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ABSTRACT: Measurements of galaxy distributions at large cosmic distances capture clustering
from the past. In this study, we use a cosmological model to translate these observations into
the present-day galaxy distribution. Specifically, we reconstruct the 3D linear matter power
spectrum at redshift z = 0 using Dark Energy Spectroscopic Instrument (DESI) Year 1 (DR1)
galaxy clustering data and Cosmic Microwave Background (CMB) observations, assuming
the ACDM model, and compare it to the result assuming the wow,CDM model. Building on
previous state-of-the-art methods, we apply Effective Field Theory (EFT) modelling of the
galaxy power spectrum to account for small-scale effects in the 2-point statistics of galaxy
data. Implementation of the EFT approach improves the modelling of the galaxy power
spectrum, providing a more robust consistency test of the assumed cosmological model. By
casting both CMB and galaxy clustering observations, spanning distinct redshift regimes, into
k-space, we can identify discrepancies between the datasets of different redshifts, which would
indicate potential inaccuracies in the assumed expansion history. While previous studies
have shown consistency with ACDM, this work extends the analysis with higher-quality
data to further test the expansion histories of both ACDM and wyw,CDM. Our findings
show that both ACDM and wow,CDM provide consistent fits to the linear matter power
spectrum recovered from DESI DR1 data.
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1 Introduction

Long before the discovery of cosmic acceleration [1, 2], cosmologists worked to develop models
that accurately describe cosmic observations. This discovery, however, marked a turning point,
driving the refinement of these models to incorporate the accelerated expansion. The highly
successful ACDM model emerged as the leading framework, describing a Universe composed
of approximately 5% baryonic matter, 25% cold dark matter (CDM) and 70% dark energy
(DE) at present time, with less than 1% contributions from neutrinos and radiation. As the
dominant component of the Universe’s energy budget, dark energy is also the sole driver of
its accelerated expansion. Analysing cosmic observations at both large and small scales offers
valuable insights into the nature of dark energy and its role in shaping the Universe’s evolution.

Recent analyses of the Dark Energy Spectroscopic Instrument (DESI) Year 1 (DR1) and
Year 3 (DR2) BAO and Full-Shape spectrum data, in combination with other probes, indicate
a notable deviation in expansion history from the standard ACDM predictions. Using the
CPL parametrization [3, 4], which allows for a time-varying dark energy (DE) Equation of
State (EoS), both data sets suggest a preference for a wow,CDM cosmology [5-7], challenging
the standard ACDM predictions of wg = —1 and w, = 0. Although the significance of this
tension arises primarily from the combination of multiple probes, as individual datasets alone
provide limited constraints on dark energy, the same tendency is found in constraints from
the SN Ia data [8-10]. Furthermore, tensions in the values of Hy [11-16] and potentially
og (Sg) [6, 17-19] further suggest that the ‘best-fit’” ACDM model cannot fully account for
all observations. Together, these discrepancies highlight potential limitations of the ACDM
model, motivating extensions that introduce additional parameters and extra degrees of
freedom to better align with observations.

Another way to test ACDM is through the diverse observations of the Universe’s matter
components — whether from the Cosmic Microwave Background (CMB) [12, 20, 21], Ly-«



forest [22, 23], galaxy clustering [6, 24, 25], or weak lensing [22, 26, 27|, all of which trace the
underlying matter field. Each observation provides unique insights across different scales and
times: The CMB captures the largest scales, originating from the epoch of recombination;
galaxy clustering reveals the distribution of dark matter on intermediate scales; weak lensing
maps distortions in the shapes of background galaxies caused by the gravitational influence
of foreground matter on intermediate to smaller scales; and the Ly-« forest traces the neutral
hydrogen distribution in the intergalactic medium, covering the smallest scales among these
tracers. Together, these measurements build a cohesive picture of the matter power spectrum
across a vast range of scales offering a robust test of the cosmological model. However, while
these observables trace the matter field in different ways, they do not directly measure the
matter power spectrum. Galaxy clustering is influenced by complex astrophysical processes,
including how galaxies are distributed within dark matter halos, which affects their relationship
with the underlying matter field, while CMB anisotropies primarily reflect the conditions
of the early universe. To understand the large-scale structure as it is today and to test the
consistency of the cosmological model across cosmic time, we need to construct the underlying
matter power spectrum from these observations and extrapolate to the present epoch (i.e.,
z = 0). This provides a consistent basis for evaluating the evolution of cosmic structure
across different redshifts and across different cosmological probes, effectively disentangling
late and early time physics.

Recent years have seen several studies demonstrating that reconstructing the matter power
spectrum from observations is a valuable approach for probing cosmology and potentially
resolving existing tensions [26, 28]. Numerous works have demonstrated that the recovered
spectra from various datasets align well with the theoretical predictions of the linear matter
power spectrum in the ACDM model [22, 24, 26, 29]. For example, analyses using UV
galaxy luminosity function (LF) data from the Hubble Space Telescope (HST) [30], CMB
observations from the Atacama Cosmology Telescope (ACT) [20], dwarf galaxy kinematic and
structure data [31] and SDSS galaxy clustering data [24] have shown strong agreement with
expectations from ACDM. However, a recent analysis of eBOSS Ly-« forest data presents a
significant exception, reporting a 5o tension with CMB-based inferences of the linear matter
power spectrum [32]. This confirms a discrepancy first identified at the 30 level in earlier
work [33], highlighting the need for further investigation.

While methods for modelling the galaxy power spectrum have been extensively studied
and developed, comparatively little attention has been given to applying these modelling
methods in reverse — that is, to extract the matter power spectrum from galaxy clustering
data itself. The state of the art for estimating the linear matter power spectrum from galaxy
clustering data is described in [22] and in more detail in [24]. Both approaches assume a
parameterized function that accounts for galaxy bias — the statistical discrepancy between
the observed galaxy distribution and the underlying matter distribution due to the way
galaxies form and cluster — and use it to compute the linear matter power spectrum which
describes the distribution of matter fluctuations as predicted by linear perturbation theory,
before nonlinear structure formation becomes significant.

With the advent of Stage IV probes, such as Euclid [34], LSST [35], Roman [36] and
Square Kilometre Array (SKA) [37] providing more detailed measurements of the large-
scale distribution of galaxies, existing methods to account for anisotropic effects, such as



the Alcock-Paczynski (AP) effect [38-40] and Redshift Space Distortions (RSD) [41, 42],
need to be upgraded to match the improved data quality and the increasing complexity of
modern surveys. Recent advances in the Effective Field Theory of Large Scale Structure
(EFTofLSS) [43-45] have provided the tools to model these effects more accurately. EFTofL.SS
extends perturbation theory by introducing corrections that account for small-scale nonlinear
dynamics, while maintaining predictive power at large scales. It incorporates effective
parameters, or counterterms, to encapsulate the influence of unresolved small-scale physics,
and employs renormalization techniques to ensure that these effects are consistently accounted
for in large-scale predictions.

The Dark Energy Spectroscopic Instrument (DESI) is the first operational Stage IV [46]
galaxy survey with its primary objectives being to measure the expansion history of the
Universe and the growth rate of large-scale structure (LSS) [47, 48]. Over a five-year survey
spanning 14,200 square degrees, DESI is collecting spectra for approximately 40 million
galaxies and quasars [49]. The survey targets five distinct tracers: Low-redshift galaxies from
the Bright Galaxy Survey (BGS) [50], Luminous Red Galaxies (LRG) [51], Emission Line
Galaxies (ELG) [52], Quasars (QSO) [53], and the Ly-« forest features in quasar spectra [54].
In this work, we focus on reconstructing the linear matter power spectrum from the Full-Shape
data of these galaxy tracers, except for Ly-a forest, as the data for this tracer was not fully
available at the time of writing this paper. Full-Shape data refers to the detailed information
captured from the full galaxy clustering signal, including both the shape and BAO positions
of the redshift-space power spectrum, rather than relying solely on geometrical information
from the BAO peaks. We begin with a concise description of the datasets used, including
CMB and DESTI’s Y1 galaxy power spectrum data. We then explain the methodology and
the improvements introduced in the analyses of these datasets, building on the work done
by [22]. Finally, we present our reconstructions of the linear matter power spectrum from
the data, the combined results of which are presented in figure 1, before concluding with a
discussion of potential extensions and improvements for future work.

2 Data

Cosmic Microwave Background

The analysis of CMB data in this work follows the approach outlined in [22] using the same
dataset. Specifically, the Planck 2018 temperature, polarization and lensing reconstructed
power spectra were used for CMB datapoints. For spherical harmonic modes ¢ > 30, rebinned
bandpowers and covariance matrices were used from the Plik likelihood [55]. For ¢ < 30, only
temperature Cy values from the Commander likelihood [56] were used, with polarization and
lensing data excluded due to their sensitivity to reionization models, as mentioned in [22] and
references therein. As the focus of this study was on improvements in galaxy clustering, the
CMB datasets and methods remained unchanged from [22], which based their analysis on [29].

Galaxy clustering

The analysis of galaxy clustering data uses the DESI galaxy and quasar sample from DRI,
replacing the Sloan Digital Sky Survey (SDSS) seventh data release [24] used previously
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Figure 1. Top: Inference of the 3D linear matter power spectrum at z = 0 under the ACDM model.
The data points, spanning from large to intermediate scales, represent CMB data from Planck (shown
in blue, purple, and teal). Intermediate scale data from DESI Y1 is indicated by red points. Bottom:
Residual plot showing deviations of CMB and galaxy clustering data points from Planck’s best-fit
ACDM 3D linear matter power spectrum. The dashed line indicates zero deviation. All vertical
errorbars represent 1o uncertainties. See table 2 for y? values.

in [22]. In particular, we use 2-point clustering statistics in Fourier space, described extensively
in [57] and the corresponding EZmock-based covariance matrices, described in [6, 58—60].
While [22] relied solely on measurements from Luminous Red Galaxies (LRGs) [22], our
analysis incorporates all DESI tracers — namely Bright Galaxy Sample (BGS), Emission
Line Galaxies (ELG) and quasars (QSO), as well as the LRGs — to obtain the final plot.
However, we exclude the ELG1 bin (0.8 < z < 1.1) due to residual uncorrected large-scale
imaging systematics, as described in [61]. We also recover the matter power spectrum using
individual tracers and assess their compatibility.

3 Methodology

The prevailing methodology for recovering the underlying z = 0 matter power spectrum
from high-redshift observations is thoroughly detailed in [29], which outlines a process for



recovering P, (k) when the transfer functions are known. The transfer functions describe
how perturbations in the early universe evolve into the matter distribution we observe today.
This method compares rebinned data from different observations, including the CMB and
galaxy clustering, with theoretical predictions of the corresponding power spectrum by taking
the ratio of data over theory, where the theory is expressed as integrals over linear scales k.
These integrals incorporate the survey window function and its convolution with the power
spectrum, which is computed based on a given cosmological model. The data points are
plotted at the k-value corresponding to the median of the distribution arising from rebinning,
with horizontal bars spanning from the 20th to the 80th percentile. Later on, [22] applies this
methodology for data points representing the CMB, while they recover galaxy clustering data
points following a simple division by an assumed galaxy bias function. In our work, we follow
the same general approach for the CMB analysis but improve upon the treatment of galaxy
clustering data by refining the methodology to more accurately account for scale-dependent
effects and observational systematics (see sections 3.1 and 3.2 for details).

3.1 Cosmic Microwave Background (CMB)

This analysis involves extrapolating high-redshift observational data to low redshift using an
assumed cosmological model. The original high-redshift data show how much power is present
across a range of angular scales. However, there is no direct one-to-one mapping between
angular scales (¢) at high redshift and Fourier-space scales (k) at low redshift, as a range
of high-redshift angular scales contribute to each low-redshift scale. To account for this, we
perform a convolution — a weighted averaging of the CMB data at different -modes — to
determine the corresponding low-redshift matter power spectrum. This process is illustrated
in figure 2: The top panel displays the input CMB power spectrum, the middle panel shows
the weighting applied to each high-redshift ¢-bin for conversion to a low-redshift k-bin, and
the bottom panel presents the resulting power spectrum at z = 0.

We keep the established approach for the CMB, which not only allows us to compare
our Python code with the Julia code mpk_compilation provided by [22], but also serves as a
guide when developing functions for computing &y, ; values for galaxy clustering data points.!
The resulting data points, denoted as Pm(kmﬂ-, 0), are obtained by:

Pk, 0) = PACPM (K, 0)61\%[)1\/{

>0 WilCy
TS WaWe(k)AL (k) dInk (3.1)

>0 WiCy
T Wik) AL(k) dink’
——

CMB Kernels

— PACDM (km,iu 0)

— PACDM (km,ia 0)

Here, PAPM(k,. ;. 0) is the theoretical linear matter power spectrum at z = 0 assuming
ACDM cosmology, A% (k) is the dimensionless primordial power spectrum of curvature
perturbations and k,, ; represents the median value of £, at which the recovered matter power

"https://github.com/marius311/mpk_compilation


https://github.com/marius311/mpk_compilation

[CMB angular power spectrum measurements and multipole bin ranges.]

2000
1=12,4]
< 1500 - 1=[5,9] °
X £=110,29] . .
£ 1000 A ° .® o0, o0
ks o o ¢ ® og¢’
] 500- o ¢ ¢ ¢ " Tee
[ ]
0 .
10!

[Window functions, showing the different k-mode contributions to the corresponding bins in l.]
2.0

1.5
)

E-
=

1.0 1

0.5 A

0.0 |

10-4 1073 1072
Wavenumber k [h Mpc™!]

The resulting matter power spectrum at redshift z=0.
Horizontal error bars give 20% — 80% width of the weighting used to convert £(z=1090) to k(z=0).

104 E

103 5 /

10-4 10-3 102
Wavenumber k,, [h Mpc~1]

Pm(km) [(Mpc/h)3]

Figure 2. Schematic illustrating the mapping of CMB angular power spectrum measurements to
Fourier space. The top panel displays measurements in the low-£ regime, which are binned in ¢ as
indicated by the shaded regions. The middle panel corresponds to the windowed transfer functions
of CMB, with each curve representing a contribution of k-modes to the ¢ bin. These are treated as
probability density functions to extract the values of k, at which the CMB datapoint is plotted. The
horizontal error bars represent the 20-80% range of the k& contribution to each specific multipole bin,
while the vertical bold line in the middle panel marks the median of this distribution, &, ;, i.e. the
scale below which 50% of the contribution lies. This median value is used as the relevant scale for
inference of the linear matter power spectrum in the bottom panel, as described in equation (3.1) and
the text thereafter.



spectrum data point Pm(k:mm 0) is plotted. The characteristic scale ky,; for bandpower i is
obtained by combining the CMB multipoles through the survey’s window matrix Wy, which
projects theoretical predictions into the same bins as the data. This defines a normalized
kernel TI;(k) describing the relative weight of each Fourier mode & to the i*" bandpower.
The ky,; is then the median value of this distribution, i.e. the scale below which half of
the total contribution arises (equation (3.2)).

km,i ) k
/ I;(k) dInk = 0.5, with IL;(k) = — Wi (k) : (3.2)
kmin kn:nlix Wz(k,) dln k,

In this way, the matrix-weighted transfer function W;(k) describes how different Fourier
modes k contribute to the observed CMB power spectrum bandpowers, as pictured in figure 2.
The shaded region in the middle panel corresponds to kernel values spanning from 20% to
80%, denoted by the edges of the shaded area. The bold middle line corresponds to 50% —
the median value of k of the distribution (k, ;). These quantities define the representative
wavenumbers at which the matter power spectrum is inferred from the data.

The rebinning of CMB transfer window functions accounts for the fact that our measure-
ments are constrained by incomplete sky coverage, meaning the measurement represents a
compressed version of the CMB bandpowers, expressed as the expectation value of the angular

ACDM
Ci

power spectrum C;. is the theoretically computed angular power spectrum convolved

with the survey’s window matrix under the assumption of a ACDM background. Expressing
CZACDM as an integral over scales, where the primordial power spectrum is convolved with
the weighted transfer function W;(k) leads to the second equality. This ratio of the data to
the constructed model that replicates the data can be interpreted as a scaling factor, which
in turn increases or decreases the computed z = 0 matter power spectrum at scales ki, ;.
Equation (3.1) also assumes linear structure growth, as computing transfer functions in the
case of CMB is not trivial — it requires taking into account neutrinos and other factors such
as dark matter, baryon-photon interactions and the evolution of the universe through various

phases (e.g., radiation domination, matter domination, and dark energy domination).

3.2 Galaxy clustering

For the treatment of the galaxy power spectrum, a similar approach was adopted as in [29].
However, due to the improved precision of DESI’s observations, previously adopted models
are insufficient for addressing the small-scale effects and redshift space distortions arising
from the peculiar velocities of galaxies, which must be considered in the analysis of galaxy
data. As peculiar velocities of galaxies contain information about the growth of Large Scale
Structure (LSS), they lead to anisotropies in the observations of galaxy clustering signal.
More recently, Effective Field Theory (EFT) models were introduced for accurate modelling
of the galaxy power spectrum in both real and redshift space [45, 62]. EFT improves upon
earlier techniques by systematically incorporating corrections for small-scale nonlinearities,
allowing for more accurate predictions of the galaxy clustering signal, particularly in regions
where these nonlinear effects begin to manifest and influence the observations. In this
work, we focus on velocileptors [45, 62], a Python code designed to compute the one-
loop velocity statistics and redshift-space power spectrum using both Eulerian Perturbation



Theory (EPT) and Lagrangian Perturbation Theory (LPT).? Our analysis follows the official
DESI likelihood pipeline, desilike, including the adopted prior ranges and other analysis
choices, as described in [61].3

Within the EFT-based LPT framework of velocileptors, the galaxy power spectrum
is given by:

PgEFT (k) = PLPT(k) + k2 (ao + 042,u2 + a4u4)PZel(k) + (SNO + SN2k2u2 + SN4]€4M4). (3.3)

Here p is the cosine of the angle between the line-of-sight and the wavevector k, with k
denoting its magnitude. Pgze (k) refers to the linear Zeldovich approximation, SN, SNy, SNy
are stochastic terms accounting for residual shot noise and other uncorrelated small-scale
effects and «q, ag, ay are counterterms to account for the effects of small-scale physics below
the EFT cut-off scale (for more details, see [45, 62]). Galaxy power spectrum multipoles
are then given by:

Bk = B [ By )0t d (3.4)

However, with the transition from the previously used linear bias model to EF T-based models
there are two challenges to consider: First, the procedure of extracting &, ; values, as it was
done in the case of CMB, is now complicated by the necessity to separate out matter power
spectrum from EFT counterterms — a procedure that is rather laborious. Furthermore, the
second challenge is DESI’s improved treatment of the window function [63], which introduces
an additional level of complexity to the accurate extraction of ky,; values. Therefore, we
propose a simplified approach for extraction of k,,; values for galaxy clustering data using
a Kaiser-model approximation.

We begin by relating the galaxy power spectrum to the matter power spectrum at a given
redshift, assuming the linear Kaiser model for this simplified presentation:

K _ 2 212 pACDM
The quantity b represents the galaxy-matter linear bias parameter, while § is defined as
B(z) = f(z)/b, where f(z) is the linear growth rate. The growth rate f(z) is given by:

_ dlnD(z)

f(z) = “dna (3.6)

where D(z) is the linear growth function, describing how density fluctuations evolve over
time, and a is the scale factor.
We define the window-convolved galaxy power spectrum multipoles as:

Pé:onv(k7 Z) _ /k/2 Z ngl(k7 kl)PZ’(kl, z) dk17 (37)
e/

where Wy (k, k') is the window function expanded into the Legendre multipole space describing
the mixing of modes due to the survey geometry and footprint on the sky. Substituting

2https://github.com/sfschen/velocileptors/
3https://github.com/cosmodesi/desilike/
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equation (3.4) as Py (K, z) and eq. (3.5) as Py(k', 1) into the definition of window-convolved
galaxy power spectrum multipoles in equation (3.7) we arrive to the final expression of
P (k, z):

20+1) !
P ) = [ PPN, 2 12 S Waolh k) [EEE [ 04 20 ) d] v
A -

‘Galaxy Kernels’

(3.8)
where we now have a form for the distribution function, denoted as ‘Galaxy Kernels’, which
can be used to find £, ;. This term represents the mixing of multipoles at different k& values
and a combined contribution of different multipoles ¢’ to the total power spectrum at a given
k. The inferred matter power spectrum from galaxy Full-Shape multipoles at the effective
redshift of the tracer bin ij(/{?myi, z) is obtained by:

A Pconv, Obs(k‘ Z)
 ACDM ) eff 5
Pmyf(km,h Z) =P (km,i7 Z) Pé)onv(k.eﬁ’ Z)

(3.9)

Here P;°"" %S (g, 2) is the observed galaxy clustering multipole data, binned at keg-.

The ‘Galaxy Kernels’ and their corresponding k,, ; results are shown in figure 3. These
kernels are employed analogously to the CMB case, by substituting the galaxy kernel into
equation (3.2) in place of the CMB kernel. The linear Kaiser bias values entering the
determination of k,,; are obtained from the X2 minimization procedure described in text
below and are b = 1.611, 1.840,2.035, 2.181, 1.408, and 2.262 for BGS, LRG1, LRG2, LRG3,
ELG2, and QSO, respectively. We note that the resulting k,, ; values differ from the effective
scales kefr; obtained from the desilike likelihood pipeline, which directly handles window
convolution with the theory and incorporates all necessary corrections internally. We compared
the extracted ky,; values to the corresponding kg ; values and found differences of up to 18%
for the monopole and up to 21% for the quadrupole, with the largest deviations appearing for
the LRG2 (0.6 < z < 0.8) tracer on the largest scales. These discrepancies are most prominent
at large scales, while on small scales the difference between k,,; and keg; is consistently
below the percent level across all tracers.

We hereafter present and discuss the conceptual differences between keg; and &, ;. The
effective scale, kef;, is defined as the spherical average of the wavenumbers k of the Fourier
modes contributing to the measurement, weighted by the number of modes available in
a given bin. Fundamentally, k,,; and keg; are two different quantities — in the case of
the CMB, k,,; is essential because the measurement is made in angular space, and each
multipole moment receives contributions from a broad range of k-modes. In contrast, the
galaxy power spectrum from DESI is computed in Fourier space, where modes are grouped
into bins defined over discrete ranges of k. Here, k.g; represents the weighted average of the
k-values within each bin and is therefore a more appropriate choice for characterizing the
data. To be consistent with the analysis of CMB, we define the bin centres in our plots using
km, with errorbars corresponding to the range of k-modes contributing to each bin. The
final expression for the inferred matter power spectrum from galaxy clustering follows the
form of equation (3.9). This formulation allows for a direct comparison between the galaxy
power data points at the keg; values and the theoretical estimate of galaxy power spectrum
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multipoles, which are convolved with the survey window and account for all related effects
at the same keg; values. The ratio of the two quantities scales the matter power spectrum,
computed at the given k,,; values and at the effective redshift of the data for the fiducial
cosmology being tested. The use of Kaiser modeling in determining k,, ; offers a conservative
approximation to characterising the galaxy bandpowers at their corresponding bins k,, ; and
presents a simpler modelling framework, which accounts for wide and conservative range of
scales contributing to the measurement, avoiding the need to separate biases and stochastic
terms when transitioning to more complex EFT models.

We also validate our choice of k-range in appendix A, where we show the recovered matter
power spectrum fits the linear prediction when applying our methodology to DESI’s BGS
mock catalogues with known underlying cosmology. Any potential deviations from linear
power spectrum in the quasi-linear region would be the most dominant in this low-redshift
tracer, which proves that the method is robust in our chosen ranges of k.

The resulting Jf’m,g(kzm’i, z) from galaxy clustering data can then be translated to the
primordial power spectrum or projected to redshift z = 0 using the transfer functions, which
are computed using a Boltzmann code assuming a fiducial ACDM background:

" T2 (kum 4, 0)

Pane(kim,i5 0) = 7 s Z)Pm,g(kmi,z). (3.10)

The galaxy methodology can be broken down into the following steps: First, all cosmological
parameters are fixed to DESI’s fiducial ACDM values. The EFT model velocileptors is
used to fit the data. The nuisance parameters of the model are optimized by minimizing the
x? (or, equivalently, maximizing the likelihood) with respect to these parameters, yielding
their best-fit values under the fixed cosmology. These best-fit nuisance parameters are then
plugged into the denominator of equation (3.9) to produce a theoretical prediction of the
power spectrum multipoles. An inference of the matter power spectrum extrapolated to
present times is achieved using transfer functions computed by assuming the same fiducial
cosmology following equation (3.10).

We use the generalized least-squares estimate when combining the inferred matter power
spectrum datapoints from monopole and quadrupole of each tracer:

P, = (ATC—lA)_1 ATC P, (3.11)

where Py, is a data vector of present-day matter power spectrum as inferred from galaxy
power spectrum multipoles. C is the 2N x 2N covariance matrix, describing the statistical
uncertainties and correlations of measured galaxy power spectrum multipoles, that is rescaled
by applying data-to-theory ratio at the effective redshift and the transfer function corrections
to the monopole and quadrupole components. A is a 2N x N mapping matrix that relates
the underlying k-bin values to the measured monopole and quadrupole, constructed by
vertically stacking two NV x IV identity matrices and IV is the number of k-bins per multipole.
Finally, P, represents the minimum-variance combined estimate of the underlying matter
power spectrum at each k-bin. Note that the covariance for this estimate corresponds to
Cov(Pn) = (ATC7'A)~!. To combine measurements from multiple tracers — either from
combination of monopole and quadrupole or treating multipoles separately — we compute
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a weighted average of the inferred matter power spectra. Each tracer is associated with

a covariance matrix that encodes statistical uncertainties and correlations; if k errors are

included, these are propagated into the covariance as well. The final, combined measurement

at each k,, ;, shown in figure 1, is obtained by inverse-covariance weighting across all tracers:
—1

Ntracers Ntracers
PL=C" > C'Pu; Ca”:< 2. C;1> : (3.12)
i=1 1=1

Here, f’frlll denotes the combined matter power spectrum from all tracers. The sum runs over
number of tracers Niracers, With f’nm representing the measurement for tracer i, and C; its
associated covariance matrix. The matrix C?!! is the covariance of the combined measurement.
P2l provides a representative measurement of matter power spectrum from all of DESI’s
tracers and galaxy redshift bins, under the assumption that their non-overlapping redshift
coverage allows them to be treated as independent.

Recent cosmological results from DESI Y1 BAO and Full-Shape data suggest a preference
for a time-varying equation of state for Dark Energy. To explore this possibility, we took
an additional step and re-applied our analysis in the context of the wow,CDM cosmology.
For this, we fixed the cosmological parameters to the marginalized mean values obtained
in [6], specifically using the result with Q,, = 0.3142 + 0.0063, os = 0.8163 £ 0.0083,
Ss = 0.8353+0.0092, Hy = 67.48+0.62, wo = —0.761+0.065, w, = —0.967032. These values
were obtained through a Bayesian analysis combining DESI DR1 BAO and Full-Shape data
with CMB constraints from Planck PR3 [12], Planck PR4 [64] CMB lensing reconstruction,
ACT DR6 [65], and supernova data from DES-SN5YR [66]. For this updated cosmology,
we recompute the transfer functions and refit the nuisance parameters of the EF'T model
to obtain best-fit values. While we find some small shifts in these parameters relative to
the ACDM case, they remain well within the statistical uncertainties, indicating minimal
sensitivity of the nuisance calibration to the change in cosmology (see section 4 for details).

For the theoretical cosmological calculations in this work, we employed the Boltzmann
code CAMB [67].* The best-fit values for nuisance parameters were obtained by employing
iminuit [68] within the desilike framework, which is a comprehensive tool that encompasses
all necessary methodologies for DESI likelihood analysis, including the implementation of
velocileptors.5

4 Results

The best-fit values of the nuisance parameters, computed using the x? minimization method,
are presented in table 1. These values are then used to compute the theoretical galaxy
power spectrum within the velocileptors framework, providing a reference model for the
data-to-theory ratio in equation (3.9). The resulting matter power spectrum, extrapolated
to the present time and obtained by averaging the monopole and quadrupole of the DESI
Y1 Full-Shape data from all tracers, is shown in figure 1. This is based on the ACDM
cosmological model and EFT modelling of the galaxy power spectrum. The matter power
spectrum for each of DESI’s redshift bins is presented in figure 4. In both plots, the inferred

‘https://github.com/cmbant/CAMB
Shttps://github.com/scikit-hep/iminuit
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Parameter BGS LRG1 LRG2 LRG3 ELG2 QSO

b1 1.04 1.195 1.139 1.122 0.584 0.913
ba -14 -139 -0.80 —0.7 0.14 —0.64
bs 2.53 0.7 0.53 —0.2 0.53 0.41
oo —28 10 —8.6 9.4 13 3.1
%) 710 180 28 130 150 67
o 730 —170 2.0 —160 —180 —63
SNg -0.78 —0.71 0.57 -0.28 —0.15 —0.0060
SNa 0.084 —-34 —-1.7 0.42 —0.35 —0.42

Table 1. Best-fit values of nuisance parameters, obtained via x? minimization using velocileptors
(see section 3.2). We fix SN, = 0, since only monopole and quadrupole moments are included.

value is shown at k,,;, while the horizontal error bar represents the range of scales that
contribute to this measurement.

To assess the quality of the fits, we compute the chi-squared (x?) values for each tracer,
as summarized in table 2. For the uncombined monopole and quadrupole moments, each
x? value is based on 72 data points per tracer and 8 free parameters, shown in table 1. The
ACDM model yields x? values ranging from 46 to 64 without inclusion of errorbars on ky, ;,
indicating an overall goodness-of-fit comparable to that reported in the official Full-Shape
galaxy clustering analysis [61]. The poorest fits correspond to the largest x? values, found for
the LRG1, LRG2, and QSO tracers, with deviations particularly notable in the quadrupole
moment. Combining the galaxy monopole and quadrupole moments into a single set of 36
data points per tracer reduces the y? values to a range from 23 to 39, improving consistency
with the ACDM model (table 2).

For the combined data across all galaxy tracers, assuming the datasets are uncorrelated,
we obtain a total x? = 329 with 384 dof, reinforcing that the ACDM model provides a
statistically acceptable fit. Focusing on the CMB data alone, the initial fit yields y? = 148
for 39 datapoints when errors in k£ and correlations between k-modes are neglected. This
is the approach used in [22]. However, as can be seen from figure 1, the k-errors are
substantial for CMB datapoints and remain non-negligible for the combined galaxy clustering
measurements at the smallest scales and so should not be neglected. Incorporating horizontal
errors into the covariance by estimating the squared slope of the theoretical matter power
spectrum, multiplying it by the variance in k, and adding this to the diagonal elements,
we then rescale the full covariance matrix accordingly (without introducing additional k-
correlations). This procedure reduces the y? for CMB-alone significantly to 3.5, suggesting
that the uncertainties are overestimated but highlighting the importance of including k-errors.
The low x? value could indicate that our use of 20%-80% intervals to define k-uncertainties
is overly conservative, or that correlations between k-bins may also need to be accounted
for. A more formal treatment would involve constructing a likelihood for each data point,
marginalised over the unknown true k-value. However, this approach does not yield a standard
x? expression and as this work is focused on galaxy data, we leave further investigation
into the CMB aspects for future studies. Furthermore, we propagate the k£, ; uncertainties
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Figure 4. The 3D linear matter power spectrum at z = 0, estimated separately for the monopole
(orange) and quadrupole (green) measurements from each galaxy clustering tracer in DESI Y1 data,
with each data point evaluated at its corresponding k., ; value.

— 14 —



p-value p-value

Tracer XAcpu (dof) X%uowaCDM (dof) (ACDM) (wow,CDM)
B 46(64) 46(64) 0.96 0.96
38(64) 38(64) ~1 ~1
LRGH 60(64) 62(64) 0.62 0.54
35(64) 38(64) ~1 ~1
LRGa 59(64) 59(64) 0.67 0.66
35(64) 35(64) ~1 ~1
LRG3 45(64) 49(64) 0.97 0.93
Uncombined 32(64) 34(64) ~1 ~1
ncombine
Maltipole Lo 57(64) 52(64) 0.74 0.87
Fit 44(64) 40(64) 0.97 ~1
050 64(64) 62(64) 0.49 0.53
56(64) 55(64) 0.74 0.77
Al 329(384) 320(384) 0.98 0.98
240(384) 239(384) ~1 ~1
Al onp | 4720423) 477(423) 0.05 0.04
383(423) 388(423) 0.92 0.90
2(42 42 ~1 ~1
All+ OMB,,  S32(423) 333(423)
243(423) 243(423) ~1 ~1
Bas 28(28) 28(28) 0.46 0.46
22(28) 22(28) 0.77 0.77
LRGL 33(28) 34(28) 0.23 0.19
16(28) 19(28) 0.96 0.91
LRGa 34(28) 34(28) 0.20 0.19
19(28) 19(28) 0.91 0.90
LRG3 23(28) 26(28) 0.71 0.57
Combined 13(28) 16(28) ~1 0.96
ombpine
) 37(28) 32(28) 0.12 0.29
Multipole ELG2
Fit 23(28) 16(28) 0.74 0.96
i
QSO 39(28) 39(28) 0.08 0.09
32(28) 32(28) 0.26 0.27
Al 58(28) 63(28) <0.01 <0.01
34(28) 35(28) 0.19 0.17
Alsonp | 20L67) 212(67) <0.01 <0.01
177(67) 183(67) <0.01 <0.01
61(67) 67(67) 0.67 0.48
All MB
+ CMBy, 38(67) 39(67) ~1 ~1

Table 2. Goodness of fit test for each tracer and for all tracers in combination with CMB, producing
a global fit. The table shows x? values, degrees of freedom and the corresponding p-values for both
ACDM and wyw,CDM cosmological models. Bold entries indicate fits including k-errorbars from the
galaxy power spectrum in the galaxy covariance, while CMBy indicates inclusion of k-errorbars from
the CMB power spectrum in the CMB covariance.
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from galaxy clustering measurements in the same way as for the CMB. This substantially
improves the individual tracer fits and reduces the global x? to 240 for the uncombined
multipoles and 34 for the combined monopole-quadrupole case. The reduction in y? arises
because the inverse-variance combination effectively marginalizes over discrepancies between
the monopole and quadrupole when they are treated as independent observables. Owing
to the strong correlation between the two multipoles, this compression removes modes that
are particularly sensitive to residual modeling uncertainties, leading to an apparently better
goodness of fit due to the reduced information content.

In the global fit — combining CMB and galaxy clustering data — we obtain a total
x? = 472 for 423 dof when treating the monopole and quadrupole moments of each tracer
separately. If, instead, the monopole and quadrupole are combined using a definition inverse-
variance-weighted average for the correlated data, the total reduces to x? = 201 for 67 dof.
In both cases, the CMB contributes 39, while galaxy clustering contributes either 6 x (72 — 8)
(uncombined) or 36 — 8 (averaged) datapoints. These fits assume no correlation between
low and high-¢ multipoles in the CMB TT spectrum, no k-mode correlations, and neglect
uncertainties in k-binning. Accounting for k-uncertainty in the CMB, the total x? increases to
332 for the global fit with separate galaxy clustering monopole and quadrupole moments, and
to 61 for the global fit using combined galaxy moments. Finally, accounting for the horizontal
errorbars of both CMB and galaxy clustering datapoints, results a x> = 38 for 67 dof as
the goodness-of-fit for the result presented in figure 1. The number of data points remains
the same as in the corresponding fits without k-uncertainty. Notably, the T'T portion of the
CMB angular power spectrum contributes the largest discrepancy, providing the weakest fit
to ACDM. These results indicate that the ACDM model provides a reasonable description
of the global data within the confines of the ACDM cosmology.

The findings of the DESI collaboration [5—7] demonstrate that DESI Y1 data plays a
crucial role in constraining the wow,CDM cosmology. When DESI Full-Shape and BAO
measurements are combined with external datasets — namely CMB and SN Ia data — the
preference for a time-evolving dark energy equation of state is strengthened, pointing to
deviations from the standard ACDM model.

In this context, comparing the reconstructed matter power spectra under fixed ACDM and
wow, CDM backgrounds provides a valuable consistency test for the sensitivity of the DESI Y1
Full-Shape results to the assumed cosmology. Fixing the background to the wow,CDM model
produces a matter power spectrum that closely resembles the fiducial ACDM case. This
similarity arises from minor shifts in the best-fit galaxy power spectrum nuisance parameters
when switching between the two models, suggesting that these parameters absorb much
of the cosmological differences. However, some residual BAO features remain visible in
both cases, indicating that the match between data and theory is not exact. These effects
are illustrated in figure 5, which shows residuals in the inferred matter power spectra at
redshift z = 0 — recovered from the combined monopole and quadrupole moments — under
both cosmological backgrounds. Notably, an upward trend in the residuals appears in the
ACDM case but not in the wow,CDM case, suggesting that some sensitivity to the assumed
cosmological model persists. This distinction is not necessarily reflected in the x? values
in table 2. Here, in the combined multipole case when horizontal errors are neglected, the
tracers contribute to an increased x? for both cosmologies, with the goodness-of-fit values
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Figure 5. Residuals of the present-day matter power spectrum recovered from DESI galaxy clustering
data. The top panel shows the residuals of the matter power spectrum inferred from the data,
assuming a fixed ACDM cosmology, relative to the corresponding ACDM theoretical prediction of
matter power spectrum. The bottom panel shows the residuals of results under assumption of a fixed
wow, CDM cosmology, again relative to its own theoretical prediction. Dashed lines indicate the shift
between cosmological models: The blue dashed line represents the residuals for theoretical prediction
of matter power spectrum at z = 0 in wow,CDM background, while the black dashed line represents
the prediction under ACDM. Note that the different k-bins of the recovered power spectrum are highly
correlated, so apparent deviations from the model in the plot may not reflect true statistical significance.

favouring ACDM cosmology. We identify that this increase reflects not only the quality of the
fit but also correlations between measurements, which may share systematics incorporated
into the covariance matrix. Note that, unlike in the individual galaxy power spectra, the
k bins of the reconstructed matter power spectrum are highly correlated. The rise in x? is
primarily driven by correlations from LRG1, LRG2, and ELG2, with additional contributions
from BGS in the ACDM case. However, inclusion of k,,; errorbars in the calculation of
goodness-of-fit improves the fits for both cosmologies, without any significant preference for
one over the other. Repeating this analysis with future DESI data would be particularly
valuable, especially given the apparent differences between the cosmological models in the
residual trends shown in figure 5. While these differences are evident visually, they are
not strongly reflected in the corresponding x? and p-values reported for the wow,CDM
background in table 2. This suggests that either a more precise dataset or a more sensitive
modelling statistic may be required to fully leverage this analysis.

When treating the monopole and quadrupole moments of galaxy clustering separately,
the ELG2 and the QSO tracers show a reduction in x? under the wow,CDM model. In
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contrast, LRG1 and LRG3 shows an increase in x?. After combining the multipole moments
of each tracer, the reduction in x? for ELG2 remains pronounced when transitioning from
ACDM to wow,CDM. All other tracers do not show significant changes in x? statistic when
switching from one cosmology to the other after inclusion of errors in k. We find a total
x? = 329 with 384 dof for the uncombined multipole case and x? = 63 with 28 dof for the
combined galaxy multipole measurements in wow,CDM background, further supporting the
conclusion that DESI Y1 Full-Shape data alone is consistent with both the ACDM and
wowa, CDM models, showing no significant preference for either cosmology in this work. In
the global fit for wyw,CDM, neglecting CMB correlations and uncertainties in k, we obtain
x? = 477 for 423 dof when treating galaxy clustering multipoles separately and x? = 212
for a total 67 dof when compressing galaxy clustering multipoles into a single measurement.
Upon including the errors in k for both CMB and galaxy clustering, we get x? = 333 and
x? = 39 for the same number of datapoints in uncombined and combined galaxy multipole
case respectively. Overall, these results indicate that DESI data alone shows good agreement
with both the ACDM and wyw,CDM models, highlighting the importance of incorporating
additional datasets to more effectively identify any potential discrepancies in the analysis

of matter power spectrum inference.

5 Conclusion

In this work, we reconstructed the 3D matter power spectrum at redshift z = 0 using Cosmic
Microwave Background observations and DESI Year 1 galaxy clustering data. By combining
early-Universe constraints from the CMB with late-time galaxy clustering measurements, we
updated the inferred matter power spectrum across scales ranging from k = 2 x 10~* h Mpc ™!
to k = 0.2 hMpc ! and explored the consistency of observations from DESI within ACDM
and wow,CDM. Building on previous work, we applied the same reconstruction of matter
power spectrum approach to CMB temperature anisotropies and polarization measurements
as in [22], while implementing an alternative data binning strategy in the analysis of the
DESI DR1 Full-Shape power spectrum [6] across the k range. Our methodology incorporated
LPT within the velocileptors framework to model galaxy bias and account for non-linear
effects on intermediate scales, enabling accurate modelling of the galaxy power spectrum
(see [69] for a detailed model comparison).

Our results indicate that the DESI Year 1 Full-Shape data — both for all galaxy tracers
combined and individual tracers — remain consistent with the ACDM model. The computed
statistics further confirm a satisfactory fit across all tracers. Motivated by emerging hints of
evolving Dark Energy, we also tested the compatibility of galaxy clustering data with the
wowy, CDM model, assessing both visual trends and statistical goodness of fit. Our findings
show that both ACDM and wyw,CDM, provide reasonable fits to the DESI Year 1 Full-Shape
data, with no strong preference for one cosmology over the other based on chi-squared values.
Beyond conventional Bayesian parameter inference, our analysis introduces an alternative
approach to testing the consistency of galaxy clustering data with cosmological models.
By directly tracing the underlying matter power spectrum across different observations,
scales, and redshifts, this method offers a transparent and effective compatibility test of
the cosmological model.
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However, this approach comes with certain limitations. It is not model-independent
and relies on assumptions such as the adequacy of Kaiser modelling in extracting k,, ; for
galaxy clustering, a fixed background cosmology, and the validity of perturbative modelling.
As a result, it is more suitable as a qualitative consistency check rather than a rigorous
statistical test. Furthermore, the method draws on inference techniques developed for different
probes, each with its own systematics and modelling assumptions, which must be carefully
accounted for when combining results.

Despite these caveats, the approach complements existing techniques for testing cosmo-
logical models and provides a flexible framework for exploring alternative scenarios. For
future work, we aim to extend our analysis by incorporating Ly-«a forest measurements
from DESI DR1. With the advent of high-precision cosmology, approaches such as ours will
be essential in cross-checking results and deepening our understanding of the underlying
model of the Universe.
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A Validation of k range choices using mocks

We explicitly validated our chosen k-range (0.02h/Mpc < k < 0.2 h/Mpc) using 25 Abacus-
Summit mock realizations of the BGS tracer at low redshift (0.1 < z < 0.4). This tracer is
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Figure 6. Linear matter power spectrum inferred from 25 Abacus Summit mock realisations of the
BGS tracer (0.1 < z < 0.4). The black line shows the theoretical linear matter power spectrum at
z = 0, while the points show the inference result. The bottom panel shows the residual of recovered
datapoints. Since any apparent nonlinearities would be most prominent at low redshift, this represents
the most stringent case among our tracers. The agreement demonstrates that our method robustly
recovers the linear spectrum over the k-range used in the main analysis.

the most sensitive to nonlinear effects among the samples we consider, as structure growth is
most advanced at low redshift. Therefore, if nonlinearities were leaking into the reconstructed
linear matter power spectrum, they would be most apparent in the BGS sample.

To test the robustness of our method when the cosmology in question differs from the
true cosmology of the mocks, we applied our analysis to the AbacusSummit mocks (produced
under DESI’s fiducial ACDM) while adopting a shifted ACDM with parameters ng = 0.969,
O, = 0.3117, h = 0.676, In(10'°A,) = 3.035, 7 = 0.048, wy, = 0.0225, and wegm = 0.1193,
with all remaining parameters fixed to the DESI’s fiducial values. These values are within
the 1o uncertainties of the Planck ACDM constraints.

In figure 6, we show the mean inferred matter power spectrum from the monopole and
quadrupole measurements of 25 mocks, compared to the theoretical linear matter spectrum at
redshift z = 0. Over the full £ range used in our main analysis, the reconstruction accurately
recovers the linear theory prediction within the uncertainties, both for the mock and for the
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data. This demonstrates that any residual nonlinear corrections are negligible for our chosen

scales, and confirms that our methodology robustly recovers the linear power spectrum even

when the fiducial cosmology differs slightly from the true cosmology of the mocks. We therefore

conclude that our methodology is robust in the k-range adopted throughout the paper.

Data Availability Statement. Data from the plots in this paper will be made available

on Zenodo as part of DESI’s Data Management Plan. The data used in this analysis is
public along with Data Release 1 of DESI of 2025. Details can be found here: https://
data.desi.lbl.gov/doc/releases/.
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