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B. A. Weaver,23 R. Zhou,4 and H. Zou41
1Waterloo Centre for Astrophysics, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada

2Department of Physics and Astronomy, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada
3Perimeter Institute for Theoretical Physics, 31 Caroline St. North, Waterloo, Ontario N2L 2Y5, Canada

4Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 94720, USA
5Department of Physics, Boston University, 590 Commonwealth Avenue, Boston,

Massachusetts 02215 USA
6Dipartimento di Fisica “Aldo Pontremoli,” Università degli Studi di Milano,
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c/Eduard Maristany 10, 08930 Barcelona, Spain
35Department of Physics and Astronomy, Sejong University, 209 Neungdong-ro,

Gwangjin-gu, Seoul 05006, Republic of Korea
36Abastumani Astrophysical Observatory, Tbilisi, GE-0179, Georgia

37Department of Physics, Kansas State University, 116 Cardwell Hall, Manhattan, Kansas 66506, USA
38Faculty of Natural Sciences and Medicine, Ilia State University, 0194 Tbilisi, Georgia

39CIEMAT, Avenida Complutense 40, E-28040 Madrid, Spain
40Department of Physics and Astronomy, Ohio University, 139 University Terrace,

Athens, Ohio 45701, USA
41National Astronomical Observatories, Chinese Academy of Sciences, A20 Datun Road,

Chaoyang District, Beijing, 100101, People’s Republic of China

(Received 19 December 2025; revised 9 June 2026; accepted 24 July 2026; published 25 August 2026)

Galaxy clustering constrains the baryon fraction Ωb=Ωm through the amplitude of baryon acoustic
oscillations and the suppression of perturbations entering the horizon before recombination. This produces
a different prerecombination distribution of baryons and dark matter. After recombination, the gravitational
potential responds to both components in proportion to their mass, allowing robust measurement of the
baryon fraction. This is independent of new-physics scenarios altering the recombination background (e.g.
early dark energy). The accuracy of such measurements does, however, depend on how baryons and cold
dark matter (CDM) are modeled in the power spectrum. Previous template-based splitting relied on
approximate transfer functions that neglected part of information. We present a new method that embeds an
extra parameter controlling the balance between baryons and dark matter in the growth terms of the
perturbation equations in the CAMB Boltzmann solver. This approach captures the baryonic suppression of
CDM prior to recombination, avoids inconsistencies, and yields a clean parametrization of the baryon
fraction in the linear power spectrum, separating out the simple physics of growth due to the combined
matter potential. We implement this framework in an analysis pipeline using effective field theory of large-
scale structure with halo occupation distribution-informed priors and validate it against noiseless ΛCDM
and early dark energy cosmologies with Dark Energy Spectroscopic Instrument (DESI)-like errors. The
new scheme achieves comparable precision to previous splitting while reducing systematic biases,
providing a more robust way to baryon-fraction measurements. In combination with big bang
nucleosynthesis constraints on the baryon density and Alcock-Paczyński estimates of the matter density,
these results strengthen the use of baryon fraction measurements to derive a Hubble constant from energy
densities, with future DESI and Euclid data expected to deliver competitive constraints.

DOI: 10.1103/fcb6-7xpx

I. INTRODUCTION

The flat ΛCDM model parameters have been con-
strained to percent level precision by observations of
the cosmic microwave background (CMB) [1], which
provides strong evidence for this model. However, ten-
sions with other data have shifted the key questions from
those of parameter estimation to consistency tests. One of
the strongest tensions is the ∼4–6σ tension between local
distance-ladder determinations of the Hubble constant,
H0 ¼ 73.04� 1.04 km s−1Mpc−1, combining Cepheids

and supernovae [2], and the CMB-inferred value, H0 ¼
67.37� 0.54 km s−1 Mpc−1 [1]. Similarly, baryon acous-
tic oscillation (BAO) measurements yield a comparable
low value when combined with the standard ruler of the
sound horizon, calibrated using big bang nucleosynthesis
(BBN) data [3]. Explanations for the tension range from
unidentified systematic errors in the datasets to extensions
of ΛCDM that invoke new physics—such as early dark
energy (EDE) [4–7] (see also [8,9] and [10] for other early
time modifications that can potentially resolve the Hubble
tension). Although the most recent ACT DR6 results [11]
alone are compatible with a nonzero EDE component, the
preference for EDE disappears once supernova data and*Contact author: a2crespi@uwaterloo.ca
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DESI DR2 BAO measurements [12] are included in the
analysis. Therefore, independent and complementary
measurements of H0 are essential to understand the origin
of this discrepancy.
Recently, several methods have been developed to

determine H0 independently on the sound horizon and
recombination physics. Philcox et al. [13] (using methods
developed in [14–16]) infered H0 from the matter-radiation
equality scale using Baryon Oscillation Spectroscopic
Survey (BOSS) full-shape power spectra and CMB lensing,
marginalizing over the sound horizon to remove acoustic
information. Bahr-Kalus et al. [17] directly detect the
turnover in the matter power spectrum and use it as a
standard ruler, yielding a sound-horizon–free estimate of
the Hubble constant. Zaborowski et al. [18] extend this
strategy by analyzing the full-shape clustering of multiple
tracers, rescaling the power spectrum to explicitly margin-
alize over the sound horizon, and combining with CMB
lensing and uncalibrated Supernovae (SNe) to reach sub-3%
precision. In all cases, the calibration depends on equality
physics or direct shape information rather than on the sound
horizon at drag epoch, making the resulting H0 measure-
ments independent of recombination-era acoustic physics. In
a recent paper [19], Krolewski et al. presented a new method
for inferring the Hubble constant that avoids using CMB
power-spectrum data and does not require calibrating the
BAO with a predetermined sound-horizon scale. This
method combines three independent pieces of information.
First, a measurement of the matter density in units of the
critical density, Ωm is obtained from the Alcock-Paczyński
(AP) effect applied to large-scale structure, which provides a
purely geometric constraint based on anisotropic distortions
of BAO (or cosmic voids [20]). Second, the physical baryon
density Ωbh2 is constrained by BBN. The remaining
ingredient required to determine H0 is the baryon fraction,
fb ¼ Ωb=Ωm. The three measurements together constrain
the critical density, which in turn depends on the Hubble
constant. In their companion work [21] (hereafter KP25),
Krolewski and Percival also introduced a new method to
infer fb from the amplitude of the baryonic signal in the
galaxy power spectrum. This baryonic signature consists of
two effects: the acoustic oscillations imprinted in the range
k ∼ 0.02–0.3 hMpc−1 and a scale-dependent suppression
on subsound-horizon scales. In particular, Fig. 1 in KP25
shows that the BAO amplitude can recover the true baryon
fraction fb, independent of whether the underlying cosmol-
ogy follows ΛCDM or an EDE model. Thus, it provides the
key ingredient for a energy density based measurement of
H0. In this work, we develop a more robust method for
measuring the baryon fraction than that adopted by KP25, by
introducing an additional free parameter to separate the
growth contributions of baryons and cold dark matter in
the perturbation equations. We begin by contextualizing the
problem in Sec. II, present the new method in Sec. III, and
describe how it can be integrated into a pipeline for

measuring H0 in Sec. IV. In Sec. V, we provide a detailed
comparison between the original KP25 template method and
our perturbation-level implementation on noiseless theory
vectors spanning ΛCDM and EDE cosmologies, and our
conclusions are summarized in Sec. VI. In this work, we
focus only on the validation of the method on noiseless data
vectors; the application to the Dark Energy Spectroscopic
Instrument (DESI; [22]), Data Release 1 (DR1; [23]) sample
is provided in our companion paper Krolewski et al.
(in prep).

II. MEASURING THE BARYON FRACTION
FROM GROWTH

Within galaxy redshift surveys, the imprint left by baryons
is one of the most robust physical signatures that can be
extracted. Classical BAO analyses (e.g. [24]) have focused on
measuring the observed positions of the feature along and
across the line of sight, which scale as DH=rd and DM=rd,
withDHðzÞ≡ c=HðzÞ,DMðzÞ≡ ð1þ zÞDAðzÞ,whereHðzÞ
is the Hubble flow, DAðzÞ is the angular diameter distance,
and rd the comoving sound horizon at the drag epoch. The
sound horizon depends nontrivially on Ωb, Ωm, and h,
requiring a complex physical modeling. Nevertheless, it is
predicted to very high precision once the cosmology is fixed.
In linear theory, the cosmic evolution of density perturbations
is encapsulated in scale-dependent transfer functions: each
component—baryons, colddarkmatter, photons, neutrinos—
has its own TiðkÞ that translates primordial fluctuations into
present-day amplitudes. For an energy-density dominated by
matter, the overall transfer function is

TðkÞ ¼ Ωb

Ωbc
TbðkÞ þ

Ωc

Ωbc
TcðkÞ; ð1Þ

where Ωbc ≡Ωb þ Ωc, with the baryonic and cold-dark-
matter components entering in proportion to their energy-
density fractions. This function, feeds directly into the linear
clustering power spectrum

Pðk; zÞ ¼ As

�
kh
0.05

�
ns−1

2π2k h4 T2ðkÞD2ðzÞ; ð2Þ

whereAs is the amplitude of primordial power spectrum,ns is
the scalar spectral index, h is the dimensionless Hubble
parameter,TðkÞ is thematter transfer function, andDðzÞ is the
linear growth factor. Equation (1) exhibits an explicit and
simple dependence on the fraction Ωb=Ωbc.
To isolate the information on the baryon fraction coming

from the growth of perturbations, we can consider replacing
the weighting between Tb and Tc with a free parameter
(hereafter γb), such that the weights for the two terms are γb
and ð1 − γbÞ � γb is an estimator of the ratio between
baryon and baryonþ CDM densities coming from just
the growth of perturbations.
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Before photon decoupling, the baryon and CDM transfer
functions differ significantly. The CDM component is a
smooth function of k, while the baryonic component
exhibits acoustic oscillations imprinted by the photon-
baryon fluid. On scales well below the sound horizon,
the baryon transfer function can be approximated as an
oscillatory term modulated by a damping envelope, reflect-
ing silk damping and the suppression of baryon perturba-
tions prior to recombination. After the drag epoch, the
baryonic and CDM perturbations grow together under the
summed gravitational potential. As a result, the shape of
the total transfer function is fixed and subsequent evolution
only changes the overall amplitude of the perturbations in a
scale-independent way. Since fb is constant with redshift in
standard cosmological models such asΛCDM and the EDE
scenarios considered in this work, TbðkÞ and TcðkÞ can be
evaluated at any convenient epoch (rescaling their ampli-
tudes for the correct redshift), and recombined as in Eq. (1).
This freedom can be used to potentially maximize the
contrast between the two transfer functions and improve
the precision of the γb measurement. However, as explained
in KP25, the two transfer functions must be chosen with
care. At low redshift (z ¼ 0), the two components have
already evolved together and therefore look very similar,
removing the information needed to distinguish their relative
contributions. At the opposite extreme, defining the transfer
functions at recombination maximizes their differences, but
does not reflect the final state of the acoustic oscillations,
which continue to propagate after decoupling. Intermediate
redshifts partially capture this evolution, but still mix
residual baryonic oscillations with the emerging CDM
response, making the separation less clean. To overcome
these issues, KP25 adopted a hybrid approach. The CDM
transfer functionwas taken from the Eisenstein andHu (EH)
fitting formula [25], which provides a smooth, nonoscilla-
tory description of the CDM component. The baryonic
contribution was then defined as the difference between the
total matter transfer function from CLASS [26] at z ¼ 0 and
the EH CDM component, rescaled by the baryon fraction

TbðkÞ ¼
�
Tcbðk; z ¼ 0Þ − Ωc

Ωcb
TEH
c ðkÞ

�
Ωcb

Ωb
: ð3Þ

This construction allows one to retain the final position of
the acoustic oscillations while maximizing the separation
between baryonic and CDM contributions. However, as we
are going to further explore in Sec. III, this splitting choice
has two major limitations. First, the numerical precision of
EH transfer functions puts a bound on the precision of γb
measurements. Second, andmore importantly, this approach
fixes the shape of Tc as it is at the drag epoch, neglecting the
effect of baryons on the growth of CDM perturbations prior
to recombination. This omission reduces the physical self-
consistency and discards part of the physical information
carried by a full perturbation evolution.

For this analysis, we assumed a single set of bias
parameters when comparing the galaxy field to both the
CDM and baryon density fields. However, at early times,
baryons and CDM potentially have different velocities and
densities. This relative evolution can induce additional bias
contributions, introducing two extra terms, bδbc and bv2bc
that are generally scale dependent. Similarly, compensated
isocurvature perturbations (CIPs) [27–29] correspond to
primordial fluctuations in the baryon density that are
compensated by opposite fluctuations in the CDM density,
leaving the total matter density unchanged. These pertur-
bations can also generate scale-dependent bias contribu-
tions. Although these effects can, in principle, be modeled,
they are expected to be negligible at the level of precision of
current data. A more detailed treatment of these contribu-
tions is therefore deferred to future work. A qualitative
discussion of the impact of relative velocity effects can be
found in Appendix A of the companion paper [30].

III. MODELING THE GROWTH THROUGH
PERTURBATION EVOLUTION

We propose a new approach that embeds γb directly in the
linear perturbation equations of the Boltzmann solver CAMB

[31]. The baryon and CDM densities are rescaled according
to the new parameter, so the full temporal evolution of both
fluids responds coherently to the chosen γb. The thermal
history and the adiabatic initial conditions, governed by the
background cosmological parameters, are unaltered. This
means that the new parameter is able to extract the depend-
ence of perturbation growth only on the baryon fraction. This
type of approach is not new. Several works in the literature
have split parameters into two distinct counterparts, each
responsible for different physical phenomena, motivated by
different goals. For example, the separation between a total
matter energy density parameter for growth and one for
geometry to test theΛCDMmodel in [32], or the splitting of
the baryon density into a parameter controlling the ionization
history and another governing the rest of the baryon effects in
[33]. There are different ways to separate the dependence on
the growth in the physical processes and in their equations,
each encapsulating distinct physical aspects of the evolution
of perturbations. We consider a number of options to better
explain why our chosen method is the most coherent and
complete after first reviewing the physical equations gov-
erning the evolutions of perturbations.

A. Evolution of perturbations

CAMB
1 numerically integrates the linearized Einstein-

Boltzmann system in synchronous gauge, evolving all

1Particularly valuable for understanding the equations for the
evolution of the perturbations and their numerical implementa-
tion were Prof. Antony M. Lewis’s PhD thesis, Geometric
Algebra and Covariant Methods in Physics and Cosmology
[34], as well as his CAMB NOTES [35].
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species in conformal time τ so that the gravitational
potentials sourced by one component instantaneously feed
back on every other. The background expansion obeys the
Friedmann equation

H2 ≡
�
a0

a

�
2

¼ 8πG
3

a2
X
i

ρ̄iðτÞ; ð4Þ

where a prime denotes d=dτ and the sum runs over photons,
massless and massive neutrinos, cold dark matter, baryons,
and dark energy. Metric perturbations are described in
synchronous-gauge by the two scalar potentials h and η.
The Hamiltonian and momentum equations result in

k2η −
1

2
Hh0 ¼ 4πGa2

X
i

ρ̄iδi

kη0 ¼ 4πGa2
X
i

ðρ̄i þ P̄iÞvi; ð5Þ

with density contrast δi ≡ δρi=ρ̄i and pressure Pi. Cold
dark matter evolves according to

δ0c ¼ −
1

2
h0; v0c ¼ 0; ð6Þ

while baryons are tightly coupled to photons through
Thomson scattering before decoupling. This tight coupling
results in a high opacity τ−1c , and in this regime, the full
Boltzmann hierarchy for photons becomes stiff and
extremely inefficient. To address this, CAMB implements
a tight-coupling approximation by expanding in τc, valid
when ϵ≡maxðkτc;HτcÞ ≪ 1:

δ0b ¼ −
1

2
h0 − kvb

v0b ¼
1

1þ R

�
kc2sδb þ

k
4
Rðδγ − 2β2πγÞ −Hvb

þ
�

2H
1þ R

þ ðln τ−1c Þ0
�

3R
4ð1þ RÞΔ

−
Rτc

4ð1þ RÞ2 ð4ðH
0 þH2Þvb

þ kð2Hδγ þ δ0γ − 4c2sδ0bÞÞ
�
: ð7Þ

Here τc is the optical depth, R≡ 4ρ̄γ=3ρ̄b, and cs is the
baryon sound speed. The leading term kc2sδb represents
the baryon pressure term, while R

4
ðδγ − 2β2πγÞ encodes the

momentum input from photon overdensities δγ and the
anisotropic stress πγ , which contributes to quadrupole
radiation pressure and is computed from the baryon
velocity and the metric shear σ ¼ ðh0 þ 6η0sÞ=ð2kÞ. The
coefficient β2 accounts for the polarization correction
to the quadrupole moment (β2 ¼ 1 in the absence of

polarization). The term −Hvb reflects Hubble drag due
to the expansion of the Universe. The Δ term captures the
photon-baryon slip, i.e., the relative velocity between
photons and baryons. These approximations are necessary
to ensure numerical stability and continuity at early times,
particularly for small scales where the photon-baryon fluid
exhibits acoustic oscillations.
Baryons transition, then, to a epoch of nontight coupling

where

v0b ≈ −Hvb þ c2skδb þ
k
4
Rδγ; ð8Þ

which remains valid even after photon decoupling to
account for residual baryon-photon interactions from drag
epoch onward. The transition between the tight-coupling
approximation and the nontight-coupling regime is per-
formed continuously.
Photon evolution is described by the temperature multi-

poles Θl, which satisfy the Boltzmann hierarchy with a
baryon-photon scattering term controlled by τ0c. Massless
neutrinos have an analogous system of equations for the
multipoles Fl, but without the scattering term τ0c. Massive
neutrinos are integrated in momentum shells with a similar
hierarchy weighted by the Fermi-Dirac distribution.
Anisotropic stress from free-streaming species feeds back
on the metric through Eq. (5), damping potential decay
inside the horizon.
Evolving this set of equations all together is essential

because each species continuously sources the metric
potentials that, in turn, feed back on every other species.
Photon-baryon pressure alters the wells into which cold
dark matter falls; CDM gravity reshapes the acoustic
oscillations of the photon-baryon fluid; free-streaming
neutrinos and dark energy likewise modify the same
potentials at later times. This tight interdependence means
that there is no perfect, redshift-zero transfer function
splitting: the baryonic imprint accumulates incrementally
at every integration step, inseparable from the concurrent
CDM response. Quantifying their individual contributions
must therefore compare full, self-consistent integrations
rather than isolating them at the end.

B. Modification strategy

We introduce a new parameter, the growth baryon
fraction γb, allowing this to be different from the cosmo-
logical baryon fraction fb fixed by the background param-
eters. This allows the growth of perturbations to respond to
a different balance of baryonic and dark-matter contribu-
tions than is actually present. This is clearly unphysical, but
is only used as a mechanism to split the information from
the different physical processes. In a fit to data it allows us
to extract only the information on the baryon fraction from
perturbation growth by considering only the constraint on
γb. One possible approach is to introduce γb only in the
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perturbation evolution after decoupling. In this case, all
evolution equations are modified at a transition time tdec:
before decoupling, they depend on the cosmological
baryon fraction, while after decoupling they depend on
the new growth baryon fraction, but only in the terms
relevant for structure growth. Here, “all evolution equa-
tions” refers to the full set of coupled perturbation
equations governing all species, including baryons,
CDM, photons, and neutrinos, which continuously source
the metric perturbations. Because of this coupling, an
abrupt modification at tdec introduces a discontinuity in
the evolution of the system. This procedure leads to several
undesirable features, including step-like variations in the
power spectrum. Moreover, part of the information on the
baryon-CDM interplay is generated before decoupling and
cannot be cleanly separated by switching the equations at a
later time. As a result, residual baryonic oscillations persist
even in the limit γb → 0, while for large γb the overall
amplitude is affected by prerecombination suppression
effects that are not consistently removed. These behaviors
reflect the fact that the perturbations have already evolved
jointly before the transition and therefore retain a memory
of the predecoupling dynamics. A second strategy is to
modify the metric perturbations at all times using γb, while
applying the split in the other evolution equations only after
decoupling. In this case, the coupling between species
remains partially inconsistent across the transition, since
one component is modified continuously while the others
are switched abruptly. This leads to a configuration that is
even less self-consistent, and similarly produces features in
the clustering signal that are difficult to interpret physically.
More generally, we find that abruptly modifying the

evolution equations at a specific time introduces artificial
features in the final power spectrum that lack a clear
physical interpretation. By contrast, when the perturbation
equations are modified consistently at all times, as in the
approach presented in this work, these features disappear
and the resulting evolution remains physically coherent.

C. The new approach

We favor a scenario where we replace the cosmological
baryon fraction with its growth counterpart in the equations
at all cosmic times, including the prerecombination era.
Importantly, we implemented this by carefully considering
all the relevant equations in CAMB so that the growth baryon
fraction modifies only structure formation; the thermal
history of the Universe remains entirely set by the standard
cosmological parameters. This approach removes any
discontinuity in the dynamics of perturbations and is
therefore self-consistent, including baryon induced sup-
pression of CDM perturbations before decoupling. The
collapse of matter overdensities, and the subsequent growth
of structure, is a delicate interplay between gravitational
collapse, expansion of the Universe and mutual interaction
between different species. Hence, we have to modify most

of the terms in the equations of Sec. III A. First of all,
different baryon and CDM abundances would alter the
expansion of the Universe through the Friedmann equation,
Eq. (4). Rescaling the baryon and CDM densities with γb,
but preserving the total matter density, we obtain

H2 ¼ 8πG
3

a2
�
γb
fb

ρ̄bðτÞ þ
1 − γb
1 − fb

ρ̄cðτÞ þ
X
i

ρ̄iðτÞ
�
; ð9Þ

where the final sum runs over the remaining species.
The response of the metric perturbation is also altered in
Eq. (5) to

k2η −
1

2
Hh0 ¼ 4πGa2

�
γb
fb

ρ̄bδb þ
1 − γb
1 − fb

ρ̄cδc þ
X
i

ρ̄iδi

�

kη0 ¼ 4πGa2
�
γb
fb

ρ̄bvb þ
X
i

ðρ̄i þ P̄iÞvi
�
; ð10Þ

where, in the second line, there are no CDM terms since in
the synchronous gauge it has zero velocity. The equations
for δ0c and δ0b are not modified further since h0 already
accounts for the correct growth baryon fraction.
Equation (7) for the baryon velocity needs to be treated
carefully. The terms that depend on the thermal history of
the Universe are left unchanged. This means that the terms
responsible for the position of the acoustic peaks do not
change, whereas those that control the suppression of
baryon growth are modified according to γb. With this
prescription, the baryon-velocity equation in the tight-
coupling regime can be written as

v0b ¼
1

1þ R

�
kc2sδ

ðγbÞ
b þ k

4
RðδðγbÞγ − 2β2π

ðγbÞ
γ Þ −HðγbÞvb

þ
�
2HðγbÞ

1þ R
þ ðln τ−1c Þ0

�
3R

4ð1þ RÞΔ

−
Rτc

4ð1þ RÞ2 ð4½ðH
ðγbÞÞ0 þ ðHðγbÞÞ2�vb

þ k½2HðγbÞδðγbÞγ þ ðδðγbÞγ Þ0 − 4c2sðδðγbÞb Þ0�Þ
�
: ð11Þ

Here the superscript ðγbÞ denotes quantities evolved within
the modified perturbation system. In particular, H, δb, δγ ,
πγ , and their derivatives are affected indirectly through
the modified metric and perturbation evolution. By con-
trast, the quantities controlling the thermal history of the
photon-baryon fluid, namely R, cs, and τc, are left fixed to
their background-cosmology values.
With these modifications to the equations directly in the

CAMB source code, we obtain the evolution of perturbations
as shown in the first panel of Fig. 1. In this panel, all curves
correspond to different values of γb, while sharing the same
cosmological baryon fraction fb, as defined by the
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background cosmological parameters. The initial ampli-
tudes of both baryon and CDM perturbations are identical
for any value of γb, and recombination still occurs at
z ≃ 1100, as expected given that the growth baryon fraction
is not used in computing the initial conditions or the
thermal history. The evolution of the perturbation ampli-
tudes, however, changes significantly with γb. For baryons,
prior to decoupling their oscillatory behavior is set by their
tight coupling to photons; because the thermal history is left
unchanged with respect to the background cosmology, the
baryon sound speed is unaffected, and the predecoupling
evolution of baryonic perturbations is therefore essentially
independent of γb. Instead, after decoupling, they behave
quite differently.
To help to visualize this behavior we consider two

extreme scenarios.
When γb ≈ 1, the evolution of perturbations is driven

solely by the baryonic component, enhanced to match the
entire matter budget. Since before recombination baryonic
perturbations are pressure supported, CDM perturbations
do not grow prior to recombination. After decoupling the
baryons do not respond to the deep CDM gravitational
potential wells present in the fiducial case, and thus we
observe in the baryonic perturbations a significant delay

before they begin to grow. Only once they start growing,
the CDM perturbations also begin to collapse, reaching the
same amplitude as the baryonic perturbations. Although the
recombination redshift remains unchanged for all values of
γb, the residual postrecombination baryonic oscillations—
present even in the fiducial case—continue to evolve
gravitationally after photon decoupling. In particular,
because the gravitational potential is sourced predomi-
nantly by the oscillatory baryonic component, acoustic
features remains dynamically active for a longer period.
In the opposite scenario, when γb ≈ 0, the evolution of

perturbations is determined solely by the CDM component.
As a result, CDM perturbations grow slightly faster, since
they do not respond to the baryonic suppression present
before decoupling in the fiducial case. Baryonic perturba-
tions, which remain pressure supported prior to recombi-
nation, collapse immediately afterward into the CDM
potential wells.
We compare this procedure to that of modifying a single

universal baryon fraction in the second panel of Fig. 1. In
this panel, the background cosmological parameters are
also modified for each curve in order to match fb to the
chosen value of γb. We clearly see the effect of the different
thermal histories with distinct baryon signature at z≲ 1100

FIG. 1. Left: redshift evolution of the absolute density contrasts jΔðzÞj for baryons (dotted lines) and CDM (solid lines) at fixed
comoving scale k ¼ 0.126 hMpc−1. Three growth-baryon-fraction values are shown: γb ≈ 0, γb ¼ 0.156 (fiducial cosmological value),
and γb ¼ 1. All lines share identical adiabatic initial conditions and the recombination redshift z ≃ 1100. Before decoupling the baryon
perturbations undergo acoustic oscillations that are mostly independent of γb. After decoupling the growth rate diverges: when γb ≈ 1,
perturbations evolve solely through baryons, showing delayed growth; when γb ≈ 0, perturbations evolve solely through CDM, which
grows slightly faster and baryons collapse immediately after recombination. Right: same as on the left, but changing the global baryon
fraction fb as well as the growth-baryon fraction γb. The figure shows the scenario where the global baryon fraction is varied for three
values: fb ¼ γb ≈ 0, fb ¼ γb ¼ 0.156 (fiducial), and fb ¼ γb ¼ 1. While all lines share identical adiabatic initial conditions, they have
distinct thermal and growth histories: changing the global baryon fraction not only alters the relative clustering of baryons and CDM, but
also affects the recombination epoch and the subsequent evolution of perturbations, leading to significantly different BAO patterns.
Since we wish to extract the growth information only while leaving the position of the peaks unchanged, we use the new parameter γb to
constrain the baryon fraction rather than fb. Note: the choice of using γb or fb ¼ 0.011 as an approximation for the zero baryon fraction
case is motivated by the fact that CAMB does not allow a strictly vanishing baryon density. In such a scenario, recombination and
reionization cannot be computed, leading to numerical errors. We therefore adopted the smallest allowed value and used it consistently
in both plots.
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leading to differences in the positions of the BAO peaks.
Since these modifications include baryonic effects on the
thermal history of the Universe and not only on structure
growth, they fall outside the scope of this work and are
therefore discarded.
Figure 2 shows a comparison between the linear power

spectrum obtained with our new approach (solid lines) and
that obtained using the previous KP25 splitting scheme
(dashed lines), for a range of γb values between 0 and 1. For
values close to the cosmological baryon fraction, the
differences are relatively small, but they become increas-
ingly significant as we move toward either extreme. For
γb ¼ 0, the large difference in amplitude comes from the
suppression of CDM perturbation growth caused by bary-
ons prior to the drag epoch. When γb ¼ 1, we observe a
small difference in the amplitude of the acoustic peaks due
to residual CDM-induced growth in the transfer function
approach that is not present if we model the different
growth at source.

IV. ANALYSIS PIPELINE

Having established a consistent framework to implement
the growth baryon fraction γb within the perturbation
evolution equations, we now turn to its application in the
full inference framework of the energy density based H0

measurement [19]. The application to data from the DESI
will be described in our companion paper [30], including the
resulting H0 measurements. In this paper, although we test

the baryon fraction recovery using simulated noiseless
theory data vectors only, we follow the procedure used to
model the DESI data. In the following, we describe the
structure of this analysis, the role of nuisance and cosmo-
logical parameters, and the use of HOD-informed priors to
mitigate degeneracies and projection effects.
DESI is a redshift survey designed to map the three-

dimensional distribution of matter in the Universe with
unprecedented precision [36–39]. Operating on the 4-m
Mayall Telescope at Kitt Peak National Observatory,
DESI uses 5000 robotically controlled optical fibers to
obtain spectra of millions of galaxies and quasars across
17;000 deg2 of sky [40,41]. Its primary goal is to provide
stringent constraints on the expansion history of the
Universe and the growth of structure. The first cosmological
results, including BAO measurements from the initial year
of observations, were presented in 2024 [23,42], and in 2025
the BAO results and cosmological parameter constraints
from the second data release were published [43–46].

A. Fitting procedure: Full-shape+ compressed
postreconstruction BAO

As our baseline analysis, we simultaneously fit the
prereconstruction power spectrum multipoles, and the
geometric information from the postreconstruction BAO
scaling parameters αk and α⊥. These parameters quantify
the apparent dilation of the BAO feature along and across
the line of sight with respect to a fiducial cosmology. They
are defined as

αk ¼
DHðzÞ=rd

½DHðzÞ=rd�fid
; α⊥ ¼ DMðzÞ=rd

½DMðzÞ=rd�fid
; ð12Þ

where DHðzÞ≡ c=HðzÞ is the radial Hubble distance,
DMðzÞ≡ ð1þ zÞDAðzÞ is the comoving angular diameter
distance, and rd is the sound horizon at the drag epoch.
These parameters therefore encode anisotropic geometric
distortions in the observed clustering pattern and provide a
measurement of the Alcock-Paczyński effect. Since the
power spectrum multipoles and the BAO scaling param-
eters are obtained from the same underlying survey volume,
their statistical errors are correlated. We therefore use the
joint covariance between the prereconstruction power-
spectrum multipoles and the compressed postreconstruc-
tion BAO parameters. In practice, we adopt the DESI DR1
covariance structure based on EZmocks, a set of fast
approximate mock catalogs designed to reproduce the
survey geometry, selection effects, and clustering covari-
ance of the DESI samples [47].
The amplitude of the BAO in the postreconstruction data

also depends on γb. In our companion paper [30], we tested
the impact of incorporating the postreconstruction meas-
urement of γb into our pipeline by adding an additional
data point and recomputing the covariance accordingly.
However, there is no significant improvement in the

FIG. 2. Comparison between the linear power spectra obtained
with our new method (solid lines) and the KP25 splitting scheme
(dashed lines), for different values of γb ranging from 0 to 1,
including the fiducial cosmological value of 0.156. The two
methods encapsulate different physical effects in the definition of
the γb parameter, leading to visible differences in amplitude,
especially at the extremes. At γb ¼ 0, our method removes the
baryon-induced suppression on the CDM transfer function prior
to the drag epoch. At γb ¼ 1, it also eliminates the CDM-driven
growth in baryon oscillations during drag epoch that is retained in
the EH transfer functions used by KP25.
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error on γb, since the γb constraint from our pipeline
and that obtained from postreconstruction BAO for the
adopted simulations are correlated at the ∼60% level.
Consistently, the gain in constraining power is only about
∼6%. We therefore opted not to include this measurement
in our baseline pipeline to avoid introducing additional
complexity, particularly regarding the impact of different
reconstruction techniques on γb.
With the power spectrum multipoles, we constrain the

growth baryon fraction γb, but also the ΛCDM parameters
that shape the broadband component of the linear power
spectrum, namely h, lnð1010AsÞ, ωCDM, and ns. The baryon
density is only weakly constrained by the power spectrum,
so we fix it to ωb ¼ 0.02237, consistent with the Planck
2018 value [1] adopted in our fiducial cosmology. This
choice does not affect our results. The total neutrino mass is
fixed to the minimum allowed value

P
mν ¼ 0.06 eV,

consistent with the fiducial cosmology. However, in this
analysis we are not interested in extracting cosmological
information from the broad-band shape, and we margin-
alize over these other parameters. To fully implement the
new density-based method for measuringH0, in addition to
the growth baryon fraction and the total matter density, we
use a measurement of the physical baryon density from
BBN. Since these are the measurements employed in our
density-based method, and are independent of the values
inferred from the broadband information of the power
spectrum, we denote them as ωb;dens and Ωm;dens. If we
further denote the dimensionless Hubble constant obtained
from this method as hdens, we can reparametrize the entire
pipeline in terms of these three parameters simply through
the following equation

γb ¼
ωb;dens

Ωm;densðhdensÞ2 − ωmassive−ν
: ð13Þ

As already mentioned, Ωm;dens is constrained through BAO
dilation parameters, while ωb;dens is constrained by impos-
ing a Gaussian BBN prior with a width of 0.00055,
matching recent BBN measurements [48]. Finally, we
impose flat priors on hdens and Ωm;dens. In Table I we
summarize the priors used for the broadband cosmological
parameters and for the new density-based parameters.
The prereconstruction power spectrum multipoles com-

ponent is modeled with the effective field theory of large-
scale structure [49,50], using the implementation in
VELOCILEPTORS [51,52]. γb modifies only the linear power
spectrum, which is then passed to the perturbation-theory
calculation. Then the code computes, in both Lagrangian
(LPT) and Eulerian (EPT) formalisms, the real- and red-
shift-space power spectra and correlation functions of
biased tracers using 1-loop perturbation theory (including
effective field theory counterterms and up to cubic-order
biasing). In Fig. 3 we show the effect of γb on the monopole

TABLE I. Set of priors employed in the baseline analysis for
the cosmological parameters and our new density-based method
parameters. Uniform and Gaussian priors are denoted by
U½min;max� and N ðμ; σÞ, respectively. The limits for uniform
priors correspond to the limits of the training space of the
emulator employed in the analysis (for emulator’s details see
Sec. IV B). The center of the ωb;dens prior, μωb

, is chosen to be the
true value of ωb for the test under consideration, ωb ¼ 0.02237
for Abacus and the true ωb value for the noiseless mock tests.

Priors

h U½0.1; 1.0�
ln ð1010AsÞ U½2.0; 4.0�
ωCDM U½0.08; 0.16�
ns U½0.8; 1.2�
ωb;dens N ½μωb

; 0.00055�
Ωm;dens U½0.2; 0.5�
hdens U½0.1; 1.0�

FIG. 3. Comparison of the impact of different values of γb on the monopole and quadrupole of the power spectrum computed using
EPT for both the KP25 splitting (dashed lines) and our new method (solid lines) using the modified version of CAMB. The different
values of γb correspond to �1σ and �3σ around the fiducial value of 0.156.
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and quadrupole of the power spectrum, computed with EPT
and a fiducial set of EFT parameters, for both our new
method and the old KP25 splitting. The variation in γb is
smaller than in the linear power spectrum and corresponds
to�1σ and �3σ around the fiducial value. We do not show
the effect for more extreme values, since the power-
spectrum amplitude would enter a regime where the EFT
approximation is no longer valid, leading to results that are
not reliable and difficult to interpret physically.
The perturbative model introduces a full set of nuisance

parameters to account for nonlinear and bias-related effects:
(i) Bias terms, describing the relation between the

galaxy distribution and the underlying matter den-
sity field. It includes linear bias b1, quadratic bias b2,
tidal bias bs, and a third-order bias term b3.

(ii) Counterterms, arising from the effective field
theory approach itself, which compensate for the
counter effect from the small-scale modes in the
perturbative expansion. These are of the form
αik2PlinðkÞ, with αi treated as free parameters,
usually marginalized over.

(iii) Stochastic terms, which model shot noise and other
contributions such as the Finger-of-God dispersion.
These are generally constant or weakly scale-de-
pendent, and may include corrections proportional
to k2. The amplitude of the stochastic terms is
parametrized by the free parameters SN0, SN2,
and SN4, which are also marginalized over during
the fitting procedure.

An alternative parametrization of the nuisance parameters
is also available in VELOCILEPTORS, offering a more
physically intuitive approach to prior specification. In
the default configuration, the galaxy bias parameters are
scaled with σ8ðzÞ as ð1þ b1Þσ8ðzÞ, b2σ8ðzÞ2, bsσ8ðzÞ2, and
b3σ8ðzÞ3. We will refer to this choice as the physical basis,
to distinguish it from the standard basis consisting of the
unscaled parameters b1, b2, bs, and b3, i.e. not multiplied
by σ8. As discussed in [53], this parameter basis more
effectively captures the dependence of the monopole on the
bias parameters, better aligning with the observables given
the high degeneracy between σ8 and the biases. Other
works, such as [54], showed also that this basis provides the
best control over prior volume effects when constraining
ΛCDM parameters. We ultimately adopted the physical
basis as the baseline for our analysis and, since in this work
we fit only the monopole and quadrupole of the power
spectrum, we fix the nuisance parameters that only affect
higher multipoles or are not constrained by this data vector.
In particular, we set b3, α4, α6, and SN4 to zero, con-
sistently with the reduced multipole set used in the analysis.
The response of the new parameter γb to the choice of bias
parametrization is nontrivial. Indeed, in our new approach,
the effect of γb on the shape of the power spectrum leads to
a degeneracy between the new parameter and the EFT
nuisances since they are highly degenerate with amplitude

parameters. As the data are already not well constraining
the EFT parameters, we can expect even greater projection
effects in both the physical and standard bases. To mitigate
these effects, we opted for halo occupation distribution
(HOD) informed priors on the EFT set of parameters, as
presented in [55,56].
Another key aspect relevant for our work in the EFT

context is the treatment of infrared (IR) resummation. It is
well known that standard 1-loop perturbation theory fails to
accurately predict both the position and amplitude of the
BAO peak, particularly in real space. This limitation
originates from the perturbative expansion itself. Several
techniques have therefore been developed to mitigate this
effect and properly resum the BAO signal. Our estimate of
γb is largely driven by the amplitude of the BAO peak,
making the impact of IR resummation potentially important
for our analysis. We therefore repeated the analysis under
different IR-resummation schemes, varying the exponential
damping parameter Σ2

BAO around its fiducial value and
modifying the filter used to separate the power spectrum
into its wiggled and nonwiggled components. Further
details are provided in the companion paper, and we verify
that our results are robust to these choices, yielding
consistent constraints across all tested configurations.

B. HOD informed priors

To mitigate the strong degeneracies and projection
effects associated with poorly constrained nuisance param-
eters in EFT modeling, we adopt the HOD-informed prior
(HIP) approach developed by Zhang et al. [56] for DESI.
The HIP method uses physically motivated priors on
nuisance parameters derived from simulations of galaxy
formation based on HOD models. To achieve this, Zhang
et al. generated real-space mock galaxy catalogs for each
DESI tracer using different HOD models within a set of 32
AbacusSummit simulation boxes [57–61], which span a
7-dimensional cosmological parameter space. After con-
verting these catalogs into redshift space and computing the
galaxy power spectrum monopole and quadrupole for each
realization, they fit the multipoles with the EFT model
(specifically, the one-loop Eulerian perturbation theory
implementation in VELOCILEPTORS). During the fitting
process, the cosmological parameters were kept fixed
and so, only the nuisance parameters were fitted. They
used these best-fit values to train a normalizing flow model,
which learns a highly expressive joint prior distribution
over the EFT nuisance parameters. These parameters are
expressed in the physical basis. These priors were shown to
successfully suppress projection effects, particularly in
extended cosmological models (such as w0waCDM), yield-
ing constraints that are consistent with physical expect-
ations and that recover the true cosmology from mock
datasets.
However, it is important to note that the simulations used

to calibrate these priors were generated under cosmologies
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in which the growth baryon fraction matches the cosmo-
logical one. As such, it is essential to verify that the
application of these priors does not introduce an artificial
bias in the inference of γb toward the cosmological baryon
fraction, especially when this parameter is treated as
independent and allowed to vary. To assess this potential
issue, we performed an additional dedicated validation test
using noiseless data vectors generated from cosmologies in
which the growth and cosmological baryon fractions
differ (Fig. 4).
The choice to adopt HOD-informed priors comes with a

significant performance drawback. Since these priors are
not standard distributions but are instead represented as
normalizing flows, it is not possible to analytically mar-
ginalize over the counterterms and stochastic terms. This
requires sampling a fairly high-dimensional parameter
space (50 parameters in the case of 6 redshift bins). To
optimize the analysis, we therefore implemented the entire
pipeline—from theory modeling to likelihood definition
and sampling—in JULIA [62], which allowed us to leverage
high-performance, state-of-the-art tools. Making use of the
same set of best-fit parameters provided by Zhang et al., we
retrained the normalizing flows directly in JULIA using the
deep learning library LUX.JL [63], and interfaced them with
the probabilistic programming language TURING.JL [64,65]

to express our inference model in a compact and
efficient way. The use of JULIA also enabled us to take
advantage of EFFORT.JL [66], an emulator capable of
replicating any PT-based theory code and dramatically
accelerating the full analysis. We used it to emulate the
EFT model in the Eulerian formulation of VELOCILEPTORS,
specifically as implemented in the Resummed
Eulerian Perturbation Theory (REPT) class of the
official DESI library, DESILIKE.2 Additionally, using
the ABSTRACTCOSMOLOGICALEMULATORS.JL [66] and
EMULATORSTRAINER.JL [66] frameworks, the core of
EFFORT.JL emulator, we trained an emulator for σ8ðzÞ,
since the growth of structures in our model now depends
also on the new growth parameters, and an accurate
estimate of σ8 is required to convert EFT parameters from
the physical to the standard basis. All these tools support
fast and accurate automatic differentiation of every com-
ponent, allowing us to sample chains with any gradient-
based sampler and to obtain best fit solutions using the
efficient Limited-memory Broyden–Fletcher–Goldfarb–
Shanno algorithm (L-BFGS) minimization algorithm.

V. VALIDATION TESTS

We conducted two main types of validation tests. Having
established the presence of projection effects, we first
verified that we could adopt the same HOD-informed
priors as in [56] without introducing biases in the results.
Subsequently, using the final pipeline, we performed a
comparison between the previous KP25 splitting scheme
and the new method introduced in this work, employing
noiseless data vectors generated from a set of ΛCDM
(AbacusSummit cosmologies [60,67]) and EDE cosmolo-
gies, covering a sufficiently wide range of h values. For
both tests, in order to best assess the power of this method
at the precision level of currently available data, we
employed the DESI DR1 covariance matrices, performing
the analysis on the six official DESI redshift bins (three
bins for the luminous red galaxies, one for the emission
line galaxies, one for the quasars and the bright galaxy
sample) [42,47,68,69]. We also restricted the full-shape
part of the analysis to the same k range used in DESI
Y1, 0.02 ≤ k ≤ 0.2 hMpc−1.
We adopted the No-U-Turn Sampler (NUTS) sampler

[70] and, to ensure efficient performance and good con-
vergence (Gelman-Rubin criterion of 1 − R < 0.01), we
reparametrized the parameter space and the data vectors
such that the variance along each dimension was normal-
ized to unity. This allowed us to run shorter chains while
still achieving a convergence of 1 − R < 0.005 and an
average effective sample size (ESS) of at least 1000 for the
cosmological parameters, and 1 − R < 0.01 with an aver-
age ESS of at least 800 for the EFT parameters.

FIG. 4. Validation test of the HOD-informed priors in scenarios
where the growth and cosmological baryon fractions differ. The
circles show the recovered values of hdens against their true inputs,
hdens;true, for both the KP25 splitting (blue) and the new method
(red). The black squares show the value of the cosmological
Hubble parameter h on the y-axis, as a function of the true hdens
value. Their purpose is to illustrate the difference between the
hdens value used and the underlying cosmological h, showing that
the pipeline successfully recovers the correct hdens with an error
smaller than the difference from the cosmological value. The
small residual effect of the priors, which slightly push density-
based values toward their cosmological counterparts, is negligible
compared to the statistical uncertainty (only 10%–15% of the
error bar). The shaded gray band highlights the tension in H0

between Planck 2018 and Pantheon+.

2https://desilike.readthedocs.io/en/latest/
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FIG. 5. Comparison between the true and inferred γb and hdens from noiseless data vectors, for both ΛCDM (blue) and EDE (orange)
cosmologies. Circles represent the marginalized constraints using the HOD-informed prior, while squares represent the constraints using
the default DESI priors. Crosses show the maximum of the posterior. Results are shown for the KP25 splitting method (left) and the new
perturbation-evolution approach (right). The bottom panels show the residuals Δ with respect to the true value, with the shaded band
marking the Planck–Pantheon+ tension, and the absolute deviation as number of σ (For visual clarity only, we have omitted the error
bars for the no HIP case and added a small horizontal shift when necessary).
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A. HIP validation

We verified the validity of the HOD priors in scenarios
where the growth and cosmological baryon fractions do not
match. We selected a set of simulations generated from
different cosmologies in which the cosmological and
growth baryon fractions coincide. We then performed a
fit of all parameters except for γb, which was fixed to a
value different from the cosmological baryon fraction. We
fixed γb to values up to 27% different from the cosmo-
logical baryon fraction, which translates into hdens values
up to 16% different from the cosmological h. The resulting
fit provides a set of cosmological and EFT parameters
giving approximately the same power in the multipoles.
Using these parameters, we generated new noiseless
simulations of a nonphysical Universe in which the growth
and cosmological baryon fractions no longer coincide. This
is equivalent to fixing σ8 to a different value and adjusting
the other parameters accordingly. As shown in Fig. 4, the
pipeline is able to recover the true hdens used to generate the
data, even when this value is, in some cases, significantly
different from the cosmological one.
It is also evident that there exists a correlation between

the bias and the cosmological Hubble parameter: when the
cosmological Hubble parameter h exceeds hdens, the
resulting bias is positive; conversely, when it is lower,
the bias becomes negative. This convinced us that the HIPs
have a minor effect on the γb recovered from our pipeline,
slightly pushing the values toward their cosmological
counterparts. This effect is very small and, relative to
the error bars, is negligible, amounting to only about 10%–
15% of the standard deviation. For clarity, we also overplot
a shaded gray area representing the tension between the H0

values from Planck 2018 [1] and Pantheon+ [71]. Similarly,
we verified that both γb and Ωm;dens are unbiased, obtaining
the same correlation between the sign of the residual bias
and the cosmological parameter, but again with the bias that
remains within the same 10%–15% of the corresponding σ.
This confirms that the information encoded in the HOD

priors does not induce spurious constraints or biases on

these parameters, and can therefore be safely employed
within our energy density framework.

B. Noiseless data vectors test

We have conducted a series of validations on noiseless
data vectors generated from a set of ΛCDM and EDE
cosmologies. In this analysis, we applied both the previous
KP25 splitting scheme and the new method introduced in
this work, in order to carefully assess their differences in
terms of the precision with which they recover the value of
the Hubble constant, and the residual bias from projection
effects. We selected the ΛCDM cosmologies from the
AbacusSummit suite, specifically the 10 listed in Table II.
For the EDE case, we fixed the fiducial cosmological
parameters as studied in [7] (h ¼ 0.7219, ωb ¼ 0.02253,
ωc ¼ 0.1306, As ¼ 2.215 × 10−9, ns ¼ 0.9889, fEDE ¼
0.122, log10 zc ¼ 3.562, θi;scf ¼ 2.83), and then considered
nine variations of this cosmology by varying h while
keeping ωb and Ωm fixed, so that changes in h would
fully translate into variations of the baryon fraction. With
the ΛCDM cosmologies we covered the h range 0.57–0.72,
while the EDE cosmologies spanned the range 0.66–0.77.
In Fig. 5, we compare the true value of γb and h with the
value inferred by our pipeline for the noiseless ΛCDM and
EDE data vectors. We find that the two methods yield
equally precise results, corresponding to relative margin-
alized 1σ uncertainties of approximately ∼8% for γb and
∼5% for hdens. However, the KP25 method appears to retain
a slightly larger bias compared to the new approach. The
resulting Δh and Δγb values remain entirely negligible
compared to the constraining power of current data for both
methods, as well as to the most relevant H0 tension. We
additionally plot the biases in γb and h in units of their error.
When using the default prior on the biases and counter-
terms, we find significant projection effects leading to
∼0.5σ biases in the marginalized posteriors. The HOD-
informed prior effectively mitigates these projection
effects, reducing the biases on the marginalized means
back to the≲0.1σ range. Thus, we have proven that the new

TABLE II. AbacusSummit cosmologies chosen to test recovery of γb.

Cosmo ωb ωc h As ns ωncdm σ8

000 0.02237 0.1200 0.6736 2.0830 × 10−9 0.9649 0.0006442 0.807952
130 0.02237 0.1200 0.6736 1.6140 × 10−9 0.9649 0.0006442 0.711201
131 0.02237 0.1086 0.7165 2.3146 × 10−9 0.9649 0.0006442 0.807866
139 0.02416 0.1128 0.7164 2.1681 × 10−9 0.9732 0.0006442 0.793003
159 0.02206 0.1261 0.5967 1.7977 × 10−9 0.9673 0.0006442 0.718521
167 0.02248 0.1400 0.7050 1.7321 × 10−9 0.9715 0.0006442 0.768419
168 0.02157 0.1084 0.6070 2.5378 × 10−9 0.9275 0.0006442 0.871407
169 0.02189 0.1222 0.6474 1.8067 × 10−9 0.9898 0.0006442 0.777925
172 0.02282 0.1032 0.6369 2.1259 × 10−9 0.9012 0.0006442 0.765650
177 0.02239 0.1344 0.6820 2.0641 × 10−9 1.0002 0.0006442 0.806026
181 0.02169 0.1112 0.5745 2.0651 × 10−9 0.9336 0.0006442 0.730036
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approach is capable of inferring the correct value of γb, and
therefore H0, regardless of whether the Universe is ΛCDM
or EDE.
The old splitting and our new method both extract their

primary information from the BAO amplitude, but they
differ in how the baryon fraction affects the smooth shape
of the power spectrum. The two approaches are therefore
complementary, and the fact that they yield consistent
results at this level of precision provides a confirmation of
the robustness of this approach.

VI. CONCLUSIONS

In this paper we have developed a new framework to
measure the baryon fraction from galaxy clustering, with
the explicit goal of enabling energy density based deter-
minations of the Hubble constant. Previous work intro-
duced the idea of extracting the baryon fraction from the
amplitude of the baryon signal in the galaxy power
spectrum, but implemented it through an approximate
template-based transfer-function splitting that neglected
part of the baryon contribution to the growth of structure.
Here, we have proposed an improved, physically self-

consistent method that embeds the growth baryon fraction
parameter γb directly into the linear perturbation evolution
equations of CAMB. This ensures that both baryons and
CDM respond coherently to variations in γb across all
cosmic epochs, while preserving the correct thermal
history. We integrated this implementation into a complete
EFT-based full-shape analysis pipeline, further enhanced
with HOD-informed priors to mitigate degeneracies and
projection effects.
Through validation tests on noiseless data vectors from

both ΛCDM and EDE cosmologies, we demonstrated that
the new approach achieves comparable precision to the
previous splitting scheme (about 8% on γb and 5% on h),
while substantially reducing systematic biases. Importantly,
it maintains the ability to recover the correct value of γb
and thus H0 even in extended cosmologies, confirming
its robustness. Although the statistical precision is not
improved relative to the previous method, the new
approach offers a cleaner and more accurate physical
description and therefore represents a more reliable foun-
dation for future applications. Overall, our results show that
incorporating γb at the perturbation level provides a robust
and self-consistent route to baryon-fraction measurements.
Combined with BBN constraints on ωb and Alcock-
Paczynski determinations of Ωm, this establishes a viable
way to measure H0 independently of the sound horizon.
The application of this method already represents a

significant innovation in the context of the H0 tension,
with substantial prospects for improvement. Since the
precision on H0 is entirely determined by the precision
on γb, which improves with increasing survey volume, this
methodology will have the opportunity to demonstrate its
strength in ongoing and future deep surveys such as DESI,

Euclid [72,73], Rubin Observatory’s Legacy Survey of
Space and Time (LSST) [74], and Roman [75]. DESI will
cover a comoving volume of ∼60 h−3 Gpc3 [76], nearly ten
times that of BOSS, reducing the statistical uncertainty on
γb significantly and enabling H0 determinations precise
enough to clearly separate the SH0ES and CMB/LSS values
at > 3σ. Comparable sensitivity is expected from Euclid,
with a volume of ∼55 h−3Gpc3 [73], while additional
progress will come from all-sky spectroscopic surveys such
as SPHEREx [77] and the Roman Space Telescope [78].
Meanwhile, BAO or full-shape-based analyses tied to rd are
forecast to reach subpercent precision, with uncertainties
below σH0

< 0.5 km s−1Mpc−1 [15,79]. The combination
of these complementary methods will provide stringent
cross-checks, offering a decisive opportunity to test the
robustness of ΛCDM and to explore possible new physics
behind the H0 discrepancy.

ACKNOWLEDGMENTS

We thank Antony Lewis for useful conversations about
the structure of CAMB. A. K. was supported as a CITA
National Fellow by the Natural Sciences and Engineering
Research Council of Canada (NSERC), funding reference
No. DIS-2022-568580. W. P. acknowledges support from
the Natural Sciences and Engineering Research Council of
Canada (NSERC), [funding reference No. RGPIN-2025-
03931] and from the Canadian Space Agency. Research at
Perimeter Institute is supported in part by the Government
of Canada through the Department of Innovation, Science
and Economic Development Canada and by the Province
of Ontario through the Ministry of Colleges and
Universities. This research was enabled in part by support
provided by Compute Ontario (computeontario.ca) and
the Digital Research Alliance of Canada (alliancecan.ca).
This material is based upon work supported by the U.S.
Department of Energy (DOE), Office of Science, Office of
High-Energy Physics, under Contract No. DE-AC02-
05CH11231, and by the National Energy Research
Scientific Computing Center, a DOE Office of Science
User Facility under the same contract. Additional support
for DESI was provided by the U.S. National Science
Foundation (NSF), Division of Astronomical Sciences
under Contract No. AST-0950945 to the NSF’s National
Optical-Infrared Astronomy Research Laboratory; the
Science and Technology Facilities Council of the United
Kingdom; the Gordon and Betty Moore Foundation;
the Heising-Simons Foundation; the French Alternative
Energies and Atomic Energy Commission (CEA); the
National Council of Humanities, Science and
Technology of Mexico (CONAHCYT); the Ministry of
Science, Innovation and Universities of Spain (MICIU/
AEI/10.13039/501100011033), and by the DESI Member
Institutions: [80]. Any opinions, findings, and conclusions
or recommendations expressed in this material are those of
the author(s) and do not necessarily reflect the views of the

ANDREA CRESPI et al. PHYS. REV. D 114, 043545 (2026)

043545-14



U.S. National Science Foundation, the U.S. Department of
Energy, or any of the listed funding agencies. The authors
are honored to be permitted to conduct scientific research
on I’oligam Du’ag (Kitt Peak), a mountain with particular
significance to the Tohono O’odham Nation.

DATA AVAILABILITY

The data used in this work are public as part of DESI
Data Release 1 [81]. The data points corresponding to the
figures are available on Zenodo [82]. Code is available on
github [83].

[1] N. Aghanim, Y. Akrami, M. Ashdown, J. Aumont, C.
Baccigalupi et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A2020 (2020).

[2] A. G. Riess, W. Yuan, L. M. Macri, D. Scolnic, D. Brout, S.
Casertano et al., A comprehensive measurement of the local
value of the Hubble constant with 1 km s−1 Mpc−1 uncer-
tainty from the Hubble space telescope and the SH0ES
Team, Astrophys. J. Lett. 934, L2022 (2022).

[3] R. J. Cooke, M. Pettini, K. M. Nollett, and R. Jorgenson,
The primordial deuterium abundance of the most metal-
poor damped Lyman-α system, Astrophys. J. 830, 148
(2016).

[4] T. Karwal and M. Kamionkowski, Dark energy at early
times, the Hubble parameter, and the string axiverse, Phys.
Rev. D 94, 103523 (2016).

[5] V. Poulin, T. L. Smith, T. Karwal, and M. Kamionkowski,
Early dark energy can resolve the Hubble tension, Phys.
Rev. Lett. 122, 221301 (2019).

[6] T. L. Smith, V. Poulin, and M. A. Amin, Oscillating scalar
fields and the Hubble tension: A resolution with novel
signatures, Phys. Rev. D 101, 063523 (2020).

[7] J. C. Hill, E. McDonough, M.W. Toomey, and S.
Alexander, Early dark energy does not restore cosmological
concordance, Phys. Rev. D 102, 043507 (2020).

[8] G. P. Lynch, L. Knox, and J. Chluba, DESI observations and
the Hubble tension in light of modified recombination,
Phys. Rev. D 110, 083538 (2024).

[9] S. H. Mirpoorian, K. Jedamzik, and L. Pogosian, Modified
recombination and the Hubble tension, Phys. Rev. D 111,
083519 (2025).

[10] N. Schöneberg and L. Vacher, The mass effect—variations
of the electron mass and their impact on cosmology,
J. Cosmol. Astropart. Phys. 03 (2025) 004.

[11] Atacama Cosmology Telescope Collaboration, The Ata-
cama Cosmology Telescope: DR6 constraints on extended
cosmological models, J. Cosmol. Astropart. Phys. 11 (2025)
063.

[12] V. Poulin, T. L. Smith, R. Calderón, and T. Simon, Impact of
ACT DR6 and DESI DR2 for early dark energy and the
Hubble tension, arXiv:2505.08051.

[13] O. H. E. Philcox, G. S. Farren, B. D. Sherwin, E. J. Baxter,
and D. J. Brout, Determining the Hubble constant without
the sound horizon: A 3.6% constraint on H0 from galaxy
surveys, CMB lensing, and supernovae, Phys. Rev. D 106,
063530 (2022).

[14] E. J. Baxter and B. D. Sherwin, Determining the Hubble
constant without the sound horizon scale: Measurements

from CMB lensing, Mon. Not. R. Astron. Soc. 501, 1823
(2021).

[15] G. S. Farren, O. H. E. Philcox, and B. D. Sherwin, Deter-
mining the Hubble constant without the sound horizon:
Perspectives with future galaxy surveys, Phys. Rev. D 105,
063503 (2022).

[16] O. H. E. Philcox, B. D. Sherwin, G. S. Farren, and E. J.
Baxter, Determining the Hubble constant without the sound
horizon: Measurements from galaxy surveys, Phys. Rev. D
103, 023538 (2021).

[17] B. Bahr-Kalus, D. Parkinson, K. Lodha, E. Mueller, E.
Chaussidon, A. de Mattia et al., Model-independent meas-
urement of the matter-radiation equality scale in DESI 2024,
Phys. Rev. D 112, 063553 (2025).

[18] E. Zaborowski, P. Taylor, K. Honscheid, A. Cuceu, A. de
Mattia, D. Huterer et al., A sound horizon-free measurement
of H0 in DESI 2024, J. Cosmol. Astropart. Phys. 06 (2025)
020.

[19] A. Krolewski, W. J. Percival, and A. Woodfinden, New
method to determine the Hubble parameter from cosmo-
logical energy-density measurements, Phys. Rev. Lett. 134,
101002 (2025).

[20] G. Lavaux and B. D. Wandelt, Precision cosmography with
stacked voids, Astrophys. J. 754, 109 (2012).

[21] A. Krolewski and W. J. Percival, Measuring the baryon
fraction using galaxy clustering, Phys. Rev. D 111, 063526
(2025).

[22] DESI Collaboration, The DESI experiment part I: Science,
targeting, and survey design, arXiv:1611.00036.

[23] D. Collaboration, M. Abdul-Karim, A. G. Adame, D.
Aguado, J. Aguilar, S. Ahlen et al., Data release 1 of the
dark energy spectroscopic instrument, arXiv:2503.14745.

[24] S. Alam, M. Aubert, S. Avila, C. Balland, J. E. Bautista,
M. A. Bershady et al., Completed SDSS-IV extended
Baryon Oscillation Spectroscopic Survey: Cosmological
implications from two decades of spectroscopic surveys
at the Apache Point Observatory, Phys. Rev. D 103, 083533
(2021).

[25] D. J. Eisenstein and W. Hu, Baryonic features in the matter
transfer function, Astrophys. J. 496, 605 (1998).

[26] J. Lesgourgues, The cosmic linear anisotropy solving
system (class) I: Overview, arXiv:1104.2932.

[27] C. Heinrich, Lensing bias to CMB polarization measure-
ments of compensated isocurvature perturbations, Phys.
Rev. D 97, 023513 (2018).

[28] A. Barreira, G. Cabass, K. D. Lozanov, and F. Schmidt,
Compensated isocurvature perturbations in the galaxy
power spectrum, J. Cosmol. Astropart. Phys. 07 (2020) 049.

BARYON FRACTION FROM THE BAO AMPLITUDE: A … PHYS. REV. D 114, 043545 (2026)

043545-15

https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.3847/2041-8213/ac5c5b
https://doi.org/10.3847/0004-637X/830/2/148
https://doi.org/10.3847/0004-637X/830/2/148
https://doi.org/10.1103/PhysRevD.94.103523
https://doi.org/10.1103/PhysRevD.94.103523
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevD.101.063523
https://doi.org/10.1103/PhysRevD.102.043507
https://doi.org/10.1103/PhysRevD.110.083538
https://doi.org/10.1103/PhysRevD.111.083519
https://doi.org/10.1103/PhysRevD.111.083519
https://doi.org/10.1088/1475-7516/2025/03/004
https://doi.org/10.1088/1475-7516/2025/11/063
https://doi.org/10.1088/1475-7516/2025/11/063
https://arXiv.org/abs/2505.08051
https://doi.org/10.1103/PhysRevD.106.063530
https://doi.org/10.1103/PhysRevD.106.063530
https://doi.org/10.1093/mnras/staa3706
https://doi.org/10.1093/mnras/staa3706
https://doi.org/10.1103/PhysRevD.105.063503
https://doi.org/10.1103/PhysRevD.105.063503
https://doi.org/10.1103/PhysRevD.103.023538
https://doi.org/10.1103/PhysRevD.103.023538
https://doi.org/10.1103/yqm1-ybbv
https://doi.org/10.1088/1475-7516/2025/06/020
https://doi.org/10.1088/1475-7516/2025/06/020
https://doi.org/10.1103/PhysRevLett.134.101002
https://doi.org/10.1103/PhysRevLett.134.101002
https://doi.org/10.1088/0004-637X/754/2/109
https://doi.org/10.1103/PhysRevD.111.063526
https://doi.org/10.1103/PhysRevD.111.063526
https://arXiv.org/abs/1611.00036
https://arXiv.org/abs/2503.14745
https://doi.org/10.1103/PhysRevD.103.083533
https://doi.org/10.1103/PhysRevD.103.083533
https://doi.org/10.1086/305424
https://arXiv.org/abs/1104.2932
https://doi.org/10.1103/PhysRevD.97.023513
https://doi.org/10.1103/PhysRevD.97.023513
https://doi.org/10.1088/1475-7516/2020/07/049


[29] A. Barreira, Constraints on compensated isocurvature per-
turbations from BOSS DR12 galaxy data, arXiv:2302
.01927.

[30] A. Krolewski, A. Crespi, and W. Percival, A measurement
of H0 from DESI DR1 using energy densities, arXiv:
2511.23432.

[31] A. Lewis, A. Challinor, and A. Lasenby, Efficient compu-
tation of cosmic microwave background anisotropies in
closed Friedmann-Robertson-Walker models, Astrophys. J.
538, 473 (2000).

[32] U. Andrade, D. Anbajagane, R. von Marttens, D. Huterer,
and J. Alcaniz, A test of the standard cosmological model
with geometry and growth, J. Cosmol. Astropart. Phys. 11
(2021) 014.

[33] M. Chu and L. Knox, Testing cosmological models and
understanding cosmological parameter determinations with
metaparameters, Astrophys. J. 620, 1 (2005).

[34] A. M. Lewis, Geometric algebra and covariant methods in
physics and cosmology, Ph.D. thesis, Apollo—University of
Cambridge Repository, 10.17863/CAM.16632 (2001).

[35] A. Lewis, CAMB Notes, https://cosmologist.info/notes/CA
MB.pdf.

[36] A. Aghamousa, J. Aguilar, S. Ahlen, S. Alam, L. E. Allen,
C. A. Prieto et al., The DESI experiment part II: Instrument
design, arXiv:1611.00037.

[37] B. Abareshi, J. Aguilar, S. Ahlen, S. Alam, D. M.
Alexander, R. Alfarsy et al., Overview of the instrumenta-
tion for the dark energy spectroscopic instrument, Astron. J.
164, 207 (2022).

[38] T. N. Miller, P. Doel, G. Gutierrez, R. Besuner, D. Brooks,
G. Gallo et al., The optical corrector for the dark energy
spectroscopic instrument, Astron. J. 168, 95 (2024).

[39] C. Poppett, L. Tyas, J. Aguilar, C. Bebek, D. Bramall, T.
Claybaugh et al., Overview of the fiber system for the dark
energy spectroscopic instrument, Astron. J. 168, 245 (2024).

[40] J. Guy, S. Bailey, A. Kremin, S. Alam, D. M. Alexander, C.
Allende Prieto et al., The spectroscopic data processing
pipeline for the dark energy spectroscopic instrument,
Astron. J. 165, 144 (2023).

[41] E. F. Schlafly, D. Kirkby, D. J. Schlegel, A. D. Myers, A.
Raichoor, K. Dawson et al., Survey operations for the dark
energy spectroscopic instrument, Astron. J. 166, 259 (2023).

[42] A. Adame, J. Aguilar, S. Ahlen, S. Alam, D. Alexander, C.
Allende Prieto et al., DESI 2024 VII: Cosmological con-
straints from the full-shape modeling of clustering mea-
surements, J. Cosmol. Astropart. Phys. 07 (2025) 028.

[43] M. Abdul-Karim, J. Aguilar, S. Ahlen, S. Alam, L. Allen,
C. A. Prieto et al., DESI DR2 results. II. Measurements of
baryon acoustic oscillations and cosmological constraints,
Phys. Rev. D 112, 083515 (2025).

[44] DESI Collaboration, DESI DR2 results. I. Baryon acoustic
oscillations from the Lyman alpha forest, Phys. Rev. D 112,
083514 (2025).

[45] DESI Collaboration, Validation of the DESI DR2 measure-
ments of baryon acoustic oscillations from galaxies and
quasars, Phys. Rev. D 112, 083512 (2025).

[46] L. Casas, H. K. Herrera-Alcantar, J. Chaves-Montero, A.
Cuceu, A. Font-Ribera, M. Lokken et al., Validation of the
DESI DR2 Lyα BAO analysis using synthetic datasets,
arXiv:2503.14741.

[47] D. Forero-Sánchez, M. Rashkovetskyi, O. Alves, A. de
Mattia, N. Padmanabhan, H. Seo et al., Analytical and
EZMOCK covariance validation for the DESI 2024 results,
J. Cosmol. Astropart. Phys. 04 (2025) 055.

[48] N. Schöneberg, The 2024 BBN baryon abundance update,
J. Cosmol. Astropart. Phys. 06 (2024) 006.

[49] D. Baumann, A. Nicolis, L. Senatore, and M. Zaldarriaga,
Cosmological nonlinearities as an effective fluid, J. Cosmol.
Astropart. Phys. 07 (2012) 051.

[50] J. J. M. Carrasco, M. P. Hertzberg, and L. Senatore, The
effective field theory of cosmological large scale structures,
J. High Energy Phys. 09 (2012) 082.

[51] S.-F. Chen, Z. Vlah, and M. White, Consistent modeling of
velocity statistics and redshift-space distortions in one-loop
perturbation theory, J. Cosmol. Astropart. Phys. 07 (2020)
062.

[52] S.-F. Chen, Z. Vlah, E. Castorina, and M. White, Redshift-
space distortions in Lagrangian perturbation theory,
J. Cosmol. Astropart. Phys. 03 (2021) 100.

[53] M. Maus, S. Chen, M. White, J. Aguilar, S. Ahlen, A. Aviles
et al., An analysis of parameter compression and Full-
Modeling techniques with Velocileptors for DESI 2024 and
beyond, J. Cosmol. Astropart. Phys. 01 (2025) 138.

[54] M. Maus, Y. Lai, H. E. Noriega, S. Ramirez-Solano, A.
Aviles, S. Chen et al., A comparison of effective field theory
models of redshift space galaxy power spectra for DESI
2024 and future surveys, J. Cosmol. Astropart. Phys. 01
(2025) 134.

[55] H. Zhang, M. Bonici, G. D’Amico, S. Paradiso, and W. J.
Percival, HOD-informed prior for EFT-based full-shape
analyses of LSS, J. Cosmol. Astropart. Phys. 04 (2025) 041.

[56] DESI Collaboration, Enhancing DESI DR1 full-shape
analyses using HOD-informed priors, J. Cosmol. Astropart.
Phys. 11 (2025) 049.

[57] L. H. Garrison, D. J. Eisenstein, D. Ferrer, M. V. Metchnik,
and P. A. Pinto, Improving initial conditions for cosmologi-
cal n-body simulations, Mon. Not. R. Astron. Soc. 461,
4125 (2016).

[58] L. H. Garrison, D. J. Eisenstein, D. Ferrer, J. L. Tinker, P. A.
Pinto, and D. H. Weinberg, The abacus cosmos: A suite of
cosmological N-body simulations, Astrophys. J. Suppl. Ser.
236, 43 (2018).

[59] L. H. Garrison, D. J. Eisenstein, and P. A. Pinto, A high-
fidelity realization of the euclid code comparison N-body
simulation with abacus, Mon. Not. R. Astron. Soc. 485,
3370 (2019).

[60] L. H. Garrison, D. J. Eisenstein, D. Ferrer, N. A.
Maksimova, and P. A. Pinto, The abacus cosmological
N-body code, Mon. Not. R. Astron. Soc. 508, 575 (2021).

[61] S. Bose, D. J. Eisenstein, B. Hadzhiyska, L. H. Garrison,
and S. Yuan, Constructing high-fidelity halo merger trees
in abacussummit, Mon. Not. R. Astron. Soc. 512, 837
(2022).

[62] J. Bezanson, A. Edelman, S. Karpinski, and V. B. Shah,
Julia: A fresh approach to numerical computing, arXiv:1411
.1607.

[63] A. Pal, Lux: Explicit parameterization of deep neural
networks in Julia, 10.5281/zenodo.7808903 (2023).

[64] T. E. Fjelde, K. Xu, D. Widmann, M. Tarek, C. Pfiffer, M.
Trapp et al., Turing.jl: A general-purpose probabilistic

ANDREA CRESPI et al. PHYS. REV. D 114, 043545 (2026)

043545-16

https://arXiv.org/abs/2302.01927
https://arXiv.org/abs/2302.01927
https://arXiv.org/abs/2511.23432
https://arXiv.org/abs/2511.23432
https://doi.org/10.1086/309179
https://doi.org/10.1086/309179
https://doi.org/10.1088/1475-7516/2021/11/014
https://doi.org/10.1088/1475-7516/2021/11/014
https://doi.org/10.1086/427064
https://doi.org/10.17863/CAM.16632
https://cosmologist.info/notes/CAMB.pdf
https://cosmologist.info/notes/CAMB.pdf
https://cosmologist.info/notes/CAMB.pdf
https://cosmologist.info/notes/CAMB.pdf
https://arXiv.org/abs/1611.00037
https://doi.org/10.3847/1538-3881/ac882b
https://doi.org/10.3847/1538-3881/ac882b
https://doi.org/10.3847/1538-3881/ad45fe
https://doi.org/10.3847/1538-3881/ad76a4
https://doi.org/10.3847/1538-3881/acb212
https://doi.org/10.3847/1538-3881/ad0832
https://doi.org/10.1088/1475-7516/2025/07/028
https://doi.org/10.1103/tr6y-kpc6
https://doi.org/10.1103/2wwn-xjm5
https://doi.org/10.1103/2wwn-xjm5
https://doi.org/10.1103/kdys-w8vl
https://arXiv.org/abs/2503.14741
https://doi.org/10.1088/1475-7516/2025/04/055
https://doi.org/10.1088/1475-7516/2024/06/006
https://doi.org/10.1088/1475-7516/2012/07/051
https://doi.org/10.1088/1475-7516/2012/07/051
https://doi.org/10.1007/JHEP09(2012)082
https://doi.org/10.1088/1475-7516/2020/07/062
https://doi.org/10.1088/1475-7516/2020/07/062
https://doi.org/10.1088/1475-7516/2021/03/100
https://doi.org/10.1088/1475-7516/2025/01/138
https://doi.org/10.1088/1475-7516/2025/01/134
https://doi.org/10.1088/1475-7516/2025/01/134
https://doi.org/10.1088/1475-7516/2025/04/041
https://doi.org/10.1088/1475-7516/2025/11/049
https://doi.org/10.1088/1475-7516/2025/11/049
https://doi.org/10.1093/mnras/stw1594
https://doi.org/10.1093/mnras/stw1594
https://doi.org/10.3847/1538-4365/aabfd3
https://doi.org/10.3847/1538-4365/aabfd3
https://doi.org/10.1093/mnras/stz634
https://doi.org/10.1093/mnras/stz634
https://doi.org/10.1093/mnras/stab2482
https://doi.org/10.1093/mnras/stac555
https://doi.org/10.1093/mnras/stac555
https://arXiv.org/abs/1411.1607
https://arXiv.org/abs/1411.1607
https://doi.org/10.5281/zenodo.7808903


programming language, ACM Trans. Probab. Mach. Learn.
1, 14 (2025).

[65] H. Ge, K. Xu, and Z. Ghahramani, Turing: A language for
flexible probabilistic inference, in Proceedings of the
Twenty-First International Conference on Artificial Intelli-
gence and Statistics, edited by A. Storkey and F. Perez-
Cruz, vol. 84 of Proceedings of Machine Learning Research
(PMLR, 2018), pp. 1682–1690, https://proceedings.mlr.pre
ss/v84/ge18b.html.

[66] M. Bonici, G. D’Amico, J. Bel, and C. Carbone, Effort.jl: A
fast and differentiable emulator for the effective field theory
of the large scale structure of the universe, J. Cosmol.
Astropart. Phys. 09 (2025) 044.

[67] N. A. Maksimova, L. H. Garrison, D. J. Eisenstein, B.
Hadzhiyska, S. Bose, andT. P. Satterthwaite, AbacusSummit:
A massive set of high-accuracy, high-resolution N-body
simulations, Mon. Not. R. Astron. Soc. 508, 4017 (2021).

[68] DESI Collaboration, DESI 2024 V: Full-Shape galaxy
clustering from galaxies and quasars, J. Cosmol. Astropart.
Phys. 09 (2025) 008.

[69] M. Rashkovetskyi, D. Forero-Sanchez, A. de Mattia, D.
Eisenstein, N. Padmanabhan, H. Seo et al., Semianalytical
covariance matrices for two-point correlation function for
DESI 2024 data, J. Cosmol. Astropart. Phys. 01 (2025) 145.

[70] M. D. Hoffman and A. Gelman, The no-u-turn sampler:
Adaptively setting path lengths in Hamiltonian Monte Carlo,
arXiv:1111.4246.

[71] D. Brout, D. Scolnic, B. Popovic, A. G. Riess, A. Carr, J.
Zuntz et al., The pantheon+analysis: Cosmological con-
straints, Astrophys. J. 938, 110 (2022).

[72] Y. Mellier, Abdurro’uf, J. A. Acevedo Barroso, A.
Achucarro, J. Adamek, R. Adam et al., Euclid: I. Overview
of the euclid mission, Astron. Astrophys. 697, A2025
(2025).

[73] A. Blanchard, S. Camera, C. Carbone, V. F. Cardone, S.
Casas et al. (Euclid Collaboration), Euclid preparation. VII.
Forecast validation for Euclid cosmological probes, Astron.
Astrophys. 642, A2020 (2020).

[74] v. Ivezic, S. M. Kahn, J. A. Tyson, B. Abel, E. Acosta, R.
Allsman et al., Lsst: From science drivers to reference
design and anticipated data products, Astrophys. J. 873, 111
(2019).

[75] G. Mosby, B. J. Rauscher, C. Bennett, E. S. Cheng, S.
Cheung, A. Cillis et al., Properties and characteristics of the
Nancy Grace Roman Space Telescope H4RG-10 detectors,
J. Astron. Telesc. Instrum. Syst. 6, 046001 (2020).

[76] A. G. Adame, J. Aguilar, S. Ahlen, S. Alam, G. Aldering,
D. M. Alexander et al., Validation of the scientific program
for the dark energy spectroscopic instrument, Astron. J. 167,
62 (2024).
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