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The nature of dark energy (DE) remains elusive, even though it constitutes the dominant energy-density
component of the Universe and drives the late-time acceleration of cosmic expansion. By combining
measurements of the expansion history from baryon acoustic oscillations, supernova surveys, and cosmic
microwave background data, the Dark Energy Spectroscopic Instrument (DESI) Collaboration has inferred
that the DE equation of state may evolve over time. The profound implications of a time-variable,
“dynamical” DE (DDE) that departs from a cosmological constant motivate the need for independent
observational tests. In this work, we use a focused set of cosmological hydrodynamical simulations to
investigate how DDE affects the properties of the Lyman-α “forest” of absorption features produced by
neutral hydrogen in the cosmic web. We find that DDE models consistent with the DESI constraints induce
a spectral tilt in the forest transmitted flux power spectrum, imprinting a scale- and redshift-dependent
signature relative to standard ΛCDM cosmologies. These models also yield higher intergalactic medium
temperatures and reduced Lyman-α opacity compared to ΛCDM. We discuss the observational
implications of these trends as potential avenues for independent confirmation of DDE.
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I. INTRODUCTION

Over the past 25 years, the spatially flat Λ cold dark
matter (ΛCDM) model has become the dominant cosmo-
logical paradigm, as it provides the most consistent fit to a
wide range of observations. In this model, the formation
and evolution of large-scale structure are governed by the
perturbation theory of general relativity [1] and seeded by
primordial inhomogeneities in a cold, collisionless dark
matter component. This dark matter accounts for approx-
imately 25% of the Universe’s total energy-density budget
and clusters gravitationally to form the scaffolding of
cosmic structure.
In contrast, dark energy (DE) is a smooth, nonclustering

component that currently dominates the energy density of
the Universe. Dark energy accounts for the observed late-
time acceleration of cosmic expansion, as first revealed by
Type Ia supernovae [2,3]. While the gravitational effects of
dark matter are well understood, the fundamental physics of
DE remain poorly constrained. The impact of DE on the
cosmic expansion can be described by an equation of state
parameter w ¼ P=ρ, which relates its pressure to its energy
density. In the ΛCDM framework, DE is modeled as a
cosmological constant with w ¼ −1, representing the
energy density of the vacuum.
To allow for possible departures from this simple

scenario, phenomenological extensions consider a time-
varying equation of state, typically parametrized by w and
its derivative with respect to the scale factor, dw=da.
Constraining these parameters requires precise measure-
ments of the expansion history across cosmic time.
Observations of the cosmic microwave background
(CMB) anisotropies [4], baryonic acoustic oscillations
(BAO) [5–7], and Type Ia supernovae [8–10] provide
complementary constraints at different redshifts.
Together with other cosmological probes, these datasets
enable stringent tests of ΛCDM and offer sensitivity to
deviations from the standard expansion history that may
signal new fundamental physics or modifications to general
relativity [11,12].
With its first data release comprising over 18.7 million

spectroscopic redshifts, the Dark Energy Spectroscopic
Instrument (DESI) Collaboration has already advanced
precision cosmology to a new frontier [13]. The inference
of cosmological parameters from the first data release
(DR1), based on baryon acoustic oscillation (BAO) mea-
surements and their combination with big-bang nucleo-
synthesis constraints [14], cosmic microwave background
data [4], and Type Ia supernova samples [8–10], provides
indications of a time-dependent DE equation of state [15].
In its second data release (DR2), which nearly doubles the
number of galaxies and quasars used, the DESI
Collaboration strengthens the evidence for a dynamical
dark energy (DDE) scenario [7], reporting at least a 2.8σ
deviation from the ΛCDM model when the DE equation of
state is modeled as a linear function of the scale factor.

Studies of the expansion history and the growth of structure
are natural avenues for seeking additional verification of a
time-evolving DE. The diffuse nature of the intergalactic
medium (IGM), comprised of the baryonic matter residing
between virialized dark matter halos, offers a sensitive
environment for investigating the signatures of a dynamical
DE component. The thermal history of the IGM is governed
primarily by adiabatic cooling from cosmic expansion and by
photoheating from hydrogen and helium ionization [16]. A
key observable for probing the physical state of the IGM is the
absorption of light from distant quasars by intervening
patches of neutral hydrogen (HI) along the line of sight
(LOS), producing rest-frame Lyman-α (Lyα) absorption
features that result in a characteristic “forest” of lines redward
of the observed Lyα transition [17,18]. The principal statistic
adopted in this study to characterize the structure of the Lyα
forest and constrain cosmological parameters is the LOS-
averaged transmitted flux power spectrum (FPS), which
provides high-resolution measurements down to comoving
scales of ≈1h−1 Mpc [19,20].
In light of the DESI inference of DDE, we investigate

several observationally motivated DDE cosmological mod-
els using high-resolution hydrodynamic simulations to
identify potential signatures that distinguish them from
ΛCDM. The effects of differing expansion histories are
expected to manifest most clearly in moderate and under-
dense regions of the cosmic web, where the balance
between adiabatic cooling and photoheating from the
cosmic UV background dominates over virial heating.
To assess possible imprints of DDE in these environments,
we extract Oð106Þ synthetic Lyα absorption spectra across
several redshifts, enabling a detailed study of the scale- and
redshift-dependent structure of the IGM. We compute
relative differences in the IGM thermal state and the
FPS to quantify the impact of the three DDE models
reported by DESI DR1.
Two prior studies [21,22] have investigated the effects of

a noncosmological constant dark energy equation of state
(w ≠ −1) on the IGM, the forest, and the FPS. Both studies
precede the DESI results suggesting a dynamical dark
energy component. In [21], the optical depth distribution of
the IGM and the resulting FPS are analyzed for cosmol-
ogies with a constant equation of state parameter w ≠ −1.
Using semianalytical methods, the authors find that varia-
tions in the Hubble parameter HðzÞ and the linear growth
factor lead to a reduction in the Lyα optical depth, while
largely preserving the shape of the FPS. For a model with
w ¼ −0.4, they report an enhancement of the FPS ampli-
tude relative to ΛCDM by approximately an order of
magnitude. They argue that this effect would be observable,
provided one has an independent and precise characteri-
zation of the IGM’s thermal state, ionization conditions,
and baryon fraction to accurately constrain HðzÞ.
The authors of [22] build upon this earlier work by

performing high-resolution dark-matter-only N-body
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simulations to investigate the impact of DDE (dw=da ≠ 0)
on the Lyα FPS. To model baryonic effects, [22] apply
temperature prescriptions to “field” and “halo” particles,
making use of a power-law relation between temperature
and density in the IGM and the bulk virial properties of
dark matter halos. They explore the boundaries of the
parameter space allowed by the Planck constraints on DDE
models and find only a very small impact on the Lyα FPS,
as assessed using a k-sample Anderson-Darling test.
Here, we present an initial study of the IGM to inves-

tigate potential imprints of DDE on baryonic features of the
Universe, including the mean IGM temperature, the effec-
tive Lyα optical depth, and the FPS. In Sec. II, we describe
the hydrodynamic simulations used in this work, detailing
the adopted cosmological parameters, the implementation
of the DDE expansion history, and the methodology for
measuring the effective optical depth. In Sec. III, we
present our results on the structure of the Lyα forest and
quantify the impact of DDE. In Sec. IV, we offer a brief
discussion of the implications of DDE for the evolution of
baryonic cosmic structures.

II. METHODOLOGY

To investigate potential effects of DDE on baryonic
structure formation, we model the relevant physics of the
IGM using hydrodynamic cosmological simulations. In
Sec. II A, we describe the simulation code and the
parameter values shared across all runs. Section II B out-
lines the influence of DDE on the expansion history In
Sec. II C, we detail the implementation of DDE cosmol-
ogies within our study’s differential framework. The
method used to compute the Lyα optical depth in each
simulation cell is presented in Sec. II D.

A. Simulations

We perform the simulations for this study using the
cosmological version of the Cholla code [23,24] on the
Frontier supercomputer at the Oak Ridge Leadership
Computing Facility [25]. The implementation of DDE is
described in Sec. II B. Cholla is a GPU-native, massively
parallel, grid-based hydrodynamic simulation code [23].
The Riemann problem is solved in Cholla using
Godunov-based solvers [26] with third-order spatial
reconstruction [27]. Its uniform grid structure provides a
precise platform for studying the IGM, as it enables
accurate resolution of diffuse regions of the Universe,
in contrast with mass-based or adaptive refinement
approaches that concentrate resolution in the densest
environments. All physics, including the nonequilibrium
chemical network for hydrogen, helium, and electron
species, is computed on the GPU. Cooling and heating
rates are adopted from the GRACKLE library [28].
We fix the baryonic energy density and the normalization

of the matter power spectrum to the values inferred by [4],

and adopt the corresponding primordial helium mass
fraction, YHe ¼ 0.2454. Assuming a metal-free composi-
tion, the hydrogen mass fraction is then YH ¼ 0.7546.
Initial conditions are generated with the MUSIC code [29],
using the transfer function from [30]. Simulations are
evolved from redshift z ¼ 100 to z ¼ 1 on a uniform
Cartesian grid with N ¼ 20483 cells in a comoving box
of volume V ¼ ð50 h−1 MpcÞ3, corresponding to a spatial
resolution of Δx ¼ 24.4 h−1 kpc. For a resolution study of
the Lyα forest and IGM thermodynamic properties
using the Cholla code, see Appendix A of [24] or
[31]. We evolve Np ¼ 20483 dark matter particles, each
with mass mDM ¼ ρc;0ΩDM;0V=Np, which corresponds to
mDM=ð106 h−1M⊙Þ ≈ 1.0435–1.1000, depending on the
cosmology.
We adopt the UV background field from [31], who fit the

one dimensional FPS measured by eBOSS [32], Keck [33],
and VLT [33,34], finding that hydrogen and helium
reionization is completed by z ≈ 6.0 and z ≈ 3.0 respec-
tively. We output full snapshots at redshifts z ¼ ½9; 6;
4; 3.6; 3.4; 3.2; 3; 2.8; 2.6; 2.4; 2.33; 2.2; 1.491; 1.317�. We
choose the Δz ¼ 0.2 redshift spacing between z ¼ 3.6
and z ¼ 2.2 to match the output redshifts from the DESI
DR1 FPS measurement [35]. We also save snapshots at the
effective redshifts of the DESI DR1 tracers (from Table 1 of
[15] including emission line galaxies at zeff ¼ 1.317,
quasar spectra at zeff ¼ 1.491, and Lyα quasar spectra
at zeff ¼ 2.33). Each simulation runs on 64 Frontier nodes,
each with 8 GPUs, for a total of roughly 2.5 wall clock
hours per simulation, equal to about 160 Frontier node-
hours per simulation, excluding I=O overheads, and ending
at redshift z ¼ 1.3. The entire set of simulations used in this
study were completed in about 1120 Frontier node-hours.

B. Expansion history

In a homogeneous and isotropic Universe, the expansion
rate is determined by the Hubble parameter HðtÞ, which is
governed by the Friedmann equation. To describe the
expansion history of a given cosmological model, we
compute the dimensionless age of the Universe, H0tðzÞ,
as a function of redshift by solving

H0tðzÞ ¼
Z

∞

z

dz0

ð1þ z0Þξðz0Þ ; ð1Þ

where H0 is the present-day value of the Hubble parameter
and

ξðzÞ ¼ ½ΩkðzÞ þΩRðzÞ þ ΩmðzÞ þ ΩDEðzÞ�1=2: ð2Þ

The energy-density components for spatial curvature,
radiation, and matter evolve with redshift according
to their present-day values: ΩkðzÞ ¼ ð1þ zÞ2Ωk;0,
ΩmðzÞ ¼ ð1þ zÞ3Ωm;0, and ΩRðzÞ ¼ ð1þ zÞ4ΩR;0. To
implement a time-evolving DE model in Cholla, we
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adopt the Chevallier-Polarski-Linder (CPL) parametriza-
tion [36,37], in which the DE density evolves as

ΩDEðzÞ ¼ ð1þ zÞ3ð1þw0þwaÞ exp
�
−3waz
1þ z

�
ΩDE;0; ð3Þ

The DE equation of state is described by two parameters,
w0 and wa, defining a linear evolution with scale factor;
wDEðaÞ ¼ w0 þ wað1 − aÞ. The case ðw0; waÞ ¼ ð−1; 0Þ
recovers the ΛCDM cosmological constant scenario, in
which the DE density remains constant with expansion,
ΩDE ¼ ΩΛ. Alternative parametrizations have been pro-
posed in the literature [38–41]. We adopt the CPL formal-
ism because it offers an intuitive first-order extension to a
noncosmological-constant DE and allows for direct com-
parison with the DESI Collaboration results.

C. Review of DDE cosmologies

For context in interpreting our simulation results, in
this section we review some key properties of the spatially
flat DDE cosmologies inferred by the DESI Collaboration
from their DR1 data [15]. The DR1 cosmological param-
eters lie within 1σ of those reported in DR2. To constrain
DDE models, the DESI Collaboration combines cosmo-
logical data with three supernova samples: Pantheon+
(hereafter Pantheon) [8], Union3 [9], and DESY5 [10].
The resulting equations of state for all three DDE models
converge at z ≈ 0.5, where the DESIþ CMBþ ΛCDM
cosmology is more tightly constrained [see Eq. (5.9)
of [15] ].
The cosmological parameters adopted in our simulations

are listed in Table I. The DESIþ CMBþ ΛCDM cosmol-
ogy provides a ΛCDM reference model derived solely
from BAO and CMB measurements, without including
supernova datasets. We simulate the three w0waCDM

cosmologies constrained with supernova datasets from
Table 3 of [15]. To isolate the impact of DDE, we run
matched comparison simulations with a cosmological
constant equation of state, ðw0; waÞ ¼ ð−1; 0Þ, using the
same values ofΩm;0,Ωb;0, andH0 as inferred from each SN
dataset. In Table I, these ΛCDM comparison runs are
denoted with a Λ prefix preceding the SN dataset name.
Our initial study aims to provide illustrative case studies
and does not intend to fully explore the ðw0; waÞ parameter
space. To highlight the physical consequences of a dynami-
cal dark energy component, we compare each DDE
cosmology against its corresponding cosmological constant
case. For consistency in the growth of structure, we fix the
present-day matter energy density and baryon energy
density in both models. This is equivalent to matching
the amplitude of density fluctuations on 8 h−1 Mpc scales,
characterized by σ8. With these choices, any differences in
baryonic structure between the DDE and ΛCDM runs
reflect the effects of time-varying dark energy.
A simulation slice for the fiducial ΛCDM cosmology

(denoted DESIþ CMBþ ΛCDM in Table I) is shown in
Fig. 1. The hierarchical nature of structure formation is
evident; dark matter defines the backbone of the cosmic
web, and the gas density traces the distribution of dark
matter particles. The right panel shows that the highest
temperatures occur in dense regions, particularly at the
nodes and along the filaments of the web.
Differences in cosmological parameters between ΛCDM

and DDE models are expected to imprint themselves on
baryonic features during structure formation. To build
intuition for the physical implications of these differences,
we compute cosmological diagnostics for each model
and present the results in Fig. 2. The left panel of
Fig. 2 shows the relative difference in the Hubble rate,
HDDEðzÞ=HΛðzÞ − 1, as a function of redshift. All
three DDE cosmologies exhibit a consistent trend, with

TABLE I. Cosmological parameters used for our study, adopted from Table 3 of [15]. From left to right, we describe the present-day
matter energy-density Ωm;0, present-day DDE equation of state parameter w0, the linear interpolation of the DDE equation of state to the
early Universewa, present-day baryon energy-densityΩb;0, and present-day Hubble parameterH0. We assume a spatially flat cosmology
for all models. Our DESIþ CMBþ ΛCDM model is the flat ΛCDM DESI + CMB cosmology reported in [15], where the “CMB”
indicates the inclusion of temperature and polarization data from [4] and lensing data from [42,43]. We explore w0waCDM cosmology
alternatives which combine supernova datasets with CMB and DESI data. From [4] Table 2, we also keep the baryonic energy-density
result Ωbh2 ¼ 0.02242 for each cosmology as well as the matter power spectrum normalization σ8 ¼ 0.8102. We adopt the spectral
index value of ns ¼ 0.9665. To isolate the impact of a DDE model, we run reference simulations with w ¼ −1 (ΛCDM) using the same
cosmological parameters as in the corresponding DDE cases. These parameters are listed in the bottom three rows.

Cosmology name Ωm;0 w0 wa Ωb;0 H0 [km s−1 Mpc−1]

DESIþ CMBþ ΛCDM 0.3069 −1.0 0.0 0.04853 67.97

DESI + CMB + Pantheon 0.3085 −0.827 −0.75 0.04844 68.03
DESI + CMB + DESY5 0.3160 −0.727 −1.05 0.04958 67.24
DESI + CMB + Union3 0.3230 −0.65 −1.27 0.05065 66.53

DESIþ CMBþ ΛPantheon 0.3085 −1.00 0. 0.04844 68.03
DESIþ CMBþ ΛDESY5 0.3160 −1.00 0. 0.04958 67.24
DESIþ CMBþ ΛUnion3 0.3230 −1.00 0. 0.05065 66.53
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qualitatively different behaviors above and below z ¼ 1.
At redshifts z > 1, the expansion rate in each DDEmodel is
lower than in the corresponding ΛCDM case, reaching a
local minimum of approximately −1.5% at z ≈ 1.5.
The lower expansion rate at earlier times implies that, in

DDE models, diffuse gas undergoes slower adiabatic
cooling, which tends to increase the Jeans mass. The
opposite behavior occurs at late times. In the recent
Universe (z < 1), the relative Hubble rate increases rapidly,
reaching a maximum deviation of 1.5%, 3%, and 4% at
z ≈ 0.25 for the DESI + CMB + Pantheon, DESI + CMB +
DESY5, and DESI + CMB + Union3 DDE cosmologies,
respectively, compared to their ΛCDM counterparts. At
lower redshifts (z < 0.25), the relative difference in the
Hubble rate declines rapidly, converging to the same
present-day value H0 in both DDE and ΛCDM models.
The different scale factor evolution rates in DDE and

ΛCDM cosmologies correspond to different age–redshift
relations. To illustrate how the cosmic expansion history
diverges with redshift, we plot the relative age differences
given by Eq. (1) in Fig. 2. All three DDE models exhibit a
similar trend in relative age difference compared to their
ΛCDM counterparts. At high redshift (z > 5), DDE cos-
mologies are approximately 0.1% older. This slightly older
age implies marginally more time for adiabatic cooling of

the diffuse gas. The relative age difference increases with
decreasing redshift, reaching a peak of 0.8% at z ≈ 1,
coincident with the redshift at which the Hubble rate in
DDE models begins to exceed that in ΛCDM. Below z ≈ 1,
the relative age difference declines steeply, reaching
present-day values of −0.1%, −0.6%, and −1% for the
DESIþ CMBþ Pantheon, DESI + CMB + DESY5, and
DESI + CMB + Union3 DDE models, respectively. Given
an identical redshift-dependent UV background, a younger
DDE Universe would undergo less integrated photoheating,
which may influence the temperature distribution of the
IGM at late times.
The distribution of large-scale structure can be modeled

using linear perturbation theory, while nonlinear processes
dominate on smaller scales. In the ΛCDM framework, the
evolution of linear density fluctuations is primarily governed
by the matter density parameter, Ωm;0. In DDE cosmologies,
the time-dependent dark energy equation of state alters the
evolution of the dark energy–to–matter energy-density ratio,
which can in turn modulate the rate of structure growth. To
quantify this effect,we compute the linear growth factorDþðzÞ
by numerically integrating the linear density perturbation
equation. We normalize the result by the scale factor to define
the dimensionless growth function, GðzÞ≡DþðzÞ=aðzÞ,
following the formalism of Linder and Jenkins [44],

FIG. 1. A two-dimensional slice of the DESIþ CMBþ ΛCDMcosmology at z ¼ 2.33 extending across the entire simulation box. The
left panel shows the gas density projected along 500 h−1 kpc. The right panel shows the density-weighted temperature of the gas. The
filamentary nature of large-scale structure is shownwith the densest regions hosting thewarmest portions of the projected gas distribution.
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G00 þ
�
7

2
−
3

2

wDEðaÞ
1þ XðaÞ

�
G0

a
þ 3

2

1 − wDEðaÞ
1þ XðaÞ

G
a2

¼ 0; ð4Þ

where XðaÞ ¼ ΩmðaÞ=ΩDEðaÞ is the ratio of matter to dark
energydensity as a functionof the scale factor. The evolutionof
the dimensionless linear growth functionGðaÞ ¼ DþðaÞ=a is
shown as a function of redshift in the rightmost panel of Fig. 2.
Since the influence of dark energy is strongest at low

redshift, the linear growth factor is expected to converge
across models in the early Universe. We find that all DDE
cosmologies considered exhibit a slightly enhanced linear
growth factor relative to their ΛCDM counterparts at all
redshifts. At z ≈ 5, the DDE models show a ∼0.2% higher
growth factor compared to the corresponding model with
ðw0; waÞ ¼ ð−1; 0Þ. This relative difference increases
toward lower redshift, reaching a maximum of
approximately 1.4% at z ¼ 0.68, 0.84, and 0.94 for the
DESI + CMB + Pantheon, DESI + CMB + DESY5, and
DESI + CMB + Union3 models, respectively. By z ¼ 0, the
linear growth factors in these DDE cosmologies exceed
their ΛCDM analogs by 1.0%, 0.5%, and 0.1%. All three
models follow a qualitatively similar trajectory, indicating
that DDE scenarios may lead to a modest enhancement in
the amplitude of large-scale structure.
Francis et al. [45] compare matter power spectra by

matching the comoving distance to the surface of last
scattering in a w0waCDM cosmology to that of a model
with an effective constant equation of state (dw=da ¼ 0).
For the specific case of ðw0; waÞ ¼ ð−0.8;−0.732Þ,
they find that the linear growth factor is lower than in
the w ¼ −1 model up to z ¼ 3.12, with the largest relative
suppression occurring near z ≈ 1. Moreover, they show that
DDE models with negative wa values predict enhanced

small-scale power (k≳ 1 h Mpc−1), with deviations of up
to 2% in the matter power spectrum at k ¼ 3 h Mpc−1 after
removing the effect of linear growth.
These results suggest that when the linear growth factor

is enhanced in a DDE cosmology, ½GDDEðzÞ=GΛðzÞ� > 1,
the resulting increase in structure formation may lead to
stronger shock and compressional heating of the IGM.
While distinct from photoheating by the UV background,
this additional gravitational heating could modify the
thermal evolution of the diffuse gas.
Since a DDE component primarily alters the expansion

history of the Universe, any growth-related observable that
depends on the Hubble rate may be affected. As shown in
Fig. 2, all DDE models exhibit a lower Hubble rate relative
to ΛCDM at z≳ 1. This reduced expansion rate leads to
slightly older cosmic ages at fixed redshift, allowing more
time for adiabatic cooling of the intergalactic gas and
greater cumulative energy injection from the photoionizing
UV background. In parallel, differences in the linear growth
factor influence the efficiency of gravitational heating
processes such as shocks and compression. The interplay
between adiabatic cooling, photoheating, and structure-
driven heating can alter the thermal state of the IGM. In this
study, we investigate how these competing processes shape
the temperature and ionization structure of the IGM as
probed by the Lyα forest.

D. Optical depth

To study the Lyα forest, we generate approximately
7.86 × 105 synthetic spectra per redshift, corresponding to
3 × ð2048=4Þ2 LOS extracted along the three principal axes
of the simulation volume. For each LOS, we compute the
neutral hydrogen optical depth and the corresponding

FIG. 2. Relative expansion rate, age, and growth factor for aw0waCDMcosmology compared to theirΛCDMcounterparts. Left: Taking
the Hubble rate as a function of redshift, we calculate ½HDDEðzÞ=HΛðzÞ� − 1. The peach line shows this function for the Pantheon
cosmologies, the green line for DESY5, and the yellow for Union3. Since the same present-day Hubble parameter H0 is adopted in all
comparisons,HDDEð0Þ=HΛð0Þ ¼ 1 by construction.Center: Cosmic age as a function of redshift for theDDEmodels against theirΛCDM
counterparts. Same color coding as in the left panel. All three DDE models result in a Universe that is younger at the present epoch
compared to theirΛCDMcounterparts (½tDDEðz ¼ 0Þ=tΛð0Þ� < 1).Right: Relative linear growth factor ½GDDEðzÞ=GΛðzÞ� − 1 compared to
theirΛCDMcounterpartmodels. Same color coding as in the left panel. The growth factors are not normalized at a common redshift. Since
the same Ωm;0 is used when comparing two cosmologies, differences in growth arise solely from the DDE component.
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transmitted flux in all simulation cells. The optical depth is
calculated as the product of the hydrogen photoabsorption
cross section and the local number density of HI along the
LOS,

τν ¼
Z

nHIσνdr: ð5Þ

This calculation is performed in redshift space, accounting
for peculiar velocities, so that dr corresponds to the physical
path length along the line of sight. We approximate the
absorption line shape using a Doppler profile, retaining only
the Gaussian core of the full Voigt profile. Under this
approximation, the Lyα scattering cross section takes the form

σν ¼
πe2

mec
f12

1

ΔνD
1

π1=2
exp ð−x2Þ; ð6Þ

where e is the elementary charge,me is the electronmass, and
f12 is the Lyα oscillator strength. The Doppler broadening
ΔνD arises from the thermal motion of the gas and is given by
ΔνD ¼ ðvth=cÞν0, where vth ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBT=mH

p
is the thermal

velocity of hydrogen and ν0 is the Lyα line-center frequency.
The exponential termdepends on the dimensionless frequency
shift x ¼ ðν − ν0Þ=ΔνD. A photon emitted at frequency ν0
from a cell with peculiar velocity u0 will be resonantly
scattered by gas in a cell moving with velocity u when its
Doppler-shifted frequency matches the local Lyα line center:

ν ¼ ν0

�
1þ u0 − u

c

�
: ð7Þ

TheLyα cross section as a function of physical velocity is then

σu0 ¼
πe2

mec
f12

λ0
vth

1

π1=2
exp

�
−
�
u0 − u
vth

�
2
�
; ð8Þ

where λ0 ¼ 1216 Å is the rest-frame wavelength of the Lyα
feature.
When integrating along the LOS of a skewer to compute

the optical depth at a givenvelocity u0, we convert comoving
coordinates to physical units using dr ¼ a dx. Applying the
definition of the Hubble parameter, H ¼ ȧ=a, and recog-
nizing that in redshift space dr ¼ du=H (with u the peculiar
velocity coordinate), we arrive at the expression:

τu0 ¼
πe2

mec
f12

λ0
H

Z
nHI

vthπ1=2
exp

�
−
�
u − u0
vth

�
2
�
du: ð9Þ

Wemeasure the optical depth along a skewer by setting u0 as
the cell-centered Hubble flow velocity. The integral con-
tribution from the ith cell to the optical depth at the jth cell
becomes

nHI;i

Z
uiþ1=2

ui−1=2

1

vth;iπ1=2
exp

�
−
�
ui − uj
vth;i

�
2
�
dui; ð10Þ

where nHI;i is the physical number density of HI in the ith
cell, vth;i is the Doppler broadening of the gas in the ith cell,
ui is the cell-centered velocitywe integrate over, anduj is the
cell-centered Hubble flow through the jth cell.
Analytically solving the integral (see Appendix B),

we find that the optical depth for the jth cell along the
LOS is

τj ¼
πe2f12λ0
mecH

X
i

nHI;i
2

½erfðyR;iÞ − erfðyL;iÞ�; ð11Þ

where we sum the contribution from all other cells i along
the skewer. This method of analysis follows from previous
studies including [24,46]. The error function argument is
the difference between the cell interface Hubble flow and
the gas velocity. For the right interface, the argument is
yR;i ¼ ½vR;H;j − ðvC;H;i þ uiÞ�=vth;i, where vR;H;j is the
Hubble flow along the right interface of the jth cell,
vC;H;i is the cell centered Hubble flow of the ith cell, ui
is the peculiar velocity of the gas in the ith cell, and vth;i is
the Doppler broadening of the gas in the ith cell. Likewise,
yL;i ¼ ½vL;H;j − ðvC;H;i þ uiÞ�=vth;i takes into account the
Hubble flow along the left interface of the jth cell.
A representative synthetic Lyα spectrum is shown in

Fig. 3. The neutral hydrogen column density along the line
of sight spans a broad range, from 1010 cm−2 to 1015 cm−2.
Regions of high column density correspond to strong Lyα
absorption features, characterized by large optical depths
and minimal transmitted flux. The skewer intersects the
densest structure along the LOS at a velocity coordinate of
approximately 1500 km s−1. Due to the peculiar velocity
field within the filament, the peak in NHI is shifted in
redshift space, producing maximum absorption (i.e., zero
transmitted flux) near 1800 km s−1. In the velocity interval
3100–4000 km s−1, the skewer passes through a large
underdense region, interrupted by a filament that produces
a prominent absorption feature around 3600 km s−1. In the
surrounding void, the high transmitted flux reflects the low
neutral hydrogen density and the consequent transparency
of the IGM to Lyα photons.

III. RESULTS

The three DDE cosmological models examined in this
work exhibit distinct Hubble rate and cosmic age evolu-
tions compared to their ΛCDM counterparts. Since DE
primarily affects the large-scale expansion of the Universe,
its influence is expected to manifest most clearly in low-
density environments. At the same time, differences in the
linear growth factor may alter the formation and evolution
of nonlinear structures, potentially modifying the physical
conditions in overdense regions. The results of our
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simulations are presented as follows. In Sec. III A, we
examine the density and temperature distribution of the
IGM. Section III B presents the evolution of the hydrogen
optical depth. In Sec. III C, we compute the Lyα forest flux

power spectrum (FPS), and in Sec. III D, we highlight our
primary result; a spectral tilt in the FPS induced by the
DDE models. Finally, Sec. III E explores the effect of
peculiar velocities on the FPS by comparing calculations in

TABLE II. Summary of results. We present the relative difference in the low-density, diffuse temperature, effective optical depth to HI,
and FPS slope [as defined in Eq. (17)] between a w0waCDM model and its ΛCDM counterpart. We share these results at the redshifts
z ¼ 4, 3.2, 2.4. Details on the result for the IGM temperature are found in Sec. III A. The effective optical depth is further described in
Sec. III B. The relative difference found in the slope of the FPS is discussed in Sec. III D.

DESI + CMB + Pantheon DESI + CMB + DESY5 DESI + CMB + Union3
Models DESIþ CMBþ ΛPantheon DESIþ CMBþ ΛDESY5 DESIþ CMBþ ΛUnion3

z ¼ 4 z ¼ 3.2 z ¼ 2.4 z ¼ 4 z ¼ 3.2 z ¼ 2.4 z ¼ 4 z ¼ 3.2 z ¼ 2.4
TLD;DDE=TLD;Λ − 1 0.00140 0.00258 0.00255 0.00237 0.00386 0.00431 0.00318 0.00495 0.00581
τeff;DDE=τeff;Λ − 1 −0.0046 −0.0022 0.0001 −0.0226 −0.0166 −0.0117 −0.0366 −0.0274 −0.0222
nP;DDE − nP;Λ 0.0030 −0.0102 −0.0412 −0.0032 −0.0134 −0.0503 −0.0065 −0.0160 −0.0539

FIG. 3. Example of a synthetic Lyα spectrum at redshift z ¼ 2.4 for the fiducial DESIþ CMBþ ΛCDM cosmology. The top two
panels display the surrounding gas and HI density, projected along 103 h−1 kpc. The third panel displays a temperature projection
weighted by the gas density. The fourth panel shows physical column density NHI. The bottom two panels display the optical depth and
transmitted flux along the skewer. The mean flux along the LOS F̄ defines the effective optical depth τeff ¼ − logðF̄Þ for this skewer.
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real and redshift space. We provide a brief overview of our
results in Table II.

A. IGM density and temperature

The thermal state of the IGM is governed by a complex
interplay between various cooling and heating processes.
Cooling mechanisms include free-free Bremsstrahlung,
collisional excitation, collisional ionization, inverse
Compton scattering, and recombination, while heating is
primarily driven by the UV background associated with

cosmic reionization. Adiabatic expansion of the Universe
introduces an additional cooling channel and influences the
large-scale gas density distribution. To examine the temper-
ature and density of the gas in our simulations, we present
the Δ–T phase diagram in Fig. 4 for the fiducial ΛCDM
cosmology. Here, Δ denotes the overdensity relative to the
mean cosmic baryon density, ρ̄b. Most gas cells fall within
the density range −1 < log10Δ < 2. A non-negligible
fraction occupies the temperature range characteristic of
the diffuse warm-hot intergalactic medium (WHIM),
with 5 < log10ðT=KÞ < 7. The highest overdensities,
log10Δ > 2, correspond to the densest regions, and sites
of potential galaxy and galaxy cluster formation.
We present the relative differences in the Δ–T phase

space for the w0waCDM cosmologies in Fig. 5. The
predominantly red coloring at temperatures T > 105 K
indicates that each DDE model produces a systematically
warmer IGM compared to its corresponding ΛCDM
counterpart. In high-density regions with log10Δ > 2,
the absence of a dominant color gradient suggests that
the density–temperature distribution remains similar across
cosmologies. Around ðlog10Δ; log10 TÞ ¼ ð0; 6Þ, we
observe a clear overdensity of cells in all w0waCDM
models relative to ΛCDM, reflected by an excess in
½PDDEðΔ; TÞ=PΛðΔ; TÞ� − 1. This excess is largest in the
model with the greatest deviation from ΛCDM in its
expansion history, despite the low overall occupancy in
this region (log10 PðΔ; TÞ < −6). In contrast, distinct
diagonal blue features indicate that cells near mean density
(Δ ≈ 1) are more frequently populated in the ΛCDM
models. Overall, DDE cosmologies preferentially populate
warmer and more diffuse regions in the Δ–T phase space.
The density–temperature relationship of gas in the IGM

is traditionally approximated by a power-law relation of the
form TðΔÞ ¼ T0Δγ−1, where T0 is the characteristic tem-
perature at mean density and γ describes the slope of the

FIG. 4. Distribution of gas overdensity ρ=ρ̄b and temperature at
z ¼ 3.0 for the fiducial ΛCDM cosmology. The color scale
indicates the logarithmic probability that a simulation cell falls
within a given bin of the two-dimensional Δ–T volume-weighted
histogram. The interstellar medium cool phase, where the colder/
denser gas within galaxies are at Δ > 2, is not resolved in our
simulations. White regions correspond to bins with no occupied
cells, i.e., PðΔ; TÞ ¼ 0.

FIG. 5. Relative difference in the phase-space occupancy of gas cells between w0waCDM cosmologies and their corresponding
ΛCDM counterparts at redshift z ¼ 3. The quantity plotted is the fractional difference in the joint probability distribution:
½PDDEðΔ; TÞ=PΛðΔ; TÞ� − 1, computed in log10 Δ– log10 T space. From left to right, the panels show the results for the DESI +
CMB + Pantheon, DESI + CMB + DESY5, and DESI + CMB + Union3 models. Red (blue) regions indicate where a phase-space bin is
more (less) populated in the DDE model than in its ΛCDM counterpart.
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relation around the cosmic mean [47–49]. The effect of a
UV ionizing background under nonequilibrium ionization
conditions on the power-law temperature–density relation
was studied by [49], who emphasized the ambiguity in
defining a unique IGM temperature. More recently, high-
resolution hydrodynamic cosmological simulations [31]
show that the most probable temperature can deviate from
T0 by up to 15% in the vicinity of the cosmic mean density,
specifically within the range −1 ≤ log10Δ ≤ 1.
Rather than characterizing the IGM temperature across a

broad dynamic range in overdensity, we focus our analysis
on simulation cells within half an order of magnitude of the
cosmic mean baryon density and exclude the hottest gas
phases. To trace the thermal evolution of the diffuse IGM in
this regime, we compute the expectation value of the
temperature from the normalized probability distribution,

PðTÞ¼
Z

0.25

−0.25
PðΔ;Tj3< log10ðT=KÞ<5Þd log10Δ; ð12Þ

and define the resulting characteristic temperature as the
low-density IGM temperature, TLD. In other words, TLD is
the weighted average of the gas temperature within the
range −0.25 ≤ log10Δ ≤ 0.25, restricted to gas cooler than
the WHIM, i.e., 103 K ≤ T ≤ 105 K.
The IGM temperature histories for each DDE cosmology

are shown in Fig. 6. A period of monotonic temperature
increase characterizes the early Universe up to the com-
pletion of hydrogen reionization around z ≈ 6. Following
this, adiabatic expansion cools the diffuse, low-density IGM
until a temperature minimum is reached near z ≈ 4.5, after
which a second heating phase begins due to extreme UV
photons from active galactic nuclei (AGN). The subsequent
temperature rise until z ≈ 3 corresponds to the epoch of
helium reionization, during which singly ionized helium
(HeII) is fully ionized. After this period, continued adiabatic
expansion drives a second phase of cooling. All w0waCDM
and ΛCDM cosmologies exhibit similar thermal evolution,
broadly following the same trends.
As illustrated in the top panel of Fig. 6, the thermal

history of the IGM is primarily governed by the competi-
tion between adiabatic cooling from cosmic expansion and
photoheating from the UV background. Since all models
are exposed to the same redshift-dependent metagalactic
UV flux, any differences in thermal history arise from
variations in the expansion rate. A deviation from the
ΛCDM expansion history at fixed redshift modifies the
adiabatic cooling rate, which in turn could imprint subtle
differences in the mean neutral hydrogen density. However,
because the DDE cosmologies broadly track the same
expansion behavior, we expect only minimal deviations in
the low-density IGM temperature, TLD, across models.
The difference in IGM temperature evolution between

each w0waCDM cosmology and its corresponding ΛCDM
model is shown in the bottom panel of Fig. 6. Prior to the

completion of hydrogen reionization at z ≈ 6, the IGM is
slightly warmer in the DDE models. As the IGM enters a
cooling phase dominated by adiabatic expansion, the low-
density temperature in allw0waCDM cosmologies becomes
increasingly elevated relative to their ΛCDM counterparts.
A local maximum in the temperature difference occurs
around z ≈ 3.3, where the ΛCDM versions are approx-
imately 0.25–0.50% cooler than their DDE analogs. At the
end of helium reionization near z ≈ 3, where the IGM
reaches its peak temperature, this difference exhibits a local
minimum. The sensitivity of the IGM thermal state to the
expansion rate becomes most pronounced after this final
heating phase, with TLD in the DDE models exceeding that
of ΛCDM by 0.76%, 1.23%, and 1.5% at z ¼ 1.0 for the
Pantheon, DESY5, and Union3 cosmologies, respectively.

FIG. 6. Thermal history of the IGM in all three w0waCDM
cosmologies and the fiducial ΛCDM model, along with the
relative temperature difference between each DDE model and its
corresponding ΛCDM counterpart. Top: Evolution of the low-
density IGM temperature, TLD, for all cosmologies considered,
with parameters inferred from the DESI Collaboration. The
yellow curve corresponds to the DESI + CMB + Union3
cosmology, the blue curve represents the fiducial ΛCDM base-
line, peach and green curves correspond to the DESI + CMB +
Pantheon and DESI + CMB + DESY5 cosmologies, respectively.
The peaks at z ≈ 6 and z ≈ 3 reflect the thermal impact of
hydrogen and helium reionization. The temperature histories
across models are nearly indistinguishable, with only minor
deviations. Bottom: Relative difference in TLD between each
w0waCDM cosmology and its ΛCDM counterpart. Values of
½TLD;DDE=TLD;Λ� > 1 indicate that the low-density IGM is
warmer in the DDE cosmology.
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This growing divergence at late times suggests that the
expansion history leaves a measurable imprint on the
thermal state of the IGM during adiabatic cooling.
Overall, we find that the DDE-induced modification to
the low-density IGM temperature remains below the 2%
level across all redshifts and cosmologies considered.

B. Lyα optical depth evolution

The photoionization of HI by quasar radiation imprints a
forest of absorption lines on the rest-frame spectra redward
of 1216 Å. The effective optical depth of the Lyα forest
provides a direct measure of the HI content in the diffuse
IGM and offers key insights into the photoionization
history of the high-redshift Universe [17]. Using the
calculations described in Sec. II D, the top panel of
Fig. 7 shows the median effective optical depth from
synthetic spectra, computed as the negative logarithm of
the mean transmitted flux along each skewer. The median
τeff decreases monotonically in all simulations as the

Universe expands, diluting nHI and enabling further photo-
ionization. Similar to the temperature evolution in Fig. 6,
all models follow the same general trend and exhibit only
minor differences.
Because DDE models predict a warmer IGM, the neutral

hydrogen fraction xHI ¼ nHI=ðnHI þ nHIIÞmay decline more
rapidly than in ΛCDM. We compute the cell-by-cell relative
difference in xHI, finding that the median of the logarithmic
distribution differs at the subpercent level across all red-
shifts; −0.4% < ½log10ðxHI;DDEÞ= log10ðxHI;ΛÞ� − 1 < 0%.
This slight suppression of the neutral fraction in DDEmodels
remains approximately constant with redshift. Similarly, the
median logarithmic difference in the neutral hydrogen density
follows −0.5% < ½log10ðnHI;DDEÞ= log10ðnHI;ΛÞ� − 1 < 0%,
with the largest deviations occurring at lower redshifts.
To assess the cumulative effect on Lyα absorption, we

compute the redshift evolution of the effective optical depth
τeff for all models. The bottom panel of Fig. 7 shows that
w0waCDM cosmologies predict a systematically more
transparent IGM. The relative decrease in τeff reaches a
local minimum of −1.2% for the DESI + CMB + DESY5
cosmology and −2.2% for DESI + CMB + Union3 near
z ≈ 2.25, while the DESI + CMB + Pantheon model
remains close to zero. By z ¼ 1.317, all DDE cosmologies
converge toward the same relative difference observed at
z ¼ 4; −0.5%, −2.2%, and −3.8% for Pantheon, DESY5,
and Union3, respectively.
Our calculation of τeff includes the effects of peculiar

velocities, which introduce redshift-space distortions.
Previous studies have shown that peculiar motions enhance
line blending and increase the effective optical depth
[50,51]. We confirm that this effect is present in our
models, finding ½τeffðvpec ¼ 0Þ − τeff �=τeff > 0 across the
board. The impact of peculiar velocities is largest at
z < 3.5, where their omission most strongly alters the
relative difference between DDE and ΛCDM models.
Awarmer IGM leads to increased Doppler broadening of

the Lyα line profile, smearing the absorption feature over a
larger velocity width. A smoother absorption feature may
redistribute the local optical depth, potentially changing the
total effective optical depth. This effect becomes more
apparent when redshift-space distortions are excluded, that
is, when peculiar velocities along the line of sight are
omitted. The declining relative difference in τeff for the
more optically thin w0waCDM cosmologies from z ≈ 2.20
to z ≈ 1.491 may be linked to a downturn in the hydrogen
photoionization rate near z ≈ 2, as shown in the leftmost
column of Fig. 9 in [31].

C. Lyα transmitted flux power spectrum

The transmitted Lyα flux in a cell along a LOS
skewer is computed using the standard relationF ¼ expð−τÞ.
To characterize flux fluctuations in the Lyα forest, we
evaluate

FIG. 7. Evolution of the effective optical depth for all cosmo-
logical models considered in this study. Colors match those used
in Fig. 6. Top: Median effective optical depth as a function of
redshift. At each snapshot, we compute the distribution of τeff
across all skewers and plot the median value. The decline in τeff
reflects the continued photoionization of residual HI and the
progressive thinning of the IGM. Bottom: Relative difference in
τeff for all w0waCDM models with respect to their ΛCDM
counterparts. Dashed lines indicate the effect of excluding
peculiar velocities. The IGM is systematically more optically
thin in DDE cosmologies.
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δFðuÞ ¼
FðuÞ − F̄

F̄
; ð13Þ

where F̄ denotes the average transmitted flux in a given
snapshot, estimated as the median of the mean transmitted
flux values across all skewers. In dimensionless form, theFPS
is defined as

Δ2
FðkÞ ¼

1

π
kPðkÞ; ð14Þ

where the power spectrum PðkÞ is computed as

PðkÞ ¼ umaxhjδ̃FðkÞj2i ð15Þ

for a velocity wavenumber k ¼ 2π=u. The Fourier transform
of the flux fluctuation field is given by

δ̃FðkÞ ¼
1

umax

Z
umax

0

e−ikuδFðuÞdu; ð16Þ

where umax ¼ HL=ð1þ zÞ is the Hubble velocity across the
simulation box of comoving length L.
The evolution of the dimensionless FPS during 4.0 <

z < 1.317 for the fiducial ΛCDM cosmology and the three
w0waCDM models is shown in Fig. 8. The range of scales

FIG. 8. Evolution of the flux power spectrum across redshift for all models considered. Model colors match those in the top panel of
Fig. 6. The horizontal vertical red and blue lines indicate the k-modes corresponding to the Hubble flow across the entire simulation box
and a single cell, respectively. Gray arrows mark the k-modes associated with comoving scales of 1 and 10 h−1 Mpc of our fiducial
DESIþ CMBþ ΛCDM cosmology for reference. At small k, we include observational limits from the DESI Collaboration [35], using
kmin ¼ 0.0468 Å−1, converted to inverse velocity via k ¼ 0.0468 Å−1 × λLyαð1þ zÞ=c. At large k, the gray region shows the resolution
limit from the high-resolution study of Boera et al. [33], corresponding to log10ðkmax=s km−1Þ ¼ −0.7. The k-modes trace the velocity
separation of absorbing HI structures. The amplitude of the spectrum reflects the amount of neutral hydrogen available to absorb Lyα
photons. As the Universe expands and reionization progresses, the overall power decreases due to the declining HI fraction. Over the full
velocity range probed, the results for all models lie nearly on top of one another. The corresponding relative differences between DDE
and ΛCDM models are shown in Fig. 9.
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spans from k ¼ 4 × 10−4 km−1 s to k ¼ 1.8 km−1 s. The
peak amplitude decreases by more than an order of
magnitude, from ≈2 × 10−1 at z ¼ 4.0 to ≈1.5 × 10−2 at
z ¼ 1.317. As the comoving Hubble rate H=ð1þ zÞ
declines, the lowest k-mode shifts to larger physical scales.
Over the redshift range shown, the amplitude at the lowest k
decreases by just over an order of magnitude.

D. Flux power spectrum tilt

As discussed in Sec. II C, we isolate the DE impact on
the expansion history by comparing our focused suite of
simulations with DDE against otherwise identical simu-
lations with cosmological constant DE. We detail the
impact of a DDE on the IGM by computing the differences
of the dimensionless FPS, Δ2ðkÞ ¼ kPðkÞ=π, in a

w0waCDM cosmology with its ΛCDM counterpart from
Eq. (14). Since we self-consistently model the nonequili-
brium chemistry network for hydrogen, helium, and elec-
trons and do not directly compare against observations, we
do not match an effective optical depth when comparing
between two cosmologies.
Since we adopt the same comoving side lengths to our

simulation boxes, the slightly different Hubble rate between
a DDE and ΛCDM cosmology will land on different
velocity bins. For the redshifts we analyze, we find
HDDEðzÞ < HΛðzÞ, so the Lyα spectra will extend slightly
more in the ΛCDM cosmology compared to its DDE
counterpart. Before taking the Fourier Transform of a DDE
skewer, we mirror twice-over half of the number of cells
required to reach the same velocity domain and ensure
periodicity. We then take a linear interpolation to the same

FIG. 9. Evolution of the relative difference in the flux power spectrum. We show the comparison of a DDE and ΛCDM model for the
Pantheon, DESY5, and Union3 cosmological models in peach, green, and yellow, respectively. At each scale k, the quantity
½Δ2

F;DDEðkÞ=Δ2
F;ΛðkÞ� − 1 measures the fractional excess or deficit of power in a w0waCDM cosmology relative to its ΛCDM

counterpart. We average in bins of constant Δ log10ðk=s km−1Þ and show the unbinned quantity with lower opacity. The difference is
more pronounced at larger physical scales, indicating a scale-dependent feature, a spectral tilt, most clearly seen in the bottom row. For
the DESI + CMB + Pantheon model, a slight excess of power appears at k≲ 1.5 × 10−2 s km−1 near z ¼ 3.2. Across all models and
redshifts presented, the greatest difference is represented in the range 3 × 10−1 < k=ðs km−1Þ < 3 × 10−2. We do not fix the mean flux,
or effective optical depth, for these comparisons. See Appendix C for the impact of matching the effective optical depth.
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velocity bins as in the ΛCDM comparison cosmology. We
show the relative FPS differences in Fig. 9 after rebinning
Eq. (15) to a set of constant Δlog10ðk=s km−1Þ bins. In
general, the magnitude and ordering of the differences in
Δ2ðkÞ between DDE models and their ΛCDM counterparts
follow the same pattern observed in the relative differences
of the Lyα optical depth and IGM temperature:
DESI + CMB + Pantheon, DESI + CMB + DESY5, and
DESI + CMB + Union3. The first panel of Fig. 9 shows that
at z ¼ 4, the primary difference between the w0waCDM
cosmologies and their ΛCDM equivalents is an overall
normalization shift across all k-modes.
Over the redshift range 3.6 < z < 3.2, we find a

gradual relative increase in power at low-k modes
(k=s km−1 < 2 × 10−2) for each w0waCDM model. From
z ¼ 4 to z ¼ 3.2, the FPS difference in the DESI + CMB +
Union3 model steadily increases, approaching
that of its ΛCDM counterpart at the lowest k-modes
(k < 7 × 10−3 s km−1). Between z ¼ 3.6 and z ¼ 3.2,
the relative power difference at k ¼ 5 × 10−2 s km−1
remains approximately constant at ≤ 2%, ≈3.5%, and
≈4.5% for the DESI + CMB + Pantheon, DESI + CMB
+ DESY5, and DESI + CMB + Union3 cosmologies,
respectively. At the smallest scales displayed
(log10 k=s km ≈ −1), we find the relative power increases
by about 1% from z ¼ 3.6 to z ¼ 3.2.
At redshifts z ≤ 3.0, we observe a clearer development

of enhanced power at low k and suppressed power at
high k, resulting in a distinct spectral tilt, as shown in the
bottom row. We expect deviations in the FPS from
ΛCDM to be primarily driven by DDE after helium
reionization completes (z ≈ 3 for our adopted UV back-
ground), as the thermal evolution of the IGM becomes
increasingly governed by the expansion history. For the

DESI + CMB + Pantheon model, we identify a character-
istic scale at k ≈ 1.8 × 10−2 s km−1 where the FPS tran-
sitions from exhibiting excess to deficit power relative to its
ΛCDM counterpart over the redshift range z ¼ 3.0 to
z ¼ 2.2. Over the same interval, all three DDE models
converge to similar relative FPS differences with respect to
ΛCDM at the largest scales. During the subsequent phase
of adiabatic expansion, from z ¼ 2.33 to z ¼ 1.317, the
overall amplitude of the FPS difference changes, while the
spectral tilt persists. Over this redshift range, the peak FPS
amplitude at k ¼ 2 × 10−2 s km−1 decreases from 4 × 10−2

to 1.5 × 10−2. Compared to their ΛCDM counterparts, the
DDE models consistently exhibit more large-scale and less
small-scale flux fluctuations down to k ≈ 3 × 10−2 s km−1.
In Appendix C, we show that matching the effective optical
depth does not remove the tilt.
We compute the logarithmic derivative of the power

spectrum to investigate the evolution of the spectral tilt.
Assuming the power spectrum of Eq. (15) evolves as a
power law, we fit a linear polynomial for log10 PðkÞ as a
function of log10 k in windows of eight k-mode bins. We
then fit a spline to the resulting slopes in each window to
evaluate the expression

nP ≡ d log10PðkÞ
d log10k

����
ks

ð17Þ

at ks ¼ 2 × 10−2 s km−1 near the peak FPS amplitude,
where the spectral tilt transitions from positive to negative
Δ2

F values at z ¼ 2.33 between the DESI + CMB +
Pantheon DDE and ΛCDM models.
Our results for the calculated nP values are presented in

Fig. 10. The power spectrum computation includes the
effects of peculiar velocities, capturing the contribution

FIG. 10. Evolution of the power spectrum slope nP evaluated at ks ¼ 2 × 10−2 s km−1. From left to right, each panel shows the
redshift evolution of nP for models based on the Pantheon, DESY5, and Union3 datasets. In blue, we show the w0waCDM model; in
peach, its ΛCDM counterpart. The top row displays the difference in slope between the two models. All calculations account for the
effects of peculiar velocities. Following the completion of helium reionization at z ≈ 3, the slope decreases more rapidly for DDE
models. We do not match the effective optical depth when comparing between w0waCDM and ΛCDM cosmologies in these
calculations.
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from the growth of small-scale structure. We find
nP ≈ −0.85 relatively constant at redshifts z > 3.4, with
DDE models displaying a slightly greater slope. For red-
shifts z < 3.4, we calculate a steeper logarithmic PðkÞ
slope for DDE when compared to ΛCDM models
nP;DDE < nP;Λ. We find the spectral index difference
between DDE and ΛCDM is most pronounced at redshifts
z ≈ 2.5 with nP;DDE − nP;Λ ≈ −0.05. For all models con-
sidered, the difference decreases to ≈ − 0.03 at z ¼ 1.317
when nP;DDE ≈ −1.0 and nP;Λ ≈ −0.97. We notice that the
overall shape of nP as a function of redshift for all three of
our DDE models are similar, and likewise for our ΛCDM
models.

E. Impact of peculiar velocities
on the flux power spectrum

Peculiar velocities introduce an additional broadening
effect by redistributing the optical depth of a cell across
neighboring gas elements. Including peculiar velocities in
the optical depth calculation suppresses small-scale power
in the flux, reducing the amplitude at large-k modes. In
addition, divergent velocity fields can raise the temperature

of thermally pressurized gas regions. High-density regions,
which grow according to the linear growth factor, are the
origin of gravitationally induced peculiar velocities. The
clustering of matter in redshift space is therefore altered,
affecting the evolution of the large-scale linear matter
power spectrum [52]. While peculiar velocities damp
small-scale flux fluctuations, the linear growth factor
dominates the large-scale evolution, where structure for-
mation proceeds in the linear regime.
We compute the redshift evolution of the relative FPS

difference with and without including vpec for both the
ΛCDM and DDE models, as shown in Fig. 11. At z ¼ 4,
removingpeculiar velocities hasminimal effect on the relative
FPS difference for the DESI + CMB + Pantheon model. In
contrast, the DESI + CMB + DESY5 and DESI + CMB +
Union3 models exhibit a modest reduction in relative power
difference at large scales (k < 1.5 × 10−2 s km−1) when
peculiar velocities are excluded. At small scales
(k > 6 × 10−2 s km−1), all three models show slightly more
power when excluding peculiar velocities.
In the second row of Fig. 11, we find that removing

peculiar velocities amplifies the large-scale relative
FPS difference for the DESI + CMB + DESY5 and

FIG. 11. Comparison of the relative difference evolution of the FPS with and without peculiar velocities. From top to bottom, we show
results at redshifts z ¼ 4, 2.6, and 1.317. From left to right, panels correspond to the DESI + CMB + Pantheon, DESY5, and Union3
models. In peach (blue), we plot the relative FPS difference computed without (with) peculiar velocities. At all redshifts, excluding
peculiar velocities reduces large-scale power (k ≤ 6 × 10−3 s km−1) in each model.
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DESI + CMB + Union3 models in the range k < 1.5 ×
10−2 s km−1 at z ¼ 2.6. For k < 8 × 10−3 s km−1, the
relative flux fluctuations are greater (lower) in the DDE
models compared to their ΛCDM counterparts when
including (excluding) peculiar velocities. In contrast,
removing peculiar velocities in the DDE FPS calculation
of DESI + CMB + Pantheon shows a slight decrease in
the relative FPS difference at large scales, but is still
greater than the ΛCDM counterpart. In the range
2 < k × 102 km s−1, the exclusion of peculiar velocities
results in a slight increase in the relative FPS difference.
Across all three models, we find that the exclusion of
peculiar velocities decreases large-scale flux fluctuations,
subsequently leading to a less distinct FPS spectral tilt.
Our final redshift snapshot at z ¼ 1.317 is shown in the

third row of Fig. 11, exhibiting similar peculiar velocity
effects to those observed at z ¼ 2.6. For all models, we
find a slightly lower large-scale relative FPS difference
(k < 6 × 10−3 s km−1) when peculiar velocities are
excluded. In the range 1 < k × 102 km s−1, removing
peculiar velocities results in a slightly enhanced relative
FPS difference across all models, while effectively landing
on top of one another. The spectral tilt described in
Sec. III D remains present in all cases, and is more clearly
visible in the relative FPS difference when peculiar veloc-
ities are included.

IV. DISCUSSION

We have shown that the IGM in a dynamical DE
cosmology exhibits distinct properties compared to its
counterpart with a cosmological constant. A brief discus-
sion of our findings is presented here. In Sec. IVA, we
place our results in the context of previous work and
examine the impact of DDE on the FPS. Section IV B
outlines some limitations in interpreting our results. Finally,
in Sec. IV C, we discuss the broader implications of our
findings for DDE cosmologies.

A. Dynamical dark energy impact
on flux power spectrum

Our results differ from those of [21,22], who also explored
the impact of noncosmological constant dark energy on the
IGM and the Lyα forest before the DESI results. Viel et al.
[21] used semianalytical models to compute the power
spectrum [Eq. (15)] for wCDM cosmologies and reported
a deviation from ΛCDM characterized by a constant
normalization offset at k < 3 × 10−2 s km−1. At fixed k
in the redshift range 1.8 < z < 2.2, all three of their models
½ðw0; waÞ ¼ ð−0.4; 0.0Þ; ð−0.6; 0.0Þ; ð−0.8; 0.0Þ� produced
higherPðkÞ values thanΛCDM, with the most extreme case,
ðw0; waÞ ¼ ð−0.4; 0.0Þ, yielding nearly an order of magni-
tude excess. We find a qualitatively similar trend at z ¼ 2.2,
where the DESI + CMB + Pantheon and DESI + CMB +
DESY5 models predict more large-scale power at

k < 10−2 s km−1 compared to their ΛCDM counterparts.
For the DESI + CMB + Union3 model, a comparable effect
occurs at slightly smaller scales, k < 7 × 10−3 s km−1.
However, unlike [21], we find that the relative difference
is not merely a normalization offset but exhibits a clear scale
dependence.
Using high-resolution dark matter-only N-body simu-

lations, [22] apply a semianalytical prescription for gas
based on density and temperature assignments to “field”
and “halo” particles. They investigate four DDE models,
ðw0;waÞ ¼ ð0.0;−3.0Þ; ð−2.0;0.0Þ; ð−2.0;2.0Þ; ð−1.1;1.3Þ,
and report FPS deviations from ΛCDM. However, they
emphasize that these discrepancies are not driven by DE
and are subdominant to cosmic variance according to the
Anderson-Darling statistic. Using identical sight-lines to
compute the FPS, they find nearly indistinguishable power
at large scales (−2.5 < log10ðk=s km−1Þ < −2.0), with
only the model ðw0; waÞ ¼ ð−1.1; 1.3Þ showing a deficit
in power. In contrast, we find a scale-dependent FPS
difference between each w0waCDM cosmology and its
ΛCDM counterpart, indicating that the DDE models
explored here imprint a measurable deviation in the FPS.
A recent study by [53] investigated the effect of DDE of

the kind inferred by DESI on the matter power spectrum,
clustering, and halo abundances using large, high-resolu-
tion N-body simulations. They adopt cosmological param-
eters from [4] as a reference model and compare against a
model with the same parameters, changing only the DE
equation of state to the w0waCDM DESI + CMB ðw0; waÞ
values from Table 3 of [15]. At z ¼ 2.03 and z ¼ 1.54, they
find DDE increases the power of dark matter fluctuations
by ≈2% across scales of 0.1 < k=ðh Mpc−1Þ < 10. At
lower redshifts, they find a lower (greater) matter power
spectrum amplitude at large scales of k < 2 h Mpc−1 (small
scales of k > 2h Mpc−1). Using hydrodynamical simula-
tions, we find lower small-scale amplitude of Δ2

FðkÞ in Lyα
spectra and an enhancement in the matter power spectrum
at k > 2 h Mpc−1. See Appendix D for details on the
relative difference of the matter power spectrum for the
models we consider. When comparing their reference
ΛCDM model to the model with all w0waCDM DESI +
CMB cosmological parameters, they find that the impact of
varying other cosmological parameters, specifically high-
lighting the product Ωm;0h2, dominate over the impact of
DDE. When holding Ωm;0h2 constant, [53] find the impact
of DDE to suppress large-scale and enhance small-scale
matter power fluctuations. To highlight the impact of DE on
structure formation, further high-resolution simulations are
warranted.
At late times (z < 3.0), we find a spectral tilt in the FPS

that is qualitatively similar to that reported in warm dark
matter models at higher redshift (z > 4.0). Previous studies
have attributed the suppression of small-scale power to
reduced density fluctuations, and the increase in large-scale
power to an excess of close-to-mean density gas and lower
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mean transmitted flux caused by the free-streaming behav-
ior of warm dark matter [54–59]. We also find less power at
small scales of the FPS in the w0waCDMmodels, as well as
an increase in large-scale power, accompanied by a higher
mean transmitted flux (i.e., a lower effective optical depth),
with the distinguishing feature that the DDE-induced
spectral tilt occurs at later times.
We perform our calculations in redshift space but verify

consistency when excluding peculiar velocities. Consistent
with [50,51], we find that removing peculiar velocities
yields a more optically thick IGM. At the same time, the
percent-level relative differences in τeff are amplified when
peculiar velocities are excluded. Using radiative transfer
simulations to study the effects of inhomogeneous reioni-
zation on the FPS, [60] report that higher gas temperatures
induce stronger gradients in the peculiar velocity field of
pressurized gas, leading to small-scale FPS suppression.
The influence of peculiar velocities in shaping the FPS
exceeds the free-streaming suppression from warm dark
matter at scales k > 10−1 s km−1 [55]. Additionally, [61]
find that a higher amplitude of the matter power spectrum at
k ¼ 0.78 Mpc−1 enhances large-scale FPS power and
increases the peculiar velocity-induced suppression at small
scales, particularly at k > 2 × 10−1 s km−1. In our analysis,
excluding peculiar velocities reduces the relative FPS
difference at large scales, while their inclusion tends to
introduce greater variability in the relative FPS difference at
small scales.
Observations of quasars illuminating the Lyα forest

along the line of sight provide a powerful probe of cosmic
voids and serve as a sensitive testbed for cosmological
physics and galaxy formation. High-resolution quasar
spectra enable FPS measurements at small scales, as
demonstrated by datasets such as KODIAQ [62],
SQUAD [63], XQ-100 [64], and archival Keck/HIRES
and VLT/UVES data [33,65]. Medium-resolution spectra
of large quasar samples provide robust constraints at larger
scales, with surveys such as BOSS [66] and its extension
eBOSS [67]. The DESI DR1 release further expands this
capability with 700,000 medium-resolution Lyα quasar
spectra [68].
The measurement of the FPS using ≈500,000 quasars

from DESI DR1 with an fast Fourier transform (FFT)-
based method is presented in [35] and with a quadratic
maximum likelihood estimator (QMLE) in [69]. The
authors of [35] report statistical uncertainties on the power
spectrum [e.g., Eq. (15)] below 10% across all k-modes and
redshifts. Absolute statistical uncertainties reach the 10−2

level at all modes for z < 3.4. Both the FFT and QMLE
measurement uncertainty are dominated by systematic
effects as shown in the bottom-right panel of Fig. 11 in
[35], where the ratio of systematic to statistical uncertain-
ties is quantified, and in Fig. 4 of [69] with the ratio of
systematic uncertainty to the entire uncertainty budget
calculated.

A cosmological analysis of the DESI DR1 FPS QMLE
measurement is performed in [70], where they restrict the
sample to only include quasars with a per-pixel signal to
noise greater than 3 in order to reduce noise systematics.
The PðkÞ uncertainties are < 5% for redshifts z < 3.4, and
are dominated by statistical uncertainties. They place
constraints on the amplitude and slope of the matter power
spectrum at the scale k ¼ 0.009 s km−1 and redshift z ¼ 3
using a sample of ≈60,000 sources. The posteriors of these
compressed parameters are consistent with a Planck
ΛCDM cosmology, but may be effective in constraining
extensions of ΛCDM including a varying neutrino mass,
changing the effective number of relativistic species, and a
running of the spectral index. While the statistical uncer-
tainty currently dominates the error budget for the DESI
DR1 FPS QMLE measurement used in this cosmological
parameter inference, the final five year data release will
double the number of quasars available for analysis.
Furthermore, each spectra’s signal to noise will improve
as individual quasars are observed multiple times with an
estimated doubling in the effective exposure time. In effect,
systematic and emulator uncertainties will contribute a
larger factor to the error budget. With substantial efforts
aimed at reducing the impact of systematics, we anticipate
that precision measurements of the final DESI FPS will
reach the single percent-level sensitivity needed to detect
DDE-induced deviations of the kind presented in this work
at redshifts z < 3.4–namely, relative differences of þ2% at
small k-modes and −4% at large k-modes in the DESI +
CMB + Union3 cosmology. Future observations from the
MaunaKea Spectroscopic Explorer [71] and Widefield
Spectroscopic Telescope [72] will provide both large-sky
coverage and high-resolution quasar spectra that may
enable further precise measurements of the FPS.

B. Caveats

Our results highlight several limitations that motivate
future work aimed at more robustly isolating the effects of a
DDE and performing joint cosmological parameter infer-
ence with observational data. The thermal state of the IGM
is governed primarily by the balance between photoioni-
zation heating and adiabatic expansion cooling. The
authors [31] find the amplitude and redshift dependence
of the hydrogen reionization history primarily changes the
overall amplitude of the FPS, and increasing the amplitude
or shifting to a higher-redshift onset of helium reionization
will suppress power at small scales (k ≤ 2 × 10−2 s=km)
for redshifts 4 < z < 3. To reproduce a qualitatively similar
result to our findings, we could increase the overall
amplitude of the FPS by shifting to a weaker, lower-
redshift hydrogen reionization with a stronger, higher-
redshift helium reionization to decrease small-scale power,
though the redshift evolution of the tilt we calculate in this
study may be difficult to mimic. The role of photoheating in
DDE cosmologies could be more fully explored by
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marginalizing over the amplitude and redshift evolution of
hydrogen and helium ionization [31].
A potential limitation of our study is the assumption

of a spatially uniform ionizing background. Realistic
modeling of reionization, particularly the patchy and
quasar-driven nature of HeII reionization, is essential to
accurately assess the imprint of DDE on the FPS. Using
cosmological, hydrodynamic simulations with subgrid
physics implementing galaxy formation processes, [73]
find the energy and mass redistribution from AGN feed-
back decreases the flux power spectrum PðkÞ by 6% at
large scales of k ≈ 3 × 10−1 h Mpc−1, while increasing
the power at small scales of k ≈ 1 × 101 h Mpc−1.
Simulations that incorporate spatially inhomogeneous
ionization fields using radiative transfer have shown
increased small-scale FPS power at high redshift
(z > 5) for k ≤ 0.03 s km−1 [74–76]. At lower redshifts
(2 < z < 4), [77] find that ionization inhomogeneities
may induce measurable FPS differences of 3.3–6.5% at
z ¼ 4 and 0.35–0.75% at z ¼ 2. Other studies implement-
ing radiative transfer coupled with hydrodynamics to
model inhomogeneous HeII reionization also report
enhanced small-scale FPS power resulting from altered
thermal histories [78,79]. In the context of Lyα-emitting
galaxy clustering, [80] show that radiative diffusion of the
Lyα line can have a larger effect than peculiar velocities.
In addition, we do not account for gas cooling via metal-
line emission, assuming instead a composition of pristine
hydrogen and helium. We also lack a model for galactic
winds driven by supernova, which may produce either an
increase or decrease in the FPS PðkÞ at small scales of
k > 1 h Mpc−1 depending on the specific wind prescrip-
tion [73,81]. These simplifications, together with the
omission of AGN feedback, may introduce a bias at the
few percent level in FPS-based cosmological parameter
constraints [82]. The increased (decreased) small-scale
(large-scale) power of AGN feedback on the FPS may act
to wash out the tilt we attribute to DDE.
In the DDE cosmological models considered in this

study, the rate of expansion that governs adiabatic cooling
is determined by the energy-density fractions, the present-
day Hubble parameter H0, and the dark energy parameters
ðw0; waÞ. Varying H0 alters the physically inferred value of
Ωbh2, thereby changing the total amount of hydrogen and
helium. While we adopt three specific ðw0; waÞ pairs, a
more comprehensive analysis would sample the posterior
distribution presented in Fig. 11 of [7]. Varying the matter
energy density could modify both the expansion history
and the growth of structure, which are expected to leave
imprints on the FPS.
Because the Lyα forest is sensitive to small-scale

structure, a more complete treatment would marginalize
over the effects of linear matter power spectrum parameters.
Combining thousands of quasar spectra with hydrodynamic
simulations, [83] demonstrated that the FPS can constrain

Ωm, ns, and σ8, establishing its value as a cosmological
probe of structure formation. As noted in Sec. IVA,
changes to structure formation induced by warm or fuzzy
dark matter have also been studied using hydrodynamic
simulations. Recent work has employed emulators trained
on high-resolution simulations to efficiently reproduce Lyα
forest observables and constrain the amplitude and spectral
index of the matter power spectrum at small scales [84,85].
While such emulators capture the impact of structure
growth efficiently, they typically do not resolve the full
complexity of IGM physics. The impact of σ8 and ns causes
an amplitude and tilt change on the FPS similar to the
matter power spectrum. In effect, we may qualitatively
reproduce the FPS tilt we find with a lower spectral index,
though the redshift evolution is not expected from changing
ns. Since the combined effects of a DDE and variations
in structure growth parameters (e.g., matter density,
amplitude, and spectral slope of the power spectrum) on
the IGM remain largely unexplored, high-resolution hydro-
dynamic simulations are essential to accurately quantify
how DDE influences the diffuse baryons probed by the Lyα
forest.

C. Implications for dynamical dark energy

The phenomenological w0 − wa parametrization of the
DE equation of state considered in this study describes a
wide range of DE models after mapping the observatio-
nally constrained Hubble rate HðzÞ and distances DðzÞ to
a time evolving equation of state wðzÞ [86,87]. The models
considered for this study all cross the “phantom divide”
[wðzÞ ≤ −1] some time in the recent past (z ≈ 0.4), which
violates the null energy condition (ρþ P ≥ 0) for simple
physical models of DE. However, there are other DE
models with similar expansion histories and Hubble rates
that do not violate the null energy condition. For instance,
[88] show that different classes of simple, physically-
motivated models can satisfy the null energy condition,
while occupying an equivalent w0 − wa parameter
space that leads to a crossing of the phantom line.
Since a physical interpretation of the w0 − wa model
can sometimes prove challenging, [89] advocate for a
thawing (wa < 0) scalar field that recently (z ≈ 2)
begins to exponentially grow from w ¼ −1 in the
early Universe. The model in [89] has only a single
parameter w0 to fit, which can be interpreted as the scalar
field mass or the initial value of the scalar field. In
principle, either of these DE models, or similar classes
of models that change the expansion histories or Hubble
rates relative to ΛCDM, could leave observable imprints
in the Lyα forest FPS by changing the adiabatic cooling
and IGM temperature history. We note that these models
would also change the linear growth function for the
development of cosmic structure, which may also have an
effect on the forest. We plan to simulate such models in
future work.
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V. CONCLUSIONS

Westudy the impact ofDDE inw0waCDMcosmologies by
analyzing its effects on the thermal history of the IGM and the
structure of the Lyα forest using a focused suite of hydro-
dynamic simulations. Holding σ8, ns, andΩbh2 fixed, we run
simulationswith three distinct sets of cosmological parameters
(Ωm;0 andH0) for bothw0waCDM andΛCDM cosmologies.
TheDDEparameter choices aremotivated by constraints from
DESI DR1 with the full DDE parameter space yet to be
investigated. Our main findings are summarized below:

(i) We quantify the effect of DDE on the Hubble rate,
cosmic age, and linear growth factor relative to
matched ΛCDM models. The Hubble rate in all
DDE cosmologies follows a common trend, leading
to an older Universe compared to ΛCDM down to
z ≈ 0.25. Each DDEmodel exhibits a transition from
suppressed to enhanced linear growth at a character-
istic redshift, depending on the underlying ðw0; waÞ
parameters;

(ii) We calculate and compare the effective optical
depth, low-density temperature, and FPS for the
DDE and ΛCDM cosmologies considered. Relative
differences between these quantities are typically at
the few percent level;

(iii) The simulations show a slightly warmer low-density
IGM in DDE cosmologies, with relative temperature
differences in the range 0.1% < ½TLD;DDE=TLD;Λ� −
1 < 2% for z < 4, assuming the same cosmic UV
background evolution;

(iv) The effective optical depths in DDE models are
lower by 1–4% relative to their ΛCDM counterparts
over the redshift range z ≈ 1.5–4. The medians of the
logarithmic distributions of the HI fraction and
neutral hydrogen density differ by up to −0.5%;

(v) We find that DDE models introduce a spectral tilt in
the transmitted flux power spectrum relative to
ΛCDM, characterized by more relative power at
large scales and less at small scales. This scale-
dependent feature is most prominent at z < 3 and
cannot be accounted for by rescaling the effective
optical depth or excluding peculiar velocities, in-
dicating that DDE leaves a distinct physical imprint
on the structure of the Lyα forest.

Our results point to an intriguing possibility of a DDE
imprint on Lyα measurements. Further investigations are
warranted to study other effects that may mimic these
features in FPS observations, including a modified matter
power spectrum or a change in reionization timing. We
expect the increasing quasar sample size and improved
systematic modeling of future DESI observations will
provide precise FPS measurements at the level of the
DDE-induced differences we find. The complex relation-
ship between the expansion history, matter power spectrum,
meta-galactic UV background, and potential baryonic
influences from galactic feedback on the FPS necessitates

high-resolution hydrodynamic simulations to distill the
impact of a DDE on the Lyα forest.
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APPENDIX A: LOOKBACK TIME

An alternative method of describing the expansion
history of a desired cosmology is with the dimensionless
lookback time (H0t), as a function of redshift by solving the
equation

H0tðzÞ ¼
Z

z

0

dz0

ð1þ z0Þξðz0Þ : ðA1Þ

After solving for the lookback time at a given redshift for
each cosmology using Eq. (A1), we describe the scale
factor a ¼ ð1þ zÞ−1 (i.e., expansion history) as a function
of the lookback time. Our representation of the DDE
parameters is shown in Fig. 12. The least to most discrepant
expansion history of a DDE cosmological model with
respect to their ΛCDM counterpart follows from Fig. 6 of
[15]; Pantheon, DESY5, and Union3. All w0waCDM
cosmologies predict a slightly smaller scale factor at fixed
lookback time, with larger discrepancies at increasing
lookback time.
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At a lookback time of H0t ¼ 0.5, the relative expansion
history difference for the DESI + CMB + Pantheon model
reaches ≈1% and stays roughly the same at larger lookback
times. For the same lookback time, the scale factor is
predicted to be 1.8% and 2.2% smaller for the DESI +
CMB + DESY5 and DESI + CMB + Union3 w0waCDM
models compared to their ΛCDM cosmologies, respec-
tively. Looking back to 80% that of a Hubble time ð1=H0Þ,
we find that length scales in a w0waCDM cosmology reach
only 95%, 97%, and 99% that of the ΛCDM versions for
the DESI + CMB + Pantheon, DESI + CMB + DESY5, and
DESI + CMB + Union3 models respectively. We expect the
HI density to be reduced at fixed lookback time for a given
Ωb;0, a trend that should manifest in baryonic properties of
the IGM.

APPENDIX B: OPTICAL DEPTH CALCULATION

We measure the optical depth along a skewer by setting
u0 as the cell-centered Hubble flow velocity. The integral
contribution from the ith cell to the optical depth at the jth
cell in Eq. (9) becomes

Z
uiþ1=2

ui−1=2

1

vth;iπ1=2
exp

�
−
�
ui − uj
vth;i

�
2
�
dui: ðB1Þ

We complete a substitution of variables μ ¼
ðui − ujÞ=vth;i with limits μ� ¼ ðui�1=2 − ujÞ=vth;i to inte-
grate the exponential. We now have

1

π1=2

Z
μþ

μ−

exp ½−μ2�dμ; ðB2Þ

where we use the error function to get

1

2

�
erf

�
uiþ1=2 − uj

vth;i

�
− erf

�
ui−1=2 − uj

vth;i

��
: ðB3Þ

We note that the physical velocity of a cell ui is the
summation of the peculiar velocities vi and the cell-
centered Hubble flow velocity vH;i. The boundary values
uiþ1=2 are found by adding half of the Hubble flow across
one cell, ΔvH ¼ umax=NLOS [where umax is defined after
Eq. (16), and NLOS is the number of LOS cells], to the
physical velocities ui�1=2 ¼ ui � ΔvH=2. We rearrange the
error function argument to place the evaluation around the
jth cell to find

ui�1=2 − uj ¼ ui − uj∓1=2: ðB4Þ

Using the property that the error function is an odd
function, we rewrite Eq. (B3) as

1

2

�
erf

�
ujþ1=2 − ui

vth;i

�
− erf

�
uj−1=2 − ui

vth;i

��
: ðB5Þ

We complete the measurement by looping over each jth
cell. We note that the measurements are completed at the
center of the cell, so the peculiar velocity of the cell taking
the measurement is zero, vj ¼ 0, and the only contribution
to uj�1=2 is the Hubble flow along the left or right interface.
Using the notation after Eq. (11), ujþ1=2 ¼ vR;H;j and
uj−1=2 ¼ vL;H;j.

APPENDIX C: IMPACT OF MATCHING Lyα
EFFECTIVE OPTICAL DEPTH ON THE FLUX

POWER SPECTRUM

The goal of matching the effective optical depth is to
marginalize over the unknown UV background field and fix
the opacity at a specific length scale. The UV background
adopted in this study was designed to fine tune the model
from [90] by changing the amplitude and timing of
hydrogen and helium reionization in a ΛCDM model with
cosmological parameters from [4]. As mentioned in
Sec. IV B, an expanded study could vary the UV back-
ground field in order to jointly fit the impact of DDE with
FPS observations. To illuminate whether our primary result
of the spectral tilt arises from an overall effective optical
depth normalization (or σ8 normalization), we artificially
boost the HI density in w0waCDM cosmologies to match

FIG. 12. The expansion history for w0waCDM cosmologies,
aDDEðtÞ, normalized to their ΛCDM counterparts, aΛðtÞ, as a
function of dimensionless lookback time t. The same colors as in
Fig. 2. The peach line shows the expansion history for the DESI +
CMB + Pantheon divided by the expansion history for the
DESIþ CMBþ ΛPantheon cosmology, as described in Table I.
The case is the same for the green line showing the impact of
replacing the DE equation of state in the DESI + CMB + DESY5
model with w ¼ −1. The yellow line shows the expansion history
of the DESI + CMB + Union3 model normalized by the same
cosmology with a ðw0; waÞ ¼ ð−1; 0Þ parameter set.
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the effective optical depth in each of their ΛCDM model
counterparts. We show the relative measurement for all
three alternative cosmologies in Fig. 13.
A primary result of this study, the FPS shows scale- and

redshift-dependent differences between DDE and corre-
sponding ΛCDM models, remains readily apparent. The
overall impact of matching the effective optical depth
manifests as an amplitude change at all k-mode scales,
with no impact on the spectral tilt shown in Fig. 9. At large
scales (log10ðk km s−1Þ ≤ −2), we calculate a larger DDE
FPS amplitude compared to a ΛCDM model. Reproducing
the effect of the spectral tilt requires a more complicated set
of cosmological parameters than simply increasing or
decreasing σ8. By matching to the effective optical depth
of the ΛCDM model, the physical effects that induce
differences between the DDE and cosmological constant
model FPS may be obfuscated. We therefore present our
results without matching the optical depths, while noting
that, without marginalizing over the effects of the UV

background on the FPS normalization, the FPS amplitude
cannot be independently calibrated.

APPENDIX D: MATTER POWER SPECTRUM

The DDE models we study predict a slightly greater
amount of growth at large scales during structure formation.
To investigate relative differences of clustering at nonlinear
scales arising due to DDE, we compute the matter power
spectrum for each of our simulations. We place the dark
matter particles onto a grid using a cloud-in-cell mass
assignment scheme. We mitigate aliasing effects using an
interlacing technique described in [91], and correct for the
associated window function and shot noise using Eq. (2.15)
of [92], who themselves build on the work of [93]. The
relative difference in the matter power spectra PðkÞ are
shown in Fig. 14.
We find a qualitatively different result compared to the

relative difference in the FPS.We calculate a greater relative

FIG. 13. Relative difference in the flux power spectrum, after artificially boosting the HI density for a DDE model to match the
effective optical depth of its ΛCDM counterpart. Same colors as in Fig. 2. We bin to values of constant Δ log10ðk=s km−1Þ, with the
unbinned quantity shown with low opacity. As in Fig. 9, we find a relative difference between a DDE and its ΛCDM counterpart that is
dependent on the spectral scale and redshift.

DYNAMICAL DARK ENERGY IMPRINTS IN THE … PHYS. REV. D 114, 083536 (2026)

083536-21



difference in the matter power spectrum at small scales
compared to large scales. At all length scales and redshifts,
we find more clustering for a DDE model compared to its
associated ΛCDM cosmology. At redshifts 4 < z < 3, the
matter power spectrum relative difference increases with
smaller scales from 10% at large scales of k ≈ 4 ×
10−1 h Mpc−1 to 20% at k ≈ 4 h Mpc−1 for the Union3
cosmologies. We calculate a decrease in the relative differ-
ence for all models at small scales of k ≥ 8 h Mpc−1

between redshifts z ¼ 3.0 to z ¼ 2.8 as well as z ¼ 2.6 to

z ¼ 2.4. In the third row of Fig. 14, we find the scale of the
largest relative difference shifts from k ≈ 3 h Mpc−1 at
redshift z¼2.33 to k ≈ 1.5 h Mpc−1 at redshift z ¼ 1.317.
We calculate a maximum relative difference of≈5%,≈14%,
and ≈20% in the matter power spectrum for our Pantheon,
DESY5, and Union3 cosmologies. The relative difference in
thematter power spectrumdifferswith that of the FPS in their
redshift evolution, scale dependence, and amplitude. The
difference in nonlinearmatter power spectrumdo not explain
the impact of DDE on the Lyα FPS.

FIG. 14. Relative difference in the nonlinear matter power spectrum with interlacing, corrected for shot noise and the window effect
from the cloud-in-cell scheme. Same colors as in Fig. 2. We show the physical velocity mode scales of 0.003 s=km and 0.01 s=km for
our fiducial DESIþ CMBþ ΛCDM cosmology for reference. We use CAMB [94] to compute the linear relative differences, shown in
dashed lines, and leverage the mead2020_feedbackmodel [95] for nonlinear scale differences, shown in fine dashed lines. We find a
greater amplitude of clustering in DDE models compared to their ΛCDM counterparts.
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