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We constrain the evolution of dark matter energy density over time, specifically focusing on deviation
from the standard model represented by the equation p,, & (1 + z)3~¢, where € is a constant parameter.
Utilizing a diverse array of observational datasets, including baryon acoustic oscillations (BAO) data from
the first release of the Dark Energy Spectroscopic Instrument (DESI), distance priors derived from cosmic
microwave background observations by the Planck satellite, Hubble rate data obtained through the cosmic
chronometers method, type la supernova data from the Panthon sample, and the data from the redshift space
distortion measurements (fog), we derive stringent constraints on the deviation parameter. We find that for
the model under consideration, the deviation parameter is constrained to be e = —0.0073 00055, indicating
a deviation of approximately 2.4¢ from the scenario where dark matter and vacuum dark energy do not
interact. When compared with previous studies and alternative analyses, our findings provide corroborative
evidence for an interaction between dark matter and vacuum dark energy, particularly in light of the release

of BAO data from DESI.
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I. INTRODUCTION

Modern astronomical observations and research indicate
that the majority of the Universe consists of dark matter and
dark energy, whose natures remain unknown to us, account-
ing for 26% and 69%, respectively [1]. In the standard
cosmological model, known as the ACDM (lambda cold
dark matter) universe, dark energy is considered as the so-
called cosmological constant term A, characterized by a
specific equation of state w, = pp/pa = —1 [2]. Despite
the remarkable success of the ACDM model, it is not devoid
of challenges [3]. According to quantum field theory, if dark
energy were composed of the vacuum, there would be a
discrepancy of approximately 120 orders of magnitude
between theoretical calculations and observed values.
Furthermore, recent issues such as the Hubble tension have
posed additional challenges to the standard ACDM model of
the Universe [4,5]. To address these challenges, numerous
dark energy models have been introduced, with dynamical
dark energy models being the most extensively researched
[2,6]. A key aspect of these models is that the equation of
state parameter of dark energy is no longer a constant but
evolve over time, i.e., w = w(z). Additionally, it has been
proposed that an interaction exists between dark energy and
dark matter; see, e.g., Ref. [6] for a review.

Dark energy interacts with dark matter through numerous
mechanisms. One such mechanism involves the assumption
that the cosmological constant is not static but rather time
varying, namely the vacuum decay model, denoted as
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A = A(r); see, e.g., Refs. [7-23]. The variation of the
cosmological constant term in the vacuum decay model
can take different forms. Consequently, these variations lead
to the evolution of dark matter energy density over time,
which diverges from the standard form of pg, o« (1 + z)>.
Note that this scenario was first proposed by the authors of
[13] and subsequently tested using the SNIa data in [12]. The
exact manner of deviation is determined by the specific form
of interaction. In contrast to this notion, the authors of [24]
suggested that it is not necessary to specify the exact form of
interaction. Specifically, if the vacuum undergoes decay into
dark matter, the resultant energy density of dark matter
evolves over time with a modified power-law relation, given
by pam (1 + z)37¢, where € is a positive constant. Recently,
the authors of [25] investigated this scenario and constrained
the parameter ¢ utilizing measurements of the gas fraction in
galaxy clusters. In this work, we revise the constraints on the
deviation parameter € by employing a diverse range of data
sources. These include baryon acoustic oscillations (BAO)
data from the Dark Energy Spectroscopic Instrument (DESI),
distance priors derived from cosmic microwave background
(CMB) observations by the Planck satellite, Hubble rate
measurements obtained through the cosmic chronometers
(CC) method, type Ia supernova (SNIa) data, and the data
from the redshift space distortion (RSD) measurements. Our
analysis reveals stronger constraints on &, suggesting that the
evolution of the energy density of dark matter closely adheres
to the standard case within the currently considered model.

This paper is organized as follows. In Sec. II, we first
provide a brief overview of the basic equations related to
the deviation parameter. Subsequently, we describe the
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datasets and methods employed in our analysis. Finally, we
derive new constraints on the deviation parameter. The
conclusions are given in Sec. III.

II. THE BASIC EQUATIONS OF MODEL

In this section, we briefly review the main contents of
used model in this work, and one can refer to, e.g.,
Refs. [7,26-33] for more details. As mentioned above,
the deviation of dark matter energy density from its
standard case can be realized within the framework of
vacuum decay cosmology. The vacuum decay model has
been proposed by previous works; see, e.g., Ref. [7] for a
review. In the classical cosmology model, i.e., ACDM
model, A does not evolve with time. The key point of the
vacuum decay model is that vacuum energy density
changes over time A(¢). Within the framework of the
standard cosmological model under the Friedmann-
Robertson-Walker (FRW) metric, the continuity equation
can be formulated as follows [18,34,35]:

pdm+3dem =0 (1)

pr=-0, (2)

where pg,, and p, are the energy density of dark matter and
vacuum. Q denotes the interaction between dark matter and
vacuum dark energy, and Q = 0 for ACDM model. The
special form of the deviation depends on the form the
interaction between the vacuum decay and dark matter [6].
In this study, we consider the case, where

Q = eHpyn. (3)

Note that we here assume that there is no interaction
between baryonic matter and the vacuum. Consequently,
the evolution of baryonic matter adheres to the standard
scenario, and the same applies to radiation [18].

Rather than adopting a specific form for Q, the authors of
[24] proposed that the interaction could be described by the
extent to which the dark matter energy density deviates
from its standard evolution. This deviation is mathemati-
cally represented as pgm = pmo(1 +2)°>7¢, where ¢ is a
constant. A positive value of ¢ indicates a continuous decay
of vacuum energy into dark matter, while a negative value
represents the opposite process. For flat ACDM cosmology,
the expansion rate of the Universe, H(z), can be expressed
as follows [12,13,24]:

3Qum .
H? = H? ﬁ(l +23 + Q1 +2)3 + (1 + 2)*

_ 3gzdm,O

1
+ 3—¢

-Q,-Q, |, (4)

with Q; = 87Gp,/(3H3}) is the energy density parameter of
different component at present.

Note that although the authors of [24] did not specify a
precise expression for the interaction (i.e., a specific form
for Q), it is still feasible to derive a general form of the
interaction based on the evolutionary behavior of the dark
matter energy density. For instance, the authors of [24]
proposed an interaction form given by dA/da =
¢/[24nG(1 + €)|dR/da, where R represents the scalar
curvature of spacetime. Additionally, the authors of [36]
identified an equivalent form of the interaction, expressed
as Q = ngdm.O(l + Z)3_€.

Since we will also utilize data from redshift space distortion
measurements, which are associated with the evolution of
density perturbations, the evolution of the matter perturbation
0,, for various forms of Q has been extensively derived in
prior research, e.g., Refs. [16,18,37,38]. In this study, we
employ the methodologies presented in [18]. Specifically, the
evolution of §,, as a function of the scale factor a can be
expressed as follows [18]:

&5, Ala)ds,
da?® a da a?

where the function A(a) and B(a) are given by

M@ =34 G g
_ 4xGp,,  20/p, . a d(Q/py)
Bla)==2p) " H@ TH@ da 7

here p,, = pam + pP», and H(a) is the Hubble rate given by
Eq. (4). Q is the interaction between dark matter and vacuum
dark energy given by Eq. (3). For the model under consid-
eration herein, the values of §,,(a) and its derivative
dé,,(a)/da at a specific scale factor a or redshift
z=1—1/a can be determined by numerically solving the
above equations. Note the evolution of §,, presented in [24]
[specifically, Eq. (19)] differs from that described in [18]
[namely, Egs. (28), (29), and (30)]. When compared to the
latter set of equations, the former omits certain small
quantities. These equations serve as the foundational frame-
work for analyzing redshift space distortion (RSD) data, and a
detailed exposition can be found in the subsequent section,
specifically Sec. III E.

III. DATASETS AND CONSTRAINTS ON
PARAMETERS

A. Baryon acoustic oscillation

The Dark Energy Spectroscopic Instrument (DESI) has
made public its first-year data release (DR 1), encompassing
six diverse categories of traces [39]. These include the
bright galaxy sample (BGS,z.; = 0.30), the luminous red
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galaxy sample (LRG, z.s = 0.51 and 0.71), the emission
line galaxy sample (ELG, z.¢ = 1.32), the combined LRG
and ELG sample (LRG + ELG, z.; = 0.93), the quasar
sample (QSO, z.; = 1.49) and the Lyman-a forest sample
(Lya, =z = 2.33). The data released by the DESI
Collaboration are presented in the form of Dyyv/rg,
where r; is the sound horizon at the drag epoch [39].
Within the framework of a homogeneous and isotropic
cosmology, the transverse comoving distance Dy;(z) can be
expressed as follows [1]:

c [z dZ
P = ) iy o

where c¢ is the light speed, while H(z) denotes the Hubble
parameter, which is specified by Eq. (4). The distance
variable is defined as Dy(z) = ¢/H(z). Subsequently, the
angle-averaged distance Dv can be expressed as

Dy(z) = [2Dw(2)*Du(2)]. ©)

The y? for DESI BAO data are

XBA0 = ZAD?COVQOAD:" (10)

where Covgag 1s nonunit covariance matrix for the tracers
of LGR,LGR + ELG, ELG and Lya QSO, and a unit
matrix for the tracers of BGS and QSO [40].

B. Cosmic microwave background

In general, the angular power spectrum data of CMB
have served as a means to constrain cosmological param-
eters [1]. However, for our analysis, we opt to use distance
priors derived from the Planck 2018 data. These priors
include the shift parameter R, the acoustic scale /5, and the
baryon density ©,h> [1,41]. The shift parameter and
acoustic scale can be written as [1,42-44]

l1+z
R =~ Da(24)\/ QuHj (11)

7DA(z4)
rs(Z*) .

In=(1+2z4) (12)

Here z, is the redshift at the epoch of photon decoupling,
and we adopt the approximate form of [45]

2o = 10481 + 0.00124(Q, 12)~0T38][1 4 g, (Q,,h%)%]
(13)

with

0.560
14+21.1(Q,h%) 18T

~ 0.0738(Q,h2)~028
1439.5(Q,h%)0763°

91 9= (14)

The comoving sound horizon r, can be expressed as
follows [39]:

_c 1/(1+2) da 15
ne) = 2 —
0Jo a*H(a)\/3(1 +355-a)

where (thl)—l = 42000(TCMB/27 K)_4 with TCMB =
2.7255 K. The y? for CMB data are

Xemp = AX"CoveypAX, (16)

where AX =X-X is a vector with X =
(R, L, Q,h?), and we use the values of X°" and covariance
matrix Covgyyp from Planck 2018 [46].

C. Hubble rate from cosmic chronometers

The Hubble rate can be ascertained through the appli-
cation of the cosmic chronometer (CC) method, as outlined
in, e.g., the Refs. [47-49]. This technique primarily
involves measuring the differential age evolution of the
Universe, denoted as dt, over a specified redshift interval
dz [47]. In practice, this is achieved by conducting detailed
studies of carefully chosen massive and passive galaxies.
The Hubble rate, when determined using the CC method,
can be expressed as follows [47]:

1 Az
Hz)=—-———. 17
(@) =-17a (17)
The y? for CC data are
(H(zi) = Hows(2:))?
Z%C :Z GZObS s (18)

i

and for our constraints, we utilize 31 CC data points given
in different Refs. [50-57].

D. Type Ia supernova

For type la supernova (SNIa) observations, a key
parameter is the luminosity distance, denoted as d; (z).
For a universe described by the flat ACDM model, the
luminosity distance can be expressed as

a@ =0+ [Gia. )
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Additionally, the distance modules x(z) is given by
u(z) = Slogyod; (z) + 25. (20)

The y3y is formulated as follows:

(n (20) = Hobs(2))?

g = S WG T @E gy
; i

where the theoretical values, py,(z;), are computed using

Eq. (20). uops(z;) denotes the observational data obtained

from SNIa. For our constraints, we utilize the Pantheon

sample,1 which comprises 1048 SNIa data spanning a

redshift range of 0.01 < z < 2.3 [58].

E. Redshift space distortion

The redshift space distortion (RSD) data typically pertain
to measurements fog(a), which are derived from various
observations of the large scale structure [59-77]. Here,
f(a) represents the linear growth rate of matter perturba-
tions §,,(a), and it can be expressed as follows [18,78]:

= . (22)

og(a) is the root mean square mass fluctuation within a

sphere of radius 8h! Mpc, which can be written as follows
[18,78,79]:

Opn(a
@) ==
Utilizing the relationship a = 1/(1 + z), the weighted
linear growth can be written as [79]

08.:=0 d‘sm

f68(Z>:—(1+Z)5 L d

(24)

here, the derivative dé,,/dz can be determined by numeri-
cally solving Eq. (5). To solve this equation, we employ the
initial condition specified in [80], where §,,; is approx-
imately 10~ at a; ~ 1073, and dé,,;/da is set to ~5,,;/a;.
This choice of initial conditions ensures that the matter
perturbations remain within the linear regime.

In line with previous studies, e.g., Refs. [78,79,81,82],
we consider og,_o as a free parameter in our analysis.
Given that the fog data have been measured under the
assumption of a fiducial ACDM cosmology, the corre-
sponding values of fog in a true or alternative cosmology
should be expressed as [82]

lhttps:// github.com/dscolnic/Pantheon

H(z)D4(z)

T = g (D Dam(@)

fos5a(2) (25)

The y? for fog data are

2
){%68 _ Z (fo'S (Zl> (5268.0bs (Zl)> ) (26)
i 2

For our analysis and constraints, we employ 22 data
points as provided in, e.g., Ref. [36]. It is important to note
that when utilizing data from Wigglez and SDSS-IV, the
correlations among the data points must be taken into
account. The corresponding covariance matrices for these
datasets can be found in, e.g., Refs. [83,84]. Note that the
methodology employed in this study diverges from that
utilized in, for instance, Ref. [18]. The implications of these
differences on the ultimate outcomes will be elucidated in

the subsequent section.

F. Constraints on the parameters

For our purpose, we utilize the Markov chain
Monte Carlo (MCMC) method to determine the best fit
values and the posterior distributions of parameters:
{e,Q,,, Hy, Q,h* 65}. Given that we will incorporate data
from DESI BAO, CMB, CC, SNIa, and fog, the overall y?
is computed as

Xiotal = XBao T Xemp +Xec AN T HGe-  (27)

The total likelihood function is L o e %/ 2 and
we use the publicly available EMCEE [85] code to
generate MCMC samples. We set uniform prior for the
parameters as e€(—1,1), Q,€(0,1), Hye(50,90),
Q,h% € (0.001,0.1). For 65 we utilize a Gaussian prior of
0.760 £ 0.023 [86]. For analyzing the MCMC chains, we
employ the GetDist public code [87]. analyze the MCMC
chains. The best fit parameters, along with their correspond-
ing lo uncertainties, are presented in Table I. Figure 1
displays the one-dimensional marginalized probability dis-
tributions and two-dimensional contour plots for the param-
eters, obtained from both the DESI+ CMB + CC,
DESI + CMB + CC + SNIa, and DESI + CMB + CC +
SNIa + fog datasets.

Our analysis reveals that the deviation parameter &
exhibits a preference for a positive value and is constrained
to 0.002370502 when utilizing the DESI + CMB + CC
datasets. This suggests that there is no significant deviation
from the standard evolution of dark matter energy density.
However, when incorporating SNIa data into the analysis
(i.e., using the DESI+ CMB + CC + SNIa datasets), ¢
shows a preference for a negative value, with constraints
of —0.00SOfgi'ggff, indicating a deviation from the
standard evolution at approximately 2.2¢. Furthermore, a
similar analysis with a slightly different constraint of
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TABLE 1.

Constraints on the parameters &,{Q,,, Ho, Q,h’ 65} with 1o uncertainty, derived from different combinations of

observational data for the same model currently being analyzed: DESI+ CMB + CC, DESI+ CMB + CC + SNla, and
DESI + CMB + CC + SNla + fog. Note that since we have utilized the distance priors derived from Planck-2018 data rather than
the angular power spectrum data for our constraints, there are no specific constrains on oy for the first two datasets. The differences in
Akaike information criterion values, denoted as AAIC and calculated as AAIC = AIC,,,qe1 — AICcpMm, are presented to facilitate
model comparison. A negative AAIC indicates that the model under consideration provides a better fit to the observed datasets

compared with the ACDM model.

Dataset £ Q, H, Q,h? oy AAIC
DESI + CMB + CC 0.0023100055 0207 +0.014 6843 +£043 0.02252 % 0.00014 +2.36
DESI + CMB + CC + SNIa —0.008070%0% 03040 +0.011  69.63+0.19 0.02282 + 0.00012 ~3.39
DESI 4+ CMB + CC + SNla + fog —0,0073J_r8"8832§ 0.3016 + 0.0090 69.65 +0.17 0.02282 £ 0.00011 0.762 +0.018 —2.82

—0.00737055% for the DESI + CMB + CC + SNIa + foy
datasets also suggests a deviation from the standard
evolution, this time at approximately 2.4¢ significance.
Compared to the constrained results obtained from the
DESI + CMB + CC + SNIa datasets, the inclusion of fog
data results in a slight shift of the central value of ¢ towards
larger value, specifically from —0.0080 to —0.0073.
Additionally, this inclusion results in reduced uncertainties,
a trend that is also evident in Fig. 1. Additionally, the
Hubble constant, Hy = 69.654+0.17, lies between
the values derived from the late-redshift and high-
redshift universe. The value of o3, is constrained to
0.762 +0.018. It should be noted that, since we have
utilized the shift parameters from CMB rather than the

BB DES|+CMB+CC
I DESI+CMB+CC+SNla
EEE DES|+CMB+CC+SNla+fog
0.35f
g
& 0301
025}
70}
_69t
T
68}
67}
0.0230}
< 0.0226|
o)
0.0222}
0.00 0.02 026 030 034 67 68 69 70 0.0223 0.0229
£ Qm Ho Qph?
FIG. 1. The one-dimensional marginalized probability distri-

bution and two-dimensional contour plots of parameters at the
68% and 95% confidence levels, derived from various observa-
tional data combinations: DESI + CMB + CC, DESI + CMB-+
CC + SNIa, and DESI + CMB + CC + SNIa + foyg.

angular power spectrum data for our constraints, there are
no specific constrains on og for the DESI + CMB + CC
and DESI 4+ CMB + CC + SNla datasets.

We also take into account the model selection criteria by
employing the Akaike information criterion (AIC) [88-90],
which is mathematically defined as follows:

2nN

AIC :)(xznin +m,

(28)

where n denotes the number of free parameters in the
model, and N represents the total number of data points
utilized for the specific cosmology model under consid-
eration. To evaluate the preference for a particular model
over the benchmark ACDM model using the available
datasets, we calculate the difference AAIC, define as
AAIC = AIC,pqe1 — AICAcpm, With the AAIC value of
the ACDM model set to zero (AAIC,cpy = 0). The
interpretation of |AAIC| values in model comparison is
as follows [18]: When |AAIC| < 2, the two models are
practically equivalent; when 2 < |AAIC| < 6, the model
with the larger AIC value has marginally less support
compared to the model with the smaller AIC; when
6 < |AAIC| < 10, the model with the larger AIC value
is substantially less favored; finally, when |AAIC| > 10,
the model with the larger AIC value is effectively unsup-
ported by the data, and the evidence strongly favors the
model with the smaller AIC.

The values of AAIC corresponding to various datasets
are presented in Table I. For the dataset combination of
DESI, CMB, and CC, the calculated AAIC value is +2.36.
This result suggests that, although the data offer
some support for the interacting model under investigation,
the ACDM model remains the preferred choice due
to its lower AIC value. In contrast, when analyzing the
dataset combinations of DESI + CMB + CC + SNIa and
DESI + CMB + CC + SNIa + fog, the AAIC values are
found to be —3.39 and —2.82, respectively. These negative
values unequivocally indicate a statistically stronger empir-
ical preference for the interacting model currently under
consideration relative to the ACDM model in these cases.
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TABLEIIL. Constraints on € with 1o uncertainty level, derived from several previous works that employed diverse datasets for the same
model currently under consideration. Note that although the abbreviations of some datasets are the same, the data used are different. For
example, some “CMB” represent complete temperature and polarization data, while others represent distance priors or the shift
parameter from CMB data. The datasets of BAO and SNIa are also not exactly the same. For specific explanations, one can refer to the
main text. Furthermore, various data combinations have been employed in some literature to derive distinct limiting results. In our
citation, we have referenced the most robust limiting result, which is characterized by the smallest error. For the findings presented in
Ref. [97], we have referenced the moderate value, which was obtained using the most comprehensive SNla dataset, DESYS5.

Dataset € Deviation from ¢ =0
DESI BAO + CMB + CC + SNIa + foy (this work) ~0.0073+0.0029 2350
BAO + CMB + CC + SNIa + fog [18] 0.0065 + 0.0018 3.6lc
Cluster edges + CMB + BAO + CC + SNIa + GW [92] _0,43j?:§3 0.38¢
CMB + BAO + CC + SNIla + Lensing [93] —0_00029j8-88822§ 1.09¢
Galaxy cluster gas mass fraction [25] —0.191 £ 0.091 2.106
Angular diameter distance of galaxy cluster [94] 0.0019 +£ 0.0089 0.21e¢
HII galaxy [95] 0.0170:05 1.670
BAO + CMB + SNla + fog [23] 0.0016 £ 0.0014 1.140
DESI BAO + CMB + SNla [96] —0.0003 £ 0.0011 0.27¢
DESI BAO + CMB + CC + SNIa [97] 0.0073 4+ 0.0035 2.090
For the sake of comparison, we have also included in (LS). The resulting value of ¢ = —0.00029f8"88g22§
Table II the constraints on ¢ that were documented in suggests a very slight deviation from the scenario
several previous studies which made use of varied datasets. where there is no interaction between dark matter
The detailed explanations regarding these constraints are and vacuum dark energy.
provided below. (iv) The authors of [25] also derived constraints on &
(1) In Ref. [18], the authors conducted an investigation utilizing the measurements of gas mass fraction in
into three vacuum decay models, one of which galaxy clusters. For their purposes, they used the
(denoted as Qg,,) is pertinent to our model. In their previous BAO, CC, and SNIa data to reconstruct
study, they set Qum = 3VgmHpam- By employing D,(z) and Dy (z). Their analysis yielded constraints
data from SNIa (JLA), previous BAO measure- of ¢ =0.191 £ 0.091. This constraint is less strin-
ments, CC [H(z)], CMB data from Planck-2015, gent compared to our results but suggests a deviation
and information pertaining to large-scale structure of approximately 2.1c from the scenario, where
formation [f(z)og(z)], they determined that vy, is there is no interaction between dark matter and the
constrained to 0.00216 + 0.00060. This constraint vacuum energy.
can be translated into a constraints on ¢, yielding a (v) Research conducted on the angular diameter dis-
value of 0.0065 £ 0.0018. This finding suggests a tance of galaxy clusters, as presented in [94], and
deviation of approximately 3.6c from the scenario measurements of HII galaxies, detailed in [95], have
where there is no interaction between dark matter also provided robust constraints. Specifically, these
and the vacuum energy. studies yielded values of 0.0019 +0.0089 and
(ii) The authors of [91] suggested that cluster edges can 0.01070003, respectively. The latter result suggests
serve as a standard ruler and demonstrated that a a deviation of approximately 1.7¢ from the scenario
1.3% measurement of the Hubble constant could be where there is no interaction between dark matter
achieved using data from the DESI survey. Addi- and vacuum dark energy.
tionally, they generated a mocked dataset for the (vi) The authors of [23] obtained the constraints on the
DESI survey. In contrast, the author of [92] com- parameter ¢ by utilizing the CMB data from Planck-
bined these mocked DESI data with CMB (distance 2018, particularly the temperature and polarization
priors from Planck-2018), previous BAO, CC, SNIa data from Planck-2018, in conjunction with SNIa
(Pantheon), and mocked gravitational wave data (Pantheon), previous BAO, and fog measurements
from the Einstein Telescope to derive constraints from the SDSS database. The obtained result,
on &. The result, —0.431757, indicates no significant £ = 0.0016 + 0.0014, indicates a slight deviation
interaction between dark matter and the vacuum. of approximately 1.1 from the standard scenario
(iii) The authors of [93] obtained constraints by combin- of 0 =0.
ing CMB data, specifically temperature and polari- (vii) The authors of [96] obtained the constraints on &
zation data from Planck-2015, with previous BAO, using the CMB data, specifically temperature and
CC, SNIa (Pantheon), and Planck-2015 lensing data polarization data from Planck-2018, with DESI
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BAO (DRI1), and SNIa (DESY5) datasets. The
resulting value of ¢ = —0.0003 £ 0.0011 suggests
no interaction between dark matter and vacuum dark
energy.

(viii) Recently, the authors of [97] conducted a analysis to
constrain the parameter e using various datasets.
These datasets included the CMB shift parameter
from Placnk-2018, CC, SNIa from Pantheon+,
Union3, and DESYS5, as well as the DESI BAO
(DR2). Their results indicated a preference for
nonzero interaction at a significance level of up to
20. Specifically, for the combined dataset of
CMB + DESI + CC + Pan + (S),” the value of &
was constrained to 0.0257 £ 0.0034. This finding
suggests an interaction between dark matter and
vacuum dark energy at a significance exceeding 3o.
For the datasets of CMB + DESI + CC + DESYS5,
the value of ¢ was found to be 0.0073 £ 0.0035,
indicating an interaction between dark matter and
vacuum dark energy at a significance of 2.09c.
However, it is important to note that for certain
datasets, as shown in their paper, there was no strong
evidence of interaction between dark matter and
vacuum dark energy. For instance, when using the
CMB + DESI BAO + CC + Pan + (Union3) data-
sets, they found that £ was constrained to —0.0008 +
0.0041 (—0.0002 = 0.0041), which is essentially
consistent with the scenario of no interaction
(Q@=0).

From the aforementioned results, it is clear that the most
of the constraints employed the dataset comprising BAO,
CMB, CC, and SNIa. Generally, different data and method-
ologies tend to produce distinct optimal fitting values and
corresponding errors for e. The constraints placed by the
CMB, SNIa, and previous BAO dataset on ¢ did not exhibit
significant deviations from the standard scenario where
there is no interaction between dark matter and vacuum
dark energy. However, the inclusion of LSS (fog) and DESI
BAO datasets imposes more stringent constraints on &,
resulting in a noticeable deviation from the noninteraction
scenario. The degree of this deviation depends on the
specific datasets and methodologies employed.

Furthermore, it is important to highlight the utilization of
CMB and LSS (fog) data. For CMB data, a common
practice involves employing both temperature and polari-
zation data, as seen in, e.g., Refs. [18,23,93,96].
Alternatively, CMB distance priors, which effectively
capture the essential information from CMB temperature
and polarization data, are also frequently utilized, as
demonstrated in, e.g., Refs. [42,43,91,97]. This Ilatter
method is comparatively more efficient and can reduce
the time required for fitting compared to the former

2Here, Pan + (S) denotes the Pantheon + dataset calibrated
using SHOES.

approach. Nevertheless, it is noteworthy that the method
utilizing CMB temperature and polarization data yields
smaller errors in the constraint of & compared to the
distance priors method. However, the former method
(utilizing the full set of CMB data) also tend to converge
towards smaller optimal values of ¢, resulting in minimal
changes to the final deviation. For the parameter e, the
incorporation of LSS (fog) information significantly
improves the final constraint results. Particularly when
combined with DESI BAO data, CMB, and SNIa datasets,
the deviation of e from zero becomes more evident,
suggesting an interaction between the dark matter and
vacuum dark energy. This finding is consistent with the
indications from the second data release of DESI showing a
deviation from the ACDM model [98].

For utilizing LSS (fog) data, there are general two
methods. The first approach, as employed in
Refs. [18,23,99], for instance, involves directly calculating
og(z) through the integration of the linear matter
power spectrum within a smooth window in Fourier space,
which incorporates the spectral index n, and transfer
function T(k).* The second approach, utilized in, e.g.,
Refs. [79,81,82] and in our work, treats og(z = 0) as a free
parameter for data fitting.5 Based on current findings, the
first method yields smaller errors in constraining e, often
resulting in a deviation from zero that exceeds ~30 [18].
Although the second method appears to lack a comparably
strong constraining capability, the inclusion of fog data can
still reduce the errors for constraining e.

Additionally, as shown in Ref. [97], in addition to
including DESI BAO (DR2) and CMB data, the inclusion
of different SNIa datasets produces varying final con-
straints on ¢.° For example, some datasets suggest no
significant interaction between dark matter and vacuum
dark energy, while others indicate an interaction scenario at
a significance level exceeding ~30. Regarding the model
investigated in this work, although exploring the reasons
behind the significant differences in constrained results
obtained from various SNla datasets falls outside the scope
of this study, it serves as a reminder that, at least for the
model under consideration, arriving at a definitive and
conclusive finding, such as the interaction between dark
matter and vacuum dark energy, necessitates an extremely
cautious approach.

*Note that the value of ¢ referred to here represents its absolute
value. Since it depends on the dataset, the optimal fitting value of
€ may be either greater than O or less than 0.

n, is one of the six fundamental parameters of the ACDM
cosmological model [1]. T(k) can be expressed in a parametric
form and is a function of the matter density [100].

These two approaches could be regarded as distinct
normalization methods for LSS (fog) data. The first method
involves normalization at high redshift, whereas the second
method employs normalization at the present epoch (z = 0).

®Note that the LSS (foy) data is not included in their analysis.
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IV. CONCLUSIONS

We have conducted an investigation into the deviation of
dark matter energy density evolution from the standard
case, denoted as p,, « (1 +z)>=¢, where ¢ is a constant.
This scenario can be interpreted as an interaction between
dark matter and vacuum dark energy, characterized by an
interaction form of Q = eHpy,,. By utilizing datasets from
DESI BAO (DR1), CMB (distance priors from Planck-
2018), CC, SNIa (Pantheon), and LSS data in the form of
the weighted growth rate fog, we have obtained constraints
on e, yielding a value of —0.00737000s;. This finding
indicates a deviation of ~2.4¢ from the standard scenario,
where dark matter and vacuum dark energy do not interact.
This conclusion is further supported by the Akaike infor-
mation criterion (AIC). Our results confirm those presented
in, e.g., Ref. [18], where the authors found a deviation of
around 3.60 using different datasets and methodologies.
The nonzero values of € imply the existence of new physics
or indicate that dark matter and dark energy possess distinct
properties compared to those predicted by the ACDM
cosmology.

We also conducted comparisons with several previous
studies that utilized different datasets or methodologies. In
essence, when it comes to the deviation parameter e,
variations in datasets and methodologies often lead to
different optimal fitting values and associated errors.
Generally, constraints derived from the CMB, SNIa, and
previous BAO data do not indicate significant deviation of &
from zero. However, incorporating LSS data, specifically

the weighted growth rate measurements fog, can reduce the
uncertainties associated with € and suggest a deviation from
the scenario where dark matter and vacuum dark energy
do not interact. With the data released by the DESI, &
exhibits a notable deviation from zero, even when consid-
ering combined datasets of CMB, SNIa, and DESI BAO.
Nevertheless, it is important to note that, as demonstrated
in [97] (where fog data was not included), different SNIa
datasets can have varying impacts on the final constraints
for e. Some of these datasets do not show any deviation
from zero, even when including data from the second DESI
data release. This implies that a detailed investigation is
needed to understand these differing constraint results for
the model under consideration.
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