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Abstract: We investigate  a  coupled ϕCDM cosmological  model  in  which energy exchange between dark energy
and  dark  matter  is  governed  by  the  derivative  interaction  term .  We  constrain  the  model  using  baryon
acoustic  oscillation  measurements  from  DESI  Data  Release  2,  combined  with  compressed  CMB  likelihoods  and
Type Ia supernova datasets, including Pantheon+, DES-Dovekie, and Union3. Parameter estimation is performed us-
ing Markov Chain Monte Carlo methods, and Bayesian evidence is used to compare the model with ΛCDM. We find
that the interaction parameter α is tightly constrained at the  level and remains consistent with zero within 
across all dataset combinations, indicating no statistically significant evidence for dark sector interactions. The dark
energy equation-of-state parameter remains close to , with only mild, statistically insignificant deviations to-
ward a quintessence-like regime. Although the inferred Hubble parameter shifts slightly toward higher values relat-
ive to ΛCDM, this shift is insufficient to resolve the  tension. The matter density parameter is consistent between
the two models within uncertainties. Bayesian model comparison consistently favors ΛCDM, with evidence ranging
from moderate to strong depending on the dataset combination. Overall, in light of current observations, the coupled
ϕCDM model does not provide a significant improvement over the standard cosmological scenario.
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I.  INTRODUCTION

70

Independent  cosmological  observations  [1−5] indic-
ate that  the  Universe  is  undergoing  accelerated  expan-
sion, commonly attributed to dark energy [6, 7]. Dark en-
ergy  constitutes  about %  of  the  total  energy  density
and is  well  described within  the  ΛCDM framework.  Al-
though  dark  energy  dominates  the  current  dynamics  of
the Universe, its fundamental origin and physical proper-
ties  remain unknown, posing one of  the most  significant
unresolved  questions  in  contemporary  cosmology.  The
cosmological  constant  provides  a  phenomenologically
consistent  explanation  that  agrees  with  a  broad  range  of
observational probes; however, it is accompanied by seri-
ous theoretical concerns, particularly the well-known cos-
mological  constant  problem  [8, 9].  This  framework  also
faces  the  cosmic  coincidence  problem  [10],  namely  the
puzzling question of why the dark energy density is of the
same  order  of  magnitude  as  the  matter  density  precisely

in the present epoch.

2.5–3.9σ

4σ

In addition to this long-standing puzzle, a recent ten-
sion  has  emerged  in  cosmology,  suggesting  a  possible
time-varying dark  energy  component.  In  particular,  ana-
lyses of  baryon  acoustic  oscillation  (BAO)  measure-
ments from  DESI  2024,  combined  with  Type  Ia  super-
nova  (SNe  Ia)  data,  indicate  a  preference  for  dynamical
dark energy over a cosmological constant at the 
level  [11].  Incorporating  the  latest  DESI  Data  Release  2
into a joint BAO and SNe Ia analysis further strengthens
this preference, raising the statistical significance beyond

 [12−14].  Collectively,  these  findings  point  toward  a
possible  deviation  from  a  strictly  constant  dark-energy
sector, thereby  motivating  the  investigation  of  cosmolo-
gical  models  beyond  the  standard  ΛCDM  paradigm.  In
the  context  of  DESI  DR2,  several  recent  studies  further
support this behavior, as discussed in [15−28].

These cosmological  challenges  have  prompted  ex-
tensive  investigations  of  alternative  scenarios,  including
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evolving dark energy models and modifications of gravit-
ational theory on cosmological scales. In dynamical dark
energy  frameworks,  the  equation-of-state  parameter  is
treated  as  a  time-dependent  quantity  rather  than  a  fixed
constant.  This  departure  from  the  cosmological  constant
hypothesis  allows  for  richer  phenomenology  in  the  late-
time expansion  history.  Scalar  field  realizations  consti-
tute a  major  class  within  this  category,  including  quint-
essence  [29−33],  phantom  [34],  tachyon  [35, 36],  and
quintom models [37]. In these scenarios, cosmic accelera-
tion emerges from the evolution of an effective scalar de-
gree of  freedom  whose  dynamics  determine  the  back-
ground  expansion  rate.  An  alternative  conceptual  route
attributes the  observed  cosmic  acceleration  to  modifica-
tions of the gravitational sector itself. Rather than invok-
ing an additional dark energy component, modified grav-
ity theories  extend  the  geometric  part  of  the  field  equa-
tions. In this context,  gravity [38, 39] generalizes the
Einstein–Hilbert  action  by  replacing  the  Ricci  scalar R
with  an  arbitrary  function . This  extension  intro-
duces  additional  dynamical  degrees  of  freedom  capable
of  driving  late-time acceleration  and,  in  appropriate  re-
gimes, reproducing phenomena typically ascribed to dark
matter.  Within  this  class,  power-law  models  have
been  extensively  studied  for  their  success  in  explaining
galactic rotation curves and gravitational lensing without
requiring  non-baryonic  dark  matter  [40−42].  This  idea
has  been  further  extended  within  broader  geometric
frameworks,  including  gravity  [43] based  on  tor-
sion  and  gravity  [44]  grounded  in  nonmetricity,
which provide  distinct  but  dynamically  equivalent  aven-
ues  for  explaining  cosmic  acceleration  through modified
spacetime geometry.

Q = 3αρ̇m

Beyond  these  frameworks,  another  widely  studied
possibility  is  an  interaction  between  the  dark  sectors.  In
such  scenarios,  the  exchange  of  energy  and  momentum
between  dark  matter  (DM)  and  dark  energy  (DE)  gives
rise to a broad class of models known as interacting dark
energy (IDE) models [45−47]. In these constructions, the
dark  components  are  no  longer  independently  conserved
but  are  coupled  through  an  interaction  term,  leading  to
modifications  in  both  the  background  cosmic  expansion
and  the  evolution  of  linear  perturbations.  Dark  photons
provide  complementary  laboratory  constraints  on  dark-
sector  interactions  at  electron–positron  colliders  [48].  In
this  work,  we investigate  the observational  viability  of  a
coupled ϕCDM cosmological  model  in  which  dark  en-
ergy and dark matter interact through the derivative coup-
ling term  [49−51]. Motivated by recent indica-
tions  of  dynamical  dark  energy  from  DESI  analyses
[11−13],  we  constrain  the  interacting  scenario  using  the
DESI  DR2  BAO  measurements  in  combination  with
compressed  CMB likelihoods,  cosmic  chronometer  data,
and  three  independent  Type  Ia  supernova  compilations
(Pantheon+,  DES-Dovekie,  and  Union3).  In  contrast  to

several  earlier  interacting  dark  energy  studies  based  on
older  observational  datasets  [52−54], our  analysis  incor-
porates  the  latest  measurements  and  compares  the
coupled ϕCDM and ΛCDM models using Bayesian evid-
ence.  We further  examine how different  SNe Ia  datasets
affect the inferred constraints on the interaction paramet-
er and the dark-energy equation of state. This analysis al-
lows us  to  assess  the  robustness  of  interacting  dark  en-
ergy signatures in light of current cosmological observa-
tions. Our paper is organized as follows. In Section II, we
introduce  the  theoretical  background  and  the  underlying
model  equations.  Section  III  presents  the  datasets  and
methodology,  where  we employ a  Markov Chain  Monte
Carlo  analysis  using  the  publicly  available  DESI  DR2
data. Section  IV  presents  the  results  and  concluding  re-
marks. 

II.  COSMOLOGICAL FRAMEWORK AND IN-
TERACTING DARK ENERGY MODEL

For a spatially homogeneous and isotropic spacetime,
the Friedmann-Lemaître-Robertson-Walker (FLRW) met-
ric  provides  a  geometric  realization  of  the  cosmological
principle. In  spherical  polar  coordinates,  the correspond-
ing line element takes the form: 

ds2 = −dt2+a2(t)
ï

dr2

1− kr2
+ r2

(
dθ2+ sin2 θdϕ2

)ò
, (1)

a(t)
k = +1,0,−1

where  is the scale factor, and the curvature index val-
ues  correspond  to  closed,  spatially  flat,  and
open universes, respectively.

The dynamics of spacetime are governed by the Ein-
stein–Hilbert action, 

S =
∫ Å

R
2κ
+Lm

ã √−g d4x, (2)

κ=
8πG
c4 Lm

gµν c = 1

where R is the Ricci scalar, ,  is the Lagrangian
density associated with the matter sector, and g is the de-
terminant of the spacetime metric tensor . Setting 
and  varying  the  action  (2)  with  respect  to  the  metric
yields the Einstein field equations, 

Gµν = Rµν−
1
2

Rgµν = κTµν, (3)

Rµν Tµνwhere  is the Ricci tensor, and  denotes the energy–
momentum tensor of the cosmic fluid.

k = 0

Applying the field equations (3) to the FLRW metric
(2)  yields  the  Friedmann  equations.  For  a  spatially  flat
universe ( ), these equations can be written as 
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Å
ȧ
a

ã2

=
8πG

3

∑
ρ,

ä
a
= −4πG

3

∑
(ρ+3P), (4)

where ρ and P denote the  total  energy density  and pres-
sure, respectively,  and  the  summation  includes  all  cos-
mic components, such as dark matter and dark energy.

In the absence of interactions between different com-
ponents, energy conservation yields the standard continu-
ity equation, 

ρ̇ = −3H(1+w)ρ, (5)

H = ȧ/a w = P/ρwhere  is  the  Hubble  parameter  and  de-
notes the equation-of-state parameter.

In  the  coupled ϕCDM  framework,  dark  energy  is
modeled as a scalar field that exchanges energy with dark
matter.  This  interaction  is  characterized  by  a  coupling
term Q, which  leads  to  the  modified  conservation  equa-
tions, 

ρ̇ϕ = −3Hρϕ(1+wϕ)−Q, (6)

 

ρ̇m = −3Hρm(1+wm)+Q, (7)

ρϕ ρm

wϕ wm

where  and  are  the  energy  densities  of  the  scalar
field and matter, respectively, and  and  are the cor-
responding equation-of-state parameters.

In this work, we investigate the viability of dynamic-
al  dark  energy  within  the  coupled ϕCDM framework,  in
which  dark  energy  exchanges  energy  with  dark  matter
through  a  coupling  term  (Q).  We  adopt  the  following
form for the coupling term [49, 50] 

Q = 3αρ̇m, (8)

where α is a  dimensionless  coupling  parameter  that  de-
termines the interaction strength.

Hρm HρDE Hρϕ

ρ̇m

Unlike the commonly used interaction forms propor-
tional  to , ,  or , or  their  linear  combina-
tions [45−47], the coupling considered in this work is de-
termined  by  the  time  derivative  of  the  matter  energy
density, .  Since  the  matter  component  dominates  the
intermediate stage of cosmic evolution and plays a funda-
mental role in the transition from a decelerating to an ac-
celerating  Universe,  it  is  physically  natural  to  relate  the
interaction  to  the  evolution  of  the  matter  sector  rather
than  to  its  instantaneous  energy  density.  Motivated  by
this  picture,  we  adopt  (8)  as  the  interaction  term.  For  a
comparative analysis, see [55], which provides a compre-
hensive overview of interaction choices. Interacting dark
energy  scenarios  with  different  coupling  prescriptions

have  been  widely  explored  in  the  literature  [45−47], al-
though certain classes of interacting models may develop
instabilities  at  the  perturbation  level,  particularly  during
the  early  evolution  of  the  Universe  [56, 57].  In  the
present work,  we  restrict  our  analysis  to  the  homogen-
eous cosmological  background  and  do  not  consider  per-
turbation  dynamics.  A  complete  perturbative  stability
analysis  of  the coupled ϕCDM scenario is  left  for  future
investigation.

wm = 0For  pressureless  dust  matter  ( ),  the  continuity
equation (7) reduces to 

ρ̇m = −3Hρm+Q. (9)

Substituting the interaction term given in (8) yields 

ρ̇m = −3Hρm+3αρ̇m, (10)

which can be rearranged as, 

(1−3α)ρ̇m = −3Hρm. (11)

H = ȧ/aUsing  the  relation , the  preceding  equation  be-
comes 

ρ̇m

ρm
= − 3

1−3α
ȧ
a

(12)

Integrating both sides of Eq. (12) gives the following
scaling behavior for the matter density [49]. 

ρm = ρ
0
m

Å
a
a0

ã− 3
1−3α

, (13)

ρ0
m

wϕ

where  denotes the present-day matter energy density.
Similarly, solving Eq. (6) for a constant scalar-field equa-
tion-of-state parameter  yields 

ρϕ =
3αρ0

m

(1−3α)(1+wϕ)−1
×
ñÅ

a
a0

ã− 3
1−3α

−
Å

a
a0

ã−3(1+wϕ)
ô

+ρ0
ϕ

Å
a
a0

ã−3(1+wϕ)

.

(14)

By substituting Eqs. (13) and (14) into the Friedmann
equation (4), the Hubble parameter can be expressed as Å

ȧ
a

ã2

=
8πG

3

ï
3αρ0

m

(1−3α)(1+wϕ)−1

Å
a
a0

ã− 3
1−3α

+ρ0
m

Å
a
a0

ã− 3
1−3α

+

Å
ρ0
ϕ−

3αρ0
m

(1−3α)(1+wϕ)−1

ãÅ
a
a0

ã−3(1+wϕ) ò
(15)
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Introducing Characteristic Time Scales 

t2
m =

1
H2

0Ω
0
m
, t2

ϕ =
1

H2
0Ω

0
ϕ

, (16)

Ω0
m Ω0

ϕwhere  and  denote  the  present-day density  para-
meters for matter and the scalar field, respectively. Divid-
ing Eq. (15) by its present value, Eq. (4), and defining the
dimensionless Hubble parameter, 

E(a) ≡ H(a)
H0

(17)

 

E2(a) = Ω0
m

ïÅ
1+

3α
D

ãÅ
a
a0

ã− 3
1−3α

− 3α
D

Å
a
a0

ã−3( D+1
1−3α ) ò

+Ω0
ϕ

Å
a
a0

ã−3( D+1
1−3α )
.

(18)

D = (1−3α)(1+wϕ)−1where . The dimensionless Hubble
parameter  can  be  expressed  as  a  function  of  redshift  as
follows: 

E2(z) = Ω0
m

ïÅ
1+

3α
D

ã
(1+ z)

3
1−3α − 3α

D
(1+ z)

3(D+1)
1−3α

ò
+Ω0

ϕ(1+ z)
3(D+1)
1−3α . (19)

 

III.  DATASET AND METHODOLOGY

SimpleMC

R−1 < 0.01

GetDist

The  constraints  on  the  parameters  of  the  coupled
ϕCDM  model  are  obtained  using  Bayesian  inference.
This  is  implemented  with  the  Metropolis–Hastings
Markov  Chain  Monte  Carlo  (MCMC)  algorithm  [58]  in
the cosmological inference code 1). The conver-
gence of the MCMC sampling is assessed using the Gel-
man–Rubin  convergence  diagnostic,  which  serves  as  the
stopping criterion for the simulations. The MCMC chains
are terminated once the condition  is satisfied
[59]. After convergence, the resulting chains are post-pro-
cessed with the  package2) [60] to obtain the 1D
marginalized posterior distributions and 2D marginalized
confidence contours.

ln Z

Model  comparison  between  the  coupled ϕCDM  and
ΛCDM  models  is  performed  using  Bayesian  evidence.
The  Bayesian  evidence, ,  is  computed  with  the

MCEvidence
Z

Z =
∫
Ω

P(D | θ,M) P(θ | M) P(M)
dθ, P(D | θ,M)

θ P(θ | M)
P(M)

ln B = lnZϕCDM− lnZΛCDM, ZϕCDM ZΛCDM

ln B
ϕCDM
ΛCDM

 package3) [61, 62].  The  Bayesian  evidence
 is  defined  as  the  integral  of  the  likelihood  function

over the parameter space, 
 where  denotes the likelihood of the obser-

vational  data D given  the  model  parameters , 
represents  the  prior  distribution  of  the  parameters, 
is the prior probability assigned to the model, and Ω cor-
responds  to  the  allowed  parameter  domain.  The  relative
preference  between  the  two  models  is  quantified  using
the  Bayes  factor,  evaluated  in  logarithmic  form  as

 where  and  de-
note  the  Bayesian  evidence  values  associated  with  the
coupled ϕCDM and ΛCDM models, respectively. A pos-
itive  value of  indicates  a  preference for  the  coupled

 model,  whereas  a  negative  value  favours  the
 model.

| ln BϕCDM,ΛCDM| < 1
1 ⩽ | ln BϕCDM,ΛCDM| < 2.5

2.5 ⩽ | ln BϕCDM,ΛCDM| < 5
5 ⩽ | ln BϕCDM,ΛCDM| < 10
| ln BϕCDM,ΛCDM| ⩾ 10

ln B

The  statistical  significance  of  the  model  comparison
is  interpreted  according  to  the  Jeffreys  scale  [63, 64].
Within this  framework,  values of  cor-
respond to inconclusive evidence; 
indicates weak evidence;  is clas-
sified  as  moderate  evidence;  sig-
nifies  strong  evidence;  and  provides
decisive  evidence  for  the  model  selected  by  the  sign  of

.
This analysis  is  conducted  using  several  combina-

tions of  observational  data  from baryon acoustic  oscilla-
tions,  cosmic  chronometers,  Type  Ia  supernovae,  and
compressed  cosmic  microwave  background  likelihoods,
which are described in detail below.

H(z)

0.1791 ⩽ z ⩽ 1.965

• Cosmic Chronometer: First, we use Cosmic Chro-
nometer  (CC)  observations,  which  provide  direct  and
largely  model-independent  measurements  of  the  Hubble
parameter  based  on  the  differential  age  method.  In
our analysis,  we adopt a compilation of 15 CC measure-
ments  spanning  the  redshift  range 
[65−67]. The likelihood is evaluated using the public im-
plementation  provided  in  Moresco's  GitLab  repository4),
which incorporates the full covariance matrix of the data.

0.3 ⩽ z ⩽ 2.33

DM/rd DH/rd

DV/rd DH(z) = c/H(z)

•  Baryon  Acoustic  Oscillations: We  use  Baryon
Acoustic Oscillation (BAO) measurements from the Dark
Energy Spectroscopic Instrument (DESI) Data Release 2
(DR2) [68], extracted from multiple tracers, including the
Bright  Galaxy  Sample  (BGS),  Luminous  Red  Galaxies
(LRG1–3),  Emission  Line  Galaxies  (ELG1–2),  Quasars
(QSO),  and  the  Lyman-α forest.  These  measurements
cover  seven  redshift  bins  over  the  range .
The DESI DR2 BAO information is incorporated through
the  compressed  distance  measures , ,  and

,  where  is  the  Hubble  distance,
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DM(z) = c
∫ z

0 dz′/H(z′)
DV (z) = [zD2

M(z)DH(z)]1/3

rd

 is the  transverse  comoving  dis-
tance,  is  the  isotropic  distance,
and  denotes  the  sound  horizon  at  the  baryon  drag
epoch.

0.001 ⩽
z ⩽ 2.26

z < 0.01

0.02 ⩽ z ⩽ 1.14

0.05 < z < 2.26

M

• Type Ia Supernovae: We also use three Type Ia su-
pernova  (SNe  Ia)  samples.  The  first  is  the  Pantheon+

compilation  [69, 70],  which  contains  1,701  light  curves
from  1,550  SNe  Ia  over  the  redshift  range 

. To mitigate systematic effects from peculiar ve-
locities  at  very  low  redshifts,  we  exclude  light  curves
with ,  yielding  a  final  sample  of  1,590  light
curves.  Second,  we  use  the  recalibrated  DES-Dovekie
SNe Ia sample [71], which consists of 1,820 photometric
light  curves  from  the  Dark  Energy  Survey  Supernova
Program  over  a  five-year  period.  This  dataset  spans

 and  includes  1,623  SNe Ia  discovered  by
DES  and  197  low-redshift  SNe  from  external  surveys
such as CfA and CSP [72−74]. The revised catalog shares
1,718 SNe Ia with the DES-SN5YR sample [75]. Finally,
we  use  the  Union3  compilation  [76],  which  consists  of
2,087  SNe  Ia  over ,  with  1,363  objects
overlapping with Pantheon+. In all analyses, we marginal-
ize  over  the  absolute  magnitude  nuisance  parameter 
following Eqs. (A9)–(A12) of Ref. [77].

v = (θs,ωb,ωbc) 3×3

• Compressed CMB likelihood: Finally, we use the
compressed  CMB  likelihood,  defined  by  the  parameter
vector ,  and  model  it  as  a  multivari-
ate  Gaussian  likelihood.  Further  details  can  be  found  in
Appendix A of [68].

α ∈ [−2,2]

α ∈ [−2,0.29]
ln B = −5.93

−5.65 −5.39 −5.03

α ∈ [−2,2]

The chosen priors for the ΛCDM and coupled ϕCDM
models  are  summarized  in Table  1. We  adopt  the  phe-
nomenological prior  and examine the sensitiv-
ity of the Bayesian evidence to the prior range by consid-
ering a narrower interval, . For this alternat-
ive  prior,  we  obtain  log  Bayes  factors  of ,

, ,  and  for  CMB  +  DESI  DR2  +  CC,
CMB  +  DESI  DR2  +  CC  +  Pantheon+,  CMB  +  DESI
DR2 + CC + DES-Dovekie, and CMB + DESI DR2 + CC
+ Union3, respectively. These values do not differ signi-
ficantly  from  those  obtained  with  the  original  prior

,  as  reported  in Table  2,  indicating  that  the
Bayesian  evidence  and  the  resulting  preference  for

ΛCDM  remain  largely  unchanged.  Thus,  although
Bayesian  evidence  is  generally  sensitive  to  the  adopted
prior  volume,  our  model-comparison conclusions  are  ro-
bust within the examined prior ranges. 

IV.  RESULTS AND DISCUSSIONS

1σ 2σ

Fig. 1 shows the joint and marginalized posterior dis-
tributions of  the cosmological  parameters  of  the coupled
ϕCDM  model  obtained  from  the  MCMC  analysis.  The
contours  represent  the  and  confidence  regions,
while the diagonal panels show the corresponding one-di-
mensional (1D) marginalized distributions. The off-diag-
onal  panels  display  the  two-dimensional  (2D)  posterior
distributions for each parameter pair, illustrating the cor-
relations between  parameters  for  different  dataset  com-
binations.  The  posterior  distributions  obtained  from  the
four dataset  combinations  show  substantial  overlap,  in-
dicating that  the  estimated  cosmological  parameters  re-
main largely insensitive to the choice of the SNe Ia com-
pilation.  Although  the  inclusion  of  the  Pantheon+,  DES-
Dovekie,  and  Union3  datasets  leads  to  slightly  tighter
confidence  regions  than  those  obtained  from  the
CMB+DESI  DR2+CC  dataset  alone,  no  noticeable  shift
in  the  best-fit  parameter  values  is  observed.  In  addition,
the  interaction  parameter α is  well  constrained  within  a
narrow  range,  implying  that  current  observational  data
are consistent with only a weak interaction between dark
energy and dark matter.

68 1σ

h ≃ 0.679–0.682
h ≃ 0.680–0.690

Table  2 presents  the  mean  values  and  corresponding
%  ( )  confidence  intervals  for  the  ΛCDM  and

coupled ϕCDM models obtained using different combina-
tions of  the CMB, DESI DR2, CC, and SNe Ia datasets.
For the ΛCDM model,  the inferred values of the dimen-
sionless  Hubble  parameter  lie  in  the  range

,  whereas the coupled ϕCDM model  pre-
dicts slightly higher values, with .

h = 0.730±0.010

4.46σ 2.69σ

4.65σ 3.77σ

4.74σ 3.85σ

4.56σ 3.90σ
H0

H0

To quantify the level of agreement with the local de-
termination of the Hubble constant, we compare our res-
ults with the SH0ES measurement,  [78].
For  the  CMB +  DESI  DR2 +  CC dataset,  the  tension  is
reduced from  in the ΛCDM model to  in the
coupled ϕCDM  model.  After  including  the  Pantheon+

sample, the tension changes from  to . For the
CMB  +  DESI  DR2  +  CC  +  DES-Dovekie  combination,
the  tension  decreases  from  to ,  while  for
CMB  +  DESI  DR2  +  CC  +  Union3,  it  is  reduced  from

 to .  These  results  show  that  the  coupled
ϕCDM model consistently shifts the inferred value of 
toward  the  SH0ES  measurement,  thereby  reducing  the
tension  relative  to  the  ΛCDM  model.  Nevertheless,  the
remaining  discrepancy  remains  statistically  significant,
indicating that the model does not provide a complete res-
olution  of  the  tension. This  behaviour  is  also  illus-
trated in Fig. 2.

 

U
h ≡ H0/100

Table  1.    The  table  summarizes  the  priors  adopted  in  our
analysis  of  the ΛCDM and coupled ϕCDM models.  Here, 
denotes a uniform prior, and .

Model Parameter Prior

ΛCDM
Ωm0  (default) U[0,1]

h = H0/100 (default) U[0,1]

Coupled ϕCDM

α U[−2.0,2.0]

wϕ U[−3.0,1.0]

Ωm0, h (default) see above
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Ωm

Ωm0 ≃ 0.303–0.307

Ωm0 ≃ 0.301–0.308

Ωm0 = 0.301±0.009
Ωm0 = 0.303±0.005

1σ

Ωm0 = 0.308±0.007
Ωm0 = 0.306±0.006

Ωm

We  now  compare  the  constraints  on  the  present-day
matter density parameter, , for the ΛCDM and coupled
ϕCDM models.  For  the  ΛCDM  model,  the  inferred  val-
ues  lie  in  the  range  across the  differ-
ent combinations of the CMB, DESI DR2, CC, and SNe
Ia datasets. The coupled ϕCDM model yields very simil-
ar  constraints,  with .  For  the  CMB  +
DESI DR2 + CC dataset, the coupled ϕCDM model gives
a  slightly  lower  value, ,  compared
with  in the  ΛCDM  model.  After  in-
cluding  the  Pantheon+ and  DES-Dovekie  supernova
samples, both models provide nearly identical constraints,
with differences well within the  uncertainties. For the
Union3 dataset,  the  coupled ϕCDM model  yields  a  mar-
ginally  higher  value, ,  compared with

 in  the  ΛCDM  model.  Overall,  the
constraints  on  the  present-day  matter  density  parameter
remain consistent between the two cosmological models,
indicating that the introduction of the coupling has only a
negligible impact on the determination of .

Turning to the interaction parameter α, which charac-
terizes the energy exchange between dark matter and dark
energy,  we  note  that  its  sign  determines  the  direction  of
energy  transfer:  negative  values  correspond  to  energy

α =
−0.00045±0.00048 α =
−0.00054±0.00047 α =
−0.00057±0.00048 α =
−0.00061±0.00048

α = 0
1σ

flow  from  dark  energy  to  dark  matter,  whereas  positive
values indicate the opposite direction. As shown in Table 2,
this parameter is consistently constrained to small negat-
ive  values  for  all  dataset  combinations,  with 

 for  CMB  +  DESI  DR2  +  CC, 
 after  including  Pantheon+, 
 with  DES-Dovekie,  and 
 when the Union3 sample is added. In

all cases, the constraints are consistent with  within
the  confidence  level.  Therefore,  although the  best-fit
values show a mild preference for a negative interaction,
corresponding  to  energy  transfer  from  dark  energy  to
dark  matter,  the  current  data  do  not  provide  statistically
significant  evidence  for  a  non-zero  interaction  between
the two dark sectors.

Interestingly,  the  preferred  late-time direction  of  en-
ergy  transfer  inferred  from  our  analysis  is  qualitatively
consistent  with  the  recent  results  of  Zhang et  al. [79],
who  analyzed  an  interacting ξ-index  dark-energy  model
using DESI 2025 BAO, Pantheon+, Planck, and ACT ob-
servations.  They  similarly  reported  a  preference  for  a
negative  interaction,  corresponding  to  a  net  energy  flow
from dark  energy  to  the  matter  sector,  although  the  cur-
rent  observational  evidence  was  found  to  be  statistically

 

1σTable 2.    This table presents the mean values and corresponding uncertainties at the 68% ( ) confidence level for the ΛCDM and
coupled ϕCDM models, obtained from DESI DR2 and cosmic chronometer (CC) measurements combined with the compressed CMB
likelihood and three different SNe Ia samples (Pantheon+, DES-Dovekie, and Union3).

Parameter Dataset ΛCDM Model Coupled ϕCDM Model

h

CMB + DESI DR2 + CC 0.682±0.004 0.690±0.011

CMB + DESI DR2 + CC + Pantheon+ 0.679+0.005
−0.004 0.684±0.007

CMB + DESI DR2 + CC + DES-Dovekie 0.679±0.004 0.683±0.007

CMB + DESI DR2 + CC + Union3 0.679±0.005 0.680±0.008

Ωm

CMB + DESI DR2 + CC 0.303±0.005 0.301±0.009

CMB + DESI DR2 + CC + Pantheon+ 0.306±0.006 0.305±0.006

CMB + DESI DR2 + CC + DES-Dovekie 0.307±0.005 0.306±0.006

CMB + DESI DR2 + CC + Union3 0.306±0.006 0.308±0.007

α

CMB + DESI DR2 + CC — −0.00045±0.00048

CMB + DESI DR2 + CC + Pantheon+ — −0.00054±0.00047

CMB + DESI DR2 + CC + DES-Dovekie — −0.00057±0.00048

CMB + DESI DR2 + CC + Union3 — −0.00061±0.00048

wϕ

CMB + DESI DR2 + CC — −0.980±0.044

CMB + DESI DR2 + CC + Pantheon+ — −0.954±0.027

CMB + DESI DR2 + CC + DES-Dovekie — −0.951±0.026

CMB + DESI DR2 + CC + Union3 — −0.939±0.033

lnBϕCDM,ΛCDM

CMB + DESI DR2 + CC 0 −5.94

CMB + DESI DR2 + CC + Pantheon+ 0 −5.66

CMB + DESI DR2 + CC + DES-Dovekie 0 −5.42

CMB + DESI DR2 + CC + Union3 0 −5.10
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Q = 3αρ̇m

inconclusive. We  emphasize  that  this  agreement  con-
cerns  only  the  preferred  direction  of  late-time  energy
transfer.  The  interaction  mechanisms  differ,  since  the
present  work  adopts  the  derivative  coupling ,
whereas  Ref.  [79]  considers  an  interacting ξ-index  dark-
energy model.

wϕ −1

wϕ = −0.980±0.044

The  constraints  on  the  dark  energy  equation-of-state
parameter  favour  values  greater  than  across  all
dataset  combinations,  corresponding  to  a  quintessence-
like  dark  energy  scenario.  We  find 

0.45σ
w = −1

wϕ = −0.954±0.027
1.70σ

wϕ = −0.951±0.026 1.88σ

wϕ = −0.939±0.033 1.85σ

wϕ > −1
w = −1 2σ

for CMB  +  DESI  DR2  +  CC,  corresponding  to  a  devi-
ation of approximately  from the cosmological con-
stant  value, .  After  including  the  Pantheon+

sample,  the  constraint  becomes , cor-
responding  to  a  deviation.  For  the  CMB  +  DESI
DR2  +  CC  +  DES-Dovekie  combination,  we  obtain

,  corresponding  to  a  deviation,
while  the  CMB  +  DESI  DR2  +  CC  +  Union3  dataset
yields ,  corresponding to  a  de-
viation. Although the mean values consistently favour the
quintessence regime ( ),  all  measurements  remain
compatible with  within the  confidence level.

ln BϕCDM,ΛCDM = −5.94 −5.66 −5.42 −5.10

Using  the  logarithmic  Bayes  factor,  we  statistically
compare the coupled ϕCDM model with ΛCDM. We find

, , ,  and  for  the
CMB +  DESI  DR2  +  CC,  CMB  +  DESI  DR2  +  Pan-
theon+ + CC, CMB + DESI DR2 + DES-Dovekie + CC,
and CMB + DESI DR2 + Union3 + CC dataset combina-
tions,  respectively.  The negative values indicate a strong
preference for the ΛCDM model over the coupled ϕCDM
model, according to the Jeffreys scale. 

A.    Limitations and Future Scope
The present analysis is restricted to the homogeneous

background evolution of the coupled ϕCDM model using
background  cosmological  observations,  including  DESI
DR2  BAO,  compressed  CMB  likelihoods,  and  Type  Ia
supernova data.  Although  the  adopted  interaction  suc-
cessfully  describes  the  background  expansion  history,
several important aspects remain beyond the scope of this
work.

Q = 3αρ̇m

wϕ

First,  the  analysis  does  not  include  the  evolution  of
cosmological  perturbations  or  the  corresponding  growth
of  large-scale  structure.  Consequently,  the  perturbative
stability of the interaction term  has not been in-
vestigated.  Second,  the  interaction  parameter α and  the
equation-of-state parameter  have been assumed to re-
main constant throughout cosmic evolution. More gener-
al  scenarios  involving  time-dependent  interactions  and
dynamical  equations  of  state  may  provide  additional
physical  insight.  Third,  the  present  analysis  employs
compressed  CMB  likelihoods  rather  than  the  full  CMB
likelihood.  Although the compressed likelihood provides
robust constraints on the background expansion history, it
does  not  fully  exploit  the  information  contained  in  the
CMB  temperature  and  polarization  anisotropies.  A  full
CMB likelihood  analysis  requires  the  dedicated  imple-
mentation  and  validation  of  the  coupled ϕCDM  model
within  a  Boltzmann  solver  and  is  therefore  beyond  the
scope of the present work.

Future studies incorporating the full CMB likelihood,
redshift-space distortion measurements, weak-lensing ob-
servations,  and  forthcoming  high-precision  surveys  such
as  Euclid  and the  Roman Space  Telescope will  enable  a

 

1σ 2σ
Fig. 1.    (color online) The figure presents the corner plot for
the coupled ϕCDM model at the 68% ( ) and 95% ( ) con-
fidence  levels,  using  DESI  DR2  and  cosmic  chronometer
(CC) data  combined with  a  compressed CMB likelihood and
different SNe Ia samples (Pantheon+, DES-Dovekie, and Uni-
on3).

 

h0

Fig.  2.    (color online)  Comparison  of  the  inferred  values  of
 for  the  ΛCDM  and  coupled ϕCDM  models  from  CMB+

DESI DR2+CC alone and in combination with the Pantheon+,
DES-Dovekie, and Union3 supernova samples.
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more  comprehensive  assessment  of  coupled  dark  energy
models and their perturbation-level predictions. These ex-
tensions  constitute  promising  directions  for  future  work
and may further clarify whether any statistically signific-
ant dark-sector interaction exists beyond current observa-
tional limits. 

V.  CONCLUSIONS

In this work, we have investigated observational con-
straints  at  the  background  level  on  the  coupled ϕCDM
cosmological model  using  DESI  DR2  BAO  measure-
ments, compressed CMB likelihoods, and various Type Ia
supernova datasets. The analysis focused on constraining
the model parameters and assessing the model's perform-
ance  relative  to  the  standard  ΛCDM  model  through
Bayesian  model  comparison.  The  key  findings  of  this
study are summarized below:

•  We  constrained  the  coupled ϕCDM  model  using
combinations  of  CMB,  DESI  DR2,  Pantheon+,  DES-
Dovekie, and Union3 datasets and compared its perform-
ance with that of the standard ΛCDM model.

H0

• The coupled ϕCDM model yields background-level
cosmological constraints that are broadly consistent with
those of  ΛCDM.  Although  it  produces  a  slight  shift  to-
ward higher  values, this shift is insufficient to resolve
the Hubble tension.

Ω0
m•  The  present-day  matter  density  parameter  re-

mains tightly constrained and shows no significant  devi-
ation from the  value  preferred  by  the  standard  cosmolo-
gical model.

α = 0 1σ

•  The  interaction  parameter α shows a  slight  prefer-
ence  for  negative  values,  suggesting  a  possible  energy
transfer  from dark  energy  to  dark  matter.  This  preferred
direction is qualitatively consistent with recent studies of
interacting dark energy that report a late-time energy flow
from  dark  energy  to  the  matter  sector  [79].  However,

 remains consistent within the  confidence level,

indicating no statistically significant evidence for a dark-
sector interaction.

wϕ
−1

• The dark energy equation-of-state parameter  re-
mains  close  to ,  exhibiting  only  marginal  deviations
toward quintessence-like behavior.

• Bayesian model comparison consistently favors the
ΛCDM  model  over  the  coupled ϕCDM  scenario  across
all dataset combinations. On the Jeffreys scale, this pref-
erence ranges from moderate to strong.

wϕ
• Although there is no significant evidence for coup-

ling, the mild trends observed in  and α, together with
recent  indications  of  dynamical  dark  energy  from  DESI
analyses,  motivate  further  investigation  of  interacting
dark-energy models using future high-precision cosmolo-
gical observations.

• The present analysis is limited to the homogeneous
background cosmological evolution with constant interac-
tion  and  equation-of-state  parameters.  Future  work  will
incorporate  cosmological  perturbations,  structure-forma-
tion  observations,  the  full  CMB  likelihood,  and  more
general  scenarios  involving  time-dependent  interactions.
This  will  enable  a  more  rigorous  assessment  of  the
coupled ϕCDM model and its observational viability. 
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