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1. Cosmology in the Dark Sector

SOY EL UNIVERSO, Dark energy
MUCHO GUSTO.
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2. Cosmological Interactions

The unknown nature of the dark sector allows us to explore
possible cosmological interactions between its
components.

px +3H(L +w)px = —Q,

Question 1: Should such interactions involve energy
transfer in only one direction?

Question 2: Can we obtain constraints on these
interactions from a thermodynamic perspective?

We review various models from different origins in an
attempt to answer these questions. 5



2. Cosmological Interactions

The CosmoVerse White Paper: Addressing observational tensions in

cosmology with systematics and fundamental physics
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e Interacting Dark Matter and Dark Energy (IDE) Models: Interacting Dark Matter and Interacting
Dark Energy (IDE) models (Sec. 4.2.3) propose a non-trivial energy exchange between DM and DE, modifying
both the cosmic expansion rate and structure growth. This interaction, described by a coupling function @,
allows energy to transfer from one component to the other. Depending on the direction and strength of the
coupling, IDE can either slow down or accelerate the expansion rate. IDE models can increase H estimates
while modifying the growth of structure, offering a way to reduce the Sg tension simultaneously. However,
strong constraints from CMDB lensing and BAO measurements limit the parameter space of IDE models, and
they often require fine-tuning to remain consistent with multiple datasets.

In order for IDE models to be viable candidates for addressing the Hy and ox tensions, special attention must be
given to the physicality of the parameter space [2947|. In these models, there is not always a mechanism to halt
the energy transfer when either the DM or DE density becomes zero (i.e., @ # 0 in Eq. (4.15) when ppg,pm = 0),
which can lead to negative energies. The case of () > 0 corresponds to an energy transfer from DE to DM. It has
been reported that CMB observations seem to favor an energy transfer from DE to DM, WL measurements and
thermodynamical considerations suggest an energy transfer from DM to DE [2050, 2948-2950].
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H 6 We present an overview of the main results from our two companion papers that are relevant for
3 (pdm — Pde)

observational constraints on interacting dark energy (IDE) models. We provide analytical solutions
for the dark matter and dark energy densities, pam and pae, as well as the normalized Hubble function

3H 6 h(z), for eight IDE models. These include five linear IDE models. namely Q@ = 3H (8ampam + ddePde)
pdm and four special cases: QQ = 3Hd(pam + pae). Q@ = 3HO(pam — pae), Q@ = 3Hdpam, apd Q = 3Hdpge.,
3H6 together with three non-linear IDE models: Q = 3H§ (ﬁ:‘:ﬁj’;—) Q =3Hé (-Pl—::‘f:”—) and Q =
pde 3HS (ﬁ) For these eight models, we present conditions to avoid imaginary, undefined, and
3H‘5 ( Pdm Pde ) . - S I - ) .
ﬂdmj_P de [2966]. Other model types, such as exponential models Q = 3HEppg exp (ppe/ppM — 1)
3HS Pdm s Q = 3HE¢ppe log(ppe/pom) and @ = 3HEppe log(pov/por) [2968], were studied but s
Pdm +Pde g results.
3 IS pg ) ms Q = 3H ppesin(ppe/ppm — 1) and Q = 3HEppg|[l + sin(ppe/ppm — 1)] have
e
.":-'drn+Pdc Q = 3H§F(pDE’ pDM)

pom + 3Hppm = % pr=——. Q= 3H§pD|\/|"p P DE”s (pDM'l'pDE)A r

a3

as ~ a~ since the current is covariantly conserved. Q = 3H§ (pDM + pDE + pDMpDE /(pDM+pDE ))
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1. The cosmological constant problem: The predicted energy density of a cosmological constant A is approx-
imately 120 orders of magnitude smaller than the predicted value. [3]. This does not directly motivate research
into IDE models, but provides a reason to consider DE models beyond the ACDM model.

2. The coincidence problem: The densities of DM and DE are observed to have the same order of magnitude
today, even though they are predicted to differ by many orders of magnitude in both the past and the future
[4-16]. This provided the initial motivation to specifically study IDE models.

3. The Hubble tension: The 40 — 60 discrepancy in the estimation of the present expansion rate Hy from
late-time probes such as Type la Supernova and early-time probes such as CMB. The potential of IDE models
to address this tension has caused a resureence in their popularitv in recent vears [17-641.

4. The 53 discrepancy: The 20 -5 discrepancy between early-time and late-time measurements of the parameter
S, which is related to the clumping of matter on cosmological scales. IDE models have been investigated to
possibly alleviate this tension along with the Hy tension [19, 21, 50, 51, 56, 6062, 65-69).

5. Hints of dynamical dark energy: Hecent measurements from DESI collaboration of baryonie acoustic
oscillations (BAQO) provide a 2.80 — 4.20 preference for dynamical DE over the ACDM model [T0-73] (see
also [T4-125]). IDE models provide a natural mechanism for the dynamical behavior of DE, thus reinvigorating
the interest in these models.

What about cosmological interactions that change sign?



On the other hand, the authors of Ref.[10] use observational data to analyze a generic
type of cosmological interaction and find that its sign changes during the evolution of
the universe. Later, motivated by Ref.[10], the authors of Ref.[11] find a sign change
in the cosmological interaction which is described by a running coupling in the cosmic
interaction between dark energy and dark matter. Ref.[12] proposes a model consistent
with thermodynamics and observational constraints, where interaction is proportional to
the difference between the energy densities of dark components. In the context of this
model, there is a natural change in the interaction sign which coincides with the time
when dark energy starts to dominate over dark matter during evolution. This change in
sign is explored further in [13] where they analyze a parametrization of the cosmological
interaction that changes sign as the scale factor evolves.

In Ref.[14] a dynamical system analysis was performed for a type of cosmological interaction
proportional to the deceleration parameter with the dark energy component modeled by
a scalar field, a sign change was naturally induced in the interaction term when the sign
of the deceleration parameter changes in the transition from a decelerated universe to an
accelerated one, finally the authors find that some scaling attractors could alleviate the
cosmological coincidence problem. Other examples of cosmological interaction proportional
to the deceleration parameter are found in the literature [15, 16, 17, 18].
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Abstract We revise the dynamical properties of a class of cosmological models where q s

interacts through an interacting term that changes sign during evolution. In partict gy, 19
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ABSTRACT

The assumption of Gaussian distribution in Type la supernova data underlies most cosmological parameter
estimates and led to the discovery of late acceleration. In this work, we assess the validity of this assumption
using the Pantheon+ dataset and analyze its impact on parameter estimation for dark energy cosmological
madels.

We perform a comprehensive statistical, analysis including the Lilliefors and Jarque-Bera tesis, o assess
the normality of both the data and model residuals. We find that the Ganssianity assumption is untenable and
that the redshift distribution is more accurately described by a t-distribution, as indicated by the Eolmogorov
SEmimaow test.

These statistical findings are explored within the framework of a nonlinear cosmological interaction for
the dark sector. Free parameters are estimated using multiple methods, and bootstrap confidence intervals are
constructed for them. Our resulis suggest that standard Gaussian assumptions may underestimate uncertainties
in cosmological inference, and we advocate for incorporating more flexible statistical models in future analyses.

Cu;ix+3ﬁpr) =q(up;,+ﬁpx}, (5)

mnd § are constants. If both these constants are null, it implies
: is no cosmological interaction present. These interactions

naturally undergo a sign change at some point during their evolution,
due to the g term. By focusing in a particular case for Q, a = % we

Y2’

can obtain a solution for (4) using the methods described in -[:3.'1]. We
then obtain the total energy density as:

p= 1'1113"'4'1* + 1'2(13‘#4‘1—, 12 (6)
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F. Arevalo et al

R . F. Arevalo et al.
Model residuals histogram.
Table 2
Results from the analysis with different methods, Grid, EM and GRadient, for interaction Q. Fixed a priori parameters are denoted with *
b . refers to the minimum sum of squares for the Grid and Gradient methods and to the maximum for the EM algorithm.
< -| B Skewtdistribution a :
a2, Hy T ¥a f
0.34 0.74 112 —-0.28 0.15*
I 0.32 0.74 1.14 -0.24 0.15*
0.3371 0.7449 1.1239 —0.2760 0.15*%
0.34 0.66 1* -0.11 0.15*
i} 0.35 0.68 1* -0.13 0.15*
o — 0.3485 0.7294 1* —0.1241 0.15*
0.26 0.74 1.19 -0.151* 0.15*
i} 0.25 0.72 1.22 —-0.151* 0.15*
0.2576 0.7451 1.1940 -0.151* 0.15*
0.34 0.66 1* —0.115* 0.15*%
v 0.35 0.73 1* —0.115* 0.15*
% 0.3482 0.6626 1* -0.115* 0.15*
g N 0.26 0.74 1.2% -0.13* 0.15*
0 v 0.26 0.68 1.2% -0.13* 0.15*
0.2602 0.7456 1.2% -0.13* 0.15*
0.25 0.67 1* o* —0.45
VI 0.25 0.67 1* o* —0.42
0.2517 0.6688 1* o* —0.4471
-
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Fig. 4. The deceleration parameter and the interaction are plotted using the results of Table 1, case 1, 4 free parameters.
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3 Horizons and Dark Energy

3. Constraints

Thermodynamics of interacting holographic dark energy

m flat FRW, if the horizon is related to the length scale L, the dark energy proposed
vritten as

Fabiola Arevalo'* Paulo Cifuentes!fand Francisco Pena't

vhere ¢ is a positive constant that fu > 48]. In this context, we can
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The thermodynamics of a scheme of dark matter-dark energy interaction is studied con-
sidering a holographic model for the dark energy in a flat Friedmann-Lemaitre-Robertson-
Walker background. We obtain a total entropy rate for a general horizon and we study the
Generalized Second Law of Thermodynamices for a cosmological interaction as a free function.

Additionally, we discuss two horizons related to the Ricei and Ricci-like model and its effect El h Orizo nte
on an interacting system. \ \
delimita rango de la
u LI 4
Interaccion
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The Ricci dark energy density is Ricci-like dark energy density is given by

P =3c2(2H? + H), op = 3(aH® + BH)

1.0+

\ r<o

0.8F

06+

04;

0.2+

0.0} . , . , !
0.0 0.2 0.4 0.6 0.8 1.0

f (r,c?) considering zones where the interaction ) respects the GSL on the bottom represents the relation between the G
shaded area is where the pressure is negative at late times. The dots » nhase snace of (a 31 and the oranh an the center is t
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Abstract We investigate a cosmological model based on matter creation in a single-

component universe, its late time behavior and observational constraints derived X .
from type la supernova data. Furthermore, we explore the equivalence between T,Ucff = w 91 tWO ﬂU|dS
this framework and interacting dark sector models, which establishes a connection 3 1 i

between the matter creation rate and cosmological interactions. We first focus on
the case of a constant equation of state parameter, where both known and novel
interaction terms naturally emerge from matter ereation, numerous of them exhibit-
ing a sign-changeable behavior. The analysis is then extended to a time-dependent
cquation of state by using dynamical systems techniques.

The effect of matter creation is characterized by
the introduction of a term I’ into the particle
number conservation equation |[3132/33]

AT e

NS =nal, (1)
where N* = nu®, n is the number density and -
u® is the four-velocity. If I > (0, we have par-



New Perspectives from Matter Creation Cosmologies

to Dark Sector Interactions 3 General " Model

Fabiola Arévalo!, Antonella Cid%?, Victor Cardenas?®, and Patricio Mella® In this section we consider a gCIlCI“&]. model giVCII
by,
Comparing Eq. (18) with Eq. (12), we obtain H\?
I" related to the dark energy as I' = 3vH, (F) : (14)
0

(19) where v and 4 are constants and H is the cur-

rent value of the Hubble-Lemaitre parameter.

H w
Q= —ps ((1 +9d)— —+3H(1+ 1;;))25)
H w
Since the daFk energy density dcp.cnds. on the The sign change is a natural consequence
matter creation rate I', Eq. (19) implies that . . .
: : . . _ of the matter creation equivalence and it
the interaction term @ in (20)) is directly related ) ) _
to I" by connects with previous results where the inter-
action was an ansatz of the deceleration param-
eter, see for example Refs. and [74]. Notice
we can write the interaction (27)) in terms of
(21) the deceleration parameter,
This general result leads to an interaction in
terms of I', H, w and their derivatives. From

Q:_(E)-+£(F—3H+6(1+w)).

w 2

(g—3)(@+ (0 +1)g— 3w —2)

c 3 ‘
Eq. (11, the interaction can be expressed as Q =2H i {28)
Q = Q(q,q¢), and from Eq. (12) as Q = Q(wes, Wer)- :
A related connection was previously established where we observe that Q changes sign at ¢ =

for holographic dark energy in Ref.[70], although

1/2and g = -1+ 3 (:;‘—}*11) for & £ —1.
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Final
Remarks

Interactions appear not bound to a
especific direction of matter transfer
and can be applied to cosm. tension.

Applying thermodynamics to simple
models can offer information about
the nature of Dark Sector behaviour

Modifying the statistics of data
analysis can provide questions about
previous results

20
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