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Interacting Dark Energy after DESI Baryon Acoustic Oscillation Measurements

William Giare ,1’* Miguel A. Sabogal ,Z’T Rafael C. Nunes ,2’3’1 and Eleonora Di Valentino

Instituto de Fisica, Universidade Federal do Rio Grande do Sul, 91501-970 Porto Alegre RS, Brazil
*Divisdo de Astrofisica, Instituto Nacional de Pesquisas Espaciais,
Avenida dos Astronautas 1758, Sdao José dos Campos, 12227-010, Sdo Paulo, Brazil

We investigate the implications of the baryon acoustic oscillations measurement released by the Dark
Energy Spectroscopic Instrument for interacting dark energy (IDE) models characterized by an energy-
momentum flow from dark matter to dark energy. By combining Planck-2018 and Dark Energy
Spectroscopic Instrument data, we observe a preference for interactions, leading to a nonvanishing
interaction rate £ = —0.32f8'1' ff, which results in a present-day expansion rate Hy = 70.8:1;;1 km/s/Mpc,
reducing the tension with the value provided by the SHOES Collaboration to less than ~1.36. The
preference for interactions remains robust when including measurements of the expansion rate H(z)
obtained from the relative ages of massive, early-time, and passively evolving galaxies, as well as when
considering distance moduli measurements from Type Ia supernovae sourced from the Pantheon-plus
catalog using the SHOES Cepheid host distances as calibrators. Overall, the IDE framework provides an
equally good, or better, explanation of both high- and low-redshift background observations compared to
the lambda cold dark matter model, while also yielding higher H, values that align more closely with the
local distance ladder estimates. However, a limitation of the IDE model is that it predicts lower Q,, and
higher oy values, which may not be fully consistent with large-scale structure data at the perturbation level.
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The well-known discrepancy between the present-day
expansion rate of the Universe (H,) as measured by the
SHOES Collaboration using local distance ladder measure-
ments from Type la supernovae [1-3] (Hy =73+
1 km/s/Mpc), and the value of the same parameter inferred
by the Planck Collaboration [4] from observations of
temperature and polarization anisotropies in the cosmic
microwave background (CMB) radiation, assuming a
lambda cold dark matter (ACDM) cosmology (Hy =
67.4 + 0.5 km/s/Mpc), has reached a statistical signifi-
cance exceeding 5o. Barring any possible systematic origin
of this discrepancy [5], a fascinating possibility is that the
Hubble tension might be pointing towards new physics
beyond the standard ACDM model of cosmology.

Numerous theoretical attempts have been proposed to
increase the value of H( inferred from CMB data and
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restore cosmic concordance [8—11]. However, a compelling
solution to the problem remains elusive. The primary
challenge stems from the highly precisely determined
angular scale of the acoustic peaks in the CMB spectra
[4]. This scale sets the ratio between the sound horizon at
recombination and the angular diameter distance to the last
scattering surface. Increasing the value of H, without
disrupting the acoustic scale requires either a reduction
in the value of the sound horizon or a different postre-
combination expansion history of the Universe able to
compensate for a higher H, while preserving the angular
diameter distance from the last scattering surface [12].
Both of these possibilities face severe constraints.
Reducing the value of the sound horizon requires new
physics acting at very high redshifts, typically just prior to
recombination. Even ignoring the common fine-tuned
problems surrounding early-time solutions, they remain
severely constrained by high redshift observations, most
notably by CMB data [13]. Conversely, late-time solutions
require new physics altering cosmic distances to compen-
sate for the higher values of H, while preserving the
angular diameter distance from the CMB. In turn, cosmic
distances are precisely measured by baryon acoustic
oscillations (BAO) and Type la supernovae (SN) data that
so far have not provided any evidence for deviations from a
late-time ACDM cosmology, significantly reducing the
room allowed for new physics at low redshift [14-17].

Published by the American Physical Society
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Interestingly, recent BAO measurements released by
the Dark Energy Spectroscopic Instrument [18-20]
(DESI) appear to point toward new physics in the dark
energy sector of the cosmological model [20]. Following
the intrinsic interest sparked by these new observations
[21-24], in this Letter, we examine their implications for
cosmological models known as interacting dark energy
(IDE) models, where a nongravitational interaction between
dark matter (DM) and dark energy (DE) is postulated.
Over the years, these models have been extensively explored
as a potential avenue for resolving cosmological tensions
[25-33]. Despite high-redshift data supporting IDE models
as solutions to the Hubble tension [30], the situation remains
somewhat unclear when examining low-redshift observa-
tions, as different probes yield somewhat discordant con-
clusions [33-35]. In this Letter, we demonstrate that the new
DESI data give a preference for interactions exceeding the
95% confidence level (CL) and that high- and low-redshift
background observations can be equally or better explained
in IDE models than in ACDM, while yielding higher values
of Hy compatible with SHOES.

We consider a homogeneous and isotropic Universe and
introduce an energy-momentum flow in the dark sector of
the model by modifying the energy-momentum equation as

VI =01 ) 0f=0. (1)
i
The degree of interaction is quantified by the four-vector

Q; = (Q; +6Q)u' +a='(0.9"f)). (2)

where u” represents the velocity four-vector, Q; is the
background energy transfer, and the index i runs over
DM and DE. We adopt a widely recognized interaction
kernel Q = Héppg [30,36-39] where H is the (conformal)
Hubble parameter, ppg is the DE energy density, and ¢
dictates both the amount and the direction of energy-
momentum flow. We require £ < 0, forcing the energy-
momentum transfer from DM to DE. Additionally, we fix
the DE equation of state to w=~—1, resembling an
interacting vacuum scenario [40].

We implement the theoretical model in a modified
version of the Boltzmann solver code cLASS [42] and
use the publicly available sampler COBAYA [43] to perform
Markov chain Monte Carlo analyses. We assume flat priors
on the set of sampled cosmological parameters {Q,h?,
Q.h?, 7o, b5, log(10'°A,), ng, £}. Our baseline datasets
include the Planck-2018 CMB temperature polarization
and lensing likelihoods [4,44,45] and the DESI BAO
measurements obtained from observations of galaxies
and quasars [18], and Lyman-a [19] tracers summarized
in Table I of Ref. [20]. These latter are characterized
in terms of measurements of the transverse comoving
distance (Dy;/ry), the Hubble horizon (Dy/ry), and the

angle-averaged distance (Dy/ry), normalized to the
(comoving) sound horizon at the drag epoch, ry. We
account for the correlation between measurements of
Dy/rq and Dy/ry. In addition to CMB and BAO data,
we also consider distance moduli measurements from
Type Ia SN gathered from the Pantheon-plus sample [46].
For this Letter we use the SHOES Cepheid host distances as
calibrators [1]. Finally, we include measurements of the
expansion rate H(z) derived from the relative ages of
massive, early-time, passively evolving galaxies, known as
cosmic chronometers (CC) [47]. We conservatively use
only 15 CC measurements in the redshift range 0.179 <
7z < 1.965 [48-50], accounting for all nondiagonal terms in
the covariance matrix and systematic contributions.

We summarize the constraints on cosmological param-
eters at 68% and 95% CL in Table I. The most important
results read as follows. First, the joint Planck + DESI
analysis yields a preference for a nonvanishing €=
—0.32’:8}2, exceeding the 95% CL. Additionally, it pro-
vides a value Hy = 70.8"]4 km/s/Mpc, in agreement with
local distance ladder estimates within ~1.3¢. Therefore,
focusing on Planck-2018 and DESI-BAO altogether, the
IDE model can fully resolve the Hubble tension; see also
Fig. 1. Adding CC does not change this result; see also
Table 1. That said, as shown in Table I, the IDE model
predicts lower €, and higher oy values, which suggest
potential challenges in providing a consistent description
of large-scale structure data at the perturbation level. We
discuss this aspect in more detail at the end of this Letter,
where we analyze the impact of redshift space distortion
(RSD) measurements and highlight some limitations of the
IDE framework.

Second, combining Planck-2018 + DESI + SN, we still
find a preference for £#0 at more than 95% CL,
consistently yielding values of H( higher than in the
standard cosmological model; see also Table I and
Fig. 1. Again, this conclusion does not change considering
CC. A nonvanishing energy-momentum flow from DM to
DE is potentially supported by all the main high- and low-
redshift background measurements analyzed in this work.

Third, for all the datasets listed in Table I, we compare
the best-fit y7; obtained within the IDE model to the best-
fit y3cpy obtained for the ACDM model. We find that
Ay* = yhop — xicpum 1S always negative. This means that
the IDE model can fit data better than the ACDM model for
all the different combinations of data while simultaneously
yielding higher values of H,,.

Fourth, to account for the fact that the IDE model has one
more free parameter than the ACDM model, we perform a
model comparison and calculate the Bayes factors In 5;;
normalized (for each dataset) to a baseline ACDM scenario
in such a way that a negative In 3;; indicates a preference
for the IDE model over the ACDM model and vice versa
[51]. Despite a trend toward InB;; <0, the evidence is
always inconclusive. Therefore, we conclude that IDE and
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0.09660:9%54(0.097+0913)
0.0590 + 0.0077(0.059+991¢)
0.9693 + 0.0038(0.96939.9973)

Planck-2018 + DESI + SN + CC

Planck-2018 -+ DESI + SN
0.02243 + 0.000 14(0.022 43 30%02%)  0.022 43 £ 0.000 14(0.022 43 035977)  0.022 54 4 0.000 13(0.022 541900026)  0.022 55 + 0.000 14(0.022 557 39%037)

0.05924'57 (0.0597051)
0.9696 + 0.0038(0.9696 0 9073)

0.09621 00053 (0.096 0713

Planck-2018 + DESI + CC
0.0802975 (0.080%003)

0.0554000% (0.055°0019)
0.9673 + 0.0037(0.9673 93974

Planck-2018 + DESI
0.0795016 (0079 5547)
1.041 98 £ 0.00029(1.041 98X006032)  1.04197 + 0.00028(1.041 97-56603¢) 1.04211 +0.00028(1.042 117550035)  1.042 11 £ 0.00028(1.042 1129 56031)
0.0555 4 0.0074(0.055+0015)

Constraints at 68% (95%) CL on the parameters of the IDE model. For all datasets, we provide Ay* = yjpr — ¥Acpwm as well as the Bayes factors In5;;
0.9672 £ 0.0037(0.9672105573)

In Z,cpm — In Z1pg calculated as the difference between the evidence for the ACDM and IDE models. Negative values of Ay? and In B; ; indicate a better fit and a preference for the

IDE model over the ACDM, respectively.
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FIG. 2. Upper panel: best-fit predictions for (rescaled) distance-
redshift relations for IDE (solid curves) and ACDM (dashed
curves) models obtained from the analysis of Planck-2018 +
DESI data. These predictions are presented for the three different
types of distances probed by BAO measurements, each indicated
by the colors reported in the legend. The error bars represent +1o
uncertainties. Lower panel: difference between the model pre-
diction and data point for each BAO measurement, normalized by
the observational uncertainties. The IDE model predictions are
represented by x’s, while the ACDM model predictions are
represented by bullets.

the Hubble tension to 2.60. Therefore, while within the
ACDM model, forcing H, to move toward the SHOES
value leaves little room for agreement with local distance
ladder estimates, the IDE model could offer a more flexible
theoretical framework [54].

To better understand the role played by DESI data, we
compare the theoretical distance predictions for IDE and
ACDM models against the observed cosmic distances. In
particular, in Fig. 2, we compare the Planck-2018 + DESI
best-fit predictions for the three different types of (rescaled)
distances probed by BAO measurements. In the bottom
panel of the same figure, we show the distance between the
observed DESI data points and the best-fit predictions
obtained for the ACDM model (bullets) and the IDE model
(x’s) in units of observational uncertainty o. The same
difference between the model predictions and DESI data is
summarized in Table II. Comparing the best-fit predictions
for IDE and ACDM, some important conclusions can be
reached. Foremost, we observe that the DESI data point
showing the largest disagreement with the IDE model
(at a level of approximately 2.95) is the measurement
of zDy(z)/(rgy/z) at z =0.510. The only other DESI
BAO measurement displaying a significant deviation
from the IDE best-fit curve (at approximately 20) is

TABLE II. The DESI results (and their 1o errors) are presented
for three distinct types of distances investigated by BAO
measurements. For each data point, we indicate the consistency
between the best-fit predictions of the IDE and ACDM models
and the observed data, expressed in units of observational
uncertainties (#o).

Distance Redshift ~ DESI  IDE (#o) ACDM (#0)
Dy(2)/(ray/2) 0295 14604028 +0.166 —0.28¢
1491 2135+055 +00lc  +0.17¢
Dy(2)/(rey/2) 0510 19.07+£035 +1346  +1.01c
0.706 20.05+038 —2.026¢ -2.18¢
0930 22.51+029 —0.146c  —0.19¢
1317 24224060 —0.176c  —0.1lc
2330 26014061 +0.576 +0.70c
Du(2)/(ray/z) 0510 1498 +£043 —2876  —2.67c
0.706 16.87+050 —0326  —0.03c
0930 17244034 +0356 +0.84c
1317 15864048 —099%  —0.69¢
2330 13.00+025 —1.006 —0.750

Dy (2)/(rg/z) at z=0.706. However, these two data
points also exhibit significant disagreement with the
ACDM model (at approximately 2.7¢ and 2.20, respec-
tively). Therefore, the IDE model explains Dy, (z)/(r4v/z)
at z = 0.706 more successfully than the ACDM model.
Overall, apart from these two distance measurements at
z =0.51 and z = 0.706 (which, repetita iuvant, are also at
odds with the ACDM model), there are no other BAO
measurements in tension with the IDE best-fit predictions.
Last but not least, we stress that a large part of the
improvement in the total Ay> = —1.02 over the ACDM
model, as shown in Table I for Planck-2018 4 DESI,
comes specifically from the DESI BAO measurement
(Ayhps = —0.73).

In Fig. 3, we present the theoretical predictions for
H(z) as obtained by simultaneously analyzing Planck-
2018, DESI, CC, and SN. We display the best-fit
predictions (along with their 1 and 20 uncertainties)
for the IDE and ACDM models, comparing them against
the data points released by DESI. As evident from the
figure, even accounting for all datasets together, the DESI
data point at z = 0.51 remains essentially unexplained in
both models. Conversely, the IDE model can fit H(z) at
z =0.706 and z = 0.930 better than the ACDM model,
simultaneously predicting a larger present-day expansion
rate H(, as evident when comparing the red and blue
reconstructed curves at z = 0. [In the Appendix, we
briefly discuss a comparative study using the DESI
and SDSS collaboration samples (complete BOSS +
eBOSS sample)].

In this Letter, we have studied the implications of the
baryon acoustic oscillation measurements released by the
Dark Energy Spectroscopic Instrument for interacting
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rate of the Universe H(z)/(1 + z) at 16 and 26 confidence levels
for the ACDM and IDE models through the joint analysis
of Planck-2018 + DESI + SN + CC, compared to DESI
measurements.

dark energy models characterized by an energy-
momentum flow from dark matter to dark energy.
Focusing on the minimal Planck-2018 4+ DESI data
combination, we found a preference for interactions
exceeding the 95% confidence level, yielding a present-
day expansion rate H, = 70.874 km/s/Mpc that can
resolve the Hubble tension. Combining Planck-2018 +
DESI with either measurements of the expansion rate
H(z) obtained from the relative ages of massive, early-
time, and passively evolving galaxies or with distance
moduli measurements from Type Ia Supernovae sourced
from the Pantheon-plus catalog using the SHOES Cepheid
host distances as a calibrator, we still find a preference
for £ # 0 at more than 95% CL. For all the different
combinations of datasets, we observe an improvement
in the y? of the fit over the ACDM model. Overall,
accounting for DESI data, high and low redshift back-
ground measurements are found to be equally or better
explained within the IDE framework than the ACDM,
while consistently yielding values of H(, that are higher
than in the standard cosmological model and in much
better agreement with local distance ladder estimates.
In light of these results, we conclude that DESI data
(re)open the possibility of addressing the Hubble tension
through late-time new physics. However, we emphasize
that our analysis of large-scale structure data primarily
focused on distance measurements from DESI BAO and
Type Ia SN. An important next step is to check whether
the model satisfies constraints related to structure for-
mation. In this context, the growth rate of matter density
perturbations derived from peculiar velocities, associated
with RSD, is commonly used to constrain the combina-
tion f(z)og(z), which can significantly influence the class

of models considered here. Although RSD measurements
from the DESI Collaboration have not yet been released,
we extend our analysis to include 22 measurements of
fog(z) spanning the redshift range 0.02 < z < 1.944,
gathered from various surveys and summarized in
Table I of Ref. [55]. The analysis of RSD measurements
provides substantial additional information for con-
straining the IDE framework, thereby strengthening
the constraints and limiting the interaction parameter.
Using RSD measurements alone, we obtain a constraint
of £> —0.033 (i.e., an order of magnitude better than
Planck-2018 + DESI), which further improves to
&> —0.0133 when combined with DESI, SN, and CC
data (both at the 95% CL). This latter combination
restricts the ability of this class of models to fully resolve
the H, tension, yielding H, = 68.8 £ 1.3 km/s/Mpc,
and suggests difficulties with structure growth con-
straints. Although this conclusion is subject to several
caveats [56], the analysis of RSD data highlights the need
for improved theoretical modeling to address RSD
measurements effectively. For a more detailed analysis
of the implications of structure formation growth in
different IDE regimes (especially concerning the relation
between the H, and Sg tensions), we refer to the
companion analysis presented in Ref. [57]. Therefore,
we conclude by stressing that while the IDE model under
consideration can resolve the Hubble tension based on
background data, it faces challenges with large-scale
structure probes sensitive to the dynamics of perturba-
tions and the growth of cosmic structure, highlighting the
need for theoretical and phenomenological improvements
in this direction.
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End Matter

Appendix: Comparing DESI and SDSS constraints—
We present a quantitative comparison between results
obtained using DESI and SDSS BAO measurements for
the interacting dark energy model studied in this work. In
particular, we consider two distinct datasets: (i) Planck-
2018 + DESI—Planck  temperature polarization and
lensing likelihoods [4,44.,45] in combination with the DESI
BAO measurements obtained from observations of
galaxies and quasars [18], and Lyman-a [19] tracers
summarized in Table I of Ref. [20] (this dataset is labeled
as  “Planck-2018 4+ DESI”  throughout the Letter).
(i) Planck-2018 4+ SDSS—Planck temperature polarization
and lensing likelihoods [4,44,45] in combination with
the SDSS BAO measurements from the final SDSS
Collaboration compilation encompassing the eight distinct
redshift intervals summarized in Table 3 of [58].

We note that both datasets focus on the same distance and
expansion rate measurements, namely the isotropic BAO
measurements of Dy (z)/rq (where Dy (z) and rq denote the
spherically averaged volume distance and sound horizon at
baryon drag, respectively), as well as anisotropic BAO
measurements of Dy, (z)/rqy and Dy(z)/rq [with Dy (z)
representing the comoving angular diameter distance and
Dy(z) = [¢/H(z)] denoting the Hubble distance]. Both
datasets have similar constraining power; therefore, combin-
ing them can be interesting to determine whether there is a
consistent preference away from the ACDM model toward
higher H,,. Additionally, it will help assess to what extent this
preference is driven by new DESI BAO measurements.

Table III summarizes the observational constraints for
the main baseline of the model, while Fig. 4 shows the

TABLE III.  Constraints at 68% (95%) CL on the parameters of
the IDE model.

Parameter Planck-2018 + DESI Planck-2018 4+ SDSS
10% x Q,h2 2243 +0.014 2.236 +0.013
Q.2 0.07970:0%3 0.10179918

Hy 70.8114 68.927996

Treio 0.0555 + 0.0074 0.0544 + 0.0079
log(10'°A,) 3.045+0.014 3.045 4+ 0.016

ng 0.9672 + 0.0037 0.9650 + 0.0037

¢ -0.327018(~0.327939) > —-0.207(> —0.389)

marginalized probability contours in the H,-¢ plane for
both Planck-2018 + DESI and Planck-2018 + SDSS.
From the joint analysis of Planck-2018 + SDSS, we find
the lower limit ¢ > —0.389 at 95% CL, indicating no
concrete preference for an interaction in the dark sector. On
the brighter side, we still observe a shift toward larger
values of Hy ~ 69 km/s/Mpc, which is in better agreement
with SHOES than a minimal ACDM model. In contrast, as
discussed in the main text, the analysis of Planck-2018 +
DESI data yields a substantial shift toward a nonvanishing
energy-momentum flow from the DM to the DE sector
&= —-0.321039 at 95% CL that further moves the value of
H, toward local distance ladder estimates. Therefore,
taking these results at face value, it appears that a
significant part of the preference for nonzero ¢ comes
from DESI BAO data, while no preference for £ # 0 is not
found in SDSS data. However, we would like to emphasize
that within the IDE framework of this work, there is no
actual tension in the constraints obtained for Planck-
2018 4+ SDSS and Planck-2018 + DESI. The SHOES,
Planck-2018 + DESI, and Planck-2018 + SDSS contours
all overlap well within the 95% confidence level in the H-¢
plane; see also Fig. 4 [59].
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FIG. 4. 2D contours at 68% and 95% CL for the coupling
parameter ¢ and the Hubble parameter H,, as inferred by the
different combinations of Planck-2018, DESI, and SDSS data
listed in the legend. The olive-green band represents the value of
H( measured by the SHOES Collaboration.
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