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ABSTRACT: We present a cosmological analysis combining full-shape (FS) clustering mea-
surements from the Dark Energy Spectroscopic Instrument (DESI) DR1 with baryon acoustic
oscillation (BAO) measurements from DESI DR2. To achieve a robust combination that
accounts for the correlation between the two data releases, we employ the ShapeFit compres-
sion method and estimate the joint covariance using EZmocks. This compressed approach
inherently mitigates the prior volume effects that have previously dominated Bayesian con-
straints from DESI data with minimal external priors. Consequently, we obtain — for the
first time within a Bayesian framework — reliable DESI-only constraints on extensions to
ACDM using only a Big Bang Nucleosynthesis prior on the baryon density and a wide prior
on the spectral index. In flat ACDM, we find €, = 0.3035 £ 0.0085, A = 0.6876 =+ 0.0059,
and og = 0.822 4+ 0.034. For the wow,CDM dynamical dark energy model, we measure
wo = —0.49 + 0.25 and w, = —1.52 £ 0.77, improving constraints by ~ 30% relative to
the analogous DR1 measurement and reducing the discrepancy with ACDM to 1.40 when
compared to BAO only analyses. We also report competitive limits on the sum of neu-
trino masses and spatial curvature. This work demonstrates that the ShapeFit compression
provides a prior-robust and computationally efficient pathway to constrain beyond-ACDM
physics with large-scale structure.
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masses from cosmology, dark energy experiments
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1 Introduction

The Dark Energy Spectroscopic Instrument (DESI) [1-3] has surveyed the sky with un-
precedented precision, adding valuable information on the late history of the Universe from
redshifts z = 0.1 to z ~4, providing enhanced constraints on cosmology. DESI is located
at the 4-meter Mayall Telescope in Kitt Peak (Arizona) and is a robotic, fiber-fed and
highly multiplexed spectroscopic surveyor capable of observing around 5000 objects over a 3°
field [4-7] simultaneously. DESI observes spectra of four different tracers: Bright galaxies
(BGS) [8, 9], Luminous Red Galaxies (LRG), [10], Emission Line Galaxies (ELG) [11, 12]
and quasars (QSO) [13, 14] the latter of which are also used to measure the Lyman-a (Ly«)
forest feature in the spectra. DESI is expected to observe more than 17,000 square degrees of
sky and 63 million spectra over the extended 8-year observation period, and to place leading



constraints on dark energy, neutrino masses and primordial non-Gaussianity. The First Data
Release (DR1), including spectra for more than 18 million unique targets, is now public [15].

One of the main objectives of the experiment is to map the Baryon Acoustic Oscillations
(BAO) feature in each tracer’s clustering, which can be used to constrain the Universe
expansion history and in particular, to provide joint constraints on the matter density
parameter €),, and the combination of the sound horizon at drag epoch and the Hubble
constant, 7qHp, in a ACDM model. Measurements from Data Releases (DR) 1 and 2 [15, 16]
hinted at a possible evolving Dark Energy component [17-19] when combining BAO constraints
with Cosmic Microwave Background (CMB) data for the latter and CMB + Supernovae
(SNe) for the former.

While the BAO feature is a powerful and extremely robust cosmological probe of the
background evolution, additional valuable information is enclosed in the Full-Shape (FS) of
the galaxy/quasar power spectrum, which can be used to probe, e.g., growth of structure,
neutrino masses and modified gravity. The first DESI analysis of FS measurements [20-22]
combined with BAO measurements, confirmed the preference for evolving dark energy when
combined with CMB and SN data. When analyzing DESI-only data (FS + BAO) with
minimal external data, Bayesian constraints on models beyond ACDM can be unreliable
due to the influence of prior volume effects. This is especially true for models with an
evolving dark energy equation of state.

FS analyses come in two “flavors”: full modeling and compressed. In the full modeling
(FM) approach, adopted in [20-22], the two-point statistics are modeled using a perturbation-
theory description of large-scale structure that includes a bias expansion, redshift space
distortions, and non-linear matter evolution. This allows the full broadband clustering to
be modeled and fitted to the data simultaneously with the BAO feature. The Full-Shape
analysis considered here is of the compressed kind, particularly the ShapeFit approach [23],
which uses the large-scale shape information in a manner that can later be reliably interpreted
in the light of various cosmological models. The use of ShapeFit FS information (along
with a BBN and an ng prior) also allows us to obtain Hy constraints without relying on the
knowledge of the sound horizon standard ruler length [24].

At the moment of writing, for DESI DR1, both BAO and FS analyses are available; but
for DESI DR2 only BAO is. Hence, the aim of this paper is twofold. First, we provide the first
consistent and optimal combination of DESI DR1 Full-Shape (FS) clustering and DR2 Baryon
Acoustic Oscillation (BAO) measurements. By leveraging the enhanced constraining power of
DR2 BAO, we update the FS cosmological constraints with the latest available data, serving
as an interim analysis ahead of the official DR2 F'S release. Second, we demonstrate that
the ShapeFit compression approach significantly reduces prior volume effects compared to
Full-Modeling, without requiring additional priors beyond those of the baseline analysis. This
allows us to derive robust cosmological constraints in beyond-ACDM models with minimal
reliance on external data, thereby underscoring DESI’s standalone contribution to the field.

Previous works looked into strategies to avoid prior volume effects in a Bayesian frame-
work [25-28]. However, these approaches often rely on using the data to inform the prior
choice or generally using more informative priors (such as HOD-informed priors). Alterna-
tively, other works [29] forgo the Bayesian assumption and provide frequentist constraints.



Tracer Redshift Range Data Release Niracer Zet Vet (Gpcd) Use

DESIDR1 300,017  0.295 1.7 —
BGS 0104 DESIDR2 1,188,526 0295 3.8 BAO
DESIDRI 506,905 0.510 2.6 FS
LRG1 04 0.6 DESIDR2 1052151 0510 49 BAO
DESI DR1 TTL875  0.706 4.0 FS
LRG2 06-0.8 DESIDR2 1613562 0.706 7.6 BAO
DESI DRI 859,824  0.920 5.0 FS
LRG3 0.8~ 1.1 DESIDR2 1802770 0.920 9.8 —
DESIDRI 1,876,164 0.930 6.5 —
LRG3+ELGL 0.8 - 1.1 DESIDR2 4540313 0930 148 BAO
DESIDR1 1415687 1.317 2.7 FS
ELG2 1116 DESIDR2 3,797,271  1.317 8.3 BAO
DESI DR1 856,652  1.491 1.5 FS
QS0 0.8-2.1 DESI DR2 1,461’,588 1.491 2.7 BAO
. umeaw  DEDN e amo = s

Table 1. Statistics for each of the DESI tracer types used for the DEST DR1 FS and DR2 BAO
measurements presented in this paper. The last column shows whether the sample is used in this
analysis and in what form, either BAO or Full-Shape (F'S). The FS information from Ly« sample
from DRI is used to provide constraints on the Alcock-Paczynski (AP) effect rather than to constrain
growth as is the case for the other tracers.

Alternatively, other works have developed analytical covariance approximations to the pre-
post reconstruction two point clustering [30], with the caveat that the approximation ignores
survey geometry effects, though the effect of this seems negligible in ACDM.

This work is organized as follows. Section 2 introduces the data used, both DESI and
external, then section 3 describes the methods used to combine DR1 and DR2 data while
accounting for their correlation as well as reviewing the BAO and ShapeFit analyses. Section 4
shows and discusses the results in terms of sample combinations and cosmology. Finally,
we conclude in section 5.

2 Data and Mocks

2.1 DESI dataset

The Dark Energy Spectroscopic Instrument (DESI) started taking data for the main survey
in May 2021 and will run for a total of eight years, surveying approximately 17000 square
degrees of sky from redshift 0.1 to 4.2. DESI can simultaneously observe 5 thousand objects
using optical fibers that are robotically positioned, making it significantly more efficient
than previous spectroscopic surveys [7, 31].

DESI observations belong in one of two programs. The Bright program is observed during
bright nights and corresponds to the nearby galaxies, this is the BGS [9]. The Dark program
observes the other tracers (LRG, ELG and QSO, [10, 12, 14]). These different tracers allow
DESI to cover a wide redshift range and obtain measurements at different points in the



expansion history of the Universe. Table 1 shows the redshift ranges that these different
samples cover as well as their estimated effective redshift and volume.

By June 2022, DESI had already gathered the DR1 [15] sample, which comprises one year
of data and has already been made public. The DR1 contains more than 6 million objects
used for the cosmological analyses (more than twice the number of tracers in BOSS [32, 33])
and covers 7500 square degrees, corresponding to around 44% of the final DESI area. Table 1
shows the number of tracers for each sample for DR1. These different redshift bins are
considered disconnected and uncorrelated.

The DR2 comprises observations from the first three years of data from DESI and was
finalized in April 2024. It represents more than a twofold increase in the number of objects
relative to DR1, with more than 14 million tracers observed and a footprint increase of
about 60%.

2.2 EZmocks

DR1 and DR2 are highly correlated and their combination must take this into account. The
computation of the cross-correlation between DR1 and DR2 data requires a suite of mock
survey catalogs. This analysis employs those generated with the EZmock method [34, 35],
which combines the computational speed of the Zel’dovich approximation [36] for dark matter
evolution with a flexible bias model and a probability distribution function (PDF) mapping
scheme. Ref. [37] have found that matching the 2-point statistics and the PDF is enough to
accurately reproduce the bispectrum and the two-point covariance, thus the EZmocks aim at
matching the two-point function while ensuring matching PDFs through an iterative process.!
Its efficiency and flexibility led to its adoption as the baseline for generating covariance
matrices in eBOSS Collaboration cosmological analyses [35] and in DESI DR1 [38]. Below, we
provide a brief overview of how we generate and process EZmock catalogues to emulate the
observed DESI galaxy samples; a complete description of the mock suite is available in [38].
Our DR1 EZmock suite comprises 1000 mocks for the North Galactic Cap and an equal
number for the South Cap, for each tracer. For every tracer and redshift snapshot, we
generated 2000 independent (6 = !Gpc)? simulation boxes with 17283 dark matter particles
from Gaussian initial conditions. The dark matter density fields in these boxes are translated
to galaxy density fields using a bias model. This model is calibrated snapshot-by-snapshot to
match the two-point clustering of the DESI Abacus HOD mocks [39, 40], which themselves
were tuned to data from the DESI survey validation (SV) [41]. The boxes are subsequently
projected into sky coordinates. The large box size obviates the need for volume replication to
cover an entire galactic cap, thereby preventing a misestimation of cosmic variance. Finally,
snapshots are concatenated into single lightcones, onto which we apply the DESI DR1 survey
footprint and Fast Fiber Assignment [42] to enhance the realism of the final catalogues.
For the upcoming official DR2 FS analysis, a new suite of mock catalogs based on the
bias model from [43] will be produced. In this work, as an interim solution, we repurpose 100
of the existing EZmock boxes created for DR1 [38]. We reproject these onto the DR2 sky
footprint, concatenate the snapshots into redshift bins, and apply the full Fiber Assignment

!See https://github.com/cheng-zhao/EZmock/blob/main/example/fit/fit_EZmock.ipynb for an
example.
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procedure [44]. Using a larger ensemble of mocks is neither necessary nor practical for our
purposes, since this set is sufficient to estimate reliably the cross-correlation between DR1
and DR2 at the level of compressed parameters (see section 3.4).

2.3 External datasets and priors

We closely follow the external data choices of the official DESI DR2 BAO [18] and DR1
Full-Shape [21] analyses. In the absence of CMB data, we adopt priors on the spectral index
ns and the physical baryon density wy.

For wy,, we use constraints from Big Bang Nucleosynthesis (BBN) by [45], which are derived
from the predicted abundances of light elements and account for uncertainties in nuclear
interaction cross-sections. Following previous DESI analyses, we adopt the joint constraint
on wp and the effective number of relativistic species Neg from [45], fixing Neg = 3.044.
The BBN prior on wy, is then given by:?

0.02196 4.03 x 1077 7.30 x 1075
= ) 2.1
Llwn) =N (( 2.044 ) ( _ 453 x 10—2>> (2.1)

For the spectral index ng, we use a normal distribution with mean and standard deviation
from Planck (2018) [46]. For our baseline conservative scenario, we inflate the uncertainty
by a factor of 10 (denoted ng1p):

Lo (ns) = N(0.9649,0.042%). (2.2)

Due to the importance that Supernovae datasets have shown in previous DESI analyses,
we also include them in this work, though focusing mostly on the PantheonPlus (PP)
SNe sample [47, 48] for simplicity. The PP compilation consists of 1,550 spectroscopically-
confirmed SNe Ia spanning redshifts from 0.001 to 2.26.

Finally, when employing CMB data, we adopt the temperature and polarization spectra
(TT, EE respectively) and the cross spectrum (TE) from Planck (2018) PR3 [46]. More
precisely, for large scales (¢ < 30) we adopt the SimAll Commander and for small scales we
use the P1ik likelihood. Alternatively, in the case of neutrino and curved cosmologies, we
use the CamSpec likelihoods from Planck PR4 [49, 50] as a baseline, following the choices of
the DR2 BAO analysis. We supplement the primary CMB likelihood with the reconstructed
CMB lensing power spectrum. This reconstruction uses the connected 4-point function of
the CMB temperature and polarization maps. Specifically, we adopt the lensing data from
the combination of the NPIPE PR4 Planck reconstruction [51] and Data Release 6 of the
Atacama Cosmology Telescope (ACT-DR6) [52-54]. In what follows we refer to Planck TT,
TE, EE and ACT lensing as “CMB”.

3 Methods

To compute the cross correlation between DR1 and DR2 data we must perform the full
DR2 BAO analysis in a set for DR2-like mock catalogs. As we use the (DR2-reprojected)
EZmocks, we expect some differences between these DR2 mocks and the clustering signal of

2Hereafter, N'(p, ©?) denotes a normal distribution with mean p and (co)variance 2.



the DR2 data. However, because the mocks are not used to obtain the diagonal elements
of the covariance matrix but only to describe the cross-correlation coefficients between DR1
and DR2, these potential differences in the clustering are not expected to impact our results
in any significant way. The large-scale production of mocks targeted to the DR2 dataset
is expected to occur in the near future within the official DESI DR2 analysis workforce
and is beyond the scope of this paper.

Below we briefly summarize the BAO and ShapeFit analyses performed on the mocks,
but refer the reader to the relevant papers [18-21, 55| and references therein for an in-depth
explanation.

3.1 BAO

The official BAO analysis within DESI is performed in configuration space by modeling the
position of the BAO peak in the reconstructed galaxy two-point correlation function (2PCF).
The BAO dilation parameters along and across the line-of-sight are obtained by fitting the
BAO peak positions in the monopole and quadrupole of this 2PCF, while marginalizing over
the broadband shape using the splines method described in [56]. It should be noted that the
dilation parameters thus only affect the peak position and are independent of the “smooth”
or broadband component. The methodology is fully described in [18, 19].

In this work, we adopt the same reconstruction convention and setup as in [55, 57, 58]
and have tested that the pipeline applied to the DR2 EZmocks reproduces the official DR2
BAO results when applied to the data.

We use the desilike? library to sample the posterior of the BAO in terms of compressed
parameters, i.e. relative dilation BAO peak position g, 1, where

Hﬁd(z) rgd

() = 3.)
Py Tﬁd
() = P 3.2

Here, H(z) is the Hubble parameter, Djys(z) the comoving angular diameter distance, rq the
sound horizon at the drag epoch, and the superscript (fid) denotes quantities computed at
a given fiducial cosmology. This fiducial cosmology is the one used to produce the catalog
in terms of comoving distances and to define the 2PCF template from which the dilation
parameters are obtained. The g is often expressed in terms of the radial Hubble distance,
Dy (2) = ¢/H(z), such that q|(2) = (Dp(2)/ra)/ (D (2)/75%).

These two parameters are often re-parametrized in terms of the Alcock-Paczynski param-
eter, ¢ap, and the isotropic volume dilation parameter, gis,, such that,

diso(2) = [g)(2)q7 (2)]'%, (3.3)
_ a2
zZ) = 34
Qap( ) QJ_(Z) ( )
The BAO likelihood is then a multivariate Gaussian given by
1 _
log LBA0(OBAO) = —§[§data — &model(OBA0)]T Cpao[€data — Emodel(OBAO))], (3.5)

Shttps://github.com/cosmodesi/desilike
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where Oppo stands for the vector of BAO compressed parameters, which can be either [giso),
[@isos Qap) OF [q”,q J_:| depending on whether the tracer has enough signal-to-noise ratio to
include 2D BAO measurements and how these are parameterized [18, 19]. &gata denotes
the measured 2PCF multipoles (monopole and quadrupole) and &odel denotes the model
2PCF corresponding to the fiducial cosmology template modified by the BAO compressed
parameters; Cpao denotes the covariance matrix. We use the same scale range used in
the DR1/2 BAO analyses of s € [50,150] = Mpc in bins of As = 4h~! Mpc. We are able
to sample the posterior sufficiently densely using MCMC for all the EZmocks without the
help of an emulator.

3.2 ShapeFit

Alternatively to the main DESI DR1 Full-Shape measurement [20, 21], which performs the
so-called Full-Modeling of the galaxy power spectrum to draw cosmological constraints, in
this work, we adopt a model-agnostic alternative, ShapeFit [23]. ShapeFit describes the
power spectrum by compressing the k-band powers into a smaller data vector containing the
re-parametrization of the scale dilation parameters, (qissg7 qgg ),* the logarithmic growth of
structure parameter, f (also expressed as df = f/fgq) and two shape parameters, m and n
(also expressed as, dm = m —mgq and dn = n—ngq). On the one hand, the shape parameters
m and n parametrise a change in the slope of the power spectrum at different scales, such that,

P (k) = Piu(k) exp{n; tanh (a ln(lf)) + nln(lf) }, (3.6)

where k, ~ 0.03 hMpc~! is the pivot wavenumber and a = 0.6 is the amplitude parameter.
These are chosen to capture relevant information on the cosmology dependence of the transfer
function (e.g. pivoting around keq). On the other hand, the logarithmic growth of structure
parameter f controls the strength of RSD. Along with the linear bias b1, it determines the
relative amplitude of multipoles via 8 = f/b; (see [20] for more details).

The ShapeFit approach mirrors the standard BAO analysis pipeline. Both methods first
extract a small number of compressed observables from the data by scaling and shifting a
fiducial power spectrum template. This compression step aims to be cosmology-agnostic. The
resulting parameters are then mapped onto predictions of a specific cosmological model in a
second, independent step. This separation of data compression from cosmological inference
bypasses the computational cost of generating a new full-theory power spectrum for each
model evaluation during parameter sampling.

While a significant advantage of this approach was originally its computational efficiency,
this is now secondary thanks to the speed of modern EFTofLLSS emulators. Instead, in this
work, we demonstrate that the compressed parameter space of ShapeFit has a regularizing
effect, effectively mitigating the prior volume effects that have otherwise dominated DESI
Full-Shape constraints in the absence of external data.

4We will distinguish between ¢ and ¢®*© for the parameters extracted from two different type of analyses:
the index BAO stands for measuring only the BAO feature on the 2PCF of post-reconstructed catalogues,
whereas SF stands for the full-shape (in terms of ShapeFit) of the power spectrum from pre-reconstructed
catalogues. The two types of measurements are therefore covariant, but do not contain the same type of
information.



Previous work has already demonstrated the equivalence of these two approaches under
various model choices [59], notably ACDM, wyw,CDM and neutrino cosmologies, which
will be treated here.

The ShapeFit likelihood can be written as

1

log £SF(@SF) = _§[Pdata - Pmodel(@SF)}Tcgl:‘l [Pdata - Pmodel(@SF)]7 (37)

where Ogr = [giso, Gap, dM, df] is the compressed ShapeFit data vector. Similarly to the
BAO analysis, there are nuisance parameters that are marginalized over. Notice that the
FS analysis is done in Fourier space, as in the main DESI results. Pg.;, denotes the data
power spectrum and includes the monopole and quadrupole within & € [0.02,0.2] hMpc™! in
bins of Ak = 0.005h Mpc~t. We refer the reader to [20, 23] for explicit expressions of the
model power spectrum Py,od0. We perform our analysis fixing the amplitude of the power
spectrum, and re-interpreting f as foss, where ogg is the amplitude of the matter fluctuation
smoothed at the scale of 8 Mpch ™!, in cosmological units fixed to the fiducial cosmology.”
Similarly, we only vary one of the shape parameters, m, while keeping the other, n, fixed,
and re-interpret them as m + n. For more details, see section 3.1 of ref. [60].

3.3 Full-Shape Lyman-a

In the redshift range z > 2, the Lyman-a (Ly«) forest —the absorption pattern imprinted on
quasar spectra by neutral hydrogen in the intergalactic medium— provides the most powerful
tracer of large-scale structure within the DESI Survey. Traditionally, BAO measurements
from the Lya forest have delivered precise constraints on the cosmic expansion rate by
isolating the peak position as the sole observable [19]. However, the clustering of the Ly«
forest contains a wealth of additional cosmological information beyond the BAO peak. In
particular, the broadband shape of the correlation function offers further opportunity to
extract Alcock-Paczynski information [61, 62].

Ref. [63] performed a full-shape analysis of the Ly« forest 3D correlation functions. By
modeling not only the BAO peak but also the broadband shape of the correlations, they
achieved a significant improvement in constraining power. What we call Lya FS here is
the use of Alcock-Paczynski information extracted not only from the BAO peak position
but from the broadband itself. The key advancement was the precise measurement of the
Alcock-Paczynski effect from the broadband, which, when combined with the BAO peak
measurement, yields a 2.4 times tighter constraint on the distance ratio Dy /Djys at an
effective redshift of 21y, = 2.33 compared to a BAO-only analysis of the same data. They
provide combined measurements from DR1 Full-shape data and DR2 BAO. We define the
likelihood as the Gaussian approximation with covariance

Dy (zer)/ra  Dy(2et)/Ta
DH(zeﬁ)/rd< 0.077 ~0.016 ) (3.8)

CLya-Fs =
e Das(zet)/ra \  —0.016 0.38

5This means o.s accounts for the variation in smoothing scale (8 ht Mpc) due to the dilations (giso, Gap)-
This quantity is therefore kept fixed at every step in the chain and equal to the value in the fiducial cosmology:

Os8 = 038 . The choice does not alter the fits, only their interpretation.

Ofid



and mean prya-rs = (D (zer)/Td, Di(2et)/ra) = (8.646,38.90)

3.4 Combination of DESI DR2 BAO and DR1 Full-Shape

We run our EZmocks through the DESI BAO pipeline introduced above in order to obtain mock

MBAO — [qg’?o, anIfo] which is a matrix of size (Nmocks X Nparams) = (100 X 2)

measurements
for BAO. Similarly, we perform ShapeFit measurements on the phase-matched 100 DR1
EZmocks with FA to obtain MSF = [q3F, qap ,dm, df] (size 100 x 4).

The advantage of the ShapeFit approach is that there are only 8 DR2xDR1 cross-
covariance matrix coefficients, which can indeed be estimated reliably using a few mock
realizations. If we were to use the alternative Full Modeling approach as in [21], then the
cross-covariance elements would be Ngao X N P(k)> which would require at least an order
of magnitude more realizations, rendering the analysis untractable at this stage. We follow
the methodology introduced first in [64], who tested different approaches to combine pre-
reconstruction Full-Shape measurements and post-reconstruction BAO analyses, concluding
that using compressed parameters yields results fully consistent with the full data-level
combination.

Using the best-fit parameter values for the mocks, we can concatenate the compressed data

MBAOFSE — [q8F oS dm, df, q2)©, qBM]

of size 100 x 6. We can then use these measurements matrices to compute 6 X 6 covariance
matrices CX = (MX)T(MX). In the case of CBAOTSF we divide it in three relevant parts as

CBAO+SF _ ( CSF (CBAOXSF)T> | (3'9)

vectors in order to obtain measurement matrices

CBAO xSF CBAO

CBAOXSF g the relevant sub-block that is the key product of this work.

where the
Further, we compute the associated correlation matrices (rX);; = (C%);;/1/(CX):;i(CX)j;,
as this is what is actually extracted directly from the mocks. We write this matrix as

SF BAOXSF\T
pBAO+SF _ < r (r ) ) (3.10)
~ | BAOXSF FBAO : .

The diagonal blocks can also be estimated by measuring the matrices rg’,ﬁg, rdata from

the posterior samples of the official BAO and ShapeF'it measurements from the DESI data.
We explore three different approaches to the covariance for the combined analyses:

A. Using the full correlation from the mocks:

SF ( BAOXx SF)T
BAO+SF __ Iock T mock (3 1 1)
LY\ = BAOXSF BAO ) :
mock mock

which is the correlation matrix associated with the mock compressed covariance

CBAO-I—SF (MBAO+SF) (MBAO+SF). (312)

B. Ignoring the cross-correlations and using only data covariances. This is an approximation
presented only for illustrative purposes, as the cross-correlation should not be neglected.

rSF 0
BAO+SF data — I_BAO—&—SF (3 13)
's 0 rBAO data : .
data



C. Using the diagonal blocks obtained from the data posteriors in the official analyses and
estimating the off-diagonal blocks from the mocks.

I,BAO xSF BAO

mock Idata

SF (I_BAOXSF)T
10

01
pBAOSE _ ( Tdata mock = pBAO+SF 4 ( ) ® rRAOHSE, (3.14)

where the ® operator denotes element-wise product and 1 (0) is a matrix of 1 (0) in

every element.

These correlation matrices are then converted back into covariances using the data

variance as

~BAO+SF BAO+SF BAO+SF BAO+SF
(Cape™ )i = \/(Cdm+ )i (Caata > )ii(Can.o i (3.15)

Notice that this implies that for the matrix options B and C, the diagonal blocks are equal
and correspond to the covariances measured from the data posteriors, whereas for option
A, these blocks still encode correlations from the EZmocks and only the diagonal matches
the data posterior.

Using each of these covariances, we combine the measurements into a single likelihood,
where the “LEQ” subscript refers to the tracers LRG, ELG, QSO,

log Lirq = Z log L;(Zeffs Ocosmo) (3.16)
i€ LRG,ELG,QSO
1 A, dat del] T { ABAO+SF) ~ A%, d del
) Z [@Lcoil?) - @gl)(r)n[?} (CA,B,(—J‘F )1 [G):é)maga - @?&SPL
i€LRG,ELG,QSO
(3.17)

where the compressed vector Ocomp = [Osr, ©pao] is the concatenation of BAO and ShapeFit

@model

comp 18 evaluated at the point O¢osmo in the cosmo-

compressed parameter vectors and the
logical parameter space. The superscript (*, data) denotes the maximum a posteriori point
in compressed parameter space extracted from the official DESI posterior (see appendix A
for details). We have also rerun the analyses using the mean of the posterior instead and
find no significant differences. We elaborate on this in appendix A.

L15q is the main product of this work. Given the unavailability of BGS DR2-like mock

BAOXSF (nantities in the covariance and default

catalogs we are unable to compute the r
to using the DR2 BAO-only likelihood Lpgs. Similarly, we take the Lyman-« forest into
account using the DR2 BAO + DR1 Full-Shape likelihood L o—rs. We combine these

into the DESI likelihood
log Lpgst = log L1eq + log Lpas + 10g L1ya—Fs- (3.18)

For cosmological inference, we employ Cobaya [65] with CAMB [66] and use the external
likelihoods implemented in the package for CMB and SNe.

Note that, among these A, B, and C options presented here, option C is the best at
balancing the actual errors of the data, with the approximate cross-terms obtained from the
mocks. Options A and B are only presented here as qualitative comparisons on how the results
are affected by this choice (see later section 4.2). On the one hand, B completely ignores
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the BAO and ShapeFit correlation in the scaling parameter, which we know by construction
should exist, as SF partially use BAO information from the pre-reconstructed catalog. On
the other hand, A assumes a fixed cross-term independent of the realization of the data. In
fact, we know these terms do suffer from fluctuations, and they should be properly estimated
for each of these realizations. Option C only fixes the off-diagonal cross-correlation blocks
(rBAOXSF) t6 be realization-independent; although this is strictly an approximation, we expect
it to have little impact on the data.® In order to assess such an impact, we later compare in

figure 3 the performance of applying each of these three methodologies to the DESI data.

4 Results and Discussion

The main results of this work include the correlation (and covariance) for the compressed
parameters between DESI BAO DR2 and DESI F'S DR1 (section 4.1) and the cosmological
interpretation of their optimal combination within ACDM (section 4.4) and several of its
popular extensions (sections 4.5 to 4.8).

4.1 Combined correlation matrix

Figure 1 shows the correlation matrices obtained from the data posteriors ignoring the cross
correlation (upper triangle, rgAO+SF ) [16, 20] and from the mocks (lower triangle, rEAOJrSF).
A first visual inspection shows that these matrices are similarly structured. The seemingly
large differences between mock and posterior estimated cross terms (such as in the case of
qsg x g3 for LRG3) are consistent with the scatter observed among the mocks. A relatively
large scatter is expected from these parameter covariance elements, as it has been shown to
depend on the particular realization [64]. We do not explicitly show rgAOJFSF as it is built
as a combination of the former two as detailed in eq. (3.14).7

One way to validate quantitatively that the mock-based covariance matrix estimates are a
good description of the statistics of the data is to assess whether the data are a plausible draw
from the underlying distribution of mocks. We thus compute the standardized measurement
error (pull, Z-statistic) for each compressed parameter 6 over the 100 EZmock realizations,
defined as g(0) = (o9 — 0p)/std(og), where std(op) is the standard deviation of oy. The
distribution of these pulls for each sample and parameter is shown in figure 2. While we
expect some discrepancies between data and mocks in the original clustering statistics due to
approximations in the EZmocks, we find that in the compressed parameter space (Ocomp);
the differences are not significant for most cases. The vertical lines in the figure panels show
the corresponding values from the actual data catalog, and the gray band indicates the 20
region around the expectation from the mocks.

We find that most data errors lie within 20 of the expectation from the mocks and are

located in bins containing some mock realizations, indicating these deviations are expected

5The specific procedure adopted here is however more robust than any naive mix and match. In fact we
effectively have decomposed the matrix as ¥ = BBT 4+ D with D diagonal and then combined the blocks of
the BBT part. since the BBT part is generally small this is robust. Other approaches are also possible, the
simplest one being projection to the nearest positive definite matrix via e.g. Higham’s nearest correlation
matrix method [67] or eigenvalue regularization.

" Available from https://github.com/dforero0896/DESI1.5

— 11 -


https://github.com/dforero0896/DESI1.5

Comparison of correlations from mocks (lower triangle) and data (upper triangle)
LRG 1 LRG 2 LRG 3

g@odo 0o 0 o :—0.09 @of{o o o @of{0 0 0 0 .01
p r ap ap r
pof o o o o JEENoO11 g0 0 0 0 ol 0 0 0 0 0.01
qlSO qlSO qlSO
A EEEEEERBEB®N LI A E EEEEEBEBR A E EEEEERBEB®N LI I

QU
3
1
1
o
[
@
1
<}
=
®
1
<}
N}
o>}

dm—-0.18-0.15-0.12 .06-0.15

dm—-0.23-0.23 —0.06'0.01 -0.07|

df 4 0.08 -0.44 -0.2220.05 -0.09

-0.27:-0.03 0.13

~0.090.05 -0.15 df 40.11 -0.44| 0.1120.25 -0.28

L]
gsr0. -0.46 02 0.12

df 40.16

gsr022

Correlations from data posterior
Correlations from data posterior
Correlations from data posterior

0.13 -0.08 0.41 -0.05

Giso Jiso qg'o: . . 0.27 -0.05
T T T T T T T T T T T T
g g df dm g0 gBr° g g df dm B0 gB° g gy o dm g0 g§°
Correlations from mock ensemble Correlations from mock ensemble Correlations from mock ensemble
ELG 1+ LRG3 QSO 1
sage{0 0 0 o 'rO-os 5 a0 5o 0 O
5 r 5 8
1%} 1%} 1%}
8gn°10 0 0 0 016 8 q° gagn°1 0 O
E A EEEEEEBEN LI E 9 A E EEEEEBEB®N
8 gm4-0.18-0.15-0.13 -03-0.12 S dm- 8 om--0.32-0.16-0.
€ € 1
(e} (e} o
= df 0.1320.05 -0.17 = o026 -0.42 -0.26-0.01-0.07| =  df0.24 0.0320.05 -0.14
S i S 3 S 3
5 oSF4 s oSFA N 3 4SF _0.2
% qsy 0.16 0.2 % asy 0.18 0.29:0.19 0.1 % asy 0.2: 0.11 0.28
3 g 5 .
&) qgg 0.58 -0.15 0.43 0.15| © qgg -0.03/0.45 —0.450.01 -0.03[ O qgg -0.18/0.45 -0.4,0.09 0.05

T T T T T T T T T T T T = T T
g g5 df dm gf0 gBlO g a5 df  dm gf0 gBlO ae a5 df dm gRlo gBro

Correlations from mock ensemble Correlations from mock ensemble Correlations from mock ensemble

Figure 1. Correlation matrices of the compressed Full-Shape x BAO data vector. Top triangle:

Matrix elements estimated from DR1(2) ShapeFit (BAO) posterior samples, i.e. without the cross-

correlation terms (rgAOJrSF). Bottom triangle: Matrix elements estimated in this work using mock

ensemble, thus including the cross correlations (rEAO+SF).

from the distribution of mocks. While figure 2 shows only the diagonal elements, we have
performed equivalent tests on the off diagonal elements and find no significant deviations
from the scatter expected from the mocks. The strongest deviations originate from the
combined ELG+LRG sample, which we attribute to two factors. First, there is a known
mismatch between the covariance matrices derived from the EZmocks and those from the
RascalC [68-71] method when the latter is tuned directly to the data [44, 72], though this has
been accounted for in the FS fits through the variance rescaling described in [44]. Second, the
EZmock galaxy populations have not been tuned to reproduce the observed cross-correlation
between different tracers, leading to an imperfect match for this specific sample combination.
This last point is in line with comparisons done with Abacus in [73], which has also not
been fit to reproduce the cross correlation of tracers. Nevertheless, cosmological analyses
performed with and without this combined sample yield no significant differences in the
final parameter constraints. We therefore proceed to use the combined sample for all results
presented in this work.
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Figure 2. Distribution of errors for each of the six compressed parameters measured from the 100
EZmocks (histograms) compared to the actual data errors (vertical lines), for different tracers. The
quantity shown corresponds to the Z-statistic component, g(6) = (09 — 74)/std(og), where ¢ denotes
the mean error on parameter 6 over the EZmocks and std(op) the corresponding standard deviation.
Each panel corresponds to one parameter-sample combination, the shaded area shows the 20 region.
Given that the combined ELG14+LRG3 sample was not used in the FS analyses, these panels are

empty.
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4.2 Performance of DR1XDR2 matrices in ACDM

Figure 3 is a whisker plot for the posterior distributions of the relevant ACDM?® cosmological
parameters employing the covariance matrices constructed using the A, B, and C prescriptions
described previously. Results for the parameter estimates are generally consistent with one
another, which provides an upper bound for the potential systematic effects arising from
fixing the off-diagonal cross-terms of option C to be realization-independent. Note that the
errors estimated from the full EZmock-based parameter covariance (A) are smaller than those

of the other two approaches. Ref. [64] shows that parameter cross covariances (even within
SF
iso
over- or under-estimates of the final parameter errors. The conservative choice is then to use

the same analysis, i.e g2 X q§§ ) can fluctuate significantly across realizations and lead to
such covariance elements from the data realization, i.e. the posterior-derived ones whenever
possible. This is done in options B and C by fixing the full block diagonal matrices, contrary
to option A. As a summary, A and C share very little, and only in the subdominant elements,
off-block diagonals whereas B and C share the dominant part of the matrix, i.e. the block
diagonals. So we do expect the constraints from B and C to be rather similar.

In terms of the inclusion of DR1xDR2 cross correlations, the terms rBAO%SF have little
effect on the cosmological inference results, at least when included in terms of compressed
parameters, causing only minor shifts in A and €2,,. This is likely due to the significantly
more constraining power of DR2 BAO compared to DR1 FS, we do not expect this to be the
case when the datasets have a similar constraining power or when working in uncompressed
(bandpowers) space.

Our previously-stated baseline choice, C, produces the most conservative (i.e., largest)
errors in this specific case, although this behavior could potentially be different for other
realizations. Moreover, this test shows that the differences in errors between C and B
are not very large; therefore, the potential effect of fixing the off-diagonal terms to be
realization-independent does not strongly impact the final estimated errors.

4.3 Dataset nomenclature

In what follows, we refer to the main results of this paper, i.e. DR1 Full-Shape plus DR2
BAO analysis as “DESI1.5”. This dataset is built up using the baseline covariance choice
C, computed from the 100 EZmocks, as described above.

In the next sections, we will often compare DESI1.5 with the official DESI analyses.
We refer to the Full-Shape plus BAO constraints from DR1 as “DESI1”. DESI1 results
can be presented using the Full-Modelling (FM) setup [21], hereafter DESI1 (FM), or the
ShapeFit (SF) compression setup [20], hereafter DESI1 (SF). Unless both FM and SF
variants are presented —in which case it is explicitly labeled— DESI1 refers to the FM-based
results from [21]. Note that DESI1.5 is inherently only SF; for simplicity, we omit the (SF)
specification. Finally, we refer to DR2 BAO only as “BAO2” [18].

4.4 ACDM constraints

We start by analyzing the new DESI1.5 results within the flat ACDM model. We adopt the
BBN prior on wy, and the ngg prior, as described in section 2.3.

8We have performed the same tests assuming wow,CDM and found equivalent results.
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Figure 3. Comparison of different marginalised cosmological posteriors for different covariance choices
(see section 3.4) within the ACDM model. We show our baseline covariance matrix choice (C) at
the bottom row and show its corresponding 1 and 20 limits as shaded grey areas and the mean as a
vertical line, to facilitate the comparison with the other two approaches.

DESI (SF) + _ i ] ] i

BBN + nero { == = =
DESH (FM) + | i ] ] i

BBN + nero . = = =
BAO2 + BBN H-—| . — 7 1
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Nsqo (this work) H H
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Figure 4. Comparison of our results (DESI1.5) to previous DESI1 and BAO2 analyses in the context
of ACDM. Constraints from DESI1 using F'S constraints, both from FM and SF, are also shown for
reference.

The results in terms of the 1D marginalized posteriors are displayed in blue in figure 4.
We also display the BAO2 (red) and the DESI1, both Full-Modelling (purple) and ShapeF'it
(green) constraints. Results for DESI1.5 are in very good agreement with both DESI1 and
BAOQO2 analyses, while the error bars are comparable, the recovered central values for h and
Q,, are shifted by 0.4 and 0.70 compared to BAO2. In addition, we recover smaller values of
ns (0.90) and og (0.58¢0) than DESI1 with FM. This can be attributed to the 20% broader
ns constraint inherent to the ShapeFit approach, which allows for a larger €2, (smaller ny).
This behavior has already been found in previous work [74, 75] where it has also been shown
to disappear once tighter priors on n, are used or equivalently, when combined with CMB
data. These shifts and the differences in ng are explored in detail in a forthcoming paper [76].
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Dataset Qm h o8 N

BAO2 + BBN 0.2978 + 0.0087 0.6850 4 0.0058 - -
DESI1 (SF) + 0.300 & 0.010 0.6880 4+ 0.0077 0.833 £ 0.033 0.982 £+ 0.034
BBN + Ns10

DESI1 (FM) + 0.2963 + 0.0095 0.6856 4 0.0075 0.842 £ 0.034 0.994 £ 0.026
BBN aF Ns10

DESI1.5 + 0.3035 £ 0.0085 0.6876 £ 0.0059 0.822 1 0.034 0.965 £ 0.032
BBN —|— Ns10

Table 2. Cosmological constraints in ACDM. We add constraints from DESI1 analyses using
FM and SF to illustrate the n, discrepancy and compare with our latest DESI1.5 analyses (highlighted
in bold). We further include, for reference, DR2 BAO constraints. These results correspond to those
shown also in figure 4.

Dataset Qp h wo W g g
BAO2 + BBN 0.3541004L 0646 +0.021 —046+026  —1.7370-33 - -

DESI1 (SF) + 0.330+£0.033  0.674£0.033  —0.67+0.33 ~1.3+£1.0  0.803 % 0.042 0.951 + 0.038
BBN + ng1o

DESI1.5 + 0.35140.025 0.64540.022 —0.494+0.25 —1.52+0.77 0.782+0.038 0.956 & 0.039
BBN + ns10

BAO2 + CMB 0.352+0.021  0.638+£0.019  —042+0.21 -1.73£0.60 0.783+0.016  0.9661 = 0.0037
DESI1 (SF) + 0.3264+0.027  0.663+£0.028 —0.63+0.26 —1.204+0.69  0.806+0.024  0.9658 & 0.0037
CMB

DESI1.5 + 0.356 +£0.020 0.63440.017 —0.384+0.20 —1.82%08% 0.778 £0.015 0.9667 = 0.0035
CMB

Table 3. Cosmological parameters from wow,CDM dark energy parametrization from DESI1.5
combinations. As a reference, we cite the constraints from DR2 BAO and DESI1 (SF), showing
negligible projection effects too. Our latest constraints (DESI1.5), highlighted in bold and also seen
in the text, are the first constraints from DESI alone (including full-shape) and DEST + CMB with
negligible projection effects within the Bayesian paradigm, thanks to our ShapeFit compression.

The results for the ACDM parameters displayed in figure 4 for the new DESI1.5 compilation
(blue contours), are thus,

Q,, =0.3035=+0.0085
og =0.822+0.034 DESI1.5 + BBN + ngo (4.1)
h = 0.6876 = 0.0059

whose signal is dominated by BAO2 data in 2, and h and DESI1 data in og. For completeness,
we also display in table 2 the results for DESI1 and BAO2, corresponding to those shown
in figure 4.

4.5 wow,CDM Dynamical Dark Energy

We now turn to the evolving dark energy model through the popular parametrization in terms
of the wy and w, equation of state parameters [77, 78]. This is known to be a particularly
interesting case for potential departures of ACDM model, as when the BAO2 dataset is
combined with CMB and SNe data suggests that dark energy might not be a cosmological
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Figure 5. Marginalized 1D posteriors under wow,CDM. We also show the corresponding MAP
values for each (FS) likelihood as a triangular symbol. The systematic shift between the MAP and the
posterior in DESI1 (FM) shows the presence of significant prior volume effects in combinations with
BBN and CMB. Our results, i.e. DESI1 (SF) and DESI1.5, do not show these effects as the MAP
overlap the posterior mass. We plot the corresponding BAO constraints for reference.

constant, A, but time-evolving; this preference for a dynamical dark energy model over A
varied from 2.8 up to 4.20 depending on the SNe sample selected” [18].

Working with the ShapeFit compressed parameters instead of the FM approach helps
to dramatically reduce projection effects that arise during the posterior marginalization
process [21, 29].

Projection effects occur when a complex, high-dimensional posterior distribution is
marginalized over some parameters, leading to distortions that include shifts between the
maximum of the marginal posterior and the maximum of the profiled posterior (the one
obtained by maximizing a subset of parameters). When these misalignments are strong,
they can cause to misleading interpretations within the Bayesian framework [80-82]. In the
cosmological context, full-shape analyses require marginalization over a suite of (nuisance)
parameters that are poorly constrained by the data, and occupy a lot of volume in parameter
space where the size of the likelihood is not particularly large. Thus, the priors on those
nuisance parameters are informative and dominate the marginalization process. In particular,
even when selecting uniform priors, the exact parametrisation chosen to define the nuisance
parameters (i.e. by or bjog) affects the final marginalized posterior, and any priors (even
when they are uniform) turn out to be informative. We choose to work with the ShapeFit
compressed variables (instead of the FM parameters), which have been shown to largely

9Some reanalysis of SNe samples have been performed since then [79], reducing the initial 4.20 preference
for DESY5 published in [18]
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Figure 6. Constraints on dynamical dark energy. Left: DESI-only constraints using BBN and a loose
prior on ns. Purple and green contours show the posteriors from DESI1 Full-Modeling (FM) and
ShapeFit (SF) analyses, respectively. The blue contour shows the combined DR1 FS + DR2 BAO
(DESIL.5) result from this work. Triangles mark the maximum a posteriori (MAP) estimates from
the DESI1 (FM) analysis (taken from [29]) and this work’s DESI1 (SF) and DESI1.5. Right: The
same DESI constraints combined with CMB data. In both panels, the DESI1 (FM) contours exhibit
strong prior volume effects, visible as a shift between the MAP point (triangle) and the contour. This
effect is mitigated in DESI1 (SF) and DESI1.5, which remain consistent with the MAP estimates.
The empty contours show the BAO results from DESI DR2 [18] for reference.

mitigate these projection effects and result in a set of cosmology results very insensitive to
the priors on those nuisance parameters [23], thus removing most of the projection effects.

This can be appreciated in figure 5, where we compare the marginalized posteriors for the
BBN+ng10 (lower rows) and CMB combinations (upper rows) obtained from DESI1 (FM),
with those obtained from methods presented in this work, DESI1 (SF) and DESI1.5. In most
cases, the DESI1 (FM) contours exhibit clear prior volume effects, visible as a systematic
offset between the posterior distribution and the corresponding maximum a posteriori (MAP)
estimate (triangle symbol). In contrast, our SF-based (for both DESI1 and DESI1.5) analyses
yield MAP values that lie within the high-probability regions of their respective posteriors,
demonstrating that projection effects are substantially mitigated by the ShapeFit compression.

A detailed view of the dark energy parameter constraints is shown in figure 6. On the wg—
w, plane, the DESI1 (FM) posterior (purple) is concentrated in the quadrant wy < —1,wg > 0,
while its MAP (matching triangle symbol) lies in the opposite quadrant (wg > —1,w, < 0),
well outside the 1o credible region. The SF-based results (green and blue) produce posteriors
that are consistent with their MAP estimates, confirming the robustness of the compression
approach without requiring more restrictive priors. The empty black contours show the
corresponding constraints without FS information for reference. It is clear on the left panel
that adding FS makes constraints tighter, implying a significant information gain, even when
the effective volume of the FS data is much smaller than BAO’s. On the contrary, when
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adding CMB (right panel), DESI1.5 contours barely shrink relative to BAO2+CMB. This
can be attributed to a minimal information gain from FS (DESI1) over CMB (this adopted
data compilation), the latter of which already constrains the matter transfer function far
better than the former in the adopted model.

The absence of significant projection effects allows us to quote the Bayesian DESI1.5
4+ BBN —+ ng4o constraints for the first time

Q, =0.3514+0.025
h = 0.645 £ 0.022
og =0.782£0.038 DESI1.5 + BBN + ngsg (4.2)
wyg = —0.49+0.25
we = —1.52+£0.77

In conclusion, adding DR2 BAO to DR1 FS, improves the constraints on h, €2,, and DE
parameters by ~ 30% relative to the analogous DR1 analysis (i.e. DESI1 (SF)). DESI1.5
reduces the “tension” with ACDM to 1.40 compared to the 1.70 observed from BAO2
alone [18]. These results are summarized in table 3.

In combination with CMB, DESI1.5 yields:

0, = 0.356 + 0.020

h =0.634+0.017

og =0.778+0.015p DESIL5 + CMB (4.3)
wp = —0.38+0.20

w, = —1.82+%

Compared to the BAO2+CMB constraints our DESI1.5+CMB analysis improves con-
straints by about 5% while shifting means by less than 0.3c.

Other approaches to mitigate projection effects have been presented in [26, 81]. Using the
method presented in [81], ref. [83] obtain FS+BAO+CMB constraints that are compatible
with ACDM at the 20 level. While our constraints are comparable in size to theirs (even
before including the bispectrum monopole), their recovered central values for wg, w, are 1.2
and 0.20 away from ours, respectively. These differences are not unexpected given differences
in the analysis choices and the approximations made in [84], in particular of neglecting the
DR1-DR2 covariance and assuming Gaussian covariance matrices.

4.6 Neutrino mass constraints

The sum of neutrino masses can be constrained from the neutrino mass effect on the linear
growth rate of structure, the neutrino-suppression of the small-scale power spectrum and
from the effect on the expansion history. In this work, we impose a physical > m, positive
prior for our posterior sampling and consider both ACDM, wyw,CDM and spatially curved
(oACDM) backgrounds. To estimate where the > m, posteriors peak, we fit a Gaussian close
to the prior edge and quote the fitted mean ) m;, as an approximation to the peak position.

BAO measurements alone, which exclusively trace the expansion history at relatively low
redshifts, cannot directly constrain the neutrino masses. Instead, the BAO data helps break
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parameter degeneracies in combination with CMB observations, leading to tight constraints
on Y. m,. The addition of FS information provides sensitivity to the neutrino-induced
suppression of small-scale power, enabling an upper limit to be placed on DESI data without
CMB. Nevertheless, the strongest limits remain those from the joint analysis with CMB,
where the complementary degeneracy directions yield the highest constraining power. For
completeness and as a demonstration of the self-contained potential of large-scale structure,
we also report DESI-only constraints in this work.

4.6.1 vACDM constraints

Our baseline FS analyses, including the BBN and ng419 priors with the full DESI data yields
a 95% confidence threshold on the neutrino mass of

Y m, <0.5419 &V (95% CI), DESIL5 + BBN + ngp, (4.4)

an upper limit which is notably larger than the DRI value quoted in [21]. In order to
understand this result, the left panel of figure 7 displays the marginalized posteriors for the
sum of neutrino masses for both DESI1 (FM) and DESI1 (SF) along with DESI1.5, both with
the external priors on BBN and ng1, as indicated. We have added the DESI1 (SF) posteriors
to show that this difference can’t be explained entirely by the slightly larger constraining
power of FM (in ng) and that is instead related to the inclusion of BAO2 information. A
Gaussian fit to the posterior (dashed line) has been added as a proxy for the position of
the peak of the posterior (dotted lines). For DESIL.5, we find a positive neutrino mass
at Y. m}, ~ 0.03 eV, contrary to the previous DESI1 (FM) constraints, where the peak
(according to our Gaussian approximation) lies on > m}, ~ —0.09 eV. This is consistent
with the parabolic fit to the profile likelihood performed in [85] that also finds a peak in the
negative mass region. This suggests a shift of the whole marginalized posterior, which explains
why the upper bound for DESI1 is more restrictive than for DESI1.5. Previous analysis on
BOSS+eBOSS [86] also obtained LSS-only neutrino mass constraints of Y m, < 0.40 eV
which is consistent with our results.

The right panel of the same figure shows the analogous posteriors when combining with
CMB (Camspec) data and the CMB-only posterior for reference. The bottom panel of the same
figure shows the 2-D contours in the ,,, > m, space. We have added the BAO+CMB contours
for reference to show that the constraints from FS+CMB and BAO+CMB do not differ much,
due to the fact that the constraining power in the combination comes predominantly from
the degeneracy breaking between the CMB and DESI contours. Nonetheless, we obtain

> m, <0.0624 eV (95% CI), DESIL.5 + CMB [CamSpec], (4.5)
close to the analogous constraint from BAO-+CMB [18].

4.6.2 vwowy,CDM constraints

As in plain wow,CDM, our approach allows us to quote constraints using minimal additions
to DESI data, for such a configuration, we obtain

> m, <1.004 eV (95% CI), DESIL5 + BBN + ngio. (4.6)
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Figure 7. Neutrino mass constraints within ACDM. Top left: DESI-only constraints from this work
and DR1(FM)-only results. We extend the posteriors using Gaussian fits to show the location of their
peak (dotted lines). Top right: DESI+CMB [Camspec] constraints from FS and DR2 BAO showing
their consistency. CMB-only posterior added for reference. Bottom panel: 2-dimensional marginal
posterior in the ,,, > m, space showing the DESI1.5 constraints, and the degeneracy breaking with
CMB that drives cosmological neutrino mass constraints.

Terrestrial particle experiments, such as KATRIN put model-independent constraints on the
flavor-weighted mass of the electron neutrino m? = 3 |Uei’2m§, yielding an upper bound of
me < 0.31 eVY at 90% CL [87]. In a naive, unrealistic scenario where we assume the lightest
neutrino to be massless and the mixing matrix coefficients to be unity, this constraint can be
roughly translated to a sum of neutrino masses of >~ m, < 0.93 eV within the same frequentist
framework. Our conservative DESI1.5 constraints are already comparable (3~ m, < 0.86 eV

10We cite the Feldman-Cousins constraint. We avoid drawing direct figure-to-figure comparisons due to the
different interpretation of frequentist confidence levels and Bayesian confidence intervals.
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Figure 8. Neutrino mass constraints within wow,CDM. Left: Marginalized 1-dimensional posterior
for the sum of neutrino masses in a conservative DESI1.5+BBN+wide ng setup. Right: Marginalized
1-dimensional posterior on the sum of neutrino masses for BAO2+CMB and this work’s DESI1.5+CMB.
We extend the posteriors using a simple Gaussian fit (dashed lines) in order to find the location of
their peak (dotted lines).

at 90% CI) even within a very flexible cosmological model. The left panel of figure 8 shows
the marginalized posterior on the sum of neutrino masses in this scenario. We have also
extended the posterior with a Gaussian fit to find the peak at >~ m} ~ 0.12 eV, which
matches the maximum a posteriori (MAP).

Combining with CMB, improves constraints by an order of magnitude

> m, <0.1444 eV (95% CI), DESIL.5 + CMB [Camspec]. (4.7)

We obtain smaller constraints relative to BAO2+CMB, likely due to the posterior “hiding”
back in the negative mass region. Figure 8 shows the marginalized posteriors on the sum
of neutrino masses in a model with DE. In this case, we also extend the posteriors with a
Gaussian fit and obtain that while both posteriors peak in the positive mass range, our DESI1.5
constraints peak very close to zero. Using our fit, we recover the value of }_ m;, ~ 0.025 eV
for BAO 4+ CMB obtained in [85] and obtain a value of > m}, ~ 0.0078 eV for our DESI1.5
constraints. The fact that the most likely neutrino mass shifts back towards zero supports
our observation that our smaller upper bound is driven by an overall shift in the posterior
rather than a large reduction in the uncertainty.

Finally, we observe that the dark energy constraints remain unchanged when freeing the
neutrino mass, which is consistent with earlier observations using BAO data.

4.6.3 ovACDM constraints

One last addition to neutrino constraints is relaxing flatness. In a spatially curved (o—)
extension to ACDM the curvature “density” 2 is allowed to vary. This is expected to
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Figure 9. Marginalized posteriors in a non-flat cosmology with neutrinos. Here, we also show the
Gaussian extension to the 1D neutrino mass posterior, showing its maximum in the negative region.
The right panel shows the Qi — > m, plane, highlighting DESI1.5-only constraints.

change the distance-redshift relation, particularly increasing the distance to the last scattering
surface and has been proposed [88] as a possible solution to the BAO-CMB tension within
ACDM [53] and the neutrino mass tension. Figure 9 shows the neutrino mass and curvature
constraints from DESI1.5 combined with CMB. This combination should relax the neutrino
mass constraints, given that the curvature freedom can account for some of the effect that
a very small neutrino mass has on the transfer function.

For our baseline data combination, we obtain

> m, <0.785 eV (95% CI), DESIL5 + BBN + ng, (4.8)

which represents relaxed measurements relative to the flat case as predicted by [88] but more
constraining limits relative to the wow,CDM neutrino cosmology.

We compute the Deviance Information Criterion (DIC) to find which cosmological model
is favored in the presence of massive neutrinos. We find that ADIC = 0.44 between ACDM
and oACDM and ADIC = 3.72 between ACDM and wow,CDM, which suggests no preference
of the data for either more complex model over ACDM when using a threshold of ADIC =5
for positive preference [89].

Adding CMB information, we obtain

> “m, <0.100 eV (95% CI), DESIL.5 + CMB [Camspec], (4.9)

which is also larger than the analogous ACDM constraint and smaller than the wow,CDM
one. In the former case, the posterior peaks at an effective value of 3 m;eff = —0.021 eV and
the freedom added by the curvature is not enough to make it move towards positive values.
Using the same Gaussian-extension approach we used before, we find m;eﬁ = —0.060 eV,
showing that in fact, this extra freedom does not particularly resolve the issue of a negative
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Dataset Qm h Qp og Ng

BAO2 + BBN 0.294 + 0.012 0.676 4+ 0.017 0.023 + 0.041 — -
DESI1.5 + 0.3042 +0.0090 0.685+0.011  0.007 & 0.024  0.826 - 0.037  0.970 % 0.039
BBN + ns10

BAO2 + CMB 0.3035 4+ 0.0038  0.6850 +0.0033  0.0023+0.0011  0.8141 4 0.0057  0.9649 + 0.0040
DESI1.5 + 0.303540.0036 0.6857 & 0.0030 0.0028 £ 0.0011 0.81547 30552  0.9639 + 0.0037
CMB

Table 4. Cosmological parameter constraints for the oACDM model, for different and data
combinations: without CMB data (top rows); with CMB data (bottom rows), and where the BAO2
and DESI1.5 DESI dataset selections are displayed.

effective mass. In terms of DIC relative to ACDM, the spatially curved and DE models
show a ADIC = —4.53 and ADIC = —0.20, respectively, showing again no significant
preference for either.

In terms of curvature, the presence of neutrino masses slightly alleviates the ~ 20 tension
of the data with a flat universe seen in the neutrinoless case (see section 4.7).

4.7 Constraints on spatial curvature

Within DESI1.5, adding FS information to BAO2 tightens the constraint on the curvature
parameter by a factor of two, while the geometry remains fully consistent with flatness, as
can be seen on the left panel of figure 10. However, adding CMB information results in
Qr > 0 with a 95% confidence or about 2.40 away from flatness. The right panel of figure 10
presents the zoom-in on the CMB contours compared to the BAO-only constraints. These
limits have been found to be slightly dependent on the CMB likelihood used: Ref. [83] has
reported that using the HiLLiPoP+LoLLiPoP CMB likelihood decreases the significance of
Qr > 0 to below 20. Our measurements are summarized in table 4.

For completeness, we also explore the constraints of a spatially curved universe in
combination with the wg-w, parametrization for evolving dark energy. This is compactly
shown in figure 11, where we focus only on the degeneracy of € with these equation-of-state
parameters. The 1D posteriors in this evolving dark energy owow,CDM model are,

Q,, =0.354+0.022

Qr = 0.0001770013

g —00017 L pSI 5 + CMB, (4.10)
wo = —0.41+0.23
we = —1.77 + 0.66

perfectly consistent with a flat geometry, but with a small deviation away from the cosmological
constant prediction, only slightly wider than the analogous wow,CDM constraints.

4.8 Sound horizon-free constraints

We aim to perform an analysis assuming the ACDM model at only late epochs and being
agnostic about the size of the sound horizon scale, r4. Within the SF formalism, this is
straightforward, as we only need to marginalize over an overall factor multiplying ajs. In
practice, this is done by introducing an extra nuisance parameter rg. that modifies the
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combining with the conservative external data, and with CMB. The left panel shows BAO2 and
DESI1.5 constraints without CMB. Right: Zoom-in plot to show DESI1.5+CMB constraints with the
BAO2+4+CMB contours added for reference.
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Figure 11. Marginalized posteriors in the Q2 — w,/wg plane, for the owpw,CDM model using
DESI1.5 data in combination with CMB.
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Figure 12. Constraints for sound-horizon-free (r4-free) measurements with and without SNe (PP)
compared to CMB and DESI1.5 measurements calibrated with the sound horizon (table 2) for
comparison.

effective sound horizon as rgef = racrq. Refs. [24, 90] have shown that, by introducing such
a parameter and allowing it to vary, the BAO data no longer constrain Hy while preserving
information on €2,,,. This factor affects all redshifts the same way, thus preserving the relative
BAO sizes which encode the latter.

This approach allows us to perform an Hy measurement independent of the sound-horizon
calibration scale, which exploits the matter-radiation equality scale keq as a standard ruler to
calibrate the distances within the model. Within the SF formalism, this information is clearly
linked to the m parameter, which defines the slope at a pivot scale of ~ 0.03 hMpc~'. In this
case, we still need to include the BBN prior on wy, to inform m on the baryon suppression.

Following the procedure stated above and matching the ones presented in [24], we find that
the sound-horizon-free constraints for the DESI1.5+BBN+n41o within a late-time ACDM are,

Qn = 0.302+0.011
os  =0.823+0.035py DESIL5 + BBN + ngy. (4.11)
h  =0.693+0.026

The h constraint (at the 3.7% level) is as precise as those obtained by [90] (who use more
informative priors), but the new BAO2 information shifts the mean by 0.80 to a lower value,
bringing it in excellent agreement with the CMB A determination. We also find a roughly
lo deviation in the matter density relative to CMB.

Figure 12 displays this constraint in context, showing the h CMB-only constraints,
the DESI1.5 sound-horizon based constraints and sound-horizon free constraints also in
combination with PP SNe sample. The SNe sample does not help to better constrain the
parameters, but shifts the matter density by almost 0.50 closer to the CMB value.

5 Conclusions

We have presented a consistent and optimal combination of the DESI DR1 Full-Shape and
DR2 BAO measurements. By working in the compressed parameter space of the ShapeFit
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Dataset Qm h s Ng

DESI1.5 + 0.302 + 0.011 0.693 £+ 0.026 0.823 £ 0.035 0.960 + 0.041
BBN + Ns10

(rq-free)

DESI1.5 + 0.3110 £ 0.0097 0.681 + 0.025 0.824 +0.036 0.961 + 0.042

BBN + ng0 +
PP (r4-free)

Table 5. Sound-horizon-free cosmological parameter constraints from DESI1.5 within ACDM. These
constraints correspond to those shown in figure 12.

method, we have combined these datasets while accurately accounting for their correlations
using a suite of EZmocks reprojected onto the DESI DR2 footprint. This approach, which we
denote DESI1.5, achieves two main goals. First, it updates the DR1 Full-Shape constraints
with the improved statistical power of DR2 BAO. Second, it mitigates the prior volume
effects that have previously limited Bayesian interpretations of DESI-only data beyond the
ACDM without relying on more restrictive priors than those used in the official analysis.

We find that the ShapeF'it compression substantially reduces projection effects in the
marginalized posteriors. This allows us to report, for the first time within a Bayesian
framework, DESI-only constraints on extensions such as dynamical dark energy and massive
neutrinos using only minimal external priors from BBN and a wide prior on the spectral
index ng. The resulting constraints are robust and prior-resilient, closely aligning with
frequentist profile likelihood results.

Our combined analysis tightens constraints on key parameters relative to DR1 alone.
In the context of ACDM we obtain €2,, = 0.035 4+ 0.00085, h = 0.6876 4+ 0.0059 and
og = 0.82240.034. For the wow,CDM dynamical dark energy model, we find wy = —0.49+0.25
and w, = —1.52 4+ 0.77, representing a ~ 30% improvement over DR1 (ShapeFit-based).
Note that DESI1.5 reduces the tension relative to ACDM to 1.40 compared to the BAO-only
analysis. When combined with CMB, the preference for an evolving dark energy component
increases to about 3o.

We also set competitive limits on the sum of neutrino masses. Using DESI1.5 with
BBN and a wide ng prior, we find > m, < 0.54 eV (95% CI), and a posterior that peaks in
the positive mass regime at > m; ~ 0.03 eV in ACDM, contrary to what was observed in
the DESI DR1 analysis. In wow,CDM we obtain ) m, < 1.00 eV and > m; ~ 0.0078 eV.
These are among the first neutrino mass constraints derived from a Bayesian analysis of
DESI data without CMB. Adding CMB tightens these bounds to Y m, < 0.062 eV and
> my < 0.144 eV, respectively.

Furthermore, the inclusion of Full-Shape information in addition to DR2 BAO improves
constraints on spatial curvature by a factor of two. While DESI1.5 alone remains consistent
with a flat universe, combining it with CMB data yields a preference for an open universe at
approximately 2.40; we note that this result may vary with alternative CMB likelihood choices.

Finally, in a sound-horizon-free analysis designed to depend on physics before z =~ 3000
and only late-time observations, we obtain a constraint on the Hubble parameter of h =
0.693 £ 0.026 without relying on recombination physics, demonstrating the growing power
of large-scale structure to constrain cosmology independently of CMB.
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Figure 13. Marginalized posteriors of the ShapeFit compressed parameters for two galaxy samples:
LRG1 on the left and QSO on the right. Filled contours show the MCMC Chains obtained from
sampling the SF posterior, the empty dashed contours show the posterior profile as a multivariate
Gaussian centered at the MAP values. Finally, the dotted marker lines show the approximate MAP
value (i.e. taken from the MCMC chain, without profiling) used in this work. Both distributions are
consistent with one another and the approximate and real MAP values coincide.

The methodology developed here, i.e combining data releases at the compressed parameter
level using mock-based covariances, provides a reliable alternative to Full-Modeling that
mitigates parameter projection effects while still adopting wide uniform priors on nuisance
parameters. The ShapeFit compression makes it possible to obtain robust Bayesian inference
on beyond ACDM models, allowing more definitive tests of dark energy, spatial curvature
and neutrino properties with Large-Scale-Structure.

Data availability

The data to reproduce the figures in this paper is available in the DESI zenodo repository
https://doi.org/10.5281/zenodo.18629072. (Public after acceptance)

A ShapeFit best-fit choice and projection effects

In the SF interpretation step, we assume that the data is described by a multivariate Gaussian
distribution, described by a mean pSF and a covariance CSF. If the SF posterior is exactly
Gaussian, these mean and covariance are uniquely defined. However, if the posterior is non-
Gaussian, we can choose to identify ST with the maximum or on the mean of the posterior.'!
Our baseline choice in the main text of the paper is to use the maximum. Figure 13 shows

SF posteriors for two samples. The filled contours correspond to the actual MCMC posterior,

HHere we approximate the maximum of the posterior (MAP) as the point in the posterior chain with the
maximum posterior. Rather than running an ensemble of minimizers on the posterior itself. This is a good
approximation in the absence of projection effects.
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Figure 14. Marginalized posteriors for the DESI1.5 conservative fit within wow,CDM for two
different choices of SF best-fit: the MAP (default used during this work) and the mean of the chain
(mean). We add the DESI1 (FM) posteriors (purple) and their MAP (vertical dashed lines, as reported
in [29]) and their analogous DESI1 (SF) posteriors. Vertical bands illustrate the 1 and 20 regions of
the baseline presented in this paper.

whereas the dashed contours are a Gaussian approximation to the posterior obtained through
a posterior profile and are thus centered at the real MAP values. The marker lines are the
approximate MAP values used in this work. While for some samples, such as LRG1, shown
on the left panel, there is a bias between MAP and the marginalized means, this difference is
not significant, and the distributions remain consistent with one another to a great extent.
For other tracers such as QSOs (on the right), the agreement is even better. This shows
that the SF posteriors do not suffer from projection effects when marginalizing. Moreover,
due to the agreement between the approximate and real MAP values, we do not expect to
incur any biases due to our use of the approximate.

Finally, figure 14 shows the comparison of the marginalized posteriors of the cosmolog-
ical interpretation of the DESI1.5 data under a wyw,CDM model for the baseline choice
(approximate MAP) and for the mean. Constraints from DESI1 (SF) and (FM) are also
shown for comparison. Regardless of the choice for ;5¥, both DESI1.5 posteriors show that
projection effects (illustrated by the DESI1 (FM) posteriors and the corresponding MAP
illustrated as vertical dashed lines) are largely mitigated. This is not unexpected as the
SF-based posteriors are close to Gaussian as observed in figure 13.
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