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Abstract We constrain two vacuum decay models
(Λ(t)CDM) utilizing the baryon acoustic oscillations (BAO)
data released by the Dark Energy Spectroscopic Instrument
(DESI), distance prior from the cosmic microwave back-
ground (CMB) observed by the Planck satellite, Hubble rate
data obtained via the cosmic chronometers (CC) method and
type Ia supernova (SNIa) data. The interaction terms between
dark matter and dark energy are defined as Q = 3εHρΛ for
model I and 3εaHρΛ for model II. We find that the decay
parameter is constrained to be ε = 0.0094+0.0037

−0.0033 for model
I and ε = 0.0119 ± 0.0045 for model II, respectively, indi-
cating a potential interaction between dark matter and dark
energy at the 2σ confidence level. The current Hubble param-
eter values are estimated to be H0 = 70.30±0.67 for model I
and H0 = 70.28±0.64 for model II. These values of H0 fall
between those derived from the Planck and SH0ES data, sug-
gesting that these two vacuum decay models could provide
a potential solution to alleviate the Hubble tension problem.

1 Introduction

In the classical standard model of cosmology, based on dif-
ferent astronomical observations, it is well known that the
Universe is primarily composed of baryonic matter, dark
matter, and dark energy. Unlike baryonic and dark matter,
dark energy drives the accelerating expansion of the Uni-
verse and its nature remains unknown. Among the various
models proposed to explain dark energy, the most exten-
sively studied is the cosmological constant term Λ, which
does not vary with time and has an equation of state param-
eter w = pΛ/ρΛ = −1. A universe with the cosmologi-
cal constant as dark energy is commonly referred to as the
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ΛCDM cosmology model, where CDM denotes cold dark
matter.

While the cosmological constant term represents the sim-
plest approach to characterizing dark energy, it is not without
its limitations and challenges [1]. Based on current observa-
tional data, the energy density associated with the cosmo-
logical constant term is estimated to be ρΛ ∼ 10−47GeV4

[2]. If the cosmological constant originates from vacuum
energy, quantum field theory predicts an energy density of
ρvac ∼ 1074GeV4, derived from the cutoff of vacuum energy
at the Planck scale mpl. This results in a discrepancy of
approximately 121 orders of magnitude between the two val-
ues. Even when considering the energy scale of quantum
chromodynamics, the vacuum energy density is estimated to
be ρvac ∼ 10−3GeV4, which is about 44 orders of magni-
tude higher than the observed value. Another critical issue for
the ΛCDM model is the Hubble tension [3,4]. The Hubble
constant H0 can be determined through various astronom-
ical observations. For instance, analyses of type Ia super-
nova, gravitational lensing, and Cepheid variable stars yield
a Hubble constant of H0 = 73.17 ± 0.86 kms−1Mpc−1,
derived from low-redshift data and largely independent of
specific cosmological models [5,6]. Conversely, the Hub-
ble constant from the analysis of cosmic microwave back-
ground (CMB) radiation, particularly when combined with
baryon acoustic oscillations (BAO) and Planck data, is 67.4±
0.5 kms−1Mpc−1, originating from high-redshift measure-
ments and based on the ΛCDM cosmological model [7]. The
discrepancy between these two values reaches 5.8σ , showing
a significant challenge to the validity of the ΛCDM model.

Many approaches have been proposed to address the
Hubble tension [3,4]. One possibility is that there may be
systematic issues with low-redshift measurements. Another
approach involves modifying theΛCDM universe model. For
instance, kinetic dark energy models, where the equation of
state parameter evolves over time (w(z)), have been exten-
sively explored (see, e.g., Ref. [2] for a review). Recent BAO
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data released by the DESI collaboration support the idea that
dark energy evolves over time [8]. In addition to dynamic
dark energy models, interactions between dark matter and
dark energy have also been proposed as potential solutions to
the Hubble tension problem [9–14]. Early dark energy mod-
els have similarly been suggested as a resolution to this issue
[15,16]. Furthermore, the vacuum decay model, in which
the cosmological constant term evolves over time, akin to an
interaction between vacuum energy and dark matter, has been
introduced to address related challenges [17–24]. Recently,
the authors of Ref. [25] proposed two specific forms of vac-
uum decay models aimed at resolving the Hubble tension.
Using Cosmic Microwave Background (CMB) and H0 data,
they constrained these models and found that vacuum decays
into dark matter, ruling out the non-interacting model at 6σ

confidence level. In this paper, we further investigate these
two vacuum decay models using additional data sets, finding
a potential interaction between dark matter and dark energy
at the 2σ confidence level.

This paper is organized as follows. In Sect. 2, we first
briefly review the main contents of two vacuum decay mod-
els, then describe the datasets utilized and presents the final
limiting results in Sect. 3. The conclusions are given in
Sect. 4.

2 The basic properties of vacuum decay model

In this section, we briefly review the main contents of the vac-
uum decay model, and one can refer to, e.g., Refs. [17–24] for
more details. The vacuum decay model has been proposed
by previous works. In the classical cosmology model, i.e.
ΛCDM model, Λ does not evolve with time. The key point
of the vacuum decay model is that vacuum energy density
changes over time Λ(t). Within the framework of the stan-
dard cosmological model under the Friedmann-Robertson-
Walker (FRW) metric, the continuity equation can be formu-
lated as follows [25],

ρ̇DM + 3HρDM = Q (1)

ρ̇Λ = −Q (2)

where ρDM and ρΛ are the energy density of dark matter and
vacuum. Q denotes the interaction between dark matter and
vacuum dark energy, and Q = 0 for ΛCDM model. Here,
following the Ref. [25], we adopt the interaction forms as,

Q =
{

3εHρΛ Model I

3εaHρΛ Model II

where ε is a constant and a = 1/(1 + z) is the scale factor.
Based on these two forms of interaction, the expansion rate of
the Universe, H(z), can be expressed as follows, for Model I:

H2

H2
0

=
(

Ωm − εΩΛ

1 − ε

)
(1 + z)3 + ΩΛ(1 + z)3ε

1 − ε

+Ωr (1 + z)4 (3)

and for Model II:

H2

H2
0

= Ωm

a3 + ΩΛ

9ε3a3

[
P(ε) − Q(εa)e3ε(1−a)

]
+Ωr (1 + z)4 (4)

with P(x) = 9x3 +9x2 +6x +2 and Q(x) = 9x2 +6x +2.
Ωi ≡ 8πGρi/(3H2

0 ) is the energy density parameter of dif-
ferent component at present. Note that here we consider flat
ΛCDM cosmology which has a relation of Ωm+ΩΛ+Ωr=1.

3 The datasets and constrains

3.1 Baryon acoustic oscillation

The Dark Energy Spectroscopic Instrument (DESI) have
released the first-year data (DR1), which includes six dif-
ferent classed of traces [8]: the Bright Galaxy Sample
(BGS, zeff = 0.30), the Luminous Red Galaxy Sample
(LRG, zeff = 0.51 and 0.71), the Emission Line Galaxy
Sample (ELG, zeff = 1.32), the combined LRG and ELG
Sample (LRG+ELG, zeff = 0.93), the Quasar Sample
(QSO, zeff = 1.49) and the Lyman-α Forest Sample (Lyα,
zeff = 2.33). The released data by the DESI collabora-
tion are in the form of DM,H,V/rd and here we fix the
value rd = 147.09 Mpc obtained using all CMB and CMB
lensing information [7]. In the context of a homogeneous
and isotropic cosmology, the transverse comoving distance,
DM(z), can be written as [7],

DM(z) = c

H0

∫ z

0

dz
′

H(z′
)/H0

, (5)

where c is the light speed and H(z) is the Hubble parameter
given by Eqs. (3) and (4). The distance variable is defined as
DH(z) = c/H(z), and then the angle-averaged distance DV

can be written as

DV(z) =
[
zDM(z)2DH(z)

] 1
3

(6)

The χ2 for DESI BAO data is

χ2
BAO =

∑
i

ΔDT
i Cov−1

BAOΔDi , (7)

where CovBAO is non unit covariance matrix for the tracers
of LGR,LGR+ELG, ELG and Lyα QSO, and a unit matrix
for the tracers of BGS and QSO [26].
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3.2 Type Ia supernova

For type Ia supernova (SNIa) observations, one of the main
relevant parameters is the luminosity distance dL(z). For a
flat ΛCDM universe, the luminosity distance can be written
as

dL(z) = (1 + z)
∫ z

0

dz
′

H(z′
)/H0

(8)

The distance modules μ(z) is given by

μ(z) = 5log10dL(z) + 25 (9)

For SNIa data, the Hubble constant is a nuisance parameter
and here we use the methods given in, e.g., Refs. [27,28], for
calculating χ2

SN,

χ2
SN = A − B2

C
(10)

where

A =
N∑
i

(μobs(zi ) − 5log10(DL(zi )))2

σ 2
i

B =
N∑
i

μobs(zi ) − 5log10(DL(zi ))

σ 2
i

C =
N∑
i

1

σ 2
i

(11)

where DL(z) = H0/c× dL(z). We use the Pantheon sample
consisting of a total of 1048 SNIa ranging of 0.01 < z < 2.3
[29] for our constraints.

3.3 Hubble rate from cosmic chronometers

The Hubble rate can be determined utilizing the cosmic
chronometer (CC) method [30–32]. This approach primar-
ily focuses on measuring the differential age evolution of the
Universe, dt , within a redshift interval dz [30]. In practice,
this is accomplished by studying carefully selected massive
and passive galaxies. The Hubble rate using CC method can
be written as [30]

H(z) = − 1

1 + z

Δz

Δt
(12)

The χ2 for CC data is

χ2
CC =

∑
i

(H(zi ) − Hobs(zi ))2

σ 2
i

, (13)

and we use 31 CC data points given in different Refs. [33–40]
for our constraints.

3.4 Cosmic microwave background

In general, the angular power spectrum data of CMB have
been used to constraint the cosmological parameters [7]. For
our purpose, instead of using the angular power spectrum
data, here we utilize the distance prior, including the shift
parameter R, the acoustic scale lA and the baryon density
Ωbh2, from the Planck 2018 data to constrain our parameters
[7,41]. The shift parameter and acoustic scale can be written
as [7,42–44]

R = 1 + z�
c

DA(z�)
√

ΩMH2
0 (14)

lA = (1 + z�)
πDA(z�)

rs(z�)
(15)

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

z� = 1048[1 + 0.00124(Ωbh
2)−0.738][1 + g1(Ωmh

2)g2 ]
(16)

with

g1 = 0.0738(Ωbh2)−0.238

1 + 39.5(Ωbh2)0.763 , g2 = 0.560

1 + 21.1(Ωbh2)1.81

(17)

rs is the comoving sound horizon and can be written as
[8]

rs(z) = c

H0

∫ 1/(1+z)

0

da

a2H(a)

√
3(1 + 3Ωbh2

4Ωγ h2 a)

(18)

where (Ωγ h2)−1 = 42, 000(TCMB/2.7K)−4 with TCMB =
2.7255K. The χ2 for CMB data is

χ2
CMB = ΔXT Cov−1

CMBΔX (19)

where ΔX = X − Xobs is a vector with Xobs =
(R, lA,Ωbh2), and we use the values of Xobs and covariance
matrix Cov−1

CMB from Planck 2018 [46].

3.5 Constraints on the models

For our purpose, we use the MCMC method to find the best
fit values and the posterior distributions of parameters: {ε,
Ωm , H0, Ωbh2}. Since we will use the DESI BAO data, SNIa
data, CC data and CMB data, the total χ2 can be written as

χ2
total = χ2

BAO + χ2
SN + χ2

CC + χ2
CMB (20)

The total likelihood function is L ∝ e−χ2
total/2, and we employ

the public code emcee [47] to perform the MCMC samples.
We set uniform prior for the parameters as ε ∈ (−1, 1),
Ωm ∈ (0, 1), H0 ∈ (50, 90) and Ωbh2 ∈ (0.0001, 0.1).
We use the public code GetDist [48] to analyze the
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Fig. 1 The one-dimensional marginalized probability distribution and two-dimensional contour plots of parameters for model I (left) and model
II (right) at the 68% and 95% confidence levels, derived using DESI+CMB, DESI+CMB+CC, and DESI+CMB+CC+SNIa data

Table 1 Constraints on the parameters of two vacuum decay models with 1σ uncertainties using various observational data combinations:
DESI+CMB, DESI+CMB+CC and DESI+CMB+CC+SNIa

Model/dataset ε Ωm H0 Ωbh2

Model I

DESI+CMB 0.0142+0.0039
−0.0032 0.2667+0.0087

−0.0099 71.69 ± 0.92 0.02255 ± 0.00015

DESI+CMB+CC 0.0131+0.0041
−0.0034 0.2704 ± 0.0093 71.33 ± 0.89 0.02256 ± 0.00015

DESI+CMB+CC+SNIa 0.0094+0.0037
−0.0033 0.2813 ± 0.0074 70.30 ± 0.67 0.02259 ± 0.00014

Model II

DESI+CMB 0.0178+0.0052
−0.0041 0.2680+0.0092

−0.0100 71.60 ± 0.95 0.02256 ± 0.00015

DESI+CMB+CC 0.0163+0.0051
−0.0042 0.2719 ± 0.0091 71.22 ± 0.87 0.02256 ± 0.00015

DESI+CMB+CC+SNIa 0.0119 ± 0.0045 0.2819 ± 0.0071 70.28 ± 0.64 0.02259 ± 0.00015

MCMC chains. The best-fit parameters, along with their
corresponding 1σ uncertainties, are summarized in Table 1.
Figure 1 shows the one-dimensional marginalized probabil-
ity distributions and two-dimensional contour plots for the
parameters derived from DESI+CMB, DESI+CMB+CC, and
DESI+CMB+CC+SNIa datasets, for both Model I and Model
II.

We have found that the best-fit values of the decay param-
eter are ε = 0.0094+0.0037

−0.0033 (1σ ) for model I and ε =
0.0119±0.0045 (1σ ) for model II, respectively. Compared to
the results presented in previous work [25], our best-fit values
for the decay parameter are smaller. Furthermore, we find that
the noninteracting model is excluded at 2.8σ (formodel I) and
2.6σ (formodel II) confidence levels, which contracts with
the 7.3σ (for model I) and 6σ (formodel II) confidence lev-

els reported in Ref. [25]. Additionally, we have estimated the
current Hubble constant to be H0 = 70.30 kms−1Mpc−1 (for
model I) and H0 = 70.28 kms−1Mpc−1 (for model II), which
are both lower than the values of H0 = 73.1 kms−1Mpc−1

reported in Ref. [25].

4 Conclusions

We have constrained two vacuum decay models, Λ(t)CDM,
utilizing datasets from DESI BAO, CMB, CC and SNIa. The
interaction forms of dark energy and dark matter are defined
as Q = 3εHρΛ for model I and 3εaHρΛ for model II. We
have found that the best-fit values of the decay parameter
are ε = 0.0094+0.0037

−0.0033 (1σ ) for model I and ε = 0.0119 ±
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0.0045 (1σ ) for model II, respectively. This indicates that
the noninteracting model is excluded at 2.8σ (for model I)
and 2.6σ (for model II) confidence levels. We have estimated
the current Hubble constant to be H0 = 70.30 kms−1Mpc−1

(for model I) and H0 = 70.28 kms−1Mpc−1 (for model
II), suggesting that these two vacuum decay models could
provide a potential solution to alleviate the Hubble tension
problem.
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