5.0t§:55§ —2.0%33 —4.6123
parameter /2, we have +0"08 10.08 +0.06
marginalized on this parameter i 0400712 0.39%5 71 0.427573

for type Ia supernova data on) —-0.9240-17 —0.91509 —0.9470-12
0.23 0.43 0.15
wa 0351033 0.55+04 0351013

where H; are the values of the Hubble function at redshift
z; measured with error o;. The analysis is performed using a
the public code known as emcee [41]. This is a stable, well
tested Python implementation of the affine-invariant ensem-
ble sampler for Markov chain Monte Carlo (MCMC) pro-
posed by Goodman & Weare [42]. The output from the chains
are visualized using GetDist [43].

Assuming all the six parameters free, and without using
external priors, we get the results shown in Table 1. The
summary of the posterior 1D and 2D probabilities are shown
in Fig. 1. As we see, the Hubble constant Hy take a value
close to the Planck value instead the local value obtained
from SHOES. Using both observational probes, the § value
points close to —4.6. Using the best fit values for the param-
eters of the model and error propagation it is possible to
show the behavior of the normalized Hubble parameter (left
panel) given in (19) and the effective parameter state (right
panel) written in (22). This is displayed in Fig. 2, the hor-
izontal shaded line in the right panel represents the value,
weff ~ 0.33. As shown in the figure, the accelerated expan-
sion started at the past and at present time (z = 0) the
fluid behaves as quintessence dark energy. This quintessence
behavior is transient, the model evolves to a phantom sce-
nario, weff < — . It is not shown explicitly in the plot but the
effective parameter state diverges at the far future (z = —1).
On the other hand, a divergent behavior for E(z) it is also
obtained at the far future (not shown explicitly in the plot),
therefore a future singularity known as little rip can take place
in this description. For the left panel the dashed line repre-
sents the normalized Hubble parameter associated to ACDM
model, in this case we consider the best fit value for the matter
density parameter given as, 2, 0 = 0.3040 £ 0.0060, which
results from the combination Planck+DES (dark energy sur-
vey) [44]. As can be seen, at the past both functions E(z)
almost describe the same evolution, but from present time to
future we will have different scenarios.

Next, we will focus in the interesting case given by § =
—1, known as creation of cold dark matter that was discussed
extensively in Refs. [28,29,45]. Then the effective parameter
state given in (22) takes the following form if we consider the
energy density (9) obtained for the mimetic gravity sector by
means of the CPL parametrization and (21) for the created
matter,

1
(& = E -
weff (2) = §(E(2)) [1 + pmg(z)/pm(z)}

1
F+wme (2) |: } . 27
L+ @)/ pmg (2)
Using the data from both type Ia supernova and H(z)
measurements together, assuming § = —1 we obtain the
following best fit for the parameters: h = 0.694f8:8}8,
£ = 0507032 @, = 039708, wy = —0.927008, and

W = 0.46f8:8§. On the left panel of Fig. 3 we show the
behavior of the normalized Hubble parameter state (19) con-
sidering 6 = —1 and the effective parameter state (27) using
the best fit values obtained from the data analysis and error
propagation. As in the previous case, the model admits a
little rip singularity. From the plot for the effective param-
eter state can be seen that at present time (z = 0) we have
a quintessence scenario. The region of accelerated cosmic
expansion will be eventually driven by a phantom dark energy
at effective level as in the previous case. As commented in
both cases considered here, the inclusion of matter produc-
tion leads to quintessence dark energy at present time. This
also was obtained in Refs. [27,46], where the matter produc-
tion was considered. It is worthy to mention that both cases
considered could mimic the ACDM model (wesf = —1) at
some stage of the cosmic evolution.

4 Second scenario: interaction in the dark sector

As commented in [21], the role of the Lagrange multiplier in
the mimetic gravity formulation is to mimic a matter sec-
tor contribution that deviates from the standard behavior,
pm o (1+42)3, given that we are considering the inclusion of
a potential for the mimetic field. The explicit expression for
the Lagrange multiplier is given in (11). One could assume
that the observed deviation from the usual term can be due to
an possible interaction of the matter sector with other com-
ponents. If we allow that an interaction could exist between
the dark matter a dark energy sectors through an interaction
term labeled as, Q; then for a flat FLRW Universe we can
write

R (e N S
Pae 3( 1+z )pde_ HG)(1+2)’ (28)

@ Springer
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Fig. 1 Here we show the results for the posterior 1D and 2D of the model (19) using both H (z) measurements and supernovae data

(3, 2
Pm <1+z)p‘“_ H(+2) @9)

where the prime stands for derivatives with respect to the
cosmological redshift and H (z) is the Hubble parameter; the
subscripts de and m denote the dark energy and dark matter
sectors, respectively. Besides, we have assume for the matter
sector wy = 0, i.e., cold dark matter. In what follows we
will construct the interacting scenario in this description of
mimetic gravity by implementing the method given in Ref.
[47]. Note that the continuity equations (28) and (29) must

@ Springer

be complemented with the Friedmann constraint. If the total
energy density is only described by the mimetic gravity given
in (9), i.e., £,;; = 0in Eq. (1), and if we also consider that
such energy results from the contribution of dark matter and
dark energy, we will have

ng(z)
3HZ '

1
2 = — =
E“(z) = 3H02 [0de(2) + pm(2)] (30)

therefore, using the Friedmann constraint together with Eqs.
(9) and (11), we can write for the dark energy sector
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E(2)
alb

-0.5 E 0.5 1.0

Fig. 2 The normalized Hubble parameter (left panel) and the effective
parameter state (right panel). The black solid line in each case corre-
sponds to the best fit values for the parameters of the model and the

E(2)

-0.5 E 0.5 1.0

Fig. 3 On the left panel we can see the comparison between the nor-
malized Hubble parameter of the model and the corresponding one to
ACDM model (dashed line) and the effective parameter state (right

Qqe(2) = (1 = Qmo) (1

+o3anten [ Smo
1— Qm’()

4
<w0+wal+z>} X

X eXp (—3a)a 12?) , 31
= (1 = Qo) (1 + 23 Heoted exp (—3wa T j—z)
V()
—. (32)
3H

where we have considered the standard definition €20 :=
pi.o/ 3H02 and the Eq. (10) in the last step. Hy is the Hubble

Wef (2)

-25"+

shaded regions correspond to the errors propagation. The dashed on the
left panel represents the normalized Hubble parameter for the ACDM
model

Weif (2)

-25¢F

panel) for the case 8 = —1. The black solid line in each panel corre-
sponds to the best fit values for the parameters of the model and the
shaded regions correspond to the errors propagation

constant and both components must obey the normalization
condition Qge.0 + Rm,0 = 1.

Given (30) it is obvious we have to perform a new test
against data, because now the only contribution to the Hub-
ble function is ppme given by (9). In this case i, wy and w,
are the free parameters to fit the data. Using again both
type la supernova and H(z) measurements we obtain as
best fit parameters, h = 0.683;"8:8%(1), wy = —0.7111'8:8%?,
Wy = 0.8901“8:8%. The summary of the posteriors are shown
in Fig. 4. It is worthy to mention that given the previous
results, the mimetic approach can be seen as an unified sce-
nario to describe the dark matter and dark energy content
of the universe, the dark matter sector is modeled by the

@ Springer
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Fig. 4 Here we show the posteriors of the free parameters using Eq. (30) as the Hubble function and in a joint analysis using type Ia supernova

and H (z) measurements

Lagrange multiplier and as can be seen in Eq. (32), the dark
energy sector is related with the potential of the mimetic
field. On the other hand, from Egs. (28), (29) and (30), the
parameter state of the dark energy component can be penned
as
1 1+ 204029 33

wde(2) = ( +FQD[— +§(-+@Ez5], (33)
being r(z) the coincidence parameter defined as the quo-
tient between the energy densities of the dark sector, 7 (z) :=
Qm(2)/ R2ge(2). By computing this quotient between (11) and
(31) (or Eq. (32)) one gets

@ Springer

_ Qm)  Qmo 1+ o + wa 5z
r(z) = ) = 9 ,
de(Z) 1— Qm,O 1— 2 (wo —+ a)aﬁ)

m,0
1-Qmo
(34)

note that in this case both densities are related through the
function r(z), from the previous expression Qpy = Qger (2).
By evaluating at present time (z = 0) the coincidence param-
eter we obtain r(0) = [Q2m,0(1 + @w0)]/[1 — Rm.0(1 + wo)],
which differs from the standard result Qpy.0/[1 — Q2m.0l,
due to the interaction scheme. Using the Eqs. (28) and (29)
together with the relation between both densities, Qp =
Qder(z), we can obtain the Q-term for the interaction
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05

-05+

Fig. 5 Q-term. The black solid line corresponds to the best fit values
for the parameters of the model and the shaded region corresponds to
the errors propagation

0@ _ 3Qe@)r(@ [w @+ 1+z r/(z)}
SHIEGR) 1+ |7 3 (@)
_ 3m() 1+zr'(2)
1472 [wde(Z) T3 r(z) } ’ 3

where Eq. (33) must be considered in order to have an explicit
expression for the interaction term. In order to show the
behavior of the Q-term, we will consider the best fit value
obtained by the Planck collaboration commented in the pre-
vious section. In Fig. 5 we depict the interaction Q-term
given in (35). It is worthy to mention that the interaction
term exhibit changes of sign at the past, becoming negative
near the present time; these changes in the sign of the inter-
action term reveal some thermodynamics properties of the
model, we will comment these features below.

The form obtained for the above expressions are useful if
we implement the effective temperatures method discussed
in Ref. [48]. From the continuity equations (28) and (29), we
can write conveniently

1 + wqe,eff
=3 —= =0, 36
Pde ( 1+2 ),Ode (36)
1 + wmeff
3 — =0, 37

where we have defined

. 0()

Wde,eff (2) = 04e(2) + 3o HOED) (38)
_ 9@

W, eff (z) = 3,0mHOE(Z) . (39)

In a single fluid description the evolution equation for the
temperature is given by [49]

T ap 1dT 1
3t s — 2 = 3w e(1 +2)7 1, 40
T 00 T dz @it 2 “0)

where the dot in the first equation denotes derivative with
respect to time. On the other hand, we will consider that
the pressure and energy density of each component will be
related through the effective parameter state by means of a
barotropic equation of state. Therefore, solving the previous
expression for the temperature one gets

Ti(z) = Tioexp {3 fz wieff (x)d In(1 +X)} , 41
0

being i = de, m. Taking into account the Egs. (33), (35),
(38) and (39) in the above equation, we can obtain for each
temperature the following expressions

[2m.0 (1 + w0+ wa) — 1] }_’5

Tae(2) = Tge o1 +2)7% {1 +
de(2) = Tge,0(1 +2) { G0+ w0) — 1

X exp <3a)a T2 j_ z) . 42)

for simplicity in the notation we have defined the constants
a and B, their explicit expressions are given as follows

_ 6 — Qm’() + 3Qm,0 (wo + wq)
= o

6—TQmy + Q2 o (1 + o + wa)
B Qi,o (14 wo+ wg) — Q@mo

o

)

Finally, for the dark matter component we have

_ 14+ wp
T (2) = To(1 + 7) @0t [W]
aTyz

exp (3% 1%) . (43)

In Fig. 6 we show the quotients, 7i(z)/Ti0(z), obtained
from the temperatures (42) and (43), using the best fit val-
ues obtained from the statistical analysis. As can be seen on
the left panel, for dark energy the temperature will reach its
maximum value at present time, z = 0. However, for the
dark matter component, its temperature exhibits (not shown
in the plot) a pathological behavior. Around some future
value for the redshift, z ~ —0.245, the dark matter tem-
perature increases abruptly and rapidly decreases to negative
values, this behavior is due to the term in square brackets of
Eq. (43). Therefore, this interacting scenario could be appli-
cable only to describe the Universe from past until present
time. If we only consider the aforementioned period for the
cosmic expansion, the behavior of both temperatures is dis-
tinct, while the dark energy sector has a temperature that
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Fig. 6 Temperatures of the dark sector. The black solid line corresponds to the best fit values wy and @, in both panels, the shaded regions

correspond to the errors propagation

increases along the cosmic evolution, the dark matter tem-
perature around z &~ 2 changes its increasing tendency and
around z = 0.2 its value increases again.

As discussed in Ref. [50], the change in the sign of the
interaction term reveal the existence of possible phase tran-
sitions since the sign of the heat capacities of the components
also change, this also implies changes in the temperatures of
the components. For Q > 0 the heat capacities of both com-
ponents can be written as [50]

0 .
Cge = —arm < 0, if ATy >0, (44)
Cpy = 2 >0, if ATy > 0. (45)
ATy

For instance in the interval 2.1 < z < 0o, we have Q < 0
and AT > 0 for both components, therefore Cg4e > 0 and
Cdm < 0. On the other hand, for the interval 0.2 < z < 2.1
we have Q > 0 and ATy, < 0, ATge > 0, in this case the
heat capacities satisfy the conditions Cge < 0 and Cqp, < 0.
Finally, for the interval 0 < z < 0.2 we have Q < 0 and we
again obtain Cge > 0 and Cgpy, < 0. As can be seen, for this
interacting scheme the dark matter sector temperature is more
sensitive to the changes of sign of the interaction term. On the
other hand, we do not visualize phase transitions at the past
and present time; given the description above for the behavior
of the dark matter temperature at the future, we could expect a
future phase transition, but as also was commented, this stage
is not considered in our description. In Fig. 7, we plot the sum
of the heat capacities (44) and (45), their definitions imply the
consideration of Egs. (35), (42) and (43). Note that we depend
on the initial value of both temperatures, in the graphic we
show three possible cases Tge.,0 = Tm.0, Tde.,0 < Tm,0 and
T4e,0 > Tm.,0. According to [51], the equilibrium condition

@ Springer

is reached only if the sum of heat capacities is negative along
the cosmic evolution. For the three cases considered here it
is found that the system was taken out from equilibrium, i.e.,
at certain value for the redshift at the past the sum of heat
capacities becomes positive and keeps that way until present
time.

From the second law we have

TdS =d(pV) + pdV, (46)

being V the Hubble volume defined as V (z) = Vp(a Jap)? =
Vo(142)73, in this case the quantity pV denotes the internal
energy. If we consider the Egs. (28), (29) in the above equa-
tion, we can write for each component of the dark sector

IndSn_ 0 Twdse
V dz HoE(z)(14+2) V dz’

47

then the entropy associated to each component is not con-
stant, the adiabatic condition (S = constant) for the cosmic
evolution is recovered for null interaction, Q = 0. From Eq.
(47) one gets the following condition

TimdSm + TaedSde = 0, (48)

which leads to

(49)

d Tae \ dSae
— (Sm A+ Sqe) = — [ -1+ =) ==,
dz( m 1 Sde) ( + Tm) dz

Thus, from Eq. (47) we can observe that the behavior of
the Q-term dictates the sign of dSq./dz, in consequence the
fulfillment of the second law, dS/dz < 0, by this model
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Fig. 7 Sum of heat capacities
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will depend on the behavior of the following three physi-
cal quantities: Tye, Ty and the interaction Q-term. In Fig.
8 the results for the derivative of the total entropy given in
(49) can be found for three different initial conditions for the
components temperatures. As can seen, the second law it is
not guaranteed during all the cosmic expansion and this is
consequence of the dependence of Eq. (49) on the interac-
tion term, as can be seen in (47); which exhibits changes of
sign. Only the possibilities Tge.0 > Tm.0 and T4e,0 = Tm.0-
guarantee the fulfillment of the second law at present time.

5 Concluding remarks

In this work we explored two possible cosmological sce-
narios for the reconstructed approach of mimetic gravity.
As discussed previously, the role of the Lagrange multiplier
becomes relevant since enforces an important constraint for
the mimetic field and besides its interpretation as emergent
matter sector avoids the introduction of extra fields in the
description; a first interesting feature of this model is the devi-
ation from the standard behavior that generates the potential
on the Lagrange multiplier, then such deviation reveals a
rich structure in the model; such kind of deviations for the
matter sector are generally present in interacting models, this
latter possibility was explored here. Secondly, in our descrip-
tion the Lagrange multiplier together with the potential were
reconstructed, then we do not place them by hand. The first
scenario corresponds to the inclusion of matter production
effects in the mimetic description, as far as we know this is
the first time that such effects are considered in the mimetic
approach, these effects are expected to contribute on the cos-
mic expansion by means of an effective pressure; the second
case corresponds to an interaction scheme for the dark sec-
tor that emerges from mimetic gravity, therefore the mimetic
scheme can be seen as an unified model for dark matter and
dark energy. The free parameters of the model were con-

strained for each aforementioned case with the use of recent
cosmological data. It is worthy to mention that at 1o the lower
bound of the parameter wy' for the matter production case
can cross to the phantom zone. This was confirmed at effec-
tive level, the parameter state exhibits a transitory behavior,
i.e., the cosmic expansion can be driven by a quintessence
dark energy fluid for a while and eventually a phantom sce-
nario dominates. It is found that a future singularity for the
normalized Hubble parameter can take place only at the far
future, z = —1, this is known as little rip singularity. In sum-
mary, the matter production effects for this approach could
describe the nature of the observable Universe. For the inter-
action scenario the constrained value for wp will represent a
quintessence dark energy. A relevant feature of the mimetic

approach is the value for & constrained in each case studied

here, these values are closer to the Planck results than those
reported by SHOES, then, the approach considered in this
work could provide a viable alternative to alleviate the Hy
tension.

On the other hand, a novelty of the reconstructed mimetic
gravity is the emerging interacting scenario for the dark sec-
tor. In this work we focused on the thermodynamics charac-
teristics of this interacting description. As commented in the
work, the region of validity for this description, which results
to be valid only from past to present time, was established by
the behavior of the temperature associated to the dark mat-
ter component in order to avoid some pathological situations
from the thermodynamics point of view, this delimitation also
guarantees that the resulting scenario avoids the future sin-
gularity inherent to the CPL parametrization. In our descrip-
tion we do not assume an Ansatz for the interaction Q-term,
the model itself provides a construction for this term. Using
the constrained values for the parameters of the model, we
observe changes in the sign of Q along the cosmic evolution,
in general these changes in its sign can induce phase tran-

! We must have in mind that this parameter represents the present time
value for the parameter state in the CPL parametrization.
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Fig. 8 Behavior for the total
entropy of the system using the
best fit values for the parameters

of the model
500 (-
""" Tae0 > Tmo
\
: V4
1705 100 15 20 o Segfe=amgyp C T = Tde0 < Tmo
!
L 7-de,Osz,O
-500 I
i
I
i
1
i
-1000 :

sitions or changes in the temperatures of the components.
Although there are some changes in the heat capacities of
the components, we do not observe phase transitions for this
model but we can note that the dark matter temperature is
sensitive to the changes of Q. This thermodynamics descrip-
tion depends on the initial values of the temperatures but as
far as we know, there are not definite results coming from
observations that could reveal some specific values for these
initial temperatures yet, thus we can consider three cases:
equal initial temperatures and one initial temperature greater
than the other and vice versa. Under these three cases, we
show that the sum of the heat capacities of the components
of the dark sector is negative at past and at specific value of
the redshift turns positive, this means that the thermal equi-
librium was lost at a specific moment at the past and such
condition keeps until present time, foday the components of
the dark sector are out of thermal equilibrium. Finally, as it
is well known, the interaction scenario leads to non adiabatic
expansion, which seems to be more consistent than the one
obtained in the ACDM model. Therefore the second law can
be explored in these kind of models, in this work we found
that the second law is not guaranteed for the whole cosmic
expansion but if we look only at present time, its fulfillment
is obtained if we consider equal initial temperatures for the
components of the dark sector or if we consider that the ini-
tial value for the temperature of dark energy is greater than
the initial value temperature of dark matter. We consider that
whether or not the second law is obeyed in the interaction
description, is directly related to the behavior exhibited by
Q and in our case the interaction term has an alternating
nature. Note that from the three possibilities that we have
considered in this work for the initial values of the tempera-
tures, only in two cases the regions where the second law is
well defined coincide with the regions where the interaction
term is negative.
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