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Abstract: This study investigates the utility of Fast Radio Bursts (FRBs) as novel observational probes to con-
strain models of interacting dark energy (IDE). By leveraging FRBs' dispersion measures (DMs) and redshifts, we
perform a comprehensive analysis of three IDE models—yy, IDE, yxIDE, and {IDE—using Markov Chain Monte
Carlo (MCMC) methods based on 86 localized FRBs and simulated datasets containing 2,500 to 10,000 mock
events. By disentangling the contributions to the observed DMs from the Milky Way, host galaxies, and inter-
galactic medium (IGM), key cosmological parameters are constrained, including the Hubble constant (Hy), matter
density (Qm), dark energy equation of state (wy), and interaction strengths (ym, yx, ¢). The best-fit values of the
vmIDE models indicate a potential alleviation of the cosmic coincidence problem. Subsequently, we utilize informa-
tion criteria (IC) to conduct a comparative assessment of the three IDE models. When applied to the current sample
of observed FRBs, the {IDE model yields slightly lower IC values than the y,, IDE and yxIDE models across all
three information criteria, although the differences are not statistically significant. Notably, our study emphasizes the
significance of current FRB observations in exploring potential interactions within the dark sector. These results un-
derscore the value of FRB measurements as valuable complementary probes that provide further constraints on al-

ternative cosmological models.
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I. INTRODUCTION

Fast Radio Bursts (FRBs) are millisecond-duration ra-
dio transients characterized by unusually high dispersion
measures (DMs), which serve as unique probes for study-
ing the large-scale structure and evolution of the Uni-
verse [1]. Since their initial discovery by Lorimer et al.
[2], more than 800 FRB events have been detected, with
some precisely localized to host galaxies at cosmological
distances [3, 4]. The DM value of an FRB reflects the cu-
mulative column density of free electrons along the line
of sight, which can be decomposed into contributions
from the Milky Way (DMwmw ), host galaxy (DM, ), and
intergalactic medium (IGM) contribution (DMjgm) [5].
By disentangling these components, FRB observations
provide valuable constraints on Hy and Q.

The cosmological utility of FRBs arises from the stat-
istically significant correlation between the intergalactic
medium's contribution to the dispersion measure (DMjgy )
and redshift (z). Theoretical studies have shown that the
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mean value, (DMigy), is directly related to Hy and the ba-
ryon density parameter (£,) [6], In contrast, its distribu-
tion is notably affected by the inhomogeneity of baryon
distribution in the intergalactic medium [7].

Recent studies have employed localized FRB data to
measure the Hubble constant H, [8] and to test non-
standard cosmological models, such as the R, =ct uni-
verse [9]. Moreover, several investigations have ex-
amined the impact of the FRB redshift distribution on
cosmological parameter constraints [10]. In addition,
FRB observations have been used to explore the possibil-
ity that compact objects (COs) constitute a fraction of
dark matter [11]. FRBs also serve as effective probes for
studying the expansion history of the Universe and phys-
ical properties of the intergalactic medium [12, 13]. Not-
ably, by breaking parameter degeneracies inherent in Cos-
mic Microwave Background (CMB) data, FRB observa-
tions can significantly tighten constraints on the Hubble
constant and dark energy parameters [14]. Furthermore,
analysis of the CHIME/FRB catalog indicates that the ob-
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served redshift distribution of the FRB population cannot
be fully explained by the star formation history (SFH)
alone; instead, it requires the inclusion of a significantly
delayed population or a mixture of populations to match
the data [15—18]. These findings provide a crucial theor-
etical foundation for our study and strongly motivate the
use of FRBs as novel cosmological tools to constrain
models, including those involving interactions between
dark energy and dark matter.

The physical nature of dark matter and dark energy,
which together account for approximately 95% of the
Universe's energy density, remains one of the most fun-
damental challenges in modern cosmology. Although the
standard Lambda Cold Dark Matter (ACDM) model suc-
cessfully describes the accelerated expansion of the Uni-
verse, basic questions remain unanswered, such as the
"coincidence problem" — the phenomenon that the cur-
rent energy densities of dark matter and dark energy are
of the same order of magnitude despite their different
evolutionary histories. To address this coincidence prob-
lem related to the evolution of dark energy and dark mat-
ter, researchers have proposed the IDE model, which in-
corporates a non-gravitational coupling term, Q, to char-
acterize the energy exchange between dark matter and
dark energy. As extensively discussed in the literature
[19-24], the IDE model assumes that the energy transfer
between dark matter and dark energy can be described by
an interaction term Q:

px+3H(px+px):_Qs (1)

Pm+3Hpm = 0, (2)

where p; denotes the energy density of dark energy, o,
denotes that of dark matter, and p, is the pressure of dark
energy. The Hubble parameter H characterizes the expan-
sion rate of the Universe. The time derivatives p, and pp,
describe the evolution of the energy densities with cos-
mic time. The interaction term Q quantifies the energy
transfer between the two components: Q > 0 indicates a
transfer of energy from dark energy to dark matter, while
Q <0 indicates the reverse. These equations ensure the
conservation of the total energy density, as expressed by
Px+Pm+3H(px + pm +p) =0.

This affects the integral form of (DMjgy). Mean-
while, the IDE model can also mitigate the Hubble ten-
sion to some extent [25]. Current constraints on dark en-
ergy and dark matter interactions derived from Type la
supernovae (SNe Ia), the CMB, and baryon acoustic os-
cillations (BAO) remain weak, primarily due to paramet-
er parsimony and limited redshift coverage [26—31]. Ad-
ditionally, strong gravitational lensing time-delay meas-
urements have emerged as a complementary tool to im-
prove these constraints [32]. In contrast, FRB data can ef-

fectively probe high-redshift (z > 1) regions, extending
beyond the observational limitations of SNe la and
providing new constraints on the redshift evolution of
dark interactions. Moreover, unlike quasar absorption
lines or X-ray surveys, FRBs offer a more comprehens-
ive census of ionized baryons, including the diffuse IGM,
which constitutes approximately 80% of all cosmic bary-
ons [4].

Previous studies have demonstrated the potential of
FRB simulations in constraining parameters of IDE mod-
els [33]. This study employs real FRB data to investigate
three specific IDE models: y,,IDE, y<IDE, and ¢IDE. By
imposing a relatively narrow Gaussian prior on Q,,, the
vm IDE model yields well-constrained posterior distribu-
tions for the remaining parameters. However, given the
limitations of current observational data, the overall con-
straining power on cosmological parameters remains in-
sufficient. To address this, we further analyze simulated
FRB datasets and perform model selection using informa-
tion criteria (IC), thereby establishing a more robust
framework for future cosmological studies based on FRB
observations.

The remainder of this paper is organized as follows.
Section II presents a brief overview of DM measure-
ments for localized FRBs. Section III outlines the meth-
odology and details the FRB samples employed in this
study, including both observational and simulated data.
Section IV reports on Markov Chain Monte Carlo
(MCMC) analyses conducted to constrain three IDE mod-
els. Section V presents a theoretical interpretation and
discussion of the results of the constraints. Finally, Sec-
tion VI summarizes the main conclusions of the study.

II. COMPOSITION AND CHARACTERIZATION
OF DISPERSION VOLUME COMPONENTS IN
FAST RADIO BURSTS

The precise localization of a group of FRBs within
their host galaxies enables the establishment of a correla-
tion between the dispersion measure (DMggp) and red-
shift (zgrp) of FRBs. DMggp represents the integral of the
free electron density along the propagation path of an
FRB signal and incorporates the effect of cosmic expan-
sion on the path length by applying a redshift-dependent
weighting factor of (1+2)7'.

n,dl
DMy = / . 3)

From a physical perspective, the total DMgrp can be
decomposed into four primary components:

alo DM 0S|
DMpgg(z) = DMESM + DM 4+ DMigpm(z) + : +hz L @)
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The DMy component primarily originates from the
interstellar medium (ISM) of the Milky Way and is typic-
ally estimated using Galactic electron density models,
such as the NE2001 model [34]. The DM term, which
represents the contribution from the Milky Way's halo,
remains poorly constrained but is generally expected to
fall within the range of 50—80 pc cm™. In the subsequent
analyses of this paper, we adopt a fiducial value of
DM = 65 pc cm™ [35], noting that its variance and un-
certainty are significantly smaller than those associated
with DMjgy and DM, and can be effectively absorbed
into the broader uncertainty budget of DM, [3, 36, 37].

The DMgy component exhibits a pronounced de-
pendence on redshift, as FRB signals traverse a consider-
able portion of the IGM during their propagation. The
electron density in the IGM evolves with cosmic time,
resulting in a substantial increase in DMjgy with redshift.
The redshift dependence of the mean DMigy can be
quantitatively expressed by the following equation:

SCH()Qbﬁj
8nGmy, J,

1+ WD)
e B

(DMigm(2)) =

where c is the speed of light, H, is the Hubble constant,
wy 1s the baryon density parameter, G is the gravitational
constant, m, is the proton mass, and f; ~ 0.84 [38] repres-
ents the fraction of cosmic baryons residing in diffuse
ionized gas. The number of free electrons per baryon is
given by x.(2) = 2xen(z) + gxene(2), Where y,u(z) denotes
the ionization fraction of hydrogen, and y.n.(z) denotes
that of helium. For redshifts z < 3, both hydrogen and he-
lium are assumed to be fully ionized [39], such that
Xen(@ =1 and y.u(z) =1, yielding y,=7/8. The func-
tion E(z’) denotes the dimensionless Hubble parameter at
redshift z’, which is determined by the underlying cosmo-
logical model.

The probability distribution function (PDF) of DMigyu
is derived from a theoretical treatment of the IGM and
Galactic halo [35, 40].

(A= Cy)?

PIGM(A) = AA_ﬁ exp |:—
2020,

}, A>0.  (6)

Here, A denotes the ratio of DMy to its mean value
(DMigm), i.e., A=DMigm/(DMcm). Parameter S charac-
terizes the internal density distribution of gas within the
Galactic halo, while a governs the variance of the disper-
sion, thereby determining the shape of the probability dis-
tribution. When the variance is low, the distribution ap-
proximates a Gaussian; at high variance, it exhibits signi-
ficant skewness. The best fit to the model is achieved
with @ =3 and B=3 [4]. The normalization constant A
ensures that the total integral of the probability distribu-
tion equals 1, while C, ensures that the mean of the distri-

bution satisfies (A) = 1. Parameter oy represents the ef-
fective standard deviation, which quantifies the physical
variance of the dispersion measure, influenced by both
the gas distribution in the Galactic halo and intersections
with large-scale cosmic structures.

Using the IlustrisTNG simulations, Zhang et al. [41]
derived the intrinsic distribution of DM;gy across vari-
ous redshifts. By fitting these distributions, we obtain the
best-fit values of the parameters 4, Cy, and opy as func-
tions of redshift, based on their well-established power-
law dependencies on z. For computational efficiency, we
interpolate these parameters at redshifts not explicitly
sampled in the simulation, ensuring consistency with the
original fitting results.

The PDF of DM, is primarily informed by cosmolo-
gical models. In this study, we assume that DM, fol-
lows a log-normal distribution [37], which possesses two
notable characteristics: (1) it is scale-invariant, and (2) it
features a long tail extending towards higher values. This
long-tailed nature allows for large DM, values, poten-
tially arising from regions with elevated electron densit-
ies within host galaxies or their surrounding environ-
ments.

Specifically, we assume that the probability distribu-
tion of DM, can be expressed as

(111 DMhost - /1)2

Prost(DMpos) = 2072
host

(270 " DMpo o ¥

(M

Here, u denotes the mean of In(DMy,), and o, denotes
its standard deviation. The median of the log-normal dis-
tribution is given by e, and the standard deviation is
\/€%*%ios(e%ion — 1). Based on the IlustrisTNG simula-
tions by Zhang et al. [42], the DM, contributions for
both repeating and non-repeating FRBs under varying
cosmic redshift conditions were successfully character-
ized. Localized FRBs can be classified into three categor-
ies according to their host galaxy properties: type I re-
peating FRBs (e.g., FRB 20121102A) [43], type II re-
peating FRBs (e.g., FRB 20180916B) [44], and type III
non-repeating FRBs.

For each class, the median value of DMy, i.e., e/tos,
increases with redshift and follows a power-law relation
of the form et (z) = k(1 +z)*, where the best-fit paramet-
ers k¥ and a are provided in their study. In this study, we
adopt the parameterization framework from Zhang et al.
[42] to determine w0 and oo as functions of redshift,
establishing a reliable basis for subsequent theoretical
modeling.

It should be noted that we adopt the redshift-depend-
ent median u,, and dispersion o, Of the log-normal
DM, distribution from the IllustrisTNG simulation [42].
This approach may underestimate statistical uncertainties
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and introduce unknown systematic biases. A more reli-
able method would be to marginalize over these paramet-
ers or treat them as hyperparameters [4], which we leave
for future work.

III. METHODS AND DATA

The DM-z relation observed in these FRB samples
can be utilized to test and compare various cosmological
models. To constrain the cosmological parameters, we
compute the joint likelihood across the full FRB dataset
under each model. This approach allows for efficient op-
timization of model parameters by maximizing the likeli-
hood function derived from the observed DM—z distribu-
tions.

NrrBs

L= [] PiOMigg 20, ®)

i=1

where P;(DMgg; | z;) denotes the probability of observ-
ing a corrected total dispersion measure, DMy ;, for the
i-th FRB after accounting for Galactic contributions.

, alo DM 05!
DMjys = DMis =DM DM = =~ + DM, (9)

DM i
P; (DM;:RBJ|Z[') = / Phost(DMhost)
0

DMhost
1+z

s Zi) dDMhosl’
(10)

X Pigm (DM’FRBJ -

where P is the probability density function of DMhost,
and Pigy is that of DMgy (see Egs. (6) and (7)). We use
the Python MCMC module EMCEE to explore the pos-
terior probability distribution of the free parameters [45].
To determine the expected value (DMjgpm(z)) predicted by
a given cosmological model, an expression for the dimen-
sionless Hubble expansion rate E(z) is required. The
functional form of E(z) will be discussed in the follow-
ing section.

This study employs both observational and simulated
FRB samples for analysis. The sample of localized FRBs
used in this study is summarized in Table Al. We exclu-
de FRB20220208A, FRB20220330D, FRB20221027A,
and FRB20230216A from our analysis due to low con-
fidence in their host galaxy associations, with host asso-
ciation probabilities Py <90% [46]. Additionally, FR-
B20230718A, FRB20181220A, and several others are ex-
cluded because they do not satisfy the criterion DM,,—
DMw > 80 pc cm™, which ensures a significant extraga-
lactic dispersion measure contribution.

Due to the limited number of FRBs with both reliable
redshift measurements and well-constrained dispersion

measures, as well as the uncertainties associated with
their progenitors and host galaxy environments, current
observational data remain insufficient to robustly con-
strain cosmological parameters. In particular, the existing
sample lacks the statistical power to break degeneracies
among key parameters such as the Hubble constant Hj,
dark energy equation of state parameter wy, and dark
matter interaction parameter y, [47]. To overcome this
limitation and assess the potential of FRBs as cosmolo-
gical probes, we utilize simulated data to forecast their
constraining power on cosmological models. This ap-
proach compensates for current observational gaps and
provides a theoretical basis for optimizing future FRB
surveys and their application in precision cosmology
[48].

To more accurately model the redshift and dispersion
measure distributions of FRBs, we adopt the following
assumptions and procedures:

e Redshift distribution model: The intrinsic red-
shift distribution of FRBs is still uncertain due to the lim-
ited number of localized sources. Several models have
been proposed, including distributions tracing the star
formation rate or assuming a constant comoving density
[49]. In this study, we adopt a GRB-like distribution
P(z) < ze™%, as it naturally accounts for the observed de-
cline in FRB detection rates at z > 1 and offers a simple,
empirical form supported by earlier studies [9].

o Redshift range constraint: To ensure a well-
defined ionization state and electron content, we restrict
our analysis to the redshift range 0 < z < 3, where the free
electron contribution from baryons can be reliably
modeled.

e Redshift sampling: The redshift values of the
FRBs are drawn from the above PDF using the inverse
transform sampling method.

o Sampling of dispersion measures: The host
galaxy and intergalactic medium contributions to the dis-
persion measure are generated as follows:

— Use Eq. (6), which provides the PDF of DM, and
Eq. (7), which provides that of DMjgy.

— To compute DMjgy, a cosmological baseline model
is required. We adopt the standard flat ACDM model,
with cosmological parameters set according to the latest
Planck results, specifically Hy=67.4kms™' Mpc™' and
Q. =0.317 [26]. In each of the three IDE models intro-
duced in Section IV, the model reduces to the standard
ACDM scenario under a specific condition on its interac-
tion parameter and the dark energy equation-of-state:
Ym =0 and w, =-1 for the y,IDE model, y,=0 and
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wy = —1 for the y,IDE model, and £ =3 and w, = -1 for
the ZIDE model. These fiducial values are adopted as
baseline inputs in our mock data generation.

— The distribution of DMy, is modeled using a log-
normal distribution characterized by parameters x4 and o,
where the median value is given by e*. Different combin-
ations of x4 and o are used to simulate a range of possible
DM, Scenarios, reflecting astrophysical uncertainties in
host galaxy electron density environments. For simpli-
city, we adopt a uniform model for all simulated FRBs
with e# =32.97 x (1 +2)*% [42].

— Apply inverse transform sampling to generate
DMy, and DMjgy values for each sampled redshift based
on their respective PDFs.

e Total dispersion measure synthesis: With the
mock DM, and DMjgy, we calculate DM, according
to Eq. (9).

These modeling assumptions enable the generation of
realistic mock FRB samples, which are subsequently used
to evaluate the potential of FRBs in constraining cosmo-
logical parameters. To investigate the performance of our
model selection approach, we conducted two sets of sim-
ulations. First, we produced a sample of 2,500 FRBs. The
aim was to determine cases where model discrimination
can be achieved via the IC. Specifically, with a sample
size of 2,500, the three IDE models can be strictly distin-
guished from the ACDM model based on the IC judg-
ments. Then, to examine the effects of increasing the
sample size by an order of magnitude, we simulated an
additional 10,000 FRBs. This allows us to assess how
model discrimination improves with larger datasets and to
compare trends observed in the smaller sample.

IV. MODELS AND CONSTRAINING RESULTS

We find that Egs. (1) and (2) take the form of the con-
tinuity equation. Therefore, the interaction term describ-
ing the coupling between dark energy and dark matter
must be proportional to the energy density and a quantity
with dimensions of inverse time. In this study, we use the
Hubble parameter H to construct this relationship. Sever-
al standard formulations for the interaction term can be
obtained by varying the form of the energy density
[50-51]. The first interaction term is defined as

Ql = 3ymem (11)

In this expression, y,, is a constant that quantifies the
interaction strength between dark matter and dark energy,
and p,, represents the dark matter energy density. This
form implies that the interaction strength is proportional

to the dark matter energy density and Hubble parameter.
The second interaction term is given by

QZ = 37prx (12)

Here, v, is a constant quantifying the interaction strength,
and py is the energy density of dark energy. This indic-
ates that the interaction is proportional to the dark energy
density and Hubble parameter.

Another interaction term is based on the scaling rela-
. Px _ Px0
tion — =
Pm . MmO . .. . .
ergy density to matter density. Additionally, the third in-
teraction term was proposed by Dalal et al. and Guo et al.
[52] within the framework of the flat Friedman-Lemaitre-

Robertson-Walker (FRW) model of the Universe:

@, which describes the ratio of dark en-

_ —(1-Qn)(E +3wy) Hp (13)

0s = 1-Q, +Q,(1+z) ™

Here, Q, is the current matter density parameter, and
wy = p/p is the equation of state (EoS) parameter of dark
energy, representing the ratio of dark energy pressure to
its energy density. In the spatially flat FRW model, w is
assumed to be constant.

Among these three interaction models, when y,, =0,
v« =0, and £+3w, =0, the model corresponds to the
standard cosmological scenario with no interaction
between dark energy and dark matter. Conversely, when
Ym %0, vx #0, and £+ 3wy # 0, it represents a non-stand-
ard cosmological scenario with interactions. The ACDM
limit is recovered in all three models when w, = -1, spe-
cifically for y, =0 in the first model, yx =0 in the
second, and & = 3 in the third. Moreover, y,, <0 or y, <0
(with &€+3w, >0) corresponds to energy transfer from
dark matter to dark energy, while y,, >0 or y, >0 (with
&+3wyx <0) indicates energy transfer from dark energy to
dark matter. The magnitudes of y,, and y, govern both
the strength and direction of the interaction, while & quan-
tifies the severity of the coincidence problem.

Having introduced the adopted models, methodolo-
gies, and their associated parameters, we now proceed to
specify the prior ranges for the free parameters employed
in our model. Table 1 summarizes these parameters along
with their adopted priors. In particular, the prior on Q,, is
modeled as a Gaussian distribution with mean = 0.317
and standard deviation o =0.007, consistent with the
latest Planck results [26]. This choice reflects the strong
constraints on €, provided by current cosmological ob-
servations, thereby effectively incorporating prior know-
ledge into our analysis.

A. y.IDE Model
When the interaction between dark energy and dark
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Table 1. Prior distributions of cosmological parameters
Parameter Prior of parameter inference
Hy Uniform[0, 100]
Qn Gaussian[0.317,0.007]
Wx Uniform[-2,0]
Ym Uniform[-2,2]
Tx Uniform[-2,2]
¢ Uniform[0, 6]

matter is given by Q; = 3y, Hpy, we obtain the dimen-
sionless Hubble parameter (H(z)/Hy):

<O - O
EZ(Z) = ;)7(»(1 +Z)3(1 Ym) + (1 - wiw) (1 +Z)3(1+‘”x).
m X 'm < (14)

Here, Q,, = 87Gpno/(3H?) is the current fractional energy
density of matter. In our analysis, a Gaussian prior of
Q. =0.317+0.007 is adopted, consistent with recent cos-
mological observations, to constrain its contribution. The
remaining free parameters are Hy, wyx, and y,,. Given the
defined likelihood function, we employ the MCMC meth-
od to explore the posterior probability distributions of
these three free parameters. We employ a screened set of
86 observational FRBs, together with two simulated data-
sets comprising 2,500 and 10,000 FRBs. The resulting
posterior distributions are shown in Fig. 1. When 86 ob-
servational FRB data constraints are applied, the best-fit
values are determined as follows: Hubble constant
Hy=8181"4%2kms™ Mpc™', dark energy equation of
state parameter w, = —0.61%):33, and interaction parameter
¥m = 0.64%)13 at 68.3% confidence level.

Although the best-fit value of the interaction paramet-
er y, between dark energy and dark matter is 1y, =
0.647})7, indicating a mild preference for energy transfer
from dark energy to dark matter and potential mitigation
of the coincidence problem, the null-interaction case
(vm = 0) still lies well within the 1o confidence interval.
This suggests that current data remain consistent with
both interacting and non-interacting dark sector scenarios.
The best-fit value of the dark energy equation-of-state
parameter is slightly greater than —1, indicating a mild
preference for quintessence-like behavior. Both the estim-
ation and uncertainty of w, in the y,IDE model are con-
sistent with the ACDM framework (w, = —1), suggesting
that the current data are not yet sufficient to distinguish
the y,,IDE model from ACDM.

For subsequent model comparison in Section V, we
record the best-fit log-likelihood In L., and number of
free parameters k = 4 for BIC evaluation.

While current observational data provide useful con-
straints on the cosmological parameters, the relatively

large uncertainties highlight the need for larger and more
precise datasets. To further assess the constraining power
of future FRB observations, we extend our analysis by in-
corporating two simulated FRB samples with signific-
antly larger sizes. These mock datasets, consisting of
2,500 and 10,000 FRBs, are designed to mimic the statist-
ical properties of real FRBs while significantly improv-
ing the data volume. Constraints based on the current
sample of 86 localized FRBs provide a Hubble constant
of Hy=281.81"4% kms™ Mpc™', corresponding to an un-
certainty of approximately +4.75 km s~ Mpc™". The inter-
mediate simulated sample of 2,500 FRBs reduces this un-
certainty to +0.26 kms™' Mpc™', while the larger sample
of 10,000 FRBs further reduces the uncertainty to
+0.01 kms~! Mpc™'. These results demonstrate the essen-
tial role of increased data volume in suppressing statistic-
al fluctuations.

Similarly, the dark energy equation of state paramet-
er w,, currently constrained to wy = —0.61703 with an ab-
solute uncertainty of approximately +0.43, sees its uncer-
tainty reduced to +0.07 for the intermediate sample and
further compressed to +0.02 for the large sample. As the
sample size increases, the results exhibit clear conver-
gence, indicating improved stability and reliability in the
estimation of cosmological parameters.

For the coupling parameter y,,, the current broad con-
straint of 0.64%}13 (£0.93) narrows significantly to +0.015
with the intermediate sample and further tightens to
+0.012 for the large sample, indicating improved para-
meter stability. The slight deviation of w, from the stand-
ard cosmological value in the posterior results may be at-
tributed to residual parameter degeneracies, which can
shift the best-fit values, even when statistical uncertain-
ties are significantly reduced.

B. ,IDE Model

By performing a similar analysis as before using the
interaction term Q, = 3y,Hp,, which is proportional to
the dark energy density, we obtain the Hubble parameter

E*(@) = (1= Qu)(1 427
wam +Yxt YX(Qm - 1)(1 + Z)3(yX+WX)
(1+2)3(yx +wx) '

(15)

The free parameters in this model are Hy, Q,, wy, and
vx. Using the MCMC method, we obtained the best-fit
values and posterior distributions of these parameters by
fitting the model to different FRB datasets. The results
are presented in Fig. 2, which present the posterior distri-
butions derived from three datasets: the real FRB sample,
a mock sample of 2,500 simulated FRBs, and a mock
sample of 10,000 simulated FRBs, providing constraints
on the y, IDE model.

Using 86 localized FRBs, we obtain the following
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5.24 1

best-fit cosmological parameters: Hp = 81.0375 km s~
Mpc™" and y, = —0.80)7> (68% confidence level). How-
ever, this w, is poorly constrained. Because the prior on
wy 1s uniform over the interval [-2,0], only a median
value of ~—1.03 can be estimated. The best-fit value of
vx indicates that the energy is transferred from dark mat-
ter to dark energy, and the coincidence problem is not al-
leviated.

As in previous cases, we record the best-fit log-likeli-
hood In £« and the number of free parameters k = 4 for
BIC evaluation in Section V.

While current constraints based on 86 localized FRBs

yield a Hubble constant of H,=81.0332 km s~ Mpc™'
with a relative error of 6.2%, the intermediate simulated
sample significantly reduces this uncertainty to +0.25
km s~ Mpc™'. The large sample further compresses this
uncertainty to +0.01 km s~ Mpc™', underscoring the crit-
ical role of increased data volume in suppressing statistic-
al fluctuations.

Similarly, the dark energy equation of state paramet-
er w,, initially constrained to —1.03*3:%} with an absolute
uncertainty of +0.64, sees its uncertainty reduced to +0.07
for the intermediate sample and to +0.016 for the large
sample, demonstrating the potential of FRBs for precise
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cosmological parameter estimation.

For the coupling parameter v,, the broad observation-
al constraint of —0.807)% (+0.78) narrows significantly to
+0.018 with the intermediate sample. This tightens fur-
ther to +£0.016 for the large sample, indicating improved
parameter stability but also highlighting the limited gains
achievable through increased sample size alone, due to
parameter degeneracies. The slight posterior deviation of
wy from its standard cosmological value likely results
from residual parameter degeneracies that can shift best-
fit estimates despite reduced statistical uncertainties.

C. ¢IDE Model

In the ZIDE model, the interaction term between
dark matter and dark energy is expressed as Q;=

N7

Q ﬁ{

© L o o
5V ) ) "

O
& % ®
Ho [kms~1Mpc1] Qm Wx Yx

I Y P S S
$ > 2 2 > $" SV ol 5 u
o 7 IS & E &S

(color online) Same as Fig. 1 but for the y4IDE model.

—(1-Q4)(E +3wy)
1-Qn+Qu(1+2)¢
Hubble parameter is then given by

Pm- The corresponding dimensionless

EX@) =1+ [Qu+(1-Q)(1+27¢] 7 (16)

The free parameters are Hy, Q, wy, and & We em-
ployed the MCMC method to derive the best-fit values
and posterior distributions of these parameters by fitting
the model to various FRB datasets. The results are shown
in Fig. 3.

For the real FRB sample, the best-fit values are
Hy=81.14"2 km s Mpc™ and w, =-0.72*34 (68.3%
confidence level). The parameter w, is poorly con-
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Table 2. Best-fit values and 1o uncertainties of the cosmological parameters in the three IDE models (ym IDE, y<IDE, and ¢IDE)
from FRB datasets: 86 real observations and two simulated samples (2,500 and 10,000 mock FRBs).

¥m IDE Model
Hy (kms~! Mpc™!) wx Ym
Observational FRB data 81.817482(10) -0.61703(10) 0.647033(10)

Simulated FRB data(2500) 65.85670338(10) -1.44970975 (1) 0.02937001%(10)
Simulated FRB data(10000) 67.001*5:010(10) -1.428*3018(10) -0.0416%0913(10)
vx IDE Model

Hy (kms~! Mpc™!) Wx Ix
Observational FRB data 81.03752(10) -1.0370% (107 -0.80%) -5 (1o)

Simulated FRB data(2500)
Simulated FRB data(10000)

66.055*9247(10)
66.982+0-013(1 5

0.071
~1.40370971 (10)

-1.495*3015(10)

0.062+5918 (1)
0.002+0A015 (1)

~0.008 -0.015 -0.017
ZIDE Model
Hy (kms~! Mpc™!) Wx ¢
Observational FRB data 81.147 31 (10) -0.72704(10) 3.444170(10)
Simulated FRB data(2500) 65.97870248(10) -1.42470072(10) 3.937703%(10)

Simulated FRB data(10000) 67.701*5012(15)

.006

-1.008*3013(10) 3.039*00°1 (10)

strained, with the posterior distribution limited by the uni-
form prior over the interval [-2,0], allowing only a rough
estimate of the median value at w, ~3.44. A strong de-
generacy exists between w, and &, as both contribute to
the effective coupling parameter y = —(¢+3w,), which
governs the energy transfer direction. A rough estimate of
the central value yields y ~ —1.27, suggesting a mild en-
ergy transfer from dark matter to dark energy and indicat-
ing that the coincidence problem is not alleviated.

As in previous sections, the best-fit log-likelihood
In L.x and number of free parameters k = 4 are reported
for model selection via the IC detailed in Section V.

Using simulated datasets, the constraints tighten sig-
nificantly as the sample size increases. For a mock
sample of 2,500 FRBs, the parameter uncertainties shrink
to Hy=65.98"925 kms™ Mpc™', w, =-1.42*097 and &=
3.94%039. Expanding the sample to 10,000 FRBs further
improves the precision, yielding Hy = 67.70%0 kms™'
Mpc™!, w, =-1.008*99! and & =3.04*29;. These results
demonstrate a clear convergence toward the ACDM val-
ues, particularly & = 3.

V. ANALYSIS

To systematically evaluate the performance of the
three IDE models in fitting cosmological parameters, we
employ IC for model comparison. These criteria balance
model fit quality and complexity to identify the most stat-
istically robust model. Specifically, we use three criteria:
Bayesian Information Criterion (BIC) [53], Akaike In-
formation Criterion (AIC) [54], and Kullback Informa-
tion Criterion (KIC) [55]. Previous studies have extens-

ively investigated the application of BIC, AIC, and KIC
in cosmological contexts [15, 56—58].
BIC is given by

BIC = -2In L. +||1In N, (17)
AIC is defined as
AIC = ~21n Lynux + €, (18)
and KIC is defined as
KIC = —21In Lyx + 3. (19)

Here, L..x denotes the maximum likelihood, k repres-
ents the number of parameters, and N denotes the num-
ber of data points. For Gaussian errors, x2,, = —21n L.
We compute y2. and calculate the corresponding AIC,
BIC, and KIC values, as presented in Table 3.

In the pairwise model comparison, the likelihood of
model M, with information criterion value IC, is given
by [59]

(20)

- ( ICI) ( ICz)‘
exp —7 +exp —7

The difference AIC =1C,-1IC; quantifies the degree
to which model M, is favored over model M, [60-61].
As an illustrative example, consider the comparison
between the v, IDE and vy, IDE models. Based on all three
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Fig. 3. (color online) Same as Fig. 1 but for the IDE model.

Table 3. IC values for the three models based on real data.
IC vm IDE model vxIDE model ¢IDE model
Xin 1136.319 1136.347 1136.317
BIC 1154.137 1154.165 1154.134
AIC 1144.319 1144.347 1144.317
KIC 1148.319 1148.347 1148.317

information criteria and using the real FRB sample, the
probability that y,IDE is the preferred model is
P(M,) ~50.4%, compared to P(M,)~49.6% for y,IDE.
This result indicates that v, IDE yields slightly lower IC
values than y,IDE, although the difference is not statistic-
ally significant. A similar marginal difference is also ob-

served between the y,IDE and {IDE models.

Finally, for the y,,IDE and y,IDE models, the best-fit
values of w, tend to be smaller than the fiducial value,
likely due to parameter correlations. To verify this, we fix
Hy=67.4kms™' Mpc™' and constrain the remaining three
parameters (Qn, vm, and w,) with 2,500 simulated
samples, following the same procedure as the previous
four-parameter model. As shown in Fig. 4, the best-fit
values for the y,IDE model are w, =-1.01*)913; for the
¥ IDE model, they are w, =—-1.01173915. All parameters
recover their fiducial values within the 1o~ uncertainties.

VI. CONCLUSION

In this study, we explore the potential of FRBs to con-
strain cosmological parameters and investigate IDE mod-
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67.4 kms~! Mpc~!. The left panel shows the results for the y,,, model, while the right panel corresponds to the y, model.

els. We leverage the unique characteristics of FRBs, par-
ticularly their DMs, and redshifts, to perform a compre-
hensive analysis utilizing both observational and simu-
lated FRB datasets.

We focus on three IDE models: the vy, IDE, yIDE,
and ¢IDE models. Using Bayesian MCMC methods, we
systematically evaluate the constraints on key cosmolo-
gical parameters, namely, the Hubble constant H,, matter
density parameter €,,, dark energy equation of state para-
meter wy, and the interaction parameters y,,, yx, and &.

First, we investigate three IDE models — v, IDE,
v<IDE, and ¢IDE —using current localized FRB data
alongside extended mock FRB samples. Based on ob-
served FRB data, we find that the interaction term
between dark energy and dark matter is consistent with
zero within uncertainties, in agreement with previous
studies constraining interaction parameters. In the y,,IDE
model, the interaction parameter y, =0 falls within the
lo confidence interval, consistent with the standard
ACDM model. However, the parameters w, in the y,IDE
model and ¢ in the ¢IDE model are weakly constrained,
resulting in posterior distributions that are nearly uni-
form across their prior ranges. This suggests that the cur-
rent FRB dataset lacks sufficient constraining ability to
confirm or exclude dark energy-dark matter interactions
characterized by coupling terms proportional to matter
density, dark energy density, or their ratio parameterized
as a power-law of the scale factor.

With ongoing and upcoming radio telescopes, the
number of localized FRBs is expected to soon increase
significantly, and the redshift coverage will likely extend
up to z= 3. To anticipate the constraining power of fu-
ture data, we perform the same analysis using two mock

datasets comprising 2,500 and 10,000 FRBs. We find that
constraints on Hy, wy, and ¢ significantly improve with
increasing sample size. However, the benefits for y,, and
vx exhibit diminishing returns, indicating a saturation in
statistical gain. In the ¢IDE model, the parameters accur-
ately recover their fiducial values (Hy = 67.4 km s~ Mpc™,
wy = —1,£ =3) with increasing sample size, while in the
vmIDE and y,IDE models, the parameter w, continues to
deviate from its fiducial value, likely owing to residual
parameter degeneracies.

Moreover, we provide three information criteria
(AIC, BIC, and KIC) for each model in Table 3. The cur-
rent observational data are insufficient to definitively dis-
criminate among the three IDE models. Under the present
FRB observations, the {IDE model yields slightly lower
IC values than the other two models, but the differences
are not statistically significant.

Lastly, we investigate the impact of fixing H, =
67.4kms™' Mpc™' on parameter recovery using the y,,-
IDE and v, IDE models with 2,500 mock FRBs. The res-
ulting posterior distributions demonstrate that the para-
meters w, and y are more accurately recovered and con-
sistent with the fiducial values, confirming the presence
of residual degeneracies that can be mitigated by fixing
certain parameters.

In conclusion, our results highlight the potential of
FRBs in testing interacting dark energy scenarios. While
current FRB data alone are insufficient to constrain dark
energy—dark matter interactions, simulations suggest that
future large and well-localized FRB samples could serve
as robust cosmological probes, improving parameter es-
timation and enabling discrimination between interacting
and non-interacting dark energy models.
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APPENDIX

Table A1. Properties of 86 localized FRBs.

Names Redshift DMgps (pc cm ™) R.A. (deg, J2000) Decl. (deg, J2000) DMi\gg (pe cm™) Host Type Reference
FRB121102A 0.19273 557 82.9946 33.1479 188.4 1 [62]
FRB180301A 0.3304 552 93.2268 4.6711 151.7 1 [63]
FRB180814A 0.068 190.9 65.6833 73.6644 87.6 2 [64]
FRB180916B 0.0337 349.349 29.5031 65.7168 199 2 [65]
FRB180924B 0.3212 361.42 326.1053 —40.9 40.5 3 [4, 66—69]
FRBISI112A 0.4755 589.27 327.3485 —52.9709 41.7 3 [4, 68—70]
FRB181220A 0.02746 208.66 348.6982 48.3421 118.5 3 [71]
FRB181223C 0.03024 111.61 180.9207 27.5476 19.9 3 [71]
FRB190102C 0.2912 364.5 322.4157 —79.4757 57.4 3 [4, 68-69]
FRB190110C 0.12244 221.6 249.3185 41.4434 37.1 2 [72]
FRB190303A 0.064 2232 207.9958 48.1211 29.8 2 [64]
FRB190418A 0.07132 182.78 65.8123 16.0738 70.2 3 [71]
FRB190520B 0.2418 1204.7 240.5178 —11.2881 60.2 1 [66, 73]
FRB190523A 0.66 760.8 207.065 72.4697 372 3 [74]
FRB190608B 0.11778 338.7 334.0199 —7.8983 373 3 [4, 66, 68—69]
FRB190611B 0.3778 3214 320.7456 —79.3976 57.8 3 [4, 69, 75]
FRB190614D 0.6 959.2 65.0755 73.7067 87.8 3 [76]
FRBI190711A 0.522 593.1 329.4193 —80.358 56.5 1 [4, 69, 75]
FRB190714A 0.2365 504.13 183.9797 —-13.021 38.5 3 [69, 75]
FRBI191001A 0.234 506.92 323.3513 —54.7478 442 3 [69, 75]
FRB191106C 0.10775 3322 199.5801 42.9997 25 2 [72]
FRBI191228A 0.2432 297.5 344.4304 —28.5941 32.9 3 [63, 69]
FRB200223B 0.06024 201.8 8.2695 28.8313 45.6 2 [72]
FRB200430A 0.1608 380.1 229.7064 12.3763 27.2 3 [69, 75]
FRB200906A 0.3688 577.8 53.4962 —14.0832 35.8 3 [63, 69]
FRB201123A 0.0507 433.55 263.67 —=50.76 251.7 1 [77]
FRB201124A 0.098 413.52 77.0146 26.0607 139.9 2 [78]
FRB210117A 0.2145 729.1 339.9792 -16.1515 34.4 3 [66, 69]
FRB210320C 0.2797 384.8 204.4608 —-16.1227 393 3 [66, 69]
FRB210410D 0.1415 571.2 326.0863 —79.3182 56.2 3 [66, 79]
FRB210603A 0.1772 500.147 10.2741 21.2263 39.5 3 [80]
FRB210807D 0.1293 251.9 299.2214 —0.7624 121.2 3 [66, 69]
FRB2111271 0.0469 234.83 199.8082 —18.8378 425 3 [66, 69, 81]
FRB211203C 0.3439 636.2 204.5625 —31.3801 63.7 3 [66, 69]
FRB211212A 0.0707 206 157.3509 1.3609 38.8 3 [66, 69]
FRB220105A 0.2785 583 208.8039 22.4665 22 3 [66, 69]
FRB220204A 0.4012 612.584 274.2263 69.7225 50.7 3 [82-83]
FRB220207C 0.04304 262.38 310.1995 72.8823 76.1 3 [82-83]
FRB220307B 0.248123 499.27 350.8745 72.1924 128.2 3 [82-83]
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Table Al-continued from previous page

Names Redshift DMgps (pc cm™) R.A. (deg, J2000) Decl. (deg, J2000) DMi\éx (pc cm™®) Host Type Reference
FRB220310F 0.477958 462.24 134.7204 73.4908 46.3 3 [82-83]
FRB220418A 0.622 623.25 219.1056 70.0959 36.7 3 [82-83]
FRB220501C 0.381 449.5 352.3792 —32.4907 30.6 3 [69]
FRB220506D 0.30039 396.97 318.0448 72.8273 84.6 3 [82-83]
FRB220509G 0.0894 269.53 282.67 70.2438 55.6 3 [71, 82-83]
FRB220529A 0.1839 246 19.1042 20.6325 40 1 [84]
FRB220610A 1.016 1458.15 351.0732 —33.5137 31 3 [69]
FRB220717A 0.36295 637.34 293.3042 -19.2877 118.3 3 [85]
FRB220725A 0.1926 290.4 353.3152 —35.9902 30.7 3 [69]
FRB220726A 0.3619 686.232 73.94567 69.9291 89.5 3 [82-83]
FRB220825A 0.241397 651.24 311.9815 72.585 78.5 3 [82-83]
FRB220831A 0.262 1146.25 338.6955 70.5384 126.8 3 [83]
FRB220912A 0.0771 219.46 347.2704 48.7071 125.2 2 [86]
FRB220914A 0.1139 631.28 282.0568 73.3369 54.7 3 [82-83]
FRB220918A 0.491 656.8 17.5921 70.8113 153.1 3 [69]
FRB220920A 0.158239 314.99 240.2571 70.9188 39.9 3 [82-83]
FRB221012A 0.284669 441.08 280.7987 70.5242 54.3 3 [82-83]
FRB221029A 0.975 1391.75 141.9634 72.4523 43.8 3 [82-83]
FRB221101B 0.2395 491.554 342.2162 70.6812 131.2 3 [82-83]
FRB221106A 0.2044 343.8 56.7048 —25.5698 34.8 3 [69, 82]
FRB221113A 0.2505 411.027 71.411 70.3074 91.7 3 [82-83]
FRB221116A 0.2764 643.448 21.2102 72.6539 1323 3 [83]
FRB221219A 0.553 706.708 257.6298 71.6268 44.4 3 [82-83]
FRB230124A 0.0939 590.574 231.9163 70.9681 38.6 3 [82-83]
FRB230307A 0.2706 608.854 177.7813 71.6956 37.6 3 [82-83]
FRB230501A 0.3015 532.471 340.0272 70.9222 125.7 3 [82-83]
FRB230521B 1.354 1342.9 351.036 71.138 138.8 3 [69, 83]
FRB230526A 0.157 3614 22.2326 —52.7173 31.9 3 [69]
FRB230626A 0.327 452.723 235.6296 71.1335 39.3 3 [82-83]
FRB230628A 0.127 344.952 166.7867 72.2818 39 3 [82-83]
FRB230708A 0.105 411.51 303.1155 —55.3563 60.3 3 [69]
FRB230712A 0.4525 587.567 167.3585 72.5578 39.2 3 [82-83]
FRB230814A 0.553 696.4 335.9748 73.0259 104.8 3 [83]
FRB230902A 0.3619 440.1 52.1398 —47.3335 34.1 3 [69]
FRB231120A 0.0368 437.737 143.984 73.2847 43.8 3 [82-83]
FRB231123B 0.2621 396.857 242.5382 70.7851 40.3 3 [82-83]
FRB231220A 0.3355 491.2 123.9087 73.6599 49.9 3 [83]
FRB231226A 0.1569 329.9 155.3638 6.1103 38.1 3 [69]
FRB240114A 0.13 527.65 321.9161 4.3292 49.7 1 [87]
FRB240119A 0.376 483.1 224.4672 71.6118 38 3 [83]
FRB240123A 0.968 1462 68.2625 71.9453 90.2 3 [83]

Continued on next page
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Table Al-continued from previous page

Names Redshift DMps (pc cm ™) R.A. (deg, J2000) Decl. (deg, J2000) DM%% (pc cm™) Host Type Reference
FRB240201A 0.042729 374.5 149.9056 14.088 38.6 3 [69]
FRB240210A 0.023686 283.73 8.7796 —28.2708 28.7 3 [69]
FRB240213A 0.1185 3574 166.1683 74.0754 40 3 [83]
FRB240215A 0.21 549.5 268.4413 70.2324 47.9 3 [83]
FRB240229A 0.287 491.15 169.9835 70.6762 38 3 [83]
FRB240310A 0.127 601.8 17.6219 —44.4394 30.1 3 [69]
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