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In this paper, we investigate the interaction between early dark energy (EDE) and scalar field dark matter,
proposing a coupled scalar fields model to address the Hubble tension and S8 tension. While the EDE
model successfully alleviates the Hubble tension, it exacerbates the S8 tension. To mitigate the negative
impact of EDE, we introduce the interaction between EDE and dark matter. Specifically, we replace cold
dark matter with scalar field dark matter, given its capability to suppress structure growth on small scales.
We constrained the new model using cosmological observations including the temperature and polarization
anisotropy power spectra data of cosmic microwave background radiation from Planck 2018 results,
baryon acoustic oscillations measurements extracted from 6dFGS, SDSS, and BOSS, the Pantheon sample
of type Ia supernovae, the local distance-ladder data (SH0ES), and the Dark Energy Survey Year-3 data.
Employing the Markov Chain Monte Carlo method, we find that this novel model yields best-fit values
of H0 and S8 equal to 71.13 km=s=Mpc and 0.8256, respectively. Compared to the ΛCDMmodel, the new
model alleviates the Hubble tension but still fails to resolve the S8 tension. However, we obtain a smaller
value of S8 compared to the result of 0.8316 obtained for EDE model, which mitigates to some extent the
shortcoming of the EDE model.
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I. INTRODUCTION

Over the past few years, the ΛCDM model has encoun-
tered numerous challenges as a result of the growingquantity
and quality of observations. The emergence of the Hubble
tension and the S8 tension has garnered significant attention.
The Hubble tension [1] pertains to the discrepancy between
the H0 value obtained from model-independent local mea-
surements such as Type Ia supernovae (SNIa) [2,3], and the
H0 value derived from the cosmic microwave background
(CMB) [4] and the large-scale structure (LSS) [5–8]. More
precisely, the Planck 2018 CMB data estimates the value of
H0 to be 67.37� 0.54 km=s=Mpc [4], while the cosmic
distance laddermeasurement (SH0ES) yieldsH0 ¼ 73.04�
1.04 km=s=Mpc [9], with a statistical error of 4.8σ.
The S8 tension characterizes the inconsistency between

CMB and LSS observations [10,11]. The Planck best-fit
ΛCDMmodel estimates the value of S8 to be 0.834� 0.016
[4], while LSS observations yield 0.759þ0.024

−0.021 for KiDS-
1000 [12], 0.800þ0.029

−0.028 for HSC-Y1 [13], and 0.776� 0.017
for Dark Energy Survey Year-3 (DES-Y3) [14].
Numerous models have been proposed to address the

Hubble tension, as reviewed recently by [15]. These models
incorporate modifications to the late Universe, such as the
phenomenologically emergent dark energy model [16],

the phantom transition [17], and the early Universe,
including the early dark energy (EDE) model [18–20],
the acoustic dark energy model [21], and the new early dark
energy model [22], etc.
Despite the proposed models, they still encounter several

issues. For instance, the late-time solutions that do not alter
the sound horizon are generally unable to account for the
SH0ES measurement. Conversely, the early-time solutions
that introduce a new component before recombination to
decrease the scale of the acoustic horizon on the final
scattering surface, increase the value of H0, and maintain
the angular scale of the acoustic horizon in CMB obser-
vations, but they exacerbate the S8 tension [20].
This paper focuses on the EDE model and aims to

address the associated concerns. EDE is characterized by
an ultralight axion scalar field [23,24]. In this model, zc
denotes the redshift at the apex of the EDE component
contribution, while fEDE represents the proportion of EDE
energy density relative to the total energy density at that
time. The evolution of the EDE fraction with the redshift
is depicted in Fig. 1, where the red vertical dashed line
denotes the redshift at recombination, and the apex of the
EDE component occurs before recombination. The Hubble
tension can be resolved when the EDE ratio fEDE reaches
approximately 10% [20].
During its contribution period, the EDE component

marginally diminishes the perturbed growth of the struc-
ture. To align with the CMB data, the cold dark matter
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(CDM) density must be augmented to offset these losses.
Moreover, some other cosmological parameters, such as the
scalar spectral index ns, the baryon density ωb, and the
amplitude of density perturbations σ8, will also undergo
changes [25]. Consequently, the EDE model will invariably
exacerbate the CMB-LSS inconsistency [20,26].
To reduce the S8 tension, it is common to investigate the

interaction of dark matter (DM) and dark energy (DE),
which can inhibit the growth of structure through the drag
of DE on DM [27,28]. In addition, since the nature of dark
matter is not yet comprehensively understood, alternative
descriptions can be developed to substitute cold dark
matter, and alleviate the S8 tension.
The ΛCDM model posits that dark matter is comprised

of nonbaryonic, pressureless, and nonrelativistic particles
[29]. This model has been successful in explaining large-
scale observations from the cosmic microwave background
(CMB) and large-scale structure (LSS). However, despite
its achievements, the microscopic properties of dark matter
remain unknown [30]. The aforementioned assumptions
have led to a number of unresolved issues, such as the
unexpected behavior of central densities in galactic halos
and the overpopulation of secondary structures on small
scales. These observations suggest that the cold dark matter
may not be an adequate description of dark matter,
particularly on smaller scales [29].
Scalar field dark matter (SFDM) presents an alternative to

cold dark matter, which is composed of a light scalar field
with a mass of approximately 10−22 eV [29,30]. In this
model, the scalar field forms a Bose-Einstein condensate at
the galactic scale, which modifies the dynamics of dark
matter on small scales while maintaining the success of cold

dark matter on large scales. This condensation leads to the
suppression of structure growth on small scales, which could
potentially alleviate the S8 tension.
The behavior of the scalar field dark matter is similar to

that of the cosmological constant in the early Universe,
followed by oscillations, and ultimately similar to CDM.
Figure 2 displays the evolution of the SFDM equation of
state with the redshift. The initiation time of the oscillations
is determined by the field mass. A smaller mass results in
later oscillations.
This paper proposes a coupled scalar fields (CSF) model

that explores the interaction between early dark energy
and scalar field dark matter. The coupling between the two
fields is inspired by the swampland distance conjecture
(SDC) [31,32], which has previously been applied to
quintessence models [33] and the EDE model [25].
According to the SDC, a low-energy effective field theory
is deemed valid only within a region of field space
constrained by the Planck scale. Moreover, any breakdown
of the effective field theory that arises due to Planckian field
excursions can be expressed as an exponential sensitivity
reflected in the mass spectrum of the effective theory.
Specifically, the CSF model posits that the mass of dark
matter is exponentially dependent on the EDE scalar,

mDMðϕÞ ¼ m0eβϕ=Mpl ; ð1Þ

where, m0 represents the present-day mass of dark matter,
ϕ denotes the EDE scalar, β ∼Oð1Þ is a constant, and
Mpl ¼ 2.435 × 1027 eV denotes the reduced Planck mass.

FIG. 2. The equation of state of scalar field dark matter is
presented as a function of the redshift for various masses.
Initially, SFDM behaves like the cosmological constant, followed
by oscillations, and ultimately evolves into a behavior similar to
cold dark matter. The initiation time of the oscillations is
dependent on the field mass.

FIG. 1. The evolution of the EDE energy density as a fraction of
the total energy density with respect to the redshift. The red
vertical dash-dotted line corresponds to the redshift at recombi-
nation zrec, while the black vertical dashed line represents the
critical redshift of EDE.
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In this study, we have conducted a comprehensive
investigation into the evolutionary equations of the coupled
model at both the background and perturbation levels. We
employed a Markov Chain Monte Carlo (MCMC) analysis
of three cosmological models, namely the ΛCDM, EDE,
and CSF models. We utilized various datasets, including
the Planck 2018 primary CMB data and CMB lensing data
[4,34,35], baryon acoustic oscillation measurements from
the BOSS DR12, the 6dF galaxy survey, and SDSS DR7
[36–39], the Pantheon supernovae Ia data [40], the SH0ES
measurement [9], and the Dark Energy Survey Year-3
data [14].
Based on the entire datasets, we found that the H0

values obtained by the EDE and CSF models are
72.46� 0.86 km=s=Mpc and 72.20� 0.81 km=s=Mpc at
a 68% CL, respectively, both exceeding the result of
68.71þ0.35

−0.41 km=s=Mpc obtained by the ΛCDM model.
Therefore, both models can alleviate the Hubble tension.
The S8 value for the EDE model is 0.822þ0.011

−0.0093, while the
result for CSF is 0.820þ0.014

−0.008 . Furthermore, the obtained
coupling constant is constrained to be −0.014� 0.016,
indicating an interaction between dark matter and dark
energy. Despite the failure of the coupled model to resolve
the S8 tension, it has yielded a smaller S8 and χ2tot compared
to the EDE model, thereby mitigating the adverse effect
associated with EDE.
The paper is organized as follows. Section II presents an

introduction to the CSF model, including the dynamics
of background and perturbation. In Sec. III, we present
numerical results illustrating the impact of the coupled
model on the large-scale structures. In Sec. IV, we discuss
the datasets utilized in our analysis and present the
corresponding results. Finally, we summarize our findings
in Sec. V.

II. COUPLED SCALAR FIELDS

We examine the coupling between SFDM and EDE. The
Lagrangian is defined as follows:

L ¼ −
1

2
∂
μχ∂μχ −

1

2
mχðϕÞ2χ2 −

1

2
∂
μϕ∂μϕ − VðϕÞ; ð2Þ

where ϕ is the EDE scalar with the potential [20]

VðϕÞ ¼ m2
ϕf

2
ϕ½1 − cosðϕ=fϕÞ�3 þ VΛ; ð3Þ

and χ is SFDM scalar with a ϕ-dependent mass mχðϕÞ,
VΛ in Eq. (3) serves as the cosmological constant.
The subscript ϕ is used to denote dark energy and χ is
used to denote dark matter. Numerous potentials of SFDM
have been investigated in previous studies [41,42], but
the common features of them can be represented by
1
2
m2

χχ
2 [43]. The specific form of mχðϕÞ is

mχðϕÞ ¼ m0eβϕ=Mpl ; ð4Þ

which is given by the swampland distance conjecture as
Eq. (1), and m0 represents the present-day mass of SFDM.

A. Background equations

The motion equations of the scalar field dark matter in a
flat Friedmann-Lemaître-Robertson-Walker cosmology can
be expressed as follows:

3M2
plH

2 ¼
X
I

ρI; ð5aÞ

−2M2
plḢ ¼

X
I

ρI þ pI; ð5bÞ

χ̈ ¼ −3Hχ̇ −m2
χχ; ð5cÞ

where the dot denotes the derivative with respect to cosmic
time, and H is the Hubble parameter, ρI and pI are the
energy density and pressure for each component respec-
tively. The expressions for the energy density and pressure
of SFDM are as follows:

ρχ ¼
1

2
χ̇2 þ 1

2
m2

χχ
2; ð6aÞ

pχ ¼
1

2
χ̇2 −

1

2
m2

χχ
2: ð6bÞ

We define a new set of variables to transform the Klein-
Gordon equation (5c) [44],

x ¼ χ̇ffiffiffi
6

p
MplH

; y ¼ −
mχχffiffiffi
6

p
MplH

; y1 ¼
2mχ

H
: ð7Þ

We utilize the polar coordinate variable transformation
form as proposed in previous works [43–45],

x ¼ ffiffiffiffiffiffi
Ωχ

p
sin

θ

2
; y ¼ ffiffiffiffiffiffi

Ωχ

p
cos

θ

2
; ð8Þ

where Ωχ ¼ ρχ
3M2

plH
2 is the density parameter of the dark

matter. The Friedman equations (5) and (5b) are reformu-
lated as follows:

Ḣ
H2

¼ −
3

2
ð1þ wtÞ; 1 ¼

X
I

ΩI þ Ωχ ; ð9Þ

where wt ¼ pt
ρt
represents the total equation of state, which

is the ratio of total pressure pt to total energy density ρt, and
ΩI ¼ ρI

3M2
plH

2 is the density parameter of each components.

The Klein-Gordon equation (5c) becomes
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Ω̇χ

Ωχ
¼ 3Hðwt þ cos θÞ þ βϕ̇

Mpl
ð1þ cos θÞ; ð10aÞ

θ̇ ¼ Hðy1 − 3 sin θÞ − βϕ̇

Mpl
sin θ; ð10bÞ

ẏ1 ¼
3

2
Hð1þ wtÞy1 þ

βϕ̇

Mpl
y1: ð10cÞ

The equations of motion for the EDE is given by the
variation of the action expanded to linear order in δϕ,

ϕ̈þ 3Hϕ̇þ dV
dϕ

¼ −3βMplH2Ωχð1þ cos θÞ: ð11Þ

The left panel of Fig. 3 depicts the evolution of the EDE
scalar, while the right panel shows the EDE energy density
fraction as a function of the redshift across various coupling
constants. The cosmological parameters utilized in this
analysis are derived from the best-fit values listed in
Table I. The amplitude and phase of the EDE scalar will
be altered by varying coupling constants. The sign of the
coupling constant determines the direction of conversion
between dark matter and dark energy components. A
negative coupling constant results in a source term on
the right-hand side of Eq. (11), causing the conversion of
dark matter into dark energy and leading to an increase in
the energy density fraction of EDE. Conversely, a positive
coupling constant causes the conversion of dark energy into
dark matter.

The energy density and pressure of the EDE are

ρϕ ¼ 1

2
ϕ̇2 þ VðϕÞ; ð12aÞ

pϕ ¼ 1

2
ϕ̇2 − VðϕÞ: ð12bÞ

The equations of continuity for SFDM and EDE can be
derived from the Klein-Gordon equations presented in
Eq. (5c) and Eq. (11), respectively,

ρ̇χ ¼ −3Hðρχ þ pχÞ þ
βϕ̇

Mpl
ð1þ cos θÞρχ ; ð13aÞ

ρ̇ϕ ¼ −3Hðρϕ þ pϕÞ −
βϕ̇

Mpl
ð1þ cos θÞρχ : ð13bÞ

Many coupled dark energy models have this common form
[46–50], which ensures covariant conservation for the total
stress tensor.

B. Perturbution equations

We calculated the perturbation equation using the
synchronous gauge, where the metric is defined as follows:

ds2 ¼ −dt2 þ a2ðtÞðδij þ hijÞdxidxj: ð14Þ

The scalars of SFDM and EDE are given by

χðx; tÞ ¼ χðtÞ þ δχðx; tÞ; ð15aÞ

ϕðx; tÞ ¼ ϕðtÞ þ δϕðx; tÞ; ð15bÞ

FIG. 3. The variation of the EDE scalar (in the left panel) and the EDE energy density fraction (in the right panel) as functions of
the redshift, for different coupling constants. The negative (positive) coupling constant leads to the conversion of the dark matter
(dark energy) component into dark energy (dark matter), increasing (decreasing) the EDE energy density fraction.
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with χðtÞ, ϕðtÞ the background parts, and δχðx; tÞ, δϕðx; tÞ
the linear perturbations, respectively.
The perturbed Klein-Gordon equation for a Fourier

mode of δχðx; tÞ is

δ̈χ ¼ −3Hδ̇χ −
�
k2

a2
þm2

χ

�
δχ −

1

2
χ̇ ḣ; ð16Þ

where h representes the trace of scalar metric perturbations.
The density perturbations δρðχÞ, pressure perturbations
δpðχÞ, and velocity divergence ΘðχÞ can be expressed as
provided in [51,52],

δρχ ¼ χ̇ δ̇χþ∂χVðχÞδχ; ð17aÞ

δpχ ¼ χ̇ δ̇χ −∂χVðχÞδχ; ð17bÞ

ðρχ þ pχÞΘχ ¼
k2

a
χ̇δχ: ð17cÞ

As previously done in the background section, we intro-
duce new variables to derive the perturbation equation [45],

u ¼
ffiffiffi
2

3

r
δ̇χ

MplH
¼ −

ffiffiffiffiffiffi
Ωχ

p
eα cos

ϑ

2
; ð18aÞ

v ¼
ffiffiffi
2

3

r
mχδχ

MplH
¼ −

ffiffiffiffiffiffi
Ωχ

p
eα sin

ϑ

2
: ð18bÞ

Once more, we introduce a new set of variables,

δ0 ¼ −eα sin
�
θ

2
−
ϑ

2

�
; ð19aÞ

δ1 ¼ −eα cos
�
θ

2
−
ϑ

2

�
: ð19bÞ

The equations of motion for the new variables are

δ̇0 ¼ δ0Hω sin θ − δ1½3H sin θ þHωð1 − cos θÞ�

−
ḣ
2
ð1 − cos θÞ − βϕ̇

Mpl
δ1 sin θ; ð20aÞ

δ̇1 ¼ δ0Hωð1þ cos θÞ − δ1ð3H cos θ þHω sin θÞ

−
ḣ
2
sin θ −

βϕ̇

Mpl
δ1 cos θ; ð20bÞ

where

ω ¼ k2

2a2mχH
¼ k2

a2H2y1
: ð21Þ

The relationship between the new variables and density,
pressure, and velocity divergence can be established by
referring to the definition given in Eq. (17),

δρχ ¼ ρχδ0; ð22aÞ

δpχ ¼ ρχðδ1 sin θ − δ0 cos θÞ; ð22bÞ

ðρχ þ pχÞΘχ ¼
k2

aHy1
ρχ ½δ1ð1 − cos θÞ − δ0 sin θ�: ð22cÞ

Expanding the action to the second order and varying
with respect to δϕ, we obtain the equation of motion for
EDE perturbation is

δ̈ϕþ 3Hδ̇ϕþ 1

2
ḣ ϕ̇þ

�
k2

a2
þ d2V

dϕ2

�
δϕ

¼ β

Mpl
ρχ ½δ1 sin θ − δ0ð1þ cos θÞ�

− 2

�
β

Mpl

�
2

ρχð1þ cos θÞδϕ: ð23Þ

C. Initial conditions

In the earlyUniverse, Hubble friction induces the effective
freezing of the scalar fields at their initial value, leading to a
slow-roll process. The initial value of ϕ̇ can be set to 0. And
the energy density of dark matter can be approximated to be
negligible at that time. As a result, the equations of the EDE
and SFDM simplify to an uncoupled form.
We treat the ratio between the initial value of EDE scalar

and the axion decay constant, αi ¼ ϕi=fϕ as the model
parameter [19,20]. We employ the attractor solution initial
conditions for SFDM, namely,

θi ¼
2

5

m0e
βϕi
Mpl

H0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωra−4i

p ; ð24aÞ

y1i ¼ 5θi; ð24bÞ

where Ωr represents the energy density fraction of the
present radiation component, and ai denotes the initial
value of the scale factor. The initial value ofΩχ is calculated
using the widely employed shooting algorithm in the
Boltzmann code CLASS [53,54], based on the current value
of the energy density of dark matter. The specific deductive
process can be found in reference [43,55], for further
details. It should be noted that in the new model, the mass
of SFDM is ϕ-dependent. Therefore, the value of θi need to
be adjusted accordingly. We adopt adiabatic initial con-
ditions for the perturbation equations of EDE and SFDM,
for a detailed description, please refer to [19,55].
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III. NUMERICAL RESULTS

The publicly available Boltzmann code CLASS [53,54]
was modified as described in Sec. II. We replace cold dark
matter with SFDM as the constituent of dark matter. In
order to compute various perturbation equations using the
synchronous gauge in CLASS, we set the energy density
fraction of cold dark matter, Ωcdm;0 to a value of 10−6 [43].
We performed computations of the CMB power spectrum
and the matter power spectrum by employing the existing
spectrum module of CLASS.
We investigate the impact of the new model on the

tension of large-scale structures. Figure 4 displays the
evolution of fσ8ðzÞ with the redshift for three models, each
with the corresponding best-fit values taken from Table I.
The ΛCDM, EDE, and CSF models are depicted by dashed
black, dash-dotted blue, and solid orange lines, respec-
tively. The 63 observed Redshift Space Distortion fσ8ðzÞ
data points are collected from [56].
Compared to the ΛCDM model, both the EDE and CSF

models yield larger values of fσ8, exacerbating the S8
tension. However, the results of the CSF model are
slightly smaller than those of the EDE model. This
discrepancy primarily stems from the inhibitory influence
of SFDM on structure growth on small scales. We can
more distinctly observe this characteristic in the matter
power spectrum.
Figure 5 presents the linear matter power spectra (upper

panel) and their relative differences compared to the
ΛCDM model (lower panel) for three models. All param-
eters are obtained from the best-fit values in Table I. Due to
the interplay between dark matter and dark energy, as well
as the condensation effect of SFDM, the matter power

spectrum obtained from the CSF model is smaller than that
of the EDE model on small scales, indicating suppressed
growth of structures and thus alleviating the S8 tension
caused by EDE. It is worth noting that the CSF model still
obtains a larger power spectrum on small scales compared
to the ΛCDM model, thus we have not resolved the S8
tension completely.

IV. CONSTRAINTS AND RESULTS

The MCMC analysis was performed using
MontePython [57,58], and the MCMC chains were
analyzed using GetDist [59]. We conducted the analysis
using the following datasets:
(1) CMB: The temperature and polarization power

spectra from Planck 2018 low-l, high-l, and CMB
lensing power spectrum [4,34,35].

FIG. 4. The evolution of fσ8ðzÞ with the redshift for differ-
ent models, namely the ΛCDM model (dashed black line), the
EDE model (dash-dotted blue line), and the CSF model (solid
orange line).

FIG. 5. The linear matter power spectra of three models (upper
panel) and their relative values compared to the ΛCDM model
(lower panel) are presented. The matter power spectrum obtained
from the CSF model is smaller than that of the EDE model on
small scales.
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(2) BAO: The measurements from BOSS-DR12 fσ8
sample, namely, the combined LOWZ and CMASS
galaxy samples [36,37] and the small-z measure-
ments from 6dFGS and the SDSS DR7 [38,39].

(3) Supernovae: The Pantheon sample, composed of 1048
supernovae Ia in the redshift range 0.01<z<2.3 [40].

(4) SH0ES: The recent SH0ES measurement with
H0 ¼ 73.04� 1.04 km=s=Mpc [9].

(5) DES-Y3: The S8 ¼ 0.776� 0.017 from Dark
Energy Survey Year-3 weak lensing and galaxy
clustering data [14].

The results of the parameter constraints are shown in
Table I. The upper part of the table enlists the cosmological
parameters that underwent sampling in the Markov chain
Monte Carlo method. Meanwhile, the lower section exhi-
bits the derived parameters.
We use the complete dataset to ensure convergence for

all models, with each parameter achieving the Gelman-
Rubin statistic value of R − 1 < 0.05 [60].
According to the results presented in Table I, the

EDE and CSF models obtained H0 values of 72.46�
0.86 km=s=Mpc and 72.20� 0.81 km=s=Mpc at a
68% confidence level, respectively, which are higher than
the value of 68.71þ0.35

−0.41 km=s=Mpc obtained by the ΛCDM
model. This suggests that both the EDE and CSF models
can alleviate the Hubble tension.
However, the EDEmodel andCSFmodel resulted in larger

values of S8, which further exacerbated the tension with the
LSS. We obtained a nonzero coupling constant, β, with a
value of −0.014� 0.016 at a 68% CL, indicating the
interaction between dark components through the conversion
of dark matter into dark energy. Combined with the con-
densation of SFDMon small scales, it is clear fromFig. 6 that
the CSF model yields smaller density fluctuation amplitude
σ8 compared to the EDE model, thereby alleviating the S8
tension caused by the EDE model. The full posterior
distribution is shown in Fig. 7 of the Appendix section.
The penultimate row of Table I displays the Δχ2tot values

for the EDE and CSF models relative to the ΛCDM model,
which are −11.74 and −13.78, respectively, which is
primarily attributed to the data from SH0ES. This indicates
that both models fit the data better than the standard model.
Furthermore, the χ2tot obtained by our new model is smaller
than that of the EDE model. This is attributed to the CSF
model obtaining a smaller S8 compared to the EDE model,
resulting in a closer alignment with the data from DES-Y3.
Thus, from a χ2tot perspective, our novel model exhibits the
performance.
We also compared the models by calculating the Akaike

information criterion (AIC) [61],

AIC ¼ χ2tot þ 2k; ð25Þ

where k represents the number of fitted parameters. The
smaller the AIC value of a model, the higher its goodness

of fit. The results are presented in the last row of Table I.
The ΔAIC values for the EDE and CSF models relative to
theΛCDMmodel are−5.74 and−3.78, respectively, which
indicates that the EDE model has the best fit. Despite the
CSF model demonstrating a smaller χ2tot value, its perfor-
mance is slightly inferior to that of the EDE model from the
perspective of AIC, primarily due to the incorporation of
additional parameters.

V. CONCLUSION

This study examines the interplay between early dark
energy and scalar field dark matter, proposing a coupled
scalar fields model to reconcile the discrepancies in H0

and S8 measurements. The CSF model leverages the EDE
component to enhance H0 without compromising the
cosmic microwave background observations, additionally,
the suppression of SFDM on small-scale structure growth
and the drag of dark energy on dark matter can alleviate the
extra S8 tension caused by EDE.
We investigated the evolutionary equations of the

coupled model, encompassing both the background and
perturbation levels, and explored their impact on the growth
of structures and the power spectrum of matter. We then
constrain the parameters of the ΛCDM, EDE, and CSF
models using the full data including CMB, BAO, SNIa,
SH0ES, and S8 from DES-Y3.
We constrain the coupling constant to be −0.014�

0.016 at a 68% CL, indicating the interaction between dark

FIG. 6. The posteriors of various models. Compared to the
ΛCDM model, both the EDE and CSF models yield larger H0,
and consequently, larger S8. However, the CSF model partially
alleviates the S8 tension compared to the EDE model. The full
posteriors is provided in the appendix.
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matter and dark energy. The EDE and CSF models yield
H0 values of 72.46� 0.86 km=s=Mpc and 72.20�
0.81 km=s=Mpc at a 68% CL, respectively, which are
higher than the ΛCDM value of 68.71þ0.35

−0.41 km=s=Mpc,
thus alleviating the Hubble tension.
In addition, the EDE model and CSF model yield S8

best-fit values of 0.8316 and 0.8256 respectively, both of
which exceed the result of the ΛCDM model at 0.7985,
further exacerbating the existing S8 tension. However, it is
notable that the S8 for the CSF model is lower than that of
the EDEmodel, and the χ2tot obtained from fitting the data in
the former is also smaller than that in the latter, indicating

the potential of the new model to alleviate the negative
effect associated with the EDE model. We have also
computed the AIC for model comparison. Despite the
smaller χ2tot of the CSF model, its weaker fit compared to
the EDE model can be attributed to the introduction of
additional parameters.
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APPENDIX: THE FULL MCMC POSTERIORS

TABLE I. The table presents the best-fit parameters and 68% CL marginalized constraints for ΛCDM, EDE, and CSF models using a
combined data comprising CMB, BAO, SNIa, SH0ES, and S8 from DES-Y3. The upper section of the table lists the cosmological
parameters that were sampled in the MCMC, while the lower section displays the derived parameters.

Model ΛCDM EDE CSF

100ωb 2.269ð2.263� 0.014Þ 2.276ð2.281þ0.024
−0.020 Þ 2.249ð2.278þ0.023

−0.018 Þ
ωdm 0.11724ð0.11725� 0.00084Þ 0.1310ð0.1299� 0.0028Þ 0.1285ð0.1282þ0.0024

−0.0028 Þ
H0 68.73ð68.71þ0.35

−0.41 Þ 71.85ð72.46� 0.86Þ 71.13ð72.20� 0.81Þ
lnð1010AsÞ 3.043ð3.050� 0.015Þ 3.057ð3.063þ0.015

−0.017 Þ 3.058ð3.060� 0.016Þ
ns 0.9736ð0.9722� 0.0040Þ 0.9877ð0.9908� 0.0059Þ 0.9804ð0.9870þ0.0067

−0.0050 Þ
τreio 0.0574ð0.0592� 0.0082Þ 0.0539ð0.0563� 0.0090Þ 0.0554ð0.0561þ0.0082

−0.00035Þ
log10ðmϕÞ � � � −27.292ð−27.290� 0.055Þ −27.310ð−27.287� 0.057Þ
log10ðfϕÞ � � � 26.632ð26.616þ0.056

−0.033 Þ 26.563ð26.643� 0.044Þ
αi � � � 2.762ð2.783� 0.069Þ 2.712ð2.684� 0.053Þ
β � � � � � � −0.027ð−0.014� 0.016Þ
log10ðmχÞ � � � � � � −22.092ð−22.008þ0.087

−0.070 Þ
10−9As 2.096ð2.112� 0.032Þ 2.127ð2.139þ0.031

−0.036 Þ 2.129ð2.133� 0.035Þ
100θs 1.04206ð1.04217þ0.00025

−0.00031 Þ 1.04121ð1.04145� 0.00043Þ 1.04138ð1.04138þ0.00029
−0.00035 Þ

fEDE � � � 0.1183ð0.119þ0.023
−0.018 Þ 0.1038ð0.119� 0.022Þ

log10ðzcÞ � � � 3.571ð3.568� 0.034Þ 3.551ð3.577� 0.034Þ
Ωm 0.2976ð0.2977� 0.0048Þ 0.2991ð0.2923� 0.0056Þ 0.2997ð0.2936� 0.0057Þ
σ8 0.8017ð0.8047� 0.0060Þ 0.8329ð0.8325� 0.0083Þ 0.8260ð0.8285þ0.0085

−0.0075 Þ
S8 0.7985ð0.8016þ0.0096

−0.0080 Þ 0.8316ð0.822þ0.011
−0.0093Þ 0.8256ð0.820þ0.014

−0.0080Þ
Δχ2tot � � � −11.74 −13.78
ΔAIC � � � −5.74 −3.78
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