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Abstract In this study, we investigate deviations from the
Planck-ACDM model in the late universe (z < 2.5) using
the Gaussian Processes method, with minimal assumptions.
Our goal is to understand where exploring new physics in
the late universe is most relevant. We analyze recent Cosmic
Chronometers (CC), Type Ia Supernovae (SN), and Baryon
Acoustic Oscillations (BAO) data. By examining reconstruc-
tions of the dimensionless parameter §(z), which measures
deviations of the Hubble parameter from the Planck-ACDM
predictions, we identify intriguing features at low (z < 0.5)
and high (z 2 2) redshifts. Deviations from the Planck-
ACDM model were not significant between 0.5 < z < 2.
Using the combined CC+SN+BAO dataset, we gain insights
into dark energy (DE) dynamics, resembling characteristics
of omnipotent DE, extending beyond quintessence and phan-
tom models. DE exhibits n-quintessence traits for z 2 2,
transitioning with a singularity around z ~ 2 to usual phan-
tom traits in 1 < z < 2. DE characteristics differ between
scenarios (Hy-SHOES and Hy-A&CMB), with Hy-SHOES
leaning towards phantom traits and Hp-A&CMB towards
quintessence. We suggest exploring new physics at z < 0.5
and 1.5 < z < 2.5, particularly around z = 2, to understand
cosmological tensions such as Hy and Sg.
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1 Introduction

In the realm of cosmology, cosmological parameters play a
pivotal role, shedding light on the universe’s structure, com-
position, and dynamics. Derived from meticulous analysis
of diverse astronomical observations, these parameters are
crucial for our understanding of the cosmos. Among them,
the Hubble Constant (Hy), signifying the current expansion
rate of the universe, stands out as particularly challenging
to ascertain. Other key parameters include the dark energy
(DE) equation of state (EoS) parameter (wpg), the present-
day density parameters of baryons (£2p) and cold dark matter
(CDM) (f2¢dm ), and the weighted amplitude of matter fluctu-
ations (Sg = 08+4/2mm /0.3, where Q2 = Qp + Qcgm and oy
is the amplitude of mass fluctuations on scales of 84 ~! Mpc),
each contributing uniquely to our understanding of cosmic
phenomena [1-7].

The ‘Hubble Constant tension’ presents a significant chal-
lenge in modern cosmology [8—12]. This tension, a discrep-
ancy in Hp measurements, emerges when contrasting the
Planck-CMB estimate [1], based on the standard ACDM
model (or its simple canonical extensions), with the local
distance ladder measurements by the SHOES team [13-15],
showing a significant difference exceeding 50. Late-time
measurements generally support a higher Hy value (refer to
the discussion in [16]). This discrepancy has sparked intense
interest in exploring new physics that might explain these
variations in our understanding of the universe [16-19].

Analyzing cosmological data in a model-independent
manner is a challenging yet crucial pursuit, as it enables the
exploration of the underlying dynamics of the universe with-
out reliance on specific theoretical models like the widely
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accepted ACDM model. Model-independent approaches are
proven to be particularly valuable for testing the robustness
of cosmological parameters and identifying potential devia-
tions from our current understanding of the cosmos. Cosmo-
graphic approaches [20-22], a subset of model-independent
methods, aim to describe the universe’s expansion history
and geometry without being tethered to specific theoretical
models. They involve conducting a series expansion of a cos-
mological observable around present-day universe (around
redshift z = 0), using the data to constrain the kinematic
parameters such as Hubble parameter, deceleration param-
eter. Despite their wide usage, cosmographic methods face
challenges athigher z values. An excellent alternative to these
methods is the use of Gaussian Processes (GPs) for recon-
structing cosmological parameters in a model-independent
manner. As powerful and versatile tools in machine learning
and statistical analysis [23,24], GPs are particularly adept
at modeling and analyzing complex, non-linear, and noisy
data. Being a form of non-parametric Bayesian modeling,
GPs find applications in regression, classification, optimiza-
tion, and uncertainty quantification. In the field of cosmology,
GPs have been successfully employed for reconstructing the
dynamics of DE, modified gravity, cosmic curvature, esti-
mates of the Hubble constant, and various other perspectives
[25-42].

In this work, our primary goal is to utilize Gaussian Pro-
cesses for model-independent inference, leveraging mea-
surements of the universe’s expansion rate from Cosmic
Chronometers (CC), Type Ia Supernovae (SN), and Baryon
Acoustic Oscillations (BAO) samples. We aim to explore
potential deviations from the standard ACDM model, par-
ticularly at low redshifts, to gain a deeper understanding of
the late Universe’s expansion dynamics and to contribute
to the ongoing debate surrounding the Hubble tension. Our
analysis encompasses two main objectives: first, to deter-
mine the degree of deviation from the ACDM model at the
background level, based exclusively on data pertaining to the
expansion rate of the universe. Secondly, our analysis aims to
explore the dynamic nature of DE, particularly the intriguing
possibility of encountering negative energy density values in
the Universe’s late stages, thereby challenging conventional
extensions of the standard ACDM model [42-52]. In partic-
ular, we highlight Ref. [43], which reports a 3.70 preference
for an evolving effective DE density that can assume nega-
tive values for z = 2.3. We also refer to Refs. [45,53-55] for
similar conclusions.

This paper is structured as follows: Sect.2 introduces the
Gaussian Processes (GPs) methodology and dataset used in
this study. Section 3 details our key findings. Finally, Sect.4
discusses the conclusions drawn from our analysis and out-
lines future research directions.

@ Springer

2 Gaussian processes regression and data set

Gaussian processes (GPs) are a fully Bayesian technique,
characterizing distributions over functions and serving as
an extension of Gaussian distributions into function space
[23,27]. This approach allows for the reconstruction of
a function, indicated as f(x), using observational data
{(xi,yi) |i =1,..., N}, without requiring a predetermined
specific functional parameterization.
A Gaussian process (GP) can be expressed as

Jf(x) ~GP (ux), k(x, X)), ey

where the value of f(x), when evaluated at a point x, is a
Gaussian random variable with a mean of w(x) and is cor-
related with the value at another point x through the covari-
ance function cov( f(x), f(x)) = k(x, x). A wide range of
covariance functions exists [24]. The most well-known and
commonly used are the Matérn class of kernels (M), and
the Squared-Exponential (SE) covariance function, defined
as ksg(x,Xx) = 6} exp (—|x — )E|2/2€2). The SE kernels,
known for their smoothness (infinitely differentiable), are
ideal for reconstructing function derivatives and depend on
only two hyper-parameters, o and ¢, which characterize
the function’s smoothness. The characteristic length scale £
indicates the displacement in the x-direction required for a
significant change in f (x), while the signal variance o s rep-
resents the typical change in the y-direction. However, due to
their inherent smoothness, SE kernels predominantly capture
global characteristics, not local ones. To address this limita-
tion, the Matérn class kernels are advantageous. The general
form of these kernels is given by

2vx’ )

7 , 2

1—v "\ Y
ky () = a}z (@x ) K, (
I'(v) 12

where x’ = |x — x|, K, is the modified Bessel function of the
second kind, I"(v) is the standard Gamma function, and v is
a strictly positive parameter. The M, kernel converges to the
SE kernel as v — oo and takes an explicit analytic form for
half-integer values of v,ie.,{v =n/2 |n =1,3,5,...}. We
focus primarily on v = 7/2 and v = 9/2, as they correspond
to smooth functions with a high predictability of higher-order
derivatives [31].

On the other hand, the selection between a smooth or
wavy function also depends on the distribution of the data.
In our case, we have a sufficiently uniform distribution that
allows us to use the aforementioned kernels with confidence.
Additionally, the primary features in the reconstruction of
the functions and their derivatives enable us to estimate the
parameters of interest with high precision, particularly at low
redshifts (to be discussed in Fig. 7). Another possibility, when

the data has high dispersion, is to bin the data, allowing the
application of a smooth function. However, we must exer-
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cise caution with this technique. If applied excessively, it
may remove correlations between data points that could have
particular characteristics of interest, leaving only the global
characteristics (see, e.g., Ref. [56]).

The hyper-parameters are optimized for the observed data
f (x;) + o; by minimizing the log marginal likelihood func-
tion, defined as

1
nL=—2-m KX+ -

ik, %)+l - Yo
——1In , — —In27.
2 2
3)

Here, K(X, X) is the covariance matrix with components
k(x;i, xj), and C is the covariance matrix for the set of N
observations. p represents the assumed mean (for our model-
independent analysis, g = 0), and y is the data vector. It is
noteworthy that £ = p (y | X, o, £) depends only on the
observation locations X, not on the points X* where we seek
toreconstruct the function. The reconstruction f* is achieved
through the posterior distribution (as detailed in the Appendix
of Ref. [27]),

FEIX5 Xy~ N (o cov (7)) @)
with the mean F given by
= +K X X)[KX.XH+C'v-n, O
and the covariance defined as
cov (f*) =K (X*, X*)
- K (X*, X)[K(X.X)+CI 'K (X, X¥).
(6)

GPs are a highly effective method, as they can also be
utilized to reconstruct the derivatives of f(x); this is due to
the fact that the derivative of a Gaussian process is itself a
GP [24],

(N

9%k (x, %)
0xox ’

f'(x)~gpP <u’(X),

albeit the effectiveness of this procedure is contingent upon
the differentiability of the chosen kernel. It is important to
note that the hyper-parameters are trained in the same way as
for the reconstruction of f(x), since the marginal likelihood
L is dependent solely on the observations and not on the
function we aim to reconstruct.

We summarize below the datasets used in our analysis:

e Cosmic Chronometers (CC): The CC approach, a pow-
erful method for tracing the history of cosmic expan-
sion, measures the Hubble parameter, H(z), at various
redshifts. In our analysis, we utilize the compilation of
H (z) measurements provided in Table I of Ref. [57],

which includes 32 measurements distributed over a red-
shift range of 0 < z < 2.

Type la Supernovae (SN): We incorporate SN distance
moduli measurements from the Pantheon sample, con-
sisting of 1048 SNela within the redshift range 0.01 <
z < 2.3 [58]. These measurements are utilized to con-
strain the normalized expansion rate, defined as E(z) =
H (z)/Hp [59]. We consider the six data points reported in
[60]. To convert E (z) estimates into H (z), a value for Hy
is required. Given the tension between the Planck CMB
base-ACDM estimate and SHOES team measurements,
we rescale these data set by the corresponding values of
Hj estimated/measured from/by each probe. Therefore,
when using SN data, we consider two distinct scenarios:

(1) Ho-SHOES: We rescaled the SN data using the Hub-
ble estimate as Hy = 73.04 £ 1.04 km 571 Mpc’l,
based on the SHOES distance ladder measurement of
Hp [13].

(i) Ho-A&CMB: We rescaled the SN data using the
Hubble estimate as Hy = 67.4 & 0.5 km g1 Mpc_l,
based on the Planck 2018 CMB base- ACDM best-fit
estimation [1].

e Baryon Acoustic Oscillations (BAO): BAO data pro-
vide another crucial cosmological probe. The expanding
spherical wave, generated by baryonic perturbations from
acoustic oscillations during the recombination epoch, is
traceable through the correlation function of large-scale
structures. This information is then used to measure geo-
metrical distances and the rate of expansion of the uni-
verse at various redshifts. We incorporate H (z) measure-
ments from various astronomical surveys, as compiled in
Table III of Ref. [61]. As demonstrated in Ref. [31], we
have confirmed that different rq (sound horizon at drag
epoch) input values do not affect the GP analysis.

Expanding upon the methodology and datasets described
earlier, Fig. 1 showcases our reconstruction of the Universe’s
expansion rate, H(z), utilizing both CC only data and the
combined CC+SN+BAO data. For comparison, we display
the ACDM model with parameters fixed at the best-fit values
predicted by CMB-Planck [1]. In the CC analysis (left panel),
the reconstruction yields Hy = 68.6 + 5.06 km s~ Mpc~!,
at 1o CL, when evaluating the H(z) function at z = 0.
For the combined CC+SN+BAO data, reconstruction yields
Hy = 70.75 4+ 1.77 km s~ Mpc~! for the Hy-SHOES sce-
nario (middle panel) and Hy = 64.64 4 1.43 km s~ Mpc™!
for the Hy-A&CMB scenario (right panel), both at 1o CL.
It is noted that the CC-only analysis does not provide robust
constraints on the expansion rate for z > 1, but including the
SN and BAO data significantly improves the observational
constraints on H (z) reconstruction. The joint CC+SN+BAO
analysis allows us to infer and evaluate the expansion rate

@ Springer
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Fig. 1 LeftPanel: Reconstruction of the expansion rate of the Universe
from the CC sample. Middle Panel: Reconstruction of the expansion rate
of the Universe using CC+SN+BAO for the case of Hyp-SHOES. Right

functions of the universe with good/reasonable accuracy up to
z =~ 2.5. One immediate observation is that the high redshift
(viz., z > 2.0) BAO data points yield H (z) values lower than
those predicted by the Planck-ACDM model (H (z) ocpm),
so predictably, our reconstructed H(z) values at those red-
shifts are also lower. A more detailed exploration and analysis
of these findings will be presented in the subsequent section,
where we delve deeper into the implications and nuances of
our results.

3 Results

We aim to explore possible deviations from the standard
ACDM model at low redshifts (specifically, z < 2.5, which
is the range covered by our data), while adhering to a frame-
work of minimal assumptions. To quantitatively assess these
deviations, we define the dimensionless quantity §(z), repre-
senting the relative difference in the Hubble parameter H (z)
from its predicted value by the ACDM model, H (z) ocpM,
at a given redshift z [62]:

5(2) = H(z) — H(z)Acpm
B H(Z)acoM

®)

This formulation enables quantification of deviations in the
background cosmological evolution compared to the ACDM
model. In this context, H (z) is reconstructed using GP (Gaus-
sian Process) numerical routines provided by the publicly
available GaPP (Gaussian Processes in Python) code [27],
while H(z)acpm is determined using the best-fit values
derived from the Planck-CMB data [1].

The primary physical characteristic of the §(z) func-
tion is straightforward: §(z) > 0 implies deviations toward
a faster-expanding universe than Planck-ACDM predicts,
while §(z) < 0 indicates a slower expansion in comparison,
and a value of §(z) = 0 aligns with Planck- ACDM expecta-
tions. Considering that an ever-expanding universe requires
H(z) > 0, it follows that §(z) > —1 would always hold.

@ Springer

Panel: Same as in the middle panel, but with Hy- A&CMB. In all panels,
the blue dashed line represents the ACDM model with parameters fixed
at the best-fit values predicted by CMB-Planck [1]

On the other hand, despite the ACDM model grappling with
various cosmological tensions, in the era of high-precision
observational cosmology, and theoretical challenges, such
as the cosmological constant problem [63-65], it remains
the simplest model that explains most cosmological data
with remarkable accuracy [1-4]. Thus, we anticipate only
minor deviations from the Planck-ACDM model, specifi-
cally |8(z)] <« 1 for z < 2.5, the redshift range under
investigation. The largest discrepancies known, such as the
SHOES Hy measurement at Hy = 73.04 + 1.04 km s~!
Mpc~! [13] and the H(2.33) = 224 & 8 km s~! Mpc~!
Ly-a-quasar data [2], correspond to §(z = 0) ~ 0.08 and
8(z = 2.33) ~ —0.05, respectively. Nonetheless, small but
statistically significant deviations from §(z) = 0 and their
signs can offer valuable insights into the universe’s late-time
kinematics and dynamics, under the assumption of grav-
ity theory such as general relativity. Accordingly, in what
follows, we will first discuss our results on the kinematics,
namely 6(z), and then the corresponding dynamics, viz., the
dynamics of dark energy, by assuming a spatially flat FRW
(Friedmann—Robertson—Walker) background and the general
theory of relativity (GR).

Our reconstruction of the §(z) function from the CC sam-
ple alone is depicted in Fig.2. In this analysis, §(z) con-
sistently aligns with the null hypothesis across the stud-
ied redshift range, implying 6(z) = 0 at a 20 confidence
level. On the other hand, it is noteworthy that for redshifts
greater than approximately 1.5 (z 2 1.5), there is a dis-
cernible trend of 3(z) < 0, observed at a 1o confidence
level. When evaluated at present, the § (z = 0) value is found
tobe §(z = 0) = 0.018 = 0.075 at a 1o confidence level.

In the upper panel of Fig. 3, we present the reconstruction
of the §(z) function from the CC+SN joint analysis con-
sidering both the Hyp-SHOES and Hy-A&CMB scenarios.
Notably, for redshifts z 2 0.5, the reconstructions from both
scenarios show statistical equivalence, suggesting that the
background evolution of the universe is independent of the
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Fig. 2 Reconstruction at 1o and 20 confidence levels of the §(z) func- 0.10r
tion using the CC sample. The blue-dashed line is the null hypothesis
0.05
chosen scenario for cosmic distances beyond z 2 0.5, even = 000
though the Hy values used — to convert E(z) estimates into 5
H (z) estimates — in these two scenarios are in significant
(50) tension, which may be due to the fact that SN data are _0.05}
very sparse beyond z = 1 and that when combined with CC
data, they have no impact at high redshifts, but they do show
an impact at low redshifts (for a similar observation, see, -0.10f
e.g., Ref. [56]). Similarly, regardless of the scenario cho- 0’5 55 5 % 55 55

sen, for z 2 1.5, we observe a trend of §(z) < O ata lo
confidence level, in line with the CC only analysis. On the
other hand, for z < 0.5, we notice divergent behaviors in the
8(z) evolution between the two scenarios, particularly pro-
nounced for z < 0.2. Namely, in the Hy-A&CMB scenario,
the reconstructed §(z) aligns with the null hypothesis, while
in the Hy-SHOES scenario, 6(z) > 0 at a 1o confidence
level for z < 0.2. And, evaluating §(z) at the present time,
we find §(z = 0) = —0.023 £+ 0.028 (1o CL) for the Hp-
A&CMB scenario and §(z = 0) = 0.052 £ 0.032 (1o CL)
for the Hy-SHOES scenario, indicating a 1.80 discrepancy.
This discrepancy exceeds 20 level at z ~ 0.2. These find-
ings may offer valuable insights into the so-called Hy tension,
suggesting that deviations from the Planck-ACDM predicted
background evolution of the universe are more pronounced
forz $0.2.

In the lower panel of Fig. 3, the reconstruction of the §(z)
function with the inclusion of the BAO dataset (with the com-
bined CC+SN+BAO dataset) is presented. Comparing this
with the upper panel (noting the different scales of the §(z)
axis in the panels), the deviations from the null hypothesis,
corresponding to the Planck-ACDM, are either nearly the
same or reduced in magnitude but exhibit increased statis-
tically significance. Moreover, this enhanced statistical sig-
nificance leads to a more pronounced distinction between

Fig. 3 Upper panel: Reconstruction at 1o and 20 confidence levels of
the 6(z) function using the CC+SN sample in the cases of Hy-SHOES
(blue) and Hy-A &CMB (red). Lower panel: Same as in the upper panel,
but now including BAO data in the analysis, i.e, CC+SN+BAO. For both
cases, the black-dashed line is the null hypothesis

0.10

0.05r

-0.101

-0.15¢

-0.201 1
0.0 0.5 1.0 15 2.0 2.5

Fig. 4 Reconstruction at 1o and 20 confidence levels of the §(z) func-
tion using the CC+BAO sample. The blue dashed line represents the null
hypothesis
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the Hyp-SHOES and Hy-A&CMB scenarios. However, the
general nature of these deviations, more emphasized now,
remains similar to that observed in the CC+SN joint analy-
sis. Particularly for z < 0.2, the deviation between the two
scenarios is more evident. For instance, at present (z = 0), we
find §(z = 0) = 0.050 £ 0.026 for the Hy-SHOES scenario
and 6(z = 0) = —0.041 £ 0.021 for the Hy-A&CMB sce-
nario, showing an increased tension of 2.70 between the two,
compared to the one found in the CC+SN analysis. This anal-
ysis suggests that the chosen Hy scaling value influences 6 (z),
leading to preferences for §(z) < 0 and 8(z) > Oforz < 0.2
for the Hy-A&CMB and H)-SHOES scenarios, respectively.
Notably, the preference for §(z = 0) < Ointhe Hy-A&CMB
scenario at about a lo confidence level is interesting, as a
negative 6(z = 0) implies a slower expansion rate of the
present-day universe than predicted by Planck- ACDM, thus
exacerbating the Hy tension associated with Planck- ACDM.

Another notable finding from the analysis using the com-
bined CC+SN+BAO dataset is that for z > 1.5, the devi-
ations of §(z) from the null hypothesis are smaller in both
scenarios. However, independent of whether the Hy-SHOES
or Hyp-A&CMB scenario is chosen, the trend for §(z) < 0
begins at slightly lower redshifts. This trend, observed ata lo
level in the CC and CC+SN cases, attains a significance level
of over 20 for z 2 2. Thus, regardless of variations in the
H (z) function beyond the Planck-ACDM model, the devi-
ations in H (z) for z 2 1.5 consistently indicate a universe
expanding at a rate slower than predicted by Planck- ACDM.
For z < 0.5, however, the expansion rate hinges on the abil-
ity of the considered cosmological model to predict the H
parameter, even allowing for 6 (z) < 0 when the BAO dataset
is included in the analysis.

In Fig.4, we assess the influence on the §(z) function by
excluding the SN data. Consequently, this scenario does not
require consideration of the Hyp-SHOES and Hy-A&CMB
estimates. Notably, for low redshifts, we observe complete
statistical agreement with §(z) = 0, which remains robust up
to z ~ 1.8. Conversely, at higher redshifts (exceeding 1.5),
a similar trend to previously discussed results is observed:
8(z) becomes increasingly negative with increasing z. An
interesting relevant discussion can be found in Ref. [56] (in
particular, see Section 6: Concluding remarks of the refer-
ence), where the authors discuss the use of CC and BAO data
in estimating the value of Hy and other derivatives related to
Q-

In Appendix B we quantify the impact of choosing a zero
mean function and various kernel choices on the reconstruc-
tions within the §(z) function. Our findings reveal that all
reconstructions in the function 6 (z), and consequently all our
main results, remains unchanged within these perspectives.
Since all other quantities assessed in this study are recon-
structions derived from the §(z) function, we can extend the
same conclusions to all other functions evaluated throughout

@ Springer

this study. In conclusion, our findings remain consistent even
when assessing the impact of statistical decisions.

We note that our analysis thus far has implicitly assumed a
spatially maximally symmetric spacetime, viz., the Robertson-
Walker (RW) spacetime metric, without committing to a spe-
cific gravity theory. Accordingly, we have discussed only
the kinematical deviations from the Planck- A CDM scenario,
represented by 6(z). Introducing a gravity theory (relating
the kinematics and the physical ingredient of the universe
with each other) would enable us to extend our discussions
to dynamics, though this would entail some compromise on
our minimal assumption approach. Choosing a modest yet
reasonable step forward, we attribute all the kinematical devi-
ations from the Planck- ACDM model to the deviations of a
minimally interacting DE from the cosmological constant.'
This allows us to define a parameter that can be directly
derived from the §(z) function to characterize the dynamics
of DE [62]. In particular, we assume that general relativ-
ity (GR) governs the expansion dynamics of the universe,
and given that in the late universe-at redshifts relevant to the
data we use in our analyses-radiation is negligible, mean-
ing only pressureless matter (baryons and CDM) and dark
energy (DE) are relevant, and that DE interacts only grav-
itationally. This parameter, denoted as Qapg(z), quantifies
the deviation of the DE density parameter from that of the
cosmological constant in the Planck-ACDM scenario as a
quadratic function of §(z) as follows:

Appg(2)
3H§CDM (2)

where Appg(z) = ppE(2) — pa (With pp = ppEo). For small
deviations from Planck-ACDM, i.e., |§(z)| < 1, this sim-
plifies to approximately twice the §(z) function: QApg(z) ~
28(z). The advantage of reconstructing this parameter lies in
its alignment with our minimal assumption approach, mak-
ing our compromise minimal, as it allows direct derivation
from the reconstructions of §(z), without needing additional
information beyond what we have used for the reconstruc-
tions of the §(z) function.

In our reconstructions of the §(z) function, we observe
deviations from the null hypothesis, §(z) = 0, are small,
18(z)| < 0.1ata20 CL,forz < 1.5, regardless of the sample
used in the analysis, whether CC, CC+SN, or CC+SN+BAO.
The largest deviations occur at higher redshifts (z 2> 2),
with §(z) reaching approximately —0.6 for CC and approxi-
mately —0.4 for CC+SN, both at a 26 CL, at z = 2.5. These
large negative deviations at z 2 2 cause the quadratic term,

QApe(2) = =562+ ~25(), (O

! One could consider other options, such as attributing the kinemati-
cal deviations from the Planck-ACDM model to modifications in the
theory of gravity, non-minimal interaction between DE and CDM, or
a modified dark matter equation of state. However, these options do
not align with the minimal approach we intend to follow in the current

paper.
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Fig. 5 Reconstruction at 1o and 20 confidence levels of the Q2ApEg(z)
function for the CC sample. The blue-dashed line is the null hypothesis

8(z)%, in Eq. (9) to push Qapg(z) towards the null hypoth-
esis (2apg(z) = 0 corresponding to §(z) = 0), contrary to
the linear term 2§ (z) that pushes Qapg (z) towards negative
values. This phenomenon seems to suggest that increasing
8(z) does not necessarily lead to a larger deviation from the
cosmological constant, yet this is unlikely due to the con-
dition 6(z) > —1 ensuring H(z) > 0. This phenomenon
is most evident in the CC sample, as seen when comparing
Figs. 2 and 5, where Qapg(z) =~ 28(z) for z < 1.5, while
—0.6 < 38(z) £ 0.05and —0.8 < Qape(z) < 0.1atz =
2.5. A similar situation, albeit less pronounced, is observed
in the CC+SN analysis; compare the upper panels of Figs. 3
and 6. With the inclusion of BAO data (CC+SN+BAO) in the
analysis, deviations confined in |§(z)| < 0.1 across the entire
redshift range from 0 to 2.5. Therefore, QApg(z) & 25(z) is
generally a good approximation for the CC+SN+BAO sam-
ple, suggesting that reconstructions of 2Apg(z) and 6(z) will
exhibit almost the same pattern, as can be seen when com-
paring the lower panels of Figs. 3 and 6.

Consequently, one can straightforwardly map our discus-
sions from the 8 (z) reconstructions to those of QApg(z). For
instance, in the CC+SN analysis, we have QaApg(z = 0) =
0.107 £ 0.066 for the Hy-SHOES scenario and Qapg(z =
0) = —0.046 £ 0.055 for the Hy-A&CMB scenario. In the
CC+SN+BAO analysis, we find Qapg(z =0) = —0.102 £
0.053 for the Hyp-SHOES scenario and Qapg(z = 0) =
—0.08040.041 for the Hy-A&CMB scenario. These results
align with the approximation QApg(z) & 28(z), as compared
to their corresponding 6 (z = 0) estimates. Similarly, regard-
less of the sample used — CC, CC+SN, or CC+SN+BAO —
for redshifts z 2> 1.5, the best-fit expectations for Qapg(z)
tend to be negative. From the statistical perspective on the
other hand, we observe that while Q2 Apg(2) is still compatible
with the null-hypothesis — Q2apg(z) = 0, implying no devi-

0.2r

-0.21

0.0 05 1.0 15 2.0 2.5
z

Fig. 6 Upper Panel: Reconstruction at 1o and 20 confidence levels
of the Qapg(z) function for the CC+SN sample in the case of Hp-
SHOES (blue) and Hyp-A&CMB (red) with scaling SN data. Lower
Panel: Same as the upper panel, but now including BAO data in the
analysis (CC+SN+BAO). For both cases, the black-dashed line is the
null hypothesis

ation from the cosmological constant of the Planck-ACDM
— within a 2o confidence level for the CC and CC+SN anal-
yses, in the case of CC+SN+BAO, the best-fit expectation of
QADE(z) passes below zero at lower redshifts (z ~ 1) com-
pared to the CC and CC+SN analyses, and the significance
of Qape(z) < 0 exceeds the 20 level for z 2 2. Given
this straightforward relation between 6(z) and Qapg(2),
can we still glean additional insights beyond what we have
learned from 6(z)? Notably, the fact that the energy density
of the pressureless matter component increases as (1 + z)°
and the parameter Q2apg(z) increasingly assumes/tends to
assume negative values for z 2 2, surpassing the 20 sig-
nificance level for the CC+SN+BAO sample, suggests that
the DE density might also assume negative values at high-
redshifts (z = 2). To investigate this possibility further, we
can explore the parameters characterizing the DE based on

@ Springer
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our §(z) reconstructions. This will require another departure
from our minimal assumption approach, yet could still yield
informative results.

Compromising slightly further from our minimal assump-
tion approach, we can reconstruct the dynamics of dark
energy based on our §(z) function reconstructions. We adopt
the methodology outlined in Ref. [62] to establish the rela-
tionship between DE dynamics and §(z). The evolution of
the DE density is then described as follows:

PDE(2) = 3H QR0 + 3HZ cpm (D8(2)[2 + 8(2)] (10)

where Qpro = Qpge(z = 0) is the present-day density
parameter of the DE. The continuity equation, Ppg(z) +
3H (z)epg(z) = 0, leads to opg(z) = ppe(2) + ppE(Z) =

%p]’DE(z) for the inertial mass density, and wpg(z) =
—1 + 0pE(2)/ppE(R) = —1 + [ (2)/pDE(2) for the

EoS parameter, where ppg(z) and ppg(z) are respectively
the DE density and pressure, and’ = d/dz. Accordingly, we
have:

opE = 2(1 + 2) Hi cpm

H/
x [Ma(au) +8'(5+ 1)]

Hacpom
(11)
y - 2(1 4+ 2)H3 cpm
DE = —
3HZQpEo + 3Hj cppy8(2 + 8)
H/
x [Ma(s +2)+86+ 1)].
Hacpom
(12)

For small deviations from the cosmological constant of the
Planck-ACDM model, i.e., §(z) < 1, these parameters
approximately are:

PDE ~ 3H3QpE0 + 6H} cppd. (13)

2H
—_ACDM 5 8’] , (14)

opE ~ 2(1 + 2) Ha cpm [
Hacpm

21+ 2 H ey [ 272206 + 6]

Hacom

3HZQpE0 + 6H3 cpyd

wpg ~ —1 4+ (15)

Note that for 6 = 0, these parameters accurately describe
a cosmological constant, with ppg = 3H§§2DE0, ope = 0,
wpg, = — 1. We observe that the DE density (which is positive
today) changes sign in the past, if § (z) reaches a large enough
negative value:

Qpro H?
ppE(2) <0 for 8(z) < —1 4 [1— D0 (16)

ACDM

which can be approximate to § < —HgQpeo/2H i cpy for
s K 1.

@ Springer

Our reconstructions indicate that the best-fit of §(z)
remains relatively constant (thus 8’(z) ~ 0) around z = 1,
and §(z) < 0 with 8'(z) < 0 for z = 1.5, becoming statisti-
cally more pronounced for z 2 2.0. Using this information
and the above equations, we reach several conclusions. (i)
Firstly, the inertial mass density of DE is expected to be neg-
ative for z 2 1.5. (i) Secondly, it is likely that, with increas-
ing z, the DE density transitions from its late-time positive
values to negative values at a redshift higher than ~ 1.5. (iii)
Finally, given that ppg(z = 0) > 0 and wpg(z = 0) ~ —1,
this transition should be accompanied by an EoS parameter
diverging to —oo just before the transition redshift, exhibit-
ing a singularity at the transition redshift, and then return-
ing from 400 to approach a finite value of EoS at redshifts
larger than the transitions redshift (see Refs. [47,62,66] for
further discussions). In light of these intriguing possibilities,
we explored the reconstruction of these parameters from our
8(z) reconstructions for the complete CC+SN+BAO dataset.
However, it should be noted that these equations incorporate
dependencies on the Planck-ACDM input in the H ~py(2)
function and the Qpgo value. For both, we have used the
best-fit values from the Planck-ACDM [1].

In Fig.7, we present reconstructions of DE density (left
panel) and inertial mass density (middle panel), both scaled
by the present-day critical energy density of the universe
(pco = 3H§), alongside the EoS parameter (right panel). It
is important to emphasize that in the Planck- ACDM model,
’)Dp%? = 0.684 (best fit value [1]) remains constant as a
function of z. In the left panel of this figure, the dashed line
represents this value, while the black-solid line represents
the vanishing dark energy density, to visually emphasize the
potential for negative density values of DE at high z in our
reconstructions. In both the Hy-A&CMB and Hy-SHOES
scenarios, for z < 1.5, the DE remains consistent with the
null hypothesis — namely, a positive cosmological constant
with the Planck- ACDM best-fit value of ppg/pc0 = 0.684
[1], a null inertial mass density, oppg = 0, and equation of
state parameter wpg = — 1, which describe the cosmological
constant — within a 2o confidence level. However, analyzing
the behavior of DE within a 1o confidence level, or consid-
ering the best-fits, we note in both scenarios that DE exhibits
phantom region characteristics with an EoS parameter yield-
ing large negative values for 1.5 < z < 2 and gradually
approaching minus unity with decreasing redshift. On the
other hand, while DE in the Hy-SHOES scenario consistently
aligns with a positive cosmological constant, showing a slight
preference towards phantom behavior, in the Hy-A&CMB
scenario it surpasses the phantom divide line (w = —1)
at z ~ 1.0, subsequently demonstrating quintessence-like
behavior with increasing deviation from the cosmological
constant as redshift decreases. This deviation is most pro-
nounced at the lowest redshifts in the Hy- A &CMB scenario,
exemplified by wpg(z = 0) = —0.74 £ 0.17 and opg(z =
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Fig. 7 Left panel: Reconstruction at 1o and 20 confidence levels of
the ppg(z)/pco function using the CC+SN+BAO for the Hy-SHOES
(blue) and Hy-A&CMB cases (red), where the black-solid line refer-
ence the zero value. Middle Panel: Similar to the left panel, but for
the DE inertial mass density scaled with the present-day critical den-

0)/pco0 = —0.07 £ 0.12, indicating a 1.50 tension with a
positive cosmological constant. Note the decreasing trend of
the DE density with decreasing redshift for z < 0.5, reaching
PpE(z = 0)/pco = 0.60 £ 0.04 at z = 0. Conversely, in the
Ho-SHOES scenario, there is a slight increase in DE density
for z < 0.5, reaching ppp(z = 0)/pc0 = 0.78 £ 0.05 at
z = 0. The deviation from a positive cosmological constant
remains stable for z < 1, with wpg(z = 0) = —1.09 £0.15
and opg(z = 0)/pc0 = —0.07 £0.12 at z = 0, marking
only a 0.60 significance level discrepancy at z = 0. We
refer the reader to Ref. [6] for a comprehensive examination
of the current state of constraints on the present-day EoS
parameter of DE. One may observe that these findings are
in line with our results from the §(z) reconstruction for the
CC+SN+BAO sample. Notably, there is an increasing trend
of 6(z) with decreasing z — consistent with §(z) ~ 0 in the
range 0.5 < z < 2.5 and with best-fits approaching § (z) ~ 0
at z ~ 0.7 — for both scenarios in the range 0.5 < z < 2.5.
For z < 0.5, there is an enhanced increasing trend of §(z),
achieving positive values within a 1o confidence level in the
Hp-SHOES scenario, while a decreasing trend of §(z) devel-
ops, reaching negative values within a lo confidence level
in the Hyp-A&CMB scenario.

These results provide valuable insights into the dynam-
ics of DE, revealing behaviors that are conventionally unex-
pected. Among our most intriguing findings, we note that for
z < 0.5, the consistency with the cosmological constant is
more robust, within a 1o confidence level, in the Hy-SHOES
scenario — using the SHOES Hy measurement, which is in
significant (5¢0) tension with the Planck-ACDM predicted
Hp — than in the Hy-A&CMB scenario, which adopts the
Planck- ACDM predicted Hy and thus readily assumes a cos-
mological constant as the DE component. This implies that,
for z < 0.5, the data prefer an Hy larger than the Planck-
ACDM prediction but still favor a cosmological constant as
DE. Another intriguing observation emerges when consid-

15 2% I 0.0 05 10 15 2.0 25

sity, ope(2)/pco. Right Panel: Similar to the left panel, but for the
DE equation of state parameter wpg(z). The dashed lines indicate the
parameters corresponding to the cosmological constant of the Planck-
ACDM model, namely, % = 0.684 (best fit value [1]), opg = 0, and

ering the best-fit of the reconstructions for z < 0.5. It is
not surprising to find §(z) > 0, indicative of phantom-like
DE behavior, in the Hy-SHOES scenario, as this assumes the
SHOES Hp measurement, which is larger than the Planck-
ACDM prediction at a So significance level. However, what
is surprising is that in the Hy-A&CMB scenario, §(z) < 0
suggesting a quintessence-like DE behavior. This implies an
Hjy smaller than the Planck-ACDM prediction, i.e., a trend
that exacerbates the existing Hy tension within the standard
ACDM model, which the Hy-A&CMB scenario is based on.

An observation that may be more intriguing than all these
arises when relating the DE dynamics to the fact that, in
both scenarios, the increasing (decreasing) trend of § (z) with
decreasing (increasing) redshift extends to the highest red-
shift of z = 2.5, and moreover §(z) becomes negative with
increasing significance, beyond a 2o confidence level, for
z 2 2. This can be explained by the presence of DE that
changes the sign of its energy density around z ~ 2, as
seen in the left panel of Fig. 7. To better understand this phe-
nomenon, let us focus on the region beyond z ~ 1.5. Firstly,
we observe in the middle panel of Fig.7 that the inertial
mass density of the DE is negative, opg(z) < 0, forz 2> 1.5
and becomes increasingly negative with increasing redshift.
This behavior is reminiscent of phantom DE (described by
ppE > 0 along with wpg < —1), which typically has nega-
tive inertial mass density (opg + ppg < 0). However, unlike
typical phantom DE, here the DE density does not have a
minimum at ppg = 0. Instead, it becomes zero at a cer-
tain redshift z, ~ 2, i.e., ppe(z = zp) = 0, and assumes
negative values for z 2 2. Specifically, it transitions to neg-
ative energy density values at z, = 1.911’8:{2 (1o CL) in
the Ho-A&CMB scenario and at z, = 2.0870:13 (1o CL) in
the Hp-SHOES scenario. We see from the continuity equa-
tion, wpg(z) = —1 + 13ﬂ ppE(2)/pDE(2), that a negative
energy density decreasing with increasing redshift (namely,

@ Springer
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ppE(z) < 0 and p]’)E(z) < 0) implies a quintessence-
like EoS parameter, i.e, wpg > —1. We also observe that
since the DE density decreases with increasing redshift (i.e.,
ppE(z) < 0) for the entire range of z 2 1.5, its equation
of state (EoS) parameter must diverge to minus infinity as
the positive ppg(z) approaches zero (for 1.5 2 z > zp). It
exhibits a singularity when the DE density reaches zero (at
Z = Zp), and then at redshifts beyond z,, as the DE den-
sity changes sign to become negative, the EoS parameter
starts decreasing from positive infinity and approaching a
finite value larger than minus unity, see the left and right
panels of Fig.7. Such a singularity (pole), represented as
lim__, = wpg(z) = £00, is necessary for a minimally inter-
acting DE that changes the sign of its energy density, becom-
ing positive in the late universe [66].

Our reconstructions of DE dynamics, utilizing our §(z)
reconstructions, closely align with most properties of Omnipo-
tent Dark Energy [52], which offers an extended descrip-
tion/classification of DE — to meet a need that arises when DE
is allowed to assume negative energy densities dynamically,
going beyond traditional DE models like quintessence, phan-
tom, and quintom [67]. Specifically, when tracing the history
from the past to the present in both scenarios, we observe
DE exhibiting n-quintessence characteristics (opg < 0 and
wpg > —1) at high redshifts (z 2 2). It then undergoes a
transition in its energy density sign, accompanied by a sin-
gularity in its EoS parameter, around z ~ 2, subsequently
yielding p-phantom characteristics in the redshift range of
1 < z < 2inboth scenarios. At lower redshifts, the DE char-
acteristics differ in the two scenarios; though consistent with
a positive cosmological constant at a 20 confidence level for
z < 1.5, in the Hy-SHOES scenario, the DE tends to remain
in the p-phantom region until today. In contrast, in the Hp-
A &CMB scenario, it leans towards the p-quintessence region
(pDE > 0 and WDE > —1).

We note that our reconstructed DE dynamics from the
combined CC+SN+BAO dataset can accommodate certain
DE models that can support large Hp values, thus alleviat-
ing the Hy tension when these models are constrained by
combining the Planck CMB data along with the data from
the late-universe observations. Such models include Grad-
uated Dark Energy (gDE) [47], the A;CDM model [48—
50] (which replaces the standard ACDM model’s cosmo-
logical constant with a rapidly sign-switching cosmological
constant), models considering dynamical DE with positive
energy density on top of an AdS background [45,46,51],
and the DMS20 Omnipotent Dark Energy model [52,68].
Besides these, Interacting Dark Energy (IDE) models [69—
80] also suggest a late-time solution to the Hy tension. How-
ever, recent model-independent reconstructions of the IDE
kernel, utilizing binned and Gaussian process methods, sug-
gest a sign-change in DE density around z ~ 2, similar to our
findings [42]. This indicates that IDE models do not account

@ Springer

for the sign-change in the DE density at z ~ 2; that is, they
do not eliminate this phenomenon and guarantee that DE
density is always positive [42]. Our analysis highlights the
necessity of exploring new physics within the redshift range
of 1.5 < z < 2.5, with a particular focus around z = 2.
This targeted approach in the late universe is not only crucial
for a deeper understanding of the dynamics in this specific
range but also offers the potential to address the cosmolog-
ical tensions, such as the Hy and Sg tensions. Our findings
thus emphasize the importance of this redshift window in the
ongoing quest for answers in cosmology.

It is worth emphasizing before closing this section that
the above discussion regarding the possibility of having neg-
ative DE densities at high redshifts (1.5 < z < 2.5) is
based on our minimal assumption approach, which led us
to relate the kinematical deviations encoded in the § recon-
structions from the Planck-ACDM model to the deviations
of a minimally interacting DE from the cosmological con-
stant. As noted in Footnote 1, one could consider attribut-
ing these kinematical deviations to different types of new
physics, if not to some undiscovered systematics in the data.
One reasonable alternative could be allowing the dynamics
of DM to deviate from its standard pgm o (1 +z)3 evolution
(while keeping DE as a cosmological constant), particularly
since DM is traditionally the dominant constituent of the uni-
verse at redshifts related to our negative DE findings. This
could be done by defining Apgm = pam(z) — pamo(l + z)°
(where pgmo represents the present-day energy density of DM
in the standard ACDM model) and relating this to §(z). In
this case, 6(z) > 0 and §(z) < 0 from our reconstructions
would be interpreted as DM density values larger and smaller
than those predicted by the Planck- ACDM model at various
redshifts, respectively, implying DM energy density deviat-
ing from pgm o (1 + z)3 and, possibly (necessarily if DM
is assumed to be minimally interacting), an EoS parameter
deviating from wgm = 0. We do not delve into this interest-
ing possibility in the current work and postpone it to future
research, but we refer to a few studies that might provide
insights regarding such an option. Ref. [81] suggests a prefer-
ence for negative DE densities for z > 1 using Pantheon-plus
data, but also discusses that this finding might be indicat-
ing a need to question the assumption of pressureless matter
energy density scaling as (1 + z)* in the late universe. Ref-
erence [42], studying the model-independent reconstruction
(using binned and Gaussian process) of DE and DM that are
allowed to interact non-minimally with each other (so that
DM energy density evolution is allowed to deviate from its
standard behavior), finds altered dynamics for DM density
but does not eliminate the possibility of negative DE densi-
ties at high redshifts. Reference [82] introduces a model to
address the Hj tension, which involves a new term in the
Friedmann equation that behaves like a cosmological con-
stant today and a phantom at low redshifts, but behaves like
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DM with negative energy densities (ogm < 0 and wgm ~ 0)
at high redshifts in addition to the standard CDM matter.
Finally, our findings on the possibility of negative DE densi-
ties at high redshifts could also be interpreted as an indication
of possible new physics that can be effectively modeled as
a minimally interacting DE that assumes negative density
values at high redshifts.

3.1 Reconstructing a phenomenological model using the
information from §(z) reconstructions

After discussing all the GP reconstructions, our objective in
this section is to create an interface for analyzing and recon-
structing a cosmological H (z) model, utilizing the informa-
tion from the 8(z) function. To achieve this, we define the
covariance of the reconstruction function as follows:
i
Covs = ) ¥ Cov(8(zx), 8(z1)) + okt (17)
Ik

where 8(z) information is derived from Eq. (8), and ny; rep-
resents the Kronecker delta.

To maximize the logarithmic likelihood function through
Markov Chain Monte Carlo (MCMC) statistical analysis, we
employ the MontePython code [83,84]. This process involves
sampling the parameter space to perform a comprehensive
exploration. The log-likelihood function is expressed as:

1
Inl = —EA(STCOVS_IA(S, (18)
where

As = 8theory(9a 7) — éap(2), (19)

and Covs is the corresponding total covariance matrix as
defined in Eq. (17). In this context, 6 represents a vector of
free parameters in a given theory, encapsulating the diheory
function that is under test. The equation captures the differ-
ence between the theoretical predictions, diheory, and the GP
prediction, dgp, using the inverse covariance matrix Cova_l.
This formulation is integral to the MCMC analysis carried
out using the MontePython code.

To incorporate a generalized theoretical function for the
Hubble parameter, H(z), we adopt the model proposed in
[85,86]:

Hi; 2) 3
02 =Qno(1+2)” + (1 —Qmo)ll +Cz+ DIn(1 + z)],
0

(20)

where C and D are dimensionless free parameters. This
model offers a flexible representation of the evolution of the
Hubble parameter, capturing the dynamics of both the matter-
dominated and dark energy-dominated regimes through the
incorporation of the C and D terms.
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Fig. 8 Upper panel: 1D posterior distribution and 2D contour plots for
the model in Eq. (20) using the CC+SN+BAO sample in the Hy-SHOES
case. Lower panel: Similar plots for the Hy-A&CMB case

In the course of our analysis and chain processing, we
employ the Python package GetDist.> This package offers
a suite of valuable tools and functionalities essential for
managing and interpreting parameter chains, thereby signif-
icantly enhancing the efficiency and reliability of our data
analysis workflows.

Table 1 summarizes our statistical results for the free
parameters of the model at 68% CL. Figure 8 displays the
2D joint and 1D marginalized posterior probability distri-

2 https://github.com/cmbant/getdist.
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Table 1 Marginalized constraints, expressed as mean values with a 68% confidence level, are provided for the free parameters of the test Hyy
theoretical model. These constraints are derived from various data-set combinations considered in this study

Hp-SHOES scenario

Hp-A&CMB scenario

Parameters cC CC+SN CC+SN+BAO CC+SN CC+SN+BAO
0.044 0.036 +0.029 +0.032
Qmo 0.32079043 0.33870:03¢ 0.3467 003 0.314 £+ 0.032 0.3427 008
+0.39 +1.3 +0.44
c -02+1.3 ~0.34£0.73 ~0.3710:32 0.0 —0.727043
D 0.2+ 1.4 0.28 +0.77 0.5475¢7 —0.011936 0.27 +£0.51
Ho [kms~' Mpc™'] 68.5 + 4.0 70.722 709118 65.7+2.2 64.8+1.3

butions for the baseline parameters of the theory. During
our statistical analysis, we apply uniform priors as follows:
Qmo € [0.2,0.4], C € [—4,4], and D € [—4, 4]. These pri-
ors have been selected based on a combination of theoretical
considerations and statistical reasoning, as detailed by the
authors in [85]. While for Hy a Gaussian prior was applied,
with mean and standard deviation o coming from the GP
reconstruction in each scenario.

Upon examination of the results, it becomes apparent that
an analysis solely based on CC does not effectively con-
strain the parameter space of the model. However, with the
inclusion of reconstructed information from SN and BAO,
a significant enhancement in the model’s parameter space is
observed. In the CC+SN+BAO analysis, the dynamics of Hy,
can be recovered with good precision, and the parameters C
and D are well-constrained.

Considering all statistical information for 6(z) with z €
[0,2.5], we do not observe significant deviations in the
dynamics compared to the ACDM model. The methodology
presented here can be applied to analyze any phenomenolog-
ical Hy, (z) function, showcasing its versatility in probing the
underlying cosmological dynamics.

4 Conclusion

In conclusion, our investigation into the expansion dynam-
ics of the late Universe, using Gaussian Processes (GP)
for model-independent inference, has provided valuable
insights. The reconstructions of the §(z) function [62]-a
parameter measuring the deviation from the expansion of
the Universe as described by the Planck- ACDM model, with
8(z) = 0 implying no deviation-and consequently the H (z)
behaviors, have been achieved by adhering to a framework
of minimal assumptions. Extending this approach to the
QApE(z) functions and ultimately to the dynamics of dark
energy, namely, ppg(2), ope(2), and wpg (z), we utilized data
from the late universe extending up to a redshift of ~ 2.5,
including Cosmic Chronometers (CC), Type Ia Supernovae
(SN), and Baryon Acoustic Oscillations (BAO) samples. This
analysis has shed light on potential kinematic deviations from
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the Planck- ACDM model and subsequent dynamical devia-
tions of dark energy from cosmological constant.

Intriguing and unexpected features in the evolution of the
3(z) function were revealed, particularly at low redshifts (z <
0.5), where the impact of the current Hy tension is more
pronounced, and at high redshifts (z = 2), while significant
deviations from the Planck- ACDM model were not observed
in the range 0.5 < z < 2. Variations in the behavior of §(z)
and Qapg(z) (which was shown to be approximately 25(z),
as data mostly favor |§(z)| < 1), depending on whether the
Hy-SHOES or Hy-A&CMB scenario is chosen, underscore
the sensitivity of these functions to the choice of the Hubble
constant. Moreover, the inclusion of BAO data has further
refined our constraints, emphasizing the role of additional
cosmological probes in enhancing observational precision.
The joint analysis of CC+SN+BAO not only improved the
robustness of our constraints but also extended our ability
to infer expansion dynamics up to z =~ 2.5. The derived
functions provide a comprehensive view of the late Universe,
revealing nuanced deviations that warrant further theoretical
exploration.

Overall, our results contribute to the ongoing debate
regarding the Hubble tension and its potential implications
for new physics at late times or any problem in the mea-
surement estimates [87]. The model-independent approach
adopted in this study offers a valuable framework for under-
standing the intricacies of cosmic expansion, paving the way
for more refined investigations into the fundamental nature
of the Universe.

Utilizing our §(z) reconstructions from the combined
CC+SN+BAO dataset, we’ve gained insights into the dynam-
ics of dark energy (DE), which align with the properties
of Omnipotent Dark Energy [52] and extend beyond con-
ventional DE models like quintessence, phantom, and quin-
tom [67]. In both scenarios, we observe DE exhibiting n-
quintessence characteristics at high redshifts (z 2 2). It then
undergoes a transition in its energy density sign, accompa-
nied by a singularity in its EoS parameter, around z ~ 2, sub-
sequently yielding p-phantom characteristics in the redshift
rangeof 1 < z < 2. Atlower redshifts, the DE characteristics
differ in the two scenarios; though consistent with A > O ata
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20 confidence level for z < 1.5, in the Hy-SHOES scenario,
DE tends to remain in the p-phantom region until today. In
contrast, in the Hy-A&CMB scenario, it leans towards the
p-quintessence region. Our reconstructed DE dynamics are
compatible with a class of models addressing the Hy tension,
including the gDE model [47], the A¢CDM model [48-50],
models considering dynamical DE with positive energy den-
sity on top of an AdS background [45,46,51], and the DMS20
Omnipotent Dark Energy model [52,68]. Furthermore, IDE
models [69—80] also propose a late-time solution to the H
tension. However, recent model-independent reconstructions
of the IDE kernel [42], using Gaussian process methods, sug-
gest a sign-switch in DE density around z ~ 2, mirroring
our findings. This indicates that IDE models may not fully
account for the sign-switching in DE density at z ~ 2.

Our analysis underlines the need to explore new physics
at very low redshifts (z < 0.5) and within the redshift range
of 1.5 < z < 2.5, especially around z = 2. This targeted
approach in the late universe is crucial for a deeper under-
standing of the dynamics in this specific range and offers
potential solutions to cosmological tensions, such as the Hy
and Sg tensions. Thus, our findings emphasize the signif-
icance of these redshift windows in the ongoing quest for
answers in cosmology.
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Appendix A: An independent test of Hy-A&CMB and
local

To conduct the analysis outlined in the main text utilizing
the SN sample, it is necessary to estimate a value for Hy
in order to rescale the SN data as an input for statistical
reconstructions. Given the existing tension in determining
Hy, the most reasonable choices are the values adopted in
the Hyp-SHOES and Hy-A&CMB contexts. As an alternative
approach, we propose the following test:

1 Initially, we reconstruct the H (z) function solely based on
the CC sample.

2 Subsequently, we assess H(z = 0) at a 1o confidence
level.

3 Notably, the value obtained in step (ii) is independent
of any other dataset, whether it be from CMB or local
observations. Consequently, we utilize this independently
derived value as the input to rescale the SN sample.

Figure9 depicts the reconstruction of the §(z) function
based on the considerations outlined above. Notably, the
reconstructed 6(z = 0) and its values up to z = 0.5 are
entirely consistent with the null hypothesis. However, for

0.10r

0.05r

0.00/

—0.05r

6(z)

-0.10r

0.0 05 1.0 15 2.0 2.5

Fig. 9 Reconstruction at 1o and 20 CL of §(z) function using the
CC+SN+BAO sample, assuming Hy input constraints from CC recon-
struction (Fig. 1 left panel) for scaling SN data. The blue-dashed line is
the null hypothesis
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z > 2, there persists a pronounced preference at a 2o con- 0.100} " " " T oz ]
fidence level for §(z) < 0. The disparities observed at low — M32
redshifts when compared to the Hy-SHOES and Hy-A &CMB 0075 : g": 2]
scenarios, particularly for z < 0.5, can be attributed to the 0.050
substantial error associated with the Hy value derived solely
from CC samples. This higher uncertainty in the input value 0025
propagates into larger error bars for all §(z) reconstructions. § 0.000
In summary, in the spirit of the methodology presented here,
we conclude that only measurements of Hy with an accuracy |
of approximately 2% or less may reveal potential inadequa- —0.050}
cies that could prompt the exploration of new physics at late
times. |
-0.100} . . . . 1
0.0 0.5 1.0 15 2.0 2.5
Appendix B: Assessing the influence of statistical deci- i .
sions - M92
0.02F — M32
Gaussian processes offer a regression approach that does not f\\ — :I: ’
rely on a predefined parametric model to extract insights from 0:00
observational data. However, it is necessary to specify a func-
tional form for the kernel and an ‘initial guess’, typically rep- _ oo
resented by the mean function. While much research focuses 5 oos
on exploring the impact of different kernels on outcomes, the
significance of the mean function is often overlooked, though 006
there are a few exceptions [28,88,89].
In this appendix, we present results regarding the recon- 008l
struction of the §(z) function. We investigate four distinct
kernel choices and extend our analysis to include assump- 05 55 35 5 55 5's

tions about the mean function beyond the null choice.
Figure 10 shows, in the upper panel, the reconstruction of
the §(z) function at 1o CL from the analysis of the com-
bined CC+SN+BAO sample within the Hyp-SHOES frame-
work. Four different kernel assumptions were employed: the
Matérn class kernel withv = 9/2, 3/2, 5/2, and the SE ker-
nel. It is evident that all reconstructions exhibit a high degree
of statistical compatibility with each other. In the lower panel,
we depict the reconstruction for the Hy-A&CMB scenario,
where we observe a similar trend. Consequently, we can
infer that all analyses and conclusions drawn in the main
text remain robust and independent of the choice of kernel.
A recent study conducted by [89] examined the influence
of the mean function. The findings highlighted that assuming
a zero mean function led to an inability to accurately capture
the reference model used for generating the data. Following
the methodology outlined in [89], we selected a mean func-
tion expected to reasonably describe the data, such as the
ACDM model from CMB-Planck data best-fit values. Fig-
ure 11 illustrates the resulting reconstructions for the func-

@ Springer

Fig. 10 Upper Panel: Reconstruction of the §(z) function at 1o CL
for the combined CC+SN+BAO sample with Hy-SHOES, incorporat-
ing scaled SN data. Lower Panel: Similar reconstruction for the Hy-
A&CMB scenario. In both instances, the black dashed line represents
the null hypothesis. In the legend, the notations M92, M32, M52, and
SE represent the Matérn class kernels with v =9/2, 3/2, 5/2, and the
Squared-Exponential (SE) kernel, respectively

tion 8(z) for both cases of interest in our main results. We
can observe that the results are in perfect statistical agreement
with the main results presented in the lower panel of Fig. 3.
Additionally, we can observe that the reconstruction at high
z becomes more robust, although this does not change any of
the main conclusions in our results. Thus, we conclude that
our main results are invariant under the choice of the mean
function.
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